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Abstract

In this paper, the opacity of plasma in local thermodynamic equilibrium condition was investigated numerically. The
plasma was assumed to be produced by interaction of high power pulse laser with carbon and aluminum. Spectrally
resolved opacities under different plasma temperature and density conditions were calculated and radiative absorption
due to three absorption mechanisms; inverse bremsstrahlung, photo-ionization, and line absorption in plasmas was
studied numerically. The purpose of this study is to calculate the values of absorption for inverse bremsstrahlung and
photo-ionization processes for aluminum and carbon plasmas and to compare them for those of cold matter. In this
investigation, the influences of density and temperature on plasma absorption were evaluated. The calculation results
show that the opacity strength strongly depends on the plasma temperature and density.
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INTRODUCTION

The radiative opacity plays an important role in several re-
search areas such as inertial confinement fusion (Orlov
et al., 2011; Kauffman ez al., 1994; André et al., 1994), and
stellar physics (Rogers & Iglesias, 1994; Rose, 1991). Exper-
imental and theoretical determination of plasma opacity within
the X-ray spectral range is also important in some applications
such as designing laser produced X-ray sources (Meister et al.,
2011; Nishimura et al., 1993; Bastiani et al., 1995; Marzi
et al., 2000; Babonneaua et al., 1991; Orlov et al., 2007;
Zhang et al., 1996), and plasma diagnostics (Zastrau et al.,
2012; Jiao-Long et al., 2003). Due to the wide practical appli-
cations of radiative opacity, it has remained a subject of current
studies until now and many efforts are being made to develop
new models and numerical codes for evaluation of such plas-
mas (Gil et al., 2013; Orlov et al., 2011; Minguez Torres et al.,
2010; Rozsnyai et al., 2010; Rodriguez et al., 2008; Gupta &
Kumar, 1995; Ramis et al., 2009; Godwal et al., 1997; Rickert
et al., 1990).

High power pulsed lasers are capable for producing
plasma as an intense X-ray radiation source. There are
many reports in optimization of laser-plasma X-ray sources
using various laser parameters and target materials. In this
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application, opacity is also a crucial factor in optimization
of laser-plasma X-ray sources. For example, cocktail targets
(mixture of two or more high-Z materials) have been widely
proposed for enhancing the X-ray emission (Orzechowsk
et al., 1996; Gauthier et al., 1999; Gupta & Godwal,
2001). It was shown that if the high opacity region of one
element overlaps with the low opacity region of the other,
it is possible to obtain higher Rosseland mean opacity as
compared to either of the elements in the mixtures. As a
result, higher re-emission and conversion efficiency of
laser light to X-ray can be achieved with such mixtures (Or-
zechowsk et al, 1996; Gauthier et al., 1999; Gupta &
Godwal, 2001).

In plasmas diagnostics, some properties such as tempera-
ture, density, and different ionization stage distribution can
be determined by diagnosis of plasma radiation. However,
the plasma radiation is influenced by opacity that leads to
non-realistic characterization. Such a problem can be
solved by combining the experimental results with those of
calculations in which opacity is involved (Nishimura et al.,
1993; Bastiani et al., 1995).

Within the last two decades, the opacity of plasmas over a
wide range of temperature and density has been studied ex-
tensively both experimentally and theoretically (Rose,
1992; Bailey et al., 2009). In most of these studies, local ther-
modynamic equilibrium (LTE) conditions were assumed for
plasmas. However, due to a large number of atomic data, the
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calculation of radiative properties of plasma is a difficult task
even for low-Z elements. Such atomic data includes the
atomic levels and associated involved transitions, spectral
line shapes, oscillator strengths, atomic (and ionic) popu-
lations, and photo-ionization cross sections. Therefore, the
attempts for accurate calculations of radiative opaque
plasma are still in progress. Many efforts are being made to
develop new models and numerical codes for evaluation of
such plasmas (Gupta & Godwal, 2002; Yonggiang et al.,
2009). We have also reported preliminary results for calcu-
lation of opacity of carbon and aluminum plasmas (Mahdieh
& Hosseinzadeh, 2010). However, the calculations were
performed for restricted conditions.

In this paper, we have tried to study the opacity of low-Z
plasmas (Z < 30) by developing a computer code. In some
experiments, it is very important to estimate the variation of
X-ray opacity in irradiated target for cold matter (Rossall
et al., 2010). Abundant calculation of the radiative opacity
characteristics in plasmas (temperature and density dependent)
results in better understanding of physical processes in plasma
produced by a high-power pulsed laser, and that is an advan-
tage of the presented work. In addition, a comparison between
the opacity of the cold matter and its plasma can be of interest
for those researchers who measure the opacity of matter in a
laser produced plasma experiment. Therefore, in this paper,
we focused on studying the opacity of carbon and aluminum
plasmas for variety range of densities and temperatures and
the results were compared with the results of cold material. Fur-
thermore, a main difference between this work and the others
that are already reported in the literature is the use of some da-
tabases such as NIST Atomic Spectra Database (Martin et al.,
2006) for calculating the opacity. In the present work, the
plasma was assumed to be in LTE and frequency dependent
opacity was calculated. Atomic structure, levels, energies,
oscillator strengths, and other atomic data are also provided
by either analytical calculations or available data bases.
These data will be referenced in the next sections where appro-
priate. The calculation results were compared with data from
the TOPbase data (Magee et al., 1995) and also with other re-
sults such as those from Zeng et al. (2001) and Gil et al. (2013).

THEORY AND COMPUTATIONAL METHOD

Population Densities of Ions

To obtain the opacity, the population densities of neutral to
fully ionized ions of plasma components are required. For
plasmas in LTE, the population distributions of different ion-
ization stages are given by the well-known Saha-Boltzmann
equation (Cowan, 1981) but modified for ionization potential:

3 —($; — Ad;)/kgT
Nit1N, P 2nmkgT\" Uiy ekB—T’ 1)
N,‘ h? Ui

where NV; is the total population density of ion i, N, is the
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number of free electrons per unit volume, ¢; is the ionization
potential of ion i, Ad; is the depression of the ionization limit
caused by plasma environment restricting the number of
bound states available, / is the Planck constant, kg is the Boltz-
mann constant, 7 is the temperature, m is the electron mass,
and U; is the partition functions for ion 7 and is given by:

—Ey
Ui = ZgﬂekBT- 2

Where g;; = 2J + 1 is the statistical weight of the state [, Ej; is
the energy of level / of ion i above the ground state. In solving
the Saha-Boltzmann Eq. (1), calculation of the ionization
potential depression (IPD) is needed. We chose the Debye-
Huckel model (Heading et al., 1995) to calculate the IPD. In
the Debye-Huckel model of the plasma potential, the largest
radius of an electron that can still be bound is given by the
Debye radius. In this model the IPD is given by:

z6? &N,
- 41'[80 1) kBT

Ad, 3)

In the LTE plasma, the population density N;, for level / of ion
stage is determined by Boltzmann distribution function:

—E;
Ni\ 7.+
Ni = gi (E>€kBT~ “4)

i

Opacity Modeling

The opacity of the material is mainly due to the absorption of
photons through the processes: free-free (ff) absorption (or
inverse bremsstrahlung), bound-free (bf) absorption (or
photo-ionization), bound-bound (bb) absorption (or line ab-
sorption), and photon scattering processes. Hence, the total
opacity for a photon at energy hv in plasma at temperature
T is given by (Eliezer, 2002):

1
k(hv) = . [k (hv) + k(o) + Ky (v)]
—hv
x (1 — ekBT) 4 ko (o). Q)

Where p denotes the density of plasma and v is the frequency of
photon. The exponential term represents the correction for
stimulated emission. Electron scattering is usually not an
important contribution to the total opacity. It dominates only
at very high temperatures, where other sources tend to decrease.

There are different theoretical models, such as average
atom (AA) (Rozsnyai, 1997), under solved transition arrays
(UTA) (Bauche & Bauche-Arnoult, 1996), super transition
array (STA) (Faussurier ef al., 2001), and detailed level
accounting (DLA) (or detailed term accounting DTA)
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Table 1. The ionization potential (IP) in (Moore, 1970) and the
calculated ionization potential depression (IPD) for aluminum
plasma with the temperature of 20 eV and density of 0.01 g/cm’

Tons IP (eV) IPD (eV)
All 5.98 1.29
Al Il 18.82 2.59
Al IIT 28.44 3.88
Al IV 119.99 5.18
AlV 153.71 6.48
Al VI 190.47 7.77
Al VII 241.43 9.07
Al VIII 284.59 10.37
Al IX 330.21 11.66
Al X 398.57 12.96
Al XI 442.07 14.26
Al XTI 2086.00 15.55
Al XTI 2304.10 16.85

(Zeng et al., 2006) that take different analysis on the above
process. Up to now DLA has achieved great success in pre-
dicting the opacity of low-Z plasma.

The early attempts of theoretical models for the calculation
of the radiative opacity were based on the statistical methods.
The self-consistent AA (Green, 1964), and the UTA (Bauche
et al., 1978) are some examples. Since lines of different tran-
sition arrays are unresolved, STA (Bar-Shalom et al., 1989)
was developed which is based on the statistical method.
However, theoretical modeling for the radiative opacity of
high temperature plasmas involves to plasma conditions,
atomic data, state populations, and also spectral line
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shapes. The spectral line shapes separately can be involved
to some broadening mechanisms, such as natural width, Dop-
pler broadening, auto ionizing resonance, and collisional
broadening. The models of DTA and DLA consider these
issues. Although, the DTA and DLA models are very com-
plex, since one has to obtain a great number of atomic data
and to consider many different physical effects on the
atomic data, they are more suitable for obtaining detailed
spectrally resolved opacity. To date, DTA and DLA have
achieved great success in predicting the opacity of low-Z
plasmas such as aluminum (Abdallah & Clark, 1991; Iglesias
etal., 1994; Zeng et al., 2000). It was shown that an accurate
opacity can be obtained by using a DLA model for a wide
range of plasmas, which are of great utility in many practical
researches (Zeng et al., 2006). Therefore, in this work, the
plasma opacity has been calculated by using of DLA
model which is described in the following section.

Free-Free Opacity

When a free electron moves in the Coulomb field of an ion
the system, it emits radiation, while in the inverse process a
photon is absorbed. The inverse bremsstrahlung or ff absorp-
tion coefficient is given by the semi-classical Kramer’s for-
mula (Zel’dovich & Raizer, 1966).

hemv?

4 2n
k(o) =3 |:3m ksT

12 6
N,
} x Gy N NZ (6

where, e is the electron charge, and c is the speed of light. The
parameters N, and N; are the electron and ion densities,
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Fig. 1. (Color online) Population fraction versus the charge state for aluminum plasma at temperature 20 eV, and density of 0.01 g/cm™~,

respectively.
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Table 2. The atomic data (oscillator strengths fy,energy levels E; and E;, and statistical weights g) for lower level i to upper level k of Al VI

ion from NIST (Martin et al., 2006)

X (nm) f E, (eV) EeV) Lower level Upper level g &
configuration Term J configuration Term J
7.4444 8.73e-02 0.00 166.550 2s22p4 3p 2 2s522p3(2D°)4d 3p° 2 5 5
8.5806 3.03e-01 0.4747 144.969 2s22p4 3p 0 2s522p3(2P°)3d 3D° 1 1 3
9.0196 4.27e-01 5.1041 142.564 2522p4 1D 2 2522p3(2D°)3d 1F° 3 5 7
10.9284 1.68e-01 10.93 124.389 2s22p4 1S 0 2s522p3(2P°)3s 1p° 1 1 3
11.3629 1.01e-01 40.5199 149.634 2s2p5 3p° 0 2s2p4(4P)3s 3p 1 1 3
22.1535 2.85e-04 0.00 55.9660 2522p4 3p 2 2s2p5 1P° 1 5 3
24.3766 2.00e-01 5.1041 55.9660 2s22p4 1D 2 2s2p5 1p° 1 5 3
27.5343 8.13e-02 10.937 55.9660 2s22p4 1S 0 2s2p5 1p° 1 1 3
30.7249 3.66e-02 0.00 40.3530 2s522p4 3p 2 2s2p5 3p° 1 5 3
31.0907 1.44e-01 0.4747 40.3530 2522p4 3p 0 2s2p5 3p° 1 1 3
32.8696 1.51e-01 55.9660 93.6859 2s2p5 1p° 1 2p6 1S 0 3 1
42.146 1.05e-04 10.937 40.3530 2522p4 1S 0 2s2p5 3p° 1 1 3
107.766 1.03e-01 122.328 133.833 2522p3(4S°)3p 3p 1 2522p3(4S°)3d 3D° 1 3 3
108.765 3.27e-01 128.903 140.303 2s522p3(2D°)3p IF 3 2s522p3(2D°)3d 1G° 4 7 9
132.057 2.31e-01 119.2 128.549 2522p3(2D°)3s 3D° 3 2522p3(2D°)3p 3F 4 7 9
135.879 2.68e-01 113.211 122.336 2522p3(4S°)3s 3S8° 1 2522p3(4S°)3p 3p 2 3 5
135.996 1.61e-01 113.211 122.328 2s522p3(4S°)3s 3S° 1 2522p3(4S°)3p 3p 1 3 3
140.998 4.74e-02 123.187 131.980 2522p3(2P°)3s 3p° 0 2522p3(2P°)3p 3S 1 1 3
141.605 4.94e-02 123.225 131.980 2s522p3(2P°)3s 3p° 2 2522p3(2P°)3p 3S 1 5 3
142.258 1.46e-01 119.2 127.876 2522p3(2D°)3s 3D° 3 2s522p3(2D°)3p 3D 3 7 7
143.052 1.14e-01 119.2 127.828 2522p3(2D°)3s 3D° 2 2522p3(2D°)3p 3D 2 5 5
143.251 9.79e-02 119.2 127.816 2522p3(2D°)3s 3D° 1 2s522p3(2D°)3p 3D 1 3 3
144.217 2.31e-01 120.307 128.903 2522p3(2D°)3s 1D° 2 2s522p3(2D°)3p 1IF 3 5 7

respectively. The parameter Z; is the ionic charge number,
and summation is given for all ions. The parameter Gy is
the ff Gaunt factor. The Gaunt factor Ggp=1 at low
temperatures <400 eV or Ggz= 1.4at temperatures >400
eV  (Hutchinson, 2002). Similarly, Gz=0 for photon
energy less than the ground state ionization potential, but
otherwise G = 1. In Eq. (5), by summing over all ions pre-
sent in a plasma, the total ff opacity can be evaluated at a
given frequency and temperature.

Bound-Free Opacity

Bound-free absorption occurs when a photon is absorbed
by a bound electron, the process is associated with the release
of a bound electron around an atom or ion. The bf absorption
coefficient can be obtained by:

Ky (hv) = ZN,-omhv), ©)

where o, (/v) is the photo-ionization cross-section per ion i.
For the present work, all the photo-ionization cross-sections
were obtained from the reference (Verner et al., 1996).

Bound-Bound Opacity

In this case, an electron is moved from one bound orbit in
an atom or ion to an orbit of higher energy due to the absorp-
tion of a photon. The bb opacity for photon at energy /v is
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given by:
Kpp(hv) = Z (Z Nioir (hv))7 ®)
i\

where o;;;” (hv) is the cross-section for the photo-excitation
process from level / to [’ and is given by:

nthe?

oar(hv) = Sir S(w). ©

meC

The bb cross-section is a function of the oscillator strength
fui' s and S(hv) denotes the line profile. In this work, Doppler
broadening has been taken into account for S(hv) (Hutchin-
son, 2002). By comparing the results of the present work
with those of some other available calculations (which will
be shown in the following sections), we concluded that the
Doppler broadening may be enough to give accurate results
for the calculations. However, for more precise calculations,
one needs to consider other line profiles such as Stark broad-
ening. In Eq. (7), by summing over all ions, and related level
populations the total bb opacity can be evaluated at a given
frequency and for given plasma.

The atomic data used in this work (ionization energies,
energy levels, statistical weights, and the oscillator strengths)
were also taken from the National Institute of Standards and
Technology (NIST), they are the most accurate sources and
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Fig. 2. Frequency-dependent opacity versus incident photon energy for aluminum plasma at temperature 20 eV, and density of 0.01 g/
cm . (a) Present work and (b) results reported by (Zeng et al., 2001). The solid line refers to the detailed level accounting calculation and

the dashed line to the average atom model (Zeng et al., 2001).

calculations known at present (Martin et al., 2006). These
NIST data were produced by combination of experiment
and calculations. For example, some energy levels of alumi-
num (Al I through Al XIII) were critically compiled, mainly
from published material on measurements and analyses of
the optical spectra but Martin and Zalubas (1979) derived
or recalculated the levels for a number of the ions.

CODE VALIDATION

Using the formulae and method discussed in the previous
section, a computer code was developed for calculating the

https://doi.org/10.1017/50263034613000244 Published online by Cambridge University Press

radiative opacity under different plasma temperature and
density conditions. In order to verify the validation of the
code and the computational technique, the code was applied
to aluminum plasma with temperature of 20 eV and density
of 0.01 g/cm?, and the radiative opacity was calculated.
The radiative opacity of this plasma condition can be given
by Rosseland Mean Opacity Tables (Rogers & Iglesias,
1992). The radiative opacity of such plasma condition was
also measured experimentally by Winhart ef al. (1996), and
verified numerically by Zeng et al. (2001).

By solving the set of nonlinear modified Saha-Boltzmann
Eq. (1), the population distribution of aluminum plasma
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Fig. 3. (Color online) Frequency-dependent opacity versus incident photon energy for 20 eV aluminum plasma at density of 0.01 g/cm™~.

components (including neutrals, partially ionized, and fully
ionized ions) were calculated. In these calculations, the
total number of charged and neutral particles were assumed
to be constant (the total number of particles is the atomic den-
sity of the initial neutrals). The ionization potential (IP) in eV
(Moore, 1970) and the calculated ionization potential
depression (IPD) for different ionization stages for aluminum
plasma with the temperature of 20 eV and density of 0.01 g/
cm® are listed in Table 1. Figure 1 shows the ion population
fractions versus the charge state Z; for aluminum plasma at
temperature of 20 eV and density of 0.01 g/cm’. As Figure 1
shows, in such density and temperature, the most abundant
species in the plasma are Al V, Al VI, and Al IV ions with
a population of about 50%, 33%, and 14%, respectively.

The calculations show an average ionization degree of 4.2.
This value is in good agreement with the result of the OPAL opa-
city code, which gives 4.3 (Iglesias & Rogers, 1996) and that of
Jin et al. (2008) who reported a value of 4.2 average ionization
degree. Using the ions population fractions data, the opacity was
also calculated for the above mentioned aluminum plasma and
the results were compared with those reported by Zeng et al.
(2001) and those in TOPbase data (Magee et al., 1995).

As an example, the atomic data (oscillator strengths fix,
energy levels E; and Ey and statistical weights g) for lower
level i to upper level k of Al VI ion, taken from the NIST
(Martin et al., 2006) are listed in Table 2. Figure 2 shows
the frequency dependent opacity that was calculated by our
code and that reported by Zeng et al. (2001).

The sharp absorption edge near 150 eV is attributed to the
Al 'V ions, which is the most abundant species in such plasma
conditions. As it can be seen in Figure 2, the results of our cal-
culations are almost similar to those of reference (Zeng et al.,
2001). However, the results of our calculations show that the
opacity values are slightly smaller than those of reference
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(Zeng et al., 2001) especially in lower photon energy. Such
discrepancy may be due to the atomic data that are used in
two cases. In fact, the opacity calculation requires a large
amount of atomic data, and the accuracy of the opacity
strongly depends on the accuracy of the atomic data. The re-
sults were also compared to the calculated opacity which is
available in TOPbase data (Magee ef al., 1995) (Fig. 3).

As the Figure 3 shows, the results of our calculations have
similar trend to those in TOPbase and both results are fairly in
good agreement. The absorption around 150 eV is mainly due
to the M-shell transitions. The two main discrepancies includ-
ing the number of bb transitions and the amplitude of the
peaks are due to the fact that most of bb transitions (but not
all) with larger oscillator strengths for the most abundant
species in the plasma including Al V, Al VI, and Al IV ions
were considered. Such results can be better fitted if one con-
siders all of the bb absorption lines in the calculations. In
addition, the consideration of more realistic line-broadening
can produce an increase of the opacity. In this work, we just
considered Doppler broadening in our calculations. There-
fore, the results may be better fitted if we consider stark broad-
ening. We will consider this issue in our future works.

In some practical applications such as energy transfer
through hot dense matter, Rosseland and Planck mean opaci-
ties are used. The Rosseland and Planck mean opacities can be
calculated by using relations Eqgs. (10) and (11), respectively:

~ OB,
b a7
—— (10)
1 and\)
0 Kext. oT

KRosseland =

.[ 80 KabsBy dv

= 11
Io B, dv (b

KpPlanck =
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Fig. 4. (Color online) (a) Population fraction versus temperature for different carbon ions at density of 0.1 g/ em ™2 (Gil et al., 2013).
(b) Population fraction versus the charge state for carbon plasma at temperature 20 eV, and density of 0.1 g/cm > (the results given

by Gil et al., 2013, and the present work).

Where «,,,. represents the plasma opacity due to absorption,
Kexr. 18 the plasma opacity due to extinction (i.e., absorption
and scattering), and B, is the Planck’s black body function
for a plasma at temperature 7.

Table 3. The ionization potential (IP) and the calculated ionization
potential depression (IPD) for carbon plasma with the temperature
of 20 eV and density of 0.1 g/ cm’®

Tons 1P (eV) IPD (eV)
CI 11.26 475
cII 24.38 9.50
C 1 47.89 14.25
CIv 64.49 19.01
CV 392.07 23.76
C VI 489.98 28.51
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It may be useful to compare the Rosseland and Planck
mean opacities with the frequency dependent opacities. For
example, for aluminum plasma at temperature 20 eV, and
density of 0.01 g/cm_3, the Rosseland and Planck mean
opacities were calculated by Zeng et al. (2006) and given
as 4184 and 24891 cm®g ™", respectively.

For another example for validation of the code, we calcu-
lated the population fraction for carbon and compared the re-
sults with those of Gil et al. (2013). The results presented in
Figure 4. In Figure 4a, the population fraction of different
carbon ions (with density of 0.1 g/cm?) versus temperature
is presented. These results are obtained by Gil et al
(2013). For a specific temperature (such as 20 eV), one can
easily extract the population fraction verses charge state out
of Figure 4a. The results of such extraction for carbon
plasma with temperature of 20 eV appear in Figure 4b.

Using our code, we also calculated the population fraction
of carbon plasma (with temperature of 20 eV and density of
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Fig. 5. (Color online) Free-free and bound-free absorption for aluminum plasma with the temperature of 20 eV and density of 0.01 g/cm?.

0.1 g/cm®) and presented the results in Figure 4b. Table 3
also gives the calculated IP and PD for carbon plasma ions
with the temperature of 20 eV and density of 0.1 g/cm’.

It can be seen that the population fraction increases for the
carbon ions with the following form, i.e., CIV > C III > C
V > C II. Figure 4 shows that there is good agreement be-
tween our results and those given by Gil et al. (2013).

RESULTS AND DISCUSSIONS

In this section, we have made a systematic study of the spec-
trally resolved opacities under different plasma conditions.
Although the code is developed for all low-Z plasmas (Z <
30), in this paper only carbon and aluminum plasmas were
studied as two examples. In this section, we present some re-
sults for the opacity of two low-Z plasmas, i.e., carbon and
aluminum plasmas. Carbon and aluminum plasmas have
been of particular interests and were studied both experimen-
tally and numerically (Jin ef al., 2008; Colgan et al., 2006).
The influences of plasma density and temperature were in-
vestigated on the frequency dependent opacity and the results
were compared with those of cold matter.

Comparison between Free-Free Absorption and
Bound-Free Absorption

For aluminum plasma with the temperature of 20 eV and den-
sity of 0.01 g/ cm3, individual opacities, i.e., ff and bf ones
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were presented in Figure 5 to give an estimation of their rela-
tive contributions to the opacity.

It can be seen in Figure 5 that the ff process is dominated for
the lower energy photons but the bf contribution can exceed the
ff absorption with increasing photon energy. According to this
result, for photons with energies below about 50 eV, the major
absorption mechanism is caused by ff absorption. However,
with increasing the photon energy, bf absorption would play
the major role for plasma with such density and temperature.
As mentioned before the absorption edge near 150 eV is
caused by the bf process of Al V ions that are the most abundant
species in the plasma component at this density and temperature.

Density Dependence of Radiative Opacity

Figure 6a shows the opacity contributed by ff absorption and
bf absorption for aluminum plasma versus photon energy at
four different plasma densities 0.01, 0.1, 1, and 3 g/ cm
The temperature of the plasma in this figure was assumed to
be 20 eV. The associated population fractions versus charge
state for these aluminum plasmas are also presented in
Figure 6b. Figure 6b shows that in aluminum plasma, the
lower the density, the higher is the charge state for the popu-
lation fraction peak. For example, for the plasma density of
0.01 g/cm 2, the population fraction is maximum at charge
state of about 5, while for the plasma density of 3 g/cm ™2,
the population fraction peak shifts to charge state of about 2.8.

As the Figure 6a shows the plasma opacity increases with
increasing the plasma density (within the photon energy
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Fig. 6. (Color online) (a) Spectrally resolved radiative opacities for aluminum plasma at temperatures of 20 eV and densities of 0.01, 0.1,
1,and 3 g/cm >, (b) The population fraction versus charge state for aluminum plasmas at temperatures of 20 eV and densities of 0.01, 0.1,

1, and 3 g/cm’3.

range up to about 240 eV) and then remains almost constant
(with respect to plasma density). Such a result is due to the
variation of populations. In fact, the abundance of plasma
components’ population is increased by increasing the
plasma density; therefore, an increase in the total opacity is
expected. This means that the lower density plasmas are

https://doi.org/10.1017/50263034613000244 Published online by Cambridge University Press

more transparent for incident photons (photons with low
energies).

As mentioned in the previous sections, the main absorption
mechanism for low photon energy region is ff absorption. By
increasing the plasma density, the population of electrons will
also increase correspondingly. Consequently, the ff absorption
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Fig. 7. (Color online) (a) Spectrally resolved radiative opacities for carbon plasma at a temperatures of 100 eV and density of 0.001, 0.01,
0.1,and 1 g/ cm™>. (b) The conditions for LTE and non-LTE carbon plasmas given by Gil et al. (2013).

is enhanced for higher plasma density. However, with increas- condition, the plasma components up to Al VII have more
ing photon energy, the bf absorption is the dominant absorp-  population and the absorption edges of these components
tion mechanism in the plasma. Under such a plasma shifts up to about 240 eV. Moreover, in plasma with a
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temperature of 20 eV (which is low), the populations of
plasma components for higher order ions are not varied sig-
nificantly. Therefore, with increasing densities in aluminum
plasma, it is not expected to have any significant change in
total absorption for photons with energies higher than about
240 eV.

Figure 7a shows the opacity contributed by ff absorption
and bf absorption for carbon plasma versus photon energy
at temperature 20 eV, and different electron densities, i.e.,
0.001, 0.01, 0.1, and 1 g/cm >,

In order to show that we are in LTE conditions, the results
of LTE and non-LTE carbon plasmas (given by Gil et al.,
2013) are presented in Figure 7b. It must be noted that for
colder carbon plasma (lower than 100 eV); the variations
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of opacity with different densities have a similar trend. How-
ever, we were interested to see the effect of plasma density
for carbon plasma with temperature of about 20 eV in
order to be able to compare the results with those of alumi-
num. Nevertheless, these results are partly similar to those
of aluminum plasma. For example, the plasma opacity in-
creases with increasing the plasma density (within the
photon energy range up to about 500 eV). Such increment
in opacity (for low photon energies) is due to enhancement
of ff absorption. As explained for aluminum plasma, increas-
ing the plasma density results in a rise of the population of
electrons, which leads to enhancement of ff absorption.
Therefore, the rise in opacity (versus plasma density) for
photons with energies <500 eV, is mainly due to ff
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of 10, 20, 50. and 100 eV.

absorption. As explained before, the fb absorption possesses
a dominant effect in opacity for photons with higher ener-
gies. As the carbon plasma temperature rises (20 eV in our
case), the populations of plasma components for higher
order ions are varied significantly, which results in a
growth of opacity when the plasma density increases. For
example, Figure 7a shows a rise of one order of magnitude in
opacity (for photon energies ranging from about 100 eV to
500 eV) when the plasma density changes from 0.001 g/
em 2 to 1g/em ™,

https://doi.org/10.1017/50263034613000244 Published online by Cambridge University Press

Temperature Dependence of the Radiative Opacity

Figure 8a shows the carbon plasma opacity with respect to
the photon energies for four different plasma temperatures
10, 20, 50, and 100 eV. In this figure, a density of 0.1 g/
cm > was assumed for the plasma. The associated popu-
lation fraction versus charge states is also presented in
Figure 8b.

Figure 9a shows the opacity for aluminum plasma with
respect to the photon energies for four different plasma
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Fig. 10. (Color online) Spectrally resolved radiative opacities for cold aluminum and aluminum plasmas at a density of 0.01 g/cm™

temperatures of 30 eV.

temperatures 10, 20, 50, and 100 eV. In this figure, a den-
sity of 0.01 g/cm > was assumed for the plasma. The
associated population fraction versus charge states for this
plasma is also presented in Figure 9b. It must be noted
that these temperatures and density were chosen to make
sure that the calculations are performed for LTE
conditions.

According to the results in Figures 8, and 9, the plasma
opacity for low photon energies (almost photon energies
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)
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<100 eV) rises with increasing temperature. However, such
increment in opacity is insignificant for photon energies
>100 eV. The behavior of the opacity with respect to temp-
erature is mainly related to an ionization degree of the
plasma. In fact, as the plasma temperature is increased, the
average ionization degree of the plasma is increased, which
in turn results in increasing the electron and ion density of
the plasma. A similar explanation has been presented in refer-
ence (Rodriguez et al., 2008).
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—0.01g/cm’, 30eV
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Fig. 11. (Color online) Spectrally resolved radiative opacities for cold carbon and carbon plasma at a density of 0.01 g/cm ™ and temp-

eratures of 30 eV.
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Opacity Comparison between Cold Matter (Carbon and
Aluminum), and Plasma (Carbon and Aluminum
Plasmas)

Figure 10 shows the opacity contributed by ff absorption and
bf absorption for cold aluminum and hot aluminum plasma
versus photon energy at a density of 0.01 g/cm>. The opa-
city for cold aluminum was taken from NIST database which
is mainly based on reference (Seltzer, 1993). The temperature
of the plasma in this figure was assumed to be 30 eV. Similar
calculations were performed for cold carbon and carbon
plasma and almost similar results were obtained (Fig. 11).

As Figures 10 and 11 shows, with respect to cold matter, the
opacity decreases for the matter in plasma state. For aluminum
plasma, the absorption edge of the K shell is shifted to higher
photon energy. The main reason for this trend of line shift is
that the mean ionization degree increases with temperature.
For instance, for aluminum at temperature of 30 eV and
density of 0.01 g/cm™, the average ionization degree is 5.8.
The corresponding maximum fraction of the aluminum ion at
this condition is Al VII (about 50%). Any changes to the
plasma condition may change the ion fractions and conse-
quently the absorption lines shift to higher photon energy.
However, for carbon plasma no absorption edge can be seen
as there is no absorption edge within the photon energy
ranges (i.e., 1000-5000 eV) in which the calculations were
performed.

CONCLUSION

In this work, a computer code was developed for calculating
the opacity of low-Z plasmas. The calculations are based on
ff, bf, and bb transitions in LTE plasma. Atomic structures,
transition levels, oscillator strengths, and others atomic data
are provided for these calculations. The validation of the calcu-
lations was confirmed by comparing the calculation results of
carbon and aluminum plasmas (at some specific conditions)
with those of some others in literature such as TOPbase data
and Zeng et al. (2000) results. The influences of plasma den-
sity and temperature on carbon and aluminum plasma opacities
were investigated. From the results it was concluded that the
opacity depends significantly on plasma characteristics, i.e.,
plasma temperature and density. Comparing the results with
those of cold mater, it has been shown that the opacity may
be changed significantly for the plasma state of the matter.
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