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Abstract
In order to develop plasma diagnostic for reduced-size hot holhlraums under lascr irradiation,
wec have studied the L-shell emission from highly charged gold ions in the SuperEBIT clectron
becam ion trap. The resolving power neecssary to identify emission features from individual charge
atates in a picket fenee pattern has been estimated, and the obaserved radiation featurcs have been
compared with atomic structure calculations. We find that the strong 3ds;; — 2psy; cmission
featurcs arc particularly uscful in determining the charge state distribution and average ion charge

{Z}, which arc strongly sensitive to the clectron temperature.
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I. INTRODUCTION

One of the central goals of high energy density physics is the production of a hot radia-
tion environment, which can be used for studies of material under extreme conditions and
possibly in local thermodynamic equilibrium (LTE). Recent experiments at the Omega laser
at the University of Rochester’s Laboratory for Laser Energetics or using the first four of
the planned 196 beams of the National Ignition Facility (NIF) at the Lawrence Livermore
National Laboratory have demonstrated the production of radiation temperatures as high
as 340 eV [1, 2].

The creation of extremely hot radiation environments requires depositing the available
laser energy in the smallest possible space enclosed by walls of high-Z material. The walls,
typically made of gold, form a hohlraum with a single opening, through which the laser hight
enters. The laser light is absorbed by the wall and ionizes the wall material. The resulting
plasma reradiates a large fraction of the deposited laser energy and thus fills the hohlraum
with intense soft x-ray radiation.

Unlike the centimeter-size hohlraums employed for inertial confinement fusion, reduced-
size (sub-millimeter) “hot™ hohlraums fill with plasma on the time scale of the duration of
the laser pulse. Plasma even spills out of the laser entrance hole and interacts with the
incoming laser light, partly blocking the entrance hole and thus limiting the amount of laser
energy that can be deposited into such a hohlraum [1, 2]. Hydrodynamic calculations have
predicted electron temperatures from around 20keV up to 30keV in the plasma outside the
laser entrance hole (LEH).

The present investigation seeks to provide a solid experimental and theoretical basis for
spectroscopic diagnostics of the plasma outside the LEH of “hot” hohlraums. Through
measurements of Au L-shell emission on EBIT, we find that the emission of high-Z neonlike
and lower charge state ions is dominated by 3ds/z — 2ps/; transitions which form a “picket-
fence” pattern of features separated by about 40 eV per ion [3, 4], similar to observations
on M-shell transitions of gold and tungsten [5-7]. The shape of this pattern depends on the
abundance of the ions of each charge state, which depends in turn on the plasma conditions.
Coupled with a collisional-radiative and spectral synthesis model, measurements of the L-
shell emission can serve as a means for determining the average ionization state of the plasma

and its electron temperature. Developing a reliable temperature diagnostic thus requires the



following steps: measurements determining the positions of features from individual ions,
assessment of the necessary spectral resolving power, investigation into potential overlap of
features from different charge states, and the demonstration of a reliable collisional-radiative
model based on accurate atomic data.

An early implementation of L-shell Au spectroscopy for measuring the electron tempera-
ture off the LEH of a hot hohlraum is given in measurements using the HENWAY spectrom-
eter [8]. These measurements could not resolve individual x-ray lines. A high-resolution
spectrometer has since been built which is capable of resolving the Au lines, as described at

this conference [9].

II. EXPERIMENT

The experiment was performed at the SuperEBIT electron beam ion trap [10] at the
Lawrence Livermore National Laboratory. The device has been optimized for spectroscopic
studies of highly charged ions [11, 12]. X-ray emission from the ions in the trap was detected
by means of a cryogenic microcalorimeter [13]. For single x-ray transitions at 8 to 10keV,
a line width (FWHM) of about 10eV was found, which implies a resolving power of about
900. Measured spectral features with larger line widths (15 to 18 eV) reveal the presence of
line blends.

The adjustable beam energy of the device allows us to step through the charge states,
enabling unambiguous identification of the strong L-shell lines and line blends, in this ex-
periment of Au®®*t through Au®®* (Fe- through Ne-like ions). The highest charge state of
interest was Au®"* (Ne-like); the ionization potential (IP) of 18keV of this ion was chosen
as the highest electron beam energy used in the measurements. The ionization potentials
of the next lower charge state ions are 8.4keV and consecutively lower. However, the IP
refers to the valence electron (n=3 for those ions below the Ne-like ion), whereas the x-ray
transitions of present interest relate to mner-shell excitation.

An expanded view of a section of the microcalorimeter spectra, showing the 2-3 emission
of the gold ions at various electron beam energies, is given in Figure 1. The Au emission
varies with the electron beam energy: as ..., decreases, the intensity of major emission
features shifts to lower energies. The picket-fence structure of the 3ds;; — 2p3;; emission

features in our spectra extends from neonlike Au®®* to ironlike Au®3**, with a picket-fence



spacing of about 40 eV. The lower-energy line groups (3ds;; — 2psy2 and 351/, — 2psye) are
weaker than the others for several reasons; statistical level population will be lower for the
J=3/2 and J=1/2 levels than for J=5/2, and the competing autoionization decay branch
(Auger effect) is much stronger.

The highest-energy peak of each line group belongs to the Ne-like ion. Both experimental
measurements and our calculations described below indicate that line blending becomes
significant for charge states below about Tilike Au®°*; for for those ioms, full modeling is
needed to predict the emission. However, in higher-temperature plasmas, where the average
ion charge {Z} is well above 56+, the 3ds;; — 2ps/; features provide a reasonably good
indication of the charge balance even in the absence of detailed modeling. In this range,
that 1s for plasma temperatures of about 8keV and higher, an mstrument of resolving power
E/AE > 400 would be able to observe the picket-fence pattern and thus the charge state
distribution (CSD).

III. ATOMIC STRUCTURE AND COLLISIONAL-RADIATIVE CALCULA-
TIONS

We have used the Flexible Atomic Code (FAC) of Gu [15] to generate fine-structure
atomic levels and rate data for Au ions from H-like (Au™*) to Zn-like (Au***). These data
have enabled unambiguous association of strong L-shell emission features with particular
ions, as the labels given in 1 demonstrate. We found a2 5 eV maximum discrepancy in
transition energies between the FAC atomic structure calculations and the experimental
measurements — a disagreement much smaller than the typical 40 eV separation of emission
features from different charge states.

The FAC atomic structure and rate data were then used in the collisional-radiative and
spectral synthesis code SCRAM to calculate level populations, charge state distributions,
and emission spectra [16]. This version of SCRAM uses a hybrid atomic structure scheme
to ensure both accuracy of atomic data in the coronal limit and completeness in the ap-
proach to Local Thermodynamic Equilibrium (LTE). For each ion, fine-structure energy
levels and rates are calculated for a subset of configurations, then supplemented with rel-
ativistic configuration averaged levels (nlj terms) and superconfigurations. This hybrid

atomic structure reproduces the results of the best “coronal” models, which are generally
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FIG. 1: Mcasured L-shell Au emission at four clectron beam cnergics. The prominent featurces are
labeled according to their parent ion and transition type. The approximate average ion charges (Z)
of the emission spectra arc listed along with the clectron temperatures that would be diagnosed
by our collisional radiative modcls given cmission spectra with similar {Z) from a plasma with n.

= 10%1em 3.

adequate to describe emission from low densities sources such as EBIT, where electronic
state populations are overwhelmingly concentrated in ground state configurations and line
emission tends to be limited by direct collisional excitation and ionization. It also performs
well at higher densities, where multi-step processes lead to significant population in multi-
ply excited configurations, opening up new channels for population transfer and giving rise
to strong satellite emission features. A key feature of the hybrid model is that it remains
tractable even for complex ions because of its flexible structure. A second key feature is the
extension of configuration interaction effects on transition energies and strengths from the
fine structure levels to the nlj terms.

The calculations show details of the spectra that the observations at their present reso-
lution do not, but which are important for diagnostics: the 3ds;; — 2ps;; spectral features

have a substructure. For Mg- to V-like ions, a high energy satellite feature almost coincides



with the main lines of the next higher charge state. It begins as a few-percent contribution,
and it grows into the dominant feature for ions with more electrons than 23 (V-like). There
1s also a weak substructure on the low energy side that begins for ions with more electrons
than about 20 {Ca-like, Au®®*) and coincides with the main features of ions two charge
states down. The 3s17; — 2ps;; spectral features split up also, without a dominant line
feature below Mg-like ions. The almost equally weak emission features of a given charge
state partly overlap with those of neighboring charge states on either side, rendering these

transitions impractical for diagnostics at any spectral resolution.

IV. DIAGNOSTIC FEATURES

The experimental data obtained from the combination of an electron beam ion trap
with a microcalorimeter reveal the core-excitation spectra of Au at a resolution that clearly
separates the dominant features from individual charge states. The calculated spectra,
however, show more complexity and detail than the data do at the present resolution and
suggest that only the 3ds;; — 2pg;; transitions in Ne- to Ti-like ions make for a practical
and rigorous diagnostic tool following a simple picket-fence radiation pattern.

We present elsewhere [17] systematic calculations of the average ion charge of Au ions at

electron temperatures from 5 to 15 keV and electron densities n. from 10'? to 10Zcm™3

, using
both the hybrid atomic structure code SCRAM and the screened hydrogenic code FLY CHK
[18]. In the present paper, we have simply listed on Fig.l the electron temperatures that
would be diagnosed given emission spectra from a plasma with n.=10?'cm™ and (Z) sim-
ilar to those of the given EBIT spectra. The uncertainty in the diagnosed temperatures of
~210-15% represents roughly the degree of disagreement between the two collisional-radiative
models. At temperatures above 10keV or densities below about 10'¥cm™2, our {Z} calcula-
tions are fairly insensitive to n.. However, at lower temperatures and at densities near or
above 10**cm™3, the calculated {Z) is sensitive to density, tending to increase with increasing
n. due to ladder ionization.

The line emission 1s also sensitive to density: as n. Increases, emission features from the
complex M-shell ions broaden and can shift to lower energies by as much as 10 eV due to
increasing populations in multiply excited configurations. These predicted shifts are in line

with the findings of an earlier beamn-foil experiment [19], where excitation takes place at



high (near-solid) density: while their measured Ne-like line energies closely agree with our
measurements, their Na- and Mg-like features are measured to have lower energies. Increas-
ing collisionality and Stark effects will also contribute to line broadening. For plasmas with
significant Ne-like Au populations, the metastable line intensities provide another potential
density diagnostic. With increasing densities, collisions tend to depopulate the upper level
of weak forbidden lines that are fed by radiative cascades in low-density sources. Our calcu-
lations show that the M2 line disappears well before the density reaches 10! cm™ and that

the 3G line begins to decrease significantly at an electron density near 10%?cm™2
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