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Abstract
Laser ponderomotive self-focusing in an underdense homogeneous plasma is studied within the
Paraxial Complex Geometrical Optics (PCGO) approach implemented in a hydrodynamic code
in 2D planar geometry. The self-focusing of a PCGO Gaussian beam is compared to simulations
performed with a paraxial electromagnetic code. Good agreement has been found for beam powers
less than three times the critical power and for plasma densities 5%-10% of the critical density.
Besides Gaussian beams, PCGO allows to reproduce spatially modulated beams by superposition of
Gaussian beams, mimicking a speckle pattern. Although the statistics of speckle patterns generated
with PCGO reproduces well the speckle statistics of optically smoothed beams, a PCGO speckle is
larger than optical speckles, carrying thus higher power such that they overestimate self-focusing
effects. To overcome this issue, an algorithm is proposed within PCGO framework: it consists of
superposing several Gaussian beams forming a speckle such that self-focusing effects are eventually
well controlled. It is found that the superposition of three Gaussian beams with appropriate initial

conditions leads to a reduction of the PCGO speckle intensity enhancement.
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I. INTRODUCTION

Inertial Confinement Fusion (ICF) [1] is a promising way to produce clean energy. In its
conventional approach, a solid capsule filled by a Deuterium-Tritium mixture is irradiated
uniformly by laser beams. In order to drive a pressure of hundreds of Mbar, nanosecond laser
pulses with intensities around 10'4-10'®> W /cm? are needed: due to the laser-plasma coupling,
the outer part of the target ablates and a plasma corona is generated. For the ICF success,
laser energy must be deposited as symmetrically as possible. However, coupling between
the coronal plasma and the high power lasers causes the onset of nonlinear laser-plasma
interactions. Among them, ponderomotive laser beam self-focusing leads to local increasing
of the laser intensity, enhancing compression nonuniformity [2]. Furthermore, local intensity
enhancement may increase the probability to excite parametric instabilities, which generate
hot electrons. Such electrons preheat the target, decreasing the laser compression efficiency.
The use of spatial small-scale modulations of the laser intensity profile, introduced through
Kinoform Phase Plates (KPP) [3], and temporal smoothing, introduced through Smoothing
by Spectral Dispersion (SSD) [4], have improved the quality of laser-plasma coupling in the
corona, reducing ponderomotive effects [5]. Despite that, these effects may play a role in
Crossed-Beam Energy Transfer (CBET) [6], and within the Shock Ignition (SI) context [7—
9]. The latter represents an alternative approach to the conventional ICF, where a lower
intensity pulse compresses the target, and a later spike pulse launches a strong shock wave
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which triggers the ignition. The spike laser intensity is around 10'® W/cm?, one order of

magnitude larger than the conventional ICF.

Hydrodynamic codes are the main numerical tools to describe the processes involved
in ICF since they are able to simulate appropriate spatial- and temporal-scales. However,
implementation of in-line laser-plasma coupling and smoothing techniques in these codes
presents a serious challenge. In the standard approach, laser energy deposition is modeled in
a simplified way by using Ray-Tracing (RT) method [10]. Implementing laser speckle struc-
ture and nonlinear laser-plasma coupling processes in RT is not straightforward. In order
to improve the accuracy of hydrodynamic codes through more detailed laser beam propaga-
tion models, a new method has been implemented in the hydrodynamic code CHIC [11] in
two-dimensional (2D) planar geometry [12]: it relies on equations of the Paraxial Complex

Geometrical Optics (PCGO) [13], an extension of the standard geometrical optics. The
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version of PCGO implemented into CHIC is called thick-ray model: along with equations
for the ray trajectory, an equation for complex beam wavefront curvature is solved. This
model describes propagation in plasma of beams with a Gaussian intensity profile. We refer
to such beams as thick beamlets. Compared to the standard RT methods, the thick-ray
model has the advantage that i) the errors in evaluation of laser absorption are reduced due
to smoother distribution of deposited energy in hydrodynamic cells [12] and ii) the issue of
energy deposition in caustics is partially solved thanks to the beam hasimposed a Gaussian
beam shape allows to evaluate diffraction effects [13], describe the laser intensity modula-
tions in plasma and to account for ponderomotive force [12].

The thick-ray model can be used for modeling of spatially modulated laser beams. Within
this algorithm [14], several thick beamlets are created at the simulation boundaries and then
propagated with random angles of incidence inside the simulation region. The uncorrelated
sum of their intensity profiles creates spatially modulated intensity distribution at the focal
area, mimicking the speckle pattern as in real KPP beams. The speckles generated with the
thick-ray model are referred to as multi-beamlet speckles. This routine allows to reproduce
the intensity statistics of real speckles and the average intensity of real smoothed beams [14—
16]. However, the multi-beamlet speckle structure cannot accurately model the small spatial
scale of the real speckles: the superposition of thick beamlets produces larger and longer
multi-beamlet speckles than the real ones. As a consequence, they carry more power than

real speckles, and their self-focusing may be overestimated.

In this work, we introduce a method of controlling the speckle self-focusing by overlapping
several thick rays in a speckle. Firstly, we investigate accuracy of the thick-ray model for
describing beam ponderomotive self-focusing. We compare the ponderomotive self-focusing
of a thick beamlet to a Gaussian-shaped beam modeled with the paraxial wave-based code
HARMONY [17]. This comparison allows us to define the domain of the plasma density
and beam power where the thick-ray model approximation is valid. In the second part
we study the effect of self-focusing of multi-beamlet configurations which we call multi-
beamlet speckles. Those multi-beamlet speckles are constructed by summing the intensities
of several thick beamlets which superpose inside the considered volume. The goal is to
mimick the self-focusing observed in the focal region of a generally much narrower real
laser speckle. For this purpose we compute the ponderomotive force acting on the plasma

fluid from the superposed intensities (and not the fields) of the N, thick beamlets. While
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the power in each multibeamlet speckle, as in a thick beamlet, still exceeds largely the
power of a narrow real speckle, the self-focusing effect on the plasma is reduced by the
multibeamlet configuration with respect to the single thick beamlet. We quantify in our
study the reduction effect as a function of the number N, of superpose beamlets and by
considering two strategies for multi-beamlet speckle shaping: a random and a regular. Both
approaches show that ponderomotive effects in multi-beamlet speckles are less severe than
in a single thick beamlet. The regular shaping allows a better quantitative evaluation of the
reduction of the ponderomotive effects.

This article is organized as follows: Section II introduces guiding theoretical considera-
tions on beam ponderomotive self-focusing in paraxial approximation and a short descrip-
tion of numerical tools: the codes HARMONY and CHIC, including the PCGO model
implemented in CHIC. Section III addresses propagation of a thick beamlet in plasma. A
comparison between CHIC and HARMONY simulations provides a range of plasma den-
sity and beam power where the PCGO approximates in a satisfactory way the self-focusing
of Gaussian beams. Section IV presents the results of self-focusing studies for the case of
a multi-beamlet speckle and identification of geometrical parameters. The case of random
multi-beamlet speckle shaping is considered in Section IV A, while the regular multi-beamlet

speckle shaping is presented in Section IV B. Section V presents the summary of our results.

II. THEORETICAL MODELS AND NUMERICAL TOOLS
A. Ponderomotive self-focusing in paraxial approximation. The HARMONY code

Laser beam propagation in plasma is described within the paraxial approximation by an

envelope equation for the laser electric field E [18]

0 9, A, woln
— — —i—Vi —i—— | E=0. 1
ot +Ug(9x Z2wovl ! n (1)

Here x corresponds to the direction of laser beam propagation, v, = cm is the
light group velocity in the plasma, ¢ and wy are the speed of light in vacuum and the laser
frequency, on = n. — ne is the electron density perturbation with respect to the initial
electron density ngy, n. = meeowg / e? is the critical density, ¢, is the vacuum dielectric

permittivity, e and m, are the elementary charge and electron mass, V2 = 9? + 85 is the
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transverse Laplacian in Cartesian coordinates, which accounts for the beam diffraction. The
fourth term is responsible for beam refraction on self-induced density perturbation.
The laser electric field propagation Eq. (1) is coupled to the plasma hydrodynamic equa-

tions:

on,
Y +V (nevy) =0 (2)
0
Ne {a + (v - V)} v, = —VPr— VU, (3)

where n, = Zn; is the plasma density in the quasi-neutral approximation, m; is the ion mass,
v, is the plasma velocity, U, = n.e?|E|? /4m.wi = n./(2cn.)I is the ponderomotive potential,
I being the laser intensity, and Pr = n;(Z71,. 4+ ~/T;) is the thermal plasma pressure. Here
~ represents the heat capacity ratio. All along this work, we take v = 3 which corresponds
to one degree of freedom as ions move transversally to the laser propagation direction.

Solving Egs. (2) and (3) in combination with Eq. (1), one obtains the laser field in
plasma coupled to the density perturbation. When an equilibrium between the thermal and
ponderomotive pressure has established, the relation between the density perturbation and

the ponderomotive force reads [19]

)
|:| n‘:| =1- eXp(_[max/ancTeff)’ (4)
e0 | max

where Tor = T, + 3T;/Z is the plasma effective temperature, I,,,, stands for the intensity
maximum due to self-focusing. For I,,,, < 2cn 1w, the density perturbation is directly

proportional to the local laser intensity, namely

(-

e ~ 2enc T
In the case of cylindrical symmetry, the power of a Gaussian beam at each position x is
given by P= [ dydzI(z,y)=nw?Iy, where w is the beam waist. The electric field is defined as
E(z,y) = Eo(2) exp [—((y — v0)* + (2 — 20)?)/2w?| and Iy = v,e0|Ep|?/2. The critical power

for beam self-focusing P, is given by the expression [20-22]:

2 ST
P, =186 = [1 T (6)
WiNe Ne
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In the following, we restrict the study to the 2D planar geometry, representative of the
model implemented in the hydrodynamic code CHIC with one transverse coordinate y. In
this case, the self-focusing threshold Eq. (6) must be adapted to the 2D planar geometry.
The power in 2D is defined as P?P = /zmlywh, where h is unit length in the third virtual
dimension y. Then according to Eq. (6), the critical power P>’ in 2D planar geometry

reads:

hP,
PP = — 7
¢ 1.86+/mw (M)

It is convenient to characterize the laser beam with the dimensionless power py, = PP /P2?P.

From numerical point of view, electromagnetic codes, such as the two-dimensional code
HARMONY, provide an accurate description of laser dynamics in plasma: they solve Eq. (1)
for the electromagnetic field with a complex phase, coupled to plasma Equations (2) and (3).
While HARMONY is also able to consider Brillouin backscattering, in the current context
it has been used only for describing laser propagation with self-focusing. HARMONY does
not impose any particular shape to the beam: although the boundary conditions correspond
to a Gaussian shape, the beam profile may change during the laser propagation due to laser-
plasma interactions. For this reason, it serves as a reference for validation of PCGO model,
which in turn imposes a Gaussian shape to a single thick beamlet, as it is explained in the

next subsection.

B. CHIC code and the Paraxial Complex Geometrical Optical (PCGO) model

CHIC is a hydrodynamic code routinely used for ICF simulations. This code is based on
Lagrangian formulation of Eqs. (2) and (3). Furthermore, two equations for the electron
and ion temperatures that account for laser heating and energy exchange between ions and
electrons are included. Plasma is treated as a single fluid, two-temperature ionized gas. An
unstructured mesh includes an Artibrary Lagrangian-Eulerian (ALE) option which improves
the code robustness in case of strong mesh distortions [11]. In its standard version, laser
beam propagation and energy deposition are described within the Ray-Tracing method, but
a new module accounts for laser beam propagation within the Paraxial Complex Geometrical
Optics (PCGO). Its features are described below. For the sake of clarity, we recall here the
PCGO-related language: the basic element of the thick-ray model is the thick beamlet, a
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ray with a Gaussian intensity profile and a quadratic phase front curvature. Superposition
of thick beamlets intensity profiles gives a multi-beamlet speckles. The ensemble of multi-
beamlet speckles mimicks the laser intensity modulations at the far-field within the thick-ray

model.

1. Thick-ray model

The thick-ray model [12] implemented in CHIC is based on the PCGO framework [13]: the
laser beam has a Gaussian intensity profile, characterized by its initial power Py and central
coordinate ro. The thick beamlet trajectory ro(7) along the curvilinear ray coordinate 7
obeys to the geometrical optics equation:

d2 2
;‘:(27') = —%VRee, (8)

where € = 1 — (ne/n.)/(1 —ive;/wo) is the dielectric permittivity of the plasma and v; is the
electron-ion collision frequency. The beam deposes its energy in plasma according to the rela-
tion dI /dT = —wyIIme, which accounts for electron-ion collisions (inverse Bremsstrahlung).
The intensity profile I(q,7) = Io(7) exp(—¢*/w?) is related to the complex wavefront cur-
vature B: w(7) = 1/2/(koImB) where ky = wy/c and ¢ is the transverse coordinate normal
to 7. The wavefront curvature B evolves along the ray trajectory according to an ordinary

Riccati-type differential equation:

1dB 3 (ORee\® 1 [0°Ree
Iy - - .
cd7'+ 4Ree( Jq ) +2( 0¢? ) ©)

By solving Eqgs. (8) and (9), one finds the thick beamlet intensity distribution everywhere

in plasma.

2. Superposition of thick beamlets: Multi-beamlet speckle

While modeling of smoothed beams within PCGO, a laser beam in plasma is described as
a combination of many beamlets. Each beamlet propagates according to Egs. (8) and (9),
while the plasma density and temperature profiles are provided by the plasma equations up-

dated at each time step. The phase variation along the beamlet trajectory is not considered



when thick beamlets are used to create a speckle pattern. Thus, the local laser intensity in

plasma [(z,y) is calculated as a sum of N, neighbor beamlets intensities I;(7;,¢;) [12, 14]:

I(z,y) = Z]j(Tj’Qj)7 (10)

where 7; is the closest position on the trajectory of the beamlet from the observation point
(x,y), and ¢; is the distance from 7; to the observation point. Only a limited number
of beamlets passing at a distance of the order of the beamlet’s width contribute to the
local intensity. The intensity distribution in plasma is prescribed by the focusing condi-
tions of beamlets, which are randomly distributed in the far field. Correspondingly, the
intensity distribution in plasma presents many local maxima and minima. Each local maxi-
mum represents a speckle, which is constructed by superposition of several beamlets. Here-
inafter we refer to a single speckle modeled within the PCGO approach as a multi-beamlet
speckle. Knowing the local intensity, one can calculate the ponderomotive pressure in plasma
Up = neo/(2cn.) Z;V:bl L;(75, 4;)-

Despite the thick-ray model does not account for beamets interference, the intensity statis-
tics of the optical speckles is quite well retrived, especially for high intensity speckles [14].
However, the thick-ray approximation underestimates the amplitude of laser intensity fluc-
tuations of a realistic spatially modulated beam. Considering the correlation length between
the neighboring speckles, the contrast for a nonuniform beam at a fixed time is defined as
C? = ((I*) — (I)*)/(I)? [16]. Such a parameters quantifies the amplitude of laser intensity
fluctuations. The spatial average is calculated over an area larger than the transverse beam
profile. In the case of a realistic beams with a random discrete or continuous phase plates,
C = 100 %, which means that the intensity fluctuations are comparable to the average
intensity. This value cannot be retrieved within the current thick-ray approximation for two
reasons: i) amplitude of intensity fluctuations in the thick-ray model is smaller than in the
reality as the complex field interference is substituted by summing of scalar thick beamlets
intensity profiles, and ii) diffraction limits the PCGO resolution to a few laser wavelengths.
Moreover, the cell size in hydrodynamic codes is restrained to values of 5-10 pm, much larger
than the typical width of laser speckles of 3-5 laser wavelengths. These constraints limit the
choice of the number of beamlets and beamlet parameters. The beamlet waist should be

larger than the hydrodynamic cell size and there should be a few thick beamlets per speckle



in order to maintain the contrast at a level ~ 60 - 70%. In this paper, we show how the
PCGO-based method as thick-ray model allows to reduce the multi-beamlet intensity en-
hancement compared to the case of a single thick beamlet by spatial shaping of overlapping

beamlets.

III. SELF-FOCUSING OF A SINGLE THICK BEAMLET

Propagation of a single thick beamlet in an underdense hydrogen (Z = 1) plasma is
considered here. The thick-ray results are compared to numerical results obtained in HAR-
MONY simulations for the same initial beam profiles. Laser absorption and plasma heating
have been switched off. In this way, parametric instabilities, hot electron generation and
thermal self-focusing are excluded and plasma dynamics is solely dominated by the pon-
deromotive force. The ponderomotive effects are evaluated by measuring the laser intensity
enhancement in plasma, which is the main parameter used to compare the results of the
two codes. The input parameters set for CHIC and HARMONY are such as to generate
a Gaussian beam with initial beam waist w ~ 21 pym, and wavelength A = 1.05 yum. The
focal plane is placed at ~ (1100,10) X inside a plasma of size (2500 x 200) A? and tem-
perature T,y = 1 keV. In order to explore different regimes, two parameters have been
varied: the plasma density n. and the laser power P??. We have chosen: ngy/n.=0.01;
0.05; 0.1 and po. = 1; 2; 4; 6, where the value of the beam power and the critical power are
recalculated for each plasma density according to Egs. (6) and (7). The laser pulse has a
step-like temporal shape lasting ¢y = 250 ps, long enough to attain a quasi-stationary state
fort > t., wheret,, = w/cs = 70—80 ps. A quasi-steady state is achieved in case of thick-ray
simulations: the thick beamlet is transversally shrinked, and its intensity slightly oscillates
in position and amplitude. Quasi-stationary states were not fully attained in HARMONY
simulations for large powers because of filamentation instability. According to Egs. (4) and
(5), at high densities, laser intensity enhancement is accompanied with a weak density de-
pletion, whereas for lower densities, one expects for the same intensity increasing a stronger
density depletion [22]. The CHIC results confirm this prediction: at high powers and for
Neo/Ne = 0.05 — 0.01 the plasma perturbation overcomes 10%, and becomes nonlinear.

Figure 1 displays the on-axis intensity profile normalized to the initial maximum intensity

I(x)/Iy as a function of the longitudinal coordinate x/X for thick-ray (solid blue line) and
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FIG. 1: On-axis intensity normalized to the initial intensity maximum /(x)/I, as a function
of the longitudinal coordinate /A at ¢ &~ 200 ps. The solid blue line and the dashed green
curve correspond to thick-ray and HARMONY simulations respectively: (a) neo/n. = 0.1
and po. = 1, (b) neo/ne = 0.05 and pa. = 2, (¢) neo/ne. = 0.01 and py. = 6. The laser comes
from the left side.

HARMONY (dashed green line) simulations at ¢ = 200 ps. Figures 1(a) and 1(b) refer to
the case po. = 1 and neo/n. = 0.1, and po. = 2 and ne/n. = 0.05 respectively, and show a
good agreement between thick-ray and HARMONY, with a difference of less than 10% in
the peak intensity and self-focusing position.

In contrast, for ps. = 6 and ne/n. = 0.01 of Fig. 1(c), the beam does not keep a
Gaussian profile in HARMONY simulations: a second peak appears after the first main
peak. The intensity evolves in time due to filamentation instability. The latter cannot be
described within the thick-ray approach, and hence the on-axis profiles look considerably
different. Despite that, the first peak position and its intensity are still in agreement with
HARMONY within an error of 20%.

Figure 2 summarizes the main results of the simulations performed: the intensity enhance-
ment I,/ Io is shown as a function of the beam power and for various densities. The dashed
green lines represent the HARMONY results, whereas the blue lines the thick-ray results.
The error bars represent the standard deviation of intensity enhancement for times ¢ > .,
due to intensity oscillations in time. Large error bars for the thick-ray curves at high powers
are due to the that fact the beamlet waist becomes 3-4 times the laser wavelength, and
the paraxial approximation becomes less accurate. For p,. > 4 and at any density, HAR-

MONY simulations follow the theory prediction for filamentation instability [23]: strong
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FIG. 2: Intensity enhancement I,,,,/ly evaluated after the self-focusing as a function of
the normalized laser beam power p,. for various plasma densities: (a) neo/n. = 0.1, (b)
Neo/Ne = 0.05, (¢) neo/ne. = 0.01. The error bars represent the standard deviation of the
time-averaged intensity enhancement. Blue and dashed green lines correspond to the thick-

ray and HARMONY results respectively.

self-focusing leads the laser intensity to concentrate in a first peak, which afterwards breaks
in filaments. The main filament carries more than 90% of the initial beam power and prop-
agates along the same initial beam direction, whereas side filaments carry the remaining
beam energy. Dashed green lines for ps. > 4 in Fig. 2 represent the intensity enhancement
of the main filament. As shown in Fig. 2(a), thick-ray predictions are in good agreement for
neo/ne = 0.1. At lower density, agreement is less accurate, as one can see in Figs. 2(b)-2(c)
for nep/n. = 0.05 and neo/n. = 0.01, with a larger difference for neo/n. = 0.01 at higher
powers because of filamentation instability. However, the difference remains within 15-20%,

which is still satisfactory.

The nature of plasma response may explain the difference at lower densities. Figure 3
shows the amplitude of density perturbations at the self-focusing position, i.e. at the posi-
tion of the maximum intensity enhancement when a quasi-steady state is reached: the blue
lines refer to CHIC simulations, the green lines refer to HARMONY simulations. The red
and purple dashed lines stand for the theoretical estimation of the amplitude of the den-
sity response according to Eqgs. (5) and (4) respectively: I,,,, is replaced by the intensity
enhancement observed in CHIC simulation (see Fig. 2, blue curves). Agreement between

theoretical predictions, thick-ray and HARMONY results is excellent for n.y/n.=0.1, as
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FIG. 3: Amplitude of the density perturbation [|07|/mco]maez as a function of laser inten-
sity enhancement I,,,,./ly for various densities: (a) neo/n. = 0.1, (b) ne/n. = 0.05, (c)
neo/Ne = 0.01. The green and the blue lines refer to HARMONY and PCGO-CHIC results
respectively, the red and purple dashed lines to the amplitude of density perturbation es-
timated with the thick-ray intensity amplification according to linear theory, Eq. (5), and
nonlinear theory, Eq. (4), respectively.

shown in Fig. 3(a). The case ne/n. = 0.05 is illustrated in Fig. 3(b): for ps. < 2 the
agreement is still good, whereas for ps. > 2, a shift between HARMONY and CHIC curves
suggests that the laser-plasma coupling in thick-ray model fails to correctly describe the
laser and plasma dynamics: the density perturbation, exceeding 10%, becomes nonlinear.
Despite the filamention instability affects the HARMONY results, the difference between the
CHIC and HARMONY solutions remains less than 5-10%. At n.o/n. = 0.01 (see Fig. 3(c))
the nonlinearity in the plasma response appears at lower power, ps. &~ 2: the theoretical
predictions for CHIC density response and intensity enhancement are better approximated
by the nonlinear relation (purple curve), but still the simulations underestimate the density
response for higher intensity enhancements. Thus, the density response in CHIC simula-
tions results less accurate, leading to differences compared to theoretical predictions and
HARMONY results. However, the difference remains lower than 20% which is still satisfac-
tory. For p. > 2, the above theoretical considerations do not apply to HARMONY results
due to filamentation instability, thus any relation among intensity enhancement and density

perturbation does not hold.

We conclude this section by a discussion on the reliability of the PCGO-based thick-
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ray approach. Thick beamlets cannot break in filaments since filamentation instability is
not compatible with the assumption that they must keep a Gaussian shape all along their
propagation. Therefore, filamentation instability sets an upper limit for accurate description
of Gaussian beam dynamics in thick-ray approximation. The full-wave description predicts
filamentation instability for ps. > 4. Nevertheless, one can safely extend the thick-ray
validity to ps. < 6 as only one of these filaments carries dominant part of beam energy.
We also found that at low densities, the coupling between the hydrodynamics response
in CHIC and the intensity enhancement predicted by the thick-ray model becomes less
accurate because of the nonlinear plasma response. However, this issue is less important
when considering a realistic density profile as encountered in ICF. Since the critical power
is inversely proportional to the density, beam self-focusing is most likely to occur at high

densities.

IV. SELF-FOCUSING OF A MULTI-BEAMLET SPECKLE

The propagation of a multi-beamlet speckle is considered here. The plasma conditions are the
same as in Sec. 111, keeping the density fixed at n.o/n. = 0.1 and with a plasma temperature
T.g = 1 keV. In these conditions, the thick-ray approximation is the most accurate as possible
for describing self-focusing effects. Therefore, the results shown in Section III represent the
reference case for the multi-beamlet speckle study. Two methods of multi-beamlet speckle
formation are compared: random and regular. In the random shaping, several thick beamlets
are randomly focused in a limited area, so the speckle shape was varied in each realization.
Conversely, in the regular shaping, the beamlets are focused in a way to form a speckle with a
prescribed Gaussian shape. In both cases, the initial multi-beamlet speckle power is equally
split over the N, beamlets: Piegmiet = Pspeckie/Np. The intensity enhancement in a multi-
beamlet speckle is compared to the intensity amplification in a single thick beamlet in order
to define the method that better allows to control ponderomotive effects in a multi-beamlet

speckle.
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FIG. 4: Initial beamlets configuration in two different runs within the random speckle
shaping method for N, = 3. The blue dashed curves show the beamlet trajectories. Addition
of all beamlets intensities gives rise to multi-beamlet speckle intensity in plasma, which is
indicated by the gray bar. The intensity is normalized to the maximum intensity in plasma.
The red points stand for beamlet focusing points, whereas the green point for the multi-

beamlet speckle focus position. The laser comes from the left side.

A. Multi-beamlet speckle: random speckle shaping

Propagation of a multi-beamlet speckle via the method of random shaping is studied here.
Thick beamlets, having a waist of 20 ym are randomly focused in plasma in a focal zone of
size (40 x 20) A2, giving a multi-beamlet speckle focusing point located around (1000, 100)
A. The angles of incidence of the beamlets have been changed in each simulation, being
randomly determined between 0 and —0, where § = 0.2° is the averaged multi-beamlet
speckle divergence. The values of thick beamlets angles of incidence and the sides of the
focusing box have been chosen to reproduce a not too distorted multi-beamlet speckle,
sufficiently close to a Gaussian-shaped beam. For each realization, the simulation time is
ty = 250 ps. In order to accumulate statistics and investigate average behavior of such a
multi-beamlet speckle, we performed 5 simulations for each case for a given speckle power
Pipeckie- Four cases are considered: pao. = Pipeckie/ P22 = 1; 2; 4; 6, where P?P is evaluated

according to Eq. (7). The number of beamlets N} is varied from 3 to 5. The total power
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FIG. 5: Laser intensity enhancement averaged over 5 simulations (/,,4./10)aver When a sta-
tionary state is reached in function of the beam power for n.y/n.=0.1. The solid blue line
refers to the single beamlet case (see Fig. 2(a)), the red dashed dotted line to IV, = 3, the
dashed cyan line to N, = 4 and the dotted gray line N, = 5. The error bars refer to the

standard deviation of the average.

is equally split over the thick beamlets. Then, for N, = 3, each thick beamlet carries 33%
of Pspeckie, for Ny = 4 it carries 25% of Pypecrie and for N, = 5 it carries the 20% of Pypecke-
Such power splitting recreates the conditions as in multi-beamlet speckles which reproduce
spatially modulated beams withing the thick-ray algorithm. The most intense speckles are
composed by beamlets having the same power, which facilitates occurrence of ponderomotive
effects. We remark that in this work the self-focusing of a single multi-beamlet speckle is

analyzed.

Figure 4 presents an example of multi-beamlet speckle intensity distribution for N, =
3 with two different initial focusing configurations. It is shown how different beamlets
configuration changes the multi-beamlet speckle shape. The blue dashed curves show the
thick beamlets trajectories, the red points stand for beamlet focusing spots, whereas the
green points for the multi-beamlet speckle focus position. Figure 5 shows the laser intensity

enhancement averaged over 5 simulations (/,,4./1o) The solid blue line refers to the

single beamlet intensity amplification described in Sec. III (see Fig. 2(a)), other lines refer
to multi-beamlet cases: the red dashed dotted line refers to the case N, = 3; the dashed
cyan line to the case N, = 4 and the gray dotted line to the case N, = 5. The intensity

enhancement in a multi-beamlet speckle is reduced with respect to the single beamlet case:
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the maximum reduction is 15% for high power (ps. = 6), with a weak dependence on Nj, for
P2 >2. Since the thick beamlets carry a fraction of the total speckle power, the speckle-
plasma dynamics is decoupled: the local plasma density perturbation is less deep and more
spread along the density channel compared to the single beamlet case presented in Sec. III.
Thus, randomly superposed thick beamlets reduce the intensity amplification compared to
a single beamlet with the same power. The reduction however cannot be deterministically
quantified from the initial beamlets configuration, since the multi-beamlet speckle profile is
not a priori defined. Results not reported here for the sake of conciseness show that increasing
the number of beamlets beyond N, = 5, the intensity enhancement for such multi-beamlet
speckles follows the same tendency as for NV, < 5, demonstrating that ponderomotive effects
weakly depends on NV, within the random shaping method. Also, simulations performed
with different power splitting show that if one beamlet carries more than 50% of the total
power, it governs the multi-beamlet speckle self-focusing similarly to the single beamlet case.
However, unequal distribution of the speckle power over the beamlets is not compatible with

the PCGO algorithm developed for multi-speckle beams.

B. Multi-beamlet speckle: regular speckle shaping

In this section we study a multi-beamlet speckle containing 3 and 4 regularly focused
beamlets. This choice is motivated by the results of the previous section: the self-focusing
depends weakly on the number of beamlets. We present the most favorable case for self-
focusing controlling of three superposed beamlets in Fig. 6(a). We show also another case of
not-so-favorable configuration of four superposed beamlets in Fig. 6(b). In case N, = 3 the
focus point of the speckle is located at (1000, 100) A, the green point: the edge beamlets enter
the plasma with angles of incidence of 4+ 0.02° with respect to the central beamlet which in
turns propagates parallel to the z direction. Their focusing positions (red points) are placed
at: (900,110) A, (1100,100) A and (1300,90) A respectively. For N, = 4, in Fig. 6(b), the
two central thick beamlets are focused at (800, 100) A with an angle of incidence of £ 0.01°
respectively, whilst the edge thick beamlets are focused at (1200,110) A and (1200,90) A
with an angle of incidence of 4 0.02°. The transverse and longitudinal profiles for each case
are shown in Fig. 7. The solid blue lines stand for a reference Gaussian profile, whereas

the dashed dotted red line and the dashed cyan line for N, = 3 and N, = 4 respectively.

17



Figure 7(a) refers to the transverse profile at the focus position, whereas Fig. 7(b) refers
to the longitudinal profile. The matching with the Gaussian longitudinal and transversal
profiles is good in all cases. Figure 8(a) shows the results of intensity enhancement in the
speckle formed with three beamlets compared to single beamlet simulations presented in
Sec. III (solid blue line in Fig. 2(a)). The intensity enhancement I,,,, /o is taken in the
quasi-stationary state. The error bars refer to the standard deviation of the time-averaged
intensity enhancement since the maximum peak intensity varies slightly in position and
amplitude. The dashed red line refers to the case where the multi-beamlet speckle power is
set equal to single beamlet cases (see Sec. III), 50 paqg = Pspeckie/ PC2D = Pyp/ PC2D , where Pyp
is the power of a single thick beamlet as defined in Sec. III. The laser intensity enhancement
is reduced in multi-beamlet speckle. Similarly to the case of random multi-beamlet, since
the thick beamlets do not fully overlap, they create a density channel along the speckle
propagation axis longer than the single beamlet case. Such a density channel is less deep

compared to the case of a single beamlet, leading to a weaker self-focusing. Despite that,
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FIG. 6: Example of regular multi-beamlet speckle shaping for N, = 3 (a) and N, = 4
(b). The blue dashed curves show the thick beamlets trajectories. Addition of all thick
beamlets intensities gives rise to multi-beamlet speckle intensity indicated by the gray bar.
The intensity is normalized to the maximum intensity in plasma.The green points stand for
the multi-beamlet speckle focus position, whereas the red points stand for the thick beamlet

focusing points. The laser comes from the left side.
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FIG. 7: Laser intensity transverse cut in the focal plane (a) and longitudinal laser intensity
distribution along the beam propagation direction (b) for the single beamlet (solid blue
line) and a regularly shaped multi-beamlet speckle for N, = 3 (red dashed dotted line) and
N, = 4 (dashed cyan line). In (b), the laser enters from the left. In both pictures, po. = 1.

the density channel is sufficiently deep to refract the beamlets trajectories and guide them
along the channel axis, resulting in spraying of thick beamlets and breaking of the initial
speckle shape. All these effects contribute to self-focusing suppression compared to the case
of a single thick beamlet carrying the same amount of power.

Speckle self-focusing leads to a modification of the density channel profile. Evaluation of
such variations can be used for characterizing the ponderomotive effects. In case of a single
Gaussian beamlet, one can define an aspect ratio as zg)/(w?r) ~ 1, which is preserved
during the beamlet dynamics. (Here zp is the longitudinal beamlet length.) In analogy to
Gaussian beams, the longitudinal length of regularly shaped multi-beamlet speckle 2% is
defined as a distance from the speckle intensity maximum to where the intensity decreases
by a factor of v/2. At early time, before self-focusing develops, the multi-beamlet speckle
has a quasi-Gaussian profile (see Figs. 6(a) and 7), and [2%%*\/(w?n)]=o ~ 1. However, this
aspect ratio changes in time because of ponderomotive effects locally exercised by the beam-
lets, and it oscillates between 1.5 and 2.6: thus, the self-focusing zone is in average around 2
times bigger than the single beamlet case. This change of the speckle shape explains reduc-
tion of the intensity enhancement in the speckle. Increase of the aspect ratio in self-focused
speckle is illustrated in Fig. 9. The intensity contours with black lines correspond to plots

for single beamlet self-focusing with ps. = 4. The red and green dashed lines corresponds

to 3-beamlet speckle self-focusing having the same power as the single beamlet in Fig. 9(a),
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and a power twice bigger in Fig. 9(b) respectively. The aspect ratio of single beamlet re-
mains constant, equal to the initial value, i.e. approximatively one. Considering for the
black lines that the beam width is 5A and that the beamlet intensity enhancement is 4.5
(see Fig. 2(a)), the longitudinal length where intensity decreases by a factor v/2 is ~ 100,
which gives an aspect ratio ~ 1.12. Calculating the same aspect ratio for the 3-beamlet
speckle in Fig. 9(a), one obtains around 1.7. Evaluating the aspect ratio for a speckle with
a power twice higher (Fig. 9(b)), one finds an aspect ratio of around 1.3. Consequently, in
order to obtain approximatively the same self-focusing area of a single beamlet, the power of
the multi-beamlet speckle must be twice the single beamlet power. One can account for this
by redefining the critical power for such a 3-beamlet speckle pcyspeckle as IBC,Speckle = nPfD ,
where 7 = 2 corresponds to the aspect ratio of the multi-beamlet speckle having the same
power as the single beamlet. Rerunning the simulations for a 3-beamlet speckle with power
as Pac = Papeckle/ Pc,speckle, one obtains the dashed orange line in Fig. 8(a), where the inten-

sity enhancement of the multi-beamlet speckle becomes comparable to the single beamlet

FIG. 8: Laser intensity enhancement I,,,,, /[y as a function of the beam power. Comparison
between the single beamlet and speckle with regular shaping for N, = 3 (a) and N, =4 (b).
The plasma density is neo/n. = 0.1. The solid blue curves refer to single beamlet results
(solid blue curve in Fig. 2(a)). The red dashed lines refer to the case where the multi-
beamlet speckle critical power is defined according to Eq. (7), the orange dashed dotted
lines show the intensity enhancement assuming that the speckle critical power is twice the
value defined by Eq. (7), the dotted green line refers to the case where the critical power is
multiplied by a factor of 3.
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FIG. 9: Laser intensity contour plot in plasma at time 200 ps. In both pictures, the solid
black lines refer to the case of single beamlet with po. = 4 at ¢ = 200 ps. The red dashed
lines in (a) refer to the speckle with N, = 3 having same power as the single beamlet. The
green dashed line in (b) corresponds to a 3-beamlet speckle with power n = 2 times bigger.
The intensity is normalized to the initial maximum intensity in plasma. The laser comes

from the left side.

case. Thus multiplying the speckle critical power by 7 allows to retrieve the single beamlet
results in terms of intensity amplification. Or, from a different point of view, one can state
that superposing 3 beamlets with such the configuration as in Fig. 6(a) leads to a reduction
of self-focusing effects roughly quantified by the increasing of the critical power by a factor
1 = 2. Besides the intensity amplification in plasma, also the speckle shape around the self-
focusing position is very similar to the single beamlet, as one can see in Fig. 9(b). However,
despite the rescaling of critical power of the 3-beamlet speckle allows to retrieve the intensity
enhancement in the plasma, several features of the standard Gaussian beam propagation are
lost. This is still evidenced in Fig. 9(b): the self-focusing position of the 3-beamlet speckle,
located around (900, 100)2, is shifted from the position of the single beamlet case, and devi-
ated from the initial multi-beamlet speckle propagation axis. The 3-beamlet speckle shape
is modified behind it because of beamlets refraction in the density channel. The beamlets
trajectories are deviated, creating other local intensity maxima, as the one at the position
(1200, 112)A. This process resembles beam spraying from a qualitatively point of view, but

with a prescribed number of filaments approximatively equal to the number of beamlets.
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Figure 8(b) shows the results for a 4-beamlet speckle with an initial beamlets config-
uration as in Fig. 6(b): displayed is the intensity enhancement I,,../Iy as a function of
a 4-beamlet speckle power defined as pa. = Pipeckie/P2P (red dashed line), compared to
the single beamlet (solid blue line). Superposition of four beamlets decreases the intensity
enhancement by 50% in average. These results, similarly to the previous case could be
reduced to the single beamlet case by introducing a multiplicative factor n & 2 — 3 in the
critical speckle power, still related to the increasing of the self-focusing area. In Fig. 8(b),
the orange dashed dotted line and the green dotted line correspond to the case for which
P2c = Pspeckie/ f’c,speckle, with n = 2 and n = 3 respectively. However, the agreement is satis-
factory for n = 2 for pyy < 4. Instead, a larger discrepancy occurs for n=3 at pyq > 4. This
simplified reduction does not work at higher power. It means that the considerations made
for the three beamlets speckle does not completely hold for the case N, = 4, showing that
the process is strongly related to the initial beamlet configuration.

We conclude this section by commenting the results obtained in case of regularly shaped
multi-beamlet speckle. Despite the reduction of ponderomotive effects is quite well attained
through superposition of three and four thick beamlets, quantifying such a reduction by
simply introducing a scaling factor in the multi-beamlet speckle power is not always sat-
isfactory. The case N, = 3 shows that the ponderomotive effects are reduced, and such
reduction can be accounted for by rescaling the 3-beamlet speckle critical power of a factor
n = 2. The value of this factor is partially justified by the speckle aspect ratio defined above.
For N, = 4, one still obtains less important ponderomotive effects, which cannot be easily
related to the aspect ratio. This is due by the fact that the reduction of self-focusing actually
depends on several parameters, as the initial beamlets focusing positions and initial angles
of incidence. Moreover, the dynamics is affected by complicated behavior of the beamlets
when ponderomotive effects occur. The factor n stands as a rough approximation of all such

effects, which gives an accetable agreement only in a limited number of cases.

V. CONCLUSION

We have studied ponderomotive self-focusing of a laser beam in plasma within the PCGO-
based approach implemented in the hydrodynamic code CHIC, the thick-ray model. The

validity domain of the thick-ray approximation is defined by comparison to the paraxial
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wave-based code HARMONY while simulating self-focusing of a Gaussian beam. A good
agreement is found for beam powers lower than 4 times the critical power. Above that, beams
undergo filamentation instability and then break up in filaments. Such a phenomenon cannot
occur within the thick-ray approximation due to geometrical optics limitation. However,
thick-ray simulations retrieve the laser intensity enhancement up to 6 times the critical
power when comparing to the intensity enhancement of the main filament of HARMONY
simulations. This assessment is confirmed for plasma density range n./n. = 0.01 — 0.1 and
temperature 1 keV pertinent to ICF conditions in corona target. A better agreement between
the thick-ray approximation and HARMONY results has been found for n.y/n. = 0.1 —0.05

at which density depletion is less important.

In order to approach the situation of multiple speckles in an optically smoothed laser
beam, superposition of a limited number N, of thick beamlets created within the thick-
ray model has been considered in order to study the self-focusing of a single multi-beamlet
speckle. The goal was to overcome the fact that thick beamlets and multi-beamlet speckles
are larger than real speckles. So they carry a much higher power than real laser speckles,
and therefore self-focusing is overestimated. To correct the unrealistic self-focusing in a
multi-beamlet speckle, two methods of speckle shaping have been presented: random and
regular configurations with N, = 3 —5 thick beamlets. Their superposition in intensity, with
a weight (here of 1/N,) for each of them, applied when computing the ponderomotive force,
results in a reduced self-focusing effects with respect to a single thick beamlet carrying the
same power. In both cases, reduction of intensity enhancement has been evidenced. For
the case of regular multi-beamlet shaping, this reduction can be quantitatively accounted
for by considering an effective increase of the critical power by a factor n compared to the
critical power of a Gaussian beam of the same width. This factor is approximately equal to
the aspect ratio of the self-focused multi-beamlet speckle. In case of N, = 3, n ~ 2, and for
Ny, =4, n~2—3. The validity of this approximation is limited to the case when the multi-
beamlet speckle power remains few times the self-focusing critical power, and, furthermore,
when the multi-beamlet configuration corresponds to the initial beamlet focusing positions
and the beamlets angles of incidence illustrated in Sec. IV B. Employing this method to
control intensity amplification, one will be able to approximate self-focusing of a real laser
speckle by superposing few beamlets with the configurations presented in this paper in 2D

planar geometry. In future work, the thick-ray model in CHIC will be adapted to such
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a regular multi-beamlet method, and self-focusing of spatially smoothed beams modelled

through thick-ray will be investigated.
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