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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 Widlopants to measure the electron temperature
of hohlraum targets. The hohlraums are gas-filled Au cylinders and, when irradiated with 20 kJ of
0.35 um 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

Hohlraums have been extensively used as thermalult to create in the laboratory. Hohlraums experiments
radiation sources because they are reproducible ammpen up a new area of development because their radia-
efficient sources of intense x-ray radiation in the laboration fields are sufficiently intense to actually perturb the
tory. Hohlraums are higlt- enclosures, such as cylinders atomic kinetics [15] and affect the spectroscopic diagnos-
or spheres, that convert high intensity laser energy to atics. We choose to use the line ratio of isoelectronic lines
intense x-ray flux [1—4]. In inertial confinement fusion from two different elements to diagnoge. This tech-
(ICF), one of the two principal approaches in laser-fusiomique is advantageous for hohlraum environments because
research, they are used to implode capsules. For thi its relative insensitivity tdl’, [16]. These experiments
reason, past experiments have concentrated on measurisigow that thisT, diagnostic is reliable and verifies the
quantities related to the radiative heating, such as th&emperature to within 10% of the calculated value.
radiation temperature [5—10]. Hohlraums are also used The experiments were performed on the Nova laser
in fundamental studies of opacity, radiation hydrody-using gas-filled hohlraum targets [17]. The hohlraum
namics, and astrophysics [11-13]. The success of theis a 2.5 mm diameter and 2.5 mm long Au cylinder,
design for specific applications depends on our undemwith 25 wm thick walls. It is filled to a pressure of
standing of their complex environment. To date, fewl atm with neopentane gas,si&€,,. To contain the
experiments have attempted to experimentally charactegas, the laser entrance holes and diagnostic holes used
ize the plasma conditions of the hohlraum itself. for the spectrometer line-of-sight are covered with thin

In the Letter we present the first electron temperaturgolyimide membranes that are 6000 A thick ahgem
measurements of laser-irradiated hohlraums. These metiick, respectively. The dopants are introduced into the
surements are an important advance in hohlraum chahohlraum by a thin CH foil substrate. The foil is a 800 A
acterization and are notable in two respects. First, théhick ~200 wm wide strip of paralyene-which is coated
electron temperaturg, is important because it is one of with a120 um wide strip of either 2000 A of cosputtered
the few experimental parameters that can be directly coniFiCr or 3500 A of KCI. The size of the dopant was
pared with complex simulations to help us understand thehosen to keep the opacity for the spectral lines of interest
plasma. In the context of ICF, these measurements camelow one. The foil is stretched over an Au coated
be related to the overall energy balance of the target<’-shaped wire frame having the same radius as the
Present ICF targets use gas-filled hohlraums, and for thisohlraum and placed in a predrilled slot in the hohlraum
target design up to 35% of the input laser energy is asFigure 1 shows a schematic of the target as well as an
sociated with the underdense plasma formed by ablatioexample of the TiCr spectra. Typically the foil was
of the gas and wall [14]. Experimental measurementglirectly irradiated by the beam, though in supplementary
such as these are essential to understanding the energiyots to study the effects of thermal transport, the foils
balance and verifying that important unforeseen physicalvere not directly irradiated.
processes are not missing from our numerical simulations Nine of Nova’'s ten0.35 um wavelength laser beams
of the target. MoreovefT, is important to evaluate some enter the hohlraum through the laser entrance holes
physical processes such as simulated scattering processd#sthe cylinder to create a pattern of two overlapping
and plasma stagnation which are difficult, if not impos-rings on the inside surface and provide an intensity
sible, to describe analytically. of ~3 X 10 W/cn? on the hohlraum wall. These

SecondT, measurements in hohlraum targets are chalhohlraums are larger than the typical hohlraums used
lenging because of the presence of intense radiation fields1 implosion studies due to design criteria discussed in
Spectroscopic diagnostics have never been tested in suckher papers [18]. For these experiments a 1.6 ns laser
fields because high radiation temperaturEs, are diffi- pulse was temporally shaped and designed to form a
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Hohiraum Target was an x-ray spectrometer which recorded spectra on
gated microchannel plates [19]. The imagers and streak

- cameras provided time-resolved data of the target x-ray

beams emission from the tracer foils which was important for

monitoring the ablation of the target. The x-ray diodes
provided a measurement of the radiation field.
The line intensity ratio data from the spectrometers
are averaged over the series of shots and are plotted
i e ¥ N for four times in Fig. 2. Data are corrected for instru-
r Spectra .
t=17ns ment response and the resulting spectra was analyzed us-
ing the collisional-radiative codeLy [20]. Error bars
on the measurement include the detector uncertainties and
1.9 2.0 21 2.2 "’;L._,al;. the standard error over the series of shots. The timing er-
ror was measured to b&100 ps. Over these shots the
laser energy varied by 10% and the density variation as
measured by the target gas fill pressure was 4%. These
Cr He”* ?Ti Hef translate to insignificant variations for the spectral mea-
- 4 surements and are included in the error bars. At early
FIG. 1. Hohlraum schematic showing the laser beams an#imes, the error in the value of the ratio is greater because
foil position with an example of the data from the gatedthe signal to noise ratio is smaller and it is asymmetric
spectrometer for a TiCr dopant. because the lower bound is limited by detector sensitivity.
The solid line in Fig. 2 is the time-dependent ratio
calculated from the plasma parameters predicted by the
long-scale-length plasma with a temperature and densitsadiation hydrodynamics simulations using Lasnex [21].
plateau [14]. It starts with a low intensity foot followed The dash-dotted line and dotted line show the same
by a 800 ps intensity ramp which increases in intensity byatio plotted for +10% and —30% variations in 7.,
a factor of 6.3. During this time, the lasers ablate the CHespectively. Measurements for times earlier than 0.8 ns
window and ionize the gas to form a plasma. The ramp igre not taken because those spectra are emitted during
followed by a 600-ps-long intensity plateau during whichthe ablation phase of the foil whefi, and n, of the
the laser beams ablate the walls of the hohlraum. foil are changing. With the exception of data at 1 ns,

This series of experiments uses the He-jgk&ransition, the measured electron temperatures are within 10% of
He B, 1s3p(1P1)-15%(1Sy). K-shell calculations are more the values calculated from the simulations. The ratio
reliable thanL- or M-shell calculations because the onecorresponds tdl, = 3 keV for the period from 1.2 to
and two electronk-shell models are inherently simpler 1.7 ns, during which the laser intensity is fairly constant.
and have been validated by many experiments. The beta The T, can be inferred from the measured ratios by
linesn = 3-1 are more useful than the= 2-1 resonance determining a fit to the data which is self-consistent with
lines as they do not have measurable contributions from
underlying satellite lines and their optical depths remain
<1 for this experiment, which reduces ambiguities in ! ! !
interpreting the data.

Pairs of dopants were used in these experiments. 1.0
For temperatures in the 3-5 keV range, Ti and Cr
dopants were used because they predominantly ionize to.2
their K-shells at these high temperatures. Furthermore,
due to a sufficiently large transition energy (5.6 keV), 0.5
the TiCr spectra does not overlap with the bright Au
M-band background spectra. To cover a lower 1-3 keV
temperature regime K and Cl dopants were used. In this 0.0k - : | |
case, the AuM band lines are near the dopakitshell 1.0 1.5 2.0
emission, but do not overlap the He-lik®klines used for
the diagnostic. Note that the useful temperature range

of the KCI dopant overlaps that of the TiCr dopants, FlG 2. Line ratio of(CrHeB/TiHeg plotted as a function
allowing a cross check of the measurements. f time. The solid line is the ratio predicted for the calculated

Th t ts fielded th t lud c{lohlraumT andn, histories. The dash-dotted line corresponds
e instruments fielded on the experiment include the ratio for a=10% variation of 7, while the dotted line

X-ray spectrometers, x-ray imagers, x-ray streak cameragerresponds to the ratio for a30% variation of 7,. The
and a set of filtered x-ray diodes. The primary diagnosticsquares are the data averaged over several shots.
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the measured ratio [22]. Figure 3 shows experimefital solutely calibrated x-ray diodes, Dante [24]. The data,
versus time, along with the laser pulse and the temporalme, and frequency-dependent fluxes were then input into
histories ofT,, n., andT, calculated at the position of collisonal-radiative models to quantify the effect of the
the tracer dopant. At the beginning, the experimentallyAu radiation field on thel, measurements. Calculations
determined temperature lags the predictions. The show that the measured pe&ak of ~180 eV is not large
increases to a peak of 3.7 keV at the end of the pulseenough to produce perturbations in the ratio and thus does
then falls after the laser pulse is over. This initial lagnot affect thel, measurements.
compared to calculations may be due to transient effects These measurements Bf allow an investigation of the
associated with the beam propagation and heating of thieeating of the hohlraum by two related quantities impor-
gas. For example, since the laser beams cannot directtgnt to the simulations: the plasma thermal energy and
illuminate the entire volume of gas inside of the hohlraumthe flux limiter. For a simple model of the plasma, we
the discrepancy may be related to difficulties in modelingcan estimate the thermal energy from the simple rela-
lateral heat flow. More experiments designed to study théion Ey, = 1.5n.kT, for a gas volume equal to the vol-
initial gas heating are necessary to resolve the details. ume of the hohlraum. This assumes that the underdense
Since ablation of the dopant is important, we fieldedplasma is fairly homogeneous ifi,, and measurements
other diagnostics to simultaneously monitor the density obf 7, in the hohlraum volume not directly irradiated by
the dopant. Data from a gated x-ray pinhole camera [23& laser beam have supported this assumption. Measure-
provided edge-on images of the width of the foil along thements of the stimulated Brillouin scattered light from
hohlraum axis as a function of time. These x-ray imageshese targets show backscattering levels of laser energy
clearly show a stationary foil that ablates 500 ps after<3% [25], while estimates of stimulated Raman scattered
the start of the laser pulse. The full-width-half-maximumlight account for<6% of the laser energy. Since only
intensity of the emission, corrected for the initial apparent<2% of the laser energy is necessary to completely ionize
width of the foil is 250-400 xm during the last 1 ns the gas, the bulk of the laser energy goes into the internal
of the pulse. Calculations of the foil expansion predictenergy of the gas. Figure 4 shows the partition of en-
that the width is~250 um when it has equilibrated with ergy in the target as a function of time, where the squares
the gas. An estimate of the measuredgives electron show the thermal energy as calculated from the measured
densities 0f0.8-0.6) x 10?! cm™3, clearly showing that 7, from the gas. As noted before, this hohlraum target is
the dopant ablates. Once ablated, collisional rates on tHarger than those typically used to implode capsules, and
order of ps quickly thermalize the dopant with the gas.calculations show that 35% of the energy is expended in
The T, diagnostic does weakly depend sapn However, heating the underdense plasma. Consequently, the ther-
even for a worst case assumption of a factor of 2 dropnal heating of the gas is a significant part of the overall
in density, theT, drops by <10%, thus, with even the energy absorbed by the target. A comparison shows that
lowest estimate of the density, tlie measurement is not the measured thermal energy of the target is fairly consis-
significantly affected. tent with the calculated thermal energy. That we do not
We also measured the radiation field and experimenmeasure a large discrepancy indicates that there is no ma-
tally verified that it has a negligible affect on tiig mea-  jor physical process missing in the large scale simulations
surements. Supplementary shots to measure the radiatiof the target.
temperature of the hohlraurfi,, used a filtered set of ab-
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FIG. 3. The electron temperature plotted as a function of time.
The measured’, inferred from the line ratios are shown by the FIG. 4. Energy budget of the target showing the partition of
diamonds. Also plotted are the laser pulse shape and calculatéaser energy in heating the target. The squares calculated from
T., calculated radiation temperatufe, and calculated electron the measured’, compare well with calculated values for the
densityn,. internal energy of the gas.
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