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Soft X-ray and EUV emission spectra of beryllium plasma
produced by neodymium-glass laser radiation
with broad frequency and angular spectra
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A.N. Starodub, I.Yu. Tolstikhina, A.A. Fronya, O.F. Yakushev

Abstract. We present the results of an experimental study of soft
X-ray (SXR) and extreme ultraviolet emission spectra of the
plasma produced by exposing a plane solid beryllium target to laser
radiation with broad frequency and angular spectra. SXR lines up
to 1s—9p of Be IV as well as the plasma continuum are recorded for
a laser focal-spot intensity of 5.3x10'3 W cm2. To model the SXR
beryllium plasma spectra, simulations are carried out using the
INDHAUS programme and the FLYCHK code in the framework
of local thermodynamic equilibrium model, which agree nicely with
experimentally obtained results.

Keywords: laser-produced plasma, beryllium, soft X-ray radiation,
extreme ultraviolet radiation, local thermodynamic equilibrium.

1. Introduction

At present, beryllium, despite its harmful properties, is widely
employed in many scientific and technological tasks [1-15].
For instance, in laser fusion it is proposed to use beryllium in
the making of the shells of targets intended for the ignition of
fusion fuel [16—19]. From the standpoint of laser-plasma
research, mention should be made of the possibility to use
subcritical-density beryllium foam [11-13] as an auxiliary
substance deposited in a thin layer on the main target mate-
rial. The plasmas of the main material and beryllium foam
will emerge practically simultaneously, and the hydrody-
namic wave of the beryllium foam plasma will transfer its
energy to the plasma of the main target material and heat it,
thereby improving the soft X-ray (SXR) yield. A similar effect
was recorded for aluminium foil with a polymer aerogel layer
deposited on it [20, 21]. It is also noteworthy that a higher
SXR yield was obtained for low-density bismuth than for a
polished plane solid bismuth target [22]. One would also
expect a similar effect from beryllium, because beryllium
foam would act as a bulk absorber of laser energy [11-13],
resulting in an additional increase in the total SXR yield in
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the case of the two-layer target. Beryllium foam would also be
expected to favour smoothing out the hydrodynamic pertur-
bations at the ablation front [12, 23-25].

The detection and identification of beryllium spectral
lines in the SXR and extreme ultraviolet (EUV) regions have
been the focus of numerous theoretical and experimental
papers [26—34]. The choice of a radiation source in experi-
mental works depended on the SXR wavelength region and
the ionisation stage which were to be investigated. To obtain
as clearly defined lines as possible and to avoid ‘contamina-
tion’ by higher ionisation stages, use was made as a rule of a
radiation source with the lowest ion density. For the most
part, the sources of radiation in these works were lamps with
a hollow cathode, electrodeless discharges, arcs and sparks
in gases, as well as vacuum sparks. The works dedicated to
the investigation of SXR and EUV spectra of a beryllium
target plasma are not numerous [35—-39], the more so to the
investigation of the plasma produced by a high-power nano-
second laser pulse.

An indisputable advantage of a laser-produced plasma is
the possibility to obtain, in one laser pulse, X-ray spectra in a
relatively broad spectral range by using the corresponding
diagnostic techniques with a high spectral resolution to
resolve individual spectral lines. It would appear reasonable
that the line intensities in the shorter-wavelength part of SXR
and EUV spectra would increase with plasma temperature
[40]. For the parameters of laser radiation used in our experi-
ments, the highest-intensity lines would be expected to be in
the SXR range [37].

The earlier series of experiments with targets of low-
density volume-structured materials exposed to laser radi-
ation with broad frequency and angular spectra revealed
several advantages of such radiation in comparison with
the traditionally employed high-coherence radiation
[41, 42]. In this connection, the investigation of SXR spec-
tra of solid beryllium plasmas produced by laser radiation
with broad frequency and angular spectra at a focal-spot
intensity of ~10'3> W cm™ is a topical task. Subsequent
similar investigations with beryllium foam targets of differ-
ent thickness and specific density will make it possible to
compare the SXR line intensities between themselves and
with the data obtained with solid beryllium targets. This
comparison will enable the determination of the optimal
state and thickness of beryllium layer to be deposited on a
heavier material of a two-layer target in the solution of
laser fusion problems.



604

A.T. Sahakyan, S.N. Andreev, A.A. Kologrivov, et al.

2. Experimental results

Our investigations were performed on the Kanal-2 facility
using a neodymium glass laser with a wavelength of 1.06 wm,
a FWHM pulse duration of 2.5 ns, about ~1000 transverse
modes in the oscillator, an output spectral width of ~26 A,
and a nominal radiation divergence of 1.4 mrad. The main
virtues of this laser are (i) the capability to control the inten-
sity distribution and suppress coherent perturbations in the
laser focal spot simply by changing the coherence of the initial
radiation in the cavity, which provides a more uniform target
irradiation; (i) a high output energy for a relatively small
facility [43]. Another advantage consists in the capability to
suppress small-scale focusing in the amplifier system without
the use of spatial filtering. This entails a significant simplifica-
tion of the laser setup and a loss reduction, and eventually
improves the amplifier system efficiency and the overall laser
efficiency.

Our investigations were carried out in the laser pulse
energy range W = 13-30J and an intensity / = (2.3-5.3) X
1013 W cm™ at the target. For a target, we used solid Be
plates. To record SXR and EUV spectra, we employed a
GIS-S grazing-incidence spectrometer with an off-Rowland
spectrum recording geometries, a high spectral resolution
(0.3 A), and a broad operating range (20-600 A) (SXR +

EUV). The spectra were recorded using a high-sensitivity
detector with a Toshiba 1304 AP CCD linear array: 3600 pix-
els, an active array length of 29 mm, a pixel height of 200 wm,
a pixel width of 8§ um, and an active pixel width of 6 um. A
layer of R-43 phosphor (three layers of granules 3 um in size
for a total thickness of ~10 um) was deposited on the sensi-
tive array elements. The spectra were identified proceeding
from the data of Refs [44, 45].

Figure 1 shows the emission spectra of beryllium plasma
for W=13J(I=23%x10"Wcm?2),20J (3.5% 108 Wcm™),
and 30 J (5.3 x 10'> W cm™?) in different ranges. In the range
20-53 A the signal was at a noise level, and therefore this
range is not depicted in the drawing. From Figs 1a and 1b it
follows that the spectrum above 100 A exhibit only the high
orders of the previous lines of beryllium spectrum from the
50—100 A range. In reality, the beryllium lines arising from
longer-wavelength transitions are present in our spectra, but
their intensities are much lower (several tens in the arbitrary
units) than the intensity of the 1s—2p line of Be IV for a laser
pulse energy of 30 J, with the result that they do not stand out
against the noise background on the ordinate scale. Although
we tried to use beryllium of the highest purity, the spectrum
also shows a single line of oxygen (O VI). Other lines of oxy-
gen may also make an insignificant contribution to the ampli-
tudes of some beryllium lines.
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Figure 1. Emission spectra of beryllium plasma in (a) 50—310 A, (b) 310-600 A, and (c) 53—62 A ranges for a laser pulse energy W = 13, 20, and 30 J.
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Figure 1c depicts the initial portion of the spectrum in a
range of 53—62 A. One can see that the difference in the spec-
tra with increasing pulse energy from 20 to 30 J manifests
itself beginning with 54 A: there emerges a continuous spec-
trum and lines Be IV (1s—5p) — Be IV (1s-9p), and maybe
lines of higher-energy transitions, since their production
requires less energy than the continuum. Unfortunately, the
spectral resolution of our spectrograph does not permit
resolving the lines Be IV (1s—9p) — Be IV (1s—15p).

It should be taken into account that the upper energy lev-
els are collisionally depopulated in a dense plasma, with the
result that some lines, from Be IV (1s—15p) and below, may
not exist at all [46]. Plotted in Fig. 2 is the dependence of the
limiting excited level number n" on the particle density N and
the positive ion charge Z in the plasma estimated according to
Ref. [46]. One can see that the number of the limiting excited
level lowers with increasing particle density. For hydrogen-
like beryllium ions (Z = 4) for N = 10%° cm™3, the limiting
excited level n* = 12. For helium-like ions (Z = 3) n* = 10.
Therefore, for N = 102 ¢cm™ there occurs devastation of at
least three upper levels under the operating conditions of Ref.
[45], while the uppermost level for beryllium in Ref. [44] is
Be IV (1s—10p).
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Figure 2. Dependence of the number 1" of the limiting excited level on
the particle density N for positive ions of charge Z = 3 and 4 in the
plasma.

Where comparison with the data of other works is
involved, unfortunately we have not found the works con-
cerned with the investigation of SXR beryllium plasma spec-
tra excited by the radiation of a neodymium glass laser. The
spectra obtained in Ref. [39] were found to be the closest:
use was made of a solid-state laser with a pulse duration of
18 ns and an energy of about 1.5 J, and the spectra were
recorded by absorption spectroscopy. In other work by the
same authors [37], use was made of a ruby laser with a pulse
duration of 14 ns and an energy of up to 10 J. They obtained
spectra containing an intense continuum in the initial part of
the SXR range without good extraction of the line spectrum,
which may be attributable not only to the presence of the
continuum, but also to the zero-order radiation in the
recording of the spectrum. However, in both works the spec-
tra were investigated in the direction parallel to the plane
target and orthogonal to the exciting radiation, while the
spectrograph in our experiments was arranged in the back-

ward direction relative to the direction of laser radiation
propagation.

To model the SXR spectra of the beryllium plasma, simu-
lations were made using the INDHAUS programme [47, 48]
(Python programming language). Its main capabilities (and
advantages over other existing programmes for spectra simu-
lations) are: (i) simulation of the spectra for any ion, electron
temperature, and density; (ii) inclusion of an arbitrary num-
ber of ions of different ionisation stages; (iii) realisation of
different modes of plasma behaviour (coronal limit, thermo-
dynamic equilibrium, intermediate regimes); (iv) employment
of the radiative and collisional characteristics calculated by
the multiconfiguration Dirac—Fock (FAC) method; (v) the
possibility of obtaining spectra with any resolution; and (vi)
the possibility to work on any platform (Unix, Windows,
etc.). An important advantage of the INDHAUS programme
is the property specified in item (iv), because the majority of
collisional-radiative models employ hydrogen-like radiative
and collisional characteristics. The features described above
make it possible to obtain theoretical spectra, which approxi-
mate experimental ones with a high accuracy [47, 48]. To
carry out simulations in the framework of the local thermody-
namic equilibrium (LTE) model, use was made of the
FLYCHK code [49].

Figure 3 depicts the SXR spectra of beryllium plasma
simulated theoretically in the framework of the LTE model
for a laser pulse energy of 30 J as well as the spectral recorded
experimentally at the same energy. A good agreement between
the theoretical and experimental spectra was reached for an
average plasma electron temperature of 130 eV and a density
of 1022 cm™>. One can see in Fig. 3 that the majority of spec-
tral line peaks coincide, with the exception of the lines
Be IV (1s—3p), Be 111 (1s>—1s5p), and Be 111 (1s*>— 1s4p).
In the experimentally obtained spectrum the amplitude of
the Be IV (1s—3p) line is higher than in the simulation,
while the opposite is true of the lines Be III (1s?>—1s5p)
and Be III (1s®>—1s4p). The low amplitude of the lines
Be III (1s>—1s5p) and Be I1I (1s>— 1s4p) may be explained
as follows. The energy required for the realisation of these
transitions is close to the ionisation potential of Br 111, with
the result that electrons do not stay in these levels and tran-
sit to the free state. In this case, the ion Be III transforms to
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Figure 3. Theoretical and experimental emission spectra of beryllium
plasma for a laser pulse energy of 30 J.
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the ion Be IV excited to the state 2p and then to 3p, or
directly to the state 3p. An ionisation potential of 154 eV
corresponds to the production of Be IV and an ionisation
potential of 218 eV corresponds to the appearance of the
completely ionised ion [44]. Proceeding from the ratios of
Be IV line amplitudes for different energies of laser pulses,
from the presence of Be IV (1s—5p) — Be IV (1s—9p) lines in
the spectrum for a laser intensity of 5.3 x 101> W cm™, as
well as from the dependence of the highest beryllium ion
charge on the radiation intensity (Fig. 5.8 in Ref. [50]), it
may be concluded that completely ionised beryllium ions are
also present in the plasma.

3. Conclusions

We have obtained SXR and EUV plasma emission spectra
produced by irradiating a plane solid beryllium target by
2.5-ns long pulses of laser radiation with the number of
transverse modes in the oscillator ~1000 and a spectral
width of ~26 A. In the EUV range the spectral resolution
was 0.3 A. Lines up to Be IV (1s—9p) and the plasma con-
tinuum were recorded for an on-target laser intensity of
5.3 101 W cm~2. The lines Be IV (1s—10p) —Be IV (1s—12p)
may also be present in the spectrum, but the spectral resolu-
tion of our spectrograph did not permit resolving them as
well as resolving them with the Be IV (1s—9p) line. An anal-
ysis of the entire spectrum suggests that the highest-intensity
part of the emission lies in the range 60 — 80 A. For the laser
intensities used in our work, the laser continuum did not
manifest itself in the water window, nor even in the carbon
window ranges. The SXR spectra of beryllium plasma were
calculated in the framework of local thermodynamic equi-
librium model using the INDAHAUS programme and the
FLYCHK code. A good agreement between the simulated
and experimental spectra was obtained for an average
plasma electron temperature of 130 eV and an electron den-
sity of ~10?° cm™>. When it is considered that the critical
density is ~10?! cm™ for a wavelength of 1.06 um, for a two-
layer target with the first layer made of thin porous beryl-
lium it may be assumed that the electron density in the beryl-
lium plasma will not be as high as ~10?! cm and the laser
radiation will penetrate into and simultaneously interact
with the main target substance. The beryllium plasma will
therefore have a favourable effect on the heating of the
plasma of the main material due to collisional processes,
heat exchange, and Coulomb interactions.
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