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GENERAL DESCRIPTION OF THE WORK

Relevance of the study: The progress in the technology of manufacturing of silica
optical fibers leads to not only a revolution in the field of optical communications, but also
to the formation of a new direction in science — nonlinear fiber optics.

Although silica glass is not a material with strong nonlinearity, the large length of
the fiber with low optical losses and small dimensions of cross-section of the fibers
significantly reduce the threshold of occurrence of various nonlinear phenomena. On the
other hand, the study of the femtosecond range of durations of optical pulses [1-3] leads to
the possibility of propagation of radiation with high intensity in optical fibers and observed
nonlinear phenomena which are observed rare in the field of large pulse durations[4].

All this leads to a wide interest in nonlinear fiber optics and many interesting
results have been obtained which are applied in optical communications, laser technology,
technology of information processing, optical computing machines, optical sensors of
various physical quantities, etc. The transition to the new femtosecond time scale brought
new physical and technical challenges related to self-interaction and interaction of powerful
pulses with extremely short duration in optical fibers [5], their synthesis, control,
transmission, and registration. For the solution of these problems in femtosecond time scale,
particularly it is used methods of nonlinear and adaptive optics, Fourier-optics and
holography, spectral interferometry. The pulse compression based on the nonlinear process
of self-phase modulation (SPM) of radiation in fiber and subsequent dispersive delay line
(DDL) allows reach 10° times compression and the formation of extremely short pulses for
optical range with the durations of units femtoseconds [6-8].

Along with the important directions, the spectral compression has demonstrated
the potential applications in the analysis-synthesis problems in ultrashort optics [9, 10].
Generally, the spectral compressor has DDL and a nonlinear fiber as its members [11, 12].
Lately, the spectral self-compression was numerically [13] and experimentally [14]
implemented in a single-mode fiber (SMF) with anomalous dispersion.

Although there is a wide research in the directions mentioned above, numerous
unsolved problems existed until now. The research of spectral self-compression was at a
premature level, and in order to achieve a more holistic physical pattern of the process, a
detailed study was necessary for all the values of system parameters. The peculiarities of
spectral compression and self-compression were studied only for the initial regular pulses.

The aim of the dissertation is to fill in the gaps in the research introduced above.
The study of the characteristics of spectral compression and self-compression is done not
only for the regular pulses but also for the randomly modulated pulses by examining the
impact of coherency on the process. In addition, via the method of the compensation of
third-order dispersion by initial pulse asymmetry we increase the effectiveness of pulse
compression. In order to obtain needed asymmetry and random pulses, the use of liquid
crystal spatial light modulators is offered.

Objectives of the work:

The relevance and the pragmatic value of the research fields presented above and the
further observation of unresolved problems determine the aim and scope of this dissertation.
Particularly:



The studies of pulse self-interaction in a fiber with anomalous dispersion in order
to detect the opportunity to realize the soliton spectral self-compression (soliton
self — SC) in standard silica fiber.

The studies of analogue between soliton self — SC and soliton-effect self-
compression.

The studies of high-order effects preventing the effective regime pulse
compression and possibilities to optimize the pulse compression process.

To study the characterizations of spatial light modulators based on twist nematics
with cholesteric mixtures and with homeotropic boundary conditions for ultrashort
pulse shaping and to develop the relevant mode extraction method.

Scientific Novelty:

Through detailed studies and innovative investigations the following unprecedented

results have been obtained:

We demonstrate the soliton self — SC process, realized in the fiber "directly”,
without DDL, and reveal the characteristics and regularity on the basis of the
physical pattern of the process.

We show that there is an analogue between the processes of soliton-effect self-
compression and soliton self — SC which is implemented in a single - mode fiber
with Kerr-nonlinearity and anomalous dispersion. The studies are done not only
for the transform-limited pulses but also for pre-chirped pulses.

Through detailed investigations, we study the evolution of the pulse and the
spectrum of transform-limited pulses during the propagation in the fiber and it is
shown that the soliton self — SC is implemented for various initial pulses: the main
difference is the periodicity of the process. The approximation curves which show
the frequency of the soliton self — SC and stretching dependence on nonlinearity
parameter are studied.

Through numerical study, we show that it is possible to compensate the third-order
dispersion by initial pulse asymmetry manipulation. This opportunity is
conditioned by the fact that the phase which is obtained during the propagation in
the fiber depends on the initial pulse shape.

Via the method of the compensation of third-order dispersion by initial pulse
asymmetry we increase the effectiveness of pulse compression as compared to the
compression of regular pulses. The pulse compression with a ratio corresponding
to the pulse spectral broadening in the fiber is obtained.

The spectral compression for randomly modulated pulses in view of the noise
nonlinear suppression and filtering is studied. The impact of coherency on the
process efficiency is demonstrated. The study shows that the spectral compression
ratio decreases as coherence time of the initial randomly modulated optical signals
increases.

Our numerical studies show the possibility of the spectral self-compression for
randomly modulated signals in a single - mode fiber with negative dispersion. The
study is implemented for the additive noise model. The characteristic features of



the spectral self-compression for various values of the fiber length and the
nonlinearity parameter are studied.

. We developed the relevant mode extraction method for the calculation of mask
patterns which can generate multiple pulse sequences with arbitrary relative
amplitudes and phases. As the mask we used liquid crystal spatial light modulator
based on the cell with twist structure of nematic and cholesteric mixture and with
homeotropic boundary conditions on the walls.

. By the choosing relevant distribution of the electric field voltages (~ 0.1V) across
the mask with spatial light modulator we get very different pulse shaping. This
approach allows to control of the relative amplitudes of different pulse within
pulse train. By varying the modulation depth (by altering the amplitude of the
electric field voltages distribution), we generate different number of pulses and
intensity ratio of them.

Practical significance:

The results introduced in the thesis can be used as a base for the improvement of productive
methods in ultrafast optics and laser physics. They have potential applications in analysis-
synthesis problems in ultrafast optics, in problems of registration and the measurement of
characteristics of ultrashort pulses, in nonlinear optical filtering of noise, etc.

Pulse shaping technique is a widely used for applications such as pulse comp-
ression and dispersion control, coherent control of quantum systems, laser control of matter,
telecommunications, optical metrology, bio-imaging, microscopy and multidimensional
spectroscopy.

Defending statements:

1. The soliton spectral self-compression implemented due to the self-interaction of
pulse in the fiber with anomalous dispersion when the dispersive length in the
fiber is shorter than the nonlinearity length is a spectral analogue of soliton-effect
self-compression. In the range of values of nonlinearity parameter for 0.25 to 1
and fiber lengths of 1 to 20000, up to 30 times soliton spectral self-compression is
possible to obtain.

2. Inthe pulse compression process, the third-order dispersion preventing the process
efficiency can be compensated via shaping of asymmetric pulses at the system
input. This approach improves the effectiveness of pulse compression as
compared to the compression of regular pulses: an effective pulse compression is
achieved, with a ratio corresponding to the pulse spectral broadening in fiber.

3. The mask patterns with the structure based on twist nematic with cholesteric
mixture with homeotropic boundary conditions can be used for the effective
shaping of ultrashort pulses.

4. The ultrashort pulse shaping is possible to realize by very low fields (~0.1V) in
the cell of twist nematic with cholesteric mixture with the homeotropic boundary
conditions due to the effect of Fréedericksz transition without an external field.




Approbation of the work: The main results presented in dissertation are reported
in following conferences:
The Int. Simp. Optics & its Applications, Yerevan-Ashtarak, Armenia, 2011.
Int. Conf. Laser Physics 2011, Ashtarak, Armenia, 2011.
Int. Conf. IONS-Armenia, Yerevan-Ashtarak, Armenia, 2013.
Int. Conf. Laser Physics 2013, Ashtarak, Armenia, 2013.
Optics-2014, 2nd Int. Symposium Optics & Its Applications, Yerevan-Ashtarak,
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Publications: On the theme of dissertation 6 articles and 9 theses have been
published, which list is presented in the list of publications.
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The contents of the work are described below:

Introduction, four chapters, summary, and the list of the literature. The work consists
of 107 pages, and contains 66 figures, the bibliography including 212 names.

In the introduction, the urgency and the objective of the thesis are presented. The
content and summary of dissertation, scientific novelty, the practical significance and
defending statements.

In chapter 1, the review of the literature related to the dissertation is introduced.

Chapter 2 is dedicated to the research of soliton self — SC process for ultrashort
pulses in a SMF with anomalous dispersion, when the dispersive length is less than the
nonlinearity length (Lp <Ly .i.e. R<1). We study the soliton self - SC, which occurs

when the dispersive length in the fiber is shorter than the nonlinearity length (Lp <Ly

i.e. R<1). Therefore, at first the group-velocity dispersion (GVD) stretches the pulse by
acquiring a chirp. Afterwards, the accumulated impact of nonlinear SPM leads to the chirp
compensation, and as a result, the spectrum becomes compressed [4].

In the SMF, the pulse propagation is described by nonlinear Schrodinger equation for
normalized complex amplitude of field, considering only the influence of GVD and Kerr
nonlinearity [1].

2
ig—Z:%ZTy;+ R|z//|21// @)
where ¢ =z/Lp is the dimensionless propagation distance, 7= (t—z/u)/zq is the running
time, which are normalized to the dispersive length Lp =2 lka| (ko is the coefficient of
second - order dispersion), and initial pulse duration 7q, respectively. The nonlinearity
parameter R is given by the expression R=Lp /Ly, Where Ly, =(kgnalg) ™+ is the
nonlinearity length, Ny is the Kerr index of silica, lq is the peak intensity and ko is the
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light wave number. The first and second terms of the right side of Eq. (1) describe the
impact of GVD and nonlinearity, respectively. We use the split-step Fourier method during
the numerical solution of the equation, with the fast Fourier transform algorithm on the
dispersive step [15,16].

The subject of our research is the process of the soliton self - SC revealing its
nature, peculiarities and general regulations on the basis of physical pattern of the process.

The behavior of pulse and spectrum for different initial pulses, particularly, for
Gaussian, secant-hyperbolic and super-Gaussian pulses in the case of different values of
fiber length is investigated. The research shows that the soliton self — SC has periodical
character: in the first step of propagation, we have spectral compression which leads to the
reduction of the impact of dispersion, resulting in the decline of the value of dispersive
length Lp and consequently the nonlinearity parameter R. When the R > 1 (Lp > Ly )

condition is satisfied, the pulse is compressed. Afterwards, the spectrum is stretched within
pulse compression. This leads to the gradually increase of dispersion role causing the
reduction of Lp and R. When R < 1, the Lp < Ly condition is satisfied, and spectrum is

again compressed.

The research is done for the different values of nonlinearity parameter. The
dependence of the process periodicity on the nonlinearity parameter is studied: the
approximations of the curve introducing nonlinearity parameter dependent frequency (the
frequency of the spectral compression and stretching) are introduced.

In §2.1. and §2.6, the introduction and conclusion are presented.

In § 2.2 and § 2.3, the mathematical modeling of propagation process and the self-
interaction of ultrashort pulses in SMF and the method of numerical solution of Schrodinger
equation are introduced. In §2.4.and §2.5 the physical pattern of soliton self — SC is describe
introducing the numerical results.

Fig. 1 illustrates the process of propagation of Gaussian (a, b, R = 0.6) and secant-
hyperbolic (c, d, R = 0.4) pulses and their spectra, where Q= (w—ayp)/Awg (@ is the

current frequency, ay is the central frequency, Ay is the half of width of spectra on the

level 1/e from peak intensity). In this case, we study the process for short fiber lengths
where the efficiency of the process is high for the nonlinearity parameter values of R=0.6
(Gaussian pulse) and R= 0.4 (secant-hyperbolic pulse). It can be observed that the pulse is
stretched and the spectrum is compressed in the initial propagation step. Afterwards, the
width of central peak of the spectrum decreases and the main part of the pulse energy goes
to the spectral satellites. At the certain fiber length, the reverse process starts the pulse self-
compression.

Fig. 2 shows the peak value of spectra (1) and pulses (2) for initial Gaussian (a)
and secant-hyperbolic (b) pulses, which shows that the process has a periodic character not
only for Gaussian pulses but also for secant-hyperbolic pulses. The difference between
Gaussian and secant- hyperbolic pulses is the speed of the process: as we see in Fig. 2 every
next spectrum compression occurs in the short distance in the case of Gaussian pulses as
compared with the case of secant-hyperbolic pulses.



In the process of propagation, the behavior of the spectrum is similar to the pulse
behavior in the case of the soliton compression. As it is known, the propagation of the high -
order solitons have periodic character with a (z/2)L periodicity. On the distance equal to
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Fig. 1. The 3D map of the propagation of Gaussian (a, b) and secant-
hyperbolic (c, d) pulses and their spectra. Q= (w—ap)/Aay -

the periodicity, at first pulse is compressed, then it is stretched taking initial shape. In our
case, the spectrum has similar behavior. However, due to the incomplete cancellation of the
chirp, the changing of the spectrum does not have the strict periodic character.

The process is different from soliton compression due to the fact that spectrum
changes depend on a nonlinear phase, which depends on the shape of the pulse. In the case
of soliton propagation, the changes of the pulse depend on a dispersive phase, which
depends on neither spectral nor temporal shape of the pulse.
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Fig. 2. The peak values of spectra (1) and pulses (2) vs fiber length for initial
Gaussian (a) and secant-hyperbolic (b) pulses (for fiber length up to 1000).

The study shows that the periodicity of the spectral compression and stretching decreases
with the reduction of nonlinearity parameter (Fig. 3). It is shown that there are polynomial
(Eg. (2), (3)) and exponential (Eq. (4), (5)) approximations of the curve introducing
nonlinearity parameter dependent frequency (Fig. 3), which is the frequency of the spectral
compression and stretching.

1/T =1/0.6-107 -10730R 78211074 79R) @)
1/T =1/(5.09-10° .10 198R ; 7313.107383 R) 3)
1/T =1/(0.004-308R) @)
1/T =1/(0.001-¢3 73Ry )

There is another situation for small values of nonlinearity parameter. So, in the case of
R=0.25, it is formed such pulses which changes its sizes but save the shape during
propagation in fiber.

9
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Fig. 3. The frequency vs nonlinearity parameter for initial secant-hyperbolic (a) and
Gaussian (b) pulses. The points correspond to the numerical investigations, solid
lines introduce the approximation of results (Eq. (2), Eq. (3)) by all points, while the
dotted lines correspond to the approximation by last 3 points (Eq. (4), Eq. (5)).

9



The investigations are done for fibers length of ¢ ~17000, in this case the ratio of soliton
self-SC is 4. However, the efficiency of compression decreases within distance, and for
example after £ ~11000 the changes of spectra equal ~1% (Fig. 4). The reason of this is

the following: because of pulse broadening ( ~ 6000 times), the peak of the pulse drops so
much that self-phase modulation is practically absent.

4
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Fig. 4. Pulses (a) and compressed spectra (b) ¢ ~11000(1),
£ =~17000(2).

In chapter 3, the possibility to compensate the third-order dispersion via shaping of
asymmetric pulses at the system input is introduced. Due to the fiber nonlinearity, the pulse
obtains a phase depending on its initial intensity Ig(t) . This allows controlling its phase at

the end of the fiber by the initial pulse intensity. This approach of the use of asymmetric
pulses has improved the efficiency of pulse compression, as compared to the compression of
regular pulses.

The pulse compressor consists of SMF and DDL [17,2]. In single-mode fiber, the
pulse obtains a positive phase and its spectrum expands due to self-phase modulation. This
phase should be compensated by the negative parabolic phase obtained in the DDL; as a
result, the pulse is compressed. Maximum pulse compression is achieved when transform-
limited pulses are obtained. However, for short pulses, the high-order nonlinear and
dispersive effects limit the pulse compression ratio substantially. The influence of the third-
order dispersion is the most substantial among all high-order effects.

The pulse compression efficiency can be increased by third-order dispersion
compensation through pulse asymmetry manipulation at the fiber input.

In Chapter 3, the spectral compression process and spectral self-compression for
randomly modulated pulses are also presented.

In §3.1. and §3.6, the introduction and conclusion are presented.

In §3.2, the results of numerical studies on the compression of a Gaussian pulse is
presented. In this case, the compression is not effective: the compressed pulse has many
satellites and the compression ratio is less than the spectral broadening coefficient ~3 times:
the maximum value of pulse compression was ~3, when the spectrum was broadened ~10
times [4].

10



Low compression efficiency is conditioned by the incomplete cancellation of phases,
which are obtained in fiber and DDL. The incomplete cancellation of phases is a result of
the third-order dispersion contribution in DDL and fiber [4].

Since SPM is conditioned by the pulse intensity, in the case of asymmetric pulses the
asymmetry in the phase is caused not only by third-order dispersion but also by the self-
phase modulation.

() ' i
16 (a) 1('(2) E (b)
0.8 E 1
12| =
0.6 H
i
8 =
0.4 ::
4 0.2 ::
LTt 2 S I YN
(-:4 0 4 8 12 16 20 (-‘8 -4 0 4 8
n 2
#2) = . . .
15 () Fig. 5. (a) Initial (dotted line) and compressed
10 (solid line) pulses, (b) corresponding spectra,
and (c) ¢'(€2) for asymmetric pulse. Spectral
° broadening ratio ~26 and pulse compression
0 ratio ~20. Q= (w-ay)/Aay .
-5
10
155 -4 0 4 8

0o

This allows to control the phase of the pulse at the fiber output by the initial pulse intensity,
and to achieve effective pulse compression. The numerical studies were implemented for
pulses with different asymmetries.

Fig. 5 shows the initial (dotted line) and compressed (solid line) pulses (a),
corresponding spectra (b), and ¢'(Q2) (c) in the case of the initial asymmetric pulse. The
figures correspond to the maximum pulse compression, which was achieved when the
parameter of nonlinearity was R = 20, the fiber length was 5L, and the DDL length was

5.4Lp . The maximal value of the pulse compression was ~20 in case when the spectrum

was broadened ~26 times [4].

In Fig. 6, initial (dotted line) and compressed (solid line) pulses (a), corresponding
spectra (b), and ¢'(Q2) (c) for another asymmetric pulse are depicted. In this case, the
maximal value of pulse compression was ~10, when spectrum was broadened 10 times. The
chirp is practically constant at the central energy-carrying part of the compressed pulse,
which means that the pulse is approximately transform-limited. Fig. 6 corresponds to the
case of maximum pulse compression, which was obtained when the parameter of
nonlinearity was R = 7, the fiber length was 5L , and the DDL length was ~5.6Lp [4].
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Fig. 6. (a) Initial (dotted line) and compressed
(solid line) pulses, (b) corresponding spectra,
and (c) ¢'(QQ) for asymmetric pulse. Spectral
broadening ratio ~10 and pulse compression
ratio ~10. Q= (w—ay)/Aay .

In §3.3 and §3.4, the impact of coherency on the process of spectral compression
of randomly modulated pulses is described introducing the numerical results.

The spectral compression process for randomly modulated pulses in view of the
noise nonlinear suppression and filtering is studied. Particularly, the impact of signal
coherency on the spectral compression process based on numerical solution of nonlinear
Schrédinger equation for signals with different coherence time is numerically studied.

The statistic parameters of radiation are determined by sampling of a large number
realizations (N =100), which are solutions of Schrédinger equation. The studies are carried
out for signals with the same value of the noise component amplitude (o =0.6) and

different coherence time (7).

The impact of coherency on the process efficiency is demonstrated. The study
shows that the spectral compression ratio decreases as coherence time of the initial
randomly modulated optical signals increases.

In this work, we carried out detailed numerical studies on the process of spectral self-
compression for randomly modulated pulses. The spectral self-compression is shown in the
fiber with anomalous dispersion, without DDL, when the impact of group velocity
dispersion in the fiber stronger than the influence of self-phase modulation.

12



The maximal value of the spectral self-compression for different values of the
nonlinearity parameter and the fiber length (the fiber length is less than 100) is studied. The
maximum value of the spectral self-compression ( A =max(1(€2)/1g(€) ) is ~3, where the

nonlinearity parameter and the fiber length equal to 0.4 and 65, correspondingly.

In chapter 4, the properties of a twist nematic with cholesteric mixture spatial light
modulator with homeotropic boundary conditions are theoretically characterized. The
relevant mode extraction method for the calculation of mask patterns is offered. By the
choosing relevant distribution of the electric field voltages (lower than 1V) across the mask
with twist nematic with cholesteric mixture spatial light modulator we get very different
pulse shaping. The generation of different number of pulses and intensity ratio of them are
introduced by altering the amplitude of the electric field voltages distribution. The
possibility of the generation of numerous types of wanted waveforms (square pulses, double
pulses, triple pulses, multiple pulses, pulses train, symmetric and asymmetric pulses and
random pulses) is offered.

In §4.1. and §4.6, the introduction and conclusion are presented.

In §4.2, the characterization of femtosecond pulse is presented.

In §4.3 the grating and lens apparatus action is introduced.

In §4.4 and §4.5 the liquid crystal spatial light modulator and mask pattern design
and results are introduced.

We have theoretically characterized the properties of a spatial light modulator (SLM)
based on the twist nematic with cholesteric mixture (TNCM) with homeotropic boundary
conditions. We developed the relevant mode extraction method for the calculation of mask
patterns which can generate multiple pulse sequences with arbitrary relative amplitudes and
phases. By the choosing relevant distribution of the electric field voltages (lower than 0.1V)
across the mask with TNCM SLM we get very different pulse shaping. By varying the
modulation depth (by altering the amplitude of the electric field voltages distribution), we
generate different number of pulses and intensity ratio of them. This method could allow us
to generate much type of desired waveforms: square pulses, double pulses, triple pulses,
multiple pulses, pulses train, symmetric and asymmetric pulses and random pulses.

The amplitude and the phase of the transmitted light trough TNCM with
homeotropic boundary conditions in the present polarization combination can be expressed
by the complex transmission coefficient

_ sin?(pVi+u?) _.mu
T(V)=—F7—exp(—i5), )

where u(V) = 2LAn(V) is the Mauguin parameter, An = ng(V) — n, is the anisotropy of
refractive index, L is the thickness of SLM, V is the electric field voltage and the twist angle
could be equal to n/2. It is considered crossed polarizers before and after the SLM. So, u can
be changed from 0 (complete transmission) at the moderate voltage to \'3 (no transmission)
without electrical field by changing the voltage applied to the SLM.

Solving the problem of ultrashort pulse transition through the system grating-lens-
SLM-lens-grating by the simulated—annealing (SA) computer program it could be find the
pulse shaping due to the mask on the twist nematic with cholesteric mixture and with
homeotropic boundaries. For calculations, we have considered mask pattern giving the pixel
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number saw-tooth dependence of Mauguin parameter. This kind of TNCM SLM mask
pattern generates the waveform shown in Fig. 7. The input pulse was assumed to be a 21 fs
sech? pulse with unit intensity. The simulated waveform obtained by SA calculation has a
high peak at 132 fs at the positive time direction. There remains, however, a peak at time
zero with a comparable intensity, and several small peaks are also apparent at the negative
times of — 132fs, — 264fs and — 396fs. These peaks appear due to the coupling between the
amplitude and phase of the shaping procedure.

Fig. 7. Waveform with
asingle pulse at 132
fs in the positive time
region obtained by a
simulated annealing
R o o-04 calculation. The peak
200 00 o0 oo TR, o intensity of the input
Time (fs) pulse is normalized to

unity.

024
0:19

Intensity

0.09

SUMMARY

Thus, some new peculiarities of spectral compression and self-compression of regular and
randomly modulated pulses are studied numerically. The new effective approach of pulse
compression is offered. In addition, it is proposed new shaping method of receiving different
form of regular and random pulses needed for compression.

The following main results were obtained in the thesis:

1. The physical pattern of soliton spectral self-compression process is studied. The
process is realized in the fiber with negative dispersion when the impact of dispersion
exceeds the nonlinearity in the SMF (dispersive length is shorter than the nonlinearity length
in the fiber).

2. Our research shows that there is an analogue between soliton self-compression
and soliton spectral self-compression processes. However, there is no strict periodicity for
soliton spectral self-compression process because of incomplete cancellation of the chirp.
The frequency dependence on the nonlinearity parameter is studied.

3. Our studies for soliton spectral self-compression processes are carried out for the
Gaussian, secant-hyperbolic, and super-Gaussian pulses. The soliton spectral self-
compression ratio is approximately 30 times in the range of parameters R=0.25 + 1 and
¢ =1 + 20000. During numerical investigation of soliton spectral self-compression, the
research shows that in the case of small values of nonlinearity parameter and the large
lengths of fiber, the shape of spectrum is maintained, but the size is not. The changes in the
spectrum slow down for fiber lengths of =~ 11000: because of pulse broadening (~ 6000
times), the peak of the pulse drops so much that self-phase modulation is practically absent.
It is also shown that the quality coefficient of compression reduces as the length of fiber
increases. This is caused by the incomplete cancelation of the phase.

4. We study the effects preventing the effective pulse compression and offer an
opportunity to improve the process efficiency. The results show that the impact of third-
order dispersion in a fiber and dispersive delay line can be compensated by initial pulse
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asymmetry since the phase obtained due to the self-phase modulation in the fiber is
conditioned by the pulse shape.

5. The pulse compression by asymmetric pulses at the system input gives
opportunity to increase the process efficiency to the point where the pulse compression ratio
equals to the spectral broadening factor (spectral compression ratio is ~ 10 for 10 spectral
broadening). Pulse compression ratio equaling to ~ 20 in the case of 26 times spectral
broadening is also obtained.

6. We demonstrate the results of detailed numerical studies for spectral compression
and spectral self-compression for randomly modulated pulses. The spectral compression
efficiency dependence on the coherency of initial pulses is presented. The study shows that
the maximum value of spectral self-compression of randomly modulated pulse is ~ 3 for
fiber lengths less than 100.

7. We developed the relevant mode extraction method for the calculation of mask
patterns which can generate multiple pulse sequences with arbitrary relative amplitudes and
phases. As the mask we used liquid crystal spatial light modulator based on the cell with
twist structure of nematic and cholesteric mixture and with homeotropic boundary
conditions on the walls.

8. By the choosing relevant distribution of the electric field voltages (~ 0.1V) across
the mask with spatial light modulator we get very different pulse shaping. This approach
allows to control of the relative amplitudes of different pulse within pulse train.
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I'PUT'OPSAH APMUHE ITAITMHOBHA

N3YUEHUE 3AKOHOMEPHOCTHU CIIEKTPAJIBHOI'O CX)KATUA U CAMOCXKATHUA
JUIS PETYJISIPHBIX U CJIYUAMHO MOJIYJIMPOBAHHBIX UMITYJIbCOB

Jluccepranys Ha COUCKaHUE YUEHOM CTENEHN KaHAu1aTa
(HM3HKO-MaTEeMaTHUECKNUX HAYK T10 CHEHATEHOCTH

01.04.21 — JlazepHas puznka

3AKJIIOYEHHME

TakuM 00pa3oMm, Ha OCHOBE YHCIECHHBIX HCCIICIOBAHUI BBIABICHBI HOBBIC OCOOECHHOCTH
CHEKTPAJBHOTO CAMOCKATHUS IJISl PETYISIPHBIX U CIy4ailHO MOAYJIHUPOBAHHBIX HMITYJIbCOB.
IIpu mepBoHaYaTBPHOM PACHPOCTPAHEHWH HMITYJIbCA B CBETOBOJAE C OTPHUIATEIBHOMN
JIUCTIEpCUEH O] BIMSHHUEM JMCIIEPCUU TPYIIOBBIX CKOPOCTEH HUMIYJbC YIJIMHSETCS U
npuobpeTaeT OTPHIATSIbHBIA YHpPI. 3areM, dYepe3 HaKOIUICHHOEC BIUSHHE (Ha30BOi
CaMOMOJYJIAIMH, TPOUCXOJIUT rallleHHe MPHUOOPETCHHOTO YHPIIa, YTO MPUBOIUT K CIKATHIO
CHEKTpa.

HccnenoBano cnekTpanbHOE CKAaTHE IS CIYYallHO MOAYJIHUPOBAHHBIX HMITYIIBCOB.
HccnenoBanue mMpoBOAMIOCH AJISI MOJIENM aANTHBHOTO UIyMa. [IpoBeeHBI nCCIe0BaHuUs
CHEKTPaJbHOTO CXKATUS IS CIy4ailHO MOJIYJIMPOBAaHHBIX WMITyJbCOB C  pa3HOU
KOT€PEHTHOCTHIO Ha BXOJE B CHCTEMY. XapaKTEPHCTHKH CHEKTPAIBHOTO CXKATHA OBLTH
MPOBOJICHBI ISl Pa3JINYHBIX 3HAYEHUH MTapaMeTpoB KOMITpeccopa.

[peanoxen HOBBIN 3 (EKTUBHBIN MOAXOMA K CKATHIO UMITYJIHCOB.

Kpome Toro, mpemyiaraetcsi HOBbI METO (POPMHUPOBAHUS UMITYJIBCOB IS MOIYUCHHS
Pa3IMYHON (OPMBI PETYIIAPHBIX U CIIyYalHBIX UMITYJILCOB, HEOOXOMUMBIX IS CKATHSI.

B nucceprannonHO# paboTe MOy9IeHBI CIIEAYIONINE OCHOBHBIE PE3yIbTATHL:

1. UccnenoBana (usnyeckas KapTHHA MPOIECCa COJUTOHHOTO CIEKTPAIBLHOTO
camocxkartus. [Iporecc peanusyercss B CBETOBOJAX C OTPUIATEIBLHON IUCIEpCHEH, Koraa
BIIMSIHME JUCIIEPCHUM B  OJHOMOJIOBOM BOJIOKOHHOM CBETOBOJIE CHJIbHEE BIIMSHUS
HEJIMHEHHOTO CaMOBO3JICHCTBHS (IUCIEPCHOHHAsS JJIMHA B CBETOBOJC MEHbILE JIMHBI
HEJMHEHHOTO CAaMOBO3/ICHCTBH).

2. HccnenoBaHue TOKa3bIBaeT, YTO €CTh AHAIOT MEXIy MPOIECCAMH COIUTOHHOTO
CaMOCKaTUS U COJIMTOHHOTO CIEKTPABHOTO caMockaTus. OHaKo, [0 MPUIHHE HETIOJTHOTO
TallleHns] YHpIIa, MPOLECC COJIUTOHHOTO CIIEKTPaTbHOTO CaMOCKATHsS HE HMEET CTPOTO
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MepHOANYECKOTO  Xapakrepa. [IpWBeNeHBI  KpHBBIE, MOKAa3bIBAIOIINE  YaCTOTHYIO
3aBUCHMOCTh OT TIapaMeTpa HeJTMHEHHOCTH.

3. HccnenoBanue UIsl COMUTOHHOTO CIIEKTPAIBHOTO CaMOCKATHs OBIIIO OCYIECTBICHO
JUIL TayCCOBCKHX, CEKAHC-TUIEPOOINYECKHX M CYyNep-TayCCOBCKHX HMMIIYJIBCOB. bBBuIO
JOCTUTHYTO TpuMepHO 30-TH KpaTHOE COJIMTOHHO CIIEKTPAIbHOE CaMOCIKaTHE B JUANa30He
napametpoB R=0,25+1 u =1-+20000. YucneHHblE HCCAENOBAHUS AT COJUTOHHOTO
CIIEKTPAJIbHOTO CaMOC)KAaTHsI IOKa3ajd, 9YTO B Clydae MalbIX 3HAa4eHHH Iapamerpa
HEJTMHEHHOCTH U OOJNBIINX JUIMH CBETOBOAA, (OpMa MMITyJIbCca COXpaHseTcs, a pa3Mep-HeT.
M3meHenus B croekTpe 3aMmeUIIioTcs Ais JUIMHBL cBeToBojaa~ 11000: m3-3a ymupeHus
umiynsca (= 6000 pa3) MUK UMIyNIbCa MagaeT HACTOJIBKO, YTO (a30Basi CaMOMOMYJISAIHSA
HPAaKTH4eCKH OTCyTCTBYeT. IlokazaHO Tarke, 4TO KO3(DGMIMEHT KadyecTBa CHKATHA
CHIDKAETCSI TI0 Mepe YBEJIMUYEHUs JIMHBI CBETOBOJA. DTO BBI3BAHO HEMOIHBIM TallleHUEM
Yupra.

4. HWccnenoBanbl 3(deKTHl, NPENATCTBYIONINE CXKATHIO MMITYJIBECOB, U IPEATIOKCHA
BO3MOXXHOCTH TIOBBINICHHS 3((EKTHBHOCTH IIpolecca. BiMsHME IUCIIEpCHU TPEThEro
TOPsIIKa B CBETOBOJIE U B AUCIICPCHOHHON JTMHHUH 33aIEPKKH MOKHO KOMIICHCHPOBATH ITyTEM
aCHMMETPHH HAvYaJbHOTO HMITyJbCa, IMOCKONIBKY B Hporecce (a3oBoil caMOMORYISIIUH B
cBeToBoE (a3a 3agaercs GpopMoit UMIyIbCa.

5. HmmynbcHOE c)kaTue ¢ MOMOINBI0 ACHMMETPHYHBIX HMITYJIECOB JaeT BO3MOXHOCTD
HOBBICUTH (D (QEKTHBHOCTH IIpoLecca O TOYKH, IJe CTENeHb C)KAaTHs HMITYJIBCOB PaBHA
CIIEKTPAIbHOMY Y/UTMHEHHIO (CTENEeHb CICKTPAJIbHOTO CKaTHsi paBHa =~ 10 mpu 10-ti
KpPaTHOM CHEKTPaJIbHOM yIJIMHEeHuH). [lorydeHo Take ckaThe MMIYNIbCoB ~ 20 pa3 mpH
26-TH KpaTHOM CIEKTPAILHOM YAJIHHCHUH.

6. IlokazaHbl pe3ynbTaThl NETAJIbHBIX YUCICHHBIX HCCICAOBAaHUH CIEKTPAIbHOTO
CKaTUsl M CIEKTPAITBHOTO CaMOCKATHs Ul CIYYailHO MOJIYJIMPOBAaHHBIX HMITYJIbCOB.
[pencraBneHa 3aBUCUMOCTB (P (GEKTUBHOCTH CHEKTPAIBHOTO CKATHSI OT KOTePEeHTHOCTH Ha-
YaJbHBIX HMMITYJIbCOB. lIccienoBaHWe MOKa3bIBaeT, 4YTO MAaKCHMaJbHOE 3HA4YEHHE
CIIEKTPAJIBHOTO CaMOCKATHs CIy4aiiHO MOAYIMPOBAHHBIX MMITYJIBCOB COCTaBISET ~ 3 JUIs
JutH cBeToBoaa MeHee 100.

7. Pa3BUT COOTBETCTBYIONIMI METO] M3BICUECHHUs MOJ IS pacdera ImablioHa MAacKH,
KOTOpass CMOXXET TI'eHEpUpPOBaTh IIOCIEAOBATEIBHOCTh MHOXKECTBA HMITYJIbCOB C
NPOW3BOJBHBIMUA  aMIUIMTygaMd W (azaMu. B KkadecTBe  MacKH  CIYKHI
JKUJKOKPUCTAJUTHUECKUI MTPOCTPAHCTBEHHBIH MOJYJISITOP CBETa, OCHOBAHHBIH Ha s4eiike ¢
TBUCT-CTPYKTYPOH CMECH HEMaTHKa W XOJIECTepHKa M C TOMEOTPOIHBIMH T'PaHUYHBIMU
YCIOBHSIMH Ha CTCHKAX.

8. BBIOOPOM  COOTBETCTBYIOLIETO  pacmpenaeneHuss  HanpspbkeHHoctHn  (~0.1B)
HNIEKTPUYECKOTO MO MO0 Macke C IPOCTPAHCTBEHHBIM MOIYJSITOPOM CBETa IIOIYYEHO
MHOTro0Opa3ue GopM UMITYJIbCOB. ITOT MOJIXO/] MTO3BOJISIET KOHTPOIMPOBATh OTHOCHTEIIBHBIE
AMIUIUTY Bl PA3JINYHBIX UMITYJILCOB B PAAY.
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QraNr3uy urubuc 1UMPLh

UMNGUSCUL UBNUUUL B4 PLLLUUBN\UUUL OrhuiuenNkresnNhuutlb
NrUNRULUUPNRESNRLE TULNALUANL B TUSU2ZUUUL
UNNhLUSYUO PUNNRLULE P ZUUUL

U.04.21 «Lwgqbpuyht $hghfjur» dwutmghinnipjudp

dhqhju-dwptdwnhjuljut ghnnipniuubph pkljuwsnih
ghinujw wunhgdwih huygdwt wnkhwhinunipjui

uuonenkhu

Ujuyhuny' pYuyhtt  hbnwgnunmipmibtbiph dhgngny  nunmdbwuhpdl; L
uykunpuyhtt ukinUdwb b huptwubnddwb ophttwswihmpiniutpp juinbwynp b
wuwnwhwlwb dnpniugdus pdyniujutph hwdwp: Unwewplyt) t tnp, wpynt-
twgbtn Uninbkgnid hdwynyup ubndiwi hudwp: Unwewpldty E twb hdwniyuutph
Abwnpuwt tnp dkpnn Juinbunnp b wwnwhwlwi hdwynguikph wwppbp
wnkuplp unwbtiwnt hwdwp, npnp wthpwdtown tu hdwnijuh uknddw hwdwp:

Unbktwpjnuuwljui  wppmwnwipnid  uwnwugyués  hpdtwwt  ghnwljui
wpyniupubipp tkpjuyugdnd tu winnpl:

1. Munuduwuppdty  E unjhunbuhtt uygbupughtt huptwubnddwi
dhqhjujutt wwwnltpp: Mpngbup juunwpynud b puguuwfuwb nhuybpuhuynyg
dphwinny puuwwnwpnd, bpp  pruwwnwpnd phuwybpuhwih wgnkgnipniip
ghpulyonnid k ny gduyunipjuup ((nuuwnwupnid phuybkpuughtt Epljupnipniip ny
géuyunipjub ipjupnipniihg jupd b):

2. Zhkwwgnuumpniutkph dhongny gnyg b wpyl], np unjhuinbiught hiphw-
ubnuuwi b unjhnntwght uykunpuyhtt puptwubnddwt dhol gnnipinii nith hw-
dwbdwinipnit: Ujuiniwdbbwyhy, shpwbph ny 1npy dwpdwb qungwnny unih-
unbuwjhtt uykunpughtt hiptwubndiut hwdwp hunwl wuppkpujwiunipnia
shu: NMunidbwuhpyly) B hwdwjunipjut jupudwsdnipiniup ny gduwjunipjut wupw-
Ukwphg:

3. Unjhuintwghtt uyblnpuyghtt huptwubndiwi hwdwp ntuntdbwuhpnipinili-
ubpp Juunwpyl) Bt twpbwluwt quniygub, ukjubu-hhybppnjuwljut b unigbp-
quniujutt  huwnyubkph  hwdwp: Uwnwgdl] b 30-wbqudju  unthnintughiu
uykunpughtt huptwubnunud R=0.25 - 1 1 ¢ =1+ 20000 wyupuubkwnnpbph hwdwp:
Unthinntughlt uyklnpught huptwubndudwb pduwjhtt hbtnwgnunnipnititpp gnyg
Eu wyl), np ny gduyunipjutt ywpwdbwnph thnpp wpdtputph b (nruwwnwph ks
Epyupnipynibitkph ghypnid uyblunph nkupp wwhywigmd b, huy swhtpp tn-
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thnjuynid: Uykjunpnud thnthnpunipynibubpp putngunnid Gu jnrumwnwph = 11000
Epupnipinitibphg ujuws. hdynyuh juyukgdut ywwwndwnny (= 6000 whqud)
huwynyuh whyp puyunud t wyupwb, np, Jupbh b wul), thoyught huptwdn-
miughul gnpstwluwind puguluwynud E: ‘Lwb gnyg E wpdws, np uknddwb
npuljh gnpswljhgp pulunud b nruwnwph tpjupnipjuip qnigpipug: Fw wuy-
dwbwynpqws k thniytph ns ;phy dwpdwdp:

4. Mundbwuppyl Eb wpynitbwgbn hdwynyuh uinddwip junspugnunnn tpk-
Unyputpp, b wowewnlyt) k htwpuwnpnipinit ypngtuh wpynibwybnnipniup
pupdpugubnt hwdwn: Upmyniupukpp gnyg B viwghu, np Eppopng jupgh nhuybp-
uhwjh wqptgnipiniup nruwnwpnid b phuybkpuughtt hwywndwi gbnwd Yupkh k
dwpk] dntnpuwyht pdwyniuph wuhdbnphugh dvhengny, putth np jnruwnwpnid thne-
[ughtt  huptwdnyniughuyh 2unphhy uwnwgwé thnyp wuypdwbwynpjws k
huwniup duny:

5. Untnpuwhtt wuhdtnphly hdwniuutph dvhengny hdwniyup ubnunidp htiw-
puynpmipinit £ mmwhu pupdpugil)] ypnghuh wpynibwybnnipniuat wyupwy, np
Jupbih L unwbw) uytuph juyukgdwip hwjuuwp hdynyuh ubnunid (unwugyty
E ~10 wiquiju hdwyniyuph ubpund’ 10 wiqud uwybljnph juyiugdudp): Lub
unwgyt] £~ 20 whqud pdwynyuh ubnunud, tpp uybklunpp tnk k26 wuqud juy-
hwugus:

6. PhEpJws Lu uybklnpuyht ubnddwb b huptwubnudwi pyuyhtt hblnwgnunt-
pntuubtph wpmyniupubp Untnpuyhtt yuunwhwlut dnpnyugyus hdwyniyuukph
hwdwp: Ukpluyugyws bt uyblnpughtt ubnddwt wpynibwdbnnipiut jupdw-
dnmipjnitp Untnpujhtt hdwyniyuubph Ynhbpbkunnipinithg: Niunidtwuhpnipmnib-
ubkpp gnyg Lt wdl), np wunwhwlwb dogniugqus pdwynyuutph hudwp uwkly-
wnpughtt pupttwubnudwt wpwybjugnyb swthp =3 £ iniuwwnwph 100-hg thnpp
Epjupnipiniuttnh hwdwp:

7. Uowlyl) L dnplph nmwpwipwndwt hwdwywunwupjpwt dbpnny wjiuyhuh
nhdwlh hwpduplydwb hwdwp, npp Jupny b qghubpugil] judwyulwb juyungpe-
ubtpny b thoytpny hdynyuubkph owpp: Npytu phuwy Yhpwundnud t htnndy pyopk-
nuyhtt nwpwswlwb nruughtt Unynuyunnp hhdifws akdwnhl b unbunkphl
Juwntnipyny, pyhun jurnigyusp niikgnn peoh Ypw, npp nith hndbknunpny uwh-
dwbwght wuydwbbp guwnbph Jpu:

8. Thuwlh htnmy pnipbquyhtt mwpuswljwi pruwght dngnijunnph dwlb-
ptuny, punplng Ejnpuljut nuonh jupdwi (= 0.1V) hwdwyuwnwuhiwub pup-
fund, yupnn up uinwbw hdynyuubph puquuqut nbkupkp: Uju dninbkgnudp pouyy
E vnwjhu hdwynyuubph owpph dke junwdupl) wwppkp hdwniyuubph hwpwpk-
pujui juyunypukpp:
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