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Competing effects of collisional ionization and radiative cooling in inertially confined plasmas
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We describe an experimental investigation, a detailed analysis of the ArXVII 1s2 1S– 1s3p 1P ~Heb! line
shape formed in a high-energy-density implosion, and report on one-dimensional radiation-hydrodynamics
simulation of the implosion. In this experiment trace quantities of argon are doped into a lower-Z gas-filled
core of a plastic microsphere. The dopant level is controlled to ensure that the Heb transition is optically thin
and easily observable. Then the observed line shape is used to derive electron temperatures (Te) and electron
densities (ne). The high-energy density plasma, withTe approaching 1 keV andne51024 cm23, is created by
placing the microsphere in a gold cylindrical enclosure, the interior of which is directly irradiated by a
high-energy laser; the x rays produced by this laser-gold interaction indirectly implode the microsphere.
Central to the interpretation of the hydrodynamics of the implosions is the characterization and understanding
of the formation of these plasmas. To develop an understanding of the plasma and its temporal evolution,
time-resolvedTe and ne measurements are extracted using techniques that are independent of the plasma
hydrodynamics. Comparing spectroscopic diagnostics with measurements derived from other diagnostic meth-
ods, we find the spectroscopic measurements to be reliable and further we find that the experiment-to-
experiment comparison shows that these implosions are reproducible.@S1063-651X~98!05504-4#

PACS number~s!: 52.25.Nr, 52.50.Lp, 52.58.Ns
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I. INTRODUCTION

When a plastic microsphere is engulfed in a soft-x-r
radiation field the surface layer is strongly heated. This la
is ionized, expands, and moves outward compressing the
terior; as the radiation field continues to heat the microsph
a shock wave and inward convergence of the shell res
Gas placed in the interior of the microsphere, for examp
deuterium, is compressed and heated. During compres
the gas is collisionally ionized; temperatures may be su
cient to highly ionize medium-Z dopants such as argon. I
these experiments argon is added to the gas fill in trace q
tities to enable spectroscopic measurements of the inte
conditions and to enable basic spectroscopic researc
high-energy density. Of particular interest are the line sha
of Stark-broadened lines of highly ionized Ar such as
Ar XVII 1s2 1S– 1s3p 1P ~Ar Heb! transition centered a
3.365 Å and the ArXVIII 1-3 ~Ar Lyb! transition centered a
3.150 Å, which are used to determine the electron temp
ture (Te) and electron density (ne).

The high-energy-density conditions in an imploded co
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are of fundamental interest to atomic energy-level populat
kinetics, electron thermal conduction, radiation energy flo
and spectral line formation and of practical interest to iner
confinement fusion~ICF! research and astrophysics. It
critical to ICF to understand the time dependence of the c
conditions. The data presented here demonstrate that a
rateTe andne measurements suitable for comparison to h
drodynamic simulation can be obtained from an ICF en
ronment. We are particularly interested in the formation
inertially confined plasmas as a spectroscopic source and
effects the plasma may have on spectral line formation@1#.
Indeed, ICF-type plasmas are complex, requiring careful
perimental measurements; emission spectroscopy is on
the few techniques capable of providing time-resolved
tails of an inertially confined core@2–4#. Recently, we have
shown that high-quality spectroscopic data can be obtai
and analyzed to produce the time-dependent spatially a
agedTe(t) and ne(t) of an imploding core; as the data a
independent of hydrodynamic modeling, they can be co
pared with hydrodynamic simulations@2,3#. Thus, in the fol-
lowing, we explore the dynamics of an imploding core wi
spectroscopic techniques and hydrodynamic modeling
well as investigating the detailed Ar Heb line shape.

Intense speculation on the role of ion dynamics at hig
4650 © 1998 The American Physical Society
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57 4651COMPETING EFFECTS OF COLLISIONAL IONIZATION . . .
energy density@1,4–9# has centered on the absence of a lo
intensity minimum, or dip, at the line center of the Ar Heb
line-center in experiment. This dip is predicted by standa
quasistatic ion-broadening line-shape theory. We stress
there are a number of plausible explanations for the dif
ence between experiment and theory. First, density gradi
may exist in the imploded core and emission from low
density regions may fill in the intensity dip in the line sha
emitted from the denser regions of the core. Second, Li-
dielectronic satellites that lie to the low-energy side of the
Heb transition may modify the line shape; for example,
temperatures are low enough the satellites will dominate
line profile. Third, if aspects of the core hydrodynamics a
found not to influence the spectral line shapes, a modifica
to the standard quasistatic treatment of the ions to includ
nonstationary ion-emitter interaction~i.e., ion dynamics!
may be required. Including ion dynamics will improve agre
ment with experiment@1#. DeterminingTe and ne spatial
gradients and the averageTe requires knowledge of the im
plosion hydrodynamics, whereas ion dynamic effects may
explored by replacing light elements~i.e., D2! in the core
with a heavier gas fill such as neon. Replacing the fill with
higher-Z gas, in effect, slows the ion motion, due to th
increase in mass, slowing the ion field fluctuation rate. Th
the dip at the Ar Heb line center should be recovered. Agai
the hydrodynamics of the implosion must be well und
stood. The implosion dynamics of these higher-Z gas-filled
microspheres are particularly interesting as competing p
cesses of radiative cooling may dominate collisional ioni
tion in the plasma.

In the following we discuss the detailed spectroscopy
an implosion and explore the hydrodynamic simulation
the dynamics of indirectly driven inertially confined expe
ments. In Sec. II we present a detailed description of
experiment, the data reduction, and the data analysis pr
dures. The spectroscopic analysis follows two metho
First, detailed calculations of the Heb and Li-like dielec-
tronic satellites 2l3l 8 and 3l3l 8 composite line shapes ar
compared to experimental measurements to giveTe andne .
In the second approach we use a more commonly u
method: The line intensity ratios of Lyb and Heb are used to
find Te , while the full widths at half maximum~FWHMs! of
the Heb and Lyb transitions are used to derivene . The
implosion data obtained from a D2-filled microsphere are
described in Sec. III, while data from a series of experime
are used to prove that these inertially confined plasmas
created reliably and reproducibly. The D2 data are then com
pared with results from similar experiments with argo
doped deuterated methane (CD4), nitrogen (N2), and neon
~Ne! as the gas fill. These spectra illustrate that changing
fill gases significantly alters the implosion.

Motivated by the need to understand the dynamics of
ploding microspheres, computer simulations are describe
Sec. IV. Here one-dimensional radiation-hydrodynam
simulations of the implosion D2 experiments are presente
and are found to broadly represent theTe and ne data. The
simulation model is extended to simulate the CD4, N2, and
Ne experiments, finding that the increase in average ato
number^Z& considerably alters the implosion.

The experimental and hydrodynamic modeling results
compared in Sec. V. Finally, the sum of these efforts is
l
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prove that an indirectly imploded, inertially confined D2
plasma is a unique and useful spectroscopic source. Fur
we will prove that this source allows the measurement of
Ar Heb line shape, which could include the possibility o
measuring ion dynamic effects in high-energy-density pl
mas.

II. EXPERIMENTAL PROCEDURES

The experiments described were performed on the N
laser @10# at the Lawrence Livermore National Laborator
All the data are from indirectly driven implosions of ga
filled plastic microspheres. A soft-x-ray source is created
heating the interior of a millimeter-sized gold cylinder,
hohlraum target, with the Nova laser. The radiation sou
heats the outer surface of the microsphere that is place
the hohlraum target center. This radiation causes ablatio
the outer plastic shell driving an inward compression, as
interior implodes the fill gas is heated, compressed, and
ized. At sufficient temperatures the argon dopant is ioniz
to the K shell and its emission is recorded on x-ray crys
streak cameras, so that spectrally and temporally reso
measurements of the optically thin Ar Heb transition are
made.

A. Experiment technique

1. Target parameters

The hohlraum target is a gold cylinder 2.55 mm long a
1.6 mm in diameter with 25-mm-thick walls. Laser entrance
holes~LEHs!, 0.8 mm in diameter, are cut centrally in eac
end of the cylinder and diagnostic view holes are cut in
wall of the cylinder. The diagnostic view holes are patch
with 12.5mm of Be to reduce radiation loss, thus enhanci
the symmetry of the radiation field at the hohlraum targ
center. The hohlraum target is illustrated in Fig. 1.

A microsphere, approximately 560mm in diameter, is
suspended at the hohlraum target center by a 400-Å-th

FIG. 1. Schematic of the~a! hohlraum target and~b! micro-
sphere.
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TABLE I. Summary of the microsphere gas fills investigated. The first column refers to the figur
which data and simulations are shown.

Figure
Fill
gas

Pressure
~atm!

Dopant Ar
~atm! ^Z&

Average
atomic mass

Laser
energy

~kJ!

Simulation
energy

~kJ!

0.05 17.9
2, 9~a! D2 50 0.1 1 2 1962 16

0.2 19.2
0.4 19.5

5, 9~b! CD4 10 0.1 2 4 18.3 16
6~a!, 9~c! N2 7 0.1 7 14 19.1 16
6~b!, 9~d! Ne 10 0.1 10 20 13.7 16
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CH web. The web is supported by first splitting the hohlrau
target and then sandwiching the web between the rejo
halves. Figure 1~b! illustrates the construction of the micro
sphere, which consists of a 2-mm-thick polystyrene shell of
220 mm internal radius overcoated with an impermeable
mm-thick polyvinyl alcohol~PVA! gas retention membrane
The outer shell is an approximately 56-mm-thick parylene-N
ablator. The microsphere fill gases and shell construction
summarized in Tables I and II, respectively.

To ensure a reliable diagnostic, argon is introduced
trace amounts and optimized by considering three cr
ria: ~i! the emission fromK-shell argon must be observ
able; ~ii ! as line shapes are the principleTe andne diagnos-
tics, the lines of interest should be optically thin; and~iii ! the
concentration of argon should be low to ensure that the ar
does not perturb the implosion hydrodynamics compared
an implosion with no argon. To assess the optical depth
the line centert0 we write

t05FHeFArneRf S pe2

mc
f luf0D , ~1!

whereFAr is the Ar number by ion fraction,FHe is the frac-
tion of Ar ions in the He-like ionization state,rRf is the peak
areal mass density, andf0 is the emission profile at the lin
center. For the D2-filled microspheresFAr is typically 0.1
at. %, whileFHe is approximately 0.5 for the condition whe
the K-shell line will be observed and therRf is measured
from neutron yields to be;6 mg/cm2. The peak absorption
cross section at the line center@the large parentheses in E
~1!# is calculated to be 2.3310219 cm2 for Ar Heb and

TABLE II. Summary of the composition of the simulated m
crosphere.

Composition
Density
(g/cm3)

Thickness
~mm! Zones EOS

Atomic
physics

core Table I Table I 220 50 ideal gas NLTE
polystyrene

C8H8

1.06 2 8 ideal gas NLTE

shell PVA
C2H4O

1.46 3 3 ideal gas NLTE

parylene-N
C8H8

1.05 56 16 ideal gas NLTE
d

-

re

n
-

n
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2.9310219 cm2 for Ar Lyb giving an optical depth of ap-
proximately 0.2 in each case for the D2 gas fill @4#.

2. Laser parameters

To create the x-ray drive ten synchronized Nova la
beams were used. The beams had a temporally square
shapes of 1 ns duration with;2 kJ of energy per beam at
wavelength of 0.353mm. Five laser beams enter the hoh
raum target from each side in a cone with a half apex an
of 50° and f /4.3 optics. The beams were centered on
LEH and then defocused 1000mm further from the LEH to
form an irradiated annulus on the interior wall of the hoh
raum target. The average irradiance in the annulus was
proximately 231015 W/cm2. The laser plasma formed at th
hohlraum target wall effectively up-converts the laser rad
tion @11,12# to a radiation field that peaks at 230 eV@3#. This
radiation field impinges on the outer plastic coating of t
microsphere.

3. Instrumentation

The Ar emission from the microsphere core was dia
nosed using x-ray instruments that were installed in 6
tubes @13#. Two x-ray streak-camera-based spectromet
@14# and two gated x-ray imagers@15,16# monitored the Ar
K-shell emission from the microsphere, while neutron inst
ments measured the neutron time of flight and neutron y
of the D-D reactions@17#.

A low-resolution survey spectrometer, having a resolvi
power E/DE of approximately 550, was used to record t
Ar K-shell emission through a 3903500mm2 diagnostic slot
centered atu590° andf5104° and a high-resolution spec
trometer, having a resolving powerE/DE51800, was used
for more detailed line-shape measurements through a 3
mm-diam diagnostic hole centered atu52169° and
f5290°. Where the hohlraum target axis is define
u590° andf50°, with u the polar angle andf the azi-
muthal angle. The low-resolution instrument consists of a
rubidium acid phthalate crystal coupled to an x-ray stre
camera and aligned for a spectral range of 2.7–4.2 Å, wh
includes the ArK shell. The spectrometer resolving pow
was limited by the spatial resolution of the x-ray streak ca
era, which has been measured as 150mm in the central
15– 20 mm of the camera, deteriorating to 400mm towards
the edges@18#. The estimated dispersion from the sourc
crystal-film geometry is 45 mÅ/mm. Higher spectral reso
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57 4653COMPETING EFFECTS OF COLLISIONAL IONIZATION . . .
tion was achieved using a second similar x-ray streak cam
and pentaerythritol crystal by altering the spectrometer
ometry to give a dispersion of 12.1 mÅ/mm; the dispersion
estimated from the source-crystal-film geometry. The p
mary use of this spectrometer was the detailed measurem
of the Ar Heb transition.

Both spectrometers were mounted on x-ray streak c
eras, which were equipped with CsI photocathodes, 250-mm-
wide temporal slits on a 0.5-mm-thick Ta substrate, and I
image intensifiers@8#. The cameras were filtered with 63
mm of Be in front of the crystal and a 50-mm Be debris
shield over the photocathodes. The temporal resolution of
streak cameras was estimated from the sweep speed, th
widths, the camera magnification, and the spatial resolut
The temporal resolution was found to be 22.4 and 20.7 ps
the low- and high-resolution cameras, respectively, while
cameras have an approximate streak duration of;2.5 ns
@12#.

The microsphere core was imaged with gated microch
nel plate x-ray pinhole cameras, filtered to record x-ray em
sion above 3 keV, principally ArK-shell emission. One cam
era observed the microsphere at a magnification of 8 thro
a 390-mm-diam diagnostic hole centered atu52108° and
f5290°. This camera was equipped with four active stri
Each strip records four images of the microsphere thro
10-mm-diam pinholes, with an approximate gate time of
ps per pinhole and image-to-image delay of 80 ps@9#. The
second camera was aligned to record the microsph
through a LEH, viewing along the axis of the hohlraum ta
get. This camera was equipped with a single continuous
pentine strip recording 12 images at a magnification o
through 15-mm-diam pinholes@10#. The imaging cameras
were filtered with 550mm of Be with an additional 50mm of
Be as a debris shield protecting the microchannel plates
ray data from all the cameras were recorded on Kodak TM
3200 film and each piece of film was calibrated agains
standard.

B. Data reduction

In overview, data reduction consists of~i! digitizing the
film; ~ii ! converting the digitized data from film density t
exposure;~iii ! removing instrument effects such as disto
tion; ~iv! determining the spectral dispersion~Å/mm! and
time axis ~ps/mm!; ~v! applying corrections for filter trans
mission, photocathode efficiency, and crystal reflectiv
and, finally, reducing the data to the instrument resolut
while extracting cross sections along the wavelength dir
tion for analysis.

In more detail, data recorded on film were digitized with
12-bit digitizing system@19# typically at 60-mm spatial reso-
lution with matching slits in thexy plane. The conversion o
film density to exposure~D2 log10 E curve! was derived
from an absolutely calibrated density wedge that is expo
onto the same film and processed with the data. Using
D2 log10 E curve, the digitized film density data was co
verted to exposure and then corrections for instrument
tortion were applied. The goal of this part of the data red
tion is to ensure that the spectral direction and the temp
direction are straight and orthogonal. To achieve this we
sume that the gold spectral lines should be straight, wh
ra
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defines the spectral direction, and that the continuum fr
the imploding microsphere arises at the same time for
spectral components, which defines the temporal direct
The relative time delay due to the fact that different paths
transverse for different wavelengths is small, i.e., less t
22 ps for the survey spectrometer and less than 7 ps for
high-resolution spectrometer. Using image analysis softw
@20#, three to four of the resolved Au spectral lines are se
rately traced and fitted to a polynomial. Distortion was r
moved by straightening the polynomials and linearly int
polating between the fitted traces. Points outside the fi
traces are corrected by linear extrapolation. The distorti
corrected image was recovered by shifting the pixels acco
ing to this prescription. This produced data with orthogon
time and space axes. Next the image was rotated to en
that the axes were horizontal and vertical before any anal
can be made. The orientation was determined by ensu
that the gold spectral lines are horizontal in the digitiz
image. Rotations were performed by a pixel shift techniq

Now the dispersion, that is, the energy or wavelength v
sus distance on the film relationship, is fitted to the data. T
dispersion was estimated from the spectrometer geom
and confirmed by matching the well-documented ArK-shell
resonance lines@21# to the principle spectral features in th
streak camera records. Thus the dispersion of the su
spectrometer was accurately determined. Then, using
dispersion we identify several AuM -band spectral lines tha
are emitted from the hohlraum target wall in the spect
vicinity of the Ar Heb transition. The same AuM -band lines
are then identified in the high-resolution spectra, thus allo
ing the dispersion of the high-resolution spectrometer to
confirmed. Once the dispersion is determined, corrections
the filter transmission@22#, photocathode response@23#, and
crystal integrated reflectivities@22# are removed from the
image by division. We note that these intensity correctio
are small over any of the spectral features and do not in
duce any significant errors. The final stage before analys
to reduce the data to the camera resolution by averag
along the wavelength direction and then extracting cross
tions in this direction.

C. Data analysis

The spectroscopic data are analyzed by comparing l
shape measurements of the Ar Heb transition to calculations
that include the Li-like autoionizing satellites 2l3l 8 and
3l3l 8. This approach has become possible only recen
whereby data are compared to a line-shape database c
lated over aTe andne grid usingTOTAL @24# and nonlocal-
thermal-equilibrium~NLTE! populations. The best compar
son between experiment and calculated line shape g
spatially averagedTe and ne . In the past, due to the high
computational costs, such analysis has been applied to s
cross sections; here we apply the technique for all times
the streak camera records.

Since AuM -band continuum emission from the implod
ing microsphere and general background contaminates
Ar K-shell spectra, which all vary with time, each spect
cross section is individually analyzed. Careful backgrou
and continuum removal is essential to ensure reliable
reproducible analysis. The survey and the high-resolut
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FIG. 2. Time-resolved spectroscopic data from a D2 /Ar- filled ~50/0.1 atm! microsphere imploded with 19 kJ:~a! survey spectra and
~b! high-resolution spectra. AuM -band emission is observed for the first nanosecond. The ArK-shell emission starts att'1.25 ns. The Ar
K-shell features are identified.
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Heb data are prepared by fitting a low-order polynomial
data between 3.2 and 3.6 Å and interpolated under the
Heb line shape while excluding other spectral features. T
data, with the background removed, are compared with
TOTAL database. An efficient comparison is possible usin
distributed computer environment developed by Nashet al.
@25#, which allows line-shape databases to be accessed
idly and interpolated in an interactive fashion. Using t
environment, a plasma temperature and density are sele
and the theoretical line shape is extracted, interpolated to
correct plasma conditions, and convolved with a Gaus
profile representing the instrument broadening function
fore comparing with data.Te is determined by matching th
relative intensity of the Ar Heb peak and the Li-like 2l3l 8
and 3l3l 8 satellites andne is determined by matching th
shape of the high-energy side of the Ar Heb line. This pro-
cess is graphically illustrated Ref.@3#.

In some cases we have analyzed the spectroscopic
with a second method. The second method is based on fi
the two K-shell n51 to 3 resonances and using the in
grated line intensities ratios to determine aTe and the
FWHM to extractne @26#; data are compared to predictio
from the collisional radiative kinetics codeFLY @27# to give
Te andne . This second method represents a more class
method of plasma spectroscopic analysis@26#. A polynomial
fit is made to the cross sections taken through the su
spectra between 3.0 and 3.6 Å, while Gaussians are fitte
the Ar Heb and Ar Lyb transitions. Spectral features, such
Au M -band lines, are excluded. In addition, the Gauss
fitting is restricted to the peak and the high-energy side of
Ar Heb transition to exclude the Li-like dielectronic sate
lites and to the high-energy side of Ar Lyb to exclude the Ar
Heg; n51 – 4 transition that appears on the low-energy s
of the Ar Lyb line shape. This analysis, corrected for t
instrument broadening, is repeated for each cross sectio
deriveTe andne time histories. Thene diagnostic is insen-
sitive to Te and is robust as the FWHM is proportional
ne

2/3. Further, ion dynamics do not affect the linewidths
these transitions@1#; however, as the line ratio is sensitive
the ionization populations, anne dependence in the determ
nation ofTe must be accounted for.

III. EXPERIMENTAL RESULTS

In this section spectroscopic data obtained from the
plosion experiments are presented. The implosion
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D2-filled microspheres is described first. CoreTe andne time
histories are spectroscopically determined. We show fi
that the spectroscopic data are reliable by comparing, wh
possible, these results with measurements derived from o
diagnostics and second that the implosion experiments
reproducible by demonstrating small experiment-t
experiment variation. We then compare these results w
implosion spectra from a series of experiments where the
fill is varied. Here we study Ar doped in D2, CD4, N2, and
Ne fills. Gas-fill pressures were adjusted to ensure that
total number of electrons in the core remained fixed betwe
the experiments; the gas fills are summarized in Table I.

A. Implosion of deuterium-filled microspheres

Examples of ArK-shell emission survey spectra betwee
2.9 and 4.1 Å and high-resolution spectra between 3.2
3.6 Å from indirectly driven implosions of D2 filled micro-
spheres are displayed in Figs. 2~a! and 2~b!, respectively
@2,3#. The spectral dispersion is along the vertical axis w
time increasing left to right;t50 ns was determined from the
data and is found,a posteri, to indicate the time the laser firs
strikes the hohlraum target. The ArK-shell emission fea-
tures, i.e.,n51 – 2 ~Hea and Lya!, n51 – 3 ~Heb and Lyb!,
andn51 – 4 ~Heg and Lyg!, are identified. The spectra hav
been corrected for crystal, filter, photocathode, streak ca
era, and film effects as described.

Figure 2 shows that bright AuM -band emission is emit-
ted for the first nanosecond while the laser irradiates
hohlraum target interior and theM -band features decay
when the laser is turned off. Byt'1.25 ns ArK-shell emis-
sion is observed and theK-shell emission intensity increase
as the implosion proceeds. The Ar Heb emission intensity
peaks at 1.6 ns, remains high for a further 0.1 ns, and t
falls rapidly; after 1.8 ns the continuum is dominant and t
Ar K shell is not visible. Betweent'1.5 and 1.75 ns Ar
K-shell spectra are superimposed on bright continuum em
sion from the converging shell. The relative intensities of t
Ar K-shell features indicate that the ionization balance d
ing the implosion is approximately 50% He-like.

During the implosion the Ar Heb and Ar Lyb transitions
are Stark broadened. The narrowest, instrument-limited li
widths are measured at 1.25 ns; the linewidth broadens
maximum width of approximately 30 eV at 1.7 ns. After 1
ns the lines begin to narrow again. However, the signal-
noise level drops after 1.7 ns, complicating the linewid
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57 4655COMPETING EFFECTS OF COLLISIONAL IONIZATION . . .
measurements. During the implosion the Ar Heb line shape
is seen to broaden symmetrically; this is confirmed in F
2~b!, where the Ar Heb transition has been recorded
higher resolution.

The data in Figs. 2~a! and 2~b! have been analyzed to giv
spatially averagedTe and ne time histories. Figure 3~a!
showsTe estimated using Ar Heb line-shape fits to the high
resolution spectra~closed circles!, Ar Heb line-shape fits to
survey spectra~open squares!, and line intensity ratios
~crosses!. There are significant differences between the t
techniques with the line intensity ratios predicting a high
Te ; this is discussed in Sec. V. In Fig. 3~b! ne time histories
from Ar Heb line-shape fits to the high-resolution spec
~closed circles!, Ar Heb line-shape fits to survey spectr
~open squares!, FWHM measurements of the Ar Heb
~crosses!, and FWHM measurements of the Ar Lyb ~pluses!
survey spectra are shown. To verify the mapping of the tim
dependent spectra tone(t) we compare the results tone(t)
extracted from x-ray imaging data of the core. To do this
assume that the gas fill is ionized and the image repres
the core diameter; the results are shown as open triangle
Fig. 3~b!. The latter assumption breaks down as the mic
sphere assembles att'1.7 ns due to a bright continuum an
a drop in ArK-shell emission. The spectroscopic determin
ne are also supported by the neutron measurements, w
give a rR of ;6 mg/cm2, leading to an ne of
731023 cm23 at peakTe ; this data point is indicated in th
figure. The data in Fig. 3 are compared with the ma
averaged results from one-dimensional simulations~solid

FIG. 3. ~a! Te(t) and~b! ne(t) extracted from the data shown i
Fig. 2. d, line-shape fits to the high-resolution spectra;j, line
shape fits to survey spectra;1, line intensity ratios in the uppe
graph and Lyb FWHM in the lower graph;3, Heb FWHM; ,
mass-averaged simulations;m, gated x-ray imager results.
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line!; the simulations are discussed in Secs. IV and V.
Further, the reproducibility of the experiments and t

data analysis is investigated by comparingTe and ne from
five similar experiments. In Fig. 4ne(t) from these experi-
ments are shown: The solid line represents the meanne(t)
and the shaded region the root-mean-square~rms! deviation.
Again the time history is compared with simulation, as w
be discussed below. The error bars represent the estim
error in determiningne . The results illustrate a sma
experiment-to-experiment variation. Care was taken to
sure that the targets were similar and the laser energy
1962 kJ in the experiments. An independent indication
the reproducibility of the experiments is the small variati
in the D-D neutron yield, which was (462)3108.

B. Gas fill study

To access the hydrodynamic performance and the po
tial of using higher̂ Z& gas cores as a high-density spectr
scopic source experiments replacing the deuterium gas
with CD4, N2, or Ne were undertaken. The results are sho
in Figs. 5 and 6. Figures 5~a! and 5~b! show, respectively,
corrected time-resolved ArK-shell survey spectra and high
resolution Ar Heb spectra from imploded CD4-filled micro-
spheres. The time-resolved spectra show the familiar
M -band emission from the hohlraum target for the first na
second. The emission decays when the laser turns off
K-shell emission is observed att'1.3 ns. TheK-shell spec-
tra intensity increases with peak Ar Heb emission occurring
at t'1.6 ns. The Ar Heb line broadens due to the Star
effect as the core is compressed and approaches the m
mum linewidth at 1.6 ns, i.e., the peak core density
achieved at 1.6 ns. Target disassembly follows; during
phase theK-shell intensity including the Ar Heb emission
rapidly decreases. The spectra become continuum domin
until 1.8 ns.

The CD4 data can be compared with the D2 results shown
in Fig. 2. The data appear similar in some respects; howe
the differences are marked and important. The CD4 experi-
ments lead to Ar emission spectra that is less intense c
pared to the continuum and theK-shell emission abruptly
decays as the continuum emission increases at 1.6 ns. T
relative to maximum compression, which we ass

FIG. 4. ne time histories from five similar implosions repre
sented by the solid line. The shaded region is the rms experim
to-experiment variation and error bars are the estimated accur
The mass-averaged simulatedne is the dotted line.
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FIG. 5. Time-resolved spectroscopic data from CD4 /Ar-filled microsphere imploded with 19 kJ:~a! survey spectra and~b! high-
resolution spectra. The ArK-shell features are identified.
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ciate with the broad continuum emission, occurs after p
emission, with no effective overlap. From the relative inte
sity of the spectral lines inK-shell spectra it is estimated tha
the ionization balance has shifted towards He-like, sugg
ing lower average temperatures during the implosion. D
tailed analysis and simulation, discussed below, support
conclusion. We also find that the measurement of the Ar Hb
transition indicates that the line shapes are asymmetric.
asymmetry increases with time as the line profile extend
a longer wavelength. This is particularly apparent in hig
resolution measurements@Fig. 5~b!#. The asymmetry is asso
ciated with the relatively lowerTe as compared to the D2
measurements. LowerTe yields an increased Li-like popula
tion leading to Li-like dielectronic satellites. The satellit
modify the line profile, extending it to a longer waveleng

We now consider the emission spectrum obtained du
the implosion of the N2- and Ne-filled microsphere. Th
spectroscopic results, from the survey instrument, are sh
in Figs. 6~a! and 6~b!, respectively, and are significantly di
ferent from the results shown in Figs. 2~a! and 5~a!. Figure
6~a! shows intense ArK-shell emission between 1.2 and 1
ns only. This and the continuum emission occur only as
leading shock propagates through the core, heating the
gases. Radiative cooling of the core is very efficient a
during the next 0.1 ns ArK-shell emission and continuum
emission are notably absent. This is followed by intense c
tinuum emission from;1.4 to 1.7 ns as the shell converge
The implosion of the Ne-filled microsphere@Fig. 6~b!# is
more dramatic as ArK-shell emission is not observed at an
time during the implosion and continuum emission is on
k
-

t-
-
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he
to
-

.
g

n

e
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n-
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weakly observed at 1.7 ns. The data in Fig. 6~b! were ob-
tained from an implosion of a neon-filled microsphere im
ploded with only 13 kJ of energy; we note that similar resu
are obtained from neon targets when imploded with energ
between 11 and 32 kJ. Again, the most likely cause for
absence of an observable ArK shell is the modification to
the hydrodynamics due to radiative cooling. This will b
discussed in Sec. IV.

In summary, the spectroscopic results show that the
plosion hydrodynamics are significantly altered by chang
the gas fill. In Sec. IV we explore the hydrodynamics
these implosions through simulation. One motivation for
creasing thê Z& of the gas fill is to study the effects of io
dynamics on the Ar Heb line shape.

C. Ion dynamics study

Ion dynamics effects may be important at the plasma c
ditions reached in high-energy-density implosions@1,5#. De-
tailed measurements of the Ar Heb transition have been
made to access these effects. Three cross sections taken
to peak compression of a D2 core are shown in Fig. 7. The
data were extracted from Fig. 2~b! at t51.53, 1.64, and 1.74
ns. Each cross section is compared with aTOTAL calculation;
the calculations include the Ar Heb transition and the Li-like
2l3l 8 and 3l3l 8 satellites. The best agreement between
periment and calculation is found forTe5800 eV and
ne54.531023 cm23, Te5700 eV andne58.531023 cm23,
and Te5600 eV andne5931023 cm23, respectively. The
comparison clearly demonstrates that the intensity dip at
FIG. 6. Time-resolved spectroscopic data from~a! N2 /Ar-filled microsphere imploded with 18 kJ and~b! Ne/Ar-filled microsphere
imploded with 13 kJ. Note that the AuM -band emission is observed during the first nanosecond.



57 4657COMPETING EFFECTS OF COLLISIONAL IONIZATION . . .
FIG. 7. High-resolution Ar Heb line-shape measurements~solid line! from the D2 /Ar-filled microsphere compared toTOTAL calculations
~dashed line!. ~a! t51.53 ns, calculation ofTe5800 eV andne54.531023 cm23; ~b! t51.64 ns, calculation ofTe5700 eV andne58.5
31023 cm23; and ~c! t51.74 ns, calculation ofTe5600 eV andne5931023 cm23. Note that the intensity dip at the line center isnot
observed.
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line center is not observed during the implosion. Calculat
indicates that the peak-to-peak separation about the inte
dip of 6.5, 10, and 9.8 mÅ, respectively, should be obse
able. The high-resolution spectrometer resolution is appr
mately 1.7 mÅ and an upper limit to Doppler broadening
2 mÅ is calculated, assuming a central core ion tempera
of 2 keV. The data shown in Fig. 7 show that the Li-lik
satellites are relatively small due to the highTe , so that these
satellites do not modify the central portion of the line profi
This is supported by hydrodynamic simulations, discus
below, which indicate thatTe is above 600 eV and theTe
spatial gradients are small aftert'1.5 ns. Note that an Ar
Heb line-center shift of approximately 2.2 mÅ was a
counted for during the data analysis. This is derived fr
times of low electron density, so that thisapparentshift is
due to diagnostic effects, data correction procedures
scribed earlier, or finally inaccurate base-line atomic da
Indeed, there are no absolute wavelength fiducials,
within experimental accuracy absolute line shifts of this
der cannot be confirmed.

In a previous article@1# we indicated that measured A
Heb line profiles are more accurately reproduced if ion d
namics are included in the line-shape calculations. Howe
this is not a definitive test of ion dynamic effects at hig
energy density. To conclusively demonstrate ion dynam
n
ity
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-
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effects we have replaced the D2 gas fill with gases of higher
molecular~i.e., atomic! mass. The increase in mass slows t
motion of the perturbing ions and the rate of fluctuation
the ion microfield. Experiments show that this approa
leads to enhanced radiative cooling of the implosion res
ing in significant modification of the core hydrodynamic
Radiative cooling leads to a loss of ArK-shell emission in-
tensity. Simulation has confirmed that the core hydrodyna
ics are altered, increasing the temporal mismatch betw
peakTe and peakne . Simulation also indicates thatTe and
ne spatial gradients increase. However,K-shell emission
spectra were obtained from the CD4-filled microspheres; it is
possible that the effects of ion dynamics may be seen in
data @1#. Three spectral cross sections taken from Fig. 5~b!
are shown in Fig. 8 and correspond to timest51.40, 1.52,
and 1.65 ns. The continuum and background have been
moved; the emission intensities are arbitrary. The noise
the line shapes is due to the bright continuum levels in
data. Again, these line-shape measurements do not show
predicted intensity dip at the line center. We note that
hydrodynamics are different to the D2 case: The spatial gra
dients are higher and the averageTe is lower. It is possible
that the line profiles are modified by the strong Li-like sat
lite features on the low-energy wing of the Heb transition, as
FIG. 8. High-resolution Ar Heb line-shape measurements from CD4 /Ar-filled microsphere.~a! t51.40 ns, ~b! t51.52 ns, and
~c! 1.65 ns.
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FIG. 9. HYADES implosion simulations of~a! D2 /Ar-, ~b! CD4 /Ar-, ~c! N2 /Ar-, and~d! Ne/Ar-filled microspheres. The upper graph show
the simulatedTe(t) and the lower graph the simulatedne(t). The time histories for ten Lagrangian points within the core of the microsph
are shown. The shaded region indicates the time over which experimental ArK-shell emission is observed in Figs. 2, 5, 6~a!, and 6~b!,
respectively. The outermost core is represented by the solid line and the innermost core by the solid line and circles.
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indicated by the line-shape asymmetry, masking an inten
dip at the line center. These plasmas are explored furthe
hydrodynamic simulation in the following section.

IV. HYDRODYNAMIC MODELING

Understanding the formation of dense plasma cores in
imploding microsphere can be enhanced by computer si
lation; however, these simulations must be used as a be
mark to be compared against reliable, reproducible, and
curate experimental data. Comparisons between experim
and one-dimensional simulation are shown in Fig. 3 a
demonstrate broad agreement. In this section we describ
one-dimensional simulations. The motivation has been
keep the simulations simple while ensuring that the esse
physics of an indirectly driven implosion were include
Thus we have used a single temperature Planckian radia
source to drive the implosion and an ideal gas equation
state. Simulations of the D2 microsphere are shown in Fig
9~a!. Here ten Lagrangian zones in the core are displayed
upper curves show the evolution ofTe with time and lower
curves showne . The time histories of the outermost an
innermost cores are shown by the solid line and circles,
spectively. The shaded region indicates the times that the
K-shell emission was experimentally observed. The hyd
dynamic model is modified to simulate the implosion
CD4-, N2-, and Ne-filled microspheres; the results are sho
in Figs. 9~b!, 9~c!, and 9~d! simulations, respectively. We
describe the hydrodynamic model first and then present
D2 simulations and finally the gas fill results.

A. Computer model

We model the experiments withHYADES @28# a commer-
cially available one-dimensional Lagrangian radiatio
hydrodynamics computer code. The energy and mass tr
port equations were solved in spherical geometry w
ty
by
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energy coupled into the microsphere using a Planckian ra
tion spectrum. The time-dependent Planckian temperaturTr
was measured from an empty hohlraum target irradiated w
16 kJ of laser energy in a 1-ns square laser pulse and m
sured using a filtered ten x-ray diode array@29#. We model
the microsphere with NLTE screened hydrogenic avera
atom atomic physics and treat radiation transport in the m
tigroup flux-limited diffusion approximation. The energy e
change between the electron and ion fluids occurs thro
electron-ion coupling with ion and electron flux-limited di
fusion. Pressures, energies, and thermodynamic propertie
the microsphere~i.e., core and shell! were derived from an
ideal gas equation of state~EOS!. The initial electron, ion,
and radiation temperatures were set to 1 eV and the m
mum ionization temperature was 5 eV. Cold opacities w
assumed for temperatures below 20 eV. Steady-state N
was assumed for temperatures up to 50 eV; above 50
time-dependent NLTE was used. Flux-limited electron a
ion thermal conductivities were used with flux limiters
0.05 and 0.4, respectively.

The simulated microsphere was identical to the nomi
experimental target illustrated in Fig. 1~b! and described in
more detail in Tables I and II. The target is simulated with
zones in the core and 8, 3, and 16 zones for the polystyr
PVA, and parylene-N layers of the shell, respectively. T
layer interfaces were mass matched, with the inner most z
containing 3% of the core mass.

B. Simulation of deuterium-filled microspheres

The simulation is driven by a time-dependent Planck
x-ray source@3# incident on the outer shell of the micro
sphere. Energy is coupled into the shell principally throu
ionization and is transported inward by electron thermal c
duction; the ions are then collisionally heated@30#. As the
heated exterior of the plastic shell expands a shock forms
addition, material ablation from the shell surface accelera
the interior inward. Energy is continuously deposited into t
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accelerating shell resulting in further ablation and a pist
like compression. Figure 9~a! showsTe ~upper curves! and
ne ~lower curves! in the core of a D2-filled microsphere.
Initially, Te and ne increase slowly until about 0.5 ns; th
results from the long electron mean free path~mfp!, which
leads to preheating of the interior and, to a lesser ext
absorption of radiation. At approximately 0.75 ns the sho
enters the core and a jump inTe andne occurs. As the shock
propagates through the core it converges, increasing
strength, which leads to the increase in theTe jump as the
shock approaches the core center. The shock consists o
components, one due to the electrons and the large elec
mfp and the other due to the ions with a short mfp@31,32#.
The long electron mfp enables energy transport ahead o
ion component of the shock. Shock momentum transpo
due mainly to the ions. AsTi exceedsTe an increase inTe
occurs after the passage of the shock;Ti andTe equilibrate
through ~weak! electron-ion coupling, i.e., collisions. Th
temperature continues to rise as energy from the drive
deposited into the microsphere and the compression of
core continues through the inward motion of the mass
shell. The shock converges on the core center andTe peaks
to 870 eV at 1.37 ns, dropping slightly as the shock unloa
Te peaks again at 1.55 ns and again at 1.6 ns as the s
reflects between the core center and the incoming mate
After 1.6 nsTe falls monotonically. It should be noted tha
the Te remains above 700 eV between 1.35 and 1.75 ns
comparison, the peak ion temperatures are high and exce
keV as the shock converges; the coreTe rapidly attainsTi as
the density rise increases the electron-ion collision rate.

The lower graph in Fig. 9~a! indicates that the compres
sion of the core lags the increase inTe . The compression
continues to increase as the shell converges even while
core center cools; the peakne of 1.831024 cm23 occurs at
1.74 ns in the core center, approximately 0.15 ns after p
Te . At this timeTe'750 eV. During the period before pea
compression the inward motion of the shell is decelerated
the pressure in the core rises; stagnation occurs at 1.7
and is followed by disassembly. The simulatedTe and ne
spatial gradients are small after the initial shock compress
and the global peakTe occurs at the core center while th
global peakne occurs in the outer core.

C. Simulation of CD4-N2-and Ne-filled microspheres

Figures 9~b!, 9~c!, and 9~d! show simulation results fo
CD4-, N2-, and Ne-filled cores, respectively. The simul
tions illustrate the effects of altering the gas fill on the h
drodynamics; changing the fill gas increases the total mas
the core and the average atomic number^Z&. Of particular
importance to the hydrodynamics is the higher^Z&, which
leads to an increase in the ionization energy@33# and an
increase in the electron-ion collision cross sections@34# and
reduced ion and electron MFPs. The core opacity and
emission of radiation also increase@26,30#. These factors re-
sult in an increased shock strength, causing a more r
implosion with concomitant higher peak temperatures a
densities in the core. This is especially apparent in the2
and Ne simulations in Figs. 9~c! and 9~d!. The deuterium
simulation@Fig. 9~a!# showsne peaks in the outer core, whil
bothTe andne peak at the core center for higher^Z& targets
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as seen in Figs. 9~b!–~d!. Again this is a direct result of very
strong shock compression. We also find that the spatial
dientsTe(r ) andne(r ) are more significant aŝZ& increases.

In more detail, aŝ Z& increases we find that the driv
radiation and reemitted radiation are more effectively a
sorbed by the core gases. This results in considerable
preheating. Initially, this is not apparent andne remains low
due to high ionization energies. After approximately 0.15
ne increases. Preheating of the core is followed by a sh
that enters the core at approximately 0.75 ns~approximately
the same time in all simulations!. The Te ~and Ti! jump
associated with the shock increases with^Z& as a result of
the decreased ion mfp and higher viscosity. The shock
further strengthened by more efficient absorption of rad
tion. Due to core preheating and the high shock strength,
shock velocity is greater, resulting in an implosion that o
curs more rapidly. Extremely high electron and ion tempe
tures may be reached during shock convergence, i.e.Te
;2000 eV andTi;30 keV for the N2 simulation, but due to
the high collision rate a steady state is rapidly attained. Ho
ever, radiative losses continue to promote rapid cooling
the core center. During the temperature drop the densit
core center also decreases; however, the density drop is
severe as the inward motion of the shell maintains the co
pression. Indeed,Te andne continue to increase in the oute
core regions, while a significant drop inTe andne at the core
center is predicted. Stagnation occurs as the core pres
rises and decelerates the shell; this occurs att'1.4 ns for N2
and Ne@see Figs. 9~c! and 9~d!# compared tot'1.7 for D2
@see fig. 9~a!# and t'1.6 for CD4 @see Fig. 9~b!#. Micro-
sphere disassembly appears to be determined by the ma
the shell and is similar for all simulations.

The simulations indicate that the implosion of deuteriu
filled microspheres leads to a high-energy-density plas
with relatively smallTe andne spatial gradients. As the av
erageZ of the fill gas is increased, radiative processes star
dominate the implosion hydrodynamics increasing the te
poral delay between peakTe and peakne and leading to
strong gradients. In the following section we discuss the
plication of these simulations on the interpretation of t
spectroscopic data.

V. DISCUSSION

High-quality, time-resolved, spectroscopic data from
inertially confined plasma have been analyzed to give r
able, reproducible, and accurate time histories of the c
plasma conditions. Time resolutions of approximately 25
were achieved and sophisticated line-shape data ana
techniques were implemented to deriveTe(t) and ne(t) in-
dependently of the core hydrodynamics. The time histor
were compared, where possible, with independent diagn
tics and by cross comparing results from different spectro
eters we have shown that the implosions are accurately d
nosed. Indeed, a series of similar experiments have sh
that these implosion experiments are reliable and reprod
ible. The time histories have been compared with radiati
hydrodynamic simulations.

TheTe diagnostic is derived from the ratio of the Ar Heb
to Li-like satellite intensities. We find, however, that the d
agnostic is useful only between 400 and 800 eV; below 4
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eV the Li-like satellites dominate the line shape and a ra
cannot be determined; above 800 eV the Li-like populatio
are small and the Li-like contribution to the line profile ca
not be distinguished from the background continuum. Ty
cal sensitivities at 400 and 800 eV are620 and6100 eV,
respectively. With this in mind,Te derived from the Ar Heb
line shape at times between 1.45 and 1.7 ns should be vie
as a lower-limit. In comparison, thene , where only the peak
and high-energy side of the Ar Heb transition were used in
the fits, are accurately determined and the width is indep
dent of temperature effects, e.g., ion dynamics.

Estimates of theTe andne were also extracted using th
integrated line intensity ratios and FWHM measurements
the K-shell 1-3 transitions, respectively. These results
compared in Figs. 3~a! and 3~b! with the line-shape method
We find that the integrated line intensity ratios lead to hig
Te estimates at all times. Hydrodynamic simulations supp
the lowerTe determined from the Heb line profile. Keane
et al. @35# have suggested that reabsorption of the optica
thick 1-2 resonances~i.e., Ar Hea and Ar Lya! in the outer
core region may move the ionization balance towards
hydrogenic species. This optical depth would effect
K-shell 1-3 transition ratio measurement resulting in the
agnosedTe being too high. To address this point the lin
intensity ratio diagnostic has been tested by calculating s
thetic K-shell spectra using a collisional radiative kineti
code coupled to a hydrodynamic simulation package that
cludes radiative transfer and then comparing the comp
K-shell spectra with experiment@35#. In contrast, thene de-
rived by the two methods are in excellent agreement.

The experimental time histories forTe and ne were ob-
tained using methods that are hydrodynamic independent
are compared to simulated mass-averagedTe and ne time
histories of an imploding deuterium core by the solid lines
Figs. 3 and 4. The comparisons show that the simulati
broadly reproduce the experimental results and that the
dimensional radiation-hydrodynamic simulations are, in t
sense, reasonable. We therefore conclude that the rudim
tary physics of an indirectly driven implosion are appro
mated by the simulation. We see that smallTe andne spatial
gradients are predicted, e.g.; see Fig. 9~a!. Therefore, the
experimental results must be considered as spatially a
aged results. However,FLY calculations ofK-shell spectra
integrated across these predicted gradients show that the
not observably effect the optically thin Ar Heb line profile,
suggesting that a D2 core is a suitable spectroscopic sour
@3,36#. We note that the Li-like 2l3l 8 and 3l3l 8 satellites
were not included in these synthetic spectra.

It is important to note that these simulations were n
exhaustive and important issues such as the accuracy o
EOS and the effects of frequency-dependent radia
sources were not considered. However, by keeping the
proximation scheme simple the simulations illustrate
modeling of the radiation-target interaction physics, t
EOS, and radiation transport produces acceptable results
indicates that these experiments are broadly understood
thus have furthered the understanding of the core plas
These implosions are three dimensional and hydrodyna
instabilities play a critical role that impedes the target p
formance inevitably limiting core convergence, peak te
peratures, densities, neutron yields, etc. These effects ar
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modeled by the one-dimensional simulations.
The hydrodynamics of the convergence phase of the

plosion were designed to be stable; the laser drive and
crosphere construction ensures a stable in-flight aspect
@11# achieving modestrR product of;6 mg/cm2. A simple,
reproducible 1-ns square laser drive pulse was used to cr
the radiation source; the implosion of the microsphere is p
ceded by a strong shock followed by the inward converge
of the shell. This resulted in an implosion insensitive to a
curate shock timing, a subject of research in current I
design @11#. However, as a well-defined robust implosio
these experiments provide an excellent testing ground
high-energy-density plasmas.

The implosion of CD4-, N2-, and Ne-filled microspheres
was investigated using the experimental, diagnostic,
simulation techniques developed for the D2 experiments.
Spectroscopic data were obtained; however, enhanced ra
tive cooling due to the higher-Z core gases was found t
severely affect the visibility of the ArK shell as the implo-
sion hydrodynamics are modified. The CD4 experiments pro-
duced analyzable spectra, whereas ArK-shell emission was
recorded during the initial shock compression of the N2-filled
microsphere, with no emission measured from the Ne exp
ments. The CD4 data indicate that the average temperatu
during compression are lower than those obtained with2
gas fills: In addition, simulation indicates that theTe spatial
gradients are more significant.

In general, we find that the theoretical line profiles rep
duce the Heb measurements, yet some features on the lo
energy side of the Ar Heb transition are not modeled. Fo
example, experimental data show features at 3.18 and 3.2
and the wing intensity centered at 3.41 Å is higher th
predicted. In addition, as peak compression is approac
and during the disassembly of the core detailed structure
pears in the line shape, which is not reproduced by theTO-

TAL calculations; cf. Fig. 7~c!. Some of this structure exceed
the continuum intensity root mean square and is associ
with a drop inTe and an increased satellite contribution.

VI. CONCLUSIONS

Experimental and computational investigations of in
rectly driven implosions have been described. High-ener
density deuterium plasmas have been shown to be reli
and reproducibly formed by indirectly imploding a plast
shelled microsphere with a radiation source created using
kJ of laser energy in a 1-ns square laser pulse. The princ
diagnostic was the plasma spectroscopy of the Ar Heb tran-
sition. These experiments were designed to ensure tha
Ar Heb transition remained visible and optically thin so th
the line profile could be used to deriveTe andne time his-
tories. Having achieved this, the experimentalTe andne time
histories were extracted using techniques independent o
target hydrodynamics and were then compared with sim
tion.

The results of the comparison between the data and
simulations confirm that the one-dimensional radiatio
hydrodynamic model broadly predicts the implosion of the
targets. The simulations also indicate small spatial gradie
in the imploding core, confirming that these plasmas ar
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potentially useful spectroscopic test bed.
Detailed inspection of the Ar Heb line profiles confirms

that an intensity dip predicted by quasistatic ion spectral
shape calculations is not observed. The data indicate tha
Te is high enough to ensure that the Li-like populations
small, so the Li-like dielectronic satellites do not advers
effect the Heb line center. Further, line shifts that may o
scure the intensity dip are not observed. This suggests
the discrepancy at line center may be the result of ion
namic effects; however, this is not conclusive as a comb
tion of the effects discussed above could produce a sim
result. Detailed consideration of the Ar Heb line profiles also
indicates structure on the low-energy wing of the Ar Hb
transition. This structure exceeds the rms noise in the d
and is not fully reproduced by the line-shape calculations

The existence of lower temperatures is confirmed by
presence of Li-like dielectronic satellites that lead to asy
k,
.
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s
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an
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y
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metric Heb line profiles. It is possible that the difficulty in
matching experimental profiles with a single calculated l
shape results from the integration of Heb transitions over a
range ofTe andne conditions in the core to form the exper
mental profile. Although one-dimensional simulations su
gest that spatial gradients are negligible, small experime
measurements of the gradient structure are required to ve
these simulated predictions.

ACKNOWLEDGMENTS

The authors acknowledge the expert assistance of Ta
Fabrication and the technical team at Nova. Part of this w
was performed under the auspices of the U.S. Departmen
Energy at Lawrence Livermore National Laboratory und
Contract No. W-7405-Eng-48.
S.

.
J.

.

ci.

,

ki;

s-

ort

l.

m.

e,

nt.

iat.

nsf.
@1# N. C. Woolsey, A. Asfaw, B. Hammel, C. Keane, C. A. Bac
A. Calisti, C. Mosse´, R. Stamm, B. Talin, J. S. Wark, R. W
Lee, and L. Klein, Phys. Rev. E53, 6396~1996!.

@2# N. C. Woolsey, B. A. Hammel, C. J. Keane, A. Asfaw, C. A
Back, J. C. Moreno, J. K. Nash, A. Calisti, C. Mosse´, R.
Stamm, B. Talin, L. Klein, and R. W. Lee, Phys. Rev. E56,
2314 ~1997!.

@3# N. C. Woolsey, B. A. Hammel, C. J. Keane, A. Asfaw, C. A
Back, J. C. Moreno, J. K. Nash, A. Calisti, C. Mosse´, R.
Stamm, B. Talin, C. Hooper, L. Klein, and R. W. Lee,
Quant. Spectrosc. Radiat. Transf.58, 975 ~1998!.

@4# B. A. Hammel, C. J. Keane, M. D. Cable, D. R. Kania, J.
Kilkenny, R. W. Lee, and R. Pasha, Phys. Rev. Lett.70, 1263
~1993!; B. A. Hammel, C. J. Keane, T. R. Dittrich, D. R
Kania, J. D. Kilkenny, R. W. Lee, and W. K. Levedahl,
Quant. Spectrosc. Radiat. Transf.51, 113 ~1994!.

@5# R. W. Lee, inAtomic Processes in Plasmas, edited by E. S.
Marmar and J. L. Terry, AIP Conf. Proc. No. 257~AIP, New
York, 1991!, p. 39.

@6# H. Griem, Phys. Fluids B4, 2346~1992!.
@7# A. Calisti, L. Godbert, R. Stamm, and B. Talin, J. Quant. Sp

trosc. Radiat. Transf.51, 59 ~1994!; A. Calisti, L. Godbert, T.
Meftah, C. Mosse´, R. Stamm, and B. Talin, Laser Part. Beam
12, 407~1994!; L. Godbert, A. Calisti, R. Stamm, B. Talin, R
W. Lee, and L. Klein, Phys. Rev. E49, 5644~1994!.

@8# C. F. Hooper, D. A. Haynes, D. T. Garber, R. C. Mancini,
T. Lee, K. Bradley, J. Delettrez, R. Epstein, and P. A. Ja
imagi, Laser Part. Beams14, 713~1996!; D. A. Haynes, Jr., D.
T. Garber, C. F. Hooper Jr., R. C. Mancini, Y. T. Lee, D.
Bradley, J. Delettrez, R. Epstein, and P. A. Jaanimagi, Ph
Rev. E53, 1042~1996!.

@9# I. N. Kosarev, C. Stehle, N. Feautrier, A. V. Demura, and V.
Lisitsa, J. Phys. B30, 215 ~1997!.

@10# E. M. Campbell, Laser Part. Beams9, 209 ~1991!.
@11# J. Lindl, Phys. Plasmas2, 3933~1995!.
@12# R. W. Lee, R. Petrasso, and R. W. Falcone, Lawrence Liv

more National Laboratory Report No. UCRL-ID-11917
~http://www.llnl.gov/science–on–lasers/!, 1995~unpublished!.

@13# J. D. Kilkenny, Rev. Sci. Instrum.63, 4688~1992!.
-

-

s.

.

r-

@14# B. A. Hammel, P. Bell, C. J. Keane, R. W. Lee, and C. L.
Lewis, Rev. Sci. Instrum.61, 2774~1990!.

@15# J. D. Kilkenny, P. M. Bell, B. A. Hammel, R. Hanks, O
Landen, T. McEwan, D. S. Montgomery, R. E. Turner, and
D. Wieldwald, Proc. SPIE1358, 117 ~1991!.

@16# P. M. Bell, J. D. Kilkenny, G. Power, R. Bonner, and D. K
Bradley, Proc. SPIE1155, 430 ~1990!.

@17# M. D. Cable, S. P. Hatchett, and M. B. Nelson, Rev. S
Instrum.63, 4823~1992!; M. B. Nelson and M. D. Cable,ibid.
63, 4874 ~1992!; R. A. Lerche, S. P. Hatchett, M. D. Cable
and M. B. Nelson,ibid. 63, 4877~1992!; M. D. Cable, J. Appl.
Phys.60, 3068~1986!.

@18# D. Kalantar, R. Costa, O. L. Landen, and T. Orzechows
~private communication!.

@19# Lawrence Livermore National Laboratory photodigitizing sy
tem ~PDS!.

@20# D. Phillion, LLNL software ‘‘PDS Shrink’’ for Macintosh
68K.

@21# R. L. Kelly, J. Phys. Chem. Ref. Data16, Suppl. 1, 1~1987!; J.
H. Scofield, Lawrence Livermore National Laboratory Rep
No. UCID-16848, 1975~unpublished!.

@22# B. L. Henke, E. M. Gullikson, and J. C. Davis, At. Data Nuc
Data Tables54, 181 ~1993!.

@23# K. Premaratne, E. R. Dietz, and B. L. Henke, Nucl. Instru
Methods Phys. Res.207, 467 ~1983!; B. L. Henke, J. P.
Knauer, and K. Premaratne, J. Appl. Phys.52, 1509~1981!; B.
L. Henke, inLow Energy X-Ray Diagnostics, edited by David
T. Attwood and Burton L. Henke, AIP Conf. Proc. 75~AIP,
New York, 1981!, p. 146.

@24# A. Calisti, F. Khelfaoui, R. Stamm, B. Talin, and R. W. Le
Phys. Rev. A42, 5433~1990!.

@25# J. K. Nash, J. M. Salter, W. G. Eme, and R. W. Lee, Qua
Spectrosc. Radiat. Transf.54, 283 ~1995!.

@26# H. R. Griem,Plasma Spectroscopy~McGraw-Hill, New York,
1994!.

@27# R. W. Lee and J. T. Larsen, J. Quant. Spectrosc. Rad
Transf.56, 535~1996!; R. W. Lee,ibid. 40, 560~1988!; R. W.
Lee, B. L. Whitten, and R. E. Strout,ibid. 32, 91 ~1984!.

@28# J. T. Larsen and S. Lane, J. Quant. Spectrosc. Radiat. Tra



k-

es

i.

d

s

R.
D.

.
F.

.
, J.
.

.

4662 57N. C. WOOLSEYet al.
51, 179 ~1994!; J. T. Larsen, inRadiative Properties of Hot
Dense Matter, Proceedings of the Fourth International Wor
shop, edited by W. Goldsteinet al. ~World Scientific, Sin-
gapore, 1991!, p. 321; J. T. Larsen, Cascade Applied Scienc
Inc. Report No. CAS-010 1990~unpublished!.

@29# H. N. Kornblum, R. L Kaufman, and J. A. Smith, Rev. Sc
Instrum.57, 2179~1986!.

@30# R. More, in Atomic and Molecular Physics of Controlle
Nuclear Fusion, edited by C. Joachain and D. E. Post~Plenum,
New York, 1983!.

@31# Ya. B. Zel’dovich and Yu. P. Raizor,Physics of Shock Wave
and High-Temperature Hydrodynamic Phenomena~Academic,
New York, 1966!, Vol. 1.

@32# J. J. Duderstadt and G. A. Moses,Inertial Confinement Fusion
~Wiley-Interscience, New York, 1982!.
,

@33# C. Kittel, Introduction to Solid State Physics, 5th ed.~Wiley,
New York, 1976!.

@34# L. Spitzer, Jr.,Physics of Fully Ionized Gases, 2nd ed.~Inter-
science, New York, 1967!.

@35# C. J. Keane, B. A. Hammel, A. L. Osterheld, R. W. Lee, D.
Kania, L. J. Suter, R. C. Mancini, C. F. Hooper, and N.
Delamater, J. Quant. Spectrosc. Radiat. Transf.51, 147~1994!;
C. J. Keane, B. A. Hammel, D. R. Kania, J. D. Kilkenny, R
W. Lee, A. L. Osterheld, L. J. Suter, R. C. Mancini, C.
Hooper, and N. D. Delamater, Phys. Fluids B5, 3328~1993!.

@36# C. A. Back, N. C. Woolsey, A. Asfaw, S. H. Glenzer, B. A
Hammel, C. J. Keane, R. W. Lee, D. Liedahl, J. C. Moreno
K. Nash, A. L. Osterheld, A. Calisti, R. Stamm, B. Talin, L
Godbert, C. Mosse´, S. Ferri, and L. Klein,Spectral Line
Shapes, edited by M. Zoppi and L. Ulici, AIP Conf. Proc. No
386 ~American Institue of Physics, New York, 1997!.


