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Abstract. The review is devoted to the research and applications
of nonlinear and linear adaptive optics to improve the quality of
high power laser beams, including the conditions of its propaga-
tion in optically inhomogeneous media. The application of non-
linear adaptive optics is associated with the phase conjugation
(wavefront reversal) at stimulated Brillouin scattering in fo-
cused beams. The problems of obtaining the high-quality wave-
front self-reversal and achieving the diffraction-limited
radiation divergence are considered using the example of a
two-pass explosive photodissociation iodine laser created at
the dawn of quantum electronics and largely determined the
energy horizons of its evolution. Linear adaptive optics is asso-
ciated with an active effect on the radiation phase using methods
based both on phase determination and on optimization algo-
rithms. In the case of multichannel lasers, the problem of co-
herent beam combination is considered, and in the case of a
single-channel laser, wavefront control using deformable mir-
rors is considered. Features of adaptive phase control in the case
of continuous and pulsed radiation are discussed.
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1. Introduction

The primary objective of a laser is to ensure the required level
of radiation strength and its intensity at the focal spot, which
requires increasing the output energy and reducing the
angular divergence of the beam. The increase in output energy
is limited by physical constraints in the laser’s active medium
as well as by the radiation loads on the medium and optical
components. The angular divergence cannot be less than the
diffraction limit 2/D, where / is the wavelength and D is the
beam size, which has an upper limit by physical, technologi-
cal, and economic reasons. However, as a rule, even at
relatively small D values, achieving the diffraction-limited
divergence is limited by optical inhomogeneities in the laser’s
active medium and along the radiation propagation path.
Therefore, the crucial task is to create optical systems to
reduce beam divergence without significant energy losses. To
solve this problem, methods of adaptive optics are used—a
scientific field with a wide range of methods and approaches
that are difficult to cover in a single review or even a book.

There is some inconsistency in the terminology used in the
literature regarding the concept of ‘adaptive optics.” Broadly
speaking, it refers to the controlled manipulation of an optical
system on the radiation field to adapt it to given conditions. It
has important applications in science, technology, medicine,
and industry, all aimed, in one way or another, at improving
the efficiency of wireless energy or information transmission.
This review focuses primarily on the adaptive optics for high-
power lasers, whose radiation wavefronts are highly aber-
rated.

The operation of an adaptive optical system can be based
on nonlinear or linear effects; therefore, one can speak of

* This review is based on the report presented for the Scientific Session of
the Physical Sciences Division of the Russian Academy of Sciences (PSD
RAS), on April 2, 2025 (see Physics—Uspekhi 69 (3) 281 (2026); Uspekhi
Fizicheskikh Nauk 196 (3) 302 (2025)).
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nonlinear and linear adaptive optics (the latter is often simply
called adaptive optics). There are a number of nonlinear
effects for beam control [1]. The most suitable of them for
high-gain lasers is stimulated Brillouin scattering (SBS),
which has wide applications and prospects in optics and
photonics (see reviews [2-5]). In the context of high-power
lasers, the application of SBS is associated with phase
conjugation (PC) [6-9]. At PC realization, the laser beam
excites the hypersonic wave in the SBS-active medium and is
reflected back from it in such a way that the reflected wave is
conjugate to the laser one, i.e., it has the same amplitude-
phase structure, propagating in the opposite direction. In the
two-pass amplification scheme this allows to automatically
compensate for optical inhomogeneities in the laser and the
medium during the second pass.

Linear adaptive optics, which originated from the works
[10, 11], involves the controlled modification of the wavefront
structure of the beam using controllable optical elements [12—
15]. It should be noted that linear adaptive optics has many
applications unrelated to lasers, for example, in astronomical
observations using ground-based telescopes [14, 15]. A
number of applications do not involve high-power lasers, for
example, in ophthalmology [16], optical communications
[17], and biology [18]. Phase control can be achieved through
phase shift, phase tip-tilt, and the formation of higher-order
phase surfaces. Phase shift control is relevant in the coherent
combining of multi-channel radiation. In a single-channel
beam, phase tip-tilts can be controlled by the rotating plane
mirror, while changes in the wavefront shape is concerned
with the use of deformable mirrors [12, 14, 15, 19].

When considering the scope of application for nonlinear
and linear adaptive optics in terms of pulse duration, it is easy
to see that these approaches are quite complementary. The
highest parameters achieved in laser systems worldwide range
from continuous-wave operation with power in the tens of
kilowatts to femtosecond pulses with petawatt peak power.
SBS is the threshold process (in terms of achieving the
significant reflection level) [7-9], and the threshold power is
in the range of 50-100 kW under typical conditions; therefore,
applying SBS in continuous-wave lasers is problematic. SBS
can be used for pulse durations shorter than 1 ms, where peak
power values significantly exceeding the SBS threshold can be
achieved. At the same time, the minimum relaxation time of
SBS media is typically more than ~ 1 ns [7-9]. Therefore, it is
also impossible to use SBS media in the range shorter than
1 ns, since the medium does not have time to track changes in
the laser field. Based on this, the use of SBS is effective for
pulsed lasers with pulse durations ranging approximately
from 1 ns to 1 ms. It is important to note that the laser field
correction under SBS (i.e., PC) occurs in real time.

The application areas for linear adaptive optics lie,
accordingly, in the continuous-wave region, where the
radiation power is too low to effectively excite SBS, and in
the region of pulses shorter than 1 ns, for which the SBS
medium is too inert. In the case of short pulses, adaptive
optics cannot perform real-time correction; only integral-
over-pulse static phase correction is possible here, since the
response time of the adaptive system is significantly lower.
Therefore, at first, the stability of the laser’s operation from
pulse to pulse, and at second, the small change in optical
inhomogeneities during the pulse duration are of decisive
importance here. In continuous-wave lasers, however, real-
time phase correction is possible only with relatively slow
wavefront distortions (significantly longer than 1 ms),

which is owing to the finite response time of the adaptive
system components and computer-based mathematical
processing.

This review is structured as follows. Section 2 presents
the physical and mathematical models of spontaneous
emission amplification in laser media and SBS-media,
which are used for computational modeling of experi-
ments. Section 3 is devoted to nonlinear adaptive optics.
As an example, Section 3.1 describes an explosive photo-
dissociation iodine laser (EPDL). Section 3.2 discusses the
PC in the SBS-media using focused beams with a random
phase plate and a lenslets array. Section 3.3 presents the
results of the study of the EPDL with ultra-high PC quality.
Section 3.4 examines the SBS of focused vortex laser beams.
Section 4 deals with linear adaptive optics. It examines the
coherent combining of multi-channel radiation of contin-
uous-wave fiber lasers (Section 4.1) and the phase control of
radiation using flexible adaptive mirrors in the case of
continuous-wave and pulsed lasers (Section 4.2).

2. Theory and calculation models

The combination of experiment and theoretical analysis is
generally the key to success in physical research. Computa-
tional modeling of large-scale laser experiments takes on
particular importance when each physical experiment is
largely unique and requires lengthy and labor-intensive
preparation.

When considering both the processes of stimulated
emission at discrete-discrete transitions in excited atoms
(i.e., the laser effect) and the processes of stimulated
scattering of radiation on density fluctuations in nonlinear
media (i.e., SBS), at describing the dynamics of radiation we
rely on the system of classical Maxwell equations (see, e.g.,

[20D):

divB=0,
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where B and D are the magnetic and electric inductions, E and
H are the magnetic and electric field strengths, ¢ is the speed of
light in vacuum, and ¢ is the specific electrical conductivity of
the medium.

In the case of the laser effect, i.e., when there are radiating
atoms and radiation refraction in an isotropic polarizable
medium, it is assumed that the term in the third equation of
system (1) associated with conductivity phenomenologically
accounts for losses arising from absorption caused by all
electronic transitions except the laser transition under
consideration. In the case of SBS of radiation in the
medium, the condition ¢ =0 holds, i.e., the medium is
assumed to be transparent to radiation.

The media discussed below are nonmagnetic, and the
material equation for electric induction is as follows [20]:

D = ¢E + 4nP’. (2)
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In the case of the laser effect, ¢ in (2) represents the dielectric
permittivity of the medium, which characterizes its dielectric
properties arising from all transitions except the laser
transition, while the polarization (dipole moment per unit
volume) of the medium associated with the laser transition is
separated and denoted by P’. In the case of SBS, however,
P’ =0, and the function ¢ acts as the total dielectric
permittivity of the SBS-medium.

Taking into account the transverse nature of light waves
and in the quasi-optical approximation (see, for example,
[21]), Maxwell’s equations (1), together with (2), reduce to a
single equation that describes the dynamics of the radiation
field in the nonlinear medium:

VIE 1 3°(¢cE) 4n d(cE) 4n 3’ P’ )
c? o2 c ot 2 o2

The further adaptation of equation (3) for cases involving
laser amplification and SBS of radiation differs in nature.

2.1 Laser amplification
Since, in the case of laser amplification, the medium
parameters ¢ and ¢ vary more slowly than the electric field
E, they can be factored out from under the derivative sign in
(3). Let us define the refractive index of the medium n = ¢1/2,
which is associated with all transitions except the laser
transition under consideration. Let us introduce the absorp-
tion coefficient xk = 4no/cn such that, in the absence of
polarization of the medium, the flux density of the plane
wave propagating along the z axis decreases as exp (—kz).
Then (3) takes the form of the wave equation with damping
and the nonhomogeneous right-hand side:

n?d’E
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To describe many coherent resonant interactions, only
two laser levels are relevant, even though the laser medium
has the complex, branched energy structure. Therefore, the
two-level approximation is often good first approximation
when describing the medium’s interaction with radiation [22].
For polarization P’ and population inversion AN = N,— N,
the following equations hold for an isotropic two-level
medium [20, 22]:

o’P’ 20P 200, 2

- 4z P = — 2204, ANE

a2 T, o T 3, [u ANE, (5)
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where 7| and 1, are the longitudinal and transverse relaxation
times, respectively, wg is the frequency of the /—u laser
transition, d,; is the matrix element of the dipole moment
operator for the u—/ transition, N, and N; are the population
densities of the upper and lower laser levels, ANy is the
population inversion in the absence of radiation. In (5) and
(6), the condition n2 = 1 is used, which is characteristic of
gaseous laser media.

The transverse relaxation time 7, is the characteristic time
of the exponential decay of the dipole, reflecting both
radiative and collisional processes that lead to dephasing
and broadening the Lorentzian profile of the spectral line.
Equation (6) defines the energy balance in the system and

relates the change in stored energy to the change in
polarization and the field. The distribution of AN, depends
on the pumping conditions of the working medium. The
longitudinal relaxation time t; characterizes the rate of
energy decay and depends on the rates of the elementary
processes in the medium.

The simplification of the system (4)—(6) consists in
adopting the quasi-optical approximation, in which laser
radiation is treated as the “quasi-planar and quasi-mono-
chromatic wave” [23]. It should be noted that laser radiation
is highly directional. In the case of the laser generator, this is
the consequence of the elongation of the laser medium and the
presence of an open resonator (in the mirrorless laser, beam
formation is provided solely by the elongation of the
medium). In the case of the laser amplifier, the beam with
low divergence is fed into its input.

Suppose that the polarization (the orientation of the field
strength vector) of the radiation does not change significantly
as it propagates, so that the scalar wave equation can be used
instead of the vector equation (4). This approach accounts for
the amplification of both the radiation incoming from outside
and the spontaneous noise generated within the medium
itself. This fact, as well as the presence of reflecting mirrors,
requires us to consider the amplification of two waves
propagating in mutually opposite directions. The amplitude
of such ‘quasi-plane waves’ varies slowly along the propaga-
tion axis z, and the dimensions of the laser beam in the
transverse plane (x, y) are much smaller than the character-
istic dimensions along the z-axis. We will label the quantities
corresponding to the opposite waves with the indices ‘+’ and
‘—’. Then, we seek the solution of equation (4) in the form of
two waves propagating in opposite directions along the
Z-axis:

E (R, 1) =i.Re [A(r,z,1) exp (—ikz + iwr)
+ A_(r,z,1) exp (+ikz + 1)) . (7

Here, the complex functions 4, and A_ represent the slowly
varying amplitudes of the laser radiation fields, and
r = ix + jy is the transverse radius vector. The quantity w in
(7) is the characteristic frequency of radiation with the narrow
spectral line, k = nyw/c is the characteristic wave number,
and ny is the average refractive index. Thus, we assume that
the wave number k varies in the medium much more slowly
than the amplitudes of the fields 4, and A_, and the
characteristic time of variation of 4, and A4_ significantly
exceeds the oscillation period.

Similarly, it is assumed that the polarization P’ associated
with the transition under consideration varies in the same way
as the electric field E:

P’ (R,t) =i, Re [p.(r,z,1) exp (—ikz + iw1)
+ p_(r,z,1) exp (+ikz + io1)] . (8)

where p, and p_ are complex functions of coordinates and
time that vary slowly compared to the exponential multiplier.

Let us substitute (7) and (8) into (4)—(6) and assume that
the characteristic frequency w of the radiation is close to the
transition frequency wy. Since ¢ =2 1, it is appropriate to take
the inhomogeneity of ¢ into account only in the term
responsible for refraction. Changes in the population inver-
sion AN over distances of the order of the wavelength and
over times of the order of the radiation oscillation period are
negligibly small. Taking these assumptions into account, we
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obtain the system of reduced equations from (4)—(6):

o 10 i _, ik K k

Foteata ity e =g, o)
o 1 io

L 1
[at—'_‘l?2:|pi k1, SR 10
OAN AN — AN, 2

- - T A* A p_ 11
5 + o e m (A p.+A"p_), (11)

where V7 is the Laplacian in the transverse coordinates.

We take into account the amplification of intrinsic
spontaneous radiation along with external incident radia-
tion, the level of which is determined by the boundary
conditions. It should be noted that in the semi-classical
approach, it is impossible to strictly account for spontaneous
emission, which, according to quantum electrodynamics,
arises from vacuum fluctuations. Nevertheless, the descrip-
tion of spontaneous radiation is possible in an improved semi-
classical approach, supplemented by the specific logic of
vacuum fluctuations [24]. It has been shown [25] that the
description of amplified spontaneous emission is determined
by the system of equations for the field and polarization
operators, which is formally identical to the semi-classical
system of equations (for the single emission flux) with an
additional Langevin fluctuation force S on the right-hand
side of the equation for the medium polarization. In our case
of two radiation fluxes, appropriate, statistically independent
and delta-correlated terms S, and S_ are phenomenologi-
cally added to both equations for p; and p_ in (10):

Nu(i (2)(1'1 — l‘2)
(12)

Equation (10) also employs the condition Aw = wy—
w = 0, i.e., the carrier frequency of the radiation is chosen to
be equal to the frequency of the laser transition, which is
assumed to be constant throughout the entire ensemble of
emitters; thus, the line-broadening mechanism is homoge-
neous in nature. If Lamb shifts are neglected, the additional
inhomogeneous (Doppler) line broadening can be accounted
for within the framework of the Lorentzian contour. Other-
wise, if the Doppler broadening is significant, it is necessary to
solve the system of equations for p, and p_ in (10), each of
which is characterized by its own frequency detuning Aw. In
this case, the right-hand side of the equations for the fields 4,
and A_ in (11) will contain the sum of the quantities p, and p_
with different Aw, and each of these quantities will be
included in the sum with the weight corresponding to the
inhomogeneous (Gaussian) line profile at a given tempera-
ture. We do not use the multi-group approach, since the main
focus is on examining spatial effects in radiation dynamics,
and in the case of EPDL, the Doppler line broadening is
significantly smaller than the Lorentzian one.

Furthermore, in (10), the radiation gain coefficient for the
laser transition is introduced in units of inverse length as
o = cAN, where 6 = 4nkrz\dul|2/3h is the cross section of the
radiative transition at w = wg [26]. Furthermore, using the
relationship between the Poynting vector and the field
intensity, for the convenience of normalizing the field
amplitudes A, A_ are multiplied by /c/8n, so that the
radiation energy flux densities (in W cm™2) are equal to

* _ 2 ,‘dul|2
<Si(l'1,21,t1)Si(l'2,22,12)> —g 16mc 3

X (S(Zl — 22)5(1‘1 — l2) .

Ji = |A|*. The amplitudes of the polarizations p., p_ are
multiplied by the value v/2rc.

The system of equations (9)—(11) is based on an approach
traditionally referred to in the English-language literature as
the Maxwell-Bloch approach [22]. The parabolic equation
(9), together with equations (10) and (11), form the closed
system of equations describing the interaction of laser
radiation with the two-level quantum medium, taking into
account the transient processes associated with the finiteness
of the times 7; and 1,.

To solve the system of equations (9)—(11), information is
needed about the spatiotemporal distribution of the unre-
laxed population inversion in the absence of radiation AN.
This quantity is determined by the pumping conditions and
the characteristics of the laser medium’s energy structure, and
it is not easy to estimate it under practical conditions. In
practice, under the conditions of the specific multi-level
medium, instead of single equation (11), one must consider a
system of equations describing the population dynamics of all
significant energy levels, the kinetics of which can affect the
population inversion in the laser transition. In the case of
EPDL, this includes the kinetics of photochemical processes,
chemical reactions, and radiative and nonradiative electronic
transitions. There are usually quite a few such levels, and their
number is chosen depending on the desired accuracy. One
must also take into account additional factors that degrade
the accuracy of the calculations (accuracy of reaction rates,
spectroscopic constants, etc.). In the general case, the system
of local balanced kinetic equations for M energy levels takes
the form:

dn;
dt

Im [Aj»p+ + Ajp*L

1
=D+ ZKji N; — (51‘1«*51‘/)%
J

i=1,...u....0....M. (13)
Here Kj; is the relaxation matrix of the rates of various
elementary processes; D; is the electron flux into state i from
the continuum and states not accounted for by the relaxation
matrix. The population inversion is found from the relation
AN = N, — g,N,/g;, assuming possible degeneracy of the
laser levels (g, and g; are the statistical weights of the upper
and lower laser levels).

An analytical solution to equations (9)—(11) is possible in
the simplest cases, but their practical value is limited, since
under actual conditions, the distributions of environmental
parameters exhibit complex spatiotemporal characteristics.
In this regard, the development of appropriate numerical
models appears to be of particular relevance [27, 28]. The
coordinated and simultaneous solution of the system of
equations (9) and (10) with population kinetics is often
complicated by the fact that the latter model cannot initially
be reduced to the single equation for inversion (11), but
instead requires solving the system of kinetic equations (13),
of which there may be quite a large number. This can lead to
unrealistically long computation times. Therefore, in many
practical situations, the system of equations (13) is first solved
separately, neglecting stimulated emission in the laser transi-
tion.

Generally speaking, there are three possible approaches to
determining the medium parameters. First, experimental data
can be used for this purpose, provided it is available in
sufficient detail. Second, model profiles of medium para-
meters can be employed, based on prior assumptions and
theoretical estimates. This approach is suitable for establish-
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ing general patterns of radiation dynamics but is insufficient
for modeling the specific systems. Third, special models and
programs for thermodynamics, hydrodynamics, and multi-
level population kinetics are developed — this is precisely the
case where determining the medium parameters becomes the
separate problem [29]. In any case, the result of solving the
kinetic problem is the spatiotemporal distribution of ¢, k and
the gain coefficient at the laser transition in the weak-signal
approximation (i.e., in the absence of stimulated emission).
The formula for the latter is given by oy = 6AN,o, where the
quantity AN, differs from AN, in that it takes into account
the relaxation of the inversion.

In the subsequent analysis of the dynamics of laser
radiation, the obtained distributions ¢ and k are used in the
integration of (9). The correct account of gain in (10) covers
two cases. In the first case, linear gain is considered. The linear
amplification approximation applies when the intensity of the
laser radiation in the medium is significantly less than the
saturation intensity Js = fiwk?/(2nt1724,;), where 4, 1s the
probability of the spontaneous radiative transition between
the upper u and lower 1 laser levels. In this case, equations (9)
and (10) are integrated with the given distribution of the weak
signal gain coefficient oy, obtained after solving the system
(13).

The second case occurs when the linear amplification
condition is not satisfied and the amplified radiation fluxes
are significant; in this case, the consistent solution to
equations (9)—(11) is required. The wvalue of AN, is
unknown, but the solution of the complete system of kinetic
equations (13) is available — the spatiotemporal distribution
of population inversion AN,q. Since this quantity, obtained
also in the absence of radiation, already accounts for the
relaxation of the inversion, an equation for the inversion can
be derived from (13) in the form:

O0AN . 0AN,y 1 +gu/gl

— Im(4* A p_).
o1 ot fic m (A3 ps +AZp-)

(14)

Next, in the process of solving equation (14), the gain
coefficient o« = ¢AN is determined by simultaneously solving
equations (9) and (10).
The initial conditions for the polarizations and both
spontaneous sources are given by [27, 28]:
. _(¥s
(p+o(r1,21)pLo(r2, 22)) = (p)Ev(rl —12)d(z1 — 22),

(Se(ry,z1,11)SL(r2,22,00)) = <%><ﬁio(f17Zl)l’io(fzvzzﬁ

X 5([1 — lz),

where F(r; —r,) is the dimensionless transverse correlation
function, which yields the spontaneous emission brightness of
one, j; is the spontaneous emission power per unit volume of
the medium per solid angle (measured in W cm 3 sr—'), which
equals to j; = fiwA N,/ (4n) = hw?f,yN,/(2rme?), where 4,
and f,; are the probability and oscillator strength of the
spontaneous transition u — /[30].

If we neglect transient processes, where the quantities p,
and p_ are simply expressed in terms of field amplitudes, the
system (9)—(11) reduces to equations (9) and (11) or (14).

2.2 Stimulated Brillouin scattering
SBS process occurs when a medium is exposed to intense laser
radiation and is characterized by the interaction between the

medium and the field (via scattering) and between the field
and the medium (via the electrostriction effect). Naturally, the
medium cannot keep up with changes in the field of laser wave
propagating at the speed of light. The SBS process starts from
the stage of the spontaneous scattering of laser radiation on
thermal fluctuations in the medium, which propagate at
acoustic speeds and decay. Due to the Doppler effect, the
wave reflected from the density inhomogeneity undergoes the
frequency shift. The laser wave and the scattered wave form
an interference pattern of intensity in the medium, which
propagates more slowly, at the acoustic speed. In turn,
through the mechanism of electrostriction, it begins not only
to sustain the decaying fluctuations of the medium but also to
oscillate the acoustic wave, provided the intensity of the laser
pumping is sufficiently high. The scattering of radiation on
the acoustic wave takes the form of parametric amplification
[31]. Scattering is possible at any angle, but the greatest
amplification is observed in the extended channel of the
laser beam, which forms the gain region.

In the case of SBS, the medium is assumed to be
transparent to radiation, i.e., ¢ = 0 (this refers to nonreso-
nant absorption not associated with energy transfer from the
incident wave to the scattered wave). Furthermore, P’ = 0 in
(3), and the function ¢ plays the role of the total dielectric
permittivity of the SBS medium, & = n?, where n is the
refractive index. In this case, the acoustic vibrations of the
medium follow the oscillations of the total field E, so ¢ in (3)
cannot be taken out from under the derivative sign. As a
result, (3) takes the form:

1 0°(¢E)
2 _—— =
VIE-5—5-=0. (15)

We assume that the various nonlinear processes in the
medium evolve independently of one another, and that the
nonlinear response of the medium is sufficiently weak. Let us
introduce small deviations in density p, pressure p, and
permittivity — from their equilibrium values:

p=pot+p', p=pot+p, e=e+e (16)
provided that the conditions p’ < py, p’ < po, &' < g are
satisfied. The equilibrium velocity of the medium is zero:
v=v'

In the expansion of the dielectric permittivity deviation in
terms of pressure fluctuations, we will limited to the first term:
¢’ = p’(0e/dp),, or, using standard notation

O op O p’
8/:(_) <_> /: <_) 7:Y ’ l7
o)\ ) ~P\8p ), p(ep/op), b

where Y = p(0¢/0p), is the nonlinear coupling parameter;
By =1/(pv2) is the compressibility of the medium;
v = (0p/dp),, vy and vs is the adiabatic speed of sound.
There is the linear relationship between density and pressure:
p'=@p/op)p’ =vip'.

If we assume that the average dielectric properties of
undisturbed medium change sufficiently slowly during the
period of the field oscillations, then (15), taking (16) into
account, can be rewritten as:

no2 0’E

0 _VZEi_Yﬁsaz(plE)
c? 012 R T2

(17)
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where ni = &, ng is the slowly varying refractive index of the
medium undisturbed by sound.

To describe the SBS process, it is necessary to simulta-
neously solve the equation of electromagnetic field propaga-
tion in the dielectric (17) and the equations describing the
state of the medium taking viscosity into account. This is
fundamental, since the magnitude of viscous damping
determines the amplitude of the sound wave and, conse-
quently, the efficiency of resonant scattering. These latter
equations are reduced to the wave equation for pressure

variation [31]:
E2> =0.

azp/ 2 op’ Y
v ( P o S,

In (18), the damping constant I' = (49/3 +n')/p, is
introduced to characterize the damping of pressure (density)
inhomogeneities, where 1 and #’ are the shear and bulk
viscosities, respectively. For a gaseous medium, more
accurate expression for I' is obtained by accounting for
heat transfer, when the process is no longer strictly
adiabatic: I' = [4n/3 +n' + A(1 /ey — 1/cp)]/py, Where A is
the thermal conductivity of the medium, and cp and ¢y are
the specific heat capacities at constant pressure and volume.
The inhomogeneous term with E? in (18) reflects the action
of electrostrictive forces exerted by the field on the SBS
medium.

The system (17), (18), like the system (4)—(6), serves as the
basis for subsequent reduction of the equations, similar to
Section 2.2. The solutions to (17) and (18) are represented as
‘quasi-plane’ waves with slowly varying amplitudes.

The scattered radiation has the frequency shift relative to
the incident laser radiation with frequency w; [31]

(18)

s .0
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where 0 is the scattering angle. In backscattering (6 = =), the
frequency is at its maximum; an estimate for the optical
wavelength range shows that Q lies in the hypersonic range
(1-100) GHz. The Stokes component has the negative
frequency shift, and the anti-Stokes component is excluded
from consideration due to the ineffectiveness of its stimulated
scattering [31]. The choice of active medium geometry in SBS
tasks (elongated in the direction of the propagation of the
pump laser beam) ensures that the Stokes component is
predominantly reflected almost strictly backward. There-
fore, in the scalar approximation, the light field can be
represented as the sum of two waves traveling along the
z-axis toward each other:

E =i.Re[A4, exp (i(wpt — kpz))+Asexp (i(wst + ksz))],
(20)

where the subscript ‘L’ refers to the laser wave, and the
subscript ‘S’ refers to the reflected Stokes wave.

The frequency of the hypersonic wave is equal to the
Stokes shift: w; = wg+ Q. In the case of SBS, Bragg’s
condition holds for the corresponding wave vectors:
k; =ks+q. In accordance with these conditions, the
resonant hypersonic wave corresponding to the light wave
expression (20) takes the form:

p' =Repexp (i(Qr — ¢2)), (21)

where Q and g ~ 2k, are the frequency and wave number of
the hypersonic wave, and p is the complex pressure amplitude
of hypersonic wave.

We will assume that the amplitudes of the laser and Stokes
fields, Ay and Ag, and the hypersonic field, p, vary smoothly
over distances of the order of the wavelengths of light and
hypersonic waves, which are of the same order of magnitude.
In this case, the values of A;, Ag, and p will always vary slowly
against the background of light field oscillations, but not
always on the scale of hypersonic oscillations, since the
wavelengths of light and hypersonic waves are close whereas
Q is significantly smaller than w,.

Substituting (20), (21) into the system (17), (18), grouping
the expressions by corresponding exponents and neglecting
the second derivatives of the slow amplitudes and the rapidly
oscillating terms, we obtain the following system of reduced
equations [32-35]:

l’loaAL 6AL 1 B ik I’l2 1
MoOAL  CAL Lgry )y, =L pa
¢ o0 o Tag ALt g )AL= g rds
(22)
noaAS 04s 1k n?
Mo Ods  Ods, L M as=—Lpa
c o 62+2kv 2(3 s= A
(23)
1 62[) 1 \op p ig B
mw*(”a)a*z—‘?/‘“‘s”’ (24)

where k = k; =~ kg, T =2/(I'q?) is the hyper-sound relaxa-
tion time (or the phonon lifetime),

Y\ 0@ Y \? now 3t
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is the SBS gain coefficient. In practice, the experimentally

determined hyper-sonic decay time is often used, as it proves

to be more accurate than estimates based on gas-dynamic
constants.

In (22)—(24), the slowly varying refractive index is denoted
by n, and the constant average value of the refractive index is
distinguished within it, denoted by ny and determined from
the relation k; = npwy/c. The field amplitudes in (22)—(24)
are multiplied by +/noc/8m, i.e., normalized such that the
radiation ﬂux densities (in W cmfz) are equal to J, = |4 L|
Js = |Ag|*. The amplitude of the pressure change p in the
hypersonic wave is multiplied by the quantity Yf.wr/(2noc);
hereinafter, we will refer to it as the hypersonic amplitude.

Furthermore, the system of equations (22)—(24) describes
the amplification of Stokes radiation, which arises in the
medium as a result of the scattering of the laser field on
chaotic thermal pressure fluctuations. In this regard, by
analogy with (10), the delta-correlated Langevin force S
[36, 37] is phenomenologically introduced into the equation
for the hypersound amplitude (24).

In the field equations (22) and (23), in addition to the
amplification due to the parametric oscillation of hypersonic
waves, refraction is taken into account due to inhomogene-
ities in the refractive index n that are not related to density
variations in the hypersonic wave. Refraction can be either
linear or nonlinear, where n depends on the intensity of the
laser and Stokes radiation.

(25)
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The nature of the interaction between the laser wave and
the SBS medium depends significantly on the ratio of the
characteristic times of the problem. Let 7. be the character-
istic time of the change in the amplitude of the laser wave.
Two characteristic times are associated with the medium: the
period of hypersonic oscillations 7' = 2n/Q and the hyperso-
nic relaxation time 1. As follows from the above, the
characteristic values of 7 lie in the range from tens of
picoseconds to a few nanoseconds. In typical situations, 7T is
much smaller than t, since otherwise the hypersonic wave
would decay before it has time to form. Therefore, equation
(24) describes the SBS of relatively short or broadband laser
pulses, where 7. is comparable to or does not significantly
exceed 7. For longer or narrow-band laser pulses with
durations exceeding ten nanoseconds, the time 7. may
significantly exceed 7. In that case, the values of 4;, As and
p will vary slowly against the background of oscillations not
only of light fields but also of hypersonic wave, and equation
(24) can be simplified by neglecting the term with the second
derivative and using the condition (Q7)* > 1:

o p_

ot

The correlation characteristics of the Langevin force and the
random initial conditions py and py must be such that, in the
absence of radiation in the medium, the average level of
hyper-sound amplitude fluctuations and their correlation
time at every point in space remain constant over time. This
is determined by the relations [32-35]:

84,4545, (26)
T

(Po(r1,z1)po(ra, 22)) = 4icF(r; —12)8(z) — 22)
{Po(r1,21)po(r2, 22)) = Q*(po(x1,21)po(r2, 22)) ,

(po(ri,z1)po(r2,22)) =0,

(S(r1,21,10)S" (F2, 22, 1) = (%)@0(1‘1721 1Po(r2, 22))

X 5(11 — lz),

where x is the spontaneous scattering coefficient of laser
radiation, measured in cm~! sr™!, and F,(r; —r2) is the
dimensionless correlation function that yields the unit bright-
ness for Stokes radiation resulting from spontaneous scatter-
ing. The coefficient k is taken from experimental data or
estimated from the expression for the gaseous medium as
Kk = 4n2(ny — 1)*/(A*Ny), where Ny is the concentration of
gas molecules [38].

A model with similar capabilities, but based on the mode
expansion of light fields, is described in [39]. In [39], the case
of long laser pulses (equation (26)) is considered, and studies
of the SBS are conducted, similar to those in [32]. Their results
are consistent with the data in [32].

Equations (22)—(24) or (22), (23), (26) describe SBS in
isotropic media with different refractive indices; however, the
following discussion focuses on gaseous media for which the
condition n=ny ~ 1 holds. In this case, the system of
equations for SBS of the long narrowband pulses (22), (23),
(26) has much in common with the system of equations for
laser amplification (9), (10). The similarity of the equations
for polarization (10) and hypersonic amplitude (26) is due to
the fact that the speed of light is significantly higher than the
speed of sound, and the motion of the hypersonic wave can be
neglected during the interaction times of interest to us.

3. Nonlinear adaptive optics

The PC schemes in double-pass pulsed lasers of any type share
many similarities; the review of research on laser systems with
PC at SBS can be found in [40]. As an example of a high-
power laser, we will consider the explosive photodissociation
iodine laser (EPDL). It was developed at the dawn of
quantum electronics and, in many ways, defined the horizons
of its development in terms of achieving the ultimate pulse
energy of laser devices.

3.1 Explosive photodissociation iodine laser

Research on EPDL pumped by the light from the front of
shock wave (SW) began in the mid-1960s at the initiative of
N.G. Basov, Y.B. Khariton, Y.B. Zeldovich, and
S.B. Kormer. The EPDL has unique characteristics in terms
of energy and, consequently, potential radiant intensity.

The EPDL is an atomic iodine gas laser whose initial
active medium consists of perfluoroalkyl iodides C;F7l,
C,FsI, CF3;1. The idea of exciting atoms through the
photodissociation of more complex molecules when irra-
diated with the light beam belongs to S.G. Rautian and
I.I. Sobelman (1961); the detailed description of the kinetics
of the iodine laser is contained in the monograph [41]. The
ground configuration of the iodine atom, 5s525p?, is partially
filled and yields two fine-structure states, 2P|, and 2 P35, in
LS-coupling terminology. The mechanism of active medium
pumping is based on the photodissociation of the perfluor-
oalkyl iodide molecule upon absorption of light radiation in
the spectral region with the central frequency of about 270 nm
and the width of about 40 nm. As a result of photodissocia-
tion, an iodine atom is cleaved off, ending up in the 2P|/2
excited state, with the quantum yield close to unity for the
entire absorption band, especially for C;F7I. Laser radiation
is generated in the 2P, —2P3), transition of the ground
electronic configuration. The transition is the magnetic
dipole one, since the electric dipole transition is forbidden
by parity, so the upper laser level is quite stable. This allows
excited atoms to be accumulated in the 2P, /2 state and then to
generate the short pulse of stimulated emission. The upper
laser level is split into two sublevels of the hyperfine structure
with the quantum numbers of total angular momentum F = 3
and 2 (the spin of the iodine atom’s nucleus is 5/2). The lower
laser level, accordingly, is split into four sublevels with F = 4,
3, 2, and 1. The selection rule AF=0,+1 results in the
spectrum of six lines. The strongest line in the spectrum lies
between the upper F=3 and lower F=4 sublevels
(2 =1.315 um).

The pumping radiation source for EPDL is the front of
SW propagating through the gas at high luminous tempera-
ture following the detonation of a specially configured
explosive. The high energy density of the explosive and the
source temperature make the SW front a more effective
mechanism for creating population inversion compared to
lamp sources [42] and allow for the pumping of large volumes
of medium. SWs in noble gases are characterized by
maximum brightness. The active medium can be added
directly to the noble gas. Variants of EPDL on the C3F;I
with pumping by the light of the front of SW with active
region diameters of 150 mm, 500 mm, and 1200 mm are
shown in Fig. 1. The first two variants, ‘converging’ and
‘diverging’ (based on the SW type), allow for output energies
of 1 kJ and 50 kJ, respectively. The cross-section of the
‘converging’ type of EPDL is shown in Fig. 2. In the third
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Figure 1. Modifications of EPDL with the diameter of active region of 150 mm (a), 500 mm (b) and 1200 mm (c).

Corpus
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Figure 2. Cross-section of the ‘converging’” EPDL modification with the
diameter of active region of 150 mm.

variant, the record-high radiation energy of up to 1 MJ was
achieved [43]. By ensuring the diffractive divergence of the
EPDL, the radiation flux of ~ 10'® J sr~! can be achieved.

To date, the EPDL remains the world’s highest-energy
single-channel laser. However, the challenge lies in realizing
its enormous potential, as the divergence of the radiation
from the powerful EPDL-generator significantly exceeded
the diffraction limit. In the case of the EPDL with an energy
of ~ 1 MJ and the active medium length of 30 m, the beam
quality was pure, with half of the energy contained within an
angle of ~ 1072 rad. The beam divergence was thus
~ 10* times greater than the diffraction limit.

The radiation pattern of optical lasers and methods for
reducing it depend on the nature of optical inhomogeneities
[44, 45]. A large number of studies have been devoted to
optical inhomogeneities in iodine lasers [46—58]. Analysis has
shown that the main cause of the large divergence of the
EPDL-generator is the presence of the refractive index
gradient in the SW front. In the case of EPDL with an energy
of ~ 1 MJ, the refractive index gradient in the photodissocia-
tion layer in the front of SW reaches An~ 2 x 107°. The
experimental divergence of ~ 1072 rad is explained by
significant 3D effects of ray deflection in the active medium
with the nonuniform gain zone and the focusing refractive
index profile (G.G. Kochemasov).

It is clear that multiple passes of radiation through
optically inhomogeneous active medium in the resonator
contribute to an increase in divergence. Therefore, energy
extraction per single pass or the use of nonresonant feedback
in the resonator, where phase shift accumulation occurs
chaotically and more slowly, appears to be more preferable
for EPDL with large volumes of active medium. As a result, in
the ‘master oscillator (MO) +amplifier’ and ‘laser with an
angular selector and nonresonant feedback’ EPDL schemes
with an output radiation energy of 0.1 M1, it is in principle

possible to reduce the divergence to ~ 10~* rad, i.e., by two
orders of magnitude. This divergence is mainly determined by
the angular deviation of the beam LVn after single pass
through the medium of length L and is the limit for the laser
without wavefront correction.

It is clear that simply increasing the length of the active
medium L is ineffective, since with the linear increase in
output energy as L increases, the radiation strength will
decrease inversely proportional to L due to the linear
increase in divergence LVn. Increasing the amplifier aperture
is also ineffective due to the challenges of manufacturing
large-scale, aberration-free optical elements.

3.2 Phase conjugation at stimulated Brillouin scattering
The reduction in the divergence of the beam of EPDL can
only be achieved through the use of adaptive wavefront
correction. Linear adaptive optics are not applicable, since
the temporal scale for changes in the refractive index of the
medium is ~ 0.1-1 ps. Therefore, for wavefront correction, it
is advisable to use methods based on nonlinear processes,
such as stimulated scattering, three-wave, and four-wave
interactions with relaxation times of 1-10 ns (see [1] and the
references cited therein).

The most attractive approach is the compensation for
optical inhomogeneities in two-pass laser amplifiers. For
high-power lasers, the phenomenon of phase conjugation
(more precisely, self-reversal) at SBS of laser radiation,
discovered in the early 1970s by V.V. Ragulsky and
colleagues and interpreted by B.Ya. Zeldovich, is of particu-
lar interest [6]. In the case of PC at SBS, the maximum
reflection of the Stokes wave is observed in the opposite
direction. Importantly, among all noise Stokes waves, the
wave with the maximum amplification is the one that is
complex-conjugate to the laser pump wave. This constitutes
the essence of PC.

Thus, in a two-pass ‘MO +amplifier’ system, the MO
laser emission with the flat wavefront passes through the
amplifier and the optical path of the laser system, where it is
amplified and distorted, then enters the SBS mirror, where it
excites the reflected Stokes wave with the wavefront that is,
ideally, complexly conjugate to the incident wave. The
inhomogeneities of the reflected wave are thus automatically
compensated during the return pass through the amplifier
and optical path, eliminating the need for complicated system
alignment. Due to the small frequency shift of the Stokes
radiation, it does not exit the amplification spectral line. The
possibility of achieving diffractive divergence of the laser with
an optically inhomogeneous medium via the PC at SBS was
proposed in 1971 (but published much later [59]) and
demonstrated in the case of the ruby laser [60]. Further-
more, the PC phenomenon can encompass not only the laser
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system but also the entire path from the laser to the distant
target [61]. The fundamental feasibility of this approach was
demonstrated by experiments [62, 63].

3.2.1 SBS-mirror with the random phase plate. The theoretical
justification of the PC at SBS in [6] was of the qualitative
nature. In reality, the radiation reflected from the SBS mirror
is a combination of the conjugated wave and noise modes,
whose contributions can vary significantly in different
situations. The SBS-mirror consists of a SBS-active medium
and a system for focusing laser radiation into this medium. It
was standard practice to use a random phase plate in the PC
mirror, located in front of the focusing lens [6-9, 64—66], with
the help of which the PC phenomenon was discovered (see
Fig. 3a).

After passing through such a plate, the laser beam, which
originally had aberrations, acquires the small-scale speckled
structure. The use of the SBS medium in the form of a long
optical fiber to ensure multiple pump reflections from its walls
allows for minimal noise and near-to-ideal PC quality (the
gain coefficient of the conjugated wave is twice that one of the
nearest nonconjugated modes), as demonstrated by experi-
ments and calculations in the approximation of the steady-
state linear SBS [67-71] and the saturated SBS [72, 73].
However, with significant radiation fluxes of the high-power
laser, the problem of the optical fiber’s radiation strength
arises. To overcome this, it has been proposed to focus the
laser speckled beam into a cell containing the liquid or
gaseous SBS medium, i.e., to implement PC in focused
beams [74, 75] (see Fig. 3b). However, the bell-shaped
envelope of the laser beam is more pronounced in the Stokes
beam. As the initial analysis showed, this leads to the increase
in the role of noisy Stokes modes and the decrease in the PC
quality, especially in near-threshold conditions of SBS, when
the gain is linear [76—78] (the excess in the gain coefficient of
the conjugated wave over the nearest nonconjugated modes is
no longer twofold, but one and a half times). Although the
nonconjugated modes experience less amplification, their
large quantity significantly reduces the PC quality, character-
ized by PC coefficient in the form of the normalized over-
lapping integral:

ALz Az de
h(z,t) = . .
S AL(r,z, 0 dr [ [ |As(r,z, 0] dr

In experiments conducted in the 1980s to compensate for
diffraction divergence in high-power double-pass EPDL
systems [79], this goal was not achieved. The reason was
mainly that, using the classical approach to the focusing
system, it was impossible to create the laser field structure in
the SBS medium that was optimal for the selection of the
conjugated Stokes component.

The clear dependence of the performance of the double-
pass laser with PC on laser parameters and focusing
characteristics necessitated more detailed studies of the
behavior of SBS mirror itself, which began to be widely

conducted using pulsed laser pumping in the nanosecond
and microsecond ranges under laboratory conditions [80].
Experimental testing of the SBS mirror, especially in the case
of powerful and specific systems such as the EPDL laser, is
difficult without the development of the computational and
theoretical framework. All of this initiated the transition to an
in-depth computational and theoretical study of SBS in
focused beams. Such an analysis must include aspects such
as multidimensionality, SBS saturation, and nonstationary
transient processes associated with the finite hyper-sound
relaxation time. At the outset, simplified systems of SBS
equations were solved, allowing for the consideration of two
main classes of problems.

In the first class of problems, the emphasis was on
accounting for the multidimensionality (initially 2D, and
later 3D) of the medium, but under conditions of linear
(unsaturated) SBS [8§1-85] and in the steady-state approxima-
tion. Ignoring saturation is an idealization, since in experi-
ments it manifests itself to some extent almost always;
moreover, operation in the saturated regime is one of the
goals of the experiment, as this increases the reflection
coefficient of the SBS mirror. The limitations of this
approach were overcome in models that account for SBS
saturation [86-94], but in steady-state conditions and most
often for the 2D case.

In the second class of problems, the emphasis was placed
on accounting for nonstationarity, but this came at the
expense of multidimensionality. Nonstationarity begins to
have an effect if the duration of the laser pulse or its rise time
does not significantly exceed the relaxation time of the
hypersonic wave. Since the latter lies in the range of a few to
tens of nanoseconds for most liquids and gases of interest (see,
e.g., [95]), the inclusion of nonstationarity in the model in
most cases automatically implies the consideration of
transient processes associated with the finite relaxation time
of hypersound. The consideration of nonstationarity, which
is also necessary for better understanding of the SBS process,
was implemented in 1D transient models of both linear SBS
[96, 97] and saturated SBS [98-102]. In 1D problems, it is
possible to estimate the energy characteristics and temporal
structure of the Stokes radiation as a function of the
parameters of the active medium, but it is impossible to
investigate the transverse structure of the light beams, which
constitutes the essence of the PC.

In the numerical and theoretical model and computer
code for the nonsteady-state SBS [32-35], which takes into
account the main physical effects, it became possible to get
closer to experimental situations. The model is based on the
solution of nonsteady-state parabolic equations for the laser
and Stokes fields (22), (23) and the nonsteady-state equation
for the hypersonic amplitude of both the first (26) and second
(24) orders. In the latter case, it is possible to study the SBS of
short pulses or broadband radiation. The model accounts for
transient processes, the 3D nature of the medium, the random
source of hypersonic noise in the volume, diffraction,
refraction, parasitic absorption, and self-action of radiation
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Figure 3. PC scheme with SBS-medium in the lightguide (a) and bulk cell (b): /— random phase plate, 2— focusing lens, 3 — lightguide, 4— bulk cell.
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Figure 4. Transversal distribution of laser J; at ¢ = 5 (a) and Stokes intensity Js for R = 3%, h = 45% (b); R = 63%,h = 68% (c); R = 94%, h = 88% (d)

at the SBS cell input.
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Figure 5. Dependence of average PC fidelity /4 against the reflection
coefficient of laser radiation R at the excess of divergence over the
diffraction limit ¢ = 1 (solid line), £ = 2 (dash line), ¢ = 5 (dash-dot line)
and ¢ = 10 (dotted line).

(thermal self-focusing and strictive self-focusing), as well as
the influence of Stokes radiation on laser radiation (SBS
saturation).

Nonsteady-state 3D calculations of the SBS in focused
beams [32-35] made it possible to investigate the process of
Stokes radiation formation from the noise stage to deep
saturation of the SBS and yielded results concerning both
fundamental and practical aspects of PC. Figure 4 shows the
transverse flux density distributions of the laser and Stokes
radiation at the SBS cell input at various points in time, at
which the corresponding PC coefficient 4 and reflection
coefficient R are observed. The divergence of the laser
radiation in £ = 5 times greater than the diffraction limit.
At the near-threshold stage of linear SBS, the Stokes beam is
‘drawn’ into the bright pump speckle due to exponential
amplification, and only at deep SBS saturation does it
approach the laser beam. The calculations confirmed the
special role of SBS saturation in obtaining high-quality of PC,
which are formed near the cell’s input window, where the
most active transfer of laser energy into the Stokes wave
occurs. It was shown that physical processes that reduce the
reflection coefficient R (defocusing aberrations, thermal self-
defocusing, the influence of transient processes during the
short pulse) decrease the PC coefficient 4. Conversely,
processes that increase R (focusing aberrations, striction
self-focusing) also increase /.

It has also been shown that the presence of the hypersonic
noise source in the SBS medium prevents the realization of the
strictly stationary reflection regime under constant pump-
ing— the Stokes radiation parameters exhibit rare and deep

fluctuations over time. The cause of these perturbations is in
the instability of the hypersonic lattice born in the laser beam
waist. The phase of the hypersonic lattice is disrupted due to
rare large fluctuations of hypersonic noise near the waist;
subsequently, the phase disturbance shifts toward the input
window, resulting in the formation of new hypersonic lattice.

Calculations have shown that, for a given laser radiation
reflection coefficient, the PC quality monotonically (contrary
to earlier assumptions [6]) decreases with increasing laser
pump divergence, and at the fixed laser divergence, it
monotonically increases with increasing reflection coeffi-
cient (Fig. 5). The main conclusion of the calculations is that
in the near-threshold regime of linear SBS, the PC efficiency
of focused laser beam does not exceed 60-70% for an ideal
Gaussian beam and decreases significantly in the case of
distorted beams (it is precisely for their correction PC is
intended). The PC quality close to the ideal (& > 90%) is
achieved only at high SB saturation (R > 90—95%), when
there is the risk of competing parasitic nonlinear processes
developing in the SBS medium (Stimulated Raman scatter-
ing, self-interaction, optical breakdown) [64—66]. It is there-
fore clear that achieving the high-quality of PC in SBS mirror
with the random phase plate for the wide range of laser
powers is problematic.

3.2.2 SBS-mirror with the raster of microlenses. The basis for
improving the SBS mirror was provided by experimental
studies of the configuration [103, 104], in which an ordered
phase plate (a microlens array) was used instead of a random
phase plate [6]. Each microlens was made in the form a
Fresnel two-level zone plate [105]. In the case of the regular
array, it is possible to controllably vary its characteristics,
which broadens the range of conditions for focusing the laser
pumping into the SBS cell.

In the SBS mirror scheme shown in Fig. 6a, laser radiation
with divergence 60, is introduced into the spatial filter
(confocal angular selector), in the pinhole plane of which
angular selection of the radiation takes place. The selector’s
transmission angle (Os > 0, so the laser radiation passes
through the selector without being cut off. The laser beam
then passes through the ordered array of microlenses with the
square packing and microlens diameter d. Next, a main lens
with focal length F focuses the laser beam into the SBS cell.
After passing through the array, the laser intensity exhibits
characteristic distribution features in two spatial regions: the
focal regions of the focusing lens (zone I) and the small lenses
of the array (zone II) (see Figs 6a and 6b).

While with the random-phase plate the Stokes beam in the
far zone consists of a narrow peak with the conjugated
component and the wide-angle nonconjugated wing, in the
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Figure 6. SBS-mirror scheme with the microlens raster (a) and typical picture of laser intensity in I zone (b) and Stokes intensity in the plane of selector

pinhole (c).

case of the microlenses’ raster the Stokes the radiation forms
the pattern of equidistant narrow peaks (see Fig. 6c). The
central peak contains the conjugated component, while the
side radiation peaks are cut off by the angular selector.

A series of experiments on the EPDL with SBS mirror
involving the microlens raster demonstrated the possibility of
improving the beam directionality in the ‘converging’ EPDL
configuration with the amplifier working aperture of 150 mm
in diameter [106-108]. However, the system operated insta-
bly, and the radiation Strehl ratio was low.

Calculations have shown that the PC quality is highly
sensitive to the position of the SBS cell relative to the focusing
lens [109] (see Fig. 7). Analysis of the calculated data revealed
the effect of record-low noise in the Stokes beam. The essence
of this effect is that angular selection of the Stokes radiation
allows for achieving nearly ideal PC quality if the input
window of the SBS cell is located in the specific intermediate
region between zones I and 11. There, the periodic distribution
of laser intensity is formed, which is practically independent
of the nature of large-scale (compared to d) distortions of the
laser beam [109] (see Fig. 7). The PC fidelity of the selected
Stokes radiation in this case exceeds 90-95% at any laser
intensity, starting from the threshold one. Displacement of
the SBS cell from its optimal position leads to the noticeable
decrease in the PC coefficient (7). Thus, in the optimal
configuration of the SBS mirror, the central Stokes peak in
the far field in Fig. 6 is as close as possible to the reflected
component.

The experimental data were in full agreement with the
results of SBS calculations of the selector’s transmission and
reflection coefficients [110, 32, 33] and of the PC quality [111,
112]. The experiments used ultra-clean SMBS cells (fabri-
cated with using electron-beam welding, indium spacers) with
the high-pressure gas mixture (tens of atm Xe + 1.5 atm SFy).
The 8- and 16-level kinoform microlens arrays had the
working aperture of 100 mm with minimal microlens size of
120 pm.

To increase the selection coefficient, the configuration of
the SBS mirror was optimized such that the focal regions of
the small array lenses and the main lens are arranged in the
SBS cell in reverse order [111]. This configuration allows for
maintaining excellent image quality of PC and increasing and
stabilizing the selector’s transmission coefficient [113]. Qual-
ity of PC remains high regardless of nonstationary conditions
[114] and the nature of distortions in the laser beam incident
on the array.

Using the developed SBS mirror, diffractive divergence
was demonstrated in a two-pass pulsed-periodic Nd:YAG
laser under laboratory conditions without temporal degrada-
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Figure 7. Calculational dependence of PC fidelity / after the selection
(squares) against the distance between the focusing lens and SBS-cell L;
under linear gain. Above the experimental laser pump distributions are
shown in transverse planes indicated by arrows.

tion, thanks to the PC [114]. The PC of two- and four-channel
pulsed laser beams was demonstrated under nonsteady-state
SBS in the two-pass Nd:YAG laser amplification scheme
under laboratory conditions [115].

3.3 Explosive photodissociation iodine laser
with phase conjugation
A schematic diagram of the EPDL laser with SBS mirror is
shown in Fig. 8. The EPDL with the laser mixture of 25 Torr
C;3F;T and 125 Torr Xe is the two-pass laser system operating
on the ‘MO +power amplifier’ principle. In experiments
[106-108], the laser amplification cascade consisted of two
amplifiers, Al and A2. The length of the amplifiers and the
distance between them, L, are subject to optimization. The
SBS mirror is located at a distance L3 from the right end face
of amplifier A2, which is closest to it. Due to the features of
EPDL laser, the distance L»j is sufficiently large (several tens
of meters) to reduce the probability of damage of the optical
elements of the selector and diagnostic equipment by
fragments during an explosive charge detonation.

During the first pass of the radiation through the path, its
wavefront becomes distorted due to optical inhomogeneities
in the active medium, aberrations of wide-aperture optical
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Figure 8. The scheme of two-pass EPDL with SBS-mirror (a) and EPDL energy distribution in the far field in calculation (b) and experiment (c).

elements, and atmospheric turbulence. The SBS mirror
reflects the Stokes radiation field, which has the phase front
that is complexly conjugate to the laser field at the input of the
SBS mirror. The selector cuts off the high-angle unconjugated
component of the Stokes radiation. Thus, while the Stokes
wave is amplified in amplifiers A2 and Al, the effect of the
amplifiers’ optical inhomogeneities is simultaneously com-
pensated. As a result, the output amplified Stokes radiation
has the same beam quality as the MO radiation beam, i.e.,
close to diffractive quality. The radiation is extracted from the
system using spatial decouplings. This is the ideal operating
scheme of the EPDL, but under actual conditions a number of
circumstances arise that degrade performance.

An analysis of the experimental setups for EPDL using
the SBS mirror with microlens array [106-108], taking into
account the newly discovered characteristics of PC [109-114],
showed that the configuration of the SBS mirror in those
experiments was not optimal. However, the instability of the
intensity and Strehl ratio of the output radiation in the
experiments [106-108] may stem not only from the nonideal
operation of the SBS mirror, but also from other causes.
Among these is the nonstationarity of optical inhomogene-
ities in the amplifiers, which leads to inaccuracies in their
compensation even with ideal operation of the SBS mirror.
Furthermore, there may be amplification of intrinsic sponta-
neous emission in the amplifiers, which can play a role under
weak input signals. Finally, diffuse-mirror parasitic reflec-
tions of radiation on the windows of the amplifiers and other
elements are possible, leading to self-excitation of the
amplifiers under conditions of high EPDL gain. Conse-
quently, an 4,, wave with high divergence is formed in the
laser system, which propagates in the direction opposite to the
Ay field, i.e., in the direction of the Ay field (see Fig. 8a). As
calculations have shown, the most dangerous in terms of
parasitic reflections are the right window A2, the left window
Al, the optical elements of the selector and SBS mirror. The
high gain in the laser medium leads to the 4, parasitic wave
being amplified quite significantly and depleting the popula-
tion inversion while the useful signal propagates from the
amplifiers to the SBS mirror and back. Moreover, the
reflection of the parasitic 4y, wave at the left window of
amplifier Al results in the significant parasitic component
being added to the input laser signal.

All these aspects significantly complicate the understand-
ing of how the EPDL operates, making reliable computa-
tional modeling of the entire EPDL system with the SBS
mirror essential. In the case of the EPDL in the ‘converging’
configuration (Fig. la and Fig. 2), the relaxation time 1, is
~ 1 ns; therefore, for pulse durations in the microsecond
range, the transient processes in (9) can be neglected.
Additionally, an equation of type (9) must be added for the
A parasitic wave.

The equations for field amplitudes must be supplemented
by the system of equations for population states in the balance
approximation, from which the gain coefficients o; and ag for
equations (9) are determined. Detailed modeling of the
population kinetics, together with the solution of the
transport equation, was carried out in a one-dimensional
EPDL model [116]. This is complicated by the fact that the
accuracy of the process constants used for specific conditions
is low, which in some cases leads to significant discrepancies
between the calculated energy results and experimental data.
To overcome this difficulty, the system of local kinetic
equations can be reduced to an equation for the inversion of
population states AN (compare with (14)):

AN(r,1) ANy(r, 1) _AN(r,1)
e dt fiw

loL(JL+Tu)+osTs],  (28)

where r2 = x2+y2, AN,, is population inversion in the

absence of generation, associated with the weak-signal gain
coefficient. This quantity was measured experimentally by
probing the amplifier at various points across its cross-section
with the low-power beam.

The calculations the refraction of the radiation, parasitic
reflections of the laser radiation from the ends of the
amplifiers and optical components, the amplifiers’ own
amplified spontaneous emission, radiation losses in the
optical path, gain inhomogeneity, and the refraction of
radiation on optical inhomogeneities in the active medium
caused by the SW are taken into account. It was assumed that
the SBS mirror with the microlens array is in an optimal
configuration and that the quality of the optical beam is ideal,
based on studies [109-114]. The dependence of the SBS
mirror’s reflection coefficient on the laser power incident on
the SBS cell was taken as given in [116]. The influence of the
EPDL parameters (optical scheme geometry, level of parasitic
reflections, MO signal power, SBS threshold power) on its
operational efficiency was investigated. It was shown thatin a
lamp-pumped MO, parasitic reflections of laser radiation
from the ends of the amplifiers and optical circuit elements
with the coefficient exceeding 1077 significantly reduce the
output radiation intensity. Special experiments have shown
that it is difficult to achieve parasitic reflection coefficients
less than 107 in the system. Calculations have shown that to
suppress the effect of parasitic reflections, the intensity of the
MO radiation at the input to amplifier A1 must exceed 10—
20 W cm™2. Since the intensity of the lamp-pumped MO
radiation is at the level of 1 W cm~2, an explosive MO was
created to meet this requirement. As a result of optimizing the
EPDL, an angular divergence close to the diffraction limit
was achieved at Loy = Lay =1m, L1 =20 m, L3 =65 m
(Fig. 8a), with the output radiation Strehl ratio reaching 0.7
[117, 118] (Fig. 8b, c). At the same time, good agreement was
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Figure 9. The dynamics of experimental (a) and calculational (b) power and calculational Stehl ratio (¢) of EPDL radiation. Dynamics of averaged Stehl

ratio is shown by dotted line.
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Figure 10. The experimental scheme of limiting focusing of EPDL radiation (a) and focused spot without (b) and with (c) PC.

obtained between the EPDL calculation results and the
experimental data on energy, the time dependence of power,
and the Strehl ratio (Fig. 9). Due to the threshold nature of
the SBS, the pulsed-periodic mode is realized in the EPDL,
where the pulse repetition period of the output radiation is
equal to twice the time it takes for the radiation to travel from
the amplifier to the SBS cell.

The application of PC in EPDL makes it possible to
address the important issue of achieving ultra-strong electro-
magnetic fields of laser radiation. The standard approach is
concerned with shortening the laser pulse, with femtosecond
lasers. With an energy of 10 J, the pulse duration of tens of
femtoseconds, and the focal spot size of 10 um, an intensity of
102°—102' W cm~2 can be achieved. But there is another
approach: to generate the relatively long pulse, but with large
aperture and high energy, and to focus it into a spot of
extremely small size (of the wavelength scale), using PC at
SBS. The use of PC technology is key here. In this case, even
with the fairly long pulse, the same intensity level can be
achieved as with the standard approach. A number of
attractive features emerge: the study of material behavior
under quasi-stationary conditions (compared to character-
istic atomic relaxation times), monochromatic irradiation,
and the study of process dynamics.

Such an experiment was conducted using the EPDL with
PC [119]. Its schematic diagram is shown in Fig. 10a. The
reference weak beam from MO with the flat phase front
entered a micro-objective (in fact, a microscope) from the
back. The microlens formed the very small spot in its front
focal plane. The radiation then passed to a parabolic mirror
with a diameter-to-focal-length ratio of approximately 1.
Next, the standard two-pass scheme with the PC was
implemented. Images of the laser spots with and without the
use of the PC at SBS are shown in Fig. 10b, c. The focal spot
size with the PC is close to the wavelength. In the experiment,
with the pulse duration of 1 ns and an energy of 100 J, the
intensity on the target was 3 x 10'® W cm™2, and the electric
field strength was 5 x 10! V cm™!, which is significantly
greater than the electric field strength in a hydrogen atom at
the Bohr radius.

Advances in EPDL technology involve addressing key
challenges, one of which concerns how to increase the energy
and intensity of the radiation. As the potential of the active
medium is exhausted, the main hope lies in the development
of a multi-channel laser. If the radiation phase alignment
(phasing) is ensured in N parallel channels, then in addition to
an N-fold increase in power, the radiant intensity can be
increased by a factor of N2. And the PC is one of the
mechanisms for combining lasers [115, 120, 121]. The second
problem concerns the delivery of radiation to the receiver
under conditions of an optically inhomogeneous propagation
path.

When transitioning to the two-channel version of the
EPDL, the SBS mirror allows for the natural implementa-
tion of coherent phase combining of the radiation: phasing is
the special case of PC for a fragmented beam. The schematic
diagram of the EPDL in the two-channel version is shown in
Fig. 11 [122]. The MO was located in the turbulent atmo-
sphere at 2.5 km from the input to the amplifier block; here, in
the plane of the MO pinhole, the amplified Stokes radiation
was detected.

The experimental setup was designed to ensure high-
quality PC [109-114]. Two arrays of 8-level diffractive
microlenses, each 1 mm in size and with the focal length of
9.5 cm, were used. Radiation intensity of approximately
4 W cm 2 was delivered at the input of amplification
channels. The radiation propagation path was included in
the EPDL calculation model. The model for calculating
radiation propagation in the turbulent atmosphere is
described in [123]. Calculations showed that, with the phase-
matched input signal from the MO, the transition from one to
two EPDL channels results in the 4.4-fold increase in radiant
intensity in the absence of parasitic reflections from optical
elements, and the 2.1-fold increase in output energy regard-
less of their influence. This is explained by the increased
growth of the reflection coefficient of the SBS mirror with the
twofold increase in the pump radiation power.

Figure 12a and b show the energy distribution in the near
field of the radiation from MO, amplified after the first pass,
and the Stokes radiation emerging from the SBS mirror
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Figure 12. Experimental energy distribution of laser pump (a) and Stokes (b) radiation in near field and EPDL energy distribution in the MO pinhole

plane in the experiment (c) and calculation at C2 = 10~'5 ecm /3 (d).

before the second pass. The Stokes radiation reflected from
the SBS mirror in the near field also consists of two circular
spots separated by the same spatial interval that quite
impressively symbolizes the essence of the PC.

The radiation from the two EPDL channels in the plane of
the MO pinhole, at the distance of 2.5 km from the amplifier
block, exhibits an interference pattern. The distance between
the bands, Ax = AL;/6 where L; =2.5 km and 6 = 31 cm
equals about of Ax =~ 1.0 cm that is close to the experimental
data. The total width of the distribution, which is determined
by the radiation pattern from the single channel, and the
period of the interference pattern in the experiment and
calculation are in good agreement (Fig. 12c, d). The
maximum brightness of the EPDL is observed on the optical
axis regardless of the turbulence realization. The calculations
show that replacing the SBS mirror by a conventional 100%
reflective spherical mirror leads to significant beam blurring
in the pinhole plane and its random shift.

3.4 Stimulated Brillouin scattering of vortex laser beams
In the study of the SBS process of focused laser beams with
complex spatiotemporal structures, beams with screw dis-
location of the wavefront (Laguerre—Gauss vortex modes)
whose phase surface forms an Archimedean helix [124] are of
particular interest.
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where L (x) is the generalized Laguerre polynomial, and m is
the topological charge of the optical vortex. The Laguerre—
Gaussian mode LG," (29) is the solution to equation (22) in
the case of the homogeneous medium. Along the beam axis,
the intensity is zero and the phase is undefined. When circling
a singular point on the phase surface, it is impossible to return

to the initial position. The presence of an optical vortex is
determined by its interference pattern, for example, with an
obliquely incident regular wave: a band emerges at the
singularity point and a ‘fork’ is formed. Figure 13 shows
laser beams LG} and LG| and their phase portraits with
characteristic ‘forks.” Vortex beams are of interest because
chaotic vortices form during beam propagation in randomly
inhomogeneous media [6]. Their correction is problematic
using linear adaptive optics methods with the flexible
adaptive mirror due to the discontinuous phase surface.

The theoretical analysis based on the perturbation theory
and calculations for linear steady-state [125] and nonsteady-
state [126] SBS of vortex laser beams directly focused into the
SBS medium have shown that the PC of SBS in focused beams
is not an universal phenomenon. The predicted phenomena
observed at SBS of vortex beams were fully confirmed in
experiments [127—-129].

At first, it was shown that the PC of vortex beams is not
observed due to the absence of selection of the conjugated
Stokes mode, since the gain coefficients of this mode and a
similar mode with reverse helicity are identical. For example,
in the case of the simplest laser mode LGOl , the Stokes beam is
essentially a random combination of the two modes LG and
LGy . The intensity distribution of the Stokes beam in the far
field resembles the distorted sin’(¢ + ¢,), and the phase
portrait indicates the presence of the wavefront edge disloca-
tion (see Fig. 13a). To generate the LG, vortex beam [130],
special kinoform spiral phase plates were developed [131].

Second, for the fairly broad class of vortex beams (for
example, in the case of a laser mode LG| with two intensity
rings), a phenomenon is observed that can be referred to as
phase transformation at SBS. Its essence lies in the fact that a
single mode is selected in the Stokes beam, but it is not the
conjugate laser mode; moreover, it is orthogonal to it. In the
SBS regime, which is close to linear one, the selected mode is
the fundamental Gaussian mode LG{; its regularity is
preserved even at high SBS saturation. The regularity of the
Stokes phase front in the experiment is evident from Fig. 13b.
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Figure 13. Laser LG beam and Stokes beam (a) and laser LG| beam and Stokes beam (b) in the experiment. Intensity (top row) and phase portrait

(bottom row).

The amplification coefficient of the LG mode exceeds the
amplification coefficient of the conjugated LG mode and the
LG ! mode by 20% [125, 126], which ensures its selection. In
the experiments the LG| vortex beam was formed at the
output of the master oscillator using a tunable astigmatic ©t/2
converter based on an optical quadrupole [132].

As theory and calculations have shown, as n increases, the
degree of selection of the fundamental Gaussian mode
increases, and the ratio of the amplification coefficients of
the fundamental mode LG and the conjugated mode LG)"
reaches 1.5. Moreover, the phase transformation effect can
also be observed for nonvortex beams with m = 0 without an
axial dip in the intensity distribution. Calculations have
shown that during the SBS of vortex beams, vortex hyperso-
nic waves are generated in the SBS medium, the structure of
which is closest to that of the laser wave. Indeed, according to
the p & —igA; A estimate based on (26), the phase structure
of the hypersonic wave contains the central vortex with the
same charge as the pump assuming that Stokes beam has the
regular structure. The obtained result demonstrates the law of
topological charge conservation: the total charge in the
‘Stokes wave +hypersonic wave’ system is equal to the
charge of the input laser mode.

As for the PC, calculations and experiments [127, 129]
have also shown that the high-quality PC of the vortex beams
can be obtained in the SBS mirror with the microlens array
(Fig. 7a) by disrupting the stable vertical beam structure.

4. Linear adaptive optics

As noted above, linear adaptive optics can be used for phase
correction of continuous wave radiation and for pulses of
approximately 1 ns or shorter. In continuous-wave lasers,
real-time phase correction is possible only for relatively slow
wavefront distortions. In the case of short pulses, adaptive
phase correction is performed integrally over the pulse
duration, i.e., in the static mode.

4.1 Coherent phase combining of multi-channel radiation

As noted above, when the active medium’s potential is fully
utilized, further increases in laser energy and power are
possible only by combining multiple emission channels.
However, the serial combination of channels has obvious

drawbacks. Increasing the system’s length leads to the
accumulation of optical inhomogeneities, which degrade the
quality of the output radiation. Moreover, heating and the
occurrence of various nonlinear processes in the active
medium can lead to its destruction. Therefore, it is clear that
the creation of high-power laser systems is more effective
when using parallel beam combining. Furthermore, it
possesses the key advantage that is essential for applica-
tions: with N channels, the systems power and energy
increase by the factor of N compared to the single-channel
system, and the radiant intensity can be increased by the
factor of N2 due to the increase in the system’s total aperture,
provided that the radiation phases in the channels are strictly
aligned (phased). Phase control in multichannel systems is
achieved through phase shifting, assuming that the divergence
of the radiation in each channel is close to the diffraction limit.
For this type of phase control, electro-optical modulators
[133], nonlinear optical elements [134, 135], piezo-optical
devices, or other elements [136, 137] are used.

Recently, there has been rapid global progress in the
development of continuous-wave solid-state lasers using
active media in the form of doped slabs, discs, and fibers
[138—-140]. Fiber lasers are of particular interest due to their
high efficiency and the ability to achieve relatively high power
output despite the system’s compact size [141, 142]. The
power of a single-mode fiber laser of the order of 10 kW in
the MO +amplifier configuration [143], appears to be
approaching its limit due to increasing thermal loads and
parasitic nonlinear effects [144—147]. To further increase the
power, incoherent beam combining can be used [148—150],
but to more radically increase the output radiant intensity, the
beams from the channels must be combined in phase.

The feasibility of using the PC at SBS for the phasing of
continuous-wave fiber lasers is being investigated [151, 152],
with the high SBS threshold power posing the significant
limitation. There are a number of linear approaches for the
coherent summing of multi-channel continuous-wave radia-
tion [153-155], including passive and active phasing. Passive
methods (combining resonators, using Bragg gratings, etc.)
are complex to align and construct and are designed for low
laser power [156, 157]. Active coherent phasing includes
methods with or without the determination of absolute or
relative phase.
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Coherent active phasing requires a single narrow-band,
single-frequency laser MO source to ensure that phase
fluctuations associated with the finite width of the laser
spectral line are transmitted synchronously to all channels.
The optical path length in the channels must be aligned with
an accuracy that is significantly smaller than the coherence
length of the MO radiation. The MO radiation is split, passes
through phase modulators, and enters the amplifiers. After
amplification, part of the radiation is directed via a splitter
(light-splitting plate) to a device analyzing of output radiation
in the channels. In phase-detection systems, the relative
phases are analyzed, for example, using the heterodyne
method with an additional channel. After the phases are
determined, the required phase shifts are applied using phase
modulators.

In the coherent combining scheme with active heterodyne
phase control, the power of approximately 1 kW was achieved
by summing the signals from five amplifiers [158]. The phase
of each element was controlled by a lithium niobate phase
modulator. An additional reference channel was frequency-
shifted and interfered with the part of the signal from each
channel. Detectors recorded the heterodyne modulation
signal, and an electronic circuit measured the relative phase
for each channel. In [159], the radiation of eight fiber
amplifiers was combined, and the output power reached
4 kW. With coherent adding of five beams using a diffractive
optical element (DOE) to combine the beams, an output
power of 1.93 kW was obtained at M> = 1.1 [160]. In [161],
the DOE was used to combine the two-dimensional array of
3 x 5 fiber amplifiers with an output power of 600 W at
M? = 1.1. Using the DOE, an output power of 4.9 kW was
achieved by coherent combining of the radiation from five
fiber amplifiers with the power of 1.2 kW each [162]. The
maximum number of channels (48) were also successfully
summed using coherent active phasing [163, 164]. The
limitation on the channel output power under coherent
combining stems from the fact that the sufficiently narrow
spectral line of the MO is required to ensure the desired
coherence length; the narrower the line, the more effectively
parasitic SBS is excited in the fiber.

It is worth noting that the principles of active coherent
phasing are not limited to fiber lasers; they can also be applied
to other continuous-wave laser systems [165]. The laser
system [166] consisted of 7 amplification channels, each
containing 4 amplifiers with thin Nd:YAG composite slabs
end-pumped by diode arrays. Phase alignment was performed
in each channel, followed by phase summation.

The conceptual simplicity of the heterodyne approach to
coherent active phasing comes at the cost of the complex
device architecture, largely due to the need to measure the
phases at the system’s output. Furthermore, such a system is
highly sensitive to noise. It is also important to note that
solving a number of practical problems requires focusing the
radiation in an optically inhomogeneous medium through
which the laser radiation propagates, such as the atmosphere.
The turbulent atmosphere disrupts the phase structure of the
multi-channel beam as it propagates, even if it was phase-
aligned at the system output. Therefore, it is necessary to set
the phase distribution at the output of channels that
compensates for the optical inhomogeneities of the atmo-
sphere along the radiation propagation path. Since the goal is
to achieve a spot of minimal size (i.e., maximal intensity) at
the remote receiver (target) under the unknown optical
properties of the medium, the approach must be iterative,

Figure 14. The scheme of coherent beam combining system: / — MO, 2—
phase modulators, 3— amplifiers, 4 —single-element photodetector, 5 —
control unit with microcontroller, 6 — computer.

involving the search for the extremum of the criterion
functional (metric). Thus, the radiation receiver must be
included in the feedback loop. If the target is located at
relatively short distance and is cooperative, the feedback can
be wired [134]. Otherwise, when irradiating the target in the
feedback loop, the additional receiver is located near the
emitting system and performs optical remote monitoring of
the irradiation spot [167, 168].

Figure 14 shows the schematic diagram of the system for
the iterative coherent combining of multi-channel laser
radiation.

Since atmospheric distortions of the laser beam are
dynamic in nature, there is the need for fast and reliable
approaches to controlling phase shifts across the channels.
This problem could be solved by active coherent methods
without phase determination (gradient descent, hill climbing,
genetic algorithms, etc.), but these methods have low
operation speed. In this regard, the stochastic parallel
gradient descent (SPGD) algorithm is of interest, whose
concept was adapted from the theory of artificial neural
networks [169, 170], where it is used in machine learning, to
adaptive optics [171, 172] for controlling the flexible mirror,
and only later applied to the phasing of multichannel
radiation.

The paper [173] demonstrated coherent phase alignment
over an atmospheric path approximately 400 m long using the
cooperative target. In the work [174], coherent phase addition
was performed for the first time in a 7-channel system of
narrow-band, milliwatt-level fiber-optic ytterbium lasers in
the feedback loop with the noncooperative target. The laser
system was located at the height of 15 m, the radiation
receiver (target) at the height of 40 m, with the distance
between them of L = 7 km. With an individual output beam
aperture size of d =3.3 cm, the total aperture size was
D =10.7 cm. The operation of the SPGD-loop for control-
ling phase shifts at the frequency of 140 kHz was combined
with relatively slow adjustment of wavefront tip-tilts in the
channels at the frequency of 3 kHz. Naturally, at high
operating frequencies, the phasing system employs a single-
element photodetector of the metric, and the system is
controlled not by the computer but by a microcontroller in
which the algorithm program is ‘hard-coded.’

The effectiveness of phasing is affected by both the spatial
and temporal scales of radiation phase fluctuations in the
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medium. In [175], using the model described in Section 2.2, it
was demonstrated theoretically that the efficiency of phasing
through the turbulent atmosphere is high when the atmo-
spheric coherence radius (Fried parameter) [176]

ro = (0.423k>C2L) P (30)
approximately equal to or greater than the transverse
dimension of the laser channel, d. The structure constant of
refractive index C? =6 x 107'® cm~2/3 measured in [174]
corresponds to the Fried parameter ryp = 8.4 cm, i.e., sig-
nificantly larger than d and close to D that indicates the weak
influence of turbulence in the experiments [174].

In [177], the coherent combining formulated in [174] is
demonstrated for a 21-channel system with the Fried
parameter ryp varying in the range from ~ 10 cm to
~ 1.5 cm, i.e., for ro/d~3—0.5. According to [175], the
Strehl ratio St of the focused radiation is close to the ideal
value at ro/d>1, and begins to decrease at ro/d <1,
remaining at the sufficiently high level of St~ 0.6 at
ro/d ~0.5. In [177], the conclusions [175] regarding the
requirement for the spatial resolution of the coherent phase
combining system were experimentally confirmed. At
ro/d ~ 0.5, the sufficiently high level of phase correction is
achieved in the experiment. Interestingly, the Rytov disper-
sion, which characterizes the level of radiation intensity
fluctuations in the statistically homogeneous atmosphere
[178],

5/6

ol =1.23C2K1/611/6 :2.91[%} (31)
krg

lies in the range 0.17-4 for rg = 10—1.5 cm. When o3 > 1, as
is known [178], the strong scintillation regime is realized,
which allowed the conclusion to be drawn in [177] that phase
correction of atmospheric turbulent distortions is achieved at
coherent combining even under conditions of strong turbu-
lence. In the strong scintillation regime, multiple optical
vortices (see Section 3.4), speckles, and dark spots form in
the laser beam. From the perspective of adaptive optics, the
problem of strong scintillation lies in the difficulties of
measuring the radiation wavefront. Thus, the ‘blind’ itera-
tive SPGD approach, without wavefront measurement,
allows for achieving a certain result even in the case of
significant speckled structure of the beam.

In addition to the spatial resolution of the phasing system,
its temporal resolution plays the significant role; the defi-
ciency in this resolution leads to the decrease in the Strehl
ratio. The SPGD correction in [177], as in [174], was
performed at the frequency of 140 kHz, and the experimental
values of the Strehl ratio obtained were lower than the
calculated values. The phasing time, i.e., the convergence
time of the SPGD algorithm, 7, in [177] was 2-2.5 ms.

The SPGD algorithm, in its various forms, essentially
consists of the combination of two stages of each iteration: the
random stage and an ‘intelligent’ stage. In the first stage,
small random phase shifts are applied to the channels, and in
the second, ‘intelligent’ stage, corrective adjustments are
made. The algorithm is based on the fact that the partial
derivative of the metric with respect to each variable (i.e.,
phase in the channel) is, on average, directly proportional to
the displacement of that variable and the change in the metric
after the first stage. By optimizing the dynamic coupling
between the parameters of the stochastic parallel gradient
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0 100 200 300 400 500
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Figure 15. Experimental temporal dependence of Strehl ratio after the
feedback activation.

(SPG) algorithm, conditions were found to increase the
convergence rate of the metric to 2-3 iterations per laser
channel [179]. In [180], SPG phasing of a 7-channel fiber laser
system with compensation for its thermal distortions at the
frequency of 14 kHz was experimentally demonstrated, and in
[181], an operating frequency of 450 kHz was achieved. The
phasing time 7, at the output needed for reaching the Strehl
ratio of 0.8 is approximately 0.05 ms (see Fig. 15).

In [181], with the dramatic increase in the performance of
the SPG phasing system, the influence of the time scale of
phase fluctuations in the medium with dynamic optical
inhomogeneities on the phasing of multichannel radiation
was studied theoretically and experimentally. The criterion
for phasing efficiency was established based on the ratio
between the phasing time 7,, and the characteristic time of
change of turbulent phase fluctuations . It is shown that
the increase in the average Strehl ratio begins at Ty /Tpn = 2,
and the sharp increase in the efficiency of compensation for
dynamic phase distortions along the propagation path occurs
at T /Tph & 20. At Ty /Tpn > 20, the average Strehl ratio
remains at the constant level, the value of which is high if the
coherence radius ry is of the order of or greater than the
channel aperture size d.

4.2 Phase control with the help of flexible mirrors

Let us consider the configuration of the standard closed-loop
adaptive optical system (Fig. 16a) with an adaptive mirror,
which is its key optical element. The parameters of the
adaptive system are largely determined by the capabilities
and characteristics of the mirror used (see [182—185]). One of
the main requirements for adaptive mirrors is the ability to
compensate for the maximal number of aberrations using the
minimal number of control actuators. Therefore, the main
characteristic of any adaptive mirror is the response function
of its actuators, i.e., the deformation of the corrector surface
caused by the action of a single actuator while the control
signals on the other actuators are zero. It is assumed that the
total surface curvature is the superposition of deformations
initiated by each actuator. Another characteristic of the
adaptive mirror is the amplitude of the mirror surface’s
displacement. The Strehl ratio is commonly used as the
criterion for correcting phase distortions. According to the
Maréchal criterion [186], an optical system is considered well-
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Figure 16. Scheme of adaptive optical system with the WFS control (a, b) and optimization control (c).

balanced if the Strehl ratio reaches 0.8. The necessary
condition for ensuring the operation speed of the adaptive
system is the high frequency of the mirror’s first mechanical
resonance [187].

Based on their response characteristics, all existing types
of adaptive mirrors proposed since the 1970s and 1980s can be
divided into two broad categories: mirrors with local and
modal response functions. Some of these are of only historical
interest due to their low sensitivity, slow response time, and
low radiation resistance.

The first group, based on design features, includes
segmented correctors (see, e.g., [188]), consisting of several
movable mirror sections that, depending on the design, can be
displaced in the direction perpendicular to the surface and
tilted; membrane correctors [189, 190] with a set of control
electrodes; monolithic correctors in the form of the piezo-
ceramic block with the polished thin glass mirror bounded to
it (see, for example, [191]). Correctors based on electrically
controlled nematic liquid crystal transmitters [192—-195] have
high spatial resolution but low response speed and nonlinear
response. MEMS (Micro-Electro-Mechanical Systems) mir-
rors are scalable arrays of parallel plate electrostatic actuators
fabricated in silicon using semiconductor technology [196,
197]. They possess high spatial resolution of the control
elements and are used in adaptive optics for astronomy and
other applications (see, e.g., [198-200]), but have limited
flexure of the reflecting surface, relatively small apertures,
and low radiation resistance that makes it impossible to
control high-power laser beams. Plates with the local drive
response function [201-203] play a special role in the field of
high-power lasers. They consist of the reflective optical
substrate and the support, between which control piezo-
electric actuators (pushers) are positioned. The action of the
latter is directed perpendicular to the substrate surface. The
amplitude of surface displacement in such mirrors is deter-
mined not only by the dynamic range of the actuator, but also
by the elastic properties of the reflective substrate, its
thickness, and the distance between the actuators. The
increase of response speed of these mirrors is due to the use
of special piezoceramic packages as actuators [204, 205]. Such
piezo packages allow for significant mirror surface displace-
ments (~ 10 um and more) while maintaining high response
speed (first mechanical resonance frequency of several kilo-
hertz) [206-208]. The shape of the response functions of such
mirror with stacked piezo actuators is well approximated by
the Gaussian distribution [209]. Since the majority (over
90%) of the surface deformation of such mirrors occurs in
the area where the actuator is located, this justifies classifying

them as the mirrors with local response function. One of the
drawbacks of using piezoelectric drives is the presence of
hysteresis at the level of 10-15% [210]. Common drawback of
mirrors with the local response function is the need for a large
number of control elements to compensate for lower-order
wavefront aberrations.

The second group of mirrors, which have the modal
response function, includes film mirrors [211, 212], plates
with actuators arranged parallel to the reflective surface [213,
214], and mirrors based on the bimorph piezoelectric element
[215-217]. In the latter case, the corrector consists of the glass
substrate with the piezo disc glued to it and featuring the
single common electrode on the substrate side and a number
of control electrodes of various configurations on the
opposite side. By selecting the sufficiently large number of
control electrodes and varying their positions on the surface
of the piezo plate, it is possible to reproduce a large number of
wavefront aberrations, including typical atmospheric ones
[218-220]. One of the main advantages of such mirrors is the
large range of surface displacement. In addition, technologies
for creating wafer-based mirror cooling structures allow for
the fabrication of cooled bimorph mirrors [221, 222]. Such
mirrors can be used for the correction and shaping of high-
power laser radiation parameters.

The distorted laser beam shown in Fig. 16a is reflected by
an adaptive mirror, and the small portion of it passes through
the splitter plate to the wavefront sensor (WFS)— the device
that records information about the phase surface (wavefront).
There are several known types of WFSs (including an
interferometric sensor [223], the curvature sensor [224], and
the pyramidal sensor [225, 226]), however, the Shack—
Hartmann WFS [227, 228] shown in Fig. 16a is the most
widely used in laser adaptive optics due to its simplicity and
reliability. In the Shack—Hartmann WEFS, the radiation
passes through an array of microlenses, the plane of which is
optically conjugate to the plane of the adaptive mirror. This
WFS can also serve as a tool for determining turbulence
parameters [229-235]. The information from the WEFS is
processed by the computer to determine local phase gradi-
ents, which can be used to reconstruct the wavefront using the
basis of mirror’s response functions or Zernike polynomials
[12]. The computer code then calculates the control signals
(voltages) to be applied to the actuators of the adaptive
mirror so that its surface corresponds as closely as possible
to the phase surface. Therefore, after reflection from the
deformed mirror, the beam should acquire the wavefront that
is close to flat one. In addition to phase correction of the
powerful laser beam, the adaptive system can solve the
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problem of focusing it through an optically inhomogeneous
medium in phase-conjugate mode with respect to a reference
beam. Here, the adaptive system operates similarly to the
system of PC at SBS, with the difference that only the phase is
adjusted. However, in many practical cases, phase inhomo-
geneities play the decisive role in the formation of the focal
spot compared to amplitude inhomogeneities.

4.2.1 Adaptive optics for CW lasers. Controlling the phase tip-
tilts and the shape of the phase front of high-power lasers
typically involves the use of mirrors equipped with bimorph
or pusher-type piezoelectric actuators.

In the aforementioned Nd:YAG solid-state laser system
[166], consisting of 7 amplifying channels with coherent
summing, the power of over 100 kW was demonstrated for
more than 5 minutes. The divergence of the output radiation
was 2.9 diffraction limits. In each channel, wavefront
flattening is performed using the deformable mirror with the
WFS, followed by phase combining. The power of the
amplification channel is increased until wavefront distor-
tions are compensated. This is followed by scaling across the
number of channels.

An adaptive system designed for the multi-kilowatt CO,
laser (A = 10.6 um) corrected higher-order aberrations and
stabilized beam jitter [236]. The bimorph deformable mirror
and piezo tip-tilt phase correctors were used as executive
elements. An uncooled bolometric long-wavelength IR
camera was used as the photodetector in the WFS. The
adaptive system reduced the amplitude of higher-order
aberrations of the beam by the factor of seven at the
frequency of 50 Hz and stabilized beam jitter to the level of
25 urad at the frequency of 100 Hz.

Although the surface of the deformable mirror is smooth,
it can be used to correct optical vortices with the discontin-
uous wavefront that form in the turbulent atmosphere (see
Section 3.5). Experimental recording [237] and phase correc-
tion [238] of the wavefront of the toroidal Laguerre—Gaussian
mode LG, were performed in an adaptive system with the
Shack—Hartmann WFS and the bimorph mirror with 5 x 5
actuators situated in the square geometry. The flexible mirror
cannot reproduce the phase discontinuity, therefore the
correction is performed in the practical sense: the toroidal
beam spot in the far field is transformed into a spot with an
on-axis peak that leads to significant increasing of the Strehl
ratio and the resolution of the optical system [239].

The performance of the adaptive system depends on its
spatial and temporal resolution. The requirement for spatial
resolution follows from the condition that the coherence
radius of the radiation must exceed the distance between the
actuators of the adaptive mirror (or the size of the bimorph
mirror actuator) when the amplitude of surface displacement
is sufficient. Temporal resolution, i.e., operation speed,
depends on the sum of the times of particular processes:
exposure of the frame on the WFS camera, ADC, processing
of WFS data up to the calculation of control voltages, DAC,
amplification and application of voltages, and mirror
response. The response time of the adaptive system shown in
Fig. 16a is approximately of 100 Hz, largely limited by delays
in the computer’s operating system included in the feedback
loop and difficulties in organizing parallel computations.

In the case of the high-power laser, the dynamics of optical
inhomogeneities — both within the active medium itself and
along the radiation propagation path—can be significant.
Since the spectrum of, for example, atmospheric refractive

index fluctuations reaches frequencies in the hundreds of
hertz [178], the operation of the adaptive system requires the
sufficiently high response speed. Fundamental estimates of
the required operation speed for the adaptive system that
compensates for phase aberrations in the turbulent atmo-
sphere were presented in [240-242].

In [243], the numerical study was conducted on the
dynamic phase correction of the laser beam distorted by
atmospheric turbulence in the adaptive system using the
Shack—Hartmann WEFS. The spatial spectrum of turbulent
phase distortions corresponded to the Kolmogorov model
with wind temporal displacement. It is shown that phase
correction is highly effective when the operating frequency
vaos 18 approximately 20 times greater than the bandwidth of
turbulent phase fluctuations vy,p. The latter is the character-
istic frequency within which the overwhelming majority
(~ 95%) of the spectral ‘energy’ of local phase fluctuations
in the laser beam is contained. The value of vy, can be
quickly estimated with the help of the Shack—Hartmann WFS
from the spectrum of focal spot oscillations in the WFS
subaperture when its size s is close to the coherence radius r
(30). The results in [243] indicate that the required operating
frequency of the adaptive system should be in the range of
several kilohertz.

The transition to real-time adaptive optics requires, above
all, high-speed computing hardware. One type of such
hardware consists of systems based on the field-program-
mable gate array (FPGA), which is the version of the
programmable logic integrated circuit (PLIC) [244, 245].
This approach provides high throughput and low computa-
tional latency, enabling high performance. The scheme of
such an adaptive system is shown in Fig. 16b, where system
control is built around the FPGA. The computer running the
operating system is removed from the feedback loop and
serves to turn the system on/off and to modify the program
‘hard-coded’ into the FPGA. Another type is the use of
graphics processing unit (GPU) [246, 247]. Although the
FPGA provide higher processing speed, the specificity of the
hardware and the labor-intensive nature of software mod-
ification make this option difficult to widely implement. The
more accessible approach is the use of open-source GPU
software on the real-time computer.

The integration of the FPGA, as the main control element
for the system as a whole, into the adaptive system with the
piezoelectric adaptive mirror and Shack—Hartmann WFS
with the standard CMOS camera enabled to reach the
operating frequency of 2.25 kHz in the closed-loop config-
uration [248, 249], i.e., to actually increase the operation
speed by an order of magnitude. At LULI (France), the
operation speed of 1.3 kHz for the adaptive system was
demonstrated using the GPU [250].

The radical increase in operation speed made it possible to
study the phase correction of laser radiation beam distorted
by the turbulent air flow under the wide range of the adaptive
system’s operating frequencies [249, 251]. The spatio-tem-
poral phase spectrum of the distorted laser beam corre-
sponded to the turbulence of character close to Kolmogorov
law. The coherence radius of the radiation (30) implied
satisfactory spatial resolution of the adaptive system. The
turbulence bandwidth vy, in the experiments was lying in the
range of 30—70 Hz. The experiments showed that switching to
the frequency of 2 kHz allows for significant compensation of
the negative influence of the atmosphere (see Fig. 17), which is
consistent with the calculations [243].
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Figure 17. The laser beam divergence against adaptive correction
frequency vaos in the experiment (filled markers) and calculation (open
markers).

In the adaptive system, iterative optimization control can
be implemented in place of WFS control (see Section 4.1),
replacing the WFS with the single-element metric sensor (see
Fig. 16¢). The computer is removed from the feedback loop,
and the high-speed microcontroller, in which the control
program is ‘hard-coded,’ is integrated into the control unit.
Control of the adaptive system without the WFS based on the
SPG algorithm has been actively studied in [172, 252-255]. As
noted in Section 4.1, this approach allows not only for
correcting the wavefront at the laser output but also for
focusing the beam through the optically inhomogeneous
medium in the feedback loop during remote optical monitor-
ing of the irradiation spot [167, 256, 257].

The SPG algorithm is widely used to control adaptive
mirrors [258-261]. The microcontroller can operate at
frequencies up to 55 MHz. This is significantly lower than
the clock speeds of modern computer processors, but
commands are processed in real time without the operating
system delays that significantly increases operating speed.
The single-element photodetector (photodiode or photomul-
tiplier) also allows for high-frequency operation, unlike the
multi-element CCD or CMOS cameras shown in Fig. 16a, b.
The closed-loop operating frequency of the adaptive system
achieved in experiments [258], 3-5 kHz under optimal
algorithm parameters, was limited by the inertia of the
bimorph mirror.

It is worth noting one advantage of using the SPG control
compared to the WFS [262]. The WES operates with the beam
characterized by the single wavefront, i.e., the beam generated
by a certain effective homocentric source. However, in some
cases, such as in the multimode laser generator, the beam
consists of many independent spatial modes, each character-
ized by its own wavefront. As a result, the WFS measures the
certain average wavefront of the beam, which may generally
turn out to be ‘close to flat,” while the beam has high
divergence. SPG control is capable of reducing the diver-
gence of multimode radiation with minimal loss of output
power. In the iterative SPG process, the algorithm ‘selects’ the
mode that initially makes the greatest contribution to the
metric and adjusts the adaptive mirror to it.

Significant improvement in the performance of adaptive
optics using the WFS [249] and the implementation of the
SPG control algorithm have made it possible to conduct even

some astronomical observations using the laser adaptive
system [263]. It is worth noting that specialized adaptive
optics for astronomical applications (see reviews [264—268])
also involves the use of hardware-based control of adaptive
systems. MEMS mirrors and special cameras in the Shack—
Hartmann WFS with the subaperture in the form of the
quadrant photodetector contribute to the operation speed of
several kHz, whereas in [263] the laser adaptive system used
piezoelectric mirrors and CMOS camera in the WFS. The
Rayleigh laser guide star, which was activated at the altitude
of 3-6 km, served as the reference source; the source was
strobed using the acousto-optic filter. Increased operation
speed is accompanied by the decrease in signal accumulation
time on the WFS, so under conditions of low signal-to-noise
ratio the detection scheme is supplemented by an electro-
optical converter. It placed between the acousto-optic filter
and the WFS to amplify the received signal. The incorpora-
tion of electro-optical converter is particularly relevant when
weather conditions deteriorate and the formation distance of
the laser guide star increases. Fast WFS control compensat-
ing for the influence of the ground atmospheric layer was
combined with slower SPG control used for automatic
focusing under conditions of the extended reference source.
As a result, the reduction in the apparent size of the natural
bright stars from 35" to 0.3” was demonstrated (see Fig. 18).
The Strehl ratio exceeded 0.1 at 7y = 6 cm, in agreement with
the calculation results.

4.2.2 Adaptive optics for pulsed lasers. Today, the high-power
pulsed lasers with pulse durations in the nanosecond range
are being developed to study the interaction of high energy
density radiation with matter and to initiate inertial con-
trolled fusion reaction (for example, the largest facilities in the
United States [269], France [270], Russia [271, 272], and
China [273] using neodymium phosphate glass pumped by
pulsed xenon lamps). These facilities allow energy levels of
several megajoules to be achieved through the incoherent
combining of radiation from many (up to 192) independent
laser channels. Adaptive systems in each channel are an
integral part of the facilities and are designed to measure
and correct wavefront distortions of the laser beam in order to
increase its intensity and uniformity under focusing [274—
280]. The specific features of adaptive correction here are the
pulsed nature of the radiation and large (up to 400 mm and
larger) beam apertures, which require large-scale adaptive
optics with many dozens of control elements. The adaptive
mirror is located in the multi-pass amplification path, usually
in place of one of the end mirrors. Adaptive systems employ
flexible mirrors with piezoelectric or mechanical actuators
driven by precision stepper motors [281], and typically use the
Shack—Hartmann WFS. Turbulent dynamic phase distor-
tions are minimized, and the beam propagates through the
tube for most of the path.

The large-scale phase aberrations of the output laser beam
after several passes through the amplification path consist of
two components: static aberrations caused by manufacturing
inaccuracies in the optical elements and their positioning, and
thermal aberrations arising in the active elements of the
amplifiers due to their heating during pumping [282].
Although thermal aberrations are dynamic, the change in
the thermally induced refractive index is insignificant during
the pulse duration. Adaptive phase correction is effectively
performed in the static mode: the wavefront is measured
integrally over the pulse, and the adaptive mirror is preset



302 S.G. Garanin, F.A. Starikov

Physics— Uspekhi 69 (3)

0,, arcsec
f=)

-6 -4 =2 0 2 4 6
0., arcsec

1, arb. units

0,, arcsec

Figure 18. Short-exposure image of Vega star under switching-on the adaptive correction (a) and its section (b).

before the next laser pulse. The schematic diagram of the
adaptive system shown in Fig. 16a is used. In practice, a large
number of technical problems must be solved, related to
determining the reference Hartmannogram, improving the
measurement accuracy of both types of aberrations, the
influence of optical inhomogeneities in the diagnostic
channels, etc.

The surface of the adaptive mirror is initially shaped so
that after passing through the amplification path, the
wavefront of an alignment beam at the output is as close to
flat as possible. To conserve the dynamic range of the applied
voltages, this can be achieved by manually adjusting the
position of the mirror actuators. Further correction of the
wavefront is performed by applying voltages to the piezo
actuators. Applying the voltages obtained during the correc-
tion of static aberrations, an experiment is conducted under
pumping the amplifiers, and the wavefront is measured. The
thermal aberration pattern is determined by subtracting the
residual wavefront after static aberration correction from the
resulting wavefront. The largest contribution to the pattern of
large-scale aberrations is made by Zernike polynomials up to
the 8th order [283]. Using adaptive phase correction, it is
possible to reduce the phase RMS deviation to the level of less
than 1/5 (see, for example, [284]).

Adaptive optics has been successfully applied in the
PHELIX laser systems (Germany) [285] and in several LULI
(France) lasers [286], which can operate both in nanosecond
pulse mode with energies up to 1 kJ, used primarily for plasma
heating, and in high-power subpicosecond pulse mode.

Significant progress is currently being made in the
development of solid-state laser systems with femtosecond
pulse durations and ultra-high peak power, creating unique
conditions for fundamental research of their interaction with
matter. The main sources of wavefront distortion in such
lasers are aberrations in wide-aperture optical elements in the
amplification path used for beam expansion and rotation as
well as for pulse compression. In addition, the focusing
parabolic mirror in the interaction chamber also introduces
significant distortions. As the energy increases, thermal
deformations of the active elements during laser amplifica-
tion begin to manifest (in the case of parametric amplification
this problem is less acute). All these circumstances require the
use of adaptive optics [287]. Adaptive systems with bimorph
mirrors and Shack—Hartmann WFS for ultrashort-pulse

ultrahigh-power lasers have been successfully used on the
10-TW Ti:Sa ATLAS facility (Germany) [288], on the
100-TW facility with the pulse repetition rate of 10 Hz (Japan,
JAERI), where the Strehl ratio of 0.8 and the peak intensity
on the target of over 10 W cm~2 were achieved [289], and on
the 100-TW facility (Canada) [290].

Currently, many modern femtosecond laser systems have
already reached and exceeded the petawatt power level [291—
295]. The intensity of focused laser radiation with ultrashort
pulses is generally in the range of 10!° — 102! W cm~2, which is
sufficient for conducting relativistic experiments on the
acceleration of electrons and ions, the generation of X-rays
and gamma rays, etc. However, to study extreme phenomena
in quantum electrodynamics, up to approaching the Schwin-
ger limit, the intensity must be significantly higher than
1022 W cm~2 [296]. Increasing the intensity to this level and
beyond is currently possible by shortening the pulse [297],
transitioning to the multi-petawatt level including through
the construction of multi-channel systems [298-300] with
adaptive optics [301, 302]. The implementation of the wide-
aperture adaptive system with the 320-mm-diameter bimorph
mirror with 127 control electrodes [303] in the Ti:Sa laser has
already made it possible to achieve the peak intensity of
102> W cm~2 at the power of 4.2 PW [304].

Further development in this area involves increasing the
aperture of the adaptive mirrors, refining the design of the
actuators, and improving the technical approaches to con-
trolling the adaptive optics. For the petawatt-level, picose-
cond-duration LFEX facility [305], the deformable mirror
with aperture 410x468 mm was developed, controlled by
bimorph piezo plates and multilayer piezo actuators. Investi-
gation of the mirror using the Fizeau interferometer and the
WES revealed that surface flatness was improved to as low as
0.033 um RMS [306]. Despite the static nature of adaptive
system operation in such lasers, increasing attention has
recently been paid to the possibility of accounting for
dynamic phase aberrations of various time scales. On the
Ti:Sa Apollon facility (France), the use of real-time adaptive
optics with the pilot beam allowed for continuous control of
the wavefront and increased the Strehl ratio of the statically
corrected beam from 0.62 to 0.96 [250]. On the PEARLE
facility (Russia) with parametric amplification, an increase in
peak radiation intensity of nearly an order of magnitude
during focusing was demonstrated when using the dynamic
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method for determining the reference wavefront in the WFS,
based on the processing of synchronously acquired data on
the near and far fields [307-309]. This allows for the
correction of, among other things, phase distortions arising
from the nonlinear post-compression of the laser pulse.

5. Conclusions

Ideas about the possibility of controlling the radiation using
linear adaptive optics for astronomical observations were
first proposed in the 1950s. Beyond astronomy, the concept of
adaptive optics has proven fruitful in materials science,
medicine, electronics, biology, and quantum electronics with
the advent of lasers in the 1960s. Achieving the small angular
divergence of radiation is one of the most important
challenges in laser design. This is especially relevant for
high-power lasers, whose optical path and active medium
typically contain significant static and dynamic optical
inhomogeneities, significantly degrading the beam quality.
When considering the problem more broadly, it is necessary
to consider optical inhomogeneities along the radiation
propagation path.

Adaptive optics currently plays a key role in solving the
angular divergence problem. The use of nonlinear methods,
particularly phase conjugation at SBS, allows the high-power
lasers with pulse durations of ~ 0.01 pus—1 ms to achieve
divergence close to the diffraction limit. Virtually no high-
power solid-state laser in the nano- and femtosecond range
operates without adaptive beam control using the flexible
mirrors. High-power continuous-wave gas and solid-state
lasers, which have recently made technological advances
thanks to the use of diode pumping, are also unimaginable
without adaptive optics. Adaptive phase control plays the key
role in the creation of multichannel fiber-optics laser systems
with coherent beam combining. Further development of
adaptive optics technologies is associated with the search for
new media, increased performance, and the correction of phase
distortions in turbulent atmosphere, including the use of
optimization schemes. The creation of multichannel femtose-
cond systems will require solving the problem of spatiotem-
poral super-looking and beam super-localization, which
presents a new challenge for adaptive control of laser radiation.

This work was partially supported by the scientific
program of the National Center for Physics and Mathe-
matics of RF, Section 4, stage 2023-2025.
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