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Abstract: An innovative polarization state sensor is presented for the determination of the distribution of 
polarization state of light reflected from the different objects. Such a sensor based on only one integral 
polarization-holographic diffraction element developed by us is used for real-time analysis of the polarization 
state of light. The simultaneous measurement of the intensities of four beams diffracted on the element and the 
appropriate software enable the complete polarization state of an analyzable light (the four Stokes parameters) to 
be obtained in real-time. The polarization state of light reflected from the object enables to obtain the physical-
chemical characteristics of the object’s surface. An application of the sensor in the tasks of remote sensing and in 
studying a stressed state in different constructions are presented. Such sensor has many advantages compared to 
conventional devices of polarization optics: operation in real time; a wide spectral range; they differ by 
compactness, universality, simplicity, light weight and comparative cheapness. 
 
Keywords: Polarization state sensor, Diffraction and gratings, Polarization-holographic element, Polarimetry, 
Stokes parameters.  
 

 
 

1. Introduction 
 

The information capacity of the methods of 
determining the characteristics of the object 
essentially increases when together with other 
characteristics of light reflected from an object the 
polarization state is taken into account. In this case, 
the additional parameters of information processing 
are introduced (ellipticity, the azimuth, the direction 
of rotation, and the degree of polarization). 

Information on the polarization state of light 
scattered or radiated by different objects plays an 
increasing role in remote sensing, ellipsometry, 
astropolarimetry, object recognition and others. 
Therefore, the development of simple, precision 
and real-time sensor for determining the polarization 

state and also the distribution of polarization state on 
the images of different objects without any scanning, 
taken into account also a dispersion of this 
distribution, is rather urgent.  

The method of recording and reconstructing of the 
vector character of the fields of electromagnetic  
wave – polarization holography - was first proposed 
by Prof. Sh Kakichashvili in 1972 [1, 2].  

One of the most promising applications of 
polarization holography is the creation of polarization-
holographic gratings with different anisotropic-
gyrotropic profile. Such gratings could be applied in 
various fields of science and engineering, where the 
analysis and transformation of light are necessary [3]. 

The polarization-holographic method gives the 
possibility to create polarization-holographic 
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diffraction elements (PHE) which enables carrying 
out a complete analysis of the state and degree of 
polarization in real-time and working in a wide 
spectral range including near infra-red [3, 4]. We 
suggest an innovative sensor of the polarization state 
based on such an integral polarization-holographic 
element. Let us note that currently used sensors and 
polarimeters are complex and expensive devices and 
most of them contain mechanically rotating or 
electronically tunable optical elements [5, 6]. 

In this paper, the description and characteristics of 
the suggested polarization state sensor and the 
examples of its application in the tasks of remote 
sensing and in studying a stressed state in different 
constructions are presented. 

 
 

2. Polarization-Holographic Diffraction 
Element 
 
We suggest carrying out a complete real time 

analysis of the polarization state of light (also the 
distribution of the polarization state) by only one 
Integral Polarization-Holographic Diffraction 
Element. Such an element was created by means of 
polarization-holographic method, when some 
polarization-holographic gratings with different 
profile of the anisotropy and gyrotropy in the band are 
recorded on one and the same area of polarization-
sensitive material, so that the beams diffracted on each 
hologram have been spatially separated [4, 7].  

In [4] the general case of the recording of 
polarization-holographic gratings by two coherent 
beams of arbitrary elliptic polarization was 
considered. We have developed the theoretical model 
to describe the functioning of the sensor.  

The Jones vectors [8] of the two recording  
beams are  
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where xxx iaexpψψ =

 and yyy iaexpψψ = , 

xxx ibexpξξ =


 and 
yyy ibexpξξ =


 are the x and y 

components of the complex amplitude of the two 
recording beams; ω  is the frequency; and δ is the 
phase shift that occurs at a certain angle between the 
beams during recording. 

We use polarization-sensitive materials for 

recording polarization-holographic gratings and 
elements on their basis. In such materials a 
photoanisotropy and photogyrotropy of optical 
parameters are induced under the action of polarized 
light. The side-chain polymers, the materials based on 
azodyes in polymer matrices and azodyes-colored 
liquid crystalline polymers are mostly used materials 
for polarization-holographic recording. The recording 
materials used by us are stable and due to this fact 
information recording on such materials is kept for a 
long time (some years and more) [9, 10].  

The regularity of the connection of anisotropy and 
gyrotropy induced by polarized light with the 
polarization characteristics of the inducing light were 
obtained [11, 12]. This regularity is of universal 
character irrespective of the mechanism of anisotropy 
and gyrotropy induction. The complex coefficients of 
the photoinduced linear and circular birefringence 
appear in this regularity and functions of the scalar 

(isotropic) reaction ŝ  on the acting intensity of light 
and two vector reactions – the anisotropic reaction Lv̂  

on linearly polarized light and the gyrotropic reaction 

Gv̂  on circularly polarized light are introduced to 

describe the photoresponse of the polarization-
sensitive medium 
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where 1n̂  and 2n̂  are the complex coefficients of 

elliptical birefringence of the medium; 0n̂  is the 

complex refractive index of the medium in the initial 
unirradiated state; a complex refractive index is given 

in the form of τinnn −=ˆ  ( n is the real refractive 
index and τ is the extinction coefficient); 21 II +  is 

the first Stokes parameter, 21 II −  is the second Stokes 

parameter, and −+ − II  is the fourth Stokes parameter 
of the inducing light. 

Under the action of the joint field of two recording 
beams (1), the corresponding complex birefringence is 
induced in the recording material, which is described 
by the Jones matrix [8]. In this case the following 
expressions were obtained for Jones matrix 
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Here λπκ 2= ; λ is the wavelength, and d is the 

thickness of the medium. Matrix 0M  in (4) is 

responsible for forming the nondiffracted order, 
matrices 1−M  and 1+M  are, respectively, 

responsible for forming orders -1 and +1. 
With (5) and (6) it is easy to obtain Jones matrices 

of gratings for different combinations of the 
polarization state of recording beams. Substituting 
into (5) and (6) the concrete values of the components 
of the Jones vectors of the recording beams and the 
characteristics of the recording medium, we can obtain 
matrices 1−M  and 1+M  for different type of 

polarization-holographic gratings using recording 
media with different characteristics.  

Currently, we use three polarization-holographic 
gratings for creation the polarization-holographic 
element: grating recorded by orthogonal circularly 
polarized beams (grating C); grating recorded by two 
parallel vertically linearly polarized beams (grating 
L90) and grating recorded by two parallel linearly 
polarized beams with an azimuth of linear polarization 
of 450 (grating L45). At present we use +1 and -1 orders 
from grating C and +1 orders from gratings L90 and 
L45. This configuration enables to completely 
circumvent the distortions of the polarization state 
caused by the imperfection of the recording  
material [3]. 

It follows from (5) and (6) that the Jones matrices 
responsible for formation diffraction orders by each 
grating are written in the form [4]:  
 

 

(7) 
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incomes on the element and diffracts on them. 
The Jones vectors of diffracted orders are derived 

from multiplication of the Jones matrices responsible 
for the formation of appropriate diffraction order by 
the Jones vector of the incoming wave. As a result, we 
have obtained the Jones vectors of the beams 

diffracted on the element and the corresponding 
intensities of the diffracted orders have the  
following form 
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d
A

κ
and 

λ
πκ 2= , λ - element recording 

wavelength, d- thickness of the light-sensitive layer, 

0n - refractive index of the recording material, 2
Cψ ,  

2
Lψ  - recording beams intensities; 

xE ,  

yE - amplitudes and 
xε , 

yε  - the phases of the 

incoming beam along the x and y axes, respectively. 
The light beam incomes onto the polarization-

holographic element, diffracts on them and the 
simultaneous measurement of the intensities of four 
diffracted beams enables all the four Stokes 
parameters to be determined.  

We have obtained formulas for the Stokes 
parameters depending on the intensities of the beams 

diffracted on the element in each point ( )yx,  of the 
images of an object taking into account also the 
dispersion of the polarization state due to the angular 
dispersion of an element.  

The relationship between the Stokes parameters 
and the diffraction orders intensities was obtained in 
the form [4] 
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Here I+C and I-C are intensities of +1st and -1st 

orders from grating C; I90 and I45 are intensities of +1st 
order from gratings L90 and L45, accordingly. 
Coefficients k90,λi, k45,λi, kC,λi are connected with 
absorption of light in an element, the diffraction 
efficiency of an element, wavelength and the 
optoelectronic transformations by a photodetector. 
The values of these coefficients are determined 
experimentally during calibration of the sensor.  

Fig. 1 shows schematic picture of diffraction on  
the element. 
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Fig. 1. Schematic picture of diffraction on the element. 
 
 

We can determine all the four Stokes parameters 
by simultaneous measurement of the intensities of 
diffracted orders by using photometric scheme.  

The corresponding parameters of the polarization 
ellipse can be determined:  

the ellipticity, 
2

2
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1 SS
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=ε ; 
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2

2
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2
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2
1

S

SSS
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The polarization-holographic diffraction element 
gives the possibility for real-time determination of the 
point-by-point distribution of the polarization state in 
the image of an object by using the appropriate 
software. We can take into account also the dispersion 
of the polarization state due to the angular dispersion 
of an element, which provides additional information.  

To measure the intensity distribution in the 
diffracted orders, a photodetector matrix (such as 
CCD) is used, the sensitivity and dynamic range of 
which are selected in accordance with a specific task. 

On Fig. 2 an optical scheme of the polarization 
state sensor is shown.  

 

 
 

Fig. 2. Optical scheme of the polarization state sensor. 
 
 

In Fig. 2, the objective forms an object image in 
the plane of the CCD matrix. In front of the focal plane 
of the objective, a polarization-holographic element is 
placed, which forms the diffraction orders. Each 
diffraction order contains an image of the object under 
study. Special software has been developed for point-
to-point comparison of the intensities of images in 
diffracted beams, which enables to obtain the 

polarization state distribution over the object surface 
without any scanning. 

The objective, polarization-holographic element. 
CCD camera and software represent the polarization 
state sensor [13].  

This sensor connected to the computer with the 
software is a quasi-real time imaging Stokes 
spectropolarimeter. The sensor speed depends on the 
exposure of the CCD camera and on the computer 
processing time. For most sensor applications, the 
time of obtaining the polarization state distribution 
over an object image is units or tens of milliseconds. 

Besides when narrow-band filters are used, these 
allow to obtain the dispersion of the distribution of the 
polarization state in the images of the objects for any 
wavelengths from a working range of the element  
500 – 1600 nm. 

Since the optical system consists an objective and 
the polarization-holographic element, there is 
practically no internal reflections of light, which 
significantly reduces the distortion of the polarization 
state of light under investigation and thereby reduces 
instrumental error.  

Fig. 3 shows experimental and theoretical value 
variations of all Stokes parameters obtained by means 
of monochromatic source of linearly polarized light 
with change in azimuth with step of 5 degrees over the 
range of 0-360 degrees. These curves were obtained 
for light beam of a He-Ne laser (632.8 nm, power 
3 mW). We see good agreement between the 
experimental and theoretical curves for all four Stokes 
parameters. Similar curves were obtained for a 
wavelength of 532 nm using different powers from 
1 to 20 mW, as well as for infrared radiation of 
1.15 μm. According to our estimate, the accuracy of 
the single experimental determination of the Stokes 
parameters is about 0.1 %. The sensitivity of the sensor 
depends on the sensitivity of the CCD camera, and at 
high exposures for very dim objects (for example, in 
astropolarimetry), the speed is greatly reduced and 
ranges from a few to tens of seconds. 

 
 

 
 

Fig. 3. Experimental and theoretical value variations  
of all 4 Stokes parameters. 

 
 

We have obtained integral polarization-
holographic elements with working spectral range 
from 500 nm to 1600 nm, a working aperture can be  
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from 0 .5  cm up to  5  cm in diameter and with a 
total diffraction efficiency of the element at 
wavelength of 532 nm close to 75 %, 635 nm close 
to 60 %, 1150 nm close to 20 %, and 1550 nm close 
to 8 %.  

For recording the element, a polarization-
sensitive material was used on the basis of azo dye 
Pure Mordant Yellow (PMY) modified by us and a 
gelatin matrix which was specially processed to 
increase the stability of the polarization-holographic 
element. The optical density of the material was 
approximately 2.2 at the wavelength of recording 
(473 nm), and the thickness of the emulsion layer 
was about 20 microns. Energy exposure was about 
50 J/cm2 for recording each grating. 

Calibration is necessary to determine the 
coefficients for each element and photodetectors. As 
experiments have shown, it is most convenient to carry 
out this calibration by non-polarized quasi-
monochromatic light from a point source of 
unpolarized light, giving a homogeneous intensity 
distribution in a large solid angle (a so-called 
"artificial star"). We used narrow-band interference 
filters for wavelengths of 532 nm and 635 nm with 
transmission band of 10 nm. 

To determine the coefficients in (9), we must 
measure the values of intensities CI ,1+ , CI ,1− , 90,1+I , 

45,1+I  in the plane of localization of the diffraction 

orders. Than we select the order with the highest 
intensity, for example, CI ,1+ . Coefficients λk  are 

determined for the given wavelength as follows 
 

C

C
C I

I
k

,1

,1
,1

−

+
− = , 

45,1

,1
45,1

+

+
+ =

I

I
k C , 

90,1

,1
90,1

+

+
+ =

I

I
k C  

(10) 

 
Validation of the element was carried out by laser 

beams of wavelength 532 nm and 635 nm with test 
polarizations: left circularly polarized, linearly 
polarized with azimuths from -20 degrees up  
to +200 degrees with steps of 5 degrees and the 
polarization degree close to 100 %. By taking into 
account the obtained coefficients λk  the photometric 

scheme must give us the Stokes parameters 
corresponding to the used polarization state when the 
polarization degree is close to 100 %.  

The experiments showed that measurements error 
for intensities of the diffracted orders is 0.1 % with a 
single measurement and this corresponds to 0.2 % in 
determining the Stokes parameters. However, the 
software provides for the averaging of 50 single 
measurements, which are carried out for 0.5 s, and the 
relative measurement error of the intensities is about 
0.002 %, and for the Stokes parameters - 0.004 %. The 
measurement accuracy of the degree of polarization is 

of about 0.15 %, and an accuracy of an azimuth of 
linear polarization of about 40 angular minutes. 

For one of the element and photodetector matrix 
from camera Canon EOS 5D with CCD of 36 × 25 mm 
the following values of the coefficients was obtained 
by using the described method: for wavelength of 
635 nm 190,1 =+k , 346,145,1 =+k , 553,8,1 =− Ck , 

916,7,1 =+ Ck  and for 532 nm 190,1 =+k ,

287,145,1 =+k , 135,8,1 =− Ck , 625,7,1 =+ Ck . 

 
 
3. Polarization State Sensor Applications  
 

We tested this sensor in the tasks of 
astropolarimetry, remote sensing, pattern recognition, 
for determining the stress state distribution in various 
constructions [14, 15]. 
 
 
3.1. Application in Remote Sensing 
 

Natural light is more or less polarized while 
reflected from the surface of objects. The state and 
degree of polarization of reflected and scattered light 
depend on the physicochemical properties of the 
surface from which light is reflected, also on the angle 
of incident light. Information about the state of 
polarization can make a considerable contribution to 
the classification of materials and identification of 
objects and, together with the existing methods of 
recognition can significantly raise the accuracy of 
identification during remote sensing [16]. 

Current models of determining information by 
using the function BRDF are well enough developed, 
and the approximate models are used for determining 
distribution of the polarization state. However these 
approaches are difficult [17, 18]. 

We have developed a spectro-polarimetric method 
by means of the analysis of the distribution of state and 
degree of polarization of light reflected from a 
recognizable object, in which the polarization state 
sensor is used for a full analysis of the polarization 
state. The polarization state of light reflected from the 
object enables to obtain the physical-chemical 
characteristics of the object surface [19].  

According to the theoretical model developed by 
us it is possible to determine optical characteristics of 
the material of the surface of an object by the values 
of the Stokes parameters in the images of objects using 
the Jones matrix of the anisotropic surface and one 
angle of observation and incidence [19]. 

Experimentally the possibility of obtaining the 
distribution of values of the Stokes parameters on the 
image of objects was shown for objects from different 
materials and of a different geometric form. 

Software has been developed for the point-by-point 
definition of the Stokes parameters in the images of 
objects, as well as it giving the possibility to obtain 
average values of the Stokes parameters on the images 
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in a solid angle close to the direction of specular 
reflection. As an example, Fig. 4 shows the program 
interfaces for objects of a round form made from 
copper and organic glass for the red spectral region 
(spectral maximum 630 nm). 

Investigation of the dispersion of the Stokes 
parameters was carried out on the same objects. The 
experiments showed a significant difference both in 
the point-by-point distribution of the values of the 

Stokes parameters and in their average values, also in 
values of dispersion of the average Stokes parameters 
for green and red spectral region. The value of average 
dispersion ν = Si,G – Si,R, where Si,G and Si,R are the 
averaged Stokes parameters for green (530 nm) and 
red spectral region (630 nm), respectively: for copper 
νS1 = 0.468759, νS2 = -0.041721, νS3 = 0.067166;  
for organic glass νS1 = 0.224136, νS2 = 1,068955,  
νS3 = 0.038019. 

 
 

        
 

Fig. 4. Program interfaces for objects from copper  
(on left) and organic glass (on right) for the red spectral region and for the angle of illumination of 400  

and angle of observation of 500. 
 
 

This method significantly improves the 
recognition of various objects. The method works both 
in natural lighting of the object and in the case of 
artificial lighting.  

We have developed a spectro-polarimetric method 
by means of the analysis of the distribution of state and 
degree of polarization of light reflected from a 
recognizable object, in which the polarization state 
sensor is used for a full analysis of the polarization 
state [19].  

 
 

3.2. Stress-state Distribution in Different 
Constructions 

 
The problem of quantitative determining the stress 

distribution in different detailes and constructions is 
solved by various methods: tensometry, the X-ray 
method, the magnetic methods, the method of 
acoustoelasticity, et al.  

The method of holographic interferometry allows 
a picture of stress distribution to be obtained on the 
surface of a construction, but it is very critical to the 
conditions of carrying out an experiment and the 
interpretation of the obtained interference pattern is 
quite complicated. In addition, this method does not 
allow the results to be obtained in real time. Although 
the modern digital methods of holographic 
interferometry are more convenient and fast, they 
however require a comparison of a stressed state with 
a stress-free one, the illumination by coherent  
light and are also critical to the conditions of an 
experiment [20, 21].  

In general, these methods do not work in real time, 
are rather time-consuming and have limitations on the 
materials and type of loads.  

The polarization-optical method of stress analysis 
(a method of photoelasticity) enables the stress 
distribution in various constructions and details to be 
obtained, but it involves making the transparent 
models of these constructions from the materials 
having photoelasticity or gluing the plates from these 
materials on the construction under investigation, 
which limits the application field and reduces the 
measurement accuracy [22]. 

Despite the variety of the currently available 
various methods for the determination of stresses, the 
development of a non-destructive, technological, 
sensitive, convenient, all-purpose and real-time 
method for determining the distribution of the stress 
states over a wide area is extremely urgent.  

It is known that mechanical stress in solids causes 
change in the permittivity tensor, and this change leads 
to the occurrence of optical anisotropy, in particular, 
to the occurrence of birefringence. The polarization 
state of the light reflected from the surface of the 
object or transmitted through it is the most sensitive to 
changes of optical properties and the determination of 
changes in the polarization state in the presence of 
stresses in solids will enable a quantitative relationship 
between the magnitudes of the stresses and changes in 
the polarization state to be established. The known 
stress-optic law gives the ratio between the change in 
the refractive index and stresses. The values of the 
Stokes parameters enables the value of stress to be 
determined at each point of the object surface. The 
theoretical model is presented in [23]. 
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We have developed a real time polarimetric 
method for stress measurement by means of the 
analysis of the distribution of the state and degree of 
polarization of light reflected from a stressed object by 
use the polarization state sensor [24]. We have 
developed and created an appropriate laboratory 
model of the set-up which consists the unit for creating 
the dosated stresses in samples of various materials 
and the optical scheme based on the polarization  
state sensor. 

There was the possibility of creating the uniaxial 
stresses in the sample from 0 to 125 MPa in increments 
of 12.5 MPa. A device with a controlled force was 
constructed on the basis of hydraulic jacks to create 
the uniaxial and biaxial dosated stresses in sample 
No. 5. The maximum stress in the sample were  
4.9×108 N/m2 in the vertical direction and  
2.94×108 N/m2 in the horizontal direction. In this 
device the possibility exists for the installation of the 
samples of different sizes: from 5×4 cm to 15×12 cm. 

Light from the illuminator is incident on an object 
and reflected from it. As an illuminator, projectors 
based on halogen or xenon lamps, and also laser 
sources with wavelengths of 635 nm and 532 nm can 
be used. In the case of using white light, narrowband 
interference filters are installed in the scheme before 
the polarization holographic element to eliminate the 
influence of the angular dispersion of the element, 
distorting the images in the diffracted orders. The 
object was illuminated at an angle close to 45 degrees 
to the normal to the sample surface, and the 
observation was carried out in the direction of 
maximum indicatrix of the scattering from the object 
surface at an angle close to –45 degrees. By means of 
the specially developed software, we get an image of 
distribution of the polarization state and also of the 
stressed state of a source material. 

We investigated samples of 8 × 10 × 5 cm of the 
following materials: untempered steel 45, grade of 
concrete 400, red brick, technical aluminum, 
duralumin D16. The surface of the samples was 
ground by fine sandpaper and surface roughness was 
almost the same for all samples. The samples were 
illuminated sequentially by a laser beam with a 
wavelength of 635 nm and 532 nm, with the right 
circularly and linearly polarized radiation with an 
azimuth of 0 degree. For experimental determination 
of the stress state distribution for different dosated 
load for a given material of the object we have 
determined the distribution of the values of the Stokes 
parameters and the corresponding values of the degree 
of polarization and ellipticity of the polarization 
ellipse of the light reflected from the sample surface.  

As an example, Fig. 5 shows the dependence of the 
degree of polarization on the stress in three samples: 
steel 45, concrete grade 400 and aluminum in case of 
illuminating the sample with a laser beam of 635 nm. 

As follows from these curves there is a significant 
difference for the samples from different materials. So, 
for a sample of steel the degree of polarization 
increases monotonically with increasing the stress 
(there is a small plateau due to the start of yielding 

flow of the material at 50 - 80 MPa), and then the rise 
is observed again. In case of concrete the increase in 
the degree of polarization is observed under certain 
loads (at 20-50 MPa). With the further increase of 
stresses, the degree of polarization increases and then 
the recession of the values of the degree of polarization 
begins at 90-110 MPa, which obviously is due to the 
formation of microcracks. For aluminum, there is 
almost a constant value of the degree of polarization 
for all loads, due to its high plasticity. 

By means of the laboratory model, we have 
investigated the possibility of determining the 
distribution of stressed state on the surface of the 
object, including diffuse reflecting objects. As an 
example, Fig. 6 demonstrates screenshots showing the 
change in the polarization state of light reflected from 
the object surface (steel ingot by the size of 7×5×5 cm) 
with application of load perpendicular to the length. 

The screenshots show a picture without a load, and 
with a load of 20 kN and 40 kN. On the right of each 
screenshots, the color scales are shown in which each 
color corresponds to the definite load values. The 
figures show that the picture changes significantly 
when the load is applied.  
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Fig. 5. The dependence of the degree of polarization on the 
stress in three samples of: (a) steel 45; (b) concrete grade 
400; (c) aluminum. Illuminating by laser beam of 635 nm.  
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Fig. 6. The distribution of the stress states in the sample 
of steel 45 in case of different loads: 0, 20, 40 kN. 

 
 

This approach seems very promising because, 
unlike the existing methods, it does not require the 
creation of transparent models of objects or sticking 
plates from transparent photoelastic materials on an 
object and also it does not require double-exposure 
holographic registration of an object and it is 
extremely sensitive. The method is nondestructive, 
i.e. there is no need to drill holes or openings in the 
product to determine the residual stresses. This 
method will enable the monitoring and diagnosis of 
already existing constructions to be carried out. 
 
 
4. Conclusions 
 

The real time complete analysis of polarization 
state of light is suggested by means of polarization 
state sensor based on the polarization-holographic 
elements. Such a polarization state sensor has many 
advantages compared to conventional devices of 
polarization optics: it enables to carry out the 
polarization analysis and transformation of light in 
real time; operate in a wide spectral range and do not 
require making mechanical moving and rotations or 
tuning of electronic units in working process. It differ 

by compactness, universality, simplicity, light 
weight, high speed and comparative cheapness.  

Besides, the use of a polarization state sensor 
allows the distortion of the polarization state to be 
eliminated which inevitably appears when using 
sequentially several polarization-holographic gratings, 
and also in polarimeters of other types.  

The polarization state sensor can also be applied 
to machine vision, for example, in autonomous cars 
and drones. 
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Abstract: The 3D orientation of a single gold nano-bipyramid (AuBPs) on a glass substrate is successfully 
measured by polarimetric analysis of its scattering. The AuBPs are very attractive due to the presence of hot spots 
at their end tips resulting from a strong longitudinal localized surface plasmon resonance. In addition, this 
resonance can be modeled as a radiating dipole. To study the 3D orientation, we designed a specific spectroscopic 
dark-field microscope with a precise control of the collection angles of the scattering in the Fourier plane. The 3D 
angles are resolved by analyzing the polarization of the AuBP scattering. Simulations are used to extract the in-
plane and out-of-plane angles with a very good accuracy of 3 %. In particular, the critical role of the numerical 
aperture collection was investigated experimentally by Fourier filtering of the scattering into the back focal plane 
of the objective. It reveals a physical insight into the contribution of the evanescence waves and provides a 
technical guideline for choosing the collection objective for polarimetric measurements. 
 
Keywords: Localized surface plasmon, Gold bipyramids, Orientation, Polarization, Scattering. 
 
 
 
1. Introduction 

 
The determination of the orientation of 

nanoparticles at the single level is a key point for many 
applications in sensing [1, 2], coupling [3-5], and all 
interaction effects [6-10]. It comes from the fact that 
the optical response of a nano-object is sufficiently 
sensitive to its local environments, e.g. refractive 
index, that depends on the orientation of the particles. 
This dependence is especially significant in the 

situation of an elongated nanoparticle is in the vicinity 
of a substrate [38] where the inclination of the particles 
leads to several differences in scattering resonances 
since it decides how much the particle is exposed to 
the substrate index. Furthermore, the orientation is 
also a crucial parameter to optimize the coupling 
strength of an emitter inside plasmonic nanocavities. 
On these, a strong coupling may be achieved for 
emitters that are grafted following the direction of the 
local field inside the cavities [10, 11].  
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For these applications, the dye molecules, 
semiconductor nanocrystals, and plasmonic 
nanostructures have been widely used thanks to their 
excellent optical responses. Otherwise, plasmonic 
nanoparticles have a large scattering and absorption 
cross-section, and do not suffer from major drawbacks 
of the fluorescence emitters such as photoblinking  
[12, 13] or instability from biochemical environment 
[14, 15]. This comes from the ability to confine the 
field at the nanoscale of the noble metallic 
nanoparticles that emerges from a phenomenon which 
is known as localized surface plasmon resonance 
(LSPR) [16-19]. The LSPR effect becomes especially 
important for anisotropic plasmonic nanoparticles 
where gold bipyramids (AuBPs) stand as a promising 
candidate in recent years due to several desirable 
properties. The AuBPs have a high aspect ratio as 
common elongated plasmonic nanoparticles while 
own sharp curvature at the tip ends showing better 
local field confinement and enhancement [2]. 
Therefore, our work in this paper aims to  
determine 3D orientation of the AuBPs at the single 
particle level.  

Various optical methods have been early 
developed such as radiation pattern or polarization 
analysis. Among the patterning methods, we can cite 
the defocused imaging [20, 21], and Fourier plane 
imaging [22-25] which offers the most convenient 
implementation. The orientation of the particles can be 
deduced from the projection of the radiation pattern on 
these planes. However, the angular resolved imaging 
usually demands highly sensitive detectors. In 
particular, the defocused imaging is also very sensitive 
to the alignment and aberrations of the experiment 
setup. Despite all of the strict requirements, these 
methods cannot be applied to all circumstances. For 
example, the orientation of quantum dots on an 
absorbing substrate is not resolved by the Fourier 
plane imaging [26]. On the other hand, the 
polarimetric analysis methods have shown good 
precision without rigorous requirements as the 
radiation pattern imaging methods [27-35]. One way 
is to split the optical response of nanoparticles into two 
orthogonal polarization directions to measure the 
optical anisotropy [30, 32]. However, the anisotropy 
measurement is only effective for the determination of 
the in-plane orientation.  

In the presented work, we present a method to 
retrieve the 3D orientation of single nanoparticles 
based on resolved polarimetric scattering spectrum. 
The work goes further on investigating the role of the 
numerical aperture of the collection since the 
polarization states are not similar in different radiation 
directions. The developed method is then applied on 
gold bipyramid nanoparticles (AuBPs) that is an 
interesting model system for single-emitter light 
scattering. The AuBPs mainly support a strong 
longitudinal localized surface plasmon resonance 
owing to its very sharp end tips (other modes with very 
low scattering cross-sections can be neglected). This 
longitudinal resonance is easily tuned by playing with 
the aspect ratio of the particle [22, 23]. In terms of 

theoretical calculation, the longitudinal mode of the 
AuBPs can be modeled as a linear radiating dipole. In 
addition, the AuBPs allow access to out-of-plane 
angles without any surface treatment thanks to the 
geometry of the bipyramid.  

 
 

2. 3D Orientation Measurement  
of a Single Gold Bipyramid 

 
2.1. Theoretical Calculation of Polarization 

Analysis 
 

Theoretical calculation is described in our previous work 
[26]. In this, the nanoparticle is modeled as a dipole radiating 
through an air-glass interface that is then collected by an 
objective. A polarizer with rotating angle α is placed on the 
detection pathway. The detected intensity oscillates between 
a maximum (ܫ௠௔௫) and a minimum (ܫ௠௜௡) values with the 
variation of the angle α, following the Malus’s law:  
 Iሺαሻ = ௠௜௡ܫ + ሺܫ௠௔௫ − ߶ଶሺݏ݋௠௜௡ሻܿܫ −  ሻ (1)ߙ
 

For the linear dipole (1D), the ܫ௠௔௫ is retrieved when 
the polarizer in the parallel direction to the dipole axis 
while for the orthogonal direction, the intensity is 
minimum. From the Eq. (1), the in – plane angle ߶ is 
directly retrieved.  

It is important to note that the calculation has taken 
into account parameters of the local environment as 
well as the numerical aperture of the objective. At a 
fixed numerical aperture (NA) of a collection 
objective, the out – of – plane angle Θ is determined 
using the measured degree of polarization (DOP) δ, 
obtained as: 

 δ୒୅ = ௠௔௫ܫ − ௠௔௫ܫ௠௜௡ܫ +  ௠௜௡ (2)ܫ

 
 

2.2. Numerical Investigation of Scattering 
of Single Gold Bipyramid 

 
The scattering spectrum of the AuBPs are 

investigated numerically by finite element methods 
(COMSOL, 5.2 software). The sizes of the AuBPs are 
100 nm long and 30 nm in width (square base). The 
tips are slightly truncated with a square basis of 3 nm 
width. The geometry size of the AuBPs is deduced 
from the size distribution measured by scanning 
electron microscope (SEM). In the simulation, the 
AuBP is placed glass substrate with an angle of 15° 
and excited by a plane wave in normal incidence 
(Fig. 1). Under a plane wave excitation, the charges 
are mainly distributed at the two end tips of the AuBP 
results in a strong scattering resonance at 740 nm. 
Thus, this mode behaves like a linear radiating dipole. 
The two very weak modes at lower wavelength are 
respectively quadrupolar mode and transverse mode of 
the charge oscillation that are neglected in  
our measurement. 
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Fig. 1. Numerical simulations of the AuBP optical 
properties. Scattering spectrum together with, in insert,  

the charge distribution associated at the main  
resonance (740 nm). 

 
 

The longitudinal surface plasmon mode of the 
AuBPs has dipolar nature that is spatially modified by 
the local environment [35], particularly in this case is 
the glass substrate. Therefore, we make a calculation 
of the scattering diagram of an AuBP in a vicinity of 
the glass substrate. In the calculation, the particle is 
modelled as a linear dipole. The far-field radiation of 
the dipole is collected in the semi-infinite medium of 
the glass (n = 1.5) by an oil matching index objective. 
Herein, the objective is approximately simulated as a 
reference sphere that converts the light into a 
collimated beam with a planar wave front. The 
emission diagram is presented as the angular 
distribution of the intensities radiating from the dipole ܫሺߠ, ߮ሻ on the Fourier plane of the objective. Due to 
the planar symmetry, the radiated electric field is 
presented in terms of p and s polarizations. The 
angular distribution of the radiating intensity ܫሺߠ, ߮ሻis 
express as [24]: 
,ߠሺܫ  ߮, Θ,Φሻ~ ߠݏ݋1ܿ . ൫ܧ௦. ∗௦ܧ .௣ܧ	+  ௣∗൯ (3)ܧ

 
In which, (1/cos θ) is the apodization factor which is the 
result of the sine condition and the energy conservation 
when a focused beam passing through an objective. The 
electric field components p and s are also functions of dipole 
orientation (Θ, Φ) and observation angles (θ, φ) (Fig. 2a), 
their expressions are given as: 
,ߠ௦ሺܧ  ߮ሻ = ܽଵሺߠ, ߮ሻ. .߆݊݅ݏ ሺ߮	݊݅ݏ − ,ߠ௣ሺܧ ,(ߔ ߮ሻ = ,ߠ௣௣௔௥ሺܧ ߮ሻ + ,ߠ௣௩௘௥ሺܧ ߮ሻ (4) 

 
with  
,ߠ௣௣௔௥ሺܧ  ߮ሻ = ܽଶሺߠ, ߮ሻ. .߆݊݅ݏ ሺ߮	ݏ݋ܿ − ,ߠ௣௣௔௥ሺܧ ,(ߔ ߮ሻ = ܽଷሺߠ, ߮ሻ. .߆ݏ݋ܿ sin  ߠ

 

 
In which, the functions ܽଵሺߠ, ߮ሻ, ܽଶሺߠ, ߮ሻ, and ܽଷሺߠ, ߮ሻ related to the transmission coefficient of the 

air/glass interface. The expressions of these functions 
can be found in the reference [24]. 

The spatial distribution of intensity ܫሺߠ, ߮ሻon the 
Fourier plane of the objective is represented in terms 
of the wavevectors, denoted as ݇௫ = ݊. .ߠ݊݅ݏ  ߮ݏ݋ܿ
and ݇௬ = ݊. .ߠ݊݅ݏ  Fig. 2b shows an emission .߮݊݅ݏ
diagram on the Fourier plane ܫሺ݇௫, ݇௬ሻ of a dipole 
inclined an angle of Θ = 15° to the glass substrate. As 
the numerical aperture of the objective	ܰܣ = ݊.  ,ߠ݊݅ݏ
the radius of the emission diagram is limited by this 
parameter. In this case, the modelled objective has  
NA = 1.49. It is worth noting that since the dipole 
radiating through the air/glass interface, the solid 
angle corresponding to NA = 1 is the critical angle 
defined by refractive indices of these media. The 
emission diagram shows that the radiation is strongly 
modified by the presence of the interface toward the 
higher index medium (glass). Especially, the interface 
redistributed the radiation mainly into the evanescent 
regime corresponding to NA = [1, 1.49]. Besides, the 
influence of the out-of-plane orientation Θ = 15° is 
observed as the contrast of the intensities along the 
dipole axis.  

 
 

 
 

 
 

Fig. 2. (a) Schematic of the spherical coordinates  
defining the orientation of the dipole (Θ, Φ) and the direction 
of the observation (θ, φ); (b) Simulated emission diagram  
on the Fourier plane of the objective of a dipole inclined 15° 
to the substrate. 

 
 

2.3. Experiment Set Up 
 

Fig. 3 illustrates the experimental set up which 
combines dark-field imaging and Fourier filtering. 

The AuBPs are deposited on a glass substrate and 
excited by a white lamp focused by a low numerical 
aperture (NA) objective and then both direct 
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illumination and scattered light are collected by an oil 
objective with NA = 1.49. A beam blocker is placed at 
the Fourier-plane position (F’.P’) to effectively block 
the overwhelming illumination and retain only the 
scattering. At the same time, a diaphragm is also set at 
this position to control the scattering collection NA. It 
is worth mentioning that the primary Fourier plane of 
the oil objective is usually inside or very near the 
objective pupil. Therefore, a conjugated lens system is 
used to displace the Fourier plane to a convenient 
position for collection manipulation. The polarization 
analysis of the scattered light is then conducted by 
combining a rotating half-wave plate (λ/2) and a fixed 
polarizer (P).  

 
 

 
 

Fig. 3. Schematic of the experimental set up. F.P: the 
primary Fourier plane, F’.P’: the image of the Fourier 

plane, λ/2: the rotating half-wave plate,  
and P: the fixed polarizer. 

 
 

3. Results and Discussion 
 

3.1. Dark-field Imaging 
 
Fig. 4a shows a dark-field image of the AuBPs 

deposited on the glass substrate that was measured by 
the experiment setup in Fig. 3. 

 
 

 
 

Fig. 4. (a) Dark-field image of the AuBPs deposited  
on the glass substrate; (b) Scattering spectrum of a single 

selected AuBP. 

The bright spots come from the scattering of the 
nanoparticles while the dark background proves that 
the overwhelming illumination was sufficiently 
filtered out. Especially, the AuBPs are very well 
separated from each other allowing to measure 
scattering at the single level. 

A scattering spectrum of a selected AuBP is 
presented in Fig. 4b where the resonance wavelength 
is located around 700 nm associated with the 
longitudinal mode. Besides, the width of the spectrum 
is narrow, around 50 nm, which is usually an optical 
response achieved from a single nano-object at the 
ambition condition. 

 
 

3.2. 3D Orientation of the AuBPs 
 

The polarimetric measurements are performed on 
the high quality AuBPs with average length of 100 nm 
and aspect ratio around 3.3 supporting a well – defined 
longitudinal resonance between 650 - 750 nm. The 
synthesis protocol can be found in [2]. Fig. 5 plots the 
obtained results of orientation measurement. 

 
 

 
 

Fig. 5. Detected intensity (red dots) as a function 
of analysis angle α fit with the Eq. (1) (blue curve). 

 
 

The evolution of the intensity as a function of the 
analysis angle α follows very well the Eq. (1). From 
the fit, three parameters are extracted: the in-plane 
angle Φ, the maximum, and the minimum intensities 
(Imax and Imin). In which, the in-plane angle is defined 
as analysis angle at the first maximum value of the 
detected intensity. We find for this AuBP, an in-plane 
angle Φ = 30° and a DOP δ = 0.72 with 3 % of 
precision. From the Eq. (2), we deduce out-of-plane 
angle Θ = 75°. 

The degree of polarization and deduced out-of-
plane angle measurement are then repeated for 30 
other AuBPs (Fig. 6). We found that the AuBPs 
possess distributed out-of-plane angles between 60° 
and 90°, in which the 70-80° orientations are 
dominant. This distribution is consistent with the 
shape and the size of the AuBPs deduced from the 
electronic microscope measurement. There are 
considerable numbers of AuBPs paralleled with the 
substrate that might be induced from ligands 
surrounding the particle. 
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Fig. 6. Histogram of (a) degree of polarization  
and (b) out-of-plane orientation of 30 AuBPs measured by 

polarization analysis. 
 
 

3.3. Role of Collection Numerical Aperture 
 
The simulation indicates that the strong 

longitudinal surface plasmon resonance mode of the 
AuBPs behaves like a linear radiating dipole. When 
they are near an air/glass interface, the scattering is 
mainly radiated in the forbidden region above the 
critical angle [39]. Fig. 7 simulates the 3D radiation 
pattern of a dipole placed in air and near a glass 
substrate that is strongly redistributed toward the 
higher index medium.  

The Fourier plane is the projection of the radiation 
pattern where each point on the Fourier plane 
corresponds to one direction of the radiation. Herein, 
the polarization states of different radiation directions 
have been presented (blue arrows). It is clear that the 
polarization states are not homogeneous on the entire 
Fourier plane. They become more complicated with 
the increase of numerical aperture, especially near the 
critical region around NA = 1. In other words, the 
polarization states are also strongly redistributed. 
Thus, in terms of the experiment, the collected NA of 
the objective plays an important role on the orientation 
measurements. In order to illustrate this dependence, 
we performed the polarization measurements with 
angular filtering. The results are displayed in Fig. 8. 

Fig. 8 presents the DOP as a function of NA which 
is artificial changed from 0.45 – 1.49 by Fourier 
filtering (Fig. 3). We see that at low NA, δ nearly 
reaches unity but when the diaphragm is larger, it 
drops by 30 %, and more significantly around NA = 1. 
When the NA increases, the scattering is collected into 
different directions which possess specific 
polarization angles result in the decrease of the DOP. 
It is worth noting that the detected intensities also 

strongly depend on the NA collection, therefore, the 
choice of an optimal objective is a compromise 
between a fast variation of the δ(Θ) and an effective 
collection efficiency.  

 
 

 
 

Fig. 7. Simulation of the 3D radiation pattern  
and the Fourier plane image of a dipole near air/glass 

interface. The projection of polarizations on the Fourier 
plane is showed as blue arrows. 

 
 

 
 

Fig. 8. DOP (red) and Imax (black) as functions of collection 
NA. Dots: experimental values. Curves: simulation. 

 
 

3.4. Microscope Objective for the 
Polarimetric Measurement 

 
As the DOP is strongly influenced by the collected 

NA, the choice of the objective for the polarimetric 
measurements is crucial. Fig. 9 shows the evolution of 
the degree of polarization (DOP) δ as the function of 
the out – of – plane orientation Θ with different 
collection: NA = 1.15 and NA = 1.49 represent for oil 
objectives, while NA = 0.5 and NA = 0.9 stand for  
air objectives.  

The theoretical calculation on Fig. 9a has taken 
into account the experimental parameters with the 
presence of the beam stop 0.45NA. There is a minor 
difference compared to the case of collection in a full 
solid angle (Fig. 9b) because some polarization 
directions below the solid angle NAc =0.45 are cut – 
off by the beam stop. In the grey zones, the δ is nearly 
constant with collection in the large NA while its 



Sensors & Transducers, Vol. 255, Issue 1, January 2022, pp. 10-16 

 15

variation is bigger in the case of collection in the small 
NA. In the opposite, when the dipole is nearly in the 
plane of the substrate (Θ = 70 – 90°), it is difficult to 
measure variations of δ for objectives with small NA.  
 

 

 
 

Fig. 9. Theoretical calculations of the DOP as a function 
of the dipole orientation Θ for two configurations of 
collection: (a) with the beam stop limiting NA = 0.45, and 
(b) for a full collection. Four different objective numerical 
apertures are evaluated for each configuration. The grey 
zones correspond to dipoles which are oriented nearly 
vertical (Θ = 0 – 10°). 

 
 
4. Conclusions 
 

In conclusion, we showed that the complete 
orientation of the AuBPs has been successfully 
resolved by the scattering polarimetry spectroscopy. 
Most of the particles exhibited the out-of-plane 
orientation on the substrate which is consistent with 
their geometry. The crucial role of the collection 
numerical aperture has been addressed, both 
experimentally and theoretically. We also show that 
depending on the orientation, the choice of the 
microscope objective NA is crucial. Our original 
method to obtain the direct dependence of the 
polarization on the objective NA may be  
applied for more complex systems with different 
radiation pattern.  
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Abstract: The number of satellites in LEO is dramatically increasing, from single objects 60 years ago to a 
predicted 100,000 in 2030. U.S. companies have requested approval for 58,000 new satellites in the next decade, 
42k from SpaceX alone. Each week, 3k LEO objects pass each other closer than 1km. In 2018, the European 
CAESAR conjunction assessment system handled 3M conjunction messages leading to only 17 effective 
maneuvers. The problem is the low precision with which we know the orbits of these objects. Improving that 
precision by a factor of 100 will reduce the annual number of false collision alarms to an acceptable level. Just-
in-time Collision Avoidance (JCA) can prevent anticipated collisions, given improved ephemeris precision. In 
this paper we show how this can be done with a 100 ps laser ranging network and one or a few laser nudging 
stations in orbit. We will discuss the components of this system, as well as an eight-year plan for implementation. 
 
Keywords: JCA, ps laser, Laser ranging, Laser nudging, Space debris traffic management. 
 
 
 

1. Introduction 
 

Fig. 1 shows the exponentially growing number of 
debris in low Earth orbit (LEO). Within the next 
decade an additional 60 k satellites are expected to be 
approved, most of which will belong to the SpaceX 
Starlink system [1] plus additional satellites from 
other similar planned systems. By 2050, 600 k objects 
larger than 1cm are predicted to populate LEO [2]. In 
1978, Kessler [3] predicted that mutual debris 
collisions would soon become the largest source of 
new debris. This is now the case (Fig. 2), as a result of 
35 years of bad space housekeeping, which has led to 
about 10,000 tons of LEO space debris. Space is a 
commons: trashing it is a disaster that can ultimately 
trap us on this planet. 

In space, no fatalities have occurred yet, but there 
have been several incidents, including one in 
November, 2021, in which the International Space 

Station (ISS) astronauts were forced to abandon the 
Station and seek protection inside their attached re-
entry vehicles. International cooperation is essential to 
solve the debris problem. In orbit, typical impact 
velocity is 12 km/s due to the variety of launch 
latitudes and inclinations. At this velocity, debris have 
several times the energy density of dynamite. 

Despite the fact that SpaceX has designed its 
satellites to re-enter, the sheer number on orbit will 
surely lead to more collisions than we have seen in the 
past. Each week, 3k LEO objects pass each other 
closer than 1 km [4]. Just-in-time collision avoidance 
(JCA) [5] can prevent anticipated collisions, but 
anticipation depends on better orbit ephemeris 
precision. Laser ranging can improve the present 
precision by a factor of 100, which leads to a  
collision false alarm rate of about 100/year, to about 
0.02/year [6]. 

http://www.sensorsportal.com/HTML/DIGEST/P_3254.htm
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Fig. 1. Debris evolution over time. In early 2021, 36,000 orbital objects were present, of which 24k were catalogued, 94 % 
of these being debris. Even more are present since the recent experiments demonstrating satellite targeting from Earth [courtesy 
NASA Orbital Debris Program Office, 2020]. Shown are just the debris larger than 10 cm. 

 
 

 
 

Fig. 2. Debris number in various altitude bins [Courtesy of C. Bonnal]. 
 

 
Then, we can use pulses from a high power  

laser on the same or a different spaceborne station to 
nudge one partner in a predicted collision via  
laser ablation a few days in advance and avoid the 
collision. Increased orbit precision resulting from laser 
ranging will permit collision avoidance by imparting a 
velocity of about 0.15 mm/s 7 days in advance to the 
selected partner, sufficient to miss the anticipated 
collision by 280 m. 

Fig. 3 illustrates the severity of the debris problem. 
This figure is a computer-generated image of tracked 
objects larger than 10 cm in modern times, as viewed 
from an oblique vantage point in high earth orbit 
(HEO). 95 % of objects shown are debris, not 
functional satellites. The cloud is very dense in LEO, 
but the geosynchronous space (GEO) is also getting 
crowded. Note the number of objects that exist outside 
the GEO ring. 
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Fig. 3. Illustrating the debris problem (NASA Orbital 
Debris Program Office, 2020). 

 
 

2. Precise Object Location 
 
Fig. 4 shows the design of an orbiting telescope 

and high-efficiency detector system, designed to 
detect debris objects (>10 cm at 1000 km range, 
>1 cm at 200 km) under solar illumination. 

After a debris is detected, 50 mJ, 100 ps laser 
pulses are trained on it to measure range to the object 
with 4 cm precision by timing reflections from tracked 
objects (Fig. 5). In active mode, it can see a 20 cm 
target at 1000 km and a 6cm target at 200 km. 

Tables 1-3 summarize system performance. 
Several systems like that shown in Fig. 4 and Fig. 5, 
moving in equatorial and polar orbits at ~900 km 
altitude gather data on the debris surface from multiple 
passes of multiple stations per object. Then, a 
computer on a “mother ship” will determine the center 
of mass location of each object studied with 10 cm 
precision. In Table 1, we assume the minimum signal 
integration time (60 microseconds per pixel) and a 
1ms refresh interval during which noise energy 
accrues. Table 1 shows system performance in passive 
target detection, in the solar illuminated mode 
illustrated in Fig. 4. At 1000 km range, a LEO object 
moving across the field of view will cross the 1-degree 
field of view in about 2 s. The 1.54 Gpixel array covers 
a 40 × 40 km field at 1000 km with 230 cm spot size 
[Fig. 5]. The pixels have 85 % photoelectric efficiency 
[7]. Dark current is adequate at 20C. A commercial 
laser which satisfies our requirements is the EKSPLA 
PL2231A, which cost about $135k in 2020 [8]. 

Background signal assumes we are in LEO above 
300 km, sun behind us, and looking up or out, but not 
down at Earth. Background brightness is based on 
1 μW/(m2sterradian-μm) [9]. Tables 2 and 3 show 
ranging laser performance in active mode. 

 

 
 

Fig. 4. Passive and active components of LEO ranging system to detect large debris using solar illumination followed by 
100 ps “pinging.” Operation is illustrated at 100 km range, where laser spot size is smaller than large targets. 

 
 

 
 

Fig 5. Active ranging subsystem comprising a 50 mJ, 100 ps laser and precision timer to determine range to debris 
with cτ=3 cm precision. Here, operation at 1000 km range is illustrated, with beamwaist at 104 km. 
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Table 1. Passive mode: sun-illuminated LEO target. 
 

 Value Dimension 
Operating range 1000 km 
Sun spectral 
brightness 

1000 W/(m2sterrad- μm) 

Background spect. 
bright 

1E-6 W/(m2sterrad- μm) 

Relativistic shift BW 0.025 nm 

Target size assumed 10 cm 

Range assumed 1000 km 

Min. transit time/pixel 60 μs 
Aperture diameter 85 cm 

Target Rdiffuse 0.25 - 

Signal S 1.7E-17 W 

Noise N 1.0E-16 W 

Signal energy 3.0E-15 J 

Background energy 5.8E-22 J 

Array refresh interval 1 ms 
Signal/Noise energy 
ratio 

2.8E4 - 

Photoelectrons/pixel 38 - 

 
Table 2. Ranging laser parameters. 

 

 Value Dimension 
Wavelength 532 nm 
Pulse energy 50 mJ 
Pulse duration 100 ps 
Repetition rate 50 Hz 
Laser avg. power 2.5 W 
Laser beam quality M2 2 - 

 
Table 3. Ranging laser active detection  

system parameters. 
 

 Value Dimension 
Center wavelength 532 nm 
Aperture diameter D 85 cm 
Target diameter d 20 cm 

Target diffuse reflectivity Rd 25 %/sterrad 
Beam dia. (0.9*D) 75 cm 
Focal length 5 m 
Field of view 1 deg 
Search area 1600 km2

N pixels 1.54E9 - 
Pixel size 2.25 μm 
Array diameter (concave) 8.7 cm 
Detector efficiency 85 % 
Received signal S  1.3E-17 J 
Refresh time 1 ms 
Background B (gated) 4.4E-23 J 
Spot diameter at range 2.3 m 
Target diffuse reflectivity 0.25 - 
S/B 3.0E6 - 

Target v⊥ at range 7500 m/s 
Min transit time/pixel 60 μs 
Rec’d photo-electrons 30 - 
Signal stability 1/Npe

0.5 18 % 
Min target at 208 km 6.5 cm 
Dark current at 20C 0.3 e/pulse/ms 

3. Diffraction 
 

Please refer to Fig. 5. For long range systems such 
as ours, the place to start is the beam diameter at the 
launch aperture. From Table 3, this is 75 cm. Next, the 
Rayleigh Range (the position at which intensity is 
doubled for a Gaussian beam) is determined, from 

 

,
 

(1) 

 
which gives us the distance from the beamwaist to the 
aperture. Wo is the waist radius. Note that a beam with 
quality M2 behaves just like a beam with wavelength 
M2λ. Beyond the waist, as the beam expands at range 

we can write without approximation: 
 

 
(2) 

 
From this result, we know the beam area A=πw2 on 

the target and can compute fluence Φ=W/A where W 
is pulse energy. To compute the return energy, we 
assume a pulse energy RdW is returned into π 
sterradians. This approach is a worst case, because 
most objects have roughly flat surfaces that return 
light into a much narrower beam than we assumed in 
calculating he parameters in Fig. 5 and Table 3. 

 
 
4. Nudging the Target 
 

Fig. 6 illustrates nudging a target satellite. The 
Fig. 4 system is collinear with the Fig. 6 high power, 
single pulse high energy laser. This laser can apply its 
Δv from hundreds of km, providing intensity on target 
is sufficient to produce a plasma and initiate ablation. 
The requirements for that are a fluence value [10]. 

 Φopt ~B√τ J/m2 (3) 
 
We take B=4.0E8 J/m2 for robust coupling to most 

spacecraft materials at pulse duration τ, giving 
Φopt=4.0 kJ/m2 in a 100 ps pulse. §3 can be used to 
determine fluence at range. In Fig. 6, “L’ADROIT” 
refers to an orbiting debris removal station design [10].  

 
 

 
 

Fig. 6. Illustrating debris nudging. 

zR = πwo
2

M 2λ

z' = z− zR

w2 = wo
2[1+ (z'/ zR

2 )]
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4.1. Perturbing Orbits 
 

Where μ=GMEarth, r is radius from the elliptical 
orbit focus (geocentric radius for small satellites) and 
a is the semi-major axis of the ellipse, total energy per 
unit mass ε for an unperturbed orbit is given by 

 

 (4) 
 
The vis viva equation for velocity v in an 

unperturbed orbit is 
 

 (5) 
 
If we now perturb the orbit with a laser impulse 

with energy W which delivers an energy change 
CmWvorb we can differentiate Eq. (5) to find for an 
object of mass m, 

 

 
(6) 

 
Considering that the orbital period is given by 
 

 (7) 
 
which can be differentiated to give 
 

  
 
so that 
 

 

 

and that the change in period of the perturbed object is  
 

 
(8) 

 

Eq. (8) works even for a CW signal if its duration 
is short compared to T. But W in Eq. (8) must always 
be used with the correpondng Cm.  

Table 4 shows how we can apply all this. Please 
note that this high power pulse laser, is a separate 
device from the 50 mJ unit in Table 2, and makes only 
one shot to produce a 280 m miss in 7 days, giving it 
a lot of flexibility to address many targets. Its 800 km 
range addresses a large enough volume to find a 
particular debris quickly. Note that focal spot position 
dither means nothing for a 100 ps pulse focal spot 
fluence. No vibrations are that fast.  

We suggest that the 3 m diameter focusing 
aperture can be a phase plate imprinted on a flat 
reflector simulating an off-axis paraboloid and 
assembled from segments in orbit. Secondary optics in 
the laser train feeding this optic adjust the focus 
location in real time within the indicated range. At 
shorter range, laser pulse energy is reduced. Coupling 

coefficient values in Table 4 were estimated from 
earlier measurements [11]. Pointing precision is 
referenced in [12]. 

 
 

Table 4. Target mechanical coupling parameters. 
 

 Value Dimension 
Coupling coefficient Cm 30E-6 N-s/J 
Wavelength 355 nm 
Aperture diameter 3.0 m 
Beam quality M2 1.5 - 
Focal spot dia. at range 40 cm 
Range 800 km 
Pointing precision 300 nrad 
Corresponding focus dither 24 cm 
Target mass 1000 kg 
Nudging laser energy 5.0 kJ 
Fluence on target 40 kJ/m2

Target Δv from one shot 150 μm/s 
Target ΔT 3.9 ms/orbit 
Pulse duration 100 ps 
Semimajor axis change Δa ±29 cm 
Miss distance vorb ΔT 2.8 m/period 
Miss distance vorb ΔT 280 m/week 

 
 

4.2. Design of a JCA Station 
 

Fig. 7 shows a polar orbiting JCA station in action. 
 
 

 
 

Fig. 7. Polar orbiting JCA Station. 
 
 

In operation, this 100 ps laser ranging station (one 
of many) accurately locates a debris facet relative to 
the station. In turn, the station is located relative to 
Earth by onboard GPS and multiple Earth stations 
pinging a retroreflector on the station.  

Using inputs from many stations, a computer on 
the “mother ship” combines the data to determine the 
center of mass location of a particular debris with 
10 cm precision. In Table 5, we take 19,000 satellites 

ε = vorb
2 / 2 − μ / r = −μ / 2a

v2 = μ(2 / r −1/ a)

Δε = ±(
μ

2a2
)Δa = CmWVorb / m

T = 2πa3/2 / μ1/2

ΔT = 3π (a / μ)1/2 Δa

ΔT = 3π (a / μ)1/2 (
2a2

μ
Δε ) = (3aT / μ)Δε

ΔT = ±6πWCm(
a2

μM
)
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to be surveyed by an individual JCA station, and 0.1 % 
of these to require special care because of their 
proximity to other assets. Ten stations in various 
equatorial or polar orbits can provide redundant 
measurements for those, getting center of mass 
location accurately. 

 
 

Table 5. JCA system parameters. 
 

 Value Dimension 
Altitude h 800±50 km 
Orbit period T 101 min 
Pillbox thickness 600 km 
Pillbox volume V 1.88E9 km3

Number satellites watched 19000 - 
Satellite density 6.2E-8 km-3

Target objects in pillbox 120 - 
Watched sat detection rate 4700 hr-1

Sats to nudge (0.1% /day) 1 day-1

Time to find a particular sat 4 hrs 
 
 

5. Alternative Designs 
 

In this section, we will compare earth-based and 
space-based ranging systems in order to show the 
inherent advantages of the pulsed system we propose, 
and briefly discuss CW laser ranging with frequency 
modulation, the design approach used in automobile 
collision-avoidance lidar.  

 
 

5.1. CW Laser Ranging? 
 

Using the same geometry and procedures as 
generated Fig. 5 and Table 1, we can calculate that to 
obtain the same spectral brightness as the sun 
(Table 1) on target, a 532 nm CW laser with 100 nm 
bandwidth and 1.3 kW output would be required. This 
figure could be improved by shifting the frequency of 
the transmitted signal in a pseudorandom sequence 
that repeats every 3.3 ms (to match 1000 km range) 
and cross-correlating the return with the outgoing 
signal. However, there are other problems with CW. 

In order to provide the 0.15N-s impulse necessary 
to nudge the target (see Table 4) using light pressure 
alone, for which Cm=6.7E-9N/W, assuming a target 
availability interval of 30 s, a laser power of 750 kW 
would be needed. At 25 % electrical efficiency for the 
laser, a power supply capable of 3MW is necessary. 
Over the 30 s availability interval, 90MJ stored 
electrical energy would be required. These parameters 
are not practical. 

 
 

5.1. Ground-based Laser Ranging? 
 

Problems are both physical and practical (Table 6). 
Clearly, it would take a lot of fixed Earth-based 
stations to equal the capability of one orbiting station. 

Because sky background brightness is more than 
100 times greater for an Earth-based station, small 
targets would be much more difficult to find.  

 

Table 6. Earth-based laser ranging. 
 

 Earth Space 
Search volume (±45°) km3 1.4E9 1.9E9 
Sky background brightness 7.5E-9 1E-6 
Time to find one satellite 2 weeks* 4 hrs 
Weather a problem? Yes No
Scintillation (adaptive optics) Yes No 
Nonlinear refraction Yes No 
Centimetric precision No Yes
Operating time (hrs) 12 24

 
Note: * depends critically on satellite orbit and station 

location – could be infinite. 
 
 

6. Stepwise Approach 
 

Because many nations’ properties are involved in 
the space commons, an attempt to range, let alone 
nudge satellites requires careful planning and 
international consultation. To do this will  
require a multi-year program. We propose the 
following sequence: 

1. Develop a small laser ranger for  
demonstration purposes. 

2. At first, use this only on large known French 
debris such as Ariane 1-4 upper stages.  

3. Compare results to the well-known ephemerii 
from the French COSMOS system based on the 
Graves radar [13]. 

4. When feasibility is proven, develop larger laser 
ranging station compatible in size with the European 
Vega launcher. 

5. Develop a global legal agreement to allow laser 
ranging on catalogued debris. Gains from such 
operations on defunct objects should  
guarantee acceptance. 

6. Because known ephemerii will control the initial 
operation, the risk of wrongly pinging active assets  
is negligible. 

7. Develop the slightly larger JCA system  
couple with the ranging function to minimize the false 
alarm rate.  

8. When feasibility of this is shown, use the JCA 
system to significantly modify orbits of large derelicts 
as previously proposed in the description of 
L’ADROIT [10, 14]. 
 
 
7. Conclusions 
 

It has been the purpose of this paper to outline a 
practical solution to abating the problem of mutual 
collisions among satellites before we are trapped on 
this planet by a cloud of debris created by these 
collisions. The plan is to locate all objects in LEO 
sufficiently precisely to avoid false collision alarms 
and to predict actual collisions several days in 
advance. Armed with this knowledge, we can use a 
nudging laser system which, by imparting a tiny 
velocity change a week in advance, will eliminate 
collisions altogether. 
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Abstract: We demonstrate a high performance C-band semiconductor quantum dash (QD) mode-locked laser 
based optical frequency comb (OFC) with buried heterostructure (BH). Theory of timing jitter is presented 
including characterization methods from both the 1st homonic RF power spectral density and optical phase noise. 
Experimental results of relative intensity noise (RIN), phase noise, and timing jitter are compared from QD mode-
locked optical frequency comb having BH structure to that with conventional surface ridge structure in the same 
repetition rate of 25 GHz. It is demonstrated that the laser with BH structure exhibits significantly reduced RIN, 
phase noise, and timing jitter compared to the surface ridge structure. The performance of BH QD OFC is also 
evaluated in broadband optical heterodyne based radio-over-fiber fronthaul wireless links at 5G New Radio of 
around 25 GHz with a total bit rate of 16-Gb/s. 
 
Keywords: Semiconductor quantum dot or dash mode-locked laser, Optical frequency comb, Buried hetero-
structure, Phase noise, Timing jitter, Radio-over-fiber, 5G new radio. 
 
 
 
1. Introduction 

 

To meet rapidly increased demand for wireless and 
internet worldwide and to overcome the global 
shortage of RF bandwidth, high-speed networks and 
the millimeter-wave (mm-wave) spectra are expected 
[1] to increase data capacity and the wireless 
frequency bandwidth. To keep symbol rates compliant 
with the electrical bandwidth of energy-efficient 
CMOS driver circuitry, a technical implementation of 
such networks requires higher-order modulation 
formats along with parallel transmission on multitude 

of wavelength channels [2]. In these circumstances, 
optical frequency combs (OFCs) become particularly 
attractive light sources to generate large numbers of 
well-defined carriers for wavelength-division 
multiplexing (WDM) in a single chip-scale device. 
Particularly one of the important advantages of CFCs 
is that the comb lines are inherently equidistance in 
frequency, hence, easing the requirements for inter-
channel guard bands and avoiding frequency control 
of individual lines as needed in conventional used 
arrays of independent DFB lasers. These advantages 
do not only apply to the WDM transmitter but also to 

http://www.sensorsportal.com/HTML/DIGEST/P_3255.htm
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the receiver, where an array of discrete local 
oscillators (LO) may be replaced by a single CFC [3] 
and possibly with the same CFC as the transmitter 
light source.  

OFCs generated by monolithic semiconductor 
mode-locked lasers (MLLs) have been demonstrated 
to be efficient for WDM based communication 
networks owing to compact size, low power 
consumption, wide optical bandwidth with a flat 
optical spectrum, and the ability for hybrid integration 
with silicon substrates. It has been demonstrated that 
using quantum dots or dashes as the active gain 
medium instead of bulk layers or quantum wells for 
semiconductor lasers a number of enhancements in 
device performance were found [4-5]. These include 
sharp increase in the density of states and reduction in 
the amount of amplified spontaneous emission rates, 
which leads to lower intrinsic noise, lower threshold 
current densities, lower sensitivity of the threshold 
current to temperature, reduced chirps, broader 
spectral gain bandwidths, narrower mode linewidth, 
and faster carrier dynamics. The QD single-section 
passively (SSP) MLLs or called passively MLLs are 
more promising OFCs for the next generation of high-
speed networks [6-8]. Due to without a saturable 
absorber section, the SSP MLLs achieve mode-
locking results in an increased average output power, 
simpler fabrication, able to make higher repetition  
rate [9, 10].  

Significant reductions of phase noise and pulse 
jitter have been reported using active mode-locking 
[11], hybrid mode-locking [12, 13] and optical 
injection [14-16] methods in frequency comb QD 
lasers at 1300 nm wavelength. It is shown that the best 
suppressing level of time jitter could be down to sub-
hundred femtosecond [14], but all these methods have 
the same disadvantage of requiring extra complex and 
expensive equipment, such as an extra light source, 
modulator and high-frequency electrical signal 
generator, etc. The feed-back locking methods of 
phase noise and timing jitter reduction have been 
investigated in passively MLLs [17-19] and in 
application in WDM transmission [20]. The results of 
3dB RF linewidth reduction from 187 kHz to 1.9 kHz 
corresponding to a pulse-to-pulse jitter reduction to 
23 fs have been obtained in a 40 GHz InAs/GaAs QD 
MLL [9, 21]. Although the method of optical external 
cavity self-injection feedback is a powerful technique 
for linewidth and pulse jitter reduction, this 
technology still need a precise alignment with external 
cavity and the performance sensitive to the external 
mode-locking conditions.  

We have previously demonstrated InAs/InP QD 
MLLs with pulse repetition rates from 10 GHz to 
437 GHz and a total output power up to 50 mW per 
facet at room temperature [22-31]. We have recently 
demonstrated femtosecond timing jitter in InAs/InP 
QD C-band SSP MLLs with surface ridge waveguide 
structure by both analysis of the Lorentzian linewidth 
of the first harmonic RF PSD [32] and optical 
linewidth [33]. In this paper, we carry out an 

investigation of various properties of 25 GHz C-band 
QD Febry-Perot (F-P) MLL based SSP OFC with 
buried heterostructure (BH) waveguide to extend the 
study in [34]. Firstly, we theoretically analyze timing 
jitter and its measured methods for a QD F-P MLL, 
which is a critically important parameter for high-
speed network applications. Then we give a full 
description of laser fabrication and performance 
characterization. Furthermore, we compare the 
measured results of RIN, phase noise and timing jitters 
from QD F-P MLL with BH structure to a 
conventional ridge structure. The results show the 
performance is significantly improved by using BH 
structures as the laser gain waveguide. To our 
knowledge, this is the first time in the literatures for 
making these comparisons. Lastly, we report on 
application of the 25 GHz QD F-P MLL based OFC 
for fiber-wireless integrated 5G new radio fronthaul 
systems with 16-QAM modulated data formats and 
optical heterodyne detection using both signal 
modulated signal and LO reference from the same 
OFC. Those results postulate a complete perspective 
on these semiconductor QD MLLs as OFC sources for 
the purpose of being employed in mm-wave RoF 
transmission systems. 

 
 

2. Theory of Timing Jitter  
 
Generally, the noise effects in a semiconductor 

mode-locked laser are mainly from the amplitude, the 
central optical frequency, the pulse frequency spacing, 
and the optical phase, but the broadening of the mode 
lineshape in the passively MLL is dominated by the 
contributions of optical phase noise and pulse timing 
fluctuations [35, 36]. The phase and timing 
fluctuations in each mode are affected by amplified 
spontaneous emission noise going through a random 
walk process [37]. Therefore, the timing jitter exhibits 
a diffusion-like behavior. If Δtr (t) expresses the timing 
fluctuations in the mode position at time t, the timing 
jitter σ can be described by a Gaussian random process 
with mean = 0 and total variance σ = <|Δtr (t)|2> = Dt, 
where D is the timing jitter diffusion constant.  
Then phase fluctuation follows the behavior  
Δθ(t) = 2πf0Δtr(t), where f0 is the center frequency or 
repetition rate. From analyzing the complex electric 
field of a semiconductor passively MLL, considering 
only the effects of phase and timing fluctuations, the 
complex optical field is [36] 

=ሻݐሺܧ  ෍ ݐሾܣ − ሺ݊ሻሿ݁ି௝ሾଶగ௙బሺ௧ି௡ݐ∆݊ బ்ሻା௱ఏሺ௡ሻାథሺ௡ሻሿ,ஶ
௡ୀିஶ (1) 

 
where A(n), Δt(n), f0(n), Δθ(n) and ϕ(n) are 
respectively the mode envelope, timing fluctuations, 
the center frequency, phase noise, and static phase of 
the nth longitudinal mode. T0 is the repetition period 
and f0 = 1/T0. Following [38], the optical spectrum can 
be calculated by taking the electric field 
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autocorrelation function and Fourier transform. A set 
of Lorentzian modes with frequencies fn and the 
FWHM linewidths Δfn compose the optical  
spectrum as 
 ܵሺ߭ሻ ∼ หܣመሺ݂ − ଴݂ሻหଶߨ ෍ ∆ ௡݂ሺ݂ − ௡݂ሻଶ ൅ ∆ ௡݂ଶ

ஶ
௡ୀିஶ , (2) 

 
where ܣመ is the Fourier transform of the mode 
envelope. The quantum limited optical phase noise 
and timing jitter random walk fluctuations induce the 
Lorentzian mode shape in all the longitudinal modes 
[35]. The FWHM optical mode linewidth is [39] 

 ∆ ௡݂ = ߂ ௠݂௜௡ ൅ ߨ2 ଴݂ଶܦሺ݊ − ݊௠௜௡ሻଶ, (3) 
 
where nmin is the mode number corresponding to the 
minimum linewidth ∆fmin, ∆fmin would be the linewidth 
for all the modes if there was no timing fluctuations. 

In the same way, the spectrum of the laser 
intensity, or more commonly called the 
radiofrequency (RF) spectrum of beating note, can be 
calculated as a set of Lorentzians with the FWHM 
linewidth of mth harmonic expressed by Δ ோ݂ி௠	[36] 

 ܵோிሺ߭ሻ ∼ ߨ1 ෍ ∆ ோ݂ி௠ሺ݂ − ݉ ଴݂ሻଶ ൅ ߂ ோ݂ி௠ଶ
ஶ

௡ୀିஶ  (4) 

 
It is found that the RF spectrum is consist of a sum 

of Lorentzian modes centered at mf0 with each 
harmonics corresponds to the beating between a pair 
of modes separated by m-1 modes in the optical 
spectrum. At any given value of m, each harmonics 
will have integer m2 proportional multiple to the 1st 
harmonic linewidth and related to D given by [39] 

 Δ ோ݂ி௠ = Δ ோ݂ிଵ݉ଶ = ߨ2 ଴݂ଶ݉ܦଶ (5) 
 
From the coefficients of Eq. (5), the relationship 

between the first harmonic RF spectrum linewidth and 
timing jitter diffusion constant D can be extracted and 
are given by 

 
∆fRF1=2π f0

2D (6) 
 
RF spectrum could be possibly perturbed by the 

amplitude noise as in the case of actively mode-locked 
laser [40]. Higher harmonics of the photocurrent could 
be used to distinguish between phase noise and 
amplitude noise. However, in passively MLL, the 
amplitude noise is dominated by the phase, 
consequently using any different order of the 
harmonics has no influence on the RF linewidth [41] 
as shown in Eq. (5).  

From Eq. (3) and Eq. (6), for a passively MLL, the 
optical mode linewidth ∆ ௡݂ and the 1st RF harmonic 
linewidth ∆ ோ݂ிଵ	are related by way of 

 ∆ ௡݂ = Δ ௠݂௜௡ ൅ Δ ோ݂ிଵሺ݊ − ݊௠௜௡ሻଶ (7) 

Eq. (7) shows that the first harmonic RF linewidth 
∆fRF1 of the semiconductor passively MLL can be 
estimated from measuring the optical linewidth, i.e. 
optical phase noise, of each longitudinal mode and 
performing a parabolic fit as a function of  
mode number.  

From the well-known method developed by von 
der Linde [40] for actively mode-locked lasers, phase 
noise spectrum L(f) is equal to the normalized RF 
power spectral density (PSD) P(f) as shown in 
Fig. 1 (a) in one Hz bandwidth, and is given by 

ሺ݂ሻܮ  = ܲሺ݂ − ଴݂ሻܴܹܤ ∗ ௧ܲ௢௧, (8) 

 
where f0 and Ptot are the carrier peak frequency and 
total integrated power of the RF PSD, respectively, 
and RBW is the resolution bandwidth used in the RF 
spectrum analyzer. Drzewietzki, et al. [42] verified 
that this phase noise estimation method is only valid 
for passively MLLs at frequency offsets well above 
the carrier peak linewidth. Fig. 1 (b) shows a typical 
phase noise spectrum L(f) for a passively MLLs, where 
f1, f2, f3, and f4 indicate the frequency boundaries of the 
different noise mechanisms with various slopes, such 
as flicker frequency modulation (1/f3), white flicker 
frequency noise (1/f2), flicker phase modulation (1/f1), 
and white phase noise (1/f0), respectively [43]. The 
A12, A23, A34 and A45 represent corresponding noise 
areas of the different noise mechanisms.  

 
 

 
 

 
 

Fig. 1. (a) The 1st homonic RF power spectral density (PSD) 
with showing FWHM bandwidth and central frequency.  
(b) A single side band phase noise spectrum with showing 
the different noise mechanisms with frequency related 
various slopes.  
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For the case of an F-P, i.e. passively, mode-locked 
semiconductor laser, especially for the active region in 
a laser diode consists of quantum dot or dash (QD) 
structures is investigated in this work. It is shown that 
due to material nonlinearities and saturated absorber 
in the gain area, the phase correlation of the optical 
longitudinal modes can take place resulting in a four 
wave mixing process and in passively mode-locking 
[44]. The common integrated root-mean-square 
(RMS) time jitter, also called the pulse to clock timing 
jitter, can be obtained from integration of the single 
side band phase noise spectrum as shown in Eq. (9) 
and Fig. 1 (b) by 

௜௡௧ߪ  = ߨ12 ଴݂ ඨ2න ሺ݂ሻ݂݀௙೓೔೒೓௙೗೚ೢܮ  

= ߨ12 ଴݂ ඥ2ሺ12ܣ ൅ 23ܣ ൅ 34ܣ ൅  , (9)	45ሻܣ

 
where fhigh and flow are the upper and lower integration 
frequencies, respectively, in the interested range and 
A12, A23, A34, A45 are corresponding to the areas of 
flicker frequency modulation, white flicker frequency 
noise, flicker phase modulation and white phase noise, 
respectively [43], as shown in Fig. 1 (b). As pointed 
out in [42], this phase noise estimation method is only 
valid for passively MLLs at frequency offsets well 
above the carrier peak linewidth.  

A time jitter estimation method was proposed 
specifically for a semiconductor passively MLL [41]. 
The properties of intrinsic phase noise from relatively 
broadband spontaneous emission in the PML laser 
leads to a Lorenzian shaped PSD of photocurrent RF 
phase noise. Study of the linewidth of the first 
harmonic of photocurrent RF can provide a simple and 
appropriate way to characterize the timing jitter of a 
semiconductor PML laser. According to reference 
paper [41], for a high repetition rate passively MLL, 
as expressed in f0, the pulse to pulse RMS timing jitter ߪ௣௧௣	can be expressed as: 

௣௧௣ߪ  = 1݂଴ ඨ∆ ோ݂ி2ߨ ଴݂	, (10) 

 

where Δf RF is the full width at half maximum 
(FWHM) Lorentzian linewidth of the first harmonic of 
RF power spectral density. By measuring the first 
harmonic of photocurrent RF PSD of a semiconductor 
PML laser and fitting the peak with a Lorentzian 
function, time jitters can be estimated. From Eq. (10), 
it is noticed that for a certain repetition rate f0, the pulse 
to pulse timing jitters of a semiconductor PML laser 
are proportional to square root of the Lorentzian 
linewidth of the RF PSD of the laser. Therefore, the 
FWHM of the radio-frequency (RF) beat note from a 
semiconductor MLL determines the level of phase 
coherence between the modes of the optical frequency 
comb (OFC). 

From Eq. (7), the first harmonic RF linewidth ∆fRF1 
can be estimated by measuring the optical phase noise 

of each longitudinal mode and performing a parabolic 
fit as a function of mode number. Therefore, the pulse 
to pulse jitter can be estimated from optical phase 
noise measurements by parabolic curve fitting as 
shown in Eq. (10). This method does not require a 
direct measurement of the RF PSD which for a high 
repetition rate laser necessitates the use of a high  
speed photodetector. Therefore, this method is not 
restricted to measuring lasers with repetition rates 
below ~100 GHz. 

 
 

3. Material Grown and Decice 
Fabrication 
 
InAs QD is grown initially with an InP buffer 

following by lattice matched InGaAsP (1.15Q), 
1.15 μm PL peak at 300 K, by chemical beam epitaxy 
(CBE) on exactly (001) oriented n-type InP substrates, 
as shown in Fig. 2 (a). The laser active region consists 
of five stacked layers of InAs quantum dashes as 
shown a cross-sectional scanning electron microscopy 
(SEM) imaging in Fig. 2 (b). The five InAs dash layers 
were deposited followed by a 25 s growth interruption 
for each layer to allow the In to diffuse on the surface 
and form dashes. The average QD density in each 
active layer was around	3.5 ൈ 10ଵ଴ܿ݉ିଶ. 

 
 

 
 

Fig. 2. (a) Schematic diagram of a InAs quantum dash (QD) 
grown structure; (b) SEM images of the front cross-sectional 
of the five quantum dashes layers. Inset: the top view of a 
QD layer in the active region for gain material  
of the QD MLL. 

 
 

The each dash layers is then capped with 1.15Q 
barrier layer and finally capped with 1.15Q and InP. 
The waveduide core was surrounded by n- and p- type 
InP cladding layers. This core structure provides both 
carrier and optical confinement in the active region 
emitting in C-band wavelength range. Inset in Fig. 1 
(b) shows SEM imaging of the top view of the QD 
layers. More detailed information of the QD material 
growth is contained in [44]. Two laser structures of 
buried hetero-structure (BH) and conventional surface 
ridge (SR) waveguides are fabricated with the same 
processing environment in this study. 

The QD buried heterostructure (BH) MLL is an 
InP-based p-n blocked BH Fabry-Perot (FP) laser. 
Fig. 3 (a) shows a schematic of the cross-section of  
the laser. 
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Fig. 3. (a) A schematic front cross-sectional diagram, 
and (b) SEM images of the fully processed F-P QD MLL 

with a buried BH waveguide structure. 
 
 

The laser structure is comprised of a 170 nm thick 
InGaAsP waveguide core with 10 nm InGaAs P 
(1.15Q) barriers embedding five stacked layers of 
InAs QDs as the active gain region surrounded  
by n- and p- type InP cladding layers. After growing 
the laser core, a 2 µm wide waveguide mesa was 
created by etching through the 1.15Q waveguide core 
followed by the selective area epitaxy overgrowing of 
pnp blocking layer structure to confine current and 
light to the waveguide mesa. Then after removing the 
selective area dielectric mask, the final p-type InP 
cladding and contact layers were grown. Both facets 
of the laser were left uncoated. A SEM image of the 
front cross-section of a fully fabricated QD BH MLL 
laser is shown in Fig. 3 (b). 

The cleaved laser chip with desired cavity length is 
mounted onto a commercially available Aluminum 
Nitride (AlN) chip-on-carrier (CoC) with two gold 
(Au) electroplated contacts to provide mechanical 
support and electrical connection to the laser chip, 
where the bottom contact provides a cathode 
connection through Eutectic Gold Tin (AuSn) and the 
top contact provides the corresponding anode 
connection through wire-bonding. For the 
experimental characterization of the QD MLL and to 
reduce the power driving noise and environment 
temperature frustration, the CoC is placed on a copper 
block with a thermoelectric cooler (TEC) underneath 
to maintain an operating temperature range  
of 16 – 20°C and an ultra-low-noise battery powered 
laser diode driver controller (LDC) (ILX Lightwave, 
Model LDC-3722) used to DC bias and the 
corresponding TEC. The laser output light is collected 
from its front facet using a collimated lensed 
polarization maintaining (PM) fiber attached to an 
isolator for reducing any back-reflections. The 
position of this fiber is adjustable in three dimensions 
for coupling the light optimally from the laser cavity.  

 
 

4. Experimental Results and Discussions 
 

Fig. 4 (a) shows a typical measured laser L-I 
characteristic curve of a 25 GHz QD F-P MLL with 
buried heterostructure structure at 19 °C. It can be seen 
that the laser threshold current is at around 50 mA and 
provides an average output power up to 50 mW at 
around 450 mA. By comparing the L-I curve of BH 
laser to that of ridge laser as shown in Fig. 4 (a), it is 
observed that differential efficiency of BH laser is 

higher than ridge laser, so the output power is higher 
for BH laser when the driving current larger than 
250 mA. The laser output spectrum is characterized 
using an optical spectrum analyzer (Anritsu, Model 
AQ6317B) with a resolution of 0.01 nm at driving 
current of around 423 mA as shown in Fig. 4 (b). The 
laser operates in the shorter part of the C band with its 
central wavelength of around 1531 nm and 6-dB 
optical bandwidth of around 9 nm providing about 
47 highly coherent optical channels. 

 
 

 
 

 
 

Fig. 4. Measured (a) L-I characteristics and (b) optical 
spectrum of a 25 GHz QD BH F-P MLL. 

 
 

To verify the noise performance of the 25GHz QD 
BH MLL, typical RIN and frequency noise spectra 
from an individual comb line are charactrizated as 
shown in Fig. 5 (a) and (b), respectively. For 
comparison purpose, the noise performances from a 
25 GHz QD MLL with surface ridge structure are 
measured in the same experimental conditions as 
shown in Fig. 5 as well. RIN is measured using Agilent 
N4371A measurement system. Although RIN does not 
usually play an important role in the coherent 
communications, since balanced receivers suppress 
the RIN influence of both the carrier and the LO. 
However, due to the comb modes constantly exchange 
energy amongst each other caused by mode partition 
noise [45], the RIN of the individual comb lines 
usually is high and cannot be neglected, especially in 
the application in an optical heterodyne based RoF 
fronthaul wireless network where a single optical 
receiver is used. From measured RIN spectra over the 
frequency range of 10 MHz to 10 GHz shown in 
Fig. 5 (a), we achieve an integrated average RIN value 
of -143.3 dB/Hz for the QD BH MLL, which is about 
6 dB lower than that of the QD MLL with ridge 
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structure. Such low RIN values are attributed to the 
characteristics of QD material inside the laser cavity 
with very low mode partition noise in the BH 
waveguide active region. Fig. 5 (b) shows measured 
frequency noise and it can be seen that the frequency 
noise is at least 10 times lower in the case of BH QD 
MLL in the high frequency range compared with ridge 
structure laser. 

 
 

 
 

 
 

Fig. 5. Measured single channel RIN (a) and frequency noise 
spectra (b) from a 25 GHz QD BH F-P MLL in comparison 
to that obtained from a QD ridge F-P MLL with the same 
repetition rate in the same measured conditions. 

 
 

To characterize the phase noise performance of the 
laser, selected individual optical channels covering the 
spectrum of the laser in the C-band are filtered out 
using an optical band pass filter. The optical spectral 
linewidth, i.e. phase noise, for some of the selected 
channels from 1526.4 nm to 1535.8 nm (covering 
47 modes) is estimated from the measured optical 
frequency noise spectrum using an automated laser 
linewidth / phase noise measurement system 
(OEWaves Inc. OE4000) as shown in Fig. 6 (a). The 
performance is characterized for QD ridge MLL under 
the same measured conditions. It is indicated as shown 
in Fig. 6 (a) that the measured phase noise for the QD 
BH MLL is in between 0.13 MHz to 0.46 MHz, which 
is much lower than the measured phase noise from 
0.97 MHz to 5.5 MHz for laser in SR structure. 

For analysis of the timing jitter from optical phase 
noise, the measured curves of phase noise vs. mode 
channel number are parabolic fitted using Eq. (7). The 
fitting results of ∆υnim, nnim and ∆υRF1 for both lasers 
are listed in Table 1 for comparison.  

 
 

 
 

Fig. 6. Measured (a) optical phase noise vs. laser mode 
number, and (b) single side-band (SSB) phase noise 
spectrum obtained from a 25 GHz QD BH MLL in 
comparison with that from ridge QD MLL.  

 
 

Table 1. Lists of Parabolic fitted results of the minimum 
optical linewidths. 

 

 
 
 

Lists of Parabolic fitted results of the minimum 
optical linewidths, i.e. minimum optical phase noise, 
∆υnim, the minimum mode number nnim and the first 
harmonic RF spectrum linewidth ∆υRF1 using Eq. (7) 
and estimated pulse-to pulse using Eq. (10) and 
integrated using Eq. (9) timing jitters for the 25 GHz 
QD F-P MLL with both buried heterostructure and 
surface ridge structures. 

The minimum linewidths Δυmin = 0.133 MHz and 
the first harmonic RF linewidths ∆υRF1 = 0.512 kHz 
are extracted for the lasers with BH structure, which 
are both about 7 times smaller than that obtained from 
the laser with surface ridge (SR) structure. The pulse 
to pulse timing jitter ߪ௣௧௣	= 2.28 fs for the lasers with 
BH structure are estimated from ∆υRF1 using Eq. (10) 
as shown in Table 1, which is about 3 times lower than 
that of laser with SR structure. Furthermore, to 
investigate the integrated timing jitter performance, a 
SSB phase noise spectrum is calculated from 
measured RF PSD by Eq. (9) using a high speed IR 
photodetector and PXA signal analyzer (Keysight 
Technologies Model N9030A) at the settings of  
RBW = 10 kHz as shown in Fig. 6 (b) for the  
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25 GHz QD F-P MLLs in the both cases of BH and SR 
structures. The calculated integrated timing jitter of 
1.90 and 0.48 ps are obtained for QD MLLs with SR 
and BH structures respectively. The integrated timing 
jitter is reduced about 4 times in the case of fabricated 
MLL with BH structure as compared with SR 
structure. From Fig. 6 (b), for the F-P QD MLL with 
BH structure, it is observed that the four typical noise 
types, flicker frequency modulation, white flicker 
frequency noise, flicker phase modulation and white 
phase noise, demonstrated predicted down tendency 
with slops of 1/f3, 1/f2, 1/f and 1/f0, respectively, as 
discussed in Section 2. However, for the F-P QD MLL 
with SR structure, the noise of flicker phase 
modulation is dominated and the flicker frequency 
modulation and white flicker frequency noises are 
covered by the white phase noise. The white phase 
noise of the F-P QD MLL with BH structure is 12 dB 
lower than that from the F-P QD MLL with SR 
structure. This is perhaps the reason that the 
performance of RIN, phase noise and timing jitter of 
laser with BH structure is much better than that with 
SR structure. 

 
 

5. Application 
 
There is a strong connection between the timing 

jitter of an OFC and the data bandwidth capability 
since the timing jitter is strongly related to the optical 
phase noise of each individual longitudinal mode. 
Both the modulation data rate and the number (N) of 
the higher-order data modulation format, i.e. PAM-N 
or N-QAM, are inversely proportional to the phase 
noise of each individual laser channel. If the phase 
noise or the timing jitter is smaller, a higher 
modulation data rate and a larger N can be achieved. 
The performance of InAs/InP QD F-P BH MLL is 
evaluated in system experiments by realizing 
photonics-assisted RoF wireless data transmission 
links in this study. The experimental setup comprised 
of central office (CO), remote ratio unit (RRU) and 
wireless receiver as shown in Fig. 7. More detailed 
information of the system setup is contained in [46]. 
In this experimental setup, a typical 5G fronthaul with 
centralized  
radio access network is emulated. Two optical 
channels (λ1 and λ2) from the OFC laser source are 
used, where λ1 serves as a modulated data channel and 
λ2 as an optical local oscillator (OLO) for remote 
heterodyne up-conversion. The remote optical 
heterodyne of the two optical channels up-converts the 
baseband data signal with Gigabit signal rate to the 
desired RF carrier signal in optical domain at the 
remote radio unit (RRU) without using any RF 
electrical LO. 

In the CO, the C-band QD F-P MLL with BH 
structure is used as an optical source, which is biased 
at around 423 mA and maintained at 19 °C by using a 
high stable laser driving controller. The multi-
wavelength output of QD BH MLL is connected to a 
3 dB PM optical coupler (OC1) through a two stage 

PM isolator, to avoid any back reflections caused by 
subsequent equipment, followed by two tunable 
optical band pass filters (OBPF1 and OBPF2) in each 
output of OC1. 

 
 

 
 

 
 

Fig. 7. Schematic of the experimental setups of Central 
Office (a) and Remote Radio Unit and Wireless Receiver (b) 
for photonics-assisted RoF RF signal generation, data 
transmission and detection using two optical channels (data 
channel λ1 and optical LO λ2) from an InAs/InP QD F-P 
MLL with BH structure. Where: OC = optical coupler; 
OBPF = optical band pass filter; EDFA = erbium-doped 
fiber amplifier; AWG = arbitrary waveform generator;  
OLO = optical local oscillator; FOR = fiber-optic receiver; 
HA = Horn antenna; LNA = low noise amplifier;  
RTO = real-time oscilloscope. 

 
 

Two adjacent optical channels are select from the 
MLL by the two OBPFs; one for data transmission and 
another as an optical LO for photonic up-conversion at 
the RRU, spacing at the RF carrier frequency near to 
the center of the standard 3GPP 5G NR (a global 
standard for 5G wireless interface) frequency band 
n258 (24.25 to 27.5 GHz) of frequency range 2 (FR2). 
The wavelength of the two selected optical channels 
are at 1533.044 nm (λ1) and 1533.240 nm (λ2), 
respectively, which are filtered out from the free 
running optical comb spectrum obtained from the QD 
BH MLL cavity without using any controlled feedback 
locking mechanism. It is noteworthy that the QD MLL 
is a promising source since the selection of the optical 
channels is flexible and it can be used to generate RF 
signals in higher frequency bands of mm-wave 
spectrum including K-band, V-band, W-band and 
even THz range depending on the channels spacing 
selection. After boosting the power of optical data 
channel (λ1) by an erbium-doped fiber amplifier 
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(EDFA1), it is modulated with 16-QAM digital 
baseband signals having a symbol rate of 4-GBaud by 
employing two channels of in-phase (I) and quadrature 
(Q) from a dual polarization (DP) QAM optical 
transmitter system (SHF 46215B DP-QAM). The two 
channels’ baseband signals are generated 
electronically using an arbitrary waveform generator 
(AWG) (Keysight Technologies, Model M9502A) 
with a pseudo random binary sequence (PRBS) pattern 
of 2-11-1 bits and a root raised cosine filter with roll-
off factor of 0.35 is also applied for pulse shaping. The 
second optical channel (λ2) is used as a supplementary 
channel to provide OLO for heterodyne RF carrier 
signal generation at the RRU. The modulated and 
unmodulated optical signals are then combined in a 
3 dB OC2 and transmitted over a 25 km SSMF  
to the RRU. 

In the RRU, the received optical signal is amplified 
by EDFA2 followed by OBPF3 to filter out the effect 
of amplified spontaneous emission (ASE) noise and 
other optical components. These two optical signals 
are then beat together on a 38-GHz bandwidth fiber-
optic receiver (FOR) (New Focus model 1474-A) to 
generate the 16 Gb/s (4-GBaud×16-QAM) modulated 
RF carrier signal at 25 GHz. The FOR is  
directly attached to a 17 dBi Horn antenna (WR-34) 
with a 20-33 GHz bandwidth that transmits the 
generated 4-GBaud RF data signal over 0.5 m to 2 m 
free-space indoor wireless distance. After wireless 
transmission, the RF signal is then received by another 
identical aligned Horn antenna and amplified by a low 
noise amplifier (LNA) before capturing into a real-
time oscilloscope (RTO) for processing. The signal is 
captured and coherently detected in real-time by using 
a 33-GHz bandwidth and 100 GSa/s speed Tektronix 
DPO73304SX oscilloscope with vector signal analysis 
software (SignalVu). This process involves several 
digital signal processing (DSP) steps before the signal 
is demodulated, which include signal down 
conversion, carrier and symbol locking, RRC matched 
filtering to recover the baseband IQ data and to 
minimize inter-symbol interference (ISI), adaptive 
equalization to compensate for linear distortions, 
symbols detection and data decoding to calculate the 
error vector magnitude (EVM) and bit error rate 
(BER). Finally, the system performance is evaluated 
by analyzing EVM and BER of the received decoded 
16-QAM 4-GBaud (16-Gb/s) data signals. The BER is 
calculated from the measured EVM values based on 
the EVM and BER relationship derived in [47]. 

The performance of EVM and BER is evaluated in 
a proof-of-concept end-to-end fiber-wireless 
integrated system experiment by generating, 
transmitting and detecting broadband RoF wireless 
signals in the downlink in real-time. The EVM and 
BER below the standard limit of 12.5 % [48] and FEC 
requirement of 3.8×10-3, respectively, are successfully 
achieved in the photonics-assisted wireless system 
with remote frequency up-conversion and detection of 
4-GBaud 16-QAM baseband data signals over 25 km 
SSMF and 0.5 m to 2 m free-space indoor wireless RF 
links. Fig. 8 (a) shows the calculated BER and 

measured EVM as a function of RF link distance at a 
fixed received optical power of around 2 dBm. It can 
be seen that for all the RoF wireless links, a BER of 
well below the standard FEC is achieved. Moreover, 
Fig. 8 (b) and Fig. 8 (c) shows the corresponding 
constellation and eye diagrams of the received  
16-QAM data signals with the measured RMS EVM 
values of 6.62 %, 6.92 %, 7.72 % and 8.43 % for RF 
wireless link distance of 0.5 m, 1 m, 1.5 m and 2 m, 
respectively. In addition, Fig. 8 (c) shows the clear and 
open eye diagrams for the corresponding 4-Gbaud 
received signals for all of the RF wireless links. These 
results indicate that low noise monolithic integrated 
InAs/InP F-P QD BH MLL with broadband flat 
spectra having multiple highly coherent optical 
channels and ultra-low timing jitters described in this 
paper is a promising optical source for potential 
applications in high speed and high capacity 5G fiber-
wireless integrated systems. 

 
 

 

 

 
 

Fig. 8. Experimental transmission performance of the  
F-P QD BH MLL in photonics-assisted 16-Gb/s  
(4-Gbaud×16 QAM) wireless links at 25 GHz 5G NR over 
0.5 m to 2 m RF link distance through 25 km SSMF  
(a) obtained BER (left axis) and EVM (right axis);  
(b) 16-QAM constellations and (c) corresponding eye 
diagrams observed for 4-Gbaud 16-QAM signals after 
0.5 m, 1 m, 1.5 m and 2 m wireless links.  

 
 

6. Conclusions 
 
We have developed, experimentally characterized 

and demonstrated monolithically integrated 25 GHz 
C-band InAs/InP QD Febra-Perio mode-locked laser 
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(MLL) based optical frequency comb (OFC). 
Measured method of timing jitter is studied through a 
direct measurement of the first harmonic RF PSD 
using a fast photodiode and from optical phase noise 
measurements. The results from the two method are 
matched very well, while the optical method has an 
advantage of not limited by the speed of the 
photodetector and suitable for extremely high-speed 
OFC where a photodiode could be a limiting factor. 
Moreover, growth of InAs/InP QD gain materials and 
fabrications of F-P MLL with buried heterostructure 
(BH) waveguides are described. The laser 
performance is evaluated and compared with the laser 
with conventional ridge waveguide. An low integrated 
average RIN value (-143.3 dB/Hz) is achieved for a 
filtered individual channel of the QD BH MLL, which 
is about 6 dB lower than that of the QD MLL with 
ridge structure. Optical phase noise less than 466 kHz 
is achieved over the comb wavelength range and it is 
at least 10 times lower than the measured results of a 
QD MLL with ridge structure. Moreover, pulse to 
pulse timing jitter values of 2.28 fs is achieved for the 
QD BH MLL, which is about 3 times lower than that 
obtained for the laser with ridge structure. 
Furthermore, by investigating its integrated timing 
jitter performance from the single side band phase 
noise spectrum, the levels of flicker phase modulation 
noise and the white phase noise are all about 12 dB 
lower than that with surface ridge structure. This could 
be the possible reason that the performance of laser 
with BH structure are much better than that with 
surface ridge structure. In addition, by using the 
QDash BH MLL, we have successfully demonstrated 
16-Gb/s (4-GBaud×16-QAM) RoF-based optical 
heterodyne RF wireless signal delivery at 25 GHz with 
a total of 25 km SSMF and up to 2 m wireless links 
achieving EVM and BER well below the standard 
requirements. The results indicate that monolithically 
integrated semiconductor InAs/InP QDash BH MLL 
with simple and compact design providing large 
number of highly correlated optical channels with low 
noise and high power performance can be a cost-
efficient and promising solution for high capacity and 
high speed RoF-based fronthaul systems of 5G and 
beyond wireless networks. 
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Abstract: The problem of synchronizing counterpropagating waves in ring lasers is an integral part of the 
fundamental problem of synchronizing nonlinear oscillations. This phenomenon is inherent in all self-oscillating 
systems. As a continuation of the work [1] and extension of [2], an in-depth analysis of the obtained equations 
was performed for He Ne ring laser with an inhomogeneously broadened active medium. Alternative to 
backscattering explanation of the lock-in phenomena [3] was suggested and it is counterpropagating waves phase 
relationship through their nonlinear polarization. Comparative analysis of the behavior of frequencies and 
intensities for the single-mode ring laser working on a single isotope of Ne and on the mix of 20Ne 22Ne isotopes 
was conducted. Dependency of the lock-in threshold on different parameters including active medium pressure, 
cavity detuning, pumping current value, rotation speed, etc. were theoretically researched. The intensity of 
counterpropagating waves was analyzed. Theoretical predictions were compared with experimental data. The 
most important results are presented in this work. 
 
Keywords: Ring laser, Nonlinear coupling, Frequency synchronization, Gyroscope. 
 
 
 
1. Introduction 

 

The creation of a ring laser has created a unique 
possibility for conducting precision research in 
various fields of fundamental physics. For example, 
the creation of detectors of gravitational waves [4], the 
study of relativistic and gravitational effects in the 
theory of relativity [5, 6] verification of the effects of 
quantum electrodynamics [4], and other phenomena 
[7]. One of the important applications of the ring laser 
is a laser gyroscope sensor. The accuracy of modern 
gyroscopes makes it possible to measure the 
unevenness of the Earth's rotation [7]. 

The principle of operation of this equipment is 
based on the Sagnac effect. Two counterpropagating 
waves in the ring laser have different frequencies if the 
propagation conditions of the waves are different. One 
of these conditions can be the rotation of the ring laser. 

Frequency differences can be easily measured by 
optical heterodyne detection. 

Ring lasers are complex nonlinear self-oscillating 
systems with output characteristics, which (and, 
hence, the accuracy of measurements) are dependent 
on many factors. In essence, the problem of finding the 
frequencies and intensities of the generation of 
counterpropagating waves of the same mode is the 
problem of finding normal modes of an optical 
resonator with a nonlinear active medium. The 
presence of a nonlinear medium in the resonator 
dictates the use of the self-consistent method, first 
used by Lamb [8] for the construction of laser theory. 

The obtained results, for the first time, made it 
possible to explain the behavior of the frequency 
differences and intensities of laser generation in 
single-mode gas laser operating on pure isotope, in the 
entire generation region (including the region of strong 
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coupling). In addition, they made it possible to 
systematize the experimental data accumulated in the 
course of many years of research, to establish the 
regularities of the redistribution of the intensities of 
the generation of counterpropagating waves 
depending on the parameters of the resonator and the 
active medium. 

During the rotation of the laser gyroscope at a 
speed less than a certain critical value (called the lock-
in threshold), the frequency difference of 
counterpropagating waves is insignificant, and 
reciprocal frequency synchronization is observed [9], 
which leads to the insensitivity of the laser gyroscope 
in a certain region of low rotation speeds, where the 
beat frequency becomes equal to zero. A large number 
of works [9 - 10] are devoted to the study of the 
synchronization phenomenon in ring gas lasers. The 
main, and often the single reason for the reciprocal 
frequency synchronization is considered to be the 
coupling of waves through backscattering when part 
of the field of one wave is scattered by a single 
inhomogeneity in the direction of the other. This 
model does not find sufficient physical justification. 

In the work [1], another, fundamentally 
unavoidable, reason for the coupling of 
counterpropagating waves was proposed. This is a 
phase relationship through their nonlinear 
polarization. More precisely, through that component 
of polarization, the origin of which is caused by the 
modulation of the population difference between the 
energy levels with frequency ߱௥ − ߱௟. Where ߱௥ is 
the frequency of the right wave and ߱ ௟ is the frequency 
of the left wave. We note that the modulation of the 
population difference is the reason for the existence of 
the strong-coupling region. 

This work is an extension of [1]. Here we 
conducted a comparative analysis of the behavior of 
frequencies and intensities of single-mode lasers 
operating on pure isotope Ne and the mixture 20Ne 
22Ne isotopes. Note that the transition to a two isotopic 
medium does not affect the general form of the laser 
equations. Only the expressions for the polarization 
coefficients change. 

 
 

2. Main Equations 
 
The self-consistent problem of an optical ring 

resonator with a nonlinear active medium was solved. 
The electric field of counterpropagating waves (݆ = ,ݎ ݈) 
is defined as: 

,ݖ)௝ܧ  (ݐ = ݌ݔ଴௝݁ܧ ቄ±݅݇ ׬ ௝݊(̃ݖ)݀̃ݖ௭଴ ݐ߱݅− ∓ ఝ(௧)ଶ ቅ, 
(1) 

 

where 
ఝ(௧)ଶ  are the phase shifts of each wave caused  

by rotation. 
The complex refractive index  ௝݊(ݖ) = ௝݊ᇱ(ݖ) + ݅ ௝݊ᇱᇱ(ݖ) of a nonlinear medium is 

induced by the interaction of counterpropagating 
waves in the active medium. ௝݊(ݖ) was found via 
polarization by a quantum mechanical method suggest 
by Lamb [8]. Unlike [8] and other authors, all 
calculation was performed in complex variables,  
in the analytical form in the third-order of the 
perturbation theory with the weak-field limit without 
additional approximations. 

The final system of the equations is obtained from 
the periodicity conditions which are necessary for the 
existence of stationary generation in the resonator: 

௥ߟ  = ௥ܫ௥ᇱᇱߚ + ௟ܫ௟ᇱᇱߠ + ߮ݏ݋௥ᇱᇱܿߪ) − ,௟ܫ௥ܫඥ(߮݊݅ݏ௥ᇱߪ (2) 
௟ߟ  = ௟ܫ௟ᇱᇱߚ + ௥ܫ௥ᇱᇱߠ + ߮ݏ݋௟ᇱᇱܿߪ) + ,௟ܫ௥ܫඥ(߮݊݅ݏ௟ᇱߪ (3) 
 ሶ߮ = Δ߱ − ௖௅ ൛2ܪܭ △ ܼᇱ − ௥ᇱߚ)௥ܫ − (௥ᇱߠ ௟ᇱߚ)௟ܫ+ − (௟ᇱߠ − 2(△ ߮ݏ݋ᇱܿߪ −  ,௟ൟܫ௥ܫඥ(߮݊݅ݏᇱᇱߪ

(4) 

 
where ܫ௥,௟ is the dimensionless intensities, ߟ௝ = ௝ܼᇱᇱ − ఌೕ௄ு, ߚ௥,௟, ߠ௥,௟ are the  polarization 

coefficient of self-saturation and cross-saturation 
respectively of right and left waves, ܼᇱ is the linear 
dispersion, ܼᇱ is the coefficient of linear gain, ܪܭ is 
the gain on the length of the tube ܪ. The phase 
coupling of counterpropagating waves is caused by the 
parametric effects (polarization terms proportional to ߪ௥,௟ᇱᇱ , ௥,௟ᇱߪ ) in a nonlinear active medium. The interaction 
of counterpropagating waves is carried out in a 
nonlinear active medium. 

Imaginary and real parts of the ߚ௥,௟, ߠ௥,௟, ܼ ߪ௥,௟ are 
shown in the Fig. 1 and Fig. 2 below. 

Polarization coefficient σ, which is the only reason 
for frequency synchronization is 5 orders of magnitude 
smaller than other polarization coefficients (ߚ௥,௟, ߠ௥,௟, ܼ). This insignificant value is enough to change the 
behavior of the frequencies of counterpropagating 
waves and introduce lock-in phenomena. 

Solving system (2) - (4) gives classical  
Adler’s equation. 

 ሶ߮ = Δ ෥߱ −  (5) ߮݊݅ݏܤ
 
It can be used to derive boundaries of the lock-in 

range and the expressions for intensities: 
 Δ߱ௗ − ܤ < ሶ߮ < Δ߱ௗ +  (6) ,ܤ

 
where 

ܤ  = ܮܿ ᇱᇱܼܪܭ)2 − ᇱᇱߚ(ߝ + ᇱᇱߠ ൜ߪᇱᇱ − ᇱߪ ᇱߚ − ᇱᇱߚᇱߠ −  ᇱᇱൠ (7)ߠ

 Δ ෥߱ = Δ߱ + Δ߱ௗ, Δ߱ௗ = 2Δߝ ܮܿ ᇱߚ − ᇱᇱߚᇱߠ −  ᇱᇱ (8)ߠ

 

Here Δ߱ௗ is the laser gyroscope null shift caused 
by a nonreciprocal element. 



Sensors & Transducers, Vol. 255, Issue 1, January 2022, pp. 35-43 

 37

 
 

Fig. 1. Real part (on the left) and imaginary part (on the right) of polarization coefficients ߠ ,ߚ and ܼ depending on the 
relative detuning for zero frequency difference between counterpropagating waves and single isotope active medium. 

 
 

 
 

Fig. 2. Real part (on the left) and imaginary part (on the right) of polarization coefficients ߠ ,ߚ and ܼ depending on the 
relative detuning for zero frequency difference between counterpropagating waves and 50 % mixture of 20Ne, 22Ne isotopes 

active medium. 
 
 

 
 

Fig. 3. Real part (on the left) and imaginary part (on the right) of polarization coefficient σ depending on the relative 
detuning for zero frequency difference between counterpropagating waves. Dashed lines are for single isotope and solid line 

for 50 % mixture of 20Ne, 22Ne isotopes active medium. 
 
 

Intensities can be derived in the approximation ܫ߂ ≪ ܫusing the notation 2 ܫ = ௥ܫ + ܫ∆௟, 2ܫ = ௥ܫ −  .௟ܫ
In this case, ∆ܫ/ܫ can be neglected and the expression ඥܫ௥ܫ௟ can be simplified as ඥܫ௥ܫ௟ =  .ܫ

௥,௟ܫ  = ܫ ±  (9) ܫ∆
 

ܫ = ᇱᇱߚߟ +  ᇱᇱ (10)ߠ

 Δܫ = ᇱᇱߚ1 − ᇱᇱߠ ൜Δߟ + ߟ ᇱᇱߚ߮݊݅ݏᇱߪ +  ᇱᇱൠ (11)ߠ
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3. Discussion of the Numerical 
Calculation Results 

 

Lock-in boundaries and intensity were researched 
theoretically based on Eqs. (2) - (4) for the wide range 
of ring laser configuration such as single isotope and 
mixture of 20Ne, 22Ne isotopes and by varying a 
significant number of different parameters including 
pressure in the active medium, gain value, detuning, 
resonator rotation speed, same and different  

losses for counterpropagating waves, etc. Based on  
Eqs. (9) - (11) calculations of intensities and additional 
frequencies difference were performed. The results for 
a single isotope and different losses or frequency 
difference are presented in Fig. 4, Fig. 5. 

In case when frequency difference and different 
losses for counterpropagating waves are presented at 
the same time, the function of intensities becomes 
asymmetric. This special situation is presented in 
Fig. 6 and was noted in many experimental works. 

 
 

 
 

Fig. 4. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for non-zero frequency difference ∆߱ = ௥ߝ ,ݖܪܯ 0.106 = ௟ߝ = ܪܭ ,0.1 = 0.12 and single isotope active medium. 

 
 

 
 

Fig. 5. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for different losses and zero frequency 

difference ∆߱ = ௥ߝ ,ݖܪܯ 0 = ௟ߝ ,0.1 = ܪܭ ,0.1001 = 0.12 and single isotope active medium. 
 
 

 
 

Fig. 6. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for different losses and none-zero 

frequency difference ∆߱ = ௥ߝ ,ݖܪܯ 10.6 = ௟ߝ ,0.1 = ܪܭ ,0.1001 = 0.12 and single isotope active medium. 
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The results for a mixture of 20Ne, 22Ne isotopes can 
be found in Fig. 7, Fig. 8. Similar to a single isotope 
active medium, for simultaneous presence of 
frequency difference and different losses for 

counterpropagating waves, functions of intensity  
and frequency difference become asymmetric as 
shown in Fig. 9. 

 
 

 
 

Fig. 7. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for non-zero frequency difference  

for ∆߱ = ௥ߝ ,ݖܪܯ 0.106 = ௟ߝ = ܪܭ ,0.1 = 0.12 and 50 % mixture of 20Ne, 22Ne isotopes active medium. 
 

 
 

Fig. 8. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for different losses and zero frequency 

difference for ∆߱ = ௥ߝ ,ݖܪܯ 0 = ௟ߝ ,0.1 = ܪܭ ,0.1001 = 0.12 and 50 % mixture of 20Ne, 22Ne isotopes active medium. 
 

 
 

Fig. 9. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the left and additional frequency difference  
for counterpropagating waves ߱௥− ߱௟ on the right depending on the relative detuning for different losses and non-zero 
frequency difference for ∆߱ = ௥ߝ ,ݖܪܯ 10.6 = ௟ߝ ,0.1 = ܪܭ ,0.1001 = 0.12 and 50 % mixture of 20Ne, 22Ne isotopes 

active medium. 
 

 
As shown in Fig. 4 for a single isotope active 

medium there is an area of strong coupling of the 
waves. In this range of relative detuning, energy is 

redistributed between the weak and the strong waves 
and intensities for counterpropagating waves have 
corresponding peaks. However, the total intensity does 
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not have these peaks. In addition, it was noted, that in 
the middle of the gain curve Δܫ is zero. 

Analysis of Eq. (11) for intensities difference 
inside lock-in range (Δ߱ = 0) shows that Δܫ is an odd 
function due to the fact that ߪᇱ is an odd function. 
Outside lock-in range Δܫ is the odd function as well. Δܫ close to the center of the gain curve has the same 
behavior inside and outside lock-in range as shown in 
Fig. 4 and Fig. 10. The detailed research of the 
behavior of ߪᇱ and ߪᇱᇱ was conducted in [1] and in 
Fig. 3 of that work. The presence of ߮݊݅ݏ in the 

Eq. (11) explains the intensity oscillations reported in 
[11] and other experimental works, which could not be 
theoretically justified before. ܤ in Eq. (7) makes the main contribution into 
synchronization threshold as follows from (5). As 
shown in Fig. 11, ܤ is an even function because 
functions ܼᇱᇱ, ,ᇱᇱߚ ,ᇱᇱߠ  .ᇱᇱ in Eq. (7) are even functionsߪ
The evenness of ܼᇱᇱ, ,ᇱᇱߚ ,ᇱᇱߠ  ᇱᇱ was discussed in [1]ߪ
and shown in Fig. 1 and Fig. 2. ܤ has a maximum on 
the center of the gain curve. 

 
 

 
 

Fig. 10. Intensities difference for counterpropagating waves ܫ௥− ܫ௟ on the relative detuning inside lock-in region for ∆߱ = ௥ߝ ,0 = ௟ߝ = ܪܭ ,0.1 = 0.12 and 50 % mixture of 20Ne, 22Ne isotopes active medium. 
 
 

 
 

Fig. 11. Dependency of parameter ࡮ on the relative detuning for different pressure in the active medium  
for ࢘ࢿ = ࢒ࢿ = ૙. ૚, ࡴࡷ = ૙. ૚૛ and 50 % mixture of 20Ne, 22Ne isotopes active medium. 

 
 
Fig. 12 shows the calculations of the intensity 

depending on resonator rotation speed for different 
gain. The lines for intensities on Fig. 12 are interrupted 
at the point of the lock-in threshold, which means the 
lock-in threshold is increasing with the increase of 
active medium gain. The explanation can be given 
from the fact, that frequency synchronization is a non-
linear effect and nonlinearity increases with the 
increase of the active medium gain. On another side, 
as shown in Fig. 11, the lock-in threshold decreases 
with increasing of the active medium pressure. This is 
due to the raise of the relaxation constants with the 

pressure growths. It can be noted that frequency 
synchronization effect is complex, nonlinear effect 
and many different parameters can influence lock-in 
threshold, such as active medium pressure, gain, 
pumping current, etc. 

Calculations for Fig. 12 were carried out under the 
condition that the gain ܭ remains unchanged over the 
cross-section of the tube. However, in the 
experiments, the transverse distribution of the gain 
changes significantly with the increasing of the 
pumping current as shown in Fig. 13. This effect can 
lead to the reduction of the active medium gain with 
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the increasing of pumping current due to the 
dependency of relaxation constants on this current. In 
our opinion, that is the reason for the deviation of 
Fig. 12 and similar figures in [3]. 

 ௝ and respectively synchronization thresholdߠ ,௝ߚ
depend on the active medium pressure and gain, 
relative detuning, and other parameters. Fig. 14 is an 
example of such dependency.  

 
 

 
 

Fig. 12. Dependencies of intensities for counterpropagating waves on the speed of resonator rotation 
for various values of ܪܭ. 

 
 

 
 

Fig. 13. Transverse distribution of the gain ࡷ for different pumping currents in mA. 
 
 

 
 

Fig. 14. Dependences of the synchronization threshold on the pressure (Torr) at various relative detuning. 
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4. Conclusions 
 
Detailed analysis of the results of work [1] was 

conducted. Synchronization in ring lasers is a 
multiparametric frequency-dependent effect and 
depends on the design and geometry of the cavity, as 
well as on the pumping current, pressure in the active 
medium, cavity rotation speed, etc. To understand the 
specifics of the laser work, in every case, it is 
necessary to have a detailed understanding of the 
configuration of the laser. 

Intensities of counterpropagating waves were 
researched depending on different laser parameters 
such as relative detuning, single isotope and isotopes 
mixture, different losses and frequencies differences 
of counterpropagating waves. The results for 
intensities are presented. Qualitative behavior of 
intensities difference retains the same inside and 
outside lock-in range boundaries. For the first time, the 
oscillations in the intensities obtained in [11] were 
theoretically explained. 

It was established theoretically, that lock-in range 
boundaries are decreasing when pressure is increasing. 
As a result of the research of Eq. (8), it was confirmed 
theoretically that the synchronization threshold is 
higher when the active medium gain is higher and 
adding a second isotope to the active medium is 
decreasing the lock-in threshold. In addition, 
increasing of synchronization threshold while 
increasing detuning was also predicted based on 
equations analysis. Comparison with experimental 
data was conducted. For comparison with the 
experiment, it is necessary to take into account the 
change in the spatial distribution of the gain over the 
cross-section of the tube with the active medium. 

 
 

5. Annex A. Expressions for Polarization 
Coefficients 
 
In this Annex full expressions for polarization 

coefficients ߚ௥,௟, ߠ௥,௟, ܼ, ߪ௥,௟ are given. 
Polarization calculation from the system of 

equations for the elements of the density matrix in the 
third order of the perturbation theory was performed 
in many works [8], [12] where a small parameter is 
given by: 

 

௝ܫ = ห݀ܧ௝หଶℏ ௔௕ߛ1 ൬ ௔ߛ1 +  ௕൰, (12)ߛ1

 

where ݀ is the transition dipole moment. The fact that 

this small parameter is proportional to หܧ௝หଶ
, allows to 

call it dimensionless intensity of the wave. 
Unlike other authors Lamb and others we did not 

separate equations to real and imaginary part. This 
approach gave a possibility to find analytical equations 
for polarization coefficients without additional 
approximations. The detailed description can be found 

in [13]. Polarization of ݆ -wave is represented in the 
following form 

௝(z)ߢߨ2  = ܭ(݇/1) ቄ ௝ܼ − ௝ܫ௝ߚ − −௝ᇲܫ௝ᇲߠ  ሼ∓݅߮ሽቅ݌ݔ௝ᇲ݁ܫ௝ܫ௝ඥߪ
(13) 

 

Here it was taken into account the following 
ܮ)∗௟ܧ(ݖ)௥ܧ  − =(ݖ ݌ݔ଴௟݁ܧ଴௥ܧ ቊ݅݇ න ௝݊݀̃ݖ௭

଴ ቋ
× ݌ݔ݁ ቊ−݅݇ න ௝݊݀̃ݖ௅ି௭

଴ ቋ∗
= ݌ݔ଴௟݁ܧ଴௥ܧ ൜݅ ߣߨ2 ×ൠܮ ݌ݔ݁ ቊ−݇ න ൫ ௝݊ᇱᇱ൯݀̃ݖ௅

଴ ቋ= ܪ݇−൛݌ݔሽ݁ݍߨሼ±݅2݌ݔ଴௟݁ܧ଴௥ܧ ௝݊ᇱᇱൟ = ܪ݇−൛݌ݔ଴௟݁ܧ଴௥ܧ ௝݊ᇱᇱൟ 

(14) 

ܭ  =  gain coefficient per unit – (ݑℏ)/ଶܰ݀ߨ2
length, ܰ – excitation density, ݑ – root mean square 
velocity of the active medium atoms. 

Expression for ܼ function, which real part 
describes the linear dispersion (ܼᇱ) and imaginary part 
linear amplification (ܼᇱᇱ) of the active medium is given 
by (15). 

 ܼ൫ߞ௝൯ = 2݅ න ଶߩ−൛݌ݔ݁ + ஶ,ߩ௝ൟ݀ߞߩ2݅
଴  (15) 

 

where: ߞ௝ = ൫ఠೕିఠೌ್ା௜ఊೌ್൯(௞௨) , ߱௔௕ is the frequency of the middle of the gain curve; ݇ݑ is the Doppler broadening; ߛ௔௕ is the half-widths of the homogeneous line. 
Polarization coefficient of self-saturation ߚ௥,௟ can 

be calculated by the following formula: 
௝ߚ  = ݅ ௝ܼᇱᇱ + 2݅ ݑ௔௕݇ߛ ൫1 + ௝ߞ ௝ܼ൯ (16) 

 

Cross-saturation coefficient ߠ௥,௟ can be  
represented as: 

௝ᇲߠ  = ෍ ௝ᇲ௧ଷߠ
௧ୀଵ  (17) 

 ௥,௟ is defined by two processes. First is saturationߠ 
of population difference of the energy states, which 
leads to existence of the following two terms: 

௝ᇲଵߠ  = 1 + ݅∆2(1 + ∆ଶ) ൫ ௝ܼ + ܼ௝ᇲ൯− ൬2݅∆൰ ቀ ௝ܼ + ௝ܼᇲ∗ ቁ 
(18) 
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Last two terms in (17) appears due to  
parametric process of modulation of energy state 
population difference with frequency ߱ ௝ − ௝߱ᇲ. Which 
leads to increase of the coupling of the 
counterpropagating waves. 

௝ᇲଶߠ  = (௔௕ߛ/ߛ)݂ ෍ ௡|ିଶߥ| ቄܼ ቀߞ௝௝ᇲ(௡)ቁ௡ୀ௔,௕− ቀ ௝ܼ − ௝ܼᇲ∗ ቁ /2 − ௝ᇲଶቅߠ௡ߙ , (19) 

௝ᇲଷߠ  = (௔௕ߛ/ߛ)݂ ෍ ௡ିଶߥ ൜ ௝ܼ ቀ1௡ୀ௔,௕+ 2൫ߛ௔௕/(݇ݑ)൯ଶߥ௡ߥቁ− ܼ ቀߞ௝௝ᇲ(௡)ቁ + (ݑ݇)௔௕ߛ௡ߥ2 , ൠ 

(20) 

 ∆= (߱ + ߱௔௕)ߛ௔௕ , ߱ = ൫ ௝߱ + ௝߱ᇲ൯2 , (21) 

௝௝ᇲ(௡)ߞ  = ൫ ௝߱ − ௝߱ᇲ +  (22) ,(ݑ2݇)/௡൯ߛ݅

ߥ  = ∆ + ݅, ௡ߥ = ∆ + ,௡ߙ݅ ௡ߙ = 1 −  (23) ,(௔௕ߛ2)௡ߛ

 ݂ = ,(ଶߛ4)/௕ߛ௔ߛ ߛ =  2 (24)/(௕ߛ+௔ߛ)
 

Modulation of the population difference of energy 
state is the main reason for the polarization terms 
proportional to ߪ௥,௟ᇱᇱ , ௥,௟ᇱߪ . Polarization coefficient ߪ௝ has 
the form: 

௝ߪ  = ௔௕ߛߛ௕8ߛ௔ߛ ෍ ቊ ଶ௡ߥ1 ቈ3(∆ − ଶߥଵߥ(2݅ ܼ ቆ13 ൫ߞ௝௡ୀ௔,௕ + ௝௝ᇲ൯ቇߞ + ଵ௡|ଶߥ|ଵ௡ߙ2݅ ௝ܼ௝ᇲ(௡)቉− ଵ௡ߥଵߥ1 ௝ܼ + ∗ଵ௡ߥଶߥ1 ௝ܼᇲ∗ ቋ, 
(25) 

ଶߥ  = 2∆ − ݅, ଶ௔,௕ߥ = ∆ +  ଶ௔,௕, (26)ߙ݅
ଶ௔,௕ߙ  = 1 −  (27) (௔௕ߛ2)/௔,௕ߛ3
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Abstract: In this paper, we present a theoretical and simulation work about the modification of the spontaneous 
emission of a radiating dipole into a plasmonic device. This problem concerns devices where a nanolight source 
is directly integrated in nanophotonic devices. The modification of radiation, also called Purcell effect, is 
calculated using electromagnetism theory of the dissipated power of a point source near or inside a multilayer 
system. After describing the general effect and the theoretical approach based on the calculation of the Local 
Density of Optical States (LDOS), we present how this dipole radiates near a metal mirror which supports Surface 
Plasmon Polariton (SPP) at the metal-dielectric interface. In a second step, we set our attention onto a symmetric 
system where the metallic layer is confined between 2 insulators. In that late case, the SPP at each interface 
hybridize to generate two new modes named Long-Range and Short-Range Plasmon. In particular, we analyze 
the coupling efficiency of the dipole into these new modes and discuss about some potential applications in 
nanophotonics. The last part of this paper deals with a more realistic device where the insulator layers display 
finite sizes which lead to the existence of waveguided mode in the structure.  
 
Keywords: Purcell effect, Surface plasmon, Waveguide, Strong coupling, Mode hybridization, Coupling 
efficiency, Nanophotonic. 
 
 
 
1. Introduction 

 

Among the numerous developments in integrated 
photonic devices, there is still challenges to engineer 
more efficient nanosources of light [1]. The recent 
advances in nanofabrication have made possible the 
realization of optical telecommunication devices with 
many integrated specificities [2]. Nowadays, there is a 
strong demand on the development of integrated 
photonic quantum devices [3]. The light-matter 
interaction can be engineered to create: new lasers 
based on polariton condensates [4], polariton fluids 
[5], single photon sources [6], reconfigurable photonic 
elements that can be switched [7], low loss 
waveguides [8], quantum logical gates [9], generation 

of non-classical state of light [10], wavelength 
conversion and non-linearities [11]. All these 
promising applications rely on the design of integrated 
devices that are compact, efficient without losses. In 
general, much materials depend on the wavelength of 
applications either by their optical dispersion or 
absorption, bands diagram, direct or indirect gap [12]. 

For example, vertical devices based on Bragg 
mirrors with a micro-cavity have been designed to 
realize semiconductor lasers [13] or ultra-bright 
single-photon sources [14]. The idea of this 1D 
photonic crystal has been extended to 2D photonic 
crystals [15]. Many realizations for quantum optics 
have been achieved based on these photonic crystals 
such as waveguided single photon sources [16], strong 
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coupling [17], polarization entanglement [18] and 
ultrafast lasers [19]. The key point in all these 
realizations is the optimization of the devices. One 
criteria, to optimize the light-matter interaction, is 
based on the Purcell factor [20] that stipulates that the 
photon emission rate is increased when the emitter is 
inserted in a device with a confined mode volume and 
a strong quality mode factor. The mode volume is in 
general diffraction limited [21]. The quality factor that 
represent the time of interaction between the photon 
and the mode depends strongly on the losses inside the 
device [22]. For example, in the case of a nano-cavity 
inserted inside a photonic crystal, the cavity-edges are 
crucial [22, 23]. In this case, losses are induced by the 
junction between the cavity field and the mirror which 
lead to evanescent lossy waves.  

Otherwise, evanescent waves can present 
advantages due to a high confinement of the mode 
volume which is smaller than the diffraction limit [24]. 
In the case of metals, Surface Plasmon Polaritons 
(SPPs) are evanescent waves at the interface between 
a metal and a dielectric interface [25]. SPPs are 
electromagnetic waves that propagate over a few 
microns at the metal-dielectric interface. It is an 
evanescent wave that possess a TM (or p) polarization. 
It is characterized by an in-plane wavevector given by 
Eq. (1) as: 

 

2 d m
spp

d m

k
ε επ

λ ε ε
=

+
, (1) 

 
where λ is the wavelength and the dielectric constants 
of the dielectric and metal are respectively εd and εm. 
The dielectric constant of the metal is subject to losses 
so that the imaginary part can be important depending 
on the wavelength. Metals such as gold and silver are 
commonly used because they display few losses in the 
visible range [26]. As the dielectric constant, depends 
on the wavelength, the real part of the wavevector 
describe the dispersion relationship and the imaginary 
part is related to the propagation length Lspp [25]. 

Despite their losses, the high confinement and 
strong associated electromagnetic field have led to 
many interesting applications. Stimulated emission in 
waveguide [27], vertical lasers based on TAMM mode 
[28] and nano-lasers also called SPASER [29] have 
been demonstrated. Quantum plasmonic has emerged 
and demonstrations such as strong coupling [30, 31], 
single plasmons [32] and coalescence [33, 34] have 
been realized. Recently collective emission in 
superradiant state induced by SPP have been  
achieved [35].  

Nevertheless, the major limitations of SPP come 
from the losses form the optical constant or by 
leakage. In the case of a thin metallic layer, the SPP 
mode can be leaky so that the propagation length is 
reduced. There is a particular case when the metallic 
layer is very thin and inserted between 2 identical 
insulators. The plasmon at each interface hybridize 
into a long-range and a short range plasmon [36, 37]. 
The long-range mode possesses a propagation length 

a few times higher than the SPP and is particularly 
interesting for integrated devices such as waveguides 
[38] and interferometers [39]. A demonstration of 
strong coupling for quantum optics has also been 
achieved [40]. 

The motivation of the present work is to show how 
quantum emitters (such as single molecule or quantum 
dots) can couple to a planar metallic layer that support 
hybridized SPP and in particular to realistic structures 
composed of finite size layers. This fundamental case 
is particularly important for integrated nanosources or 
quantum plasmonic with surface plasmons. 

In a first part, we recall and detail how we calculate 
the Local Density of Optical States to deduce the 
Purcell factor. In a second step, we apply the model to 
the case of a gold mirror to identify and recall the 
coupling properties to a Surface Plasmon. In the two 
last part of the paper, we discuss the cases when the 
metallic layer is thin and inserted between insulators. 
The case of infinite insulating layers will be discussed 
to identify the modes and understand the coupling. A 
second case will be discussed which is more realistic 
when the insulators possess finite sizes. 

 
 

2. Theoretical Model for the Calculation 
of the Purcell Effect and the LDOS 
 

2.1. Link Between the Local Density of 
Optical States (LDOS) and the Purcell 
Factor 

 
The spontaneous decay rate of a two level system 

weakly coupled to an external electromagnetic mode 
follows the Fermi’s golden rule: 

 
2

0

( , )
3

p r
ωπ ρ ω
ε

Γ =


, (2) 

 
where the Local Density of Optical States (LDOS) is ߩ, the amplitude and the position of the dipole are 
respectively |݌|ଶ and r. The ratio of the decay rate of 
the 2-level system in a local (Γ) and a homogeneous 
surrounding (Γ0) has been introduced by Purcell [20]: 

 

0 0

pF
ρ
ρ

Γ= =
Γ

 (3) 

 
The Purcell factor represents at the same time the 

modification of the decay rate and the LDOS. The 
published work [20] shows that the spontaneous decay 
rate of a single emitter was modified when placed 
inside a Fabry-Perot cavity. In such cavity, the emitter 
will decay in modes described by successive 
lorentzian functions of the frequency. It has been 
demonstrated that the modification follows: 
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where ܨ௣ is the so-called Purcell factor, λ is the 
emission wavelength of the emitters, Q and V are 
characteristics of the mode. Q is the resonance quality 
factor and V is the mode volume defined, in a non-
dispersive medium of local optical constant ߝሺݎሻ, as: 

 
2

2

( ) ( )

max[ ( ) ( ) ]

r E r dr
V

r E r

ε

ε
= 

 (5) 

 
In this expression, |ܧሺݎሻ|ଶ is the intensity of the 

electric field associated to the mode. The final 
expression of the Purcell factor in Eq. (4) shows that it 
is maximum when the quality factor is very high and 
the mode volume is small. In the case considered in 
this paper, we use plasmonic structures based on 
metals so that the quality factor will be generally under 
100 but the field confinement possesses a mode 
volume smaller than ߣଷ. 

 
 

2.2. Power Dissipation of a Dipole Near 
a Planar Structure 

 
The general Purcell factor is defined by Eq. (3) 

which is the ratio of the decay rates. In principle, the 
decay rates can only be calculated in quantum 
mechanics and differ from classical formula. 
Nevertheless, the relative modifications of the 
emission rates in presence of a nanostructured 
compared to free space are identical [41]. 

 

0 0
P

quantum classic

F
   Γ Γ= =   Γ Γ   

 (6) 

 

Using this analogy, we are able to use classic 
electromagnetism calculations to simulate the Purcell 
factor. For that model, we consider the power P 
dissipated by a dipole of energy ܧௗ௜௣௢௟௘: 

 

dipoleP E= −Γ  (7) 
 

In the present work, we consider surface modes 
which are defined by their in-plane wavevector ݇//. In 
the following, we will use the normalized wavevector 
u such as: 

 

/ /
0 2 /

k
u n

π λ
= , (8) 

 

where ݊଴ is the optical index where the dipole is 
located, u is very interesting parameters that delimits 
propagating waves in free space (u<n0) and evanescent 
waves (u>n0). Furthermore, by this definition, u will 
also represent the effective index of the modes. The 
Purcell factor can be therefore decomposed on these 
wavevectors by [42]: 

 

( )p u duF α=   (9) 

The quantity α represents the derivative of the 
power dissipated by wavevector and will allow us to 
identify surface modes. The expression of α depends 
on the position of the dipole and its orientation. In 
Fig. 1, we present the two main cases that are 
considered. The dipole is placed in the medium 0. The 
emitted electromagnetic waves will depend on the 
orientation of the dipole. If the dipole is parallel to the 
surface, TM (p) and TE (s) waves will excite the 
surface. In the case of a vertical dipole, only TM (p) 
waves will be generated [41]. As this paper deals with 
the excitation of SPP which are TM (p) modes, we set 
the dipole vertical to the all interfaces. 

 
 

(a) (b) 

 
Fig. 1. Schematic of the calculated system. The dipole (red 
arrow) is set at a distance z from the bottom interface.  
(a) Dipole placed inside a semi-infinite medium,  
and (b) inside a layer of thickness d. 0, i and f denotes the 
dipole medium, upper and bottom layer respectively. Note 
that the medium i or f can be composed of multilayers. 

 
 

The general expression of α for a vertical dipole 
(orientation perpendicular to the layer) is: 

 

3

2 2
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3
( ) Re 1 ( )
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 (10) 

 
In this expression, we observe two terms which 

comes from the direct light in a direction u and a 
second one that depend on the function g(u).  

 
 

2.3. Analytic Expression of the Dissipated 
Power in a Multilayer Structure 

 
As we see on the general expression of the 

dissipated power, we need the expressions of the 
function g(u). Its formula is given by g1(u) or g2(u) if 
the dipole is placed in a semi-infinite layer (Fig. 1(a)) 
or inside a finite layer (Fig. 1(b)). For a single interface 
(Fig. 1(a)), the expression is given by [42]: 

 

1 0, ,0( ) exp(2 )p
f zg u r ik z=  (11) 

 
The projection of the wavevector is 

2 2
,0 0

2
zk n u

π
λ

= − . We see that in the case of a semi-

infinite layer, g1(u) is only given by the propagation 
distance to the interface and the Fresnel reflection 
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coefficient 0,
p

fr . If the dipole is placed inside a finite 

layer, we have: 
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The main difference with one interface is that the 
reflection coefficient of both upper ( 0,

p
ir ) and lower  

( 0,
p

fr ) layer must be taken into account. For clarity of 

the different expressions, we removed the angular 
dependence of the Fresnel coefficient with the in-plane 
wavevector u. Finally, the Fresnel reflection 
coefficients are calculated by analytical Matrix 
formalism [43] and depends on the considered 
structure through their indices and thicknesses. 

 
 

2.4. Coupling Efficiency (β-factor) 
 

So far, we have presented the Purcell factor that 
represents the modification of the total power of the 
emitter. It is also very useful to quantify the coupling 
efficiency in each available mode or channel. This 
parameter is a key point in the optimization of devices 
for integrated photonics as for example waveguides or 
cavities [16]. The coupling efficiency in a specific 
mode is called the β-factor and is defined as: 
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(13) 

 

The β-factor will then be calculated using the value 
of the power α from the previous expression. 

 
 

2.5. Reconstruction of the Mode Profile 
 

It is also very useful to dispose of the shape of the 
mode profile in order to identify the modes and locate 
where the electromagnetic field is more intense. The 
last quantity, we can compute with the dissipated 
power α is the power in each mode: 
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( )mode

u mode
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∈

Γ
=

Γ   (14) 

 

This quantity is normalized and will represent the 
normalized power of the mode. For each position of 
the dipole, the dissipated power α is calculated and 
integrated. The profile of the mode will then be 
deduced. This procedure is a way to reconstruct the 
mode volume which is fundamental to understand the 
Purcell factor. 

3. Spontaneous Emission of a Radiating 
Dipole near a Thick Gold Mirror  

 
In the previous part, we described the model and 

defined the different physical quantities that we will 
calculate. We first consider the simple case of a dipole 
coupled to a gold mirror [48]. For the calculation, we 
set the dipole emission wavelength λ=650nm so that 
the gold optical index is [26]: ngold=0.15+3.32i. The 
results are presented in Fig. 2. 

 
 

 
 

Fig. 2. Simulations of the power dissipated by a vertical 
dipole in the air located near a gold mirror. (a) Dissipated 
power as function of u for several gold-dipole distance;  
(b) Zoom of the dissipated power (for z=10 nm) around the 
plasmonic resonance uSPP=1.048. (c) Evolution of the 
Purcell factor with the vertical distance z. (d) Coupling 
efficiency to the SPP mode as function of the distance. 

 
 

When the dipole is near the gold mirror, we 
observe that the dissipated power is absorbed into 
3 regions in Fig. 2 (a). When u<1, the power is 
radiated in free space whereas when u>1, the power is 
absorbed into the evanescent waves. It is known, that 
in the evanescent part, two modes arise which are the 
Surface Plasmon Polaritons with a wavevector defined 
by Eq. (1) and a broad range of wavevectors above the 
SPP which are called Lossy Surface Waves (LSW). 

If we make a zoom to identify the shape of SPP in 
Fig. 2 (a), we clearly observe in Fig. 2 (b) a 
Lorentzian-type shape curve centered at u=1.048 
which perfectly matches the value from Eq. (1). More 
information can be deduced from this curve. As it is 
well known [44], the SPP is a purely coherent mode so 
that it is only limited by Fourier Transform. Therefore, 
the width in wavevector (Δu) is related to the intensity 
decay length of the SPP (LSPP). The relationship in the 
case of a Lorentzian-type shape is given by: 

 

u
LSPP Δ

=
π

λ
 (15) 
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With the value deduced in Fig. 2 (b), we extract a 
propagation length of 20 µm. The Purcell factor 
presented in Fig. 2 (c) is decreasing with the distance 
z and then make a few oscillations around 1. As the 
distance z is increasing, the number of optical modes 
are decreasing. Oscillations appear from interferences 
of the light emitted by the dipole and its reflection. 
From the power, we extract the β-factor to the SPP as 
previously explained. In Fig. 2(d), the maximum 
efficiency that is found is around 90 % for a distance 
of 100 nm. This very high absorption into SPP comes 
from the vertical orientation of the dipole [45]. 

 
 

4. Purcell Effect near a Confined Gold 
Film: the Long-range Surface Plasmon 
 
In the previous part, we discussed about the 

coupling of the dipole near a gold mirror. A gold 
mirror is a good approximation when the gold 
thickness is more than 5 times the skin depth of the 
metal [45]. In this part, we analyze the case of a gold 
film which size is similar to the skin depth. If we 
position the radiating dipole above the thin gold layer, 
a new plasmonic channel is opened. Indeed, the 
surface will now support one SPP on each interfaces 
[25]. This case becomes more interesting when the 
insulators surrounding the gold layer possess the same 
optical index as we will show in the following. In 
Fig. 3, we simulate the dissipated power of the  
dipole located in the glass above a thin gold layer 
(20 nm thick). 

 
 

 
 

Fig. 3. Simulations of the power dissipated by a vertical 
dipole in the glass near a very thin gold layer. (a) Dissipated 
power as function of u for z=10 nm. (b) Zoom of the 
dissipated power around the LRSPP mode around 
uLRSPP=1.544. (c) Evolution of the Purcell factor with the 
vertical distance z. (d) Coupling efficiency to the LRSPP and 
SRSPP modes as function of the distance. 

 
 

When the optical indices around the thin gold layer 
are the same, the SPP on each side possesses the same 
momentum so that SPP hybridization occurs [36]. This 

phenomenon is similar to the case of bonding and 
antibonding of the wave functions in a molecular 
system or in strong coupling in quantum physics. As a 
consequence, two new SPPs arise: the long-range 
(LRSPP) and short-range (SRSPP) surface plasmons. 
In Fig. 3, we clearly observe that the dipole located at 
10 nm from this surface excite these two modes with 
different width Δu. From Fig. 3(a), we identify the 
mode with smaller width (located at u=1.544) to the 
long-range plasmon whereas the other mode (at 
u=2.16) is called the short range plasmon. It is 
important to highlight that a strong width reduction 
occurs for the case of long-range as presented in 
Fig. 3(b). From the width in u, we deduce that the 
propagation length of the long-range and short range 
plasmon are respectively 100 µm and 1 µm. The 
evolution of the Purcell factor in Fig. 3(c) is very 
similar to the one in the case of the gold mirror in 
Fig. 2(c). Indeed, the device does not create new 
modes but split the initial mode in 2 but with different 
amplitudes. This last observation is also valid for the 
coupling efficiencies presented in Fig. 3(d). The short 
range plasmon is located at very small distance to the 
interface (42 nm) with a maximum efficiency of 56 % 
whereas the long-range plasmon maximum  
efficiency is around 42 % for a distance farther to the 
interface (225 nm). 

For many applications which need a longer 
propagation constant such as integrated 
interferometers for example, the long-range mode is 
particularly interesting. This mode has the same 
properties of the SPP (same Purcell factor) and 
propagates 5 times farther. Nevertheless,  
the maximum coupling efficiency is only 42 %  
at maximum. 
 
 
5. Coupling a Dipole to a Finite Gold 

Film Deposited Onto a Glass Substrate 
 

In this last part, we focus on a realistic device with 
finite size layers surrounding the thin gold film. We 
will describe how to optimize the structure depending 
on the purpose of the desired applications. The whole 
structure is deposited on a prism of higher index to 
allow the extraction of the plasmon mode. This 
experimental scheme is also called the Otto 
configuration [25, 46]. 

 
 

5.1. Schematic of a Realistic Device 
 
In order to clarify the design of the multilayer 

structure, we display, in Fig. 4, a scheme of the 
modeled structure. We set a prism of high optical 
index (n=1.8) which can be made with LaSF glass with 
low absorbance for the visible wavelength [40]. The 
gold layer has a thickness of 30 nm and is sandwiched 
between two glass layers (n=1.5) of thickness 750 nm. 
The glass layer above the prism is denoted the 
coupling layer as it sticks the gold and the prism. The 
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top glass layer will be called the cladding layer. The 
whole device is set in the air. 

 
 

 
 

Fig. 4. (a) Schematic of the device under consideration. The 
dipole (red arrow) is placed in the upper glass at a distance z 
from the gold. The gold layer thickness is 20 nm and the 
glass thicknesses are respectively d1=750 nm and 
d2=750 nm for the top and bottom. The prism is semi-
infinite. (b) Dissipated power α of the dipole at z=10 nm. 

 
 

We also present in Fig. 4(b), a first calculation of 
the power dissipated by the dipole placed at 10 nm 
above the gold inside the top layer. The situation is the 
same as in Fig. 3 except that the glass possesses finite 
size. The result shows that complimentary to the 
2 previously identified plasmonic modes (long-range 
and short-range), new modes appear at smaller 
wavevectors u. The wavevector of these modes lies 
between the air (u=1) and the glass (u=1.5). This 
particular case is very similar to the presence of 
waveguided modes in which the effective index of 
these modes lies in the interval between the optical 
index of the outside and the optical index of the 
internal part of the guide [47]. 

In order to validate the hypothesis of the 
appearance of waveguided modes and to highlight the 
dependence of these modes onto the parameters of the 
device, we present some calculation to optimize the 
modal structure. 
 
 

5.2. Structure Optimization 
 

The number of variable parameters become more 
important in the device’s scheme of Fig. 4(a). We 
present in Fig. 5, a complimentary simulation. As 
explained in the description of our model, we need to 
calculate the Fresnel reflection coefficients. In the case 
under investigation in Fig. 4(a), we calculate the 
reflection coefficient Rp (in power) as function of the 
cladding layer (d1) for different incident wavevector u. 
In this prism configuration, the incident angle θ is 
defined as: u=n sin(θ). The light is sent through the 
prism of index n=1.8. This light is propagative so that 
the maximum in-plane wavevector u is 1.8. The 
coupling layer (d2) is fixed with a value d2=750 nm. 

In Fig. 5, we clearly identify the LRSPP which is 
located above u=1.5 and the WGM which are located 
for u in the interval [1-1.5]. This result shows that 
depending on the chosen thickness d1, the number of 
guided modes change. One particularly interesting 

point is that the wavevector of the WGMs change with 
the thickness. As u also represents the effective index 
of the mode, we see that when d1 is increasing, the 
effective index of the WGMs tends 1.5 which is the 
optical index of the glass. 

 
 

 
 

Fig. 5. (a) Evolution of the reflected intensity Rp as function 
of d1 and u in an Otto-prism configuration. WGM: 
WaveGuided Modes. LRSPP: LongRange Surface Plasmon 
Polariton. The vertical white dashed line represents u=1.5. 

 
 

As this map is useful to design devices with 
controlled number of modes for future applications, 
we give an example. If we take a cladding thickness of 
d1=750 nm, we cross 2 WGMs and the LRSPP. This 
case corresponds to the result obtained in Fig. 4 when 
the dipole, inserted inside the device, has excited 
2 WGMs, the long-range and short-range plasmons. 
The profiles of the different modes of this device are 
also reconstructed as explained by Eq. (14) and 
displayed in Fig. 6 as function of the vertical distance 
z within the device. 

 
 

 
 

Fig. 6. Mode profiles (continuous red line) of the 4 modes 
available. The green, blue and yellow layers represent 
respectively the prism, the glass and the gold. 

 
 

The profile of each mode is in good agreement 
with the previous analysis. The plasmonic modes 
(LRSPP and SRSPP) display exponential decays from 
the gold layer whereas the WGM present oscillations 
according to their order. Due to the symmetry of the 
device, the fundamental modes WGM1 is not  
exactly centered in the middle of the dielectric. 
Oscillations are also observed in the lower dielectric 
(coupling layer). 
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5.3. Influence of the Waveguided Modes 
on the Purcell Factor and Coupling 
Efficiencies 

 
In the previous sub-part, we have presented how to 

optimize the number of waveguided modes in the final 
device by analyzing the evolution of the Fresnel 
reflection coefficient with the device parameters. We 
keep the same conditions d1=d2=750 nm in order to 
excite 2 waveguided modes (WGMs), the short-range 
(SRSPP) and long-range plasmon (LRSPP). Fig. 7 
presents the Purcell factor and β-factors for this 
optimized structure as function of z for a vertical 
dipole located inside the cladding layer. Each mode’s 
wavevector u has been identified in the dissipated 
power α(u), in Fig. 4 (b), and the coupling efficiency 
is then calculated with Eq. (13). 

 
 

 
 

Fig. 7. (a) Purcell factor and (b) β-factors as a function 
of dipole-gold distance z normalized to the cladding 
thickness d1=750 nm. The acronyms SRSPP, LRSPP and 
WGM are defined in the text. 

 
 
The curve of the evolution of the Purcell factor in 

Fig. 7(a) is different than the previous one of Fig. 3(c). 
For small distances (z<0.2d1), we observe the same 
evolution if the layers are infinite. Indeed, at small 
distances, the evanescent waves are not perturbed by 
the finite thickness (d1=750 nm) so that the LDOS in 
this region is the same. An increase is observed for 
higher distances to the gold. Indeed, in this device, 
waveguided modes appear due to the presence of finite 
glass layers. These modes are propagative and are 
more located in the center of the dielectric as presented 
in Fig. 6. Therefore, we observe an increase of the 
LDOS around the middle of glass layer. 

The coupling efficiencies to the long-range and 
short range plasmon in Fig. 7(b) are not modified. 
These are evanescent waves linked to the gold layer 
and are not perturbed by the presence of the 
waveguided modes. As previously explained, we have 
optimized this device to possess 2 WGMs. The 
optimal coupling distance to each mode depends on its 
order as seen in Fig. 7(b). For example, the 
fundamental guided mode (WGM1) is nearly centered 
inside the glass layer. Note that the asymmetry of 
WGM comes from geometry of the device. Finally, in 
this particular example, the coupling efficiency to 
WGM1 is around 40 % which is similar to the β of  
the LRSPP. 
 

6. Conclusion 
 
In this paper, we have presented the model to 

calculate the modification of the spontaneous emission 
of a dipole near multi-layer structures. The radiated 
emission is characterized by the Purcell factor and the 
coupling efficiency to the desired optical modes. In the 
case of plasmonic structures, the Purcell factor can be 
important at very short distance due to an important 
density of optical states. Nevertheless, all the emission 
will be dissipated in lossy modes. A compromise can 
be found with the coupling distance where the  
Purcell factor is still important and the emission is 
efficiently coupled to the desired mode without too 
important losses. 

In particular, we focused our work onto the Surface 
Plasmon Polaritons excited on a gold mirror or a thin 
gold layer between insulators. In the late case, new 
plasmons arise from the coupling between each 
interface. A specific mode called the long-range 
plasmon can be excited with nearly 50 % of efficiency 
which possess a propagation length of 100 µm for 
visible wavelengths. At the end, we presented a 
realistic structure composed of finite size layers 
deposited on a substrate. In this case, new optical 
modes appear from the insulators. We have shown that 
these new modes are waveguided waves. We 
presented an optimization of the structure in order to 
control the number of waveguided modes available for 
the dipole. This particular case is very promising for 
integrated nanophotonic devices as it possesses many 
modes linked to the metal or the insulator with 
propagation length of a few 100 µm. 

 
 

Acknowledgements 
 

The authors acknowledge the French region 
Auvergne-Rhône-Alpes (PAI n° 21PACK-LAV). 
 
 
References 
 
[1]. V. P. Veiko, V. I. Konov, Fundamentals of Laser-

Assisted Micro- and Nanotechnologies, Springer 
Series in Material Sciences, Springer, Vol. 195, 2014. 

[2]. H. Zhang, M. Gu, X. D. Jiang, J. Thompson, H. Cai, 
S. Paesani, R. Santagati, A. Laing, Y. Zhang,  
M. H. Yung, Y. Z. Shi, F. K. Muhammad, G. Q. Lo, 
X. S. Lo, B. Dong, D. L. Kwong, L. C. Kwek,  
A. Q. Liu, An optical neural chip for implementing 
complex-valued neural network, Nature 
Communication, Vol. 12, 2021, 457. 

[3]. A. W. Elshaari, W. Pernice, K. Srinivasan, O. Benson 
and V. Zwiller, Hybrid integrated quantum photonic 
circuits, Nature Photonics, Vol. 14, Issue 5, 2020, 
pp. 285-298.  

[4]. E. Wertz, L. Ferrier, D. D. Solnyshkov, R. Johne,  
D. Sanvitto, A. Lemaître, I. Sagnes, R. Grousson,  
A. V. Kavokin, P. Senellart, G. Malpuech, J. Bloch, 
Spontaneous formation and manipulation of extended 
polariton condensates, Nature Physics, Vol. 6, 
Issue 11, 2010, pp. 860-864.  



Sensors & Transducers, Vol. 255, Issue 1, January 2022, pp. 44-52 

 51

[5]. A. Amo, S. Pigeon, D. Sanvitto, G. G. Sala, R. Hivet, 
I. Carusotto, F. Pisanello, G. Leménager, R. Houdré, 
E. Giacobino, C. Ciuti, A. Bramati, Polariton 
Superfluids Reveal Quantum Hydrodynamic Solitons, 
Science, Vol. 332, Issue 6034, 2011, pp. 1167-1170.  

[6]. E. Meyer-Scott, C. Silberhorn, A. Migdall, Single-
photon sources: Approaching the ideal through 
multiplexing, Review of Scientific Instruments, 
Vol. 91, Issue 4, 2020, 041101.  

[7]. B. J. Metcalf, J. B. Spring, P. C. Humphreys,  
N. Thomas-Barbieri, W. S. Kolthammer, X.-M. Jin,  
N. K. Langford, D. Kundys, J. C. Gates, B. J. Smith, 
P. G. R. Smith, I. A. Walmsley, Quantum teleportation 
on a photonic chip, Nature Photonics, Vol. 8, 2014, 
pp. 770-774.  

[8]. A. Politi, J. C. F. Matthews, M. G. Thompson,  
J. L. O'Brien, Integrated Quantum Photonics, IEEE 
Journal of Selected Topics in Quantum Electronics, 
Vol. 15, Issue 6, 2009, pp. 1673-1684.  

[9]. Y. Zhou, D-Y. Lü, W-Y. Zeng, Chiral single photon 
switch-assisted quantum logic gate with a nitrogen-
vacancy center in a hybrid system, Photonic Research, 
Vol. 9, Issue 3, 2021, 405.  

[10]. S. Azzini, D. Grassani, M. J. Strain, M. Sorel,  
L. G. Helt, J. E. Sipe, M. Liscidini, M. Galli, D. Bajoni, 
Ultra-low power generation of twin photons in a 
compact silicon ring resonator, Optics Express, 
Vol. 20, Issue 21, 2012, pp. 23100-23107. 

[11]. X. Guo, C-l. Zou, C. Schuck, H. Jung, R. Cheng,  
H. X. Tang, Parametric down-conversion photon-pair 
source on a nanophotonic chip, Light: Science & 
Applications, Vol. 6, Issue 5, 2017, e16249. 

[12]. M. Fox, Optical Properties of Solids, Oxford Master 
Series in Condensed Matter Physics, Oxford 
University Press, 2010. 

[13]. R. Michalzik, VCSELs: Fundamentals, technology 
and Applications of Vertical-Cavity Surface-Emitting 
lasers, Springer Series in Optical Sciences, Springer, 
2013. 

[14]. A. Dousse, L. Lanco, J. Suffczynski, E. Semenova,  
A. Miard, A. Lemaître, I. Sagnes, C. Robin, J. Bloch, 
P. Senellart, Controlled Light-Matter Coupling for a 
Single Quantum Dot Embedded in a Pillar 
Microcavity Using Far-Field Optical Lithography, 
Physical Review Letters, Vol. 101, Issue 26, 2008, 
267404. 

[15]. J. D. Joannopoulos, S. G. Johnson J. N. Winn,  
R. D. Meade, Photonic Crystals Molding the flow of 
Light, Princeton University, 2008. 

[16]. H. Thyrrestrup, L. Sapienza, P. Lodahl, Extraction of 
the β-factor for single quantum dots coupled to a 
photonic crystal waveguide, Applied Physics Letters, 
Vol. 96, 2010, 231106. 

[17]. M. A. Dundar, J. A. M. Voorbraak, R. Nötzel,  
A. Fiore, R. W. Van der Heijden, Multimodal strong 
coupling of photonic crystal cavities of dis-similar 
size, Applied Physics Letters, Vol. 100, 2012, 081107. 

[18]. G. He, C. Zhu, Y. Jiang, J. Ren, Y. Guo, J. Jing, 
Generation of path-polarization hyper entanglement 
using quasi-phase-matching in quasi-periodic non-
linear photonic crystal, Scientific Reports, Vol. 7, 
2017, 4954. 

[19]. H. Altug, D. Englund, J. Vuckovic, Ultrafast photonic 
crystal nanocavity laser, Nature Physics, Vol. 2, 2006, 
pp. 484-488. 

[20]. E. M. Purcell, Spontaneous Emission Probabilities at 
Radio Frequencies, Physical Review, Vol. 69, 1946, 
681. 

[21]. G. Grynberg, A. Aspect, C. Fabre, Introduction to 
quantum optics, Cambridge University Press, 2010. 

[22]. P. Lalanne, C. Sauvan, J. P. Hugonin, Photon 
confinement in photonic crystal nanocavities, Laser & 
Photonics Reviews, Vol. 2, Issue 6, 2008, pp. 514-526. 

[23]. Y. Akahane, T. Asano, B-S. Song, S. Noda, High-Q 
photonic nanocavity in a two-dimensional photonic 
crystal, Nature, Vol. 425, 2003, pp. 944-947. 

[24]. A. F. Koenderink, On the use of Purcell factors for 
plasmon antennas, Optics Letters, Vol. 35, Issue 24, 
2010, pp. 4208-4210. 

[25]. S. A. Maier, Plasmonics: Fundamentals and 
Applications, Springer, 2007. 

[26]. P. B. Johnson, R. W. Christy, Optical Constants of the 
Noble Metals, Physical Review B, Vol. 6, Issue 12, 
1972, pp. 4370-4379. 

[27]. J. Grandidier, G. Colas des Francs, S. Massenot,  
A. Bouhelier, L. Markey, J.-C. Weeber, C. Finot,  
A. Dereux, Gain-Assisted Propagation in a Plasmonic 
Waveguide at Telecom Wavelength, Nanoletters, 
Vol. 9, Issue 8, 2009, pp. 2935-2939.  

[28]. C. Symonds, G. Lheureux, J. P. Hugonin, J. J. Greffet, 
J. Laverdant, G. Brucoli, A. Lemaître, P. Senellart,  
J. Bellessa, Confined Tamm Plasmon Lasers, Nano 
Letters, Vol. 13, Issue 7, 2013, pp. 3179-3184.  

[29]. R.-M. Ma, R. F. Oulton, Applications of nanolasers, 
Nature Nanotechnology, 14, Issue 1, 2019, pp. 12-22. 

[30]. P. Törma, W. L. Barnes, Strong coupling between 
surface plasmon polaritons and emitters: a review, 
Reports on Progress in Physics, Vol. 78, Issue 1, 2015, 
013901. 

[31]. R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow,  
O. A. Scherman, E. Rosta, A. Demetriadou, P. Fox,  
O. Hess, J. J. Baumberg, Single-molecule strong 
coupling at room temperature in plasmonic 
nanocavities, Nature, 535, Issue 7610, 2016,  
pp. 127-130.  

[32]. A. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, 
A. S. Zibrov, P. R. Hemmer, H. Park, M. D. Lukin, 
Generation of single optical plasmons in metallic 
nanowires coupled to quantum dots, Nature, Vol. 450, 
Issue 7168, 2007, pp. 402-406.  

[33]. B. Vest, M.-C. Dheur, E. Devaux, A. Baron,  
E. Rousseau, J. P. Hugonin, J. J. Greffet, G. Messin,  
F. Marquier, Anti-coalescence of bosons on a lossy  
beam splitter, Science, Vol. 356, Issue 6345, 2017, 
pp. 1373-1376. 

[34]. G. Fujii, T. Segawa, S. Mori, N. Namekata, D. Fukuda, 
S. Inoue, Preservation of photon indistinguishability 
after transmission through surface-plasmon-polariton 
waveguide, Optics Letters, Vol. 37, Issue 9, 2012, 
pp. 1535-1537.  

[35]. Y. Luo, G. Chen, Y. Zhang, L. Zhang, Y. Yu, F. Kong, 
X. Tian, Y. Zhang, C. Shan, Y. Luo, J. Yang,  
V. Sandoghdar, Z. Dong, J. G. Hou, Electrically 
Driven Single-Photon Superradiance from Molecular 
Chains in a Plasmonic Nanocavity, Physical Review 
Letters, Vol. 122, Issue 23, 2019, 233901.  

[36]. P. Berini, Long-range surface plasmon polariton, 
Advanced Optics and Photonics, Vol. 1, 2009,  
pp. 484-588.  

[37]. J. Laverdant, C-N. Vu, Purcell factors of hybrid 
surface plasmons and waveguided modes, in 
Proceeding of the 4th International Conference on 
Optics, Photonics and Lasers (OPAL’2021), Corfu, 
Greece, 13-15 October 2021, pp. 39-40. 

[38]. A. Degiron, S.-Y. Cho, C. Harrison, N. M. Jokerst,  
C. Dellagiacoma, O. J. F. Marin, D. R. Smith, 
Experimental comparison between conventional and 



Sensors & Transducers, Vol. 255, Issue 1, January 2022, pp. 44-52 

 52

hybrid long-range surface plasmon waveguide bends, 
Physical Review A, Vol. 77, Issue 2, 2008, 021804(R).  

[39]. H. Fan, R. Charbonneau, P. Berini, Long-range 
surface plasmon triple-output Mach-Zehnder 
interferometers, Optics Express, Vol. 22, Issue 4, 
2014, pp. 4006-4020.  

[40]. K. Chevrier, J.-M. Benoit, C. Symonds, J. Paparone,  
J. Laverdant, J. Bellessa, Organic Excitons in strong 
coupling with long-range surface plasmons and 
waveguided modes, ACS Photonics, Vol. 5, Issue 1, 
2018, pp. 80-84. 

[41]. L. Novotny, B. Hecht, Principles of Nano-Optics, 
Cambridge University Press, 2006. 

[42]. W. Lukosz, Theory of optical-environment-dependent 
spontaneous-emission rates for emitters in thin layers, 
Physical Review B, Vol. 22, 1980, pp. 3030-3038. 

[43]. A. Shalabney, I. Abdulhalim, Electromagnetic fields 
distribution in multilayer thin film structures and the 
origin of sensitivity enhancement in surface plasmon 
resonance sensors, Sensors and Actuators A: Physical, 
Vol. 159, Issue 1, 2010, pp. 24-32.  

[44]. S. Aberra Guebrou, J. Laverdant, C. Symonds,  
S. Vignoli, J. Bellessa, Spatial coherence properties of 

surface plasmon investigated by Young’s slit 
experiment, Optics Letters, Vol. 37, Issue 11, 2012, 
pp. 2139-2141.  

[45]. C. Vion, P. Spinicelli, L. Coolen, C. Schwob,  
J.-M. Frigerio, J.-P. Hermier, A. Maître, Controlled 
modi-fication of single colloidal CdSe/ZnS 
nanocrystal fluorescence through interactions with a 
gold surface, Optics Express, Vol. 18, Issue 7, 2010, 
pp. 7440-7455.  

[46]. A. Otto, Excitation of nonradiative surface plasma 
waves in silver by the method of frustrated total 
reflection, Zeitschrift Für Physik A: Hadrons Nuclei, 
Vol. 216, Issue 4, 1968, pp. 398-410. 

[47]. M. Born, E. Wolf, Principles of Optics, 
Electromagnetic Theory of Propagation Interference 
and Diffraction of Light, Cambridge University Press, 
2005. 

[48]. G. Colas des Francs, J. Barthes, A. Bouhelier,  
J. C. Weber, A. Dereux, A. Cuche, C. Girard, 
Plasmonic Purcell factor and coupling efficiency to 
surface plasmons. Implications for addressing and 
controlling optical nanosources, Journal of Optics, 
Vol. 18, Issue 9, 2016, 094005. 

 
__________________ 

 
 
 
 
 
 
 
 
 
 

 
 

 

Published by International Frequency Sensor Association (IFSA) Publishing, S. L., 2022 
(http://www.sensorsportal.com). 

 
 

 
 

https://www.sensorsportal.com/HTML/BOOKSTORE/Nanosensors_IFSA.htm
https://www.sensorsportal.com/HTML/BOOKSTORE/Nanosensors_IFSA.htm
https://www.sensorsportal.com/HTML/BOOKSTORE/Nanosensors_IFSA.htm
https://www.sensorsportal.com/HTML/BOOKSTORE/Nanosensors_IFSA.htm


th5  International Conference on Optics, 
Photonics and Lasers 
(OPAL’ 2022)

18-20 May 2022

Tenerife (Canary Islands), Spain

http://www.opal-conference.com

• Optical and Fibre Optical Sensors and Instrumentation
• Micro-Opto-Electro-Mechanical Systems (MOEMS)
• Physical Optics
• Optoelectronic Devices, Photonics, Nanophotonics and Biophotonics
• Organic Optoelectronics and Integrated Photonics
• Optical Communications, Switching and Networks
• High-speed Opto-electronic Networking
• Optical Fiber Technology: Materials, Devices and Systems
• Optical Information Processing
• Holography
• Optical Metrology
• Optical Imaging Systems and Machine Vision
• Optical Computing
• Guided Wave Optics
• Optics in Condensed and Soft Matter
• Quantum Optics
• Lasers and Laser Applications
• Nonlinear Optics
• Nano and Micro Optics
• Matter Waves
• Quantum Information
• Bio and Medical Optics
• Optical Materials, Characterization Methods 

and Techniques
• Optical Methods for Process Control
• Microscopy and Adaptive Optics
• Lasers in Medicine and Biology
• Engineering Applications of Spectroscopy
• Optical Microscopy of Composites

thSimilar to the previous OPAL conferences, the 5  International Conference on Optics, Photonics and Lasers (OPAL' 2022) will 
incorporate three symposiums covering a broaden range in optics, photonics and lasers, and provide an excellent opportunity to 
exchange ideas and present latest advancements in these areas. The OPAL 2022 will be organized by the IFSA - a professional, non-
profit association serving for industry and academy for 20 years.

The purpose of OPAL’ 2022 is bring together leading international researchers, engineers and practitioners interested on any of the 
optical related technologies. The conference will offer plenary and invited talks, contributed oral and poster presentations, special 
sessions, tutorials, and exhibitions of commercial products. Social and cultural events will also take place to foster networking among 
the participants in a friendly manner. 

IFSA

20
22

About the Event 

Optics: Photonics:

� Photonic Sensors
� Photodetectors
� Photonic Integrated Circuit (PIC)
� Photonic Integration and Packaging
� Photonic Crystals
� Biophotonics
� Microwave Photonics
� Nanophotonics
� Photonic Materials and Metameterials
� Quantum Photonics
� Terahertz Photonics
� Photonic Computing
� Applications of Photonic Technologies

Lasers:

� Laser Science
� Laser and laser optics
� Semiconductor Lasers
� Laser Metrology
� Chemical Gas Lasers
� Fiber Lasers
� Nonlinear Lasers
� Laser Propulsion
� Lasers and LEDs
� Laser Nanotechnology
� Laser Spectroscopy and Microscopy
� Laser Applications
� Lasers in Medicine and Biology

https://opal-conference.com/
https://opal-conference.com/


20
22

2) Authors will be invited to submit full-page extended papers to the 
special issue of Sensors & Transducers open access journal 
(ISSN 2306-8515, e-ISSN 1726-5479) for free of charge.

3) The limited number of full-page papers published in the journal will be 
selected by the Editorial Board to extend for book chapters for the open 
access Book Series on 'Advances in Optics: Reviews', Vol. 6. 

2

1) All registered abstracts will be published in the 
conference proceedings (USB flash drive edition of 
published Proceedings with the ISBN), distributed 
during the conference and submitted for indexing to 
the Web of Science. The previous OPAL' 2018 - 2021 
Conference proceedings were indexed by the 
Conference Proceedings Citation Index.

Social Programme 

thWelcome Cocktail: The Welcome Cocktail will take place on the 16  
floor (Sky Lounge Bar) situate on the Hard Rock Hotel's Nirvana Tower 
building's roof with the best, magnificent, panoramic views to Teide 
volcano, the Atlantic coast, La Gomera Island and sunset. Actually, it is 
known as the highest leisure location in Tenerife. Do not miss this 
opportunity to say the first "hello" to attendees and committee members.

Gala Dinner: The Gala Dinner (BBQ) will take place in the Hard Rock 
Hotel at the sea beach in front of the Lagoon area.

Special Sessions:

Participants are welcome to organize and manage 
special sessions during the conference. Each session 
will contain 4-6 papers in a related field as specified 
above.

Session organizers will get:

� Certificate of Appreciation
� Free Registration for the Event
� Special Publishing Theme within Conference 

Proceedings
� Free article and book chapter post conference 

publications in appropriate open access journals and 
‘Advances in Optics: Reviews’, Book Series, Vol. 6

Chairman:
Prof., Dr. Sergey Y. Yurish (IFSA, Spain)

Advisory Chairmen:
Dr. Qiang  Wu 
(Northumbria University, Newcastle Upon Tyne, UK)
Prof., Dr. Claude Phipps (Photonic Associates, USA)
Prof., Dr. George Semouchkin 
(Michigan Technological University, USA)
Prof., Dr. Sandeep Singh Sengar 
(University of Copenhagen, Denmark)
Prof., Dr. Boris Mizaikoff (Ulm University, Germany)
Prof., Dr. Mahmoud Daoudi 
(National Center for Nuclear Sciences and 
Technologies, Tunisia)

Conference  Manager:
Mrs. Tetyana Zakharchenko 
(IFSA Publishing, S.L., Spain)

Organising Committee

One event - three publications !

th5  International Conference on Optics, 
Photonics and Lasers (OPAL’ 2022)

� Keynote presentations
� Invited talks
� Special sessions
� Regular sessions

Contribution Types:

� Poster session
� Industrial presentations
� Exhibition
� Round tables

CONFERENCE
PROCEEDINGS

CITATION INDEX

 5 March 2022
 20 March 2022

5 April 2022
15 April 2022

Deadlines:

Submission (2-page abstract): 
Notification of acceptance: 
Registration:
Camera ready (4-6 pages paper): 

ADVANCES IN SENSORS:
REVIEWS 7

Physical and Chemical Sensors: 
Design, Applications & Networks

Sergey Y. Yurish

CH3

S

O

CH3

Editor

IFSA

Institute 
of Physics

https://opal-conference.com/
https://opal-conference.com/


https://www.sensorsportal.com/HTML/IFSA_Publishing.htm

