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Optical emission of a plasma from low-density targets irradiated with
coherence-controllable laser radiation”

A.A. Fronya, N.G. Borisenko, V.N. Puzyrev, A.T. Sahakyan, A.N. Starodub, O.F. Yakushev

Abstract. The results of experiments on the interaction of nanosec-
ond laser radiation with low-density volume-structured targets of
different density and thickness are reported. The targets were irra-
diated by laser radiation with controllable coherence. The primary
objective was to investigate the effect of target parameters on the
characteristics of radiation scattered by the plasma. The spectral
characteristics of the radiation scattered by the plasma in the back-
ward direction and in the direction of laser beam propagation were
obtained. Also the radiation scattering patterns were recorded.

Keywords: laser-produced plasma, plasma-scattered radiation,
interaction of laser radiation with matter.

1. Introduction

One of the central problems in the interaction of high-power
laser radiation with matter is the efficiency of laser energy
transfer to the plasma. The scattering that occurs in the
plasma has a significant effect on the absorption of laser radi-
ation by the plasma. It is therefore critically important to
comprehensively investigate the scattering in laser-produced
plasmas, specifically, to study the spectral, temporal, spatial
and energy characteristics of the scattering.

Another important problem that has to be solved is to
provide a uniform distribution of laser energy over the sur-
face of the target under irradiation, which also affects the effi-
ciency of laser-to-target energy transfer. To this end, Voronich
et al. [1] proposed the method of a dynamic plasma phase
plate implying optical transparency of the plasma layer,
which is possible with the use of low-density microstructured
objects.

Experiments in the interaction of laser radiation with low-
density targets are performed in many laboratories in the
world [2-6]. Several papers [7—10] are concerned with the
study of shock waves in the plasma produced when low-den-
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sity targets of different structure are irradiated by high-inten-
sity beams. In the investigation of shock wave propagation
through the plasma, the changes in wavefront propagation
are recorded from the intrinsic X-ray and optical plasma radi-
ation. For instance, for a heating radiation wavelength A, =
527 nm, Koenig et al. [10] observed a thermal plasma glow in
a broad optical spectral range (400—800 nm) with two well
pronounced maxima in the vicinity of A = 450 and 700 nm.

Investigations of the radiation scattered by the plasma
encompass the study of processes like stimulated Raman scat-
tering (SRS), stimulated Brillouin scattering (SBS) and har-
monic generation in the plasma. For instance, Dunne et al.
[11] discovered that less than 5% of the incident laser energy
is converted to the SBS component for layered targets and
less than 3% for flat solid films of CgHg (these measurements
were performed within the aperture of the focusing optics).
The authors noted that the spectral characteristics of the SRS
and SBS were hardly changed when the system of laser radia-
tion focusing was modified. The temporal evolution of the
second harmonic of laser radiation (for a wavelength 4, =
1.054 um and a pulse duration of 3 ns) was studied in Ref. [12].
For targets with a quasi-ordered structure the second har-
monic generation was found to occur periodically during the
course of the laser pulse.

In the study of laser beam ‘smoothing’ on the LIL facil-
ity (for a laser energy of 10 kJ and a pulse duration of 2.7 ns
at a wavelength of 351 nm) [3], it was determined that the
foam with a density of 10 mg cm~ and a thickness of 500 pm
is completely ionised in 1.2 ns. Temporally resolved SBS
measurements for a compound target (a foam layer of thick-
ness 500 wm on a Cu substrate) revealed the existence of two
components separated in time by 1.2 ns. They corresponded
to the SBS in the foam (the earlier component) and the SBS
in the Cu substrate for a completely ionised foam. The SBS
from the foam exhibits a red shift. The effect of laser beam
smoothing after transmission through the foam was demon-
strated.

In Ref. [2] it was discovered that the laser energy fraction
transmitted through triacetate cellulose (TAC) targets may be
as high as 50%. In this case, the reflected energy fraction was
equal to ~12%. A plasma afterglow was observed after the
termination of laser pulse irradiation. The plasma was found
to be transparent for the rise-up portion of the heating radia-
tion pulse (for a laser pulse duration of ~0.34 ns).

However, in experiments with agar-agar targets, the
energy fraction transmitted through the target was equal to
~2% [13]. The plasma transmittance rose towards the end of
the heating radiation pulse. The temporal behaviour of the
radiation at the frequencies 2w, and (3/2)w, was studied (wy is
the heating radiation frequency): the plasma glows through-
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out the time of irradiation by the heating radiation. The spec-
tra of both harmonics exhibit a two-component structure;
clearly pronounced in the second harmonic case is an asym-
metry of the spectrum.

In the present work we outline the results of a series of
scattering experiments in the plasma produced by irradiating
low-density microstructured TAC targets by the laser radia-
tion with controllable coherence.

2. Experimental conditions

the radiation scattering patterns for the fundamental and the
second harmonic were different. Specifically, the scattering at
the second harmonic frequency is diffuse, while the scattering
of the fundamental is confined in a finite solid angle whose
angular aperture coincides with that of the incident beam

(Fig. 2). In this case, the intensity measurement uncertainty
does not exceed 2 %.
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— a calorimetric system intended for measuring the energy
characteristics of plasma and laser radiation.

3. Experimental results and their discussion

Low-density microstructured objects, which were three-
dimensional polymer TAC meshes [15], were employed as
irradiation objects. In these experiments, the density of TAC
targets was varied from 2 to 10 mg cm™ and their thickness
from 100 to 500 um. The distance between the fibres ranged
from 0.6 to 1.7 um and the fibre diameter ranged from 70 to
40 nm. In some cases, the target incorporated copper nanopar-
ticles with an average diameter of 40 nm. The laser radiation
was normally incident on the target surface in all experiments.
For the 4y = 1.054 um wavelength of laser radiation the criti-
cal density is equal to ~3 mg cm™ (for a single ionisation of
atoms). The bulk critical density of the target was estimated
using formula (1.109) from Ref. [16]. Therefore, our experi-
ments studied the radiation interaction with TAC targets with
critical as well as subritical bulk densities.
Previous data on the penetration of high-intensity laser
radiation through low-density TAC targets showed that the
energy fraction transmitted through these targets might be as
high as 70% of the incident laser energy [6]. At the same time,
the reflected energy fraction does not exceed 1% of the inci-
dent laser energy. In this case, the energy fraction transmitted
through the target becomes lower with increasing the density,
thickness, and linear mass of the target.
The linear mass of TAC targets was found to affect the
angle of radiation scattering [6]. Specifically, the angle of
backscattering at the fundamental frequency increases with
linear mass. By comparing the fundamental radiation scatter-
ing patterns for TAC and solid targets it was determined that
they behaved in a similar manner (Fig. 1). In comparison with
the patterns obtained using calorimeters for agar-agar targets
in Ref. [13], the TAC targets are characterised by a broader
scattering pattern. In the case scattering in the incident beam
direction behind the plasma of TAC targets, we found that

Figure 1. Fundamental radiation backscattering patterns for targets of
TAC (10 mg cm=, 200 um) (m), Fe (@), and Be (a).
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Figure 2. Pattern of fundamental radiation scattering behind the plas-
ma of a TAC target (10 mg cm~, 200 um) with an addition of copper.

The zero angle corresponds to the direction of heating radiation propa-
gation.

For the TAC targets with additions of copper nanoparti-
cles (which substituted for 10% of polymer mass in the tar-
get), the backscattering pattern is different in comparison
with the patterns obtained for nanoparticle-free TAC targets.
The fundamental radiation scattering patterns show a
decrease in intensity with increase in the scattering angle
(Fig. 3).

The radiation scattering pattern for the TAC targets with
additions of copper depends on what part of the nanoparti-
cles fall within the focal spot of the heating radiation and on
how these nanoparticles are distributed in the target. The
nanoparticles do not possess a regular spherical shape and it

is hard to determine the angle at which the laser radiation is
incident on them.

In our experiments, the spectra of radiation scattered by
the plasma in the forward and backward directions relative to
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Figure 3. Fundamental radiation backscattering patterns for TAC tar-
gets (10 mg cm3, 200 wm) without (m) and with (e) an addition of Cu
nanoparticles.

the direction of laser radiation propagation were recorded
near the frequencies wy and 2w,

Special emphasis was placed on the fundamental radia-
tion spectra behind the TAC target. We observed changes in
the position of the peak of this spectrum relative to the w,
frequency as well as in the linewidth of the radiation scattered
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Figure 4. Forward-scattered radiation spectra at the fundamental fre-
quency (/) for a TAC target (9 mg cm—, 400 um), an energy of the
heating radiation of 40.2 J and its spectral linewidth of 24 A (a), as well
as for a TAC target (9 mg cm™, 200 um), an energy of 27.5 J and a
spectral linewidth of 42 A (b). Curve (2) stands for the heating radia-
tion spectrum.

near the fundamental frequency. In some experiments the
spectral width of the radiation transmitted through the
plasma of TAC targets became substantially larger when the
spectral width of the heating laser radiation was equal to 42 A
[6]; furthermore, the broadening was inherently asymmetric.
Figure 4 depicts the spectral distribution of the fundamental
radiation scattered by the plasma in forward direction.

In the spectrum of forward-scattered radiation near the
second harmonic frequency 2w, there is a low-intensity peak
against the continuous background (Fig. 5). The position of
this peak relative to 1¢/2 changed from shot to shot: the peak
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Figure 5. Radiation spectra at the second harmonic frequency: for-
ward-scattered radiation, TAC target (4.5 mg cm™, 400 um), an energy
of the heating radiation of 34.6 J (a); backscattered radiation, TAC tar-
get (9 mg cm >, 400 um), an energy of 17.8 J (b); backscattered radia-
tion, copper target, an energy of 42.6 J (c).The spectral linewidth of the
heating laser radiation is equal to 21 A.
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shifted to the red as well as to the blue side of the spectrum.
The displacement of the second harmonic peak to the blue or
red domain is indication that the critical density domain is
moving either in the opposite direction to the beam or in the
direction of its propagation. The second harmonic radiation
was recorded on the axis of the heating beam.

The radiation backscattered at a wavelength of 4y/2 is
characterised by the existence of two peaks against a continu-
ous background, which are nearly always shifted to the red
side relative to 4¢/2 (Fig. 5b). In this case, the spectral broad-
ening is inherently asymmetric.

This structure in the second harmonic spectrum exists due
to the processes of two types responsible for the generation of
this harmonic: the linear conversion of laser radiation and the
development of parametric instabilities. The peak near the
Ao/2 wavelength arises from the linear conversion of the heat-
ing radiation and the pedestal arises from the development of
parametric plasma instabilities in the near-critical electron-
density region: n ~ n.. The dimension of the domain of plasma
glow at the second harmonic frequency corresponds to the
focal spot size.

In order for the parametric instabilities to arise, the inten-
sity of laser radiation must exceed a certain critical value. This
threshold was estimated using formula (24) in the case of
parametric decay and using formula (25) from Ref. [17] in the
case of aperiodic instability. For the experimental conditions
under consideration, the parametric decay threshold
amounted to ~10'> W cm™? and the aperiodic instability
threshold amounted to about 4.5x10'* W cm™2. In the investi-
gation of the spectral composition of the radiation scattered
by the plasma, the on-target intensity did not exceed
~10" W cm; in this case, the pedestal and the second peak
are present in the second harmonic spectrum. As noted above,
the scattering at the second harmonic frequency is diffuse.
The spectral shape and the radiation pattern of second har-
monic radiation from the plasma of TAC targets suggest that
the second harmonic is generated both due to linear conver-
sion and to parametric decay.

It is pertinent to note that harmonics at the frequencies
wo/2, (312)wy and (5/2)w were recorded in the plasma radia-
tion spectrum with the use of a four-frequency polarisation
microscope [18]. This fact also testifies to the development of
parametric instabilities in the plasma in the domain with an
electron density n ~ n./4.

Experimental data on the second harmonic generation in
low-density target plasmas show that multicomponent struc-
tures in second harmonic spectra are characteristic for differ-
ent spectral widths of laser radiation. Furthermore, such a
multicomponent structure was also recorded for a solid cop-
per target (Fig. 5¢). The observed spatial distributions of the
radiation intensity at the second harmonic frequency are dif-
ferent: for the solid target this distribution is smooth, while
the foam is characterised by a nonuniform distribution.

The asymmetric shape of the second harmonic spectrum
of the backscattered radiation was discovered for agar-agar
targets in Ref. [13]. In this case, the second harmonic was
generated even when the average electron density corre-
sponding to complete ionisation of the target substance was
lower than the critical density for the 1.054 um heating radi-
ation.

The resultant experimental data about the present of sec-
ond harmonic radiation in the scattering spectrum of the
plasma testify to the formation of regions with a critical elec-
tron density even in targets with a lower bulk density than the

calculated critical density for our experimental conditions
(below 3 mg cm™).

From the spectral shift of the second harmonic radiation
backscattered by the TAC target plasma, we estimated the
velocity of the critical density domain using formula (3) from
Ref. [17]:

Aw, = dwgulc, (1

where Aw» is the second harmonic shift relative to the 2w, fre-
quency; u is the velocity of the domain with the critical elec-
tron density; and c is the velocity of light. The closest-to- (/2
peak in the second harmonic spectrum was assumed to result
from the linear conversion of the heating radiation in the
plasma. For the spectral distribution of the second harmonic
depicted in Fig. 5b, the velocity u is equal to ~6x10° cm s7!.
In the majority of experiments, the peak of second harmonic
spectrum is shifted to the red side relative to 1¢/2, which cor-
responds to the motion of the critical density region in the
direction of laser beam propagation. However, in some exper-
iments we recorded a blue shift, which is indication that this
region moves in the opposite direction to the laser beam.

The second harmonic radiation was recorded integrally
throughout the period of laser irradiation and resultant
plasma; in this case, the spectral linewidth of second har-
monic radiation (of the peak corresponding to the linear con-
version) turned out to be smaller than the spectral linewidth
dw of the pump radiation. Proceeding from formula (4) from
Ref. [17] for the width of second harmonic spectrum

dw, = 28w + dwydulc 2)

it is possible to estimate the velocity variations du of the
motion of the critical density region. For an experimentally
recorded spectral width of the second harmonic ~7A, the
velocity variation of critical region motion is estimated,
according to formula (2), at ~5.6x10°cm s\,

With increasing intensity of incident radiation, the wave-
length shift of second harmonic radiation relative to the
wavelength of laser radiation becomes larger, which is sup-
posedly due to the increase in the energy deposited into the
plasma and, consequently, to the growth of plasma expansion
velocity [17].

Since the target is made up of chaotically arranged fibres
and has a density of ~300 mg cm™, laser irradiation with an
intensity of 10'2—10'* W cm2 results in plasma production
and, consequently, gives rise to critical density domains.
However, a continuous domain with a critical electron den-
sity equal in size to the focal spot does not emerge in this
material. As is well known, the dimensions of TAC fibres are
such that the focal spot covers a target area which contains a
huge number of fibres.

The number of fibres accounted for by the focal spot area
may be estimated by formula (3) from Ref. [19]:

Pa
S = S, 3
r ﬂbglops ( )

where 7, is the density of cylindrical particles in the volume of
a porous material; S is the area of the material; p, is the aver-
age porous material density; p; is the substance density of the
solid elements which make up the porous material; b, is the
radius of a cylindrical element; and /; is the length of a cylin-
drical element. The quantity 7,S amounts to ~10° um.
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It is likely that microdomains with a critical density are
formed in such a target, these microdomains being randomly
distributed over the focal spot area as well as over the target
volume. Furthermore, these domains may move in different
directions, which gives rise to different shifts of the peaks of
the second harmonic spectrum relative to A¢/2 in the course of
time-integrated spectrum and plasma glow recording.

4. Conclusions

The interaction of laser radiation with low-density TAC tar-
gets was experimentally investigated for the purpose of study-
ing the properties of scattering in the laser-produced plasma
of such targets.

In the investigation of the spatial distribution of forward-
transmitted radiation it was found that the fundamental radi-
ation pattern corresponds to the angular aperture of the inci-
dent beam and is independent of target parameters. For the
second harmonic radiation the scattering was found to occur
diffusely.

Studying the spectral composition of the radiation scat-
tered by the plasma showed that the linewidth of the scattered
radiation at the fundamental frequency (both back- and for-
ward-scattered) becomes broader and the positions of the
peaks of the spectral distributions near the fundamental w,
and the 2 o, frequency may vary. The spectral broadening of
the scattered radiation near the fundamental is due to stimu-
lated processes like SBS and SRS. Observed in some experi-
ments was a significant broadening of the spectrum near the
fundamental frequency — up to 200 A. The second harmonic
radiation was recorded for all targets employed in the experi-
ments, which testifies to the formation of critical electron-
density domains in the plasma even when the initial target
density was subcritical. The plasma scattering data suggest
that the second harmonic is generated due to the linear con-
version of laser radiation to longitudinal Langmuir oscilla-
tions near the domains of critical electron density and the
development of parametric plasma instabilities, namely of
parametric decay.
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