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Abstract

Theoretical and experimental studies of radiative properties of substances heated by pulsed current devises or lasers and
used as X-ray sources have been carried out depending on plasma conditions, and specific spectra of X-ray absorption and
radiation for different materials have been calculated. Important features of the theoretical model, known as the ion model
of plasma, are discussed. This model can be applied for calculations of the radiative properties of complex materials over a
wide range of plasma parameters. For purposes of indirect-driven inertial fusion based on the hohlraum concept, an
optimization method is used for the selection of an effective complex hohlraum wall material, which provides high
radiation efficiency at laser interaction with the wall. The radiation efficiency of the resulting material is compared with
the efficiency of other composite materials that have previously been evaluated theoretically. A similar theoretical
study is performed for the optically thin X-pinch plasma produced by exploding wires. Theoretical estimations of
radiative efficiency are compared with experimental data that have been obtained from measurements of X-pinch
radiation energy yield using two exploding wire materials, NiCr and Alloy 188. It is shown that the theoretical results
agree well with the experimental data. A symmetric multilayer X-pinch, where W and Mo wires are used, is as well
considered. The theoretical explanation of experimental phenomena is discussed based on the W and Mo radiative
spectra. The ion model was as well applied for interpretation of experimental results on opacities of CHO-plasma
obtained via indirect heating of low density polymer layers by means of soft X-rays. The new diagnostics method
based on the deformation of the of the Carbon absorption K-edge when foam layer is heated to plasma is discussed.
The spectral coefficients for X-ray absorption in CHO-plasma are calculated in the photon energy region around the
Carbon K-edge for different plasma temperatures and mean foam density. In this case, the Carbon K-edge position on
the energy scale can be used for plasma temperature diagnostic.

Keywords: Absorption K-edge; Foam targets; Hohlraum radiation; Indirect heating; Planck mean free paths; Radiative
opacity; Rosseland; X-ray source

1. INTRODUCTION et al., 2006; Sasaki et al., 2006; Someya et al., 2006) provide
progress in deep understanding of physical processes in
matter, which is transformed into a high energy density
state under heating and compression. The theoretical study
of physical processes has to include (1) gas dynamics, (2)
photon transport processes, (3) equation of state, (4) radiative
opacities (Zeldovich & Raizer, 1966), which represent an
) ] ] important part of this study (Adamek et al., 2006).
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The physics of inertial confinement fusion (ICF) is a field of
very active research and requires fundamental studies of
matter at high energy density. Theoretical and experimental
investigations (Batani et al., 2007; Bret & Deutsch, 2006;
Gus’kov, 2005; Hora, 2007; Ng et al., 2005; Sakagami
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(Lindl, 1998). The interaction of the radiation with the
hohlraum wall is characterized by multiple absorption and
reemission of X-rays. Part of the absorbed energy is lost due
to the radiation heat transport into the wall. Increase of the
wall opacity via optimization of the material composition
leads to reduced radiation energy transfer and increases the
hohlraum albedo, which is the ratio of reemitted to incident
X-rays. Some peculiarities of indirectly driven ICF target
designs were discussed in a previous publications (Denisov
et al., 2005; Borisenko et al., 2003; Kilkenny et al., 2005;
Koresheva et al., 2005; Kyrala et al., 2005; Orlov et al., 2007).

X-pinch plasma is a high brilliance SXR source produced
by heating of two crossing X-shaped wires by a pulsed cur-
rent of a high power driver (Zakharov et al., 1982; Shelko-
venko et al., 2001; Zou et al., 2006). X-pinch based X-ray
source is characterized by high brightness and spatial stab-
ility for a wide range of wire materials, wire diameters, and
current pulse parameters (Shelkovenko et al., 2001). A
modern scheme of so-called symmetric multilayer X-pinch
was recently developed (Shelkovenko et al., 2010).

The radiative characteristics of hohlraum wall plasmas and
X-pinch plasmas depend on plasma temperature 7, plasma
densityp, and plasma composition. The dependence of the ra-
diative characteristics of the plasma on the X-ray source
materials is one of the subjects of this paper. Another subject
is connected with specific spectra of X-ray absorption and
radiation for different materials.

The theoretical part of this paper gives a brief overview of
different models used to calculate the radiative opacity of hot
dense plasmas. Important features of the model used here are
described. Two different physical approximations are pro-
posed to estimate radiation efficiency for optically thick
and optically thin plasmas. An optimizing procedure that
can determine an effective complex material for producing
optically thick plasma by laser interaction with a thick
solid target is used. The radiation efficiency of the resulting
material is compared with the efficiencies of different
materials that have already been estimated theoretically
(Suter et al., 1999; Callahan-Miller & Tabak, 2000).

For optically thin plasmas, the Rosseland and Planck
mean-free-paths are calculated for two exploding wire
materials, NiCr and Alloy 188, at fixed temperature and
different densities. Theoretical estimations of the X-ray
source radiative efficiency are compared with experimental
data on measurements of the X-pinch radiation energy
yield. Theoretical discussion of the results is also presented.
The next item is connected with a symmetric multilayer
X-pinch, where tungsten W and molybdenum Mo wires are
used (Shelkovenko et al., 2010). Theoretical explanation of
experimentally obtained phenomena is discussed based
upon W and Mo radiative spectra.

In the next part of this paper, the theoretical approach,
which was developed and used in previous studies, is applied
to temperature diagnostics of low Z foams in combined
laser — heavy ion beam experiments. The experimental
goal is the investigation of the heavy ion stopping
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mechanism in ionized matter (Hoffmann et al., 2005). Exper-
iments require creating a plasma target, where dense homo-
geneous plasma can keep the temperature and density
during further interaction with heavy-ion beam. This can
be achieved by means of indirect-heating of polymer low
density foams with hohlraum radiation.

For the characterization of temperature and ionization
degree of indirect heated CHO-foams, measurements of
photo-absorption K-edge energies in Carbon were used
(Rosmej et al., 2009). If the plasma temperature increases,
the state of the whole ensemble of plasma atoms and ions is
changed. It leads to the appearance of ions with higher ioniz-
ation degrees and shifted to higher energies K-edge positions.
The theoretical approach, which was used in previous items of
this paper, gives, in particular, K-edge energies of different
Carbon ions in ground and excited states and provides calcu-
lations of the spectral coefficients for X-ray absorption as
well as the spectral characteristics of radiation transmitted
through the CHO-plasma target. Comparison of the theoretical
and experimental results (Rosmej et al., 2009) is proposed to
be used to estimate plasma temperature.

2. THEORETICAL APPROACH

Different theoretical models and corresponding computer
codes have been developed to calculate spectral coefficients
for X-ray absorption, the heat conductivity coefficients, Ros-
seland, and Planck mean free paths and other plasma charac-
teristics. The density functional theory (March er al., 1983;
Rajagopal, 1980) was used (Orlov & Fortov, 2001) to
carry out comparative analysis of the Thomas-Fermi model
(TF) (Feynman et al., 1949), the Hartree-Fock-Slater model
(HFS) (Rozsnyai, 1972; Nikiforov & Uvarov, 1973), the
Detail Configuration Accounting (DCA) (Rozsnyai, 1982),
the Ton Model (IM) (Orlov, 1997), and a brief review of
the models is available (Orlov, 2002). The general set of self-
consistent field equations that describe the state of the whole
ensemble of plasma atoms and ions has been obtained (Orlov
& Fortov, 2001). The set contains (1) the Hartree-Fock
equations for all atoms and ions with different electron con-
figurations; (2) the unbound electron densities in phase space
for all atoms and ions; (3) the Gibbs distribution; and (4) the
electroneutrality condition. The main feature of this set is the
general coupling of all equations for all plasma atoms and
ions, including exited states. At first sight, the huge
number of equations makes a solution of this set impossible.
Therefore, further physical approximations were used, to
simplify these equations until recently.

It should be noted that any simplification of the equations
leads to a restricted range over which the model can be ap-
plied (Orlov & Fortov, 2001). For instance, the TF model
can be used only for very high plasma temperatures, when
practically all electrons are unbound. The well-known HFS
model uses the average atom approximation, a fictitious
atomic system with noninteger numbers of bound electrons
in the atomic shells. These numbers are calculated using
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the Fermi-Dirac formula. Besides, the perturbation theory is
used to calculate the properties of real atomic or ionic sys-
tems. If the temperature of the plasma decreases, this
model cannot provide accurate enough results, and the limit-
ation is connected with the application of perturbation theory.
The DCA model uses the Hartree-Fock equations for real
atomic and ionic systems and the Saha method for calculating
their concentrations. This approach leads to an arduous pro-
blem for high-Z chemical elements (Rozsnyai, 1982). More-
over, it cannot be used for strongly coupled plasmas because
of a peculiarity of the Saha method.

Thus, one can indicate the range of plasma temperatures
and densities over which the TF, HFS, and DCA models
cannot provide accurate enough results because the corre-
sponding additional physical approximations are invalid.
Of course, the mentioned ranges are different for different
chemical elements (Orlov & Fortov, 2001). This fact
makes it difficult to apply the TF, HFS, and DCA models
to compound chemical compositions.

The solution of the general set of self-consistent field
equations that describe the state of the whole ensemble of
plasma atoms and ions is the way to solve the problem in gen-
eral. The IM of hot dense plasma (Orlov, 1997) has been devel-
oped to achieve this aim. In a first step, the general set of
equations was solved for “pure” substances, and then it was
solved for compound chemical compositions (Orlov, 1987).
As a result, reliable quantum mechanical calculations of radia-
tive opacity became possible over a wide range of plasma
densities and temperatures. The next step was connected with
the optimization problem. A theoretical method and corre-
sponding computer code were created to find out the optimal
chemical composition of material that can be used as X-ray
source material in practice, and the found material provides an
optimal radiation yield (Orlov, 1999; Denisov et al., 2005).
The efficiencies of X-ray source materials can be estimated
theoretically for both optically thick and optically thin plasma.

2.1. Optically Thick Plasma

Optically thick plasma can be produced by laser interaction
with a hohlraum wall. It was shown (Orzechowski et al.,
1996) that hohlraum wall loss energy increases proportion-
ally to the square root of the Rosseland mean free path x:

AE oc [lRp]l/z,

M
where p(g/cm?) is the plasma density. The radiation effi-
ciency of hohlraum wall material increases with the reduction
of the energy transported into the wall AE. It can be achieved
by decreasing the Rosseland mean free path /. In this case,
estimating the relative energy lost to the wall of two different
materials o and B can be expressed as

1/2
AR )
AE, ||
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The value of AE (Eq. (1)) should be minimized to achieve the
maximum hohlraum wall efficiency. Eq. (2) will be used
below to estimate relative efficiency of different wall
materials.

2.2. Optically Thin Plasma

Another approximation can be used for estimating the emis-
sivity of optically thin plasma that can be produced by ex-
ploding wires. In this case, the outward energy flux
increases inversely proportional to the Planck mean free
path [p :

Jje< o’ 3)
P
(Zeldovich & Raizer, 1966). The applicability range of the
approximation was discussed by Orlov et al. (2007).

Eq. (3) can be used to estimate relative radiation efficiency
of different exploding wires made of two different materials
a and f:

Js _ b

k="=—.
Jp Ip

“

This approximate formula will be used below to compare
theoretical and experimental results.

Thus, radiation efficiency increases with decreasing Ros-
seland or Planck mean free path for optically thick or opti-
cally thin plasma, respectively. Therefore, an optimal
chemical composition for optically thick plasmas can be
achieved by minimizing the Rosseland mean free path. In
the case of optically thin plasmas, the Planck mean free
path should be minimized.

The optimization problem was set up and settled by Orlov
(1999), and more complete theoretical results were obtained
by Denisov et al. (2005).

3. RESULTS OF CALCULATIONS AND
EXPERIMENTAL DATA

3.1. Results of Calculations for Hohlraum Walls

As chemical admixtures can considerably influence the
frequency-dependent opacity, and this fact can be used to im-
prove the radiation efficiency of X-ray source materials, a
simple 50/50 mixture of Au and gadolinium was proposed
to reduce the radiation energy lost to the hohlraum walls in
comparison with pure Au (Orzechowski et al., 1996).
Table 1 presents Rosseland mean free paths Iz, which were
calculated for different materials at the density p = 1(g/cm?)
and different temperatures, using the IM of a plasma. Results
are given for Au and for the composition (Au25.7%/
W23.1%/Gd18.1%/Pr10.0%/Bal0.4%/Sb12.7%), which
is denoted as Composition 1. Mass percentages of elements
are given in the brackets. This composition was found
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Table 1. Rosseland mean free path (cm) calculated for different
materials at density p = 1(g/cm?)

T(eV) Au Comp. 1. 1/1%” Au50/Gd50 1/1%”
[ComeT (Comp.2) [Come?
150 321x107* 129x107* 249 247x1074 1.29
200 457x107% 1.53x10°% 298 3.29%x 1074 1.39
250  5.01x107* 1.61x107* 3.11 2.89x107* 1.73
300 5.75x107% 1.87x107*  3.07 3.89x107* 1.48
350 635x107* 1.92x107* 331 437%x107* 1.45

using an optimization method (Denisov et al., 2005) that is
more complete than that of Orlov (1999). Results are also
presented for Composition 2 (Au50%/Gd50%) where,
again, we have used mass fraction.

The spectral coefficients for X-ray absorption, K(x) (cm?/
g), were calculated for different compositions at 7= 250 eV
and p = 1g/cm? as functions of x = h w/T. Figure 1 presents
the coefficient calculated for Au (thick line). The coefficient
is relatively small in the interval (3.5 < x < 8.5) whereas the
interval is overlapping with spectral lines for Composition 1
(thin line). It leads to decreasing Rosseland mean free path.

Table 2 presents the relative wall loss energy for different
materials compared to a pure Au hohlraum wall as calculated
by Suter et al. (1999), as well as some results of the present
work, including Composition 1. Table 2 also presents the
relative hohlraum wall loss energy for different materials as
compared to AuGd hohlraum wall as calculated by Callahan-
Miller and Tabak (2000). The result of the present work is
also given (Composition 1). As shown, Composition 1 en-
sures higher radiation efficiency in comparison with other

1.0E+6 —
1.l2lE+5—E
= _
T 1'0E+4—§
1.0E4+3 <
1.0E+2 L L L L L L L L N I

01 2 3 4 5 6 7 8 9 10 11 12

Fig. 1. The spectral coefficient of X-ray absorption K(x)(cm?>/g) calculated
for Au (thick line) and for the Composition (Au25.7%/W23.1%/Gd18.1%/
Pr10.0%/Bal0.4%/Sb12.7%) (thin line) at temperature 7= 250 eV and
density p = lg/cm®.
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Table 2. The hohlraum wall loss energy for different materials,
compared to a Au hohlraum wall AE,,,;/ AE4,, and to a AuGd
hohlraum wall AE,,;/ ABs,Ga

Au AuGd
Material AE a1/ AE,, Material AE a1/ AEGa
Au 1.00 Au/Gd(50:50) 1.00
Au:Gd 0.83 Au 1.25
U:At:W:Gd:La 0.65 Pb 1.28
U:Bi:W:Gd:La 0.65 W 1.25
U:Bi:Ta:Dy:Nd 0.63 Pb/Ta(70:30) 1.06
Th:Bi:Ta:Sm:Cs 0.68 Hg/Xe(50:50) 1.18
U:Pb:Ta:Dy:Nd 0.63 Pb/Ta/Cs(45:20:35) 1.01
U:Nb.14:Au:Ta:Dy 0.66 Pb/Hf/Xe(45:20:35) 1.00
Comp. 1 0.57 Comp. 1 0.75

calculated compositions. Thus, the optimizing procedure
(Denisov et al., 2005), which can find out an effective com-
plex material for a thick target, really can lead to better radi-
ation efficiency materials.

3.2. Experimental and Theoretical Study of Exploding
Wires in X-Pinch

The Rosseland and Planck mean free paths were also
calculated for the NiCr alloy (Ni80%/Cr20%) and for
Alloy 188  (Cr21.72%/Ni22.92% /Fe2.24% [ Co39% /
W13.93%) at temperature of 7 =1 keV. Calculations
were made at normal density p=p,,. (g/cm?), at
density p=0.1"p,,,..(¢/cm’), and at density p=
10%p,..,ma(8/cm®) (Tables 3 and 4). It was shown experimen-
tally, that on the final stage of the X-pinch compression, the
plasma density reaches values on the order of magnitude
higher than the initial wire density. The most part of
measured SXR is generated during this final stage, where
plasma temperature and density reach maximum values
(Orlov et al., 2007).

Figure 2 presents the spectral coefficient for X-ray
absorption K(x) (cm?/ g) calculated for the NiCr alloy
and Alloy 188 at temperature of 7= 1 keV and density
p=10*p,,,....(g/cm>). The spectral coefficient for X-ray ab-
sorption of NiCr (thick line) is relatively small over the inter-
val (2.0 < x < 5.5) in comparison with the coefficient, which
was calculated for Alloy 188 (thin line). This circumstance

Table 3. Rosseland mean free path (cm) calculated for NiCr and
Alloy 188 at temperature T=1 keV

Density léViCr lglloy 188 k= llleViCr / lgllay 188
01Dt 2.54x107" 1.97 x 1072 12.89
Prormal 4.12x107° 137x107° 3.01
10.*B,0rmat L11x107* 581x107° 1.91
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Table 4. Planck mean free path (cm) calculated for NiCr and Alloy
188 at temperature T=1 keV

Table 5. Theoretical and experimental results on the relative
radiation energy yield from exploding wires made of NiCr and
Alloy188

Density l[])ViCr l?l/uy 188 k= ll{)ViCr / l}é/tay 188
EXPERIMENT THEORY
0., 116x1072  283x1073 4.06 Energy band K exeer AP ke At
. normai . . .
Prormal 2.99 x 10*‘5‘ 2.16 x 10‘;‘ 1.38
o - =5
10D 0 mar 3.29%10 17810 1.84 E>1.5keV 1736 20% 1.84 5.6%
25<E<5keV 1.9 20% 1.84 3.2%

provides decreasing Rosseland and Planck mean free paths
for Alloy 188 in comparison with NiCr and, therefore, im-
proves the radiation efficiency of the corresponding wire.

Experimental measurements were carried out to study the
radiative efficiency of substances and to test the theoretical
results (Orlov et al., 2007). The total energy yield B was
measured using two devices with different spectral bands.
The experimental coefficient of relative efficiency can be
expressed in the form

exper — BAlloyISS/BNiCr. (5)

The theoretical coefficient of relative efficiency has the form

k theor __

jAlloy188/jNiCr — l}IJViCr/lz;lHoylSS, (6)

in accordance with Eq. (4). Table 5 compares theoretical and
experimental results concerning relative efficiency of explod-
ing wires made of Alloy 188 and NiCr (Orlov et al., 2007).
Here AP is the experimental error band, A™°™ is deviation
of theoretical results from experimental data. As shown,

1.00E+6

11 IIlIIJ|

1.00E+5

1 lllIJL|.|

1.00E+4

| IIII|l.|.|

K(x)

1.00E+3

| IIII|.|.L|

1.00E+2

| iHIlI.IJ

1.00E+1

SRR ERERARI EN EX Y B
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Fig. 2. The spectral coefficient of X-ray absorption K(x)(cm?/g) calculated
for NiCr (thick line) and for the composition Alloy 188 (Cr21.72%/
Ni22.92% /Fe2.24%[C039%/W13.93%) (thin line) at temperature 7 = 1
keV and density p = 10%p, ...
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theoretical results agree well with the experimental data.
Thus, experimental study confirmed the theoretical results.

3.3. Symmetric Multilayer X-Pinch Study

Previously studied cases were connected with big differences
between the Rosseland or Planck mean free paths for differ-
ent substances. A more complicated case is connected with
the so-called symmetric multilayer X-pinch, where tungsten
W and molybdenum Mo wires have been used (Shelkovenko
et al., 2010). The structure of multilayer X-pinch plasma is
given in Figure 3. The structure provides higher radiation
efficiency than pure tungsten (Table 6). Table 6 presents radi-
ation powers generated in experiments with a symmetric mul-
tilayer X-pinch within different energy bands (Shelkovenko
et al., 2010). The experimental coefficient of relative effi-
ciency can be expressed here in the form

Jeexper — PWMO/PW (7)

The theoretical explanation is connected with specific spec-
tral coefficients for X-ray absorption and radiation. Figure 4
presents the spectral coefficient for X-ray absorption K(E)
(cm?/g) calculated for W and the spectral coefficient for
X-ray radiation J(E) (a.u.) calculated for Mo at plasma temp-
erature of 7= 1 keV and the densities, which are 10-times
higher than the initial solid wire densities. One can see that
the energy interval of maximal radiation for Mo coincides

W
Mo

Fig. 3. The structure of a multilayer X-pinch plasma, where tungsten and
molybdenum wires are used.
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Table 6. Radiation powers generated in experiments with a
symmetric multilayer X-pinch within different energy bands

X-pinch Radiation power P(GW) Radiation power P(GW)
composition E>1.5 keV 25 <E<S5keV

w 1.3+£0.2 0.4 +0.03

W, Mo 2703 1.2 £0.06

kExper 2.08 3.0

with the interval of maximal absorption for W. Therefore,
practically all radiation of Mo is absorbed in W. The effect
leads to additional heating or preheating of the W plasma.
One can note that 20% of additional temperature provides
double increasing of radiation power.

A very important question is connected with possible in-
termixing of components of structure under high com-
pression (Fig. 3). To answer this question, the Rosseland
and Planck mean free paths were calculated at 7= 1 keV
and density p=10%p, .. for W and for the mixture
(W80%/Mo020%). The results are given in Table 7. In
accordance with these results, the Planck mean free path
for the mixture (W80% /Mo020%) exceeds the Planck mean
for W, and the theoretical coefficient of relative efficiency

1.0E+5 ?_ w a)

1.0E+4 5

K(E)

1.0E+3

1.0E+2

pooond vl 1

1.0E+1

NN NN N RN N RN L N
0 1 2 3 4 5 6 7 8 9 10 11 12

1.0E+7
Mo b)
1.0E+6

1.0E+5

1.0E+4

J(E)

1.0E+3

1.0E+2

e N LN I L N AL L K [ I L
0 1 2 3 4 5 6 7 8 9 10 11 12
E(keV)

Fig. 4. The spectral coefficient for X-ray absorption K(E) (cm?/ g) calcu-
lated for W and the spectral coefficient for X-ray radiation J(E) (a.u.) calcu-
lated for Mo at plasma temperature 7= 1 keV and density p = 10p, ...
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Table 7. Rosseland and Planck mean free paths (cm) calculated for
W and mixture (W80%, Mo0o20%) at T=1 keV and density

/3 = lo*pnoml

Substances Ig Ip
w 1.26x107° 1.64x107¢
mixture W80%, Mo020% 1.49x107° 1.79x 107°

(4) has the value k™" = j"M°/;W =092, On the other
hand, the experimental coefficient of relative efficiency
equals kP = M™Me /MW =2.08 for photon energies up
E>15 keV and k&P = WMo/ MY =3.0 for a photon
range 2.5 keV < E < 5 keV (Table 6). Thus, intermixing of
components leads to the decreasing radiative efficiency in
the considered case, and it contradicts the experimental re-
sults. One can conclude that component intermixing is
absent. Additional experimental facts confirm this con-
clusion. Indeed, spectral lines of MO have not been measured
experimentally, what would not be the case would com-
ponents undergo intermixing (Shelkovenko et al., 2010).
Thus, based on experimental and theoretical results, one
can assert that component intermixing is absent in symmetric
multilayer X-pinch.

3.3.1. Application of the lon Model of Plasma for
Theoretical and Experimental Study of Plasma Targets
Obtained Via Indirect Heating of Low-Z Foams

In this section, the IM of plasma was used in order to de-
scribe the radiative properties of indirectly heated low-Z
foams used in the experimental study of heavy ion energy
loss in laser produced plasma. When the heavy ion beam pro-
pagates in ionized matter one expects increased ion energy
loss compared to the interaction with “cold” target caused
by two important effects: more effective energy transfer
from projectile ions to free plasma electrons compared to
the transfer to the bound electrons; and due to increased pro-
jectile charge state in ionized matter caused by the suppres-
sion of the target bound electron capture process. For the
first time these effects were demonstrated in low density
low temperature Hydrogen gas-discharge (Hoffmann et al.,
1990; Jacoby et al., 1995). Using the laser produced
plasma targets one can expand the region of plasma par-
ameters and investigate the ion stopping process at higher
plasma temperatures and densities. For the correct interpret-
ation of experimental results on the ion energy loss in ionized
matter, the knowledge of plasma target parameters existing
over the time of heavy ion beam-plasma interaction is of
great importance.

3.3.2. Experimental Study of Plasma Targets Obtained By
Indirect Heating of Low Density Polymer Foams

In experiments on the interaction of heavy ions with io-
nized matter, a high density plasma target with homogeneous
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in time (~5 ns) and space (~1 mm) plasma parameters is re-
quired. The time is defined by the duration of the heavy ion
micro-bunch of 3 ns, the spatial size of the plasma target by
the diameter of the heavy ion beam of ~0.5 mm. The exper-
imental accuracy of synchronization the heavy ion beam and
laser pulses is of 1 ns. Highly homogeneous and slow ex-
pended plasma targets can be obtained when polymer low
density foams are volumetrically heated by means of soft
X-rays. Low-Z plasma target is required in order to increase
the ratio of free-to-bound electrons in plasma target and to
make a plasma effect on the heavy ion energy loss more
pronounced.

The indirect laser target design was proposed for com-
bined heavy ion-laser experiments by Vasina and Vatulin
(2000). In this scheme, the laser interacts with the wall of
the Au cylindrical converter (primer hohlraum) where effec-
tive conversion of the laser energy into the soft X-rays having
a close to the Planck spectral distribution takes place. Gener-
ated hohlraum X-ray radiation heats volumetrically the low-
density foam which serves as a plasma target for probing
with heavy ion beams. Figure 5 shows the geometry of the
laser-target interaction.

Foam materials (Khalenkov et al., 2006) are very promis-
ing for these purposes due to the effective conversion of the
deposited radiation energy into the internal plasma energy
and slow hydrodynamic response on heating. Direct
irradiation of the Au converter walls with a ns laser pulse
leads to soft X-ray hohlraum spectra caused by O-shell tran-
sitions in Au. Expected temperatures of the foam targets
heated by this radiation amount to 20-30 eV at electron
densities of 10*' cm >,

In experiments (Rosmej ez al., 2009), the combined targets
which consisted on the cylindrical primer hohlraum (conver-
ter) of 1.5—1.7 mm in diameter and a foam/foil target placed
from the rear convertor side were used. Thin Au foil of
100 nm thickness placed between converter and foam
target prevented direct irradiation of foams with the laser
light.

laser

Au —hohlraum px= 200- 300 pg/cm?
d=1.5-1.7 mm

10um wall thickness

Au-foil

0.1-0.2 um

Fig. 5. Geometry of the laser pulse interaction with the combined target,
which consists of the primary hohlraum (converter), thin Au foil and foam
or foil target placed on the rear side.
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A variety of foam/foil materials such as Agar-Agar
(CgH,(0s), Plexiglas (PMMA, CgHgOs), and triacetate cellu-
lose (TAC, C1,H;60g) of different volumetric and area den-
sities were used. The pore size varies from 10-50 um for
agar-agar down to 1 um for TAC. The small pore size of
foam targets is of big importance both for laser and heavy
ion beam interaction preventing the broadening heavy ion
energy spectra when an ion beam penetrates a cold porous
target and keeping the plasma homogenization time after
irradiation by laser/soft X-rays in sub-ns range.

The Petawatt High-Energy Laser System for Ion beam
Experiments (PHELIX) (Nd:glass, A = 1053 nm) was used
at the basic frequency (Bagnoud et al., 2010). The laser
pulse of 1.4 ns duration and energies up to 150 J was
focused onto the target by a lens with 4 m focal length.
The diameter of the focal spot on the wall of the primer
hohlraum was of 300-400 pm, resulting in laser intensities
of up to 2 x 10w / cm?. The laser with an incidence angle
of 45° irradiates the wall of the Au cylinder through the
open entrance hole (see Fig. 5). The time depended behav-
ior of the hohlraum radiation was measured, using soft
X-ray diodes with Carbon cathode. The diode system
allows absolute measurements in the photon energy region
of 300-1000 eV. The typical duration of the X-ray signal
was about 5-7 ns. The spectrally resolved hohlraum radi-
ation in the photon energy range of 1-20 nm was analyzed
by means of an absolute calibrated slit grating spectrograph
based on an e-beam written 10,000 line-pairs/mm free-
standing transmission diffraction grating (Wilhein et al.,
1999). In combination with a thinned, back-illuminated
charge coupled device (CCD), the spectrograph can be
used for real-time spectroscopy of laser-produced plasma
X-ray sources. Calibration of the grating and CCD allows
absolute photon flux measurements. The transmitted grating
spectrometer (TGS) was used in experiments without
entrance slit in order to increase the photon flux and to
improve the signal-to-noise ratio. The spectral resolution
A\ was between 0.1 and 0.2 nm depending on the source
size (1-2 mm) and the observation range (1-6nm or
1-20 nm). The spectrometer system including CCD was
calibrated at DESY. In experiments, spectral distribution
of the hohlraum radiation field from the target rear side
was measured. For these purposes, convertor targets
(primer hohlraums) without foam/foil were used. As the
next step hohlraum spectra transmitted through the foam/
foil placed at the rear side of the combined target were
measured (Rosmej et al., 2010). Due to effective absorption
of soft X-rays in foam/foils, targets were heated to plasma.
Figure 6 (color online) shows the spectra irradiated by the
Au hohlraum plasma and recorded after transmission
through the “cold” 0.5 pm thick Carbon filter (green)
placed at the TGS-entrance for calibration purposes and
0.5 pym thick CHO-foil (red) indirect heated with 130 J
PHELIX-laser pulse of 1.4 ns duration. In the case of the
“cold” C-filter, one can see the sharp absorption K-edge
at 42-4.4nm wave length. The step-like form of the
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Fig. 6. (Color online) Comparison of the absolute calibrated hohlraum spectra transmitted through the indirectly heated CHO-foil at 130 J
laser energy (red curve) and the 0.5 pm thick “cold” Carbon filter (red curve) placed at the TGS-entrance for calibration purposes. CHO-
foil was of a 0.5 pm thickness and 1.1 g/cm3 initial density, a corresponding area density is of 55 pg/cmz.

deformed Carbon K-edge (red) occurs in plasma and can be
attributed to the presence of the ionized carbon atoms with
charges up to Z = 4. The He-like Carbon ion (+4) fraction
calculated by means of a radiative-collisional code
FLYCHK (Chang et al., 2005) for plasma with electron
density of 10*' cm™3, 800 pum thickness and temperatures
from 5 up to 20 eV, does not exceed 5% at plasma tempera-
ture of 10 eV and is significantly present in the plasma at
T, = 15-20 eV. Therefore, the experimental results allow
supposing an electron temperature of the CHO-foil heated
by soft X-rays higher than 10 eV.

Figure 7 demonstrates experimental results on the indirect
heating of a 500 um thick CHO-foam of 10 mg/ cm® mean
density. It can be obviously seen that the target with 10
times higher area density than the CHO-foil couldn’t be
homogeneous heated with 70 J laser pulse. The K-edge
deformation due to the plasma effect like in the previous
figure is absent; the foam target (red curve) transmits
radiation as a “cold” filter (black curve) with a sharp
K-edge position at 4.2—4.4 nm (285-290 eV).

A method which applies the deformation of the Carbon ab-
sorption K-edge when cold matter is heated to plasma is now
under development. There are at least two reasons why tra-
ditional diagnostic methods using plasma self radiation is
not applicable in this case. First, the most intensive radiation
of Carbon plasma at expected temperatures of 10-30 eV
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occurs due to L-shell transition, containing a lot of lines
broad due to the high optical thickness of the plasma target
and form a quasi-continuum; second: the energy range of
hohlraum radiation (O-shell transition of Au) overlaps with
the L- shell transitions in Carbon and has in our case an
order of magnitude higher photon flux.

The dependence of the absorption K-edge position on the
energy scale on the plasma ionization degree seems to be a
promising diagnostic instrument. In cold Carbon, increased
photo-absorption occurs when the photon energies approach
the binding energy of the K-shell electrons in the C-atom. For
cold Carbon, the K-edge position corresponds to 285 eV
photon energy. In plasma, the Carbon outer-shell electrons
will be ionized in collisions with free plasma electrons and
the target ionization degree depends mostly on the plasma
electron temperature. Due to lower screening potentials of
outer-shell electrons in ionized atoms, the K-shell electron
binding energy and as a consequence the positions of the
K-edges for the subsequent charge states will be shifted to
the higher photon energies. According to Dirac-Fock-Slater
calculations (Zschornack et al., 1986) for isolated Carbon
ions, one obtains the following K-edge energies for different
Carbon charge states: C*' =297.7 eV; C*? =313, 39 eV;
C*3= 346.17 eV; C™*= 380.51 eV. In plasmas compared
to cold matter, calculations of the K-edge positions and
plasma opacities are complicated since one has to take into
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Fig. 7. (Color online) Comparison of the absolutely calibrated hohlraum spectra transmitted through the indirectly heated CHO-foam (red
curve) and the 0.5 um thick “cold” Carbon filter (red curve) at laser energy of 70 J; CHO-foam is of 10 mg/cc density and 500 um thick-

ness corresponding to 500 pg/ cm? area density.

account many new factors: a charge state distribution of the
ions, the population of ion states excited in collisions with
free plasma electrons, effects of plasma microfields etc. in
dependence on plasma parameters.

The theoretical approach, which was used in previous
items of this paper, gives, in particular, K-edge energies of
different plasma ions in ground and excited states, and pro-
vides calculations of the spectral coefficients for X-ray ab-
sorption as well as the spectral characteristics of radiation
transmitted through the CHO plasma target depending on
plasma parameters. Comparison of the theoretical and exper-
imental results can be used to estimate the plasma tempera-
ture and ionization degree. The quantitative interpretation
of the time-integrated spectrum shown in Figure 6 is hardly
possible due to fast hydrodynamic expansion of the heated
foil where the target density drops many times in sub-
nanosecond time scale. One-dimensional calculations of
the hydrodynamic expansion of a 2-3 mg/cc 1000 um
thick CHO-foam heated up to 10-30 eV demonstrate prom-
ising stability of the plasma temperature and density profiles
during first 810 ns (Vergunova et al., 2010). In future
experiments, we are going to measure the hohlraum radiation
field without and with foam target placed on the converter
rear-side and then compare results with calculated theoretical
spectra in dependence on plasma temperature.

3.3.3. Theoretical Justification for the Temperature
Diagnostic of Indirectly Heated Low Density Foams

The theoretical approach that was developed and used
in previous studies can be applied in order to give a
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theoretical justification for a temperature diagnostic of low
density polymer foams heated by means of SXR. The
IM allows, in particular, calculating K-edge energies of
different plasma ions in ground, and excited states and the
spectral coefficients for X-ray absorption as well as the
spectral characteristics of radiation transmitted through
the CHO-plasma target. For the interpretation of experimen-
tal results on opacities of the indirectly heated TAC-foams,
calculations of absorption coefficient of H;,CgOg plasma at
initial foam mean density of 2 mg/ cm? and for different
plasma temperatures were carried out. According to hydro-
dynamic simulations on the foam heating by soft X-rays,
the constant plasma density is guaranteed over 10 ns after
the beginning of the heating pulse for foam thickness of
800 um (Vergunova et al., 2010). This foam feature is of
big importance for interpretation of obtained experimental
results.

Besides the absorption coefficients, the Planck spectra
with radiative temperature of 40 eV transmitted through
the plasma target is calculated. These theoretical results
can be compared with the spectra measured from the rear
target side by means of TGS spectrometer. Figure 8a
shows the spectral coefficients for X-ray absorption K (E)
(sz/ g) calculated for (H;,CgOg) plasma at density 0.002
(g/cc) and temperature 7= 5 eV. The K-edge positions of
carbon ions are denoted here with corresponding notations,
which present the electron configurations 1s(2)2s(2)2p(1)
and 1s(2)2s(1)2p(1). Figure 8b also presents the spectral
characteristics of Planck radiation J(E) (J/keV/sr/cm?)
transmitted through the CHO plasma target with 5 eV
temperature and the initial mean density. Function J(E)
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Fig. 8. The spectral coefficients for X-ray absorption K(E) (cm?/g)
(a) calculated for (H;,CgOg) plasma at the density 0.002 (g/cc) and
temperature 7’=15 eV and the spectral characteristic of radiation J(E)
(J/keV /sr/cm?) (b) transmitted through the (H;,CgOg) plasma target. The
super bold line on the picture (b) gives the spectrum of the external radiation.

represents the spectral intensity of transmitted radiation
multiplied by the duration of the X-ray radiation of 5 ns.
The super bold line gives the spectrum of external radiation,
which was approximated with Planck function at radiation
temperature T,,q =40 eV. One can see that the K-edge
position of carbon ion 1s(2)2s(2)2p(1) (Fig. 8a) coincides
with the specific step of spectral characteristics of transmitted
radiation J(E) (Fig. 8b) on the energy scale. Similar calcu-
lations were made for the temperature 7= 10 eV. (Fig. 9)
and T =20 eV (Fig. 10). The specific step of the function
J(E) (Fig. 9b) coincides with the K-edge position of
carbon ion 1s(2)2s(1) (Fig. 9a), and the step of J(E)
(Fig. 10b) coincides with the K-edge position of carbon
ion 1s(2) (Fig. 10a).

Comparison of the theoretical functions K(E) and J(E)
with measured experimentally can be used to estimate
temperature and ionization degree of indirectly heated foam
targets.
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Fig. 9. The spectral coefficients for X-ray absorption K(E) (cm?®/g)
(a) calculated for (H;,CgOg) plasma at the density 0.002 (g/cc) and tempera-
ture 7= 10 eV and the spectral characteristics of radiation J(E) (J/keV /sr/
cm?) (b) transmitted through the (H;,CgOg) plasma target. The super bold
line on the picture (b) gives the spectrum of the external radiation.

4. CONCLUSIONS

We have shown that the theoretical method presented in this
paper provides reasonable results on estimating the radiation
efficiency of the materials heated by pulsed current devises
or lasers and used as X-ray sources. This method can be
used in order to determine effective complex materials for ex-
ploding wires, thick laser targets, hohlraums etc. in depen-
dence on plasma density and temperature. The theoretical
approach can also be applied to the analysis of physical ef-
fects that were obtained in experiments with a symmetric
multilayer X-pinch. Finally, the theoretical method was
used for calculations of absorption coefficients of low den-
sity CHO-foams heated volumetrically by soft X-rays. The
method for the diagnostics of plasma temperature reached
in foam-layers is proposed, based on the experimentally ob-
served deformation of the absorption K-edge when foam is
heated to plasma.


https://doi.org/10.1017/S0263034610000777

Theoretical and experimental studies of material radiative properties 79

1.0E+8 H12C806 T = 20 eV

a)
1.0E+7

1.0E+6 15(2)

1.0E+5

K(E)

1.0E+4

1.0E43

S I L NN O AN RN (RSN LS

240 260 280 300 320 340 360 380 400 420
E (eV)
b)

300 — T=20eV

200 —

1s(2)

J(E)

100 —

0_

240 260 280 300 320 340 360 380 400 420
E (eV)

Fig. 10. The spectral coefficients for X-ray absorption K(E) (cm?/g)
(a) calculated for (H;,CgOg) plasma at density 0.002 (g/cc) and temperature
T =20 eV and the spectral characteristics of radiation J(E) (J/keV /sr/ cm?)
(b) transmitted through the (H;,C3Og) plasma target. The super bold line on
the picture (b) gives the spectrum of the external radiation.
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