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The super-transition-array model is shown to be a very convenient tool for the interpretation of near-
local-thermodynamic-equilibrium hot and dense plasmas. Specifically, we interpret here the absorption
spectra of the CH-Ni-CH foil experiment performed at Lawrence Livermore National Laboratory using
the backlighter technique. In this experiment a laminar foil composed of 200-A Ni with 1000-A CH on
both sides was radiatively heated by the x-ray continuum from a nearby gold plasma and was backlit by
the x-ray continuum from a distant gold plasma that could be time delayed with respect to the heating
pulse. This setup was designed to achieve a uniform density and heating of the Ni middle layer. It is
found that the Ni absorption features depend very weakly on the density of the foil but are quite sensi-
tive to the foil temperature. Remarkably good agreement between the theory and the experiment is ob-
tained for the Ni 2p-3d spectrum. The detailed features indicate that the plasma temperature is confined
to a narrow range between 14 and 18 eV, demonstrating that the foil design, aiming to create a homo-
geneous Ni plasma, was successful. These results represent an alternative temperature diagnostic for
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high-Z plasma.

PACS number(s): 52.70.—m

I. INTRODUCTION

In this work we apply the super-transition-array (STA)
method [1-5] to interpret the absorption spectra ob-
tained from hot and dense plasmas in the near-local-
thermodynamic-equilibrium (LTE) regime, created by ir-
radiation of matter by x-ray emission of a gold plasma.
For relatively high-Z materials (e.g., Ni) such plasmas
contain a huge number of transitions even when LTE
conditions do not exactly hold, and the spectrum has
many unresolved structures. The application of the col-
lisional radiative model in these cases is a tremendous
effort if possible at all. It is shown that the STA model,
though based on LTE conditions, is a very convenient
tool for the interpretation of such plasmas. For given
temperature and density, it produces the exact wave-
lengths and widths of all the contributing clusters, in-
cluding the individual linewidths and the entire cluster
widths constructed from the many overlapping lines.
The deviation in the intensities reveals the degree of
departure from LTE conditions.

Specifically, we interpret here the absorption spectrum
obtained in the CH-Ni-CH foil experiments performed at
Livermore [6,7]. In these experiments a laminar foil
composed of 200-A Ni with 1000-A CH on both sides
was radiatively heated by the x-ray continuum from a
nearby gold plasma, and was backlit by the x-ray contin-
uum from a distant gold plasma that could be time de-
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layed with respect to the heating pulse [8]. The tamped
CH-NIi-CH foil was designed to achieve a uniform densi-
ty and heating of the Ni middle layer. As we shall see,
the Ni absorption features depend very weakly on the
density of the foil but are quite sensitive to the foil tem-
perature. The comparison between theory and experi-
ment shows remarkable agreement for the Ni 2p-3d spec-
trum. The detailed features in this region indicate that
the plasma temperature is indeed confined to a narrow
range between 14 and 18 eV. These results represent a
temperature diagnostic for high-Z plasmas. In Sec. II we
briefly review the STA model and the experimental setup.
In Sec. III we compare the experimental and STA
theoretical results. A discussion and summary are given
in Sec. IV.

II. REVIEW OF THE THEORY AND EXPERIMENT

A. STA model

The most complex contribution to the spectrum emit-
ted from hot and dense plasmas arises from the huge
number of bound-bound and bound-free transitions. Un-
resolved clusters of many neighboring partially overlap-
ping transition lines are created, constructing a complex
intensity profile. The STA model reveals this complicat-
ed structure by a convergence procedure which increases
the resolution of the calculated spectrum, until the re-
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quired accuracy is achieved. Particularly, in each step
the entire bulk of transitions is divided into groups G of
neighboring lines, and each group is described as a
Gaussian having the exact group moments, i.e., total in-
tensity, average energy, and variance. The resolution is
thus increased with the number of groups.

Specifically, the total spectrum can be written as

S(E)=3 Sg(E), (1)
G
where
Sg(E)= 3, Nyw;;P;(E—E;) . (2)
LjEG

In Eq. (2) the summation is over all the transitions i — j
in G, where i and j indicate the corresponding initial and
final levels. N; is the population of the initial level, w;; is
the transition probability, and P;; is the corresponding
line shape centered on the transition average energy E;;.

For normalized symmetric line profiles, the group mo-
ments are the following:

intensity
Is= [SG(EY¥E= 3 Nuw,; , 3)
LjEG
average energy
[ SG(E)E dE i%GNiwffEff
EGE == ) (4)
I I

and variance
[ SG(E)E —Eg)*dE

AEg)?=
(AEg) I,

=AL+A%, (5

where
2 le'](EU_EG )2
A2G= LjEG ,
Ig

(6)
and

Ay= [P(E—ENE —E)dE ¥

is the variance of the individual line shape, assumed to be
equal for all lines in group G.

The central achievement of STA theory is the ability to
obtain, under certain conditions detailed below, analyti-
cal formulas for the moments, bypassing the impractical
need to account for the huge number of transitions one
by one [1,5]. The only two assumptions made are that (1)
the plasma is in LTE conditions, yielding Boltzmann
populations N;; and (2) The configuration widths are
smaller than kT.

In addition, the definition of STA groups described
below has two advantages [1,5]: (1) it enables one, using
these assumptions, to derive analytic expressions for the
group moments; and (2) it allows a group splitting stra-
tegy which speeds up the convergence. For bound free
transitions the final level j belong to the continuum, and
the moments of G are obtained by integration over the
continuum [2,3].

In order to account for the non-Gaussian nature of P,
we first construct a Gaussian from the moments I, Eg,
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and Ag,

I 2

Varhg

1

2

NE—E,)= E—Es

Xp , (8)

and then construct the spectrum S;(E) by the convolu-
tion with the individual line shape

S¢(E)= [T(E —E)P(E —E)dE 9

having the same moments as the original spectrum of G
defined by Eq. (2).

In order to complete this brief description of the
theory, we now define the STA groups. A STA group
(termed STA) is the collection of all transitions between
two superconfigurations. A superconfiguration = is a col-
lection of ordinary configurations defined symbolically by
the product over supershells o,

E=Jlo% . (10)

A supershell, in turn, is the union of energetically adja-
cent ordinary atomic subshells s=, =n./j.. In Eq.
(10), the superconfigurations are constructed by distribut-
ing the Q, electrons occupying the supershell o among

the subshells s in all possible ways subject to
{ ESEquzgo}:
O, K2
o = > | (11)
[ Dseds=2,) S

Clearly each partition of Q, is an ordinary configuration.
The transitions between two configurations constitute an
unresolved transition array (UTA) [9,10], and a STA is
thus a collection of energetically near UTA’s.

The convergence procedure mentioned above splits
supershells into smaller supershells according to their en-
ergy spread. For each superconfiguration in its turn, at
each step, supershells that give rise to relatively well-
separated configurations, are preferentially split. The de-
tailed structure of the spectrum is thus gradually re-
vealed, yielding a converging spectrum. This procedure
converges to the UTA spectra where each UTA is com-
pletely unresolved.

It is appropriate to collect separately all STA’s belong-
ing to a specific one electron jump ,,—/p €8
2p5,,—3ds 5, which fall in the same region. This char-
acterization will be used in comparison with the experi-
ment given in Sec. II B.

Finally, three essential points should be emphasized
here.

(1) The convergence procedure also allows the use of
first order energies in the Boltzmann factor for the level
configurations [2,3].

(2) Orbital relaxation is applied by taking different po-
tentials for different superconfigurations [2,3]. This re-
laxation is carried out for different STA’s as well as for
the lower and upper superconfigurations of the same
STA. As we shall see, this orbital relaxation significantly
improves the agreement between the calculated and ex-
perimental spectra.

(3) The STA model was extended [4] to include the im-
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portant part of the configuration interaction, i.e., the in-
teraction between j-j configurations belonging to the
same LS configuration. As will be seen below, these de-
velopments significantly improve the agreement with ex-
perimental results. The STA code is a very convenient
tool for spectral diagnostics. Given the material density
and temperature, it produces the entire spectra in a single
run. It allows fast identification of the various arrays and
lines. The deviation in intensities may help to understand
the experimental conditions, i.e,. the degree of departure
from LTE conditions or the occurrence of stimulated
emission as detailed below.

B. Experiment

The experiment and its motivation were discussed in
detail in Refs. 6 and 7. A brief summary of the experi-
ment is given below for convenience.

The experimental setup is shown schematically in Fig.
1. Two arms of the NOVA laser were used. One irradi-
ates a thin gold foil emitting, in turn, x rays which heat
the CH/Ni/CH foil target. The second laser arm heats a
second gold foil which emits an x ray directly on the al-
ready heated target. The spectrally resolved absorption
of this backlight continuum is detected at the back of the
target. The tamped CH-Ni-CH foil, composed of 200- A
Ni with 1000-A CH on both sides, was designed to
achieve a uniform density and heating of the middle lay-
er. The carbon on both sides of the Ni, on the other
hand, blows off and is expected to have a much wider
range of temperature and density. The spectrum in the
wavelength range 6—100 A of the backlighter continuum
transmitted through the radiatively heated foil was pho-
tographically recorded by a high-resolution grazing in-
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The Experimental Setup

FIG. 1. The experimental setup: two arms of the NOVA
laser are used. One irradiates a thin gold foil, emitting, in turn,
x rays which heat the CH-Ni-CH foil target. The second laser
arm heats a second gold foil which emits an x ray directly on
the already heated target. The absorption of this second laser
light vs frequency is detected at the back of the target.
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FIG. 2. The experimental spectrum includes contributions
from C11 to CvV in the wavelength range 32-42 A and a few ion-
1zat10n stages of Ni at wavelengths 12-14 A. The features near
22 A are of oxygen existing in the plastlc layer not considered in
this work. The features at 19-21 A are imperfections in the
photographic emulsion that appear in this particular lineout.

cidence spectrograph.

The Ni absorption features depend very weakly on the
density of the foil, but are quite sensitive to the foil tem-
perature. We will show that Ni transitions of the type
2p-3d originate from plasma of temperatures in the nar-
row range 14—-18 eV, indicating that a homogeneous Ni
plasma was indeed achieved. This analysis represents an
alternative temperature diagnostic for high-Z plasmas.
In comparing the experimental and theoretical results, we
have found deviations in intensity ratios between transi-
tion arrays originating from the same initial states. This
is attributed to stimulated emission from highly popu-
lated final levels due to the photon flux from a much
higher temperature gold plasma.

The experimental spectrum presented in Fig. 2 includes
contributions from C11 to CV in the wavelength range
32-42 A and a few ionization stages of Ni at wavelengths
12—14 A. The identification of the spectral features and
the calibration of the photographic plates were discussed
in Ref. [6]. The cold Ni L edge at 14.5 A is absent in the
spectrum. The features near 22 A (the cold edge at 23.3
A) are of oxygen existing in the plastic layer not
considered in this work. The features at 19-21 A are im-
perfections in the photographic emulsion that appear in
this particular lineout.

III. INTERPRETATION OF THE SPECTRA
BY THE STA MODEL

The experimental absorption spectrum is related to the
absorption coefficient o(A,p, T) by

A(N)=(1—e " oMphxy (12)

where pAx is the plasma depth, estimated to be 2. 1073
g/cm? in our experiment. The STA model described in
Sec. II calculates S =op of Eq. (1) from which we obtain
A(A).

The experimental and theoretical spectra are shown in
Figs. 3—5. We have found that the resolved structures
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originate from the superconfigurations
E=(1522522p%)(3s3p, ,3p3 ,3d 5 ,3d s )N

X(4s4p, 5. . M, (13)

where N =8-11 and the M’s (mainly between M=0 and
2) are not resolved. The observed transition arrays be-
long to one electron jumps 2p-—>nd (2p,,,—nd;,
+25,,—nds,, +2p;3,,—nds ;) with n=3, 4, and 5.

In Fig. 3 we examine the 2p —3d spectra. Four spec-
tra are shown for four temperatures from 10 to 22 eV. In
Fig. 3(a) it is seen immediately that the calculated spectra
of the two extreme temperatures (belonging to 7=10 and
22 eV) extend beyond the experimental spectral structure.
This limits the temperature spread to about 4 eV only
(T =14-18 eV) as seen in Fig. 3(b). We have found that
due to its narrow range the contribution of the entire
continuous temperature profile can be well represented by
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FIG. 3. Comparison between the theoretical and the experi-
mental 2p — 3d spectrum. (a) Two temperature (10 and 22 eV)
spectra beyond the experimental limit. (b) The theoretical spec-
tra of the temperature bounds (14 and 18 eV) reproducing the
experimental spectrum.

6689

the two limiting values (T=14 and 18 eV). The addition
of intermediate temperatures alters the spectrum only
slightly.

In Figs. 4(a) and 4(b) the two temperature spectra of
2p —3d are shown. The “‘total” curve is the “best” com-
bination of the two temperatures (40% T=14 eV +60%
T=18 eV). In Fig. 4(a) we present the theoretical result
without configuration interaction (CI) [11], whereas Fig.
4(b) includes CI in agreement with the experiment. In
Fig. 4(b) we also present a complete identification of all
the resolved arrays using the compact notation N~ and
N7 for arrays 2p,,,—nds,, and 2p;,,—>nds,, respec-
tively. As expected, array 2p;,,—nd;, is negligibly
weak, and only N~ and N* are observed. The agree-
ment is strikingly good, and all arrays N =9-11 (denoted
by 9*-117F) are identified. In pure j-j coupling (without
CI) the ratio between the + and — transitions is in favor
of the + transitions, and the departure from j-j already
seen in Fig. 3(a). It should be emphasized here that this
excellent agreement was obtained only after improving
the orbital relaxation, using a sufficient number of opti-
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FIG. 4. The total two temperature (40% T=14 eV +60%
T=18 eV) spectra of 2p —3d: (a) without CI, and (b) with CIL.
N7* and N~ indicate the 2p, ,, —nds,, and 2p;,, —>nds ), transi-
tions, respectively.
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FIG. 5. The complete Ni LTE spectrum at 7=14 eV+18 eV
and density 0.01 g/cc.

mized potentials for both initial and final superconfig-
urations. This comparison thus demonstrates the impor-
tance of both orbital relaxation and CI for the interpreta-
tion of plasma experiments.

The fact that the 2p-3d features are modeled so well is
the most interesting result of this work, indicating that
only three Ni ionization states contribute to this spec-
trum, and that the temperature range is extremely nar-
row (14-18 eV). These results, together with the absence
of the Ni cold L edge at 14.5 eV, imply that the Ni plas-
ma was uniformly heated by the x-ray continuum without
large temperature gradients. This confirms the success of
the foil design to avoid fast expansion of the middle layer
and to allow a uniform heating.

In Fig. 5 the complete two temperature (40% T=14
eV+60% T=18 eV) Ni spectrum is presented. The com-
parison between the experiment and STA are not so good
for the transitions 2p —4d, 5d. Whereas shifts in wave-
length can be improved by better optimization of the po-
tential, we can see significant deviations is intensity ratios

2p—nd (n=4,5)
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:m 10" Sd 9" ad (117 5d
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FIG. 6. Identification of the 2p —4d,5d transitions. (N,nl)
indicates the 2p—nl one-electron jump origination from the
bulk of superconfigurations denoted in the text by N, (N,M:
summed over all M) of Eq. (13).
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FIG. 7. Identification of the carbon LTE spectrum at T=14
eV +18 eV and density 0.01 g/cc. The noisy and smooth lines
are the experimental and theoretical results, respectively.

between transition arrays 2p-—4d, 5d and 2p—3d.
These deviations cannot be attributed to a departure
from LTE absorption since all these arrays originate from
the same initial states. Departure from the LTE may
affect these intensity ratios only through stimulated emis-
sion. Whereas under LTE conditions stimulated emission
is obtained by simply multiplying the absorption spectra
by the Plank function at the plasma temperature (in our
case 14 eV<T<18 eV), a non-LTE effect can originate
here from the photon flux from the much higher tempera-
ture (keV) gold plasma (in the spectral region of these ar-
rays). The discrepancy in the intensities can therefore be
explained as follows: We could adjust the plasma depth
Ax of Eq. (12) to fit the total intensity at the 2p —4d, 5d
region. In such a normalization the 2p-3d calculated
spectrum will still follow the detailed structure of the ex-
perimental spectrum but will be globally intensified. The
lower experimental intensity in this region can now be at-
tributed to the non-LTE stimulated emission from the
highly populated final levels of the 2p-3d array due to the
photon flux from the much higher temperature (keV) gold
and to the strong 2p-3d transition probability (relative to
the 2p—4d, 5d). A more quantitative explanation can be
obtained by solving the detailed collisional radiative mod-
el. Such a calculation is beyond the scope of the present
work.

In spite of these deviations, almost all the unresolved
arrays of the transitions (8%,4d) (12%-4d) and
(9%-12%,5d) could be identified, as is specified in Fig. 6.
The carbon on both sides of the Ni layer blows off, and is
expected to have a much higher range of temperatures
and density. It is thus not surprising that the modeling of
carbon is not so good. The results for carbon are present-
ed in Fig. 7. Again the strongest features could be
identified in spite of the temperature spread which could
not be accounted for accurately in the calculation.

IV. SUMMARY AND DISCUSSION

In this work we have demonstrated how the STA mod-
el can be used for the interpretation of near-LTE plasma
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experiments. We have shown that for sufficiently relaxed
orbitals the wavelengths of the various arrays in the en-
tire spectral region are accurately calculated. The devia-
tions from the LTE level populations may, in general,
change the entire spectrum. Dominant LTE arrays may
vanish and others may become significant. In this case a
detailed collisional radiative model must be solved to ob-
tain the level populations and the resulting array intensi-
ties. This is an enormous task. In contrast the STA
model is a very simple tool, yielding the entire spectrum
in a single run and allowing fast identification of all
resolved arrays and lines. Of course STA spectra can be
used quantitatively only if the departure from the LTE is

not too large so that the LTE features are still recogniz-
able. In the present experiments we have distinguished
only small non-LTE effects. The remarkable reconstruc-
tion of the experimental 2p-3d spectra by the theory with
only two temperatures in a range of only 4 eV confirmed
the success of the foil design aiming at homogeneous
plasma in both density and temperature. The deviations
in relative intensities of 2p —nd arrays, between transi-
tions with n=4 and 5 and with n=3, are attributed to
spontaneous and stimulated emission from highly popu-
lated final levels due to the photon flux from the much
higher temperature gold plasma. This work introduces
an alternative temperature diagnostic for high-Z plasma.
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