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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

http://www.sensorsportal.com/HTML/DIGEST/P_3252.htm

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

. [W.expia,
V= ¥, expia,

5 [fx expib,
&, expib,

Jexpiat,
(M

Jexpi(at +6)

where ¥, =y, expia, and Y, =y, expia,,

gx = £ expib, and f‘;é expib, are the x and y
components of the complex amplitude of the two
recording beams; ¢ is the frequency; and ¢ is the
phase shift that occurs at a certain angle between the

beams during recording.
We use polarization-sensitive materials for

]‘4_1 ~ _;LAdeXp(— Zleﬁ() )exp(l5)

n

[

(§+7, )‘/A/;éx +(5-9, )‘/};fy

(‘3L -V )‘/7;43 + (GL +Vg )l/};éx

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 S on the acting intensity of light
and two vector reactions — the anisotropic reaction v

on linearly polarized light and the gyrotropic reaction
v on circularly polarized light are introduced to

describe the photoresponse of the polarization-
sensitive medium

Al =Ag +3(1 + 1))+ \/[ﬁL (1, -1,)F + [&G (1+ —1*)]2 , (@)

where n; and n, are the complex coefficients of
is the

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

elliptical birefringence of the medium; »,

in the form of n=n—int (n is the real refractive
index and 7 is the extinction coefficient); I +1, is

the first Stokes parameter, /; — I, is the second Stokes

parameter, and /" -7~ 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

M=M0+M_1+M+l, (3)
where
1 o0
My = exp(— 21Kdn0)[ J, )
0 1
R NP R NP 5
VL+VG)I//X y+(vL_vG)l//y§x ()
=D W&, +(E+9, )‘/7*43 ,
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exp(— 2inzlng Jexp(—id)

5= {}L )v;yé;

(549, el +
({}L - {}G )‘/}y‘f; + ({}L + ‘;G )y}xg;

ikl
M, ~—
Y

o

Here x =27/A ; 4 is the wavelength, and d is the
thickness of the medium. Matrix M, in (4) is

responsible for forming the nondiffracted order,
matrices M _; and 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 M _; and 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
Lgp) and grating recorded by two parallel linearly
polarized beams with an azimuth of linear polarization
of 45° (grating Lys). At present we use +1 and -1 orders
from grating C and +1 orders from gratings L¢y and
Lys. 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]:

| =i
“sboteiof [, 7|
Fi -1
1 Fi
Fi -1
v [ 0 0
M7190~A7exp+z(a —b

vis CXP[+l(a —b, )exp(+i )[

Mz c= AW—ZCGXP[+ ifay

2
Miic= AWTexp[.H(a -b, )]exp(i 5{

o
—

Moi45=

—_
—_
Ne——

11

i Kdv

where A=- eXp(—ZIKdn )

n

o

E, expie, j

Let us a beam with the Jones vector
E expzey

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

(‘3L +Vg )‘//yééj +(‘3L e )V’xf; ©)

(5 -V )VA/xf; + (5 +v )lﬂyé;
diffracted on the element and the corresponding

intensities of the diffracted orders have the
following form

L, .
Lo~ AVUE +E} ~2EE sinle, —¢,)]
1 2
Lye =5 AWLE! + B} + 2B E sinfe, — e, )] ®
I, . =~AWiE +EX+2E E cosle, - ¢,)]
L 2 4,2
Ll Ly s =5 AV LE}>

xd 2 - .
where 4° = [MJ and x = 77[ , /- element recording
0

wavelength, d- thickness of the light-sensitive layer,
n, - refractive index of the recording material, y 7,
- the phases of the

2

V. -
E - amplitudes and ¢ , ¢

recording beams intensities;

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 (53) 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]

Sos =kc,(Iic+1c)

Sl.ﬂ., = kc,/i, (Lye =1_c)— 2k90.1,190
_ )
Sz,ﬂ,- - 21‘745,4-1 45 _kc,z,- (1 +C -1 4)
S3,A,» = kc,,i,.(1+c -1..)
Here I.c and Lc¢ are intensities of +1% and -1

orders from grating C; Iy and Is are intensities of +1%
order from gratings Lg¢9 and L4, accordingly.
Coefficients ko, kssn, kc,i are connected with
absorption of light in an element, the diffraction
efficiency of an eclement, 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:

S3

14452+ 5,7

1 S
the azimuth of light o= Earctgyz and
1

J§+£+£

So

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.

the ellipticity, € =

the degree of polarization DOP=

PHE

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
3mW). 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
1to 20 mW, as well as for infrared radiation of
1.15 um. 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.

"vé‘ W 7 o it
% 100000 :\(' '\". / \f ‘\ /
+ | +
E lI,l l\ I’ \ lL f.- 50
£ 50000 - § Y
5 'R 1\| / A / ~s51
= \ \ i [
= \ ] . R \ 4 +52
o f—d 4 £ J . L.
£ TR [ o \ —c3
g 4 ) } / t \ fl -r 50 theor.
-50000 - Y f ) §f M
E *I". "._ Irf 4 1\\ ! ‘.-" .l'f --51theor.
2 Vi Ve 52 theor.
w -100000 - \ i s
% \‘.n/{\'\- "l "\“,! '\. - j S3theor.
A 150000 ¢ ’

1] 50 100 150 200 250 300 350 400
Phase angle of linear polarization, deg.

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



Sensors & Transducers, Vol. 255, Issue 1, January 2022, pp. 1-9

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/cm? 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 7, ¢, I_1c, L1905

I,145 in the plane of localization of the diffraction

orders. Than we select the order with the highest
intensity, for example, I,; . Coefficients k; are

determined for the given wavelength as follows

k 1+1,C

-1,c = 7 5
-1,C
Ii,c

kiras =7——> (10)
+1,45

k _ 1+1,C

+1,90 — I

+1,90

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 &, 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 x 25 mm
the following values of the coefficients was obtained
by using the described method: for wavelength of
635nm kyjgo =1, kyjg5=1346, k_j o =8553,

k+1’c = 7,916 532 nm k+1’90 =1,
k+1’45 = 1,287 s k—l,C = 8,135 5 k+l,C = 7,625 .

and for

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 v = S;¢ — S;z, where S;¢ and S;z are the
averaged Stokes parameters for green (530 nm) and
red spectral region (630 nm), respectively: for copper
vsi = 0.468759, vy = -0.041721, vs3 = 0.067166;
for organic glass vs; = 0.224136, vs; = 1,068955,
vs3=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 40°
and angle of observation of 50°.

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, ef 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
49x10% N/m?> in the vertical direction and
2.94x10% N/m? in the horizontal direction. In this
device the possibility exists for the installation of the
samples of different sizes: from 5x4 cm to 1512 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 x 10 x 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 7x5%5 c¢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.

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

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

10

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 M easurement
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 o is placed on the
detection pathway. The detected intensity oscillates between
a maximum (I, 4,.) and a minimum (I,,,;;,) values with the
variation of the angle a, following the Malus’s law:

1) = Lin + (Ipax — Imin)5052(¢ - a) (1

For the linear dipole (1D), the I, 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 ©® is determined
using the measured degree of polarization (DOP) b,
obtained as:

By = it )

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.

11
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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
1(6, @) 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 (6, ¢)is
express as [24]:

1
1(6,9,0, q’)"’m-(ES.ES + Ep.Ep) 3)

In which, (1/cos 6) 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 (®, @) and observation angles (0, ¢) (Fig. 2a),
their expressions are given as:

Es(6,9) = al(HéT(p).SinQ. sin(p — P), @)
Ep(6,9) = E;¥(6,9) + E37(6,9)
with
E,’,"”(H, @) = a,(6,¢).sin@.cos(p — D),
E,i’“r(e. @) = as3(0,¢).cosO.sin 0

In which, the functions a, (6, @), a,(6, ), and
a3(0, ) related to the transmission coefficient of the
air/glass interface. The expressions of these functions
can be found in the reference [24].
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The spatial distribution of intensity 1(6, ¢)on the
Fourier plane of the objective is represented in terms
of the wavevectors, denoted as k, = n.siné.cose
and k, = n.sind.sing. Fig. 2b shows an emission
diagram on the Fourier plane I(ky, k,) of a dipole
inclined an angle of ® = 15° to the glass substrate. As
the numerical aperture of the objective NA = n. sinf,
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 ® = 15° is
observed as the contrast of the intensities along the
dipole axis.

(a)

z Dipole orientation (©,)

(b)

o N A O @

ks

Fig.2. (a) Schematic of the spherical coordinates
defining the orientation of the dipole (®, @) and the direction
of the observation (0, ¢); (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 (A/2) and a fixed
polarizer (P).

FP P

g

Fig. 3. Schematic of the experimental set up. F.P: the
primary Fourier plane, F’.P’: the image of the Fourier
plane, A/2: the rotating half-wave plate,
and P: the fixed polarizer.

3. Resaultsand 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.

(a)

10um
(b)

1,04
35
L
£ 05
| =
e
=

0.0

500 700 800 900
wavelength (nm)

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.

80

intensity {a.u.)

Imin

90 180 270 360
analysis angle o (°)

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

The evolution of the intensity as a function of the
analysis angle o follows very well the Eq. (1). From
the fit, three parameters are extracted: the in-plane
angle @, 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 @ = 30° and a DOP 6 = 0.72 with 3 % of
precision. From the Eq. (2), we deduce out-of-plane
angle ® = 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.

13
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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. Roleof 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, 6 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
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strongly depend on the NA collection, therefore, the
choice of an optimal objective is a compromise
between a fast variation of the 8(®) and an effective
collection efficiency.

Projection of
polarization

Fourier
plane

NA

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

3.4. Microscope Objectivefor the
Polarimetric M easur ement

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) & as the function of
the out — of — plane orientation ® 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 d is nearly
constant with collection in the large NA while its
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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 (® = 70 — 90°), it is difficult to
measure variations of & for objectives with small NA.

0,84 ; -~ _
0.6 TS o
0,44

o2t/ /S

0,0 b=, .
0 30 60 90

Fig. 9. Theoretical calculations of the DOP as a function
of the dipole orientation ® 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 (@ =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

http://www.sensorsportal.com/HTML/DIGEST/P_3254.htm

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].
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Monthly Number of Objects in Earth Orbit by Object Type
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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.
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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.
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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 L ocation

Fig. 4 shows the design of an orbiting telescope
and high-efficiency detector system, designed to
detect debris objects (>10cm at 1000 km range,
>1 cm at 200 km) under solar illumination.
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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 6¢cm 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
Ims 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 x 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 uW/(m?sterradian-um) [9]. Tables 2 and 3 show
ranging laser performance in active mode.

red: laser light
blue: solar illluminated target scattering

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.

-75¢m beam dia,

2

[37k photons/s
|returned from
1000km range

orbiting
LDTM
laser

station

\ laser-illluminated target scattering
\ into n steradians

70004, 230cm
2 spot dia.
£ }
; o 45cm dia.
Debris
8th order hypergaussian '. { \
VN target
4.2W, 1060nm CW beam \ N T plane
£
1° available
array FOV

(17.5km dia.)

Fig 5. Active ranging subsystem comprising a 50 mJ, 100 ps laser and precision timer to determine range to debris
with ct=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
S:iz}fg:;tsral 1000 W/(m?’sterrad- pum)
Es;]}(l%round spect. 1E-6 W/(m?’sterrad- pum)
Relativistic shift BW 0.025 nm

Target size assumed 10 cm

Range assumed 1000 km

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

Target Ruifiuse 0.25 -

Signal S 1.7E-17 \\

Noise N 1.0E-16 W

Signal energy 3.0E-15 J
Background energy 5.8E-22 J

Array refresh interval 1 ms
rSai;gil(:al/Noise energy 2 8F4 )
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 M? 2 -

Table 3. Ranging laser active detection
system parameters.

Value | Dimension

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

W

=—%, 1
v (0

z,

which gives us the distance from the beamwaist to the
aperture. W, is the waist radius. Note that a beam with
quality M? behaves just like a beam with wavelength
M?)\. Beyond the waist, as the beam expands at range

Z'=Z— Zy we can write without approximation:
W =wy[1+(2/ )] )

From this result, we know the beam area A=nw? on
the target and can compute fluence ®=W/A where W
is pulse energy. To compute the return energy, we
assume a pulse energy R4qW is returned into =
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
Av from hundreds of km, providing intensity on target
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Center Wa‘{elength 532 m is sufficient to produce a plasma and initiate ablation.
Aperture diameter D 85 om The requirements for that are a fluence value [10].
Target diameter d 20 cm

Target diffuse reflectivity Rd 25 Y%/sterrad Dope~B VT /m2 3)
Beam dia. (0.9*D) 75 cm

Focal length 5 m We take B=4.0E8 J/m? for robust coupling to most
Field of view 1 deg spacecraft materials at pulse duration T, giving
Search area 1600 km? ®op=4.0 kJ/m? in a 100 ps pulse. §3 can be used to
N pixels 1.54E9 - determine fluence at range. In Fig. 6, “L’ADROIT”
Pixel size 225 um refers to an orbiting debris removal station design [10].
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 23 m

Target diffuse reflectivity 0.25 - CADROIT 3*‘0#:-,,%6

S/B 3.0E6 - s "“Zsm,m

Target v. at range 7500 m/s N a—roy DEBRIS
Min transit time/pixel 60 us % -
Rec’d photo-electrons 30 - ’ Ay
Signal stability 1/Npe’> 18 %

Min target at 208 km 6.5 cm

Dark current at 20C 0.3 e/pulse/ms

Fig. 6. llustrating debris nudging.
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4.1. Perturbing Orbits

Where U=GMeam, 1 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 € for an unperturbed orbit is given by

E=Vo, /2—u/r=—u/2a 4)

The vis viva equation for velocity Vv in an
unperturbed orbit is

Vi=u2/r-1/a) 5)

If we now perturb the orbit with a laser impulse
with energy W which delivers an energy change
CauWven, we can differentiate Eq. (5) to find for an
object of mass m,

AE:i(%)Aa:C W, /m (6)
a

m orb

Considering that the orbital period is given by
T=27a"/u"” (7)
which can be differentiated to give
AT =3r(a/u)"” Aa

so that

2
AT =37(a/ 1) 22 Ag) = (3aT / w)Ae
U
and that the change in period of the perturbed object is

2

AT =6 2WC, () )
UM

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 Ch,.

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 M? 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/m?
Target Av from one shot 150 Um/s
Target AT 3.9 ms/orbit
Pulse duration 100 ps
Semimajor axis change Aa +29 cm
Miss distance vors AT 2.8 m/period
Miss distance vorr AT 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
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to be surveyed by an individual JCA station, and 0.1 %
of these to require special care because of their

Table 6. Earth-based laser ranging.

proximity to other assets. Ten stations in various — Earth Space
equatorial or polar orbits can provide redundant Search volume (45°) km 1.4E9 1.9E9
measurements for those, getting center of mass S].(y background brlght.n css 7.5E-9 - 1E-6
location accurately. Time to find one satellite 2 weeks 4 hrs
Weather a problem? Yes No
Scintillation (adaptive optics) Yes No
Table 5. JCA system parameters. Nonlinear refraction Yes No
Centimetric precision No Yes
Value Dimension Operating time (hrs) 12 24
Altitude h 800+50 km
Orbit period T 101 min Note: * depends critically on satellite orbit and station
Pillbox thickness 600 km location — could be infinite.
Pillbox volume V 1.88E9 km?
Number satellites watched 19000 - .
Satellite density 6.2E-8 km3 6. Stepwise Appr oach
Target objects in pillbox 120 - . . . .
Watched sat detection rate 4700 hr! Because many nations’ properties are involved in
Sats to nudge (0.1% /day) 1 day’! the space commons, an attempt to range, let alone
Time to find a particular sat 4 hrs nudge satellites requires careful planning and
international  consultation. To do this will

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 C,=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 30s 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.
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require a multi-year program. We propose the

following sequence:
1.Develop a  small

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].

laser  ranger for

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 1% 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
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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 4, (¢) expresses the timing
fluctuations in the mode position at time ¢, the timing
jitter o can be described by a Gaussian random process
with mean = 0 and total variance ¢ = <|4¢,(1)|*> = Dt,
where D is the timing jitter diffusion constant.
Then phase fluctuation follows the behavior
A0(t) = 2nfodt(t), where fj 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]

E()
- Z Alt — nAt(n)]e-l2he-nto+asm+pm] (1)

n=-—oo

where A(n), Atmn), fon), 46(nm) and ¢(m) are
respectively the mode envelope, timing fluctuations,
the center frequency, phase noise, and static phase of
the ny longitudinal mode. 7y is the repetition period
and fy=1/Ty. 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 f, and the

FWHM linewidths A4f, compose the optical
spectrum as
~ 2 o
A(f - Af,
s ~ ARSI 5 G,
T[ (f_fn) +Afn

n=-—oo

where A 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]

Afp = Afin + anOZD(n - nmin)z' 3)

where 7, 1s the mode number corresponding to the
minimum linewidth Afyin, Afiin 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 my harmonic expressed by Afzpm [36]

1N Afwpm
w5 L Gompr i,

It is found that the RF spectrum is consist of a sum
of Lorentzian modes centered at mf;, 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 m? proportional multiple to the 1%
harmonic linewidth and related to D given by [39]

Afgem = Afanz = 27Tfosz2 (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

Afrr1=27 fi’D (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 Af,, and the 1** RF harmonic
linewidth Afgpq are related by way of

Afp = Afin + Afgpr(n — nmin)2 (7
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Eq. (7) shows that the first harmonic RF linewidth
Afrrr 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

P(f = fo)

_— 8
RBW * Py, (®)

L(f) =

where fj and Py, 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, />, /3, and f; indicate the frequency boundaries of the
different noise mechanisms with various slopes, such
as flicker frequency modulation (1/£), white flicker
frequency noise (1/f°), flicker phase modulation (1/f)),
and white phase noise (1//%), respectively [43]. The
A, Az, Aszs and Ays represent corresponding noise
areas of the different noise mechanisms.
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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

1 fhign
o =55 (), Y ©)

1
= E\/Z(mz + A23 + A34 + A45),

where fnigh and fiow are the upper and lower integration
frequencies, respectively, in the interested range and
A1z, Asz, Ass, Ays 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 fj, the pulse to pulse RMS timing jitter
Optp €an be expressed as:

1 ’AfRF
Gptp_% 2nfy’ (10)

where Afgrpis 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 fy, 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 Afzr;
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 um 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 X 101%cm ™2,

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 um 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 (AIN) 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
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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.
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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.
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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 Avpim, Nnim and Avrgi for both lasers
are listed in Table 1 for comparison.
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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.

Fit from Phase noise vs. Mode #| Pulsed |Integrated

Laser Timing | T i{m’ug
Structure (ﬁ;’_g) Hyim Avggs (kHz) Jé;gjr J(:;;r
Ridge | 0.968 5.6 3.57 6.03 1.90
BH 0.133 18.1 0.512 2.28 0.48

Lists of Parabolic fitted results of the minimum
optical linewidths, i.e. minimum optical phase noise,
AVyim, the minimum mode number nuim and the first
harmonic RF spectrum linewidth Avrr1 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 Av,u,, = 0.133 MHz and
the first harmonic RF linewidths Avgr; = 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 o, = 2.28 fs for the lasers with
BH structure are estimated from Avgr; 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 = 10kHz 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/f°, 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 (A, and A;) from the OFC laser source are
used, where A; serves as a modulated data channel and
A> 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 (OC,) through a two stage
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PM isolator, to avoid any back reflections caused by
subsequent equipment, followed by two tunable
optical band pass filters (OBPF, and OBPF>) in each
output of OC;.
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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 A1 and optical LO 22) 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 (A;) and 1533.240 nm (A2),
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 (A;) by an erbium-doped fiber amplifier
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(EDFA,), it is modulated with 16-QAM digital
baseband signals having a symbol rate of 4-GBaud by
employing two channels of in-phase (1) 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 27'1-1 bits and a root raised cosine filter with roll-
off factor of 0.35 is also applied for pulse shaping. The
second optical channel (A,) 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
3dB OC; and transmitted over a 25km SSMF
to the RRU.

In the RRU, the received optical signal is amplified
by EDFA, followed by OBPF; 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-GBaudx16-QAM) modulated
RF carrier signal at 25GHz. 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 mto 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 3.8x1073, 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.
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Fig. 8. Experimental transmission performance of the
F-P QD BH MLL in photonics-assisted 16-Gb/s
(4-Gbaudx16 QAM) wireless links at 25 GHz 5G NR over
0.5m 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
0.5m, 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-GBaudx16-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 2’Ne ??Ne 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.

http://www.sensorsportal.com/HTML/DIGEST/P_3256.htm

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 w, — w;. Where w, is
the frequency of the right wave and w; 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 *°Ne
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 (j = r,1)
is defined as:

E;(z,t) = Eqjexp {%ik [ n;(2)dz —
iwt F @},
2
where ? are the phase shifts of each wave caused

by rotation.
The complex refractive index
n;(z) = ni(z) +inj'(z) of a nonlinear medium is

36

induced by the interaction of counterpropagating
waves in the active medium. n;(z) 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:

N, =B/ L.+ 6", + (g/ cosp — aysing)/I.I;, (2)
n =pB/'l +6;'I. + (a/'cosp + a/sing)./I.I;, (3)

¢ =Aw—-KH{2AZ' — 1B — 6}) +

“)
LB —6)) — 2(a a'cosp — 6" sing)\[I.1},
where [.; is the dimensionless intensities,
nj=2 - ;—L, Bri, 6, are the  polarization

coefficient of self-saturation and cross-saturation
respectively of right and left waves, Z' is the linear
dispersion, Z' is the coefficient of linear gain, KH is
the gain on the length of the tube H. The phase
coupling of counterpropagating waves is caused by the
parametric effects (polarization terms proportional to
o,, 0y.;) in a nonlinear active medium. The interaction
of counterpropagating waves is carried out in a
nonlinear active medium.

Imaginary and real parts of the 3., 8,.;, Z o,,; are
shown in the Fig. 1 and Fig. 2 below.

Polarization coefficient 5, which is the only reason
for frequency synchronization is 5 orders of magnitude
smaller than other polarization coefficients (8, ;, ;,
Z). 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.
@ = Aw — Bsing %)

It can be used to derive boundaries of the lock-in
range and the expressions for intensities:

Awy— B < ¢ < Awy + B, (6)
where
_cZ(KHZ”—s){ . ,/3’—9’} ™
_L ﬁl/+9/l O- O- ’,_9,,
AG = Ao + Aoy, Aoy = 206 S B =2 8
w = Aw Wg, AWg = ELﬂ”—Q” ()

Here Awy is the laser gyroscope null shift caused
by a nonreciprocal element.
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Fig. 1. Real part (on the left) and imaginary part (on the right) of polarization coefficients 3, 8 and Z depending on the
relative detuning for zero frequency difference between counterpropagating waves and single isotope active medium.
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Fig. 2. Real part (on the left) and imaginary part (on the right) of polarization coefficients 8, 6 and Z depending on the
relative detuning for zero frequency difference between counterpropagating waves and 50 % mixture of 2’Ne, 2’Ne isotopes

active medium.
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X

Fig. 3. Real part (on the left) and imaginary part (on the right) of polarization coefficient ¢ 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 2°Ne, 2*Ne isotopes active medium.

Intensities can be derived in the approximation n
Al K [ using the notation 21 = I, + I, 2A1 = I, — . I= m
In this case, Al /I can be neglected and the expression

/I I; can be simplified as /I.I; = I.

1
A1=—{A +
I, =1+AI ) gr—g 01T

a'sing
ﬂl’ + 9’[

}

(10)

(11)
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3. Discussion of the Numerical
Calculation Results

Lock-in boundaries and intensity were researched
theoretically based on Egs. (2) - (4) for the wide range
of ring laser configuration such as single isotope and
mixture of *Ne, *?Ne 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
Egs. (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.

Aw MHz

Fig. 4. Intensities difference for counterpropagating waves I,.— I; on the left and additional frequency difference
for counterpropagating waves w,— w; on the right depending on the relative detuning for non-zero frequency difference
Aw = 0.106 MHz, ¢, = ¢ = 0.1, KH = 0.12 and single isotope active medium.

Aw MHz

Fig. 5. Intensities difference for counterpropagating waves I,,— I; on the left and additional frequency difference
for counterpropagating waves w,— w; on the right depending on the relative detuning for different losses and zero frequency
difference Aw = 0 MHz, ¢, = 0.1, & = 0.1001, KH = 0.12 and single isotope active medium.

Aw MHz

Fig. 6. Intensities difference for counterpropagating waves I,.— I; on the left and additional frequency difference
for counterpropagating waves w,— w; on the right depending on the relative detuning for different losses and none-zero
frequency difference Aw = 10.6 MHz, &, = 0.1, & = 0.1001, KH = 0.12 and single isotope active medium.
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The results for a mixture of 2°Ne, 2>Ne 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.

(I -1)=10°

Fig. 7. Intensities difference for counterpropagating waves I,.— I; on the left and additional frequency difference
for counterpropagating waves w,-— w; on the right depending on the relative detuning for non-zero frequency difference
for Aw = 0.106 MHz, &, = g = 0.1, KH = 0.12 and 50 % mixture of 2’Ne, 2?Ne isotopes active medium.

(l—f)=10% Lw MHz

04 -0.2 0.0 02 04

Fig. 8. Intensities difference for counterpropagating waves I,.— [; on the left and additional frequency difference
for counterpropagating waves w,— w; on the right depending on the relative detuning for different losses and zero frequency
difference for Aw = 0 MHz, &, = 0.1, & = 0.1001, KH = 0.12 and 50 % mixture of *Ne, ??Ne isotopes active medium.

(1=1)x10? Aw MHz

976

Fig. 9. Intensities difference for counterpropagating waves I,.— I; on the left and additional frequency difference
for counterpropagating waves w,— w; on the right depending on the relative detuning for different losses and non-zero
frequency difference for Aw = 10.6 MHz, &, = 0.1, &, = 0.1001, KH = 0.12 and 50 % mixture of 2°Ne, 2>Ne isotopes

active medium.

As shown in Fig. 4 for a single isotope active redistributed between the weak and the strong waves

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

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 Al is zero.

Analysis of Eq. (11) for intensities difference
inside lock-in range (Aw = 0) shows that Al is an odd
function due to the fact that o’ is an odd function.
Outside lock-in range Al is the odd function as well.
Al 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 ¢’ and ¢ was conducted in [1] and in
Fig. 3 of that work. The presence of sing in the

Eq. (11) explains the intensity oscillations reported in
[11] and other experimental works, which could not be
theoretically justified before.

B in Eq. (7) makes the main contribution into
synchronization threshold as follows from (5). As
shown in Fig. 11, B is an even function because
functions Z'", 8",8", 6" in Eq. (7) are even functions.
The evenness of Z”,B", 8",c"" was discussed in [1]
and shown in Fig. 1 and Fig. 2. B has a maximum on
the center of the gain curve.

(4,—1)=108

(=]

-2

-0.010 -0.005

0.000
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Fig. 10. Intensities difference for counterpropagating waves I,.— I; on the relative detuning inside lock-in region for Aw = 0,
& =& = 0.1, KH = 0.12 and 50 % mixture of 2’Ne, 2>Ne isotopes active medium.
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Fig. 11. Dependency of parameter B on the relative detuning for different pressure in the active medium
forg, =& =0.1, KH = 0.12 and 50 % mixture of 2’Ne, ??Ne 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
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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 K 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].

B}, 0; and respectively synchronization threshold
depend on the active medium pressure and gain,
relative detuning, and other parameters. Fig. 14 is an
example of such dependency.
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KH=0.10

020 025 0.30

(Yot degreels

Fig. 12. Dependencies of intensities for counterpropagating waves on the speed of resonator rotation
for various values of KH.
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Fig. 13. Transverse distribution of the gain K for different pumping currents in mA.
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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. Expressionsfor Polarization
Coefficients

In this Annex full expressions for polarization
coefficients B, ;, 0., Z, 0, 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:

2
= Mi(iJrl), (12)
h Yo \Ya Vb

where d is the transition dipole moment. The fact that

this small parameter is proportional to |Ej|2, 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
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in [13]. Polarization of j -wave is represented in the
following form

27TK]-(Z) = (1/k)K{Z] - ﬁjlj — 9]4]]-/
A G’j’exp{?ico}}

Here it was taken into account the following

(13)

E (2)E[(L - 2)

z
= Ey.Eqexp {L'kf njdi}
0

L-z *
X exp {—L'kf njdi}
0

2
= Ey.Eqexp {i TL}

X exp {—k fo L(n;’)dz}

= EOrEolexp{iian}exp{—an]’-’}
= EOrEmexp{—anj'-’}

(14)

K = 2md?N/(hu) — gain coefficient per unit
length, N — excitation density, u — root mean square
velocity of the active medium atoms.

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

[ee)

z(¢) = 2if exp{—p? + 2ip{;}dp, (15)
0

where:

¢ = (0j—wap+ivan)

s w) — °

Wqp 18 the frequency of the middle of the gain curve;
ku is the Doppler broadening;
Yap 18 the half-widths of the homogeneous line.

Polarization coefficient of self-saturation f,; can
be calculated by the following formula:

_— . Vab
B; =iz + Zlﬁ(l +;Z;) (16)
Cross-saturation
represented as:

coefficient 6,; can be

3
0= 0. (17)
t=1

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

g, _ L+id 2 +7.)
T @A)V

. (18)
. <i> (z+2))
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Last two terms in (17) appears due to
parametric process of modulation of energy state
population difference with frequency w; — w;s. Which
leads to increase of the coupling of the
counterpropagating waves.

01, =f¥/Yabn) Z val ™2 {Z (zj(ﬁ))

n=ab (19)

~(2-2)) /2= @y},

02 = F/va) Y {7 (1
e JEw) ) 20)
-2(5)+ s
Ae (w + a)ab)’w _ (w; + ‘“j’)' @1
Yab 2

q]FJ?” = (wj — 0y + iyy)/(2ku), (22)
v=A+iv, =A+ia,a,=1— (Z;Zb)' 23)
f=Ya¥p/(4r*),y = Watvp)/2 (24)

Modulation of the population difference of energy
state is the main reason for the polarization terms
proportional to a;, 0;,;. Polarization coefficient g has

YaVb

the form:
_ Z { [3(A 21) ( ((
8YYab = Van V1V2 J

v+ g e

9j

|2 JJ
1 1,
——Z+——Z,
ViVin V2Vin
Vy, = 2A — i, VZa,b =A+ iaZa_b, (26)
Azap =1 - 3ya,b/(2yab) (27)
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Abstract: In this paper, we present a theoretical and simulation work about the modification of the spontaneous
emission of aradiating 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 ametal 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 till 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, thereisa
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 redlizations for quantum optics
have been achieved based on these photonic crystals
such aswaveguided 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 lossesinside 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
volumewhichissmaller than the diffraction limit [24].
In the case of metals, Surface Plasmon Polaritons
(SPPs) are evanescent waves at the interface between
a meta and a dielectric interface [25]. SPPs are
electromagnetic waves that propagate over a few
microns a the meta-dielectric interface. It is an
evanescent wave that possessaTM (or p) polarization.
It is characterized by an in-plane wavevector given by

Eq. (1) as.
_2m | g€,
Ko = A\e, +e, )

where A is the wavelength and the di€lectric constants
of the dielectric and metal are respectively €4 and em.
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 lossesin 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 Ly, [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 aso caled 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 redlized. 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
leskage. In the case of athin metalic 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 a 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 isto show how
quantum emitters (such as single molecule or quantum
dots) can couple to aplanar 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
guantum plasmonic with surface plasmons.

Inafirst part, werecall 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 redlistic
when the insulators possess finite sizes.

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

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

The spontaneous decay rate of atwo level system

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

=

;;Z;Iplz p(r,0), @

where the Local Density of Optical States (LDOS) is
p, the amplitude and the position of the dipole are
respectively |p|? and r. The ratio of the decay rate of
the 2-level system in alocal (I') and a homogeneous
surrounding (I'o) has been introduced by Purcell [20]:

Fp=7"r =" (©)

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:

313
re 8 ' @
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where F, is the so-called Purcell factor, A is the
emission wavelength of the emitters, Q and V are
characteristics of the mode. Q isthe resonance quality
factor and V is the mode volume defined, in a non-
dispersive medium of local optical constant (1), as:

y_ [e)[E)[ ar

= ®)
max[e(r)|E(r)|]
In this expression, |E(r)|? is the intensity of the
electric field associated to the mode. The fina
expression of the Purcell factor in Eq. (4) showsthat 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
metal s so that the quality factor will be generally under
100 but the field confinement possesses a mode
volume smaller than 3.

2.2. Power Dissipation of a Dipole Near
aPlanar 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 classicd formula
Nevertheless, the relative modifications of the
emission rates in presence of a nanostructured
compared to free space areidentical [41].

Tr r
S e ©
’ ( rO ]quantum ( 1—‘0 Jclasic

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 adipole of energy Egipore

P= _rEdipoIe (7)

In the present work, we consider surface modes
which are defined by their in-plane wavevector k. In
the following, we will use the normalized wavevector
usuch as;

K

S
o ®

where n, is the optical index where the dipole is
located, u is very interesting parameters that delimits
propagating wavesin free space (u<np) and evanescent
waves (u>np). 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]:

Fo= ja(u)du (9)
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The quantity o represents the derivative of the
power dissipated by wavevector and will allow us to
identify surface modes. The expression of o depends
on the position of the dipole and its orientation. In
Fig.1, we present the two main cases that are
considered. The dipoleisplaced in the medium 0. The
emitted electromagnetic waves will depend on the
orientation of the dipole. If the dipoleis parallel to the
surface, TM (p) and TE () waves will excite the
surface. In the case of a vertical dipole, only TM (p)
waveswill be generated [41]. Asthis paper deals with
the excitation of SPP which are TM (p) modes, we set
the dipole vertical to the al interfaces.

(@ W)
Fo,i i ‘

S T AVAE

I
d rofg s Fo,f f

Fig. 1. Schematic of the calculated system. The dipole (red
arrow) is set at a distance z from the bottom interface.
(@) Dipole placed inside a semi-infinite medium,
and (b) inside a layer of thickness d. O, 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 o for a vertical dipole
(orientation perpendicular to the layer) is:

u3
2

Jng -u?

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).

o (u)= g Re[1+ g(u) (20)

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 formulais given by gi(u) or gz(u) if
the dipoleis placed in a semi-infinite layer (Fig. 1(a))
orinsideafinitelayer (Fig. 1(b)). For asingleinterface
(Fig. 1(8)), the expression is given by [42]:

gl(u) = r0’,jf @(p(Zi kz,oz) (11)

The projection of the wavevector is

K, o :% n —u® . We see that in the case of a semi-
infinite layer, gi(u) is only given by the propagation
distance to the interface and the Fresnel reflection



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

coefficient ry; . If the dipole is placed inside a finite
layer, we have:

1
1-2r 15’ exp(2ik, od)

{2rfrdy exp[2ik, ,d] + (12)
ro'j exp[2ik,,(d-2)]+
7, exp(2ik, ,2)}

9, (u)=

The main difference with one interface is that the
reflection coefficient of both upper (rg;) and lower

(ry; ) layer must be taken into account. For clarity of

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

2.4. Coupling Efficiency (B-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 akey point in the optimization of devices
for integrated photonics as for example waveguides or
cavities [16]. The coupling efficiency in a specific
mode s called the B-factor and is defined as:

ﬂ rmode »[ue{rmde} a(u)du
- I 13
Lo I a(u)du 13)

0

The 3-factor will then be cal culated using the value
of the power o. from the previous expression.

2.5. Reconstruction of the Mode Profile

It isalso 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 o is the power in each mode:

Tioe _ a(u)du (14)

I"O ue{mode}

This quantity is normalized and will represent the
normalized power of the mode. For each position of
the dipole, the dissipated power o 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
Dipolenear a Thick Gold Mirror

In the previous part, we described the model and
defined the different physical quantities that we will
calculate. Wefirst consider the ssimple case of adipole
coupled to a gold mirror [48]. For the calculation, we
set the dipole emission wavelength A=650nm so that
the gold optical index is [26]: Ng¢=0.15+3.32i. The
results are presented in Fig. 2.

(b)

07 . —
1,02 1,03 1,04 1,05 1,06 1,07 1,08

(d)

0 200 400 600 8OO 0 200 400 600 80O

z (nm) 2(nm)
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 usep=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
3regions in Fig. 2 (a). When u<l, 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 Polaritonswith awavevector defined
by Eq. (1) and abroad range of wavevectors above the
SPP which are called Lossy Surface Waves (LSW).

If we make azoom to identify the shape of SPPin
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. Asit is
well known [44], the SPPisa purely coherent mode so
that it isonly limited by Fourier Transform. Therefore,
the width in wavevector (Au) isrelated to theintensity
decay length of the SPP (Lspp). The relationship in the
case of aLorentzian-type shape is given by:

A
Lep =—— 15
= AU (15)
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With the value deduced in Fig. 2 (b), we extract a
propagation length of 20 um. 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 B-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 L ong-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 agold
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).

(a) (b)

200

ol ——LRSPP
7 glass
E 150
gold1§
o glass D
0 N 0
0 1 2 3 4 153 154 155 156
u u
(c) (d)
4 1
35 ——LRSPP
—— SRSPP
3
25
o 05
TR
15
1
05
o 300 600 a00 1200 o 300 B00 200 1200
z(nm) z{nm)

Fig. 3. Smulations of the power dissipated by a vertical
dipole in the glass near avery 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
uLrspr=1.544. (c) Evolution of the Purcell factor with the
vertical distance z. (d) Coupling efficiency tothe 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
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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. Asa
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 Au. 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 caled 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 um and 1 um. 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 Dipoleto a Finite Gold
Film Deposited Onto a Glass Substrate

Inthislast part, we focus on arealistic 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 aso caled 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 glasswith
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 deviceissetintheair.

(a) (b)

+ LRSPP
glass P-Tz d, SRSPP
iE
gold 15 B 1o
Ay
glass d,
- v
prism 104
0 1 2 3 4

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

We also present in Fig. 4(b), afirst calculation of
the power dissipated by the dipole placed at 10 nm
abovethegoldinsidethetop layer. The situationisthe
same asin 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 caculate the
reflection coefficient R, (in power) as function of the
cladding layer (d) for different incident wavevector u.
In this prism configuration, the incident angle 6 is
defined as: u=nsin(0). The light is sent through the
prism of index n=1.8. Thislight is propagative so that
the maximum in-plane wavevector u is 1.8. The
coupling layer (dy) isfixed with avalue d,=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 d;, the number of
guided modes change. One particularly interesting

point isthat the wavevector of the WGMs change with
the thickness. As u also represents the effective index
of the mode, we see that when d; 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 di 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 wetake a cladding thickness of
h=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.

SRSPP WGM?2

Z 5B

a =

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.

WGM1

The profile of each mode is in good agreement
with the previous analysis. The plasmonic modes
(LRSPP and SRSPP) display exponential decaysfrom
the gold layer whereas the WGM present oscillations
according to their order. Due to the symmetry of the
device, the fundamenta modes WGM1 is not
exactly centered in the middle of the dielectric.
Oscillations are also observed in the lower dielectric

(coupling layer).

49



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

5.3. Influence of the Waveguided M odes
on the Purcell Factor and Coupling
Efficiencies

In the previous sub-part, we have presented how to
optimize the number of waveguided modesin thefinal
device by analyzing the evolution of the Fresnel
reflection coefficient with the device parameters. We
keep the same conditions d;=d>=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 B-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 o(u), in Fig. 4 (b), and the coupling efficiency
isthen calculated with Eq. (13).

(a) (b)

351 —+—SRSPP
——LRSPP
—WGM1

— e WGM2

251
w24 '
151 }
0.5: . P —— 5
0 02 04 06 08 1 0 05 1
z/d, z/d,

Fig. 7. (a) Purcell factor and (b) B-factors as a function
of dipole-gold distance z normalized to the cladding
thickness di=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) isdifferent than the previous one of Fig. 3(c).
For small distances (z<0.2d,), we observe the same
evolution if the layers are infinite. Indeed, at small
distances, the evanescent waves are not perturbed by
the finite thickness (d;=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) isnearly centered
inside the glass layer. Note that the asymmetry of
WGM comes from geometry of the device. Finaly, in
this particular example, the coupling efficiency to
WGML1 is around 40 % which is similar to the B of
the LRSPP.
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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. Inthe
case of plasmonic structures, the Purcell factor can be
important at very short distance due to an important
density of optical states. Nevertheless, al the emission
will be dissipated in lossy modes. A compromise can
be found with the coupling distance where the
Purcell factor is till 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 pm 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 availablefor
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 afew 100 pm.
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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.

CONFERENCE
PROCEEDINGS
CITATION INDEX

/Npgxe®

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.

SENSO
TRANSDUCERS 5i1s

Social Programme

Welcome 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.

‘/'

Institute
of Physics

Contribution Types:

» Keynote presentations « Poster session

« Invited talks « Industrial presentations
« Special sessions « Exhibition

- Regular sessions « Round tables

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

Organising Committee

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)

physicsworld
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Call for Chapters &5/ Publishing

Your Chapter may be in the next Volume of the popular Book Series

ADVANCES IN SENSORS:

Open Access Book Series
Sinse 2012

- Physical, chemical and biosensors
- Sensor uncertainty, accuracy, calibration
- Smart sensors and systems

s ¥ v - Intelligent sensors and systems
L - Artificial Intelligence enabled sensors
Dasion, Appécatons & Networks - Virtual and soft sensors

- Sensor instrumentation

- Sensor buses and networks

- Signal processing, sensor fusion

- Nanosensors

- Photonic sensors

- Sensor interfacing and signal conditioning
- Materials for sensors

- MEMS, BioMEMS and NEMS

- Remote Sensors and Telemetry

- Sensor packages and reliability

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

&_IFSA Rt ISSN 1726- 5479

International Frequency Sensor Association Publishing i 97 771726 7 547001

www.sensorsportal.com
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