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Accuracy of K-shell spectra modeling in high-density plasmas
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We present spectroscopic measurements of the helium-like and lithium-like argon emission supported by
Thomson scattering diagnostics on gas bag targets. These data provide critical tests of plasma spectroscopic
K-shell models. In particular, we have measured the line radiation in the wavelength region of the He-like
Ar 1s2–1s3l transition (He-b) that is of interest for density and temperature measurements of plasmas from
gas-filled targets (ne<1021 cm23), laser ablation targets (ne<1022 cm23), and inertial confinement fusion
capsule implosions (ne>1024 cm23). The spectra show lithium-like dielectronic satellites on the red wing of
the He-b line that are temperature sensitive and are known to influence the shape of the Stark-broadened line
profiles observed from implosions. To examine the kinetics modeling of this complex, i.e., the He-b and its
associated satellites, we have performed experiments in gas bag plasmas at densities of (0.6–1.1)
31021 cm23 where we independently determine the electron temperature with ultraviolet Thomson scattering.
The comparison of the satellite intensities with kinetics modeling shows good agreement for satellites whose
upper states are populated by dielectronic capture, but shows discrepancies for inner-shell collisional excited
transitions.

PACS number~s!: 52.70.La, 32.30.Rj, 52.25.Qt, 52.25.Nr
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I. INTRODUCTION

Because of the high electron densities encountered
laser-driven inertial confinement fusion research, x-ray sp
troscopy is often applied to measure the plasma condition
fusion capsule implosions@1–10# and in the laser-produce
plasmas surrounding the capsule@11,12#. In current indirect
drive experiments, capsule implosions driven by x rays fr
high-Z hohlraums converge to a final radius that is less t
0.1 of the original radius (275mm). Consequently, plasm
conditions similar to those of stars, i.e., extremely high d
sitiesne51024 cm23 and temperaturesTe51 –2 keV, have
been produced@6#. The characterization of these dense pl
mas requires x ray emission or neutron diagnostics@13#. In
particular, the spectrum of the 1s2 1S–1s3p 1Po of Ar XVII

(He-b) with its dielectronic satellites arising from the Li-lik
Ar states 1s2nl –1snl n8l 8, referred to below as the He-b
complex, has been found to be a valuable diagnostic of e
tron densities and temperatures@6,14,15#. This line is Stark
broadened so that densities can be inferred from the widt
the spectral line, and the upper levels of the observable
electronic satellites on the red wing of the He-b line are
predominantly populated by dielectronic recombination
that their relative intensity is sensitive to the electron te
perature @16,17#. Some of the higher-n satellite features
overlap with the He-b transition and consequently need to
self-consistently included in the fit of the whole line sha
with a Stark-broadening code coupled to a kinet
~collisional-radiative! model @14,18#. This procedure applies
kinetics modeling to very high densities where the cod
have not been tested against independent measuremen
this study, we perform critical comparisons of various kin
ics calculations with experimental data from we
characterized plasmas at the highest possible densities w
optical diagnostics, i.e., Thomson scattering, can be use
independently measure the plasma conditions. This is a
PRE 621063-651X/2000/62~2!/2728~11!/$15.00
in
c-
in

n

-

-

c-

of
i-

o
-

s

s
. In
-

ere
to
c-

essary first step toward a critical evaluation of the diagno
procedures used at the highest measured plasma dens
.1024.

The present study was particularly motivated by obser
tions of unexpectedly strong dielectronic satellite emission
recent implosion experiments. For example, the tempor
resolved measurements@14# of the spectrum of the He-b line
plus satellites from indirectly driven implosions have r
sulted in the diagnostic of peak temperatures of;0.8 keV,
which is lower by about a factor of two@6# than those cal-
culated with two-dimensional hydrodynamic modeling usi
the codeLASNEX @19#. Moreover, some experiments wit
directly driven capsules show dielectronic satellites t
completely dominate the spectrum at late times in the imp
sion @20#. To test the accuracy of the kinetics models and
rule out that the interpretation of the implosion data is
fected by deficiencies in the models, we have performed n
experiments in well-characterized gas bag plasmas@21–23#
at densitiesne50.631021 cm23 and ne51.131021 cm23

~see Sec. II!. These gas bag plasmas are homogeneous
independently diagnosed with stimulated Raman scatte
@22#, x-ray spectroscopy@23#, and temporally resolved Th
omson scattering~see Sec. III!. In particular, the Thomson
scattering diagnostic gives electron temperature data con
tent with hydrodynamic modeling suggesting that gas b
plasmas are suitable sources to test our kinetics mode
capability.

To compare the experimental spectra with synthetic sp
tra, we employed theHULLAC suite of kinetics codes@24–
28#. In addition, we make comparisons with calculations
the corona approximation employing atomic data from va
ous authors@26,29–31#. We find for the two different elec-
tron densities that the kinetics modeling accurately pred
the relative intensity of the measured Li-like dielectron
capture satellite transitions and of the He-b transition, which
consists of the sum of the resonance line (He-b1 :
2728 ©2000 The American Physical Society
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1s2 1S0–1s3p 1P1
o) and the less intense intercombinatio

line from the triplet to the singlet system of He-like argo
(He-b2 : 1s2 1S021s3p 3P1

o). Spectral line emission origi
nating from levels whose population is primarily determin
by electron collisional processes, on the other hand, sh
discrepancies of up to a factor of two compared to the m
eling. This is observed for inner-shell excited satellite tra
sitions as well as for the ratio of the intercombination to t
resonance line.

Such discrepancies have also been reported previo
from low density tokamak plasma experiments@32# at den-
sities 107 smaller than the current gas bag plasmas. On
other hand, in the present study we observe better agree
between spectral calculations and the experimental die
tronic capture satellite emission than in the previous tokam
study @32#. This finding could be related to improved dia
nostics in the present study, i.e., Thomson scattering ve
electron cyclotron resonance emission, reduced plasma
dients, i.e., the gas bag plasma source versus a toka
plasma, and to improvements in the spectral modeling~de-
scribed in Sec. IV below!. Moreover, the study of Ref.@33#
has shown similar discrepancies of experimental inner-s
collisional excited satellites and calculations in the coro
approximation. However, these experiments lack an indep
dent temperature diagnostic and measure time-integr
spectra from rather inhomogeneous laser-produced blow
plasmas making a quantitative comparison with kinet
modeling difficult.

Our simultaneous temporally resolved measurement
Thomson scattering and x-ray spectra test the kinetics m
els at densities about three orders of magnitude lower t
those of fusion capsule implosions, but seven orders of m
nitude above those of previous studies@32,34#. In spite of the
remaining discrepancies between calculated and meas
inner-shell satellite intensities, the fact that the strongest
ellite features, i.e., the dielectronic capture satellites, are w
modeled by theHULLAC code may affect the interpretation o
ICF capsule implosion experiments. Our findings indic
that we should revisit the analysis of the higher density
plosions to find if the kinetics modeling is consistent with t
results obtained here. Moreover, having proven the techn
to benchmark kinetics calculations in laser-produced plas
conditions, one can hope to extend this method to ve
critically important aspects of indirectly driven capsule phy
ics by testing the conditions created inside hohlraums.

II. EXPERIMENT

A. Gas bag and laser parameters

Gas bags consist of two 0.35mm thick polyimide
(C14H6O4N2) membranes that are mounted on either side
a 0.4 mm thick aluminum washer with an inner diameter
2.75 mm. The membranes in this study are inflated by p
pane (C3H8) or neopentane (C5H12) plus a small amount o
argon~1% by atomic number in each case! as spectroscopic
test element. The gas concentrations are measured by
spectrometry for each batch of mixed gas. The gas pres
is kept at one atmosphere by monitoring that results i
nearly spherical balloon target of 2.75 mm3 2.5 mm
with a known atomic density. Figure 1 shows an image
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the target where one can see the vertical slits that
mounted for the spatially resolving x-ray spectroscopic m
surements.

The gas bags are heated with nine beams of the N
laser@35#, a Nd: glass laser operating at 1.055mm. For the
heating of gas bags, the laser light is frequency tripled tol
5351.1 nm. Focusing optics off /4.3 are used with a defocu
of 6.78 mm. This configuration results in laser beams c
verging at the center of the gas bags with a laser spot siz
each individual beam of;1.7 mm diameter on the surface o
the gas bag@21#. A total energy of 21 kJ is delivered in
1 ns square pulse giving an averaged intensity
1014 W cm22 per beam.

Gas bag targets convert most of the incident laser ene
into thermal energy of the electrons and less into the kin
energy of bulk plasma motion than irradiation of a so
target. Thus, a high-temperature, high-density plasma is
duced with temperature and density gradients that have b
measured with optical and x-ray diagnostics and are foun
be small~see Sec. III!. When compared with conventiona
sources such as laser-produced blow-off plasmas, explo
foils, or tokamak plasmas these characteristics make
bags a suitable source for plasma spectroscopic studies

FIG. 1. Gas bag target before it is pressurized with C3H8 or
C5H12. Two vertical slits have been mounted on this target a
distance of 8 mm from gas bag center. The thickness and the i
diameter of the washer is 0.4 and 2.75 mm, respectively~a!. Also
shown is a schematic of the 4v probe laser and the 4v Thomson
scattering detection system with ak-vector diagram, as well as th
viewing angle of the x-ray crystal spectrometer~b!.
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B. Diagnostics configuration

Figure 1~b! shows a schematic of the two main diagno
tics employed to measure x-ray spectra using a crossed
configuration and temperatures with 4v Thomson scattering
The spectroscopic measurements have been performed
a crystal spectrometer coupled to a gated microchannelp
detector~MCP!. The x-ray emission is observed through
slit of 3 mm height and 150mm width cut in a copper shield
(300 mm thick, 3.2 mm diameter! and mounted on the targe
at a distance of 8 mm, effectively limiting the plasma si
seen by the spectrometer@Fig. 1~a!#. This slit allows a view
through the gas bag center. At a distance of 11.9 cm from
first slit we used four parallel slits (250mm width, 2 mm
height! to image the emission onto four parallel strips of
gated MCP detector with a factor of two magnification. B
tween the four slits and the MCP a pentaerythritol~PET!
crystal is mounted at the Bragg angle to spectrally dispe
the plasma emission. Since source broadening is efficie
reduced by the first slit, a resolution ofl/Dl5800 is
achieved by this type of spectrometer@36#.

The gated MCP detector@37,38# has four active rectangu
lar strips (4 mm340 mm). A square gate pulse of 0.08
traverses the length of the strip along the wavelength dis
sion direction in 0.25 ns. At the output of the MCP a P
phosphor is mounted, and its illumination is recorded on fi
~Kodak TMAX 3200! that is digitized with a resolution o
22 mm. The gate pulse results in a time resolution of 0.1
for the measurements of the He-b complex, i.e., because th
lines of interest are only a few millimeters apart on the MC
We have chosen a time delay of 0.25 ns between the st
but in all cases, data from a maximum of only two stri
were timed properly to achieve a good signal to noise ratio
the satellite emission. Therefore, data from 32 shots h
been accumulated and used for the data analysis.

For Thomson scattering, we employed a 50 J 4v probe
laser~operating wavelength:l05263.3 nm! @39#. Early ex-
periments with 2v and 3v lasers have shown that a sho
wavelength probe is required to characterize open geom
large-scale length ICF plasmas, because of strong laser
absorption, stray light as well as stimulated Raman side s
tering from the heater beams in the wavelength range aro
2v and 3v. We focus the probe laser into the gas bag tar
to a spot of 60mm3120 mm. It results in a 4v intensity of
.331014 W cm22 ~at 4v) that was shown, in separate e
periments, to not influence the plasma as long as it is hot
heated by kJ laser beams. The pointing accuracy of thev
probe laser has been demonstrated to be 100mm by taking
x-ray images from the 4v probe together with the emissio
through five backlit fiducial holes that were absolutely po
tioned prior to the shots to within 10mm.

The Thomson scattered light has been imaged at an a
of 90° with f /10 optics onto the entrance slit of a 1 m
~SPEX! spectrometer. We employed an S-20 streak cam
to record spectra with a temporal resolution of 30 ps an
wavelength resolution of 0.05 nm. A magnification of 1
together with the use of a 200mm spectrometer entrance s
width, and 100mm streak camera slit width, yields a cylin
drical scattering volume of;70 mm in horizontal and
;120 mm in vertical direction. This scattering volume
small compared to the size of the plasma. The choice of
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probe laser wavelength of 263 nm and of the scattering an
of 90° results in collective Thomson scattering@40,41# from
fluctuations characterized by wave numbersk @cf. Fig 1~b!#
such that the scattering parameter isa51/klD.2 for the
gas bag electron densities and temperatures. The Thom
scattering spectra are dominated by the narrow ion fea
which shows scattering resonances at the ion acoustic w
frequencies shifted from the incident probe laser freque
on either side on the frequency scale~redshift and blueshift
for copropagating and counterpropagating waves along
scattering vectork! containing the information onTe andTi
of the plasma@39#.

Additional diagnostics has been fielded on these exp
ments. They include a curved gated crystal spectromete
obtain survey spectra, two gated pinhole~10 mm) cameras
for two dimensional x-ray images, an x-ray streak camera
one-dimensional imaging with improved time resolution, a
a crystal streak spectrometer monitoring the reproducibi
of the argon emission. Data from these detectors have b
discussed in more detail in Ref.@23#.

III. PLASMA CHARACTERIZATION

To characterize the gas bags plasma temperature, den
and flow, we have applied Thomson scattering, Raman s
tering, and standard He-a/ jkl x-ray spectroscopic tech
niques. Thomson scattering observes the scattering of e
tromagnetic radiation from a probe laser by the electrons
the plasma. It is a spatially and temporally resolving tec
nique whose interpretation is based on theory@42#. In the
collective scattering regime, where the wavelength of
probe laser is larger than the Debye screening length,
collective behavior of the plasma is observed. In this ca
the scattered light shows resonances at the ion acoustic
electron plasma wave frequency. From the measured w
lengths and damping of these features, called ion and e

FIG. 2. Experimental Thomson scattering spectra from
C5H12-filled gas bag measured from a radial distance of 0.8 m
from the gas bag center. The spectra taken att50.35 ns andt
50.9 ns with a resolution of 30 ps show increasing electron te
peratures and decreasing electron to ion temperature ratios.
parameters are inferred from the theoretical fits to the experime
data.
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tron features, respectively, one obtains the electron temp
tures Te and densitiesne , ion temperaturesTi , and the
averaged ionization stage Z. Furthermore, the macrosc
flow velocitiesV can be inferred from the Doppler shift o
the spectra@39#.

Figure 2 shows examples of two Thomson scatter
spectra of the ion feature measured at a distance of 800mm
from gas bag center att50.35 ns andt50.9 ns. Two ion
acoustic resonances are clearly identified. Each peak con
of two unresolved ion acoustic waves, one belonging to c
bon ~slow mode! and one belonging to hydrogen~fast mode!
@39,43#. With increasing time, the ion acoustic peaks sh
increased separation and broadening indicating increa
electron and ion temperatures during the heating of the
bag plasma. To accurately infer temperatures from th
spectra, we convolute the form factorS(k,v) for multi-ion
species@44# with the experimental instrument function an
fit the resulting profile to the data. Examples of these fits
also shown in Fig. 2. We obtain an error estimate for
electron temperature of,10% from the fitting procedure by
varying the calculated profile within the noise of the expe
mental data.

The experimental electron temperatures show mu
agreement between the results from the temporally and
tially resolved Thomson scattering technique and with te
porally and spatially resolved x-ray spectroscopy using
intensity ratio of the He-like Ar 1s2–1s2l (He-a) line to the
lithium-like jkl dielectronic satellites@23#. This intensity
ratio has many advantages over other spectroscopic t
niques: the lines can easily be made optically thin by adju
ing the impurity concentrations; the lines are separated o
by a small wavelength interval so that the sensitivity of t
instrument does not change drastically reducing errors du
the relative calibration; and the upper states of the die

FIG. 3. Electron temperature of a C5H12-filled gas bag as func-
tion of time measured from a radial distance of 0.8 mm from g
bag center. The Thomson scattering data are in excellent agree
with the x-ray spectroscopic measurements using the standard
of the He-a to the jkl dielectronic satellite transitions. The exper
ments are also consistent with two-dimensional hydrodyna
modeling using the codesLASNEX andFCI2.
ra-
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tronic satellite transitions are populated on time scales
100 ps so that there are only small differences in the ti
resolved and steady state analysis of the spectra redu
possible errors even further. The two techniques are c
pared in Fig. 3 together withLASNEX and FCI2 simulations
~discussed below! at a distance of 800mm from the gas bag
center. The error bars for the spectroscopically derived te
peratures are in the range of 15% –20% depending on
noise amplitude of the individual spectra at various tim
The Thomson scattering data are accurate to within 10%.
find agreement between these two diagnostic methods
separate gas bag experiments, we have also found tha
temperatures inferred with the dielectronic satellite techniq
compare well to the isoelectronic ratio@11,45,46# of the
He-b lines of argon and chlorine@23#. Moreover, the experi-
mental data are in reasonable agreement with the sim
tions. For this comparison, we include the heater beam s
tering losses by SBS and SRS. The simulations show hig
peak temperatures and also a faster rise of the electron
perature than experimentally observed.

Figure 4 shows the temperatures derived from the Tho
son scattering and from the observed ratio of the emissio
the He-a to its satellites along with those temperatures p
dicted by hydrodynamic simulations as function of the g
bag radius. At the time of the measurements of the Heb
transition plus satellites, i.e., 0.3 ns,t,0.5 ns, we find that
gas bag plasmas are homogeneous,DTe /DR,20%. At the
time close to peak temperature, i.e.,t50.9 ns, we find a
homogeneous center with a diameter of 2 mm,DTe /DR
,30%.

Two dimensional, cylindrically symmetric hydrodynam
simulations of the gas bags were performed with
radiation-hydrodynamic codesLASNEX and FCI2. Both of
these codes employ ray tracing techniques to model la
propagation and include inverse bremsstrahlung for laser
sorption. Laser scattering losses of about 20% were assu

s
ent
tio

ic

FIG. 4. Experimental electron temperature data for various
dial positions measured att50.35 ns andt50.9 ns. The tempera
tures from Thomson scattering show excellent agreement with
results from x-ray spectroscopy. Att50.35 ns the electron tempera
ture profile is flat indicating the utility of gas bags for spectrosco
investigations.
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2732 PRE 62S. H. GLENZERet al.
@47#. Electron heat transport assumed to be dominated
diffusion and the heat flux is constrained via a flux limit
both codes. Although these two codes have treated the s
physical processes, the details of the implementation of
physcial approximations, as well as the details of the d
cretization of the problem, may differ. For this reason, us
two different codes offers a more robust comparison.

The laser beam pattern incident on the gas bag is in
ently three dimensional. Although, the beams are defocu
such that the entire gas bag is irradiated, there are region
beam overlap resulting in variations in the laser intensity
addition, all of the beams have holes in them due to a be
block positioned in the center of each beam. This result
3D inhomogeneities that cannot be modeled by a 2D sim
lations. In order to see the effects of nonuniform beam he
ing we have simulated beam overlap and holes in 2D sim
lations. These effects were simulated by irradiating the
bag with rings. The results were that the simulated nonu
form heating produced regions where the temperature fel
with radius more rapidly than it does for uniform heatin
Therefore, we believe that the measured temperature gra
at t50.9 ns should, indeed, be larger than the simula
gradient ~see Fig. 4!. We intend to examine this problem
with three dimensional simulations in the future using t
realistic laser beam profiles.

In addition to the discrepancies between data and sim
tions, we find that the two simulations results are not ide
cal. First, although both codes use flux limited diffusion t
method in which it is employed differs. In diffusive he
transport the heat fluxQ is given by the well know Spitzer–
Härm formula QSH52k¹(kBTe), where kB is the Boltz-
mann constant. In regions of large temperature gradients
flux can be greater than the free streaming fluxQf s
5nekBTeVth which is unphysical. Therefore, when this co
dition occurs the heat flux used is some fractionf of the free
streaming flux. The quantityf is referred to as the flux lim-
iter. In LASNEX this is done by choosing Q
5min(QSH , f Qf s), whereas inFCI2 this is done by a har-
monic average, i.e., 1/Q51/QSH11/( f Qf s).

While the electron and ion temperatures in these gas
plasmas are well known from the measurements descr
above, the electron density is principally known by the de
sity of the gas fill. Measurements of the wavelength of
Raman scattered light which occurs at the frequency of
electron plasma or Langmuir wave give a value for the el
tron density which are consistent with the gas fill dens
@22#. The line intensity ratio of the He-a and intercombina-
tion line of helium-like argon have also been shown to be
agreement with the expected densities@23#. In summary, the
detailed measurements and the general agreement with
simulations indicate that the plasma conditions in these
bag targets are known so that it provides a spectroscopic
bed for kinetics codes.

IV. THEORY

A. Atomic data and kinetics models

Ab initio atomic structure data for the lithium-, helium
and hydrogen-like isoelectronic sequences of Ar have b
generated using theHULLAC suite of codes. The atomic dat
from HULLAC are used to calculate the full collisiona
y
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radiative model for highly stripped argon ions. All singly an
doubly excited energy levels with principal quantum numb
n < 5 have been treated.~Some triply excited levels in the
Li-like ion are considered, these configurations can be
glected in models at the densities of the present exp
ments.! The HULLAC package includesANGLAR, which uses
the graphical angular recoupling programNJGRAF @24# to
generate fine structure levels in aj j -coupling scheme for a
set of user-specified electron configurations.HULLAC then
generates atomic wave functions using the fully relativis
parametric potential codeRELAC @25,26#; RELAC calculates
the full multiconfiguration, intermediate coupled level ene
gies, and radiative transition rates.RELAC also computes
semirelativistic autoionization transition rates@27# to the
ground and excited levels of an adjacent ion. TheCROSS@28#
suite of codes in theHULLAC package uses the factorizatio
theorem of Bar-Shalom, Klapisch, and Oreg to compute
distorted wave approximation~DWA! electron-impact exci-
tation rates between all levels of each charge state mentio
above.

The ionic transition rates above, including the autoion
ation rates from the Li- to He-like and He- to H-like ions, a
well as direct, impact ionization and radiative recombinati
rate coefficients, are used to construct the collision
radiative rate matrix

dnj

dt
5(

i
niRi→ j2nj(

i
Rj→ i , ~1!

wherenj is the population in levelj, andRi→ j is the total rate
for transitions between leveli and j, possibly belonging to a
neighboring isoelectronic sequence. The inverse of each
ization process, namely dielectronic recombination and th
body recombination have been found according to the p
ciple of detailed balance. Radiative recombination from a
collisional ionization to the bare nucleus Ar181 is also in-
cluded in the rate matrix; the relative populations of the fo
charge states and the population in each level of each ion
then found in the steady state. The resulting collision
radiative line emission,« i j , for each H-, He-, and Li-like
transition from level i to level j, is found ~in photons
s21 cm23) at the specific transition wavelength,l0, for a
given temperature and density,

« i j ~l0!5niAi j , ~2!

whereni is the ~relative! population in the upper level an
Ai j is the radiative transition rate from leveli to level j. The
He-b transitions has been checked for self-absorption effe
in a self-consistent manner using the escape factor appr
mation @48#. The He-a and the He-b lines have been found
to be optically thin for a spherical plasma with an electr
density ofne51.131021 cm23, electron temperatures of 1.
and 1.5 keV, ion temperatures of 1.0 keV, a 1% concen
tion of argon in C5H12, and a diameter of 2.5 mm. To pro
duce a spectrum that can be compared to the experimen
calculated line intensities are convolved with a Gaussian
strument profile,f, with a full width at half maximum equa
to the resolution of the crystal spectrometer
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«~l!5(
i j

« i j ~l0!f~l!, ~3!

where the sum is over all transitions in the model. An e
ample of the calculated spectrum atTe51.3 keV andne
51.131021 cm23 is shown in Fig. 5~c!. The blended line
intensities are integrated in wavelength

«5E «~l!dl ~4!

in order to produce the ratio of Li- to He-like intensity liste
in theHULLAC column in Table I, which are discussed in Se
V.

B. Inner shell and DR satellites

In the low density limit, i.e., the coronal approximatio
the lithium-like satellites to the helium-like resonance lin
investigated here can be created by two mechanisms, i
shell electron impact excitation followed by radiative sta
lization

1s2nl 1e→1snl n8l 8*1e→1s2nl 1g ~5!

or dielectronic recombination from the helium-like ion,

1s21e→1snl n8l 8*→1s2nl 1g, ~6!

where 1snl n8l 8* is a doubly excited autoionizing lithium
like level, 1s2nl is a stable lithium-like level, andg is the
observed photon. For the specific transitions observed in
present work,n52 andn853 in Eqs.~5! and~6!. The emis-
sivity of a line from levelj of ion Z excited by inner shell
electron impact excitation is given by

« IS5NeNZC~Te!b j , f
R , ~7!

whereNe andNZ are the electron and ion densities,C(Te) is
the impact excitation rate coefficient andb j , f

R is the radiative
branching ratio from the upper level of the observed tran
tion,

b j , f
R 5

Aj , f
R

S iAj ,i
A 1S fAj , f

R
. ~8!

The sum overi in Eq. ~8! runs over all levels in the nex
higher ion reachable from levelj by autoionization, and the
sum overf runs over all bound levels reachable fromj by
radiative decay.

The emissivity«DR of a lithium-like satellite excited by
dielectronic recombination can be expressed as

«DR5NeNHeF1~Te!F2~ j , f !, ~9!

where all the temperature dependence is contained in

F1~Te!5
1

2 S 4pa0
2R

Te
D 3/2

exp~2DEi , j /Te!, ~10!

wherea0 is the Bohr radius,R is the Rydberg unit of energy
andDEi , j is the capture energy of the free electron, i.e.,
-

.

er
-

he

i-

e

energy difference between the 1s2 level and a 1snl n8l 8*
level. The satellite intensity factor due to dielectronic reco
bination from leveli of ion (Z11) via level j of ion Z to
level f is given by

F2~ j , f !5
gj

gi
Aj ,i

A b j , f
R , ~11!

where theg’s are the statistical weights of the intermedia

FIG. 5. High resolution spectra of the He-b transitions plus the
n52 ~features 1 through 4! and n53 dielectronic satellites mea
sured att50.35 ns from a C5H12-filled gas bag~a!. Also shown is
the fit to the experimental data that is applied to determine
relative intensities of the spectral lines. The same data are
shown with a logarithmic scale~b!. Synthetic spectra using the cod
HULLAC for the independently measured parametersTe51.3 keV
andne51.131021 cm23 are shown for comparison with differen
resolution~c!.
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TABLE I. Comparison of the experimental line ratio,EXP, of the dielectronic satellite feature 4
1s22p–1s2p(3P)3p to the He-b transition, I(4)/I(He-b11He-b2), of Ar XVII with kinetics codes,HULLAC,
RELAC @26#, Safranova@29#, Chen@30#, and Nilsen@31# for various plasma conditions.

Ion Temperature Density Expt. HULLAC RELAC Safranova Chen Nilsen
~keV! (1021 cm23)

Ar XVII 1.25615% 1.11610% 0.2065% 0.168 0.225 0.235 0.214 0.208
(C5H12) 1.30615% 1.11610% 0.1765% 0.158 0.207 0.216 0.197 0.193

Ar XVII 1.27615% 0.63610% 0.2165% 0.180 0.218 0.226 0.207 0.201
(C3H8) 1.33615% 0.63610% 0.1765% 0.166 0.199 0.207 0.189 0.184

1.48615% 0.63610% 0.1265% 0.129 0.160 0.166 0.152 0.148
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e 4
~autoionizing! and initial~recombining! levels, andAj ,i
A is the

rate of autoionization from levelj to level i.
In the limit where all the excitation arises from the He 1s2

state a lithium-like dielectronic satellite line (j→ f ) and the
corresponding helium-like resonance line (Wn) can be used
as a convenient temperature diagnostic of the local pla
conditions by dividing Eq.~9! by Eq. ~7!,

«DR
j f

« IS
Wn

5
F1~Te!F2~ j , f !

CWn
~Te!

, ~12!

where the branching ratio for the helium-like resonance l
is assumed to be one. This ratio is independent of the
ization balance between the He- and Li-like ions, and is a
independent of the electron density. For the densities of
kamak plasmas@32,34#, Eq. ~12! is a good approximation o
the satellite to resonance line intensity ratio. We compare
diagnostic ratio computed by Eq.~12! using the atomic data
generatedab initio with RELAC @26,27# to the same ratio
computed with the atomic data of Safronova@29#, Chen@30#,
and Nilsen@31#. Results for the 1s22p–1s2p(3P)3p satel-
lite transitions normalized to the He-b transition are shown
in Table I. All four calculations agree to approximate
610% around their average value at the temperatures o
present experiments.

We have integrated the collisional-radiative intensity
the line transitions~Sec. IV A! because our calculation
show that a non-negligible flux of population into the upp
levels of the dielectronic Li-like satellite lines, and to a less
extent the upper levels of He-b, arrives via collisional trans-
fer from levels other than the ground level of the He-like io
Thus, the ratios are dependent on electron density and
relative populations of the He- and Li-like ions. At the de
sities of the present experiments, all four of the Li-like s
ellite features that we analyze@1s22s–1s2s(1S)3p and
1s22s–1s2s(3S)3p, labeled 1 and 3 by Beiersdorfer@32#,
fed primarily by collisional excitation, and
1s22p–1s2p(1P)3p and 1s22p–1s2p(3P)3p, labeled 2
and 4 by Beiersdorfer@32#, fed primarily by dielectronic re-
combination# are affected by collisional transfer of popul
tion from excited levels. The collisional-radiative ratios f
the dielectronic satellite lines to He-b are more than 25%
smaller than the diagnostic ratios found considering pure
a

e
n-
o

o-

e

he

f

r
r

.
he

-

e-

like ground level excitations. These two calculations are c
trasted in the columns labeledHULLAC and RELAC, respec-
tively, in Table I.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Lithium-like satellite emission

Figure 5 shows an example of an x-ray spectrum in
wavelength region 0.332 nm,l,0.345 nm measured a
t50.3 ns from a gas bag filled with C5H12 and 1% Ar. The
data have been measured spatially resolved along the slit
averaged over the regionr ,1.2 mm to reduce noise. Th
averaging is justified because at the time of the meas
ments the gas bag plasma is homogeneous as shown in
III. The spectrum has been corrected for the wavelength
pendent instrument response@49#, filter transmission, and
crystal reflectivity@50#.

The spectrum is dominated by the 1s–3p resonance line
of helium-like argon ArXVII at l50.3364 nm, He-b1, the
theoretical transition energy of which has been used to
termine the absolute wavelength scale of Fig. 5. A numbe
spectroscopic features can be identified on the red wing
He-b1 that can be easily seen on the logarithmic scale p
vided in Fig. 5~b!. These are the intercombination lines
l50.337 nm, He-b2; dielectronic satellites with an53
spectator electron atl50.3381 nm; four satellite feature
with an n52 spectator electron labeled 1 through 4 acco
ing to Ref. @32#. Feature 1 is observed atl50.3407 nm.
Features 2 and 3 are not resolved with the present spect
eter and are observed atl50.3422 nm. Feature 4 is found a
l50.3428 nm. The experimental wavelengths agree clos
with the previous high-resolution measurements of Re
@32,34,51#.

Figure 5~c! shows synthetic spectra with the experimen
and at a higher resolution calculated with theHULLAC suite
of codes for the experimental plasma parameters,Te51.3
keV, ne51.131021 cm23. The HULLAC calculations were
performed in the steady state approximation. This comp
son is justified because the lithium-like dielectronic satelli
closely follow electron temperature changes on time sca
less than a 0.1 ns. The intensities of the dominant featu
i.e., the He-b1 and satellite feature 4 agree with the expe
ment. However, some discrepancies are apparent for the
culated intensities and wavelengths of features 2 and 3.
calculated wavelength of feature 3 is too close to featur
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~this is also true when compared with the high resolut
experimental data of Refs.@32,34#!, and the sum of the in-
tensity of feature 2 and feature 3 is smaller than observe
the present experiment@cf. Fig. 5~b!#.

For a more quantitative comparison, we fit the experim
tal data with a multi-Gaussian profile using a least-squa
method. An example is given in Fig. 5 as the straight bla
line through the experimental spectrum~shown in gray!. We

FIG. 6. Comparison between the experimental line ratios fr
C3H8-filled (ne5631020 cm23) and C5H12-filled (ne51.1
31021 cm23) gas bags with steady-state kinetics~collisional-
radiative! model calculations. The intensity ratio between the
2b transition ~resonance plus intercombination line! to satellite
feature 4, which upper state is populated by dielectronic capt
shows excellent agreement with the modeling~a!. The ratio be-
tween the He2b line and feature 2~capture satellite! plus feature 3
~collisional excited satellite! shows marginal agreement~b! while
noticeable discrepancies can be seen for the purely collisiona
cited satellite feature 1 over the He-b line ~c!.
n

in

-
s

k

obtain an estimate for the error bar of the experimental
tensities of the various spectral lines by varying the fit with
the noise of the data. It is in the range of 5% for the inten
transitions~e.g., feature 4! to 20% for the weak transitions
~e.g., feature 1!. In Fig. 5, then53 dielectronic satellites a
0.3381 nm have not been included in the fit since we do
compare it to modeling. However, we have verified by fitti
then53 feature with a single line that they do not influen
the intensity of the He-b2 line. Furthermore, we expect th
intensities of satellites with increasing principal quantu
number of the spectator electron (n54, etc.! to be negligibly
small. These satellites are too close to the resonance lin
be resolvable with the present spectrometer. It was show
Ref. @16#, that with increasing nuclear chargeZ, dielectronic
satellites withn.2 spectator electrons become less imp
tant. According to Gabriel forZ.14, the contribution of the
n53 dielectronic satellites to the resonance line have
come negligible. In the present study then53 satellites are
intense enough so that we can measure their magnitude
dependently, however these satellites are small enoug
indicate that then>4 satellites make a negligible contribu
tion to the line intensity.

Figure 6 shows the intensity ratio of the various expe
mental Li-like dielectronic satellites to the He-b transition as
a function of the measured electron temperature toge
with the results of theHULLAC calculations for the two dif-
ferent electron densities:ne5631020 cm23 for C3H8 filled
gas bags andne51.131021 cm23 for C5H12 filled gas bags.
In Fig. 6~a!, feature 4 / He-b, a pure dielectronic capture
satellite to resonance line intensity ratio, shows excell
agreement between the experimental data and the kin
modeling. Since the experimental error bar of this line ra
is the smallest one, i.e., 5%, it can be used for a compar
with various atomic physics calculations. Table I lists t
ratios for the experimental temperatures and densities
gether with calculations using the fully collisional-radiativ
HULLAC modeling as well as calculations after Eq.~12! using
atomic data as discussed in Sec. IV. This comparison sh
that theHULLAC calculations agree on average to within 6
with the experiment while the simplified calculations overe
timate the experimental ratio by 12% –22%.

While the comparison of the atomic calculations with t
experimental dielectronic capture satellite intensities sugg
that all the atomic models are close to the experimental d
we find that inner-shell collisional excited satellite lines a
not well modeled. Figure 6~b! shows the ratio of the sum o
feature 2 and feature 3 to the He-b transition. It is an inter-
mediate case as it adds dielectronic capture satellites
inner-shell collisional excited satellites. In the final compa
son Fig. 6~c! shows the ratio of feature 1, derived from
purely collisional excited satellites to the He-b transition.
Thus, we observe from Fig. 6, a gradually increasing d
agreement between the experimental and calculatedHULLAC

ratios with increasing contribution of collisional excited sa
ellites. Since these ratios are all inferred simultaneously fr
the same spectra they indicate that electron collisional
cited satellites are not well modeled compared to the die
tronic capture satellites, and in the particular case of fea
1 the calculated ratios are outside of the error bars of
experiment.

e,

x-
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For the comparisons between the ratios determined
perimentally and through atomic physics kinetics modeli
we have assumed a Maxwellian electron velocity distribut
function. However, we know that for gas bag plasmas,
electrons are produced by stimulated Raman scatte
~SRS! from the heater beams. The SRS losses are cons
during the period 0 ns,t,0.5 ns @47#. Furthermore, it is
also known that hot electrons are a secondary produc
SRS@12,52#. To test the hypothesis that the Maxwellian v
locity distribution yields the correct kinetics, calculations i
cluding a modification of the velocity distribution by su
prathermal~hot! electrons have also been performed. For
time of the x-ray spectroscopic measurements, the hot e
tron fraction is inferred to be constant at the 3% level@12#.
This value is consistent with time-integrated measureme
of the bremsstrahlung in the x-ray spectral region with c
brated diodes@53# giving a time-integrated fraction of 1%
and a hot electron temperature of 17 keV@22#.

To ascertain the potential effects of the hot electrons
use time-dependent calculations to model the experime
conditions described above. These calculations show tha
electrons increase the collisional excitation and therefore
intensity of the He-b transition as well as the inner-she
collisional excited satellites only for timest,0.1 ns. This is
because at these early times the fraction of He-like ion
negligibly small so that inner-shell excitation of Be- and L
like ions by hot electrons is important. However, at la
times when the spectra have been measured, i.e., 0.3 n,t
,0.5 ns, the effect of the hot electrons is found to be ne
gible because He-like ions begin to dominate the charge s
distribution so that thermal electrons dominate the collisio
excitation process.

These calculations rule out the possibility that inner-sh
collisional excited satellite intensities are influenced by
electrons, leaving the most likely explanation for the o
served discrepancies to be errors in the atomic kinetics m

FIG. 7. Comparison between the experimental line ratio of
resonance (He2b1) and intercombination line (He-b2) from
C3H8-filled (ne5631020 cm23) and C5H12-filled (ne51.1
31021 cm23) gas bags with steady-state kinetics~collisional-
radiative! HULLAC calculations shown as straight lines. Also show
are calculations using atomic data of Ref.@54# ~dashed curves!.
Discrepancies in the range of a factor 1.3–2 are observed simil
results from low-density tokamak plasmas.
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els. These discrepancies most likely arise from difference
the ion balance between model and experiment. Despite
maining discrepancies, the good agreement between the
perimental dielectronic capture satellites and theHULLAC cal-
culations suggests thatHULLAC is a more appropriate cod
for the construction of the kinetics models of the He-b com-
plex from high density plasmas than previously used cod
For example, the temperatures of;800 eV, inferred previ-
ously for ICF capsule implosions using the He-b complex
@14#, which are not in agreement with 2D radiation
hydrodynamic simulations may be themselves in error.
light of the present study it appears that the intensities of
satellites may be underestimated with respect to the He2b
transition by the kinetics modeling used in Ref.@14#.

B. Intercombination line

Although the relative intensity of the intercombinatio
line, He-b2, is small compared to the resonance transiti
He-b1, we were able to extract the line intensity ratio of bo
spectral lines with an error of about 20% by our fitting pr
cedure assuming the same line profile for both compone
This ratio is shown in Fig. 7 as a function of the electr
temperature for the various measured spectra together
the HULLAC calculations. Interaction between the upper le
els of these two transitions is discussed in Ref.@34#. In ad-
dition, we show kinetics calculations using atomic data
Ref. @54# that have been used previously in Ref.@55#. We
find that the calculations underestimate the experimenta
tios by a factor of 1.5–2 and are clearly outside the exp
mental error bars. Using the atomic data of Ref.@54# results
only in marginal improvements.

This result does not agree with the previous collision
radiative modeling of Ref.@55# where the ratio has bee
found to increase with increasing electron density. Our m
eling shows the opposite, namely that this ratio is decreas
for densities above 1020 cm23 due to a reduction of the
population density of the 1s3p 3P1 state by electron colli-
sions. The radiative decay rate of the triplet level is mu
smaller than that of the singlet level. With increasing ele
tron densities the collisional depopulation rate of the trip
level assumes the same order as its radiative decay
Hence, the relative upper state population and relative in
sity of the intercombination line decreases compared to
resonance line whose upper level is predominantly depo
lated by radiative decay. We note further that, our finding
consistent with other works, e.g., Refs.@56,57#, and a study
of the discrepancy in Ref.@55# is warranted.

Discrepancies between measured and modeled interc
bination line intensities have also been observed previou
for the He-b transition@32#. Although it will be interesting to
compare the various kinetics codes to understand why
discrepancy occurs, this diagnostic ratio is not of importan
since the intensity of the intercombination line is among
smallest of the detectable spectral lines in the spectrum
helium-like argon.

VI. CONCLUSIONS

Experiments in gas bag plasmas with independentTe and
ne measurements have shown that collisional radiative~ki-
netics! modeling of the intensities of the He-b line and its
dielectronic capture satellites is generally in agreement w
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the measured spectra. On the other hand, for the partic
case of Li-like satellites arising from inner-shell electron c
lisional excitation we find discrepancies of up to a factor
two between experiment and kinetics models. Similar d
crepancies have also been found in comparisons for the
tercombination line whose upper level population is a
dominated by collisional processes. We have ruled out p
sible effects on the inner-shell satellite and intercombinat
line emission due to plasma gradients, radiative transp
and suprathermal electron excitation leaving errors in
atomic physics modeling to be the most likely explanatio

These experiments became possible due to accurate
acterization of these high density plasmas by~ultraviolet! 4v
Thomson scattering@39#. The temperatures from Thomso
scattering are in close agreement with the He-a to jkl di-
agnostic ratio of helium-like argon. Furthermore, the elect
temperatures obtained with two different two-dimensio
radiation-hydrodynamic codes have also been found qua
tively similar but quantitatively distinct from the Thomso
scattering results, but some uncertainties remain due to
inherent three-dimensional geometry of the experiment.

The determination that there are problems with the co
sionally populated states is important for the interpretation
inertial confinement fusion capsule implosions where el
tron densities and temperature have been measured usin
spectral line shape of the He-b transition of ArXVII . The
rry
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analysis of the implosion data has required Stark broaden
calculations coupled to a kinetics model to calculate the
tailed line intensities and widths. Our experiments sugg
that the codeHULLAC might be more suitable to calculate th
level population kinetics than previously used codes.HUL-

LAC results in higher temperatures for the implosion con
tions of Ref.@14# in closer agreement with the 2D radiatio
hydrodynamic modeling and other spectroscopic techniqu
These results indicate that benchmarking kinetics codes
Thomson scattering is an important area in present ICF
search. Given the verification of the Thomson scatter
technique presented here, it is clear that the ablation pla
conditions created in hohlraums can be determined in
future with accuracy shedding light on the crucial x-ray a
lation process.
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