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Abstract

Theoretical and experimental studies of radiative properties of hot dense plasmas that are used as soft X-ray sources have
been carried out depending on the plasma composition. Important features of the theoretical model, which can be used for
complex materials, are discussed. An optimizing procedure that can determine an effective complex material to produce
optically thick plasma by laser interaction with a thick solid target is applied. The efficiency of the resulting material is
compared with the efficiency of other composite materials that have previously been evaluated theoretically. It is
shown that the optimizing procedure does, in practice, find higher radiation efficiency materials than have been found
by previous authors. Similar theoretical research is performed for the optically thin plasma produced from exploding
wires. Theoretical estimations of radiative efficiency are compared with experimental data that are obtained from
measurements of X-pinch radiation energy yield using two exploding wire materials, NiCr and Alloy 188. It is shown
that theoretical calculations agree well with the experimental data.
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1. INTRODUCTION

The physics of inertial confinement fusion with different
ignition scenarios, including fast ignition is a field of very
active research, experimentally as well as in theory (Batani
et al., 2007; Bret & Deutsch, 2006; Gus’Kov, 2005; Hora,
2007; Ng et al., 2005; Sakagami et al., 2006; Sasaki et al.,
2006; Someya et al., 2006). During the heating and com-
pression phase, matter is transformed into a high energy
density state. A deeper understanding of the physical pro-
cesses here, in basic plasma diagnostics and other fields as
well, requires reliable data on the radiative opacity of hot
dense plasmas (Adamek et al., 2006). Of primary concern
are spectrally-dependent coefficients of X-ray absorption,
the heat conductivity coefficient, and the Rosseland and
Planck mean free paths (Zeldovich & Raizer, 1966). In the
field of “indirect-drive” inertial confinement fusion (ICF),

soft X-rays (SXR) produced as a result of laser interaction
with so-called hohlraum wall are used to implode the
capsule containing the fusion fuel. The immediate source
of X–rays is the hot dense plasma that is produced by the
laser. Some peculiarities of indirectly driven ICF target
designs were discussed in previous publications (Denisov
et al., 2005; Borisenko et al., 2003; Kilkenny et al., 2005;
Koresheva et al., 2005; Kyrala et al., 2005).

X pinch plasma is a SXR source, in which the hot dense
plasma is produced as a result of the explosion of fine
metal wires (Zakharov et al., 1982; Shelkovenko et al.,
2001; Zou et al., 2006). It is produced by using two (or
more) wires mounted so that they cross and touch at a
single point, in the shape of an “X,” as the load of the
pulsed power generator. In that case, bright, X-ray emitting
micropinches are reliably formed close to the cross point
for a wide range of wire materials, wire diameters, and
current pulse parameters (Shelkovenko et al., 2001).

In both hohlraum wall plasmas and X pinch plasmas, the
radiative characteristics are defined by plasma temperature T,
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plasma density r, and plasma composition. For these two
plasmas, the latter is determined by the hohlraum wall com-
position, and the exploding wire composition, respectively.
The dependence of the radiative characteristics of the
plasma on the X-ray source materials is the subject of the
present paper.

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, respectively. An optimizing pro-
cedure 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 differ-
ent materials that have already been estimated theoretically
(Suter et al., 1999; Callahan-Miller & Tabak, 2000).

For optically thick plasmas, the Rosseland and Planck
mean-free-paths are calculated for two commonly-used
exploding wire materials, NiCr and Alloy 188, at fixed temp-
erature and different densities. Theoretical estimates of radia-
tive efficiency are compared with experimental data that were
obtained using X pinch plasmas. The experimental part of the
present paper describes experimental methods and tools, and
presents experimental results on measurements of X-pinch
radiation energy yield for the above two wire materials.
Theoretical discussion of the results is also presented.

2. THEORETICAL APPROACH

Up to now, several theoretical models and corresponding
computer codes have been developed to calculate the spectral
coefficients for X-ray absorption, the heat conductivity coef-
ficient, the Rosseland and Planck mean free paths, and other
plasma characteristics. 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 account-
ing (DCA) (Rozsnyai, 1982), and the ion model (IM) (Orlov,
1997) has been carried out based upon the density-functional
theory (Orlov & Fortov, 2001), 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 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 set cannot
be solved because of huge number of equations. Until
recently, further physical approximations were used to sim-
plify these equations.

It is necessary to keep in mind that any simplification of
the equations leads to a restricted range over which the
model can be applied (Orlov & Fortov, 2001). Thus, the
TF model can be used only for very high plasma tempera-
tures. The main feature of the HFS model is its average

atom approximation, a fictitious atomic system with no
integer numbers of bound electrons in the atomic shells.
These numbers are calculated using the Fermi-Dirac
formula. Because the temperature of the plasma decreases
as it radiates, this model cannot provide accurate enough
results. The limitation of this approach is connected with
the application of perturbation theory, which is used to calcu-
late the properties of a real atomic or ion system. The DCA
model uses the Hartree-Fock equations for real atomic and
ionic systems, and the Saha method for calculating their con-
centrations. This approach leads to an arduous problem for
high-Z chemical elements (Rozsnyai, 1982). Moreover, it
cannot be used for strongly coupled plasmas because of a
peculiarity of the Saha method. In reality, the Saha distri-
bution is merely a special case of Gibbs statistics.

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).

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
general. The IM of hot dense plasma (Orlov, 1997) has been
developed to achieve this aim. Although more complicated
than previous models, the set of equations was solved for
“pure” substances. Subsequently, it was applied to compound
chemical compositions (Orlov, 1987). As a result, reliable
quantum mechanical calculations of radiative opacity became
possible over a wide range of plasma densities, and temperatures.
Finally, the optimization problem was solved for compound
plasma compositions (Orlov, 1999; Denisov et al., 2005). A
specific theoretical method and effective computer code were
created to optimize radiation spectral yield from complex
materials that can be used as X-ray source materials in practice.
Theoretical efficiencies of X-ray source materials can be
estimated for both optically thick and optically thin plasma.

2.1. Optically thick plasma

Optically thick plasma can be produced by laser interaction
with a thick solid target. The simple solution of the
steady-state heat conductivity equation in one-dimensional
semi-infinite geometry (Orlov, 1999) shows that radiation
intensity on the surface of a thick target, B(T ) which can
be expressed as B(T ) ¼ aT4, increases inversely proportional
to the Rosseland mean free path, lR(cm)

B(T)/
1
lR
: (1)

Here T is the plasma temperature, a ¼ 1/15p2kB
4/h� 3c3, kB

and h� are Boltzmann’s and Planck’s constants, respectively,
and c is the speed of light (Denisov et al., 2005). This
approximate formula can be used to estimate the radiation
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efficiency of a target material. As shown in Eq. (1), the power
density increases with decreasing Rosseland mean free path
lR. The relative radiation intensity at a given temperature of
two different materials a and b can be expressed as

k ¼ Bb(T)
Ba(T)

¼ laR
lbR
: (2)

A more precise approach was used by Orzechowski et al.
(1996) for evaluating the radiation energy lost into the thick
target. A self-similar solution for the diffusion equation gives
the energy lost to the wall DE increases inversely pro-
portional to the square root of the Rosseland mean opacity
kR, where kR ¼ 1/lRr̃, and r̃(g/cm3) is the plasma density:

DE ¼ 1
KR

� �1=2

¼ ½lRr~�1=2: (3)

The radiation efficiency of a target material surface increases
with a reduction of the energy transported into the wall DE. It
can be achieved by increasing the Rosseland mean opacity
kR, or, at fixed plasma density, by decreasing the Rosseland
mean free path lR. In this case, estimating the relative
energy lost to the wall of two different materials a and b

can be expressed as

DEb

DEa

¼ lbR
laR

" #1=2

(4)

The value DE in Eq. (3) should be minimized to achieve the
maximum surface radiation efficiency. Eq. (4) will be used
below to estimate relative efficiency of different wall
materials. Radiation efficiency clearly increases with
decreasing Rosseland mean free path.

2.2. Optically thin plasma

Another approach can be used for estimating the emissive of
optically thin plasma that can be produced by exploding
wires. Let a one-dimensional (1D) planar plasma slab have
the thickness L and occupy 0 � x � L. It has been proved
(Zeldovich & Raizer, 1966), in the absence of external
sources, that the integrated surface emissive, or outward
energy flux, on the right border of the slab, where x ¼ L,

increases inversely proportional to the Planck mean free
path lP

jþ /
L

lP
caT 4: (5)

The applicability range of the approximation may be
expressed as L̃ , lP.

Eq. (5) can be used to estimate relative radiation efficiency
of different exploding wires made of two different materials
a and b:

k ¼ jþa
jþb
¼ lbP

laP
: (6)

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

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

2.3. Results of calculations

Chemical admixtures can considerably influence the
frequency-dependent opacity, as has been previously
shown. This fact can be used to improve the radiation effi-
ciency of X-ray source materials. For instance, a simple
50/50 mixture of gold and gadolinium was proposed to
reduce the radiation energy lost to the hohlraum walls in
comparison with pure gold (Orzechowski et al., 1996).

Table 1 presents the Rosseland mean free paths lR, which
were calculated for different materials at the density r̃¼ 1/g/
cm3) and different temperatures, using the IM of hot dense
plasma. Results are given for gold and for the composition
(Au25.7%/W23.1%/Gd18.1%/Pr10.0%/Ba10.4%/
Sb12.7%), which is denoted as Composition 1. Mass percen-
tages of elements are given in brackets. This composition was
found using an optimization method (Denisov et al., 2005)
that is more complete than that of Orlov (1999). Results are
also presented for two compositions of gold and gadolinium.
The problem is that the notation 50/50, which was used

Table 1. The Rosseland mean free path (cm) calculated for different materials at the density r̃ ¼ 1(g/cm3)

T(eV) Au Comp. 1. lR
Au/lR

Comp1 Au55.61/Gd44.39 (Comp. 2) lR
Au/lR

Comp2 Au50/Gd50 (Comp. 3) lR
Au/lR

Comp3

150 3.211024 1.291024 2.49 2.461024 1.30 2.471024 1.29
200 4.571024 1.531024 2.98 3.291024 1.39 3.291024 1.39
250 5.011024 1.611024 3.11 2.881024 1.74 2.891024 1.73
300 5.751024 1.871024 3.07 3.761024 1.53 3.891024 1.48
350 6.351024 1.921024 3.31 4.251024 1.49 4.371024 1.45
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earlier (Orzechowski et al., 1996), could mean number or mass
percentages. Therefore, calculations were made here both for
Composition 2 (Au55.61%/Gd44.39%) and for Composition
3 (Au50%/Gd50%) where, again, we have used mass fraction.

The spectral coefficients for X-ray absorption, K(x)(cm2/g),
were calculated for different compositions at T ¼ 250 eV and
r̃ ¼ 1g/cm3 as functions of x ¼ h� v/T. Figure 1 presents the
coefficient calculated for gold (thick line). The coefficient is
relatively small in the interval (3.5 , x , 8.5) whereas the
interval is overlapped with spectral lines for Composition 1
(thin line). Figure 2 shows the spectral coefficients for X-ray
absorption calculated for gold and Composition 2
(Au55.61%/Gd44.39%). One can see that Composition 2
also ensures definite overlapping over the previously-cited
energy interval. However, Composition 1 provides broader
overlapping than Composition 2, as shown in Figure 3.

Table 2 presents the relative hohlraum wall loss energy for
different materials compared to a pure gold hohlraum wall as
calculated by Suter et al. (1999), as well as some results from
the present work, including Composition 1. Table 3 presents
the relative hohlraum wall loss energy for different materials
as compared to a gold/ gadolinium hohlraum wall as calcu-
lated by Callahan-Miller and Tabak (2000). The result of the
present work is also given (Composition 1). Tables 2 and 3
show that Composition 1 ensures higher radiation efficiency
in comparison with other calculated compositions. Thus, the
optimizing procedure (Denisov et al., 2005), which can find
out an effective complex material for a thick target, really can
lead to better radiation efficiency materials.

The Rosseland and Planck mean free paths were also cal-
culated for the NiCr alloy (Ni80%/Cr20%) and for Alloy

188 (Cr21.72%/Ni22.92%/Fe2.24%/Co39%/W13.93%)
at the temperature T ¼ 1 keV. Calculations were made at
normal density r̃ ¼ r̃normal (g/cm3), at the density r̃ ¼

0.1*r̃normal (g/cm3) and at the density r̃ ¼ 10*r̃normal (g/
cm3) (Tables 4 and 5).

Figure 4 presents the spectral coefficients for X-ray
absorption K(x)(cm2/g) calculated for the NiCr alloy and
Alloy 188 at the temperature T ¼ 1 keV and the density
r̃ ¼ r̃normal (g/cm3). The spectral coefficients for X-ray
absorption of NiCr (thick line) are relatively small over the
interval (2.0 , x , 5.5). On the other hand, the interval is
overlapped with spectral lines of Alloy 188 (thin line).
These circumstances provide decreasing Rosseland and
Planck mean free paths for Alloy 188 in comparison with

Fig. 1. The spectral coefficient of X-rays absorption K(x)(cm2/g) calculated
for Au (thick line) and for the Composition 1 (Au25.7%/W23.1%/
Gd18.1%/Pr10.0%/Ba10.4%/Sb12.7%) (thin line) at the temperature T ¼
250 eV and the density r̃ ¼ 1 g/cm3.

Fig. 2. The spectral coefficient of X-rays absorption K(x)(cm2/g) calculated
for Au (thick line) and for the Composition 2 (Au55.61%/Gd44.39%) (thin
line) at the temperature T ¼ 250 eV and the density r̃ ¼ 1g/cm3

Table 2. The hohlraum wall loss energy for different materials,
compared to a Au hohlraum wall DEwall/DEAu

Material DE/DEAu

Au 1.00
Au:Gd 0.83
U:At:W:Gd:La 0.65
U:Bi:W:Gd:La 0.65
U:Bi:Ta:Dy: Nd 0.63
Th:Bi:Ta:Sm:Cs 0.68
U:Pb:Ta:Dy:Nd 0.63
U:Ta:Dy:Nd: 0.67
U:Au:Ta:Dy:Nd 0.64
U:Nb.14:Au:Ta:Dy 0.66
Composition 1 0.57
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NiCr and, therefore, improve the radiation efficiency of the
corresponding wire material.

The results in Tables 4 and 5 will be compared with exper-
imental measurements in the next section after a description
of the experiments.

3. EXPERIMENTAL RESULTS

To compare the calculations, above, to the real hot plasmas
requires knowledge of the plasma temperature, density,

radiated energy, size, etc. In an exploding wire z pinch, a
high current is passed through a single fine wire (10–100
mm in diameter and �1 cm long) that connects the output
electrodes of a pulsed power generator. The wire explodes
and is converted into plasma by the rising current pulse,
after which the increasing self-magnetic field can cause the
plasma to implode radically. This process typically yields
several bright, X-ray emitting micro-pinches at random
locations along the wire, which limits the opportunities to
make precise measurements of plasma parameters of an

Fig. 3. The spectral coefficient of X-rays absorption K(x)(cm2/g) calcu-
lated for the Composition 2 (Au55.61%/Gd44.39%) (thick line) and for
the Composition 1 (Au25.7%/W23.1%/Gd18.1%/Pr10.0%/Ba10.4%/
Sb12.7%) (thin line) at the temperature T ¼ 250 eV and the density r ¼

1g/cm3.

Table 3. The hohlraum wall loss energy for different materials,
compared to a AuGd hohlraum wall DEwall/DEAuGd

Material DEwall/DEAuGd

Au/Gd (50:50) 1.00
Au 1.25
Pb 1.28
Hg 1.26
Ta 1.25
W 1.25
Pb/Ta (50:50) 1.08
Pb/Ta (70:30) 1.06
Hg/Xe (50:50) 1.18
Pb/Ta/Cs (50:20:30) 1.01
Pb/Ta/Cs (45:20:35) 1.01
Hg/Ta/Cs (45:20:35) 1.03
Hg/W/Cs (45:20:35) 1.04
Pb/Hf (70:30) 1.04
Pb/Hf/Xe (45:20:35) 1.00
Composition 1 0.75

Fig. 4. The spectral coefficient of X-rays absorption K(x)(cm2/g) calculated
for NiCr (thick line) and for the composition Alloy 188 (Cr21.72%/
Ni22.92%/Fe2.24%/Co39%/W13.93%) (thin line) at the temperature
T ¼ 1 keV and the density r̃ ¼ r̃normal.

Table 4. The Rosseland mean free path (cm) calculated for NiCr
and Alloy 188 at the temperature T ¼ 1 keV

Density lR
NiCr lR

Alloy188 k ¼ lR
NiCr/lR

Alloy188

0.1*r̃normal 2.541021 1.971022 12.89
r̃normal 4.121023 1.371023 3.01
10.*r̃normal 1.111024 5.811025 1.91

Table 5. The Planck mean free path (cm) calculated for NiCr and
Alloy 188 at the temperature T ¼ 1 keV

Density lP
NiCr lP

Alloy188 k ¼ lP
NiCr/lP

Alloy188

0.1*r̃normal 1.161022 2.831023 4.06
r̃normal 2.991024 2.161024 1.38
10.*r̃normal 3.291025 1.781025 1.84
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individual X-ray source (Zakharov et al., 1983). An X pinch,
produced as described in the Introduction (Zakharov et al.,
1982; Shelkovenko et al., 2001), by contrast, reliably pro-
duces X-ray emitting micro-pinches close to the cross point
of the two wires for a wide range of wire materials, wire
diameters, and current pulse parameters (Shelkovenko
et al., 2001). Therefore, the X pinch enables the physical
properties of micro-pinches to be investigated in detail by
predetermining their location to within about 150 mm.
Thus, diagnostic instruments can be focused on the wire
cross point region and many kinds of diagnostics can be
used. The X pinches radiate over a wide range of X-ray ener-
gies, and the size of the radiation region varies from 1 mm to
1 mm in diameter, depended on the wire material and energy.

The wide spectral range of the radiated energy from a small
area and a predictable location offer the possibility of using
the X pinch as source of X-ray radiation for different appli-
cations, including detailed studies of X-ray spectral emission
characteristics.

The experimental results reported here were obtained
using the XP facility (470 kA peak current, 100 ns full-width
at half-maximum (FWHM) pulse duration) at Cornell
University. A simplified schematic diagram of the exper-
imental configuration and diagnostics is shown in Figure 5
for the case of a single four-wire X pinch. The set of diagnos-
tics used in the experiments with X pinches in recent years
(Shelkovenko et al., 2001; Song et al. 2005), shows that
a �1–10 mm plasma source with �1 keV plasma tempera-
ture, and density equal to 0.1–1 of solid density radiates in
the .1 keV energy range. These plasma parameters were
used for radiative opacity calculation.

The pulse duration, shape, and radiated energy of the
X-ray bursts were measured in the 1.0–6 keV band using
fast diamond photo conducting detectors (PCDs), as shown
in Figure 5. For most of the experiments the X-ray radiation
bursts from the X pinches were monitored using two or three
PCDs and a 5 GS/s Tektronix 684B digitizing oscilloscope.
Including the cabling, this combination gave �0.5 ns X-ray
pulse widths (FWHM) and timing accuracy of+0.2 ns for
most tests. The PCDs were calibrated so that radiated
power and energy estimates could be made from them.
Different filter combinations were used to obtain power and
energy estimates with different minimum photon energies.

Fig. 5. Experimental setup for measurement of the X pinch source radiated
energy.

Table 6. Energy radiated of 4 � 25 mm NiCr and 4 � 25 mm alloy 188 X pinches in the two energy bends

4 � 25 mm NiCr X pinch 4 � 25 mm Alloy 188 X pinch

Pulse # B1
NiCr (mJ) Eg . 1.5 keV Pulse # B1

Alloy188 (mJ) Eg . 1.5 keV

3620 320 3673 480
3626 360 3676 600
3629 300 3679 620
B̄1

NiCr 326 B̄1
Alloy188 566

Pulse # B2
NiCr (mJ) 2.5 , Eg , 5 keV Pulse # B2

Alloy188 (mJ) 2.5 , Eg , 5 keV

3620 140 3673 250
3626 100 3676 210
3629 90 3679 170
B̄2

NiCr 110 B̄2
Alloy188 210

Table 7. Theoretical and experimental results on relative radiation efficiency of exploding wires made
of Alloy 188 and NiCr. Experimental results are given as B̄1

Alloy188/B̄1
NiCr

Experiment (E . 1.5 keV) Theory

B̄1
Alloy188/B̄1

NiCr Error bar k ¼ lP
NiCr/lP

Alloy188 Deviation from experiment

1.736 20% r̃ ¼ r̃normal 1.38 25.8%
r̃ ¼ 10.*r̃normal 1.84 5.6%
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The PCDs were placed as far as 43 cm from the X pinch.
Because of the small size of the X pinch radiating source
(Shelkovenko et al., 2001; Song et al., 2007), we can con-
sider that the X pinch is a point source of radiation radiating
uniformly in all direction.

We reported here only the results from four wires X
pinches from NiCr and Alloy 188. Radiated energy estimated
using PCDs signals with Be and Ti filters for NiCr and Alloy
188 four-wire X pinches was averaged for several pulses in
Table 6. We used for calculation only pulses with similar
current and dI/dt to get comparable energy yield.
According to Table 6, the averaged radiated energy ratios
of NiCr and alloy 188 X pinches are 1.75 and 1.88 for
Eg . 1.5 keV and 2.5, Eg , 5 keV, respectively.

Our spectroscopic and imaging experiments have shown
micrometer scale source size and plasma density near solid
density in the energy range more than 1.5 keV. Magnetic
hydro dynamics simulations show even 10 times higher
density than has been measured by spectroscopy methods
(Gus’kov et al., 2005). Therefore, we compare the exper-
imental results assuming solid density and 10 times of
solid density with calculations presented in Tables 4 and 5.
Because of small size, the X pinch source of radiation is an
optically thin source over the energy range of interest. The
ratio of the energy radiated by Alloy 188 to the energy
radiated by the NiCr alloy in the energy ranges studied fits
the relation of the Planck mean free paths to these alloys
quite well for densities between r̃normal and 10.*r̃normal.

Tables 7 and 8 compares theoretical (Table 5) and exper-
imental (Table 6) results concerning relative efficiency of
exploding wires made of Alloy 188 and NiCr. As shown,
theoretical results agree well with the experimental data.

4. CONCLUSIONS

It is shown that the theoretical method presented in this
paper, provides reasonable results on estimating the radiation
efficiency of X-ray source materials. This method can be
used to determine effective complex materials for exploding
wires, thick laser targets, and other applications. The method
can also reduce expenses and time of pure experimental
research. This is especially important for experiments on
the biggest installations such as the Sandia ZR pulsed
power machine or the National Ignition Facility laser.
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APPENDIX

A plasma with a nuclear charge Z, atomic weight A, tempera-
ture T, and density r̃ (g/cm3) can be considered to define the
Rosseland and Planck mean-free-paths lR and lP, respect-
ively. An ion sphere of radius r0 with a nucleus at its
center is used as a subsystem of Gibbs statistics (Orlov,
1997). The ion sphere radius is

r0 ¼
3

4pNA

� �1=3 1
a0

A

~r

� �1=3

; ð7Þ

where a0 ¼ 5.2921029 cm and NA ¼ 6.021023, the
Avogadro number. An atomic units system is used where
the electron charge e ¼ 1, Planck’s constant h� ¼ 1, and elec-
tron mass m ¼ 1. The atomic units of length, time, and
energy, respectively, are h� 2/me2, h� 3/me4, and me4/h� 2.

The subsystems differ from each other by sets of numbers
of bound electrons fNa

j g on the atomic shells, where j
numbers the subsystems, and a denotes the orbital (nl).
The Gibbs distribution is

Wj ¼ Cgj exp �Ej � mNj

T

� �
: (8)

Here, Ej is the total energy and Nj is the total number of elec-
trons in a subsystem with index j: gj is the statistical weight;
m is the chemical potential.

The Rosseland mean free path lR can be expressed as

lR ¼
15

4p4

ð1
0

lu
u4 exp (�u)

(1� exp (�u))2 du; (9)

where u ¼ h�v/T, h�v photon energy, lu ¼ 1/K(v). The
spectrally-dependent coefficients of X-ray absorption has
the form

K(v) ¼ ~n
X

j

Wjs
j(v); (10)
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ñ is the nuclei concentration (1/cm3). The total cross-section
of photon absorption is determined as s j (v) ¼ s j

bb (v) þ
s j

bf (v) þ s j
ff(v), and represents the sum of the cross sections

for spectral line absorption s j
bb (v), photo absorption s j

bf (v)
and bremsstrahlung absorption s j

ff (v). The processes of scat-
tering and stimulated emission can also be incorporated into

formula (10). The Planck mean free path lP is

1
lP
¼ 15

p4

ð1
0

1
lu

u3 exp (�u)
1� exp (�u)

du: ð11Þ
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