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Time-resolved x-ray spectroscopy is used to study the implosion of indirectly driven inertial
confinement fusion capsules on the Nova laser. Through the use of Ar dopant in the fuel, measurements
of the peak temperature, from emission line ratios, and density, from line broadening, are obtained.
These measurements indicate peak electron temperatures of ~1-1.6 keV and electron and deuteron
densities in the range of (1.0-2.0)x102* cm ~3, depending on the type of laser drive used. These ion
densities, which approach those of stellar interiors, are the highest inferred by direct analysis of Stark-

broadened line profiles.

PACS numbers: 52.25.Nr, 32.70.—n, 52.50.Jm, 52.70.La

Direct observations of ultrahigh densities are limited to
a small class of physical phenomena. For example, al-
though high densities occur in stellar interiors (n; ~10%*-
1026 c¢cm ~3), direct observation of these conditions re-
quires the detection of neutrinos which can escape the
core of the star [1]. Conditions in laser-driven inertial
confinement fusion capsules approach those of stellar in-
teriors, and provide a unique opportunity to directly ob-
serve matter at ultrahigh densities and high temperatures.
X-ray spectroscopic measurements of the compressed
core conditions of directly driven inertial confinement
fusion (ICF) capsules, which are filled or doped with
high-Z gas, have been performed by a number of
researchers [2-7]. In the work presented here, time-
resolved x-ray spectroscopic measurements of the
compressed core of indirectly driven ICF capsules are
used to infer conditions in the deuterium fuel [8]. By
seeding the fuel with Ar, we infer the fuel density from
measurements of the Stark-broadened He-f(n =3-1) line
profiles, and the electron temperature from the ratio of
Ly-B to He-B. These measurements indicate peak core
electron temperatures of ~1-1.6 keV and electron and
deuteron densities in the range of (1.0-2.0)x 102 ¢cm ~3,
depending on the type of laser drive used. These ion den-
sities, which approach those of stellar interiors, are the
highest ascertained by direct analysis of Stark-broadened
line profiles. Since at these high densities 7.~ 7}, the
measured ion energy density n;7;, which is relevant for
achieving high fusion rates, is ~(1-2) x10%” eV/cm?.

These ICF capsules are indirectly driven using the
Nova laser [9]. The capsules are made of plastic and are
contained within a cylindrical gold hohlraum of millime-
ter scale (Fig. 1). The ten beams of the Nova laser are
directed into the hohlraum, producing a uniform x-ray
flux which ablatively drives the capsule. Both the shape
and total energy of the laser pulse can be varied, allowing
the drive to be optimized to the particular capsule. The
pulse shape used in these experiments was either a flat-
topped laser pulse with a 1-ns duration or a shaped pulse,
consisting of a low-power “foot” followed by a peak at 3
times the power, and an overall duration of 2.2 ns. For
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the 1-ns experiments, the total energy in the pulse was ei-
ther 12 kJ (low drive), 19 kJ (medium drive), or 25 kJ
(high drive) of 353-nm light. The shaped pulse had a to-
tal energy of 27 kJ and a peak power of 20 TW. The
capsules are filled with deuterium and doped with Ar (0.1
at.%). The low concentration of Ar implies that the elec-
tron and ion densities in the fuel are essentially equal
(ne=n;=n, ;).

In our experiments we have minimized the amount of
Ar, to insure that it is nonintrusive and that the diagnos-
tic lines are optical thin. The optical depth of a line can
be written as (Fycb/Mp)(me?/mc) fo(E)1pRp, where b
is the Ar fraction by number (10 ~3), Fy. is the fraction
of Ar ions that are in a particular ion state (~50% He-
like, 50% H-like), Mp is the mass of a deuterium atom,
and pRp refers to the peak fuel areal mass density. The
term in square brackets is the absorption cross section
which, for our conditions, has a calculated maximum
value of 2.3x107'" c¢m? for Ar He-B. The peak fuel
areal density for these implosions, from secondary neu-
tron measurements [10], is ~5-10 mg/cm?, resulting in
a maximum optical depth of between 0.2 and 0.4 in the
Ar He-B line. The absorption cross section for the Ly-
line is 2.9%10 7' cm? hence its optical depth is also
0.2-0.4.

Measurements of the x-ray emission from the Ar
dopant are made with two streaked x-ray crystal spec-
trometers [8]. One crystal spectrometer provides survey
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FIG. 1. Schematic diagram of indirectly driven capsule in a
hohlraum.
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FIG. 2. Measured Ar spectra from an indirectly driven cap-
sule, obtained using the survey spectrometer. Continuum is
subtracted and lines are fitted to determine linewidths and in-
tensity ratios.

spectra, with a spectral resolving power A/AA of
500-1000 depending on the spectral region under study.
The second instrument provides higher-resolution spectra
(A/AA of 1500-3000) for detailed studies of line shapes.
The survey spectrometer uses a flat RAP crystal and has
a dispersion on film of ~0.44 A/cm, and a simultaneous
spectral coverage of approximately 1.3 A. The high-
resolution spectrometer was operated with a flat PET
crystal resulting in a dispersion on film of 0.127 A/cm,
and a simultaneous coverage of ~0.4 A. The spectrome-
ters are coupled to x-ray streak cameras. The cameras
use either Csl or Au photocathodes, depending on the
sensitivity requirements. An ITT image intensifier
(F4113), coupled to the streak camera, is used to increase
the sensitivity of the system. Data are recorded on 35-
mm film. This instrument provided ~35-ps temporal
resolution for these measurements. Observed spectra are
corrected for the film, filters, and photocathode response.
Only conditions corresponding to peak compression are
reported here.

A typical spectrum at peak compression, taken with the
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survey spectrometer, from an Ar-doped capsule includes
transitions from He- and H-like ion stages, as shown in
Fig. 2. The n=2-1 transitions (He-a and Ly-a) are opti-
cally thick (z~10), and therefore of limited use. The
n=23-1 transitions (He-B and Ly-B) are optically thin,
and provide a means of determining both the density and
electron temperature of the compressed fuel. Using mea-
surements of the Stark-broadened He-8 line profile, we
infer the fuel density by using standard line-broadening
theory, in which the ions and electrons are treated in the
quasistatic and impact approximation, respectively [11,
12]. Doppler broadening is also included. He-B is pre-
ferred for the measurement of density due to the blending
of Ly-B and He-y (n=4-1).

Typical spectral line shapes of the He-f line are shown
in Fig. 3. For implosions with a 1-ns medium drive laser
pulse, the He-p line typically reaches a width of 305
mA (33 eV). Implosions using the shaped laser pulse re-
sult in greater observed broadening of the He-f line,
50+ 8 mA (55 eV). The inferred field density for these
two drive conditions, based on published calculations of
the width of the He-B line as a function of density [12],
are n,;=(1.2%+0.3)x10%* ¢cm 3 and n,,;,=(2.3%+0.5)
x10%* cm 3. Higher peak densities are expected on im-
plosions driven by shaped laser drive, due to the more
isentropic compression of the fuel. The errors in the in-
ferred densities are due to noise in the time-resolved mea-
surements. This noise is statistical in nature, due to the
low signal levels, and typically results in 10%-20% errors
in the width of a line.

The line profiles shown in Fig. 3 appear somewhat
asymmetric, with an enhancement in the intensity on the
long-wavelength side of the line, typical of a line with
satellites arising from doubly excited states. Calculations
of the He-B line profile, including the effects of the
Stark-broadened Li-like satellites of the type 1s52/3/'-
1522/ and 1s3/3/'-1523/, have been performed, and show
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FIG. 3. (a) He-B line profile for a 1-ns flat-top and (b) 2.2 ns, 3:1 contrast pulse-shaped drive showing increased broadening due
to higher peak fuel densities. Measured line profiles are shown as solid lines while calculated line profiles are dashed lines. Calcula-
tions assume ne,; =1.2x10%* cm 3, T.=1.2 keV for the 1-ns drive and n.; =2.0x10% cm 73, T.=1.0 keV for the shaped drive, and
include the effect of satellites of the type 152/3/'-1522/ and 153/3/'-1523/. These data were obtained using the survey spectrometer.
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a dramatic effect on the width of the He-B line at low
temperatures [13-15]. To avoid an overestimate of the
density, we must account for the effect of satellites in our
observations. In Fig. 3, we show fits of calculated profiles
[using non-LTE (local thermodynamic equilibrium) pop-
ulations] from the TOTAL code [16], to the data. The
electron temperature is consistent with the temperature
inferred from the ratio of Ly-B to He-B, described below
(1.2 keV for the 1-ns drive and 1.0 keV for the shaped
drive). The inferred density for the 1-ns flat-top drive
case is 7,,;=(1.2%+0.3)x10%* cm ™3 unchanged from
the above value based solely on the width. The inferred
density for the shaped drive pulse is n,;=(2.0+0.5)
x 10%* cm 73, somewhat lower than the above value. This
is reasonable due to the larger satellite contribution at
lower fuel temperatures. The calculated profiles shown in
Fig. 3 include a 5 mA instrumental width.

The measurements and calculations in Fig. 3 agree
quite well. No evidence of a dip at line center is ob-
served, in agreement with the calculated line profile
which includes the effect of the instrumental resolution.
To reduce the role of the instrumental width, we mea-
sured this line shape with the high-resolution spectrome-
ter. A spectrum at peak compression, from a 1-ns high
drive capsule, is shown in Fig. 4. No evidence of a cen-
tral dip is observed in this data either, even though the
resolution is ~1.5 mA. This is in contrast to the calcu-
lated line shape, also shown in the figure, with n,; =1.2
x10%* ¢cm 73, T, =1.55 keV, and a 1.5 mA instrumental
width, where the improved instrumental resolution results
in an obvious dip. Calculations which include ion dynam-
ics predict a reduction of the central dip [17,18]. Howev-
er, gradients in the density may also contribute to the
filling in of the central dip. Since, in our experiments, the
perturbing fields are due to deuterons, the effects of ion
motion are greater than in previous work with pure Ar
fills, where a dip has been observed [2]. Indeed, recent
calculations for conditions similar to ours show substan-
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FIG. 4. Measured high-resolution He-g line profile for 1-ns
*high drive” implosion compared to the calculated line profile

at n.; =1.55%x10% cm ~3, T. =1.55 keV. The resolution is 1.5
mA.

tial filling in of the dip [19]. Despite this qualitative
agreement, an unambiguous measurement of the effects
of ion motion on the line profile will require further ex-
periments. In addition, it is interesting to note that there
is an apparent shift of the central wavelength of this line,
from its initial position (3.365 A) toward longer wave-
length by ~10 mA. Shifts in line position due to per-
turbing ions and electrons are predicted by calculation
[18], although other effects could lead to our result (in-
cluding instrumental effects). This shift will be addressed
in greater detail in future experiments.

We used the Ar Ly-/He-B ratio to infer the fuel elec-
tron temperature for implosions driven by the laser pulse
shapes described above. For the three 1-ns flat-top drive
conditions we measured the resulting change in this line
ratio, as shown in Fig. 5. The temperatures were ob-
tained from calculations using a collisional radiative equi-
librium code [20], and are shown next to the data. Since
this ratio is also weakly dependent on density, we deduced
these temperatures by calculating the ratio using the den-
sities from the Stark-broadening measurements. The as-
sumption of steady-state ionization is justified because of
the high electron densities present. As can be seen from
Fig. 5, the temperature inferred from the ratio of the
Ly-B and He-p lines increases as the drive energy in-
creases. This is in qualitative agreement with expecta-
tions and modeling [15]: Increased capsule drive should
result in higher implosion velocities and, hence, higher
fuel temperatures. This ratio was also measured on cap-
sules driven with the 3:1 contrast laser pulse. We ob-
served Ly-B/He-B=0.4, corresponding to T, =1.00 keV.
In these measurements, errors of & 20% in this ratio, due
to noise in the data, lead to an uncertainty in the inferred
electron temperature of — * 50 eV. This measurement
represents an ‘“‘average’’ temperature of the core over the
emitting volume, weighted by emissivity. Ion tempera-
ture measurements, from neutron time-of-flight analysis,
are consistently higher than the measured electron tem-
perature by 30%-40% [21].

Spectroscopic observations of high electron densities in
laser compressed capsules have been reported in previous
publications [2-7]. In the most recent of these works,
Hooper et al. [7], time-resolved spectra from directly
driven capsules filled with pure Ar are fitted with calcu-
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FIG. 5. Measured Ar Ly-B and He-B lines for (a) “high->
(b) “medium-,” and (c) “low-power” l-ns drives. Inferred
average fuel electron temperatures (7,) from the RATION code
are shown next to the data.
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lated line shapes. Our results differ from those of Hooper
et al. in several important respects. First, since their cap-
sules contained only Ar, their highest estimates of the
electron density correspond to ion densities of ~4x10%3
cm ~3. Second, since the electron temperature achieved
in their implosions, at these densities, is —~650 eV, the
energy density of the ions (n;T;) is ~2.6x10%% eV/cm?,
Finally, it is important to note that the results presented
here offer significant improvements in the accuracy of the
measurements of density and temperature over those of
Hooper et al. The results in Ref. [7] use detailed model-
ing including kinetics, line shape, and radiative transfer
effects to produce fits to the observed He-a and Ly-a line
profiles and associated satellites and infer electron density
and temperature. The technique of Hooper et al. is much
less sensitive to electron density than that described in the
present work. This can be clearly seen in Fig. 4 of Ref.
[7], where variations of up to a factor of 8 in electron
density result in calculated profile differences not sub-
stantially larger than typical errors (10%-20%) in streak
camera measured line profiles. This presumably arises
due to the strong opacity broadening (~ 16 optical depths
on Ly-a and ~33 depths on He-a) present in the data of
Ref. [7]. In marked contrast, the present analysis relies
on the width of the optically thin He-8 line, which scales
roughly as n23. Hence, a factor of 8 in density results in
a factor of 4 in the width of the line.
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