Technical Physics Letters, 2026, Vol. 52, No. 3

04

Experimental determination of the indicatrix of scattered laser radiation
from plasma at an advanced multi-channel high-power laser setup
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The indicatrix of radiation scattered by laser plasma was determined at an advanced multi-channel high-power
laser setup. Planar targets were irradiated with a laser pulse with a wavelength of 532 nm, an energy of 2.1-3.65kJ,
and a duration of 3—5ns. The indicatrix was determined at angles of 2-90° to the normal vector to the target
surface. It was demonstrated that side scattering (in the region of angles greater than 45°) is lacking at an intensity
< 2.6 - 10" W/cm?; instead, backscattering in the form of a double cone was recorded. Pronounced side scattering
directed perpendicular to the polarization plane emerged at an intensity > 3.4 - 10" W/cm?.
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Despite the recent breakthrough in laser thermonu-
clear fusion (LTF) [1,2], the presence of nonlinear pro-
cesses in laser-plasma interactions is regarded as one of
the factors preventing efficient ignition of a thermonu-
clear reaction in LTF [3,4]. For example, stimulated
Brillouin—Mandelstam scattering (SBMS) and stimulated
Raman scattering (SRS) [5] lead to loss of laser energy and
plasma cooling.

Theoretical studies of nonlinear processes in laser plasmas
conducted in the 1970—1990s [6] were centered largely on
stimulated Raman backscattering (SRBS) and SBMS, which
are directed back into focusing optics. The number of
studies focused on radiation scattering in side directions
with angles of deviation from the normal to the target
surface exceeding 45° was limited for the following reasons:
(1) it is difficult to obtain an experimental directional pattern
within a wide range of angles, since this requires the use of
a large number of radiation receivers, imposing additional
requirements on the camera design and on measurement
techniques [4]; (2) side scattering was observed at high-
power laser setups that have the capacity to raise the value
of product IoL above 107 W-um/cm? (I, is the threshold
value of laser flux [W/cm?] and L is the characteristic
plasma size [um]) [7,8]. Only modern high-energy facilities
used in LTF experiments provide the required power
density (10'*—10'> W/cm?) coupled with a sufficiently large
spot size (upward of 500 um) and nanosecond duration.
Such conditions may be established in experiments at an
advanced multi-channel high-power laser setup [9].

An example illustrating the state of research on side
scattering, which was carried out back in the 1980s, is
provided by [10]. The authors of this study used ~ 10
photodetectors, which is insufficient to obtain in-depth
information regarding the scattered radiation indicatrix with
high resolution within a wide range of angles. Transverse
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scattering in the direction of angles close to 90° was also
not reported due to the lack of photodetectors in this angle
region. The recorded scattered light energy was ~ 1%
of the laser energy, while the corresponding value in the
present work is ~ 10 %.

The propagation of radiation from plasma in the region of
angles of 75—90°, which was called transverse scattering,
has been observed experimentally for the first time in [11].
Transverse scattering, which was called tangential side scat-
ter in foreign literature, was later investigated in experiments
with direct irradiation of a planar target with one or several
beams [4,7].

It has been confirmed in recent years [12] that side
scattering is observed in experiments at NIF due to the large
laser focal spot size and high laser intensity. Therefore,
a more thorough understanding of this process, which
causes additional energy loss and leads to plasma cooling,
is needed. New diagnostic methods, which allow one to
perform measurements at various observation angles up to
90° [4], are currently being introduced into the research
arsenal. However, a full directional pattern of scattered
radiation within a wide range of angles has not been
obtained yet.

The role of laser radiation (LR) polarization in the
formation of directional pattern of scattered radiation re-
mains virtually undiscussed in the literature. It was noted
in [4] that side scattering is directed perpendicular to the
plane of polarization, but no targeted studies into the
role of polarization in the process of LR scattering have
been conducted. The mutual influence of the direction of
polarization vectors of two laser beams focused into the
same spot on a target on the amount of energy scattered
into focusing optics was investigated experimentally in [13].

The aim of the present study is to determine the indicatrix
of radiation scattered by laser plasma within a wide range
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Figure 1. Diagram of the experiment.

of angles and estimate the energy losses due to scattering
using the technique detailed in [14].

Experiments on scattering of laser radiation from plasma
were carried out at an advanced multi-channel high-
power laser setup [9] using a single laser channel. The
radiation wavelength, pulse energy, and pulse duration
were A =532nm, E =2.1-3.65kJ, and 7 = 3—5ns, re-
spectively. The focal spot size was controlled with a
pinhole camera and was ~ 500 um. A planar copper target
positioned perpendicular to incident radiation was used.
Its length, width, and thickness were 20, 17, and 2mm,
respectively.

Calibrated photo paper (PP) [14] was used to plot the
spatial pattern of scattering of radiation from plasma within
a solid angle of ~ 2s7. It provides an opportunity to detect
radiation within a wide range of frequencies from UV to IR
at a threshold energy density of 0.05J/cm?, which is what
is required to form a visible burn.

The procedure for calibrating PP sensitivity was detailed
in [14], where the dynamic range of energy density
recording was demonstrated to be 10 at a radiation duration
of ~ 1ns.

The optical diagram of experiments on nonlinear scatter-
ing is shown in Fig. 1. LR was focused onto the target by a
lens with focal length f = 7m. The laser beam entering the
lens has a size of 330 x 330 mm. The residual gas pressure
in the chamber did not exceed 10~> mm Hg.

Scattered radiation was detected within the range of
angles from 12 to 90° by PP positioned on the inner surface
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of a cylindrical box with the following internal dimensions:
diameter, 34 cm; length, 45cm. The target inside the box
was positioned on its axis at a distance of Scm from the
rear end.

A screen with PP located at a distance of 84 cm from
the target was used to record scattered radiation within the
range of angles from 2 to 12°.

At a laser flux I of 2.6 - 10 W/cm?, no visible burns
were found on photo paper on the side wall of the
cylindrical box; this suggests that transverse scattering was
lacking. At the same time (see Fig. 2), severe burns were
seen on PP on the screen positioned opposite the target at
a distance of 84 cm from it.

Intense transverse scattering emerged at laser fluxes
above I = 3.4-10“ W/cm?. In this case, the product of /
and the characteristic size of plasma formation (500um)
is ~ 107 W-um/cm? [7,8]. The laser beam passed through
a round hole 60 mm in diameter or a 50 x 50 mm square
hole in the center of the screen. This hole is covered with
black paper in the photographic images of burns shown in
Figs 2,a—c.

Figure 2,d presents the photographic images of burns on
photo paper positioned on the end wall of the box and
on the screen (combined view), as well as inside the box
(unfolded side surface of the cylinder). The conditions of
these experiments enabled transverse scattering.

The photographic images of burns demonstrate that
the radiation scattering indicatrix has several preferential
directions.
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Figure 2. Burns on photo paper: a—c — located on the screen (at a distance of 84cm from the target); d — located on the side of
focusing optics (at the end of the box at a distance of 40 cm from the target and on the screen at a distance of 84 cm from the target) and
on the side surface of the cylinder (unfold). a — E =2.1kJ, 7 =4.1ns,1 = 2.6 - 10" W/cm?, no transverse scattering; b — E = 3.2KkJ,
7 =4.3ns, I = 3.8 10" W/cm?, transverse scattering is present; c — E = 3.65kJ, 7 = 5.4ns, I = 3.4 - 10'* W/cm?, transverse scattering
is present; d — I = 3.4 - 10" W/cm?, transverse scattering is present.

1. The directional pattern of radiation scattered toward

Transverse scattering the focusing optics has the form of two cones with apex

z angles measured from the normal to the target surface. The

/ inner cone angle increases from 6 to 20° with an increase

in laser radiation energy from 2.1 to 3.65kJ. At the same

Outer cone time, the outer cone angle varies little with laser radiation
energy, and its angular size is ~ 30—40°.

Q

2. Intense burns in the direction perpendicular to the laser
beam and the polarization vector (transverse scattering)
) emerge at LR intensities above 3.4-10%W/ecm? (see
----------------------------- il Fig. 2,d).

Inner cone

A schematic directional pattern was plotted based on the
experimentally obtained PP burn pattern. This diagram is
presented in Fig. 3,

where k is the wave vector of laser radiation, E is the
electric field vector of a laser wave oscillating linearly in
plane xy, Q is the propagation direction vector for scattered
radiation, ., is the projection of vector Q onto plane xz,
0 (zenith angle) is the angle between axis y and vector Q,
and ¢ (azimuth angle) is the angle between Q,, and axis x.
The experimental data [15] demonstrate that the direction of
transverse scattering is not related to the beam geometry in

Laser radiation
direction

Figure 3. Directional pattern of scattered radiation.
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Figure 4. Indicatrix of radiation scattered by laser plasma (in J/sr), I = 3.4 - 10'* W/em®. @ — Angle 6 ranges from 0 to 30°; b — 6

ranges from 30 to 90°.

the focal region; in all cases, it is perpendicular to the plane
of polarization.

Analyzing the burns on photo paper and the results of
its sensitivity calibration, which were presented in [14], one
may determine the amount of energy dissipated in different
directions (indicatrix). Figure 4 shows the indicatrix ob-
tained using a laser pulse with £ = 3.65kJ and 7 = 5.4 ns.
Angle 0 is measured from the normal vector to the target
surface (zenith angle), while ¢ is the azimuth angle. The
indicatrix is shown in Figs. 4,a and b.

Two cones are seen clearly in Fig. 4,a. This is consistent
with the burn pattern in Fig. 2,d. The first cone lies within
the range of angles 0 varying from 2 to 11° (the cone angle
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varies from 4 to 22°). The second cone lies within the range
of angles varying from 13 to 23° (the cone angle varies from
26 to 46°).

Two preferential directions of radiation propagation cor-
responding to transverse scattering are seen in Fig. 4, b. The
first direction corresponds to angle ¢ = 90° and angles 6
varying from 45 to 90°. The second direction is almost
diametrically opposite to the first one and corresponds to
angle ¢ = 285° and angle 6 = 80°. This is consistent with
the burn pattern in Fig. 2,d.

The obtained indicatrix was used to determine the values
of energy scattered in different directions and within a solid
angle of 2mr: (1) 325J were scattered into the inner cone;
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(2) 2337 were scattered into the outer cone; (3) 5027
were scattered to the side directions; (4) 10607 (29 %
of the laser pulse energy) were scattered within a solid
angle of 2z. The energy entering the focusing optics was
neglected in this case. The determined values of losses due
to scattering of laser radiation agree well with the results
reported in [11,15-18].

The transverse scattering pattern from [4] agrees quali-
tatively and quantitatively with the pattern reported here.
However, it should be noted that the indicatrix obtained
in [4] featured no radiation scattering in the form of cones.

Data on the mechanisms of occurrence and formation
of side and transverse scattering are relatively scarce in
current scientific literature, which makes it impossible to
draw an unambiguous conclusion regarding the obtained
indicatrix. That said, we note theoretical study [19], where
the factors affecting the process of formation of SRS at large
angles (45 < 6 <90°) were determined by calculation. It
was demonstrated that such scattering is associated with
periodic modulation of electron density in rarefied plasma
caused by ponderomotive forces. A detailed pattern of
scattering within a wide range of angles is needed to verify
the proposed model.

A directional pattern of radiation scattered from laser
plasma has been obtained for the first time with a high
spatial resolution and within a wide range of solid angles
(~2m). A scattering indicatrix was obtained using the
pattern of burns on photo paper and the results of its
sensitivity calibration. It was demonstrated that a significant
part of scattered energy is directed opposite in the form of
two cones and perpendicular to the plane of polarization.
The obtained indicatrix revealed that 29 % of laser energy
are converted into scattered radiation energy.

The laser radiation intensity threshold corresponding to
the emergence of noticeable transverse scattering in the
region of angles of 75—90° in the direction perpendic-
ular to the plane of polarization was determined to be
~ 310" W/cm?2.
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