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Measurements of Electron Temperature by Spectroscopy in Hohlraum Targets
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We report on the use of x-ray spectroscopy of mid-Z dopants to measure the electron temperature
of hohlraum targets. The hohlraums are gas-filled Au cylinders and, when irradiated with 20 kJ of
0.35 mm laser light, they become mm-sized plasmas bathed in a radiation field. The peak temperatures
achieved by the target are 3.7 keV. In addition to being the first electron temperature measurements
of the hohlraum itself, these measurements enable an investigation of the thermal energy and electron
conduction of the target. [S0031-9007(96)01647-X]

PACS numbers: 52.50.Jm, 52.40.Nk, 52.70.La
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Hohlraums have been extensively used as therm
radiation sources because they are reproducible
efficient sources of intense x-ray radiation in the labor
tory. Hohlraums are high-Z enclosures, such as cylinder
or spheres, that convert high intensity laser energy to
intense x-ray flux [1–4]. In inertial confinement fusio
(ICF), one of the two principal approaches in laser-fusio
research, they are used to implode capsules. For
reason, past experiments have concentrated on measu
quantities related to the radiative heating, such as
radiation temperature [5–10]. Hohlraums are also us
in fundamental studies of opacity, radiation hydrod
namics, and astrophysics [11–13]. The success of th
design for specific applications depends on our und
standing of their complex environment. To date, fe
experiments have attempted to experimentally charac
ize the plasma conditions of the hohlraum itself.

In the Letter we present the first electron temperatu
measurements of laser-irradiated hohlraums. These m
surements are an important advance in hohlraum ch
acterization and are notable in two respects. First,
electron temperatureTe is important because it is one o
the few experimental parameters that can be directly co
pared with complex simulations to help us understand
plasma. In the context of ICF, these measurements
be related to the overall energy balance of the targe
Present ICF targets use gas-filled hohlraums, and for t
target design up to 35% of the input laser energy is a
sociated with the underdense plasma formed by ablat
of the gas and wall [14]. Experimental measuremen
such as these are essential to understanding the en
balance and verifying that important unforeseen physi
processes are not missing from our numerical simulatio
of the target. Moreover,Te is important to evaluate some
physical processes such as simulated scattering proce
and plasma stagnation which are difficult, if not impo
sible, to describe analytically.

Second,Te measurements in hohlraum targets are ch
lenging because of the presence of intense radiation fie
Spectroscopic diagnostics have never been tested in s
fields because high radiation temperatures,Tr , are diffi-
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cult to create in the laboratory. Hohlraums experimen
open up a new area of development because their rad
tion fields are sufficiently intense to actually perturb th
atomic kinetics [15] and affect the spectroscopic diagno
tics. We choose to use the line ratio of isoelectronic line
from two different elements to diagnoseTe. This tech-
nique is advantageous for hohlraum environments beca
of its relative insensitivity toTr [16]. These experiments
show that thisTe diagnostic is reliable and verifies the
temperature to within 10% of the calculated value.

The experiments were performed on the Nova las
using gas-filled hohlraum targets [17]. The hohlraum
is a 2.5 mm diameter and 2.5 mm long Au cylinde
with 25 mm thick walls. It is filled to a pressure of
1 atm with neopentane gas, C5H12. To contain the
gas, the laser entrance holes and diagnostic holes u
for the spectrometer line-of-sight are covered with thi
polyimide membranes that are 6000 Å thick and1 mm
thick, respectively. The dopants are introduced into th
hohlraum by a thin CH foil substrate. The foil is a 800 Å
thick ,200 mm wide strip of paralyene-n which is coated
with a 120 mm wide strip of either 2000 Å of cosputtered
TiCr or 3500 Å of KCl. The size of the dopant was
chosen to keep the opacity for the spectral lines of intere
below one. The foil is stretched over an Au coate
C-shaped wire frame having the same radius as t
hohlraum and placed in a predrilled slot in the hohlrau
Figure 1 shows a schematic of the target as well as
example of the TiCr spectra. Typically the foil was
directly irradiated by the beam, though in supplementa
shots to study the effects of thermal transport, the fo
were not directly irradiated.

Nine of Nova’s ten0.35 mm wavelength laser beams
enter the hohlraum through the laser entrance ho
of the cylinder to create a pattern of two overlappin
rings on the inside surface and provide an intensi
of ,3 3 1014 Wycm2 on the hohlraum wall. These
hohlraums are larger than the typical hohlraums us
in implosion studies due to design criteria discussed
other papers [18]. For these experiments a 1.6 ns la
pulse was temporally shaped and designed to form
© 1996 The American Physical Society
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FIG. 1. Hohlraum schematic showing the laser beams
foil position with an example of the data from the gate
spectrometer for a TiCr dopant.

long-scale-length plasma with a temperature and den
plateau [14]. It starts with a low intensity foot followe
by a 800 ps intensity ramp which increases in intensity
a factor of 6.3. During this time, the lasers ablate the C
window and ionize the gas to form a plasma. The ramp
followed by a 600-ps-long intensity plateau during whic
the laser beams ablate the walls of the hohlraum.

This series of experiments uses the He-likeb transition,
He b, 1s3ps1P1d-1s2s1S0d. K-shell calculations are more
reliable thanL- or M-shell calculations because the on
and two electronK-shell models are inherently simple
and have been validated by many experiments. The b
linesn ­ 3-1 are more useful than then ­ 2-1 resonance
lines as they do not have measurable contributions fr
underlying satellite lines and their optical depths rema
,1 for this experiment, which reduces ambiguities
interpreting the data.

Pairs of dopants were used in these experime
For temperatures in the 3–5 keV range, Ti and
dopants were used because they predominantly ioniz
their K-shells at these high temperatures. Furthermo
due to a sufficiently large transition energy (5.6 keV
the TiCr spectra does not overlap with the bright A
M-band background spectra. To cover a lower 1–3 k
temperature regime K and Cl dopants were used. In
case, the AuM band lines are near the dopantK-shell
emission, but do not overlap the He-likeb lines used for
the diagnostic. Note that the useful temperature ra
of the KCl dopant overlaps that of the TiCr dopan
allowing a cross check of the measurements.

The instruments fielded on the experiment includ
x-ray spectrometers, x-ray imagers, x-ray streak came
and a set of filtered x-ray diodes. The primary diagnos
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was an x-ray spectrometer which recorded spectra
gated microchannel plates [19]. The imagers and stre
cameras provided time-resolved data of the target x-r
emission from the tracer foils which was important fo
monitoring the ablation of the target. The x-ray diode
provided a measurement of the radiation field.

The line intensity ratio data from the spectromete
are averaged over the series of shots and are plot
for four times in Fig. 2. Data are corrected for instru
ment response and the resulting spectra was analyzed
ing the collisional-radiative codeFLY [20]. Error bars
on the measurement include the detector uncertainties
the standard error over the series of shots. The timing
ror was measured to be6100 ps. Over these shots the
laser energy varied by,10% and the density variation as
measured by the target gas fill pressure was 4%. The
translate to insignificant variations for the spectral me
surements and are included in the error bars. At ea
times, the error in the value of the ratio is greater becau
the signal to noise ratio is smaller and it is asymmetr
because the lower bound is limited by detector sensitivit

The solid line in Fig. 2 is the time-dependent rati
calculated from the plasma parameters predicted by t
radiation hydrodynamics simulations using Lasnex [21
The dash-dotted line and dotted line show the sam
ratio plotted for 610% and 230% variations in Te,
respectively. Measurements for times earlier than 0.8
are not taken because those spectra are emitted du
the ablation phase of the foil whenTe and ne of the
foil are changing. With the exception of data at 1 ns
the measured electron temperatures are within 10%
the values calculated from the simulations. The rat
corresponds toTe $ 3 keV for the period from 1.2 to
1.7 ns, during which the laser intensity is fairly constant

The Te can be inferred from the measured ratios b
determining a fit to the data which is self-consistent wit

FIG. 2. Line ratio of sCrHebyTiHeb plotted as a function
of time. The solid line is the ratio predicted for the calculate
hohlraumTe andne histories. The dash-dotted line correspond
to the ratio for a610% variation of Te while the dotted line
corresponds to the ratio for a230% variation of Te. The
squares are the data averaged over several shots.
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the measured ratio [22]. Figure 3 shows experimentalTe

versus time, along with the laser pulse and the tempo
histories ofTe, ne, and Tr calculated at the position of
the tracer dopant. At the beginning, the experimenta
determined temperature lags the predictions. TheTe

increases to a peak of 3.7 keV at the end of the pul
then falls after the laser pulse is over. This initial la
compared to calculations may be due to transient effe
associated with the beam propagation and heating of
gas. For example, since the laser beams cannot dire
illuminate the entire volume of gas inside of the hohlraum
the discrepancy may be related to difficulties in modelin
lateral heat flow. More experiments designed to study t
initial gas heating are necessary to resolve the details.

Since ablation of the dopant is important, we fielde
other diagnostics to simultaneously monitor the density
the dopant. Data from a gated x-ray pinhole camera [2
provided edge-on images of the width of the foil along th
hohlraum axis as a function of time. These x-ray imag
clearly show a stationary foil that ablates 500 ps aft
the start of the laser pulse. The full-width-half-maximum
intensity of the emission, corrected for the initial appare
width of the foil is 250 400 mm during the last 1 ns
of the pulse. Calculations of the foil expansion predi
that the width is,250 mm when it has equilibrated with
the gas. An estimate of the measuredne gives electron
densities ofs0.8 0.6d 3 1021 cm23, clearly showing that
the dopant ablates. Once ablated, collisional rates on
order of ps quickly thermalize the dopant with the ga
The Te diagnostic does weakly depend onne. However,
even for a worst case assumption of a factor of 2 dr
in density, theTe drops by,10%, thus, with even the
lowest estimate of the density, theTe measurement is not
significantly affected.

We also measured the radiation field and experime
tally verified that it has a negligible affect on theTe mea-
surements. Supplementary shots to measure the radia
temperature of the hohlraum,Tr , used a filtered set of ab-

FIG. 3. The electron temperature plotted as a function of tim
The measuredTe inferred from the line ratios are shown by the
diamonds. Also plotted are the laser pulse shape and calcula
Te, calculated radiation temperatureTr , and calculated electron
densityne.
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solutely calibrated x-ray diodes, Dante [24]. The dat
time, and frequency-dependent fluxes were then input in
collisonal-radiative models to quantify the effect of th
Au radiation field on theTe measurements. Calculation
show that the measured peakTr of ,180 eV is not large
enough to produce perturbations in the ratio and thus do
not affect theTe measurements.

These measurements ofTe allow an investigation of the
heating of the hohlraum by two related quantities impo
tant to the simulations: the plasma thermal energy a
the flux limiter. For a simple model of the plasma, w
can estimate the thermal energy from the simple re
tion Eth ­ 1.5nekTe for a gas volume equal to the vol-
ume of the hohlraum. This assumes that the underde
plasma is fairly homogeneous inTe, and measurements
of Te in the hohlraum volume not directly irradiated by
a laser beam have supported this assumption. Meas
ments of the stimulated Brillouin scattered light from
these targets show backscattering levels of laser ene
,3% [25], while estimates of stimulated Raman scatter
light account for,6% of the laser energy. Since only
,2% of the laser energy is necessary to completely ioni
the gas, the bulk of the laser energy goes into the inter
energy of the gas. Figure 4 shows the partition of e
ergy in the target as a function of time, where the squa
show the thermal energy as calculated from the measu
Te from the gas. As noted before, this hohlraum target
larger than those typically used to implode capsules, a
calculations show that 35% of the energy is expended
heating the underdense plasma. Consequently, the th
mal heating of the gas is a significant part of the overa
energy absorbed by the target. A comparison shows t
the measured thermal energy of the target is fairly cons
tent with the calculated thermal energy. That we do n
measure a large discrepancy indicates that there is no
jor physical process missing in the large scale simulatio
of the target.

FIG. 4. Energy budget of the target showing the partition
laser energy in heating the target. The squares calculated fr
the measuredTe compare well with calculated values for the
internal energy of the gas.
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The dominant physical processes responsible for he
ing the underdense plasma are inverse bremsstrahl
absorption and electron conduction. Heat flows in ca
culations of laser-produced plasmas are known to b
come unphysically large for cases where assumptions
Spitzer heat flow break down. In these cases, a numer
valuef is introduced for flux-limited electron conduction
Lasnex simulations att ­ 1.4 ns show that the experi-
mentalTe is not consistent with extremely low flux lim-
ited values such asf ­ 0.01, which produce extremely
high temperatures,Te ­ 6.5 keV. The simulations are
also not consistent at the other extreme,f ­ 0.5, where
the free-streaming flux models predict low temperature
Te ­ 2.7 keV. The range of flux limit values consisten
with the error bars of the temperature measurement
0.025 to 0.150. The typical flux limiter value used fo
large hohlraums simulations is 0.05 and is derived fro
open geometry studies of the flux limiters in the corona
laser-produced plasmas. This measuredTe confirms this
flux limiter as a reasonable value.

In summary, the measurements, presented here are
first to quantify the electron temperature of the hohlrau
itself. Plasma conditions present in hohlraums are a ch
lenge to diagnose because of the high radiation tempe
tures and the closed-geometry. We show that techniq
using tracer plasmas are valid in hohlraums. Measu
ments of these targets yieldTe . 3 keV during the inten-
sity plateau of a shaped laser pulse. The temporal pro
of Te is more peaked than Lasnex calculations, howev
the thermal energy contained in the gas is consistent w
the partition of energy in hohlraum calculations. The
measurements also place bounds on the value of the
limiter used in these simulations and validate use of a fl
limiter of 0.05 for these underdense plasmas. The el
tron temperature is one of the few measurable quantit
that can directly be compared with simulations to test o
knowledge of complex closed-geometry plasmas. As su
it is a valuable diagnostic that can be applied to future IC
target geometries.

We would like to thank the LLNL target fabrication
crew and Luxel Corp. for their creativity and perse
verance to develop methods to build these complica
targets. We are also indebted to the Nova crew for th
hard work. This work was performed under the auspic
of the U.S. Department of Energy by the Lawrenc
Livermore National Laboratory under Contract No
W-7405-ENG-48.
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