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Foreword 
 
On behalf of the OPAL’ 2018 Organizing Committee, I introduce with pleasure these proceedings 
devoted to contributions from the 1st International Conference on Optics, Photonics and Lasers 2018 
held in Barcelona, Castelldefels, Spain. The conference is organized by the International Frequency 
Sensor Association (IFSA) in technical cooperation with our media partners: Institute of Physics (IOP), 
UK; MDPI journal ‘Photonics’ (Switzerland) and Springer’s journal ‘Lasers in Manufacturing and 
Materials Processing’. The conference program provides an opportunity for researchers interested in 
optics, photonics and lasers to discuss their latest results and exchange ideas on the new trends and 
challenges. The main objective of the Conference is to encourage discussion on a broad range of optic 
related topics and to stimulate new collaborations among the participants. 
 
Since its inception, the Conference has enjoyed an atmosphere of high quality technical presentations 
on a broad range of multidisciplinary topics related to optics, photonics, lasers and their applications. 
 
The OPAL’ 2018 conference attracts many researchers and practitioners in the related fields, from 
around the world including 4 keynote speakers from a distinguished researchers of industry and 
academia from China, Sweden, UK and USA and 12 invited speakers who were invited to overview the 
progress in selected research trends.  We have got more than 140 submissions, and after review, 84 
papers have been selected for presentations (65 oral and 19 posters presentations) including keynote 
and invited presentations, submitted by authors from 25 countries (14 European and 11 non-European 
countries), covering theory, design, device technology and applications. To accommodate this range of 
interests, the 1st OPAL’ 2018 Conference was organized in three dedicated poster sessions and oral 
tracks, including two special sessions on ‘Optical Sensors & Instrumentation’ and ‘Lasers & its 
Applications’; and five regular sessions on ‘Photonics’, ‘Holography’, ‘Optical Materials’, ‘Applied 
Optics & Optical Devices’ and ‘Simulation and Optical Computing’. 
 
The proceedings contains all papers of oral, poster and invited presentations. We hope that these 
proceedings will give readers an excellent overview of important and diversity topics discussed at the 
conference. Based on the proceeding’s contributions, selected and extended papers will be submitted 
by the authors to the ‘Sensors & Transducers’ journal (ISSN: 2306-8515, e-ISSN 1726-5479), MDPI 
Open Access journal ‘Photonics’ (ISSN: 2304-6732) and ‘Lasers in Manufacturing and Materials 
Processing’ (ISSN: 2196-7229, e-ISSN: 2196-7237). The limited number of articles, published in 
‘Sensors & Transducers’ journal will be invited to be extended for ‘Advances in Optics: Reviews’,  
Vol. 4, Book Series. 
 
We thank all authors for submitting their latest work, thus contributing to the excellent technical 
contents of the Conference. Especially, we would like to thank the individuals and organizations that 
worked together diligently to make this Conference a success, and to the members of the International 
Program Committee for the thorough and careful review of the papers. It is important to point out that 
the great majority of the efforts in organizing the technical program of the Conference came from 
volunteers. 
 
Prof., Dr. Sergey Y. Yurish 
OPAL’ 2018 Chairman 
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Investigating the Detection of Lipids Gel/Fluid Phase Transition by Change 
of Scattering Light and Coupling Factor into Optical Microresonators 

 
B. Bêche 1, Q. Li 1, V. Vié 1, L. Garnier 1, H. Lhermite 2, C. Bourlieu-Lacanal 3, A. Moréac 1, 

D. Morineau 1, A. Ghoufi 1, D. Dupont 4 and E. Gaviot 5 
 

1 Université de Rennes 1, Institut de Physique de Rennes, IPR CNRS 6251, 35042 Rennes, France 
2 Université de Rennes 1, Institut d’Electronique et de Télécommunications de Rennes, 

IETR CNRS 6164, 35042 Rennes, France 
3 Université Montpellier II, Ingénierie des Agro-polymères et Technologies Émergentes, 

IATE UMR CIRAD, 34060 Montpellier, France 
4 Agrocampus Ouest, Science et Technologie du Lait et de l’Oeuf, STLO INRA 1253, 35042 Rennes, France 

5 Université du Maine, Laboratoire d’Acoustique, LAUM CNRS 6613, 72000 Le Mans, France 
 

E-mail: bruno.beche@univ-rennes1.fr Blog: http://blogperso.univ-rennes1.fr/bruno.beche/ 
 
 
Summary: The present paper describes biophotonic sensors realized by way of inexpensive processes. As hybrid 
silica/polymer resonators, they are suited to detect biological molecules in gel/fluid phase transition at infinitesimal 
concentrations (sphingomyelin lipids). The photonic structure is made of specific amplified deep UV210 photoresist-polymer 
waveguides coupled by a sub-wavelength gap with racetrack microresonators allowing a minimal dependence in temperature. 
Then, temperature dependent wavelength shifts characterizing the optical resonances of the device have been evaluated, 
highlighting a quite low thermal feature of the sensor advantageous for relevant applications. With an appropriate vesicle lipid 
deposition process, specific in biology, together with an apt experimental bio-thermo-photonic protocol, the dynamic evolution 
of the sphingomyelin lipid phase transition has been assessed. The ability to detect their gel/fluid transition phase and melting 
temperature has been demonstrated with a mass product factor value 1.4 107 lower than that of classical methods. The 
equilibrium regimes of the resonators and the scattered part of the light are clearly highlighted as markedly modified by the 
dynamic of the sphingomyelin during its own phase transition. 
 
Keywords: Integrated photonics, Sensors, Micro-resonators, DUV210 polymer, Soft matter Processes, Gel/fluid phase 
transition, Sphingomyelin lipids. 
 
 
1. Introduction 
 

Optical microresonators (MRs) are generic 
components most valuable to design and fabricate 
integrated photonic devices fostering the development 
of numerous applications in science. Relevant resonant 
quantifications met in physics are due to a geometric 
recirculation of whispering gallery modes of light: they 
address convenient integrated photonics regarding a 
significant set of optical versatile applications such as: 
sensors for metrology with platform analysis and their 
relevant detection procedures, label-free detection of a 
wide variety of biochemicals, biological agents and 
biomedical materials [1-3]. Sphingomyelin (SPH) is a 
type of sphingolipid that can also be classified within 
sphingophospholipids found in animal cell 
membranes.  

 

 
 

Fig. 1. Sphingomyelin: symbolic representation. 

SPH is prominent in myelin and represents more 
than 80 % of all sphingolipids within human beings 
(nerve tissues, red blood cells…), participating in 
many signaling pathways. Then, this work is aimed at 
investigating easily reproducible polymeric 
biophotonic sensors. Such devices are devoted to 
identify the SPH lipid first order phase transition, 
while considering a gel-liquid state-change and its 
related melting temperature determination [4]. 

 
 

2. Materials, Methods, Realization  
of the Optical Bio-Sensor 

 
2.1. Processes and Nanotechnology 
 

A key point refers to the use of the DUV210 
polymer, as a photoresist chemistry product, hinging 
on deep UV processes and light/matter interactions. 
We take advantage of such a deep UV lithography 
approach at 248 nm, far below the so-called i-line 
conventional peak at 365 nm. Such an organic 
exposure to deep UV radiation at flash=248 nm enables 
valuable realizations of sub-wavelength photonics 
structures as regards the gap between waveguides and 
micro-resonators. 
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2.2. Methods: Atomic Force Microscopy,  
Micro-Raman Spectroscopy and Lipids  
Deposition 

 
Strict quality controls of the chip (materials, 

properties, geometries, sub-micron dimensions, 
surface aspects …) are then necessary, by way of 
various technologies and instrumentations regarding 
imaging and analysis: optical and atomic force 
microscopy together with Raman micro-spectroscopy 
and imaging. Considering micro-Raman spectroscopy 
analyses and detection of various signal signatures of 
materials, it is also possible to image on 2D the 
waveguide/MR structure, to get high quality control on 
geometry and observe the polymer material aspect. 

After implementation of the fusion vesicle method 
deposition, that is specific in biology with a view to 
building a multilayer Sphingomyelin-gel structure 
upon the sensing surface of the device, we may 

proceed through a specific protocol regarding 
experimental measurements [4] so as to monitor the 
dynamic evolution of the sphingomyelin lipid phase 
transition (see Fig. 3). 
 
 

 
 

Fig. 2. Quality control. Raman spectroscopy analyses of 
UV210 polymer plus Raman top view imaging of the 

overall photonic device at 1002 cm-1. 
 

 

 
 

Fig. 3. Global photonics platform for SPH ‘gel/fluid’ phase transition detection, thermal system control, computing and 
signal processing ; a quantified optical spectrum example. 

 
 

3. Photonics Detection of Sphingolipid 
 Gel/Fluid Phase Transition and Results 
 

Our sensors are based on a ‘coupling plus 
resonance’ physics, with a tunnel effect through a gap 
added with an optical geometric and cyclic resonance. 
 
 

 
 

Fig. 4. Quality Detection of the gel-liquid phase 
transition of SPH lipids. Evolution in temperature  

of the Q-factor and Finesse of the photonic device under 
SPH test, determination of Tm [31-32]°C. 

 
 

Considering the electromagnetic set of equations 
describing our design, the operating regimes 

specifying the quantified values of the coupling factor 
K from the guide to the resonator are justified. Indeed, 
the optical transmission of such devices depends on 
intrinsic parameters, namely K the coupling factor and 
the intra-cavity losses. The equilibrium of the regime 
is clearly broken by the dynamic of the Sphingomyelin 
and its own phase transition (Fig. 4). The ability to 
detect the specific gel/fluid transition phase of SPH 
lipids and the efficiency to pinpoint the melting 
temperature at Tm = 31± 0.5 °C have been 
demonstrated. Moreover, differential scanning 
calorimetry thermograms and their related analysis 
measurements corroborated exactly the results 
stemming from our light-sensors. 
 
 
4. Conclusions 
 

The dynamic evolution of the sphingomyelin 
(SPH) lipid phase transition was assessed by relevant 
photonics MRs sensors: the ability to detect their own 
gel/fluid transition phase and Tm melting temperature 
has been demonstrated: the balanced regimes of the 
resonators were clearly observed as markedly broken 
by the dynamic of the sphingomyelin and their specific 
phase transition prior relevant detection [4]. 
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Summary: Photopolymers have been used mainly for holographic recording applications. Nowadays, the improvements made 
in diffusion models, simulating phase image stored in these materials, enable a wide range of complex diffractive optical 
elements (DOEs) to be fabricated. Concurrently, the miniaturization of spatial light modulators makes it possible to generate 
both symmetric and non-symmetric DOEs. We show the procedure to record different complex diffractive elements, and we 
study the viability to fabricate them based on photopolymers. In particular we evaluate the recording of achromatic lenses, 
axicons and fork gratings interesting to obtain optical vortices. To achieve this goal, we use a three-dimensional diffusion 
model, previously experimentally validated with the recording of diffractive lenses.  
 
Keywords: Holographic recording materials, Photopolymers, Diffractive elements, Optical axicons. 
 
 
1. Introduction 
 

Photopolymer recording materials are highly 
versatile in terms of their composition, reliability and 
properties. These characteristics make them one of the 
best recording media for holographic storage 
applications and an ideal candidate for the fabrication 
of photonic devices, such as two-dimensional 
structures, waveguides, or diffractive optical elements 
(DOEs) [1-3]. 

One of the photopolymers widely used in optics is 
based on polyvinyl alcohol/acrylamide (PVA/AA), 
and interesting results were obtained when this 
material was used to produce blazed gratings or 
spherical lenses [4]. In this work, we study the viability 
to fabricate complex DOEs based on photopolymers. 
In particular we evaluate the recording of achromatic 
lenses [5], axicons and fork gratings [3] interesting to 
obtain optical vortices. To achieve this goal, we use a 
three-dimensional diffusion model previously 
experimentally validated with the recording of 
diffractive lenses in a PVA/Acrylamide photopolymer 
[4]. 

 
 

1.1. Diffusion Model 
 

In the case of spherical lenses, another dimension 
(related to the ‘y’ variable) must be added to the 
standard diffusion models [4]. Then the differential 
equations can be written as follows: 
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The polymerization rate depends on the reaction 
kinetics and the recording intensity; this dependence 
can be described by the following equation: 

 

 ( )( , , , ) ( , , , ) ( , ) ,t z

R RF x y z t k x y z t I x y e    (3) 

 
where I is the recording intensity, k is the 
polymerization velocity,  indicates the relationship 
between intensity and polymerization rate, 0.96 for our 
system, and  is the coefficient of light attenuation. 
The initial value of t] can be obtained if 
the transmittance and the physical thickness of the 
layer are known.  

The recording intensity distribution from the 
spatial light modulator in the amplitude regime is 
projected onto the material and produces the 
corresponding phase element. For spherical lens, for 
example, the phase depends on the quadratic value of 
the distance between the point and the lens centrum, 
but the desired intensity profile is smoothed by the 
experimental set up [4]. 

Once we obtain the monomer and polymer 
concentrations, we can use the refractive index values 
to calculate the refractive index distribution during the 
recording process. The refractive index distribution 
can be measured using the Lorenz-Lorenz Eq. as 
follows:  
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2. Results and Discussion 
 

In order to obtain an amplitude image projected 
onto material the LCoS must work in amplitude mode. 
To obtain this, we have previously characterized the 
screen display, which is placed between two polarizers 



1st International Conference on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

14 

to control the polarization of the incident and output 
light [4]. 

Some of the DOE elements introduced in our 
experimental set-up are presented in Figs. 1 and 2.  
Fig. 1 shows one of the achromatic lens described in 
ref. [5] by Yzuel et al. and Fig. 2 shows the intensity 
distribution of a typical axicon. One possibility to 
obtain an optical vortex is using the fork gratings 
described in [3]. 
 
 

 
 

Fig. 1. Achromatic lens introduced in the LCoS. 
 

 
 

Fig. 2. Amplitude distribution for the axicon introduced in 
the LCoS. 

 
Once we have introduced these DOEs in our LCoS, 

they can be projected onto the recording material as an 
intensity distribution. We can model the recording of 
the phase object using the 3-dimensional diffusion 
model. In Fig. 3, we show the expected intensity 
distribution in Fraunhofer domain for a fork grating 
with spatial period of 288 µm. As it can be seen, there 
are two important intensity peaks and between them 
the intensity achieves the value of zero. These are good 

results in order to, for example, designing systems to 
trap particles with light.  
 
 

 
 

Fig. 3. Intensity distribution at the central point simulated 
by the diffusion model. 

 
 

4. Conclusions 
 

We have shown a system to record complex and 
asymmetric DOEs in PVA/AA photopolymer. We 
have explained how to model the recording of these 
elements and demonstrated that good results with 
optical vortices and axicons can be expected even with 
the experimental limitation to obtain recording sharp 
profiles. 
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Summary: We propose the fabrication of the micro-ridge long-period fiber grating (MRLLPFG) by using both a 
wet etching and a periodic polymer coating methods. In addition, the PCF, for the first time to our knowledge, is exploited to 
fabricate the MRLPFGs. The transmission characteristics of the PCF-based MMRLPFG are measured. As the applied strain 
increases, two peak depths of the PCF-based MRLPFGs are changed because of the photoelastic effect. However, the resonant 
wavelengths are not shifted by varying strain. It means that the proposed PCF-based MRLPFGs are very useful for the 
application to strain sensors.  
 
Keywords: Optical devices and sensors  
 

 
1. Introduction 
 

Long-period fiber grating (LPFG) has attracted 
much attention in optical communication systems and 
optical sensors because of their many advantages, such 
as low cost, ease fabrication, and electromagnetic 
immunity [1-2]. The LPFGs based on the periodic 
modulation of the refractive index in the core region of 
the conventional single-mode fiber (SMF) can couple 
the fundamental core mode to cladding modes [1]. 
Since the cladding modes is readily affected by 
external perturbation change, like strain, temperature, 
bending, and ambient index, the LPFG has usually 
been exploited to realize highly sensitive fiberoptic 
sensors. With a conventional SMF with the 
germanium-doped core, essentially, periodic 
exposures of the SMF to UV laser is capable of 
inducing refractive index change in the core resulting 
in the formation of LPFGs. However, it is not easy to 
induce mode coupling in a photonic crystal fiber (PCF) 
with no photosensitivity. There have been many 
methods for fabrication of the PCF-based LPFG, such 
as point-by-point laser writing method [3] and the 
PCF’s collapsed holes method by CO2 laser [4]. 
However, these methods need the expansive laser 
system, and also are not suitable for mass production.  

In this paper, periodically microridged long-period 
fiber grating (MRLPFG) inscribed on a photonic 
crystal fiber is proposed and experimentally 
demonstrated. The proposed MRLPFG is realized by 
using both a wet etching and a periodic polymer 
coating methods. In addition, the PCF, for the first time 
to our knowledge, is exploited to fabricate the 
MRLPFGs. The transmission characteristics of the 
PCF-based MRLPFG are measured. As the applied 
strain increases, two peak depths of the PCF-based 
MRLPFGs are changed because of the photoelastic 
effect. However, the resonant wavelengths are not 

shifted by varying strain. This means that the proposed 
PCF-based MRLPFGs are very useful for the 
application to strain sensors.  

 
  

2. Experiments and Discussion  
 
The periodically etching to the cladding of the PCF 

was fabricated by using the double coating method 
with the polymer. The polymer, PCA3000PM, with a 
thickness of 1150 m was coated on the substrate with 
a spin coater. PCFs were positioned on the surface of 
the coated polymer surface, the same polymer was 
covered thee PCFs by using a spin coater again. The 
solvent included in the polymer was vaporized over a 
hot plate. The double coated polymer was periodically 
exposed to an UV through an amplitude mask with 
long period gratings. Then the periodically exposed 
polymer regions were removed by using a developer of 
P-7G. The grating period and the length of the shadow 
mask were 600 m and 20 mm, respectively. The 
periodically polymer-prepaterned on the surface of 
PCFs was soaked in the HF solution due to fabricate 
the periodic ridges in the surface of the PCFs by 
etching the silica cladding. The remained periodic 
polymer structures were removed by using acetate 
solution. Consequently the LPFG with periodic ridge 
structures in the cladding region was realized.  

Fig. 1(a) shows the cross section image of the PCF 
taken by using microscope. The holes size and pitch 
were measured to be 4.3 and 3 m, respectively.  

The core diameter is the 7.6 m. Fig. 1 (b) depicts 
the picture of the fabricated MMRLPFG-PCF by using 
an optical microscope. The diameters of the etched and 
unetched region were measured to be 62 m and 95 
m, respectively, and the grating period was measured 
to be about 600 m.  
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Fig. 1. (a) Photograph for the PCFF  
and (b) the SEM image.  

 
Mode coupling in the MRLPFG inscribed on the 

PCF is based on photoelastic effect. After inducing 
periodic micro-ridges in the cladding, we can create 
resonant peaks in the transmission spectrum by 
applying strain Mode coupling in the MRLPFGs is 
based on photoelastic effect. After inducing periodic 
micro-ridges in the cladding, we can create resonant 
peaks in the transmission spectrum by applying strain 
because the cross-section between the etched and the 
unetched cladding are different. The applied strain can 
induce periodic index modulation in the core region 
because of the periodically etched cladding regions. 
The incensement of the external strain can improve the 
mode coupling, resulting in the variation of resonant 
peak depth. Therefore, the transmission of the  
PCF-based MRLPFGs strongly depends on strain. The 
transmission of the PCF-based MRLPFG can be 
expressed by [5]  

 

 , (1) 

 
where is the coupling coefficient. l is the grating 
length.  is the photo-elastic coefficient. re and ru are 
the radii f the etched and the unetched regions, 
respectively. s is the applied strain. Consequently, the 
transmission characteristics of the MRLPFG based on 
the PCF can be controlled by increasing the applied 
strain.  

Fig. 2 shows the transmission spectra of the PCF 
based MRLPFG. The resonance wavelength of the 
PCF-based MRLPFG was measured to be  
1462 nm. The resonant peak depth was changed by 
increasing the applied strain because of the variation of 
the index modulation based on photoelastic effect. The 
peak depth at resonant wavelength of 461 nm was 
changed to -11.6 dB, when the applied strain was  
1500  The resonance wavelength, however, was not 
changed severely by the applied strain. Since the 
variations of the effective refractive indices based on 
the photoelastic effect in the core and the cladding 
regions are approximately the same, two self coupling 
strengths between two modes are also equal [6].  
Fig. 3 exhibits the transmission characteristics of the 
proposed MRLPFG with variations in temperature. As 
the applied temperature increased, the peak 
wavelength of the MRLPFG-PCF was not shifted 
because the PCF was composed of a single material 
like silica only. The extinction ratio, however, was 

reduced by temperature because the photoelastic effect 
was diminished by increasing temperature.  

 

 
 
Fig. 2. Transmission spectra of MRLPFGs inscribed  

on the PCF with variations in strain. 
 

 
  

Fig. 3. Transmission spectra of MRLPFGs inscribed  
on the PCF with variations in temperature. 

 
3. Conclusions 

  
We proposed and experimentally demonstrated a 

new type of the MRLPFGs based on the PCF 
fabricated by using a wet etching process which has 
the great potential for the mass production. The 
transmission characteristics of the PCF-based 
MRLPFGs were measured by changing the applied 
strain. However, the resonant wavelength was not 
shifted by strain. The peak depth at wavelengths of 
1462 nm was changed to -11.6 dB, when the applied 
strain was 1500 . We believe that the experimental 
results are very useful for applications to optical switch 
filters, optical devices, and fiber-optic sensors.  
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Summary: In the astronomical field, many spectroscopical facilities are taking advantage of the Volume Phase Holographic 
Grating technology for their dispersing elements. Nowadays, while the most performant material for holographic recording is 
dichromated gelatin, huge advantages in terms of new architectures can be explored considering new and more innovative 
materials. In this paper we were able to propose the application of photopolymers for the realization of novel dispersing designs 
(VPHGs), thanks to the many advantages brought by this new class of holographic material. In this context, we propose 
innovative solutions to design stacked and/or multiplexed VPHGs that are able to secure simultaneously different spectra in a 
single shot with very high efficiency. This allows to increase resolution and spectral range enabling astronomers to greatly 
economize their awarded time at the telescope. These strategies will permit to cope with the progressively challenging scientific 
requirements and upgrade outdating facilities with ease because it minimizes the changes in the existing structure of the 
instrument. We demonstrate the applicability of our solutions, both in terms of expected performance and feasibility, with the 
results of the integration of such elements in many available at state-of-the art telescopes facilities, or proposing the upgrade 
of example spectroscopical instrumentation. 
 
Keywords: Spectroscopy, Diffraction gratings, Photopolymers, Holography. 
 

 
1. Introduction 

 
Being able to secure multiple spectra within one 

single exposure, results in an enormous extension of 
the analyzed spectral range or a significantly increase 
of the resolution of the system in the same range. The 
greatest advantage of these systems can therefore be 
obtained upgrading an already built instrument, 
therefore preserving all the existing abilities of the 
instrument (e.g. the imaging in FOSC instruments)  
[1, 2].  
 
 
1.1. The Composition of the Spectral Multiplexed 

Device 
 
Depending on the optical layout of the consignee 

spectrograph, one can integrate such elements with 
variable benefit. For example, in a typical focal reducer 
imager, the combination in multiplexing of low 
dispersion gratings would allow to acquire multiple 
snapshots of the same field in different bands 
simultaneously (Fig. 1) without significant changes in 
the optical layout of the instrument.  

As stated before, the design concept consists in 
placing a set of transmission VPHGs stacked 
subsequently. This device will form one single optical 
element whose dimensions are comparable to standard 
VPHGs already available in the target instrumentation, 
if the layers of holographic material can be laminated 
one on the top of each other subsequently without 
additional thick substrates (like in the case of 
photopolymeric films). 

 

 
 

Fig. 1. Scheme of possible application of a 3-multiplexed 
device in GRISM mode. 

 
In the multiplexed device, each layer will generate 

a portion of the spectrum that, all together, will 
compose the total dispersed range required. Such 
pieces, on the detector, will be disposed one on the top 
of each other resulting in a total spectral range that is 
far wider than the one obtainable using a single grating 
with a comparable dispersion [3]. 

This idea is not free of design difficulties that 
prevents the straightforward implementation of these 
devices. Here we try to summarize those that are 
crucial. 
 
 
1.2. Critical Aspects in the Design 
 

Diffraction order contamination: a critical point 
in spectroscopy is the contamination of recorded 
spectra, which it is usually limited to the light coming 
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from higher orders (such as +2, +3). Since signals of 
the different orders are overlapped, there is no 
possibility to remove the unwanted light a posteriori 
with data reduction. Therefore, dispersive elements 
with spectral range greater than [λ to 2λ] will 
inevitably suffer of this problem. This issue is well 
known in astronomy and it is usually avoided by 
placing order-sorting filters. In a spectral multiplexed 
device each spectrum has to deal with his own higher 
order contamination. This implies that, since no light 
can be blocked with order sorting filters (specific only 
for each layer), other strategies has to be found in order 
to extend the overall range (like the precise design of 
each layer efficiency response). 

Efficiency depletion: In the multiplexing context, 
it is important to evaluate how a grating with a certain 
efficiency affects the response of the following one. 
The total multiplexed efficiency on the detector will 
not merely be the sum of the single layer efficiencies: 
the spectrum generated by the first grating (before 
reaching the detector), has to pass through the second 
grating and this will eventually diminish its intensity. 
To complicate that, we add the fact that the last layer 
has at its disposal only the light not previously 
diffracted, to compose a useful spectrum. 

Tilt and spectra separation: The last effect that 
could modify the final efficiency is related to the tilt 
between the different layers. This tilt is mandatory in 
order to divide the spectra of each layer and its amount 
should be considered carefully. 
 
 
1.3. First Multiplexed VPHG Prototype 

 
Thanks to the crucial capability to finely tune the 

refractive index modulation ∆n and the slenderness of 
the film containing the grating, the holographic 
photopolymeric materials (like the commercially 
available Bayfol® HX by Covestro) gave us the 
possibility to design the multiplexing element to: 
1. Realize a compact device that can be integrated as 

replacement in many already existing instruments; 
2. Tune the single stacked efficiency in such a precise 

way that they will not interfere with each other;  
3. Match the design requirements and obtain high 

efficiencies; 
4. Stack multiple layers of gratings in one single 

device. 
As first prototype we choose to design a device 

working in the range 400 – 800 nm with two 
multiplexed layers. After the design process, we have 
identified the parameters of each VPHG:  
 Layer 1: film thickness 12 um, 800 l/mm, incidence 

angle 12°, slanting 0°; 
 Layer 2: film thickness 12 um, 575 l/mm, incidence 

angle 12°, slanting 0°. 
In the holographic setup, by changing the target 

line density, selecting the proper material thickness 
and choosing the right writing power, we were able to 
address the required performances for each diffractive 
layer. After having produced each single grating, we 
have laminated them together with the right tilt (ca. 5°) 

in order to disentangle the partially-overlapped 
diffraction orders. In Fig. 2, it is showed the prototype, 
back-illuminated with a table lamp. A full 
characterization has been performed on the assembled 
device and in Fig. 3, we report the efficiency 
measurements of the two 1st diffraction orders.  

 

 
 

Fig. 2. Multiplexed VPHG: photo of the first prototype.  
 

 
 

Fig. 3. Performance of the assembled multiplexing device 
(first prototype), combined diffraction efficiency measured 
@ 12° for each 1st  order wile scanning the wavelengths. 

 
 
4. Conclusions 
 

Although for the second layer we were able to 
achieve efficiencies higher than 80 %, we immediately 
see that the first layer is not very performant (eff. ca. 
30 %). This behavior could be explained considering 
the presence of higher orders (2nd and 3rd) from the 
layer 2 which are dimming the efficiency if not 
properly minimized. We can conclude that there is still 
room for improvements (especially in the recording 
process) in order to precisely achieve the stringent 
requirements defined in the design phase. 
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Summary: In this paper the generalized Fibonacci class zone plates (GFiCZPs) with varying structural parameters are 
proposed to generate the fixed-position foci. Unlike the generalized Fibonacci and modified Thue-Morse zone plates, the 
proposed zone plate can generate more subsidiary foci and the construction method is applicable to many kinds of bi-focal 
zone plates. The construction method of the proposed zone plate is illustrated and the focusing property of the proposed zone 
plate has been verified with simulations. 
 
Keywords: Fibonacci class sequence, Generalized Fibonacci class zone plate, Fixed-position focus. 
 
 
1. Introduction 
 

Fixed-position foci surrounded by the subsidiary 
foci can be generated by the aperiodic zone plates and 
have many applications [1]. For example, a  
fixed-position focus with many subsidiary foci can be 
used to reduce the chromatic aberration of optical 
imaging [2], generate multiple vortices [3], and trap 
particles in the designated planes simultaneously [4].  

Illustrated with a collimated laser beam, Fibonacci 
zone plates can generate twin main foci with a position 
ratio of the golden mean and equal intensity [5]. 
Similarly, Thue-Morse zone plates produce twin main 
foci surrounded by many subsidiary foci with equal 
intensity and can be used to reduce chromatic 
aberration in optical imaging [6]. Composite  
Thue-Morse zone plates enhance the intensities of the 
twin main foci [7]. M-bonacci zone plates can generate 
twin main foci located at the positions with a ratio of 
the m-golden mean [8]. However, when the structural 
parameters of theses zone plates vary, the focal 
positions will change, too. Although the generalized 
Fibonacci zone plates with the special seeds produce 
twin foci with the fixed positions [9] and the modified 
Thue-Morse zone plates can generate twin foci located 
at the fixed positions [10, 11], the zone plates generate 
few subsidiary foci, which would be unfavorable in the 
reduction of chromatic aberration. Generally speaking, 
the above-mentioned zone plates with varying 
structural parameters are difficult to generate a fixed-
position focus with more subsidiary foci. 

In recent years, the aperiodic photonic crystals 
have been found to possess many unique properties. 
For instance, the fractal photonic crystals can generate 
self-similarity transmission spectrum [12], and 
Fibonacci photonic crystals can generate 
omnidirectional band gaps, mode beating and strong 
pulse stretching [13, 14]. Thus, the photonic crystal 

based on the proposed sequence will also have many 
study-worthy properties. 

In this paper we will propose a generalized 
Fibonacci class zone plate (GFiCZP). With varying 
structural parameters, the GFiCZPs can generate a 
fixed-position focus and more subsidiary foci along the 
optic axis. The construction method of the proposed 
zone plate is general and can be applied to construct 
many kinds of bi-focal zone plates. The focusing 
properties of the GFiCZP will be studied with 
simulations.  
 
 
2. Design 
 

As we know, a zone plate consists of alternate 
transparent (A) and opaque (B) zones. The common bi-
focal zone plates such as Fibonacci, Thue-Morse, m-
bonacci and precious mean zone plates are constructed 
on the basis of the Fibonacci, Thue-Morse, m-bonacci 
and precious mean sequences [11], respectively. For 
the GFiCZP, n Bs are added in front of each letter A of 
the above-mentioned sequences. n is a non-negative 
integer and represents the count of the added Bs. The 
modified sequences are of the generalized Fibonacci 
class sequences, which include the Fibonacci class 
sequences based on the substitution rules of A → 
BnAB and B → BnA [11]. The Fibonacci, Thue-Morse, 
m-bonacci and precious mean sequences are the 
corresponding generalized Fibonacci class sequences 
with n=0. For simplicity, the Fibonacci sequence of the 
fifth order is taken for an example to illustrate the 
construction method of the generalized Fibonacci class 
sequence. Figs. 1(a) and 1(b) show the Fibonacci 
sequence of the fifth order and the corresponding 
generalized Fibonacci class sequence, respectively. In 
fact, the Fibonacci sequence of the fifth order in  
Fig. 1(a) is also the corresponding generalized 
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Fibonacci class sequence with n=0 in Fig. 1(b). It is 
worth mentioning that the GFiCZP can be generated 

with a transmission function  q   based on the 

generalized Fibonacci class sequence. The 

transmission function  q  is written as (1), 
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where  2
r a  ,  0,1  is the normalized square 

radial coordinate, S  is the order, and NS is the total 
count of the elements for the generalized Fibonacci 

class sequence of the S-th order. In equation (1), ,S jt  is 

“1” or “0” when the j-th element of the corresponding 
generalized Fibonacci class sequence is “A” or “B”, 
respectively. Thus, the sequence of each order consists 
of NS equal parts, and each part has the same length of 

1S Sd N . Figs. 2(a-d) show the transmittance pupil 

functions of the Fibonacci, Thue-Morse, 3-bonacci and 
silver mean zone plates of the fourth order, 
respectively. It should be noted that the 3-bonacci 
sequence is the m-bonacci sequence with m=3 [8], and 
the silver mean sequence is the special case of the 
precious mean sequence [11]. Figs. 3(a-d) show the 
transmittance pupil functions of the corresponding 
GFiCZPs with n=2, respectively. 

 
 

 
 

Fig. 1. Schematics of (a) the Fibonacci sequence  
and (b) the generalized Fibonacci class sequence of the fifth order. 

 

 
 

Fig. 2. Transmissions of (a) the Fibonacci, (b) Thue-
Morse, (c) 3-bonacci, and (d) silver mean zone plates of 

the fourth order, respectively. 

 

Fig. 3. Transmissions of the GFiCZPs with n=2 based 
on (a) the Fibonacci, (b) Thue-Morse, (c) 3-bonacci, and 
(d) silver mean sequences of the fourth order, respectively.

 
 

3. Focusing Properties of the GFiCZP 
 

When a collimated laser beam passes through a 
GFiCZP, the axial irradiance of the GFiCZP can be 
calculated with the Fresnel approximation in (2) [6], 
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Combining (1) and (2) one can obtain (3),  
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In (2), 2 / 2u a z （ ） is the reduced axial 

coordinate,   is the wavelength of light, and z  is the 

axial distance from the zone plate. From (3) we can 
obtain intensity of the beam at any axial position. 

For convenience, the fifth-order Fibonacci,  
fourth-order Thue-Morse, fifth-order 3-bonacci, and 
fourth-order silver mean sequences are taken together 
for comparison to study the focusing properties of the 
GFiCZPs. Figs. 4(a-d) show the axial intensity 
distributions of the GFiCZPs based on the Fibonacci, 
Thue-Morse, 3-bonacci, and silver mean sequences, 
respectively. Lines 1-4 in Fig. 4(a) show the axial 
intensity distributions of the GFiCZPs based on the 
Fibonacci sequence with n=0, 1, 2, and 3, respectively. 
Lines 1-4 in Figs. 4(b-d) show the axial intensity 
distributions of the GFiCZPs based on the  
Thue-Morse, the 3-bonacci and the silver mean 
sequences, where n=0, 1, 2, and 3, respectively.  

It can be seen from Fig. 4(a) that the u values of the 
foci in lines 1-4 around the dashed lines are [4.64, 4.82, 
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4.89, 4.94], respectively. The u values of the 
corresponding foci in Figs. 4(b-d) are [10.71, 10.87, 
10.96, 11.02], [7.23, 7.19, 7.15, 7.14], and [12.10, 
12.09, 12.08, 12.07], respectively. Thus, the u values 
around the dashed lines for the main or subsidiary foci 
in Figs. 4(a-d) are approximately the same. Therefore, 
the position of one of the foci of the GFiCZPs can be 
kept constant with varying structural parameters. The 
distributions of the subsidiary foci in lines 3 and 4 are 
denser than those in lines 2 and 3, respectively. Thus, 
the GFiCZP can generate more subsidiary foci along 
the optic axis. Interestingly, it can be seen from  
Fig. 4(a) that the u values of the two main foci in lines 
1-4 are [(3.36, 4.64), (4.82, 8.18), (4.89, 13.11), (9.78, 
13.22)], respectively. The corresponding u values of 
the two main foci in Figs. 4(b-d) are [(5.28, 10.72), 
(10.87, 13.13), (13.21, 18.79), (18.86, 21.14)], [(5.77, 
7.23), (7.18, 12.82), (12.76, 14.24), (14.20, 19.80)], 
and [(4.90, 12.10), (12.09, 16.91), (12.07, 28.93), 
(24.10, 28.90)], respectively. It can be observed that 
the u values of one of the two main foci are 
approximately the same for lines 1-2, 2-3 and 3-4 in 
Fig. 4(a). The same property can be found in  
Figs. 4(b-d). Therefore, the positions of one of the two 
foci can also be kept constant for two different 
GFiCZPs. 

 

 
 

Fig. 4. The axial intensity distributions of the GFiCZPs 
with n=0, 1, 2, and 3 based on (a) the Fibonacci, (b) Thue-

Morse, (c) 3-bonacci, and (d) silver mean sequences, 
respectively. 

 
In fact, the GFiCZPs based on the arbitrary-order 

bi-focal sequences have the same focusing property. In 
the following, the arbitrary-order Fibonacci sequences 
are taken for examples to study the focusing property. 
Figs. 5(a-d) show the axial intensity distributions of the 
GFiCZPs based on the Fibonacci sequences of  
S=4, 5, 6, and 7, respectively. Lines 1-4 in Fig. 5(a) 
show the axial intensity distributions of the GFiCZPs 
with n=0, 1, 2, and 3 based on the Fibonacci sequence 
of S=4. Lines 1-4 in Figs. 5(b-d) show the axial 

intensity distributions of the referred other GFiCZPs, 
respectively.  

It can be seen from Fig. 5(a) that the u values of the 
foci in lines 1-4 around the dashed lines are [3.15, 3.19, 
3.19, 3.19], respectively. The u values of the 
corresponding foci in Figs. 5(b-d) are [4.64, 4.81, 4.89, 
4.92], [8.06, 8.08, 8.08, 8.08], and [12.80, 12.90, 
12.95, 12.95], respectively. It can be observed that the 
u values for the foci around the dashed lines in  
Figs. 5(a-d) are approximately the same. Therefore, the 
position of one of the foci of a GFiCZP based on the 
Fibonacci sequence can be also kept constant when the 
structural parameters change. The subsidiary foci in 
lines 3 and 4 are more than those in lines 2 and 3, 
respectively. Thus, the GFiCZP based on the Fibonacci 
sequence can generate more subsidiary foci along the 
optic axis. Interestingly, it can be seen from Fig. 5(a) 
that the u values of the two main foci in lines 1-4 are 
[(1.85, 3.15), (3.19, 4.81), (3.19, 7.81), (6.21, 7.79)], 
respectively. The corresponding u values of the two 
main foci in Figs. 5(b-d) are [(3.36, 4.64), (4.81, 8.19), 
(4.89, 13.11), (9.78, 13.22)], [(4.94, 8.06), (8.08, 
12.92), (8.08, 20.92), (16.10, 20.90)], and [(8.20, 
12.80), (12.90, 21.10), (12.95, 34.05), (25.90, 34.10)], 
respectively. Thus, the u values of one of the two main 
foci are approximately the same for lines  
1-2, 2-3, and 3-4 in Fig. 5(a). The same property 
applies for the lines in Figs. 5(b-d). Therefore, the 
position of one of the two foci can be kept constant for 
two different GFiCZPs with an arbitrary-order. 
 

 
 

Fig. 5. The axial intensity distributions of the GFiCZPs 
based on the Fibonacci sequences of S=(a) 4, (b) 5, (c) 6, 
and (d) 7, respectively. For the GFiCZPs in each sub-Fig., 

n=0, 1, 2, and 3, respectively. 
 
4. Conclusions 
 

To summarize, we proposed the GFiCZPs to 
generate a fixed-position focus and more subsidiary 
foci with varying structural parameters of the zone 
plates. The corresponding construction method could 
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be applied to other kinds of the bi-focal zone plates. 
The focusing properties of the GFiCZPs based on the 
Fibonacci, Thue-Morse, m-bonacci and precious mean 
sequences were studied in the simulations. The 
simulation results verified the focusing properties of 
the GFiCZP, which would have potential applications 
in the fields of optical trapping, optical imaging, and 
photonic crystal. 
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Summary: We tested an absolute distance measurement method based on spectral-domain interferometer at long distances, 
which operates with two separate reference mirrors. The two reference mirrors create two individual and distinguishable signals 
of master and slave ones with an offset, which can solve the fundamental problems of spectral-domain interferometer that are 
the non-measurable range and directional ambiguity for the first time. The non-measurable range is caused by sampling limit 
of interference spectra, and the directional ambiguity is derived by repeated property of the pulse train emitting with constant 
repetition rate. For a feasibility test at long distances, absolute distance measurement at round trip distance of about 20 m was 
demonstrated by the proposed method. According to the results, it was also shown that the proposed method can solve the two 
fundamental problems clearly at long distances. 
 
Keywords: Absolute distance, Optical comb, Spectral-domain interferometer, Non-measurable range, Directional ambiguity. 
 
 
1. Introduction 

 
In the field of precision engineering, laser 

interferometers have been utilized widely as a  
non-contact method with high accuracy because of 
traceability to the length standard. The conventional 
laser interferometers can obtain displacement while 
accumulating continuously the phase values of an 
interference signal owing to incremental nature [1]. In 
some practical applications with large dimensions in 
the field of heavy industry, aircraft industry, ship 
building industry and space missions, it is impossible 
to move the target mirror continuously in space while 
keeping the phase values of the interference signals. In 
these cases, an absolute distance measurement method 
is beneficial because it provides the distance at a single 
operation without any mechanical scanning [2-4]. 

A spectral-domain interferometer (SDI) is one of 
the absolute distance measurement methods. Unlike 
conventional laser interferometers, the SDI requires a 
wide-spectral bandwidth light source and a 
spectrometer instead of a stabilized monochromatic 
laser and a photo-detector. From the interference 
spectrum, the SDI determines the optical path 
difference (OPD) by analyzing and detecting the 
spatial period of interference spectrum [5-9]. In 
principle, for the SDI, there are two fundamental 
problems of non-measurable range and directional 
ambiguity. When the OPD is approaching to zero or 
multiple of the pulse duration, the modulation term of 
the interference spectrum becomes loose and then 
finally disappears when the OPD is equal to zero. Also, 
the modulation term of the interference spectrum at a 

very small OPD cannot be clearly distinguished from 
spectral distribution of the light source due to the 
similar modulation frequency [10, 11]. Therefore, the 
non-measurable range inherently exists.  

The regularly repeated property of the pulse train 
causes directional ambiguity of the absolute distances. 
With the help of good temporal coherence of the 
optical comb, a pulse can be interfered with the very 
same pulse after travelling a reference path and a 
measurement path, and the adjacent pulses also can be 
interfered with each other when the OPD is even more 
than a few km in principle. Because an intensity 
distribution of the interference spectrum is repeated 
when the OPD continuously increases, the directional 
ambiguity problem happens [10, 11]. To get over these 
fundamental problems, a novel method for measuring 
absolute distances based on the SDI with two separate 
reference mirrors was proposed and realized [11]. In 
this paper, at a long distance of approximately 20 m 
with the proposed method, the absolute distance 
measurements were demonstrated to avoid two 
fundamental problems of the non-measurable range 
and directional ambiguity for the first time. 
 
 
2. Basic Measurement Principle 

 
The optical comb of a femtosecond pulse laser has 

numerous frequency modes with an equal spacing of fr. 
With zero offset frequency (fo = 0), the i-th frequency 
mode of the optical comb can be described simply by 
multiple of the repetition rate (fr). Therefore, each 
comb mode emits at a well-known frequency while 
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maintaining a narrow linewidth, which can lead a long 
distance measurement due to good coherence 
properties. The optical intensity of interference 
spectrum can be also expressed in optical  
frequency-domain like Eq. (1) [5, 6], 
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I , I 1 cos 2 ,
l

f l f f
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  (1) 

 
where f is the optical frequency, I0(f) is the spectral 
density of the light source, l is the OPD to be measured, 
and c is the speed of light in vacuum. With the optical 
comb, frequency f in Eq. (1) must be only the 
frequency modes of the optical comb (fi ). In Eq. (1), 
I(f,l) is a periodically modulated signal with a constant 
period of c/l in frequency domain.  
 
 
3. Fundamental Problems of the Spectral- 

Domain Interferometer 
 
When the OPD equals to zero or multiple of c/fr, the 

modulation term disappears in Eq. (1). For example, 
Fig. 1(a) shows an interference spectrum, which is 
created numerically at the OPD of 3.75 m (=c/fr ) when 
the optical comb with a repetition rate of 80 MHz and 
uniform spectral distribution is used. Owing to absence 
of modulated signals, the OPD is never determined. It 
means the interference spectrum loses the information 
related to the OPD at specific distances where the OPD 
satisfy the relation of zero or multiple of c/fr. 
 
 

 
 

Fig. 1. Simulated interference spectra. (a) Interference 
spectrum at an OPD of 3.75 m with a uniformly distributed 
light source, (b) Interference spectrum at an OPD  
of 3.749 m and 3.751 m with a uniformly distributed  
light source. 

From Eq. (1), there is ambiguity caused by a cosine 
periodic function. The cosine term has the same value 
whenever the phase term of 2mπ 2πfl/c(m: integer) is 
a positive value or a negative value. The interference 
spectrum repeats every 3.75 m as described before. At 
a distance of 3.749 m which is 0.001 m shorter than 
3.75 m, the phase value is calculated to be 6.2815 rad 
(=2π-0.0016 rad). Similarly, the phase value becomes 
to be 6.2848 rad (=2π+0.0016 rad) at the distance of 
3.751 m which is 0.001 m longer than 3.75 m. Due to 
the relation of cosφ=cos(-φ), the interference spectra 
obtained at distances of 3.749 m and 3.751 m are 
exactly same as shown in Fig. 1(b). 

 

 
 

Fig. 2. Spectrum and its Fourier transform. (a) Interference 
spectrum at an OPD of 5 µm, (b) Gaussian distribution of 

the light source, (c) Fourier transformed data  
of the light source. 

 
Moreover, the OPD can be hardly obtained because 

of sampling failure of the loosely modulated spectrum 
at the OPD near zero. It causes non-measurable range. 
According to Nyquist sampling theorem, a half period 
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of a periodic signal should be required to sample the 
signal properly. For example, for a wavelength range 
of 1500 nm to 1600 nm (187.5 THz to 200 THz in 
frequency), the minimum measurable OPD is 12 µm. 
The interference spectra obtained at less than 12 µm 
are too loose to sample within the spectral bandwidth 
of 12.5 THz. Therefore, the distance of -12 µm to  
12 µm is a non-measurable range in our experiments. 
Fig. 2 (a) shows a simulated interference spectrum at 
an OPD of 5 µm with a uniformly distributed light 
source. Because the interference spectrum pattern is 
observed much less than a half period, it is impossible 
to sample the interference signal for calculating  
the OPD. 

In real applications, the spectral distribution of the 
light source is not uniform. If the spectral distribution 
of the light source is a Gaussian form like Fig. 2(b), the 
low-frequency components are observed in Fourier-
domain as shown in Fig. 2(c). Therefore, if a peak 
corresponding to the OPD is within the low-frequency 
regime of ±1.2 ps @ FWHM (±360 µm), it is not easy 
to find the peak. It can be another type of  
non-measurable range, which depends on spectral 
distribution of the light source. In general, the  
non-measurable range caused by the spectral 
distribution of the light source is more significant. 

In this paper, by using two reference mirrors having 
different reflectivity, two signals having different 
OPDs were generated with a known offset because the 
offset between two reference mirrors was  
pre-determined. A different reflectivity of the 
reference mirrors makes the two interference signals, 
which are one strong signal with high reflectivity and 
the other weak signal with low reflectivity. The strong 
signal is used mostly as a major signal, and the weak 
signal is used as a supplementary means when the 
major signal is unavailable.  
 
 

4. Experiments and Measurement Results 
 

Fig. 3 shows the experimental setup for testing 
absolute distance measurement by the proposed 
method at round trip distance of about 20 m. To realize 
the long-range path in the restricted laboratory space, 
the total optical path is constructed by using 10 mirrors 
for right angle reflection in round-trip. For a feasibility 
test at long distances, the target mirror was installed on 
a motorized translation stage to adjust target distance.  

The repetition rate of the optical comb in use was 
50 GHz, which means the non-ambiguity range is  
1.5 mm. To verify the proposed method, the target 
mirror was scanned with the equal step of 4 m. With 
the help of high temporal coherence of the 
femtosecond pulse laser, the interference spectra were 
successfully obtained even in the long range of 20 m. 
As predicted, the non-measurable range problem was 
resolved by using the supplementary interference 
signal which clearly appeared outside the  
non-measurable range shown in Fig. 4. Moreover, the 
directional ambiguity problem was also solved by 

investigating the arrangement of strong and weak 
signals in Fourier-domain. 

 
 

 
 

Fig. 3. Experimental setup for absolute distance 
measurement at round-trip distance of 20 m. 

 

 
 

Fig. 4. Measurement result of absolute distances using 
two signals of master and slave signals. 

 
 
5. Summary 

 
An optical method based on the SDI using the 

optical comb of a femtosecond pulse laser for absolute 
distance measurement was proposed and realized at the 
round-trip distance of 20 m, which is free from two 
fundamental problems of non-measurable range and 
directional ambiguity. It was successfully verified that 
the proposed method can solve those problems by 
using two reference mirrors, which is indispensable in 
realizing the absolute distance measurement in the 
long range for the first time.  
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Summary: We proposed an optical method based on a spectral-domain interferometer for the physical thickness measurement 
of a flexible substrate which is highly required in various kinds of wearable devices like smart watch, glasses, and body sensors. 
Especially unlike conventional interferometers, the proposed method can provide group refractive index which is extracted 
from the optical thickness. The optical layout of Mach-Zehnder type was adopted to accept high tolerances of misalignment, 
inclination, even bending of the sample substrate, which are strongly required for in-line inspection of flexible substrates. The 
sample substrate which consists of a single polymer layer being used in OLED display panel was scanned in the area of  
15 mm by 7 mm by a two-dimensional motorized stage. As a result, the averaged physical thickness over the entire 
measurement area was measured to be 129.815 μm with the standard deviation of 0.218 μm. Also, the group refractive index 
of the polymer substrate was simultaneously measured to be 1.658 with the standard deviation of 0.002. 
 
Keywords: Physical thickness, refractive index, flexible substrate, spectral-domain interferometer, transmission-type. 
 
 
1. Introduction 
 

Recently, many wearable devices started being 
widely used in the form of smart watch, glasses, body 
sensors and so on. One of the important characteristics 
required in such wearable devices must be high 
flexibility, because wearable devices should be 
bendable or curved to be fitted upon human body 
easily. Flexible panels with various dimensions and 
materials are used as basic substrate of wearable 
devices. The thickness and thickness uniformity of the 
flexible panels should be monitored to prevent failures 
such as dead pixel, dark spots, and device degradation 
[1]. For the same reason in flat panel display, we had 
proposed and realized a thickness measurement 
method for rigid substrates of large glass panel, which 
is based on spectral-domain interferometer [2-10]. 
Especially, for rigid substrate, the inclination or tilt 
motion dominantly affected the measurement 
performance. 

In this paper, the physical thickness map of a 
flexible substrate which consists of a single polymer 
layer (polyethylene terephthalate) being used in OLED 
(organic light-emitting diode) display panel was 
obtained based on the Mach-Zehnder type spectral-
domain interferometer. With the help of its 
transmissive configuration, the proposed method is 
very effective for bendable surface of flexible 
substrate. More importantly, this proposed method 
also obtains optical property in terms of the group 
refractive index unlike most conventional 
interferometers. For a feasibility test, a flexible 
substrate having a nominal thickness of 130 μm was 

chosen. To obtain the thickness map in the area of 15 
mm (X) by 7 mm (Y), thickness values at 2736 
individual points were measured with 0.2 mm step in 
X and Y-axes. 
 
 
2. Basic Principle of Optical Path Difference 

Measurement 
 
The optical path difference (OPD) can be determined 
by analyzing the interference spectrum obtained by a 
spectrometer. The interference spectrum is created by 
interference of each frequency component within a 
spectral bandwidth of a broadband light source. The 
optical intensity of interference spectrum can be easily 
expressed like Eq. (1), 
 

 
     0

I , I 1 cos 2 ,
l

f l f f
c

    
 
 

 (1) 

 
where f is the optical frequency, I0(f) is the spectral 
density of the light source, l is the OPD to be measured, 
and c is the speed of light in vacuum. According to the  
Eq. (1), I(f,l) is a sinusoidal form with a period of c/l in 
frequency domain. To determine the OPD, the period 
of the interference spectrum should be calculated by 
taking Fourier transform of I(f,l). Then, the periodic 
signal is converted to a certain peak in amplitude of 
Fourier domain, and a position of the peak represents 
a value of l/c in the time domain. Therefore, the l can 
be determined by precise measurement of the peak 
position [3, 11]. 
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3. Experiments and Measurement Results 
 

Fig. 1 shows the optical configuration for 
simultaneous measurement of both physical thickness 
and group refractive index of a flexible substrate. As 
depicted in Fig. 1, the optical measurement system was 
designed in the form of Mach-Zehnder type 
interferometer for high insensitivity or tolerance to 
sample alignment status like tilt, inclination, or 
bending. As a broadband light source for spectral-
domain interferometer, an superluminescent laser 
diode (SLD) with wavelength range from 1450 nm to 
1600 nm was adopted, and an optical spectrum 
analyzer was used to sample the interference spectra. 
The light emanated from the SLD is delivered to the 
BS1 in the form of the collimated beam through the 
CL. The collimated beam is splitted into two beams by 
the BS1, and then propagates along two paths of a 
reference path(clockwise) and measurement 
path(counter-clockwise). After reflections at right 
angle by the M1 and M2, two beams are combined by 
the BS2, and focused into the optical fiber by the FL to 
detect the interference spectrum by using the OSA. A 
flexible substrate was installed in the middle of the 
measurement path as shown in Fig. 1. To measure both 
physical thickness and group refractive index of the 
sample, three OPDs measurement are required by 
using the OPD measurement principle mentioned in 
the previous chapter. The three OPDs of OPD1, OPD2, 
OPD3 can be expressed like Eq. (1) to (3), 

 1OPD m rL L  ,  (1) 

 2OPD 2 N T,    (2) 

  3OPD  = T 1 Nm rL L    ,  (3) 

 
where Lm and Lr are the optical path length of 
measurement and reference path, respectively. Also, N 
and T are the group refractive index and the physical 
thickness of the sample, respectively. Because the 
OPD1 means the OPD in the case of no sample, the 
OPD1 is generated by the interference between two 
beams of W0 and W1 (measurement beam without the 
sample) as shown in Fig. 1. The other two OPDs of 
OPD2 and OPD3 can be measured when the sample is 
inserted in the measurement path. The OPD2 and OPD3 
result from the interference between W1 and W2, W1 
and W0, respectively. Fig. 2 shows the measured 
interference spectrum (Fig. 2(a) and (c)) and its Fourier 
transformed amplitude (Fig. 2(b) and (d)). As depicted 
in Fig. 2(b) and (d), all three OPDs can be determined 
by finding peaks in Fourier domain. For example, the 
measured OPDs in Fig. 2 were calculated to be 
1805.910 μm (OPD1), 430.878 μm (OPD2),  
1891.402 μm (OPD3), respectively. Both physical 
thickness, T and group refractive index, N can be 
calculated by a simple combination of all three OPDs 
like Eq. (4) and (5). 

 

 
 

Fig. 1. Optical configuration for measurement of physical thickness and group refractive index of a flexible 
substrate(M1, M2: mirror, BS1, BS2: beam splitter, CL: collimating lens, FL: focusing lens, SLD: superluminescent laser 

diode, OSA: optical spectrum analyzer). 
 
 

  2
3 1

OPD
T OPD OPD

2
   ,  (4) 

 2OPD
N

2 T



.  (5) 

 
According to Eqs. (4) and (5), T and N were 

calculated to be 129.697 μm and 1.659, respectively. 
Due to the bending property of the flexible substrate, 
the front and back surfaces of the sample cannot be 

exactly aligned to a normal direction of incident light 
as in Fig. 1, which means that transmitted light after 
multiple internal reflections might deflect slightly 
from the incident direction. In case of reflection-type 
configuration, such kind of sample characteristic 
causes significant loss of the measured signal at a 
detection part. On the other hand, the transmission-
type configuration can be insensitive to the bending 
property of the flexible substrate. Fig. 3(a) shows the 
measurement result of the physical thickness map of 
the flexible substrate. The measurement area was 15 
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mm (X) by 7 mm (Y), and the sample was scanned 
with an equal step of 0.2 mm in X and Y directions. 
For the physical thickness map over the entire area, the 
average thickness and standard deviation of the 
flexible substrate was 129.815 μm and 0.038 μm, 

respectively. According to the measurement principle, 
the group refractive index distribution was also 
obtained simultaneously, as shown in Fig. 1(b). The 
average value of the refractive index was 1.658. 

 
 

 

Fig. 2. (a) Interference spectrum without sample, (b) Fourier transformed amplitude of Fig. 2(a), (c) Interference 
spectrum with sample, (d) Fourier transformed amplitude of Fig. 2(c). 

 

 
 

Fig. 3. Measurement results; (a) physical thickness map; 
(b) group refractive index distribution 

 
4. Summary 
 

An optical method based on spectral-domain 
interferometer with a transmission-type configuration 
was proposed and realized to obtain the physical 
thickness map and group refractive index distribution 
of a flexible substrate for OLED display. For a 
feasibility test, the flexible substrate having a nominal 
thickness of 130 μm was chosen as a sample. To obtain 
the physical thickness map and group refractive index 

distribution, the sample was scanned in the area of  
15 mm (X) by 7 mm (Y) with an equal step of 0.2 mm 
in X and Y-axes. At 2738 individual points, both the 
physical thickness and group refracive index were 
measured.  

According to measurement results, the mean 
physical thickness of the test sample was 129.815 μm 
with a standard deviation of 0.218 μm within the entire 
measurement area. The thickness measurement results 
will be evaluated with the contact type measurement 
instrument which is being used as a reference method 
with traceability to the length standard in Korea 
Research Institute of Standards and Science. The mean 
value of the group refractive index was estimated to be 
1.658. It is expected that the proposed method can be 
highly applicable to precision monitoring or inspection 
of the physical thickness as well as optical property of 
flexible substrates, which is a unique merit of the 
proposed method. 
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Summary: Optical beams are used in many applications, such as imaging, laser communications, and high energy laser 
systems. Performance requirements of optical beams for acquisition, tracking, pointing, jitter control, and wave front correction 
control are very challenging. Advanced optics and control techniques have been developed to meet these requirements. 
Adaptive Optics Center of Excellence at the Naval Postgraduate School (NPS) has very active research program in optical 
beam acquisition, tracking, pointing, jitter control, and wavefront correction. This paper provides an overview of research at 
the center in optical beam control for jitter and wavefront aberration using advanced control techniques. 
 
Keywords: Optical beam, Jitter, Wavefront aberration. 
 
 
1. Introduction 
 

Optical beams are used in many applications, such 
as imaging, laser communications, and high energy 
laser systems. Performance requirements of optical 
beams for acquisition, tracking, pointing, jitter control 
and wave front correction control are very challenging.  

As an example of the Hubble Space Telescope,  
the beam pointing requirement is 0.012 arc sec  
(0.000003 degree), jitter, pointing stability, 
requirement is 0.007 arc-secs (0.000002 degree). 
Several passive and active techniques have been 
developed to reduce optical beam jitter [1]-[2]. In 
general, passive techniques systems perform best for 
higher frequencies, typically greater than 5 Hz, while 
active systems perform best for lower frequencies, 
typically lower than 5 Hz. Most spacecraft jitter control 
solutions require a hybrid system (passive and active) 
to suppress the entire range of disturbance frequencies. 
This paper will provide experimental results of active 
jitter control using modern control techniques. 

 

 
 

Fig. 1. Wavefront Aberration Compensation Using 
Adaptive Optics (from [3]). 

 

Wavefront aberration in an optical beam can be due 
to many sources, such as imperfection in optical 
components and atmospheric turbulence. Wavefront 
aberration adversely impacts the performance of 
imaging system in terms of resolution, in laser 
communications in terms of bit error rates, and in high 
energy lasers in terms of intensity of the beam. 
Adaptive optics has been used to correct the wavefront 
aberration in optical beams. A typical adaptive optics 
system for ground telescope is shown in the Fig. 1. 

Adaptive optics system consists of reference beam 
that passes through the same path as the target object 
beam and the wavefront error is measured by a 
wavefront sensor, such as Shack Hartman sensor. 
Using the wavefront error information from the sensor 
and using control feedback laws, surface of a 
deformable mirror is distorted to compensate for 
wavefront error. When the object beam now passes 
through the deformable mirror, the wavefront is 
corrected. Deformable mirrors have hundreds of 
actuators, such as piezoceramic actuators on the back 
to deform the mirror surface to compensate for 
wavefront error. The output of the wavefront error is 
also measured in hundreds. So the feedback control is 
complex and is multi-input and multi-output. 

The classical control algorithm for adaptive optics 
ignores the dynamics of the system plant including 
deformable mirror and wave front sensors. The static 
relationship between control input from deformable 
mirror and wavefront sensor output is written as  

 

 Φ , (1) 

 
where  is the sensor output, Φ is called poke matrix 
or influence matrix obtained by actuating one sensor at 
a time and  is the actuator input. Simple integral 
control algorithm typically used is  
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  1 Φ , (2) 
 
where Φ  is the pseudo inverse of Φ. 

In actual system, dynamics cannot be ignored and 
the atmospheric turbulence is also fast changing at the 
rate of several kHz. Therefore high spatial and 
temporal frequency correction is needed for such 
systems. For wavefront aberration correction using 
adaptive optics, performance can be significantly 
improved by using modern control techniques such as 
adaptive filters and modal control. This paper will 
provide these control methods applied to the adaptive 
optics problem for wavefront aberration correction. 
Experimental wavefront correction results are also 
presented using adaptive filter control techniques.  

 
 
2. Adaptive Filter 
 

The basic principle of an adaptive filter is that 
controller gains can be varied throughout the control 
process to adapt to changing parameters and can 
therefore cancel disturbances more effectively than 
with fixed gains. Transverse FIR filter structure was 
used for the adaptive filter control method. Least Mean 
square (LMS) and Recursive Least Square (RLS) 
algorithms were used to update the weights in the 
transverse filter. 

An  order transverse FIR filter has the structure 
shown in Fig. 2. Each of the  stages, or taps, delays 
the input signal by one sample, which leads many to 
call this filter a tapped-delay line. The filter output is 
expressed as follows: 

 

∑ 1 , (3) 

 
where  is the filter weight vector of length 
	whose  component is ,  is the vector of 

delayed inputs, 1  and  is the filter output. 
 

 

 
Fig. 2. Transverse FIR filter structure. 

 
Fig. 3 shows the simplest implementation of a 

feedforward adaptive algorithm. The function of the 
adaptive filter is to modify an incoming or reference 
signal, , to cancel a disturbance applied to the 
system . Using a transverse filter and a reference that 
is correlated with the disturbance, the filter delays the 
incoming signal 1 times and multiplies the 
resulting vector by a set of  weights, as shown in  
Fig. 3. The error, , is measured at an error sensor 

and is the difference between the applied disturbance 
and the filter output, , which is the canceling 
signal from the adaptive filter. 

The adaptive weights are computed by an 
algorithm that uses the reference and error signals to 
minimize a cost function. In the LMS algorithm, the 
cost function is the mean square error (MSE), which is 
the expectation of  and is denoted by .  

 

 

 
Fig. 3. Simple implementation of adaptive algorithm. 
 
When the statistics of the disturbance and the 

reference signal are available, the weights that 
minimize the MSE can be computed. In practice, 
however, such a priori information is often 
unavailable. As a result, the MSE is approximated by 
the instantaneous squared error and minimized using 
iterative steepest-gradient descent to update the 
weights in the direction of lowest error. The resulting 
form of the LMS algorithm is expressed as: 

 

 1 , (4) 
 

where  is the convergence coefficient that controls 
the speed at which the algorithm converges to steady-
state weight values. 

In reality, the basic adaptive algorithm must be 
modified because the control signal passes through a 
physical actuator before its effect is sensed at the error 
sensor. A secondary path or plant transfer function, 

, contains information on the interaction between 
sensor and actuator and is denoted by the  block in 
the augmented diagram in Fig. 4.  

 

 

Fig. 4. Adaptive algorithm showing secondary plant  
after filter output. 
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Its effect on the control action must be taken into 
account to prevent instability and ensure that the filter, 

, cancels the disturbance after the secondary plant, 
and not before. 

To account for the secondary plant dynamics, the 
reference signal is passed through a copy or estimate 
of the secondary plant, , before being used in the 
adaptive algorithm. The LMS algorithm is updated as: 

 

 1 , (5) 
 

where  represents the filtered reference,  
̂ ∗ . As such, this method is called 

Filtered-x LMS, or FXLMS. The complete FXLMS 
model is shown in Fig. 5. 

 

 
Fig. 5. FXLMS structure including secondary plant 

estimate prior to adaptation. 
 

The practical challenge with the adaptive filters 
described so far is that they require a reference signal 
that is correlated with the disturbance in order to 
provide feedforward correction and canceling. In lieu 
of an external reference, it is possible to generate an 
internal reference that is an estimate of the disturbance 
[1]. This reference is produced by passing the adaptive 
filter output through another estimate of the secondary 
plant and adding this output to the error signal. This 
effectively removes the adaptive filter output from the 
error, leaving only an estimate of the disturbance. If the 
secondary plant model is precise, the reference signal 
becomes the disturbance itself. The reference signal is 
expressed as: 

 

 ̂ ∗ , (6) 
 

with “∗” denoting the convolution operation. Fig. 6 
shows the modified controller diagram in which the 
reference signal is generated. 

The need to estimate the disturbance from the error 
adds a delay in the system and turns a previously 
feedforward controller into a feedback controller. As 
such, the ability of a true feedforward controller to 
address broadband disturbances becomes limited. 
 
Adaptive filter with classical control loop 
 

The classical controller considered for this paper is 
a Proportional-Integral (PI) controller, denoted by 

 in discrete form and expressed as:  

 , (7) 

 
where the integral gain, , and the proportional gain, 

, are designed to meet reasonable specifications of 
the PI control loop, and the discrete sample time, , is 
included in the integral gain. The adaptive filter is 
expected to improve the overall controller 
performance for disturbances which are outside the 
bandwidth of the PI controller. 

The combination of the adaptive controller with 
internally generated reference and the PI controller is 
shown in Fig. 7. The system delay, , is included and 
can represent a delay of any number of time  
steps, .  

 

 

 
Fig. 6. Adaptive controller diagram with internally 

generated reference. 
 

 

 
Fig. 7. Final configuration of adaptive and PI controllers 

together. 
 
 
Multichannel LMS/FXLMS Adaptive Filter 
 

For jitter control, single input and single output is 
adequate. However, an adaptive optics system is a 
Multiple Input Multiple Output (MIMO) system, the 
LMS and FXLMS adaptive algorithms must be 
extended for use with multiple channels. Multiple error 
LMS was proposed by Elliott, et al. [4], for 
multichannel active noise control applications. The 
summation notation here draws from Elliott, while for 
consistency most of the variables again follow Kuo’s 
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summary. In a multichannel adaptive filter algorithm, 
the number of reference signals can be independent of 
the number of sensors or actuators. For  error 
sensors,  control actuators, and  reference signals, 
there are  secondary path models and  
weight vectors. Each of the weight vectors is length , 
so that the actual size of the weight matrix or filter  
is . Each secondary path model,  represents 
the relationship between the control action by the  
actuator and the error observed by the  sensor. For 
the rigid deformable mirror whose dynamics are 
ignored, the mirror’s contribution to the secondary 
path model consists of the elements of the poke matrix, 
each of which represents the interaction between a 
particular mirror actuator and Shack-Hartmann 
wavefront sensor lenslet. The command for the  
actuator is generated by multiplying each of the  
reference signals by its corresponding weight vector 
and is expressed as: 

 

 ∑ , (8) 
 

where 		 ⋯	 , 
the complete command vector is given by 

	 ⋯ , and the complete reference 

vector is given by 	 ⋯ . 
The weight update equation is simply the multichannel 
expression of the FXLMS algorithm shown before and 
is given by: 
 

 
1

∑ , 
(9) 

 

where 	 ⋯ , and the 
filtered reference is ∗ .  

 
RLS Adaptive Filter 
 

The Recursive Least Squares algorithm follows 
much of the development shown for LMS, with the 
important exception that it includes past data in its cost 
function. This accommodates nonstationary signals 
and usually provides faster convergence and smaller 
steady-state error than the LMS algorithm, though it is 
more computationally complex [1]. Instead of 
expressing the MSE as the instantaneous squared error 
signal only, the cost function becomes:  

 

 ∑ , (10) 
 

where the forgetting factor, 0 1, allows more 
recent data to be weighted more heavily and data long 
past to be forgotten. A value of 1 implies that 
nothing is forgotten, while smaller values allow more 
forgetting. As it is desirable to use as much information 
as possible, values of   used in the NPS jitter control 
testbeds range from 0.9–0.99999.  

While the error and control signal expressions in 
RLS are identical to those of LMS, the weight update 
process is different. Optimal weights could be 
calculated from the statistics of the reference and 
disturbance signals if they are available, but such 
computation is extremely difficult for large sample 
times. Instead of calculating and inverting the 
correlation matrix of the reference input, , the 
inverse correlation matrix,  is 
calculated recursively. This eliminates the need to 
compute or invert , greatly reducing the 
complexity of the RLS algorithm. The recursive 
equations for weight updates using the filtered 
reference for FXRLS formulation are: 

 

 1 , (11) 

 , (12) 

 1 , (13) 
 

where  is an intermediate calculation and  is 
the current gain vector. Finally, the inverse sample 
correlation matrix is updated as:  
 

 1 . (14) 
 

Initial condition of  is a diagonal matrix whose 
component is determined by the expected variance of 
the measurement noise. 

 

 0 . (14) 
 
 

3. Modal Control 
 

Adaptive optics control is a Multi-Input Multi-
Output (MIMO) control problem, but it can be 
converted to a set of Single-Input Single-Output 
(SISO) through modal decomposition and SISO 
control schemes can be applied to each control 
channel. Fig. 8 shows a typical feedback control 
schematic of an adaptive optics system.  
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Fig. 8. Adaptive Optics Feedback Control System Diagram. 
When a deformable mirror and a wavefront sensor is 
modelled as a poke matrix, Φ, equivalent control 
system diagram is shown in Fig. 9, where  is the 
output from a adaptive optics system plant,  is the 
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disturbance,  is the sensor noise,  is the error, and  
is the control input. 

 
 

Fig. 9. Equivalent System Diagram. 
 
The objective of designing a controller is to find a 

filter which produces the DM command signal from 
the observed error which keeps the feedback loop 
stable and provides desired performance for rejecting 
the effect of the disturbance in the output. In order to 
take an advantage of using design techniques 
developed for SISO system, one can introduce a so-
called “reconstructor” in the control system.  

Fig. 10 shows the system diagram when the 
reconstructor is added into the control system, where 
the new reconstructed error, , is used for the 
controller instead of the original error, . 

 

 
 

Fig. 10. Reconstructor in the Control System Diagram. 
 

One of the simple form of reconstructor is using the 
pseudo-inverse of the poke matrix, Φ . When Φ  is 
used as the reconstructor, 

 
Φ Φ Φ Φ , (16) 

 
assuming disturbance, noise, and time-delay is not 
present. The equation (16) represent the SISO 
relationship between the control channels and the 
control system error. Therefore, SISO control system 
design techniques can be applied. 

One can further generalize the reconstructor 
concept and develop modal control approach using 
different modal basis. 

Fig. 11 shows the block diagram of a modal control 
system where  represents the modal matrix where 
each column represents different mode shape selected. 
Matrix  needs to be introduced in the control system 
to maintain the SISO properties, where 

 
 Φ . (17) 

 
When Φ  is used as the reconstructor Φ  as 

shown prevously, the matrix  becomes identity 
matrix.  

 

 
 

Fig. 11. Block Diagram of a Modal Control System. 
 

This modal control allows us to scale the dimension 
of the controller design space by selecting a proper 
modal basis. Modal reduction by retaining only 
significant modes through this modal control scheme 
can provide computationally efficient and robust 
control design. The matrix  projects the wavefront 
sensor information using a modal basis represented by 
the columns of the matrix . Therefore, one can have 
freedom to select an appropriate scalable modal basis 
to reconstruct the wavefront error information used by 
the controller. Modal basis analyzed include poke 
matrix, Zernike polynomials, and singular value 
decomposition basis. 

 
4. Active Jitter Control Testbed 
 

To develop active techniques for optical beam jitter 
control, a Laser Jitter Control (LJC) testbed was 
developed at NPS. The components are mounted on a 
Newport optical bench, which can be floated to isolate 
the components from external vibrations. The laser 
beam originates from a source and passes through a 
Disturbance Injection Fast Steering Mirror (DFSM). 
The DFSM corrupts the beam using random or 
periodic disturbances simulating disturbances that 
might originate with the transmitting station or tip and 
tilt errors which the beam may suffer as it passes 
through the atmosphere. A control Fast Steering 
Mirror (FSM), designated the CFSM, is used to correct 
the disturbed beam. The corrected beam is then 
reflected off the platform to the target Position Sensing 
Detector (PSD). The schematic of the testbed is shown 
in Fig. 12.  

Experimental results, shown in Fig. 13 
demonstrated that the adaptive filters RLS provide 
significantly better performance. 
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Fig. 12. Schematic of Laser Jitter Control Testbed. 
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Fig. 13. Mean squared Error for Jitter Control Methods. 

 
 

5. Experimental Testbed for Wavefront 
Correction 

 
The adaptive filter technique is also applicable for 

wavefront correction experiments [5-7]. Fig. 14 shows 
the adaptive optics testbed with primary components 
labeled. Laser beam goes to two spatial light 
modulators, that add atmospheric aberration to the 
laser beam, next it goes to fast steering mirror that adds 
jitter to the laser beam, next it goes to deformable 

mirror for correcting aberration, next it is split up, one 
part goes to Shack Hartmann wavefront sensor, that 
measures wavefront aberration and is used to 
determine control input to the actuators of the 
deformable mirror and the other part goes to science 
camera to measure laser quality, such as point spread 
function. The deformable mirror used in this testbed is 
an OKO 37-channel micromachined membrane 
deformable mirror (MMDM). The Shack-Hartmann 
(SH) wavefront sensor (WFS) is an OKO device with 
an array of 127 lenslets arranged in a hexagonal 
pattern. The array is attached directly to a Basler A601f 
camera with a resolution of 640×480 pixels and an  
8-bit frame rate of approximately 20 fps. The liquid 
crystal (LC) spatial light modulator (SLM) used in the 
testbed is a Holoeye LC2002 device with  
800×600 pixels of resolution and an operational rate of 
33 Hz. The Naval Research Laboratory (NRL) has 
developed software to apply atmospheric aberrations 
on the SLMs using a Matlab graphical user interface 
(GUI). The atmosphere generated in software is based 
on traditional Kolmogorov statistics. The laser used is 
a continuous wave CVI Melles Griot Helium Neon 
Class II laser with output power of 0.5 mW, operating 
at a wavelength of 633 nm. The science camera is an 
IDS uEye-2210SE CCD camera with a resolution of  
640×480 pixels and an 8-bit frame rate of 75 fps. It is  
used to capture images of the corrected and 
uncorrected beam. 

 
 

 
 

Fig. 14. Laboratory Testbed for Wavefront Correction. 
 
 

Wavefront Correction Results 
 
All testbed results presented are obtained from 

applying an atmospheric profile on SLM 2 only, the 
second SLM encountered in the beam path. This SLM 
is located in the system pupil plane, meaning it is 
conjugate to the wavefront sensor and the deformable 
mirror, or that the image of the aberrations is seen in 
the same way at all these planes. The atmospheric 
profile generated is for a telescope aperture of 1 m 
diameter and an atmospheric coherence length of  

15 cm, representing an atmosphere of medium 
strength. The atmosphere is run at 7.5 Hz on the SLMs, 

as the AO loop using a Simulink hardware interface 
can run currently at a maximum rate of 15 Hz. This rate 
is limited by the camera and can be improved with the 
introduction of a camera with a faster frame rate. In 
reality, the atmosphere changes more on the order of 
100 Hz. If desired, the testbed disturbance can be 
artificially sped up in simulation by decreasing the 
sample time of the controller. 

Classical proportional and integral control (PI), 
LMS adaptive filter, and combined LMS adaptive 
filter and PI control laws are used. For PI control,  is 
0.14 and  is 0.06.  
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RMS Error Results 
 
Fig. 15 shows wavefront rms errors using PI, LMS 

adaptive filter, and combined PI and LMS adaptive 
filter. Table 1 shows the average RMS error in 
comparing the PI, LMS AF, and LMS AF + PI 
algorithms. As reflected in Fig. 15, the LMS AF works 
slightly better than the PI alone, while the combination 
of LMS AF + PI works the best overall. 

 
 

 
 

Fig. 15. Comparison of PI and LMS algorithms. 
 

Table 1. Average RMS error for PI, LMS AF,  
LMS AF + PI. 

 
Algorithm Avg RMS Error (μrad)

LMS AF + PI 189.3

LMS AF 214.0

PI 238.8  

6. Conclusions 
 

Meeting performance for optical beam jitter and 
wave front aberration is a very challenging problem. 
With the use of advanced sensors, actuators, and 
modern control techniques such as modal control and 
adaptive filter control techniques, the performance of 
optical beams can be significantly improved.  
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Summary: In this paper, the effect of laser parameters on the ablation process of hard tissue (bone) are reviewed in detail 
considering physical properties, thermal properties, and optical properties of bone. In addition, the dependence of the ablation 
efficiency on the water content of the bone tissue is presented. The laser systems considered to be successful in practice are 
the Er:YAG, the Er:YSGG, and the CO2 lasers, of which radiations are very strongly absorbed in hard tissue. Finally, the 
model of thermo-mechanical ablation, which is the basis for effective and gentle hard tissue processing, is introduced. 
 
Keywords: Er:YAG laser, CO2 laser, Er:YSGG laser, Bone ablation, Thermo-mechanical ablation, Laser osteotomy. 
 
 
1. Introduction 
 

Bone drilling and cutting are fundamental 
operations of any orthopedic procedure. Using 
conventional tools like drill, saw, bur, or piezo 
osteotomes lead to undesirable effects (biological or 
physical damages) within the hard tissue apart from the 
material removal. Such effects can cause severe 
mechanical trauma, longer healing times, permanent 
impairment, pain and thermal damage to the adjacent 
remaining tissue [1-4]. Moreover, the mechanical 
processing of hard tissue with a saw limits the choice 
of incision geometry drastically since only straight cuts 
or large radii of curvature are applicable. 

Among those devices, the piezoosteotome has 
emerged as a real possibility of improvement in the 
performance of medical and hard tissue surgical 
procedures to overcome the disadvantages associated 
with the conventional mechanical bone cutting 
instruments. However, it presents low-grade cut 
precision. Cut edges show poor histological sharpness 
with irregular cut lines and poor depth of incision with 
bone debris in the cut surface [5]. The cutting rate with 
traditional orthopaedic saws or drills is related to the 
pressure applied to the saw or drill that is in contact 
with the bone tissue. Toksvig-Larsen et al. [4] 
measured temperature rises between 34 °C and 450 °C 
using a thermocouple located 2-mm away from the saw 
blade cutting surface. In contrast, laser ablation of bone 
assisted with water spray reduces the generated heat 
during bone cutting effectively [6].  

The spectral absorption coefficient varies in 
different types of materials. In bone, absorption is 
affected by the presence of collagen, water and 
nanocrystals similar to the hydroxyapatite bioceramic. 
The small amount of water presented in the tissue 
makes mid-IR lasers effective in clean bone ablation 
based on the thermo-mechanical ablation process. 

Water absorbs laser energy and vaporizes locally to 
generate enough pressure to ablate the bone.  

Over the last forty years, the most promising laser 
sources for hard tissue ablation in the infrared spectral 
region were found to be the CO2 laser (9.6 & 10.6 μm), 
the Er:YAG laser (2.94 μm) and the Er:YSGG laser 
(2.78 μm). This was mainly because of very strong 
absorption of their wavelength in hard tissues, as 
shown in Fig. 1 [7]. 
This review provides a comprehensive investigation of 
influences of laser parameters such as pulse energy, 
pulsewidth, repetition rate, wavelength, and laser 
profile on cutting quality, efficiency, and ablation of 
bone in depth for different dry and wet conditions 
considering physical properties, thermal properties, 
and optical properties of bone.  
 

 
 

Fig. 1. Laser energy absorption gradient in water  
for successful and commercially available laser-systems 

(Er,Cr:YSGG, Er:YAG, CO2) for bone ablation [3]. 
 

2. Methods 
 
We reviewed the available literature on laser bone 

ablation with different laser parameters under different 
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cooling conditions and summarized here. Especially, 
we emphasized and focused on effects of lasers 
parameters on ablation efficiency, and cutting quality 
in incision depth.  

The laser systems considered to be successful in 
practice are the Er:YAG, the Er:YSGG, and the CO2 
lasers, of which radiations are very strongly absorbed 
in hard tissue. Finally, the model of thermo-
mechanical ablation, which is the basis for effective 
and gentle hard tissue processing, is introduced. 

 
 

3. Discussions 
 

The research and first experiments on the use of 
laser for ablation of hard biological tissue started in 
1964 when Stern et al. [8] vaporised dental enamel 
with a pulsed ruby laser. In the last decades, it was 
shown that hard tissue ablation by common and 
commercially available laser-systems (Er,Cr:YSGG, 
Er:YAG, CO2) is efficient and is possible because of 
absorption by tissue and water content [7, 9, 10]. The 
composition of human cortical bone is given as  
55-58 % mineral, 25-26 % collagen, 12-15 % water, 
and about 1 % lipids. These values are weight 
percentages [11]. Different compositions with very 
different physical properties make laser machining of 
hard tissues a rather challenging task. Therefore, for 
practical applicability, suitable laser parameters have 
to be found for establishing efficient laser bone 
ablation, especially, in depth without damaging bone 
cells with minimal thermal side effects. Note that while 
the mineral component melts at temperatures above 
1280 °C, bone cells will already be damaged by minor 
temperature rises above 47 °C for 60 seconds [12]. The 
inherent regenerative capacity of bone was almost 
completely extinguished by the thermal injury caused 
by exposure of the tissue to the temperature of above 
47 °C for 60 seconds. The results reflect the 
importance of controlling the heat produced during 
surgery to avoid impaired bone regeneration [13]. 
Exposure time is of vital importance for the extent of 
the thermal injury. Thus, in an experiment on the 
effects of heat, the temperature level should always be 
connected to a fixed exposure time. 
 
 

4. Conclusions 
 

In conclusion, the use of lasers for osteotomies offers 
completely free cut geometries. The possibility of 
computer controlled steering of the laser beam with 
motorized optics allows highly precise and accurate 
cutting of bone with minimized loss of bone tissue. 
Because there is no direct contact with the bone, the 
procedure reduces mechanical trauma induced to the 
hard tissues and no sterilization is needed as well.  
An important part in laser hard tissue ablation is a fine 
water spray, which is applied during the laser 
irradiation to prevent rising temperature and tissue 
parching during ablation. A sufficient water content in 

the bone tissue is essential for an effective and clean 
ablation process. The water spray is directed towards 
the ablation spot on the bone sample. The flow rate of 
the water depends on laser power, laser repletion rate, 
and laser duration. The loss of laser energy in the spray 
depends on density and diameter of the water droplets. 
In addition, depending on the water content of the 
samples, the surface morphology of the laser cuts 
changes which allows conclusion about the ablation 
process. 
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Abstract: A new aspect concerning the relationship between photon and electromagnetic wave has been developed by 
considering the question why the energy and the mass density of an electromagnetic wave are propagating in the same 
direction. For instance, in optical resonators the energy density usually propagates along curved lines. However, according to 
Newton's first law the mass density should propagate along a straight line, if no force is exerted it. In order to solve this 
problem, the assumption has been made that a transverse force is exerted on the mass density and in consequence on the mass 
of the photons which forces them to follow the propagating energy density. This finally leads to the result that the transverse 
probability density of the photons can be computed by solving a Schrödinger equation identical with the Schrödinger equation 
describing the motion of the electron, except that the mass of the electron is replaced by the relativistic mass of the photon. In 
this way, it could for the first time be shown that the Schrödinger equation is also describing the motion of a particle which 
has no rest mass. The results obtained in this way for the intensity distribution of Gaussian waves and the Gouy phase shift are 
in full agreement with the results obtained by the use of wave optics.  
 

Keywords: Quantum optics, Electromagnetic wave, Paraxial wave optics, Physical optics, Laser theory, Laser resonators. 
 
 
1. Introduction 
 

The relation between photon and electromagnetic 
wave has been considered from many aspects [1]; 
however, no explicit mathematical expression has been 
derived describing how the photon is embedded as a 
particle into the propagating electromagnetic wave. In 
contrary, David Bohm has argued in his quantum 
theory book [2] that there is no quantity for light 
equivalent to the electron probability density  
Pe(x) = |ψ(x)|². In particular, he is claiming [2]: "There 
is, strictly speaking, no function that represents the 
probability of finding a light quantum at a given point". 
In the following, based on a consideration of the 
question why the energy and the mass density of an 
electromagnetic wave are propagating in the same 
direction, nevertheless, the attempt is made to embed 
the photon with its relativistic mass as a particle into 
the electromagnetic wave, In optical resonators the 
energy density usually propagates along curved lines, 
as shown in Fig. 1. However, according to Newton's 
first law the mass density should propagate along a 
straight line, if no force is exerted it. In order to solve 
this problem, the assumption has been made that a 
transverse force must be exerted on the mass density 
and in consequence on the mass of the photons which 
forces them to follow the propagating energy density. 
To compute this force, it is assumed that the directional 
change of the propagating energy density is described 
by the directional change of the Poynting vector which 
describes the directional energy flux of the 
electromagnetic wave. In this way, a mathematical 
expression for the force is obtained by considering an 
infinitesimal propagation step of the electromagnetic 
wave. The expression obtained for this force makes it 

possible to show that the photon moves within a 
transverse potential which in combination with a 
Schrödinger equation allows to describe the transverse 
quantum mechanical motion of the photon by the use 
of matter wave theory like the motion of the electron, 
even though the photon has no rest mass. The obtained 
results are verified for the plane, the spherical and the 
Gaussian wave. An additional verification could be 
provided by the fact that also the mathematical 
equation describing the Guoy phase shift [3] could be 
derived from the quantum mechanical particle picture 
in full agreement with wave optics. In the 
approximation of paraxial wave optics even Snell's law 
could be derived from this particle picture as shown  
in [4]. 

 

 
 

Fig. 1. Resonant Gaussian mode between two spherical 
mirrors. The green lines visualize the propagating energy 

density. 
 
 

2. Derivation of a Transverse Force Exerted  
on a Photon Propagating with an 
Electromagnetic Wave 

 
As well-known from the propagation of laser 

beams, the energy density, whose propagation follows 
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the Poynting vector, is usually not propagating along a 
straight line as shown by Fig. 1 which shows a resonant 
Gaussian wave between two spherical mirrors of an 
optical resonator. Therefore, the question arises, what 
is happening with a particle of mass propagating with 
the wave. Since it simultaneously represents a quantum 
of energy its propagation direction should change in 
agreement with the changing direction of the Poynting 
vector as shown by the green lines in Fig. 1. However, 
if the quantum of energy is considered to be a particle 
of mass its motion should be controlled by Newton's 
first law which claims that its motion, and therefore, 
also its propagation direction is remaining unchanged, 
if no force is exerted on it. A solution of this problem 
could be found, if one assumes that the mass of light 
does not follow the propagating energy. However, 
since it has been proven by many experiments that the 
direction of propagating light changes under the 
influence of gravity, which according to the theory of 
general relativity acts on the mass of light, it must be 
assumed that energy and mass are propagating together 
in the same direction. Therefore, the question arises, 
why does the propagating relativistic mass density 
follow the propagating energy density. Which 
interaction takes place between the propagating mass 
and the propagating energy?  

To investigate this interaction in more detail we 
consider that a propagating wave can be thought to be 
made up by a bundle of thin bent channels whose walls 
follow the lines of the propagating Poynting vector. In 
Fig. 2 these walls are shown by green lines, and the 
mass propagating within the channels is visualized by 
blue arrows.  

 

  
 

Fig. 2. Subdivision of a wave into a bundle of thin channels 
whose walls follow the green lines of the propagating 
Poynting vector. The blue arrows symbolize the propagating 
mass density. The red arrows symbolize the force exerted on 
the mass density. The distance between the red and the 
topmost green line symbolizes, how this force changes along 
the propagation direction as described by Eq. (36) in [4]  
for a Gaussian wave. 

 
Due to the momentum change of the mass density 

propagating along these channels, the mass of the light 
is compressed like a compressible fluid, when the wave 
propagates from the right mirror to the waist, and is 
expanding again, after the wave has passed through the 
waist. It must therefore be assumed that a force 
opposite to the change of the momentum of the mass 
density is exerted on the propagating mass density as 
shown by the red arrows in Fig. 2. In principle, this 
force seems to be comparable with the force exerted on 

the body of a motorcyclist driving along a narrow 
curve. Therefore, if a small particle of the propagating 
mass is considered, it can be concluded that a force is 
exerted on this particle opposite to the infinitesimal 
momentum change of this particle during an 
infinitesimal propagation step. Since this momentum 
change must be proportional to the directional change 
of the propagating energy density, it can furthermore 
be concluded that the transverse force exerted on the 
particle must be proportional to the negative value of 
the directional change of the normalized Poynting 
vector versus an infinitesimal propagation step. 

To derive an expression for the infinitesimal 
directional change of the Poynting vector we consider 
two equiphase surfaces Φi(r,zi) of a propagating wave 
with infinitesimal distance as shown in Fig. 3, where 
for the sake of simplicity rotational symmetry of the 
wave is assumed. The zi are the points where the 
Φi(r,zi) intersect the optical axis. The red arrows 
symbolize the normalized Poynting vectors erected in 
the points ri located on the Φi. The points ri as well as 
zi are assumed to move into each other in the 
infinitesimal limit. The time, which the phase front Φ1 
takes to propagate into Φ2, shall for further use be 
designated by Δt. Since according to the above 
arguments the direction of the Poynting vector must be 
assumed to be in alignment with the direction of the 
momentum of the propagating mass density, it can be 
concluded that the change of the momentum of a small 
particle of mass during the time Δt is proportional to 
the change of the normalized Poynting vector during 
Δt. In this way, it can furthermore be concluded that 
the transverse force exerted on a small particle of mass 
is proportional to the negative value of the differential 
quotient obtained after dividing the infinitesimal 
change of the normalized Poynting vector by Δt 
according to the following expression 
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In Eq. (1) SN(ri,zi) designates the normalized 

Poynting vector erected on Φ(r,zi) in the point ri as 
visualized by the red arrows in Fig. 3. Since the particle 
of mass is propagating with the speed of light c, its 
momentum is given by Mc , if M  is its mass. Since 
according to Newton's second law a momentum 
change divided by a time interval describes a force, it 
can furthermore be concluded that the force exerted on 
the particle is given by 
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In order to derive an expression for Δt, we look for 

two points ri for which S(r1) and S(r2) are in alignment 
with each other. Under this condition the energy 



1st International Conference on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

44 

density of the electromagnetic wave propagates 
exactly perpendicularly to the Φi according to the 
orientation of the Poynting vector. Therefore, we 
obtain under this condition 

 

 2 2 1 1
(r , z ) (r , z )

,t
c

 
   (3) 

 
keeping in mind that this relation is only valid, if the 
above condition is met. It may be argued that Eq. (3) 
may deliver different results for Δt, if the above 
condition is met by more than one pair of points ri. 
 

 
 

Fig. 3. Visualization of two phase fronts Φ1 and Φ2 
intersecting the z axis at z1 and z2. 

 
However, this is not the case, since, due to the constant 
speed of light, Eq. (3) always delivers the same result 
for Δt under the above condition. For rotational  
symmetric waves, the above condition is met for  
r1= r2= 0. Therefore, we obtain in this case 
 

 2 1 .
z z z

t
c c

 
    (4) 

 
This delivers for the force exerted on a particle of 

mass M  
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So far arguing is based on terms of classical physics 

combined with the theory of relativity. Therefore, the 
question arises what is the physical meaning of a small 
particle of mass propagating with an electromagnetic 
wave as considered above. To answer this question, we 
take into account that the propagating energy is 
subdivided into quanta of energy called photons. 
Therefore, since the above argumentation does not 
require defining the mass of the small particle exactly, 
it can be assumed that of the mass of the small particle 

is represented by the relativistic mass of the photon. In 
this way, the pressure exerted on the walls of the thin 
channels considered above can be interpreted as a 
radiation pressure exerted by the photons impinging on 
these walls under a small angle. Therefore, it should be 
possible to assume that the force exerted on the 
particles of mass can be interpreted as a force exerted 
on the photons, even though it may not be possible to 
assume that the photons exactly propagate within 
channels with infinitesimal cross section. Thus, after 
replacing the mass M  by the relativistic mass M of the 
photon, we obtain 
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   (6) 

 
Here Eph is the energy of the photon given by 
 

 2 ,
ph

hc
E Mc


   (7) 

 
where λ and c are the wavelength and the speed of light 
in a vacuum, respectively. M=h/(cλ) is the relativistic 
mass of the photon.  

Eq. (6) shows that the force K(r,z) exerted on the 
photon is proportional to its energy Eph. Eq. (6) can be 
transformed furthermore, if we take into account that 
the directional change of the normalized Poynting 
vector SN(r,z) versus the z coordinate is identical with 
the negative value of the change of the tangents to the 
phase fronts Φ(r,z) versus the r coordinate, as 
visualized by the green arrows in Fig. 3. This allows to 
transform Eq. (6) into  
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 (8) 

 
The use of the coordinates r,z in the above 

equations does not mean that the photon is located at 
r,z, it only means that the force K is exerted on the 
photon, if the photon can be found at the position 
described by r,z. This is in agreement with the quantum 
mechanical assumption that a Coulomb force is 
exerted on an electron, if the latter can be found at a 
certain distance from the atomic nucleus. Without this 
assumption, no quantum mechanical potential, and 
therefore not even the Schrödinger equation describing 
the hydrogen atom could have been derived. 

 
 

3. Derivation of a Potential and a 
Schrödinger Equation Describing the 
Transverse Motion of the Photon 

 
Integration of the negative value of the force K(r,z) 

given by Eq. (8) over r along the curvature of the phase 
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front Φ(r,z) shows that the photon is moving within a 
transverse potential given by 

 

1 2

1 1 2 2

, 0
0
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 (9) 

 
This equation shows that the transverse motion of 

the photon is described by a potential like the motion 
of the electron. It can be therefore assumed that its 
transverse motion is also described by a Schrödinger 
equation like the motion of the electron except for the 
difference that the mass of the electron is replaced by 
the relativistic mass M of the photon. Thus, it seems to 
be possible to conclude that the transverse motion of 
the photon is described by the following Schrödinger 
equation 

 

 
2

( ) (r, ) (r, ) 0,
2

E z V z z
M


 

    
  

  (10) 

 
where r and z are not Cartesian coordinates in the usual 
sense, since z describes the point where the phase front 
Φ(r,z) intersects the optical axis. From Eq. (10) it turns 
out that the Schrödinger equation not only describes 
the motion of a particle with rest mass, but also 
describes the motion of the photon which only has a 
relativistic mass. This furthermore shows that the 
transverse motion of the photon is described by matter 
wave theory as introduced by de Broglie and 
Schrödinger almost hundred years ago to describe the 
motion of the electron. Therefore, the photon exhibits 
wave-particle duality like the electron, but even more. 
On the one hand, its motion along propagation 
direction is described by wave optics, and on the other 
hand, its transverse quantum mechanical motion is 
described by matter wave theory. 

The eigensolutions χ(x,y,z) of the above 
Schrödinger equation allow to compute the probability 
density |χ(x,y,z)|² of the photons propagating with an 
electromagnetic wave. This result shows how the 
photon can be assumed to be embedded into the 
propagating electromagnetic wave with its relativistic 
mass. This result seems to be in contradiction to the 
statement of David Bohm mentioned in the 
introduction. 

 
 

4. Verification of the Eqs. (8), (9) and (10)  
for the Case of the Plane, the Spherical,  
and the Gaussian Wave 

 
Since in case of a plane wave dΦ(r,z)/dr vanishes 

for all values of r and z, the latter obviously also holds 
for the potential V(r,z). Therefore, since for a 
vanishing potential the transverse motion of the photon 
is not confined, no quantum mechanical 
eigenfunctions with a confined transverse extension 
exist. This is in agreement with the wave optics result 

that plane waves are not described by eigenmodes with 
confined transverse extension. The same holds for the 
spherical wave. Since in this case the Poynting vectors 
S(r1,z1) and S(r2.z2) are in alignment with each other 
for all ri and zi, the relation dΦ(r1,z1)/dr = dΦ(r2,z2)/dr 
holds for all ri, zi with the consequence that also in this 
case the potential vanishes. 

However, the Eqs. (8), (9) and (10) also prove true 
for the case of a Gaussian wave. To shows this, we take 
into account that the phase of a wave front as shown in 
Fig. 3 is in the case of Gaussian wave according to  
Eq. (4.7.7) in [5] given by 
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as explained in more detail in [4]. Here R(z) is the 
radius of curvature of the phase front of a Gaussian 
wave which is according to Eq. (17.5) in [6] given by 
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R z z
z
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where zR is the Rayleigh range which according to  
Eq. (17.4) in [6] is given by zR=πw0

2/λ, where w0 is the 
spot size at the beam waist of the Gaussian wave. 
Therefore, after inserting Eq. (11) into Eq. (8), and 
carrying through the differentiation versus r we obtain 
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As shown in [4], this expression can be 

transformed into 
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To compute the potential, -K(r,z) has to be in-

tegrated along the curvature of the phase front. 
However, in paraxial approximation this integration 
can be carried through directly along r. This delivers 

 

 2 21
( , ) ( ) .

2
V r z M z r


  (15) 

 
where ω┴ is the frequency of the transverse quantum 
mechanical oscillation of the photon, and is according 
to Eq. (14) given by  
 

 2 2
( ) .R

R
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z

z z






 (16) 

If the potential V(r,z), as given by Eq. (16), is 
inserted into the Schrödinger equation given by  
Eq. (10) the following expression 
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is obtained, where the coordinates x,y and z are used in 
the same way as r and z in Eq. (15). Eq. (17) is identical 
with the Schrödinger equation for the  
2-dimensional harmonic oscillator. As well known, the 
eigensolutions of this equation are given by 
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(18) 

 
with wp

2 given by 
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By the use of Eq. (16) and by replacing M by h/(cλ), 

it can be shown that wp is identical with the expression 

 2

0
( ) 1

R
w z w z z   describing the z dependence of 

the spot size of a Gaussian wave according to Eq. 
(17.5) in [6]. 

Comparison of Eq. (18) with Eq. (16.60) in [8] 
shows that the probability density |χnm(x,y,z)|² of the 
photon is in full agreement with the normalized local 
intensity provided by paraxial wave optics for a 
Gaussian mode of order n,m. As well-known these 
modes are described by Gauss Hermite polynomials in 
the same way as Eq.(18) shows this for the χnm(x,y,z). 
In this way, the Eqs. (8), (9) and (10) could be verified 
for the case of a Gaussian wave.  

 
 

5. Quantum Mechanical Computation  
of the Gouy Phase Shift for the Case  
of a Gaussian Wave 

 
In the following, a computation of the Gouy phase 

shift [3] is given based on the above presented quantum 
mechanical particle picture. For this purpose, we 
consider the expression for the quantum mechanical 
expectation value of the square of the momentum in 
case of a 2-dimensional harmonic oscillator. This 
expression delivers for the expectation value of the 
square of the photon's transverse momentum 
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By the use of the Eq. (16) and by replacing M by 

h/(cλ) the expression Mω┴ , used in this equation, can 

be transformed into 2ћ/w²(z) as shown in [4] in more 
detail. Insertion of this result into Eq. (20) delivers 
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For further consideration, we compare the 

momentum of a freely propagating photon, which is 
given by p=h/λ , with the wave vector of a plane wave, 
which is given by k=2π/λ . This comparison shows that 
the expression for the wave vector k is obtained, if p is 
divided by ћ. Therefore, it can be concluded that 
division of the expectation value 2ˆ ( )p z


   by ћ2 

delivers the expectation value 2 2

x yk k      of the 

transverse part of the square of the wave vector k. In 
this way, we obtain 
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Now we take into account that by the use of wave 

optics the following expression for the Gouy phase 
shift is obtained 

 

  2 21
,
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as shown by Eq. (4) in [7]. This expression delivers 
after insertion of Eq. (22) and carrying through the 
integration 
 

 (n 1) arctan( / ),
G R

m z z      (24) 

 
in agreement with Eq. (20) in [7]. 

This result shows that the Gouy phase shift can be 
derived in full agreement with wave optics by the use 
of the quantum mechanical particle picture, and 
demonstrates that the Gouy effect can be equivalently 
understood as a wave optics as well as a quantum 
mechanical effect,  

 
 

6. Summary and Conclusions 
 

The question is considered, why the relativistic 
mass density of an electromagnetic wave follows the 
propagating energy density, even if the Poynting 
vector changes its direction. Since this change of the 
propagation direction of the mass density is in 
contradiction with Newton's first law, it is assumed 
that a transverse force is acting on the photons. The 
expression obtained for this force makes it possible to 
show that the photons move within a transverse 
potential which, in combination with a Schrödinger 
equation, allows to describe the transverse quantum 
mechanical motion of the photon. The obtained 
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Schrödinger equation is identical with the Schrödinger 
equation describing the motion of the electron except 
for the difference that the mass of the electron is 
replaced by the relativistic mass of the photon. This 
shows that the transverse motion of the photon is 
described by matter wave theory, even though the 
photon has no rest mass. The eigensolutions χ(x,y,z) of 
the obtained Schrödinger equation allow to compute 
the probability density |χ(x,y,z)|² of a photon 
propagating with an electromagnetic wave. This result 
seems to be in contradiction to the statement of David 
Bohm mentioned in the introduction. If this force can 
be considered as a real force, since it allows to compute 
a quantum mechanical potential, or as a virtual force, 
since it is not comparable with any forces acting 
between physical systems known so far, deserves 
further consideration.  

The obtained results have been verified for the 
plane, the spherical and the Gaussian wave. In the latter 
case the result obtained for the probability density 
|χ(x,y,z)nm|² of the photon is in full agreement with the 
normalized local intensity of the Gaussian modes of 
order n,m obtained by the use of paraxial wave optics. 
An additional verification has been obtained by 
considering the Guoy phase shift [3]. It could be shown 
that in case of a Gaussian wave a mathematical 
expression describing the Guoy phase shift can be 

erived from the particle picture which is in full 
agreement with the expression derived by the use of 
wave optics. Therefore the Guoy phase shift can be 
equivalently understood as a wave optics as well as a 
quantum mechanical effect. In [4] it has been 
additionally shown that, in paraxial approximation, 
even Snell's could be derived from this particle picture. 
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Summary: A beam-splitting module for dividing sunlight into visible and infrared beams is proposed to improve the 
exploitation of the broad solar spectrum. The proposed module consisted of two elements: a spectrum-separation element 
designed as the dispersive lens array and a lightguide designed as the reflective groove array. A design example is provided 
with the visible and the infrared beams designated to exit from the bottom and side terminals of the lightguide, respectively. 
The simulated results have demonstrated the primary function of the proposed module. Then the visible terminal can be linked 
with a lighting or a photovoltaic system, while the infrared terminals are allowed to be connected with a thermal system, 
leading to a higher utilization ratio of solar energy.  
 
Keywords: Beam-splitting module, solar energy, solar lighting, solar thermal, wavelength splitting. 
 
 
1. Introduction 
 

Solar lighting gradually draws higher attentions 
because of the development of green technologies, 
such as green building and plant factory [1-2]. 
However, solar lighting utilizes specific range of 
wavelengths, while other solar spectra are filtered, 
resulting in the loss of energy. To enhance the 
utilization of sunlight, we propose a beam-splitting 
module to divide sunlight into two beams with their 
dominated spectra, visible and infrared bands, 
respectively. The separated spectra then can be 
exploited for individual applications, such as solar 
lighting and solar thermal systems, leading to the 
improved exploitation of the broad solar spectrum.  

 
 

2. Design of Beam-Splitting Module 
 
2.1. Structure 
 

The proposed beam-splitting module includes two 
elements: a spectrum-separation element and a 
lightguide. The spectrum-separation element is for 
dividing the sunlight mainly into visible and infrared 
bands. The lightguide directs the two bands to those 
out-coupling terminals at its side surfaces and the 
bottom surface, respectively. Besides, the  
spectrum-separation element has another duty of 
concentrating one selected band to the groove 
reflectors on the bottom surface of the lightguide. Then 
the selected band is guided to the sides of the 
lightguide by means of the total internal reflection, 
while the unselected band passes through the 
lightguide, as the illustrated in Fig. 1. For the out-

coupling terminal of the visible light, it can be 
connected with the passive illumination elements, such 
as a window and a fiber. For the infrared terminal, it 
can be connected with a water-heating module, a 
thermoelectric chip, a Ge solar cell [3], or other 
modules for thermal applications.  

 

 
 

Fig. 1. Structure of beam-splitting module. 
 
 
2.2. Principle 

 
The spectrum-separation element is designed as a 

lens array. Assume that every unit of the lens array has 
the identical plano-convex profile, and that the output 
terminals of visible and infrared beams are the bottom 
and the sides of the lightguide, respectively. Because 
of the dispersion of lens, the axial focal point for each 
wavelength is different. Then the focal length f and the 
refractive index n fulfill the following equation: 

 
1 1( 1)f n r    , (1) 

 
where r is the curvature radius of convex surface of the 
lens unit. The difference in the axial focal length, Δf, 
can be derived:  



1st International Conference on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

49 

2 1f f n r    , (2) 

 
where Δn represents the difference in the refractive 
index. To direct the infrared toward the side terminals, 
a reflective groove array is used to reflect the infrared 
and to bring about the total internal reflection. On the 
other hand, the visible light is premeditated to couple 
out through the bottom of the lightguide without hitting 
those reflective grooves.  

Assume that the width of every lens unit, the 
thickness of the lightguide, and the distance between 
the lens array and the bottom surface of the lightguide 
are D, t and S, respectively. From the geometric 
relations shown in Fig. 2, the angle of each groove, 2θ, 
can be obtained. Notably, the effective focal length, fe, 
and the effective difference in focal length, Δfe, shall 
consider the wavelength-dependent refraction at the 
interfaces between air and the lightguide. 

 

 
 

Fig. 2. Parameters of beam-splitting module.  
A unit of the module is illustrated, and only the rays 

designed toward the side terminals are plotted.  
 
 

3. Design and Discussions 
 

To demonstrate the proposed module, a 
commercial lens array made of B270 is considered as 
the spectrum-separation element. Its focal length for 
every lens unit is 41.9 mm at the wavelength of  
550 nm. As for the lightguide, although using the 
optical plastic can facilitate the realization of v-groove 
array, such material brings relatively low transparency 
at the infrared band. Fig. 3 illustrates the measured 
transparency spectrum of a Poly-methylmethacrylate 
(PMMA) plate as an example. 

In order to maintain the high transparency for both 
the visible and infrared bands, glass is selected as the 
material of lightguide. Additionally, because of the 
limitation of our available fabrication process, the 
thickness and the angle of each groove of the 
lightguide are assumed as 1.5 mm and 60 ̊, 
respectively. Fig. 4 illustrates the designed lightguide 
with its bottom surface profiled as a v-groove array. 

The transparent and side views of the whole 
module are shown in Fig. 5 (a) and (b), respectively. 

For the clarity of the simulated results, a unit of the 
module instead of the whole module is ray-traced. The 
results show that the visible portion of a broadband 
source passes through the lightguide and exits from its 
bottom terminal, while the infrared portion is guided to 
the two sides of the lightguide and then emits. Thus, 
the design example of the proposed beam-splitting 
module has primarily demonstrated the function of 
band-division. 

 

 
 

Fig. 3. Measured transparency spectrum of a plate made  
of PMMA. 

 
 

 
 

Fig. 4. Illustration of designed lightguide.  
 

The optical efficiency of the proposed beam-
splitting module was calculated by means of an optical 
simulation tool, LightTools. The solar spectrum of AM 
1.5G was considered, while the Fresnel loss of each 
components were also calculated. The dominant 
parameters of the lightuige was then found to be the 
width of every v-groove and the distance between the 
lens array and the lightguide. Because of the limitation 
of the fabrication process, the bottom limit of the width 
of every v-groove was set as 0.14 mm. To evaluate the 
performance of the module, a factor of efficiency is 
defined for each of the bottom and side receivers:  

 

 
in

  
.

 
j

j

P
E

P
  (3) 

The index j can be bottom, left or right side 
receivers, and Pin is the incident solar power consisting 
of the whole solar spectrum. Pbottom represents the 
power received by the bottom receiver and within the 
visible spectrum, and Pleft and Pright are those within the 
infrared spectrum received by the left and right 
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receivers, respectively. Then the total efficiency can be 
derived as Etotal: 

 

 bottom left side right side .totalE E E E    (4) 

 
 

 
 

Fig. 5. (a) Transparent and (b) side views of the whole 
beam-splitting module. A unit of the module is ray-traced. 

 
The simulation result shows that the narrower 

groove width brings about the higher total efficiency, 
even though the spacing between the two components 
is varied, as shown in Fig. 6 (a). Then, according to the 
process limitation, the groove width is designed as  
0.14 mm. Another calculation considers the designed 
groove width and analyzes the total efficiency and the 
efficiencies of bottom and side terminals, as illustrated 
in Fig. 6(b). It shows that the bottom receiver 
dominates the total efficiency. In addition, the 
optimized spacing between components is close to  
46 mm, while the more spacing does not increase much 
efficiency but the more system volume.  

The process for fabricating the proposed optical 
components can be the glass molding technique. Since 
the surface profile of the lightguide is v-groove arrays, 
the v-groove can be cut by the diamond cutting 
technique alternatively. The considerations of the 
process lie in the fillets and rounds at the vertex of the 
groove and the roughness of the groove surfaces.  

The proposed beam splitting module exploits 
reflector arrays to realize the separation of visible and 
infrared bands. Compared with other reflective types 
of beam-splitting solar systems [4-7], the proposed one 
is rather compact because of the utilization of planar 
components.  

 
 

(a) 
 

 
 

(b) 
 

 Fig. 6. (a) Total efficiency varied with the groove width and 
the spacing between the lens array and the v-groove  
and (b) Total efficiency, efficiencies of the bottom and one 
of the side receivers under the groove width of 0.14 mm. 
 
 
4. Conclusions 
 

In this study, we proposed a beam-splitting module 
to divide sun light into visible and infrared beams. The 
proposed module consisted of two elements: a 
spectrum-separation element and a lightguide. The 
spectrum-separation element was designed as a lens 
array based on the lens dispersion, while the lightguide 
was designed as the reflective groove array. The 
simulated results showed that the visible and infrared 
portions of the broadband light were separated and 
guided to the bottom and the side terminals of the 
lightguide, respectively. Since the proposed module 
can be connected to lighting (or photovoltaics) and 
thermal systems to utilize visible and infrared beams, 
respectively, it is a kind of hybrid solar systems, such 
as concentrated photovoltaic/ thermal (CPVT) hybrid 
solar systems [8], constructed to enhance the solar-
energy utilization. Meanwhile, because of the usage of 
planar types of elements in the proposed module, the 
module can be compact, benefiting the cost-reduction 
and the market-broadening.  
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Summary: The interesting phenomena caused by counter-rotating-wave terms in a Λ-type system are reported. When the 
rotating-wave approximation is taken, the transparency induced by Autler-Townes splitting is obtained if the control light is 
much stronger than the probe light. When the counter-rotating-wave terms is considered, the probe light can be amplified 
without population inversion. The stronger the coupling, the larger the amplification. The gain of probe photons comes mainly 
from the two-photon and three-photon process. 
 
Keywords: Autler-Townes splitting, Amplification without population inversion, Two-photon process, Three-photon process, 
Lambda-system. 
 
 

1. Introduction 
 

In quantum optical systems, the coupling strength 
λ between the atom and fields is largely determined by 
the intrinsic dipole moment of atom and is very small 
compared to the atomic transition frequency  
ω (λ/ω ∼ 10−7−10−6) . The weak coupling between 
atom and field makes sure that rotating-wave 
approximation (RWA) is effective and provides a 
succinct way for explaining the coherent quantum 
phenomena. In recent years, significant experimental 
progress in developing strong coupling systems has 
been made and much larger coupling with λ/ω ≈ 10−1 
can be produced due to more intense laser [1-3]. In 
such regime of strong coupling strength, RWA is not 
enough and the counter-rotating wave terms should be 
considered. Three-level systems are widely used in 
quantum optics and many interesting phenomena such 
as electromagnetically induced transparency (EIT), 
Autler-Townes splitting can be modeled by three-level 
systems [4]. Compared to two-level systems, three-
level systems reveal more complex and abundant 
features with wide potential applications. 

Here, we show that the remarkable effects on the 
dynamic behavior of the system can be induced by 
counter-rotating-wave terms in a Λ-type atom coupled 
with two laser fields. As the high-order effects, the 
counter-rotating-wave terms can induce the probe 
amplification without inversion for strong coupling 
strength between atom and field. 
 
2. Model 

 
For a three-level Λ-type system with two light 

fields, the Hamiltonian can be expressed as 
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where 1  and 2  are the transition energies from the 

atomic excited state e and subground state g2 to the 
ground state. ω1 is the frequency of the probe field and 
ω2 is the frequency of the coupling field. a+ and a are 
creation and annihilation operators of probe light and 
control light. λk is the coupling strength between light 
with the atomic levels. For simplicity, we take 1  
and use λ to represent λ1 or λ2 when λ1 = λ2. Since the 
lower two atomic states are dipole-forbidden 
transition, there are no corresponding transition terms 
in Hamiltonian. 

 
 

3. Results and Discussion 
 

Fig. 1 plots the probe absorptance η1 versus the 
probe detuning ∆1 for different coupling strengths λ at 
the situation with rotating wave approximation. Two 
absorption peaks stand symmetrically off the resonant  
frequency and a dip shows up exactly at the resonant 
frequency, indicating the occurrence of Autler-Townes 
splitting. The different coupling strengths λ cause the 
shift of the absorption peaks and the shift frequency 
∆ω, a measurement for transparency window. 

When the rotating wave approximation is 
abandoned, different from Fig. 1, some negative peaks 
appear on the absorptance spectrum of the probe light, 
as illustrated in Fig. 2. The negativity of η1 indicates 
that there are more photons for probe light than that at 
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the initial time, an amplification of the probe light. In 
three negative peaks, one is locked at the same probe 
detuning around ∆ = 0.01 for different coupling 
strengths and the other two peaks are red-shifted to the 
absorption peaks, and the larger the coupling strength, 
the more red-shift, which indicates they may originate 
differently from the central negative peak. The 
coupling strength λ between light and atom has a 
strong impact on these negative peaks. When λ 
increases, the negative peaks dip more deeply. 

 

 
 

Fig. 1. The absorptance spectra of probe light for different 
interaction strengths under RWA. 

 

 
 

Fig. 2. The absorptance spectra of probe light for different 
interaction strengths without RWA. 

 
In order to clarify the origin of the probe 

amplification, we calculated the population of the 
amplification peaks in bare basis and dressed states and 
the results show that no inversion happens in both of 
two bases. In the cases where probe amplification 
occurs without inversion in any meaningful basis, the 
quantum-trajectory or quantum-jump formalism can 
be used to analyze the physical process responsible for 
inversionless amplification [5]. In RWA, the  
one-photon or two-photon gain/loss are found to be the 
main process for inversionless amplification. In the 
one-photon process, the probe field number increases 
(decreases) by one with no change in the driving 

photon number; in the two-photon process, the probe 
field photon number increases by one and the driving 
field photon number decreases or increases by one. 
Compared with our case of non-RWA, we notice that 
the central negative peak comes from the two-photon 
process, where decreasing the control field photon 
number by one increases the probe photon number by 
one. The sidebands of the negative peaks may come 
from the three-photon process, where decreasing the 
control field photon number by two increases the probe 
photon number by one.  
 
 
4. Conclusions 
 

In summary, we show that the counter-rotating-
wave terms as high-order effects have important 
impact on the dynamic behavior of the system and the 
probe light not only is transparent but also can be 
amplified. The amplification of the probe light 
increases quickly with stronger interaction between 
light and atom. This effect only occurs for the probe 
light in a very narrow range of frequencies, which 
causes the extremely strong quantum optical 
nonlinearity and will be of importance in applications. 
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Abstract: The principle of optical trapping is conventionally based on the interaction of optical fields with linear induced 
polarizations. However, the optical force originating from the nonlinear polarization becomes significant when nonlinear 
optical nanoparticles immersed in a nonlinear optical liquid are trapped by ultrafast laser pulses. Herein we develop the  
time-averaged optical forces based on the linear and nonlinear polarization effects, by considering the third-order nonlinear 
optical effects of the particle and surrounding liquid. We numerically simulate the dependence of the optical forces on the 
third-order nonlinear optical susceptibility of the liquid. It is shown that the self-focusing effect of the surrounding liquid 
decrease (or enhances) the trapping ability for the high-(or low-)refractive-index particles. Our results provide a theoretical 
support for capturing nonlinear optical particles.  
 
Keywords: Kerr effect; Laser trapping; Optical forces; Rayleigh particles; Femtosecond laser pulses.  
 
 

1. Introduction 
 

Optical trapping is a useful technique for 
noncontact and noninvasive manipulation of small 
particles using a focused laser beam [1]. Recently, 
optical trapping technique has been extended by high-
repetition-rate femtosecond laser pulses [2]. The 
experimental observations have revealed that the 
nonlinear optical effects could enhance the optical 
force [3] or modify the optical trapping potential [4].  

For a nonlinear optical Rayleigh particle immersed 
in a nonlinear optical liquid, however, the optical force 
unambiguously originates from the contributions of 
both the linear and nonlinear induced polarizations. 
Very recently we have reported on the optical forces 
exerted on a nonlinear optical Rayleigh particle 
irrespective of the influence of liquid nonlinearity [5]. 
In this work, we develop the time-averaged optical 
forces on an optical Rayleigh particle immersed in a 
nonlinear optical liquid using high-repetition-rate 
femtosecond laser pulses, based on the linear and 
nonlinear polarization effects.  

 
2. Theory 
 

According to the Claussius–Mossotti equation and 
taking into account the radiation reaction correction 
[6], we obtain the time-averaged optical forces on a 
nonlinear optical Rayleigh spherical particle immersed 
in nonlinear optical liquid as  
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Here 0E


 is the electric field distribution in the focal 

region of an aplanatic lens, Orb< >S


 is the orbital part 

of the Poynting vector of the field, α is the 
polarizability originating from both the linear and 
nonlinear polarizations, k is the wavenumber, c and 0  

are the speed and permeability of light in vacuum, 
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respectively. F  is the pulse duration and   is the 

repetition-rate (i.e., the inverse of the pulse period T ). 
0
p  and 0

m  are the relative permittivities of the particle 

and the surrounding medium, respectively. 3
p  (or  

3
m ) is the third-order nonlinear optical susceptibility 

of the particle (or the surrounding medium).  
As described by Eqs. (1)-(8), optical forces on a 

nonlinear nanoparticle immersed in nonlinear optical 
liquid with femtosecond laser pulses are divided into 
two parts: the gradient force and the radiation force. 
Different from the conventionally optical forces 
arising from the interaction of optical fields with the 
linear polarization, the optical trapping of nonlinear 
optical particles originates from both the linear and 
nonlinear polarizations. Based on my previous work 
[5], we investigate the effect of liquid nonlinearity on 
optical forces. 
 
 
3. Results and Discussions 
 

Firstly, we consider a high-refractive-index 
spherical particle immersed in liquid (e.g., diamond in 
CS2). The linear refractive indexes of particle and 
liquid are taken to be 2.42 and 1.63, respectively. By 
taking the parameters λ=800 nm, τF=100 fs,  
ν=76 MHz, NA=0.85, a=40 nm, and P=100 mW, we 
numerically simulate the optical force produced by 
tightly focused x-polarized Gaussian laser pulses for 
the particle ( 3 =0p ) immersed on liquid with 

( -20
3 =3.1 10m  m2/V2) and without ( 3 =0m ) optical 

nonlinearities, as shown the solid and dashed lines in 
Fig. 1, respectively. It is shown that the self-focusing 
effect of the liquid decreases the trapping ability for the 
case of capturing a high-refractive-index particle.  
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Fig. 1. The optical force profiles along the x-direction 
produced by tightly focused x-polarized Gaussian laser 
pulses for the high-refractive-index particle immersed  

on the liquid with (solid line) and without (dashed line) 
optical nonlinearties. 

 
Secondly, we investigate the optical force produced 

by focused azimuthally polarized beam for the low-
refractive index particle immersed on the liquid with 

(solid line) and without (dashed line) optical 
nonlinearties, as shown in Fig. 2. The parameters are 
the same as that of Fig. 1 except for 0 21.58p   and 

0 21.63m  . As a result, the self-focusing effect of the 

surrounding liquid enhances the trapping ability when 
the doughnut beam is used to trap a  
low-refractive-index particle. 
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Fig. 2. The force profiles along the x-direction produced by 
focused azimuthally polarized laser pulses for the low-
refractive-index particle immersed on the liquid with (solid 
line) and without (dashed line) optical nonlinearities.  

 
 

4. Conclusions 
 

In summary, we have developed the time-averaged 
optical forces exerted on a Rayleigh particle immersed 
in a nonlinear optical liquid using high-repetition-rate 
femtosecond laser pulses, based on the linear and 
nonlinear polarizations. We have numerically 
simulated the optical forces produced by both the 
Gaussian and azmuthally polarized laser pulses for the 
particle immersed on the liquid with and without 
optical nonlinearities. It is shown that the self-focusing 
effect of the surrounding liquid decrease (or enhances) 
the trapping ability for the high-(or low-)refractive-
index particles. Our results provide a theoretical 
support for capturing nonlinear nanoparticles with 
femtosecond laser trapping.  
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Summary: A surface profilometer for inspecting surface profiles with a long vertical range was developed by using novel 
confocal surface profilometry with gradient-intensity probe beam. In conventional confocal microscopy, vertical scanning of 
a tested surface by either stage height movement or shifting of objective focus is of time consuming, thus making unacceptable 
measurement efficiency for in-situ inspection. To overcome this, in the research, a confocal system with gradient-intensity 
probe beam employing a diffraction optical element (DOE) was developed to generate an accurate intensity-to-height 
conversion for 3-D profile measurement. The specially designed DOE is capable of producing gradient-intensity probe beam. 
The probe beam has the properties of gradient intensity distribution along the optical axis and narrow lateral spot. By designing 
the DOE, the measurement range of profile height can be ranged between few to several hundred millimeters. According to 
the measured results, it was found that the available measurement range can be 10 mm. By integrating a high-speed acquisition 
unit, the measurement efficiency can be further enhanced for in-situ automatic optical inspection (AOI). 
 
Keywords: Surface profilometer, Gradient-axial probe beam, Diffraction optical element, Automatic optical inspection. 
 
 
1. Introduction 
 

Confocal microscopy has become a powerful 
measurement method due to its unique optical 
sectioning capability. The confocal measurement 
utilizes the geometrical matching of two conjugate 
focal points corresponding to both the object surface 
and the point detector defined by a pinhole [1, 2]. 
Conventional laser confocal measurement has been 
widely used to reconstruct 3-D surface contours in 
biomedical application. Laser light has its advantages 
in overcoming large variation of surface reflectivity 
while other methods may suffer from the limitation 
severely. However, this kind of the method has also 
been restricted by its inefficient scanning rate and in 
general has been difficult to achieve in-situ surface 
profilometry. 

Diffractive phase elements (DPEs) that can 
generate nearly nondiffracting beams have also been 
suggested in literature [3]. The concept of a  
pseudo-nondiffracting beam (PNDB), characterized by 
an almost constant axial illuminance distribution over 
a finite axial region and a beamlike shape in the 
transverse dimension, has also been proposed [4]. A 
new kind of axial beam with gradient illuminance 
distribution along the optical axis has been paid 
attention. This axial beam also has the optical 
properties of narrow lateral distribution and long 
propagation distance along the optical axis. These 
properties are similar to the PNDBs. The gradient axial

 beam has several applications in optical alignment, 
surveying, and industrial inspection. 

In this paper, we used the diffraction optical 
element (DOE) to generate a new kind of axial probe 
beam with gradient intensity distribution along the 
optical axis. [5] The axial probe beam has the optical 
properties of narrow lateral distribution and long 
propagation distance along the optical axis [5, 6].  

The research developed a novel confocal surface 
profilometer by equipping with the designed DOE for 
achieving line-scanning surface profilometer. The 
calibration process of developed system was also 
implemented to obtain accurate mapping between 
received laser intensity and surface height. 

 
 

2. Confocal System with Gradient-Intensity  
Probe Beam 

 
As shown in Fig. 1, a spatial filter consisted of a 

pinhole and lenses transfers the incident Gaussian 
beam to a collimated beam. The designed DOE 
modulates the incident beam to a probe beam with the 
property of gradient intensity distribution along the 
optical axis. The intensity value of reflected light 
coming from the sample surface varies with the height 
value of sample surface profile. The reported confocal 
system employs different intensity along the optical 
axis to obtain the mapping relationship between the 
profile height and the intensity of reflected beam. 
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Fig. 1. Schematic diagram of the reported confocal surface 
profilometer with the probe beam of gradient axial 

intensity. 
 
 

3. Design of DOE That Synthersizes  
Gradient-Intensity Probe Beam 
 
As shown in Fig. 2a rotationally symmetric optical 

system, illuminated by a collimated beam with the 
wavelengths of  = 532 nm is considered. A DOE is 
placed at the input plane P1 of the system. The wave 
function on the input plane can be written as  

 

 U r ρ r exp ϕ r  (1) 
 

 
 

Fig. 2. Schematic of DOE for producing gradient-intensity 
probe beam. 

 
An incident light passes through the DOE and then 

propagates in free space. In a Fresnel approximation 
the field distribution of the wavelength  at a distance 

z  from the DOE is denoted by 

 

 U r , z ρ r , z exp ϕ r , z . (2) 
 
In a Fresnel approximation, the field distribution on 

the output plane can be calculated by 
 

 U r , z G r , r , z U r dr , (3) 

 

G r , r , z
2π
iλz

exp i2πz λ⁄ exp iπ r r λz  

J 2πr r λz⁄ , 

(4) 

 

where J0(2r1r2 /z) is the zeroth-order Bessel 
function of the first kind, the coordinate system is 
chosen such that the z axis is along the optical axis of 
the system, and r1 and r2 are the radial coordinates on 
the input and output plane, respectively. R1m is the half 
diameter of the DOE. 

Our aim is to find the surface-relief structure  1rh  

of the DOE that can produce gradient axial beam. The 
phase distribution of designed DOE can be defined as 

 

    1 1

2
( ) 1sr n h r




  , (5) 

 
where ns is the refractive index of used substrate 
material. The used DOE was designed by using the 
conjugate-gradient numerical algorithm [5]. 

To meet the requirement of our fabrication process, 
the obtained optimum continuous surface profile must 
be quantized in the multilevel structure. Fig. 3 shows 
the surface-relief structures of the DOE in 8 levels. The 
simulation of axial-illuminance distributions with 
higher sampling points generated by the designed  
8-level DOE is shown in Fig. 4. From our simulation, 
we find that the sampling numbers of DOE and axial 
beam play important roles in the optimization. There 
are some restrictions on the two parameters. For 
instance, the minimum feature size permitted for the 
fabrication process determines the upper limit of 
sampling number of DOE . When the values of 
sampling numbers increase, the computation becomes 
more complicated. To ensure convergence for the 
algorithm, we relax the restriction of initial condition. 
In the beginning calculation, we start with a smaller 
number of sampling points along the optical axis. 
Then, we use more sampling points and substitute the 
result that is calculated before as initial phase in the 
next calculation process. Finally, the number of the 
sampling points along the optical axis is increased to 
5000 in the last calculation.  

 
 

 
 

Fig. 3. Distribution of the surface-relief depth  
of the designed 8-level DPE (a) for full and (b) for part. 

 
 

(a) 
 
 
 
 
 
(b) 
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Fig. 4. Intensity distribution of gradient axial beam as a function of axial coordinate from 200 mm to 300 mm. 
 
 
The calculated results of probe beam along the 

optical axis with higher sampling points generated by 
the designed DOE is showed in Fig. 4. The average 
diameter of spot size inside the distance range  
[200 mm, 300 mm] from the DOE is almost 20 m. 
The peak value of probe beam decreases while the 
distance between focus and DOE increases. 

 
 

4. Experimental Results 
 

Fig. 5 is the assembled setup of reported surface 
profilometer mainly equipped with laser source, 
fabricated DOE and power detector. The wavelength 
of laser source with power stabilization feedback 
circuit is 532 nm. The photography of probe beam with 
gradient intensity generated by fabricated DOE is 
showed in Fig. 6. the measured results show that the 
probe beam has the optical properties of an gradient 
axial intensity distribution over a finite axial region 
and a beamlike shape in the transverse dimension. 

 

 
 

Fig. 5. Setup of reported confocal surface profilometer  
with gradient-intensity probe beam. 

 
Fig. 7 demonstrates the voltage response curve of 
power detector while the axial distance between the 

DOE and the sample surface increases. This mapping 
curve is the relation between the intensity of reflected 
light and the height of surface profile. The fitting curve 
of voltage response as a function of axial position is 
obtained and shown in Fig. 7. According to the 
measured voltage response and known distance from 
the DOE, the relationship between the response 
voltage and profile height is described as a third-order 
polynomial equation as follows: 
 

 
H = 6.2494-

0.68502V+0.0177V2+0.00009426V3, 
(8) 

 
where H denotes the profile height at the voltage value 
V. The standard deviation of fitted voltage is 0.02204 
10-3 nm. 

 

 
 

Fig. 6. Photography of gradient-intensity probe beam  
along the optical axis. 

 
Fig. 8(a) shows an example of the voltage response 

of a step-height surface. By using the mapping 
function of Eq. (6), the cross-section surface profile of 
the measured step-height surface can be obtained. A  
full-field 3-D map can be further achieved by moving 
a translation stage along the scanning axis. 
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Fig. 7. Voltage response of power detector while the axial 
distance between the DOE and the measured surface varies 

from 0 mm to 17 mm. 
 

 
(a) 

 
(b) 

 
Fig. 8. Measurement results of a step-height surface profile 
by using the reported confocal system: (a) the detected 
voltage response; and (b) the reconstructed corss-section 
profile. 

 
 

5. Conclusions 
 

We described the design of confocal surface 
profilometer with the probe beam of axial gradient 

intensity, and showed the calculated and experimental 
results. This system is developed to achieve in-situ 
line-scan surface profilometer of minmeter structures 
without needing time-consuming vertical scanning 
process. A desirable measurable range of surface 
profile can be obtained by designing the key 
component, DOE, and it can be ranged from 
micrometer to several meters. The calculated results 
showed that the transverse intensity distribution of the 
axial gradient beam is near to that of a Bessel beam 
whose spot size along the optical axis is almost 
constant. According to the experimental results, it was 
verified that the reported confocal profilometer with 
gradient-intensity probe beam has compact structure 
and can be applied to the surface inspection without 
axial-scanning process. 
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Summary 
 
Whispering-gallery mode (WGM) lasing from 
hexagonal ZnO microrods has drawn much attention 
due to its low loss, low threshold and high Q factor. 
Ones have made great efforts to improve lasing 
performance. Surface plasmon (SP) is a collective 
electron oscillation wave with strong spatial 
localization and intense near-field enhancement on 
material surface. WGM cavity provides a resonant 
configuration for light propagation through total 
internal reflection. It is expected to create a highly 
efficient hybrid microcavity though SP and WGM 
coupling because both of them propagate nearby the 
cavity surface. Hexagonal ZnO micro-/nano-structures 
have been employed as natural WGM microcavities 
for ultraviolet (UV) lasing. Recently, a hybrid WGM 
microcavity consisting of monolayer graphene/Al 
NPs/ZnO (GAZ), was constructed to investigate the 
ultraviolet (UV) emission properties systemically. In 
this case, the lasing intensity was enhanced 10-fold 
when a ZnO microrod was decorated with Al NPs, and 
it was further increased more than 5-fold when 
graphene was assembled on an Al/ZnO microcavity. In 
total, more than 50-fold lasing intensity enhancement 
was observed in the GAZ hybrid WGM cavity due to 
the synergistic energy coupling between the 
graphene/Al SPs and the excitons of ZnO. Compared 
to the bare ZnO microrod, the threshold of the GAZ 
hybrid WGM cavity has been reduced by half, which 
further verified the coupling mechanism mentioned 
above. Furthermore, WGM owns unique optical and 
photonic coupling effect, which effectively confines 
light field on its surface based on internal wall totally 
reflection. Graphene not only offers an ideal channel 
for carrier charge transport within its single-layer 
network but also acts as a supporter for metal NPs. 
These provide an effective approach to combine WGM 
effect and both graphene-assisted charge transfer and 
metal-NPs SPs and then construct the 
ZnO/Graphene/Ag-NPs hybrid microcavity to further 

synergistically improve the SERS performance. This 
hybrid substrate exhibits a significant effect on 
enhancement of Raman signal compared with that of 
Si/Graphene/Ag-NPs, which much stronger than that 
of the Si substrate. What’s more, the SERS intensity of 
the ZnO/Graphene/Ag-NPs was increased near  
2-fold compared with the ZnO/Ag-NPs. The 
ZnO/Graphene/Ag-NPs hybrid substrate is displayed 
an ultrahigh SERS sensitivity with the enhancement 
factor of 0.95×1012 and an ultralow detection limit 
down to 10-15 M for the probe molecule detection as 
shown in Fig. 1. This SERS enhancement of the hybrid 
structure attributes to not only the WGM-enhanced 
light-matter interaction of ZnO geometric cavity 
structure but also the graphene-assisted charge transfer 
and Ag SPs induced local field enhancement. The 
results would have reference value to other 
graphene/metal/semiconductor system besides ZnO. 
Even so, it is still need more deeply explore to reveal 
the exact physical schematics on coupling dynamics in 
the excitation or emission process, and further control 
the optical properties of the SP-induced spontaneous 
and stimulated emission. 

 

 
 

Fig. 1. A ZnO/Graphene/Ag-NPs hybrid substrate 
manifested ultrahigh SERS sensitivity with the EF  

of 0.95×1012 and ultralow detection limit down to 10-15 M 
for the probe molecule detection. 
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Summary: The authors experimentally demonstrate rational-harmonically mode-locking of a fiber ring laser driven by the 
subharmonic clock extracted from the laser output. The ring laser comprised of polarization-maintaining components including 
an erbium-doped fiber amplifier and a semiconductor optical amplifier showed self-pulsing with a repetition frequency of 
21.32 GHz, where the electrical signal of 10.66 GHz driving the mode-locker was extracted from the detected pulse train 
through downconversion by an electrical frequency divider. The mode of operation greatly depended on the bias point of the 
optical modulator. The rational-harmonically mode-locking with the rational harmonic order of the second was observed when 
the modulator was biased in the vicinity of the voltage providing either the maximum or the minimum transmission, where the 
bias in the vicinity of the minimum transmission showed better performance in favor of the uniformity of the pulses.  
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1. Introduction 
 

Rational-harmonically mode-locking has been 
known as a technique of pulse multiplication of active 
mode-locked fiber lasers [1]. While harmonically 
mode-locking uses the driving clock of the same 
frequency as the pulse repetition frequency, rational-
harmonically mode-locking uses a subharmonic of the 
pulse repetition frequency. The repetition frequency of 
rational-harmonically mode-locking then becomes an 
integer-multiple of the clock frequency.  

Meanwhile, the stability of harmonically  
mode-locked lasers can be greatly improved by 
introducing a regeneration technique, in which the 
generated optical pulse train are detected to provide an 
electrical clock driving the mode-locker [2, 3]. This 
technique allows the laser to automatically adjust the 
pulse repetition frequency to an integer-multiple of the 
cavity fundamental frequency, which fluctuates due to 
the temperature change in the environment.  

In this paper, we experimentally demonstrate 
autonomous pulse generation from a regeneratively 
and rational-harmonically mode-locked fiber ring 
laser.  

Ref. [4] reported a rational-harmonically  
mode-locked laser stabilized by using a regeneration 
technique, where an electrical voltage control 
oscillator was employed and controlled by a 
regenerated clock. In contrast, the present work do not 
involve any electrical oscillator; the self-pulsing is 
achieved only by positive feedback in the electrical 
domain. To the authors’ knowledge, this is the first 
report of self-pulsing operation of a rational-
harmonically mode-locked laser driven by a 
regenerated clock. 

2. Rational-Harmonically Mode Locking  
    and Its Stabilization Using Regeneration  
    Technique 
 

In this section, we briefly review the principle of 
harmonically mode-locking of a fiber ring laser and a 
regeneration technique that has been used for 
harmonically mode-locked lasers. We also review 
rational-harmonically mode-locking and the challenge 
of our study to introduce the regeneration technique to 
rational-harmonic mode-locking.  

Let us denote the fundamental frequency of the ring 
laser cavity as fc. Harmonically mode-locking can be 
realized when the modulation frequency fm is an 
integer multiple of fc: fm= n fc, where the integer n is 
called the harmonic order. If a sufficient energy is 
provided in the cavity, n pulses will be generated in the 
ring cavity. Fig. 1 (a) depicts a harmonically mode-
locked ring laser with the harmonic order of eight. In 
this case, eight pulses are generated and circulate in the 
cavity.  

The cavity length of fiber ring lasers often reaches 
to several tens of meters; the corresponding 
fundamental frequency becomes several megahertz. 
Considering the application to telecommunications, 
where the bit rate of several tens of gigabits per second 
is expected, the repetition frequency should be in the 
order of tens of gigahertz, thus the harmonic order 
more than one thousand is required.  

Since the length of the fiber cavity is sensitive to 
the temperature, the fundamental frequency of the 
fiber cavity changes according to the temperature drift 
in the environment; the corresponding modulation 
frequency for the harmonically mode-locking should 
be properly tuned to track the thermally induced 
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change. To overcome this difficulty, a regeneration 
technique has been developed [2, 3].  

Fig. 1 (b) shows a regeneratively and harmonically 
mode-locked fiber laser with the harmonic order of 
eight. A part of the output pulse train is converted to an 
electrical pulse train, from which a sinusoidal clock of 
the pulse repetition frequency is extracted. The clock 
drives the modulator in the cavity. In this system, the 
modulation frequency is automatically adjusted to the 
pulse repetition frequency no matter how the cavity 
length is changed by the thermal drift.  

 

 
 

Fig. 1. (a) Harmonically mode-locking with the harmonic 
order of eight, and (b) its realization using regeneration 

technique.  
 
When the regeneratively-driven system is turned 

on, the modulating clock initiating the self-pulsing 
must be autonomously generated. This is realized by 
providing extremely high gain in the clock extraction 
circuit, and by applying electrical phase shift to ensure 
the positive feedback. This manipulation allows the 
laser system to oscillate in the electrical domain and to 
begin self-pulsing. 

The story so far was on harmonically mode-locking 
and its stabilization using the regeneration technique, 
both of which are established technologies. Our 
challenge demonstrated in this paper is in the 
application of the regeneration technique to rational-
harmonically mode-locking.  

Rational-harmonically mode-locking is a detuned 
version of the harmonically mode-locking. The basic 
configuration of the laser is the same as in Fig. 1(a). 
The difference is in the modulation frequency, which 
is slightly detuned from that of the harmonically mode-
locking: fm = [n + (1/p)]  fc, where the integer p is 
called the rational-harmonic order. The optical field 
become self-consistent after p-circulations. In one 
cycle of sinusoidal modulation, p-pulses will be 
generated, thus the pulse repetition frequency will 
become p fm = (np + 1) fc.  

To introduce the regeneration technique to the 
rational-harmonically mode-locking, we should 
generate the modulating clock of the frequency fm from 
the detected pulse train with the repetition frequency 
of p fm. This function is realized by an electrical device 
called frequency divider, which is an electrical digital 
circuit consisted of flip-flops and controlling logic 
gates.  

The use of the frequency divider offers two merits 
other than the frequency downconversion. One is the 
stability of the output amplitude, and the other is high 
gain required at the system start-up. These two merits 
are originated from general features of digital electric 
devices, which are usually operated in saturated 
regions while providing extremely high gain in  
their transient.  
 
 
3. Experimental Setup and Results 
 

Fig. 2 shows the experimental setup. This the same 
setup as shown in Ref. [5], where stable operation of 
harmonically mode-locked operation was reported. 
The ring laser resonator consisted of an LN intensity 
modulator (LNIM), an isolator, an erbium-doped fiber 
amplifier (EDFA), an optical bandpass filter (OBPF) 
with a bandwidth of 1 nm in full-width at half 
maximum, a 10 % output coupler, and a semiconductor 
optical amplifier (SOA). All fibers were polarization-
maintaining.  
 

 
 

Fig. 2. Experimental setup. See text for abbreviations. 
 
The optical gain in the cavity was mainly provided 

by the EDFA, while the SOA was operated in the 
vicinity of its transparency. The SOA was employed to 
suppress super-mode noise, which is the competing 
noise between sets of excited laser modes [1, 5].  

The laser output was split and led to an optical 
spectrum analyzer (OSA) and to a high-speed 
photodetector (PD) with a bandwidth 60 GHz. The 
output of the PD was monitored by an electrical 
sampling oscilloscope (ESO), while driving a clock 
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extraction circuit. In the clock extraction circuit, the 
sinusoidal signal of 21.32 GHz synchronous to the 
output pulse train was extracted by an electrical 
bandpass filter (EBPF1), and was downconverted to its 
second subharmonic by the frequency divider. To 
eliminate the distortion of the divider output, we used 
another bandpass filter (EBPF2) that passed the 
frequency components around 10.66 GHz. An 
electrical phase shifter was employed to ensure 
positive feedback in the electrical domain. The driver 
of the modulator was an electrical amplifier with a 
limited bandwidth (8-12 GHz).  

The experimental results severely depended on the 
bias of the LNIM. For later convenience, we will 
define three bias points, the minimum transmission 
point H, the maximum transmission point Z and the 
quadrature point Q. Fig. 3 depicts the relative intensity 
transmission of the LNIM as a function of the applied 
voltage, where the minimum and maximum 
transmission are rescaled to zero and unity, 
respectively. The minimum and the maximum 
transmission were obtained when the modulator were 
applied 6.448 volt (H) and 1.230 volt (Z), respectively. 
The quadrature point was then 3.839 volt (Q).  

 
 

 
 

Fig. 3. Relative transmission of LNIM as a function  
of applied voltage.  

 
Fig. 4(a) and (b) show the oscilloscope trace of the 

detected pulse train and the corresponding optical 
spectrum, respectively, when the modulator was biased 
in the vicinity of the minimum transmission point (H). 
A pulse train with a repetition frequency of 21.32 GHz 
was successfully obtained; the spectrum shows clear 
separation between adjacent longitudinal modes by 
0.17 nm, which corresponds to the repetition 
frequency. We confirmed that the electrical signal 
driving the optical modulator was almost sinusoidal 
with a frequency of 10.66 GHz, the second 
subharmonic of the repetition frequency, thus the 
rational-harmonically mode-locking with the rational 
harmonic order of the second was achieved.  

When the modulator was biased in the vicinity of 
the maximum transmission point (Z), two pulses were 
observed within one cycle of the driving sinusoidal 
wave as shown in Fig. 5(a), whereas Fig. 5(b) is the 

corresponding optical spectrum. In this case however, 
the adjacent pulses had different shapes. Because the 
basic pattern of the pulse train is a pair of adjacent 
pulses, the repetition frequency of the basic pattern is 
10.66 GHz, corresponding to the mode separation of 
0.085 nm in wavelength.  

 

 
(a) 

 
(b) 

 
Fig. 4. (a) Oscilloscope trace of pulse train when the 
modulator biased in the vicinity of the least transmission. 
Horizontal scale: 20 ps/div, vertical scale: linear in a. u. (b) 
Corresponding optical spectrum. Horizontal scale:  
0.1 nm/div, vertical scale: 5 dB/div. 
 

Fig. 6 (a) and (b) show the observed oscilloscope 
trace and the optical spectrum, respectively, when the 
modulator was biased in the vicinity of the quadrature 
point (Q). The pulse repetition frequency was 10.66 
GHz, the same frequency as that of the extracted clock. 
This mode of operation is the same as what is reported 
in Ref. [5].  

We will discuss the relation between the bias points 
and the operation modes in relation to the temporal 
transmission of the modulator.  

When the modulator is biased at the minimum 
transmission point (H) and driven by a sinusoidal wave 
with a frequency of fm, the temporal transmission of the 
modulator shows a cyclic change with the frequency of 
2fm, as depicted in Fig. 7 (a). Since mode-locked pulses 
are developed at the timings of the maximum 
transmission, the repetition frequency of 2fm can be 
obtained.  

0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

1

0 1 2 3 4 5 6 7

R
el

at
iv

e 
T

ra
ns

m
it

ta
nc

e

Voltage [V]

(Q) Quadrature
Point
3.839 V

(H) Minimum
Transmission
6.448 V

(Z) Maximum
Transmission
1.230 V



1st International Conference on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

66 

(a) (b)

 
Fig. 5. (a) Oscilloscope trace of pulse train when the modulator biased in the vicinity of the maximum transmission. (b) 

Corresponding optical spectrum. The scales are the same as in Fig. 4. 
 

(a) (b)
 

Fig. 6. (a) Oscilloscope trace of pulse train when the modulator biased in the vicinity of the quadrature point.  
(b) Corresponding optical spectrum. The scales are the same as in Fig. 4. 

 

 
 

  
 

Fig. 7. Relation between driving voltage, intensity transmission of modulator and generated pulses  
for three different bias points. 
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We can follow the similar discussion when the 
modulator is biased at the maximum transmission point 
(Z). As shown in Fig. 7 (b), the frequency of the 
modulator transmission is 2fm, so that two pulses can 
be developed within one cycle of the sinusoidal driving 
voltage. In this case, however, the extinction ratio of 
the modulator transmission is smaller than that when 
biased at the minimum transmission point (H). The 
smaller extinction ratio leads to the weaker pulse 
shaping, resulting in the difference of the adjacent 
pulse shapes. 

When the modulator is biased at the quadrature 
point (Q), the frequency of the driving voltage and that 
of the modulator transmission coincide, as shown in 
Fig. 7 (c). Therefore, the frequency multiplication 
observed in the above two cases cannot occur for this 
bias point.  
 
 

4. Conclusions 
 

We have experimentally demonstrated rational-
harmonically mode-locking of a fiber ring laser with 
the rational-harmonic order of the second, where  
self-pulsing by means of feedback of the regenerated 
clock was successfully observed. The mode of 
operation has greatly depended on the bias point of the 
optical modulator; the doubled repetition frequency 
has been observed when the intensity modulator is 

biased either in the vicinity of the minimum or the 
maximum transmission point. Good uniformity in the 
pulse shape has been obtained in the vicinity of the 
minimum transmission point.  
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Summary: An optical temperature sensor suitable for label free liquid sensing has been designed and characterized. It is 
formed by a planar Fabry-Perot (FP) microcavity filled with the liquid to be monitorized. A Ho3+ doped tapered optical fiber 
has been placed inside the microcavity surrounded by the fluid medium. An external laser is focused on the optical fiber inside 
the cavity to induce the luminescence of the Ho3+ ions, which couples to the FP optical resonances. The spectral position of 
the FP resonances is very sensitive to the refractive index of the cavity medium. A second laser is co-aligned with the first one, 
in order to locally heat the liquid medium around the optical fiber. A shift in the position of the FP resonances is detected and 
calibrated to measure the locally laser induced heating of the liquid medium. 
 
Keywords: Optical sensors, Rare-earths, Optical fiber, Fabry-Perot microcavity, Optical resonances. 
 
 
1. Introduction 
 

Optical temperature sensors offer a variety of 
advantages over conventional electric temperature 
sensors, such as electrical passiveness, greater 
sensitivity, freedom from electromagnetic 
interference, or remote detection, among others [1]. 
These properties make them desirable for optofluidic 
applications. A standard optofluidic device combines a 
fluidic medium with a photonic structure with typical 
sizes in the micrometer range [2]. In some cases, the 
fluidic medium may incorporate dye molecules in 
order to obtain fluorescence based optofluidic sensors, 
which offers high sensitivity performances [3, 4]. 
However in many cases label-free sensing is 
advantageous because it simplifies the fluidic sample 
treatment. 

In this paper, we present a fluorescence based 
optofluidic temperature sensor of an aqueous solution, 
which has been achieved without labelling the water 
sample with any fluorophore molecules. 

 
 

2. Experimental Setup 
 

A simple planer Fabry-Perot microstructure has 
been used as the photonic structure. It is formed by two 
parallel fused silica plates covered with dichroic Bragg 
Reflectors (BR) and separated by about 150 µm glass 
spacers. The BRs were obtained by a multilayer 

deposition of Nb2O5/SiO2 thin films. They were 
designed to reach high reflection in the green region, 
while they show great transparency in the blue or in the 
infrared (IR) spectral ranges. The space between the 
two plates was filled with the water solution. In order 
to provide fluorescence signal from the inner FP 
microcavity without labelling the water sample, a 
Holmium doped tapered glass fiber was previously 
introduced into the cavity. The nominal composition of 
the glass fiber was (in mol %) 30 SiO2, 15 Al2O3, 29 
CdF2, 22 PbF2, 3 YF3, and 1 HoF3. The precursor glass 
was obtained by melting the powder at 1050 °C for  
2 h and quickly quenching the melt on a stainless-steel 
plate at RT. An oxyfluoride glass fiber was obtained 
by quickly drawing the fiber from the melt glass. The 
fiber was several centimeters long and had a diameter 
of about 50 µm. A drop of water was gently poured on 
the optical fiber and sandwiched between the two 
fused silica plates, so that water spread and filled the 
inner space of the cavity, see Fig. 1. 

 

 
 

Fig. 1. Scheme of the a) lateral and b) transversal view  
of the optofluidic microcavity. 
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3. Results and Discussion 
 
Some preliminary luminescence measurements 

were performed on the Ho3+ doped optical fiber in free 
space, that is, out of the FP cavity in order to confirm 
the existence of luminescence bands. Under blue laser 
excitation at 473 nm, the Ho3+ ions promote from the 
5I8 fundamental to the 5F2 excited state. Three main 
emission bands are observed in the visible-NIR range, 
Fig. 2a. The most intense one in centered at about  
550 nm, green spectral region, and corresponds to the 
5S2 5I8 transition. The second appears at around 
 660 nm due to the 5F5 5I8 emission band, and the 
third one is detected at about 750 nm and it is attributed 
to the 5S2 5I7 radiative relaxation [5]. However, when 
the Ho3+ doped optical fiber is placed inside the FP 
microcavity and pumped at 473 nm, the green emission 
band changes dramatically. In addition to the broad 
band centered at about 550 nm, it shows a 
superposition of narrow peaks, Fig. 2b. They 
correspond to the FP cavity modes, which resonate in 
the direction perpendicular to the cavity surface. The 

spectral wavelengths at which they occur are given by 
the equation: 

 

m  = 2nd, 
 

where m is the mode number, λm is the resonance 
wavelength, n is the refractive index of the medium 
and d means the thickness of the cavity. Any physical 
parameter change that affects the refractive index, such 
as temperature, can be detected as a shift in the 
wavelength of the resonant modes. 

We have used a high power IR laser to heat a small 
volume of water around the optical fiber in order to 
locally increase the temperature, Fig. 2c. Different 
blue shifts were recorded as a function of the laser 
heating wavelength in agreement with the light 
absorption dependence, Fig. 2d. The use of the FP 
mode shift to detect temperature variations, the 
thermal sensitivity and the limit of the detection of the 
device are discussed. An interesting application of this 
integrable device could be related to precise 
temperature control in laser mediated heating 
therapies. 
 
 

 
 

Fig. 2. Emission spectrum of the Ho3+ doped fiber a) in free space and b) inside the FP microcavity; c) Scheme of the laser 
heating setup; d) Spectral shift of the FP modes versus pump power at different wavelengths.. 
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Summary: An all-dielectric resonant metasurface made of a double-periodic lattice whose unit cell consists of a single 
subwavelength dielectric particle having form of a disk possessing a round penetrating hole is considered. Resonant states in 
the transmitted spectra of the metasurface are identified considering modes inherent to the individual cylindrical dielectric 
resonators. Correlation between an asymmetry in the particle’s geometry, which arises from a lateral displacement of the hole 
within the disk, and formation of the high-quality-factor trapped modes is established. 
 
Keywords: Wave optics, Dielectric thin films, Photonic structures, Metamaterials. 
 
 
1. Introduction 
 

Today, with rapid advances in nanotechnology, 
both science and engineering of subwavelength 
structures for light-matter interaction move towards a 
design of unique nanomaterials with desired optical 
properties [1]. The flexibility associated with the 
utilization of nanoparticles in advanced artificial 
materials (metamaterials) opens new area of their 
applications in optics, thus giving rise to components 
with previously inaccessible characteristics [2]. 
Among them, one can mention perfect absorbers, 
chemical and biological sensors, slow light and beam 
steering devices, holographic displays, near-IR tunable 
filters, fast optical interconnectors, switchers, and 
amplitude modulators. 

Electromagnetic metamaterials based on dielectric 
nanoparticles demonstrate several advantages as 
compared to the plasmonic counterparts especially 
concerning their isotropic parameters, low material 
losses and fabrication techniques targeting to higher 
frequencies of operation [3]. In such all-dielectric 
metamaterials subwavelength dielectric particles made 
of high-  materials are arranged into a lattice where 
each particle behaves as an individual resonator 
sustaining a set of electric and magnetic multipole 
modes (referred to Mie-type modes) whose coupling to 
the field of the incident wave produces a strong 
resonant electromagnetic response. 

Among a variety of known metamaterials we 
distinguish a particular class of planar structures 
(metasurfaces) which produce the strongest resonant 
response due to the excitation of so-called trapped 
(dark) modes [4-7]. Such modes appear in 
metasurfaces provided that their subwavelength 
particles possess certain structural asymmetry. The 
degree of this asymmetry determines the strength of 
electromagnetic coupling between the incident field 
and the currents induced by this field inside the 

particles forming metasurface. Since at the trapped 
mode resonance the electromagnetic field is strongly 
confined inside the system, it becomes possible to 
design highly desirable tunable deep-subwavelength 
metasurfaces that can provide a more efficient 
employment of materials exhibiting pronounced 
absorption, nonlinear characteristics or properties of 
gain media [8-10]. 

In this Report we demonstrate a very simple design 
of an all-dielectric resonant metasurface whose lattice 
contains only a single dielectric body per unit cell. 
Each particle within the lattice behaves as an 
individual dielectric resonator supporting a set of 
electric and magnetic modes. We show that in addition 
to common electric and magnetic Mie-type 
resonances, the trapped mode with an extremely-high 
quality factor can be excited due to specific asymmetry 
introduced inside the unit cell of the structure.  

 
 

2. Design and Simulation 
 

In what follows we study a double-periodic lattice 
having a square unit cell ( ) in which a 
single circular disk with radius  and height  is 
located (Fig. 1). Through the disk a round penetrating 
hole with radius  is made. The hole can be  
off-centered on the distance  within the disk along the 
y-axis. Thus, when 0 the unit cell of the 
metasurface becomes to be asymmetric with respect to 
the x-axis, while with respect to the y-axis it remains to 
be symmetric. The disks are made from a nonmagnetic 
dielectric material having permittivity . Finally, the 
lattice is imposed on the top of a thin dielectric 
substrate (thin compared to the wavelength of incident 
wave) with the permittivity  and thickness  to form 
a complete metasurface.  

Our main goal is to excite a particular resonant 
state known as the trapped mode which arises when the 
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unit cell forming a metasurface possesses certain 
structural asymmetry [4-7]. In the metasurface under 
study such an asymmetry appears in the  plane 
with respect to the x-axis, and for the trapped mode to 
be excited, the vector of electric field strength E of the 
normally incident plane electromagnetic wave must 
have the component oriented along this axis (Fig. 1).  

 

 
 

Fig. 1. Fragment of an all-dielectric resonant meta-surface 
whose unit cell consists of a single particle. The particle has 
a form of disk with a round penetrating hole made through it. 
The lattice of disks is placed on a dielectric substrate  
and the whole structure is under an illumination of a normally 
incident plane electromagnetic wave whose electric field 
vector E is oriented along the x-axis. 

 
In particular, we suppose the metasurface operation 

in the infrared spectral range (1000 - 2000 nm). All our 
numerical simulations are made for a metasurface 
composed of silicon disks 13.68  arranged on a 
silicon dioxide substrate 2.1 . We perform 
calculations of the electromagnetic response of the 
metasurface using the RF module as a part of the 
commercial COMSOL Multiphysics finite-element-
based electromagnetic solver, where the Floquet-
periodic boundary conditions are imposed on four 
sides of the unit cell to simulate an infinite 2D array of 
volumetric dielectric resonators. 

For comparison purposes, we start our discussion 
with demonstration of an electromagnetic response of 
a metasurface whose unit cell possesses a symmetric 
design [11, 12]. The calculated transmitted spectra for 
two metasurfaces having the unit cell with a solid disk 
without hole and a disk with centered round 
penetrating hole are plotted in Fig. 2(a) with solid blue 
lines and dashed red lines, respectively. In the 
wavelength range of interest two resonant states having 
the longest wavelengths are distinguished and marked 
at the bottom of the Fig. with blue and red arrows. We 
should note that these resonances are insensitive to the 
wave polarization (i.e., they appear in the transmitted 
spectra for both x-polarized and y-polarized waves).  

The cross-section patterns (total field) of the 
displacement current and magnetic field distributions 
calculated at the corresponding resonant wavelengths 
are presented in Fig. 2(b). From their analysis one can 
conclude that these resonances appear due to existed 
electromagnetic coupling of the linearly polarized 
incident wave with the lowest-order (dipole) magnetic 
mode (first Mie resonance) and electric mode (second 
Mie resonance) [11] which can be related to the hybrid 

modes of individual cylindrical dielectric resonators 
where they are HE11v-mode and EH11v-mode, 
respectively [13, 14]. In the hybrid modes denotation 
the subscripts denote the number of the 
electromagnetic field variations inside the resonator 
along the azimuthal, radial and longitudinal directions. 
In the third subscript the index  (p = 0,1,...) is 
also introduced to define the number of half-
wavelengths standing along the z-axis, where  

2 ⁄ 1, and  is the wavelength of 
corresponding mode of the cylindrical dielectric 
resonator [14]. 

 
 

 
 

Fig. 2. (a) Transmitted spectra of an all-dielectric resonant 
metasurface possessing a symmetrical unit cell with a solid 
disk (solid blue line) and a disk having a centered round 
penetrating hole (dashed red line), and (b) cross-section 
patterns (total field) of the displacement current (red arrows) 
and magnetic field (blue arrows) distributions which are 
calculated within the unit cell at the corresponding resonant 
wavelengths; 310	nm, 200	nm, 800	nm, 

100	nm. 
 
The type and characteristics of a hybrid mode can 

be recognized from its specific resonant pattern 
associated with the displacement current and magnetic 
field distributions across the longitudinal and 
transverse planes of the single resonator located inside 
the unit cell. In fact, among other parameters of the 
resonator, the resonant wavelength of the HE11v-mode 
is mainly determined by the disk height, whereas that 
of the EH11v-mode depends primarily on the disk 
radius [11]. That is why on the wavelength scale these 
resonances may have different order depending on the 
height and radius of the resonator. Along with the 
lowest-order (dipole) Mie-type modes some higher-
order (multipole) modes are also excited by the 
incident wave in the given metasurface. However, 
since these resonances have shorter wavelengths they 
are of no interest to us. Therefore, multipole modes are 
excluded from our further consideration. 
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If a cylindrical dielectric plug is removed from the 
central part of the disk, all previously discussed 
resonant states arise also in the transmitted spectra of 
the modified structure [14]. However, since the 
resonant wavelengths of both Mie-type modes of the 
individual modified resonator becomes smaller than 
those of the original solid disk, the resonant states 
undergo some blue-shift in the transmitted spectra. 
This shift stems from the fact that the created hole 
generally reduces the effective permittivity of the 
dielectric resonator. It results also in the stronger shift 
of the resonant wavelength for the EH11v-mode, since 
in this case the hole is located exactly in the maximum 
of the electric field. 

The transmitted spectra of a metasurface whose 
unit cell consists of a single disk having an off-centered 
round penetrating hole are plotted in Fig. 3(a) for 
different . All resonant states of interest are 
distinguished as before and are marked in the bottom 
of the Fig. with blue and red arrows. One can see that 
in the transmitted spectra of the resulting modified 
metasurface all previously discussed resonant states 
related to the lowest-order Mie-type modes generally 
have almost the same positions as for the metasurface 
with a symmetric unit cell. Nevertheless, an additional 
resonance arises in the spectra of the modified 
structure which is typical for the asymmetric design 
only. From the analysis of the cross-section patterns 
(total field) of the displacement current and magnetic 
field distributions (see Fig. 3(b)) the found resonances 
are identified as the lowest-order (dipole) magnetic 
mode, electric mode, and trapped mode, which have 
an ascending order on the wavelength scale. They are 
related to the HE11v-mode, EH11v-mode, and 
(transverse electric) TE01v-mode of the individual 
cylindrical resonator, respectively. Since the 
asymmetric unit cell geometry is inherently 
anisotropic, the trapped mode resonance appears only 
for the x-polarized excitation. 

The trapped mode presented here is a specific 
resonance intrinsic to structures with an asymmetric 
design. At the corresponding resonant wavelength, the 
displacement current of this mode demonstrates a flow 
with a circular behavior twisting around the center of 
the unit cell in the plane of the metasurface. Such a 
current flow produces a magnetic moment oriented 
along the z-axis. Thus, it is directed normally to the 
surface plane. The appearance of such a magnetic 
moment is an evidence of the artificial magnetism that 
can be achieved in all-dielectric metasurfaces in the 
infrared and visible parts of spectrum. Remarkably, the 
trapped mode appears as an isolated peripheral  
red-shifted resonance, which gives an advantage of its 
utilization, for instance, for the sensory applications. 

In the case of TE01v-mode, the presence of the 
circularly rotated displacement current gives rise to 
antiphase components, which are oriented parallel to 
the x-axis and have a very low level of electromagnetic 
coupling to the field of linearly x-polarized incident 
wave. The scattered electromagnetic far field produced 
by such distribution of the displacement current is very 
weak, which drastically reduces the coupling between 

the resonators and free space, and thereby diminishes 
strongly the radiation losses. The strength of the 
induced inner field in the trapped mode can reach very 
high values which ensure a strong resonant response. 
Similar to characteristics of the dipole Mie-type 
modes, the spectral line of the trapped mode features a 
sharp peak-and-trough profile, while the quality factor 
of such a resonance appears to be much higher than 
that of the dipole Mie-type modes. 
 

 
 

Fig. 3. (a) Transmitted spectra of an all-dielectric resonant 
metasurface possessing an asymmetrical unit cell with a disk 
having an off-centered round penetrating hole, and (b) cross-
section patterns (total field) of the displacement current (red 
arrows) and magnetic field (blue arrows) distributions which 
are calculated within the unit cell at the corresponding 
resonant wavelengths; 310	nm, 200	nm,  

800	nm, 100	nm, and / 0.25. 
 

 
3. Experimental Verification 
 

In order to perform an experimental proof of the 
concept of the trapped mode excitation in all-dielectric 
metasurfaces, several samples were fabricated for their 
characterization in the microwave spectral range  
(1-20 GHz). We have manufactured the metasurfaces 
using disks made from a commercially available 
Taizhou Wangling TP-series ceramic ( 22, 
dielectric loss tangent at 10 GHz is tan 1 10 ) 
that are deposited on the substrate made from a 
commercial made-in-China foam ( 1.1). The 
samples are manufactured involving a mechanical 
cutting technique. A fragment of the prepared  
all-dielectric metasurface is presented in Fig. 4(a). 

The experimental setup [15] consists of the 
metasurface under study, which is placed between two 
matching rectangular horns (transmitting and receiving 
ones) fitted to the Vector Network Analyzer Keysight 
E5071C. Horns are situated on the axis normal to the 
plane of the structure. Using the Network Analyzer the 
S-parameters, namely S21 – the transmission coefficient 
of the structure, is detected and analyzed by the special 
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computer software for two orthogonal polarizations of the 
incident wave. The results of our calculations and 
measurement for the metasurface under study are 
summarized in Fig. 4(b). 
 

 
 

Fig. 4. (a) Fragment an all-dielectric resonant metasurface 
manufactured from ceramic disks using a mechanical cutting 
technology. The disks are deposited on the foam substrate. 
All samples are prepared for characterization  in the 
microwave spectral range (1-20 GHz); and (b) measured 
(solid lines) and calculated (dashed lines) transmitted spectra 
of the metasurface for both polarizations of the incident 
wave; 4	mm, 2.5	mm, 15	mm, 10	mm, 
and / 0.25. 
 
Since an asymmetry is introduced into the unit cell of 
the metasurface with respect to the x-axis, an additional 
resonance appears only for the x-polarized incident 
wave near the frequency of 10 GHz. It is an 
experimental evidence of an excitation of the trapped 
mode which is supported by our additional numerical 
calculations. We have revealed that the resonance is 
seen to be dependent critically on the existence of 
asymmetry inside the unit cell and it persists for the 
lattices with the unit cells of the other size. 
 
4. Conclusions 
 

Despite a very simple design of dielectric 
inclusions of the proposed all-dielectric metasurface, 
an additional high-quality-factor resonant state appears 
in its transmitted spectra along with resonances related 
to the lowest-order electric and magnetic Mie-type 
modes. This state exists if certain structure asymmetry 
is created. It is referred to the trapped mode whose 
electromagnetic field is strongly confined inside the 
structure, while being weakly coupled to free space. 
We have made a proof of concept with samples 
fabricated using an inexpensive technology, which 
yields particles produced from the commercially 
available ceramic for metasurface operation in the 
microwave range. The proposed single-particle design 

of disks possessing a penetrating hole offers a great 
opportunity for further extension to the case of the 
holes filled with a suitable material having properties 
of either nonlinear or gain medium. This may expand 
functionality of the proposed metasurface. 
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Summary: Photocarrier dynamics in tungsten disulfide - black phosphorus heterostructures were studied by time-resolved 
differential reflection measurements. Efficient and ultrafast transfer of photocarriers from WS2 to BP flakes was observed. 
This confirms the type-I band alignment of WS2/BP heterostructures that was predicted by theory. Accompanied with the 
photocarrier interlayer transfer process from WS2 to BP flakes, the change of the absorption of WS2 persists for several 
nanoseconds. These results promote the consciousness about the carrier dynamics of interlayer transfer process in van der 
Waals heterostructures and its application in optoelectronic devices. 
 
Keywords: Tungsten disulfide, Black phosphorus, Photocarrier, Heterostructures. 
 
 
1. Introduction 
 

The transition metal dichalcogenides (TMDs), 
possess high optical absorption coefficient and high 
photoluminescence (PL) yield. However, their carrier 
transport property are less than desired. On the other 
hand, monolayer and multilayer black phosphorus 
(BP) possess high room-temperature mobilities, and 
the band gap of BP becomes larger with the thickness 
decreases. Therefore, the heterostructures of WS2 and 
BP can be a kind of material with both excellent optical 
and electrical property. 

Here we show experimental results confirm the 
type-I band structure of WS2/BP van der Waals 
heterostructures. We find that the process 
photocarriers injected in WS2 transfer to BP flakes is 
completed around 0.6 ps and accompanied with the 
photocarrier interlayer transfer process from WS2 to 
BP flakes, the change of the absorption of WS2 persists 
for several nanoseconds.  

 
 

2. Methods 
 

The samples were fabricated by mechanical 
exfoliation and a dry transfer technique. Time-resolved 
differential reflection measurements were performed 
with a setup that is schematically shown in Fig. 1. A 
Ti:sapphire laser generates 100-fs pulses with a 
repetition rate of 80 MHz. The central wavelength of 
the pulse is 820 nm, with a full width at half maximum 
(FWHM) of about 10 nm. The 820 nm beam is split to 
2 parts with a beamspilter. One part serves as the probe 
pulse while the other is used to pump an optical 
parametric oscillator to generate output pulses at  
600 nm, 620 nm, serving as the pump. The two beams 

are combined with a beamspliter and focused to the 
sample through a microscope objective lens. The 
reflected probe is collected by the same lens and is sent 
to a silicon photodiode. A set of filters is put in front 
of photodiode to block the reflected pump beam. The 
output of photodiode is measured by a lock-in 
amplifier. A mechanical chopper is placed in the pump 
beam to modulate its intensity at about 2 kHz. All the 
measurements were taken at room temperature with 
samples exposed in air. With this configuration, the 
lock-in amplifier measures the differential reflection.  

 

 
 
Fig. 1. (a) Optical image of the sample studied. Regions of 
BP, WS2, and BN (from bottom to top), are indicated by 
various dashed lines. (b) Optical image of BP flakes on 
PDMS. (c) Contrast distribution of along with the black line 
in (b). 

 
The thickness of BP flakes was determined by their 

optical contrast. [1] The contrast of single-layer BP on 
a thick and transparent substrate is about 7.6 %, and 
the contrast of the three BP regions are 15.2 %, 39.1 %, 
54.1 % in Fig. 1, respectively, which match well with 
the contrasts expected for 2, 5, and 7 layers. 
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3. Results and Discussion 
 

First, a 410-nm pump pulse with an energy fluency 
of 2.5 µJ cm−2 was used to excite monolayer WS2. As 
shown by the black squares in Fig. 2(a), the signal rises 
rapidly after the photocarriers are injected by the 
pump. There is a fast decay process of the signal right 
after zero probe delay that can be attributed to exciton 
formation process. [2] The slow decay following this 
fast process can be fit by an exponential function with 
a time constant of 25 ps (magenta line). This can be 
attributed to the exciton recombination lifetime in 
monolayer WS2. When the same measurement was 
repeated on the BP region, no signals were observed, 
confirming that the 620 nm probe is insensitive to BP. 
This can be attributed to the fact that the photon energy 

is much higher than the bandgap of BP, resulting in a 
low probe efficiency. Next, we pump and probe the 
WS2/BP heterostructure under the same experimental 
conditions. We observed a significantly different 
signal from the heterostructure sample. First, unlike 
the slow decay in WS2, the majority of the signal from 
the heterostructure (about 70 %) decays in 5 ps. An 
biexponential fit to the data yielded a fast decay time 
of about 0.61 ps (red line). Second, from 5 to 15 ps, the 
decay of the signal appears to be identical to WS2 
monolayer. Third, there is a long-lived signal that 
extend well beyond 1 ns in the heterostructure sample, 
which is absent in monolayer WS2. Finally, the peak 
signal in the heterostructure is about twice larger  
than WS2. 

 
 

 
 

Fig. 2. (a) Differential reflection measured with a 620-nm probe pulse from monolayer WS2 (black squares) by 410-nm 
pumped, WS2/BP heterostructure (blue solid circles) by 410-nm pump, WS2/BP heterostructure (blue open circles) by 820-nm 
pumped. (b), (c) Corresponding differential reflection signal over long time scales. (d) Band alignment of WS2/BP 
heterostructures [24] and process of carrier transfer between monolayer WS2 and BP flakes. 
 
 

These features can be understood based on transfer 
of carriers from WS2 to BP, as illustrated in Fig. 2(d). 
In type-I heterostructures, both the electrons and holes 
transfer from the large-gap to lower gap materials. This 
process causes a rapid loss of carrier population in 
WS2, and thus the initial fast decay. We can thus 
attribute the time constant of 0.61 ps to the interlayer 
carrier transfer time. The rest of the signal can be 
attributed to the effect of interface imperfection. 
Finally, the long-lived signal can be attributed to 
thermal effect caused by BP. 

To further confirm that the WS2/BP heterostructure 
has type-I alignment, we used an 820 nm pump pulse 
to excite the sample. As shown by the open symbols in 
Figs. 2(a) and (c), a very small signal of at most 10-4 
was observed. The small signal observed proves the 
absence of charge transfer and can only be attributed 
to the type-I band alignment. Finally, the long-lived 

signal with 820 nm pump further confirmed our 
interpretation that it is caused by thermal effect. 
 
 
4. Conclusions 
 

We have studied heterostructures formed by 
monolayer WS2 and 7-layer BP by time-resolved 
differential reflection measurements. The results 
conforms its type-I band alignment, with both the 
conduction band minimum and valance band 
maximum located in BP. Quantitatively, we found that 
photocarriers injected in WS2 transfer to BP with a 
transfer time of about 0.6 ps.  

The ultrafast transfer observed indicates that this 
type of heterostructures can be used for novel 
optoelectronic devices, by effectively combining novel 
optical absorption properties of monolayer WS2 and 
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high charge transport performance of BP. Furthermore, 
the anisotropic optical and transport properties of BP 
could bring new functionalities of devices made of 
such heterostructures.  
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Summary: Optical fibers are the basis for applications that have grown considerably in recent years (telecommunications, 
sensors, fiber lasers, etc.). To fulfill the characteristics required for these applications, optical fibers are obtained by drawing 
high-purity silica-based preforms. This drawing step is usually assumed to be a homothetic transformation of the preform. 
However, at this stage, the glass is heated at temperature higher than its softening temperature. Then the glass flows which can 
induce the transformation of heterogeneities. In this presentation, we highlight the elongation of bubbles and even break up of 
oxide nanoparticles during the drawing process. These phenomena allow new route to prepare optical fibers with light transport 
induced by transverse Anderson localization of light or new amplifying properties.  
 
Keywords: Optical fibers, Drawing, Nanoparticles, Bubbles. 
 
 
1. Introduction 
 

Optical fibers are now part of an everyday 
technology, usually associated with 
telecommunications and high-speed internet. Far from 
being confined to this single use, optical fibers are 
deployed in many fields of applications, such as lasers 
(for marking, machining, cutting, laser remote sensing 
(LIDAR), etc.) or sensors (civil engineering, gas and 
oil extraction and storage, temperature sensors, etc.).  

These key applications rely on the qualities of silica 
glass: mechanical and chemical stability, high optical 
damage threshold, low cost, etc. To fulfill the 
characteristics required for these applications, many 
processes have been developed to prepare high purity 
silica-based preforms: MCVD (Modified Chemical 
Vapor Deposition), OVD (Outside Vapor Deposition), 
VAD (Vapor Axial Deposition), DND (Direct 
Nanoparticle Deposition), Rod-in-tube and powder in 
tube.  

All these processes aim at preparing homogeneous 
preforms in the longitudinal direction in order to 
prepare many kilometers of fiber with constant  
opto-geometrical characteristics. Indeed, during the 
process of optical fiber fabrication, the drawing step 
could be considered as a homothetic transformation of 
the transverse section from the preform to the fiber: 
same ratio core diameter/external diameter and same 
refractive index profile. However, during the drawing 
step, the glass is heated above its softening temperature 
(typically 1650 °C for silica) and quenched within few 
seconds. This high quenching rate leads to residual 
stress which affect the refractive index profile. 
Structural modifications were also reported such as 
preferential orientation of small-sized silica rings [1]. 

During this presentation, we will discuss about the 
effects of the drawing step on the shape of the 
nanoparticles and bubbles. 

 
2. Elongation and Breakup of Nanoparticles 
 

Rare-earth doped nanoparticles embedded in the 
core of optical fiber are proposed to overcome some 
limitations imposed by silica glass (high phonon 
energy, low solubility of rare-earth ions, ...) [2]. A 
route of interest consist of preparing nanoparticles in 
the preform. Then, to be able to prepare specified 
nanoparticles in the fiber, we have to understand their 
modifications during the drawing step. 

To investigate the role of the drawing step, we 
study a preform prepared with a doping solution 
containing LaF3:Tm3+ nanoparticles. During the 
MCVD process, fluorine ions react and evaporate. As 
a consequence, the optical fiber contains La-rich 
silicate nanoparticles [3].  

The preform was cut and polished in the 
longitudinal direction (i.e. along the drawing axis). 
Spherical nanoparticles were imaged thanks to 
scanning electron microscopy (SEM) measurements. 
After the drawing step, the morphology of the larger 
particles is altered. To illustrate this change, the 
nanoparticles were characterized by x-ray 
nanotomography. This technique has the ability to 
combine 2D or 3D visualization of the chemical 
contrast in a volume larger than the core size with a 
spatial resolution of a few tens of nanometers, 
commensurate with the size of the nanoparticles. An 
example of a 3D-reconstruction is presented in Fig. 1, 
which corresponds to the image of the overall core of 
the fiber over a length of 16.5 µm. The nanoparticles 
were colored based on their length: 0.05-0.35 µm in 
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yellow, 0.35-10 µm in blue, and 10-16 µm in red. The 
blue sphere on the top of the picture corresponds to a 
gold bead used to improve the 3D-reconstruction. The 
glass surrounding the nanoparticles is not displayed. 
Following this procedure, it is clearly observed that 
nanoparticles in the fiber center lead to thicker 
elongated regions while those at the core periphery are 
thinner and experience greater Rayleigh-Plateau 
instability, which leads to the break-up of the thread 
into smaller nanoparticles. 
 

 
 

Fig. 1. X-ray nanotomography characterization of the fiber 
showing the distribution of the nanoparticles as a function of 
their length. Colors coding is explained in the text.  
The field of view is 16.5 µm × 16.5 µm × 16.5 µm. The 
particles are aligned along the drawing axis. 
 

The optical fiber containing La-rich silicate 
nanoparticles was etched with a Focus Ion Beam (FIB) 
to looking at a longitudinal section of the core with 
(SEM). Fig. 2 is the volume reconstruction of the core 
obtained by using a FIB/SEM tomography [4]. 
Particles with radius smaller than 10 nm and glass 
matrix surrounding particles are not plotted in Fig. 2. 
Particles can be sorted according to three sets: (i) 
nanoparticles with diameter in the 10-40 nm range 
which are almost spherical, (ii) larger particles with 
long axes ranging from 65 nm to 230 nm and (iii) 
highly elongated particles. According to x-ray 
nanotomography analyses, the length of these 
elongated nanoparticles can be as long as 300 µm. 

From rheology of emulsion and polymers, it is 
known that the deformation of particles is induced by 
the competition between the viscous stresses on 
particles and the surface tension. The study of the 
deformation is based on the capillary number (Ca) : 
 

, (1)

 
where γ is the surface tension, σ is the viscous stress 
from the flow and R is the radius of particles. The 

viscous stress (σ) is expressed as: 

 

σ 3 , (2)

 

where η is the viscosity of the matrix and ˙is its 
deformation rate.  
 

 
 

Fig. 2. Partial volume reconstruction of the core of the 
optical fiber imaged by FIB and SEM. Nanoparticles induced 
by Rayleigh-Plateau instability are circled. The drawing 
direction is vertical. 
 

It is reported that if Ca<CaC (critical capillary 
number), an ellipsoidal stationary shape exists, if 
Ca>CaC the particle elongates into a long cylinder 
until it breaks due to Rayleigh instabilities or until 
viscous stresses are decreased. 

Based on this approach, we can interpret the sets of 
particles observed in Fig. 2. Long elongated particles 
(cylinders) are present because the flow was not 
maintained long enough to initiate break up. It would 
need more deformation to reduce their diameters and 
to amplify the instabilities. When the amplitude of 
growing instabilities is comparable to the radius of the 
cylinder, cylinder can break up. It is evidenced by the 
presence of particles with the same size, periodically 
spaced and aligned in the direction of the flow 
(particles circled in Fig. 2). These newly formed 
particles and particles smaller than 40 nm can not 
break up (under this drawing conditions) because 
Ca<CaC. Then, the breakup of initial large particles is 
restricted to a range of diameters. The deformation can 
be quantified using the Taylor parameter D: 

 

, (3)

 
where L and B are the major (larger) and minor (small) 
axes of the (ellipsoidal-like) elongated particle, 
respectively. Particles longer than 300 µm are 
observed, leading to a deformation higher than 0.99 
(the radius is estimated to be about 250 nm). 
Considering their high elongation, break-up is not 
achieved due to quenching of the glass, which ceases 
any further deformation. 

These phenomena clearly offer new possibilities 
for the control of the size and shape of particles. These 
observations are of a great interest for light scattering 
issues. 
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3. Influence of the Drawing Temperature 
 
In order to study the effect of the drawing 

temperature, a MCVD preform was prepared with a 
doping solution containing LaCl3 and ErCl3 chlorides 
salts dissolved in ethanol. This fiber was drawn at three 
different temperatures: 1950, 1810 and 1795 °C, 
corresponding to three drawing tensions: 0.3, 1.5 and 
2 N, respectively. The SEM images are shown in  
Fig. 3. While elongated particles are present in all 
images, the main difference relates to the fragmented 
particles. Indeed, in the 0.3, 1.5 and 2 N drawn fibers, 
the number of fragmentation-induced particles was 
estimated to be around 110, 1200 and 2500, 
respectively (areas investigated were the same for all 
the fiber cores).  

 

 
 

Fig. 3. SEM images (back-scattered electrons) of fiber drawn 
at different drawing temperatures: 1950 and 1795 °C 
(corresponding to different drawing tensions: 0.3 and 2 N, 
respectively), from left to right. The drawing axis is 
horizontal.  

 
When the capillary number increases (higher than 

the critical capillary number), particles that elongate 
enough undergo Rayleigh-Plateau instability during 
fiber drawing, which can induce break-up. This 
phenomenon has been observed also when drawing a 
composite fiber made of chalocogenide glass [5] or 
metal [6] core embedded in a polymer cladding. The 
break-up produces chains of homogeneously spaced 
particles with monodispersed diameters, as observed in 
Fig. 3. In this and the Author’s previous work, it has 
been observed that increasing drawing tension 
(decreasing drawing temperature) favors break-up. 
This can be explained by the increase of the capillary 
number [7]. Indeed, for a particle of defined radius, the 
higher the drawing tension, hence viscous stress, then 
the higher the capillary number (cf Equation 1).  
 
 
4. Elongation of Bubbles 
 

In conventional optical fibers, light is guided in the 
core due to its higher refractive index compare to the 
one of the surrounding cladding. Recently, a new route 
to light transport was demonstrated and is based on 

transverse Anderson localization of light in an optical 
fibre with transverse refractive index fluctuations [8]. 
The Anderson localized fibre allowed for the 
simultaneous propagation of multiple beams in a single 
strand of disordered optical fibre with potential 
applications in optical, biological and medical 
imaging, and beam-multiplexed optical 
communications. A directional random laser mediated 
by transverse Anderson localization in a disordered 
glass optical fiber was reported also [9]. 

To obtain the transverse refractive index 
fluctuations, the starting preform was a ‘satin quartz’, 
which is a porous artisan glass. A transverse section of 
the preform imaged by SEM is presented in Fig. 4. In 
the transverse direction, the air-holes diameters 
varying between 10 and 100 µm. In the longitudinal 
direction, most of the air-holes are spherical or slightly 
elongated. Only few air-holes have a high deformation 
value. 
 

 
 

Fig. 4. SEM image of a preform containing air-holes. 
 

The diameter of the final fiber is ~ 250 μm and the 
average air fill-fraction is about 5.5 %. In the 
transverse section, the air-hole diameters varying 
between about 0.2 and 5.5 μm. By polishing a 
longitudinal section of the fiber (Fig. 5), the elongation 
of these air-holes over several millimeters was 
measured.  
 

 
 

Fig. 5. SEM image of a fiber with elongated bubbles. 
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4. Conclusions 
 

The drawing step is usually considered as a 
homothetic transformation from the preform to the 
fiber. However, the flow of the glass can be used to 
induce elongation of heterogeneities such as bubbles 
and even the breakup of nanoparticles. 

The influence of draw temperature (tension) on the 
morphology of oxide nanoparticles embedded in the 
core of silica optical fibers was studied. During the 
draw step, spherical particles present in the preform 
can undergo elongation and even break-up into smaller 
particles. Elongation is due to flow-induced 
deformation and Rayleigh-Plateau instabilities. In this 
work, particles as long as 300 µm have been reported. 
Moreover, this work demonstrates that it is possible to 
favor break-up phenomenon by decreasing draw 
temperature (increasing draw tension), which offers 
new opportunities to control and tailor the size and 
shape of active particles in optical fibers. 

A change of the characteristics of air-holes is 
reported also. This would have some impact on the 
Anderson localized fibre which allow for the 
simultaneous propagation of multiple beams in a single 
strand of disordered optical fibre with potential 
applications in optical, biological and medical 
imaging, and beam-multiplexed optical 
communications.  
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Summary: We report two high-efficiency, compact low-cost tunable dye lasers pumped by visible laser diodes. Our lasers 
operate in a 200 ns pulsed mode with a 2 Hz repetition frequency. We propose distinct pump schemes: quasi-longitudinal 
pumping for green diodes (λ = 520 nm) and transverse excitation for blue diodes (λ = 445 nm). Both tunable lasers use a  
one-element birefringent Lyot filter as the selective element and an astigmatically compensated three-mirror cavity design. 
The efficiency obtained at the generation maximum for the best dyes exceeded 7 % and 16 % using blue and green diodes, 
respectively. Presented tunable lasers overlapped a wide spectral region from 497 nm to 696 nm with linewidth δλ = 1 nm. 
 
Keywords: dye laser, diode-pumped, tunable laser, visible laser diodes, pulsed laser. 
 
 
1. Introduction 
 

Tunable dye lasers are widely used in such areas as 
sensing, laser isotope separation, biomedical 
engineering, pollution detection, chemical analysis, 
spectroscopy and other fields. Although tunable dye 
lasers themselves are relatively inexpensive, pump 
lasers are generally expensive. A good alternative to 
traditional pump sources would be diode lasers having 
such advantages as compactness, low energy 
consumption, a reasonable cost, and ease of use. 

The main problem with the diode pumping of dye 
lasers is a lack of intensity sufficient for the attainment 
of the lasing threshold. Their threshold is generally 
inversely proportional to the excited state lifetime and 
the amplification cross-section. Even though the 
amplification cross-sections of dye molecules are quite 
large (more than 10-16 cm2), owing to their very short 
lifetime (typically a few nanoseconds), any significant 
gain in longitudinal pumping can be achieved with a 
pump power density of about 1 MW/cm2. Until 2015, 
the highest efficiencies of diode-pumped dye lasers 
had been as low as about 2 % [1-8] due to slight excess 
over the lasing threshold. Using two high-power  
445 nm laser diodes in a longitudinal pump scheme, a 
slope efficiency of about 10 % was obtained in an 
organic solid-state dye laser [9], but the laser cavity 
applied was not suitable for wavelength tuning. It 
seems that wavelength-tunable pulsed dye lasers with 
diode pumping have been only reported in [7, 8]. 
Unfortunately, they exhibited an extremely low 
efficiency and pulse energy while obtained tuning 
range was only several nanometers. A continuous 
wave (CW) tunable diode-pumped dye laser (using a 
single laser dye-Coumarin 498) showing quite good 
efficiency has been announced in [10]. 

Yet, effective diode pumping in a tunable titanium 
sapphire (Ti:S) laser has been implemented. The paper 
[11] demonstrates a successful pumping of a Ti:S laser 
by green diodes. An optical-to-optical conversion 

efficiency was more than 21 % in CW and nearly  
15 % in mode-locked operation. Moreover, the highest 
efficiency achieved for a Ti:Sapphire laser with 
wavelength-multiplexed diode pumping was up to  
24 % [12]. However, tunable diode-pumped Ti:S lasers 
and their harmonics are not able to cover a range like 
500-700 nm. Therefore, we paid close attention to the 
problem of diode-pumped tunable dye lasers operating 
in this spectral range. 

The most powerful laser diodes for this purpose are 
indium gallium nitride (InGaN) blue (445 nm) and 
green (520 nm) diodes. On the one hand, single 
transverse mode visible laser diodes are unsuitable for 
effective pumping due to their low power (less than 
one watt). On the other hand, the significant anisotropy 
of the most powerful multimode diodes (absolute 
maximum rating of output optical power in CW mode 
PCW = 3.5 W, λ = 445 nm) does not allow one to focus 
pump radiation in a sufficiently small area; therefore, 
such lasers are inefficient for longitudinal pumping, 
but can be very appropriate for transverse excitation. 

For blue diodes, we chose an astigmatically 
compensated grazing-incidence bounce geometry with 
side pumping and total internal reflection of the 
intracavity beam. A similar scheme showed as high 
efficiency as 68 % [13] for a Nd:YVO4 laser. A 
specific feature of this scheme for liquid dye lasers is 
the necessity to use solvents with a high refractive 
index. In [14] we tested a side-pump scheme for  
445 nm diodes using a broadband cavity and obtained 
an efficiency as high as 12 %. 

Unfortunately, the most effective dyes (rhodamines 
and pyrromethenes) poorly absorb pump radiation at 
445 nm, thus we examined the most powerful green 
diodes (PCW = 1 W, λ = 520 nm) as the pump source. 
Since these diodes have a better beam quality, they can 
be tested as the pump source in a longitudinal scheme. 
Generally, the advantages of such configuration 
include better quality of the output laser beam, 
freedom in choosing solvents, and lower requirements 
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for dye solubility. In addition, the investigation of 
diode-pumped dye lasers in the longitudinal 
configuration is a great step towards obtaining 
ultrashort pulses in such systems. 

 
 

2. Experiments 
 
2.1. Transverse Excitation 
 
We used three 445 nm laser diodes Nichia NDB7K75 
as the pump source. The pulse duration was 200 ns at 
2 Hz repetition frequency. The peak optical output 
power of each diode was about 5 W under a pulse 
current of 3.8 A without any remarkable degradation. 
The total absorbed energy was 2.4 µJ per pulse. We 
designed an astigmatically compensated 3-mirror 
cavity with side pumping of dye and total internal 
reflection of the intracavity beam (Fig. 1b). The laser 
cavity comprised a flat output coupler (OC) with  
75-80 % reflection and two high-reflective concave 

mirrors with 50- and 100-mm radii of curvature. We 
used a 1.0 mm quartz glass cell (n = 1.46) and benzyl 
alcohol as the solvent (n = 1.54) to provide the  
total-internal-reflection condition. The side surfaces of 
the dye cell were antireflection (AR) coated in order to 
reduce intracavity losses. The round trip time of laser 
pulses was 3 ns for a 45-cm optical cavity length.  
Half-wave plates were used to obtain a desired 
polarization of pump radiation. The emitting surface of 
each diode was imaged on the dye cell by two lenses. 
G2 type collimating lenses (located close to the diodes 
and not shown in Fig. 1b) were aspherical  
(f = 4 mm). The focusing lenses were spherical with 
f = 50 mm. The excited area was about 20×300 μm. 
Dye concentrations were adjusted individually to 
ensure a twofold attenuation of the pumping radiation 
at a depth of about 20 μm. The calculated dye laser 
beam-waist diameter in the cell center was 
approximately 30 μm. To provide wavelength tuning, 
we used a one-element birefringent Lyot filter and an 
additional partial polarizer consisting of a glass stack. 

 
 

 
 

Fig. 1. Experimental setup of tunable dye lasers with (a) longitudinal pumping and (b) side pumping. 
 
 
2.2. Quasi-Longitudinal Excitation 
 

Two green Nichia NDG7475 diodes (520 nm) were 
used for a longitudinal pump configuration in a similar 
pulse mode. The peak optical output power of each 
green laser diode was roughly 2 W under a pulse 
current of 4.0 A. The maximum absorbed pump energy 
was approximately 0.72 µJ. We used a crystal quartz 
half-wave plate with AR-coating to rotate the 
polarization of one diode. Diode beams were  
pre-collimated by aspherical lenses. We then 
combined the diode beams by a polarization beam 
splitter (PBS) and expanded them along the “slow” 
axis by a cylindrical telescope (Fig. 1a). By using a  
50-mm focusing lens, we achieved the excited area of 
20×40 μm. To attain quasi-longitudinal pumping, we 
employed a nearly concentric cavity configuration 
comprising two concave mirrors (R = 50 mm and 
R = 100 mm), flat OC (87 % reflection), and 
Brewster’s dye cell using ethanol as a solvent. The 
incident angle of the pump beam on the cell window 
(limited by the cavity geometry) was 43°. Dye 
concentrations were adjusted to ensure 1 % 
transmission of pumping radiation. The thickness of 
the dye layer was 0.2 mm. 

2.3. Measurement Accuracy 
 

Pulse energy measurements for all diode lasers and 
dye lasers were performed using a calibrated  
large-area silicon photodiode FD24. The signals from 
the photodiode were directed to an RC-integrating 
circuit, whereby the duration of electric pulses was 
increased up to several tens of microseconds, and the 
pulse peak became almost flat within 1 μs. The signals 
were then recorded by a GW Instek GDS-2104 digital 
oscilloscope. 

Signals from the photodiode were determined with 
an accuracy of 0.5 %. The calibration of the 
photodiode was made independently at several 
wavelengths using a QE12LP-HMB-D0 Gentec 
pyroelectric energy detector. The manufacturer of this 
detector guaranteed a calibration uncertainty of 3 % 
and a repeatability of 0.5 %. We found that the relative 
accuracy of pulse energy measurements at different 
wavelengths was 2 % and the absolute laser energy 
calibration uncertainty, 6 %. 

Output wavelength measurements were performed 
using an MSD-1 grating monochromator that provided 
a wavelength accuracy of 0.1 nm. 
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Temporal profiles of pump and dye laser outputs 
were measured by FD271 and MRD500 fast 
photodiodes in combination with a LeCroy 6050A 
digital oscilloscope (500 MHz bandwidth, 5 Gs/s). The 
time resolution was approximately 1 ns. 

 
 

3. Results 
 
3.1. Transverse Pump 
 

We measured tuning curves (Fig. 2) in side-pump 
scheme. Our results were obtained with a fixed 
absorbed pump energy of 2.4 µJ. The lasing thresholds 
were found to be 0.9-1.0 µJ. Using coumarin dyes, an 
overall tuning range of 95 nm (from 497 nm to  
592 nm) at 1 nm linewidth was obtained. The red 
spectrum range from 609 nm to 696 nm was covered 
by pyrone derivatives (DCM and its analogs). The 
widest tuning range of a single compound was found 
to be 90 nm for laser dye LD-halcon. The best 
efficiency obtained was as high as 7.7 % using laser 
dye Coumarin 153 (C153). 
 
 

 
 

Fig. 2. Tuning curves for the best laser dyes in a side-pump 
configuration (Epump = 2.4 µJ, λpump = 445 nm). 

 
The results for the best dyes are shown in Table 1, 

where λabs is the wavelength of the absorption 
maximum (in ethanol), λgen is the wavelength of the 
lasing maximum (in benzyl alcohol), Δλ is the tuning 
range, Egen is the output energy at the lasing maximum, 
and η is the optical-to-optical conversion efficiency at 
the generation maximum. The chemical structures for 
uncommon dyes (DCM-17, LD-halcon) are presented 
in [15]. 

In a side-pump configuration, the intensity of the 
laser pulse began to decrease within a few tens of 
nanoseconds after the start and fell to almost half of its 
maximum by the end of the pump pulse (Fig. 3). 

The pulse width at half maximum was 
approximately 140 ns. This behavior is similar to that 
described in [9]. We suppose that the most likely cause 
of the limited duration of the laser pulse is the 
influence of acoustic waves formed by spatially  
non-uniform pumping. 

Table 1. Lasing characteristics of the best dyes in benzyl 
alcohol with side pumping. Epump = 2.4 µJ, λpump = 445 nm. 

 

Dyes 
λabs, 

(nm) 
λgen, 

(nm) 
Δλ, 

(nm) 
Egen, 

(nJ) 
η, 

(%)
C314 436 518 497-538 101 4.2 
C523 443 523 504-548 132 5.4 
C519 446 528 506-554 110 4.6 
C334 450 533 514-562 106 4.4 
C153 423 562 532-592 186 7.7 
DCM-17 476 641 609-669 105 4.4 
LD-halcon 474 649 606-696 130 5.4 
DCM 472 652 615-695 147 6.1 

 
 

 
 

Fig. 3. Temporal profiles of pump and lasing pulses  
in a side-pump scheme (Coumarin 523 in benzyl alcohol). 

 
 
3.2. Quasi-Longitudinal Pump 
 

Tuning curves for the best laser dyes in 
longitudinal configuration are shown in Fig. 4. Lasing 
characteristics were carried out at a fixed pump energy 
of 0.72 µJ. The lasing thresholds were 0.3 µJ for 
rhodamine dyes and nearly 0.4 µJ for pyrromethenes. 
Using various dyes, an overall tuning range of 71 nm 
(from 537 nm to 606 nm) at 1 nm linewidth was 
obtained. The tuning ranges of individual dyes did not 
exceed 40 nm. We achieved a record efficiency of  
16.5 % for diode-pumped tunable dye laser using 
Pyrromethene 567 (Pyr567). 
 

 
 

Fig. 4. Tuning curves for the best laser dyes  
in a longitudinal pump scheme (Epump = 0.72 µJ,  

λpump = 520). 
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The results for longitudinal pump scheme are 
presented in Table 2, with the same symbols as in 
Table 1. 
 
 

Table 2. Lasing characteristics of the best dyes in ethanol 
with longitudinal pumping. Epump = 0.72 µJ, λpump = 520 

nm. 
 

Dyes 
λabs, 

(nm) 
λgen, 

(nm) 
Δλ, 

(nm) 
Eout, 

(nJ) 
η, (%) 

Rh110 510 546 537-563 89 12.4 
Rh6G 530 578 565-598 92 12.8 
Pyr567 518 558 545-583 119 16.5 
Pyr580 519 561 546-581 104 14.4 
Pyr597 524 584 573-608 60 8.3 

 
One can see that the pulse reduction effect is much 

less pronounced in the longitudinal configuration 
(Fig. 4). 

We have registered a much smoother temporal 
profile for dye laser pulses using quasi-longitudinal 
pumping. The pulse width at half maximum was 
roughly 170 ns. 
 

 
 

Fig. 5. Temporal profiles of pump and lasing pulses  
in a longitudinal pump scheme (Rhodamine 6G in ethanol). 
 
4. Summary 
 

We have developed two compact, low-cost and 
easy-to-use tunable diode-pumped dye lasers. 
Different pump configurations allow one to choose the 
most suitable variant with required advantages. We 
have achieved record optical-to-optical efficiencies in 
both pump schemes: more than 16 % (Pyrromethene 
567) in longitudinal excitation and 7 % (Coumarin 
153) in transverse one. The tuning ranges overlap a 
wide spectrum range from 497 to 696 nm, while the 
individual range for the best dye is 90 nm. 

Our investigations have demonstrated that blue and 
green high-power multimode laser diodes are suitable 
for using them as effective and inexpensive pump 
sources for tunable dye lasers. 
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Abstract: A new method for microfiber Bragg gratings (μ-FBGs) fabrication by means of two-photon polymerization in 
photosensitive resin is reported. Such polymerized μ-FBGs were cured along with the surface of microfibers without any 
damage or distortion to the substrate. The laser intensity was optimized to improve the spectral properties of the polymerized 
gratings. The refractive index measurement was performed and the maximum sensitivity obtained is ~207 nm/RIU at the 
refractive index value of 1.440 with the fiber diameter being 1.7 μm. This work opens a new idea for optical structure 
integration and further optical functionality integration. 
 
Keywords: Fiber Bragg gratings, Fiber optics sensors, Microstructure fabrication. 
 
 
1. Introduction 
 

In this work, we report a new method for μ-FBG 
fabrication by use of TPP in photosensitive resin. The 
designed grating is polymerized along with the surface 
of microfiber and the formed grating exhibits great 
bonding strength with the microfiber. The Bragg 
resonance is excited in the microfiber by the 
polymerized grating and successfully used for liquid 

RI measurement. The maximum RI sensitivity 
obtained is ~207 nm/RIU at the RI of 1.440 with the 
fiber diameter being 1.7 μm.  
 
 
2. Experimental Setup 

 
The experimental setup of μ-FBG fabrication is 

demonstrated in Fig. 1(a).  
 

 
 

Fig. 1. (a) Experimental setup of two-photon polymerization for fiber grating fabrication. (b) Microfiber fixing method 
during two-photon polymerization fabrication. (c) Schematic diagram of the polymerized μ-FBG. 

 
 
Fs laser beam (800 nm, 120 fs, 80 MHz) is firstly 

expanded and then focused in the interface between the 
microfiber and the photosensitive resin by use of an 
oil-immersion microscope objective (MO) with a NA 
value of 1.25. The laser intensity is precisely adjusted 
by a variable attenuator comprised by a λ/2 wave plate 
(W) and a Glan-prism polarizer (P). The laser 
irradiation time is controlled by use of a PC-driven 
mechanical shutter. As shown in Fig. 1(b), the 
machined microfiber immersed in the photosensitive 
resin, which is sandwiched between cover and slide 
glasses, is mounted on 3-D translation stage (Newport, 
XMS50/XMS50/GTS30V). The CCD mounted above 

is used to monitor the fabrication process. The 
schematic diagram of the polymerized μ-FBG is 
illustrated in Fig. 1(c), where the green and blue parts 
denote the polymerized grating structure and the 
microfiber, respectively. 
 
3. Results and Discussion 
 

In this work the microfiber is fabricated by use of 
flame-tapering method [1]. The photosensitive resin 
used is a negative photoresist. The refractive index of 
the photosensitive resin before and after curing are 
~1.51 and ~1.53 around 1500 nm.  
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The grating is printed by use of line-by-line 
inscription. When the laser fabrication is completed, 
the cover slide above the microfiber is carefully taken 
away and the polymerized structure is rinsed by use of 
isopropanol for 10 s and then alcohol for 30 s. Fig. 2(a) 
shows the optical microscope image of the 
polymerized fiber grating before rinsing and Fig. 2(b) 
shows the scanning electron microscopy (SEM) image 
of this structure after rinsing.  

Experiments have been made to optimize the laser 
intensity for grating fabrication. The microfiber with a 
diameter of ~1.8 μm is translated at a speed of 8 μm/s 
to create the grating with a pitch of 1.07 μm, and the 
laser intensity is increased from 10 mw/μm2 to  
18 mw/μm2. Fig. 3 shows SEM images of the 
polymerized gratings fabricated by different laser 
intensity from the top view.  

 

 
 

Fig. 2. (a) Optical microscope image of the polymerized 
grating before rising. (b) SEM image of the structure  

after rinsing. 
 

 
 

Fig. 3. SEM images of the polymerized μ-FBGs with Fs 
laser intensities of 10 mw/μm2 (a), 14 mw/μm2 (b), 16 

mw/μm2 (c) and 18 mw/μm2 (d). 
 

The environmental RI response of the polymerized 
μ-FBG has been investigated at the room temperature 
(22 °C). The μ-FBG (grating pitch=1.07 μm; pitch 
number=500) is polymerized along the microfiber with 
a diameter of 4 μm. During the measurement the  
μ-FBG was sequentially immersed into a series of RI 
oil (Cargille Lab) with RI value from 1.380 to 1.446 by 
an interval of 0.004. Fig. 4 shows reflection spectral 
evolution of the polymerized μ-FBG immersed in 
different RI oils (1.410, 1.426, 1.434, 1.442,  
and 1.416).  

Fig. 5 shows the polynomial fitting relationship 
between the Bragg wavelength and the oil RI measured 
in Fig. 4. It is noted that the evanescent field is 
enhanced when the RI value of oil is approaching to 
that of the silica microfiber. The inset of Fig. 6 shows 
a partial linear relationship between the Bragg 
wavelength and the oil RI from 1.420 to 1.450 and a 
RI sensitivity of ∼207.14 nm/RIU is achieved at 1.446. 
The RI sensitivity of the polymerized μ-FBG reaches 
the superior level comparing with previously reported 
μ-FBGs. 

 
 

 
 
Fig. 4. Reflection spectral evolution of the polymerized  

μ-FBG in environmental RI measurement. 
 

 
 

Fig. 5. Polynomial fitting relationship between Bragg 
wavelength and oil RI. Insert: partial linear relationship 

between Bragg wavelength and oil RI from 1.420 to 1.450. 
  
 
4. Conclusions 

 
In conclusion, TPP method is firstly used to 

fabricate grating structure along with the microfiber to 
excite the Bragg resonance in it. Fs laser intensity was 
firstly optimized to find out the best polymerization 
parameters. we studied the environmental RI response 
of the polymerized μ-FBG and observed a nonlinear 
relationship between the Bragg wavelength and the oil 
RI, where the maximum sensitivity of ~207 nm/RIU is 
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achieved at 1.446. The RI sensitivity of the 
polymerized μ-FBG reaches the superior level 
comparing with previously reported μ-FBGs[2,3]. 
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Summary: Based on the frustrated total internal reflection effect, a sensor for measuring the turbidity of insulating liquid in 
electrical discharge machining process is developed. The turbidity sensor consists of a laser source, a prism and a 
photodetector. The laser beam is totally internally reflected by the prism so as to interact with the insulating liquid. In order to 
ensure higher measurement sensitivity, incidence near the critical angle is selected. By means of detecting the reflectance of 
the reflected light from the sensing area, the turbidity of the insulating liquid can be determined in real time. The experimental 
results demonstrate the measurement sensitivity to be about 4.110-5 ppm. According to the results of analysis of the noise 
level of the measured reflectance and the measurement sensitivity, the minimum detectable variation of the turbidity is 
estimated to be 1 ppm. 
 
Keywords: Frustrated Total Internal Reflection, Electrical Discharge Machining, Turbidity, Insulating Liquid, Sensor.  
 
 
1. Introduction 
 

Electrical discharge machining (EDM) [1] is a 
manufacturing process carried out by means of the 
electrical discharge. For smooth and accurate removal 
of the material from the workpiece, it is necessary to 
monitor and control the recurring current between the 
two electrodes. Generally, the two electrodes are 
submerged in an insulating liquid to avoid irregular 
spark erosion. However, after long-term electrical 
discharging, the insulating EDM liquid becomes 
polluted by particles or the scrap removed from the 
workpiece, and becomes turbid. However, given that 
the resistance between the two electrodes is dependent 
on the turbidity of the insulating liquid, any variation 
in the turbidity will affect the performance of the EDM 
process. This makes turbidity sensing of the insulating 
liquid essential.  

Several optical techniques have been used for 
turbidity sensing [2-5]. For example, by measuring the 
ratio of scattered to transmitted light, Kitaokul [2] 
developed a compact, high-performance sensor for 
detection of the turbidity. By means of using UV–vis 
spectrometry, Hu et al. [4] developed a turbidity 
compensation method for chemical oxygen demand 
measurement. Meeten et al. [6] measured the refractive 
index of the absorbing and turbid fluids by means of 
reflectance detection of the total internal reflection, a 
method which could be applied to turbidity sensing. In 
this paper, a sensor for measuring the turbidity of the 
insulating EDM liquid is developed which is based on 
the frustrated total internal reflection effect. The 
turbidity sensor consists of a laser source, a prism and 
a photodetector. By means of detecting the reflectance 
of the frustrated total internal reflection from the 
sensing area, the turbidity of the insulating EDM liquid 

can be determined in real time. The experimental 
results demonstrate a measurement resolution of about 
1 ppm. 

 
 

2. Working Principles 
 

As shown in Fig. 1, a collimated laser beam is 
guided into the prism at an incident angle 1, and then 
reflected from the interface between the prism and the 
test insulating EDM liquid. If the test insulating EDM 
liquid is pure and the reflected angle 2 is larger than 
the critical angle, then total internal reflection occurs. 
However, when the insulating liquid is polluted with 
particles from the EDM process, the presence of these 
particles on the sensing area will disturb the total 
internal reflection and some of the light will leak out 
from the sensing area, weakening the intensity of the 
reflected light. This is the phenomenon offrustrated 
total internal reflection [7]. The more particles present 
in the sensing area there are, the weaker the intensity 
of the reflected light intensity will be. The number of 
particles on the sensing area depends on the turbidity 
of the insulating EDM liquid. That is, we detect the 
variation of the reflected light intensity or the 
reflectance R with a specific incident angle 2 to 
determine the turbidity of the insulating EDM liquid T. 
The relationship between R, 2 and T is expressed as 

 

 . (1) 

 
The relationship between these parameters is 

unknown, so a calibration process before measurement 
is necessary and essential. A description of the 

R  f 
2
,T 
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calibration process, the experimental results and a 
discussion are given in the following sections. 

 

 
 

Fig. 1. Frustrated total internal reflection. 
 
 
3. Experimental Setup and Calibration 
 

The prototype of our optical turbidity sensor is 
shown in Fig. 2. A laser diode with a wavelength of 
635 nm is used as the light source. The incident angle 
can be tuned with a rotation stage. The test liquid is 
delivered into the tank by a pump. The laser beam 
interacts with the insulating EDM liquid through the 
BK7 prism in the tank. A mirror guides the light beam 
into the photodetector for the measurement of the 
reflectance. The specifications of the equipment and 
devices in the prototype of the optical turbidity sensor 
are shown in Table 1. 

 

 
 

Fig. 2. Optical turbidity sensor. 
 
 
Table 1. Specifications of equipment and devices. 

 
Equipment Specifications 

Laser 
Diode 

Wavelength: 635 nm 
Power: 4.5 mW 
Beam Diameter: 8 mm 

Prism 
Right-angle prism 
Material: BK7 
Length of Leg: 40 mm 

Detector 
Si Switchable Gain Detector 
Wavelength Range: 350-1100 nm 
Responsivity (635 nm): 0.65 A/W 

Rotation 
Stage 

2° Increments and 20 arcmin 
Vernier Scale 

Mirror 
Aluminum Mirrors 
Reflectance > 90 % 

Tank Size: 104080 mm3 
 

The relationship between the reflectance R, 
turbidity of the test sample T and incident angle 2 was 
calibrated by using the samples of the insulating EDM 
liquid obtained after 10, 20 and 30 minutes of electrical 
discharging. Fig. 3 shows the three different turbidities 
of the insulating EDM liquid. The turbidity of the 
liquid was determined by measuring the masses of the 
liquid and of the impurities after drying the liquid. 
Table 2 shows the details for these samples. 

 

 
 

Fig. 3. Insulating EDM liquids with three different 
turbidities. 

 
Table 2. Turbidities of the insulating EDM liquid after 

electrical discharging. 
 
Electrical discharging 

duration (min) 
10 20 30 

Mass of liquid (g)
A 

78.845 77.340 78.495 

Mass of impurity (g)
B

0.005 0.010 0.015 

Turbidity (ppm)
c=b/a 

63 129 191 

Measured reflectance 
( %) 

99.66 99.44 99.27 

 
According to Meeten’s [6] analysis and 

experimental results, incidence near the critical angle 
will lead to high measurement sensitivity. Therefore, 
in order to ensure high measurement sensitivity, an 
incidence near the critical angle of 2=26 was selected 
for our experiments.  

The collected liquids are delivered into the tank in 
turn where they are then kept for 5 minutes. The 
measured reflectances for the samples appear in Table 
2 and Fig. 4. As can be seen in the Fig., the difference 
in the turbidities of the sampled insulating EDM liquid 
produced changes in the reflectance. The experimental 
results also show that our method can provide high 
measurement repeatability.  

The measured reflectance for each stationary time 
was averaged. The relationship between the averaged 
reflectance R and turbidity T of the insulating EDM 
liquid can be seen in Fig. 5. The solid circles represent 
the experimental data, and the solid line indicates the 
associated fitting curve which has a slope of about 
s=4.110-5/ppm. It is obvious that fom the associated 
ratio of reflectance R to turbidity T, we can obtain the 
turbidity of the insulating EDM liquid from the 
measured reflectance R, by 

 

    
1

1 .T R
s

 (2) 

 
 

 

1 
2 

Laser  To photodetector 

Insulating liquid 

Tank  Particles  Leaking light  

Sensing area 
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This is the calibration equation for the proposed 
method. 

 

 
 

Fig. 4. Differences in the turbidity of the insulating EDM 
liquid produced changes in the reflectance. 

 

  
 
Fig. 5. The calibrated relationship between the reflectance R 
and turbidity T. The slope of the fitting line is 4.110-5 ppm.  
 
 
4. Experimental Results 
 

To demonstrate the feasibility of the proposed 
method, a prototype of the optical sensor was built and 
applied to measure the turbidity of the insulating EDM 
liquid used in the electrical discharging process. As 
shown in Fig. 6, the workpiece was cut by a wire-
cutting EDM machine (CHMER D322CL, Taiwan). 
The workpiece and the electrical discharge wire were 
immersed in the insulating EDM liquid. The pump 
delivered the insulating liquids in areas A and B to the 
sensor in sequence for turbidity measurement. The 
distance from the electrical discharge wire to A and B 
was 15 and 30 cm, respectively. The measurement 
results are shown in Fig. 7. As can be seen from the 
curves in Fig. 7, the measured reflectance or the 
turbidity decreased as the electrical discharge time 
increased. The turbidity T is of course obtained from 
the calibration equation (2). The rate of decrease of 
reflectance curve A is higher than that of reflectance 
curve B. We believe that this phenomenon results from 
the lack of uniform turbidity in these areas. The 
turbidity near the wire-cutting area is higher than in the 
area far away from the wire-cutting area. 

 
 

Fig. 6. The insulating EDM liquid used in the electrical 
discharging process. 

 

 
 

Fig. 7. Real time measurements of the turbidity of the 
insulating EDM liquid in the electrical discharging process. 
 
 
5. Discussion 
 

As can be seen in Fig. 4, the detected reflectances 
are very stable when the testing liquid is kept 
stationary. Zooming in on the reflectance curve in the 
interval between 15 and 20 minutes we find a noise 
level as shown in Fig. 8. This curve shows the presence 
of a lot of high level noise which may come from the 
photodetector or from electronic noise from the 
operational amplifier. The standard deviation of the 
high-frequency reflectance noise over 5 minutes is 
about Rn=0.0042 %. The differential equation (2) can 
be expressed as follows: 

 

    
1

.T R
s

 (3) 

 
It indicates that the variation of the turbidity is 

proportional to the variation in the detected 
reflectance. Equation (3) can be used to estimate the 
measurement resolution obtainable with this method. 
The standard deviation of the high-frequency 
reflectance, Rn=0.0042 %, is regarded as the minimum 
detectable reflectance R. After substituting 
R=0.0042 % and the slope s=4.110-5/ppm into 
equation (3), a measurement resolution of 1 ppm is 
obtained. 
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Fig. 8. The noise level of the reflectance in the interval 
between 15 and 20 minutes.  

 
5. Conclusions 
 

Based on the frustrated total internal reflection 
effect, a real-time turbidity sensor for the insulating 
EDM liquid is proposed. The turbidity of the insulating 
EDM liquid is monitored during the discharge process. 
The experimental results demonstrate a linear 
relationship between the reflectance and the turbidity 
of the insulating EDM liquid. From the analysis of the 
noise level of the measured reflectance and the 
measurement sensitivity, the minimum detectable 
variation of the turbidity is estimated to be 1 ppm. 
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Summary: An all-fiber 2-µm fast gain-switched thulium doped fiber laser and amplifier system, in-band pumped at 1.55 µm 
is presented. The proposed system delivered stable 17-ns pulses with an energy of 0.64 mJ and a corresponding peak power of 
35.6 kW when operating at a pump power of 50.2 W. The maximum output average power, which was measured at a pulse 
repetition rate of 25 kHz, was 16.1 W.  
 
Keywords: fiber lasers, Fiber amplifiers, Gain-switching, Pulse operation, Thulium lasers. 
 
 
1. Introduction 
 

Pulsed thulium-doped fiber laser (TDFL) and 
amplifier (TDFL&A) systems operating in the 2-µm 
spectral region have recently attracted much attention 
mainly due to a wide range of applications in e.g. 
medicine, communication, remote sensing [1-3].  

Pulse operation of a fiber laser is usually achieved 
by applying Q-switching, mode-locking or 
combination of the two methods. An alternative 
pulsing method is gain-switching where a pulse 
operation is obtained by a laser gain on/off switching 
via a pump power modulation. Compared with  
Q-switching and mode-locking, gain-switched lasers 
do not require the application of modulating devices 
inside the cavity, thus ensuring higher efficiencies and 
simplicity during construction. In particular, fast  
gain-switching and the simultaneous in-band pumping 
can provide stable and regular 2-µm Gaussian-like 
pulses of short (nanosecond) duration [4]. A challenge 
facing this technology is how to develop a reliable and 
cost-effective laser systems emitting short and high 
peak power pulses at 2-µm wavelength while keeping 
it all-fiber, which is of key importance for many 
applications in civil and military areas. 

In this paper, an all-fiber resonantly pumped fast 
gain-switched Tm-doped fiber laser and amplifier 
operating at a wavelength of 2-µm is reported. Detailed 
laser system performance is presented.  

 
 

2. Experimental Setup 
 

A 1.55-µm fiber-based master oscillator power 
amplifier seeded by a direct current modulated DFB 
laser providing an average power of up to 3.5 W was 
applied as a resonant pump. The amplification section 
consisted of two Er-doped fiber amplifiers and one 
Er:Yb-doped fiber amplifier. It delivered a train of 
optical pulses with duration varying from 30 to over 
500 ns, which were emitted at a fixed pulse-repetition 

rate of 25 kHz. The Tm3+-doped fiber laser of the linear 
cavity consisted of a highly reflective (HR) fiber Bragg 
grating (FBG) with a reflectivity of 99.3 % and a  
1.96-nm bandwidth at 2000.1 nm, a Tm3+-doped fiber 
(TDF), and an output coupler (OC) FBG with a peak 
reflectivity of 89.3 %, and a 3-dB reflection bandwidth 
of 1.04 nm. In order to decrease the cavity round-trip 
time, as the active medium, we used a 12-cm-long 
single-mode, double-clad silica TDF with a core/clad 
diameter of 12/127 µm (0.13 NA) and peak cladding 
absorption of 19.5 dB/m at 790 nm, which was spliced 
in-between the FBGs. The total length of the resonator 
was 36.5 cm. In order to increase the peak power of 
generated pulses, a single TDFA was applied. It was 
built using a ~3-m long TDF with a core/clad diameter 
of 25/250 µm and corresponding NAs of 0.09/0.46. 
The fiber clad absorption at 793 nm was 9 dB/m. It was 
cladding-pumped in a co-propagating configuration 
via a (2×1)+1 pump power combiner with a signal 
feedthrough, using two 793-nm laser diodes (LDs) 
emitting a total continuous wave (CW) power of up to 
60 W. To eliminate the unabsorbed pump power, a 
cladding power stripper (CPS) with an output-fiber end 
angle cleaved at ~8° (to eliminate any back 
reflections), was applied. Both pieces of active fibers 
were placed on a water-cooled aluminum plate that 
was kept at ~18°C. Furthermore, all of the system 
components were fusion spliced, thus making it  
all-fiber. To characterize the laser output, dichroic 
mirrors were used at the output end to separate the 
generated 2-µm pulses and the residual 1.5-µm signal 
as well as unabsorbed 793-nm power.  

 
 

3. Results 
 

The main aim of the study was to achieve the 
shortest stable pulse. It can be done in a laser cavity 
with a short length and with a high-gain active 
medium. It is clear that the width of pulses emitted by 
gain-switched fiber lasers is a function of the pump-
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pulse energy, as the increase in pump energy reduces 
the pulse build-up time. Shortening the fiber length 
reduces the round-trip time and consequently the pulse 
duration; however, it also reduces the medium gain as 
a result of the lower pump absorption, which can limit 
the output pulse width. Therefore, the selection of a 
proper active medium is a key parameter. In our 
experiment, a core-pumped 12-cm-long TDF with a 
high Tm3+ ion concentration (cladding absorption of 
19.5 dB/m at 790 nm) was used. Furthermore, the OC 
FBG with reflectivity of 89 %, which provides the 
highest optical feedback, was selected. The GS-TDFL 
was pumped by ~150-ns 1.55-µm pulses with an 
average power of up to 1.3 W, of which over 90 % was 
absorbed by the active dopant. The performance of the 
GS-TDFL&A was investigated at a fixed  
pulse-repetition frequency of 25 kHz, and the output 
characteristics are depicted in Figs. 1-3.  
 

 
 

Fig. 1. Output pulse emitted from the GS-TDFL. Inset 
shows the pulse train at the repetition rate of 25 kHz. 
 

 
 

Fig. 2. Output spectrum. Inset shows the spectrum 
measured at a 400-nm span. 

 

 
 

Fig. 3. Average output power of the TDFA versus absorbed 
pump power. 

 

After reaching the threshold, a 2-µm pulse of long 
duration (delayed to the pump pulse) appeared, and 
with an increase in pump power, the pulse width 
shortened rapidly. For the pump-pulse energy of 
~45 µJ, the TDFL operated in a stable single-pulse 
regime, and delivered a train of ∼17-ns pulses with an 
average output power of up 400 mW, corresponding to 
a peak power of 885 W, as shown in Fig. 1. The laser 
operated at a central wavelength of 2000.1 nm with a 
10-dB linewidth of 1.97 nm (Fig. 2). The spectrum was 
clean, without any signals coming from amplified 
spontaneous emission or nonlinear effects. 
Furthermore, the dynamic range was over 50 dB, 
which represents a very good signal-to-noise ratio 
(inset in Fig. 2). 

To achieve kilowatt peak powers, the pulse train 
generated by the TDFL was boosted in a fiber 
amplifier. The results of the amplification are shown in 
Fig. 3. As can be seen, after reaching the threshold, the 
average output power increases linearly proportionally 
to the increase in the pump power absorbed by the 
TDFA. For a pump power of 50.2 W, we achieved a 
train of single gain-switched pulses with a maximum 
average power of 16.1 W and a slope efficiency of  
40.3 %, which corresponds to a pulse energy and peak 
power of 0.64 mJ and 35.6 kW, respectively. The 
output pulse width was the same as the one before 
amplification, and was measured to be 17 ns. The 
output spectrum did not reveal any artifacts coming 
from ASE or nonlinear effects. 
 
 
4. Conclusions 
 

A fast gain-switched 2-µm Tm-doped fiber laser 
and amplifier is presented. It operates at a pulse 
repetition rate of 25 kHz and delivers a pulse energy of 
up to 0.64 mJ in 17 ns, corresponding to a peak power 
of 35.6 kW. The laser system scheme has a potential 
for further scalability of output average-power while 
keeping the reduced complexity. 
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Summary: A fiber optical based on a miniature fiber collimator Fabry-Perot Interferometer (FPI) is demonstrated for bend 
measurements. The device consists of a quarter-pitch graded index fiber (GIF) spliced with a section of silica tube, which is 
interposed between single mode fibers. The divergence angle of the included miniature fiber collimator was 0.058 rad. In 
comparison, the divergence angle without the collimator was 0.130 rad. The sensitivity of a miniature fiber collimator FPI is 
found to enhance to -1.552 dB/degree over the applied angle range.  
 
Keywords: Optical fiber sensors, Fiber optics, Fabry-Perot. 
 
 
 
1. Introduction 
 

Optical fiber-based Fabry-Perot interferometers 
(FPIs) have been reported in many literatures with the 
advantages of immunity to electromagnetic 
interference, easy fabrication, wide application range, 
compact size, linear response, and high reliability. 
They have been used to measure various physical 
parameters such as temperature [1], pressure [2], 
reflective index [3, 4], strain [5], and sound intensity 
[6]. Among the physical parameters which have been 
quantified using fiber sensors, material bend has 
recently been attracting attention because of its 
significance in various engineering and structural 
monitoring applications.  

Bend sensors have been fabricated using a wide 
range of techniques and materials. For example, 
Abdual et al. described a compound structure of single 
fiber Bragg grating (FBG) with an etched fiber 
segment [7]. However, the fabrication of this sensor 
required the use of 40 % hydrofluoric acid (HF) as an 
etchant. In addition, the resulting sensitivity was 
relatively small (i.e., 0.43 dBm/degree). Frazão et al. 
used the combination of a long-period fiber grating 
(LPG) and a fused taper to measure the bend angle [8]. 
This sensor was only able to be used in transmission 
configuration and would not be preferable for single-
ended sensor applications. Moreover, this sensor 
involved the complicated fabrication process of 
inscribing an LPFG. Liu et al. developed a bend senor 
using hollow core photonic crystal fibers with a 
relatively large measurement range (i.e. ±50°) [9]. 
However, hollow core photonic crystal fibers can be 
cost prohibitive. In addition, the wavelength 
interrogation was used in their work, and always 
requires complex and expensive wavelength de-
modulation devices. Recently, Bai et al. developed a 
bend senor based on a U-shaped Fabry-Perot cavity 

[10]. The device was fabricated by splicing a section 
of microfiber with two single mode fibers, a  
non-robust process. 

In this study, we propose and demonstrate a novel 
bend sensor consisting of a Fabry-Perot interferometer 
(FPI). Maintaining a high fringe visibility is critical 
with these devices as lower values result in a reduced 
signal-to-noise ratio (SNR). Fringe visibility was 
determined by the divergence angle of the beam split 
from the first reflected FPI surface [11]. A collimator 
could be used to reduce this divergence angle and 
fabricate an FPI with sufficiently high fringe visibility. 
In previous studies, graded refractive index (GRIN) 
lenses were used as optical collimators. However, 
GRIN-lens-based collimators are always quite bulky. 
Graded index fibers (GIF) have also been used to 
create optical collimators in many applications such as 
probes in optical coherence tomography [12], low-loss 
optical connectors [13], and optofluidic tunable 
manipulation [14]. A high fringe visibility FPI can be 
fabricated from quarter-pitch graded index fibers, 
which function as a collimator-like micro GRIN lens 
[15, 16]. 

The FPI proposed in this study was fabricated by 
splicing a section of silica tube with a quarter-pitch 
GIF-based collimator and a single mode fiber (SMF). 
The air cavity between the GIF end face and the SMF 
serves as an FPI cavity and a direct sensing head. The 
divergence angle of the beam exiting from the quarter-
pitch GIF was measured experimentally and found to 
be smaller than the SMF. The fringe visibility 
enhancement of the GIF-FPI was experimentally 
validated and compared with that of a conventional 
SMF-FPI. Theoretical results suggested that the  
GIF-FPI can be used to detect bend angles. Fringe 
visibility was found to decrease when the GIF-FPI was 
applied with a given bend angle. 
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2. Device Fabrication 
 

The FPI was fabricated by splicing a section of 
silica tube with a fiber collimator and a single mode 
fiber (SMF). The fiber collimator was fabricated by 
splicing an SMF and a quarter-pitch GIF (Yangtze 
Optical Fiber, 62.5/125GI 0.275) to a single mode fiber 
(Corning G652D). A GIF with an exact length can then 
be cut using a fiber-processing system with an error of 
±10 μm. This device was fabricated with two precision 
translation stages (Thorlabs XR25P/M), a fiber cleaver 
(Sumitomo FC-6S), and a microscope (Sunway). To 
validate the divergence angle, it was necessary to 
measure the divergence angle as a function of GIF 
length. This was done using the experimental setup 
shown in Fig. 1(a). Light from a tunable laser (Agilent 
81940A, central wavelength: 1550.00 nm) was 
incident on an SMF spliced with a GIF collimator held 
fixed by a fiber holder. The output end face of the GIF 
collimator was positioned parallel to the receiving 
surface of an infrared CCD (Newport LBP2-HR-IR2) 
by adjusting the stage under the GIF collimator. The 
intensity profile was collected by the beam profiler and 
stored to a computer. A variable optical attenuator 
(VOA) was used to avoid saturation of infrared CCD 
pixels. Fig. 1(c) shows the divergence angle 
measurement configuration. Fig. 1(b) shows a sample 
output beam optical profile from the GIF collimator, 
obtained using the infrared CCD. The beam radius 
(1/e2 of the maximum intensity) and intensity 
maximum could then be calculated. 
 

 
 

Fig. 1. (a) A schematic diagram of the divergence angle 
measurement configuration; (b) a far-field IR image obtained 
with an infrared CCD; (c) an image of the divergence angle 
measurement setup. 
 

The divergence angle θ0 can be calculated from the 
slope of the beam width as a function of distance, as 
shown in Fig. 2(a).The divergence angle of the GIF 
length ranged from 0-520 μm was measured. The red 
curve plotted in Fig. 2(b) is a simulation of the 
relationship between GIF length and divergence angle. 
The measurements agreed well with simulated results. 
The minimum divergence angle was 0.058 rad at a GIF 
length of 245 μm, with an SMF divergence angle of 
0.130 rad. These results demonstrate that a collimator 
can be successfully fabricated by splicing an SMF with 
a GIF of appropriate length. 
 

 
 

Fig. 2. (a) Beam width response as a function of distance; 
(b) divergence angles as a function of GIF length. 

 
A GIF collimator was investigated to enhance 

fringe visibility with different length of FP cavity. A 
GIF-FPI was fabricated by splicing a GIF collimator 
with a section of silica tube and a well-cut SMF. The 
reflection spectra of FPI were investigated using a 1×2, 
3 dB fiber coupler connecting a super-luminescent 
source and an optical spectrum analyzer (OSA).  
Figs. 3(a), (b) and (c) show a microscope image and 
reflection spectra for an SMF-FPI, a quarter-pitch  
(245 μm) GIF-FPI and a half-pitch (490 μm) GIF-FPI, 
respectively. Each of these devices had approximately 
the same cavity length (~98 μm). Fig. 4 shows that 
fringe visibility for the SMF-FPI and half-pitch  
(493 μm) GIF were ~9 dB, while that of the  
quarter-pitch (245 μm) GIF-FPI was 23 dB. These 
results indicate the fringe visibility can be enhanced by 
decreasing the divergence angle. 
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Fig. 3. (a) Microscope image of SMF-FP, 1/4 pitch GIF-FP 

and 1/2 pitch GIF-FP at the cavity length of 98 μm. 
 

 
 

Fig. 4. Reflection spectra of the SMF-FP, 1/4 pitch GIF-FP 
and 1/2 pitch GIF-FP at the same cavity length of 98 μm. 

 
 
3. Bend Response 
 

FPI fringe visibility can be strongly affected by the 
degree of parallelism between the two reflected 
surfaces. Hence, a quarter-pitch (245 μm) GIF-FPI can 
be used as a highly sensitive bend angle sensor by 
measuring the resulting fringe visibility. 

A quarter-pitch (245 μm) GIF-FPI with a cavity 
length of 100 μm was used to test sensitivity to bend 
angle and an SMF-FPI was included for comparison. 
Figs. 3(a) and (b) show microscope images of a 
quarter-pitch GIF-FPI (245 μm) with a cavity length of 
100 μm and an SMF-FPI with a cavity length of  
100 μm, respectively. Fig. 5 shows a schematic of the 
bend angle measurement apparatus. The fiber holder 
was installed on the upper horizontal stage. These and 
the ceramic ferrule with a 130 μm inner diameter were 
mounted on the outer horizontal stage. The sample was 
then fixed on the fiber holder and moved into the 
ceramic ferrule horizontally. Motion ceased when the 
FPI cavity section used as a sensor emerged from the 
front end of the ceramic ferrule. Various bend angles 
could be achieved by raising the mandrel, which were 
then observed and calculated using a microscope. 
Reflection spectra were assessed using a 1×2, 3 dB 

fiber coupler connecting a super-luminescent source 
and an optical spectrum analyzer (OSA). 

 

 
 

Fig. 5. The experimental setup for bend angle 
measurements. 

 
Fig. 6(a) show that the response of quarter-pitch  
(245 μm) GIF-FPI for angles ranging from 0o to 5.6o. 
It can be seen that the sensitivity of -0.011 dB/degree 
is lower for the angle ranges of 0o to 2.5o. As the angle 
increased further, this sensitivity was enhanced to  
-1.552 dB/degree for the angle ranges of 2.5o to 5.6o. 
And the wavelength response can be neglected for the 
ranges of 0o to 2.5o. The wavelength response is  
-0.196 nm/degree for the angle ranges of 2.5o to 5.6o. 
In comparison, Fig. 3(b) show that the sensitivity is  
-0.004 dB/degree for the angle ranges of 0o to 2.0o, and 
-0.618 dB/degree for the angle ranges of 2.5o to 4.0o. 
And the wavelength response is -0.194 pm/degree for 
the ranges of 0o to 4.0o. 
 

 
 

Fig. 6. (a) Bend angle response for a quarter-pitch (245 μm) 
GIF-FPI with a cavity length of 100 μm; (b) bend angle 
response for the SMF-FPI with a cavity length of 100 μm. 
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4. Conclusions 
 

We demonstrated a fiber optical based on a 
miniature fiber collimator Fabry-Perot interferometer 
(FPI) for bend angle measurements. The device is 
compact, easy to fabricate, and low cost. The 
divergence angle of a miniature fiber collimator based 
on single mode fiber spliced with a quarter-pitch  
(245 μm) GIF is 0.058 rad is much less than 0.113 rad 
of single mode fiber. And fringe visibility of FPI can 
be vastly enhanced using a miniature fiber collimator. 
The bend angle sensitivity of a miniature fiber 
collimator FPI is -1.552 dB/degree ranging from  
2.5o to 5.6o.  
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Summary: The strong change of transparency in the visible and the modulation of the refractive index in the NIR which 
accompanies the photoreaction in P-type photochromic materials can be exploited to obtain amplitude and phase holographic 
optical elements, respectively. In this background, we developed a series of photochromic polyurethanes based onto 
dithienylethene and dithiazolethene derivatives. The different polymers in thin films show an optical density (OD) modulation 
in the visible of the order of 1-3. The change in the refractive index in the NIR have been determined by ellipsometry showing 
changes larger than 0.01, depending on the absorption properties of the different polymers. Examples of devices based on these 
photochromic polyurethanes will be described. 
 
Keywords: photochromism, polymers, amplitude, phase. 
 
 
1. Introduction 
 

Photochromic materials reversibly change their 
properties as a consequence of an external light 
stimulus and are interesting in many fields. For a long 
time, photochromic fulgides, spiropyrans, and  
spiro-oxazines have been used in transition lenses, 
which modify their transparency depending on the 
intensity of sunlight [1]. Among photochromic 
materials, diarylethenes combine high photochromic 
perfor-mances with the thermal stability of the colored 
state [2]. Moreover, they show a large variation of both 
their extinction coefficient in the UV–Vis spectral 
region and their refractive index in the NIR spectral 
region, and have been applied to develop rewritable 
optical elements for optics including amplitude 
elements such as computer generated holograms, 
transparency masks for lithography, and astronomical 
multi-object spectroscopy [3]. 
 
 
2. Photochromic Polymers 
 

In order to be applied in optics, the photochromic 
film is required to: (i) achieve a large modulation of the 
target property; (ii) show a good photochromic 
response; and (iii) show good overall optical and 
mechanical properties. To achieve such goals, we 
proposed backbone photochromic polymers, where the 
photochromic units are part of the polymer main chain 
[4-5].  

In particular, we here consider photochromic 
polyurethanes, which show good resistance to solvents 
and allow for a versatile synthesis. We synthesized six 
photochromic polymers, which differ in the nature of 
the photochromic unit, to impart the film different 
optical properties. We considered an high content of 
photochromic monomers (50 % ratio on the total OH 

groups) to obtain a large property modulation. When 
exposed to UV light the films become opaque in the 
visible (A to B reaction in Fig. 1), while are completely 
bleached when exposed to visible light (B to A reaction 
in Fig. 1). The absorption peaks in the visible region 
vary from 530 to 630 nm according to the increased 
conjugation of the colored form of the polymer, as 
reported in Fig. 1 and Table 1. The optical contrast in 
the visible (i.e., the modulation of the OD between the 
two forms of the polymer) varies as function of the 
polymer and is of the order of 1000-3000 (OD1-OD3). 
Interestingly, simulations revealed that the maximum 
OD modulation depends on the exposure wavelength 
in the UV, due to the complex absorption spectra of the 
polymer in the two forms.  
 

 
 

 
 

Fig. 1. The characteristic photochromic reaction of 
diarylethenes. Absorption coefficient of the different 

photochromic polymers in the colored states. 

A                              B

UV

VIS
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Table 1. Properties of the different polymer films. 
Absorption peak and extinction coefficient of the polymers 

in the colored form, and refractive index modulation 
between the two forms at 800 and 1700 nm. 

 

Polymer (nm) 
 

(m2/mol) 

Δn at 
800 nm 
× 10-2 

Δn at 
1700 nm 

× 10-2
 

1 536 830 1.6 0.7 
2 566 1010 2.1 1.0 
3 586 1140 2.7 1.2 
4 593 1170 2.8 1.3 
5 600 1200 3.2 1.5 
6 613 1320 3.8 1.7 

 
The refractive index modulation (Δn) between the 

two forms of the polymers was determined with 
ellipsometry. Large refractive index changes are 
located in the 600-800 nm spectral region due to a 
resonance effect, but the modulation is also present in 
the 800-1500 nm region as a pre-resonance effect. Δn 
values of the order of 10-2 have been obtained, as 
reported in Table 1. Polymers with a larger peak in the 
visible and a larger extinction coefficient show a 
higher Δn at any selected wavelength, even far from 
the resonance frequency. This can be explained by 
considering that the transparent form shows an 
absorption only in the UV while the opaque form also 
in the visible. Due to the pre-resonance effect, the 
polymers showing a higher absorption in the red region 
also provide a higher refractive index modulation in 
the NIR.  

 

 
 

Fig. 2. Example of the ellipsometric parameters ∆ and Ψ  
for the transparent (blue) and opaque (orange) forms  

of the photochromic polymer. 

3. Photochromic Devices 
 

The property modulation in these photochromic 
polymers is suitable to develop different optical 
elements, working both in the visible or near IR region. 
Exploiting the amplitude modulation in the visible we 
developed rewritable Focal Plane Masks (FPMs) for 
multi-object spectroscopy to collect the spectra of 
different sky targets with a single exposure. We also 
developed other two rewritable devices for the 
interferometric testing of optical elements, namely 
amplitude Computer Generated Holograms (CGHs) 
and Point Diffraction Interferometers. To exploit the 
refractive index modulation of the photochromic 
polymers in the near-IR region we studied Volume 
Phase Holographic Gratings and, more recently, the 
possibility to realize rewritable optical waveguides. 
 
 
4. Conclusions 
 

We developed a series of photochromic 
polyurethanes based onto dithienylethene and 
dithiazolethene derivatives, showing a modulation of 
the OD in the visible up to 3, and a change in the 
refractive index in the NIR as large as 0.01. Examples 
of devices based on these photochromic polyurethanes 
have been described. 
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Summary: Graphene is a two-dimensional material with strongly nonlinear electrodynamics and optical properties. We 
present some of our recent theoretical results on the quantum and non-perturbative quasi-classical theories of nonlinear effects 
in graphene, influence of substrates on graphene nonlinearities, plasma oscillations in graphene in the nonlinear regime and 
other effects. 
 
Keywords: Graphene, Nonlinear optics, Third harmonic generation, Optical Kerr effect, Optical heterodyne detection scheme. 
 
 
1. Introduction 
 

Graphene is a two-dimensional (2D) crystal 
consisting of a single atomic layer of carbon atoms [1]. 
Charge carriers in graphene have a linear energy 
dispersion  

 

 E±(k)=±ћvF|k|. (1) 
 
Fig. 1, and behave as massless Dirac quasi-

particles; here vF≈108 cm/s is the material parameter 
(Fermi velocity). It was theoretically predicted [2] that 
the linear dispersion (1) should lead to a strongly 
nonlinear electrodynamic response of this material. 
This can be seen indeed from simple physical 
considerations. In contrast to massive particles, the 
velocity v=∂E±(k)/∂p= vFk/|k| of electrons with the 
spectrum (1) is not proportional to the momentum, 
therefore if an electric field E0cos(ωt) acts on it, its 
momentum p=ћk oscillates as sin(ωt) but the velocity 
v~sgn[sin(ωt)] contains higher frequency harmonics. 
All other nonlinear effects can evidently also be seen 
in graphene due to the same reasons. 
 

 
 

Fig. 1. The band structure of graphene electrons near  
the Dirac points at the corners of the hexagonal  

Brillouin zone.  

This prediction has been confirmed in numerous 
experiments performed in the last years, in which 
harmonics generation, four-wave mixing, Kerr effect 
and other nonlinear phenomena have been observed in 
graphene at microwave through optical frequencies. In 
this paper we report about some of our recent results 
on the theory of nonlinear graphene electrodynamics 
and optics. 
 
 
2. Theory 
 
2.1. Quantum Theory of the Third-Order Effects 
       in Graphene 
 

The simple semiclassical picture of the nonlinear 
graphene response outlined above is valid at low 
(microwave, terahertz) frequencies, ћω<2EF, when the 
interband transition from the lower (valence) to upper 
(conduction) band are not essential. A quantum theory 
valid at all frequencies was developed in [3]. The third-
order conductivity tensor σαβγδ

(3)(ω1+ω2+ω3;ω1,ω2,ω3) 
was analytically calculated within the perturbative 
approach; here the first argument ω1+ω2+ω3 is the 
output signal frequency which equals the sum of three 
different input frequencies ω1, ω2, and ω3. Using the 
function σαβγδ

(3)(ω1+ω2+ω3;ω1,ω2,ω3) one can analyze a 
large number of different nonlinear effects. 

 
 
2.1.1. Harmonics Generation 
 
Fig. 2 shows the function σxxxx

(3)(3ω;ω,ω,ω) which 
determines the third harmonic generation from a single 
graphene layer. Three resonances which are clearly 
seen at T=0 K and correspond to the one-, two-, and 
three-photon absorption at the absorption edge 
(ћω=2EF, EF and 2EF/3) can be tuned by the gate 
voltage which controls the Fermi energy and the 
electron (hole) density in the sample. At room and 
higher temperatures these resonances get broader (here 
T is the electron temperature which can essentially 
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exceed the lattice temperature in the nonlinear optics 
experiments). 
 
 

 
 

Fig. 2. The absolute value of the third conductivity 
σxxxx

(3)(3ω;ω,ω,ω) of a single graphene layer as a function of 
the incident photon energy ћω at the Fermi energy 0.2 eV and 
the effective relaxation rate 5 meV. Three resonant features 
at T=0 K correspond to the one-, two-, and three-photon 
absorption at the Fermi edge (ћω=2EF, EF and 2EF/3). 
 
 
2.1.2. Kerr Effect and Saturable Absorption 
 

Fig. 3 shows the real and imaginary parts of 
σxxxx

(3)(ω;ω,ω,-ω) at room and a higher temperature. 
The real part of σxxxx

(3)(ω;ω,ω,-ω) determines the 
nonlinear absorption in graphene. It is negative at all 
frequencies, which corresponds to a reduction of the 
linear absorption in strong electric field, and has a 
broad resonant feature (at 300 K) around 0.4 eV 
(ћω=2EF). The imaginary part of σxxxx

(3)(ω;ω,ω,-ω) is 
positive at infrared and optical frequencies, has a broad 
resonance at ћω=2EF and changes its sign at low 
frequencies. The positive sign of Im σxxxx

(3)(ω;ω,ω,-ω) 
implies an effective negative refractive index of 
graphene corresponding to the self-defocusing Kerr 
nonlinearity, Ref. [4], see Section 2.4 for further 
discussions. 

 
 

 
 

Fig. 3. The real and imaginary parts of the third 
conductivity σxxxx

(3)(ω;ω,ω,-ω) as a function  
of ћω at EF= 0.2 eV and Γ=5 meV. 

2.1.3. Second Harmonic Generation from 
Graphene Driven by a Direct Current 

 
Graphene is a centro-symmetric material, therefore 

under the action of a uniform external electromagnetic 
field it may produce only odd frequency harmonics. 
The central symmetry can be broken if a strong direct 
current is passed through the layer. Fig. 4 shows the 
function σxxxx

(3)(2ω;ω,ω,0) which determines the 
second harmonic generation from a single graphene 
layer irradiated by an electromagnetic wave with the 
frequency ω and driven by a strong direct current. Two 
resonances at ћω=0.2 and 0.4 eV correspond to the 
inter-band transitions at ћω=EF and 2EF. It is also 
noticeable that the absolute value of the function 
σxxxx

(3)(2ω;ω,ω,0) responsible for the second harmonic 
generation is several orders of magnitude larger than 
the third harmonic generation function 
σxxxx

(3)(3ω;ω,ω,ω). 
Similarly one can consider other nonlinear effects. 
 
 

 
 
Fig. 4. The absolute value of the third conductivity 
σxxxx

(3)(2ω;ω,ω,0) of a single graphene layer as a function of 
ћω at EF=0.2 eV and Γ=5 meV. The resonant features at T=0 
K correspond to ћω=2EF and EF. 
 
 
2.2. Influence of Substrates on the Third 
       Harmonic Generation in Graphene 
 

All results discussed so far refer to an isolated 
graphene layer in air. In real experiments graphene lies 
on a substrate. The influence of different types of 
substrates on the third harmonic generation efficiency 
was studied in Refs. [5, 6]. Different types of 
substrates were considered and their very strong 
influence on the harmonic generation efficiency was 
demonstrated, Fig. 5. The results can be summarized 
as follows. 
 
 
2.2.1. Dielectric Dispersionless Substrate 
 

If graphene lies on a dielectric layer of thickness d 
with a frequency independent refractive index n the 
third harmonic generation efficiency η(3)=I3ω/Iω

3 can 
only be smaller or equal to the efficiency η(3) in isolated 
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graphene. The substrate does not influence η(3) only if 
the substrate thickness d is a multiple of λ/2,  
2d/λ = integer, where λ is the wavelength of radiation 
in the dielectric. If this condition is not satisfied the 
harmonic generation efficiency can be suppressed by 
many orders of magnitude, as compared to the isolated 
graphene layer. 

 
 

 

 
 

Fig. 5. Third harmonic generation efficiency η(3)=I3ω/Iω
3  

as a function of frequency: (a) in a structure air-graphene-
polar dielectric-air (AGPA) and (b) air-graphene-dielectric-
metal-air (AGDMA). Black curves show η(3) for isolated 
graphene (structure AGA) at T=0 K; resonances are seen  
at the frequencies ћω=2EF, EF and 2EF/3. The transverse 
(TO) and longitudinal (LO) optical phonon frequencies  
in (a) lie at 15 and 30 THz respectively, d is the dielectric 
thickness. The density of electrons is (a) 0.7×1011 cm-2  
and (b) 1011 cm-2. 
 
 
2.2.2. Polar Dielectric Substrate 
 

If the substrate is made out of a polar dielectric with 
one or a few optical phonons resonances in the 
dielectric function ε(ω), the efficiency η(3) can be 
substantially increased in certain frequency intervals, 
Fig. 5(a), due to resonances at the TO and LO phonon 
frequencies. In addition, in the frequency range 
between ωTO and ωLO a flattening of the frequency 
dependence of η(3) can be observed, Fig. 5(a). This 
effect can be useful for some applications since in the 
isolated graphene the efficiency η(3) very quickly falls 
down with the frequency. The use of the polar 
dielectric substrate may help to achieve almost 
frequency independent third-order response of 

graphene. This effect is the case in the range of TO/LO 
phonon frequencies, i.e. at a few to a few tens of THz.  

 
 

2.2.3. Dielectric Dispersionless Substrate  
          with a Metalized Back Side 
 

If the dielectric substrate with a frequency 
independent refractive index is covered by a thin 
metallic layer on the back side the efficiency of the 
third harmonic generation can be increased by more 
than two orders of magnitude as compared to the 
isolated graphene, Fig. 5(b). This happens if  
2d/λ = integer + 1/2 and is due to Fabry-Pérot 
resonances in the dielectric substrate.  

The correct choice of the substrate material and 
thickness is thus very important for successful device 
operation. The substrates may both suppress and 
increase the third harmonic generation efficiency η(3) 
by several orders of magnitude. 
 
 

2.3. Nonperturbative Quasi-Classical Theory  
       of the Nonlinear Effects in Graphene 
 

So far we discussed the results of the quantum 
theory of the third-order response of graphene which 
are valid at all frequencies (ћω is smaller and larger 
than 2EF) but restricted by the third order Taylor 
expansion of the current in powers of the electric field, 
j ~ σ(1)E0+σ(3)E0

3. At low (microwave, terahertz) 
frequencies, ћω<2EF, one can develop a 
nonperturbative quasi-classical theory of the graphene 
response. At ћω<2EF the interband transitions from the 
valence to the conduction band can be neglected and 
the nonlinear graphene response can be described by 
quasi-classical Boltzmann equation. If the scattering 
integral is written in the τ-approximation form (τ is the 
momentum relaxation time) and the external ac electric 
field is uniform, Boltzmann equation can be solved 
exactly [7].  

Using the results obtained in [7] one can calculate 
the generation efficiency of all (odd) frequency 
harmonics in arbitrarily strong electric fields. Fig. 6 
shows as an example the field dependence of the 
generalized complex conductivity of the graphene 
layer σnω,ω(ωτ,Fτ), which is defined as the ratio of the 
n-th harmonic of the current to the 1st harmonic of the 
field (in Fig. 6 n=7).  

We have also calculated the transmission T, 
reflection R and absorption A coefficients of the wave 
with the frequency ω passing through a single 
graphene layer, at arbitrary values of the incident wave 
power. The frequency and power dependencies of the 
coefficients T, R and A also depend on the ratio γrad/ γ 
of the radiative decay rate γrad to the dissipative 
damping rate γ=1/τ [7]. In all values of two parameters 
ωτ and γrad/γ the reflection coefficient decreases while 
the transmission coefficient grows with the wave 
power. The absorption coefficient A typically 
decreases (the saturable absorption effect) but in some 
cases (e.g. at γrad/γ~2) the absorption A first grows and 
then decreases with power [7]. 
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Fig. 6. A generalized conductivity σ7ω,ω(ωτ,Fτ)≡ σ0S7(ωτ,Fτ), 
which determines the 7th harmonic current j7ω in response to 
the ω-harmonic of the external ac field Eω, as a function of 
the field strength Fτ= eEωτ/pF; here pF is the Fermi 
momentum and σ0 is the static Drude conductivity. 
 
 
2.3. Influence of Nonlinearities on the Spectrum  
       of Plasmons in Graphene 
 

The spectrum of plasma waves ω=ωp(q) in two-
dimensional (2D) electron systems is determined by 
the dispersion equation [8] 

 
 1+2πiσ(ω)q/ωκ=0, (2) 

 
where ω and q are the frequency and the wave vector 
of the 2D plasmon, σ(ω) is the dynamic conductivity 
of the 2D layer and κ is the dielectric constant of the 
surrounding medium. The spectrum of 2D plasmons in 
graphene at ћω<2EF can be obtained from (2) if to use 
for σ(ω) the dynamic conductivity of graphene, see e.g. 
[9]. In the nonlinear regime, when the 2D plasmons are 
excited by a strong electromagnetic wave, the linear 
graphene conductivity σ(ω) should be replaced by the 
field dependent conductivity σω,ω(ωτ,Fτ) derived in [7]. 
Using this way we have studied the influence of 
nonlinear effects on the frequency, linewidth, 
wavelength and propagation length of two-
dimensional plasmons in graphene [10]. Fig. 7 
qualitatively illustrates the influence of the electric 
field strength on the far-infrared absorption spectrum 
in an array of narrow graphene stripes. A narrow  
weak-field plasma resonance centered at the plasma 
frequency ωp shifts to lower frequencies and gets 
broader in the strong field regime. These predictions 
have been experimentally confirmed. 

 
 

2.4. Experiments on the Nonlinear Graphene 
       Electrodynamics 
 
2.4.1. Electrical Control of the Nonlinear Response 
          of graphene 
 

Experimentally nonlinear electrodynamic and 
optical effects in graphene have been studied since 
2010, e.g. Refs. [11, 12]. In early works the role of the 
parameter ћω/2EF which allows one to take advantage 

of the inter-band resonances was not fully understood 
and the experiments have been mainly performed on 
undoped graphene and at a few fixed incident wave 
frequencies. After the quantum theory of the nonlinear 
effects in graphene appeared (Ref. [3]) a number of 
experiments have been done aiming to use the unique 
graphene property to control its nonlinear response by 
the gate voltage. The electrical control of the  
four-wave mixing effect in graphene was first 
demonstrated in Ref. [13]. The gate voltage 
dependence of the third harmonic generation was 
demonstrated in the preprint [14]. These experiments 
confirmed the predictions of the theory [3]. 

 

 
 

Fig. 7. Influence of the electric field strength on the shape 
of plasma resonances in a FIR absorption experiment  

in an array of narrow graphene stripes. 
 
 
2.4.2. Analysis of the Optical Kerr Effect 

Measured by the Heterodyne Detection  
Technique 

 
One of the nonlinear phenomena potentially 

important for applications is the optical Kerr effect. It 
is typically measured by the Z-scan method or by using 
a more elaborated optical heterodyne detection (OHD) 
technique. In a recent paper [4] the optical Kerr effect 
has been studied by both techniques and the effective 
nonlinear refractive index n2 of graphene was found to 
be about –10-9 cm2/W at the telecommunication 
wavelength ~1.6 µm.  

In our recent paper [15] we have performed a 
detailed theoretical analysis of the OHD technique. 
First of all we have shown that the quantity n2 which is 
typically used for characterization of the Kerr effect in 
bulk (three-dimensional) materials is inapplicable for 
two-dimensional crystals. Instead of the scalar real 
parameter n2 one should use the complex fourth rank 
tensor σαβγδ

(3)(ω;ω,-ω,ω) to characterize the Kerr effect 
in atomically thin materials like graphene. We have 
shown how the quantities measured in a typical OHD 
experiment (e.g. in [4]) are related to the real and 
imaginary parts of the third conductivity tensor 
components and how to modify the experiment [4] in 
order to extract all nonlinear components of the tensor 
σαβγδ

(3)(ω;ω,-ω,ω) in dependence of the radiation 
frequency and polarization, charge carrier density, 
temperature and scattering parameters of graphene. 
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3. Summary 
 

(1) Due to the linear energy dispersion of graphene 
electrons this material has strongly nonlinear 
electrodynamic and optical properties. 

(2) The unique feature of graphene is that its 
nonlinear electrodynamic response strongly depends 
on the position of Fermi energy and hence on the 
electron density. This opens up opportunities to 
electrically control the nonlinear response of graphene 
by the gate voltage. 

(3) The analytical quantum theory of the nonlinear 
electrodynamic response of graphene developed in 
recent years predicts a large number of interesting 
nonlinear effects many of which have not yet been 
experimentally studied. Available experimental results 
are in good agreement with the theory. Further 
experimental and theoretical studies of the nonlinear 
effects in graphene are needed. 

(4) The unique nonlinear properties of graphene 
pave new ways to the development of novel electronic 
and photonic devices operating in the very broad 
frequency range from microwave and terahertz up to 
infrared and visible light frequencies. 
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Summary: Photochromic materials based on diarylethenes show strong modulation of optical properties such as absorption 
and refractive index. Thin film of these materials can be obtained by spin coating onto a glass substrate, in different geometries 
and absorption properties, depending on dye concentration. An optical density (OD) modulation in the visible of the order of 
1-3 is obtained. These films are exploited in many optical applications such as Focal Plane Masks (FPMs) for astronomical 
purpose or Computer Generated Holograms (CGHs). In respect to traditional devices, masks and CGHs based on photochromic 
materials are easy and fast to be produced and can be rewritten several times.  
 
Keywords: Photochromism, Polymers, Focal Plane Mask, Computer generated hologram. 
 
 
1. Introduction 
 

Photochromism is the ability of a material of 
switching between two states characterized by 
different properties such as absorption, refractive 
index or polarizability, in response of external stimuli. 
In the last decades materials based on photochromic 
molecules such as fulgides, spiropyrans,  
spiro-oxazines and azobenzenes have been exploited in 
many fields: optics, lithography, data storage [1, 2]. 
Among them diarylethenes molecules are suitable for 
optics application thanks to their fast response, thermal 
irreversibility, high fatigue resistance and high 
extinction coefficient [3].  
 

 
2. Photochromic Materials Based  
    on Diarylethenes 
 

A diarylethene molecule exist in two active forms 
with different extinction coefficient in the UV-visible 
spectra (Fig. 1) and it is possible to tune their properties 
such as position and intensity of the visible absorption 
band by changing the lateral substituents of the 
molecule. Thus we can design a material which best 
matches the needs of a specific application. 

Photochromic materials have been produced in 
form of thin film following two different strategies: 
polyurethanes, where the dyes are covalently linked to 
the polymer structure, and polymer blends, in which 
the dyes are dispersed in a polymer matrix. 

The films were produced via spin coating on glass 
substrates of 25×25 mm and 50×50 mm, obtaining 
thickness of 2-3 micron and strong absorption 
properties (OD in the range of 2-3 at the maximum of 
absorption in the visible band). 

 
 

 
 

Fig. 1. The characteristic photochromic reaction  
of a diarylethene molecule and its absorption spectra  

in the transparent and colored states. 
 

 
 
 

3. Photochromic Devices 
 

The property modulation in these photochromic 
polymers are suitable to develop different optical 
elements, working both in the visible and near IR 
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region. Exploiting the amplitude modulation in the 
visible we developed rewritable Focal Plane Masks 
(FPMs) for multi-object spectroscopy (MOS). We also 
developed rewritable devices for the interferometric 
testing of optical elements, namely amplitude 
Computer Generated Holograms (CGHs).  
 
 
3.1. FPM 
 

A Focal Plane Mask is an optical device used in 
astronomical spectrograph to select an object in the 
field of view of the telescope and collect its spectra 
avoiding contamination. They are traditionally 
obtained drilling many aperture on a single metal sheet, 
making possible to collect several spectra during the 
same acquisition. Of course they are single used masks 
useful for one specific observation.  

To solve this problem and speed up the production 
process we developed photochromic FPMs consisting 
in a thin film of photochromic material deposited on a 
glass substrate, obtained mixing two diarylethene 
molecules in the same film in order to extend the 
spectral absorption range of the coloured form.  

To obtain the wanted slits, the mask is made opaque 
by UV exposure, then the apertures are written by 
means of a laser, which make the film transparent 
locally. Once the mask have been used it can be erased 
and rewritten with a new pattern. 
 

 
 

Fig. 2. (A) Image of a galaxy as seen from the Copernicus 
telescope at Asiago. (B) Same image with the FPM 
superimposed. (C) Spectra collected from the Spectrograph. 
 
 
3.2. CGH 
 

A CGH is an amplitude or phase diffraction 
element used to generate a desired wavefront. CGHs 
based on photochromic materials can be used both in 
the visible, exploiting absorption modulation, and in 
the near IR, exploiting refractive index modulation [4]. 
Recently binary CGHs as well as grayscale CGHs were 
produced by means of a Digital Micro-mirror Device 
(DMD), which enables to transfer a desired pattern all 
in a once on a photochromic plate [5].  

 
 

Fig. 3. Example of binary (A) and grayscale (B) CGH of the 
letter Z transferred on a photochromic film and the 
reconstruction of the image at the focal plane  
in the two cases (B, D). 
 
 
4. Conclusions 
 

We developed photochromic materials based on 
diarylethene molecules, showing high modulation of 
optical properties such as absorption and refractive 
index. We produced photochromic films with 
properties and geometries optimized for different 
application, in particular we developed rewritable 
CGHs and FPM for MOS spectroscopy.  
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Summary: The paper describes how to record dispersed microparticles in the fast processes using the digital holography and 
following mathematical treatment with recovery of microparticle spatial distribution. The reconstruction of microparticle 
images is analyzed based on cross-correlation between holograms and point scattering function at the given distance.  
 
Keywords: Digital holography, Fraunhofer holography, Dispersed microparticles, Reconstruction images, Fast processes. 
 

 
 

1. Techniques  
 

One of techniques to record the dispersed 
microparticles in the fast processes is a digital dynamic 
holography. The most widely used experimental setup 
is in-line Fraunhofer holography [1-5]. A laser beam 
propagates through the volume of interest and some of 
the light scatters from the microparticles. The other 
light travels through the volume as unscattered. Both 
wavefronts interfere so that the scattered light is a 
signal wave and the unscattered one is a reference 
wave. (Fig. 1) 

 
 

 
1 – camera, 2 and 4 – lenses, 3 – investigated object,  

5 – telescope, 6 – laser 
 

Fig. 1. Schematic of experimental setup. 
 
 

Fig. 1 illustrates the components of holographic 
setup. The setup operates as follows: the laser (6) beam 
is collimated by the telescope (5) and directed to the 
lens (4). The investigated object (3) is placed between 
the lenses (4) and (2) in the waist. The holograms are 
recorded by the camera (1). 

The in-line Fraunhofer holography implies that the 
signal wave and the reference wave propagate in one 
direction while the traditional holography provides for 
the signal wave to be transmitted to the recorder apart 
from the reference wave. Fig. 2 shows Fraunhofer 
hologram. 

In this case the hologram is a micropattern from 
concentric rings formed by each particle separately. 
This hologram woks as Fresnel-zone plates. 

An optic holography is based on recording of 
holographic images of moving particles and on particle 
image reconstruction through a numerical processing 
of holograms applying Fresnel-Kirchhoff integral [6]. 

 

 
 

Fig. 2. in-line Fraunhofer hologram of dispersed  
particles [6]. 

 
 

2. Results 
 

In order to reconstruct a digital hologram, the 
mathematical simulation needs to be used to distribute 
the reference wave, diffract its hologram and generate 
the reconstructed wave front. The Huygen’s principle 
states that every point on the hologram is a source of 
secondary spherical harmonics expressed by: 

 

 U r, t exp iωt ikr , (1) 

 
where r is the distance from the source to the 

investigated object;  is the falling amplitude of 

oscillations; ω is the radian frequency; i is an 
imaginary unit; k is the wave number. 
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The reconstructed image is formed from the total 
wave front in the reconstruction plane and is made as a 
superposition of all point sources of spherical 
harmonics propagated from the hologram. The 
superposition is described by the Fresnel-Kirchhoff 
integral expressed as: 

 

U x , y  

∬ U x, y g x x, y y dxdy, 
(2) 

 

where g x x, y y
	 , , ,

, , ,
, and 

g(x x, y y)=g(x x , y y ), i.e. the function 
is symmetric.  

The integral can be interpolated as a convolution 
integral or an intercorrelation integral which do not 
differ in this case due to the symmetric function  
g(x x, y y). 

The cross-correlation of two holograms is quite fast 
found by point-to-point multiplication of their Fourier 
transforms followed by the Fourier inversion [7]. 

Pre-simulation of the scattering function from one 
point of the particle for different distance from the 
focal spot makes it possible to acquire a library of so 
called “patterns” for reconstruction of the recorded 
holograms.  

The similar pattern can be experimentally obtained. 
If a quite small (less 1 µm) single object is placed 
instead of the sample in the experimental equipment, 
the recorded image will be a convolution of point 
scattering function h(x, y), dependent on the optics 
quality, with the function g(x x, y y). During the 
practical experiment the image also has a speckle noise 
and the parasitic interference patterns from the optics 
elements. To select the useful signal, the axial 
averaging is performed over the center of the ring 
system. As a result we have a reconstruction pattern 
based on holograms of objects at the prescribed 
distance. Moving the point object along the system 
axis, we will acquire the patterns consistent with the 
distance.  

Fig. 3 demonstrates the master holograms and the 
holograms reconstructed using the above procedure. 
About 90 holograms were obtained provided that the 
object was successively shifted along the optical axis 
within an interval from 0 to 330 µm with a step of  
50 µm. The region was selected so that the clear image 
of particle could be formed when the object is shifted 
up to the half interval. Two different techniques for the 
hologram processing were investigated.  

Both of them applied the convolution approach to 
the recorded hologram (Fig. 3а) and the point source 
hologram (Fig. 3b and 3c). In the first case (Fig. 3b) 
the point source hologram was a result of experiment 
under the same conditions as for particle hologram. In 
the second case (Fig. 3c) the point source hologram 
was a product of computation. Fig. 3d illustrates the 
reconstruction from the experimentally formed pattern. 
Fig. 3e shows the reconstruction from the calculated 
pattern.  

   
 
 (а) (b) 

 

    
 
 (c) (d) 

 

 
(e) 
 

Fig. 3. 
 

 
3. Discussion 
 

The results of reconstruction when compared prove 
that both ways to reconstruct an image from a 
hologram enable to obtain the same shape and relative 
position of reconstructed particles. However when the 
experimental pattern is used, the reconstructed 
background is blurred and there is a diffraction ring 
around the reconstructed particle hence the signal to 
background ratio is worse. Fig. 4 reveals the brightness 
profiles for two particles reconstructed from a 
hologram using both methods. The profile 
reconstructed from the experimental pattern has a 
visual diffraction ring.  

The calculated pattern mainly differs from the 
experimental one in having the ring structure at its 
periphery. As the calculated pattern ensures a sharper 
reconstructed image, the peripheral rings are crucial 
for the image to be formed. The blurred background of 
the image based on experimental pattern can be 
interpreted as a convolution of the pattern on the 
peripheral ring structure of particles.  
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Fig. 4. 
 

 
4. Conclusion 
 

The experimental patterns are different from the 
calculated ones in a lack of rings of high orders. There 
are two causes for it. First, when the interference 
pattern is distributed all over the large area with the 
distance to the object getting longer, the signal 
intensity drops in proportion to the square of distance. 
The rings of high orders have less brightness than the 
central rings, therefore their intensity fast drops below 
the noise level. Secondly, as the order number of the 
ring is incremented over the pattern center, its 
thickness gets less. The restricted optical resolution of 
the system lessens a contrast of thin rings and reduces 
the amplitude of their signal below the noise level.  

Fig. 5 shows the reconstructed image contrast as a 
function of the distance to the focal spot.  

 

 
 

Fig. 5. 
 
The contrast of the calculated reconstructed image 

for the most part of the observed distances exceeds 
twice or threefold the contrast of the experimental 
reconstruction. The contrast for the calculated pattern 
first gets up as the distance from the focal spot 
increases, and then starts falling. The low contrast for 
the short distance is caused by the fact that the rings of 

low orders are thin at the short distance and the optical 
resolution does not enable to detect them provoking 
the contrast degradation. As far as the distance from 
the focal spot becomes longer, the rings become 
thicker and the contrast improves. However, the total 
intensity of the pattern drops proportionally to the 
square of distance from the focal spot. At the definite 
distance the above factor is getting more and more 
crucial and the contrast degrades. The experimental 
reconstruction pattern at the short distance offers the 
more effective image since unlike the calculated 
reconstruction it has no rings of high orders which are 
not recorded on the hologram. However, as far as the 
distance from the focal spot extends, the brightness of 
the useful signal drops faster below the noise level and 
it worsens the quality of the experimental pattern and 
as a result, the contrast of the reconstructed image 
decreases.  

The offered technique contributes to fast 
reconstruction of images from digital holograms. The 
successive reconstruction of images at different 
distance from hologram results in 3D distribution of 
objects based on interference pattern of beams 
scattered onto the objects. Comparison of two 
reconstruction techniques, i.e. using experimental 
pattern and calculated pattern, demonstrates a higher 
quality of reconstruction when applying the second 
technique.  

 
 

References 
 
[1]. D. S. Sorenson, P. Pazuchanics, R. Johnson, et al., 

Ejecta Particle-Size Measurements in Vacuum and 
Helium Gas using Ultraviolet In-Line Fraunhofer 
Holography, Report LA-UR-11-04995, Los Alamos 
National Laboratory, 2014.  

[2]. D. S. Sorenson, R. W. Minich, et al., Ejecta particle 
size distributions for shock loaded Sn and Al metals, 
Journal of Applied Physics, Vol. 92, 2002, 10.  

[3]. Y. E. Yan, W. Wei, L. Zuo-You, High-speed 
photography and pulsed in-line holography diagnostics 
of microjet, Chinese Journal of High Pressure Physics, 
Vol. 23, Issue 6, 2009, pp. 471-475.  

[4]. D. S. Sorenson, P. Pazuchanics, R. Johnson, et al., 
Ejecta Particle Formation from Micro-Jets (U), Report 
LA-UR-14-23036, Los Alamos National Laboratory, 
2014. 

[5]. D. S. Sorenson, P. Pazuchanics, R. M. Malone, M. I. 
Kaufman, et al., Ejecta Particle Size and Velocity 
Distributions in Vacuum and Gas Environments Using 
In-Line Fraunhofer Holography, LA-UR-11-03789, , 
Los Alamos National Laboratory, 2011. 

[6]. S.N. Koreshev, Fundamentals of holography and 
holographic optics, SPbSU ITMO, 2009 (in Russian). 

[7]. L. Denis, C. Fournier, T. Fournel, C. Ducottet,  
D. Jeulin, Direct extraction of the mean particle size 
from a digital hologram. Applied Optics, Vol. 45, 2006, 
pp. 944-952. 

 
 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

111 

(047) 
 

 

 

Transparent Bactericidal ZnO-CeO2 Coatings 
 

S. K. Evstropiev 1, N. V. Nikonorov 1, A. V. Karavaeva 2, 
 K. V. Dukelskii 1,3, K. S. Evstropiev 1 and E. V. Kolobkova 1 

1 ITMO University, 49 Kronverskii Pr., 199053, Saint-Petersburg, Russia  
2 Saint-Petersburg State Chemical-Pharmaceutical Academy, 14(A),  

Professor Popov street, 197376, Saint-Petersburg, Russia 
3 The Bonch-Bruevich Saint-Petersburg State University of Telecommunications, 

61, Moika, 191186, Saint-Petersburg, Russia 
Tel.: + 78122329704, E-mail: evstropiev@bk.ru 

 
 
Summary: This work presents the results of studying the transparent bactericidal oxide coatings prepared on a glass surface 
using the solutions of polyvinylpyrrolidone and zinc and cerium (III) nitrates. Mixed oxide coatings were studied by 
spectroscopic and luminescent methods, SEM, XRD, and DSC –TG analysis and their antibacterial activities of the coatings 
against Staphylococcus aureus ATCC 209P bacteria were tested. Mixed oxide coatings prepared are transparent in the visible 
spectral range and are able to generate singlet oxygen under the UV irradiation, and demonstrate the bactericidal properties.  
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1. Introduction 
 

In the last decade, many publications describe new 
bioactive and photocatalytic coatings on the surfaces 
of various materials [1, 2]. Bactericidal and 
photocatalytic oxide coatings can be applied to the 
surfaces of various kinds of glass or ceramic articles, 
which is promising for many applications due to the 
stability and mechanical strength of the coatings.  

In many publications, the oxide powders were the 
objects of studying the bactericidal or photocatalytic 
properties. However, the powder bactericidal materials 
are unusable for many applications in which the 
material transparency is required. The well-known 
examples of such applications are the building glazing 
and modern screens of monitors, mobile phones, and 
tablet computers. In these cases, the deposition of thin 
transparent films such as the photocatalytic TiO2 

coatings is known [2] to be expedient. 
The aim of this study consisted in the synthesis and 

characterization of oxide coatings from the standpoint 
of specific combination of their properties important 
for practical applications as follows: (1) a high 
transparency in the visible, (2) a substantial 
bactericidal activity, and (3) an ability to generate the 
singlet oxygens under the UV irradiation. 
 
 
2. Materials and Methods 
 

The polymer-salt technique [3] of oxide coating 
preparation based on using the liquid film-forming 
solutions is simple, inexpensive and can be applied to 
various kinds of glass and ceramic articles.  

The film-forming solutions were prepared by 
mixing the aqueous solutions of zinc nitrate and cerium 
(III) nitrate with the solution of polyvinylpyrrolidone 

(PVP) (Mw=1300000; Sigma-Aldrich Co.) in 
propanol-2. The composite salt-PVP coatings were 
prepared on the glass samples («Menzel-Glazer»,  
№ 02 1102) by the dipping method.  

After drying, the coated samples were subjected to 
the thermal treatment at 550 oC for 2 hours. Such 
thermal treatment leads to the complete decomposition 
of PVP and nitrates and to the formation of oxide 
nanocrystals. SEM analysis (Carl Zeiss SUPRA 25) of 
cross-sections of oxide coatings showed that the 
coating thickness was 200-250 nm.  

The crystalline phase composition was determined 
with Rigaku Ultima IV X-ray diffractometer. The 
grain sizes were estimated based on the full width of 
the peaks at half-maximum (FWHM) using  
Debye-Scherer equation. 

The absorption spectra were measured with 
Shimadsu UV-3600 spectrophotometer. The 
photoluminescence spectra were measured upon 
excitation with LED (HPR40E-50UV source, 
λmax=370 nm) radiation using SDH-IV (SOLAR 
Laser Systems) spectrometer. 

A method described in [4] was used for estimating 
the bactericidal properties of prepared coatings. The 
gram-positive bacteria Staphylococcus aureus ATCC 
209P, was used as the test bacteria. Bactericidal 
activity was estimated by measuring the size of 
inhibited area formed on a surface containing  
the bacteria.  
 
 
3. Experimental Results and Discussion 
 

The SEM analysis of prepared demonstrated that 
the coatings consist of small (about 10-15 nm in size) 
closely packed nanoparticles fully covering the glass 
surface. The cross-section images showed that the 
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coatings were characterized by high smoothness and 
thickness uniformity.  

The results of XRD analysis of prepared oxide 
coatings data show that all coatings are crystalline and 
consist of small (8-20 nm in size) oxide nanoparticles 
only. The calculation of the crystal sizes are smaller in 
the case of binary oxide films. This can be explained 
by the mutual influence of ZnO and CeO2 nanocrystals 
that retards their growth. 

Absorption spectra of glass samples with various 
coatings prepared are shown in Fig. 1. The excitonic 
ZnO-related absorption band in the UV is observed in 
the spectra of all coated samples (except that of a 
sample with a coating of pure cerium oxide) and the 
intensity of this band tends to decrease with a decrease 
in the ZnO content of the coatings. The sample coated 
by the a film containing pure cerium oxide 
demonstrates the substantially higher transparency in 
the UV.  

The transmittance of glass samples with coatings 
consisting of zinc and cerium oxides is high and 
exceeds ~85 % in the visible. The used deposition 
technique is simple and such coatings are inexpensive, 
the high transparency of the coatings being of 
importance for their practical application.  

 

 
 

Fig. 1. Absorption spectra of initial glass (1) and samples 
with ZnO-CeO2 coatings. CeO2 content: 100 wt.% (2),  
43 wt.% (3), 37 wt.% (4), 18 wt.% (5), and 9 wt.% (6).  

 
It is known that the singlet oxygen plays an 

important role in the photocatalytic processes and 
bactericidal actions of materials. In photoluminescence 
spectra of ZnO-CeO2 coatings the luminescence band 
at λ=1270 nm which is characteristic for singlet 
oxygen (1Δg - 3Σg electronic transition) is observed.  

Fig. 2 shows the photo of the coated glass sample 
dipped in Petri dish with the inoculum containing 
bacteria Staphylococcus aureus ATCC 209P. It can be 
seen the bacteria-free zone around glass sample. The 
size of this zone allows estimating the antibacterial 
activity of experimental samples. 

The experiments showed that ZnO-CeO2 coating 
whose main component is zinc oxide (about 90 wt.%), 
demonstrates the highest bactericidal properties. 
 

 
 
Fig. 2. The photo of the coated glass sample dipped in Petri 
dish with the inoculum containing bacteria Staphylococcus 

aureus ATCC 209P. 
 
 
4. Conclusions 
 
 The application of polymer-salt method using the 
solutions of zinc and cerium nitrates allows for 
forming the transparent oxide coatings on glass 
surfaces. The effective band gap values and 
transparency of coating materials increase with a 
decrease in the ZnO content. Prepared coatings are 
able to generate the singlet oxygen under the UV 
irradiation and demonstrate the bactericidal properties 
against gram-positive bacteria Staphylococcus aureus 
ATCC 209P.  
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Summary: This work presents the results of the synthesis and characterization of yttrium aluminium garnet doped with Ce3+ 
powder materials and transparent coatings prepared by liquid polymer-salt method. The application of this technique using the 
solutions of aluminum, yttrium and cerium nitrates and polyvinylpyrrolidone allows for forming the Y3Al5O12:Ce3+ 
nanopowders and transparent coatings on glass surfaces. The crystal phase, particle size and luminescence properties evolution 
with the calcinations temperature were investigated. Y3Al5O12:Ce3+ coatings prepared by polymer-salt method are transparent 
in the visible spectral range.  
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1. Introduction 
 

Yttrium aluminium garnet doped with Ce3+ 
(YAG:Ce3+) is a promising material for blue to white 
light conversion. In the last decades, many 
publications described different methods of this 
material synthesis. 

Traditional solid state methods of phosphors 
materials preparation require high calcination 
temperature (T ≥ 1500 oC) and long duration of 
technological process. The application of liquid 
preparation methods allows significantly decrease the 
calcinanation temperature and form high luminescent 
Y3Al5O12:Ce3+ materials at 900-1100 oC [1, 2]. 

 In many works Y3Al5O12:Ce3+ powders were the 
objects of the investigations. In some optical 
applications it’s necessary to use transparent phosphor 
coatings [1].  

The polymer-salt technique [3] of oxide coatings 
preparation is based on using the liquid film-forming 
solutions is simple, inexpensive and provides the 
preparation homogenous and transparent coatings.  

The aim of this study is the synthesis and 
characterization of Y3Al5O12:Ce3+ nanopowders and 
transparent coatings by the polymer-salt method.  
 
 
2. Materials and Methods 
 

The synthesis of YAG:Ce3+ nanomaterials was 
carried out using aqueous solutions of aluminum 
nitrate , yttrium nitrate, and cerium. These solutions 
were mixed together with the solution of 
polyvinylpyrrolidone (PVP) (Mw=1300000; Sigma-
Aldrich Co.) in propanol-2. 

The composite salt-PVP coatings were prepared on 
silica glass samples by the dipping method. This 
technique provides the formation of thin uniform 
composite coatings composed from the PVP polymer 

matrix with small salt particles. The powder samples 
were obtained by the drying of mixed solutions. 

The powders and coated glass samples were 
subjected to the calcinations in laboratory electric 
furnace in air. The temperatures of the calcinations 
were 900-1100 oC.  

Crystalline phase composition was determined by 
X-ray difractometer Rigaku Ultima IV. The grain sizes 
were estimated based on the full width of the peaks at 
half-maximum (FWHM) using Debye-Scherer 
equation. 

The photoluminescence (PL) spectra of prepared 
powders and glass samples with coatings were 
measured using the luminescence spectrometer Perkin-
Elmer LS 50B.  

The method of the absolute quantum yield (AQY) 
measurements of prepared powders was similar to the 
technique described earlier in [2]. The AQY 
measurements were carried out with a Hamamatsu 
C9920-02G spectrometer (Japan). 

The absorption spectra of materials were measured 
with Perkin Elmer spectrophotometer. The spectral 
properties of the materials (solutions; composite 
PVP/salts coatings; coatings after calcination) were 
studied at the all stages of the synthesis.  
 
 

3. Experimental Results and Discussion 
 

The measured X-ray diffraction (XRD) pattern for 
the powder calcined at 1000 oC during 2 hours is 
shown in Fig. 1. The polycrystalline powder is formed 
at this temperature as single-phase garnet material. 

The calculation of the crystal sizes showed that 
prepared powders consist of small (20-35 nm) garnet 
nanoparticles. The increase of calcinations 
temperature leads to significant crystal growth.  

Experiments showed that the transmittance of glass 
samples with Y3Al5O12:Ce3+ coatings is high and 
exceeds ~85 % in the visible spectral range.  
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Fig. 1. X-ray diffraction (XRD) pattern of YAG:Ce3+ 
powder. Temperature of thermal treatment 1000 oC, 

duration 2 hours.  
 

The excitation and emission spectra of the sample 
doped with 1,5 % Ce2O3 are shown in Fig. 2. The shape 
of both excitation and emission spectra were the same 
for all used Ce3+ concentrations. In excitation spectra 
two excitation peaks located at ~340 and  
~460 nm are observed. These peaks are related to 4f1 

(2F7/2)→4fo5d1 electron transitions of Ce3+ ions [4].  
 
 

 
 

Fig. 2. PL excitation spectrum (1) and emission spectrum 
(2) of Y3Al5O12:Ce3+ (Ce2O3 1,5 wt. %) powder calcined  

at 1000 oC during 4 hours.  
 

The emission band centered at ~539 nm is 
composed of two different bands with a maximum at 

~515 and 549 nm, assigned to the 5d1→4f1 (2F5/2) and  
5d1→4f1 (2F7/2) Ce3+ transitions [2, 4]. 

The measurements showed that AQY increased 
with the decrease of Ce content and with the increase 
of calcinations temperature. This fact agrees with 
earlier reported results of AQY measurements of 
Y3Al5O12:Ce3+ materials obtained by another methods 
[1,2].  
 
 
4. Conclusions 
 

The application of polymer-salt method using the 
solutions of aluminum, yttrium and cerium nitrates and 
polyvinylpyrrolidone allows for forming the 
Y3Al5O12:Ce3+ nanopowders and transparent coatings 
on glass surfaces. The measurements showed that 
AQY increased with the decrease of Ce content and 
with the increase of calcinations temperature.  
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Summary: Modern precision manufacturing requires fast and adaptive measurement options that still provide high lateral as 
well as axial resolution. Based on chromatic confocal microscopy and smart signal processing, we investigate a highly adaptive 
chromatic confocal scheme, which provides full-field topography rather than point or line scans. 
 
Keywords: Chromatic Confocal, Spectral interferometry, Topography, Adaptive measurement. 
 
 
1. Introduction 
 

In high-precision inspection, a lot of different 
measurement tasks can occur even on a single 
specimen. Almost every task can be solved by 
specifically designed measurement devices. But 
nowadays there are components only manufactured in 
small batches or even as single pieces. To provide 
inline inspection capability, a suitable measurement 
device has to be fast, adaptive to the specimen as well 
as highly precise.  

Most often, the topography of a manufactured 
product is of interest. There are some well-known 
topography measurement schemes. The most 
prominent are Scanning White Light Interferometry 
(SWLI) [1,2] and Confocal Microscopy (CM) [3,4], 
whose strongest drawback is the need for a mechanical 
(axial) scan. There are, however, some promising ideas 
for single-shot devices based on either technology. But 
all these have in common, that up to now they are only 
available as point sensors or in some cases at least as 
line sensors, whereas SWLI and CM can easily provide 
areal topography results. 

The best-researched scheme is Chromatic Confocal 
Microscopy (CCM) [5,6], where the mechanical axial 
scan is substituted by a chromatically encoded focal 
range and a spectrometer as a detector. Hence, it 
provides single-shot height measurements with high 
lateral as well as axial resolution only limited by the 
objective’s Numerical Aperture (NA). The (axial) 
measurement range, on the other hand, is defined by 
the chromatic spread in the measurement volume, 
which can be defined by refractive as well as 
diffractive means. To overcome self-imaging effects 
that are inherent to all confocal schemes [7] and to 
provide even higher resolution, it is possible to 
combine CCM with Spectral Interferometry (SI) into 
Chromatic Confocal Spectral Interferometry (CCSI) 
[8-10].  

However, there is no known easy way to achieve 
CCM measurements simultaneously in an areal way. 
In this contribution, we detail a new implementation, 
that aims for fast adaptive CCM/CCSI topography 

measurement simultaneously for the whole field of 
view of the sensor. We also discuss evaluation 
strategies as well as first measurement results.  

 
 

2. New Sensor Concept 
 

The approach discussed here overcomes the issue 
of having to laterally displace the object between 
consecutive recording positions in CCM. It is based on 
an area sensor in combination with a wavelength 
tuneable light source and a Digital Mirror Device 
(DMD) for adaptive lateral addressing, as depicted in 
Fig. 1.  

 

 
 

Fig. 1. Schematic of the new adaptive CCM scheme with 
optional reference arm. The chromatically separated focal 
range is generated by a refraction compensated diffractive 
optical element. Elements of the DMD act as laterally 
addressable point sources. In combination with a smart 
object point dependent selection of wavelengths, crosstalk of 
neighbouring measurement points is strongly reduced, 
allowing for full field topography measurement. 

 
 
The main feature of confocal schemes is to make 

use of focusing and defocusing effects as a function of 
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the object’s local height. In common height scanning 
CM, rotating Nipkow or microlens disks provide 
confocal filtering and therefore also suppress crosstalk 
between adjacent pixels, as described in [3]. However, 
the new system shall not use any axial scan. Hence, it 
is not suitable to use the above-mentioned filtering, as 
each focus position (i.e. wavelength) would require a 
matched special configuration. To overcome the lack 
of confocal filtering in the imaging path of the system, 
a suitable measurement procedure is needed 
employing both, spectral as well as lateral addressing: 
Specifically selected wavelength sequences illuminate 
the DMD, which selects the appropriate measurement 
points synchronously. The design goal for these 
combined sequences is to illuminate each point on the 
object with only a few wavelengths corresponding to 
its height. Only wavelengths in focus and very near to 
it are selected, reducing crosstalk significantly.  

The most challenging task is to find the right 
sequence of lateral and spectral combinations. If no  
a-priori information (e.g. CAD data) on the specimen 
is available, we start with a reduced number of 
measurement points and wider spacing. Thus, 
defocused point images cause no crosstalk and first 
coarse topography information can be obtained from 
the shape of the recorded point images. In case the 
point is defocused, its spread can be used to calculate 
the wavelength at which the corresponding object 
point is in focus. Now, the sequences are optimised in 
some few adaptive iterative measurements, until full-
field is reached: Due to the selection of best-suited 
wavelengths for each point, the lateral points can be 
located closer to each other without crosstalk. As both, 
light source and DMD can be operated at high-speed, 
full-field measurement time can be superior to the time 
needed for a mechanical scan. The described algorithm 
is expected to be especially fast on continuous 
specimen featuring low spatial frequencies. If there are 
areas of special interest, an additional reference arm 
can be used to locally obtain interferometric resolution 
in CCSI mode. However, in this mode, a much finer 
spectral sampling is needed, reducing the overall 
measurement speed. 
 
 
3. Signal Evaluation 
 

A large range of literature can be found on the 
evaluation of the CCM signal, mostly often very 
similar to CM evaluation [3, 4, 6, 9, 11, 12]. 
Commonly peak search, which is often accompanied 
with Gaussian curve fitting is applied. It is based on the 
assumption of a symmetric chromatic confocal signal. 

Another approach, which can cope well with 
asymmetry is to search for the center of gravity. In 
principle both are valid since the calibration process 
already accounts for systematic errors. However, it is 
important that the signal is evaluated by the same 
procedure that was used in the calibration process.  

In the case of CCSI only a few publications can be 
listed [9, 10]. It is of course possible to apply the 
established CCM evaluation methods, however in that 

case the available phase information, that offers a 
decreased measurement uncertainty and to some 
degree the removal of disturbing artifacts at steep 
ramps, is not taken into account. In fact, it is not 
straight forward to interpret the signal. In comparison 
to white light interference microscopy the signal 
suffers from a chirp, which means that it cannot be 
associated to a single beating frequency. However, a 
modified lock-in technique was successfully applied in 
the past and demonstrated a significant advantage in 
comparison to the conventional CCM procedures  
[9, 10]. Here, we will introduce a new concept 
(illustrated by Fig. 2), which we coin the phase 
equality approach. The underlying idea is borrowed 
from the signal correction in Fourier spectroscopy, 
where a zero path difference ought to be present when 
both interfering arms are matched [13]. Hence, the 
phase for all wavelengths should at this point be zero.  

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 
Fig. 2. (a) Recorded CCSI signal: intensity vs. wavelength; 
(b) Phase profile of the individual frequencies vs. 
wavelength; (c) Sum of phase across the frequencies  
vs. wavelength. 

 
This idea cannot directly be translated to CCSI 

since in both domains k-space (1/), in which the 
signal has been recorded, and z-space, which 
represents the Fourier transform of the k-space, depth 
information is present. There are two issues, which 
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make it difficult to extract the depth information from 
the z-space, first the strong chirp on the signal, which 
requires defining the significant frequency, and second 
the spacing in z, which requires a rather large spectral 
bandwidth in order to outperform the depth spacing in 
k-space. Therefore, the z-space, is used as an auxiliary 
space, where transformations and modifications take 
place, but no signal interpretation is performed. In the 
z-space three image terms are present, the image, the 
twin-image and the DC-term. In order to obtain an 
unambiguous phase, the twin image and the DC term 
are suppressed by setting them zero. The frequency 
bandwidth of the image signal is then separated in its 
individual frequencies. Each individual frequency is 
then back transformed into the k-space via an inverse 
Fourier transformation.  

The k value, at which the sum of all phase values 
from the corresponding frequency components is 
smallest is then selected. Sometimes ambiguities can 
arise, in that case the k-value, at which the phase shows 
the smallest variance, is selected. Another method to 
get rid of the ambiguity is taking into account the 
height value of laterally neighboring points, which is 
based on the assumption of smooth transition between 
neighboring object points. A further improvement can 
be obtained by considering the ramp of the phase. In 
analogy to [13] the phase should be zero at the k-value 
at which the object is in focus. Hence, by setting up a 
linear equation the zero position can be found, 
resulting in sub-pixel resolution. 

Besides, the reduction of measurement uncertainty, 
the discussed approach furthermore enables evaluating 
the signal within a larger spectral range. The 
application of other aforementioned techniques, 
requires that a certain range of the two slopes before 
and after the peak position are present. The phase 
equality approach can still perform well in case the 
peak is located at the first or last spectral position. 
 
 

4. Conclusions 
 

With just small production batches or even single 
piece production, highly adaptive topography 
measurement schemes are needed, that still provide 
high resolution. By an adaptive combination of lateral 
and spectral addressing of each measurement point, a 
full-field CCM/CCSI sensor is attained. Moreover, a 
new evaluation procedure CCSI has been presented, 
which offers investigation the entire available spectral 
and reducing the measurement uncertainty. 
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Summary: Due to the new property of wave front curvature in the Vectorial Complex Ray Model (VCRM), the later permits 
to simulate with good precision the scattering of large non-sphericles. This communication presents an exploration of the 
model with a statistic algorithm – Statistic Vectorial Complex Ray Model (SVCRM), in which the light wave is presented by 
photons having the same properties of rays in VCRM. The total scattered intensity is calculated statistically by summation of 
complex amplitude of all photons arriving in the same box in given direction. Simulated results of scattered field is presented 
and compared with scattering patterns obtained experimentally for a pendant water droplet. The skeletons of the numerical and 
experimental patterns are in good agreement. The scattering mechanism of different order rays is revealed. 
 
Keywords: (5-7) Light scattering, Non-spherical particles, Statistic vectorial complex ray model, Geometrical optics, Optical 
metrology, Pendent drop. 
 
 
1. Introduction 
 

Optical metrology is widely used in many 
applications, such as multiphase flows, combustion 
etc. to retrieve properties of the system under study. To 
reach this end, we need to establish the relation 
between the properties of the scattered light and those 
of the scatterers. Various theories and models have 
been developed to deal with the scattering of light by 
particles but none of them can predict with precision 
the scattering of large non-spherical particles. 
Rigorous theories [1], such as Lorenz-Mie theory, are 
applicable only to particles of simple shapes. 
Numerical methods can predict the scattering of 
particles of complex shapes, but the size of the 
particles is very limited. Approximate models, such as 
geometrical optics (GO), can deal with the scattering 
of large particles of any shape, but its precision is often 
not sufficient. Furthermore, it is very difficult to take 
into account the divergence / convergence of a wave 
on the surface of the particle. 

The scattering of large non-spherical particle is 
therefore a bottleneck problem in the optical  
metro-logy. In order to overcome this obstacle, we 
have developed Vectorial Complex Ray Model 
(VCRM) [2,3] for the scattering of light / electro-
magnetic waves by large particles of smooth surface 
and arbitrary shape, which has been validated 
numerically [4] and experimentally [5] in the cases of 
scattering in a symmetric plane of scatterer. 

In order to extend the applications of the model in 
more common scattering problems, we must develop 
algorithms for three dimension objects. VCRM 
permits to calculate the complex amplitude of each ray 
but to obtain the total scattering we need to count 
contribution of all rays arriving at the same angle. To 
this end, a statistic version of VCRM, called here after 
statistic VCRM (SVCRM), has been proposed, in 

which the total scattered amplitude is calculated 
statistically by summation of the complex amplitude of 
all rays/photons arriving in boxes in given direction. 

 
2. Description of SVCRM 
 

In VCRM, all waves are described by bundles of 
vectorial complex rays and each ray is characterized by 
its propagation direction, polarization, phase, 
amplitude as well as a new property – wave front 
curvature. Thanks to this new property, the divengence 
of the wave on the particle surface and the phase due 
to the focal line are counted very easily. And the 
evolution of the wave front curvature at each 
interaction is described by the wavefront equation: 

 

   ,T Tk k          k k n C Q Q  (1) 
 

where n is the normal of dioptric surface, k  and k  the 
wave vectors of the rays before and after interaction, 
k  and 'k  the corresponding wave num-bers. C  is the 
curvature matrix of the dioptric surface at the incident 
point. Q  and Q  are respectively the wave front 
curvature matrix of the waves before and after 
interaction.   and   are the projection matrix of the 
bases of Cwith that of Q  and Q  respectively. 

Furthermore, to simplify the calculation, only the 
wave vector components are used in VCRM to 
determine the direction and the Fresnel coefficients. 
The Snell law in vector form is just the continuous of 
the tangent component of wave vectors before and 
after interaction k  and 'k  namely 'k k  . 

In SVCRM, we describe all five properties of ray 
mentioned above in four normalized orthogonal bases: 

 , ,(s) (s)
i jx x n  for the particle surface,  , ,(i) (i) (i)

i j kx x x  

 , ,(r) (r) (r)
i j kx x x  and  , ,(t) (t) (t)

i j kx x x  are for the incident rays, 
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the reflected rays and the refracted rays respectively. 
For a given ray defined by a starting point  0 0 0x ,y ,zr  

and a propagation direction u, and a dioptric surface 

described by three dimension function ( , , )x y zr r
, the next interaction point is then the solution of the 
following equation 

 

 0 0 0( , , ) ( , , ).x y z x y z r u r  (2) 

 
Once the interaction point is known, the local 

curvature matrix of the dioptry is calculated according 
to the surface function, and the wave front curvatures 
of reflected ray and the refracted ray are deduced from 
Eq. (2). Their wave vectors are determined by Snell 
laws in vector form. The complex amplitude of 
emergent rays can then be deduced easily [2]. 
 
3. Simulation Results 
 

We present in this section typical simulation results 
obtained by SVCRM for a pendant water drop and the 
comparison with the scattering patterns of experiment. 
We use two synchronized camera to record the particle 
image (Fig. 1a) and the scattering patterns in forward 
direction (Fig 1b) and around the first rainbow angle 
(Fig. 1c). We observe in Fig. 1b clearly a rainbow like 
arc bellow the spot (direct light) at about 35°, and a 
straight supernumery system appear and extend from 
the spot up with an angle of 30°. In Fig. 1c, the shape 
of the first rainbows at 137° is similar to that of a 
spherical particle while the second order rainbow is 
completely deformed. 

To understand the scattering mechanism and reveal 
the physics behind these phenomenas, a code of 
SVCRM has been written. The profile of the drop is 
extracted from the contour of the particle image. It is 
circularly symmetric so can be described by a function 
of the angle with the vertical direction  In our 
simulation we adopted a polynomial function of  
10 degrees and the lateral diameter of the droplet is  
2.7 mm. The simulated scattering patterns in forward 
and rainbow angles are shown respectively in Figs. 1d 
and 1e. The corresponding scattering mechanism has 
been revealed and indicated in the figure. 
 
4. Conclusions 
 

Statistic Vectorial Complex Ray Model is exp-
lored and applied to the simulation of a pendant drop. 
The results agree well with experiment and scattering 
mechanisms of different orders are indentified. 
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Fig. 1. Comparison of experimental simulated scattering 
patterns of a pendant droplet. 
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1. Abstract 
 

Femtosecond optical frequency combs have been 
undertaking a fast development since the end of last 
century, which are typically based on femtosecond 
lasers with wavelength varies from 800 nm to 2 µm. 
Optical frequency conversions based on χ(2) and χ(3) 
nonlinear effects, such as optical parametric 
interaction, second harmonic generation (SHG), sum-
frequency mixing (SFM), four-wave mixing (FWM), 
etc. extend the spectral range of frequency combs 
spanning from deep UV (DUV) to mid-infrared (MIR) 
wavelengths [1]. These combs have been introducing 
revolutionary promotions to the fields of precision 
optical spectroscopy, optical metrology and  
laser-mater interactions. High average power high 
repetition rate Yb:fiber laser synchronously pumped 
femtosecond optical parametric oscillators ( OPOs) 
can generate wide range tunable optical frequency 
combs with high comb energy at some specific spectra, 
enabling both deep UV spectroscopy for atoms and 
midinfrared spectroscopy for molecules when 
combined with SHG and SFM. Particularly we 
developed such an OPO system to generate 234 nm 
comb for aluminium ion cooling of an optical  
clock [2].  
 
 

2. Experiments 
 

2.1. Yb:Fiber Laser System 
 

In our experiment, the pump source was a two-
stage high power Yb-fiber laser as shown in Fig. 1. It 
contained a femtosecond oscillator (left circle) based 
on nonlinear polarization rotation (NPR) mode-
locking mechanism and an amplifier (right part) based 
on double-cladding Ytterbium doped large mode area 
(LMA) photonic crystal fiber (PCF). The repetition 
rate of the oscillator was 250 MHz, which was chosen 

by considering the balance between the pulse peak 
power and frequency comb line energy since in the 
application stage, it will be used as comb-like 
performance. The seed pulses from the oscillator had 
temporal duration of 50 fs after dispersion 
compensation, and average power of 270 mW. After 
the oscillator, we used a pair of transmission gratings 
not as a regular pulse compressor, but for stretching the 
pulse with negative dispersion. So the seed pulse from 
the oscillator will be compressed in the double 
cladding PCF, and encountering very strong  
self-phase modulation and spectrum broadening. This 
is a good way to overcome spectrum narrowing effect 
which otherwise very common in femtosecond pulse 
amplification process and obtain sub-100 fs pulses 
from the amplifier. The pump laser of the amplifier is 
a 60 W fiber laser at 976 nm. With pump power 
increasing, the compressed output pulse duration is 
decreasing at the first stage and then increasing when 
the power is too high that some uncompressible 
nonlinear effects are dominant [3]. In our experiment, 
the shortest pulse was 66 fs, achieved at 54 W  
pump power.  

 
 

2.2. OPO and Frequency Up-Conversion  
 

In order to obtain 234 nm deep UV light, we used 
an OPO to down-convert the wavelength to 1702 nm 
and then mix the OPO signal wave with the 1040 nm 
pump wave to obtain 851 nm. After that, we used two 
stages of SHG to obtain 234 nm deep UV output 
consequently. The schematic of the frequency 
conversion stage is shown in Fig. 2 (left). The output 
spectrum is shown in Fig. 2 (right). The average power 
of the 234nm light is 2.6 mW, which is suitable for 
some frequency comb spectroscopy applications. We 
are continuously improving the efficiency of the whole 
system.  
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Fig. 1. Schematic of the Yb fiber laser system. M:mirrors; LM: lower mirrors; 1/4 and 1/2: quarter waveplates and half 
waveplates respectively; G: gratings; DM: dichromatic mirror; L: lenses.  

 
 

 
Fig. 2. Left: Schematic of the OPO and frequency up-conversion stage. Right: output spectrum of the tunable spectrum 

around 234 nm. 
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Summary: A development of continuous all-optical waveguide interferometers for ultra-cold atoms is discussed. The key 
element of these interferometers is a novel waveguide Bragg beam splitter, which is based on Bragg diffraction of cold atoms 
at an optical lattice formed by partial interference between the crossed optical waveguides for matter waves. The first 
experimental results on controllable Bragg splitting of atoms between the two crossed all-optical waveguides are discussed. 
The basic properties of the corresponding all-optical waveguide interferometers of different types, like Michelson,  
Mach-Zehnder and Sagnac, and their sensitivities to inertial forces are discussed. Finally, an approach to implementation of 
the integrated version of such interferometers, which is based on guiding of atoms by bichromatic evanescent light waves near 
the surface of a dielectric planar waveguides, is reviewed. 
 
Keywords: Atom interferometry, Quantum inertial sensors, Bose-Einstein condensation, All-optical atom chip. 
 
 
1. Introduction 
 

Atom interferometry [1] is a rapidly developing 
direction of modern atomic physics. The high interest 
towards atom interferometers is caused by their high 
sensitivity to inertial and electro-magnetic forces. 
Most of traditional atom interferometers are using 
either well collimated thermal atomic beams [2] or 
free-falling clouds of laser-cooled atoms [3]. On the 
other hand, there is also a large interest to compact 
atom interferometers based on trapped or guided ultra-
cold atoms, including coherent atomic ensembles 
based on Bose-Einstein condensates. Guiding atom 
interferometers are usually based either on the 
magnetic [4] or the all-optical [5] waveguides. The 
main advantage of the all-optical waveguides is that 
they can be used for guiding of atoms in magnetically 
non-sensitive internal states, which makes them less 
sensitive to fluctuations of environmental magnetic 
fields. 

In this presentation we are discussing the other type 
of all-optical waveguide interferometers based on 
continuous waveguide Bragg beam splitters [6]. This 
approach makes it possible to create two-dimensional 
continuous waveguide atom interferometers of 
different types with enclosed area. 

 
 

2. Waveguide Bragg Beam Splitter 
 

The principle of the continuous waveguide Bragg 
beam splitter is illustrated in Fig. 1. The beam splitter 

is formed by two identical Gaussian laser beams, 
which intersect with each other at the regions of their 
waists at an angle of 2. Both monochromatic laser 
beams have the same frequency, which is tuned to the 
red side of the main electron atomic transition. 
Therefore, these beams form for the atoms a negative 
guiding optical dipole potential. Both beams have well 
defined linear polarizations. The partial or complete 
interference of the laser beams in the cross region 
forms an optical lattice, which can be used for Bragg 
diffraction splitting of the guided matter waves 
between the two waveguides. The potential in the cross 
region consists of a Gaussian potential well and an 
optical lattice with a Gaussian amplitude envelope. 

 

 
 

Fig. 1. Waveguide Bragg beam splitter for matter waves. 
 

In spite of the coherent character of the splitting, 
the split partial matter waves can excite multiple 
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transverse vibrational modes of the waveguides, which 
is compromising the visibility of the interference 
fringes of the corresponding interferometers. In 
general, to get an ideal beam splitting between the 
ground modes of the two all-optical waveguides, the 
widths and the potential depths of the waveguides 
should be small enough. 
 
3. All-optical Waveguide Interferometers 
 

Based on such waveguide Bragg beam splitters it is 
possible to compose all-optical waveguide 
interferometers of different types, like Michelson, 
Mach-Zehnder and Sagnac interferometers. All of 
these interferometers have their own ranges of 
applications and different sensitivities to different 
types of inertial forces. For example, the Sagnac 
interferometer is sensitive to rotations but in the first 
approximation is not sensitive to linear accelerations. 
Therefore, it could be used as a compact quantum 
gyroscope. 

The simplest waveguide interferometer of that type 
is the Michelson interferometer, which is produced by 
the two crossed laser beams, like it is shown in Fig. 1. 
This interferometer contains just a single Bragg splitter 
in the cross region. In addition to that it must also 
include two mirrors for matter waves in each of the two 
arms of the interferometer, which should invert the 
direction of propagation of the two partial matter 
waves at certain distances from the beam splitter. 
These mirrors can be produced either by repulsive 
optical potentials, or by gradients of magnetic fields. 

In the experiment we used for the waveguides the 
laser light with wavelength of 1064 nm, which is far 
frequency detuned to the red side of the D spectral line 
of 87Rb atoms. The waist radii of the corresponding 
horizontal Gaussian laser beams were w=24 m, while 
the potential depth of each of them was about 2.4 K. 
This potential depth is just enough to hold atoms in the 
waveguides against the gravity force. The initial 
ensemble of about 105 ultra-cold rubidium atoms was 
produced by Bose-Einstein condensation of them in a 
crossed optical dipole trap. These atoms then were 
loaded into one of the waveguides and accelerated 
towards the cross region of the interferometer. 

According to theory, in the multimode Michelson 
waveguide interferometer there are expected two types 
of the interference fringes of different periods. One set 
of fringes is related to the interference between the two 
partial matter waves from the two arms of the 
interferometer and the other fringes are related to the 
multimode interference inside of each of the 
multimode waveguides. The last effect is related to the 
quantum revivals of the atomic wavefunction inside 
the harmonic-like potential of the waveguide near its 
bottom. The current progress on predictions and 
observations of these interference fringes to be 
presented.  

 
 
 

4. Towards Integrated All-Optical Waveguide 
    Interferometers 
 

To realize the integrated version of such 
interferometers we are going to use bichromatic 
evanescent light fields [7] generated above special 
planar optical waveguides placed at the surface of a 
dielectric substrate. The main advantage of such an 
approach consists in the absence of the diffraction 
divergence of the corresponding guiding light fields. In 
addition to that, the planar optical waveguides can be 
bent, which opens multiple additional options for the 
waveguide interferometers.  
 
 
5. Conclusions 
 
A new approach to all-optical waveguide atom 
interferometers is discussed. Although it is too early to 
conclude about the performance of the corresponding 
waveguide interferometers, which are still to be 
developed and studied, it is a rather promising 
direction in the field of compact atom interferometers. 
Development of the all-optical atom chips containing 
coherent waveguide beam splitters for matter waves 
should open a whole range of new and interesting 
applications of such devices.  
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Summary: Laser frequency stability is essential for many experiments and missions in space where a laser is used to probe 
time and/or space, e.g., gravitational wave detection, Earth gravity field measurement, global navigation satellite systems, tests 
of special relativity, etc. We present our efforts in laser frequency stabilization systems and their qualification for space, which 
includes a Doppler-free spectroscopy unit using an iodine vapor cell and our first steps towards a high-finesse optical resonator 
optimized for long time scales (hours). 
 
Keywords: Frequency stability, Doppler-free spectroscopy, Optical resonators, Fundamental physics in space, GNSS. 
 

 
1. Introduction 
 

Frequency stability is an essential aspect for many 
experiments of fundamental physics in space, future 
earth gravity missions or gravitational waves detectors. 
A stable frequency reference is also crucial in Global 
Navigation Satellite Systems (GNSS) due to the need 
of a high-accuracy time-base. Many other measuring 
techniques also benefit from having a stable frequency 
reference. This includes any interferometer where non-
equal arm lengths are present, such as dilatometers or 
accelerometers based on microcavities. 

Here we present (i) an absolute optical reference 
based on Doppler-free spectroscopy and the steps 
performed to increase its Technology Readiness Level 
(TRL) for future operation in space; and (ii) a 
frequency reference based on an optical resonator 
optimized for the very low frequency range. Typically, 
a spectroscopy unit is less sensitive to environmental 
variables, e.g. temperature, which translates into an 
excellent performance at long time scales (hours/days). 
However, at short time scales (minutes/seconds)  
high-finesse cavities can perform better due to large  
signal-to-noise ratios available when high-finesse 
cavities are used.  
 
 

2. Iodine-Based Frequency Reference Unit 
 

A commonly used technique for laser frequency 
stabilization consists of locking a laser to a suitable 
atomic or molecular absorption line using Doppler-free 
saturation spectroscopy [1]. In our set-up we use iodine 
vapor cells since they exhibit sharp absorption lines in 
the 532 nm vicinity with a linewidth of about 1 MHz, 
which is convenient since such wavelength can be 
obtained by frequency doubling 1064 nm laser sources 
that are inherently stable the baseline for space 

missions like LISA and GRACE-FO and have been 
already successfully flown in LISA Pathfinder.  

The Engineering Model (EM) of the iodine 
spectroscopy unit is shown in Fig. 1, and corresponds 
to the third iteration in order to reduce volume and 
mass while increasing reliability and robustness 
without compromising performance. The key element 
of the set-up is a nine-pass iodine cell that allows to 
have an effective interaction length of 90 cm in a 
10×10×3 cm3 cell, which is necessary to achieve a high 
signal-to-noise ratio in the error signal that finally 
translates into a better laser frequency stability. In 
addition, the cell is filled with unsaturated vapor 
pressure, which permits to operate it at room 
temperature without the need of Peltier elements and 
heat sink units. The optical components are integrated 
on a fused silica base plate by adhesive-bonding using 
a space qualified two-component epoxy. 

Modulation transfer spectroscopy (MTS) [1, 2] is 
used in order to generate a signal proportional to the 
difference between the laser and the absorption line 
frequencies, which is used to correct the frequency of 
the laser by means of servo loops and frequency 
actuators. A 1064 nm light source (Nd:YAG laser) is 
split into a pump and probe beam. Both beams pass an 
acousto-optical modulator (AOM) to generate a 
frequency offset between both beams and for intensity 
stabilization. In addition, the pump beam is also 
frequency modulated at ~300 kHz to enable MTS. 
Both beams are then frequency-doubled by a 
periodically poled lithium niobate (PPLN) medium to 
obtain light at 532 nm. The outputs are fiber coupled 
and sent to the actual spectroscopy unit shown in Fig. 
1. Most of the pump light (~5 mW) coming out from 
the fiber is sent to the iodine vapor cell. Prior to that a 
small amount of the light is sent to a photodetector to 
detect the residual amplitude modulation (RAM) 
introduced by the AOM during the frequency 



1st International Conference on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

125 

modulation process. The power after passing through 
the cell is also measured by a photodetector and used 
for intensity stabilization. The probe beam  
counter-propagates the pump beam in the cell, where 
the pump modulation is transferred to the probe beam. 
This provides a Doppler-free error signal at the 
modulating frequency, which is measured by two 
photodetectors in a balanced detection, subsequently 
demodulated and, finally, fed into a servo loop to 
stabilize the laser frequency via frequency actuators in 
the laser head (temperature and PZT). 

 

 
 

 
 

Fig. 1. EM iodine spectroscopy unit based on modulation 
transfer spectroscopy (MTS). Details can be found in [2].  

 
The achieved relative frequency stability in Allan 

deviation is in the order 10-15 for integration times of 
few hours. In units of the square root of the power 
spectral density (PSD) this is equivalent to 10-13 Hz-1/2 
in the sub-milli-Hertz frequency range (Fig. 3). The 
EM unit has gone through thermal cycling (−20 oC to 
+60 oC) and vibrations tests (sine up to 30 g and 
random at 25.1 grms). The frequency stability levels 
achieved before and after have not changed and only a 
small frequency offset (1.5±0.25 kHz) has been 
observed. In a current activity, an even more compact 
set-up is realized. It will be launched on a sounding 
rocket scheduled for 2018 [3].  
 
 
3. Optical Resonator  
 

Optical resonators are excellent frequency 
references for short time scales (minutes/seconds). 
However, temperature fluctuations couple strongly at 
long time scales. We have focused on the design of an 

ultra-low expansion (ULE) cavity-based frequency 
stabilization system to reach stability levels 
comparable to the iodine one at long time scales 
(hours). This has been motivated to enable a future 
space mission to put Special Relativity (SR) to test by 
a Kennedy-Thorndike (KT) experiment where two 
clocks with different ticking mechanisms are compared 
while orbiting the Earth. Thus, the signal, if any, would 
appear at the orbital time: ~90 minutes  
(~0.18 mHz). For this reason both clocks require 
exquisite stability at this time scale. The optical 
resonator consists of an 8.7 cm long ULE spacer with 
fused silica mirrors and a finesse of about 400000  
(Fig. 2). The predicted thermal noise limit is  
~10-13 Hz-1/2 at ~0.2 mHz. However, one of the main 
issues when using optical resonators is the effect of 
temperature fluctuations on the length stability of the 
spacer. This is especially critical at long-time scales 
where temperature effects are difficult to screen [4].  

 

 
 

Fig. 2. Left top: thermal shields and aluminum cavity used 
as temperature sensor. Right: temperature fluctuations  
in square root of the PSD. Left bottom: ULE cavity. 

 
Even for very low CTE materials such as ULE, 

fluctuations in the order of 500 nK Hz-1/2 at 0.18 mHz 
are needed for a KT experiment in space. An active 
thermal control based on Peltier elements combined 
with a 5-layer passive thermal shield has been 
successfully characterized by using an aluminum 
cavity as a temperature sensor. Results are shown in 
Fig. 2.  
 
 
4. Summary 
 

Allan deviation frequency stability at the 10-15 level 
at time scales of hours have been demonstrated for an 
iodine spectroscopy frequency stabilization system. 
More importantly the steps performed towards a higher 
TRL have been successful, which makes the iodine 
frequency reference a perfect candidate for future 
GNSS satellites and for future missions such as LISA 
and the next generation of Earth gravity field missions 
similar to GRACE-FO. 

The first step to achieve iodine-frequency stability 
levels at very long time scales using an optical 
resonator has been presented. This consisted on the 
design and testing of an active temperature control 
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combined with a passive thermal shield assembly. The 
achieved stability is better than 500 nK Hz-1/2 in the 
sub-milli-Hertz band. Finally, a summary of different 
clocks performances and mission requirements is 
shown in Fig. 3, where the spectroscopy unit and the 
predicted optical resonator are also shown as thick blue 
and dashed brown, respectively. 

 

 
 

Fig. 3. Fractional frequency stability in square of the PSD 
for different clocks and stabilized laser systems together 

with requirements for future space missions.  
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Summary: A Multi-Wavelength Interferometric (MWLI) distance sensor based on Electro Optic (EO) phase modulation has 
been proposed and analyzed in this work. Experimental results obtained from this study show the potential of the linear EO 
effect to replace the current phase modulation process based on a Piezo-electric Transducer (PZT) in the MWLI unit. The EO 
sensor working under free beam propagation is expected to significantly overcome the limitations experienced by conventional 
PZT based mechanical phase modulation like restricted value of modulating frequency as it results in high power dissipation 
and as well the high driving voltage requirement.  
 
Keywords: Multi-wavelength interferometry, Phase modulation, Electro-optic effect. 
 
 
1. Introduction 
 

One of the most common problems of 
interferometric phase measurement is the ‘2π phase 
ambiguity’ [1]. It is an unavoidable consequence of 
sudden interruption while performing the distance 
measurement with shorter unambiguity (~λ/2) range 
using single wavelength (λ) interferometers. The 
distance measurement is performed by displacing the 
target from the reference position and simultaneously 
tracking down the corresponding interferometric phase 
(Φ). Any unexpected disturbances during the distance 
measurement process with such short unambiguity 
range might lead to unclarity in Φ. Fig. 1 illustrates an 
analogy to represent the problem of ‘2π phase 
ambiguity’. As depicted here, if the interference fringe 
order (m) is lost while performing phase measurement 
with modulo λ, then it will bring incorrect 
displacement information.  

 

 
 

Fig. 1. Analogy to explain the concept of ‘2π phase 
ambiguity’. Here, the calibrated scale (bottom) can give  
the distance information correctly but the uncalibrated scale 
(top) represents the situation of performing distance 
measurement with phase ambiguity.  

 
Multi-Wavelength Interferometry (MWLI) is a 

process by which the range of unambiguousness can 
be greatly enhanced by constructing a suitable 
synthetic wavelength (Λ) with the combination of two 
close wavelengths λ1 and λ2 [2-3]. 
 

 Λ
| |

. (1) 

 
The current MWLI system having wavelengths  

~ 1530-1630 nm can produce highest unambiguity 
range up to ~1.25 mm which is almost ~1000 times 
larger than the range of unambiguousness of a normal 
single wavelength interferometer [4]. The speed and 
precision of absolute distance measurement using this 
MWLI depends on the associated phase modulation 
technique. For the current MWLI setup the phase 
modulation is achieved by introducing sinusoidal 
optical path length modulation with a Piezoelectric 
Transducer (PZT) on the test/target path. Eq. (2) 
represents the intensity (I) distribution of the phase 
modulated signal, 

 
I d, t I I  

∙ cos
2π
λ
∙ d π (sin(ω t) , 

(2) 

 
where, ‘I ’ and ‘I ’ are the constants. I  = (I 	+ I ) 
is the sum of the intensities from the reference (I ) and 
the target (I ) and I  = 2 I I  . ‘d’ is the round trip 
optical path difference, ‘ω ’ is the phase modulating 
angular frequency and ‘t’ represents time. However, 
this mechanical phase modulation process has some 
unavoidable limitations which hinders the possibility 
for having faster measurement like restricted value for 
the driving frequency (~1.25 kHz) of the PZT and the 
voltage requirement is comparatively high (~100 V in 
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the present system) [5]. Hence, in this work the 
potential of Electro-Optic (EO) phase modulation for 
replacing the PZT based mechanical phase modulation 
has been investigated.  
 
 
2. Present MWLI Setup 
 

Fig. 2 shows the schematic diagram of the present 
MWLI set up. The working principle is related to 
Fizeau-homodyne interferometry and it is an entirely 
fiber-based system. The MWLI source sends out four 
wavelengths ranging from 1530-1630 nm which are 
coupled by a 4×1 coupler into a single fiber to enter the 
PZT based sensor. The PZT makes 1 µm back and 
forth periodic movement of the reference with 
modulating frequency ~1.25 kHz for performing the 
phase modulation. The reference beam is separated by 
a partial back reflection from the end face of the fiber 
ferule. The other part of the light gets reflected by the 
target and coupled back into the sensor to interfere with 
the reference beam. The four phase modulated 
interference signals are then separated by the 
Demultiplexer and get individually detected by the 
photo-diodes for further data analysis to unwrap the 
phase information. 

 
 

 
 

Fig. 2. Experimental set up of present MWLI system  
with mechanical phase modulation. 

 
 
3. Experiment  
 

For constructing the Electro Optic Modulator 
(EOM) a lithium niobate (LiNbO3) crystal having 
Titanium (Ti) indiffused waveguides was placed in the 
path of the test/target beam [6]. The half wavelength 
voltage (V ) for π-phase modulation under transverse 
configuration of LiNbO3 crystal is defined as, 

 

 V 	
∙

	 . (3) 

 

For LiNbO3, the extra ordinary refractive index 
( ) is ~2.14,  is the EO coefficient ~30.8 pm/V,  
and  refer to the width and length of waveguide 
respectively [7]. Here, for the experiments we started 
with LiNbO3 having  ~15 mm, electrodes separation 
~50 µm. The required V  for obtaining 1800 phase 
modulation is considerably low ~12-14 V, which is 
much lower than the necessary driving voltage of  
~94-100 V for the PZT based mechanical phase 
modulation as used in the present setup (Fig. 1). Fig. 3 
is the schematic diagram of the EO sensor containing 
the LiNbO3 crystal.  
 

 
 

Fig. 3. Schematic diagram of the EO sensor containing  
the LiNbO3 crystal. 

 
 
4. Results and Discussions 
 
4.1. π- Phase Modulation with PZT and EO Sensor 
 

The phase modulated signal governed by Eq. (2) 
from EO phase modulation is similar to what was 
obtained from PZT-driven phase modulated signal. 
Fig. 4 shows the phase modulated signals [5]. 
. 
 
4.2. Comparison on Distance Measurement Using 
       PZT and EO Phase Modulation  
 

Fig. 5. shows the measured distance while the 
target was fixed. The modulation frequency was  
1.25 kHz. For EO phase modulation the distance 
change is ~70 nm where the current PZT based system 
showed comparatively less drift in distance ~20 nm 
due to different mechanical conditions in the setups. 

 
 

4.3. Influence of Environmental Thermal Drift  
       on Distance Measurement with EO Phase  
       Modulation  
 

The external temperature has significant influence 
on the experimental set up for distance measurement 
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with EO-phase modulation. Fig. 6 shows the effect of 
environmental temperature on distance measurement. 
The temperature variation has a clear correlation with 
the observed drift in the optical path difference sensed 
by the EO based set up. This also indicates the reason 
for having better system stability with the current PZT 
sensor (~20 nm distance drift) as shown in Fig. 5. The 
setup with PZT sensor is an established and compact 
system which is less perturbed by environmental 
influences.  

 
 

 
(a) 

 

 
(b) 

 
Fig. 4. Phase modulated signals of (a) PZT and (b) EOM 

based systems. 
 

 
 

Fig. 5. Comparison on distance drift during measurement 
with EO and PZT based phase modulation with current 

modulating frequency ~1.25 kHz. 
 

 

 
 

Fig. 6. Distance drift due to external thermal influence 
under EO phase modulation at ~1.25 kHz. 

 
 

4.4. Phase Modulation at Higher Modulating  
       Frequency for PZT and EO Sensor  
 

Fig. 7 shows the distance drift in the PZT sensor 
when the modulating frequency was increased. The 
change in distance occurred due to the initial power 
dissipation within the PZT based system as the 
modulating frequency has been increased from 1 kHz 
to 2.5 kHz. The result justifies the reason for replacing 
the mechanical phase modulation for obtaining faster 
measurement. The PZT based system is susceptible to 
get affected by internally generated heat for higher 
frequency activities resulting in system instability for 
interferometric measurement. 

 
 

 
 

Fig. 7. Distance change due to initial power dissipation  
in PZT sensor when modulating frequency was increased. 

 
Fig. 8. compares the stability in performing the 

distance measurement at modulating frequency  
~2.5 kHz for both types of modulation processes. The 
graph clearly shows that the PZT has suffered a 
significant amount of initial thermal drift ~220 nm 
after switching to higher frequency where the EO 
phase modulation has comparatively less amount of 
drift ~75 nm. This again confirms the suitability of EO 
phase modulation for replacing PZT to perform 
distance measurement at higher modulating frequency 
in order to speed up the measurement process without 
influencing the measured distance. 
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Fig. 8. Comparison on distance drift between EOM  
and PZT at modulating frequency ~2.5 kHz. 

 
 
5. Conclusions 
 

We demonstrated the concept of performing the 
distance measurement in an MWLI system with EO 
phase shifting distance sensor. Experiments have been 
carried out using EO crystal LiNbO3 (having  
Ti-indiffused waveguide channels). The phase 
modulated interferometric signal confirmed that phase 
modulation has been achieved by the linear EO effect 
with the added advantage of comparatively lower 
value of driving voltage. The voltage requirement for 
EO phase modulation was ~12-14 V which is less than 
even one quarter of the required voltage for current 
PZT based system. Furthermore, the interferometric 
stability test at higher modulating frequency ~2.5 kHz 
shows that the EO phase modulation had 
comparatively less thermal drift ~75 nm where the 
PZT suffered ~220 nm distance change due to initial 
energy dissipation. However, the distance drift at 
modulating frequency ~1.25 kHz was found to be 
relatively higher for the EO phase modulation 
compared to PZT. The dominant reason behind it could 
be the environmental temperature change as the 

distance drift under EOM shows correlation with the 
changes in environmental temperature. So, the future 
work is to find a method for compensating the external 
influences to have the final design of this  
EO-interferometric sensor which is expected to 
significantly improve the speed of absolute distance 
measurement using MWLI. 
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Summary: The light scattering of particles is essential for its wide applications in particle measurement for the merit of 
convenience and no-intervention. Although many theories, models and numerical algorithms have been developed, the light 
scattering by large non-spherical particles is still a bottleneck problem in this field. In the Vectorial Complex Ray Model 
(VCRM) we have developed, the wavefront curvature is introduced as a new intrinsic property of rays. Due to this new 
conception, VCRM is shown much convenient and precise to predict the light scattering by large non-spherical particles. In 
this paper, we will present an application of VCRM in the light scattering by homogeneous and coated cones. The analysis of 
the scattering properties calculated by our code is also given. 
 
Keywords: Light scattering, Vectorial complex ray model, Homogeneous cone, Coated cone, Rainbow. 
 
 
1. Introduction 
 

Optical measurement techniques are applied in 
many fields to obtain information about the scatterers 
due to their advantages of being non-intrusive, rapid 
and reliable. The theories and models to describe the 
relation between the scattered light and the different 
kinds of particles are essential. However, most optical 
techniques are limited to spherical particles or very 
small objects because of the lack of theories and 
models for large non-spherical objects. For example, 
liquid jets breakup is essential for the atomization 
process and their structures are usually complex. To 
develop relevant measurement technique, we must be 
able to predict the scattering of such kinds of objects. 

In Vectorial Complex Ray Model (VCRM) [1, 2] 
we developed in recent years, the wavefront curvature 
is introduced as an intrinsic property of rays. This new 
conception improves considerably the precision of 
classical ray models. Moreover, by vectorizing the 
light rays, the calculation for the directions of the 
scattering rays is considerably simplified, especially in 
the cases of 3D non-spherical objects [3]. In this paper, 
we will apply VCRM to the study on the light 
scattering of homogeneous and coated cones. 

 
 

2. Mathematical Models of Homogeneous  
    and Coated Cones 
 

The schematic diagrams of homogeneous and 
coated cones are shown in Fig. 1. r  is the transversal 
radius, and a  is the initial radius at z 0 . These 1n , 2n  

and 3n  are the refractive indices. 

The transversal radius of the homogeneous cone r  
is a linear function of z  
 

 ( ) .r z a bz   (1) 
 

 
 

Fig. 1. Schematic diagram of homogeneous  
and coated cones. 

 
While for the coated cone, two functions are 

needed to describe its internal and external surfaces.  
 

 
 
 

1 1 1

2 2 2

for external surface: =
,

for internal surface : =

r z a b z

r z a b z




 (2) 

 
Both equations (1) and (2) can be written in the 

implicit form  , , 0F x y z  . The unit vector normal to 

this surface at an arbitrary point can be obtained by 
calculating the gradient: 

 

   2 2 2ˆ , , ,x y z x y zn F F F F F F    (3) 

 
where xF , yF  and zF  represent the partial differentials 

F x  , F y   and F z  , respectively.  

 
 
3. Ray Tracing Method for 3D Scattering 
 

In VCRM, light rays are represented by their wave 
vectors, and a local coordinate system is established at 
the point of interaction. It significantly simplifies the 
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computation for the directions of refracted and 
reflected waves. When a light ray k  is incident on the 
surface of cone, the plane of incidence inc  is defined 

by the incident wave vector k  and the normal vector 
n̂ . Here we introduce an auxiliary vector v̂  as: 

 

 ˆ ˆ ˆ .v n n  k k  (4) 

 
Then the unit vector ̂  tangent to the particle 

surface and located in inc  is then obtained by: 

 
 ˆ ˆ ˆ.v n    (5) 

 
The relation between these quantities are illustrated 

in the following Fig. 2. 
 

 
 

Fig. 2. Local coordinate system  ˆˆ ˆ, ,n v  at the particle 

surface to describe the wave vectors. 
 

The normal and tangent components of the incident 
wave vector k  can be evaluated by ˆnk n k  and

ˆk  k , respectively. According to the boundary 

conditions, the tangent components of the reflected and 
refracted waves are directly obtained by  

 
 ' .k k   (6) 

 
While the normal components are calculated by 
 

 
2 2

                         reflected wave
' ,

               refracted wave

n

n

t

k
k

k k

 


 (7) 

 
where tk  is the wave number of the refracted wave. It 

should be noted that the refracted ray does not exist if 
total reflection occurs. 

The refracted/reflected wave vector k'  is 
expressed in the local coordinate system by 

ˆˆ' 'nk n k   k' , then its expression in the laboratory 

coordinate system  ˆ ˆ ˆ, ,x y z  is acquired: 

 

 

' ' '

' ' ' .

' ' '

x n x x

y n y y

z n z z

k k n k

k k n k

k k n k












   
  

   
      

 (8) 

 
To describe the directions in 3D space, the azimuth 

angle   and the elevation angle   are usually used. 
The former is the angle made with the XOZ plane (the 
incident rays are along the x-axis), and its value

 atan2 ,  y xk k  ; while the latter depicts how much a 

ray is deviated from the horizontal plane, and it is 

evaluated as  arctan z x yk k k  2 2 . 

Another problem in dealing with ray tracing is to 
find the coordinates of the next interaction point of a 
ray with the particle surface. Here we introduce the 
distance factor t . In general, the ray between two 
successive interaction point can be expressed by the 
following equations: 

 

 

,

,

,

N x

N y

N z

x x t k

y y t k

z z t k

  

  

  

 (9) 

 

where  , ,x y zk k k  is the wave vector which originates 

from the interaction point  , ,N N Nx y z . The coordinates 

of the next interaction can be solved by substituting 
Eq. (9) into the surface function, i.e. 
 

  , , 0,N x N y N zF x t k y t k z t k        (10) 
 

which is a one variable equation. Then the problem of 
acquiring the next point of interaction is now boiled 
down to solving this one variable equation [3]. 

In the specific case of a homogeneous cone with a 
radius of  =r z a bz , the current point  , ,N N Nx y z  and 

the next point of interaction  1 1 1, ,N N Nx y z   satisfy the 

same surface function, so we have 
 

 

      

22 2

2 22
,

N N N

N x N y N z

x y a bz

x tk y tk a b z tk

   


     
 (11) 

 

from which we can deduce the distance factor t  for a 
homogeneous cone (the solution t  0  corresponds to 
the current point and should be omitted): 
 

 
 2

2 2 2 2

2
.

z z N x N y N

x y z

abk b k z k x k y
t

k k b k

  


 
 (12) 

 
While for a coated cone, it becomes a little 

complicated. Let’s suppose the current point is on the 
cone of  =i i ir z a b z , while the next point is on the 

cone of  =j j jr z a b z , where i and j are equal to either 

1 or 2 but i j  if the two points are on different 
surfaces. They satisfy 

 

 

      

22 2

2 22
.

N N i i N

N x N y j j N z

x y a b z

x tk y tk a b z tk

   


     

 (13) 

 
This set of equations can be reduced as 
 

 2 0,At Bt C    (14) 
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where the coefficients A, B and C are defined as 
 

 

 
 

   

2 2 2 2

22

,

2 ,

.

x y j z

x N y N j j N j z

i i N j j N

A k k b k

B k x k y a b z b k

C a b z a b z

  

     

   

 (15) 

 
Then, the solution to the variable t  is obtained as

 ,  t t B B AC A   2
1 2 4 2 . Actually, in the case 

when the two successive points are on the same cone, 
i.e. i ja a  and i jb b , the constant C  is equal to 0, and 

this leads to t B A   which coincides with the 

solution for a single homogeneous cone (see Eq. (12)). 
In another case, if the next point of interaction is on the 
surface of another cone, i.e. i ja a  and i jb b , the two 

solutions t1  and t2  correspond to two points of 

interaction, and we need to judge which one maps the 
actual point of interaction: if t1  and t2  are of different 

signs, the right answer to t  is the positive one; if both 
of them are positive, the smaller one is the right 
answer. In the end, by substituting the obtained value 
of t  into Eq. (9), the coordinates of the next point of 
interaction are acquired. 

Through the procedure introduced above, the 
directions and the positions of all emergent rays can be 
calculated. In the following section, the simulation 
results for the light rays scattered by homogeneous and 
coated cones are presented. 

 
 

4. Results  
 

In this work, plane wave of incidence is concerned. 
And in the framework of ray optics, the plane wave can 
be simulated as the aggregation of vast discrete rays 
which are parallel to each other [4-6]. 
 
4.1. Light Rays Scattered by Homogeneous Cones 
 

The homogeneous cone used in simulation has an 
initial cross section of  0 0.5 mmr a  and a variable 

slope b. The wavelength of the incident light 632.8   
nm, the refractive indices 1 1n   and 2 1.333n  . The 

simulation result is shown in Fig. 3. 
 

 
(a) .b  0 05  (radius expands with z ) 

 

 
(b) .b  0 05  (radius contracts with z ) 

 
Fig. 3. Tracing of the light rays scattered by an expanding 

and a contracting homogeneous cone. 
 
The z  value of the plane where the incident rays 

are located is 0.5 mm, and p  is the order of the 
scattering rays (following the convention, the 
scattering rays of p  order have undergone p 1 times 
of interaction with the particle). For clarity, only the 
scattering rays of p  2  are drawn. We can see from 
Fig. 3 that the scattering rays of different p  orders are 
no longer in the same plane, which means the 
interference at infinity (or a focal plane of a collection 
lens) only happens between the rays with the same p . 
That is very different from the scattering of a circular 
cylinder.  

However, as shown in Fig. 4, the scattering rays of 
p  2  may still concentrate at certain angles, and the 

scattering angles reach an extremal value there. We 
define the density of the scattering rays as the 
percentage of the number of rays arriving a given angle 

interval, i.e. 
number of rays in 1

100%
total number of rays

  


. 

Moreover, to mark the incident positions of different 
incident rays, a quantity   called impact factor is 
used. The incident ray which impacts the cone 
centrally has an impact factor   0 ; while  1

indicates the ray of grazing incidence. 
 

 
 

Fig. 4. The azimuth angle distribution of the rays scattered 
by the homogeneous cone. The parameters are the same as 

in Fig. 3(b). 
 

 For example, the density   of the p  2  shows a 
distinct peak around 138° indicating that most of the 
p  2  scattering rays gather there, and the azimuth 
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angles (vary with  ) have a minimum value at this 
angle. These angles for 2,  3,  4,  ...p   define 
respectively the horizontal positions of the 1st, 2nd, 
3rd ... rainbows [7, 8].  

It is found that the angular positions of the 
rainbows, especially the elevation angles, are very 
sensitive to the slope of cone. By changing the value of 
the slope b , the corresponding spatial positions of the 
1st  rainbows are calculated and are given in Fig. 5. 

 

 
 

Fig. 5.  Variation of the spatial position  ,    

of the 1st rainbow angle with the cone’s slope b . 
 

We can see that as the slope b  varies from -0.05 to 
0.05 (the homogeneous cone is changed from slightly 
contracting to slightly expanding), the elevation angle 
  of the 1st rainbow is altered from .8 8  to .8 8 , 
while the azimuth angle   varies in range of 

. ,  .  137 9 138 3  . When b  0 , the homogeneous cone 

degenerates into an infinite cylinder with all scattering 
rays located in the horizontal plane. This explains why 
the elevation angle equals 0 in this case. 
 
 
4.2. Light Rays Scattered by Coated Cones 
 

For a coated cone, we are concerned by the 
scattering rays that have been internally reflected once 
respectively by the internal surface and by the external 
surface (the class   and   rays shown in Fig. 6). This 
case is chosen because these light rays permit to study 
relatively easily the formation of the twin rainbows  
[9-11].  

 

 
 

Fig. 6. Top view of the paths of the   and   rays. 
 

In [10], the authors studied on the twin rainbows of 
coated cylinders and found that the angle differences 
between the two rainbows are tightly related to the 
thickness of coating. In this paper, we will study the 
light rays scattered by a coated cone whose inner and 
outer radii vary linearly. It is more complicated but is 
of same importance. 

In the case of 1 2 3n n n  , for example the  

air-water-air model, there is no extremal angle for the 
scattering rays of class   or  , then twin rainbows do 
not exist. When the refractive index model is of 

1 2 3n n n  , the twin rainbows can be formed. Here we 

note the rainbow formed by those class   rays as the 
  rainbow, and that by the   rays as the   rainbow. 

The coated cone in our simulation is composed of 
two concentric circular cones, and the two cones are of 
different slopes: the external and internal surfaces are 
set as . .r z 1 0 5 0 1  and . .r z 2 0 4 0 05  mm, 

respectively; and the air-water-glass model ( 1 1n  , 

2 1.333n   and 3 =1.615n ) is applied. The tracing result 

for the   and   rays is given in Fig. 7. 
 

 
(a) Side view 

 
(b) Top view 

 
Fig. 7. Tracing of the light rays scattered by the coated 

cone. The classes   and  are the light rays that 
contribute to the twin rainbows. 

 
In Fig. 7, the z  value of the plane where incident 

rays are located, noted as iZ , is 0.5 mm. We can see 

that the   rays and   rays have their own extremal 
angles. The extremal value of the azimuth angles and 
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the corresponding elevation angle define the spatial 
position of rainbow.  

In the following part, we will analyse how the 
positions of the   and   rainbows are distributed as 

iZ  changes. By moving the plane of incident rays from 

.iZ  0 5  mm to .iZ 1 5  mm, the azimuth angle   and 

the elevation angle   of the twin rainbows are 
calculated (See the Table 1 and Fig. 8). 

We can see from the Table 1 and Fig. 8 that, as iZ  

changes from 0.5 mm to 1.5 mm, the azimuth angle   

of the a  rainbow is increased by .4 9 , while the   

rainbow is decreased by .2 8 ; the elevation angles are 
almost unchanged due to the fact that the slopes of the 
inner and outer surfaces are constant. In spite of this, 
the thickness 1 2r r  are shrunken from 75 µm to 25 µm, 

which is the cause why the azimuth angles  
are shifted.  
 

Table 1. Variation of the  and   rainbows with iZ  

 

 
 
 

 
 

Fig. 8. Spatial positions of the   and   rainbows as iZ  

changes (plotting of the data in Table 1). 
 

It can be concluded that in the cases of coated 
cones, the elevation angles of the twin rainbows are 
mainly determined by the slopes of the inner and outer 
cone surfaces; while the azimuth angles are tightly 
related to the thickness between the inner cone and the 
outer cone. This sensitivity presents a promising way 
to measure the thickness of the coated cone by the 
angle distribution of the twin rainbows. 
 
5. Conclusions 
 

The ray tracing method based on VCRM is 
discussed in detail, and it can be applied to 3D 
scattering objects with arbitrary shapes. By the ray 
tracing method, the light rays scattered by 

homogeneous and coated cones are simulated, and the 
analysis of the scattering properties are given in the 
framework of geometrical optics. A full calculation of 
the amplitude and the phase of the rays with VCRM is 
being undertaken, and it is hoped to deliver a more 
detailed interpretation about the mechanism of the 
light scattering of cones. 
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Z i mm 0.5 0.7 0.9 1.1 1.3 1.5

(r 1-r 2) mm 0.075 0.065 0.055 0.045 0.035 0.025
φ deg. (α ) 158.84 159.71 160.64 161.61 162.64 163.72
φ  deg. (β ) 173.28 172.81 172.30 171.73 171.11 170.43
ψ  deg. (α ) -13.41 -13.47 -13.52 -13.58 -13.65 -13.71
ψ  deg. (β ) -22.53 -22.50 -22.47 -22.43 -22.39 -22.34
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Summary: The Vulcan laser is one of the most powerful laser in the world. To keep the facility up to date and to deliver 
cutting edge support to the user community, a new ultrashort laser beamline is under construction, to be added to the existing 
Petawatt target area. The new laser system is fully OPCPA based, aiming to deliver up to 30 J in 30 fs. In this contribution, we 
present the overall project and, more in detail, the work on the front end. 
 
Keywords: Nonlinear optic, Femtosecond Laser, OPCPA, Facility. 
 
 
1. Introduction 
 

The Vulcan Petawatt Laser Facility is operational 
from different years, delivering high quality support 
for the laser plasma community. To keep the facility at 
world leading level, continuous development is 
necessary. 

For that reason, to allow better understanding of the 
laser plasma interaction at petawatt level, a new laser 
beamline was proposed to allow betatron radiation 
probing of the plasma. 

The design specification for the new beamline are: 
 Pulse length: < 30 fs; 
 Energy: ~30 J; 
 Repetition rate: 1 shot every 5 min. 
 
 

2. Project and Technology 
 

There are different laser technology that can 
provide laser pulses within the requested parameters. 
Using the expertise in the Central Laser Facility, we 
decided to use the Optical Chirped Pulse Amplification 
(OPCPA) for the new beamline. 

In this way, a short pulse length could be generated, 
supporting in principle large bandwidth. While this is 
not important for betatron radiation, it will open a new 
set of experiment for QED. 

The choice of OPCPA is also aligned with another 
upgrade project of Vulcan, at the moment on hold, to 
increase the peak power to 20 PW, completely based  
on OPCPA. 

The overall project is aiming to deliver first pulses 
of 7 J in 30 fs in the next three years. In the second 
phase, the addition of a 108 mm disk amplifier and an 
amplification stage will increase the energy up to 30 J, 
with a limited repetition rate of 1 shot every 20 min. 

Finally, in the third phase a new design of gas 
cooled disk amplifier, under development, will 
increase the repetition rate to 1 shot every 5 min. 

3. Laser Architecture 
 
The overall schematic of the new beamline is 

shown in Fig. 1. 
 

 
 

Fig. 1. Schematic of the new beamline. 
 

The chain is divided in four main blocks: 
- ps front end; 
- stretcher; 
- ns front end; 
- stage B1 and B2; 
- compressor. 

More in detail, ps front end is responsible to 
generate the laser pulse using ps pump laser, delivering 
pulses of the order of 1 mJ. The pulse will be stretched 
at 3 ns using the stretcher and then amplified by ns 
front end. Two additional amplification stages B1 and 
B2 will increase the energy at 50 J before  
the compressor. 

From preliminary OPCPA simulation and using 
frequency double Nd:Glass pump laser at 526.5 nm, 
OPCPA with LBO in non-collinear geometry will 
provide bandwidth of >220 nm around 877 nm  
(Fig. 2). 

 
 

3. PS Front End 
 

The generation of the laser pulse is one of the most 
critical part of the system and it is where is most 
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focused the current work on the project. The overall 
schematic is still not fully design but it will include a 
first dual OPCPA stages pumped by a 2 mJ Yt laser 
system operating at 100 Hz. An additional pump laser 
of 25 mJ will be used to further amplify the pulses to 
the mJ level. 

 

 
 

Fig. 2. Simulated output spectrum. 

 
More in detail, the laser pulse, generated by a 

broadband TiSa oscillator (Venteon), is stretched by 
glass block to approximately 5 ps and sent to the OPA 
stages. 

The crystal used for the OPA stages is LBO. 
Numerical simulations suggest that the output from the 
two stages should be around 40 uJ and with bandwidth 
of >200 nm (Fig. 3). 

 

 
 

Fig. 3. Simulated spectra after the first (FE1 Out)  
and the second (FE2 Out) ps OPCPA. 

 
The pump and the signal delivery is designed 

considering the relay imaging between the stages and 
the doubling crystal. Particular care is taken to reduce 
the chromatic aberration on the signal. 
 
 
4. Conclusions 
 

In this contribution, we present the new beamline 
project in the Vulcan laser system, aiming to add 
ultrashort pulse capability to the Vulcan Petawatt 
Facility. The final design specification is 30 J in 30 fs 
on target. 

The overall project is quickly discussed, followed 
by a more in depth presentation on the work on the ps 
Front End. 
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Summary: We demonstrated a single blue-diode-pumped Kerr-lens mode-locked Ti:sapphire laser generating 43 fs pulses at 
118 MHz directly from the oscillator without extra-cavity compression. The laser is centered at 780 nm with 17 mW average 
power. 
 
Keywords: Diode-pumped, Ti: sapphire, Ultrafast, Solid-state, Mode-locked laser. 
 
 
1. Introduction 
 

Titanium-doped sapphire (Ti: Sapphire) crystal is 
still one of the important laser materials for ultrafast 
laser and ultra-intense laser facility since it was 
reported in 1982 [1]. Ti: Sapphire lasers are widely 
development due to their extremely wide emission 
spectrum [2], short pulse duration, high peak intensity 
and high stability, which is an important tool for many 
applications in science and technology. However, the 
biggest drawback of the Ti: sapphire lasers is the need 
for expensive and complex pumping sources in the 
blue-green spectral region. Ti: sapphire lasers were 
initially pumped by Ar: ion lasers and then frequency-
doubled diode-pumped solid-state lasers (DPSSLs) 
which are fairly complicated and expensive. In 2009, a 
direct diode-pumped Ti: sapphire laser achieved  
19 mW continuous wave (CW) average output using a 
1-W blue diode at 452 nm, which was firstly reported 
by Roth et al [3]. In the following experiment, they 
realized passive mode-locking with a saturable Bragg 
reflector by adding a second diode. Pulses of 111 fs 
duration and an average power of 101 mW were 
demonstrated [4]. In 2014, a green-pumped Ti: 
sapphire laser achieved 23.5 mW average power and 
62 fs pulse durations using a single 1-W laser diode 
[5]. Recently, Andreas et al. realized a Ti: sapphire 
DPSSL with 82 fs pulse duration and 460 mW average 
power using two 2.9 W laser diode at 450 nm [6]. 

In this paper, we report on a 3.5 W 450 nm  
diode-pumped Kerr-lens mode-locked femtosecond 
Ti: sapphire laser. Pulses as short as 43 fs with an 
average output power of 17 mW at a repetition rate of 
118 MHz were generated. The full spectrum of the 
mode-locked laser ranged from 725 to 825 nm. 

 
2. Experiment and Results 
 

In our experiment, an aspheric lens (f =4 mm), a 
two-element Galilean beam expander (f =-30 mm and 

f =300 mm), and then a plano-convex lens (f =75 mm) 
were used to focus the beam of a 3.5 W blue laser diode 
of 450 nm into the Ti: sapphire crystal (Fig. 1). The 
pump spot waist radius was 41 μm 42	μm (1/e2) in 
the gain crystal. A 3 mm long Brewster-cut Ti: 
sapphire crystal with 0.25 % doping was used and the 
single pass pump absorption was measured to be 71 %. 
The dichroic pump mirrors have a radius of curvature 
of 50 mm with a group delay dispersion (GDD) of 
75 20	fs2 (720 nm -1000 nm). A pair of fused silica 
prism was introduced for dispersion compensating and 
wavelength tuning. Using a 1 mm thick output coupler 
of 1 % transmittance, we achieved an average output 
power of 17 mW in the mode-locking operation when 
the maximum pump power was 3.5 W. The pulse 
duration of 43 fs was measured by an intensity 
autocorrelator, as shown in Fig. 2(a). the 
corresponding laser spectrum was recorded by an 
optical spectrum analyzer showing the center 
wavelength at 780 nm with 25 nm (Fig. 2(b)) 
wavelength bandwidth (full width at half maximum). 
The time-bandwidth product of the pulses is 0.57, 
indicating that the chirp could not be fully eliminated 
by the intracavity prism pair and chirped mirrors. The 
spectrum supports 25 fs Fourier transform limited 
pulses. We could get shorter pulse duration by the 
extra-cavity dispersion compression with chirped 
mirror pair or prism pair. 

 
 

3. Conclusions 
 

In conclusion, we have achieved a stable  
blue-diode pumped femtosecond Ti: sapphire 
femtosecond laser. Pulses as short as 43 fs with the 
average output power of 17 mW were generated at 118 
MHz. In later experiment, better mode matching is 
proposed to improve the laser efficiency and better 
chirp compensation for shorter pulse generation. 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

139 

 
 

Fig. 1. Diagram of the diode-pumped Kerr-lens  
mode-locked Ti: sapphire laser. 
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Fig. 2. (a). Auto-correlation trace (dark dot, measurement data; solid, red, sech2 fitting curve). (b). the corresponding optical 
spectrum. 
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Summary: We report here a compact on-column micro-gas chromatography (µGC) detector based on free-space coupled 2D 
photonic crystal slabs (PCS). The micro-fabricated silicon column is coated with a layer of stationary phase for vapor 
separation. The PCS is coated with a thin layer of polymer for vapor detection. The Fano resonance mode supported by the 
PCS is utilized to detect the refractive index (RI) change and thickness change in the polymer layer caused by the adsorption 
of vapor molecules. Different gaseous samples have been utilized to demonstrate the gas separation and gas detection. The 
results have demonstrated that the 2D PCS is a promising on-column nondestructive µGC detector. 
 
Keywords: Photonic crystals, Photonic crystal slabs, Gas sensing, Gas chromatography, Optical sensing. 
 
 
 
1. Introduction 
 

Optical gas sensors have been widely used in 
industrial emission control and environmental 
monitoring [1]. However, optical gas senor measuring 
the refractive index change caused by vapors generally 
lacks detection specificity. In this work, we develop a 
miniaturized gas sensor based on free-space coupled 
2D photonic crystal slabs (PCS) and integrate the 
sensor with micro-gas chromatography (µGC) gas 
separation columns. Volatile organic compound 
(VOC) mixture samples can be separated due to their 
unique interaction with the stationary phase coated in 
a GC column, exhibiting different retention time and 
further detected with the PCS sensor. 

Fano resonance supported by the defect-free PCS 
provides an effective channel for the light to radiate to 
the external environment. Fano resonance in the 
defect-free PCS has been demonstrated for bulk liquid 
sensing [2-3]. Combining the micro-fabricated 
separation columns and Fano resonance in the PCS 
enables a compact on-chip free-space coupled µGC 
on-column detector. 

 
 

2. Device Fabrication 
 

Si PCS Fano resonance optical filter was first 
fabricated on a silicon-on-insulator (SOI) substrate 
using e-beam lithography (EBL) and reactive-ion 
etching (RIE) processes. The PCS is transferred from 
SOI substrate to a borofloat glass substrate with 
Polydimethylsiloxane (PDMS) stamp using transfer 
printing process. A micrograph of the 300×300 µm2 
PCS on the glass substrate is shown in Fig. 1(a). The 
top view SEM image of the PCS is shown in the inset 
of Fig. 1(a). The PCS has a lattice constant  
a = 970 nm, air hole radius r = 110 nm and a slab 
thickness t = 250 nm. 

The silicon microcolumns, as shown in Fig. 1(b) 
were fabricated with Bosch process in a deep silicon 
etcher. Bosch process is also called time-multiplexed 
etching, alternating between a plasma etching step and 
a polymer deposition step. The channel width is  
250 µm and channel depth is 120 µm. An angled view 
scanning electron micrograph (SEM) image is shown 
in Fig. 1(c). The borofloat glass and silicon channel are 
bonded using anodic bonding. The microfabricated 
column is 3 meters in length. Fluidic connections 
between the micro channel and upstream pump is 
through ~10 cm sections of deactivated fused silica 
capillary (250 µm i.d.). OV-101 (Ohio Valley 
Specialty) is used as the vapor sensing polymer. The 
polymer coating was based on well-developed static 
coating procedures for gas separation columns [4]. 
 
 
3. Device Characterization 
 

Reflection spectra of the PCS devices were 
measured with a tunable laser light source (Agilent 
81980A, 1465 nm-1575 nm). The device was mounted 
on a translation stage and the beam shines on the 
device under surface-normal incidence condition. The 
reflected beam was measured by a germanium 
detector. The measurement setup was controlled with 
a custom made LabVIEW program.  
Cross-polarization technique was used to suppress the 
Fabry-Perot interference induced by the cover glass. 
The reflection spectra of the PCS on glass are shown 
in Fig. 2(a). Cross polarization technique can reveal the 
high Q factor symmetry-protected mode B, as 
discussed in our previous work. After coating the PCS 
with OV-101 polymer, the reflection spectrum is 
shown in Fig. 2(b). The resonance red shifts ~ 7.5 nm, 
which implies ~20 nm polymer layer on the PCS based 
on simulation in our previous work. 
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The device was firstly characterized with hexane 
and ethanol vapors. The spectral shift at different 
concentration of hexane vapor is shown in Fig. 3(a), 
with a sensorgram at 8,684 ppm at continuous flow rate 
0.5 mL/min shown in the inset. The sensitivity is linear 
fitted to be 8.3 pm/kppm. The spectral shift for ethanol 
vapor is plotted in Fig. 3(b). The inset shows a 
sensorgram at 14,670 ppm continuous flow ethanol 
concentration. The sensitivity is found to be  
3.7 pm/kppm. The sensor shows different sensitivities 
to hexane and ethanol vapor, with lower sensitivity for 
polar vapor ethanol due to the non-polar polymer 
coating. 

To study the vapor separation by using the 
integrated column/PCS, vapor mixture is injected into 
the column. The chromatograms for different vapor 
mixtures are shown in Fig. 4. The mixture of vapors 
was injected at 0 second. The carrier flow (air) is set at 
0.5 mL/min. Ethanol, hexane and benzene could be 
separated from toluene, as shown in Fig. 4(a), (b) and 
(c) respectively. As shown in Fig. 4(d), ethanol, 
toluene, and benzene can be separated well after a  
3-m integrated column. 

 
 

3. Conclusions 
 

Free-space coupled 2D PCS vapor sensor has been 
integrated with separation column as a compact  
on-chip GC detector. The sensitivities of the PCS to 
four different vapor analyte: hexane, ethanol, benzene 

and toluene were measured with a continuous flow of 
the analyte. Toluene exhibits the highest sensitivity 
among the four gaseous analyte. Mixture of two or 
three gaseous samples was injected to the separation 
column and the individual VOC can be separated in the 
chromatograph, demonstrating a proof-of-concept  
on-column GC system. 
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Fig. 1. (a) A microscope image of a PCS transferred on the glass substrate, a top view SEM image of the PCS is shown in 
the inset. (b) An image of the Si column bonded with glass, with a US penny as a size comparison.  

(c) Angled view SEM image of the Si column. 
 
 

 
 

Fig. 2. Measured reflection spectra of the PCS sensor on glass substrate (a) without polymer coating;  
(b) with polymer coating. 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

142 

 
 

Fig. 3. Measured spectral shift with different concentration of (a) hexane vapor, with a sensorgram  
for 8,684 ppm shown in the inset; (b) ethanol vapor, with a sensorgram for 14,670 ppm shown in the inset. 

 

 
 

Fig. 4. Separation of different analytes after passing through the 3 m OV-101 coated column, the vapors are detected with PCS 
sensor. (a) 5,868 ppm ethanol and 1,872 ppm toluene; (b) 2,894 ppm hexane and 624 ppm toluene; (c) 2,080 ppm benzene and 
1,872 ppm toluene; (d) 10,669 ppm ethanol, 3,781 ppm benzene and 3,403 ppm toluene. All the analytes are injected at 0 
second. 
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Silicon photonics has already played a substantial 
role in shaping the future of photonic integrated 
circuits in the near-infrared (NIR). Furthermore, when 
considering the extension of photonic components to 
the mid-infrared (MIR) window, silicon photonics 
remains an interesting and suitable technology for the 
development of such functionalities [1]. In fact, the 
wide transparency window of silicon and group IV 
materials in the MIR is a major asset and they are 
extremely promising platforms for future photonic 
integrated circuits (PIC) in MIR. Several theoretical 
and experimental research works have been already 
developed to demonstrate such MIR photonic 
functionalities [2-5]. 

Optical modulator is one of the most important 
component in communication systems. Silicon  
nano-photonic waveguide-based electro-optic 
modulators using free-carrier dispersion effect for 
external modulation have been studied extensively in 
NIR domain. Similar free-carrier electrooptic 
modulator approaches can certainly be applied 
elsewhere within the transparency window of silicon. 
Nedeljkovic et al. in [6] have developed analytic 
equations to estimate the plasma dispersion effect 
inside silicon material for a wide range of MIR 
wavelengths. For the short-wave infrared of 2 m, 
absorption coefficient changes and refractive index 
changes due to injection or depletion of carrier in 
silicon are given by: 

 
∆ 6.21 ∗ 10 ∗ ∆ . 3.22 ∗ 10 ∗

∆ . , 

 

∆ 2.28 ∗ 10 ∗ ∆ . 1.91 ∗ 10 ∗
∆ . , 

 

where  is the absorption coefficient,  is the refractive 
index,  is concentration of acceptors and  is 
concentration of donors. 

In this work, we report one of the latest 
experimental results of Mach-Zehnder modulator with 
a phase shifter of 2 mm length based on PN junction. 
We designed this device to operate at the short-wave 
infrared of 2 m using 220 nm SOI platform. The 
doping concentrations of the active region were 
optimized to reach a maximum refractive effective 
index change with minimum loses. Silicon rib 
waveguide is used to define the phase-shifter region. 
Both arms of the MZI are connected at each end with 
passive MMI 1×2 beam splitter. Grating couplers are 
used in both input-output parts to launch-recover the 
optical mode inside-from the modulator. 

The MZI modulator is fabricated using the CMOS 
silicon nanophotonic process, on SOI platform with 
2 m-thick buried oxide layer with 220 nm top silicon 
layer. DC and AC measurement have been performed. 
The modulator operates at the short-wave infrared of 
2 m and exhibits and extinction ratio (ER) of more 
than 25 dB and an insertion loss (IL) of 2.5 dB. The  
3 dB electro-optical (EO) bandwidth measured on the 
device was 6 GHz. 

 

 

 
 

Fig. 1. Transmission spectra of 2mm imbalanced MZI, (a) for wide range (1960 nm - 2010 nm), (b) transmission around  
the absorption peak for different reverse bias. 
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Summary: In this contribution we demonstrate an all-organic Mach-Zehnder interferometric electro-optic waveguide 
modulator capable of operating in the visible and infrared spectral range. We demonstrate experimentally an operation of 
modulator design that comprises SU-8 as waveguide core and an electro-optic host-guest glass forming polymer as a cladding. 
The modulator is tested in the visible part of the spectral range and the results indicated comparatively high efficiency in-
device in-plane poling (up to 30 %) of the value reached in thin films. 
 
Keywords: Integrated optics devices, Modulators, Electro-optic polymer, Waveguide Mach-Zehnder. 
 
 
1. Introduction 
 

One of the central problems in the field of 
photonics research and industry has been the 
realization of high-bandwidth and small footprint 
electro-optic (EO) devices for applications in  
high-speed communication and computing. Organic 
materials have shown to be potential candidates to be 
used in these devices as the nonlinear optical (NLO) 
medium due to multiple of their advantageous 
properties such as low cost, low dielectric constants 
and high EO coefficients (>300 pm/V) [1]. Very 
recently a significant breakthrough has been achieved 
in the field through improvement of EO materials and 
demonstration of novel hybrid silicon-organic and 
plasmonic-organic device architectures [2-5]. Despite 
these achievements there still is an ongoing pursue of 
organic EO materials and modulator designs that could 
meet the requirements for their widespread 
commercial utilization. Here we present our efforts and 
results in preparation of an all-organic  
Mach-Zehnder interferometric (MZI) EO waveguide 
modulator capable of operating in the visible and 
infrared spectral range. 

 
 

2. Design and Fabrication 
 

The MZI waveguide device was fabricated on a 
quartz glass substrate. Two optical lithography steps 
were performed using a 365 nm laser writer µPG 101. 
In the first step electrode mask was made in a positive 
tone resist MEGAPOSIT SPR 700 and 100 nm thick 
Chrome electrodes were sputtered using thermal 
evaporator (Edwards). In the second step direct writing 
of MZI waveguide structure was carried out in SU-8 
negative resist. The SU-8 is an epoxy-based negative 
photoresist with low absorption coefficients in the 
visible and infrared spectra, a high glass-transition 
temperature and good chemical durability. The SU-8 
resist was prepared by spin-coating technique. The 

required thickness was achieved by diluting GM-1075 
SU-8-negative tone photo-epoxy from Gerseltec in  
gamma-Butyrolactone (GBL) as well as by varying the 
spin-coating speed. Below in Fig. 1 the thickness 
dependence on both mentioned parameters is shown. 

 
 

 
 

Fig. 1. Thickness of SU-8 resist coated a different  
spin-coating speeds as a function of mass ratio of diluent 

GBL and GM-1075 SU-8 negative tone photo-epoxy. 
 
 
The top and side views of modulator design are as 

depicted in Fig. 2A. It comprises an SU-8 waveguide 
core, electrodes in the plane with the waveguide core 
and an EO polymer coating and its operation and 
optimization principles have been profoundly 
described elsewhere [6]. 

The waveguide MZI was purposely made 
asymmetric such that the light interference had a phase 
bias of π/2. The structure was then spin-coated with a 
host-guest polymer comprising 2-(4-(bis(5,5,5-
triphenylpentyl)amino) benzylidene)-1H-indene-
1,3(2H)-dione (DMABI-Ph6) as NLO chromophore 
and PMMA as matrix. The second and third orded 
NLO properties of DMABI-Ph6 have been described 
elsewhere [7, 8]. 
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Fig. 2. A. The top-view and crossection of the waveguide 
MZI. B. An optical image from the top of waveguide MZI 

with excited guiding mode. 
 
DMABI-Ph6 was selected mainly due to three 

reasons. Firstly, DMABI-Ph6 is an organic glass and 
therefore is amorphous and would not crystallize 
during poling. Secondly, DMABI-Ph6 possesses high 
NLO efficiency as measured by Maker fringe 
technique at 1064 nm using setup described 
elsewhere [9]. Corona poled DMABI-Ph6 thin films 
had a NLO coefficient of d33(532)=69.2 pm/V. Yet it 
is important to note that the NLO coefficient values are 
resonantly enhanced due to the fact that the second 
harmonic of 1064 nm is in the absorption band of the 
material. Using relations described by Oudar and 
Chemla [10] as well as by Singer [11], we estimated 
that the EO coefficient r33 of pure DMABI-Ph6 at 633 
nm should be around 3 pm/V. Thirdly, the refractive 
index of thin films made of DMABI-Ph6 can be varied 
by changing the NLO chromophore concentration in a 
PMMA matrix. Below in Fig. 3 we show the refractive 
index of guest-host films made of DMABI-Ph6 in 
PMMA. The concentration C of DMABI-Ph6 in the 
PMMA matrix expressed as  

 

 
6

6

DMABI Ph

DMABI Ph PMMA

m
C

m m







, (1) 

 

where mDMABI-Ph6 is the mass of the chromophore and 
mPMMA is the mass of PMMA. 
 

 
 
Fig. 3. The refractive index of guest-host DMABI-Ph6 + 
PMMA films measured at 633 nm by prism-coupling 
technique as a function of NLO chromophore concentration 
is indicated by red circles. The red dotted line indicates the 
refractive index of SU-8 at 633 nm. 

We calculated the operation conditions of the 
waveguide MZI at different NLO polymer cladding 
refractive indexes. We used finite element mode solver 
in Comsol Multiphysics 5.2a Wave Optics module to 
calculate the effective refractive indexes neff of the first 
two modes as well as the overlap integral Γ of the first 
mode at 633 nm in the waveguide at different DMABI-
Ph6 chromophore concentrations. The overlap integral 
Γ describes the interaction efficiency between the 
applied electric field and the optical mode [12]. The 
calculated neff and Γ values are depicted Fig. 4. The 
desired single mode regime is restricted by the black 
dotted lines, which are located at 27 %wt and 38 %wt, 
respectively. 

 

 
 
Fig. 4. The effective refractive index neff of first and second 
TE modes as a function of DMABI-Ph6 concentration  
in PMMA matrix are plotted with blue lines on primary  
y axis. The overlap integral Γ of the 1st mode is plotted with 
the red line on secondary y axis. The dotted vertical lines 
indicates concentration at which the waveguide operates in 
single mode regime. 

 
The concentration of chromophore in the matrix 

was chosen to be 30 % wt. At this concentration the 
refractive index of EO polymer is such that a single 
mode condition is met if other parameters of the device 
are as shown in Table 1. 
 
 

Table 1. The created EO device and employed material 
parameters. 

 
Parameter Value 
Substrate refractive index at 633 nm 1.45 
SU-8 refractive index at 633 nm 1.589 
EO polymer refractive index at 633 nm 1.5684 
SU-8 core width 1.5 µm 
SU-8 core height 0.7 µm 
Waveguide bend radius 0.5 mm 
EO cladding thickness 1 µm 
Interaction length 5 mm 
Electrode height 100 nm 
Electrode separation distance 20 µm 
Estimated overlap integral Γ 50 % 
NLO coefficient at 532 nm  69.2 pm/V 
NLO coefficient at zero frequency 6.29 pm/V 
Estimated EO coefficient  0.65 pm/V 
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The electrical wires were connected to Chrome 
electrodes by Silver paste. The poling was done at 
temperature that was 20 oC above the glass transition 
temperature of EO polymer with poling field of  
40 V/µm. This procedure was done on a temperature 
stabilized hot-plate by setting the poling voltage and 
capturing poling currents with a 6517B electrometer 
(Keithley). After poling, the lower side of the substrate 
was slightly cut using a diamond saw thus allowing 
fine breaking of the substrate and the waveguides. The 
light could be coupled into the waveguide through the 
facet (see Fig. 2B) without any additional polishing or 
preparation steps. 

 
 

3. Characterization 
 

The setup used for testing the EO modulator is 
shown in Fig. 5. Here we used a 2 mW He-Ne laser 
operating at 633 nm as light source for exciting the TE 
mode in the waveguide. The laser beam was coupled 
to the MZI and collected via 20× microscope 
objectives. We used a function generator, phase 
inverter and a dual-channel amplifier for applying the 
modulating voltage in a push-pull regime. The light 
intensity modulations were recorded using a silicon 
photodetector connected to an oscilloscope. 

 

 
 

Fig. 5. The setup for electro-optic characterization of the 
device: He-Ne 633 – laser, M – mirrors, D – detector 

DET36A (Thorlabs), OSC – oscilloscope, FG – function 
generator, PI – phase inverter, and AMP – amplifier. 
 
In Fig. 6 the applied modulation field and captured 

modulated signal are shown. 
 

 
 

Fig. 6. The applied modulating field intensity  
and the output light intensity as a function of time. 

As evident from Fig. 6 the modulation bandwidth 
is low. By fitting the decay of intensity we estimate the 
bandwidth to be at around 4 kHz. The main cause of 
such low bandwidth is the contact resistance of the 
Silver paste (~1 kOhm) as well the high wire 
capacitance (~0.2 nF). The RC time constant estimated 
from these values agrees well with the experimentally 
observed modulation bandwidth. 

For estimation of EO coefficient r from the 
modulation data we used the following approximation: 
 

 
3

m

o

I
r

I n E L





    

, (2) 

 
where Im is the modulation amplitude, Io is the average 
light output intensity, λ is the wavelength, n is the EO 
polymer refractive index, E is the applied modulating 
field, L is the interaction length, Γ is the overlap 
integral. From eq. (2) we get that EO coefficient 
r=0.20 pm/V which is approximately 30 % of the value 
estimated from the NLO measurement in thin film 
poled by Corona poling method. 
 

 
4. Conclusions 
 

We have successfully demonstrated engineering, 
development and the operation of an all-organic EO 
modulator. The efficiency of the device is very poor 
which is due to low EO coefficients of employed 
polymer. It is recognized that the drive voltage at TTL 
level of 5 V could be reached if the current state-of-
the-art organic EO materials with EO coefficient  
>100 pm/V would be used in the device. 
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Summary: A laser source delivering ultrashort pulses (50-100 fs) tunable from 820 nm to 1200 nm has been developed. It is 
based on the filtering of a continuum in the Fourier plane of a zero dispersion line without a phase compensator. We have also 
numerically investigated the impact of the residual spectral phase in order to guarantee ultrashort pulses. 
 
Keywords: Ultra-short pulse generation, Near infrared, Continuum. 
 

 
1. Introduction 
 

The generation of near infrared tunable ultrashort 
pulses from an oscillator at fixed center wavelength is 
of prime interest for many applications as nonlinear 
spectroscopy [1] or synchronization of several laser 
pulses with low timing jitter or drift [2]. In this latter 
case, the synchronization without complex electronic 
device can be achieved when a unique pulse generates 
the other one through nonlinear processes in a photonic 
crystal fiber (PCF). For example, the pump and signal 
in an optical parametric amplifier are often generated 
from a common oscillator [2]. However, the dispersion 
feature of the PCF defines the characteristic of the 
generated continuum. Pumping the PCF in the 
anomalous dispersion regime near a single zero 
dispersion wavelength (ZDW) leads often to amplitude 
and timing jitter of the pulse. Alternatively, all normal 
dispersion (ANDI) fiber can be exploited to generate a 
very large bandwidth with smooth spectral intensity 
and phase [3]. In this case, the continuum is considered 
as highly coherent since the nonlinear process is 
dominated by self-phase modulation (SPM) and 
optical wave breaking (OWB) [4], and thus can be used 
to generate few cycle pulses [5]. Alternatively, tunable 
ultrashort pulses can be produced when an adjustable 
part of the continuum is selected with bandpass filters 
and the power [6]. In this paper, we focus the 
investigation to the selection of tunable near infrared 
sub-100 fs pulses by filtering the broad bandwidth with 
only one zero dispersion line without phase 
compensator. We have numerically demonstrated that 
the uncompensated spectral phase deteriorates 
marginally the pulse duration even at maximum power. 

We have experimentally achieved the production 
of sub-100 fs pulses tunable from 800 nm to 1200 nm. 

 
 

2. Simulation 
 

Numerical simulations have been conducted by 
integrating the nonlinear Schrödinger equation along 
the propagation describing the evolution of the slowly 

varying total electric field in the ANDI fiber. The 
equation has been solved with the standard split-step 
Fourier with the fiber parameters. The experimental 
conditions have been used in the simulation. The pulse 
has a duration of 80 fs at full width half maximum 
(FWHM) and a center wavelength of 1030 nm. The 
maximum average power is 500 mW for a repetition 
rate of 76 MHz. Fig. 1a displays the generated 
continuum in the 7 cm long fiber for ~410 mW. The 
bandwidth increases mainly due to SPM and OWB [3]. 
It extends from 750 to 1300 nm. The continuum has 
been narrowed with several bandpass filters centered 
at 900 and 1100 nm with a bandwidth equals to  
5.6 THz (Fig. 1a-blue and red lines). 
 

 
 
Fig. 1. a) Simulated continuum (black line) at 410 mW. The 
red and blue lines correspond to the bandpass filters.  
b) Output power when the filter is centered at 900 nm and 
1100 nm with a bandwidth of 5.6 THz. c) Durations of the 
filtered pulses (T-solid lines) and the Fourier transform 
limited pulses (TFT-dashed lines). 

a)

b) 

c) 
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When the input power increases, the output power 
of the filtered continuum is enhanced (Fig. 1b) and 
saturates around 30 mW from an input power of  
~200 mW. Simultaneously, the pulse duration is 
approximatively constant around 85 fs near the Fourier 
transform limit (Fig. 1c). These two characteristics are 
very important to reach higher peak power in the 
ultrashort time scale. The slight variation of the pulse 
duration with the power is due to the modification of 
the continuum structure. 

In order to reach shorter pulses, we have 
investigated the impact of the filter bandwidth (at 
FWHM) on the duration (Fig. 2). As expected, the 
Fourier transform limited pulse duration decreases 
with a larger spectrum (dahed lines-Fig. 2). However, 
the contribution of the spectral phase becomes more 
pronounced and therefore the pulse duration increases 
from its limit (solid lines-Fig. 2). From a bandwidth 
equals to ~28 nm at 900 nm, the pulse duration 
increases suddenly due to the local variation of spectral 
phase near the dip in the continuum  
(at 884 nm in Fig. 1a). At 1100 nm, the increase of the 
pulse duration is smoother since the filter is not located 
near a dip in the continuum. 

In the experiment, we will target the bandwidth that 
allow the minimum pulse duration without any phase 
compensation (black circles-Fig. 2). In this case, the 
filtered spectra and the pulse shapes are shown in  
Fig. 3. The minimum pulse duration is 60 fs and 70 fs 
for c=1100 nm and c=900 nm, respectively. The 
impact of the phase can be minimized for shorter fiber 
since the whole spectral phase should be decreased. A 
detailed work is currently under investigation. 

 
 

3. Experiment 
 
3.1. Experimental Set-Up 
 

The experimental set-up is shown in Fig. 4a. The 
oscillator delivers sub-80 fs pulses centered at  
1030 nm at 76 MHz. The beam is injected in the ANDI 
fiber and the maximum bandwidth of the continuum is 
achieved with 410 mW. It extends from 720 nm to 
1300 nm (Fig. 4b). 

Firstly, we performed a preliminary test in order to 
verify the possibility to obtain an ultrashort pulse at a 
selected wavelength. The continuum has been 
narrowed by a low order super-Gaussian bandpass 
filter centered at 905 nm with a bandwidth equal to  
25 nm at FWHM without any compressor. The filtered 
spectrum is shown in Fig. 5a (black dashed line). The 
modulation are weak within this spectral bandwidth. 
The autocorrelation trace has a Gaussian shape with a 
pulse duration of 140 fs (Fig. 5b-black solid line) while 
the Fourier transform limited pulse duration is 80 fs 
(Fig. 5b-black dashed line). Assuming a Gaussian 
profile (Fig. 5b-green dotted line), we conclude that it 
is possible to generate a 100 fs pulse with some 
residual spectral phase when the spectrum is filtered in 
the continuum. 
 

 
 

Fig. 2. Pulse duration as a function of the spectral bandwidth 
(FWHM) for c=1100 nm and c=900 nm. P=410 mW. The 
dashed lines correspond to the duration of the Fourier 
transform limited pulses. 
 

 
 

Fig. 3. a) Spectrum of the filtered continuum at c=1100 nm 
and c=900 nm; b) Corresponding pulse shape. The dashed 
lines represent the trace of the Fourier transform limited 
pulses. 
 

In order to achieve a tunable filtering system, we 
develop a folded 4-f zero dispersion line composed of 
a grating with 1200 lines/mm, a lens (f=100 mm) and 
a flat mirror (Fig. 4). The grating and the folded mirror 
are placed on translation stages to optimize the 
dispersion induced by the lens at each wavelength. 
 
 
3.2. Results 
 

Some filtered spectra and corresponding 
autocorrelation traces are shown in Fig. 6 for the total 
power of 410 mW. For a short scan of the wavelength, 
an iris can be translated in front of the folded mirror. 
For the longer scan, the grating is rotated and the fine 
tuning is achieved with the iris. In order to estimate the 
amount of spectral phase, the autocorrelation traces of 
the Fourier transform limited pulses are also plotted in 

a)

b) 
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Fig. 6b (dashed lines). When the central wavelength 
varies from 820 nm to 1200 nm, the pulse duration of 
the autocorrelation trace ranges from 57 fs to 113 fs 
near the Fourier transform limit. The pedestals are 
mainly due to the spectral phase and the contribution 
from the modulated spectrum is relatively weak since 
the Fourier transform limited pulses have bell-shaped 
profiles. This spectral phase can be compensated for 
example with chirped mirrors [5], but they need to be 
specifically adjusted for a specific range of 
wavelength. 
 

 

 
 

Fig. 4. a) Experimental set-up. M. Mirror, L. Lens  
b) Continuum generated in the ANDI fiber with 410 mW 
(solid line) and spectrum of the oscillator (dashed line). 

 

 
 
Fig. 5. a) Spectrum selected by a bandpass filter centered  
at c=905 nm. b) Corresponding autocorrelation trace.  
The green line corresponds to a fit with a Gaussian profile. 
The dashed line represents the trace of the Fourier transform 
limited pulses. 

 
 

Fig. 6. a) Selection of filtered spectrum in the Fourier Plane. 
The dashed line corresponds to the continuum.  
b) Corresponding autocorrelation trace (solid lines). The 
dashed lines represent the trace of the Fourier transform 
limited pulses. 
 
 

4. Conclusions 
 

We demonstrated the possibility to generate 
tunable 50-100 fs pulses from 800 nm to 1200 nm by 
selecting a part of a continuum with a zero dispersion 
line. The uncompensated spectral phase deteriorates 
slightly the pulse duration. The power of the generated 
ultrashort pulses is relatively low (1-30 mW) mainly 
due to the filtering and the transmission of the zero 
dispersion line. However, this level is sufficient to seed 
a fiber optical parametric amplifier [7]. In a future 
work, the generated ultra-short pulse (the signal) and a 
pulse from the oscillator (the pump) will be stretched 
to few tens of picosecond to decrease the peak power. 
The pump pulse will be amplified in several fiber 
doped fiber amplifiers to increase the peak power. The 
two pulses will be injected in a photonic crystal fiber 
to perform the parametric process enabling ultra-short 
pulse amplification with very large bandwidth [8]. 
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Summary: In this paper, for optical sampling based on the generalized sampling theorem, non-uniformly spaced optical short 
pulse generation from a gain switching laser diode (GS-LD) is investigated. Proof-in-principle experiments showed that precise 
control of carrier density in a GS-LD, namely the use of precisely tailored driving current, made generation of non-uniformly 
spaced optical pulses possible. Further precise tailoring of the driving current enabled the control of the non-uniformly spaced 
optical short pulses, i.e. the number of successive pulses in a pulse group, pulse interval in a pulse group, and the pulse group 
period. Amplitude enhancement, RMS timing jitter reduction, and pulse shortening by introducing self-seeding, optical  
band-pass filtering, and dispersion compensation are also reported. As a result, non-uniformly spaced optical short pulse 
generation including twin/triple pulses with 25 ps of the full-width half the maximum, 2.5 ps RMS jitter, and 500 ps pulse 
interval has been experimentally demonstrated. 
 
Keywords: Optical sampling, Generalized sampling theorem, Non-uniformly spaced optical short pulses, GS-LD,  
Self-seeding. 
 
 
 
1. Introduction 
 

High-speed analog-to-digital conversion (ADC) 
technologies are significant in this digital era, but the 
technological advancement is being saturated and a 
breakthrough is expected. Optical ADC technologies 
[1] are widely studied to cope with the issue, but all of 
the conventional reports are based on uniformly-
spaced sampling following the low-pass sampling 
theorem. Many researchers have actively discussed on 
“compressed sensing” or “sparse sampling” to reduce 
sampled data or sampling frequency for “sparse” 
signals in some sense [2]. The generalized sampling 
theorem (GST) [3] is one of such efforts and it enables 
bandpass sampling of signals by non-uniformly spaced 
samples. At the best of our knowledge, there is no 
previous study on optical sampling based on the GST. 
This is because optical sampling requires nonlinear 
phenomena based on optical short pulses but optical 
short pulse generators are able to generate uniformly 
spaced pulse train in general. This paper provides the 
first report on the generation of  
non-uniformly spaced optical short pulse train for the 
sampling pulse generator in the optical sampling based 
on the GST. 

Here, gain-switching in a distributed feedback laser 
diode (DFB-LD) is utilized as the base technology for 
the non-uniformly spaced optical short pulse 
generator, and a specially tailored LD driving current 
for precise carrier density control, self-seeding for 
timing jitter reduction [4] and an optical bandpass filter 
(OBPF) and a dispersion compensation fiber (DCF) for 
pulse shortening [5] are introduced. 
 

2. Non-Uniformly Spaced Optical Sampling 
    Based on Generalized Sampling Theorem 
 

Fig. 1 shows a brief block diagram of the non-
uniformly spaced optical sampling based on the GST. 
The numbers in the figure shows three fundamental 
functions of the non-uniformly spaced optical 
sampling technology, i.e. (1) a non-uniformly spaced 
optical short pulse generator, (2) a nonlinear optical 
sampler based on some kind of nonlinear optical effect 
such as four-wave mixing (FWM) or cross-phase 
modulation (XPM) and so on, (3) a digital signal 
processing unit for signal reconstruction or processing. 
Since the second and the third function block is 
common with the typical optical sampling systems, 
this paper only treats the first function, the  
non-uniformly spaced optical short pulse generator. 

At the bottom right of Fig. 1, a spectrum model of 
a bandpass signal is shown. As the maximum 
frequency is	 , the sampling frequency in following 
the lowpass sampling theorem is equal to or greater 
than2 . However, since the signal is “sparse” in the 
spectrum domain, the sampling frequency is 
determined not by the maximum frequency  but by 
the bandwidth of the signal when one follows the GST, 
and it can be drastically reduced than	2 . 

 
 

3. Basic Strategy to Generate Non-Uniformly 
    Spaced Optical Short Pulses from GS-LD 
 

To generate non-uniformly spaced optical short 
pulses from a GS-LD, a driving current must be 
tailored thoughtfully. Fig. 2 shows a numerical 
analysis result of a GS-LD being fed two successive 
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driving current pulses intending to generate a  
non-uniformly spaced optical short pulse train. The top 
and bottom of the figure are the driving current and 
photon density, respectively. As clearly shown in the 
figure, supplying the driving current pulses only for the 

pulse oscillation is not sufficient, therefore additional 
driving signal to control the carrier density in the gain 
medium of the DFB-LD is required prior to the pulse 
oscillation. 

 

 
 

Fig. 1. Optical sampling system based on the generalized sampling theorem. 
 

 
 
Fig. 2. Numerical results for a GS-LD being fed two 

successive driving current pulses. 
 
The purpose of this work is to generate not 

randomly spaced optical short pulses but periodically 

spaced optical pulse groups which seem like a  
non-uniformly spaced optical pulse train. The key 
point is how to tailor the carrier density in a gain 
medium of a GS-LD just before the oscillation of the 
first optical short pulse in a pulse group. Fig. 3 shows 
a basic concept of the proposed non-uniformly spaced 
optical short pulse generation from a GS-LD. In the 
figure, a pulse group interval T is divided into three 
sections: A: spontaneous emission duration, B: carrier 
accumulation duration, and C: pulse oscillation 
duration. In the spontaneous emission duration, the 
carrier density of the gain medium decreases in time 
and it causes insufficient carrier density for optical 
pulse oscillation. Therefore, in the carrier 
accumulation duration, the carrier density in the gain 
medium is raised to a level sufficient for optical pulse 
oscillation in the pulse oscillation duration. Though the 
driving current in the carrier accumulation duration is 
shown as the successive short rectangular pulses in 
Fig. 3, any waveforms may be accepted. 

 

 
 

Fig. 3. Basic concept of non-uniformly spaced optical short pulse generation from a GS-LD. 
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4. Numerical evaluations by Solving  
    the Carrier-Rate Equations 
 

To confirm the effectiveness of the basic concept 
described above, numerical evaluations were carried 
out by solving the following carrier-rate equations, 
 

 

 									

	
,  

 

where I, N, and S are the driving current, the carrier 
density in the gain medium, and the photon density, 
respectively. In the numerical evaluations, we used 

rectangular short pulse train as the driving current 
signal in the carrier accumulation duration, and the 
pulse width and the pulse amplitude were the same 
with the ones in the pulse oscillation duration. 

Figs. 4 and 5 shows the numerical results. As 
clearly seen from the figures, by tailoring the driving 
current adequately, the non-uniformly spaced optical 
short pulse trains are generated and the parameters of 
the generated optical pulses, namely the number of 
optical pulses in a group (Fig. 4(a) and (b)), the pulse 
interval (Fig. 5 (a)), and the pulse group interval  
(Fig. 5(b)) could be controlled as intended. The 
difference in the peak amplitudes of the driving current 
signals should be noticed. 

 

    
 (a) Two pulses in a pulse group (b) Six pulses in a pulse group 

 
Fig. 4. Numerical results for the different number of pulses in a pulse group.  

400	ps, 200	ps,	 	4000 ps.  
 

      
 (a) with different pulse interval (b) with different pulse group interval 

 
Fig. 5. Numerical results for the different pulse interval and pulse group interval. 

 
 

There were mainly three parameters used to tailor 
the driving current in the numerical evaluations; the 
number of driving current pulses in the pulse 
oscillation duration C for controlling the number of the 
generated optical short pulses in a pulse group, the 
driving pulse period  for the optical 
short pulse interval, and the pulse group interval T. 

Notice again that only the important point is the 
carrier density level just before launching the driving 
current pulse for optical pulse oscillation. As the 
driving current pulses were the same both in the carrier 
accumulation and pulse oscillation durations, the peak 
current  had to be tuned to obtain the desired carrier 
density just before launching the driving current pulses 
for optical pulse oscillation. 
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5. Proof-In-Principle Experiments  
    for Non-Uniformly Spaced Optical Short  
    Pulse Generation Using GS-LD 
 

From the viewpoint of carrying out experiments, 
the dependent relationship of the driving current 
signals both the carrier accumulation and pulse 
oscillation duration described in the previous section is 
not preferred since  affects the quality of the optical 
short pulses itself too, namely intensity, pulse width or 
waveform generated; thus a different waveform for the 
driving current signals were chosen for the 
experiments. We used a rectangular pulse with a 
relatively low amplitude and a longer duration than the 
driving pulses in the pulse oscillation duration to 
control the carrier density in the gain medium precisely 
and independently. See Fig. 6 for the brief waveform 
of the driving current signals. 

 

 
 

Fig. 6. Driving current waveform used in the experiments. 
 

Fig. 7 shows the setup for the proof-in-principle 
experiments. To tailor the driving current signal, an 
arbitrary waveform generator, Tektronix AWG7122C, 
was utilized. A customized DFB-LD module without a 
built-in isolator, a diamond-carbon-coated special 
optical connector with a partial reflectivity of 0.4 % 
and an external optical isolator were used for the 
timing jitter reduction by self-seeding [4]. Also, an 
optical bandpass filter (OBPF) was placed after for 
pulse shortening by pulse chirp truncation [5]. 

Fig. 8 shows the resultant non-uniformly spaced 
optical short pulses. The FWHMs (full-width-at-half-
the-maximum) were 29.3 ps and 28.1 ps, the RMS 
timing jitters were 3.3 ps and 3.8 ps for the first and the 
second pulses, respectively. Also, the pulse interval in 
a pulse group and the repetition rate of the pulse groups 
(the inverse of the pulse group interval) were 500 ps 
and 512.5 MHz, respectively. Although there is a 
difference between amplitudes of the generated twin 
pulses, it can be controlled by slightly modifying the 
driving current signal amplitude. The RMS timing 
jitter was more than 7 ps without the self-seeding, and 
the FWHM was more than 40 ps without the OBPF. 
These facts mean that, even in the non-uniformly 
spaced optical pulse generation, the fundamental 
process of the gain-switching is maintained; therefore 
any other techniques to obtain the better quality of 
optical pulses by GS-LD may be applied. 

 
 

 
 

Fig. 7. Experimental setup. 
 

 
 

Fig. 8. Observed waveform of non-uniformly spaced optical short pulses. 
 

To generate shorter and stabler optical pulses, a 
DCF of one-kilometer length was inserted between the 
isolator and the EDFA. The triple pulses generated 
from the setup are shown in Fig. 9. The FWHMs of the 
generated optical pulses are around 25 ps. However, 
the values of the measured FWHMs are not correct 
since the bandwidth of the photo-detector and the 
sampling oscilloscope used in the experiments were  
40 GHz and 50 GHz respectively, and were not enough 

for the generated optical short pulses. When we 
measured the FWHM of the uniformly spaced optical 
short pulses from the same GS-LD before by a 
borrowed optical sampling scope with a measuring 
bandwidth of 160 GHz, the FWHM was around 10 ps 
when we used both the OBPF and the DCF; therefore 
the actual FWHMs of the pulses shown in Fig. 9 would 
be around 10 ps. 
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Fig. 9. Triple pulses using a DCF of 1 km length.  
 

Finally, the applicability of the proposed  
non-uniformly spaced optical short pulses from a  
GS-LD as a sampling pulse source of optical sampling 
is discussed. In the reference [6], Nogiwa et al. 
reported optical sampling using optical short pulses 
from a GS-LD and the FWHM, the timing jitter, the 
amplitude of the optical short pulses, and the timing 
jitter to the FWHM ratio are 0.9 ps, 0.2 ps, 1 mW, and 
22 % respectively. On the other hand, those values for 
the proposed non-uniformly spaced optical pulses from 
a GS-LD, for example in the case of Fig. 9, are 25 ps, 
2.5 ps, 0.8 mW, and 10 % respectively. While the pulse 
width of our results is not short enough as in [6], the 
amplitude is similar and the timing jitter to the FWHM 
ratio is halved. In the reference [7], Nonaka et al. have 
reported generation of optical short pulses with the 
FWHM of 1.9 ps from a similar GS-LD with  
self-seeding by optimizing the characteristics of the 
DCF. This report encourages us to proceed further 
realizing a full system experiment for the optical 
sampling based on the GST. 
 
 
6. Conclusion 
 

In this paper, non-uniformly spaced optical short 
pulse generation directly from a GS-LD was reported 
for the first time. Precise control of carrier density in a 
GS-LD, namely the use of precisely tailored driving 

current, made the direct generation of non-uniformly 
spaced optical pulses from the GS-LD possible. 
Flexible control of the generated optical pulses and 
further improvements in pulse quality are required to 
realize non-uniformly spaced optical sampling based 
on the generalized sampling theorem. 
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Summary: 100 Gb/s multiband DP-QPSK signal with a dual phase-conjugated coding has been demonstrated for 
simultaneously mitigating PDL and nonlinear distortion on straight forward 6400 km SMF transmission with 7 dB worst case 
PDL. We show Q-factor improvement of 0.9 dB by balancing the optimum fiber launched power between polarization for all 
subbnads, as compared with the case without coding. 
 
Keywords: Coded modulation, Multicarrier signal, Long-reach transmission, Fiber nonlinearity, Polarization dependent loss. 
 

 
1. Introduction 
 

A commercialized dual-polarized quadrature 
phase-shift keying (DP-QPSK)-based 100 Gb/s optical 
transport system is widely deployed at the long-reach 
optical fiber transmission [1]. Various digital signal 
processing scheme has drawn much attention for 
compensating chromatic dispersion (CD), polarization 
dependent loss (PDL), and fiber nonlinear distortion. 

To mitigate a nonlinear effects at CD unmanaged 
link, multiband transmission having multiple subband 
signals leads to better performance [2, 3]. The subband 
signals with narrow-bandwidth and lower baud rate are 
positioned at a frequency spacing close to the Nyquist 
limit, e.g. by digital signal processing  
(DSP)-based root raised cosine (RRC) shaped lowpass 
filtering [4]. A pair-wise wavelength domain coding 
approach for multiband transmission has been 
demonstrated for suppressing crosstalk between 
subbands [5]. However, the wavelength domain coding 
method is not effective for the PDL. 

As a polarization domain coding, phase-conjugated 
coding with simple implementation by DSP has been 
proposed for compensating unwanted PDL and 
nonlinear distortions, simultaneously [6, 7]. The 
phase-conjugated coding signal involves time domain 
phase conjugate on orthogonal polarizations. 
However, the spectral efficiency halves of DP-QPSK 
because the phase-conjugated coding is set to original 

signal in one polarization and its phase conjugate in 
another polarization. Although the amount of 
performance improvement is degraded by  
phase-conjugated coding, dual phase-conjugated 
(DPC) coding can maintain the same spectral 
efficiency as DP-QPSK [8, 9]. 

In this paper, we demonstrate 28 Gbaud four 
subband DP-QPSK signal with DPC coding that 
simultaneously mitigate the performance degradation 
due to PDL and nonlinear distortion. Through the 
performance comparison of four different DP-QPSK-
based 100 Gb/s signals, e.g. single-band, single-band 
with DPC coding, multiband, and multiband with DPC 
coding, we observed that four-subband DP-QPSK 
signal with DPC coding is maximized the performance 
improving the nonlinear tolerance under the condition 
that PDL is over 3 dB. 
 
 
2. Princple and Setup of DPC Coded  
    Multiband Transmission 
 

Fig. 1 shows a conceptual diagram of four different 
DP-QPSK signals, e.g. single-band, single-band with 
DPC coding, multiband, and multiband with DPC 
coding. The total signal bandwidth is similar in four 
cases. Here, the multiband number was set to four.  
No-guard interval between the adjacent subbands is 
positioned. 

 

 
 

Fig. 1. Conceptual diagram of four DP-QPSK signals; (a) Single-band; (b) Single-band with DPC coding, (c) Four-subband, 
(d) Four-subband with DPC coding. 
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Fig. 2. System configuration of four-subband with DPC coding. 
 
 
Fig. 2 shows a setup of multiband transmission 

with DPC coding. At the transmitter, an original data 
stream D(t) is parallelized to bit block by serial-to-
parallel (S/P) converter. At the bit to symbol mapper, 
parallelized data Di j are converted to symbol signal Ei 

j where i is the subband index ( ∈ 1,2,3,4 ) and j is 
the polarization index ( ∈ , ). At the DPC coding, 
the each subband is coded at the polarization domain. 
The encoded signal E’i j has 9-point constellation with 
different occurrence rates like nine quadrature and 
amplitude modulation (9-QAM) signal. To avoid a 
crosstalk from the adjacent subband, a Nyquist spectral 
shaped signal with a few Gbaud subband is generated 
and multiplexed. Each subband signal with DP-QPSK 
was RRC filtered with a roll-off factor of 0.01. The 
subband multiplexed signal is converted to sampled 
analog signal by digital to analog converter (DAC). 
Here, we emulated the lumped worst PDL (0° between 
signal polarizations and the PDL lossy axis) [10]. 
Polarization mode dispersion (PMD) was not 
considered. 

The all tested signals were inserted to transmission 
fiber consisting of 80 spans of 80 km standard single 
mode fiber (SSMF) having cumulative a loss of  
0.25 dB/km, a chromatic dispersion of 17 ps/nm/km 
and nonlinear index of 1.3 W-1km-1. CD compensation 
was perfectly applied at the receiver. Erbium-doped 
fiber amplifiers (EDFA) were used for loss 
compensation with a noise figure of 5 dB. The 
transmitted signal is filtered by optical bandpass filter 
at the transmitter. 

At the receiver, the detected signals can be 
expressed as 
 

 ′ ,  
 

 ′ ∗ ∗ ∗ ∗ ,  
 

 and  are perturbation terms related to fiber 
nonlinearity. A detected signal is sampled and 

quantized by analog to digital converter (ADC). After 
CD compensation, the multiple subband signals are 
separated by the passband filtering with different 
center frequency. After filtering, the each subband 
signal with DPC coding is decoded at the polarization 
domain. In the linear transmission system, the original 
data pattern is perfectly recovered from decoded 
signals. Under the condition that PDL is zero, 
quadrature pulse shaping method has been 
demonstrated for reducing the perturbation term value 
[10]. On the other hand, the our proposed DPC coding 
for multiband signal can mitigate the perturbation term 
for suppressing a fiber nonlinearity between two 
polarizations under the certain PDL. 

 
 

3. Comparative Demonstration 
 

To verify the fiber nonlinearity and PDL tolerance 
of the proposed multiband transmission with DPC 
coding, we conducted four different comparative 
evaluation under the following setup. The total signal 
bandwidth is similar in four cases. Here, the multiband 
number was set to four. No-guard interval between the 
adjacent subbands is positioned. The total baud rate 
and bit rate were set to 28 Gbaud and 112 Gb/s. In four 
subband case, the baud rate of each subband was set to 
7 Gbaud. The data patterns were 10000-bit binary 
sequences. The tested signal types were single-band, 
single-band with DPC coding, four-subband, and  
four-subband with DPC coding. The pre-forward error 
correction bit error ratio was calculated and converted 
into Q-factors. 

Fig. 3 shows average Q-factors of single or four 
subband for evaluating PDL tolerance. The Q-factors 
of four signals after 6400 km transmission were 
measured in the condition that the fiber launched 
powers of single and four subband are set to 4 dB and 
6 dB where are the case of maximum Q-factor. In 
single-band case, we can confirm that coding gain was 
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ineffective. On the other hand, the coding gain of 0.8 
dB is obtained over PDL of 3 dB in four subband case. 
Noteworthy, we can confirm the Q-factor degradation 
of 1.8 dB in case of four-subband without PDL. 

 

 
 

Fig. 3. Q-factors for PDL tolerance evaluation. 
 

Figs. 4 show the equalized edge and inner subband 
signals of four-subband with DPC coding in case of 7 
dB PDL. The signal distortions of Pol-Y are large. 

Figs. 5 and 6 show the constellation diagrams of the 
decoded four-subband signals in case of 7 dB PDL. In 
four-subband with DPC coding case, we can confirm 
the similar Q-factors between all subbands and 
polarizations. 

Fig. 7 shows average Q-factors of single band or 
four subband changing fiber launched power for 
evaluating power tolerance. The Q-factors of four 
signals after 6400 km transmission were measured in 
case of 7 dB PDL. According to the launched power, 
the better performance relation between single and 
four subband was changed. Under linear conditions 
that the launched power was less than 4 dBm, the 
performance of four subband was higher than the 
performance of single subband. On the other hand, 
under highly nonlinear conditions where the launched 
power was higher than 4 dBm, we can observe that the 
performance degradation of four subband is due to 
cross phase modulation between adjacent subbands. 
Consequently, the performance of single subband is 
higher than the performance of four subband. The 4 
subband with DPC scheme produced Q-improvement 
of 0.9 dB by balancing the optimum fiber launched 
power between polarization for all subbnads, as shown 
in Fig. 8. 

 
 

 
 

Fig. 4. Constellation diagrams of DPC coded four-subband signal after equalization; (a) SB1-Pol X, (b) SB1-Pol Y;  
(c) SB2-Pol X, and (d) SB2-Pol Y. 

 
 

Fig. 5. Constellation diagrams of four-subband signal without DPC coding; (a) SB1-Pol X; (b) SB1-Pol Y; (c) SB2-Pol X 
and (d) SB2-Pol Y. 

 

 
 
Fig. 6. Constellation diagrams of DPC coded four-subband signal after decoding; (a) SB1-Pol X; (b) SB1-Pol Y; (c) SB2-Pol 

X, and (d) SB2-Pol Y. 
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Fig. 7. Q-factors for nonlinear tolerance evaluation. 
 

 
 

Fig. 8. Q-factors for each subband in case  
of 4 subband with DPC. 

 
 
4. Conclusion 
 

We demonstrated the PDL and nonlinear tolerant 
100 Gb/s four-subband DP-QPSK signal with dual 
phase-conjugated coding in 6400 km transmission 
under the variable PDL. We achieved 0.9 dB 
improvement by four-subband with DPC coding under 
the condition that PDL is 7 dB. 
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Summary: Nanoscale optical probes can be 
designed that are capable of providing detailed 
information of their local environment. By introducing 
such nano-probes into complex biological systems it is 
possible to transform our understanding of those 
systems. For example, by internalising such 
nanoprobes into a biological system and probing their 
optical response, the chemical conditions and 
environment within an organism can be established [1-
3]. Under the correct conditions Raman microscopy is 
one of the most appropriate optical analysis techniques 
that can be utilised for such purpose [4, 5]. Normally, 
the low concentrations of the chemicals present in the 
cell together with a generally low Raman scattering 
cross-section result in very weak Raman signals from 
biological complexes and organisms [6]. However, 
when the metallic nanoparticles are used together with 
chemically sensitive probed molecules, then the 
Raman signals of the probe molecules can be enhanced 
several orders of magnitude leading to the so-called 
surface enhanced Raman spectroscopy (SERS) [6]. An 
important application for SERS is the potential of 
intracellular analysis based on Raman reporters 
attached to nanoprobes which have been used to 
identify the molecular species of biological system [7]; 
measure the local chemical changes at the subcellular 
level with high spatial and temporal resolution [3]. In 
this work, the measurement of pH via utilising the 
enhanced Raman spectral response from para-
MercaptoBenzoic Acid (pMBA) functionalised gold 
nanoparticles (Au NPs) has been detailed. The 
reproducibility of the Raman sensitive pH nanosensor 
has been demonstrated in the literature [2, 8, 9], 
particularly for the biologically relevant pH range of 4-
5 – 7.5. This study focusses on the application of such 
nanoprobes to measure the internalised pH of a host 
marine organism, but can also be used as a basis of 
intracellular measurements. Measurement of the 
intracellular pH offer the ability to gain better 
understanding of the changes that transpire during the 
occurrence and progression of diseases [10], whilst 
measurement in marine organisms (from single cell 
plankton, to complex marine organisms) has the 
potential to study the impact of ocean acidification 
which is a focus of this study. Ocean acidification is a 
serious threat to marine life resulted from increasing 
the levels of carbon dioxide in the anthropogenic 
atmosphere which causes lowering of ocean pH as a 

result of escalating the amount of dissolved CO2 in the 
ocean [11]. Forecasts on the biological effects of ocean 
acidification on marine organisms have developed at 
an exponential rate [12–15], however no studies have 
directly measured the internal pH of organisms as a 
function of their external pH environment. 

This study addresses this missing measurement 
aspect which is; an internal pH study of organisms as 
a function of their external pH using an internalised 
nanoscale pH sensor. By stimulating the uptake of 
nanoparticle sensors into the organism and varying the 
external pH range from 4 to 11, we have designed a 
study that can be used to observe and measure the 
organism response to pH extremes. The organism 
chosen for this study is the Brachionus plicatilis, in the 
phylum of Rotifer. It has attributes that lend itself to 
this type of study as being very sensitive to the 
environmental changes [16]. Moreover, Rotifers are 
considered to be key species at the base of aquatic food 
webs [17], therefore, if Rotifers are at risk, the entire 
food webs would be at risk. 

Our studies demonstrate that the chemically driven 
pH sensing of the nanoscales sensor is maintained 
when internalised into living Rotifers. Moreover, such 
study has the ability to monitor the internal pH of these 
marine organisms and how it changes as a function of 
location. The variation of the internal pH 
measurements within the Rotifers is attributed to the 
changes occurring within the ingestion system due to 
the metabolic interactions. Changing the external pH 
environment of the Rotifers show both an immediate 
and direct response as determined by the internalised 
nanoscale reporter. We demonstrate the measurements 
on living and dead organisms, thereby establishing the 
short-term pH stress that the organisms suffer. Our 
results will focus on a broader discussion of longer 
terms studies that specifically address ocean 
acidification. 
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Summary: The maximum likelihood principle being applied to correlogram data gives rise to the correlogram correlation 
method of the position determination. This method reaches the maximal possible precision supposed the disturbing noise is 
uncorrelated. Simulation of the white noise induced variance of height estimation confirms the maximal precision of the 
correlogram correlation among the data evaluation methods of white light interferometry as well as its superior stability. This 
result is confirmed with theoretical estimations of the height variance for the phase shift and coherence scanning interferometry 
methods.  
 
Keywords: Accuracy of topography, data evaluation methods, noise-immunity, simulation, correlogram correlation, 
maximum likelihood. 
 
 
1. Introduction 
 

In the everyday practice using white light 
interferometry, as well as in the R&D approach to WLI 
data analysis, there is a split of methods into the 
coherence scanning (CSI) and phase shift (PSI) ones. 
The CSI methods rightly have a reputation as robust 
and stable, but not very precise ones, whereas the PSI 
evaluation provides a precise but not robust result and 
is prone to the fringe order errors [1]. The attempts to 
marry both method types are done to fix the fringe 
order for the precise phase evaluation [2], but even this 
fixing becomes erroneous at high noise levels, let alone 
that the PSI evaluation itself diverges at sufficiently 
high noises. The spit has its origin in the interferometry 
history, yet is not founded. A reasonable correlogram 
evaluation should include both coherence and phase 
information organically, as it is in the correlogram 
itself. So, here appears the correlogram correlation 
approach [3]. The correlation methods are broadly 
used everywhere, but somehow has not taken their 
deserved preeminent place in WLI data evaluation 
until now. Theoretically, it’s quite easy to establish the 
superiority of the correlogram correlation accuracy. A 
simulation corroborate this conclusion. The problems 
of reference correlogram selection and of phase gap are 
considered in [3]. 

 
 

2. Superiority of the Correlogram Correlation  
    Method  
 
2.1. Maximal Likelihood Approach 

 
To see that the cross-correlation technique is the 

best way to ascertain the correlogram position, let us 
obtain z0 following the Maximum Likelihood Method 
(MLM). Let Ij(z0) ≡ I(zj - z0) be the reference 
correlogram of the interferometer at measurement 
points zj shifted to the position z0. Then for the 
measured correlogram Jj holds 

 0( ) ,j j jJ I z    (1) 
 

where δj represents a discrepancy between Jj and the 
reference correlogram stemming from noise, which we 
assume to be uncorrelated and Gaussian. These assumptions 
are appropriate for many applications. Following the MLM, 
among possible shift positions z0 of Ij we have to choose the 
one, at which the probability that the measured correlogram 
is constituted by the Ij and noise δj is maximal. This 
probability is given by  
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where pδj are the pointwise probabilities, and σ2 is the noise 
dispersion which is supposed to be equal for all the points. 
The probabilities depend only on deviations, not on the 
signal values, because the correlograms are additive [4]. 
Particularly, noise is added linearly. This fact substantiates 
the expression (2) and all the following derivations. The 
requirement of maximization of (2) results in the 
requirement of least-squares: 
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(here and below the summation goes over the set of 
measurement points). (3) is equivalent to the requirement of 
maximum covariance: 
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Thus, the most probable shift of the correlogram 

and hence the most probable surface position is at a z0, 
where the covariance of the measured and reference 
correlograms is maximal. In other words, to be in 
accordance with the MLM and to get the surface 
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position one has to calculate the cross-correlation 
function and to find the position of its maximum. This 
is the correlogram correlation method. Let us 
emphasize: according to the above derivation no other 
procedure can give a more accurate estimation of 
surface height in the sense of its probability. Hence, the 
robustness to noise of this estimation procedure cannot 
be surpassed. 
 
 
2.2 Simulation of Noise-Induced Variance  
     of the WLI Methods 
 

To prove the MLM result, we have studied the 
variances of the different methods within the 
framework of a simulation. The methods considered 
are applicable to correlograms of different shapes. For 
the simulation we have chosen the common form of 
Gaussian envelope and zero phase gap [1]. 
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where W is the half-width of the correlogram, λ0 is its 
wavelength and rj are the uncorrelated random values 
of the standard normal distribution. The number of 
measurement points is N = 1024, W/(ln2)½ = 2λ0, and 
λ0 = 8. Noises with the standard deviation  > 0.1 have 
not been simulated with the phase methods, because 
they do not converge for such noise magnitudes. The 
fringe order errors are excluded. Every point of the 
simulation represents a statistics of 1000 repetitions, an 
increase of this number produces no further effect. The 
envelope is extracted using the Hilbert transform. The 
simulation results are given in Fig. 1. By the phase 
methods, the height is calculated employing the 
formula of phase spectrum weighted fit [3], which is 
derived from the MLM consideration [5]: 
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The precision of the correlogram correlation 
method is maximal possible; as is known, the phase 
methods are more precise than the CSI ones and equals 
the correlogram correlation (which is derived in [3]), 
under provision that the reference correlogram 
spectrum is used in (6). If, as customary, the reference 
correlogram information is used in no way, the phase 
methods lose in their accuracy at higher noises 
depending on use of the not precise |Xk| and the loss of 
information contained in the neglected harmonics. The 
theoretical precision estimations [3] (the bigger 
symbols in the Fig. 1) are in a good agreement with the 
simulation. The simulated standard deviations 
correspond to that known from the practice: at  
 = 3 %, the deviations are ca. 0.5 and 8 for phase and 
CSI methods respectively. 

The superior robustness of the correlogram 
correlation is still more important than its superior 
accuracy. In Fig. 2 one can see that contrary to the CSI 
method, let alone the phase ones, the method retains an 
admissible precision even at noises ( = 30 %) which 
completely destroy the correlogram (s. inset in the 
figure), if the low-correlating correlograms are 
screened out. The screening means that among the 
appearing correlograms only the ones which have 
correlation coefficients with the reference correlogram 
higher than a certain level (0.85 for the results in the 
Fig. 2) are taken into account. The comparison 
procedure could look incorrect, as far as for the 
screened correlogram correlation method only  
well-shaped correlograms are admitted to be evaluated 
whereas for the other methods all the noisy 
correlograms are evaluated. Obviously, such screening 
evaluation gives the best results – the noise is removed 
by the selection. But it is exactly the advantage of the 
correlogram correlation method – the criterion to 
estimate the appropriateness of correlogram shape is at 
hand. For many critical applications, it is a crucially 
important – to have the criterion of current 
correlogram suitability available. Then inappropriate 
correlograms have no chance to affect the evaluation 
of the surface structures. 

 

 
Fig. 1. Simulation of noise-induced deviations by SCI,  

PSI and correlogram correlation methods. Height in scan 
interval units. Big symbols give theoretical estimations [3]. 

 
Fig. 2. Simulation results at elevated noise levels. Inset:  
a simulated correlogram and its envelope at  = 30 %. 
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4. Conclusions 
 

The correlogram correlation method is the most 
precise and noise-robust WLI-profilometry method. 
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Summary: Innovative technologies demand versatile and environmentally compatible optical elements. In this paper we 
evaluated the quality of volume phase transmission lenses stored in a biocompatible photopolymer. Holographic lenses (HL) 
have been obtained with the same focal length and diameter, for a symmetric and asymmetric experimental setups, and positive 
and negative focal length. The quality of these lenses have been evaluated: theoretically and experimentally, from the 
calculation of the modulation transfer function (MTF) by capturing the point spread function (PSF) with a CCD sensor. The 
HLs that have shown better quality are the negative asymmetrically recorded at 633 nm. 
 
Keywords: Holographic lenses, Biocompatible photopolymer, Volume holography. 
 
 

1. Introduction 
 

Photonic technologies are evolving very rapidly in 
recent years, in particular the technologies based in 
holography that use low toxicity recording materials 
[1, 2]. In this sense, the importance of photopolymers 
is growing enormously due to their versatility in terms 
of composition and self-processing capabilities [3]. 
This is a specific benefit for the creation of optical 
components. 

However, commonly used hydrophilic 
photopolymers contain poly(vinyl alcohol) (PVA), 
gelatin binders, or monomers related to acrylamide  
[4, 5]. This type of photopolymers has certain 
undesirable features, such as the toxicity of some of its 
components; indeed, acrylamide has a high potential to 
cause cancer. The latest trends in photopolymers, to 
avoid this risk, include materials with low toxicity  
[2, 6, 7] and exclude traditional solvents for better 
environmental compatibility [8, 9]. Additionally, these 
types of materials have good recycling properties. In 
this context, we developed “Biophotopol”, an 
environmentally friendly photopolymer for use as a 
recording holographic material in optical applications. 

In this work we fabricate and evaluate symmetrical 
and asymmetrical holographic lenses for solar 
applications in our biocompatible photopolymer. 
 
 
2. Materials and Methods 
 

Biophotophol is composed of poly(vinyl alcohol) 
(PVA) as innert binder polymer, sodium acrilate 
(NaAO) as polymerizabe monomer, triethanolamine 
(TEA) as coinitiator and plasticizer and sodium salt  
5’-riboflavin monophosphate (RF) as sensitizer dye. 
The concentrations of the components are optimized 

and the environmental conditions are controlled in 
order to obtain high difraction efficiency. 

Volume phase transmission HLs were recorded in 
the environmentally friendly photopolymer 
Biophotopol. In the present work, the prepolymer 
solution was prepared from poly(vinyl alcohol) (PVA) 
(Mw = 130,000 g/mol, hydrolysis grade = 87.7 %). The 
NaAO was generated in situ through a reaction of 
acrylic acid (HAO) with sodium hydroxide (NaOH) in 
a 1:1 proportion. All compounds were purchased from 
Sigma-Aldrich. The solvent was water, in which all 
components were soluble. The optimized 
concentrations in the prepolymer solution were  
13.5 w/v %, 0.39 M, 9.0×10−3 M, and 1.0×10−3 M for 
PVA, NaAO, TEA, and RF, respectively. 

The prepolymer solution was deposited through 
force of gravity on a leveled glass plate (6.5×6.5 cm2), 
which had been previously washed and dried and left 
inside a climate chamber (Climacell 111) with 
controlled conditions (relative humidity = 60 % ± 5 % 
and temperature = 20 ± 1 ºC) for 24 h. The process was 
carried out under controlled light conditions to which 
the material was not sensitive. A part of the water 
evaporated until reaching equilibrium with the 
environmental conditions inside the climate chamber 
during the drying time. At that time, the layers were 
then ready for recording, which took place 
immediately. 

After the exposure and reconstruction, the 
thicknesses of the dried layers were measured with an 
ultrasonic pulse-echo gauge (PosiTector 200). The 
physical thickness of the photopolymer layer was 
about 200 µm. To avoid damaging the lenses, the 
thickness was measured over unexposed areas. In 
order to increase the stability, the holographic lenses 
were cured with a LED lamp (13.5 W, 875 lumens at 
6500 K) for 20 min. The residual dye was eliminated 
during this process. 
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The holographic set-up to record HL is presented 
in the Fig. 1 for symetrical geometries. For 
asymmetrical geometries the angle θ0 is zero, therefore 
the normal of the sample corresponds to the object 
beam, see Table 1. An Argon laser beam tuned at  
488 nm wavelength, at which the material is sensitive, 
was split into two secondary beams, the reference and 
object beams, using a beam-splitter. Both beams were 
spatially filtered and collimated. Subsequently, the 
object beam passed through a refractive lens, emerging 
as a convergent beam. The two beams were 
recombined at the photopolymer layer with different 
incident angles (θo and θr) to the normal of the 
photopolymer layer. 
 

 
 

Fig. 1. Holographic set-up to record HLs. 
 
 

Table 1. Recording geometries. 
 

Asymmetrical Symmetrical 

θo(º) θr(º) θo(º) θr(º) 

0 -34.2 17.1 -17.1 
θo: object angle; θr: reference angle 

 
The ratio of intensities between both beams was 

1:1, and the total recording intensity was 3 mW/cm2. 
This value is the sum of both intensity beam 
measurements in the hologram plane, adjusting the 
intensities in each case. The exposure time was 20 s. 
Because of the interference from both beams, bright 
(constructive interference) and dark (destructive 
interference) zones were produced in the 
photopolymer layer. In the bright zones, a radical 
polymerization reaction took place, and a modulation 
of the refractive index was generated. 

In the experimental set-up shown in Fig. 2, an  
He-Ne laser at 633 nm was used to illuminate the HLs 
and a CCD camera (Thorlabs GmbH, Munich, 
Germany) was situated at the image plane of the HLs. 

The PSFs have been obtained to evaluate the image 
quality of the HLs. The focal point image were 70 mm 
for all HLs and the image angles (i) are -22.4º and 0º 
for symmetrical and asymmetrical evaluation 
geometries, respectively. 
 

 
 

Fig. 2. Experimental set-up to evaluate the image quality  
of the HLs. 

 
 
3. Results 
 
3.1. Experimental PSFs 
 

Fig. 3 shows the PSFs of the asymmetrical and 
symmetrical HLs obtained in Biophotopol material. 

 

 
 

Fig. 3. PSF images with sizes of 100 x 100 pix for negative 
asymmetrical (a) and symmetrical (b) HLs. 

 
3D PSF images of the focal point for negative 

asymmetrical and symmetrical HLs have been 
included in Fig. 4 in order to better stimate the relative 
intensity between both set-up configurations. As it can 
be seen, the size of the diffraction spots are about  
0.04 and 0.2 mm2, respectively. 
 
 
3.2. Experimental MTFs 
 

The experimental values for MTF have been 
derived from the PSFs in Section 3.1. The MTFs of the 
fabricated HLs are presented in Fig. 5. The MTF 
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curves show that asymmetrical recorded HLs have a 
higher value of spatial frequency than its respective 
HLs recorded symmetrically. And the HLs with 
negative focal length have a higher spatial frequency 
than the positive HLs. 

 

 
 

Fig. 4. Intensity of the focus image for negative (a) 
asymmetrical and (b) symmetrical HLs. 

 

 
 

Fig. 5. MTFs for positive (squares) and negative (circles) 
asymmetric (full symbols) and symmetric  

(open symbols) HLs. 
 

The negative asymmetric HL (full red circles) have 
15 lines/mm at MTF of 0.1 versus 6 lines/mm at MTF 
of 0.1 for its respective positive asymmetric HL (full 
blue squares). The MTFs obtained for symmetric HLs 
(positive and negative) have lower spatial frequency 
than the asymmetric ones. 
 
 
3.3. Theoretical PSFs 
 

A theoretical simulation of the image points [10] of 
asymmetrical and symmetrical HLs, with the same 
parameters are shown in Fig. 6. 

 
 

Fig. 6. Intensity profile of the theoretical (a) asymmetric 
and (b) symmetric total aberration in the image plane. 
 
As it can be seen, the size of the theoretical 

diffraction spot in a negative asymmetrical HL are 
about 0.0001 mm2 (Fig. 6(a)) lower than the 
symmetrical one (Fig. 6(b)). 

The size of both asymmetrical diffraction spots, 
experimental and theoretical differs in one order of 
magnitude due to the aberrations present in the system. 
 
 
4. Conclusions 
 

Volume phase transmission holographic lenses has 
been stored in Biophothol photopolymer. The negative 
asymmetrically recorded HLs obtained present the best 
image quality reconstructed at 633 nm. This results 
show that the Biophotopol photopolymer HLs could be 
used for environmentally compatible applications. 
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Summary: This paper proposes a new application of digital holography to detect the crack on the surface of glass. A crack on 
the glass surface has been detected by recording the sound wave experimentally in digital holography. Firstly sound wave 
holograms are recorded by passing the sound wave through the smooth glass surface. 
 
After that sound holograms for the glass surface with crack are performed. The detection of crack on glass surface is determined 
by using their corresponding frequency spectrums for both situations. 
 
Keywords: Crack, detect, glass, sound wave, digital holography. 
 
 
1. Introduction 
 

Non-contact measurement (NCM) can be 
performed with non-destructive testing (NDT) to 
detect of defects on the materials without destroying 
their surface texture. [1-3]. Defects of porosity, 
delamination, crack and debonding frequently occur 
on the material surface [4]. Among these defects, the 
surface crack has been investigated in a variety of 
studies [5-6]. If the surface crack is very small, it can 
be difficult to detect visually. For this reason, an 
information about crack detection of the material can 
be made by contactless measurement. For example, 
dimensional metrology has achieved by Sudatham et 
al. and the surface crack in welds using thermography 
has detected by Broberg with non-contact 
measurement [7, 8]. Moreover, Keshtgar and Modarres 
have investigated the crack initiation based upon 
acoustic emission [9]. 

The crack detection can also be realized as 
contactless by digital holography (DH) [10]. Not only 
DH has contactless measurement feature, but also it 
has capability of automatic focusing, three 
dimensional (3D) boundary line measurement, 
interference coding and etc. [11-15]. Phase of sound 
wave can also be recorded and reconstructed with DH 
[16-20]. The phase information of an investigated 
object allows to detect the crack of the surface [21]. In 
addition, some emerging fields provide to perform new 
applications in recent digital holography [22]. For 
instance, an estimating the biovolume of motile cells, 
the demonstration of tomographic flow cytometry and 
the determination of hygroscopic properties 
characterization in wood are some of implementation 
in DH [23-25]. The identification of the crack on glass 
surface by evaluating frequency spectrum obtained by 
temporal phase profile in digital holography is 
proposed in this study. 

This paper is organized with four sections. The 
used experimental holography setup is presented in 
Section 2. The extraction of temporal phase 
distribution (sound wave) is given in this section. In 
addition, frequency spectrum of this wave is expressed 
mathematically. In Section 3, the experimental results 
are presented. Moreover, the temporal phase profile 
(sound wave) and its frequency spectrum are shown for 
smooth and crack glass surface respectively. Finally, 
conclusion part is presented in Section 4. 

 
 

2. Model and Method 
 

An off-axis digital holography setup is used based 
on Mach-Zehnder interferometry (MZI) to capture the 
hologram of sound wave propagating through the glass 
surface [26]. The schematic diagram of experimental 
setup is shown in Fig. 1. 

 

 
 

Fig. 1. Schematic diagram of optical setup. 
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In this interferometry, a beam from He-Ne laser is 
passed through the spatial filter and lens respectively. 
After that, this ray is divided into two arms by a beam 
splitter to form object and reference beams. The optical 
path difference between two optical arms can be 
controlled precisely in MZI. Here, the used He-Ne 
laser has a power of 10 (mW) and wavelength of  
633 nm. The object beam is modulated with the sound 
wave, which causes the temporal phase distribution 
changing. This wave is produced by function 
generator. Then, it, which is given to medium by a 
loudspeaker, is propagated through the glass surface. 
The used smooth and crack glass surfaces are given in 
Fig. 2. 

 

  
 

Fig. 2. Glass with a) Smooth surface; b) Crack surface. 
 

The interference patterns (holograms) are formed 
by recombining the object and reference waves, which 
are reflected by the mirrors. The holograms are 
recorded by high speed image sensor (CMOS camera). 
This sensor has pixel size of 14 μm × 14 μm. The sound 
holograms, whose size is 96 × 136 pixels, are captured 
by CMOS and with the rate of 2000 frames per second 
(fps). The recorded holograms are transferred to the 
computer via interface. 

From the series of hologram, the phase distribution 
is obtained for the value at one pixel. The phase 
distribution is extracted by using well-known Fourier 
Transform method [27]. The obtaining of temporal 
phase distribution from the reconstruction of sound 
holograms is shown in Fig. 3. 

 

 
 

Fig. 3. Extracting process of temporal phase distribution. 
 

The temporal phase distribution is considered as 
the recorded sound wave. In addition, the crack on the 
glass surface is analyzed by using frequency spectrum 
obtained from this wave. 

The frequency values are different for sound wave 
passing through the different surface. Therefore, these 
values will change for smooth and crack glass surfaces. 
In this study which index value corresponds to the 
maximum magnitude in the frequency spectrum is 
determined. Moreover the frequency spectrum is 
obtained for these values by FFT of sound wave 
(temporal phase profile.) 

These frequency values are calculated by using  
Eq. 1 [28]. 

 

 
2

,k
N


   (1) 

 
where,   is defined as frequency of discrete time 
signal. N  is the number of sample taken in one 
second. k  is expressed as discrete frequency index. 

If frequency of continuous time signal (original 
sound wave) is shown as  , angular frequency,  
( 2 f  ) and the frequency value is expressed as f, 

the relationship between   and   is given by  
Eq. 2. 
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where Sf  is given as the sampling frequency. This 

frequency is depend on discrete time index, k, as 
follows; 

 

 
Sf

f
k

N

 22
 

Sf

fN
k  . (3) 

 
In this study, the detection of the crack on the glass 

surface are carried out by using the frequency spectrum 
in two steps. In the first step, hologram for the smooth 
glass surface is recorded. In the second step, the 
hologram for crack glass surface is captured. For both 
cases, maximum frequency values are found from 
frequency spectrum and crack detection is made by 
comparing these spectrum. 

 
 

3. Experimental Results 
 

The frequency spectrums are analyzed to determine 
the crack on the surface of glass. 

In the first experiment, the sound wave, which is 
generated at a single frequency of 500 Hz, is used. The 
sound wave reconstructed from hologram obtained by 
smooth glass surface and its frequency spectrum are 
shown in Fig. 4. 
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(a) 

 
(b) 

 
Fig. 4. The results obtained with sound wave of 500 Hz  
for smooth glass surface a) Sound wave b) Its frequency 

spectrum. 
 
 

According to Nyquist criteria, the sampling 
frequency ( sf ) of sound wave ( f ) of 500 Hz 

produced from function generator must be 1 kHz. To 
reach this sf , 1000 samples ( N ) in 1 second have to 

been taken, when the sound hologram is formed. In 
experimental process, 3000 samples are produced in  
3 seconds for the sound wave of 500 Hz. 

When the value of k  is calculated by using 
Equation 3,the frequency value at the maximum peak 
in the frequency spectrum in air medium is 500 Hz. 
Whereas, in first experiment smooth glass is added to 
the air medium. Therefore, this frequency value shifts. 
This value is 450 Hz in first experiment. It can be seen 
from Fig. 4b. 

The sound wave reconstructed from hologram 
obtained by crack glass surface and its frequency 
spectrum are shown in Fig. 5. 

As seen in Fig. 5b that the frequency value shifts 
much more depending on crack glass surface. The 
frequency value at maximum peak is 131 Hz. 

In the second experiment, 6000 samples are 
produced in 3 seconds for the sound wave of 1 kHz. 
Because of the fact that f  is taken as 1 kHz, sf  must 

be 2 kHz (According to Nyquist criteria).  
2000 samples ( N ) in 1 second are created to attain  
this sf . 

The frequency value in the frequency spectrum is 
900 Hz for the smooth glass surface in second 
experiment since the frequency value at the maximum 
peak shifts. Fig. 6 shows the sound wave of 1 kHz 
produced from function generator and its frequency 
spectrum. 

 
(a) 

 
(b) 

 
Fig. 5. The results obtained with sound wave of 500 Hz for 

crack glass surface a) Sound wave b) Its frequency 
spectrum. 

 

 
(a) 

 
(b) 

 
Fig. 6. The results obtained with sound wave of 1 kHz  

for smooth glass surface a) Sound wave b) Its frequency 
spectrum. 

 
 
In Fig. 7, the results obtained from crack glass 

surface by using sound wave of 1 kHz are presented. The 
sound wave is presented in Fig. 7a. The frequency 
value at the maximum peak is 606 Hz. This value is 
shown in Fig. 7b. 
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(a) 

 

 
(b) 

 
Fig. 7. The results obtained with sound wave of 1 kHz for 

crack glass surface a) Sound wave; b) Its frequency 
spectrum. 

 
 
4. Conclusions 
 

In this paper, the crack on the glass surface is 
detected by using optical sound wave hologram. The 
sound holograms obtained for the smooth and crack 
surfaces of glass is used to calculate temporal phase 
profile (sound wave) and its frequency spectrum. It is 
seen that the frequency values of crack surface shift 
considerably in the frequency spectrum according to 
smooth surface’s. 
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Summary: We investigate the properties of the field emitted through parametric down-conversion (PDC) in a nonlinear 
photonics crystal (NPC) with a hexagonal poling pattern, both from a theoretical point of view and with an experiment 
performed at the University of Insubria. Considering the high gain regime of PDC, we demonstrate the existence of concurrent 
PDC processes mediated by two noncollinear poling vectors which are coherently coupled and reciprocally stimulated. We 
find that these non-standard 3-mode and 4-mode interaction processes undergo a substantial enhancement of the parametric 
gain with respect to the usual 2-mode PDC, and give rise to hot spots order of magnitudes brighter than standard 2-mode 
fluorescence which have been observed in the source far field. We performed a complete characterization of the source 
spectral-angular emission, finding a very good agreement between the experiment and the theoretical predictions. 
 
Keywords: Nonlinear optics, Nonlinear photonics crystals, Parametric down-conversion. 
 
 
1. Introduction 
 

The efficiency and engineering capabilities 
afforded by parametric processes in second-order 
nonlinear media have tremendously benefitted from 
periodic poling technologies in ferroelectric materials 
such as LiNbO3, nowadays routinely exploited in 
optical parametric generators, amplifiers and 
oscillators, as well as high brightness sources of 
entangled photons. In this work, we investigate the 
properties of PDC emission from an hexagonally poled 
nonlinear photonic crystal [1,2] both from a theoretical 
point of view and with an experiment performed at the 
Insubria of University. 

2. Modeling of the Experiment 
 

Our NPC source is a 2 cm long Mg-doped Lithium-
Tantalate crystal (LiTaO3) pumped at 527.5 nm which 
generates the signal and idler fields respectively in the 
near-infrared (s~800 nm) and telecom (i ~1550nm) 
ranges in a type 0 phase-matching configuration (see 
Fig. 1a). We consider here a regime of high parametric 
gain, where most twin photons are generated through 
stimulated PDC processes and the down-converted 
fields are macroscopics. 

 

 

 
 

Fig. 1. a) NPC injected by a tilted pump pulse, b) reciprocal lattice. 
 
 
Following the model reported in [3], we 

approximate the hexagonal poling in the (x, z)-plane by 
keeping only the leading order terms of the Fourier 
expansion of the nonlinear susceptibility ,
	 	 , , 	 ∓ 	  

being the two fundamental k-vectors of the reciprocal 
lattice which participate to phase-matching with the 

signal and idler k-vector (Fig. 1b). In [3] we derive a 
tje coupled propagation equations describing the 
interaction of the signal, idler and pump wave-packet 
which exchange photons whose momenta are quasi-
phasematched with either G1 or G2. To be more 
precise, let us denote with s, i and ps+i the 
carrier frequency of the signal, idler and pump 
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wavepackets, with  , , Ω 	a Fourier mode 

associated to wave-packet j with frequency j+Ω and 
transverse wave-vector components , . According 
to the 3D+1 model presented in [3], down-conversion 
from a pump mode vp into a particular pair of signal 
and idler modes vs and vi can be mediated by both 
lattice vectors G1 and G2, the efficiency of these 
processes being accounted by the corresponding 
phase-matching functions 

∆ , , ∓
, 

 
where  is the z-component of the wave-vector 
associated to the Fourier mode vj and we set 

	(Gx,0,0). Examples showing how the source 
sprectral-angular distribution is determined by these 
two phase-matching functions are shown in Fig. 2 and 
further discussed in the next section.

 

 
 

Fig. 2. Spectro-angular PDC emission in the (,x)-plane. a) two hot spots triplets originating from two 3-mode coupling 
processes (p=0°), b) super-resonant case with four much brighter hot spots from a 4-mode coupling processes (p=2.1°). 

 
 

3. Numerical and Experimental Results 
 

Fig. 2 illustrates the results of stochastic 3D 
numerical simulations based on the model described in 
[3]. The spectral-angular PDC emission is plotted in the 
(,x)-plane, x being the emission angle in the plane 
of the NPC lattice (see Fig. 2a). Considering a pump 
aligned with the z-axis (i.e. p=0°), the PDC emission 
develops along two curves symmetrical with respect to 
the -axis corresponding to vanishingly small values 
of the phase-matching functions 1 and 2. The 
intersection points of the two branches, indicated with 
s0 and i0 in Fig2a, are of particular interest: they 
corresponds to a ”shared” signal mode s0 coupled with 
two different idler modes i1 and i2, the PDC processes 
being mediated by the lattice vector G1 and G2 
respectively (green arrows). The dual situation arises 
when a shared idler mode i0 couples with two different 
idler modes s1 and s2 (red arrows). Due to coherent 
cross-seeding of those PDC processes sharing a 
common signal or a common signal mode, these 
special triplets of modes (s0,i1.i2) and (i0,s1.s2) undergo 
a significant enhancement of the gain with respect to 
standard 2-mode PDC processes. As can be inferred 
from the plots in Fig. 2, they give rise to intense hot 
spots about 2-3 order of magnitudes brighter than  
2-mode fluorescence. 

By increasing progressively the tilt angle p of the 
pump with respect to the z-axis, we find that the two 
phase-matching branches becomes more and more 
asymmetrical and the hot-spot positions is modified 
accordingly. A very peculiar situation arises when the 
pump transverse wave-vector matches one of the two 
lattice vector transverse components ∓ , as in the 
example withp=2.1° shown in Fig. 2b: the shared 
signal and idler modes are merged into one of the two 
coupled modes → 		and → 	in the example) 
and the two original triplets of modes coalesce into 4 
coupled modes. In this transition from 3- to 4-mode 
PDC processes, we verified a further enhancement of 
the gain which was observed experimentally in the 
form of a large increase of the hot spot brightness [3]. 
The tuning toward this super-resonant condition by 
varying the pump incidence angle p was in fact 
achieved through the observation of a sudden boost of 
the hot spots intensity (notice also that standard  
2-mode fluorescence is too low to be seen in the 
surface plot of Fig. 2b). 
 

4. Concluding Remarks 
 

A more detailed analysis reported in [3] shows that 
the exponential growth factor of the hot spots in the 
case of 3-mode coupling is a factor	√21.41 larger 
than for standard 2-mode PDC, while it reaches the 
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Golden Ratio =	(1+√5)/21.618 in the  
super-resonant condition with 4 coupled modes. The 
results of the experiment performed at the University 
of Insubria are in good agreement, both qualitatively 
and quantitatively, with the prediction of our model. 
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Summary: Sensitization of a fiber loop made on a tapered fiber is demonstrated. An adiabatically tapered fiber with 
longitudinal dimensions of 5mm-5 mm-5mm for the up-taper, waist, and down-taper transitions, and waist diameter of 15 m, 
is coiled into a loop. After this, using a ball shaped fiber end as a tool, the loop is deformed under the application of heat from 
a laser glass processing system. As result of the deformation to a semi-ring shape, determined by the ball radius, bands in the 
transmission spectrum are formed. The sensitized fiber loop is used to detect organic solvents such as ethanol, acetone and 
thinner, whose presence reflects as changes in the transmission spectrum. Around the refractive indices of ethanol and acetone 
the sensitivity of the device reaches4081.78 nm/RIU. 
 
Keywords: Optical fiber, Tapered fiber, Fiber loop, Micro deformation, Micro-ring, Fiber sensor. 
 
 

1. Introduction 
 

Tapered optical fibers have attracted great interest 
for applications requiring access to the evanescent 
field propagating through the fiber core, or for the 
excitation of higher order modes which can be used for 
the implementation of all optical fiber devices. In the 
first case, the diameter is reduced adiabatically with 
low losses to a diameter of a few microns, so that it is 
possible to gain access to the evanescent field [1] 
which can be used to construct ultrasensitive sensor 
devices. In the second case, the diameter change is not 
adiabatic in such a way that higher order modes can be 
excited, allowing the implementation of modal 
interferometers [2] with a wavelength selectivity that 
make them useful as all-fiber wavelength filters. In fact 
the wavelength selectivity in most case can be 
modified by external perturbations so that they can be 
made tunable or they can be used as sensor devices. 

Another approach for obtaining a functionalized 
performance, requires the coiling of the tapered fiber 
section into a micro-ring shape [3]. Usually, in this 
case the cross-sectional diameter is reduced to the 
submicron level. However, diameter reduction to a 
sub-micron level and coiling it into a ring is not easy 
and requires special tools such as micro-torchs and 
micro-manipulators. There are three types of  
micro-rings configurations, loops, knot, and coil 
resonators [4]. These types of micro-rings have been 
used for different measurements, such as refractive 
index (RI), humidity, current, temperature, 
concentration and magnetic field [5].These micro-
rings are also referred as resonators, and they are 

extremely compact and extremely sensitive to external 
perturbations, leading to sensors with very high 
sensitivity [6]. 

In this work, we present a method were a tapered 
fiber loop is sensitized by inducing a permanent micro-
deformation under heating, so that, a semi-ring of 
micrometer dimensions is formed in the waist of a fiber 
taper, where the fiber taper is shaped into a geometry 
that forms a macro-fiber loop. In the middle of this 
macro-fiber loop is where the microdeformation is 
realized. The microdeformation is induced by using a 
ball fiber lens of approximately 300 m diameter, 
which pushes the fiber taper waist shaped into a loop 
during the heat deposition with a CO2 laser glass 
processing system. As a result, at the center of the fiber 
loop, a micro-semi-ring is formed, with transmission 
bands (depth and resonance wavelength) dependent on 
the deformation geometry and that are sensitive to 
changes in the external refractive index. The 
magnitude of the deformation geometry, and hence the 
spectral response, can be tuned by varying the fiber 
ball diameter and the push during fabrication. In fact, 
the resultant device from the microdeformation can 
also be used for the measurement of micro-
displacements, since it is sensitive to deformations 
over the tapered section of the device, leading to 
changes in its transmission spectrum. As a refractive 
index sensor, the micro-semi-ring fiber device shows a 
sensitivity as high as 4081.78 nm/RIU as obtained by 
measuring the refractive indices of ethanol (1.352) and 
acetone (1.3483). This sensitivity value is in the order 
of that obtained with nanofilm coated tapered fibers 
[7], with the advantage of being a simpler method to 
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deform the fiber loop without the need of micro-torchs, 
micromanipulation, or the use of spatial coating 
deposition for sensitivity enhancing. In the case of the 
micro-displacement, the sensitivity of the detection of 
micro-displacement was 56.79 pm/nm. 

 
 

1. Fabrication of the Fiber Loop and Micro-
Deformation of the Fiber Loop 

 
Fiber tapers with longitudinal dimensions of  

5 mm-5 mm-5 mm for the down-taper transition, waist, 
and up-taper transition, respectively, were fabricated 
on SMF-28 fiber by using a Vytran GPX-3400 glass 
processing system. The waist diameter of the 
fabricated taper was 10 m. After the tapers were 
fabricated, they were coiled into a loop, and, in order 
to keep its shape, glued with UV-curable optical glue 
on the untapered bare fiber section before the loop. In 
this way the glue did not affect the transmission 
properties of the device. After cured, the fiber loop is 
put into the holder of a LZM-100 CO2-laser glass 
processing system from AFL, with the motor holders 
were positioned so that it was possible to have a total 
view of the looped section. On the other hand, in the 
end of a SMF-28 fiber a ~300 m diameter ball shape 
was formed by using the LZM-100 routine for  
ball-lenses. This ball-shaped end was put into the other 
holder of the LZM-100. With both, the loop and the 
balled end put into the LZM-100 holders, the 
procedure illustrated in Fig. 1 was used for the fiber 
loop micro-deformation. First, the loop and the balled 
end were pushed one against the other until the tapered 
loop was deformed (Fig. 1(a)). Then, as illustrated in 
Fig. 1(b), a CO2 laser shot was applied (~1 s) so that 
the loop was permanently deformed into a shape that 
closely followed the shape of the balled end (Fig. 1(c)). 
Fig. 2 shows a photograph taken from the LZM-100 
system, where the view of the looped section and the 
balled lens after the micro-deformation was realized. 
 
 

 
 

Fig. 1. Process realized for the micro-deformation  
of a tapered fiber loop. 

 
 

Fig. 2. Photograph of the micro-deformed fiber loop  
and the tip of the balled lens used for its fabrication. 

 
In experiment, the fiber ends were connected to an 

optical spectrum analyzer (OSA) Ansritsu MS9740A 
with integrated broadband light source from around 
1400 to 1650 nm. The transmission spectrum of the 
micro-deformed fiber loop after fabrication and 
packaging is shown in Fig. 3. As it can be observed, 
there are five resonance bands in the range from  
1400 nm to 1650 nm. The measurement of the changes 
with the refractive index of the external medium was 
realized by monitoring the wavelength shift of the third 
resonance peak from the left to right (~1518 nm) in the 
transmission spectrum device (Fig. 3). 
 

 
 

Fig. 3. Output spectra of the micro-deformed fiber loop. 
 
 
3. Detection of Organic Solvents  
    and Displacement 
 

The fabricated, micro-deformed, fiber loop was 
used for the detection of organic solvents, particularly 
ethanol, acetone, and thinner. From literature, we 
know that the refractive index of ethanol and acetone 
are 1.3520 and 1.3483 [8] around the 1550 nm 
wavelength window, while the refractive index of 
thinner around the same wavelength window is in the 
order of 1.4652 [9]. Fig. 4 shows a graph of the 
transmission spectra of the micro-deformed fiber loop 
when it is immersed into these three different organic 
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solvents. As can be observed, for acetone there is a 
notch at 1518.7683 nm, which shifts to a wavelength 
of 1503.6657 nm when it is immersed into ethanol. 
This shift corresponds to a refractive index sensitivity 
of 4081.78 nm/RIU. In the case of the thinner, the 
refractive index is higher than that of the cladding, so 
that this value corresponds to a different operation 
region which should be compared with liquids of 
closer refractive index. 

 
 

 
 

Fig. 4. Transmission spectra of the micro-deformed fiber 
loop with different organic solvents. 

 
 

In addition to the detection of organic solvents, the 
micro-deformed fiber loop can be used for the 
detection of displacement. In this case the ball is fused 
to the micro-deformed fiber loop section (Fig. 5), and 
the ball fiber tail and the fiber loop are mounted on 
translation stages. Fig. 6 (top graph) shows a graph of 
the displacement versus the resonance wavelength and 
the spectra corresponding to each of these points 
(bottom graph). The linear fit of the displacement 
versus resonance wavelength gives a slope of  
56.79 pm/nm, which we take directly as the value for 
the sensitivity to micro-displacement of the sensor. 
 

 
 

Fig. 5. Sketch of the displacement sensor. 
 

As we can see in the Fig. 6, each displacement of 
20 micron cause a variation in the resonance 
wavelength. After that, it is clear that the displacement 
sensitivity of the micro-deformed fiber loop can be 
linearly related to the relative effective displacement 
difference. With the intention of verify their mode of 

operation and to determine the respective 
reproducibility, different experiments with dissimilar 
fiber optic sensors were developed. We found the 
similar response in the displacement sensitivity. 

 

 
 

Fig. 6. Change in the resonance wavelength as a function  
of displacement. 

 
Optimization of the best micro-deformed loop 

geometry requires further experimental and theoretical 
work that is being realized. There should be an 
optimum geometry or deformation strength that 
favours the sensitivity for a particular refractive index 
region. In the case of the micro-displacement, it is also 
necessary to conduct further experimental work in 
order to find the best configuration for increase the 
sensitivity and operation range. For the future work, 
and thinking in obtaining higher accuracy in the 
sensitivity to micro-displacements and the detection of 
organic solvents, we will use experimental methods to 
find the best case scenario depending on the particular 
application. 
 
 
4. Conclusions 
 

In conclusion, we have presented a novel method 
for enhancing the sensitivity of tapered fibers, in 
particular of a fiber loop. The method relies on the use 
of a balled fiber end used for the permanent 
microdeformation of a section of the waist of a tapered 
fiber shaped into a loop. In fact, the shape of the  
micro-deformation can be considered as having a 
semi-ring shaped, with the same characteristic 
behavior of standard micro-rings with resonance bands 
with high sensitivity to external changes. Using the 
micro-deformed fiber loop, we were able to measure 
with high sensitivity the presence of organic solvents, 
particularly, ethanol, acetone, and thinner. In fact, a 
sensitivity to changes in refractive index in order of 
4081.78 nm/RIU were obtained around the refractive 
indices of ethanol and acetone. In addition, the  
micro-deformed fiber loop was used for the detection 
of displacement. The measured displacement 
sensitivity was of 56.79 pm/nm. 
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Summary: Transparent ceramics are manufactured by various ceramic processing techniques, generally using nanopowders 
densification (sintering) at temperatures much lower than the melting temperature of considered material. This approach allows 
to reach high doping content (e.g. 8 at. % Nd:YAG) with high homogeneity. Ceramic processing flexibility also allows to 
manufacture highly transparent pieces with large size (decimetric size) and/or doping gradient (e.g. multilayer, clad-core, 
continuous gradient). Thanks to these characteristics, laser transparent ceramics offer new opportunities in laser physics. Laser 
systems using active ceramic optical components can be optimized with for instance higher compacity or exacerbated 
supercontinuum generation. 
 
Keywords: Transparent ceramics, YAG, Rare-earth, Neodymium, Laser, Supercontinuum. 
 
 
1. Introduction 
 

Since many years, ceramic processing technology 
applied to transparent ceramics for laser applications 
has demonstrated its great potentiality. It has been 
shown comparable optical quality between Nd:YAG 
ceramics and single-crystals [1, 2]. More recently, it 
was proven that ceramic processing can be a real 
technological breakthrough compared to  
single-crystals when combined to functionally graded 
material (FGM) technology. In fact, the variety and 
flexibility of ceramic shaping and sintering processes 
generally applied to the FGM technology allows to 
manufacture laser gain media with complex 
architectures in a reduced time with better bonding 
properties than classical diffusion-bonding techniques 
used for single-crystals [3]. New laser gain media 
architectures in the form of dopant gradient, clad-core 
or multilayer can be thus manufactured in order to 
improve their thermo-optical efficiency [4]. 

At LCTL in Limoges (Laboratoire des Céramiques 
Transparentes pour Laser – SPCTS/CILAS joint 
laboratory), we study and produce optically-active 
laser components hardly available with single-crystal 
technology like YAG:Nd3+ or YAG:Cr4+ ceramics with 
dopant gradient and/or heavily-doped ceramics. This 
study presents some promising optical and laser 
properties like high power laser emission or 
supercontinuum generation. 

 
 

2. Ceramic Technology 
 

Ceramic processes developed at IRCER aim at 
finding ceramic manufacturing processes adapted to 
active optical components for Laser applications. 
These processes involve different key steps (Fig. 1): 

nanopowders synthesis, shaping by liquid way 
(suspensions) and finally sintering that should ensure 
complete densification. Studied ceramic materials 
include rare-earth oxides (simple oxides or mixed 
oxides like garnets). These matrix allow incorporating 
luminescent ions in solid-solution like rare-earth 
(Nd3+, Yb3+, Ho3+, etc.) or transition metals (Cr4+, Co2+, 
etc.) that are well adapted for laser amplification or 
saturable absorption properties. 
 

 
 

Fig. 1. Manufacturing process of transparent ceramics. 
 

Thanks to the flexibility of ceramic processes, it is 
also possible to manufacture ”composite” components, 
i.e. with dopant concentration gradient. The shape of 
the gradient can be optimized for the desired 
properties: higher power, better thermal release, higher 
compacity, tailored emission wavelength or beam 
shape, etc. A first research interest is thus focused on 
developing adapted powder shaping processes, like 
slip-casting or tape-casting. The second aims at finding 
suitable co-sintering conditions for the composite 
piece including various compositions. The Fig. 2 gives 
some illustrations of large-size or composite 
transparent ceramics developed at IRCER. 
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Fig. 2. Examples of transparent ceramics for Lasers 
developed at IRCER. (a) Nd3+:YAG discs with large size, (b) 
multilayer barrel of YAG/ Nd3+:YAG, (c) bilayer barrel of 
YAG/ Cr4+:YAG, (d) YAG/Nd3+:YAG waveguide (thickness 
100 µm). 
 
 
3. Laser and Supercontinuum Generation 
 

These ceramics were first tested in laser cavity to 
demonstrated their potentiality as new laser  
optically-active components. Laser slope efficiency as 
high as 40 % with 100 mJ of laser beam energy at  
1064 nm was obtained with 1at.%Nd3+:YAG ceramics. 

Heavily-doped ceramics (4at.%Nd3+:YAG) has 
also demonstrated their potentiality as optical 
component for supercontinuum generation in  
sub-picosecond regime of excitation (Fig. 3). In spite 
of its low nonlinear response, doped ceramic YAG has 
a sufficiently high destruction power threshold to 
support high peak power propagation. Then a large 
band spectral broadening covering the UV-visible and 
the near infrared domains can be obtained (see Fig. 3). 
The main nonlinear process involved in the spectral 
broadening is the self-phase modulation. Additionally, 
a strong and stable spatial self-focusing appears during 
the propagation and allows a quasi-Gaussien output 
beam generation on all the wavelengths. By increasing 
more the input energy, noncollinear conversion are 
appearing in the blue-UV domain by means of 
Cerenkov radiation emission (see Fig. 3b). That 
nonlinear supercontinuum generation can also be 
improved by laser gain obtained in Yb/Nd doped 
crystal, which drastically improve the output spectral 
power density of the polychromatic beam. 

 

 
 

 
 

Fig. 3. Example of supercontinuum generation obtained in a 
4 at.%Nd:YAG ceramic with sub-pisosecond pulses at  
1030 nm and 4-12 MW peak power. 

 
 
4. Conclusions 
 

These studies show that new optical components 
for lasers and large band nonlinear conversions can be 
envisaged thanks to ceramic technology. Their 
manufacturing allows to tailor their shape, size and 
composition. Gradients concentration of dopant are 
also easily feasible. 
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Summary: We report the steps used in the fabrication protocols and the optical, spectroscopic, structural and morphologic 
results of the samples. Various examples of systems prepared with this fabrication approach are presented with the aim to show 
the flexibility of the rf-sputtering in realizing different devices covering several photonic applications. In particular: (i) Erbium 
activated 1-D photonic crystals, where it is possible to obtain coherent emission at 1.5 m, are presented; (ii) uniform 
multilayer structure activated with Erbium ions, where the stop band is designed to strongly modify the spectroscopic feature 
of the sample, is fabricated and characterized. 
 
Keywords: rf-Sputtering, 1-D photonic crystal, SiO2, TiO2, Erbium, Spectroscopic features. 
 

 
1. Introduction 
 

Glasses activated by rare earth ions are the basis of 
various photonic systems with application not only in 
ICT but also concerning lighting, laser, sensing, 
energy, environment, biological and medical sciences, 
and quantum optics. Recently, a remarkable increase 
in the experimental efforts to control and enhance 
emission properties of emitters by tailoring the 
dielectric surrounding of the source has been 
performed [1]. Among the various techniques that 
could be employed to fabricate oxide dielectric 
materials rf-sputtering is a promising route to fabricate 
rare earth-activated waveguides and 1-D photonic 
crystals [2,3]. Here, we discuss some recent results 
obtained by our consortium regarding: (i) Erbium 
activated 1-D photonic crystals, where it is possible to 
obtain coherent emission at 1.5 m, are presented;  
(ii) uniform multilayer structure activated with Erbium 
ions, where the stop band is designed to strongly 
modify the spectroscopic feature of the sample, is 
fabricated and characterized. 
 
 
2. Erbium Activated 1-D Photonic Crystals 
 

1-D Er3+ doped dielectric microcavity, labelled 
PC10, is fabricated by rf-sputtering technique. The 
structure consists of 10 pairs of SiO2/TiO2 layers on 
each Bragg mirror with a central defect layer of SiO2. 

Each layer is doped with Er3+ [3]. In Fig. 1 is reported 
the SEM micrograph of the Er3+ doped 1D dielectric 
microcavity cross section. The bright and dark region 
corresponds to TiO2 and SiO2 layers, respectively. The 
substrate is located at the bottom of the images and air 
at the top. 
 

 
 

Fig. 1. SEM micrograph of the PC10 Er3+ doped 1D 
dielectric microcavity cross section. The bright and dark 
region corresponds to TiO2 and SiO2 layers, respectively. 
The substrate is located at the bottom of the images and air 
at the top. 
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The transmittance spectra, reported in Fig. 2 shows, 
a sharp peak in the transmission spectra that appears at 
1559 nm corresponds to the cavity resonance. Also it 
is possible to observe the third order stop band in the 
visible region. The third order stop band presents in the 
visible region and the cavity resonance appears at  
530 nm at 0 degree incident angle. At 30 degree 
incident angle, the cavity resonance shifted to  
514.5 nm. 

 

 
 

Fig. 2. Transmission spectrum of the PC10 photonic crystal 
in the region between 450 nm and 2700 nm. The first order 
stop band ranges from 1300 nm to 1850 nm. The first order 
cavity resonance corresponds to the sharp maximum centred 
at 1559.2 nm. 

 
In Fig. 3 are reported the. 4I13/2→4I15/2 

photoluminescence spectrum of the PC10 cavity activated by 
Er3+ ions from the 1-D photonic crystal. The erbium 
emission from the microcavity is centred at 1560 nm, 
at excitation power at 514.5 nm above 30 mW it 
exhibits a Full Width at Half Maximum FWHM of  
~1.0 ±0.1 nm that corresponds to the resolution of the 
detection apparatus. In the case of excitation power 
below 30 mW, the FWHM corresponds to  
2.5 ± 0.1 nm.  

 

 
 

Fig. 3. 4I13/2→4I15/2 photoluminescence spectrum of the PC10 
cavity activated by Er3+ ions from the 1-D photonic crystal. 
The emission is recorded at 0 degree from the normal on the 
samples upon excitation at 514.5 nm at the input power of 
185 mW (▲) and 24 mW (■). 30 degree of excitation angle 
for both the measurements. The 2 spectra are normalized. 

In order to determine the behaviour of the features 
of the emission with the excitation power, we 
evaluated the dependence of the emission intensity and 
FWHM with the 514.5 nm pump power. In Fig. 4, there 
are reported the behaviour of the emission intensity at 
emission wavelength of 1560 nm and FWHM as a 
function of different 514.5 nm excitation powers with 
a detection angle of 0 degree and an excitation angle 
of 30 degree. In this experimental conditions it is 
possible to observe that the intensity behaviour is not 
linear. It is possible to identify a threshold at around  
30 mW. Simultaneously there is a narrowing of the 
FWHM from 2.5 nm at low pump power to around 1 
nm which is limited by a spectral resolution of our 
experimental set up. 

 

 
 

Fig. 4. 4I13/2→4I15/2 photoluminescence peak intensity (●) 
and FWHM (▲) at 1560 nm from the PC10 sample as a 
function of 514.5 nm pump power with 0° of detection angle 
and 30° of excitation angle. Red and green line are the results 
of linear fit while the blue line is a guide for the eyes. 

 
Different approach could be used to optimized the 

spectroscopic features and reduce this threshold. 
To have high reflectivity Bragg reflectors, 

fundamental key to reach high quality factor, a great 
number of alternated layer is needed. This increase the 
total thickness of the sample and could increase also 
the possibility to introduce topological imperfection in 
the sample reducing the optical quality of the photonic 
crystal. To assess the effect of the number of layers that 
compose the Bragg reflector samples with geometries 
was fabricated. 

In Fig. 5 is reported the SEM micrograph of the 
PC07 Er3+ doped 1D dielectric microcavity cross 
section. The bright and dark region corresponds to 
TiO2 and SiO2 layers, respectively. The substrate is 
located at the bottom of the images and air at the top. 
For the this sample each Bragg reflector is made up of 
7 couples Er3+ activated SiO2/TiO2. One can note that 
the top layer of sample PC07, the one in direct contact 
with air, is made of a half-wavelength layer of lower 
index SiO2. This extra thickness enables one to 
optimize the reflectance of the top DBR reflector, 
taking into account the constructive interference 
between the DBR itself, and the SiO2/air Fresnel 
reflectance at the interface. 
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Fig. 5. SEM micrograph of the PC07 Er3+ doped 1D 
dielectric microcavity cross section. The bright and dark 
region corresponds to TiO2 and SiO2 layers, respectively. 
The substrate is located at the bottom of the images and air 
at the top. 

 
Transmittance measurements on PC07 sample is 

reported in Fig. 6. Also for this sample it is possible to 
identify the stop band for the three samples developed: 
from 1400 nm to 1850 nm. A sharp peak in the 
transmission spectra appears at around 1560 nm 
corresponds to the cavity resonance related to the Er3+ 
doped SiO2 half wave layer inserted between two 
Bragg mirrors. Also, it is possible to observe the third 
order stop band in the visible region. 

 

 
 

Fig. 6. Transmission spectrum of the sample PC07 in the 
region between 450 nm and 2500 nm. The first order stop 
band ranges from 1300 nm to 1850 nm. The first order cavity 
resonance corresponds to the sharp maximum centered 
respectively at 1559.9 nm. The incident light is unpolarized. 

 
In Fig. 7a is reported the photoluminescence 

spectra related to the 4I13/2→4I15/2 transition of the Er3+ 

ions obtained for the obtained for the PC07 sample at 
excitation power <1 mW for the Xenon excitation lamp 
with a monochromator. The erbium emission from the 
microcavity is centered at 1535 nm with FWHM of 
~2.1 ±0.1 nm that correspond to the resolution of the 
detection apparatus. The measure is performed with a 
detection angle of 0 degree and an excitation angle of 
30 degrees. In Fig. 7b is plotted the photoluminescence 
intensity of the pump power. The linear fit of the 
experimental data intercept the x-axis at a value of 
pump power of 4 ± 2 µW. 

Comparing the transmittance spectra of Figs. 2 and 
6 we observe that the quality factor is reduced from 
390±1 that is obtained on the PC10 to 226±1 obtained 
for the PC07. Is important to note that the 
configuration with 7 couple for each Bragg reflector 
exhibits, however, the lower threshold that pass from 
30 ± 2 mW for the PC10 to 4 ± 2W for the PC07 
photonic crystal. 
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Fig. 7. (a) 4I13/2→4I15/2 photoluminescence spectrum from the 
PC07. The emission is recorded at 0 degrees from the normal 
on the samples upon excitation at 514.5 nm of a Xenon 
excitation lamp with monochromator at the input power < 1 
mW. The spectra are normalized. (b) 4I13/2→4I15/2 
photoluminescence peak at 1535 nm as a function of 514.5 
nm pump power with 0 degree of detection angle and 30 
degree of excitation angle. Threshold obtained at 4 µW. 

 
 
3. Uniform Multilayer Structure 
 

The 1-D photonic crystal labelled PC40 is 
composed of 20 alternating layers of high and low 
refractive indices of TiO2 and SiO2 doped with Er3+, 
respectively with an optical thickness of /4. In Fig. 8 
is reported the SEM image of the cross section of the 
structure. 

Transmittance measurements on PC40 sample is 
reported in Fig. 9. At normal incidence, the photonic 
crystal structure exhibits a minimum transmission, i.e. 
reflection band in the range of 1500 nm - 1950 nm. The 
parameters for the photonic crystal are chosen in such 
a way that the band edge of the transmission spectrum 
appears in the spectral range of erbium emission. 
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Fig. 8. Cross section image of the PC40 sample performed 
with the scanning electron microscopy. The bright and the 
dark areas are TiO2 and SiO2 layers, respectively. The 
substrate is located at the bottom of the images and the air on 
the top. 
 
 

 
 

Fig. 9. Transmittance spectrum of the PC40 sample  
in the region between 1200 and 2100 nm obtained at normal 

incidence from the sample. 
 

 
 

Fig. 10. 4I13/2→4I15/2 photoluminescence spectra  
of the PC40 uniform multilayer structure with different 

detection angle: (▲) 0° and (■) 45°. Excitation at 514.5 nm. 
The spectra are normalized. 

 
The luminescence spectra in the 1.5 m region 

obtained upon 514.5 nm excitation detecting the 
emission luminescence with a detection angle of  
0 degree and 45 degree are reported in Fig. 10. The 
luminescence is strongly modified by the presence of 
the multilayer structure. When the detection angle is at 
45 degree, the effect of the cavity on the emission 
spectrum corresponds to the standard erbium emission 
in glass matrix. In Fig. 11 are reported the decay curves 

of the luminescence from the 4I13/2 metastable state of 
Er3+ obtained with 0° detection angle and 45° detection 
angle. It is important to note that with all the detection 
angle the detected lifetimes is so short that they are 
below the temporal limit of our acquisition setup  
(80 s). 
 

 
 

Fig. 11. Decay curves of the luminescence from the 4I13/2 
metastable state of Er3+ obtained with (Circles ●) 0° 

detection angle and (Squares ■) 45° detection angle. The 
excitation is fixed at 514.5 nm. 

 
This is due to the effect of the photonic band gap. 

The decay rate is accelerated due to the increase of the 
local density of states at the photonic band gap  
edge [4]. 
 
 
4. Conclusions 
 

Here, we have briefly revised some recent results 
obtained by our consortium with 1-D confined 
photonic structures. A protocol based on rf-sputtering 
technique for the fabrication of a monolithic, Er3+ 
dielectric 1-D microcavity was defined and the 
spectroscopic results suggest the presence of coherent 
emission from the sample. A uniform multilayer 
structure activated with Erbium ions, where the stop 
band is designed to strongly modify the spectroscopic 
feature of the sample, was fabricated and 
characterized. Beyond the two examples reported here, 
the exploitation of their unique properties covers a 
range of applications possibilities and system 
performance that concern Lighting, Laser, Sensing, 
Energy, Environment, ICT, and Health. 
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Abstract: The measurement of high temperatures in a wide dynamic range is a matter of great importance, especially with 
regard to machining processes; but it is also one of great difficulty. Some of them require high speed measurements 
making the acquisition even harder. A fiber-optic two-color pyrometer able to measure temperatures in a localized area of a 
machining process is reported. The pyrometer scheme consists of an improvement of [1], based on the change of the 
photodetectors and conditioning circuits that allows temperature ranges from 190 °C to 450 °C at high speed with low errors. 
The system uses a glass multimode optical fiber and it is focused on two spectral bands centered at 1310 nm and 1550 nm, 
since they are those used in optical communications, and therefore, in which the losses are optimized. 
 
Keywords: fiber-optic, two-color pyrometer, machining process, temperature measurement, temperature error. 
 
 
 

1. Introduction 
 

Nowadays it is important to measure the 
temperature during the machining processes, since if a 
high temperature is reached it can deteriorate both the 
properties of the machined piece and the cutting tool. 

The area where the highest temperatures are 
reached is the cutting area, where the piece and the tool 
are in contact, so the temperature must be monitored 
around this zone at a certain speed. The cutting area 
covers a small space with difficult access and 
sometimes turning at an angular speed. The most 
suitable system for acquiring the measurements is a 
pyrometer, since it allows to measure without contact 
in very localized areas at high speed [2]. This system 
must also be able to measure at low temperatures with 
high precision to be used in the machining of polymer 
composites [3] and low-emissivity metals [4], since 
they generate low radiation. 

In addition, if a two-color pyrometer is used, the 
accuracy of the system increases, since in this way the 
measure is not influenced by the variation of the 
emissivity of the body with the temperature. 

Pyrometers capable of measuring in these 
conditions have been designed. These are 
characterized by operating in a range of wavelengths 
from 1 to 4 µm and using infrared fibers [5,6]. It has 
also been proposed a pyrometer which incorporates a 
chopper to reduce the noise and it operates in a range 
of temperature between 50 and 150 C with good 
precision [5]. 

However, the disadvantage of all of them is that 
they need large diameter fibers, collimation lenses and 
cooling systems, which means an increase in the cost 
and complexity of the system. 

In this paper, it is proposed a fiber-optic two-color 
pyrometer that uses a reduced number of components 
and InGaAs photodetectors with low-noise and single 
high-gain amplifiers, being able to measure in a 
temperature range from 190 to 450 C in very localized 
areas and at high speed. 

2. Description of the Pyrometer System 
 

The designed pyrometer measures in a localized 
area of a machining process (see the Fig. 1). In this 
type of process, since the temperature changes quickly 
the response time of the system must be short, so this 
parameter is also analyzed. 

 

 
 

Fig. 1. Photograph of the pyrometer system embedded  
in the machining tool. 

 
The proposed pyrometer system for measuring the 

temperature of the hot object consists of an optical 
fiber, an optical filter, a dual photodetector, an 
acquisition card and a computer [1], which are 
described below. 

The optical fiber employed is a 62.5/125 µm 
core/cladding diameter silica multimode optical fiber. 
In addition, its smaller diameter and numerical 
aperture provides the advantage of being able to 
measure in very localized areas, below 0.004 mm2 [2]. 

The objective of the optical fiber filter is to divide 
the radiation emitted by the object into the two spectral 
components analyzed, 1310 nm and 1550 nm. 

The photodetectors are responsible for measuring 
the optical power received in each of the spectral 
bands, providing in their output a voltage proportional 
to the optical power. 

The acquisition card, which has synchronous 
analog-to-digital converters allows to digitalize the 
measured voltage values. It is configured in two ranges 
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(± 1 V and ± 2 V) because in case it saturates with the 
first range it is possible to know the value of the 
measurement through the second range. 

Finally, the data are displayed and processed with 
a computer with the software Matlab. 
 
 
3. Characterization of the Photodetector 
 

The main difference with respect to our previous 
pyrometer system [1] is the use of new photodetectors 
and their conditioning electronics. For this reason, in 
first place they are characterized at 1310 nm and at 
1550 nm, measuring the optical power at the input of 
the photodetector and its output voltage. The 
experimental set-up includes a laser source which is 
capable of emitting at both wavelengths analyzed, a 
variable optical attenuator, a power meter and an 
oscilloscope. 

The relationship between voltage and optical 
power is shown in the Fig. 2. 
 
 

 
 

Fig. 2. Fitting (-) and experimental pyrometer calibration 
curves of the photodetector at 1310 nm (∆)  

and 1550 nm (). 
 
 

As it can be seen, the photodetector has an 
exponential behavior, so the greater the optical power 
received, the higher the output voltage. This in turn, for 
the same optical power the voltage value obtained is 
higher at 1550 nm, the voltage difference at both 
wavelengths also increases exponentially, reaching a 
maximum value of 1.2 V at -48 dBm approximately. 

On the other hand, the photodetector conditioning 
circuit saturates when an output voltage of 14.32 V is 
measured. For optical power below -86 dBm a voltage 
value of approximately 17 mV is obtained. This is due 
to the thermal and dark noise of the photodetector, 
being characterized when the laser source is off and 
placing the photodetector within a box. 

For this reason, the calibration curve is specially 
affected by the photodetector dark noise at very low 
optical powers. Overall optical power measurements 
range from -86 dBm to -48.5 dBm. 

4. Modelling of the Pyrometer System 
 

In order to know the power received by the 
photodetector, the system has been modeled in the 
software Matlab. 

So, the optical power received by the pyrometer, 
[2] PD, is given by: 
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where C1 and C2 are Planck’s radiation constants 
(C1=1.191ꞏ108 WꞏSr-1ꞏµm4ꞏm-2 and C2=1.439ꞏ104 
µmꞏK), SL are the losses of the system and are defined 
in Eq. 2, ℇ is the emissivity of the body, T is the 
temperature of the surface of the object, λA and λB are 
the shortest and the longest wavelength on the optical 
filter wavelength band, respectively. 

The losses of the system, SL versus wavelength are 
given by: 
 

( ) ( )ꞏ ( )ꞏ ( )ꞏ ( ),SL CL IL k       (2) 

 
being CL the losses of the connectors, IL the insertion 
losses of the filter, α the fiber attenuation coefficient 
and k the coupling losses, which is given by: 
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       (3) 

 
where dcore is the fiber core diameter and θmax is the 
fiber acceptance angle. 

The model takes into account the dark and thermal 
noise of the photodetector. To do so, the simulated 
output voltage of the photodetector is proportional to 
the optical power emitted by the hot object with the 
losses of the system and the equivalent power 
corresponding to the shot, thermal and dark noise. 
 
 
5. Results 
 

The pyrometer system calibration temperature 
ranges from s 190 to 450 C, readings taken every  
20 C. The calibration is made at both pyrometer 
spectral bands, once centered at 1310 nm and the other 
around 1550 nm and using a dry block calibrator and a 
black body kit. To obtain reliable measurements,  
500 samples in an acquisition time of 500 ms are taken 
for each temperature and a statistical study is carried 
out. In this way, the final value of voltage is the 
average of all the samples ( ) and its uncertainty is the 
standard deviation of the mean [7], defined as s( ): 
 

2 ( )
( ) ks V

s V
n

 , (4) 

 
where 
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being  the average of all measurements, s( ) the 
experimental standard deviation of the mean, s2(Vk) the 
experimental variance of the observations, n the 
number of samples and Vj the value of the output 
voltage in each measurement. 

Then, the error in temperature equivalent to the 
standard deviation of the mean is calculated. For this, 
the measured calibration curve (voltage versus 
temperature) is fitted to a polynomial curve of order 
five. Afterwards, the value of temperature 
corresponding to the average voltage plus the standard 
deviation of the mean is calculated and finally, the next 
equation has been applied: 
 

 % *100R
T

T T
E

T


 , (6) 

 
where ET is the temperature error, TR is the temperature 
corresponding to the average voltage plus the standard 
deviation of the mean, and T is the calibration 
temperature. 
 
 
5.1. Calibration Curves at 1310 nm and 1550 nm 
 

The calibration curve obtained at 1310 nm and at 
1550 nm considering 500 samples is shown in Fig. 3 in 
color blue and red, respectively. 
 
 

 
 

Fig. 3. Fitting (-) and experimental pyrometer calibration 
curvesat 1310 nm (∆) and 1550 nm (). 

 
The output voltage of the photodetector increases 

when the temperature increases, being the rise greater 
in the case of 1550 nm. The standard deviation of the 
mean is almost constant and equal to 0.032 mV at  
1310 nm and 0.029 mV at 1550 nm. Respect to the 
temperature error, it is below 5 % from 190 C at  
1310 nm and it is below 1 % at temperatures higher 
than 190 C at 1550 nm. 

Moreover, the characterization of the pyrometer 
system is also done considering only 150 samples of 
the 500 samples acquired (equivalent to an acquisition 
time of 100 ms) to evaluate if it is possible to reduce 
the acquisition time and still obtaining reliable 
measurements. After carrying out this analysis it is 
proved that the voltage average and the temperature 
uncertainty hardly change. Only the standard deviation 
of the mean increases slightly because of its 
dependence on the number of samples. So, it is 
concluded that the system can acquire measurements 
in a smaller time interval. 

 
 
5.2. Results of the Simulated Model 
       of the Pyrometer 
 

The experimental calibration curve V-T is 
compared with the curve V-T obtained with the optical 
power provided by the simulation for a given 
temperature (taking into account that ℇ=1, since a 
blackbody is used in the calibration of the system) and 
the calibration curve of the photodetector. 

The measured calibration curve of the 
photodetector takes into account all noise terms of this 
component, so before doing the conversion from 
power to voltage, the power corresponding to the noise 
of the photodetector and conditioning circuit is added 
to the power obtained with Eq. 1. The results are shown 
in Fig. 4. 
 
 

 
 

Fig. 4. Simulated (-⁎) and experimental pyrometer 
calibration curves at 1310 nm (∆) and 1550 nm (). 

 
The simulated and experimental results are very 

similar, although there is a slight deviation at low 
temperatures. This is because at low temperatures the 
power emitted by the object is lower and therefore the 
influence of the noise of the photodetector is greater. 
Even so, the results provided by the pyrometer model 
can be considered good, and further future work will 
be done to obtain even more accurate results. 

Through the designed model, simulating a wider 
range of temperatures, it can be appreciated that the 
photodetector allows to measure up to 700 C when the 
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wavelength is 1550 nm and 790 C at 1310 nm, which 
is when it saturates. 
 
5.3. Calibration Curve of the Output Voltage  
       Ratio and Discussion 
 

To take advantage of the two-color pyrometer the 
calibration curve of the voltage ratio at both 
wavelengths versus the temperature is calculated. In 
this way, it is possible to evaluate the temperature on a 
surface even if its emissivity is unknown, since the 
reading will not be affected by the emissivity 
variations considering that it is almost the same at both 
spectral bands. Moreover, the uncertainty and the 
temperature error of the ratio are calculated. In Fig. 5, 
the calibration curve of the ratio of the output voltage 
is shown. The ratio decreases with temperature. On the 
other hand, the temperature errors are small, in fact at 
190 °C is around 2.3 % and from 210 °C is below 1 %. 
 

 
 

Fig. 5. Experimental () and fitting (-) pyrometer 
calibration curve of the output voltage ratio. 

 
On the other hand, it is being analyzed the 

introduction of an optical switch in the pyrometer 
system to reduce the background noise [8]. This is 
situated between the hot object and the filter for two 
reasons, to reduce the influence of additional energy 
radiation and to use only one optical switch for both 
spectral bands. In future works the results of the new 
analysis performed with this configuration of the 
pyrometer will be shown. 
 
 
6. Conclusions 
 

The proposed pyrometer system allows to measure 
in an area below 0.004 mm2 of difficult access and 
providing reliable measurements from 190 °C 
temperatures, since the error that is committed is very 
small, and it has a good response time. 

In addition, as it is a two-color pyrometer, the 
measurements that the system provides are not affected 
by the variation of the emissivity with the temperature 
of the measured object. 

The model implemented in Matlab, which takes 
into account the definition of the optical power that 
emits a hot object, the losses that exist in the system 
and the calibration curve of the photodetector, allows 
to know both the optical power that the photodetector 
receives and the output voltage for any temperature 
with a small deviation. The model allows to predict a 
potential to measure from 190 °C up to 700 °C without 
changing the gain of the photodetector conditioning 
circuit. Experiments reported covers temperature 
ranges from 170 °C to 450 °C. 
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Summary: Optical joint transform correlation (JTC) technique utilizes optical lens and can recognize a pattern of interest 
efficiently, where the processing can be done at the speed of light. To enhance the correlation performance, a multiple phase-
shifted reference based JTC (MRJTC) technique is developed, which produces a single correlation peak for each potential 
target in a given input scene. To further improve the discrimination between a target and a non-target object, a fringe-adjusted 
filter is incorporated in the proposed system. Finally, a log-polar transform algorithm is developed for the MRJTC technique 
to make the pattern recognition invariant to scale and rotation variations. At the correlation plane, the peak-to-side lobe ratio 
is measured and compared to a threshold to detect and track a pattern of interest in an unknown input scene. The proposed 
system is simulated with various input scenes where a successful and efficient pattern recognition performance is observed. 
 
Keywords: Joint transform correlation, Phase-encoding, Joint power spectrum, Correlation, Fringe-adjusted filter, Target 
tracking, Log-polar transformation, Pattern recognition. 
 

 
 

1. Introduction 
 

Optical joint transform correlation (JTC) technique 
is efficient in recognizing an object in an arbitrary 
input scene, allowing real-time updating of the 
reference image, operating at video frame rates and 
eliminating the complex matched filter in the Fourier 
plane [1]. Several modifications of the classical JTC 
technique have been proposed to alleviate the problems 
of poor correlation discrimination, wide sidelobes, 
conjugate correlation peak, strong zero-order 
correlation, and failure to perform in noisy 
environment. Binary JTC [2], phase-only JTC [3], 
fringe-adjusted JTC (FJTC) [4], shifted phase-encoded 
JTC [5], and complementary-reference and 
complementary-scene JTC [6] are some of the major 
JTC techniques, none of which is as efficient in 
producing highly discriminant correlation. 

The objective of this paper is to develop a pattern 
recognition algorithm employing log-polar transform-
based multiple phase-shifted-reference JTC  
(LPT-MRJTC) technique. The MRJTC technique 
removes all the unwanted correlation terms and 
produces a single and highly discriminant correlation 
peak for each potential target [7]. The proposed 
technique incorporates the log-polar transformation [8] 
in order to make the correlation performance invariant 
to rotation distortions. Performance of the optical 
pattern recognition technique is evaluated using a 
computer simulation program where a very promising 
target recognition performance has been observed. 

 
 

2. Performance Analysis 
 

As shown in Fig. 1, the target reference image is 
first transformed to the log-polar coordinate system. 

The given input scene containing unknown objects is 
also transformed to the log-polar domain. The 
transformed reference image is fed to the system in 
four parallel channels phase shifted by 0, 90, 180 and 
270 degrees, respectively. Then the transformed input 
image is introduced to the four reference images to 
form four different joint images. These images are now 
Fourier transformed, where from four different joint 
power spectra (JPS) are obtained. Finally, the JPS 
signals are combined by incorporating an algebraic 
operation, which results in the elimination of all 
unwanted correlation terms and occurrence of the 
correlation peak exactly at the target location. Next a 
fringe-adjusted filter is incorporated to enhance the 
correlation performance. Inverse Fourier 
transformation of this signal results in a single and very 
sharp correlation peak for each potential target of the 
reference class present in the input scene. 

 
 

3. Simulation Results 
 

The proposed pattern recognition system is 
simulated using MATLAB program. Fig. 2(a) shows a 
binary image with a size of 32×32 pixels. Then the 
image is rotated by 30 and 60 degree, respectively, 
whose log-polar transformed images are depicted in 
Fig. 2(d)-(f). It can be observed that the in-plane 
rotation of the image in the spatial domain does not 
affect the transformed image significantly. 

Next, the correlation performance of the proposed 
technique is evaluated. Fig. 3(a) shows the joint image 
where the top half of the image contains the reference 
object of Fig. 2(a) and the bottom half contains the 
unknown input scene. It is obvious from the correlation 
output shown in Fig. 3(b) that the technique is highly 
efficient in producing a very sharp correlation peak 
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corresponding to the target object present in the input 
scene. Next, we used a rotated image in the input scene 
while keeping the same reference object as shown in 

Fig. 3(c). The correlation performance shown in  
Fig. 3(d) indicates a failure in detecting the target. 

 
 

 
 

Fig. 1. Block diagrams of the proposed optical pattern recognition system. 
 

   
(a)          (b)          (c) 

   
                    (d)                   (e)                    (f) 

 
Fig. 2. Log-polar transformation of images: (a)-(c) spatial 

domain images, (d)-(f) transformed images. 
 

  
                 (a)                             (b) 
 

 
                        (c)                             (d) 

 
Fig. 3. Correlation performance for images in the spatial 

domain: (a), (c) joint input scene; (b), (d) correlation output. 
 
Then the simulation experiment was carried out 

employing the log-polar transformation. As before, a 
joint image was formed using the transformed 
reference image and unknown input scene in the top 

half and lower half of the plane, respectively. Figs. 4(a) 
and 4(c) show two test joint images. The 
corresponding correlation outputs are depicted in  
Figs. 4(b) and 4(d), respectively. It can be obvious that 
the proposed target detection technique has been 
successful in detecting a target even with a significant 
amount of rotational distortion. 
 

  
                 (a)                                        (b) 
 

  
                 (c)                                        (d) 

 
Fig. 4. Correlation performance in the transformed domain: 

(a), (c) joint input scene; (b), (d) correlation output. 
 

 
4. Conclusions 
 

A pattern recognition system is proposed which 
involves simple architecture and hence can be easily 
implemented using optics for fast and precision 
performance. Simulation results make it obvious that 
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the technique can detect a target is various practical 
conditions, which yields a promising algorithm for 
real-life applications. 
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Summary: A polymer optical fiber with low index of core materials is proposed for SPR sensing application. The fiber SPR 
sensor is fabricated by coating 55-nm-thick Au-film on the polished surface of the polymer optical fiber. Experimental results 
show that the sensor exhibits an improved sensitivity of up to ~22779 nm/RIU at 1.335, which is one order of magnitude higher 
than that of silica fiber based SPR sensors. For glucose sensing applications, the sensor presents an averaged sensitivity of 
24.50 nm/wt%. This device is expected to have potential applications in cost-effective bio- and chemical-sensing. 
 
Keywords: Fiber optic sensors, Surface plasmon resonance, Biological sensing and sensors, Polymer optical fiber. 
 

 
1. Introduction 
 

Optical fibers have been considered to be an 
excellent platform for developing miniaturized and 
low cost SPR sensors. The fiber core acts as a prism 
and SPR can be excited by the evanescent field of the 
confined light once a noble metal layer is introduced in 
surrounding of the core region. Recently, numerous 
designs have been proposed for SPR sensing with 
modified sensitivities and/or detection limits, mainly 
employing single mode fibers and multimode fibers 
accompanied with side-polishing [1-3], chemical-
etching [4, 5] and tapering-down treatments [6]. 

In this work, we demonstrate a highly sensitive 
SPR sensor based on a polymer optical fiber (POF), of 
which the core was made by low-index perfluorinated 
polymer materials. The sensor was fabricated by  
side-polishing the POF with a length of ~5 mm to 
expose the fiber core and coating a 55-nm-thick Au 
film onto the polished surface. The sensor exhibited a 
huge enhancement of sensitivity of up to  
~22779 nm/RIU for aqueous solutions. The sensor is 
meaningful to highly sensitive chemical- and  
bio-sensing. 
 
 
2. Device Fabrication 
 

In our experiment, a low-index POF was used to 
fabricate SPR sensors. The fiber is composed with a 
graded-index core, low-index cladding and additional 
reinforcement layer (overcladding), of which the 
diameters are 62.5, 102.5 and 490 μm, respectively. 
The cladding and core materials are perfluorinated and 
doped-perfluorinated optical polymer (CYTOP). The 
refractive index (RI) of the core decreases from 1.357 
at the fiber center to 1.342 at the core/cladding 
interface gradually and remains unchanged in the 
cladding, nominated at 589 nm. And the numerical 
aperture of the fiber is 0.185 ± 0.015. 

A wheeled polishing machine was used to polish 
the POF to a D-shaped geometry. The transmission 

spectrum can be monitored in real-time by connecting 
the POF with a broadband light source (BBS,  
1250-1650 nm, Fiberlake Inc.) and an optical spectrum 
analyzer (OSA, YOKOGAWA AQ6370C) during the 
polishing process. The POF was fast polished by a 
3000-grit abrasive paper to remove the protection layer 
(overcladding) firstly, and then a 7000-grit abrasive 
paper was used to polish the POF successively until the 
evanescent field of the guided mode was slightly 
exposed, which can be determined by observing the 
appearance of tiny losses in the transmission spectrum. 
Finally, a 12000-grit abrasive paper was used to 
modify the polished flat surface carefully for 15 min to 
suppress the grinded roughness and ensure the 
uniformity of the evanescent field. The insertion loss 
brought by the polishing process was less than 1 dB, 
and the thickness of the residual fiber of polished area 
was ~240 μm with a total length of ~5 mm. The 
polished POF was coated with Au-film by magnetron 
sputtering method. The vacuum chamber pressure was 
evacuated to 5×10-4 Pa and then argon filled 
continuously with a quasi-static pressure of 2 Pa 
during the Au deposition, and the DC current intensity 
was set to 36 mA. The deposition rate was 0.07 nm/s. 
The thickness of gold film deposited on the polished 
surface of POF was measured to be ~55 nm by step 
profiler. The top-right inset of Fig. 1 shows the SEM 
image of the fabricated sensor in cross-section view. 

 
 

3. Results and Discussion 
 

Fig. 1 shows the experimental setup for RI 
measurement with the proposed fiber SPR sensor. 
Broadband light from a halogen light source was 
launched into the sensor at one end of the sensor, and 
the transmitted light from the other end was collected 
by spectrometer with operating wavelengths from  
300 to 1100 nm (QE-6500, Ocean spectra) or from  
900 to 1700 nm (NIRQuest512, Ocean spectra) 
according to the resonant wavelength of the sensor. 
The transmission spectrum obtained by the 
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spectrometer can be recorded by a personal computer 
(PC) in real-time and post processed with smoothing 
algorithms. Two fiber holders were used to keep the 
sensing area straightly during RI measurements. The 
transmitted spectrum in the air was used as the 
reference spectrum. And the normalized transmission 

spectra was obtained by using the spectra in other 
analytes to divide the reference spectrum. For testing 
reliability, after each test, the sensor was cleaned by 
anhydrous ethanol carefully until the spectrum 
coincides with the reference spectrum. 

 
 

 
 

Fig. 1. Schematic diagram of the experimental setup for RI measurements. Insets: cross-section geometry (top-left)  
and SEM image (top-right) of the sensor. 

 
 

 
 

 
 

Fig. 2. (a) Experimentally obtained transmission spectra,  
(b) SPR resonant wavelengths in experiment. 

 
The transmission spectra of the proposed sensor in 

analytes (standard RI liquids, Cargille Lab Inc.) with 
RI from 1.3000 to 1.3350 are plotted in Fig. 2(a). The 
resonant wavelength appears at 761 nm with an 
extinction ratio of 40 % for surrounding RI of 1.3000. 
Note that the theoretical maximum of extinction ratio 
is 50 % for non-polarization maintaining fiber based 
SPR sensors. With surrounding RI increasing, the SPR 

resonant dip shifts to longer wavelengths and the 
extinction ratio decreases gradually. The sensitivity is 
calculated to be ~5014 nm/RIU at 1.3000-RI, and 
enhances apparently with surrounding RI increasing 
and that at 1.3350 reaches to ~22779 nm/RIU, which 
is one order of magnitude higher than that of 
conventional SPR sensors based on silica fibers. The 
relationship between the resonant wavelengths and 
surrounding RIs are plotted in Fig. 2(b) with black 
solid squares and the sensitivities are labeled nearby 
with black numbers. 

We simulated and analyzed the mode coupling 
properties and RI response of the proposed sensor by 
the finite element method [3]. The model was 
established according to the sensor geometry shown in 
the top-left inset of Fig. 1. The graded index fiber core 
with a diameter of 62.5 um was half polished in the 
model, and the thickness of Au-film deposited on the 
polished surface was 55 nm according to the 
experimental data. Meanwhile, the material dispersion 
of the fiber core (doped CYTOP) was taking into 
account in the simulation, according to the Cauchy 
formula: 

 

 -2 -4
c o re 1 2 3n ,= a + a λ + a λ   (1) 

 

where a1=1.3504, a2=0.00239, a3=-5.9190×10-5, λ is 
the light wavelength (in microns) in vacuum. 

The RI of the fiber cladding (pure CYTOP) was 
assumed constant to be 1.342, and the dielectric 
constant of the gold film was given by the Drude model 
[7]. The surrounding RI (na) was from 1.3000 to 
1.3350 with a step of 0.0050. Since SPPs at the 
metal/analyte interface can only be excited by the  
TM-polarized light, we just need to track the losses of 
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TM-polarization-like core modes that can cause SPR 
absorption to determine the resonant wavelengths, and 
only the fundamental core mode of the model was 
considered for simplicity. According to the computed 
complex effective RI (neff) of the TM-polarized 
fundamental core mode, the confinement losses can be 
estimated by the following equation [8]: 

 

  loss 0 effα =8.686 k Im n (dB/m ),   (2) 
 

where k0 is the wavenumber in vacuum with λ being 
in meters. 

The computed loss spectra of the proposed sensor 
in different surrounding RIs are plotted in Fig. 4(a). 
SPR resonant wavelengths (λres) can be treated as the 
wavelengths with maximum losses in the loss spectra. 
One can see clearly that λres moves to longer 
wavelengths with na increasing, and the peak loss 
decreases and FWHM of the resonance broadens 
gradually, which agree well with the experimental 
observation. The relationship between the computed 
λres and na are also plotted in Fig. 4(b) with red solid 
circles for comparison with that of experimentally 
obtained. There is minor discrepancy of the resonant 
wavelength at 1.300-RI, which is possibly caused by 
the index difference between the actual value and that 
obtained from formula (1) for the core material. The 
computed sensitivities are labeled nearby with red 
numbers for different RI values, which increases 
rapidly from 4005 nm/RIU at 1.300-RI to  
44567 nm/RIU at 1.335-RI. For surrounding RIs lower 
than 1.325, the computed RI sensitivities are in good 
agreement with the experimental results. However, 
obvious difference can be found between the simulated 
and experimental ones for surrounding RIs higher than 
1.325. This is mainly caused by the dispersion errors 
between the nominated RIs and the actual values of 
surrounding analytes and the fiber material at longer 
wavelengths, since the RIs of the standard RI liquids 
and the fiber material used in the experiment are 
nominated at 589 nm. It could be further confirmed by 
subsequent experiments for RI measurement of 
aqueous solutions. 

As the sensor exhibited very high sensitivities for 
RI ranges of aqueous solutions, it may find important 
applications in highly sensitive bio-sensing. Here, the 
device was demonstrated to test the concentrations of 
glucose solutions in mass fraction, ranging from 0 %wt 
to 5 %wt with a step of 0.5 %wt. The SPR resonant 
wavelength appears at 1055 nm in pure deionized 
water (or 0 %wt solution), and shifts to 1184 nm in  
5 %wt glucose solution. The observed resonant 
wavelength is shorter than that indicated at 1.333 
according to the polynomial fit of the computed results 
shown in Fig. 3(b), because the actual RI of water is 
only ~1.324 at 1055 nm [24]. Fig. 4 shows the 
transmission spectra and resonant wavelengths during 
the concentration test of glucose solutions. The 
relationship between the resonant wavelength and 
glucose concentrations is fitted linearly with a 
goodness coefficient R=0.994 and exhibits an 

averaged sensitivity of 24.50 nm/wt%, or  
0.46 nm/mM, which corresponds to a RI sensitivity of 
17560 nm/RIU according to the simulation results. 

 

 
 

 
 

Fig. 3. (a) Simulated loss spectra and (b) SPR wavelengths 
of the proposed sensor with surrounding RI changing  

from 1.3000 to 1.3350. 
 

 

 
 

 
 

Fig. 4. (a) Experimentally obtained transmission spectra, 
(b) SPR resonant wavelengths in experiment. 
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4. Conclusions 
 

In summary, we have proposed a low-index 
polymer optical fiber based SPR sensor for highly 
sensitive bio-sensing. The sensor exhibits an improved 
sensitivity of up to 22779 nm/RIU for aqueous 
solutions, which is meaningful to highly-sensitive, 
cost-effective bio- and chemical-sensing applications. 
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Summary: In this work we present a non-destructive technique based on Fresnel diffraction to obtain the refractive index 
profile of a fiber grating. The system has been firstly calibrated by using the experimental data of the diffraction pattern of 
rectangular slits at different distances. 
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1. Introduction 
 

There are different techniques to measure the 
profile of the refractive index in optical fibers [1-5]. 
For example by means of transverse interferometry [3], 
measurement of the deflection angle with axial 
illumination [4], scattering pattern with transverse 
illumination, etc. In this work, the values of the 
refraction indices of cladding and core will be obtained 
by means of a non-destructive method based on the 
application of the Fresnel integral, described in [5]. 
The optical fiber is treated as a 1-D phase object, which 
is illuminated perpendicularly to its axis by a parallel 
coherent beam of monochromatic light. Then 
measuring the normalized intensity distribution on the 
diffraction pattern of the fiber in the Fresnel regime, 
the refractive indexes of the fiber core and cladding are 
obtained from the latter by the last square technique. In 
this work, the measurement system will first be 
calibrated, first obtaining the Fresnel diffraction 
pattern of rectangular apertures at different distances 
and comparing the experimental and theoretical 
results. This method will allow obtaining the distance 
of the optical fiber to the CCD camera with enough 
precision. Subsequently, the theoretical curve of the 
Fresnel diffraction pattern will be adjusted to the 
experimental data obtained by illuminating the optical 
fiber. 

 

1.1. Theoretical Model 
 

We will start by considering that an object placed 
in the input plane is illuminated by a monochromatic 
wave. The field U(P) at a point P (x,y) can be obtained 
from the field evaluated at the input plane U(x’,y’) 
(described with coordinates x’, y’), by applying 
Fresnel approximation to Fresnel-Kirchhoff integral 
[6]: 

 

 
∬ ′, ′

′ ′ ′ ′, 
(1) 

where  is the wavelength of incident light, k is the 
wavenumber and z is the perpendicular distance 
between the input plane and the observation point P. 

We will assume in this work that the integral (1) 
can be separated into the product of two one-
dimensional integrals: 
 

 , . (2) 

 
It is important to notice that this is assumption has 

not general validity, but it is applicable to the two cases 
we are going to consider, namely an unit amplitude 
incident wave onto a rectangular aperture and an 
optical fiber. In fact is applicable whenever U(x’,y’) 
can be separated into the product of two one-
dimensional amplitudes, where 
 

1

√
′

2
, (3) 

 

1

√
′

2
. (4) 

 
The intensity of the field at point P(x,y) is 

computed by I(x,y) = |U(x,y)|2. 
Due to the independence of the last two integrals 

with respect to the other variable, one can concentrate 
in observing the diffraction pattern by varying either x 
or y coordinate. In our case, by absorbing the 
contribution of the y dependence in a constant K, the 
wavefield amplitude at point P can be finally 
expressed as: 

 

 . (5) 
 
We will now apply equation (5) to find the intensity 

distribution at distance z of an aperture and an optical 
fiber. 
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For the aperture, the amplitude at the input plane 
can be defined as: 

 

 ′
2

, (6) 

 
where h is in this case the width of the aperture. 
Substituting equation (6) in (3): 
 

 
1

√2
β α

i β α ,
(7) 

 
where  y  are Fresnel integrals and 
 

 α
2
λz

h x ,  

 

 β
2
λz

h x .  

 
The final intensity distribution as a function of x is: 

 
 , (8) 

 
where K’ is a constant. 

In order ro treat the diffraction of a fiber grating we 
will follow the calculations of reference [5], which are 
included here for completeness. We will assume that 
the phases accumulated by light from a plane just in 
front of the fiber and another just before the fiber are: 
 

 2 , | | , (9) 
 

 2 , (10) 
 

 2 , (11) 
 
where ns is the index refraction of the fiber 
environment, nCl the refractive index of the cladding 
and nCo the index refraction of the core; k is the wave 
number and a and b the internal and external radii of 
two concentric circles representing the cross sections 
of the fiber core and cladding.  takes into account 
the phase accumulated by the surroundings,  the 
phase accumulated by the Cladding and  the phase 
accumulated by the Core. Now assuming that a unit 
amplitude wave is incident onto the fiber. U(x’) can be 

evaluated as U(x’) = exp(ik), where takes into 
account at each point x’ the different contributions of 

,  and	  as described in [5]. The expression 
of the amplitude of the wavefield at a point P(x,y) 
(equation (5)) is finally: 
 

′ exp
1

1

exp
2

′

exp

2

exp
2

′ , 

 
where: 
 

 √
, 

 
 

 
√2

√
, 

 
 

 
, 

 
 

 ,  
 
and  y  are the Fresnel integrals. The 
intensity as a function of x can then be calculated as: 
I(x) = |U(x)|2. 
 
 
2. Results and Discussion 
 

Firstly, in Fig. 1 is shown the experimental set up 
used to obtain the diffraction patterns of rectangular 
apertures of different sizes and of the optical fiber. The 
light coming from an He-Ne laser (633 nm) is 
collimated by using a system of lenses; the sample 
(rectangular aperture or optical fiber) is placed 
between the laser and a CCD connected to a personal 
computer is used to process the data. Figs. 2 and 3 
show the diffraction pattern obtained from two 
rectangular apertures pf sizes 120 and 175 m 
respectively by using this set up. 

 

 
 

Fig. 1. Experimental set up used to record the diffraction patterns. 
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After recording the diffraction patterns of the 
different apertures, the data were normalized to unity. 
Since we were interested in the x dependence of the 
diffraction pattern a row of the corresponding 2D 
image matrix was chosen to perform the fitting of the 
theoretical curve. In Figs. 4, 5 and 6 the diffraction 
patterns obtained by placing a rectangular aperture, 
illuminated by a collimated beam of light coming from 
an He-Ne laser (633 nm), in front of a CCD camera are 
presented. The red line corresponds to Fresnel 
diffraction simulations of an aperture placed at a 
distance of 30 mm of the CCD, whereas the blue circles 
correspond to the experimental data. The values of the 
sizes of the apertures were 70, 120 and 175 m. As can 
be seen from the figures there is good agreement 
between the theoretical curve obtained from equation 
(8) and the experimental data in the three cases. 
Moreover one can see the broadening of the curves in 
their bases with the increase in the size of the aperture. 

 

 
 

Fig. 2. Diffraction pattern on the CCD of rectangular 
aperture of 120 m. 

 
 

 
 

Fig. 3. Diffraction pattern on the CCD of rectangular 
aperture of 175 m. 

 
 
After calibrating the system by using the fitting to 

the theoretical diffraction patterns corresponding to the 
rectangular apertures the diffraction pattern of an 
optical fiber was recorded. In Fig. 7 the diffraction 
pattern recorded by a CCD of light coming from an 
optical fiber is shown. 

 
 

Fig. 4. Experimental and theoretical results  
of the diffraction pattern of a rectangular aperture of 70 m. 
 

 
 

Fig. 5. Experimental and theoretical results of the 
diffraction pattern of a rectangular aperture of 120 m. 

 

 
 

Fig. 6. Experimental and theoretical results  
of the diffraction pattern of a rectangular aperture  

of 175 m. 
 

 
Finally, Fig. 8 show the experimental data and the 
theoretical fit (in red) for the diffraction pattern of an 
optical fiber placed at 30 mm of the CCD. The results 
obtained from the fitting are shown in Table 1. 
 
 
3. Conclusions 
 

In this work a non-destructive technique based on 
Fresnel diffraction to obtain the refractive index profile 
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of a fiber grating has been presented. The technique 
demonstrates great accuracy, with good agreement 
between experimental data and theoretical simulations. 
 
 

 
 

Fig. 7. Diffraction pattern on the CCD of an optical fiber. 
 

 

 
 

Fig. 8. Experimental and theoretical results  
of the diffraction pattern of an optical fiber. 

 

Table 1. Parameters of the fiber obtained. 
 

 
Refractive 
index (n) Radius (m) 

Core 1.459 25 
Cladding 1.439 62 
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Summary: We present a method for fast shape measurements of micro deep drawing parts. It is based on the combination of 
two wavelength contouring and digital holographic microscopy (DHM). For fast evaluation, an autofocus algorithm to 
determine the location of the object plane and refocusing the object digitally without the need for any external intervention is 
proposed. The method enhances microscope objective’s depth of focus compared with imaging techniques by standard 
microscopy. In contrast to standard DHM, an object side telecentric microscope objective is utilized to overcome the 
irreversible image distortion caused by a conventional microscope objective. The method is used to reconstruct the 3D form 
of a micro cup. Experimental results confirm the improved depth of focus of DHM. 
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Micro deep drawing parts. 
 

 
1. Introduction 
 

Micro parts are commonly manufactured at a high 
production rate. The fabrication of such a mass 
production process has to be cost-effective. The cold 
forming process is considered to be one of the  
cost-effective production processes and it produces up 
to several hundreds of micro parts per minute. Usually, 
such micro parts should have a concrete form and 
surface characteristics. These characteristics strongly 
depend on the manufacturing process [1]. 

Commonly, micro parts are subject to geometrical 
mismatches and surface defects such as fractures, dent 
and scratches. Thus quality control is an essential part 
to improve the production process. To achieve such an 
inspection task, metrology techniques such as tactile, 
confocal microscope, white light interferometry [2], 
phase retrieval [3-5] and computational shear 
interferometry (CoSI) [6] were used. In regard to in-
line inspection such techniques are not suited since 
they are based on different scanning principles. In 
contrast to these methods, digital holography (DH) [7] 
offers fast measurements with low measurement 
uncertainty. DH is based on measuring the optical path 
difference (OPD) of light diffracted by a test object. 
Since commercially available cameras can only 
measure intensities of light, the OPD must be 
accordingly encoded. Based on the used encoding 
method and the geometrical complexity of the test part, 
measurement uncertainties down to a fraction of the 
illumination's wavelength can be achieved. 

Here we present a shape measurement method 
which could be used for in line quality control of micro 
parts. The method is based on holographic two 
wavelength contouring. The method is used here to 
measure the 3D form of a micro cup. 

2. Form Measurements by Means  
    of Holographic Contouring 
 

This technique consists of two main processes; the 
measurement which requires a holographic setup to 
capture the required hologram and an evaluation 
process to convert the measurement to a 3D form map. 
Since it is planned to investigate a micro object, digital 
holographic microscopy DHM is considered [8, 9]. 
Fig. 1 shows a scheme of the utilized DHM. 

 

 
 

Fig. 1. A scheme of the used DHM setup; where LDM 
refers to long distance microscope objective having  

10 magnification, a numerical aperture of N.A.= 0.21. 
 
The setup consists of a long distance microscope 

objective (LDM) with a 10 magnification, a 
numerical aperture (NA) of 0.21 and a working 
distance (WD) of 51 mm. A beam-splitter (BS) is used 
to combine light diffracted from the surface under 
investigation and the reference wave resulting in a 
hologram. The hologram is then captured at the camera 
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plane. It is noted that there exists an angle  between 
the observation and illumination directions. However, 
technical objects’ surfaces are optically rough, since 
the object surface commonly exhibits steps and peaks 
larger than half of the wavelength. Thus, the evaluation 
process as a result of the measurement becomes 
ambiguous and the measurement cannot be used to 
recover the surface form of the test object. Solution to 
this problem is referred to as the synthetic wavelength. 
In this approach, two phase distributions, 1 and 2, 
are retrieved from two measurements associated with 
two different wavelengths 1 and 2. In order to 
simultaneously record the two holograms associated 
with 1 and 2 in a single shot, three optical fiber 
splitter/coupler are used. The scheme for the 
realization of object illumination and reference beams 
are shown in Fig. 2. 

 

 
 

Fig. 2. Object and reference illumination scheme  
for the experimental setup. 

 
Each laser diode is coupled into a single mode 

fiber. Using a 1×2 fiber splitter, the input of each is 
divided into two outputs. Two of these outputs are used 
for illuminating the test object from one direction by 
combining them using a 1×2 coupler with an 
illuminating angle of  = 22°. The other two outputs 
are used as reference waves. The positions of the two 
reference waves are shifted from the center of the 
optical axis by different shifts of xn = (xi, xj). 
Accordingly, the superposition of a spherical wave 
arising from the shifted reference point source and the 
one arising from the field curvature of the imaging 
system results in linear fringes, i.e. linear phase ramp 
[4]. Thus, each hologram generated across the 
recording plane is modulated by a phase ramp G which 
can be given by 

 

 x exp i2π∆x . x . (1) 
 

Here, the vector x = (xi, xj) is the spatial coordinates 
at the recording, i.e., hologram, plane. Accordingly, 
the intensity distribution of the recorded hologram can 
be written as 

 

 , x

x  . ∗ . x

∗ .  . ∗ x , 

(2) 

where A(x) represents the incoherent superposition of 
the interfering wave fields and * is the complex 
conjugate. According to Eq. (2), the phase ramps 
introduce spatial carrier to the recorded holograms and 
thus they are separated across the Fourier domain. 

A scheme of the expected spectrum of a single 
hologram which contains object’s information for the 
two illumination wavelengths for object illumination 
with an angle of α is shown in Fig. 3, where +1, −1, 
and the dc-term refer to the diffraction orders, i.e., the 
plus and the minus first diffraction orders and the dc-
term for the incoherent interfering term, of an intensity 
hologram. 

 

 
 

Fig. 3. Schematic representation of the expected spectrum of 
a single hologram, where +1, −1, and the dc-term refer to the 
diffraction orders and fx and fy represents the frequencies in 
x and y axes. 

 
In the following subsection, recovering the phase 

information from the recorded holograms will be 
discussed. 
 
 
2.1. Recovering the Phase Information  
       from the Recorded Hologram 
 

The adaptive spatial carrier frequency method  
[10-12] can be applied to recover the phase 
information from the recorded intensity hologram 
using the following steps: 

 
i) Applying the Fourier transform on the recorded 

intensity hologram. 
ii) -1 diffraction order recorded for 1 is selected and 

all other frequencies are removed. 
iii) The selected -1 ordered is translated to the center 

of the spectrum. 
iv) To obtain the phase distribution 1 at the 

hologram plane an inverse Fourier transform is 
applied. 

v) Steps ii) to iv) are repeated for the -1 diffraction 
order which related to 2. 

Thus, two phase distributions, 1 and 2, are 
retrieved from a single measurement associated with 
the two wavelengths 1 and 2. 
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2.2. Holographic Contouring 
 

From the two phase distributions, 1 and 2, 
which are retrieved from the measurement associated 
with the two different wavelengths 1 and 2 the phase 
difference  across the hologram plane is calculated. 
Accordingly, the 3D height map zp of the test object is 
directly calculated utilizing [8] 

 

 ∆ x
2


1 cos . (3) 

 
Here,  is the angle between the observation and 

illumination direction and  is referred to as the 
synthetic wavelength which is given by 

 

 Λ
| |

. (4) 

 
The resulting phase difference distribution map 

given by ∆ equivalents a single measurement with . 
This map contains fringes and it is referred to as the 
phase contouring map. 

 
3. Experimental Results 
 

Fig. 4 shows the test object which is a metallic 
micro cold forming cup having a radius of ca.  
500 µm and depth of ca. 500 µm. 

 

 
 

Fig. 4. Scanning electron micrograph of a metallic cold 
forming micro cup [13]. 

 
The object and reference illumination scheme for 

the experimental setup, where two Thorlabs laser 
diodes 1 = 636.55 nm and 2 = 642.10 nm are used. 
Accordingly, a synthetic wavelength of  = 73.64 µm 
is utilized for the evaluation process. 

Fig. 5a shows an example of a captured hologram. 
And Fig. 1b shows its spectrum which contains all 
information required for implementing the contouring 
approach. It is noted here, that there is no cross talk 
between the two different holograms which are 
recorded in a single shot camera image. Each object’s 
information related to certain wavelength is shifted 
according to an exact position. 

Unfortunately, the contouring fringes are only 
sharp for the plane which is in-focus due to the limited 
depth of focus of the utilized microscope objective, see 
Fig. 6(a, b). This is why other areas are corrupted by 
speckle decorrelation [14]. 

 
 

Fig. 5. A single hologram contains object information for 
the simultaneous illumination of two wavelengths and b) 

shows its spectrum. 
 

 
 

Fig. 6. Reconstructed intensities which represent a sharp 
image of the micro cup under test at one plane a) and across 
the whole object after the digital extending DHM depth of 
focus b) are shown. And b) and d) show the corresponding 
phase difference. Image size is 22002200 pixels with a 
pixel pitch of 4.54 µm. 

 
 
To obtain a sharp contouring map across the whole 

object, the recovered object wave field has to be 
numerically propagated throughout all objects planes. 
Propagate the recovered wave field Uzn numerically 
from the plane located at zn to the plane at zm can be 
described by convolution of the wave field Uzn with a 
linear shift invariant impulse response hz [15]: 

 
 x ⊗ x . (5) 

 
where Uzm(x) denotes the complex amplitude of the 
propagated wave field and the index zn refers to the 
propagation distance. The transfer function of 
propagation is a phasor with unit amplitude given by 

 

 x u
exp | |

| |
cos z, r . (6) 

 

where k is the wave number, and the vector  
r = (x-u,z) connects two positions of the respective 
propagation planes. 
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Accordingly, different areas where the object is in-
focus are found and stitched together forming the sharp 
contouring map, see Fig. 6(c, d). For fast evaluation, 
an automated process was proposed and implemented 
within a graphics processing unit (GPU). The 
autofocus algorithm is implemented by scanning 
within small windows throughout all propagated 
planes to define where the object is in-focus by 
estimating the standard deviations of  which is 
relatively high within these windows where is object is 
out of focus because of the speckle decorrelation. 
Finally, the contouring phase map has to be 
unwrapped. Substituting the values in Eq. (3) yields the 
3D height map. 

 
 

4. Conclusions 
 

A fast approach for shape measurements of micro 
parts is presented. It is two wavelength holographic 
contouring was implemented. For fast evaluation, an 
autofocus algorithm to determine the location of the 
object plane and refocusing the object digitally without 
the need for any external intervention is proposed. The 
method is used to reconstruct the 3D form of a micro 
cup. 
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Summary: This paper reports a new molding technique for fabricating polymer optics based on the shape memory property 
of poly(methyl methacrylate) (PMMA). Different from traditional thermoforming techniques that require expensive and  
time-consuming moulding process, this technique only needs a programmed PMMA sample, a mold, and a furnace. 
Particularly, in this paper a programmed PMMA sample was prepared via high-temperature compression; a mold with micro-
lens array cavities was fabricated by an ultra-precision machining center; shape memory molding was conducted at high 
temperature without applying any external force. It was found that after the programming process, significant residual stress 
was stored in the PMMA sample, which can be characterized by a polariscope. During the shape memory moulding process, 
the residual stress could be released, and the sample expanded and filled the die cavities. The profile of the moulded micro-
lens arrays was characterized by a white light interferometer system. 
 
Keywords: Shape memory molding, Polymer optics, Residual stress, PMMA, Microlens array. 
 
 

1. Introduction 
 

Polymer optics are widely used in optical devices 
due to their low cost of materials, high production 
volume and high impact resistance. Generally polymer 
optics are fabricated by thermoforming/hot embossing 
[1]. In a typical thermoforming process, a polymer 
sample is placed into a precision forming machine with 
a well-prepared die, heated to target moulding 
temperature, and then accurately pushed towards the 
die cavities to form the final optical features. However, 
due to the long cycle time and limitations of die 
fabrication and installation, its the production rate is 
low. 

Some polymer optical materials possess thermal-
induced shape memory effect, such as poly(methyl 
methacrylate) (PMMA) [2, 3]. In brief, at a high 
temperature above Tg (glass transition temperature), 
polymer glass network demonstrates superelasticity 
and can be deformed to a particular shape. While 
holding the pressure in the cooling process, that shape 
can be fixed at room temperature. The whole process 
above is called shape programming. If one heat the 
programmed sample back to that temperature, the 
sample can recover back to its original shape. 

This paper aims to develop a new molding 
technique based the shape memory property of 
polymer glass. Instead of using expensive precision 
molding machine, the new molding technique only 
needs a programmed PMMA sample, a mold, and a 
furnace. Particularly, the moulding process will be 
conducted without applying any external force. The 
moulded microlens array will be characterized. 

 
 

2. Methods 
 

Raw PMMA material is provided by Palram 
Australia PTY LTD (Suntuf brand). Its glass transition 

temperature is 105 ˚C. Circular samples with a 
thickness of 2.6 mm and a diameter of 7 mm were cut 
from the raw material plate and polished by  
#2000 sandpaper. 

In the programming process, the sample was first 
placed into a glass moulding machine (GPM-211) with 
a pair of flat heads. Then the sample was heated to  
140 ˚C. After 5 min soaking time, the sample was 
pressed by the upper flat head at a constant speed of  
1 mm/min. When the thickness of specimen was 
reduced to 1.7 mm, the head stopped moving and the 
cooling stage was started. Its residual stress was 
characterized by a polariscope analyzer (LSM 
9000W). 

In the subsequent molding process, the lower flat 
die in the moulding machine was replaced by a die with 
micro lens array cavities. This die is fabricated from an 
NI-P plated nickel alloy by ultra-precision machining 
center (Nanotech 350FG). The programmed sample 
was placed between the new die and the upper flat 
head. To avoid the effect of thermal expansion, a small 
gap (< 0. 5 mm) was arranged between the top surface 
of the sample and the bottom of the upper flat die. The 
sample was then heated up to 140 ˚C and soaked for  
5 min. It is expected that the shape memory property 
of the programmed sample will automatically fill the 
gap and copy the micro-lens array feature. After cooled 
back to room temperature, the thickness of the sample 
becomes 2.2 mm. 

After moulding, the surface profile of the PMMA 
sample was characterized by a white light 
interferometer (Zygo NewView 700). 

 
3. Results and Discussion 
 
3.1. Polariscopy Images of PMMA Samples 
 

Fig. 1 shows the optical retardation distribution of 
PMMA sample before and after programming process. 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

210 

The magnitude of retardation is proportional to the 
difference of principal stresses [4]. In the raw material 
(Fig. 1a), the retardation values are very small and 
uniform, indicating a low internal stress. One can find 
some high retardation value near the edge of the 
circular sample. This is due to the edge effect and does 
not reflect the real stress state. After programming 
(Fig. 1b), the optical retardation (residual stress) 
increased a lot, particularly the annulus zone near 
center. After further shaping memory moulding  
(Fig. 1c), the retardation decreased significantly, 
indicating that the internal residual stress was released. 
Therefore, these polariscopy images clearly reveal the 
store and release of residual stress during the 
programming process and moulding process, 
respectively. 

 

 
 

Fig. 1. Optical retardation (unit: nm) in the PMMA sample 
(a) before programming, (b) after programming, and  

(c) after moulding. 
 
 

3.2. Characterizations of PMMA After Moulding 
 

Fig. 2 shows the surface profile of PMMA sample 
after moulding, in which the color scale represents the 
surface height. One can clearly see the moulded micro-
lens arrays. Fig. 3 shows the profile comparison 
between the moulded lenslet and the designed one. The 
diameter and height of a representative lenslet are 
about 150 μm and 1 μm, respectively, and the distance 
between two lenslets is about 150 μm. All these 
dimensions match very well with those of the designed 
lens array, proving that the shape memory molding is 
successful. 

 
 

Fig. 2. The moulded lens array characterized by a white 
light interferometer. 

 

 
 

Fig. 3. Profile comparison of a representative lenslet. 

 
4. Conclusions 
 

This paper proposed a new moulding method for 
fabricating micro-optics based on the shape memory 
property of polymer. This technique can be divided 
into two steps: (1) programming and (2) shape memory 
moulding. The polariscope analysis clearly shows the 
store and release of internal residual stress during these 
two steps, respectively. Further profile 
characterization proved that the method of shape 
memory molding is successful. 
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Summary: The nanoparticles embedded in the film are assumed to be distributed in-plane in average homogeneously 
exhibiting an inhomogeneity across the film thickness. This assumption allows us to perform in-plane homogenization, taking 
into account inhomogeneity in distribution of nanoinclusions across the film thickness. By use of the self-consistent approach 
based on the concept of effective susceptibility and the Green function method, it was calculated an optical response of films 
consisting of metal spheroidal nanoparticles in a dielectric matrix. Calculated absorption and reflectivity maps exhibit 
plasmonic excitations in the visible range for the nanocomposite films with gold nanoinclusions in Teflon matrix on silicon 
substrate. The influence of the distribution of nanoinclusions across the film thickness on the images of the calculated maps is 
under consideration. 
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1. Introduction 
 

To understand optical properties of nanocomposite 
films, one needs to develop adequate models. 
Commonly used physical models of nanocomposite 
thin films are mainly based on the effective medium 
theories (EMT) [1]. However, a direct use of the 
effective dielectric function encounters some 
difficulties within the EMT studying optical properties 
of nanocomposite thin films. These discrepancies, in 
our view, stem from the effects related to contributions 
of out-of-plane interactions between nanoparticles 
inside the matrix as well as between nanoparticles and 
interfaces. Indeed, a general prerequisite for the 
applicability of the EMT is that the linear dimensions 
of inhomogeneities or inclusions and characteristic 
distances between them are much smaller than the 
thickness of the film, so that the following scale 
hierarchy is satisfied: 

pd l L D d     , 

where 
pd  is a characteristic linear dimension of the 

inclusions, l is a characteristic distance between 
particles of the composite (mean distance between 
neighboring particles), d is the thickness of the film, D 
is a characteristic length of the transient layer at the 
film surface,  is the wavelength of the probing 
radiation, and L is the correlation length or the 
characteristic length at which the averaging of the local 
fields is carried out. In the framework of EMT, 
scattering centres (inclusion particles) separated by 
distances much greater than L are assumed to act 
independently. In the case of a sufficiently thin film, 
the strong inequality l << L<< d, D is broken: the 
characteristic length of averaging across the film 
thickness becomes comparable to the thickness itself. 
This leads to the inability of accounting for the local 
field inhomogeneities in the film and prompts for 
developing a different scheme of averaging. 

The optical response of thin nanocomposite films 
can be obtained in the framework of self-consistent 
approach using the effective susceptibility concept [2, 
3]. In this work, we present a modification of the  
self-consistent approach to the calculation of the 
optical response of nanocomposites which has been 
proposed and applied to thin nanocomposite films 
illuminated by a normally incident monochromatic 
light [4, 5]. 

In the present work, we have developed the method 
for the case of oblique incidence of light. We have 
demonstrated our method, applying it to the analysis of 
optical properties of thin films with embedded gold 
inclusions of different shapes in Teflon matrix 
(Au/Teflon nanocomposite). 
 
 

2. Optical Response of Thin Nanocomposite  
    Film 
 

The cross section of system under study is 
presented in Fig. 1. The film with embedded identical 
spheroidal metal nanoparticles in dielectric matrix 
with the dielectric constant εm is deposited on the 
substrate with the dielectric constant s  and is 

illuminated by plane monochromatic light. The 
incident light is polarized either parallel  
(p-polarization) or perpendicular (s-polarization) to the 
plane of incidence. 

The starting point of the theoretical studying is the 
Lippmann-Schwinger equation of self-consistency [6], 
averaged over the positions of inclusion particles. The 
embedded nanoparticles are assumed to be distributed 
in plane of the film in average homogeneously. 
Therefore it is possible to perform in-plane 
homogenization accounting for inhomogeneity in 
distribution of nanoinclusions across the film 
thickness. 
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Fig. 1. Sketch of cross section of thin film (2) with noble 
metal inclusions, inhomogeneously distributed across the 
film thickness, on the substrate (3). 
 
 

Taking into account the homogeneous distribution 
of inclusions in the film plane, at first we have 
performed averaging over the in-plane positions br  

( 1, 1 ( )b N b a   ) of centers of all inclusion 

particle except the ath particle in self-consistent 
equation for local field inside the particles. In k-z 
representation, we have obtained the averaged linear 
response ( )

||( , , )a
ij az k  of the inclusion particle ´a´ to 

the k spatial harmonic of background field [5] as 
follows 
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Here   is the frequency of incident 

electromagnetic wave, ||k  is the longitudinal (in-
plane) wave vector directed along the x-axis in Fig. 1, 

|| 0 s in xk k e , xe  is the unit vector along the x-axis 

in Fig. 1,  is an angle of incidence of light, 

0m mk k  , 0 /k c  , ( )af z  is the filling fraction of 

inclusion particles in the film per unit area of cross 
section z = za, ( 2 )

||( , , , )kj aG z z k  is the electrodynamic 

Green function (the photon propagator), describing the 
electromagnetic field propagation inside the three layer 
planar structure (without embedded nanoparticles) 
with perfect interfaces [7], where both the observation 
point and source point are located inside the film. 

( ) ( )p
jl   is the polarizability (the effective 

susceptibility) of a single inclusion particle in the 
matrix with dielectric constant m. 

Taking into account the Fresnel equations for  
s- and p-polarizations of incident light (external field) 
inside the three-layer system (Fig. 1) without 
inclusions and accounting for multiple reflections from 
the interfaces, we have obtained the relation of the 
background field to the external (incident) field. 
Accounting for the obtained relation and (1), within the 
framework of the effective susceptibility concept it 

was found the self-consistent local field inside the 
particles in the plane c o n s tz   as a function of 
external (relative to the film) field in k-z 
representation 
 

 ( )
|| || ||( , , ) ( , , ) ( , , ) ,ex t

i il lE z z E z    k k k (2) 
 
where ( )

||( , , )il z k  is dependent on the polarization 

of light (α=s or p), the morphology and configuration 
of the film. 

The linear response ( )
||( , , )il z k  

to an external 

field is calculated for the nanocomposite films with 
different types of spatial distributions of the embedded 
particles across the film thickness. The dependencies 
on volume filling fraction of inclusion particles and 
their distribution are analyzed. The influence of shape 
and orientation of the inclusions on the optical 
properties of the film was also in focus of the present 
consideration. 
 
 
3. Absorption and Reflectivity of Light 
 

The optical absorption and reflectivity spectra are 
derived for nanocomposite thin films consisting of 
nanoinclusions in a non-absorbing matrix. 

Write the dissipative function of a system having 
the sense of averaged energy absorbed by the unit 
volume of the system per time unit. Assume that the 
incident monochromatic light is p-polarized or  
s-polarized, and the xz-plane is the plane of incidence 
(see Fig. 1). The dissipative function can be written as 
follows: 

- for s-polarization: 
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- for p-polarization: 
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where 
 

 ( ) ( ) / 1p
m       . (5) 

 
εp(ω) is the permittivity of material of inclusions. 

The dispersive dielectric response of metal can be 
described by means of the approximate Drude-type 
formula, so we assume the following form for the 
particle dielectric function 
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2
( )  ,p

p i


    

  
 (6) 

 
where p  is the volume plasma frequency, and 1  is 

the lifetime of the corresponding excitation. The value 

  includes the contribution of the bound electrons. 

The plasmon damping is proportional to the electron 
scattering rate and depends on the nanoparticle size. 
For definiteness, in our numerical calculations we 
assume that particles are made of gold, adopting 

9.03 eVp  , 9.84  . The quantity of plasmon 

damping in the Drude model (6) is assumed the same 
for all types of nanoinclusions under consideration, 
namely, 0.117 eV   (or dimensionless plasmon 

damping Γ = /p = 0.014) as for embedded spherical 
Au particles of 7 nm radius. 

The dimensionless absorption coefficient is 
defined as 
 

 
  ||

2(ext)
0

2 ( , )
sin ,

Q
I


  

 

k

E
. (7) 

 
Taking into account (1) and (2), in the framework 

of the effective susceptibility concept [2] we have 
performed the extra in-plane averaging and found the 
Fourier transform of the self-consistent local field in 
the film layer constz   as 
 

 ( )
|| || ||( , , ) ( , , ) ( , , )ext

i iq qE z z E z    k k k , (8) 

 
where the local-field factor (the effective dielectric 
function) of the	film ( )

||( , , )iq z Σ k  to an external field is 

dependent on the polarization of light (α=s or p), the 
morphology and configuration of the film. 

Taking into account the boundary conditions at the 
irradiated surface z = – d/2 (see Fig. 1) we have 
obtained the relations 
 

 2( ) ( )
||1 ( , 2, )s s

yyR d   Σ k , (9) 
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for the reflectivity coefficients in the case of s- and  
p-polarization of incident light, respectively. 
 
 
5. Results and Discussion 
 

Thus, the optical absorption of monochromatic 
light by the nanocomposite film can be determined by 
the averaged dissipative function (7) being the  
cycle-averaged Joule heating. The reflectivity of light 
can be calculated by use of (9) and (10). 

We have calculated the absorption and reflectivity 
profiles of nanocomposite films with the three 
different distributions of inclusions across the film 
thickness, namely homogeneous, linear and Gaussian. 

In a case of linear distribution under study – with a 
maximum at the irradiated surface – the averaged layer 
concentration of inclusion particles depends linearly 
on coordinate z: 
 

  0( ) 1 2n z n z d  . (11) 

 
In a case of Gaussian distribution under study the 

averaged layer concentration of inclusion particles has 
a Gaussian distribution across the film thickness, with 
a maximum in the middle of the film 
 

  2

0( ) 2 exp( 12.5 / )n z n z d  . (12) 

 
An experimentally controlled parameter can be 

volume filling fraction fav of nanoinclusions in the film 
that is expressed via the filling fraction ( )f z  entering 

in (1): 
 

 / 2

/ 2

1
( )

d

av

d

f f z dz
d 

  . (13) 

 
In a standard experimental setup, the intensity of 

radiation reflected from the film is measured for 
different angles of incidence θ and frequencies ω. 
Under resonance condition, the reflected radiation 
intensity has a minimum for a fixed θ at the resonance 
frequency. 

The optical linear response, absorption and 
reflectivity spectra are derived for nanocomposite thin 
films consisting of gold nanoinclusions in the Teflon 
matrix with the dielectric constant εm=1.89 deposited 
on the silicon substrate with the dielectric constant 
εs=3.2. 

The results of calculations are shown in Figs. 2-4 
for 200 nm thickness film with volume filling fraction 
fav=0.07 of embedded identical nanoparticles. The 
calculated maps of the absorption and reflectivity are 
presented for some morphologies of nanocomposite 
thin films. In the figures the value ω is frequency of 
incident light, ωp is the volume plasma frequency of 
Au, θ is the incidence angle (see Fig. 1). 

 

 
 

Fig. 2. Maps of absorption (left) and reflectivity (right) of  
s-polarized light with 200 nm thickness film with prolate 
(1:3:1) spheroidal nanoparticles with the revolution axes 
along the y-axis, for linear distribution (11), fav=0.07. 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

214 

 
 

Fig. 3. Same as in Fig. 2, for Gaussian distribution (2). 
 

The sensitivity of the bandwidth, intensity and 
frequency of plasmon resonance with changing in only 
the distribution of the inclusion particles is 
demonstrated in Figs. 2 and 3 as examples to compare 
the linear (11) and Gaussian (12) distributions. 

In Fig. 5, the results of calculations are shown for 
the film with increased volume filling fraction to 
fav=0.15 of embedded identical nanoparticles 
comparing to the film under study in Fig. 4. 
 
 

 
 

Fig. 4. Maps of absorption (left) and reflectivity (right)  
of p-polarized light with 200 nm thickness film with oblate 
(1:3:3) nanoparticles for linear distribution (11), fav=0.07. 

 

 
 

Fig. 5. Same as in Fig. 4, for fav=0.15. 
 
 

The density plot representation for absorption and 
reflectivity maps used in Figs. 2-5 is convenient as it 
contains much information in a compact form. From 
these maps the light narrow domains of different 
thickness in absorption map and corresponding dark 
narrow domains in reflectivity map one can consider 
as broadened dispersion curves for plasmon-polariton 
resonances in the nanocomposite films. However, in a 
such representation sometimes it is hard to see the 
details of variations in the spectra. In these cases the 
absorption and reflectivity profiles can be more 
preferable. It can be seen, for example, in the 
absorption profiles presented in Fig. 6 at different 
angles of incidence . 

 
 

Fig. 6. Absorption of s-polarization light by the film 
containing prolate (1:3:1) inclusions with the revolution axes 
along the y-axis: the absorption profiles calculated at 
different angles of incidence , for homogeneous distribution 
with fav=0.15. 
 
 

4. Conclusions 
 

The calculated absorption and reflectivity profiles 
show that interaction between elementary excitations 
inside the inclusions and an electromagnetic field 
results in arising hybrid excitations. These excitations 
are manifested as the peaks in absorption spectra or the 
minima in reflectivity spectra. It is known that the 
absorption spectrum can be derived from the 
reflectivity spectrum. Note that in some morphologies 
(see Fig. 3) the mutual correspondence between 
absorption and reflectivity spectra does not 
complement each other. 
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Summary: We successfully prepared and characterized series of the new fluoride glasses with small additives of the 
phosphates doped with varying Nd3+ ions concentration for optical applications. The Judd-Ofelt intensity parameters, Ωt, were 
calculated from the absorption spectra of Nd3+-doped glasses using the JO-theory. The influence of substitution of magnesium 
fluoride on the lead fluoride in the glass composition is estimated. The optimized concentration of the NdF3 was found to be 
1:3 wt.% in the both series of glasses. The emission cross-section (σe(λ)), effective bandwidth (Δλeff) and lifetime (τexp) of 
the 1.06 μm emission band for all Nd3+concentration, were found. The obtained results were higher than those of the reported 
glasses even phosphate and FP glasses. The results indicate that this glass composition has strong possibilities of being used 
in lasers and amplifiers. 
 
Keywords: Fluoride glasses, n, Judd-Ofelt (JO) parameters, Fluorescence lifetime, Quantum efficiency. 
 

 
1. Introduction 
 

In the last decades Fluoride glasses (FG) have been 
the subject of numerous studies [1-8]. Their intrinsic 
physical properties – high transparency and low 
phonon energy – make them attractive materials for a 
set of photonic applications [1, 3‒7]. These 
applications have been developed in the framework of 
telecommunication technologies, where silica fibers 
reached their limits. This is the case for optical 
transmission in the mid-infrared beyond 2 mm, and 
active fibers for which low phonon energy is required. 
These unique optical properties of the FG are due to 
fluorides in the compositions. It was known that 
fluorides have attractive thermomechanical and optical 
properties. For example, MgF2, BaF2, CaF2 and SrF2 
have wider optical transparency (190 nm to 7 μm) than 
most oxide materials. Fluorides allow laser generation 
with high optical efficiency and lower thermal losses 
relative to oxide materials because quantum efficiency 
is often higher in fluorides while non-radiative decay 
rates are lower. A unique property of fluorides is that 
the variation of the refractive index with the 
temperature, dn/dt of these fluorides is negative [1], 
whereas it is usually positive for oxides.. However, FG 
technology has outlined some common negative 
features, such as the chemical reactivity of fluoride 
melts, tendency of crystallization and sensitivity to 
water. In that sense, oxyfluoride glasses [9.10], 
especially fluorophosphate glasses (FPG) [11-14], 
make a compromise between oxide and fluoride 
materials. It was also found that with a FPG, a 
relatively higher degree of line broadening and 
smoother line shapes can be obtained [13-14]. It was 
also observed that Nd3+-doped FPG can deliver 
relatively shorter pulses than pure phosphate glasses, 
which were attributed to the relatively higher degree of 
inhomogeneous line broadening in FPG. Most of the 

FPG studied earlier, contains at least 10 mol. % of 
phosphates, which leads to the increase in the 
concentration of OH groups in the glass composition 
and the appearance of absorption bands in the spectral 
region of 5 microns, due to variations in the phosphate 
component of the glass network. The decrease of the 
phosphates concentration below 5 mol.% reduces the 
average density of vibrational States in the spectral 
range of 5 µm and dramatically lowers the 
concentration of OH groups. 

Hence, we present the results of Fluoride glasses 
with 5 mol.% of Ba(PO3)2 doped with varying Nd3+ 
concentration for optical device applications. The 
Judd-Ofelt (JO) intensity parameters were evaluated 
using the JO theory from the measured absorption 
spectra for different concentrations of Nd3+. The 
emission cross-sections of F3/2→4I11/2 and 4F3/2→4I13/2 

transitions were determined from the reciprocity 
method of Fluchtbauer-Landenburg proposed by for 
all the samples of the glass. The gain bandwidth and 
figure of merit of the 4F3/2 -4I9/2,

4F3/2→4I11/2 and 
4F3/2→4I13 /2. transitions of Nd3+ ion were evaluated for 
all the glasses. 
 
 
2. Materials and Methods 
 

Starting materials from reagent-grade and NdF3 
(Spectrum Materials) have above 99.99 % purity. The 
two series of the glasses with compositions 
5Ba(PO3)2–AlF3 –CaF2 –MgF2 (PbF2)–BaF2–SrF2–
xNdF3 where x=0.5, 1, 2, 5 mol. %. were weighed on 
0.001 % accuracy and mixed thoroughly. The raw 
mixed materials were melted in a closed glass carbon 
crucible in Ar-atmosphere at 1000-1050°C. The 
quenched samples were annealed at transition 
temperature 450 oC to remove an internal stress. The 
residual stress was examined by the polariscope. 
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Differential scanning calorimetric (DSC) 
measurements were performed using a Netzsch DSC 
apparatus on 25 mg glass pieces into Pt pans at a 
heating rate of 10 oC min-1 up to temperature of  
700 oC. The refractive index n(λ) was measure by Abbe 
refractometer and fitted using Cauchy's and Sellmeier's 
equations. The absorption spectra were recorded by 
Perkin-Elmer (Lambda 600). Emission spectra are 
obtained by excitation of the samples with 808 nm 
radiation from a 1 W CW Laser Diode (Coherent). To 
measure the luminescence decay kinetics, we used 
radiation of an LQ 129 pulsed laser (Solar Laser 
System) with a pump wavelength λpump=800 nm. The 
luminescence decay curves were recorded by an 
Infinium HP54830 digital storage oscilloscope 
(Agilent Technologies). 
 
 
3. Experimental Results and Discussion 
 
3.1. The Judd-Ofelt (JO) Intensity Parameters 
 

Fig. 1 shows the optical absorption spectra of Nd3+ 
ions and dependence of the refractive index on the 
wavelength in the 400-900 nm spectral range. 
Identified bands in absorption spectrum corresponds to 
the transitions from 4I9/2 state to various excited states. 
 

 
 

Fig. 1. Absorption spectra of new glass activated  
by different concentrations of neodymium ions. 

 
Calculations of the Judd-Ofelt parameters were 

made taking into account the strength of the line of the 
nine selected absorption bands in the range from  
300 to 900 nm (Eq. (1)). For calculation we need to 
know first the experimental electric dipole line 
strength from initial state J to final state J', so-called 
Sexp (J-J'). Sexp (J-J') were calculated for each band  
with Eq. (1). 
 

  exp 23 2 2

27 (2 1)
( ) ( ) ,
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hc J n
S J J d

N e n
  

 

 


  
(1) 

 
where, c is the speed of light in vacuum, h is Planck's 
constant, e is charge of one electron, J and J' are the 

angular momentum of initial and final states 
respectively. N corresponds to Nd+3 concentration 
(ions per cm3),   is mean wavelength of absorption 
band in nanometer, n refractive index, α is absorption 
coefficient in cm-1 equals 2.303D×d-1, where D is the 
optical density, d is the absorption layer thickness. 

The theoretical oscillator strengths Scal =SED (J-J') 
can be linearly expressed by computing three 
parameters Ωt as in Eq. (2) 
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According to Judd-Ofelt theory, values of three Ωt 

and Scal can be determined by assuming an equivalence 
of experimental and calculated line strengths  
Sexp = Scal. The accuracy of the Judd-Ofelt fitting can 
be expressed in the term of root mean square deviation 
(Δrms) with the usual Eq. (3). 
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These parameters for the studied glasses of the two 

series containing different neodymium concentrations 
are presented in Tables 1 and 2. Basically, Judd-Ofelt 
parameters of the of glass studied shows dependence 
Ω2< Ω4< Ω6. 

 
 

Table 1. Judd-Ofelt (JO) intensity parameters  
of the glasses 5Ba(PO3)2– AlF3 –CaF2 –MgF2 –BaF2–SrF2–

xNdF3 where x=0.5, 1, 2, 5 mol. %. 
 

NdF3 

concentration., 
mol.% 

0.5 % 1.0 % 2.0 % 5.0 % 

Ω2 (10-20 cm2) 2.092 1.883 2.1832 2.169 

Ω4 (10-20 cm2) 3.396 2.983 3.3458 3.743 

Ω6 (10-20 cm2) 5.173 4.594 5.2069 5.643 

Ω4/ Ω6 0.657 0.649 0.643 0.663 

 
Table 2. Judd-Ofelt (JO) intensity parameters  

of the glasses 5Ba(PO3)2– AlF3 –CaF2 –PbF2 –BaF2–SrF2–
xNdF3 where x=0.5, 1, 2, 5 mol. %. 

 
NdF3 

concentration., 
mol.% 

0.5 % 1.0 % 2.0 % 5.0 % 

Ω2 (10-20 cm2) 2.231 1.8808 1.789 1.605 

Ω4 (10-20 cm2) 3.311 2.9502 2.891 2.779 

Ω6 (10-20 cm2) 5.446 4.6583 4.600 4.334 

Ω4/ Ω6 0.608 0.6333 0.628 0.641 

 

The Judd-Ofelt parameters was used for definition 
of emission properties such as radiative decay rates, 
and branching ratios of emission transitions. The 
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knowledge of the Judd-Ofelt parameters of Nd3+ in 
fluoride glasses with small phosphate additives is 
important for the understanding of the relationships 
between host glass and Nd3+ emission properties The 
Ω2, involves the longer-range terms in the crystal field 
potential and is the most sensitive to local structure 
changes [11]. The small variation of Ω 2 indicates the 
homogeneity of the hosts. Also the relatively small Ω2 
in all glasses studied indicates the covalence in the 
bonding. 

Tables 1, 2 show that in the samples studied, the Qt 
are almost independent of the concentration for seria 1 
and monotonically reduced for seria 2. The reduce of 
the Ω2 up to 1.6*10-20 for the series 2 indicates the 
influence of lead fluoride on the formation of the 
nearest environment of the Nd3+ions and the more 
covalence in the bonding than in seria1. 

The effective bandwidth is a measure of the overall 
extent of the Stark splitting of the J manifolds, and is 
inhomogeneous due to the site-to-site variations in the 
local fields with which the rare earth ion interacts. For 
the considered systems effective bandwidth Δλeff 
reaches 34 nm for the transition 4F3/2- 4I11/2 and does 
not depend on concentration of the NdF3 and glass 
composition. 

The intensity of the 4F3/2 - 4I11/2 laser transition is 
dependent only on the Ω4 and Ω6 parameters. The 
luminescence branching ratio depends on only one 
parameter Ω4/Ω6 which is usually considered as the 
spectroscopic quality factor. Fig. 2 demonstrates the 
dependence of the branching ratio on the Nd3+ 
concentration of the NdF3 (1 mol.%=1.85 wt/%). 
 

 
 

Fig. 2. Dependence of the branching ratio  
on the Nd3+ concentration. 

 
As shown in Fig. 3, the radiative quantum 

efficiency was found to be exponentially decreased. 
Table 3 includes fluorescence lifetime and the 
variation of quantum efficiency as a function of NdF3 
concentration. Dependence is similar for both series. In 
these glass systems, the quantum efficiency of the 
4F3/2- 4I11/2 transition significantly decreases as NdF3 
concentration increases from 0.5 to 5,0 mol.%  
(1-9 wt. %). The radiative and experimental lifetimes 
according to different concentration of NdF3 are given 
in Table 3. The comparison with other host materials 

doped with similar Nd3+ concentration shows that 
glasses studied have larger lifetimes and quantum 
efficiency then fluoroindate [8], fluorophosphate [11, 
13, 14] and phosphate [15] glasses. 

 

 
 

Fig. 3. Dependence of the Quantum efficiency on the Nd3+ 
concentration of the NdF3 (1 mol.%=1.85 wt/%) 

 
Table 3. Fluorescence lifetime and the quantum efficiency 

of the glasses doped with different concentration of the 
NdF3. 

 

life times, 
quantum 
efficiency 

0.5 
mol.% 

1 mol. 
% 

2 mol. 
% 

5 mol. 
% 

μs 474 411 273 99 

μs 498 562 497 449 

 95 % 73 % 55 % 22 % 

 
3.2. Bulk Glasses Characterization 
 

To produce a fiber transmitting in the UV and near 
–middle IR, one has to consider a glass with a 
phosphate content as low as possible but with good 
thermal stability. Fig. 4 shows the DSC curves 
obtained for the glasses doped with Nd3+ ions (seria 1). 
An important factor to consider prior to any fiber 
drawing is the thermal stability against crystallization 
ΔT=Tx-Tg, where Tg is the glass transition 
temperature determined from the endothermic baseline 
shift of the DSC curve while Tx is the onset 
temperature for the first crystallization exothermic 
peak. The larger is ΔT, the lower is the probability of 
the crystals formation while drawing the fiber. the 
drawing temperature depends on the viscosity and 
should relatively far from the crystallization 
temperature Tx (528 C here). 

In [12], it was reported on the fabrication process 
of highly pure step-index fluorophosphate glass optical 
fibers by a modified crucible technique.  
High-purity fluorophosphate glasses based on 10 mol 
% of barium metaphosphate and 90 mol% of metal 
fluorides (AlF3-CaF2-MgF2-SrF2) have been studied in 
order to produce step-index optical fibers transmitting 
in the deep-ultraviolet (DUV) region. 

Glasses studied in the manuscript contain similar 
fluorides in others ratio. This suggests that present new 
glass also is promising for fiber laser applications. 
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Fig. 4. DSC curve for glass doped with 2 mol.% NdF3. 

 
4. Conclusion 

 
Our analysis shows that the J-O theory can be 

employed for predicting the relevant spectroscopic 
parameters associated with the possible laser 
transitions. 

The developed glasses have a number of 
advantages in comparison with the existing ones. The 
advantages include the high quantum efficiency  
(95-75 % for concentrations 1-3 wt.% NdF3), life time, 
branching coefficient (about 55 %) and effective 
wavewidth Δλ=34 nm for the transition 4F3/2- 4I11/2. Of 
particular note is the low refractive index, which is 
almost identical in a wide spectral range with CaF2. It 
should be noted that the glass is highly stable to 
crystallization and has Tg=430-440 ° C. The above 
results are also compared with those of other host glass 
materials with the similar Nd3+ dopant concentration, 
which suggests that present new glass is promising for 
fiber laser applications. 
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Summary: This paper presents an overview of several different physical and bio/chemical sensors utilising optical fiber micro 
resonator structures developed in the Photonics Research Centre at Dublin Institute of Technology in Ireland, gives their 
performance analysis and examples of their practical applications. In conclusion future prospects and challenges for the devices 
and systems based on the WGMs principle will be discussed. 
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There has been an increasing demand in recent 
years from a wide variety of industries for sensors 
which combine high sensitivity, fast response, compact 
size and low power consumption. In particular, the rise 
of biomedical and nano technologies in recent years 
resulted in the need for high-performance miniaturized 
sensors to provide sensitive and fast detection of 
measurands such as chemical compounds, 
biomolecules and cells. 

Whispering gallery modes (WGMs) in dielectric 
microresonators with circular symmetry have become 
the focus of many theoretical and experimental studies 
due to their high quality factors, small mode volumes, 
and low absorption loss, making this effect attractive 
for applications in various photonic devices and 
especially for miniature sensors. Among the variety of 
optical microresonator shapes, materials and 
technologies, microresonators made from optical 
fibers offer additional advantages of easy and 
inexpensive fabrication. For example, spherical 
microresonators can be easily fabricated at the tip of an 
optical fiber, alternatively the optical fiber itself can be 
used as a cylindrical resonator, while the WGMs can 
be excited by evanescent light coupling using a tapered 
fiber. 

Inside an optical microresonator the light 
propagates in the form of whispering gallery modes as 
a result of multiple total internal reflections. Due to the 
extreme sensitivity of WGMs to the size of the 
resonator and also to the refractive indices of the 
resonator and the surrounding medium, they can be 
used for sensing of various parameters such as 
molecular adsorption, refractive index, stress and 
many others. For example, Arnold et al. reported 
specific detection of proteins absorbed on the surface 
of a microsphere [1] and showed theoretically that an 
atomic thickness can lead to a detectable shift of a 
given resonance frequency. Authors of [2, 3] described 
refractometric sensors based on microspherical 
resonators with a sensitivity of up to 30 nm/RIU 
(refractive index unit), leading to a detection limit for 
refractive index (RI) in the order of 10−7 RIU [3]. 

Subsequently Ma et al. demonstrated temperature and 
humidity sensing with microsphere resonators [4]. 
Most of the microresonator-based sensors reported to 
date are used for detecting the change in the ambient 
RI because the evanescent “tail” of the WGM 
penetrates into the surrounding medium. Typically, the 
surrounding medium and fiber microresonator (silica) 
have large RI contrast, so that the radiation loss is very 
small, resulting in very high quality factors [5]. On the 
other hand, this leads to a limited sensitivity of WGMs 
to the ambient RI, since the evanescent field is located 
very close to the microsphere’s surface. This means 
that chemical molecules with poor absorbability to the 
microsphere surface are difficult to detect using the 
sensing principle above. Teraoka et al. [6] examined 
the properties of spherical microresonators coated with 
high RI materials and demonstrated that the high RI 
coating layer enhances the sensitivity of the WGM 
wavelength shift. They also described a perturbation 
theory for the wavelength shift of WGM resonances in 
a microsphere coated with a high RI index layer [6]. 
Later, Nai Lin et al. used this approximate model to 
calculate the thickness-dependent sensitivity of a 
zeolite coated microsphere to ammonia gas [7]. They 
demonstrated that the zeolite coating enhances the 
typically small microsphere surface-to-mass ratio and 
most importantly acts as an effective concentrator of 
the analyte molecules. 

This paper presents an overview of several 
different physical and bio/chemical sensors utilising 
optical fiber micro resonator structures developed in 
the Photonics Research Centre at Dublin Institute of 
Technology in Ireland, gives their performance 
analysis and examples of their practical applications 
[8-12]. Examples of specific fiber WGM sensors that 
are considered include sensors of magnetic field based 
on whispering gallery modes in a photonic crystal fiber 
infiltrated with magnetic fluids or liquid crystals [8, 9], 
strain sensor based on WGMs in a polymer optical 
fiber resonator [12] and coated microsphere resonators 
for measurements of relative humidity and ammonia 
gas concentration in air [10, 13-14]. 
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Fig. 1. SEM image of a silica gel coated microsphere, 
fabricated at the tip of an optical fiber. 

 

 
 

Fig. 2. A section of an optical fiber as a microcylindrical 
WGM resonator. 

 
In conclusion future prospects and challenges for 

the devices and systems based on the WGMs principle 
will be discussed. 
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Abstract: Potassium dihydrogen phosphate (KDP) is best known for its non-linear optical properties. As such it has been 
incorporated into various laser systems in modulating the frequency of laser radiation. The external stresses in the 
manufacturing process can introduce changes in their optical properties. With the aid of density functional theory (DFT), here 
we investigate the changes in absorption coefficient and refractive index under applied stress. It was observed that the 
microstructural changes induced by the uniaxial stress along <110> direction brings about significant changes in these optical 
properties of KDP. 
 
Keywords: Density functional theory, Absorption coefficient, Refractive index. 
 
 
1. Introduction 
 

KDP is a well-known non-linear optical material. 
Due to its extreme softness, brittleness, and sensitivity 
to external stresses, it is a difficult-to-handle material. 
As such, Fuchs et al. [1] used a single point diamond 
fly-cutting process to produce refined KDP 
components. However, the cutting parameters 
influence the laser-induced damage threshold (LIDT) 
and a lower LIDT hinders the power output of the laser 
system. Therefore, experimentally it is difficult to find 
the consequence of external stresses on the structural, 
electronic and optical properties of KDP. In our 
previous work [2], we have discussed its structural 
transformation under a uniaxial tensile stress applied 
along <110> direction. 
 
 

2. Methodology 
 

Here we performed first principles ab initio 
calculations to investigate the effect of stress on the 
optical properties of KDP. Our ab initio calculations 
are based on SIESTA [3] code. The generalized 
gradient approximation (GGA) has been employed 
using the Perdew-Burke-Ernzerhof (PBE) [4] 
exchange correlation functional. Core electrons have 
been represented by the norm-conserving nonlocal 
pseudo-potentials constructed using the Troullier-
Martins scheme [5]. The single-zeta polarized 
(SZP)/double-zeta polarized (DZP) basis sets were 
used to describe the valence electrons. The Brillouin 
zone was sampled using a 555 Monkhorst-Pack  
k-grid [6] and the simulations were carried out with a 
plane wave cut-off energy of 150.0 Ry. The tetragonal 
phase II structure was first optimized using conjugate 
gradient scheme and then subjected to uniaxial tensile 
stress. The structural changes and optical properties 
such as absorption spectra and refractive index were 
examined using the SIESTA package. 

3. Results and Discussion 
 

Our calculations showed, in the equilibrium 
structure of KDP, the PO4 groups are in a 3D-network 
consisting of linear hydrogen bonds along <100> and 
<010> directions [2]. The structural parameters agree 
well with the X-ray crystalline structure reported in the 
literature [7]. The optimized equilibrium structure of 
KDP (0 GPa), and the structures under a tensile stress 
of 2 GPa and 4 GPa applied along <110> direction, are 
shown in Fig. 1. 

The calculated optical absorption spectra and 
refractive index of KDP under an applied tensile stress 
of 0- 4 GPa are shown in Figs. 2(a) and 2(b) 
respectively. The absorption spectra determines how 
far light of a particular wavelength can penetrate 
before it is absorbed. So, a low absorption coefficient 
means the material will appear transparent to that 
wavelength. Clearly, in Fig. 2(a), the absorption 
coefficient decreases significantly at certain omega 
values. This is in correlation with its structural 
deformation. For example, neither the structure nor the 
absorption spectra change significantly up to 2 GPa. 
Under the tensile stresses of 3 GPa and 4 GPa, the 
absorption coefficient decreases significantly within 
the omega value ranges of 15 to 25 eV and 45 to  
55 eV. Hence the transparency of KDP would increase 
under these light energies. 

Refractive index describes how light or any other 
radiation propagates through a medium. when the 
external stress is zero, the calculated values differ 
slightly from the experimental value, but they follow 
the same trend. The change in refractive index is 
minimal up to 2 GPa,. On increasing the stress, the 
refractive index changed by ~0.05 at wavelengths  
>0.5 µm. Again, it is interesting to note that when there 
is a structural change, the refractive index changes 
significantly. 
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(a) (b) (c) 

 
Fig. 1. Structures of KDP (a) equilibrium structure (0 GPa), (b) under a tensile stress of 2 GPa  

and (c) under a tensile stress of 4 GPa. 
(Note: In Figs. (b) and (c), The stick model (yellow colour) represents the equilibrium structure and the ball  

and stick model denotes the structure under stress). 
 

(a) (b) 
 

Fig. 2. (a) Absorption spectra of KDP and (b) Variation of refractive index of KDP with wave length, under tensile stress 
along <110> direction. 

 
 

4. Conclusion 
 

The changes in the optical properties, namely the 
absorption spectra and refractive index of defect free 
KDP are attributed to the structural changes of KDP 
under the applied uniaxial stress along <110> 
direction. The transparency of KDP would increase 
under this uniaxial tensile stress. 
 

Acknowledgements 
 

This research was undertaken with the resources 
provided at the NCI National Facility systems at the 
ANU and the Intersect Australia Ltd. through the 
National Computational Merit Allocation Scheme 
supported by the Australian Government. 
 

References 
 
[1]. B. A. Fuchs, P. P. Hed, P. C. Baker, Fine diamond 

turning of KDP crystals, Appl. Opt., Vol. 25, 1986,  
pp. 1733-1735. 

[2]. K. Mylvaganam, L. C. Zhang, Y. Zhang, Stress-
induced phase and structural changes in KDP crystals, 
Comp. Mater. Sci., Vol. 109, 2015, pp. 359-366. 

[3]. J. M. Soler, E. Artacho, J. D. Gale, A. Garcia,  
J. Junquera, P. Ordejon, D. Sanchez-Portal, The 
SIESTA method for ab initio order-N materials 
simulation, J. Phys.-Condens. Mat., Vol. 14, 2002,  
pp. 2745-2779. 

[4]. J. P. Perdew, K. Burke, M. Ernzerhof, Generalized 
gradient approximation made simple, Phys. Rev. Lett., 
Vol. 77, 1996, pp. 3865-3868. 

[5]. N. Troullier, J. L. Martins, Efficient pseudopotentials 
for plane-wave calculations, Phys. Rev. B, Vol. 43, 
1991, pp. 1993-2006. 

[6]. H. J. Monkhorst, J. D. Pack, Special points for 
brillouin-zone integrations, Phys. Rev. B, Vol. 13, 
1976, pp. 5188-5192. 

[7]. J. West, A quantitative X-ray analysis of the structure 
of potassium dihydrogen phosphate (KH2PO4),  
Z. Kristallogr., Vol. 74, 1930, pp. 306-332. 

 

 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

224 

(112) 
 
 
 

Speckle Contrast Calculation and Pixel Correlation 
 

J. C. Juarez-Ramirez 1, B. Coyotl-Ocelotl 1, R. Ramos-García 1, R. Chiu-Zarate 2,  
T. Spezzia-Mazzocco 3, J. P. Padilla-Martinez 4 and J. C. Ramirez-San-Juan 1* 

1 Instituto Nacional de Astrofisica, Optica y Electronica, Departamento de Optica, Luis Enrique Erro No. 1, 
Tonantzintla, Mexico, Puebla 72840 

2 Centro Universitario de los Lagos, Universidad de Guadalajara. Enrique Diaz de Leon 1144, Lagos de Moreno 
Jalisco, Mexico, 47463; 

3 Consejo Nacional de Ciencia y Tecnologia, Av. Insurgentes Sur 1582, 03940, Ciudad de Mexico, Mexico 
4 Instituto de Ciencias, Benemérita Universidad Autónoma de Puebla, Puebla 72050, México 

*E-mail: jcram@inaoep.mx 
 
 
Summary: Laser speckle contrast imaging (LSCI) allows to estimate the relative blood speed. In addition, LCSI is a  
non-invasive technique. This technique relay in a proper calculation of the contrast from raw speckle images. The contrast is 
usually calculated using a temporal or spatial algorithm. The current LSCI theoretical model does not match with the 
experimental contrast calculation using the spatial algorithm. In order to solve this discrepancy, we propose a correction in the 
current theoretical model considering pixel correlation. 
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1. Introduction 
 

Several application including laser speckle contrast 
imaging (LSCI) lay on accurate speckle contrast 
calculation. LSCI is a non-invasive method able to 
estimate the relative blood speed. There are two 
principal methods to calculate the contrast image: 
temporal and spatial algorithms. In this work we are 
interested in the spatial algorithm because it is the most 
commonly used. 

Given a raw speckle image (1200×1600 pixels), the 
standard spatial contrast algorithm consider a sliding 
window of n x n pixels, without loss of generality we 
are considering n as odd number. Standard deviation 
and the mean intensity denoted by σ and <I> 
respectively of the sliding window is calculated. The 
quotient K=σ/<I> is assigned to the central pixel of the 
sliding window, the sliding window is moved and the 
process is repeated until the entire image is covered. 
For this reason, the contrast image has the same size 
than the original raw speckle image. 

Since the LSCI was used to estimate relative blood 
speed by Fercher and Bries in 1981 [1] some correction 
to the original model had been made, for example: the 
model now takes into account for the scattered light 
from stationary and dynamic scatterers [2-5], and the 
physical size of the pixels [6]. 

We are proposing an improvement to the model 
presented in Goodman’s book Section 4.6 [7] 
considering a possible correlation between neighbors 
pixels to provide a better estimate of the contrast, i.e. 
considering the correlation between pixels within a 
sub-correlation window inside the sliding window with 
the same center pixel. 

In practice the speckle size is bigger than the pixel 
size (7.4×7.4 m2), leading to the correlation between 

neighbors pixels is not neglectable, therefore our 
model is more reliable when the speckle size is bigger 
than the pixel size than the model without correlations. 

In order to compute the speckle contrast, some 
statistical calculations, including the pixel 
autocorrelation, has to be done. In our proposal we not 
only consider autocorrelation but correlation between 
near neighbors. Due to the symmetry in correlations, 
there are some correlation equivalents within the  
sub-correlation window and is important to take it into 
account in the contrast calculation in our proposal. 

In this work, the sliding window we are 
considering has a size of 3×3 pixels. As well we 
consider the same window size for the sub-correlation 
window. 

We compared our calculation with experimental 
data obtained from an in-vitro skin model illuminated 
by a coherent light source (532 nm), the speckle 
patterns were recorded by a CCD camera (Retiga 
2000R, QImaging, Canada). In order to change the 
speckle size of the speckle pattern, we modified the f 
of the lens mounted on the CCD camera. We found that 
the experimental data shows agreement with our 
proposed model, as we can see in Fig. 1. 

As it show in Fig. 1, our solution (in solid black 
line) has a better agreement with the experimental data 
when M <1 i.e., pixel size smaller than the speckle size, 
than the presented by Goodman [7]. 

 
 

2. Conclusions 
 

By taking into account for the correlation between 
neighbor pixels within sub-correlation window of 3×3 
pixels, we obtained a more trusted LSCI model and 
found that the experimental data shows a good 
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agreement with our proposed model and better than  
no-correlation model [7]. Given that the relative 
velocity of blood flow estimated by LSCI is based on 
the contrast calculation [1], this model improves the 
estimation of that relative velocity. 

Our model considering correlation between 
neighbors pixels it can be reduced to the no-correlation 
model for the case of speckle spot smaller than the 
pixel as it expected, due to the correlations then are 
close to zero. 

 
 

 
 

Fig. 1. Black solid line show the contrast calculated using our 
proposed model for spatial correlation using a sub-matrix of 
3×3 pixels. Black dots show the experimental contrast 
calculated by using a sliding window of 3×3 pixels. No-
correlation model [7] is plotted in green dots. 
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Summary: High-speed video imaging was used to study the formation and evolution of a liquid jet, which emerges out of a 
microfluidic device at velocities of about 20 m/s, due to the energy concentration of an acoustic shockwave. The microfluidic 
device consists of a microchannel connected a hemispherical cavity (4 mm diameter and 1.5 mm height) filled with a highly 
absorbent solution (α=135 cm-1) at the operating wavelength. A continuous wave laser beam (=970 nm) was focused into the 
solution producing a superheated region (~300 °C) followed by explosive phase transition and consequently the formation of 
an expanding vapor bubble, which later collapse very rapidly emitting an intense acoustic shockwave. Due to the geometry of 
the cavity, the shockwave is concentrated at a specific region within the cavity expelling a liquid jet through the microchannel. 
 
Keywords: Liquid column, Acoustic shockwave, Thermocavitation, Microfluidic device. 
 

 
1. Introduction 
 

The generation of liquid microjets are of high 
relevance in many technologies such as inkjet printing 
[1], coating [2], microelectronics cooling [3], among 
others [1-3]. Only in the medicine field, these jets have 
potential applications for drug delivery, microsurgery 
and neurosurgery. The most common mechanisms 
used to expel a liquid jet through an orifice, nozzle or 
micro-channel make use of a piston, piezoelectric 
transducer, compressed gas or the mechanical energy 
stored in spring [4]. These mechanical o 
electromechanical methods are not the only way to 
generate liquid jets; others techniques found in the 
literature involve the use of short laser pulses [5], 
continuous wave laser [6] or spark discharge to create 
cavitation bubbles within a liquid, thin films, droplets, 
capillary tubes, or microfluidic devices in order to 
produce liquid jets. Some of these techniques use the 
rapid expansion of the cavitation bubble to displace the 
liquid through a capillary tube [7] or microchannel [8-
10] at high velocities. 

In 2009, Viren Menezes et. al. reported the 
generation of liquid microjets by using a laser-induced 
shock wave [8]. In this work, the liquid is sandwiched 
between thick aluminum foil and a base plate with a 
perforation of 100 µm diameter. The aluminum foil is 
ablated using a short laser pulse in order to launch a 
shock wave through it. The shock wave from the foil 
propagates through the sandwiched liquid and eject a 
microjet through the perforation in the base plate. 

In 2012, it was reported the generation of high-
speed liquid micro-jets through a micro-channel using 
a pulsed laser [9]. This mechanism of generation is 
based on the phenomenon of optical cavitation, which 
is defined as the formation, growth and collapse of 

vapor bubbles induced by a laser focused into a liquid. 
The microfluidic device used in Ref. [9] consists of a 
micro-chamber filled with water, where a pulsed laser 
is focused to induce cavitation. The micro-chamber is 
connected to a micro-channel and separated by an 
elastic membrane. The light intensity at the focus is so 
high that it produces the instantaneous expansion of a 
vapor bubble, emitting a shock wave that can generate 
pressures above 1 MPa. Both the rapid expansion of 
the vapor bubble and the shock wave cause the 
deformation of the elastic membrane expelling a liquid 
jet through the micro-channel. 

Recently, our research group reported the 
generation of liquid columns (3 m/s velocity) driven 
by a shock wave emitted after the collapse of a vapor 
bubble, commonly termed thermocavitation bubbles 
[6], which was generated by focusing a midpower 
continuous laser into a highly absorbing liquid droplet. 
The liquid jet formation [11] and the ejected angle [12] 
were explained by using a simple ray tracing model of 
the propagation of the pressure wavefront, which 
describe only the focal zone of the shock wave at the 
liquid-air interface. 

The present work reports the generation of liquid 
micro-jets using a continuous wavelength (CW) laser 
to produce collapsing bubbles within a hemispherical 
chamber in a microfluidic device made of acrylic, 
offering a cheaper option compared with the cavitation 
mechanism mentioned above. These liquid jets are 
driven by converging hemispherical shock waves 
emitted immediately after the collapse of a vapor 
bubble, which was induced within the microfluidic 
device (hemispherical chamber). The maximum 
velocity of the liquid jet obtained by our microfluidic 
device is 20 m/s. One potential application of these 
liquid jets can be found for transdermal drug delivery. 
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2. Experimental Setup 
 

In the experiment, we employ a saturated solution 
of copper nitrate (CuNO4) dissolved in water (13.78 g 
of CuNO4 per 10 mL of water), which has a high 
absorption coefficient (α=135 cm-1) at the operating 
wavelength (λ=975 nm). The viscosity of the solution 
was measured using a viscometer (Model  
Cannon-Fesnke) obtaining a value μ~1.914 x 10-3 
Kg/ms at 83 oC and the density of this solution is 
approximately the double of the water’s density, the 
superficial tension calculated is σ ~0.088 N/m, which 
was measured using a capillary tube [6]. 

A hemispherical chamber (4 mm diameter and  
1.5 mm height) was made mechanically on an acrylic 
plate. A first micro-channel (300 µm thickness and  
0.5 mm height) was made on the top part of the 
hemispherical chamber (perpendicular to the acrylic 
surface) and a second channel (1 mm diameter) on the 
side of the chamber (parallel to the acrylic surface). 
The first channel is where the liquid jet is expelled and 
the second one to fill the hemispherical chamber with 
the working solution. Finally, the acrylic plate was 
attached to a glass microscope slide as shown in the 
Fig. 1, and later it was filled with the working solution 
using a capillary tube connected to a syringe. 
 

 
 

Fig. 1. Photograph of the microfluidic device made  
on an acrylic plate. 

 
A continuous wave (CW) laser beam (=970 nm) 

is focused down on the inner surface of the glass 
microscope slide using a microscope objective (10×) 
in an inverted microscope configuration (Fig. 2). In 
order, to record the formation and evolution of the 
liquid jet, we illuminate the microfluidic device 
perpendicular to the laser beam using a white light 
source to project the liquid jet’s shadow on the 
Phantom Camera. The photography was carried out 
with a sampling rate of 105 frames per second. The 
images acquired were analyzed to obtain the structure 
and velocity of the liquid microjet. 

The focal point is placed on the chamber’s inner 
surface, i.e., the glass-solution interface. This position 
is identified as the reference level z=0. Since the 
microscope objective is mounted on a translation stage, 
the position of the focal point inside the cuvette can be 

manually controlled either inside the chamber [z > 0] 
or outside the chamber [z < 0] (Fig. 3). This allows 
control of the beam spot size, which is an important 
parameter in thermocavitation, as was discussed in 
Ref. [6]. 
 

 
 

Fig. 2. Experimental setup for the generation of liquid jets. 
 

 
 

Fig. 3. Schematic image of the focal point position inside 
the microfluidic device (hemispherical chamber). 

 
 
3. Results and Discussion 
 

The absorption coefficient of the solution  
(α=135 cm-1) is so large at the operating wavelength 
that the laser light is strongly absorbed near the 
microscope slide’s inner surface (75 µm), heating the 
solution up to its critical limit (~300 oC) producing a 
vapor bubble, which rapidly expands and collapses, 
calling to this mechanism of creation thermocavitation 
[6]. At the bubble collapse, a strong acoustic 
shockwave (ASW) is emitted, which propagates in the 
solution at a speed of ~1800 m/s generating multiple 
reflections inside the hemispherical chamber. Due to 
the curvature of the chamber, the reflected ASW is 
focused around the center of the hemispherical 
chamber very close to the inner end of the micro-
channel, expelling a liquid jet through it. 

Fig. 4 shows the formation and evolution of a 
single liquid jet and Fig. 5 shows its temporal 
evolution. This liquid jet was produced when the laser 
focus position is placed at z= 900 µm above the  
glass-solution interface and the laser power was fixed 
at 596 mW. In Fig. 5, the slope of the dashed lines 
indicates the initial velocity of the columns produced 
with our microfluidic device. In this figure, it can be 
observed that column’s slope become larger as the 
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distance between the beam focus point and the 
interface (glass-solution) increases. Fig. 6 shows the 
velocities obtained from Fig. 3, which are 
approximately 11.5, 14.5, 12.7, 13, 15 and 20.5 m/s, 
from z= 600 µm to z= 900 µm. This increase in the 
jet’s speed is due to that increases in z causes a 
superheated region of water of greater volume and 
consequently a larger vapor bubble, which upon 
collapse emits a shock wave of greater amplitude. 

 

 
 

Fig. 4. Liquid jet formed by the energy concentration  
of the acoustic shockwave. 

 

 
 

Fig. 5. Liquid column length as a function of time at z= 900 
µm and 596 mW of laser power. The dashed black lines 

indicate a fit to the data and the slope represents the initial 
velocity of the ejected column. 

 
 

Fig. 6. Speed of the liquid columns as a function  
of the laser focus position. 

 
The physical mechanism of the liquid column 

formation is the concentration of mechanical energy of 
the acoustic pressure wave on the top side of the 
surface cavity, expelling the liquid column through the 
microchannel, but this will be discussed in the future. 
This phenomenon is very important because the liquid 
column will be an approach attractive for inkjet 
printing, coating and maybe the most attractive for 
drug delivery. 
 
4. Conclusions 
 
Liquid jets were generated using a CW laser focused 
into a highly absorbent solution. With the added 
advantage of a very simple and inexpensive 
experimental set up relative to other methods that uses 
pulsed lasers for the same purpose. Furthermore, the 
mechanism of bubble formation is different to the 
mechanism of creation that uses pulses lasers; however 
the liquid jet velocity obtained is much smaller to 
compare with the velocities reported with pulse laser. 
The jet speed can be significantly increased by 
decreasing the diameter and length of the micro-
channel and by adjusting the cavitation bubble’s size, 
which depends on the laser power and beam focus 
position; however, the above will be discussed in the 
future. One potential application of these liquid jets 
can be found for inkjet printing, coating and maybe the 
most attractive for drug delivery. 
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Summary: A relocated point cloud gridding approach for full-color holographic system with real objects is proposed. In this 
research, the depth and color information of the scene is acquired using a depth camera and the point cloud model is 
reconstructed virtually. By using the relocated point cloud gridding approach, each point of the point cloud can be classified 
into grids of RGB channels according to its depth. The R-PCG method is proposed to ensure that the 3D object points have 
unique XYZ coordinates and accurate RGB values before assigning these values to GPU array. A diffraction calculation is 
performed on the grids using a fast Fourier transform (FFT) to obtain a computer-generated hologram (CGH). The proposed 
approach can avoid the huge computational cost of hologram generation in the full-color holographic system and yield accurate 
predictions of the whole diffracted field compared with conventional approaches. The feasibility of the proposed approach was 
confirmed by numerical and optical reconstruction. 
 
Keywords: Computer holography; Color holography; Real object; Three-dimensional image processing. 
 

 
1. Introduction 
 

The holographic technique has been regarded as 
one of the most attractive approaches to implement a 
realistic three-dimensional (3-D) display, because it 
provides prefect depth cues that human eyes can 
perceive[1]. 

In recent years, many studies have examined the 
CGH technique; real object-based approaches become 
more attractive [2, 3] as they are more easily applied, 
and can efficiently displays natural 3-D visualizations 
of physical 3-D objects. In these researches, the depth 
camera acquires depth and color information from the 
physical object, and the point clouds are generated 
from the acquired object information. By using point 
cloud approach, multiple depth cameras are more 
convenient to provide high accuracy and larger 
viewing angle point clouds if point clouds were 
acquired in a suitable geometry. In addition, accurate 
registration of multiple point clouds can be achieved 
by iterative closest point (ICP) algorithm [4]. 
However, it takes a long time to generate a hologram 
from the object data, as it must calculate a  
sub-hologram from each individual point of the point 
cloud. As a result, the computational complexity is 
known as one of the challenging problems. 

To overcome this, numerous research projects have 
been conducted to simplify the computationally 
intensive CGH generation process. Some studies 
applied a graphics-processing unit (GPU) to enhance 
the calculation speed [5]. These studies use GPUs to 
capture the light field at the hologram, or emit light 
from the object in a parallel process where one thread 
controls the calculation for one pixel or one point. In 
addition to using a GPU, some researchers reduced the 
calculation time by applying look-up tables. However, 
this requires a large amount of memory [6]. The 

wavefront recording plane (WRP) [7,8] is an excellent 
approach for overcoming the drawbacks of the point 
cloud approach. The WRP is a small virtual window 
placed between the object plane and the hologram 
plane, although it is much closer to the object plane. 
The computation time required to generate a CGH can 
be reduced by calculating the complex amplitude of a 
small region of the WRP, rather than over the entire 
holographic plane. However, it is necessary to pre-
compute the optical field from the point cloud to 
determine the characteristics of advanced WRPs, so it 
is much more difficult to realize real-time holographic 
displays using these approaches. Zhang et al. [9] 
adopted the angular-spectrum layer-oriented method to 
generate CGHs from 3D scenes in versatile formats. In 
their research, they divide a 3D scene into multiple 
layers with different depths. However, their methods 
for displaying 3D holograms are limited to displaying 
computer-synthesized images of virtual 3D objects. 
Recently, we previously reported an algorithm using 
point cloud gridding method to accelerate a 
monochrome CGH of a real-existing object [10]. 

In this paper, we propose a relocated-point cloud 
gridding (R-PCG) approach to accelerate the 
calculation of chromatic CGHs with a GPU and 
enhance the quality of the reconstructed images. We 
use a depth camera to simultaneously acquire depth 
and color data from real scenes, from which we extract 
a color point cloud model. We apply the R-PCG to 
relocate the depth coordinates of the repeated values. 
Then, groups of object points are classified by depth 
into grids representing the red, green, and blue (RGB) 
channels. We perform a fast Fourier transform (FFT) 
on each grid to calculate the diffraction and obtain 
three CGHs, one for each of the RGB channels. The 
approach described in the following sections preserves 
the depths of real objects in the holograms that it 
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generates. Our experimental results show that the 
speed of hologram generation and quality of the 
objects reconstructed in the full-color CGHs are 
enhanced by application of the proposed R-PCG 
approach. We compared the proposed approach to the 
previous approach according to their computational 
times. This confirmed the efficiency of the proposed 
approach. Our experiment also demonstrated the 
feasibility of reconstructing high-quality 3D images. 

 
2. Proposed Approach 
 
2.1. Full-Color Holographic Systems 
 

There are four main steps to the proposed full-color 
hologram generation approach: data acquisition,  
R-PCG process, hologram-generation, and 
reconstruction, as shown in Fig. 1. The depth and color 
data from a real scene are acquired simultaneously by 
a depth camera connected to a personal computer (PC) 
in the acquisition step. The camera includes an RGB 
sensor so that it can detect color information, and the 
depth data is collected by an infrared radiation (IR) 

sensor. We then generate a virtual 3D visualization of 
the object (a point cloud model) from the acquired 
depth and color data. 

Having obtained the RGB channels of the point 
cloud model, we proceed by identifying the region of 
interest (ROI), which is expressed as follows: 

 

 
1

( ),
T

j
i

N ROI U


   (1) 

 
where Uj is the value of the pixel in the depth map, N 
is the value of the ROI in the depth map. and T is the 
number of points in the cloud. 

We process the R-PCG on a PC server. The point 
cloud model of each RGB channel is converted into 
depth grids and then separated, so that we have a point 
cloud model for each RGB channel. The holograms are 
generated by a computer before the real objects are 
reconstructed, which can be done either numerically or 
optically. These processes are described in the follow 
sections. 

 
 

 
 

Fig. 1. Entire schematic configuration of the proposed system. 
 
 

2.2. Relocated Point Cloud Gridding Approah 
 

As has been mentioned in previous PCG method 
[10], point cloud was stretched to match the hologram 
resolution. After stretching and rounding process, there 
are a number of repeated values of the point cloud. The 
repeated values are composed of the same XYZ 

coordinates, but different RGB values. The R-PCG 
method is proposed to ensure that the 3D object points 
have unique XYZ coordinates and accurate RGB 
values before assigning these values to GPU array. Our 
R-PCG method consists of three steps, on the 
principles outlined in Fig. 2. 
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Fig. 2. Principle of the relocated point cloud gridding approach. (a)Geometry model of the point cloud model from depth 
camera; (b) Schematic diagram of the stretched sub-layers, (c) relocated layers and (d) depth-grids. 

 
 

In the first step, in order to match the pixel pitch of 
the holograms, we stretch the 3D point cloud model by 
a stretch factor A, with a transversal pixel pitch dx that 
determines the size of the object. Due to stretching and 
rounding values of all points in the point cloud, there 
are a lot of repeated values in each stretched sub-layer 
of the point cloud, as shown in Fig. 2(b). 

In the second step, we relocate the repeated values 
with a small shifting factor b in z coordinate of the  
sub-layers, and thus the repeated values form new 
depth layer, as shown in Fig. 2(c). By relocating 
repeated points in sub-layers of the real 3D object we 
can eliminate the repeated value problem, without 
deletion of points or losing any depth information. 
Here, shifting factor b is constant for all the repeated 
values, and is much smaller than dz. In our research the 
depth resolution dz of real sense camera is 0.6 mm, the 
value precision of dz is device specific. Factor b is 
a very small number; it is set to be 1×10-8 which 
obtained according to the numerical simulations. Any 
repeated points with same value of z belong to the same 
new depth grids, zi+b. Therefore, the number of 
additional layers is not large. Hence, the whole 
calculation of the relocated points can be expressed as: 
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(2) 

 
The third step separates the point clouds of 

relocated layers into RGB channels, and classifies each 
point into depth-grids according to depth information, 
as shown in Fig. 1(d). Each point of the point cloud can 
be distributed accurately according to the exact 
coordinates of each layer in a generated grid, and we 
separate the depth grids into RGB channels and obtain 
a chromatic CGH by executing the diffraction 

calculation on the depth grids using FFT techniques. 
As 2D multi-depth grids are used to calculate the CGH, 
rather than every individual point of the 3D point 
cloud, the overall calculation time is reduced. 

 
2.3. Hologram Generation 
 

The hologram generation proceeds by execution of 
the diffraction calculation on the depth grids using a 
2D FFT to generate RGB CGHs. We reduce the overall 
calculation time by calculating the CGH from 2D 
multi-depth grids instead of individual points in the 3D 
point cloud. A hybrid algorithm based on the angular 
spectrum approach (ASM) generates sub-holograms 
from each layer. We discretize every sub-layer as a 2D 
optical field, then apply a 2D FFT: 

 

 ( , ) = [ [ , ]],o x y oU f f U x y  (3) 
 

where Uo is the input RGB optical field. 
We apply an FFT to the Fresnel diffraction impulse 

response as follows: 
 

 2 2( , ) exp[ ( )],jkz
X Y X YH f f e j z f f    (4) 

 
where λ is the wavelength, z is the distance between the 
object point and the hologram point, and ( , )

X Y
H f f  

denotes the angular spectrum. We generate sub-
holograms of the sub-layers rapidly and accurately by 
applying the 2D FFT to the result of multiplying the 
two equations above, as in Eq. (5) 
 

 1
Depth grid N N[ , ] ( , ) ,X YH U s t H f f       (5) 

 

sub Depth grid 1 Depth grid 2 Depth grid N+ + + ,H H H H      (6) 
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where Depth grid N
H  denotes the sub-hologram from a 

single-color channel depth grid. Fig. 3 shows how we 
combine these holograms with a sub hologram 

s u b
H . 

As we have three channels (RGB), the resulting 
combined hologram is a 24-bit bitmap image 
 

 
 

Fig. 3. The principle of the hologram generation process. 
 
 

3. Experiment Result 
 
3.1. Numerical Simulation 
 

The experimental point cloud was captured by with 
an Intel real-sense 3D depth camera F200, and the 
parameters are shown in Table 1. The experiment was 
implemented in MATALAB 2017b and run on a 
Windows 10 64-bit PC with 8 GB RAM, a 3.2 GHz 
Intel Xeon(R) W3670 CPU and an NVIDIA GTX 660 
GPU. The depth grids and the RGB holograms are all 
composed of 1024×1024 pixels. To demonstrate the 
acceleration efficiency of the proposed method, 
numerical simulations and optical experiments were 
conducted. Figs. 4(a) and (e) show images of real 
objects that are used in our experiment. The 
constructed 3D models in Figs 4(b) and (f) are 
composed of 18813 and 56876 points, respectively. 
Figs 4(c) and (d) are the full-color reconstructed 
images of two toys with the central positions are 
located at 300 mm and 380 mm. Fig. 4(g) is the  
full-color reconstructed image of the person. 

 
Table 1. Parameters of depth camera. 

	

 
 

Figs. 5 shows images of real objects that are used 
in our experiment and the parameters were the same as 
those used for the previous simulation. Fig. 5(a) 
consisting of a person model holding a cactus was  

500 mm from the depth camera. Depth data were 
acquired from both the images to generate the virtual 
3-D visualization (point cloud models). Point cloud  
Fig. 5(b) generated from real object Fig. 5(a) was 
composed of 71221 object points, 349 depth grids, and 
the distance from the center of the point cloud to the 
depth camera was 250 mm. The full-color 
reconstructed images of the person are presented in 
Figs. 5 (c) and (d), which were located at 400 mm and 
500 mm from the rear focus using R-PCG approach. 
Thus, we can see that the proposed approach 
successfully reconstructed the 3D real objects in the 
numerical simulations. 

 

 
 

Fig. 4. (a) Real 3D object of two toys and (b) point cloud 
model 44624 points and 107 depth grids. Full-color 
reconstructed images of two toys with central positions 
located at (c) 300 mm and (d) 380 mm. (e) Real 3D object of 
a person, (f)point cloud model from a real sense 56876 points 
and 158 depth grids and (g) full-color reconstructed images 
with central positions located at 200 mm. 

 
 

We verified the effectiveness of the proposed  
R-PCG approach experimentally. Fig. 2 shows the 
time taken by the proposed R-PCG approach to 
calculate CGHs using MATALAB 2017b running on a 
Windows 10 64-bit PC with 8 GB RAM, a 3.4 GHz 
Intel Xeon E3 1231 CPU and an NVIDIA GTX 960 
GPU. The resolution of the depth grids is plotted on 
the x axis and the y axis shows the experimentally 
measured calculation times as a function of the 
resolution of the hologram. 

The calculation times of our proposed approach, 
the WRP approach and conventional method are 
compared in Table 2. We used the same parameters for 
the CGH calculations and the theoretical estimations. 
The generation time is dramatically reduced when the 
CPU is used, where the hologram generation speed is 
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enhanced 123.68~198.24-fold in comparison with 
conventional method. In addition, the calculation time 
required for the proposed method is 68.70~107.69 
times faster than the WRP method. The GPU 
calculated hologram generation speed is enhanced 
2.46~5.41-fold when comparing the proposed method 
with the single WRP method. 

 

 
 

Fig. 5. (a) Real 3D object of a person, and (b) point cloud 
model 71221 points and 349 depth grids. Numerical 

reconstructed images with central positions located at (c) 
200 mm and (d) 300 mm. 

 
Table 2. Generation time for 1,024 × 1,024 holograms 

(seconds). 
 

 
 

In addition, we demonstrate that the proposed 
system can generate video holograms from real object 
at 0.8 frames per second when the resolution of the 
hologram is 800×800. Fig. 6 shows the continuous  
full-color reconstructed images using R-PCG method 
in the holographic system. 

 
3.2. Optical Experiment 
 

For optical reconstruction, we used a liquid crystal 
display HD kit 19201080 (7.4 μm) transmission-type 
spatial light modulator (SLM) and RGB lasers. The 
SLM used for the experiments had a dynamic range of 
255 intensity levels. Three lasers were used as the 
reference beams, with wavelength and output power as 
follows: red laser, 633 nm and 75 mW; green laser, 
532 nm and 100 mW; and blue laser, 473 nm and  
50 mW. The optical setup for full-color reconstruction 
is shown in Fig. 7. The reconstructed images were 
captured using a charge-coupled device (CCD) camera 
connected to a computer. Figs. 8 (a) and (b) show 
reconstructed images of two toys recorded at distances 
of 200 mm and 380 mm from the rear focus of the  
3-D scene, respectively. Fig. 8 (c) shows the 
reconstructed results of the hologram from a person 
with central positions located at 300 mm. The 
experimental results indicate that the real 3-D objects 
can be reconstructed clearly. 
 

 
 

Fig. 6. Continuous full-color reconstructed images  
in the holographic system. 

 
 

 
 

Fig. 7. Optical experiment setup of proposed method. 
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Fig. 8. Optical full-color reconstructed images of two toys 
with central positions located at (a) 200 mm and  
(b) 380 mm captured by a charge-coupled device camera. 
(c)Reconstructed images of a person with central positions 
located at 300 mm. 
 

4. Conclusions 
 

In this paper, we propose a rapid hologram 
generation approach that uses relocated point cloud 
gridding approach to accelerate the full-color 
holographic system. The depth data of the real scene 
were simultaneously acquired through the depth 
camera, and a point cloud model is extracted from the 
depth data. Real 3D object can be easily encoded into 
CGHs with the proposed algorithm. The numerical 
results indicate that real 3D objects can be 
reconstructed clearly. Compared with conventional 
WRP approach the acceleration efficiency of our 
proposed approach is excellent. The authors believe 
that this approach will be useful for creating CGHs for 
real-time full-color holographic displays. In our future 
work, multiple depth cameras will be used to provide 
high accuracy and larger viewing angle point clouds, 
where point clouds were acquired in a suitable 
geometry. 
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Summary: In this study, CdTe quantum dots (QDs) was investigated extensively by studying their spectral properties such 
as photoluminescence and quantum efficiency. The main objective of this study is to produce efficient laser action from such 
nanocrystals. 
 
Keywords: Quantum dots, Photoluminces, Laser excitation. 
 

 
1. Introduction 
 

Quantum dots are important optoelectronic 
materials. Some people have obtained laser action 
from some of quantum dots [1]. In a same fashion, my 
study is to get laser action from CdTe quantum dots. 
Some of the quantum dots, such as cadmium selenide 
(CdSe) and cadmium telluride (CdTe) have strong 
absorption and emission characteristics comparable to 
organic dys and conjugated polymers [2]. The broad 
absorption and emission spectra for some of them 
occur in 400-800 nm range. These wavelengths are 
strongly dependent upon the size of these nanocrystals 
and composition. 
 
1.1. Experiment 

 
Standard spectroscopic material characterization 

techniques were used to investigate the absorption and 
photoluminsunce characteristics of different sizes of 
CdTe quantum dots in various solvents such as 
Distilled Water, Ethanol and Acetone. we have used 
UV–vis absorption spectroscopy (Biochrom libra 
S80PC), PL by (Shimadz RF-5301PC) and optical 
excitation source (Brilliant Compact pulsed Nd:Yag 
laser). We are trying to get laser from CdTe quantum 
dots by pumping it with Nd:Yag laser @ 532 nm 
(SHG) and 355 nm (THG). It gives intense laser 
induced fluorescence but getting the laser is still under 
progress. 
 
1.2. Results 
 

Figs. 1&2 show the absorption and 
photoluminsunce spectra of CdTe quantum dots of 
different sizes at same concentration all dissolved in 
distilled water. They showed that the absorption and 
fluorescence spectra of CdTe have one band and they 
are gradually move to the longer wavelength with the 

increasing size of CdTe quantum dots. This means as 
the size of QDs increases the band gap decreases. 
 

 
 

Fig. 1. Absorption spectra of CdTe quantum dots  
of different sizes at concentration of 0.4 mg/ml dissolved  

in distilled water. 
 

 
 

Fig. 2. Photoluminsunce spectra of CdTe quantum dots 
 of different sizes at concentration of 0.4 mg/ml dissolved 

in distilled water. 
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Table 1. Optical properties of CdTe quantum dots  
of different sizes at 0.4 mg/ml dissolved in distilled water. 

 
Size 
(nm) 

 
(nm) 

A 

1.53 479 0.661 
3.12 531 0.305 
3.32 549 0.252 
3.58 593 0.442 

 

 
(nm) 

Intensity 
Stokes 
shift 
(nm) 

V(eV) 

518 234.641 39 0.14705 
578 154.917 47 0.10092 
601 107.964 52 0.12374 
642 140.677 49 0.09138 

 
 
When the sizes of CdTe Qds increases the band gap 

decreases which leads to the absorption and 
photoluminsunce wavelengths get red shifted. As 
showing in Fig. 3. 
 

 
 

Fig. 3. The relationship between sizes of CdTe quantum 
dots at concentration of 0.4 gm\ml dissolved in d.water  

with absorption and photoluminsunce spectra. 
 
 

Absorbance decrease as the square of the size of the 
nano particle increases which means when the particle 
becomes bigger and bigger light gets more and more 
scattered. This criteria also applies to the intensity of 
PL whereas low absorbance leads to low 
photoluminsunce. 

The absorption and emission spectra of CdTe and 
CdSe shows that in both cases that get red shifted for 
increasing size of particle. The rate of increase or 
(slope) increases more for CdTe then for CdSe, 
Because Te is a bigger atom so the electron has a 
longer length to travel on. This means when the elctron 
wave travels back and forth in the quantum well of 
longer length the absorption and emission wavelengths 
icreases rapidly. 

 
 
Fig. 4. The relationship between area of cross section  
of CdTe quantum dots and intensity of absorbance. 
 

 
 

Fig. 5. Comparison between the relationship of absorption 
spectra of CdTe and CdSe QDs with size. 

 
 
4. Conclusions 
 

We have reported the optical properties of CdTe 
QDs of different sizes dissolved in various solvents. 
And comparing between CdTe and CdSe spectra of 
different sizes. Getting laser from such as quantum 
dots is still under progress. 
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Carbon is seemingly the most interesting element 
in the periodic table. Carbon exists in various 
allotropic forms such as, fullerene, carbon nanotube, 
graphite and graphene. In 2004, a surprise came to the 
physics community when Geim, Novoselov and their 
collaborators first isolated single layer sample from 
graphite.  

Graphene consist of a single layer of sp2 – bonded 
carbon atoms, stacked in two-dimension (2D) 
honeycomb lattice. However, graphene is a zero-band 
gap semiconductor [1]. In addition, it has several 
strange properties: it is strong, stretchable, and flexible 
and has high conductivity. There are many methods for 
fabrication of graphite; such as chemical vapor 
deposition (CVD), and micromechanical exfoliation of 
graphite.  

One of functionalized product is graphene oxide. 
Graphene oxide (GO) has hydroxyl group on the basal 
plane and oxygen at various other edges. Also, GO 
contains a complex of sp2 and sp3 hybridized carbon 
atoms covalently bonded.  

The photoluminescence (PL) of graphene oxide is 
much stronger than that of graphene owing to opening 
of an energy band gap [3]. Graphene oxide aqueous 
solutions is acidic because of [OH+], it can accept a 
proton because it has carbonyl oxygen.  

In this study, we compare the dispersion behavior 
in various solvents such as Distilled Water, 
Acetonitrile, Dimethyl Sulfoxide (DMSO),  
N,N-Dimethylformamide  (DMF), Acetone, Ethanol, 
Methanol, for the same quantity of GO/ aqueous 
solutions. GO showed very good dispersion in 
Distilled Water, Acetonitrile, DMSO, DMF and give 
us a good fluorescence. We had observed that GO had 
significant optical absorption and fluorescence in 
visible spectral regions. We found high fluorescence 
for GO dispersion in Distilled water, Acetonitrile, 
DMSO, DMF. The emission wavelength for GO in 
Distilled water is (550 nm). And the absorption for GO 
in distilled water shows two peaks, a maximum 
absorption peak at (230 nm) comes from the  
transition of C - C and C = C bonds and a small 
shoulder peak at (303 nm) ; it comes from the  
transition of C = O bond [2]. However, the emission 
wavelength in the DMSO solvents is approximately 
(448 nm), also in the DMF and Acetonitrile solvents at 
(468 nm) [2, 3].  

Then we measured the quantum yields (QY) of GO 
which is the ratio of photons emitted as fluorescence to 
that absorbed.  
 

 .  

 

The fluorescence quantum yields (QY) of GO is 
lower than 1 % and GO in another solvent had still 
quenched fluorescence; Fluorescence quenching is a 
process of relaxation without emission of a photon.  

Graphene oxide is acidic (pH=4.5). The pH was 
increased from strongly acidic (HCl) and strong basic 
(NaOH). After that, we calculated the absorbance and 
florescence of each colloidal solutions by UV-Vis 
spectroscopy [3]. We measured different values for pH 
(1.7, 2.5, 3.78, 5.6,7.2, 9.1 and 10.25) by adding HCl 
or NaOH. We observed an increase intensity of the 
emission peak and their significant shape, due to 
increasing protonation of acidic groups (C-OH, 
COOH) [3]. Overall, the wavelength emission of GO 
aqueous solution with HCL exhibited range of  
(450 nm). Besides, when the pH is in the range above 
7, we notice the reduction in efficiency of the emission 
at (470 nm).  

In this study, the colloidal dispersions of graphene 
powder in a different solvent such as Ethanol, 
Methanol, Acetone, Acetonitrile and Distilled Water 
were analyzed. In ethanol and methanol graphene 
precipitate; however , in water it becomes a colloidal 
dispersion.  

Moreover, we calculated the PL of graphene in 
different solvents by spectrofluorometer. The origin of 
such PL from graphene is under investigation.  
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Abstract: In this paper, radiative and nonradiative energy transfer from laser dye Rhodamine (Rh 6G) as a donor to Oxazine 
9 (Oxz 9) as an acceptor in solid polymer matrices, namely modified poly methyl methacrylate (MPMMA) and new solid 
polymer host media, modified poly glycidyl methacrylate (MPGMA) are investigated by using the steady-state emission 
measurement and energy transfer at two types of concentrations (high and low). The fluorescence intensity of the acceptor is 
improved due to the introduction of the donor in both solid media. Energy transfer parameters, including the radiative and 
nonradiative energy transfer rate constants, critical distance (R0), and energy transfer efficiency are investigated using the 
Stern-Volmer plots. The acceptor concentration dependencies of transfer efficiencies and probabilities are also obtained. The 
values of Kr for D-A in high concentrations system are larger than values of Knr, in two solid media, whereas nonradiative 
energy transfer is predominant in low concentrations. 
 
Keywords: Radiative and nonradiative energy transfer, Fluorescence quantum yield, Energy transfer rate constants, Modified 
poly glycidyl methacrylate (MPGMA). 
 

 
1. Introduction 
 

Since the mid-1980s, intensive research efforts 
have been devoted to the solidification of organic laser 
dyes, which may bring benefits such as ease of 
handling, lack of flammability, lack of toxicity and 
maintenance free as compared with liquid dye lasers 
[1-2]. Recent research work has been performed using 
either polymers or silica gels as solid-state hosts for 
organic dyes [3-4]. By doping a dye pair using an 
appropriate mixture of dyes (donor and acceptor) into 
the solid matrix, the excitation of dye lasers through 
energy transfer processes is a more convenient means 
of extending the lasing wavelength region and 
improving the output efficiency [5]. Recently, most of 
the results have been obtained with the common 
polymer (PMMA) as a solid host for laser dyes [6-8]. 
In this study, we used a new polymer poly glycidyl 
methacrylate (PGMA) for a first time as a solid state 
dye laser medium. The energy transfer studies in a 
binary dye mixture of Rhodamine 6G as donor and 
Oxazine 9 as acceptor, in MPMMA and MPGMA, 
have been studied successively. To improve the 
transfer efficiency, PMMA and PGMA were modified 
(MPMMA, MPGMA) and used as host material, In 
order to improve the solubility and avoid 
photobleaching of the dyes in the both polymers, dyes 
were dissolved in ethanol, before adding to the 
monomers. 
 

2. Experimental Details 
 
2.1. Materials 

 

Methyl methacrylate (MMA) and Glycidyl 
methacrylate (GMA) were purchased from Aldrich. 

Both monomers were distilled before use. A thermal 
initiator N, N'-Azobis (isobutyronitrile) (AIBN), 
ethanol (99 % purity), Rhodamine 6G (laser grade) and 
Oxazine 9 (laser grade) from Fluka were employed as 
received. 
 
 
2.2. Synthesis 
 

The solid state dye doped samples of modified poly 
methyl methacrylate (MPMMA) and modified poly 
glycidyl methacrylate (MPGEMA) were prepared. 

 
 

2.3. Experimental Methods 
 

The absorption measurements were carried out 
with Jasco-Spectrophotometer type V-570 from 
Ishikama Company. Fluorescence measurements were 
obtained with excitation at 532 nm using Jasco-
Spectrofluorometer type FP-6200 from Ishikama 
Company. 
 
 
3. Results and Discussion 
 
3.1. Absorption and Fluorescence Spectral  
       Characteristics 
 

Fig. 1 shows the fluorescence and absorption 
spectra of the dyes in both solid media and the overlap 
between the absorption and fluorescence spectra of Rh 
6G and Oxz 9 at a concentration of 1×10-4 mol.dm-3, in 
MPMMA and MPGMA. The spectral parameters were 
calculated from Fig. 1 and listed in Table 1 and 2. 
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Fig. 1. The absorption (-----) and fluorescence ( _ ) spectra of donor Rh6G (a) and acceptor Oxz 9 (b)  
at a concentration of 1×10-5 mol.dm-3, in MPMMA and MPGMA. 

 
 

Table 1. Spectral data of Rh6G and OXZ 9 in MPMMA and MPGMA. 
 

 Rh6G OXZ 9 
Spectral data MPMMA MPGMA MPMMA MPGMA 

Absorption maximum λ(max) nm 532 533 599 605 
Extinction Coefficient (max) L.M-1.CM-1(105) 1.47 1.16 0.9 0.5 
Absorption Cross- sectiona ( 10-16 ) cm2 5.3 4.2 0.89 0.51 
Emission maximum λ(max) nm 566 566 638 642 
Emission Cross- sectione (10-16 ) cm2 6.4 5.12 4.3 2.16 
Fluorescence lifetimes τf 2.3 2.5 0.51 2 
Fluorescence quantum yields φf 0.6 0.8 0.11 0.3 

 
 

Table 2. Spectroscopic parameters of Rh 6G (Donor)  
and OXz 9 (Acceptor) in MPMMA and MPGMA,  

at 1×10-4 mol.dm-3. 
 

MPGMA MPMMA 
Spectroscopic 

parameters  

=1.77 nsdτ  =1.5 nsdτ  
Donor life time in 
presence of acceptor  

0.33=fφ  =0.15fφ  
Donor fluorescence 

 
quantum yield in
presence of acceptor 

=.3 nsaτ =2.9 nsaτ 
Acceptor life time in 
binary dye mixture  

0.64=fφ =0.135fφ  
Acceptor fluorescence 
quantum yield in Rh 
6G-Oxz 9 mixture 

 =DAG
13-1.7×10 

3cm1-mol  

 =DAG
13-10×3.55 

3cm1-mol  
Overlap integral 

abs,d= 
16 -4.1×10

2cmσ
 

abs,d= 
16 -4.8×10

2cmσ
 

Absorption cross 
section of donor dye 
molecules at the 
pumping wavelength 
(532 nm)  

abs,a= 
 16-0.54×10

2cmσ
  

abs,a= 
16 -0.94×10

2cmσ
  

Absorption cross 
section of acceptor dye 
molecules at the 
pumping wavelength 
(532 nm)  

n=1.56  n=1.5 
Refractive index of the 
host media 

3.2. Energy Transfer Characteristics 
 

The fluorescence spectra of the binary dye mixture, 
in MPMMA and MPGMA, as a function of acceptor 
concentration [A] were recorded and shown in Figs. 2 
and 3, for high and low D-A concentrations, 
respectively. The effect of concentration [A] on the 
fluorescence spectra of the donor dye in the absence 
(Iod) and presence (Id) of acceptor was analyzed from 
Figs. 1, 2, and 3, respectively. The decrease in 
fluorescence intensities of the donor in the presence of 
acceptor and the enhancement of the acceptor 
fluorescence intensities was a result of energy transfer 
from the donor to the acceptor. 

 
 

3.3. Energy Transfer Efficiencies and Rate  
       Constants 
 

Stern-Volmer relations are measured from the 
fluorescence intensity of the donor with absence and 
presence of acceptor as a function of acceptor 
concentration [A] and used to calculate the transfer 
efficiencies and energy transfer rate constants. Table 3 
shows the transfer efficiencies and energy transfer rate 
constants for the non- radiative and radiative energy 
transfer in the two media. 
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Fig. 2. Emission spectra of 1×10−4 mol dm−3 Rh6G in MPMMA and MPGMA (=532 nm) in the absence  
and in the presence of Oxz 9. The concentrations of Oxz 9 are 0, 1, 3 and 4×10-4 mol dm−3. 

 

    
 

Fig. 3. Emission spectra of 1×10−6 mol dm−3 Rh6G in MPMMA and MPGMA (=532 nm) in the absence  
and in the presence of Oxz 9. The concentrations of Oxz 9 are 0, 1, 3, 4 and 5×10-6 mol dm−3. 

 
 

 
4. Conclusions 
 

In conclusion, a dye pair combination consisting of 
Rh 6G dye as donor and Oxz 9 dye as acceptor are 
employed as dopants to incorporate into solid-state 
host materials via thermal polymerization process. 
Enhancements of lifetimes and fluorescence quantum 
yields were observed for the pure donor and acceptor 
dyes in MPGMA matrix. The spectral overlap of the 
donor and the acceptor dyes, in the new solid media, 

showed that energy transfer from the donor to the 
acceptor was possible and also indicated the presence 
of radiative and non-radiative energy transfer 
processes. It was observed that, the fluorescence 
intensities of the acceptor dyes were increased more 
remarkably within the range of high acceptor 
concentrations than in low acceptor concentrations. 
The energy transfer rate constants and critical transfer 
radius (R0) are calculated by using Stern–Volmer plots 
and concentration dependence of radiative and 
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nonradiative transfer efficiencies have also been 
determined. The values of the energy transfer rate 
constants KEt at high concentrations in MPMMA and 
MPGMA are found to be 3.9×1013 mol-1.dm3.S-1 and 
2.7×1013 mol-1.dm3.S-1, respectively, and the same for 
low concentrations as 2.63×1013 mol-1.dm3.S-1 and 
3.4×1013 mol-1.dm3.S-1. The experimental results 
indicate that the dominant mechanism responsible for 

the efficient excitation transfer in these mixtures at low 
concentrations is of non-radiative nature and is due to 
long-range dipole–dipole interaction. At low 
concentrations, the values of the energy transfer rate of 
the predominant energy transfer Knr, are  
7.3×108 mol-1.dm3.S-1 and 5.3×108 mol-1.dm3.S-1 for 
MPMMA and MPGMA, respectively. 

 
 
 

Table 3. Energy transfer properties for Rh 6G –Oxz 9 mixture in MPMMA and MPGMA in low and high concentrations. 
 

Energy transfer data MPMMA MPGMA 
Low concentrations 

Critical transfer radius (Ro) Ao 56.94 50.63 
Quenching rate constant (kSV×104) ( mol-1.dm3) 2.9 4.4 
Energy transfer rate constant (kET×1013) (mol-1.dm3.S-1) 2.63 3.4 
Non-radiative rate constant (knr×108) (S-1) 7.3 5.3 
Radiative rate constant (kr×108) (S-1) 1.8 2.3 
Transfer Efficiency (η) (%) 9.4 8 
Non-radiative transfer efficiency (ηnr) (%) 9 7.7 
Radiative transfer efficiency (ηr) (%) 0.4 0.3 

High concentration 
Critical transfer radius (Ro) Ao 55.7 47.4 
Quenching rate constant (kSV×104) ( mol-1.dm3) 9 6.8 
Energy transfer rate constant (kET×1013) (mol-1.dm3.S-1) 3.9 2.7 
Non-radiative rate constant (knr×108) (S-1) 1.7 0.8 
Radiative rate constant (kr×108) (S-1) 2.6 3.2 
Transfer Efficiency (η) (%) 93 62 
Non-radiative transfer efficiency (ηnr) (%) 34 29 
Radiative transfer efficiency (ηr) (%) 59 33 
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Summary: We present measured magneto-optic properties of film-type poly(3-alkyl) thiophenes: Phenyl-C61-butyric acid 
methyl ester (P3HT:PCBM) samples treated at various thermal conditions. A large value of the Verdet constant of the sample 
greater than 10000 °/T/m was measured at 1550-nm wavelength when it was baked at 200 C during 45 minutes. A lock-in 
amplification method with an auto-balanced photoreceiver was used to measure the Faraday rotation of the film-type 
P3HT:PCBM samples under alternating current (AC) magnetic fields and to determine the Verdet constant by calibrating the 
measurement scheme with a reference BK7 sample. 
 
Keywords: Faraday effect, Verdet constant, Magnetooptic, Polymer. 
 

 
1. Introduction 
 

Magneto-optic materials are very important for 
applications to optical isolators, optical circulators, and 
noncryogenic magnetometry [1]. Recently various 
polymer materials, such as conjugated polymers and 
organic biradical-doped chiral polymers, have been 
reported for potential large magneto-optic properties 
[2]. Since it is known that the material’s  
magneto-optic properties are potentially originated 
from the photogenerated exciton or polaron pairs and 
high mobility electrons [2], polymers with high 
electron mobility are expected to deliver a lage 
Faraday effect. Regioregular poly(3-hexylthiophene-
2,5-diyl) (P3HT) polymer is reported to have a large 
magneo-optic Verdet constant at 1550 nm wavelength 
[2]. Recently a blend of the regioregular P3HT and 
Phenyl-C61-butyric acid methyl ester (PCBM) has 
been studied for polymer solar cells with improved 
efficiencies of photogenerated exciton generation [3]. 
Thus, the P3HT:PCBM is also expected to have a good 
magneto-optic properties. 

In this paper, we have measured, for the first time, 
the Verdet constant of the P3HT:PCBM films 
deposited on glass substrates and treated at various 
baking conditions by using a homemade measuring 
setup with AC driven weak magnetic fields at 1550-nm 
wavelength. 
 
 
2. Experiment 
 
2.1. Fabrication of P3HT:PCBM Films 
 

The P3HT:PCBM film samples were prepared by 
dissolving powder-type regioregular P3HT (Rieke 
Metal) in 1,2-dichlorobenzene for a 30 mg/ml 
concentration, by adding powder-type PCBM  
(Sigma-Aldrich) into the completely dissolved P3HT 

solution, by stirring them over 12 hours in room 
temperature, by coating the blended solution on  
0.7-mm glass substrates, and by drying them over  
12 hours in room temperature. Then, the samples were 
heated in 200 °C ~270 °C temperature for 45 minutes 
and annealed at a -0.5 °C/min cooling speed using a 
computer-programmed electrical furnace. A number of 
samples were prepared at various temperature 
conditions in a form of single-layered film through the 
single coating process as described above. 
 
 
2.2. Measurement Setup and Data Analysis 
 

The experimental setup measuring the Verdet 
constant of the sample is shown in Fig. 1. A distributed 
feedback laser diode (DFB-LD) was used as the  
1550-nm-wavelength light source, and amplified with 
an erbium-doped fiber amplifier (EDFA). The light 
source was collimated and narrowed by a GRIN lens 
and a couple of objective lenses. The collimated beam 
was polarized with a linear polarizer, and arranged to 
pass through the sample which was located in the 
middle of a pair of solenoid coils. The solenoid coils 
was driven with a function generator and a waveform 
amplifier to provide modulated magnetic fields inside 
the coils at a 350 Hz. The real-time magnetic flux 
density of the modulated magnetic field was monitored 
with a calibrated Hall sensor biased at 3.3 Volts by 
placing it very close to the beam spot on the sample. 
Two orthogonal polarization components of the laser 
beam after passing through the polarization beam 
splitter (PBS) were measured with an auto-balanced 
photoreceiver, and its outputs were amplified with a 
lock-in amplifier in synchronization mode with the 
function generator output. 

The Verdet constant of the sample is determined 
according to the following equation with the measured 
parameters [4]: 
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/ 50 sin 2 , (1) 
 
where RA is the output voltage of the lock-in amplifier 
based on the autobalanced photoreceiver signal input 
which results from the photodiode (PD) outputs at its 
reference and signal input ports. R is the responsivity 
of the PDs of the auto-balanced photoreceiver and g is 
the gain factor allowing the DC component of the 
output signal to be zero.  and  represent the 
transmittances of the two orthogonal polarization 
components through the PBS measured with the 
balanced PD including the optical coupling efficiency 
to the PD as illustrated in Fig. 1. P0 and θ0 are the 
power and polarization angle of the input light beam to 
the sample. L is the beam propagation length within the 
sample, and is the root-mean-square value of 
alternating magnetic flux density. 

The net value of the Verdet constant of the 
P3HT:PCBM film sample, which was deposited on the 
glass sheet, was determined by measuring the Faraday 
rotation angle of the whole sample ( ) and that of a 
bare glass sheet ( ) and by subtracting the glass 
effect from the sample data as follows: 

 
 / . (2) 

 

3. Results 
 

We have calibrated our measurement setup by 
measuring the Verdet constant of a reference sample of 
1-mm-thick BK7 plate as a function of magnetic flux 
density. Fig. 2 shows the measured Verdet constant of 
the BK7 sample whose reference value is known as a 
constant value of 45 °/T/m at 1550-nm wavelength. 
The average value of the measured Verdet constants of 
the BK7 sample except that of the below 40 Gauss is 
44.83 °/T/m which is close to the reference value. As 
long as our setup is operated at magnetic flux density 
above 40 Gausses, it provides reasonably accurate 
measurement of the Verdet constant. 

Measured Verdet constant of the P3HT:PCBM 
sample from our experiment is plotted as a function of 
the baking temperature of the sample in Fig. 3. The 
highest value of the Verdet constant of the 
P3HT:PCBM sample was measured to be 10695 °/T/m 
when the sample was baked at 200 °C during  
45 minutes. The plot shows fluctuation of the 
measured values of the Verdet constant with baking 
conditions. This means that an optimum baking 
condition is needed to have an internal material 
structure for a good magneto-optic property. 
 

 

 
 

Fig. 1. Experimental setup for measurement of the Verdet constant of the film-type sample.  
Red lines indicate ray traces of the collimated beam. 

 

 
Fig. 2. Measured Verdet constants of a 1-mm-thick BK7 

plate as a function of the peak magnetic flux density. 

 
Fig. 3. Measured Verdet constants of the P3HT:PCBM 

sample as a function of the baking temperature. 
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4. Conclusions 
 

We have measured the magneto-optic property of 
the P3HT:PCBM film samples by preparing the 
samples at various baking conditions and by measuring 
its Verdet constant. The highest value of the measured 
Verdet constant was 10695 °/T/m. This material may 
be useful as a potential magneo-optic material for 
integrated optical isolator and circulator applicaions. 
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Summary: We have proposed and experimentally demonstrated the sensitivity enhancement of optical fiber surface plasmon 
resonance (SPR) sensor by functionalization with Molybdenum disulfide (MoS2) nanosheets. In this method, the optical fiber 
was initially coated with a gold metallic layer (̴ 50 nm), followed by coating with a layer of Molybdenum disulphide (MoS2) 
nanosheets. The sensitivity enhancement by the developed method was due to excellent optoelectronic properties of MoS2- 
gold thin film and increase in surface to volume ratio of the eveloped sensor by MoS2 nanosheets. The MoS2 nanosheets 
increase the binding sites for antibodies attachment and also enabled direct attachment of representative antibodies through 
hydrophobic interactions. The biosensing applications of the MoS2 modified optical fiber SPR biosensor was explored by 
sensitive detection of the Fraction V protein in phosphate buffer saline (pH 7.4). The detection limit of the developed sensor 
was higher (0.6 μg/mL) as compared to conventional fiber optic SPR sensor (3 μg/mL). The nanomaterial functionalized 
developed optical fiber sensor with inherent advantages of electromagnetic interference immunity, small size, portability, low 
cost and reusability can be used for sensing of different biochemical compounds. 
 
Keywords: Surface plasmon resonance (SPR), Molybdenum disulfide (MoS2), Gold thin film, Fraction V protein, 
Electromagnetic interference immunity. 
 

 
1. Introduction 
 

In recent years, optical fiber sensors have emerged 
as excellent sensing platforms due to their ability to 
measure various important chemical and biological 
compounds. Due to several inherent advantages over 
conventional sensing platforms including their fast 
response, label-free detection, portability, 
biocompatibility and multiple parameter sensing 
capabilities, these biosensors are used for real-time 
detection of various analytes. These sensors have been 
explored for the monitoring of DNA-protein 
interactions [1], melamine [2], enterotoxin B [3] 
pathogenic microorganisms [4, 5] and volatile organic 
compounds [6] etc. SPR sensor is based on the charge 
density oscillations at the metal-dielectric interface. 
The change in the refractive index (RI) of ambient 
medium results in loss of particular wavelength in 
transmission spectrum. This is exhibited by the dip in 
transmission spectrum. The sensing mechanism is 
based on RI modulation. [7, 8] The optical fiber SPR 
biosensors have certain limitations like circular 
geometry of fiber, time-consuming complicated 
process of antibodies immobilization and usage of 
expensive crosslinkers for biofunctionalization.The 
MoS2 is emerging as one of the most promising 
nanomaterials in the development of biosensing 
platforms. The two-dimensional structure of MoS2 is 
analogous to graphene structure. The molybdenum 
atoms are stacked between two sulfur atoms such that 
three atom layers (S−Mo−S) are present in the 
molecular structure of MoS2, bonded via van der Waals 

interactions. MoS2 has particularly fascinating 
electrical, physical, optical and chemical properties 
and a large surface to volume ratio. [9, 10] 

Fraction V is a small (MW: 66.5 kDa),  
non-reactive albumin protein derived from bovines. 
The fraction V is used to study antibody-antigen 
interaction and analyte detection studies of biosensors 
due to its stable nature and easy availability. 

In this report, the biosensing application of the 
antibodies immobilized MoS2 assisted optical fiber 
SPR biosensor is presented by sensitive detection of 
fraction V protein for a wide range of concentration 
(10 μg/mL – 40 μg/mL). 
 
 
2. Materials and Methods 
 

Poly (ethylene glycol) (PEG), 3-
mercaptopropionic acid, n-methylpyrrolidone (NMP) 
was purchased from Sigma-Aldrich, India. 
Molybdenum sheets (99.5 % purity) were supplied by 
Umicore, India. Hydrofluoric acid (48 %), Sodium 
sulphide (Na2S), Anti-Fraction V (monoclonal), 
Fraction V and Phosphate buffer saline (pH 7.4) were 
obtained from Merck, India. Nutrient broth and 
nutrient agar was procured from Hi Media, India. The 
other reagents used were all of analytical grade. All the 
solutions were prepared in double deionized water  
>18 mΩ.cm (specific resistivity) at 25 ºC, Millipore. 

The experimental setup used to study the 
biosensing application of the developed SPR sensor is 
shown in Fig. 1. 
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Fig. 1. Schematic of the experimental setup of the Fraction 

V specific antibodies/MoS2 functionalized SPR 
immunosensor for the detection of Fraction V. 

 
The light from the halogen source couples to the 

developed fiber optic SPR sensor and the spectral 
response was measured with spectrometer. 
 
 
2.1. Synthesis of High-Quality MoS2 Nanosheets 
 

MoS2 nanosheets were synthesized by the electro-
dissolution method. Cathodic intercalation of Na+ ions 
was achieved into the raw molybdenum sheet. Briefly, 
high-purity molybdenum metal sheets, silver/silver 
chloride, and platinum wire were assembled in a three 
electrode electrochemical cell as the cathode 
(working), reference, and anode (counter) electrodes, 
respectively. An aqueous solution of 1 M sodium 
sulfide (Na2S) was used as the electrolyte. The cell was 
operated in the chrono-amperometry mode, keeping 
the potential constant at 1 V. For a better product yield, 
the above bulk electrolysis reaction was repeated for 
multiple cycles. The cathodic dissolution of Na+ 
intercalated MoS2 sheets was visibly apparent, as the 
colorless electrolyte solution changed initially to 
yellow and finally to dark brown with the leaching of 
more products into the solution. The leached-out 
fraction was separated by centrifugation at 20000 rpm 
for 30 min. After washing several times with distilled 
water (centrifugation), the precipitates were suspended 
in water and then subjected to ultrasonication for 2 h 

(unless otherwise mentioned). The above steps 
provided the exfoliation of Mo into few-layered MoS2 
nanosheets. 

 
 

2.2. MoS2 Coating on the Optical Fiber 
 

To modify an optical fiber with MoS2, several  
gold-coated optical fiber samples were incubated with  
1 mg/mL solution of as synthesized MoS2 in a plastic 
centrifuge tube. The fibers were vertically held in such 
a manner that they avoided any contact with the wall 
of the tube. Such incubation of the gold-coated optical 
fibers with MoS2 dispersion for a certain period 
resulted in an even coating of the MoS2 on the fiber. 
This was verified by scanning electron microscopy and 
Raman spectroscopy as shown in Figs. 2 and 3. 

 

 
 

Fig. 2. Scanning electron microscopy images are showing 
deposition of MoS2 on optical fiber: The MoS2 nanosheets 

have evidently been coated on the fiber surface. 
 
Characteristic in-plane E12g (∼384 cm−1) and  

out-of-plane A1g (∼404 cm−1) Raman vibrational 
modes were in accordance with standard exfoliated 
MoS2 (Fig. 3a). Point of analysis shown in Fig. 3b. 

 
 

 
 

Fig. 3. Raman spectroscopy images showing spectra features of the MoS2 over the coated optical fiber. 
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2.3. Antibody Immobilization on MoS2 Coated  
       Optical Fiber 
 

We have immobilized antibody (anti- Fraction V) 
onto the MoS2 coated optical fiber with a simple 
physical adsorption route avoiding the use of any 
complex reagent as shown in Fig. 4. Afterward, the 
protein immobilized fiber was washed with DI water 
to remove any unbound protein molecules. 

 

 
 
Fig. 4. Schematic of the newly proposed design of a MoS2 

modified optical fiber biosensor. 
 
To confirm the presence of antibodies over the 

sensing surface, the CLSM analysis of immobilized 
antibodies over MoS2 coated fiber is done with specific 
and homogenous fluorescence signals originating from 
the FITC/anti-Fraction V. No such signal was available 
if optical fiber was not immobilized with antibody. 
 

 
 

Fig. 5. Confocal laser scanning microscopic (CLSM) 
analysis of FITC/anti-Fraction V immobilized optical fiber. 
 

CLSM analysis of immobilized antibodies over 
MoS2 coated fiber is characterized with specific and 
homogenous fluorescence signals originating from the 
FITC/anti-BSA. No such signal was available if optical 
fiber was not immobilized with antibody. 
 
 
3. Results and Discussion 
 

To study the output response of the sensor, the 
transmission spectra were obtained for four different 
concentrations of fraction V protein with an SPR 

sensor prepared with the conventional method as well 
with the developed design of MoS2 functionalized SPR 
sensor. The transmission spectra for varying 
concentration of fraction V was recorded after  
2 minutes of adding the sample in the flow cell. 

A linear relationship was observed between 
resonance wavelength and fraction V protein 
concentration as with increase in protein 
concentration, the wavelength shift also increases as 
shown in Fig. 5. 
 

 
 

Fig. 6. Relative wavelength shifts  
with antibody/gold/optical fiber sensor optical fiber  

and MoS2/gold/optical fiber sensor optical fiber. The sensor 
was tested for the counter antigen, i.e. Fraction V. 

 
 
4. Conclusion 
 

The application of MoS2 nanosheets to modify the 
optical fiber before antibody immobilization should 
offer higher surface area than bare fiber or other 
previously reported nanoparticles. It would ultimately 
lead to the immobilization of higher density of 
molecular probes. All the steps involved during gold 
coating, MoS2 coating or antibody immobilization are 
free from the requirement of complex chemicals, like 
APTES, EDC, NHS, etc. The coating and 
immobilization surfaces are tightly packed unlike with 
other chemically-induced methods. 
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Summary: We present a simple method allowing simultaneous measurement of group and phase refractive indices of liquid 
samples by using low coherence Fabry-Pérot (FP) interferometry and Fourier transform (FT) analysis. The liquid sample was 
placed in a very thin cuvettes and located within a fiber-type FP interferometer with a broad-band light source of 1.5 m 
wavelength region. The interference spectrum of the FP interferometer including the liquid sample was measured with an 
optical spectrum analyzer (OSA), and Fourier transform analysis on the spectrum was performed to determine the sample’s 
refractive index profile over a broad spectral range. Our measurement method was proved by measuring the refractive index 
profile of a pure water. The accuracy of this method was within third decimal point for both the group refractive index and the 
phase refractive indices. 
 
Keywords: Interferometry, Fabry-Pérot, Nondestructive testing, Optical constants, Interference, Fourier filtering. 
 
 
1. Introduction 
 

There are many different methods of measuring 
group and phase refractive indices of liquid samples, 
such as Abbe refractometer and fiber-based refractive 
index sensors [1,2]. Recently we have developed a 
non-contact precision measurement of thickness and 
refractive index of thin films and plates based on a low 
coherence Fabry-Pérot Interferometric method [3]. 
This method uses Fourier transform and frequency 
filtering analysis on the measured interference spectra 
to obtain the spectral profile of the phase refractive 
index of the samples over a wavelength range. 

In this work, we have extended this method to 
measure the group index and the phase refractive index 
profile of liquid samples. Especially this method 
enables a single run measurement of the phase 
refractive index profile over a wide spectral range. 
 
2. Experimental Scheme and Theory 
 

Fig. 1 shows the experimental scheme used in our 
measurement. A Fabry-Pérot Interferometer (FPI) 
cavity composed of one glass plate and a mirror was 
optically attached to a pigtailed directional coupler 
(DC). A superluminescent Diode (SLD) was used as a 
broad-band low coherent light source and connected to 
one pigtailed fiber end of the DC, and an optical 
spectrum analyzer (OSA) was connected at the other 
pigtailed fiber of the DC in the same side to measure 
the received interference spectrum. On the FPI side of 
the DC, the pigtialed fiber end of the DC is connected 
with a gradient index (GRIN) lens so that the 
collimated light can propagate into the FPI cavity. 

Fig. 2 shows the details of FP cavities with and 
without the liquid sample. If a thin blank sample 
cuvette is inserted inside the FP cavity, several FP 

cavities are formed, and a combined spectrum of the 
interference spectra can be measured with the OSA. 

 
 

Fig. 1. Experimental setup used for a low coherence Fabry-
Pérot interferometer. SLD: superluminescent diode, OSA: 

optical spectrum analyzer. 
 

Since the interference spectrum corresponding to 
the situation of Fig. 2(a) contains the information 
related to the cavity thicknesses of the five difference 
FPI cavities, we can have the following analysis. When 
the sample cuvette is blank without any liquid sample, 
the internal cavity length dS of the cuvette is related to 
the optical path length difference (OPD) between the 
optical path lengths (OPLs) of cavities ③ and ④ as 
follow: 

 

 .Sd OPD ③-④  (1) 
 
When a liquid sample is filled in the cuvette, the 

OPD is not same as the internal physical thickness of 
the cuvette, but is equal to the OPL of the liquid sample 
along the light path. Hence, Eq. (1) can be written, for 
the case of the filled cuvette with a liquid sample, as 

 

 ,S SOPD n d③-④  (2) 
 

where n
S
 is the group refractive index of the liquid 

sample. If we know the internal physical thickness of 
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the cuvette, the group refractive index can be obtained 
simply by dividing Eq. (2) by Eq. (1): 
 

 .S S
S

S

n d
n

d
  (3) 

 
Since the phase difference between two adjacent 

resonant peaks of the FPI cavity is δ 2

2  for an integer m, the physical thickness 

of the cuvette cell can be written as, with ν c/λ, 
 

 /2 , (4) 
 

The corresponding frequency difference between 
two successive peaks is written as ∆ν ν
/2 , the phase refractive index can be calculated 

as 
 

 2 ∆ 	
. (5) 

 

By determine the integer m for the resonant peaks 
with use of Eq. (4), the phase refractive index at each 
resonant peak is calculated according to the following 
equation: 

 

 ∙
2

. (6) 

 
 

 
 

Fig. 2. (a) FP cavities formed when a thin blank cuvette is placed between the glass plate and the mirror 
and (b) a detailed diagram of the liquid sample cuvette. 

 
 

3. Measurement and Results 
 
3.1. Calibration of FT Frequency with Respect  
       to the Optical Pass Length 
 

By taking Fourier transform analysis on the 
measured interference spectrum with an OSA, we can 
easily obtain the FT frequencies corresponding to each 
of the interference spectra resulted from multiple FPI 
cavities as illustrated in Fig. 2(a). Since each of the FT 
frequencies is related to the OPL of each FPI cavity, 
we need calibrate the FT frequency to the actual OPL. 
The calibration factor is obtained by determining the 
FT frequency for a reference FPI of known OPL. Since 
we already know the physical thicknesses and group 
refractive index of the cuvette walls, dC1 and dC2, in 
Fig. 2(b) according the previous method in Ref. [3], the 
FT frequencies corresponding to the cuvette wall 
cavities are used to determine the calibration factor. 

Fig. 3 shows the FT frequency spectra obtained 
from the interference spectra when the cuvette cell is 
empty and when the cuvette is filled with the pure 
water. The numbered peaks correspond to the 
numbered FPI cavities in Fig. 2(a). From the FT 
frequency differences corresponding to ② ─ ③ and 
④ ─ ⑤, we can obtain the OPLs corresponding to dC1 
and dC2. Since many FT frequencies appear from the 
FP cavities formed with the mirror and with the glass 

plate, it is very difficult to identify which FT frequency 
peak corresponds to the cuvette wall. To identify the 
right FT frequency peaks corresponding to the cuvette 
walls, the cuvette placed inside the main FPI cavity of 
the mirror and glass plate is moved in one direction by 
several steps of every 50 μm interval, and variation of 
the corresponding FT frequency peaks is monitored. 

Table 1 shows the determined calibration factor 
from the measured FT frequency peaks corresponding 
the cuvette walls of known wall thickness. The 
measured OPLs corresponding to the two cuvette walls 
are exactly the same. Therefore, only one OPL value is 
shown in Table 1. The calibration factors are 
determined for the wall 1 and 2 from the FT 
frequencies for ② ─ ③ and ④ ─ ⑤, and their 
average value is used for further OPL measurements. 

 
 

Table 1. Measured calibration factor. 
 

Freq.	Diff.
②─③ 

Freq.	Diff.	
④─⑤ 

Measured 
OPL 

0.8793 0.8783 1061.03 

Calibration 
factor 1

Calibration 
factor 2 

Average 

1206.662 1208.102 1207.382 
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Fig. 3. FT frequency profiles of the measured interference spectra (a) with no sample  
and (b) with pure water in the cuvette cell. 

 

 

 
Fig. 4. Measured interference spectrum and its FT analysis result for an empty cuvette case (a),  

(b) and for a case of the cuvette filled with pure H2O (c), (d). 
 
 

3.2. Measurement of the Group Refractive Index  
       of a Liquid Sample 
 

Fig. 4 shows measured interference spectrum and 
its FT analysis result for both empty cuvette and water-
filled cuvette cases. The accuracy of our measurement 
scheme was proved with use of a reference sample of 
pure H2O in the cuvette cell. Since the FT frequency 
peaks indicates the resonant spectral oscillation, the 
physical thickness and the group refractive index of the 
liquid sample can be obtained with Eqs. (1) and (3). 
Since we already know the thickness and refractive 
index of the cuvette walls, we use the measured OPL 
length of cuvette walls as a reference calibration factor. 
The measured value of the group refractive index of 
the pure H2O is shown in Table 2. Since the reported 
group refractive index of the pure H2O at the 
wavelength 1,550 nm is 1.3490 [4], the accuracy of our 
measured value is within third decimal point which is 
about 0.0055. In order to reduce the measurement 
error, we check the calibration factor for each 

measurement by taking a fixed value of the calibration 
factor for the whole measurements. As a result, we 
could reduce the error of the group refractive index 
measurement from the second decimal point to third 
decimal point. 

 
 

Table 2. Measured group refractive index of the H2O. 
 

Cuvette size, ds 
OPL, 
nsds 

ns Error 

724.07 m 972.76 1.3435 0.0055 

 
 
3.3. Measurement of the Phase Refractive Index  
       Profile of the Water Over a Wavelength  
       Range 
 

The spectral profile of the phase refractive index of 
the sample can be obtained by performing the FT 
filtering process. In the FT spectrum of the interference 
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spectrum for the sample-in case, the frequency peak 
corresponding to the FPI cavity of OPD③‐④ can be 
filtered, and can be converted into an interference 
spectrum through an inversely FT process. 
Unfortunately, in our work, the filtering range needs to 
be determined at a high accuracy because the OPL of 
cuvette wall is 1061.03 and the OPL of the pure H2O 
is 972.17 and the two peaks in the FT profile are almost 
overlapped. Moreover, according to the Fresnel 
reflection relation R = (n1–n2)2/(n1+n2)2, the reflectance 
at the boundary between the cuvette wall and the pure 
H2O is only 0.0036 which is 10 times smaller than the 
value of 0.0426 for that between the cuvette wall 

surface and the air. Thus, the frequency peak 
corresponding to the OPL of the pure H2O is much 
smaller than that for the cuvette walls. Hence, a precise 
determination of the filtering range is critical to 
obtaining a spectral profile of the accurate phase 
refractive index values. Fig. 5 shows the filtering range 
(a) and the retrieved interference spectrum from the 
filtered frequency (b). 

Fig. 6 shows a comparative plot of the measured 
phase refractive index profile with respect to the 
known value of the pure H2O [4]. The average error of 
the measured phase index is 0.00965. 

 

 
 

Fig. 5. (a) FT result of the interference spectrum for the case with sample-in showing the filtering range  
and (b) retrieved interference spectrum from the filtered frequency. 

 

 
 

Fig. 6. Spectral profiles of the measured and reference 
phase indices of the pure H2O. 

 
 

4. Conclusions 
 

We have demonstrated a simple low coherent FP 
interferometry method for measuring the group 
refractive index and the spectral profile of the phase 
refractive index of a liquid sample. The accuracy of the 
phase refractive index measurement was of an order of 
third decimal point. Further improvement may be 
possible with use of a cuvette cell of different internal 
cell width from its wall thickness and of a high 
refractive index material compared to that of the liquid 
cell. This method provides a spectral profile of the 
phase refractive index over a wide spectral range in a 
single measurement run. 

 

Acknowledgments 
 

Authors acknowledge that this work was supported 
in part by the Future Semiconductor Device 
Technology Development Program funded by the 
Ministry of Trade, Industry & Energy (MOTIE) of the 
Korean government and the Korea Semiconductor 
Research Consortium (KSRC) (project # 10044735) 
and in part by the Basic Science Research Programs 
through the National Research Foundation of Korea 
(NRF) funded by the Korean Ministry of Education 
(2017R1D1A1B03035790). 
 
 
References 
 
[1]. S. Silva, P. Roriz, O. Frazão, Refractive index 

measurement of liquids based on microstructured 
optical fibers, Photonics, Vol. 1, 2014, pp. 516-529. 

[2]. C. R. Liao, T.Y. Hu, D. N. Wang, Optical fiber Fabry-
Perot interferometer cavity fabricated by femtosecond 
laser micromachining and fusion splicing for refractive 
index sensing, Optics Express, Vol. 20, Issue 20, 2012, 
pp. 22813-22818. 

[3]. D. J. Bang, Y. Kim, Y.H, Kim, M.-J. Kim, K. H. Kim, 
Simultaneous measurement of group and phase 
refractive indices and physical thickness of transparent 
plates with low coherence Fabry-Pérot Interferometry, 
Applied Optics, 2018, in review. 

[4]. G. M. Hale, M. R. Querry, Optical constants of water 
in the 200-nm to 200-µm wavelength region, Appl. 
Opt., Vol. 12, 1973, pp. 555-556. 

 



1st International Conference on on Optics, Photonics and Lasers (OPAL' 2018)  
9-11 May 2018, Barcelona, Spain 

254 

(127) 
 
 

Nanoplasmonics with Nanocup Array Metasurfaces – Extraordinary 
Optical Transmission Without Holes 

 
Akshit Peer 1 and Rana Biswas 1,2  

1 Department of Electrical and Computer Engineering, Microelectronics Research Center, Iowa State University, 
Ames, Iowa 50011, USA 

2 Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA 
Tel.: + 1-515-294-6987, Fax: + 1-515-294-0689, E-mail: biswasr@iastate.edu 

 
 
Summary: Extraordinary optical transmission (EOT) through subwavelength-scale hole arrays in metal films, has spurred 
intense effort in novel optical phenomena. Virtually all the measurements have involved intricate hole arrays in metal films 
using complex lithography and etching. We develop a far simpler nanofabrication approach to achieve a periodic structure 
exhibiting EOT that does not require any conventional optical lithography or etching for fabrication, and is scalable to large 
areas. We experimentally and theoretically demonstrate that a continuous gold film on a periodically patterned substrate of 
nanocup arrays, surprisingly exhibits extraordinary optical transmission, even though no holes were etched in the film. Our 
measurements were performed on a nanocup array of pitch 750 nm that was coated by a non-uniform layer of gold, revealing 
the EOT peak at 704 nm due to transmission of light through an ultra-thin gold film at the bottom of the nanocups. Such  
meta-surfaces offer a novel platform for uniquely controlling light-matter interactions in nanoplasmonics and nanophotonics. 
 
Keywords: Nanoplamonics, Nanophotonics, Soft lithography, Subwavelength structures. 
 

 
1. Introduction 
 

Extraordinary optical transmission through 
subwavelength-scale hole arrays in metal films, 
discovered nearly 20 years ago by Ebbesen and  
co-workers [1-5], has spurred intense effort in n 
ano-plasmonics and novel optical phenomena. To date 
virtually all the measurements in this field have 
involved intricate hole arrays in metal films using 
complex lithography and etching. Those techniques, 
commonly result in structures less than a millimeter 
square, which necessitates a complex setup of an 
optical microscope tied to a spectrophotometer to 
measure experimental results. 

We describe a far simpler system that exhibits the 
EOT effect that does not require any lithography, and 
is scalable to large areas. We experimentally and 
theoretically demonstrate that a continuous gold film 
on a periodically textured substrate of nanocup arrays, 
surprisingly exhibits extraordinary optical 
transmission, even though no holes were etched in the 
film. 

 
 
2. Fabrication 

 
We fabricate, characterize, and simulate nanocup 

arrays – a novel platform for nanophotonics. To 
fabricate nanocup arrays we utilized a polycarbonate 
master with 500 nm diameter nanocups in a triangular 
lattice array fabricated commercially. The inverse of 
this pattern on polycarbonate, was transferred to a 
polydimethylsiloxane (PDMS) mold by soft 
lithography techniques. PDMS was used to 
nanoimprint polystyrene (PS) film, under elevated 
temperature and pressure [6]. Polystyrene is an 

excellent choice for the substrate since it is optically 
very well matched to the glass. 

The patterned PS films were then sputter-coated 
(Denton, Desk V HP) with gold. We initially coated  
~3 nm iridium on the samples to increase the adhesion 
of thin gold layers on PS films. For sputtering the 
films, glass slides with the nanopatterned films were 
positioned at ~45° from the horizontal in the sputter 
chamber and rotated along the vertical axis. The 
bottom of the nanocup has an ultrathin gold coating 
(estimated at ~5 nm) that is smaller than the skin depth 
of gold (25-30 nm) at optical wavelengths. Our 
deposition process ensures that the gold films are 
continuous without any holes. No further etching of the 
films was performed. The nanoarrays spanned more 
than 1 cm2 in area rendering them suitable for optical 
measurements without microscopy. 

The SEM image of the patterned PS films (Fig. 1) 
shows the regular array of tapered nanocups with a 
period of 750 nm. 

 
 

 
 

Fig. 1. Periodic nanocup array with non-uniform gold 
coated over patterned polystyerene film. 
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3. Optical Measurement 
 

Specular transmission measurements on the gold-
coated samples were performed using a Cary 5000 
UV-Vis-NIR spectrophotometer, using an unpolarized 
source. The measured transmission characteristics of 
the gold-coated nanocup films (PS concentration 2 %) 
are illustrated in Fig. 2. The strongest peak at  
λsp ~ 504 nm, corresponds to the characteristic surface 
plasmon resonance (SPR) peak of gold, which is 
expected at the wavelength when |Au+2air|=0. The 
extraordinary transmission (EOT) peak remarkably 
appears at an expected λ1 ~ 704 nm, nearly the period 
(a~750 nm) of the structure, even though there were 
no holes in the continuous gold film. 
 

 
 

Fig. 2. Measured transmission through the nanocup array 
showing the EOT peak at 1~704 nm and surface plasmon 

peak at sp~504 nm. 
 
 
4. Discussion and Simulations 
 

Our experimental EOT peak and the simulated 
results support the formation of surface plasmons 
(SPs) on the periodically corrugated nanocup lattice. 
The fundamental mode, or Wood’s anomaly, is 
predicted to occur at W=3a/2, i.e. at a wavelength 
slightly smaller than the lattice period a, for the 
triangular lattice symmetry [6]. At this wavelength of 
650 nm the transmission T has a minimum, and is the 
position of the well-known Wood’s anomaly, where 
the diffraction order changes from evanescent to 
propagating. 

We use the Lumerical FDTD Solutions to simulate 
the electromagnetic properties of subwavelength 
nanocup arrays on a gold-coated polystyrene film and 
understand the underlying physics. The simulated 
transmission shows a doublet peak at 707 nm and  
720 nm centered at the same wavelength as the 
measured curve. The interaction between the gold-air 
and gold-(PS/glass) SPs splits each of them into double 
modes similar to a molecule. As seen in Fig. 3, within 
the air region of the nanocups very large field 
enhancements exceeding 100 are found, with the 
highest enhancements occurring in a layer ~40 nm 
above the bottom of the nanocup. The transmission 
peak at 504 nm is due to the surface plasmon mode of 

gold where |E|2 is enhanced by 3-4 within the nanocup 
and the intensity is large at the entire gold-air surface. 
 

 
 

Fig. 3. Electric field intensity inside the nanocup array  
at the wavelength of the EOT peak. 

 
Thus our novel corrugated structure has the 

functionality of a subwavelength hole array without 
actually having holes or etched features, and can be 
replicated over large areas with continuous gold films. 

We have utilized the optically enhanced field in 
nanocups to enhance the spontaneous emission of 
quantum dots embedded within them and observed the 
radiative decay rate to be increased by as much as a 
factor of 20 [7]. The enhanced photoluminescence 
intensity of coupled QDs in the nanocup array could be 
used to improve the sensitivity and the limit of 
detection of photoluminescence-based analysis. 

In our previous study [6], we have demonstrated a 
biosensing application of nanocup array structure 
based on the shift of EOT peak due to a few nanometer 
thick dielectric coatings with different refractive 
indices (e.g. typical protein layer with refractive index 
of ~1.35-1.40). Briefly, we coated the nanocup array 
with thin analytes (e.g. typical protein layer with 
refractive index of ~1.35-1.40). The introduction of 
additional dielectric coatings with different refractive 
index will result in red-shifting of EOT peak position 
by a few nanometers which can be measured easily. 
Fig. 4 shows the simulated shift in EOT peak for 
different coating thicknesses of dielectric material of 
refractive index 1.4 (e.g. typical protein layer). By 
forming a calibration curve for analyte coating 
thickness vs. the shift in EOT peak, we can use this 
scheme to measure the thickness of sensing materials 
in biological regime. 
 
 
4. Conclusion 
 

We have developed nanocup arrays that 
demonstrate extraordinary optical transmission 
phenomena in a continuous metal film without holes. 
The high electric field intensity inside the nanocup 
array can be utilized for enhancing the spontaneous 
emission rate of quantum emitters. The novel 
metasurfaces consisting of nanocup and nanocone 
arrays offer a novel platform for nanoplasmonics, 
nanophotonics, control of light matter interactions, and 
surface synthesis. 
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Fig. 4. Biosensing applications using nanocup array. (A) Transmission spectra showing shift in EOT peak position as the 
nanocup array is coated with dielectric layers of different thicknesses. (B) Corresponding shift in the EOT peak position as a 

function of coating thickness. 
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Summary: We study the output emission statistics of random continuous-wave Raman fiber laser. The signal evolution is 
governed by generalized nonlinear Schrödinger equation with inserted gain term. The statistics is manly formed by 
spontaneous emissions and multimode interactions therefore it is close to the Rayleigh one. To characterize the deviations that 
have Kerr nonlinearity origin, we analytically find mean of the squared output signal intensity basing on the kinetic theory. In 
the limit of a small gain, the kinetic theory gives the finite answer for the mean of squared intensity in the first and the second 
order with respect to small nonlinearity. Then we calculate probability density function (PDF) of the output emission intensity. 
 
Keywords: Raman random fiber laser. Probability density function. Nonlinear Shrödinger equation. Kerr nonlinearity. 
Statistical optics. 
 

 
1. Introduction 
 

The investigation of the signal that propagates 
through the fiber has a range of applications in fiber 
lasers and especially in random Raman fiber lasers  
[1, 2] and in fiber optical links [3, 4]. One of the most 
effective ways to increase total efficiency of such 
systems is raising of signal amplitude. The regime of 
lasing will become sufficiently nonlinear here at some 
level of output intensity. In this case the quality of 
signal may be unsuitable for different applications. 

Therefore it is of interest to investigate intensity 
statistics of the emission of random Raman fiber laser. 
The appropriate quantitative characteristic of the 
intensity statistics is probability density function 
(PDF) in this case. It is worth mentioning that 
considered system can be described by nonlinear 
Schrödinger equation with the inserted gain. Optical 
rogue waves often take place in NLSE system with or 
without gain, particularly, in many optical systems [5]. 
However, rogue waves occur not only in optical 
systems. Its statistics is a long-standing problem in 
investigation of ocean waving, see e.g. [6] and [7, 8]. 
Intensity PDF is essential characteristics for lasers 
operating in  
multi-mode regime that leads to strong fluctuations of 
intensity (see. e.g. [9, 10]), among which are random 
lasers [11] and in particular random fiber Raman laser 
[12]. Extension of data transmission to weakly 
nonlinear regime (see e.g. [13, 14]) implies increase of 
extreme peak intensities, that for example rises noise 
intensity in Raman amplifiers [15, 16]. 

The statistics of this emission is formed by several 
mechanisms. In addition to the presence of randomly 
distributed feedback and spontaneous emission, the 
randomization of the signal is significantly influenced 
by the interaction of the large number of modes 
generated in this laser. So the important feature of this 

laser is strong randomization of the signal. The output 
spectrum does not depend on the shape of initial 
partially random one [1]. In the linear dispersive 
regime [17] that takes place after passing many 
dispersion lengths at the low levels of intensity the 
statistics is Rayleigh for intensity (also called as 
Gaussian for amplitude). Kerr nonlinearity change the 
statistics of the output emission. 

The ultimate state shows strong deviations from the 
Rayleigh distribution when the nonlinearity is 
comparable with the dispersion, if the initial conditions 
have spectrum with finite width and Rayleigh statistics 
[18]. In the case of focusing NLSE, the deviations 
increase the probability of rogue waves which are 
peaks of signal intensity significantly larger than mean 
intensity [19]. On the contrary, the deviations suppress 
the rogue waves appearance for defocusing  
NLSE [20]. 
 
 
2. Method 
 

The one-point statistics of the output intensity with 
mean intensity <I> is investigated for given initial 
spectrum. The first step to calculate the PDF is to 
calculate the mean of intensity squared, <I2>. It 
comprises 2<I>2 for the case of Rayleigh statistics. 
Therefore the appropriate dimensionless parameter 
called kurtozis that characterize deviations: 

 
 2

2
2.

I
K

I

 
 
 

 (1) 

 
The envelope of the signal is described by 

generalized NLSE on the signal envelope ψ which is 
connected to intensity as  
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           (3) 

 
Here the intensity of backward propagation signal 

is much less than the forward one in this region. We 
will calculate the kurtozis in the limit of small 
nonlinearity: 2

2I   .   is the coefficient of Kerr 

nonlinearity, 2  is the second-order dispersion,   is 

the spectrum width of the output emission, g is inserted 
gain coefficient. 

The kinetic theory that was firstly developed in [21] 
allows us to calculate the mean of intensity squared 
that can be done by Wyld diagram technique [22]. This 
theory is developed for the correlation function 

 
 ( , ', ) ( , ') * ( ', ') .F z z t z t t z t      (4) 
 
Correlation function carries statstical properties of 

the signal. Furthemore, the Fourier transform over time 
of single-point correlation function is the output 
spectrum. 

The main feature of this technique is that arbitrary 
function of ψ an ψ* can be averaged by continual 
integral. However, we should integrate only by 
trajectories that are the solutions of the equation (3). It 
can be done by introducing delta-function that have the 
left side of the equation (3) as an argument. This delta-
function can be taken into account by introducing 
additional integration over auxiliary fields p and p*. In 
other words, we average our function over two pairs of 
variables with some effective action:  

 

[ , *] * *D D DpDp         

 
[ , *] ,Se    (5) 

 

0

* ( ) . .
L

S dt dzp C c c     

 
Here the left side of the equation (3) is denoted as 

C(ψ). It turns out that these auxiliary fields are 
contained in the Green function, that is defined as a 
response of the signal ψ ( z, t ) on a small external 
perturbation, in the following way: 

 
 ( , ', ) ( , ') *( ', ') .G z z t z t t p z t     (6) 

 
Next we extract two terms from C. One of them 

corresponds to the linear regime of lasing and the 
second one contains only Kerr nonlinearity: 

 
 

0( ) ( ) ( ),nonC C C      
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 (7) 

 

 2| | .nonC     
Therefore we have product of two exponents in (5): 
 

 0 .nonS SSe e e     (8) 
 

It allows us to make a perturbation series and then 
average our quantity on the linear regime state in each 
order of the nolinearity parameter. In each order we 
apply diagram technique that uses Green function and 
correlation function. The details of such procedure is 
described in [Suppplemental materials 1]. 
 
 

3. Analyticl Results 
 

Following this approach, calculation of the kurtozis 
is done in the first and in the second orders of 
nonlinearity. 

In the first order of nonlinearity we obtain the 
following expression for kurtozis at the arbitrary gain: 
 
 1 2 3

12 3
2

( ),
dx dx dxI

K f x
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  (9) 

 

where 
2

2

g





 is the dimensionless parameter that 

characterise the gain in comparison with the dispersion 
length, f  is the dimensionless function of the 

spectrum. At zero gain the kurtozis tends to constant 
value that was obtained in [23]: 
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where f
~

 is the Hilbert transform of f : 

 
 ( )

( ) . . .
dy f x y

f x v p
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 (11) 

 

The correction K determines the first order in Kerr 
nonlinearity correction to a moment of any order. 
Indeed, the correction to mean <I> is given by (5) with 
In instead of [ , *]  , then the Wick theorem and 

combinatorics arguments lead to [23] 
 

 ( 1)
! 1 .

4
n n n n

I n I K
       

   (12) 

 

Now the PDF for the intensity can be restored 
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The PDF is plotted at the Fig. 1 for positive and 
negative values of K. 

 
 

Fig. 1. Probability distribution function of intensity for cases of anomalous and normal dispersion. Bold solid lines 
corresponds to K = ± 0.2 in (13). Dashed black lines are Rayleigh PDF with the same mean intensity <I>. 

 
 

The correction K to the single-point statistics 
changes its sign with the sign of the dispersion in the 
limit of small nonlinearity. The probability of 
amplitude’s peaks greater than the mean value will 
become higher after the nonlinear evolution if the 
dispersion is anomalous (focusing NLSE), β2 < 0. 
Inversely, if the dispersion is normal, β2 > 0, then the 
tail of the PDF for signal amplitude will  
become thinner. 

The analytical expression for the kurtozis in the 
second order at zero gain is rather cumbersome and 
was also obtained in [23]. 
 
 

4. Numerical Results 
 

To obtain the numerical value of the kurtozis we 
should numerically calculate the output spectrum 
which is solution of the following equation that was 
obtained in the [Suppplemental materials 1]: 
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Here  is the function of the dimensionless 

spectrum that is proportional to the f. The numerical 
solution of this equation is presented at the Fig. 2: 

 

 
 

Fig. 2. The dimensionless function of the spectrum 
calculated from the equation (14). 

 
The numerical values for the K at zero gain in the 

first and in the second order comprise 
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For sufficient small nonlinearity parameter the first 
order of K change its sign with the sign of chromatic 
dispersion coefficient. However, the second order of K 
remains positive for both normal and anomalous 
dispersion. Because of its large numerical coefficient 
the second-order correction will become larger than 
the first-order one if the level of intensity is increased. 
Therefore the higher orders of nonlinearity should be 
also taken into account. This is the task for our  
future work. 
 
 

5. Conclusions 
 

To conclude, we have found the single-point PDF 
of intensity for random optical signal in weak 
nonlinear regime which evolution is described by 
generalized NLSE with gain term. The PDF is 
determined by the spectrum form at the last dispersion 
length and is connected with the mean squared 
intensity. The probability of extreme intensities 
increases for focusing NLSE as compared to Rayleigh 
distribution, and it decreases for defocusing one. The 
connection between mean intensity squared and the 
spectrum has been extended at the case of arbitrary 
nonlinearity strength. For the limit of small 
nonlinearity, we have also made sure that the limit of 
zero gain corresponds to integrable case of pure NLSE. 
The found PDF in the limit of zero gain is correct for 
any generalized NLSE if the added terms are 
effectively small. 
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Summary: There are still have many serious problems with pick-up and display the real-existing scenes in Hologram. In this 
research, a full-color dynamic control holographic display system with integral image pick-up has been proposed. 
The camera acquires integral images from real scene though the lens-array, then each orthographic-view images are synthetic 
to computer-generated hologram. The proposed method get the dynamic controlling input data to generate hologram in 
arbitrary position of the viewing point using parallel processing. This method reduces the calculation time with parallel 
processing the active viewpoint of hologram which is decided with dynamic input, also provides all the human depth cues 
without producing any visible artifact. 
 
Keywords: Holography, Integral image, Image processing. 
 

 
 
1. Introduction 
 

Holographic display technique can be realized true 
three-dimensional (3D) displays where full depth can 
be observed directly by human eyes. Although, 
holography has presents so many years, the  
real-existing scenes acquisition and generation for 
computer generated hologram still have serious 
problems. However, with development of technology, 
the device which extracted 3d information of  
real-existing scenes is improved such as depth camera, 
light field camera, etc. The each kind of device have 
advantage and disadvantage by corresponding 
generation method. 

Hologram generation methods can be classified 
according to the type of input data: synthetic 3D scenes 
or multi-view data. Compute a hologram from 
synthetic 3D scenes is usually sample it set of 
primitives and calculate the hologram as the Complex 
light waves scattered by each primitive. In Computer 
Graphic(CG), 3-D object is made by point based model 
or polygon based model. For this case, point cloud 
based approach and polygon-based approach will be 
used in each kind of model. 

Hologram generation with multi-view data have 
two kinds approaches: the multi-viewpoint projection 
based methods and the holographic stereogram 
approach [1]. 

Multi-viewpoint projection based methods 
generate holograms by acquiring two-dimensional(2D) 
projections of a 3D scene using a 2D camera array or 
by shifting a single camera along the vertical and 
horizontal axis. The number of acquired images should 
be equal to the number of hologram pixels. Each 
hologram pixel is then computed by multiplying its 
corresponding projection image by a given complex 
point spread function (PSF) and by summation of the 
resulting inner product [2]. 

The holographic stereogram approach is another 
class of CGH computation methods which use multi-
view data as input. In this approach, the hologram is 
spatially partitioned into several holographic elements, 
called hogels. The hogels angularly multiplex the 2D 
projections of the scene towards the corresponding 
viewing directions. This approach is computationally 
very efficient and does not require as many projection 
images as for multi-viewpoint projection based 
methods. Moreover, occlusions and shading of the 
scene are naturally recorded in the multiplexed 2D 
views. However, since each hogel only corresponds to 
a 2D parallax view, the accommodation cue is 
sacrificed, which strongly limits the naturalism of the 
perceived 3D effect. 

Recently, integral imaging was used as real object 
pickup system for holography, because of the 
convenience of the multi-view images pick-up process. 
Integral image 

The orthographic projection image which 
generated by elemental images is used to generate 
hologram. This kind method will be keep both 
strengths and weaknesses of the integral image and 
holography. 

Multi-viewpoint projection has mainly three 
projection type: perspective projection geometry, 
angular projection geometry, and orthographic 
projection geometry. Mishina et al. proposed a 
calculation method for holograms from elemental 
images captured by integral photography using Fresnel 
diffraction theory and obtain a complex field of 3D 
image from the elemental images [11]. However, their 
method has limited to Fresnel holograms only, which 
have the perspective projection geometry. Abookasis 
et al. and Sando et al. proposed hologram calculation 
methods from angular projections of 3D objects  
[12, 13]. The angular projection used in their method 
is an image that we can get after rotating the 3D object 
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about its local coordinate origin and projecting it onto 
the central transverse plane, i.e. the XY plane [12]. For 
capture those images with the camera, the camera need 
to move on a curved surface whose curvature those 
radius is much larger than the object thickness [13]. 
N.T. Shaked et al., Abookasis et al., and Sando et al. 
extended these methods to make angular view point 
image acquisition easier using a lens array [14], to 
generate a Fresnel hologram [15, 16], or to generate a 
full-color Fourier hologram [17]. Jae-Heung park et al. 
proposed the orthographic projection geometry enable 
to generate an exact Fourier hologram and Fresnel 
hologram without any approximations [18, 19]. 

In this study, we proposed a full-color dynamic 
controlling holographic display system of a  
real-existing scene by camera which is captured the 
real object through lens-array. the integral image will 
be used for generate orthographic projection images. 
Finally, dynamic control (mouse, display etc.) will be 
used in the orthographic projection images-based 
hologram generation. 
 
 

2. Theory 
 
2.1. Integral Imaging 

 

 
 

Fig. 1. Integral image pickup process. 
 
 
2.2. Fourier Hologram Generation  
       by Orthographic View Images (OVIS)  
       from Integral Image 

 
Jae-Heung Park et al. have first reported an initial 

idea for generating holograms using the orthographic 
projection images [3]. The use of the orthographic 
projection geometry can generate an exact Fourier 
hologram in a straightforward way without any 
approximations. The scheme of the Fourier hologram 
generation with orthographic view images(OVI) 
generate from integral image is shown in Fig. 2. The 
CCD camera with micro lens array captured integral 
image of real. And then multiplication of each OVI by 
the phase factor of the slanted plane wave. Integrate all 
the product of the multiplication, the complex field is 
3D object at a single in the Fourier plane. 

This method can be using the simple manipulation 
of the projection view images, also made it more 
convenience to Fresnel and Fourier hologram 
generation. However, the resolution of orthographic 
projection image is limited by lens array. The different 
viewpoints through the objects to each sampling region 
in the hologram. Each sub-image with random phase 
are generate the hologram which is equation as below: 

 

 
H s, t , exp	 2

. 
(1) 

 
 

 
 

Fig. 2. Fourier hologram generation using orthographic 
view images(OVI) from integral image. 
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2.3. Dynamic Control Parameter  
 

In order to break through the limitation of display 
device, which can not allow us to observe the full 
direction of CGH, we proposed a dynamic control 
holographic display system for generate orthographic 
projection image-based hologram by integral image 
pick-up. Frist, the camera acquires integral image from 
real object through the lens-array. The second step is 
the orthographic projection images reconstructed from 
the integral image. In order to increase the resolution 
of each view images, the interpolation method has been 

used. And All orthographic projection images was 
integrated into an arranged align image. Finally, the 
hologram orthographic projection image-based 
method will be dynamic controlled for display. 

 
3. Simulation and Experimental Results 
 

Fig. 3(a) is the integral images pick-up by camera 
with proposed system, (b) is the orthographic 
projection images reconstructed from (a), (c) is the 
optical reconstruction system set-up. 

 

 
 

(a) Integral images pick-up with camera 
 

(b) Orthographic view images reconstruction of (a) 
 

 
 

(c) Optical reconstruction system set-up 
 

Fig. 3. 
 

 
 

Fig. 4. Experimental setup for Integral image pick-up. 

4. Conclusions 
 

In this research, we proposed a full-color dynamic 
control holographic display system with integral image 
pick-up has been proposed. The camera acquires 
integral images from real scene though the lens-array, 
then each orthographic-view image synthetic to 
computer-generated hologram. The proposed method 
get the dynamic controlling input data to generate 
hologram in arbitrary position of the viewing point 
using parallel processing. This method reduces the 
calculation time with parallel processing the active 
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viewpoint of hologram which is decided with dynamic 
input, also provides photo realistic and full human 
depth cues and. 
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Summary: We investigate the effect of the sidewall slope of the silicon waveguide in performance of the polarization beam 
splitter (PBS) of a directional coupler (DC) scheme with a single bridge waveguide. The optimum parameters for the bridged 
PBS were calculated to provide a high polarization extinction ratio (PER), and checked through actually fabricated devices. 
Since the fabricated device performance deviated slightly from the original design with vertical sidewallslopes, a numerical 
investigation was performed to study the sidewall slope effect on the PER values. When the sidewall slope of the waveguide 
was in a range from 81 to 85 degree, a relatively high value of PER was obtained, while only low values were possible when 
it was in a range from 86 to 87 degree. 
 
Keywords: Polarization beam splitter, Sidewall slope, Optical polarization, Extiction ratio, Directional coupler. 
 

 
1. Introduction 
 

Silicon (Si) photonic devices have been being 
developed for photonic integrated circuit (PIC) 
technology for next generation information processing 
and sensing applications. The Si photonic devices have 
an advantage of a small foot print due to the high 
refractive index contrast between Si core and silicon 
oxide (SiO2) clad. On the other hand, the Si photonic 
devices have one drawback of a polarization sensitivity 
caused by the conventional rectangular shape 
waveguide geometry under the large index contrast. To 
handle this polarization properties, polarization 
diversing devices such as polarizing beam splitter 
(PBS), polarization rotator (PR), and polarization 
filters are actively being studied. 

Silicon-based planar-type PBS is very useful in 
PICs for splitting and combining two orthogonal 
polarization beams. Various types of the PBS based on 
the Si waveguides have been reported by using 
directional coupler (DC), photonic crystal structures, 
gratings, interferometers, and hybrid plasmonic silicon 
waveguides (HPWs) [1, 2]. Basically the polarization 
control in an on-chip level can be done by utilizing the 
effective indices of guided modes. The effect refractive 
index (ERI) of the guided modes varies depending on 
the structure, which will have a significant effect on 
polarizing control. The width and/or height of the Si 
core waveguide and/or the length of the propagation 
waveguide influence it. Those parameter-dependent 
properties have been being studied previously by many 
researchers, but the sidewall slope effect on the PBS 
devices has not been investigated much yet. There have 
been some studies on sidewall qualities depending on 
the Si etching process [3]. 

In this work, we study the effects of the sidewall 
slope of the Si waveguides on the polarization splitting 

and combining efficiency of a direction-coupler-type 
PBS with a single bridge. 

 
 

2. Theoretical Background 
 

The Si waveguide PBS based on optical DC with 
one bridge waveguide [1] has been considered for this 
analysis. The rectangular shaped Si waveguide has 
different ERIs for each of the transverse electric (TE) 
and transverse magnetic (TM) polarization modes. 
Thus, the coupling lengths between two waveguides in 
the coupling region differs for each of the two 
polarization modes. When the light enters into and 
passes through one input waveguide, one of its TE and 
TM polarization modes couples into the next parallel 
waveguide while the other cannot couple into it due to 
their different coupling lengths. Therefore, their two 
polarization modes are separated. The ratio indicating 
the degree of the polarization separation is defined as 
the polarization extiction ratio (PER) value: 

 
 10 , ,10 log ( / ),bar cross cross barPER T T  (1) 

 
where 

,bar crossT  are the transmittance of the input beam 

into the bar and crossed waveguide ports, respectively. 
The effective indices of the propagating TE and 

TM modes can be calculated by using numerical 
simulation tools. The ratios of the TE mode output 
power ( ) passed through the input waveguide and 
of the TM mode output power ( ) crossed to the 
coupled waveguide with respect to the input power ( ) 
in the three-waveguide-type coupler as shown in  
Figs. 1 and 2 are expressed in the following equations 
(2a) and (2b) [4]. 
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where A, B, C are the propagation constants of the 
three normal modes of the three-guide coupler, 
respectively, and  is the propagation length. 
 

 
 

Fig. 1. Cross-sectional view of the three-waveguide coupler 
designed and optimized parameters for the simulation. 

 indicates the sidewall slope angle. 

 
 

Fig. 2. Geometrical view of the simulated and fabricated 
DC-type PBS with a bridge waveguide. 

 
 
3. Numerical Simulation 
 

Firstly we determined the optimum parameters of 
the width, height and gap of the bridge waveguide for 
the case that the sidewall slope angle is 90 degree. The 
width and height of the input and output waveguides 
are set to 500 nm and 220 nm, respectively, while the 
central bridge waveguide is varied from 501 to 513 nm 
for both numerical simulation and experimental 
measurement as shown in Fig. 3. The gap between two 
adjacent waveguides is set to 450 nm. 

 

 
 

 
Fig. 3. (a) Simulated and (b) experimental PER values as a function of the width of the bridge waveguide when the sidewall 

slopes are 90 degree and 87.5 degree, respectively. The experimental sidewall slope is an average value. 
 
 
In the optimized device parameter condition with 

the bridge waveguide width of 511 nm, the coupler 
length for a high PER value of both TE and TM modes 
and the PER values of a 29.4 m-long PBS are 
calculated as functions of the sidewall slope angle of a 
range from 80 to 90 degrees, and plotted in Figs. 4 and 

5, respectively. As shown in these figures, the 
optimum sidewall slope angle ranges from 81 to 85 
degrees where the PBS efficiency is the maximum. 
The experimentally measured PER value of the TE 
mode is larger than the simulated value, while that of 
the TM mode is lower than the simulated result. 

 

 
  

Fig. 4. Simulated coupler lengths of the PBS for a high PER 
value of both TE and TM modes as a function of the sidewall 
slope angle.  

Fig. 5. Simulated PER values as a function of the sidewall 
slope angle for the device parameters shown in Fig. 1 and 
for the coupling length of 29.4 m and bridge width of 
511 nm with the measured data points. 
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4. Conclusions 
 
We have studied the effect of the sidewall slope 

angle of a DC-type PBS with a bridge waveguide based 
on Si waveguides on its PER value. Th results show 
that the PER values depend on the sidewall slope angle 
critically. A high PER condition of 86.5 dB is possible 
for the sidewall slope angle of the Si waveguide from 
81 to 85 degree with the PBS device designed at the 90 
degree sidewall slope angle. However, the 
experimentally measured values devicate a little bit 
from the simulated results. It is left for further 
elaborate simulation works to have a best fit to the 
actual experimental values. 
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Summary: Optical sources carrying spatially structured coherence states can lead to beams with highly controllable average 
intensity distribution, spectrum, scintillations, etc. In particular, sources with suitably designed coherence states can radiate 
fields exhibiting a variety of average intensity profiles: flat structured centers, concentric rings, cusping, arbitrary angular 
distribution, Cartesian or polar arrays, on-and off-center spikes, twisting and transverse acceleration. In the electromagnetic 
domain structured correlations between the electric field components in the source plane result in changes of polarization state 
along the propagation path. Such intensity and polarization patterns are structure-invariant throughout the far field in vacuum 
and robust on propagation in random linear media, e.g. atmospheric or oceanic turbulence. The beams with structured 
coherence can be realized with the help of the spatial light modulators or deformable mirrors. 
 
Keywords: Coherence state, Polarization state, Spatial light modulator, Light propagation, Atmospheric turbulence, Oceanic 
turbulence. 
 

 
1. Introduction 
 

Fine control of the statistical properties of optical 
radiation propagating in free space and in a variety of 
natural and engineered linear media distantly, from the 
source plane, can be achieved by shaping its source 
spatial correlation properties [1]. Theoretically, this 
phenomenon is simply the consequence of the Young’s 
interference experiment, generalized from two 
pinholes to a continuum of source points occupying a 
finite source area. We recall that in the original 
Young’s experiment the appearance of bright and dark 
fringes at specific locations of the observation screen 
is determined by the light wavelength, pinhole 
separation, and the difference between phases at the 
pinholes. The generalizations of the Young’s 
interference experiment to light with various states of 
coherence and polarization summarized in [2] showed 
that the interference fringes can be entirely surpressed 
if the coherence state of illumination at the two 
pinholes is low and/or the electric field at the two 
pinholes oscillates along two orthogonal directions. 

On modeling random sources not at two pinholes 
but rather on the 2D continuum of points in the source 
plane one may obtain practically unlimited variety of 
radiated beam-like fields formed on interference of 
light originating at all the source points. Depending on 
application, the intermediate or far-field radiation can 
be obtained for which various statistical properties 
such as spectral composition, average intensity 
distribution, polarization degree and state, 
scintillations, coherence state, etc. are prescribed. 
Furthermore, on assigning amplitudes and phases for 
each of the two transverse electric field components in 
the source plane separately, one can obtain optical 
beams carrying prescribed polarization states to the 
intermediate and far fields. Once such interference 
patterns are formed they remain spatially invariant. 

 

2. Theoretical Foundation 
 

In the scalar approximation, the characterization of 
statistically stationary sources is conventionally made 
by specifying their cross-spectral density functions, 
defined at a pair of points with 3D position vectors r1 
and r2, and at frequency ω [1] 
 

 
(1) 

 

where angular brackets with subscript ω denote 
ensemble average taken over monochromatic 
realizations and star denotes complex conjugate. In 
order to design physically realizable stationary sources 
with prescribed properties it is convenient to use 
representation [3] 
 

   (2) 
 

where v is a 2D vector in phase space. Here p(v)0  is 
the profile function defining the spatial distribution of 
far-field average intensity and H0(r,v)  is the 
propagating mode defining the class of correlations. A 
variety of profile functions have been suggested, 
leading to many useful far field distributions, such as 
flat-top profiles, arrays, frames, vortices, etc. [4-7]. On 
the other hand, only three correlation classes are 
known so far, uniform (Schell-type) [3], non-uniform 
[8] and twisted [9]. In the uniformly correlated sources 
the state of coherence is position- independent and the 
far-field average intensity is just a Fourier transform of 
the source degree of coherence. In a non-uniformly 
correlated source a region could exist where coherence 
is higher. This leads to self-focusing of the beam, 
whether at on-axis or off-axis positions [8]. Twisted 
correlation mode is capable of producing a beam 
whose average intensity can rotate on propagation [9]. 
Combinations of various profile functions and 
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correlation classes lead to practically unlimited variety 
of stationary beams. 

The extension of source correlations design to 
electromagnetic beams can be done on the basis of the 
unified theory of coherence and polarization of light 
[10]. According to this theory the electromagnetic 
source correlation may be characterized by the  
2×2 cross-spectral density matrix, whose elements are 
scalar correlations, aka in Eq. (1), of the two mutually 
orthogonal electric field components. With the help of 
the cross-spectral density matrix representation [11] 
one can design sources with practically unlimited 
possibilities for modulation of beams’ polarization 
degree and state (c.f. [12, 13]). 
 
 
3. Experimental Realization 
 

Experimental realization of scalar sources with  
pre-designed correlation properties can be achieved 
with the help of one of two methods. The first method 
uses laser beam passing through a phase mask in the 
Fourier plane and a rotating diffuser [14]. The second 
method employs a laser beam transmitted through 
(reflected from) a Spatial Light Modulator (SLM) on 
which a sequence of spatially randomized phase masks 
with prescribed correlations is displayed [15]. 

The basic idea behind synthesis of the 
electromagnetic stationary beams is to split a polarized 
laser beam into two polarization components 
propagating in the branches of the Mach-Zehnder 
interferometer [16]. Then each of the electric field 
components is to pass through phase mask and the 
diffuser, or through the SLMs with different statistics. 
Then the two prepared random beams with two 
transverse polarizations are combined. 
 
 
4. Generalizations and Future Work 
 

Currently design and realization of the beam-like 
fields both in scalar and electromagnetic treatment is a 
very deeply understood subject. However, the 
extension of this development to full 3D stationary 
electric fields has been only recently tackled 
theoretically. For previously well explored black-body 
radiation the source correlation properties are known 
but cannot be tuned for producing radiation with 
prescribed properties. The only known 3D EM 
stationary sources for which the source correlations 
can be fully controlled are the recently introduced 3D 
EM Gaussian Schell-model sources [17]. For these 
sources the realizability restrictions on their source 
parameters have been fully specified and the 3D 
polarization properties have been characterized. 
However, the prediction for their radiation properties 
and their experimental realization are still not known. 
The 3D EM sources will be able to emit radiation fully 

controllable not only in the narrow cone around one 
direction but along all directions of 3D space. 
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Abstract: The possibility of replacing metamaterials in transformation media by lossless dielectric photonic crystals is 
investigated. It is shown that such crystals are capable of both accelerating waves to superluminal phase velocities and bending 
wave paths around the objects thus providing initial wave front reconstruction beyond the objects. To realize transformation 
optics prescriptions for the cloak medium, we propose to use crystals with rectangular unit cells. We show that these crystals 
can provide prescribed anisotropy of directional indices along crystallographic directions. 
 
Keywords: Invisibility cloak, Metamaterials, Transformation optics, Photonic crystals. 
 

 
1. Introduction 
 

The concepts of Transformation Optics (TO) [1] 
have opened up perspectives for the development of 
new photonic devices, including invisibility cloaks. 
Realizing these devices required transformation media 
with specific properties, such as the ability to transmit 
waves with superluminal phase velocities. First media 
with such properties were realized at microwave 
frequencies using metamaterials, however, scaling 
metamaterial cloaks to optical frequencies is 
complicated due to increased losses. 

Perspectives of using photonic crystals (PhCs) in 
transformation media were first mentioned in [2], 
while approaches to implementing such media from 
PhCs composed of dielectric rods were proposed in our 
earlier work [3], where it was revealed that variation of 
rod permittivity could transform dispersion diagrams 
of PhCs in such manner that at the bottom of the second 
transmission band the values of refractive indices 
became close to zero, while at higher frequencies they 
grew up to values essentially exceeding 1. This finding 
pointed out at an opportunity of realizing wave 
propagation with superluminal phase velocities in 
PhC-based invisibility cloaks. The cylindrical cloak in 
[3] was designed by using dielectric rods arranged in 
PhCs with square lattices. The cloak medium was 
composed of concentrically placed circular fragments 
of PhCs with different lattice constants. Such 
arrangement allowed for obtaining requested by TO 
radial dispersion of the azimuthal index component 
defining wave propagation along circular arrays of 
rods in PhC fragments. In the cloak design described 
in [3], the dispersion of radial index components, 
which should define bending of wave paths around the 
hidden space, was not provided. Instead, the self-
collimation of propagating waves in PhCs crystals was 
employed. The cloaking effect in the designed 
transformation medium was demonstrated. However, 
increased scattering observed at the boundaries 

between fragments of PhCs with different lattice 
constants did not allow for proper decreasing of the 
total scattering cross-width of the cloaked target 
compared to that of the bare target. In addition, fine 
tuning of self-collimation effect was found challenging 
because of significant distortions of periodicity at the 
boundaries of crystal fragments. 

In this work, we show the possibilities to employ 
2D PhCs with rectangular lattices of dielectric rods to 
solve the above listed problems and to advance 
employment of PhCs in transformation media. 

 
 

2. Providing TO-Prescribed Dispersion  
    of Index Components in PhC-Based  
    Cylindrical Cloaks 
 

The possibility to obtain different values of index 
components of PhCs in two orthogonal directions by 
using rectangular lattices was mentioned in [4, 5]. In 
this work, we explored an opportunity of using such 
index anisotropy in the cylindrical cloak medium to 
provide prescribed by TO different spatial dispersions 
of index components defining wave propagation in the 
azimuthal and radial directions,  and . 

First, we had to investigate, whether changes of 
lattice constants in PhCs with rectangular lattices could 
be capable of covering the requested by TO index 
changes in two orthogonal directions. For this purpose, 
we calculated the dispersion diagrams for wave 
propagation in X and Y directions in PhCs with 
rectangular lattices and extracted values of directional 
index components by using the expression from [6]: 

sgn . | |), where  is the speed of 

light in free space and 	  is the group velocity, 

while k and ω are wave vector and angular frequency, 
respectively. 

To prescibes opposite changes of index values in 
radial and azimuthal directions within the cloak at 
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increasing the distance from the hidden space. In fact, 
azumuthal index values are required to grow up from 
0 to 1, while radial index values should drop down 
from values exceeding 1 in inner layers of the cloak to 
1 near the outer cloak boundary. Fig. 1 presents 
extracted from the dispersion diagrams frequency 
dependencies of index components for X and Y 
directions in four PhCs with different lattice constants, 
the values of which were chosen to realize opposite 
changes of spatial dispersions for  and 	at placing 
fragments of respective crystals along Y direction. 

 

 
 

Fig. 1. Frequency dependencies of directional index values 
in the second transmission bands of four PhCs with rod 
parameters:  = 35, 	= 1.5 mm, and lattice constants  and 

 (in mm): A (5; 7.8), B (5.5; 8.15), C (6.5; 8.6), and D  
(8; 8.9). 

 
The presented data show that increasing the lattice 

constants in PhCs leads to opposite changes of index 
values in X and Y directions. If X direction is 
considered as azimuthal direction and Y direction as 
radial direction, then cylindrical cloak, composed of 
properly bent crystal fragments, is expected to provide 
required spatial dispersions of index values in the cloak 
medium at properly chosen operating frequency such 
as, for example, 13.72 GHz in Fig. 1. It was found, 
however, that highest values of , which could be 
achieved in PhCs with rectangular lattices, do not 
correspond to index values prescribed by TO. To 
overcome this discrepancy, we formulated reduced 
prescriptions for the spatial dispersion of , with 
index values lower than those requested by TO near the 
hidden space and higher values in PhC fragments 
placed closer to the outer boundary of the cloak.  
Full-wave simulations of the performance of the cloak 
with thus reduced disperion performed by using 
COMSOL Multiphysics software package confirmed 
the possibility of obtaining TO predicted invisibility 
effects. 

 
 

3. Solving the Problem of Increased Scattering 
 

Employing relatively spacy fragments of PhCs in 
the cloak medium allowed for providing index values 
in the fragments, well corresponding to values 
extracted from the dispersion diagrams. However, a lot 

of distorted unit cells at the boundaries between 
fragments and impedance changes at these boundaries 
contributed to scattering from the cloak that did not 
allow for decreasing the total scattering cross-width far 
below that of the bare target. To solve these problems, 
we investigated the possibility to decrease radial 
dimensions of PhC fragments down to two cells or 
even one cell. The results of simulations of an example 
design of the cloak composed of 7 circular arrays 
representing 4 PhC fragments are presented  
in Fig. 2. 

 
 

 
 

Fig. 2. Simulated snap-shot of e E-field at frequency of 11.5 
GHz for TM wave incidence on composed of PhC fragments 
cloak coceiling metal cylinder (white circle). 

 
As seen in the figure, backscattering from the cloak 

is very weak, and the cloak does not deteriorate 
restoration of initial (flat) wave front beyond the cloak, 
i.e. performs in correspondence with TO predictions. 
The obtained results open up a path towards creating 
invisibility cloaks for optical frequencies based on 
practically lossless dielectric PhCs. 
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Summary: Integrated polarization handling devices based on silicon waveguides, such as polarization beam splitter (PBS), 
polarization rotator (PR), and polarizer, will be introduced. A bridged-waveguide-type PBS was demonstrated to ensure the 
polarization extinction ratio (PER) greater than 20 dB for both transverse electric (TE) and transverse magnetic (TM) mode 
inputs. An integrated PR formed with an asymmetric silicon waveguide having an internal trench was demonstrated for the 
polarization-mode conversion. An integrated TM-mode pass filter was demonstrated based on one-dimensional photonic 
crystal waveguide (1-D PhCW). The experimentally demonstrated results on those devices will discussed in this presentation. 
 
Keywords: Polarization beam splitter, Polarization rotator, Polarizer, Silicon photonics, Photonic integrated circuit. 
 

 
 
1. Introduction 
 

Integrated polarization handling devices are very 
important in photonic integrated circuits (PICs) 
because of the inherent birefringence properties of the 
conventional silicon (Si) waveguides of rectangular-
shaped waveguide geometry. Silicon waveguide based 
polarization beam splitter (PBS), polarization rotator 
(PR), and polarizer are major integrated polarization 
handling devices to circumvent the birefringence-
induced problems in Si photonic building blocks. 
Various kinds of device schemes for the PBS, PR and 
polarizers have been reported [1-6]. The PBSs have 
been demonstrated in schemes of direction couplers 
(DCs), photonic crystal (PhC) structures,  
multimode interferometers (MMIs), Mach-Zender 
interferometers (MZIs), Bragg gratings, and hybrid 
plasmonic silicon waveguides (HPWs). The 
waveguide-type PRs have been realized in shapes of 
bended step waveguides, slanted angle or triangular 
waveguides, single and double trench  
waveguides, adiabatic tapered waveguides, an 
asymmetrical directional coupler, multiply-etched 
waveguide structures, stacked waveguides with a 
horizontal slot structure, a cross-polarization  
coupler composed of two different width waveguides, 
single slot or cross-slot waveguides, asymmetric  
half-ridge waveguides, and hybrid plasmonic 
waveguides. A a shallowly etched silicon waveguide, 
the selective coupling of the TM-polarization  
mode to a lossy-gap-plasmon-polariton mode, silicon 
hybrid plasmonic waveguide, and subwavelength 
grating were used as schemes for integrated-type 
polarizers. 

In our approaches to the Si-waveguide based PBS, 
PR and polarizer, the device structures were designed 
for compact forms and for simple fabrication processes 
with an easy single etching run, and demonstrated 
experimentally. 

2. Polarization Beam Splitter (PBS) 
 

A simple and compact PBS based on a bridged 
directional coupler was designed to provide the PERs 
greater than 20 dB for both TE and TM mode inputs as 
shown in Fig. 1(a). This device was fabricated in a 
single etch process after patterning lithography 
without any additional patterning processes. A 
waveguide-type DC having a short parallel bridge 
waveguide between two coupled waveguides was 
formed on a silicon-on-insulator (SOI) wafer that had 
a 250 nm-thick top silicon layer on a 3.0 m-thick 
buried oxide (BOX) layer. The width of each coupled 
core waveguide of the DC was 450 nm. The width and 
coupling length of the central bridge waveguide were 
500 nm and 7.5 m, respectively. The gap between two 
adjacent waveguides was fixed to 150 nm. The upper 
cladding was exposed to the air. The Bragg gratings 
were patterned on tapered 15 μm-wide waveguides 
with a taper length of 500 μm with periods of 600 and 
950 nm for coupling to the TE and  
TM-mode beams, respectively. Figs. 1(b) and (c) show 
the measured PER values of 22.5 dB and 22.9 dB for 
TE and TM-polarization mode inputs, respectively, at 
the 1,550 nm wavelength. 

 
 

3. Polarization Rotator (PR) 
 

An integrated PR was designed and demonstrated 
experimentally by forming a strip waveguide with a 
fully-etched asymmetric trench on a SOI wafer. The 
same SOI wafer with the top Si layer of 250 nm and 
bottom SiO2 BOX layer of 3 m was used for the 
waveguide-type PR of 580 nm width with a  
fully-etched asymmetric trench of 100-nm width. 250 
nm height and 450 nm width strip waveguides with the 
PBS and Bragg grating couplers were connected to the 
PR as shown in Fig. 2(a). As shown in Fig. 2(b), the 
fabricated PR had a maximum PER of 21.3 dB and an 
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insertion loss (IL) of -0.95 dB at a 1550 nm wavelength 
for TE-to-TM mode conversion with a device length of 
67 m, including two 1 m-long trench tapers at both 
ends. 
 
 

4. Polarizer 
 

A planar-type TM-mode-pass filter was designed 
with one-dimensional (1-D) photonic-crystal silicon 
waveguide (PhCW), and demonstrated 

experimentally. The 1-D PhCs of ten square-shaped 
holes (200 nm width) of 0.5 fill factor and 400 nm 
period was formed on a strip waveguide of 250 nm 
thick and 450 nm width by using an SOI wafer of a  
250 nm top Si layer and a 3 μm BOX layer for the  
TM-mode-pass filter. The filter structure was 
connected to the PBSs and Bragg grating couplers on 
both sides as shown in Fig. 3(a). The filter chip was 
covered with a 800 nm-thick SiO2 clad layer. 

 

 
 

 
 

Fig. 1. (a) Schematic diagrams of the PBS based on a directional coupler with a bridged waveguide, (b) and (c) simulated 
and measured transmission spectra of the bridged-type PBS device for TM and TE mode inputs, respectively [2]. 

 

 
Fig. 2. (a) Schematic diagram of the designed and fabricated 
PR, and (b) measured and simulated PER values of the PR 
optimized at 1550 nm as functions of input beam 
wavelength [4]. 

 
Fig. 3. (a) Schematic diagram of the designed and fabricated 
TM-mode-pass polarizer, and (b) measured transmittance 
spectra of the fabricated TM-mode-pass filter compared to 
those of a strip waveguide without any 1-D PhC hole [6]. 
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The measured transmittance spectra of the 
fabricated TM-mode pass filter are shown in Fig. 3(b) 
by comparing those of a reference strip waveguide 
without any 1-D PhC holes. The measured PER and 
insertion loss values of the device were about 34 dB 
and 1 dB, respectively, at a 1,550 nm wavelength. The 
overall device length was only about 4 μm. 
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Summary: We report on the fabrication of novel nanocomposite gratings for holographic control of slow neutron beams. 
Plane-wave transmission gratings are recorded in photopolymerizable nanocomposite materials where nanoparticles are 
holographically assembled by visible light in a photopolymerizable monomer host. This all-optical assembling method 
provides the single step formation of large scale and multi-dimensional photonic lattice structures. Because nanoparticles and 
monomer can be selected for suitable applications, this nanocomposite material can be used not only for light beams but also 
for neutron beams. Here we show the use of surface-treated nanodiamonds and superparamagnetic Fe3O4 nanoparticles to 
record holographic transmission gratings for controlling a slow-neutron beam and selecting its spin states. 
 
Keywords: Holographic voluem grating, Nanocomposite materials, Nanoparticles, Photosensitive materials, Bragg 
diffraction, Neutron optics. 
 

 
1. Introduction 
 

Since 2002 we have developed a novel 
photopolymerizable nanocomposite material, the  
so-called photopolymerizable nanoparticle-polymer 
composite (NPC) [1], in which either inorganic or 
organic nanoparticles were highly dispersed in 
multifunctional monomer capable of radical mediated 
photopolymerization. Dispersed nanoparticles act as 
transporting species under holographic exposure. 
Nanoparticles and monomer species mutually diffuse 
and phase-separate each other, forming the spatial 
density modulation of nanoparticles and the formed 
polymer [2]. As a result, a holographic NPC grating 
with a large refractive index modulation amplitude 
(n) are possible when a refractive index difference 
between nanoparticle and the formed polymer is large. 
In addition, the inclusion of nanoparticles improve 
mechanical and thermal stability of holographic NPC 
gratings and also provide the functionality of NPC 
materials. For this reason NPC materials have been 
used for various photonic applications such as 
holographic data storage [3], highly efficient 
holographic optical elements for wearable eyeglasses 
[4] and nonlinear optics [5]. 

NPC gratings can also be used for controlling a 
neutron beam by their interaction with nuclei of a 
material via strong (nuclear) force [1, 6, 7]. In neutron 
optics efficient neutron optical elements such as 
mirrors and beam splitters for neutron interferometer 
are essential and a perfect silicon crystal is employed 
to Bragg-diffract a thermal neutron (neu < 0.4 nm) for 
this purpose [6]. Because the phase detected by neutron 
interferometer is proportinal to neu, slow neutrons 

(cold and very cold neutrons) at longer wavelengths 
(0.4 nm < neu <10 nm) are advantageous. However, 
slow neutron optics requires other neutron optical 
elements as Bragg’s law cannot be satisfied for slow 
neutron beams with a perfect silicon crystal. For this 
reason we proposed and demonstrated the use of SiO2 
nanoparticle dispersed NPC gratings for the 
manupulation of slow neutron beams such as beam 
splitting, triple beam division and total beam 
deflection [1, 79]. However, an NPC transmission 
grating has to be tilted at a large angle (=70º), as 
shown in Fig. 1, in order to obtain the diffraction 
efficiency near 100 % due to the Pendellösung 
interference effect [6]. Note that the grating tilt by 70º 
corresponds to an effective increase in the grating’s 
thickness by a factor of 1/cos 70º ~ 2.9. Such a large 
increase is detrimental due to an increase in incoherent 
scattering and absorption loss in glass substrates and 
an NPC material. 

Here we report on novel NPC gratings dispersed 
with surface-treated nanodiamonds possessing its 
neutron refractive index three times larger than that of 
SiO2. This relaxes a requirement of large tilts of an 
NPC transmission grating. We also demomstrate 
holographic recording in an NPC film dispersed with 
superparamagnetic Fe3O4 nanoparticles to construct a 
spin beam splitter for a slow-neutron beam. 
 
 

2. Refractive Index Modulation Amplitude 
 

It can be shown that the saturated refractive index 
modulation amplitude (nsat) for the first-order 
periodic spatial modulation of the refractive index 
induced in an NPC is approximately given by [1]. 
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Fig. 1. (a) Schematic of the slow-neutron beam diffraction 
via an NPC transmission grating. (b) Peak diffraction 
efficiencies as a function of the grating’s tilt angle ζ for an 
incident very cold neutron beam at neu = 3.76 nm, while the 
solid curve is a theoretical plot [8]. 

 
 

 ∆ ∆ , (1) 

 
where a is the form factor depending on a waveform of 
the spatial density modulation of nanoparticles, fn is 
the difference in the volume fraction of dispesed 
nanoparticles between the peak and the average 
volume fraction (fn) of nanoparticles, and nn (np) is the 
refractive index of the nanoparticle (the formed host 
polymer) at either an optical or neutron wavelength, 
respectively. The value for a is unity for a sinusoidal 
waveform and is 2sin(rπ)/π for a rectangular waveform 
with the duty ratio (r). It can be seen that fn and  
|nn −np| are major material’s design parameters that 
determine nsat. It is easy to find that fn takes values 
between 0 and fn at 0≤ fn ≤0.5 and between 0 and 1−fn 
at 0.5≤ fn ≤1. Thus, fn is maximized to be 0.5 at  
fn = 0.5 and the density modulation index of assembled 
nanoparticles (fn/ fn) of unity occurs at 0< fn ≤0.5. In 
practice, however, an increase in fn larger than, say,  
0.4 causes substantive holographic light scattering [10] 
during recording when |nn −np| is very large for a very 
thick NPC film dispersed with nanoparticles having 
∼10 nm or larger in size. In this case a substantive 
reduction in nsat would occur. Thus the maximum 
limit for fn is practically given by ∼ 0.4 

In neutron optics the neutron refractive index (nneu) 
is approximately given by [6, 9] 

 

 1 , (2) 

 
where b is the average nuclear (and magnetic if any) 
scattering length for a particular isotope and  is the 
atomic number density of a material of interest. 
Substituting Eq. (2) into Eq. (1) for a sinusoidal  
(i.e., a=1) NPC phase grating dispersed with magnetic 
nanoparticles in a magnetic field B, we find the 
refractive modulation amplitude of neutron (nneu)  
 

 ∆
∆

, (3) 

 
where p (n) and bcp (bcn) are the atomic number 
density and the average coherent nuclear scattering 
length for the formed polymer (nanoparticle), 
respectivel, and bMn is the average magnetic scattering 
length given by [9] 
 

 ∙ , (4) 

 
in which mneu is the neutron mass and  is the magnetic 
dipole moment of neutron. It can be seen that the 
direction of  with respect to B determines the sign of 
bMn, and thus the value for nneu, giving the neutron 
spin-dependent nneu. For nneu with non-magnetic 
nanoparticles such as SiO2 nanoparticles and 
nanodiamond bMn is zero and nneu is determined by 
fn and bcppbcnn. This means that the larger fn and 
bcppbcnn are, the larger nneu is. This suggests the 
use of diamond (bcnn=1.17×105/Å2) as compared 
with SiO2 (bcnn=3.64×106/Å2). For nneu with 
magnetic nanoparticles such as Fe3O4 (magnetite) 
nanoparticles it can be neutron-spin dependent in such 
a way that while the term (bcnbMn)n in Eq. (3) cancels 
out each other at one neutron spin state, it does not at 
the opposite spin state. In this way slow neutrons with 
the one spin state cannot see an NPC grating and 
therefore cannot be Bragg diffracted. [Here we assume 
that the contribution from the formed polymer, the 
term bcpp is much smaller than bcnn in Eq. (3), which 
is a reasonable assumption.] On the other hand, slow 
neutrons with the opposite spin state can see an NPC 
grating and can be Bragg diffracted. One can also flip 
such an operation by reversing the direction of B 
instead. In this way we may construct a holographic 
slow-neutron-spin splitter by using an NPC grating 
dispersed with magnetic nanoparticles. 
 
 
3. Experimental Results 
 

Nanodiamonds were prepared by the explosion 
method [11] and then were made some surface 
treatment on the core of a nanodiamond (4 nm in core 
diameter) for good dispersion in a host acrylate 
monomer blend. We could successfully disperse 
nanodiamonds at the concentrations up to 19 vol.% in 
the monomer blend. A green photosensitizer Irgacure 
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784 (Ciba) was also added at the concentration of  
4.3 wt.% with respect to the monomer blend. Fig. 2 
shows spectral absorption coefficients () at different 
concentrations of nanodiamonds. It can be seen that 
long absorption tails toward the near infrared spectral 
region is seen. 
 

 
 

Fig. 2. Spectral absorption coefficients at different 
concentrations of dispersed nanodiamonds. 

 
Fig. 3(a) shows a photograph of a recorded NPC 

plane-wave transmission grating at grating spacing of 
1 m recorded by two mutually coherent 532-nm laser 
beams at the total intensity of 75 mW/cm2. Fig. 3(b) 
shows a TEM image of the cross section of the NPC 
grating. The dark (bright) portions correspond to high 
concentrations of nanodiamonds (the formed 
polymer), confirming holographic assembly of 
nanodiamonds in polymer [2]. 
 

    
                        (a)                                         (b) 

 
Fig. 3. (a) A photograph of an NPC transmission grating 

dispersed with nanodiamonds. (b) A TEM image 
of the cross section of the NPC grating. 

 
Fig. 4(a) shows the Bragg-angle detuning curve of 

the diffraction efficiency probed at 633 nm for an NPC 
transmission grating dispersed with nanodiamonds at 
the concentration of 15 vol.%. The solid curve denotes 
the least-squares curve fit of the data to Kogelnik’s 
formula [12], giving the effective thickness of the NPC 
grating to be 25.2 m. Fig. 4(b) shows the buildup 
dynamics of n at 532 nm, which was extracted from 
a method described in detail in Ref. [4]. We found that 
nsat was 4.6×10 . We estimated the spatial density 
modulation of assembled nanodiamonds by using Eq. 
(1) with the measured value for nsat and the refractive 
indices of nanodiamonds and the formed polymer. We 
found fn to be 1.0×102 at a = 1 and 1.7×102 at  
a = 2/π, respectively, with r = 0.6 extracted from  

Fig. 3(b). This result suggests that the mutual diffusion 
of nanodiamonds and monomer needs to be facilitated 
much more in to increase fn further. It should also be 
noted that nanodiamonds dispersed NPC gratings are 
useful for holographic applications in light optics 
because of their very high refractive index (=2.417) of 
bulk diamond in the visible spectral region. 
 

 
(a) 

 

 
(b) 

 
Fig. 4. (a) Bragg-angle detuning curve of the diffraction 

efficiency at 633 nm. (b) Buildup dynamics of n evaluated 
at 532 nm. 

 
 

In order to realize holographic slow-neutron spin 
splitters, we examined recording an NPC plane-wave 
transmission grating dispersed with surface-treated 
superparamagnetic Fe3O4 nanoparticles (3 nm in core 
diameter) in a multifunctional acrylate monomer.  
Fig. 5 shows values for  as a function of wavelength 
at different concentrations of Fe3O4 nanoparticles. It 
can be seen that  increases with increasing the 
concentration of Fe3O4 nanoparticles. The skin depth 
(≡1/) at 3.69 vol.% of Fe3O4 nanoparticles is 
approximately 9 m at a wavelength of 532 nm. Fig. 6 
shows a photograph of an NPC transmission grating at 
grating spacing of 1 m recorded by two mutually 
coherent 532-nm laser beams at the total intensity of 
100 mW/cm2. Fig. 7 shows the buildup dynamics of n 
at a wavelength of 532 nm for the NPC grating of  
14-m thickness at grating spacing of 1 m. It can be 
seen that nsat is 1.7×10from which fn is calculated 
to be 5×10
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Fig. 5. Spectral absorption coefficients at different 
concentrations of dispersed Fe3O4 nanoparticles. 

 

 
 

Fig. 6. A photograph of an NPC grating dispersed with Fe3O4 
magnetic nanoparticles at the concentration of 0.51 vol.%. 
 

 
 
Fig. 7. Buildup dynamics of n evaluated at 532 nm for an 
NPC grating dispersed with Fe3O4 magnetic nanoparticles at 
the concentration of 3.5 vol.%. 
 
 
4. Conclusions 
 

We have demonstrated for the first time 
holographic recording in photopolymerizable 
nanocomposite materials dispersed with either 
nanodiamonds or superparamagnetic Fe3O4 
nanoparticles. Experimental results suggest that the 
mutual diffusion of nanodiamonds/Fe3O4 
nanoparticles and monomer needs to be facilitated 
much more to increase fn and thereby nneu. Our 
investigation is underway to increase fn in 

nanodiamond/magnetic nanoparticles-dispersed NPC 
gratings and apply them to neutron diffraction 
experiments. 
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