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Evolution of electron temperature and electron density in indirectly driven spherical implosions
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Using spectroscopic measurements to extract electron density and temperature, we construct simulation-
independent time histories of the assembly and disassembly phase of an imploding core. To achieve this, we
show the hot dense plasma produced by indirectly imploding a gas-filled microsphere is a reproducible and
reliable plasma source. We further show that this plasma is suitable for detailed hydrodynamic and spectro-
scopic studies, and that the plasma provides a useful testbed for nonlocal thermodynamic equilibrium plasma
studies at extreme conditions.@S1063-651X~97!09908-X#

PACS number~s!: 52.70.La, 52.25.Nr, 52.50.Lp, 52.58.Ns
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The study of hot density plasmas is of interest to tho
studying stellar atmospheres, inertial confinement fus
plasmas, strongly coupled plasmas, and radiative prope
at extreme conditions@1#. The production and diagnosis o
such plasmas is made difficult by their inherently transi
nature, their small spatial extent, and the need to verify
the plasmas are hydrodynamically stable and reproduc
Here we present the spectroscopic results from a hydro
namically stable reproducible high-energy density plasm
and use it to track the implosion dynamics in a manner tha
independentof hydrodynamic simulation. The plasma pr
duced is contained within an implosion core of a plastic m
crosphere prepared to have a small amount of seed gas t
used as a probe of the hot dense matter. Although there
been previous reports of single, peak high-density res
from implosion cores, the emission is dominated in tho
plasmas by effects of nonsphericity of the implosions, hyd
dynamics instabilities, laser nonuniformities, or laser-plas
instabilities. The results reported here are derived from
first stable and reproducible hot dense plasmas, and there
can be used to address questions on both the formatio
these plasmas and the effects of the extreme condition
ions embedded in them.

In these plasmas, where extreme conditions such a
31024 cm23 and 1000 eV can be reached, a medium-Z dop-
ant, in the present case Ar, is introduced in trace amou
into the lowZ, i.e., D2, gas-filled core contained in a spher
cal shell of CH plastic@2,3#. The dopant concentration i
made small enough to minimize any perturbation, due
radiative cooling, of the hydrodynamics of the target, wh
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keeping the concentration high enough to produce obs
able x-ray emission. Further, since spectral line shapes
the primary diagnostic, it is essential to maintain optica
thin spectral lines; with these considerations the concen
tion of the Ar dopant is controlled to ensure that theK-shell
1–3 transitions, centered at 3.365 and 3.150 Å, respecti
@4#, have optical depths of 0.2–0.4. In the following we u
the detailed Stark broadening calculations of the comp
profile, i.e., the ArXVII 1s2 1S– 1s3p 1P ~Heb! @2,3#, to-
gether with the Li-like 2l3l 8 and 3l3l 8 satellites to the Heb
transition, to determine the temperature and density his
of the implosion core@2,5#. The experimental parameters a
fixed to drive the microsphere implosion to radial compre
sion ratios of;6, which allows us to map the sphericity o
the implosion by x-ray imaging, and limits the growth o
hydrodynamic instabilities that occur at high aspect ratio

To provide the diagnostic information aNe-Te grid of
theoretical line profiles including the dielectronic satellit
was generated usingTOTAL-II @6#; these profiles are con
volved with the instrument response, and compared dire
to the experimental data. Efficient fitting of experimen
data with the predicted line shapes is ensured by interpo
ing across theNe-Te grid @7#. The shape of the Heb transi-
tion, ignoring the Li-like satellites, determines theNe , while
fitting the satellitesand the Heb line determines theTe .
Fitting the Li-like satellites on the low-energy side of Heb
line is an accurateTe diagnostic below 800 eV.

The implosions are indirectly driven using a soft-x-ra
radiation source created withNOVA @8#. Five beams, sym-
metrically arranged, enter each end of a 1.6-mm-diame
2.55-mm-long gold cylinder, the hohlraum target, throu
0.8-mm-diameter entrance holes. Each beam has a tem
rally square 1-ns pulse shape and 2 kJ of energy at a w
length of 0.353mm. The beams strike the interior wall cre
ating a plasma that radiates efficiently at soft-x-ray energ

n’s
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The radiation field impinges on the microsphere, ablativ
imploding it. The microsphere consists of a 2-mm-thick, 440-
mm-diameter polystyrene shell. The polystyrene is ov
coated with an impermeable 3-mm polyvinyl alcohol layer
and then a 56-mm-thick CH ablator. The thickness of the C
ablator ensures that the ablation front and radiation field
excluded from the core. The gas fill is 50 atm of D2 and 0.1
atm of Ar.

The main diagnostics are two x-ray crystal streaked sp
trometers. A lower-resolution instrument (E/DE;500) uses
a flat rubidium acid phthalate~RAP! crystal to cover 2.8–4.2
Å, with 25-ps temporal resolution. The higher-resoluti
spectrometer (E/DE;1800) uses a flat pentaerythrito
~PET! crystal for detailed Heb line-shape measurements@9#.
Further, the microsphere is imaged along and perpendic
to the cylinder axis, with two gated x-ray pinhole camer
filtered to record x-ray emission.3 keV @10#.

The data were recorded on Kodak TMX-3200 film, dig
tized using a microdensitometer, and then corrected for
response, camera-induced distortions, filter, crystal, ph
cathode response, and spectrometer artifacts. The spec
eter dispersion is determined from the experimental ge
etry and published wavelengths for the ArK-shell and Au
M -band lines@4#.

Images from the survey and the high-resolution spectro
eters are shown in Fig. 1, where time increases to the ri
andt50 denotes the time at which the laser enters the h
raum target. AuM -band emission is clearly seen during t

FIG. 1. Spectroscopic data recorded using the~a! survey spec-
trometer, and~b! high-resolution spectrometer after correction. T
Ar K-shell features are labeled.
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1-ns laser pulse, decaying away after the laser pulse
before the ArK-shell emission is observed. The optical
thin Heb transition is used to diagnose the core. All spec
are spatially integrated over the core.

The analysis of the data in Fig. 1 is performed by taki
successive cross sections in the spectral direction through
Ar emission, and fitting the Heb line at each time. The re
sults are shown in Fig. 2, where the intensity versus wa
length at five times is represented. In addition, in Fig. 2,
each time we show the theoretical line profile, the Heb tran-
sition and the associated Li-like satellites are included in
calculations. From these spectra,Ne and Te are obtained.
These fits show excellent agreement with theory so that
results of the analysis can be used to develop a time his
for the implosion.

In Figs. 3~a! and 3~b! we show theNe andTe time histo-

FIG. 2. Detailed measurements of the Ar Heb transition
~circles! compared to calculations of Heb and Li-like 2l3l 8 and
3l3l 8 satellites~solid lines! for five times during the implosion.

FIG. 3. Evolution of~a! Ne and ~b! Te extracted from the Ar
Heb transition shown in Fig. 1. Analysis of the high-resolutio
spectra~circles! and survey Heb line ~squares! are shown. Experi-
mental histories are compared to gated x-ray imager data~crosses!
and to Ne and Te simulations of the central region~dotted line!,
mid-mass region~solid line!, and outer region~dashed line! of the
core.



ig
on

t
bu

n
o
i
i

ile
e

s

th

en

b
ex
tic
w

d
ue

m
sit
m

w
-ra

i
T

.
he
as
ec

u

ne

dy-

n-
d
isto-
he
state
om
e-

eak

pre-
the

s.
on

pes.
nter

w,
ure-

and
ud-

er
in
the
tion

at
-

r-
nts,
or-

an

d
en-
-

the
e

he
he
e
be

t on

n-

-
en
T

2316 56BRIEF REPORTS
ries derived from the analysis. The density histories in F
3~a! show that the results from both high- and low-resoluti
spectrometers agree. The simultaneous observation of
Lyman transitions yields a bound on the ion stage distri
tion confirming that the optical depth of Heb is small. More-
over, these high densities result in a steady-state evolutio
Ne andTe , so that the spectrum at each time is indicative
the local conditions. The massive shell of an imploding m
crosphere limits the core pressure gradients, so that the
ploded core becomes a potential source for further deta
spectroscopic and hydrodynamic studies. The maximum d
sity achieved is;131024 cm23, and the density history ha
a full width at half maximum of 200 ps. In Fig. 3~b! the
temperature history is shown to peak at 800 eV, which is
upper bound on theTe diagnostic.

To validate the above mapping of the time-depend
spectrum to coreNe andTe via the detailed line profile, we
need to show that the results are reproducible and relia
To illustrate the reproducibility and consistency of these
periments, a series of five experiments under near-iden
conditions were made. In each case the laser energy
1962 kJ, and a 4623108 D-D neutron yield was achieve
for each implosion. Using the spectral analysis techniq
described, time histories forNe from the five shots were
extracted and are shown in Fig. 4. The time histories co
pare well, with the solid line representing the mean den
and the shaded region the rms deviation, showing the s
experiment-to-experiment variation.

To demonstrate the reliability of the measurement,
make recourse to the other diagnostics. First, from the x
imagersNe can be determined by assuming that the fill gas
ionized, and that the image represents the core diameter.
results of this analysis are shown in Fig. 3~a! by the crosses
The latter assumption breaks down when the plastic s
assembles at;1.7 ns, giving a bright continuum emission
seen in Fig. 1. Further corroboration is provided by the s
ondary neutron production@11#, which gives a rR of
;6 mg/cm2, leading to Ne estimates of 731023 cm23 in
agreement with the spectroscopically determinedNe at peak
Te .

This shows these implosions to be reliable and reprod
ible, so that the time histories and detailed spectra can
compared to hydrodynamic simulations and detailed li

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 the estimated accuracy.
dotted line is the simulatedNe .
.

he
-

of
f
-
m-
d
n-

e

t

le.
-
al
as

s

-
y
all

e
y
s
he

ll

-

c-
be
-

shape calculations. We show a comparison with hydro
namic simulation in Figs. 3~a! and 3~b! between the experi-
mental results, and a HYADES one-dimensional radiatio
hydrodynamic simulation@12#. We see that there is broa
agreement between experimental and simulated time h
ries. In the HYADES simulations the shell and core of t
microsphere are modeled using an ideal gas equation of
and nonlocal thermodynamic equilibrium average-at
atomic physics. The implosion is driven with a singl
temperature radiation temperature (Tr) source and multi-
group radiation transport.

We note that the simulations do predict smallNe andTe
spatial gradients. The simulations, at times close to p
compression, indicate the core is near isobaric with aTe peak
at the core center. As the spectroscopic measurements
sented here are an average over the core, to ascertain
Ne(r ) andTe(r ) one would need to measure the gradient

Next, the reproducibility permits a detailed examinati
of Fig. 2, showing particularly disagreement at the Heb line
center between the observation and theoretical line sha
The absence of an observed intensity dip at the line ce
may result from~1! opacity effects,~2! Li-like satellites,~3!
spatial gradients in the target, or~4! ion dynamic effects@13#.
First, we note that the optical depth of the 1–3 lines is lo
consistent with the density measure, the core size meas
ment, and the relative emissivities of the 1–4 transitions,
does not affect the line profiles. Second, calculations incl
ing satellite lines show that at the measured values ofNe and
Te the higher-n satellites lines do not affect the line cent
emission. Third, we note that ion dynamics effects will fill
the dip at the line center and including these effects in
line-shape model improves the agreement with observa
@13#. Ion dynamics indeed been have been confirmed
lower densities@14#; however, definitive experimental con
firmation is still required at higherNe . Although Haynes
et al. @15# claimed to observe ion dynamic effects in lase
driven implosions, their analysis excluded spatial gradie
and the fact that effects of opacity were not treated rig
ously compromised their conclusions.

To make a definitive test of ion dynamic effects, one c
increase the mass of the fill gas ions~e.g., replacing D2 with
CD4 or N2! to slow the local electric-field fluctuations an
recover the quasistatic limit for the inhomogeneous broad
ing of the Heb line @13#. It is essential to keep the hydrody
namics of the target similar to the D2 filled targets, to ensure
thatNe andTe peak near the same time to keep Heb observ-
able. Experiments replacing the D2 fill gas with CD4 and N2
have shown that the central dip in the ArXVII 1–3 line isnot
recovered.

Fourth, to see whether gradients can be the source of
filling of the dip, we resort to simulations. To study this w
performed spectral simulations of the optically thin Heb
transition integrated over the spatial gradientspredictedby
the HYADES hydrodynamics simulations, but found that t
Ne and Te gradients are not severe enough to fill in t
intensity dip at the Heb line center. Thus we must assum
that the details of the hydrodynamic simulations need to
verified, as this is the only facet of the analysis dependen
uncorroborated calculations.

In summary, we obtained the evolution ofNe andTe dur-
ing an indirectly driven implosion. In addition, we demo

t-
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strated the reliability and reproducibility of implosion expe
ments. The experimental data provided confirmation
radiation-hydrodynamic simulations of an implosion, an
through the agreement of simulations with experiments,
inferred thatNe andTe spatial gradients exist in the core.
discrepancy between experimental and theoretical Heb line
centers was observed, and several possible sources o
discrepancy were tested and found to be insufficient to
plain the disagreement, including simulatedNe andTe spa-
tial gradients. Importantly, although ion dynamics effects
o
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the line shapes potentially explain these differences, exp
ments showed that ion dynamic effects donot account for
the discrepancy.

Finally, this work measured a simulation-free tempo
history of an imploding core. This is critical to the unde
standing of three-dimensional spherically converging hyd
dynamics, which in turn is central to the production of t
hot dense matter for inertial fusion, and also provides a t
bed for the study of radiative properties in extreme con
tions.
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