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CALCULATION OF THE INPUT LASER PULSE RADIUS IMPACT
ON STIMULATED RAMAN SCATTERING UNDER SELF FOCUSING CONDITIONS

This study focuses on investigating stimulated Raman scattering under self-focusing conditions and the impact of other
parameters on its efficacy. Contrary to expectations, the efficiency of stimulated Raman scattering could discontinue to increase, and
may rather start to decline when the input radiation power grows, because of the "absolute saturation” effect. The paper investigates
the influence of this effect under self-focusing conditions using the example of a ruby laser in toluene. Calculations are given in order
to characterize the indicated phenomenon based on power and Stokes component. The approaches for mitigating the impact of the
"absolute saturation" effect on the process by increasing the initial radius of the incoming laser beam are being examined. A software
product was developed using the Wolfram Mathematica program to enable calculations for each unique scenario. This software helps
in selecting the settings to achieve the optimal parameters to ensure the highest efficiency of Raman scattering.
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Introduction

Stimulated Raman scattering (SRS) is one of the first nonlinear phenomena that was discovered. The occurrence of this
phenomena was foreseen in 1923 by the Austrian theoretical physicist Adolf Smekal, who observed that when there is
additional radiation in the medium with a wavelength distinct from the incident radiation.

Moreover, in 1930, Raman was awarded the Nobel Prize in Physics for the discovery of this phenomena, which was later named
in his honor. Simultaneously with Raman, Soviet physicists Mandelshtam and Landsberg had been conducting research in this field.
But since it was not acknowledged at that time that the effects discovered by them are the same phenomena, this led to terminology
discrepancies in the publications. The word "Raman effect" or "Raman scattering" was commonly used in English-language
literature, but in Eastern European literature, the term "combination light scattering" was more prevalent (Polyak, Demegko, &
Gonchar, 2018). Over the course of its extensive existence, there have been moments where this phenomena was deemed
unproductive for investigation. However, today it has presented new and exciting prospects in numerous fields. Light amplifiers and
laser radiation sources can be considered as one of these areas of application.

Also, according to (Fibich, & Gaeta, 2015; Ferrara, Ranjan, & Raghini 2023), imaging techniques and research based on the
Raman effect continue to appear and improve. Therefore, the study of stimulated Raman scattering remains relevant to this day.
This is because this effect is an important physical phenomenon that is used in numerous modern optical systems and technologies.

1. Stimulated Raman scattering under self-focusing conditions. The self-focusing condition has an important role in the
occurrence of stimulated Raman scattering. This phenomenon occurs when a high-intensity laser beam enters the optical system,
causing a changes in the refractive index of the medium. Such a change can lead to a decrease in the curvature radius of the wave
front, consequently leading to an increase in the intensity of the beam at the focusing center (Fibich, & Gaeta, 2015).

The condition of self-focusing becomes an essential factor study of stimulated Raman scattering, since the increased
intensity of the laser beam increases the probability of interaction with molecules in the medium, which leads to scattering
processes. Thus, the self-focusing condition is important in the study of stimulated Raman scattering and the development of
optical systems based on this phenomenon (Singh, & Keshaw, 2013, p. 6074-6080).

Also, according to (Stolen, 1973; Agrawal, 2012), it was experimentally recorded that the efficiency of stimulated Raman
scattering depends on the power of the stimulated radiation. But in real cases, there are instances where the effectiveness
stops to increase or may even decline as the power grows. This phenomenon was called the "absolute saturation” effect The
reasons for this phenomenon are currently under research and have not yet been fully understood.

In certain cases, the development of "absolute saturation" in optical systems and technologies while applying the Raman
effect might be undesirable and even harmful.

In accordance with the above consideration of additional factors affecting the stimulated Raman scattering, including the
radiation spectrum, is an important stage for its implementation and application.

Therefore, this work considers the impact of various parameters, including the radius of the incoming laser beam, on
stimulated Raman scattering.

2. Calculation of the impact of the initial radius under self-focusing conditions. In order to determine the impact of
the "absolute saturation" phenomenon in a nonlinear guiding medium under self-focusing conditions, calculations were
conducted to analyze the energy and power of the Stokes component. The calculations take into account the characteristics
of the medium and the incoming laser beam.

To characterize the variation of the laser front rx as it passes through the surrounding medium, we can use the following
formula: (1) (Dudka, Ivanisik, & Borysenko, 2003).

= = . "

where ro — initial radius, x — coordinate (distance from the beginning of the environment), |L— parameter, rr— front radius in

the focal region, xr— self-focusing length.
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According to the above equation, in the focal zone, the beam radius, parameter, and self-focusing length are set
according to (lvanisik, 2015). where Pso — power of the laser beam at the beginning of the medium, Ps — self-focusing power
(critical power), k — wave vector, n — index of refraction of the medium.

Xy = const. (2)
w=292P" +1/P +1, (3)
. %
xr= 0,38061kr, {[@ —o0, 7703] —0,0528} , @)
ﬁ :Pbo/P/‘, (5)

where Ppo — power of the laser beam at the beginning of the medium, Ps — self-focusing power (critical power), kK — wave
vector, n — index of refraction of the medium.

To calculate the power of the laser and Stokes components Psxand Psx respectively at a certain random point x with a
given length L at the end (outlet) of the medium Py. and Ps., when plane waves are approaching, the following system of
equations is obtained (6-7):

A
Pbx+>\‘_x P/vc:PbO s (6)
b
dx S

x

where K — amplification factor, A, and A, - the wavelength of the Stokes and laser components, respectively.

To obtain numerical solutions of system (6-7), the entire length of the medium L is divided into infinitely small intervals dx.
Under the condition of pulsed pumping, the radiation energies of the component pulses E,, , £, , is calculatedusing the
following equations (8—9):

E, bL

[ By, (®)
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3. Calculation results. A software application was developed to solve the aforementioned equations and iteratively apply
this strategy to determine the impact of absolute saturation for each distinct situation with varying input data.

The Wolfram Mathematica software was used to create the dependences of the power of the Stokes and laser components
in the case of continuous and pulsed pumping conditions. The chosen parameters are representative of the process of
reconstructing the multimode radiation of a ruby laser in toluene.

Toluene was chosen due to its characteristics that enable control over the wavelength and the ability to minimize energy
expenses in an active medium.

The input data of the program according to (Dudka, Ivanisik, & Borysenko, 2003) are listed in the table 1.

Table 1
Input data
Symbol Physical quantity Description
Pso 1.10° W power of the Stokes component at the beginning of the medium
P 2.6 exceeding the critical power of self-focusing
ro 114 mkm initial radius of laser beam fragments during self-focusing
re 5 mkm minimum radius of the laser beam fragments at the focal point
)»b 694 nm the wavelength of the ruby laser
R 745,7 nm wavelength of the Stokes component in vacuum for toluene
Ps 25 kW critical self-focusing power in toluene
n 1,48127 refractive index in toluene
L 25cm the length of the cuvette
K 1,16 cm/MW toluene combination gain coefficient

In particular, see Table 1 and Figure 1. Use the single line spacing before and after them. Figure 1 displays the obtained
relationship between the powers of the Stokes and laser components and their respective coordinates, resulting from the
program's running.

In the focal area of self-focusing, a nearly complete transformation of the laser component into the Stokes component is
observed. Accordingly, data on the position of the self-focusing zone in relation to the environment were obtained.

The relationship parameter has the greatest influence on the character of this graph P.
To obtain a more comprehensive explanation of the self-focusing phenomenon, we can refer to the graph shown in Figure 2.
The figure shows the conversion factor into the Stokes component. Based on the graph it is evident that once the self-focusing
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threshold is passed, there is an almost complete transition towards the Stokes component This value remains approximately
at the same level until it begins to decrease with the subsequent increase in pumping power.

Using this graph, one can identify the input power values at which the phenomenon of "absolute saturation” starts and persists,
as well as avoid excessive initial pump power, which leads to the stimulated Raman scattering growth stop or even decrease.

In the case of the pulse mode of operation based on (8-9), the dependence of Stokes and laser pulses was constructed,
as shown in Figure 3.
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Fig. 1. Power of laser Py, and Stokes P, components Fig. 2. Dependence between the transformation of the laser
from coordinates component into the Stokes component and the input power
of laser radiation
0'00065 ..............................
0.0005}
0.0004
0.0003
E z
sL o 0002
0.0001
0.0000/
=0.000 b :
0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
Epo

Fig. 3. Dependence of the conversion process from the laser component
to the Stokes component on the input power of laser radiation

On the graph, you can observe the point of "absolute saturation" after which increasing the input pulse pumping leads to
a decrease in the transformation into the Stokes component.

Accordingly, the obtained application makes it possible to calculate the effect of "absolute saturation" in order to select
the optimal configuration of the input parameters in each specific case.

4. Prevention of the effect of absolute saturation at constant power. The phenomenon of "absolute saturation" is
consistent with the violation of the transformation of the laser component into the Stokes component at specific values of
radiation generation exceeding a certain value.

This effect does not correlate with the depletion of the pump. Sudden focusing causes the atypycal behavior, which leads
to a decrease in the length of the focal region. To avoid this effect, at constant values of the initial power under self-focusing
conditions, the method of increasing the initial diameter of the pumping beam can be used. As the initial diameter of the
pumping beam increases, its instantaneous power is distributed over a larger area, which reduces the probability of the
saturation effect.

To demonstrate this method, there were set different values of the initial radius of the beam in the created software
product, for example 120 mkm and 130 mkm. These values were then compared to the input data shown in Figure 3. The
comparison is shown in Figure 4.
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Fig. 4. Dependence between energy levels and varying initial beam radius
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A shift in the critical point is observed, beyond which the efficiency of simulated Raman scattering ceases to rise. As a
result, an increase in the radius of the input beam has an impact.

Discussion and conclusions

A study of stimulated Raman scattering under self-focusing conditions was conducted to determine the impact of additional
factors on it, such as the effect of "absolute saturation" — the presence of a critical point after which the efficiency of the
process ceases to increase. A software application was developed using the Wolfram Mathematica program to do power and
Stokes component calculations for the purpose of characterizing this process.

A method based on increasing the initial radius of the input beam is proposed to increase the efficiency of stimulated
Raman scattering, which has proven its effectiveness.

Authors' contribution: Oleksandr Mokhonko — conceptualization, software, empirical data collection and validation; nalysis of sources,
preparation of literature review or theoretical foundations of research; Anatiliy lvanisik — conceptualization, methodology, software, empirical
data collection and validation; empirical research.
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PO3PAXYHOK BMIIUBY PALIYCA BXIOHOIO JIABEPHOIO IMNYNbCY
HA BUMYLLEHE PAMAHIBCbKE PO3CIIOBAHHA 3A YMOB CAMO®OKYCYBAHHA

I pucesiyeHo AocnidXKeHH UMYyWEHO20 paMaHie CbKO20 PO3Cilo8aHHs 3a yMoe caMoghoKycyeaHHs ma ensusy dodamkoeux ¢hakmopie Ha lio2o
egekmueHicmb. Ycynepey o4ikyeaHHsIM egheKmueHicmb 8UMyWeHo20 paMaHieCbKO20 pO3Cilo8aHHs MOXe nepecmamu 3pocmamu, ma U Hagimb
noyamu cnadamu y pasi 36inbweHHss MomyXHocmi exiOHO20 eunpoMiH8aHHs1 Yepe3 eghekm "abcosmomHo20 Hacu4eHHs". [locnidxeHo ensnue
3a3HayeHo20 eghekmy 3a ymoe caMogpoKycyeaHHs1 Ha npuknadi pybiHoeozo na3epy e mosnyosi. HaeedeHo po3paxyHKu Onsi mozo, w06 oxapakme-
pu3sysamu ye sigsuuje Ha OCHogi momyxHocmi Ui KoMnoHeHmu Cmokca. Po3ansiHymo npulioMu 3MeHWeHHs ennusy eghekmy "abcosomHo20 Hacu-
4eHHs1" Ha npouyec, 8 OCHOB8I K020 slexxums 36inbweHHs1 mo4amkoeozo padiycy exiOHo2o ny4ka nasepa. Ha ocHoei nakemy "Wolfram Mathematica”
cmeopeHo npozpamMHull npodykm, w0 0ae 3Mo2y NPo8ooumu o064ucsieHHs 07151 KOXXHO20 KOHKPemMHo20 sunadKy 3 Memoto nidbopy onmumasnbHUx
napamempie dnsi 3abe3neyeHHs1 onMUMasibHOI e¢heKmueHocmi paMaHie CbKO20 PO3Cit08aHHSI.

Knio4yoBi cnoBa: eumyweHe pamaHiecbKe po3citogaHHs, caMoGoKycysaHHs, e¢hekm "abCcosmomHo20 HacCUYeHHs".
ABTOpM 3aABNSIOTb NPO BiACYTHICTb KOHMMIKTY iHTepeciB. CnoHcopy He 6panu yyacTi B po3pobneHHi AocnimpKeHHs; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; Y HanMCaHHI pyKonucy; B pilleHHi Npo nybnikauito pe3ynbTaris.
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