
PHYSICAL REVIEW A VOLUME 45, NUMBER 8 15 APRIL 1992

0-shell emission of heavy atoms in an optically thin tokamak plasma
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Heavy atoms Au (Z =79), Pb (Z =82), Bi (Z =83), and U (Z =92) have been introduced in the low-

density (n, —10" cm ') high-temperature (T, ~ 1 keV) TEXT tokamak (Fusion Research Center, Uni-
0

versity of Texas at Austin) plasma. The emission has been measured in the 50—200-A range using a pho-
tometrically calibrated, time-resolving grazing-incidence spectrometer. The 0-shell ion emission has
been identified by comparison with ab initio energy-level calculations and line-intensity predictions of
collisional radiative models for various charge states with 5p 5d ground-state configurations.

PACS number(s): 52.25.Nr, 32.30.Rj, 52.70.La

I. INTRODUCTION

The soft-x-ray emission of highly charged heavy ions
has been extensively studied in connection with laser-
driven inertial confinement experiments and x-ray laser
research, and in search of sources for x-ray microscopy
and lithography. Most soft-x-ray spectra were obtained
from laser-produced plasmas in which the scaling of the
x-ray conversion efficiency was studied as a function of
the laser-pulse width, wavelength, and the power density
on the target [l]. Although in some of these experiments
it was not essential to identify specific charge states and
transitions, in many laser-produced plasma experiments
unambiguous identification is important. In fact, even in
experiments aimed primarily at producing efficient x-ray
sources, it is useful to determine the charge-state distribu-
tions in order to optimize these sources.

The main difficulties related to these objectives stem
from the effects of the high density on the emission pat-
terns: doubly excited states tend to be heavily populated
and complicate the line spectra of the emitting ions, and
the optical thickness of many transitions smears the spec-
tra into broad quasicontinuous features. If one adds to
these efFects the fact that most laser-produced x-ray spec-
tra obtained are time integrated, one sees the difficulty in
identifying the emitting charge states and the various
transitions from which lines originate.

The present work overcame these problems by produc-
ing the soft-x-ray spectra of heavy atoms Au, Pb, Bi, and
U in a high-temperature but low-density tokamak plas-
ma. Moreover, since both the plasma lifetime and the
characteristic times for spectral emission were very long
(tens or hundreds of milliseconds), it was possible to fol-
low the time-resolved emission from this optically thin
plasma under coronal conditions.

The comparison of the experimental spectra with ab in-
itio level energy computations and line intensities predict-
ed by collisional radiative models leads to the conclusion
that, for all elements under discussion, as many as 18
charge states emit lines originating mainly from Ss 5p-

5s5p +'
5p -5p '5d 5p 5d -5p 5d +' and 5d-

Sd" '5f transitions in relatively narrow spectral bands.
The isoelectronic trends of these transitions have been
studied and the results are discussed in connection with
various applications mentioned above.

II. EXPERIMENT

The atoms of interest were introduced in the TEXT
tokamak (Fusion Research Center, University of Texas at
Austin) plasma during the steady-state phase of the
discharge. The central electron density varied between 2
and 4X10' cm and the electron temperature varied
between 800 and 1200 eV in hydrogen discharges. Other
experimental parameters and the effect of the injection on
the target plasma were reported in a previous paper on
the uranium emission from TEXT [2].

The spectra were recorded by means of a 2-m grazing-
incidence time-resolving spectrometer, GRITS [3], pro-
vided with an image intensifier detector. The instrument
had been previously calibrated photometrically on the
synchrotron ultraviolet radiation facility (SURF II) at
NIST; the wavelength calibration has been obtained by
using intrinsic oxygen, carbon, titanium, and iron lines
emitted from the tokamak plasma in the spectral range
50—200 A. In every discharge a spectral range of be-
tween 50 and 80 A was recorded simultaneously, with a
time resolution of 13 msec. The spectral resolution in the
experiments under discussion was 0.7 A. The accuracy of

0
the measured wavelengths was +0.2 A.

The present work describes injections of Au, Pb, Bi,
and U atoms into hydrogen plasmas only, although, in
order to see the effect on the emission of increasing the
temperature, we have injected Au into deuterium and U
into hydrogen, deuterium, and helium plasmas. The ele-
ments of interest, introduced into the tokamak by a laser
blow-off technique, emitted for 70—90 msec following in-

jection. The steady-state phase of the tokamak discharge
was about 300 msec. Figure 1 shows three successive
frames during lead injections. The background radiation
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FIG. 1. Three successive frames during lead injections in
TEXT. The background radiation has been subtracted to ob-
tain pure Pb spectra. The quasicontinuous emission bands orig-
inate from ions with 5p and 5d ground-state configurations.

FIG. 2. The top trace is the intrinsic spectrum, prior to Pb
injection, dominated by oxygen, iron, and titanium line emis-
sion. The two lower spectra are frames taken at the same time
after the lead injection, in two different tokamak discharges.

has been subtracted, so that the spectra are due only to
lead. A few strong Ss-Sp lines emitted by ions having
simple ground-state configurations (Pmr —and Sm I—like
having 4f ' Ss and 4f ' Ss ground-state configurations)
stand out on top of a narrow, quasicontinuous emission
band originating from ions with Sp" and Sd" ground
configurations (see discussion in Sec. IV). Figure 2
shows the reproducibility of these results: the top trace is
the intrinsic spectrum in the same range, previous to the
Pb injection; it is dominated by oxygen, iron, and titani-
um line emission, and the background "noise" is low.
The two lower spectra are frames taken at the same time
after the lead injection in two different tokamak
discharges. Gold, bismuth, and uranium spectra show
the same general characteristics. Figure 3 shows a frag-
ment of the gold spectrum together with the background
emission in the 115—170-A region. The uranium emis-
sion of the corresponding charge state, shown in Fig. 4,
has been presented in our previous work [2].
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III. AB INITIO ATOMIC STRUCTURE CALCULATIONS
AND COLLISIONAL RADIATIVE MODELS

Ab initio atomic structure and collisional radiative cal-
culations were carried out using the HULLAC package of
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FIG. 3. A fragment of the gold spectrum together with the
0

background emission in the 115—170-A region.
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configurations; and the 405 levels of the Sp Sd Sl and
5p 5d Sl, IrI —like configurations. All radiative electric
dipole decays and collisions between these levels have
been included in the models. Thus, the models are appl-
icable in both low-density tokamak and high-density
laser-produced plasma regimes.

Calculations are presented here for an electron density
of 10' cm, and have been found to be substantially in-
sensitive to variations of up to a factor of 10 about this
value. Calculated spectra are also relatively insensitive to
electron-temperature variations, for temperatures above
the excitation energy for the 5-5 transitions in these ions,
—50—200 eV. Threshold effects appear at lower tempera-
tures as a variation in the relative intensities of the vari-
ous emission bands associated with Sp i/Q 3/2 Sd and
Sd-5f transitions. This sensitivity may help explain the
ratios observed in this experiment, though additional
effects must be taken into account (see Sec. IV). We have
calculated level populations and line intensities at tem-
peratures corresponding roughly to —,

' the ionization po-
tential for ions with half-filled Sd shells, viz. , 50 eV for
lead and 200 eV for uranium.

I I I

70 80 90 IOO I IO

WAVELENGTH (A)

FIG. 4. Coronal 0-shell emission in uranium, from Ref. [2].
Owing to a configuration interaction, the Sp, /p 3/p Sd and Sd-Sf
transitions produce only two bands, centered at 70 and 90 A.

computer programs developed over the past several years
at Hebrew University and the Lawrence Livermore Labo-
ratory. This package is based on the relativistic paramet-
ric potential model [4] and the distorted-wave approxi-
mation for collisional processes [5]. It was specifically
designed to compute the atomic physics of highly
charged heavy elements. Results from this package have
been reported extensively [6].

The programs that constitute HULLAC include ANG-

LAR, based on the graphical angular recoupling program
NJGRAF [7], which generates fine-structure levels in a j-j
coupling scheme for a set of user-specified electron
configurations, and computes the angular part of the
Hamiltonian and of the tensor operators for radiative and
collisional transitions; RELAC, the relativistic version of
MAPPAC [4], which computes wave functions, energies,
and spontaneous-transition probabilities; and CROSS, a
suite of three codes that compute distorted-wave col-
lisional transition cross sections and rate coefficients, in-
cluding exchange and configuration interaction, using
target relativistic wave functions generated by RELAC [5].
Data from these codes generate a collisional radiative
model that is solved for level populations and line emis-
sivities by assuming steady-state conditions.

The collisional radiative calculations presented here in-
cluded the 283 levels belonging to the Sp Sl and Sp 5dSl,
l =d, f,g, Tm I—like configurations; the 1149 levels of the
Sp SdSl and Sp 5d Sl, YbI —like configurations; the 1445
levels of the 5p Sd Sl and Sp 5d 51, OsI —like

IV. RESULTS AND DISCUSSION

Soft-x-ray spectra of heavy atoms (Z )70) emitted
from tokamaks having tungsten or gold limiters have
been observed in experiments using the Princeton large
torus (PLT [8], the tokamak at the Oak Ridge National
Laboratory (ORMAK) [9],and the DIVA [10] facility. In
previous experiments on TEXT, we injected W, Au, Ti,
and Pb to observe n =4 to 4 transitions originating from
¹hell ions between 20 and 60 A [11,12].

Due to the lack of strong individual lines of various
charge states, it is difficult to establish for these high-Z
atoms whether the charge-state distribution corresponds
to an ionization equilibrium (IE) situation or not. (Fast
radial transport of the ions may produce deviations from
IE although the W, Au, and Pb n =4 to 4 emission from
TEXT indicated that the distribution of the emitting
charge states is not significantly different from the equi-
librium distribution [11].) The bunching together of the
hn =0 emission from many charge states, discussed for
rare earths W, Au, and U in our previous works
[2,11—13], leads to bandlike structure that change very
little while the local electron temperature changes. A
striking example was the unchanged n =4 to 4 Au emis-
sion in PLT, at 50—60 A, with and without hollow tem-
perature profiles (central electron temperatures of 500
and 1500 eV, respectively) [8]. Our previous analysis of
uranium spectra from TEXT showed that, in a plasma
with T, (0) ~ 1000 eV, charge states as high as U '+, with
ionization potentials 1200 eV, were obtained [2].

The radial electron-temperature profile in TEXT is
well approximated by a Gaussian function; the injected
atoms penetrate the plasma at the edge and slowly diffuse
toward the hot center. The time history of the central
uranium emission around 90 A showed a slow increase
during 3—4 frames (-40—50 msec) and a decrease over
3—4 frames. The rise time is indicative of the inward
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diffusion and ionization times and the decay of the signal
represents mainly the ion-confinement time (the
radiative-recombination times are longer at these high
temperatures). Therefore, as ions penetrate the plasma
they will pass through all the ionization stages from neu-
tral to the highest. Since we did measure, under the de-
scribed experimental conditions, N-shell radiation of Au,
Pb, and Bi, we can safely assume that all the charge states
emitting 0-shell radiation will be represented in the
detected spectra. In the case of uranium we may assume
the same, since individual lines of U '+ and U + lines
have been identified in the spectra.

If we use the ionization potentials of the various charge
states as upper limits, from comparison of these and the
electron-temperature profiles we see that the 0-shell ions
of Au to Bi emit from the outer half of the plasma. For

instance, the ionization potential of SmI —like Pb + is
570 eV, whereas that of U + is 1050 eV. Since, across
the steep temperature gradients at the edge, low-
ionization states burn through rapidly and the
confinement is poorer than in the center, one expects that
in the Au spectra, for instance, the predominantly emit-
ting charge states will be those with a few d electrons left
in the Sd" subshell and the 5p" (k =1 to 6} ions. For Pb
and Bi, more contributions from 5d subshell charge
states are expected. In the case of uranium, we expect all
the ions having 5p Sd" (k = 1 to 10) ground
configurations to contribute to the spectra.

Assuming the above ion distributions, the next step in
the analysis is to establish the radiative patterns of these
charge states. A common feature of the 16 charge states
from Pt t —like (ground Sd' ) to Eu r —like (ground 5p) is
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FIG. 5. Synthetic spectra for (a) Pb, (b) Pb +, (c) Pb' +, and (d) Pb' + ions, at an electron temperature of 50 eV, and a density of
10' cm '. The spectra are based on separate collisional radiative models for each charge state. Ionization and recombination pro-

0
cesses are not included. The Gaussian line widths have been arbitrarily set at 0.5 A.
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that their Sp-5d and Sd Sf-emission will be bunched to-
gether in narrow bands of emission. For uranium ions we
have shown already [2] that a configuration-interaction
effect blends the 5p 5d"-(Sp )3/zSd"+' and 5d -Sd" '5f
transitions; thus instead of having three different spectral
features corresponding to Sp, /p 3/p 5d and Sd-Sf transi-
tions, the spectra showed two bands centered at 70 and
90 A (see Fig. 4).

Figures 5(a) —5(d) show synthetic spectra for, respec-
tively, the Pb +, Pb +, Pb' +, and Pb' + ions, at an elec-
tron temperature of 50 eV and a density of 10' cm; as
described in Sec. III, the spectra are based on separate
collisional radiative models for each charge state. Ioniza-
tion and recombination processes are not included. The
temperature dependence of these predicted spectra is
demonstrated in Fig. 6, where calculations at 200 eV are
presented. We will use these ions, with ground
configurations 5p 5d, k =1,2, 8, 9, to investigate the

emission bands arising from 5p 5d"-Sp Sd" '5f and
5p 5d k-5p 55d k+ & k = 1 —9. The first thing to note is that
the combination of these charge states will clearly give
rise to a11 three emission bands, in contradistinction to
the U case, but that these bands get very different contri-
butions as the 5d shell is filled. Near the empty shell, the
Sp&/z-Sd transitions dominate, while the 5d-Sf transi-
tions have virtually vanished. At slightly longer wave-
lengths, the 5p3/p 5d lines contribute a second weaker
band. As the Sd shell fills, the Sd Sf b-and migrates to
longer wavelengths and finally dominates the spectrum.
Meanwhile, the relative strength of the 5p &/p Sd and
5p 3/p 5d bands reverses. The combined effect of these
trends is to generate three bands whose relative magni-
tudes ought to be sensitive to the charge-state distribu-
tion.

The trends observed in Fig. 5 can be attributed, as in
the case of U, to the strong configuration interaction that
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FIG. 6. Same as Fig. 5, but at an electron temperature of 200 eV.
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develops between the Sp 5d" '5f and (5p )3&25d"+'
configurations. This mixing is minimal for charge states
of lead with nearly full 5d shells, where the coupling is al-
most pure j-j and the energy splitting between the
5p Sd '5f and (Sp )3&25d"+' is large ( —l a.u. ). For
Pb +, the (5p )3&zSd' level is 77.3% pure, with a 22.7%
admixture of 5p 5d 5f. The Sd-Sf transition domin-
ates the 5p -5d one, owing to the large number of
Sd electrons relative to holes. By the same token, the
oscillator strengths for the Sp Sd -(5p )3&25d', and
Sp 5d -(Sp ),&25d' transitions stand roughly in the 2:I
ratio of their final-state multiplicities.

As Sd electrons are removed, the 5p Sd "5f
configurations move to higher energy, becoming nearly
degenerate with the (5p )3&zSd

+' ones. (For Tm t—like
Pb' + the average configuration splitting is less than
0.003 a.u. ) While the ( Sp ),&25d"+ ' configuration

remains nearly pure (&85% purity for the strongest
5p Sd-(5p ),&zSd transition in Pb' +), the Sp6Sd" '5f
and (Sp )3&25d"+' configurations become mixed so com-
pletely that there is no way to decide to which
configuration a level belongs. At this point the Sd-5f and

5p3/2 5d bands merge at about 150 A.
Comparing the model spectra in Fig. 5 with the Pb

data shown in Figs. 1 and 2, which shows only two emis-
sion bands, we conclude that the charge-state balance in
the experiment was weighted towards the empty 5d shell.
In the recorded spectra above 170 A there are no prom-
inent lead emission features. This is not surprising since
the very-low-charge states Pb + and Pb + would be emit-
ted at the edge of the TEXT plasma where, as already in-
dicted, the particle-confinement time is very short and
the transport parallel to the toroidal field very fast. As a
result, the fractional abundance of these low charge states
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FIG. '7. Collisional radiative calculations for uranium at 200 eV and 10" cm '. (a) U"+, (b) U' +, (c) U +, and (d) U '+. The
line widths have been arbitrarily set at 0.25 A.
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is much smaller than that of Pb' + and Pb' +.
The relative widths and heights of the observed

features centered at roughly 125 and 155 A in lead can-
not be adequately addressed by the present models.
These parameters are probably determined by the behav-
ior of intermediate-charge states (Sp Sd", 2 & k & g), by
ions with Sp ground-state configurations, and by both
intrinsic and instrumental blending of the many individu-
al lines that contribute. A treatment of these details
awaits either the development of collisional radiative
models for charge states through the Sp and Sd shells, or
an unresolved transition-array treatment that includes
the effects of configuration interaction.

Finally, Fig. 7 shows collisional radiative calculations
for uranium at 200 eV and 10' cm . These spectra
display trends similar to the Pb: a dominant Sd 5f tran--
sition near the closed shell, gradually losing relative in-
tensity as 5d electrons are stripped. But for the more

highly stripped uranium, the Sp65d" '5f and
(Sp )3&zSd"+' manifolds are nearly degenerate for all k,
in contradistinction to the lead case. Thus, only two
bands are evident, as pointed out in Ref. [2].

It is worth noting in connection with interpreting the
emission patterns of complex ions, especially with a view
toward understanding their relation to plasma conditions,
that comparisons between data and simple distributions
of oscillator strength are not generally sufficient. Instead,
it is necessary to apply collisional radiative models, as we
have done here, both to extract the maximum informa-
tion from the spectra and to ensure correct identification
of features. As an illustration, we compare in Figs. 7 and
8 two models for the spectra of U' +, U' +, U +, and
U +. In Fig. 8 are plotted simple oscillator strengths,
rather than collisional radiative line intensities. Clearly,
except at a very gross level, these latter plots in no way
suggest the collisional radiative models, neither in accu-
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FIG. 8. Oscillator sgrenggh for (a) U"+, (b) U' +, (c) U +, and (d) U
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rately locating the position of spectral bands, nor in pre-
dicting their relative intensity.

In conclusion, the n =5 to 5 transitions emitted from
0-shell charge states of gold, lead, bismuth, and uranium
from a low-density, high-temperature tokamak plasma
have been identified in the 50—200-A region. Ab initio
atomic structure computations and line intensities pre-
dicted by collisional radiative models have been used to
interpret the results. Two relatively narrow bands are
emitted by each of these elements in the low-density
tokamak spectra; the bands are constituted of lines origi-

nating mainly from Sp -5p 5d, 5p 5d"-5p 5d +', and
5d"-5d" '5f transitions.
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