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Thomson Scattering from Inertial-Confinement-Fusion Hohlraum Plasmas
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We present the first Thomson scattering measurements of local plasma conditions in ignition-relevant,
gas-filled, inertial-confinement-fusion hohlraums. The experimental data provide a benchmark for
two-dimensional hydrodynamic simulations usingLASNEX, which is presently in use to predict the
performance of future megajoule laser-driven hohlraums of the National Ignition Facility. The data are
consistent with modeling using significantly inhibited heat transport at the peak of the drive. Further,
we find that stagnating plasma regions on the hohlraum axis are well described by the calculations.
[S0031-9007(97)03841-6]

PACS numbers: 52.58.Ns, 52.40.Nk, 52.65.Kj, 52.70.Kz
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A key issue for the ignition of indirectly driven inertia
confinement fusion (ICF) capsules is the controlled dep
sition of energy into a radiation cavity (hohlraum) and
symmetric high-convergence implosion of the capsule [
Using large glass laser drivers, as planned for the Natio
Ignition Facility (NIF), present hydrodynamic simula
tions show that more than 1 MJ of laser energy has
be delivered with a shaped laser pulse into a cylindric
centimeter-size high-Z hohlraum [2]. A high-Z plasma is
created at the hohlraum wall where the laser energy c
verts into soft x rays which heat and implode a deuteriu
tritium filled spherical capsule. Present ignition desig
[2,3] use hohlraums filled with a low-Z gas [4,5] to re-
duce inward motion of the high-Z wall plasma and to ob-
tain high soft x-ray radiation symmetry which is necessa
to achieve high capsule convergence.

In this Letter, we present the first Thomson scatteri
measurements [6,7] within closed geometry, hohlraum t
gets. These experiments provide the first direct and
curate measurement of the electron temperatureTe, ion
temperatureTi, and plasma flowv of the low-Z plasma
in ignition-relevant, gas-filled, hohlraums [8–10], thu
benchmarking hydrodynamic simulations. The expe
mental quantities are important parameters to underst
the energetics of hohlraums and physical processes suc
beam pointing [11] and stagnation processes which infl
ence the capsule implosion in indirect drive experiment

Radiation hydrodynamic simulations of both NIF an
Nova hohlraums are carried out with theLASNEX [12]
computer code which uses a flux-limited diffusion mod
for heat transport. In this approximation heat flow p
unit area in regions of large classical heat flow (2k=Te)
has an upper bound offsneTeyed, whereneTeye is the
so-called free streaming value of heat transport andf is
the flux limit. Flux limiters of0.01 , f , 0.1 have been
found necessary to model laser-heated disk experime
[13] where steep temperature gradients near the d
surface cause classical heat flow to become unphysic
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large. In laser-heated hohlraums, however, the confin
geometry results in very different temperature and dens
profiles so that the heat flow is flux limited over th
volume of the hot plasma. For that reason, equivale
results can be obtained by merely reducing the classi
transport coefficient.

The present hohlraum experiments show a steep r
of the electron temperature to 5 keV at the peak of t
drive that is consistent with calculations only by strong
inhibiting the heat transport. A temperature ofTe ­
5 keV can be approximated with a flux limiter off ­
0.01 or an equivalent reduction of the classical transpo
by a factor of 10. While this finding is not presently
understood, it does indicate that it is necessary to inclu
heat transport limiting effects into the modeling, e.g
magnetic fields [14,15] or nonlocal transport [16].

The experiments were performed using cylindrical go
hohlraums heated with 21–25 kJ of 351 nm (3v) laser
light at the Nova Laser Facility [17]. The hohlraum
were 2750 mm long with a radius of800 mm (scale
1) which is a standard target for capsule implosion
We used 1 atm of methane (CH4) as gas fill giving an
initial electron density ofne ­ 2.7 3 1020 cm23 when
fully ionized. The hohlraums were heated with eight o
nine unsmoothed heater beams of the Nova laser t
are arranged in cones on either side of the hohlraum
that each beam forms an angle of 50± to the hohlraum
axis. The heater beams penetrate the hohlraum at b
ends through laser entrance holes of600 mm radius
(Fig. 1) which are covered with0.35 mm thick polyimide
membranes. The beams cross at the center of the h
and are diverging so that they produce an elliptical sp
on the hohlraum wall of about700 mm 3 500 mm size.
We applied shaped laser pulses of 2.2 ns duration wh
rise from 0.6–1.8 TW per beam (cf. Fig. 1).

Thomson scattering was performed with one of th
Nova laser beams which wasli ­ 526.6 nm (2v) and
was a 4 ns square pulse of frequency converted
© 1997 The American Physical Society 1277
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FIG. 1. Schematic of the experimental setup. An electron temperature contour calculated byLASNEX for a gas-filled hohlraum
without a capsule is included fort ­ t0 1 0.8 ns. The location of the scattering volume indicated by the shaded area is in a r
homogeneous part of the CH plasma. The scattering angle between the probe beam and the direction of observation is 10±. Also
shown is the laser power of a single beam together with measured SRS and SBS losses. The total energy loss is 14%.
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constant power (0.1–0.4 TW). The scattering volume
400 mm inside of the hohlraum (Fig. 1). The Thomso
scattered light is observed through a diagnostic windo
(700 mm 3 400 mm) which is cut into the hohlraum
wall and also covered with polyimide. The scatterin
volume is imaged at31.5 magnification onto the entrance
slit of a 1-m spectrometer which is equipped with
1200 linesymm grating. Spectra were recorded in secon
spectral order with a wavelength resolution of 0.1 nm a
a temporal resolution of 30 ps using an optical stre
camera. High spatial discrimination of133 mm in the
vertical direction of the hohlraum and66 mm in the axial
direction was obtained by choosing the entrance slit wid
of the spectrometer to be200 mm and by employing a
streak camera slit height of100 mm.

We have performed two-dimensional hydrodynam
simulations [10,12] of this experiment. Five heater beam
were modeled on one side of the hohlraum and three
four heater beams were included on the other side wh
Thomson scattering was performed. The probe laser
a relatively low power and we find experimentally no in
fluence of the probe laser on the plasma conditions wh
varying its intensity by almost 1 order of magnitude. Fo
that reason it was neglected in the simulations. The hea
beam power used in the modeling was taken from t
measured incident beam power corrected for measu
stimulated Brillouin (SBS) and Raman (SRS) backsca
tering and near backscattering losses using techniq
described in Refs. [18,19] (Fig. 1). For typical elec
tron temperatures and densities of hohlraums, collect
Thomson scattering spectra are expected; scattering
rameters area ­ 1yklD , 3, wherek is the scattering
vector andlD the Debye length of the plasma [6].

Figure 2(a) shows a temporally resolved collec
tive Thomson scattering spectrum from a hohlrau
heated with eight heater beams of 21 kJ energy. F
t0 , t , t0 1 0.65 ns, wheret0 denotes the beginning
of the heating, no Thomson scattering signal can be o
served. Estimates show that during this time the polyimi
foil which covers the diagnostic window produces a
1278
is
n
w

g

a
d

nd
ak

th

ic
s
or

ere
has
-
en
r
ter

he
red
t-

ues
-
ive
pa-

-
m
or

b-
de
n

overdense plasma for2v light. During that time a faint
line due to stray light or unconverted2v light from
the heater beams can be identified in Fig. 2. It pro
vides a convenient timing and wavelength fiducial. For
t0 1 0.65 ns , t , t0 1 1.1 ns two broad symmetric
ion acoustic features are observed from light scatterin
off the CH4 plasma. Fort0 1 1.1 ns , t , t0 1 1.6 ns,
when the heater beam power rises significantly (Fig. 1)
the separation of the ion acoustic features increase
indicating a rising electron temperature and, in addition
the width of the ion acoustic features narrows showing a
even faster increase of the ion temperature of the plasm
Furthermore, the spectrum shows an asymmetry probab
related to electron heat flux towards the hohlraum wal
which would result in different electron Landau damping
of the co- and counterpropagating ion acoustic waves [20
For t . t0 1 1.6 ns, a cutoff of the Thomson scattering
signal occurs because the electron density of the C
plasma rises steadily during the heating of the hohlraum
due to compression by the inward-moving wall plasma.

FIG. 2. Time-resolved Thomson scattering spectrum for eigh
heater beams (a). The spectra are fitted with the form factor o
Evans [21] giving electron and ion temperatures (b).
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Figure 2(b) shows the spectra att ­ t0 1 0.9 ns and
t ­ t0 1 1.3 ns averaged over 80 ps together with a fi
using the form factor of Evans [21]. For the data analys
it is assumed that light scattering occurs on a fully ion
ized CH plasma. Our hydrodynamic simulations as we
as temporally resolved two-dimensional x-ray images o
serving the Au-plasma emission show that Au ions we
not present in the scattering volume fort , t0 1 1.7 ns.
The Thomson scattering spectra consist of four featur
Two co- and counterpropagating ion acoustic waves b
longing to C (slow wave) and to H (fast wave) [22,23
The fit to the data yields the separation and the relati
damping of both waves measuring accurately the electr
and ion temperature of the plasma [22].

Figure 3 shows the temporal evolution of the electro
temperature from Thomson scattering along with the r
sults of the simulations. Data are shown for eight hea
beams [Fig. 3(a)] and for nine heater beams [Fig. 3(b
The experimental electron temperatures clearly scale w
the number of heater beams. We observe peak value
4.5 and 5.2 keV, respectively. The reproducibility of th
hohlraum plasma conditions is about 20%. Varying th
probe laser focus in the range of150 to 500 mm diameter
at the scattering volume did not affect the experimen
temperatures. This result is consistent withLASNEX cal-
culations which show a rather homogeneous electron te
perature about400 mm inside of the hohlraum (Fig. 1).

For the analysis we have calculated the scattering p
rametera using electron densities fromLASNEX. Al-
though for the present experiment we havea , 3 so that

FIG. 3. Hohlraum electron temperatures as a function
time for eight (a) and nine (b) heater beams together w
hydrodynamic simulations with various flux limiters.
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the spectra are not density sensitive, thek vector was
slightly corrected from its vacuum value [24] since elec
tron densities in the scattering volume approach0.25ncr ,
where ncr is the critical density for the2v probe. Ig-
noring this effect would result in electron temperature
reduced by 10%–20%. The density correction introduc
an additional uncertainty to the experiment resulting in
total error bar of 15% forTe and 20% forTi .

In Fig. 3 calculations are shown for various (constan
free streaming electron heat transport flux limiters in th
range of f ­ 0.5 f ­ 0.01. For example, usingf ­
0.025 agrees with the experimental electron temperatur
to within 35%. However, the best description of th
experimental data is obtained when assuming a tim
varying flux limiter of f ­ 0.1 at early times decreasing
to f ­ 0.01 at the peak of the drive (dashed curve i
Fig. 3). Alternatively, we can model the experiment wit
classical transport reduced by a factor of 5–10. For ga
filled hohlraum plasmas, electron heat transport inhibitio
due to magnetic fields by a factor of about 20 was predict
in Ref. [14]. Also, nonlocal heat transport [16] could
be important for the present observations. Experime
and calculational efforts are presently ongoing to bett
understand and quantify these effects.

The Thomson scattering data also give informatio
about macroscopic plasma flow in hohlraums which
an important parameter affecting beam pointing [11].
Fig. 2 we observe a redshift of the spectra due to plas
motion away from the heater beam spots on the hohlra
wall. The speed is subsonic (y ­ 4.3 3 107 cmys) and
underestimated by the two-dimensional simulations by
factor of 2–3. This Doppler shift (as well as the heat-flu
driven asymmetry) is a three-dimensional effect and occu
when employing only eight heater beams. When applyi
nine heater beams, the redshift of the spectra decrease
about 20% of the sound speed (y ­ 1.4 3 107 cmys) and
the spectra become symmetric because of the improv
symmetry of the hohlraum heating. In this case, agre
ment of the flow velocity with the hydrodynamic simula
tions is obtained within 30%. Unfortunately, the Thomso
scattering spectra with nine heater beams show increa
stray light levels since the additional heater beam illum
nates part of the diagnostic window.

Figure 4 shows the ion temperature as a function
time for eight [Fig. 4(a)] or nine [Fig. 4(b)] heater beams
Ion temperatures are less sensitive to the flux limite
The experimental ion temperatures show a steep rise t
peak value of 4 keV. From the hydrodynamic simulation
we deduce that this behavior is due to stagnation of t
compressed low-Z plasma on the axis of the hohlraum
Electron-ion temperature equilibration times are too lar
(.1 ns) to explain the experimental data. In Fig. 4(a
the simulated ion temperature rise is delayed compa
to the experimental data by,0.4 ns while in case of
nine heater beams [Fig. 4(b)] a delay of,0.2 ns occurs.
These observations can be explained by the fact t
the hydrodynamic simulations are two dimensional an
1279
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FIG. 4. Same as Fig. 3 for the ion temperature (TC ­ TH).

assume a cylindrical symmetric heating. However, in th
case of eight heater beams the heating is fairly asymme
so that the plasma stagnates slightly off axis closer
the Thomson scattering volume giving rise to an earli
ion temperature increase than seen in the simulations.
case of nine heater beams the symmetry of the heat
is improved and stagnation occurs closer to the hohlrau
axis so that the beginning of the ion temperature rise
better described by theLASNEX simulations.

Besides being important for affecting the level of para
metric instabilities in hohraums, the high temperature pla
mas in hohlraums generate significant pressure which c
affect the capsule dynamics under some circumstanc
For example, early NIF hohlraums used plastic liners [
instead of a gas fill. They blew inward at high velocity an
generated an early time axial stagnation pressure which
fected the subsequent capsule implosion symmetry. Ho
ever, in the gas-filled hohlraums, the high gas pressu
occur late, after the capsule has generated a large surrou
ing region of ablated material. In these hohlraums, there
virtually no affect of the gas-region pressure on the caps
implosion. Because the capsule is moving inward and t
radiation ablated capsule blowoff is moving outward
speeds comparable to the sound speed in the gas fill,
capsule is essentially isolated from the pressure genera
in the gas. This is true for both the Nova experiments a
for the NIF target designs. In NIF calculations, the ca
sules have essentially the same symmetry and implos
velocity in integrated calculations which explicitly accoun
for the low-Z gas pressure [2,3,10] and in separate calc
lations which only drive the capsule with the hohlraum
x-ray flux. When a reduced flux limiter off ­ 0.01
is used in NIF calculations, the optimal beam power
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slightly modified because of the changed plasma cond
tions, but otherwise the calculations are unaffected.

In conclusion, we have measured plasma paramete
of indirectly driven ignition-relevant ICF hohlraums with
Thomson scattering. The detailed comparison with two
dimensional hydrodynamicLASNEX modeling shows that
ion temperatures and plasma flow, i.e., quantities whic
are not sensitive to the choice of the heat transpo
flux limiter, agree quite well with the simulations. The
experimental electron temperatures are best approxima
with a time-varying flux limiter showing large electron
heat transport inhibition at the peak of the drive. Thi
observation is presently not understood and will hopefull
motivate the inclusion of heat transport limiting effects
into the hydrodynamic modeling.
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