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We demonstrate the hohlraum radiation temperature and symmetry required for ignition-scale inertial
confinement fusion capsule implosions. Cryogenic gas-filled hohlraums with 2.2 mm-diameter capsules
are heated with unprecedented laser energies of 1.2 MJ delivered by 192 ultraviolet laser beams on the
National Ignition Facility. Laser backscatter measurements show that these hohlraums absorb 87% to 91%
of the incident laser power resulting in peak radiation temperatures of Trap = 300 eV and a symmetric

implosion to a 100 um diameter hot core.

DOI: 10.1103/PhysRevLett.106.085004

The 192 laser beams of the National Ignition Facility
(NIF) [1] have recently been commissioned [2] to deliver
the laser energy and power required for heating ignition-
scale hohlraums to indirect-drive inertial confinement fu-
sion conditions. Efficient coupling of the laser beams and
efficient heating of the hohlraum to radiation temperatures
of 270 eV = Trap = 300 eV are design goals for com-
pressing the fusion capsule in the center of the hohlraum in
a rocketlike spherical implosion. Ignition and significant
fusion yield require centimeter-scale hohlraums that hold a
2.2 mm-diameter fusion capsule with approximately
0.17 mg of nuclear fuel. The fuel is prepared cryogenically
into a solid deuterium-tritium ice layer surrounded
by low-Z ablator material [3]. The hohlraum radiation field
heats the ablator, generating ablation pressures in excess of
100 MBar. The rocketlike acceleration of the shell in
response to this ablation pressure compresses the shell
toward the center and fuel densities in excess of
1000 g/cm? are produced. This high density shell of fuel
surrounds a hot spot which reaches temperatures in excess
of 10 keV from a combination of PdV work and alpha
deposition. At this point, a nuclear burn wave is launched
igniting the surrounding dense fuel, sustained by alpha
deposition and electron conduction without an external
energy source [4-6].

Burning approximately 1/3 of the DT-fuel will result
into 6.5 X 10'® fusion neutrons primarily from the D +
T = “He(3.5 MeV) + n(14.1 MeV) process with a total
yield of 15 MJ. The formation of the central hot spot and
the assembly of the thermonuclear fuel requires both im-
plosion velocities approaching 400 km/s and a symmetri-
cally compressed capsule to a sphere with a diameter of
60 pwm. At reduced scales, round implosions have been
demonstrated by controlling the laser beam power on the
hohlraum wall either by directly tuning the power of

PACS numbers: 52.38.Hb, 52.38.Dx

individual beams [7-9] or more efficiently with self-
generated plasma optics gratings on the NIF [10,11].
However, implosion velocity and compression are directly
related to the hohlraum radiation temperature [12—16] and
thus require scaling of laser energy coupling to ignition-
scale conditions.

In this letter, we present experiments of laser-heated
ignition-size hohlraums with laser energies of 1.2 MJ that
show 87% to 91% coupling. Losses are due to stimulated
raman scattering (SRS) from the laser beams closest to the
hohlraum axis that interact with the dense capsule blow-off
plasma. At the megajoule level we compensate for the
local losses and demonstrate a symmetric implosion by
properly choosing the laser wavelength of the heater
beams. A wavelength shift of up to 0.28 nm between the
inner and outer cones of beams provides a symmetric x-ray
drive by controlling the power distribution on the hohlraum
wall [10,11]. In addition, the experiments indicate a popu-
lation of hot (> 170 keV) electrons of <0.1% of total laser
energy, and 14% gold M-band radiation fraction of x-rays
in energies £ > 2 keV. The latter is absorbed by a graded
Ge dopant layer in the capsule tailoring the density profile
at the ablator-ice interface and avoiding preheat of the ice
fuel layer. The experimental hohlraum radiation tempera-
tures scale with laser energy and hohlraum size according
to the Marshak scaling [17] and are successfully modeled
by radiation-hydrodynamic simulations using the code
LASNEX [18]. The experimental data and modeling show
a radiation drive of 300 eV in an ignition-scale hohlraum
with a 2.2 mm-diameter capsule that will allow implosions
with sufficient mass for ignition.

The experiments use cryogenic gas-filled gold hohl-
raums at temperatures of 20 or 24 K containing cryogenic
plastic capsules nominally filled to high densities of
8.2 mgcm 3 helium. Some capsules also contain traces
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of deuterium of up to 30% atom fraction. The hohlraums
are 1 cm long with a diameter of 5.44 mm and filled
with helium or helium:hydrogen gas at densities of
0.65-1.3 mg cm 3. In addition, experiments with reduced-
scale hohlraums (84%) have been performed with length of
8.4 mm, diameter of 4.6 mm, and capsule diameters of
1.85-1.95 mm. The hohlraums are heated with up to 192
frequency-tripled laser beams at a wavelength of 351 nm
through two laser entrance holes (LEHs) of 2.94 mm or
3.1 mm-diameter on either end (Fig. 1). The beams are
arranged in two cones entering through each LEH; the
inner cone being at angles of 23.5° and 30° and the outer
cone being at 44.5° and 50° to the vertical axis.

Figure 2 shows the total incident laser power for a
hohlraum heated with (1.22 = 0.03) MJ energy and
400 TW peak power. Also shown are scattering losses
due to SRS and SBS, and the total absorbed laser power
obtained by subtracting the latter from the incident power.
Laser backscattering primarily occurs by the SRS instabil-
ity on the inner cones of beams while backscatter on the
outer cones of beams is negligible.

The total SRS is inferred from the absolute 30-100 keV
bremsstrahlung emission measurements with the filter flu-
orescer x-ray (FFLEX) detector. The spectrum can be fit
with a two-temperature distribution [19] indicating a hot
electron population with a temperature of 16.5-19 keV

L
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produced by damping of the SRS-driven electron plasma
(Langmuir) waves along with a high-temperature compo-
nent at 50 keV. For the megajoule heated hohlraums,
integrating the former and using the Manley-Rowe rela-
tions yields a total SRS loss of 100 to 140 kJ (* 15%)
while integrating the latter [20,21] results in hot electron
energies of 250 to 875 J (% 50%). Combining these find-
ings with the SRS backscatter measurements of 45 kJ using
FABS and NBI detectors on the 30° cone indicates a 55 to
95 kJ SRS loss on the 23.5° cone of beams.

Maintaining close to 90% coupling for hohlraums driven
by more than 0.5 MJ energy has been the result of optimiz-
ing the hohlraum gas fill species, density, and the laser
polarization smoothing [22] choice. We have replaced a
20% helium, 80% hydrogen mixture by atomic fraction
with a pure He hohlraum gas fill and varied the fill pressure
from 1.3 to 0.94 mg cm 3.

In addition, the polarization rotators on the inner cones
of beams have been optimized. On NIF, a quad of four f-20
beams enter the target chamber through one effective {-8
optics assembly and overlay on target. Two of these beams
are equipped with polarization rotators; these have been
arranged into a checkerboard geometry to optimize the
overlap of beams with orthogonal polarizations inside
the hohlraum. In reduced-scale hohlraum experiments,
these improvements have reduced SRS losses by a factor

Outer Cones
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S »
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Schematic of a hohlraum heated by 192 laser beams is shown along with various optical and x-ray diagnostics. Gated

x-ray images from implosions driven with megajoule laser energy show symmetric 9 keV capsule x-ray emission at peak compression,
1 to 1.5 ns after the end of the laser pulse. The hohlraum radiation temperature is measured through the LEH with the Dante detector
while laser energy and power backscattered from the target is measured with temporally and spectrally resolved backscatter
diagnostics using full aperture back scatter (FABS) and near backscatter imager (NBI) detectors on two quads of beams on the

30° and 50° cones.
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FIG. 2 (color). Measured incident and absorbed laser powers
of a 1.22 MJ driven ignition-scale hohlraum shows 89% energy
coupling. Also shown are experimental stimulated raman scat-
tering (SRS) and stimulated brillouin scattering (SBS) powers.

of 2 at 0.5 MJ and have resulted in 91% and 92% coupling
for 11 ns and 16 ns long heater beam pulses. For this scale,
the coupling is found 2%—3% lower than previously quoted
[10,23] due to improved analysis that include estimates of
SRS on the 23.5° cone of beams inferred from the FFLEX
measurements.

Figure 3 shows experimental and calculated hohlraum
radiation temperatures as function of time. Both the temporal
dependence and peak values are in excellent agreement with
radiation-hydrodynamic modeling using the code LASNEX.
The data are inferred from measurements of the x-ray power,
P, in the energy range of 0 < E\_,, <20 keV out of the
laser entrance hole (LEH) with the absolutely calibrated
broadband x-ray spectrometer Dante [24].

From the measured radiant intensity the temperature can
be inferred via dP/dQ = Apgy(t)(1) cosOoTgp/ .
Here, o is the Stefan-Boltzmann constant and 6 is the
view angle of Dante towards the hohlraum axis. The dy-
namically varying source area, Aj gy(?) is estimated from
the 3-5 keV x-ray images [25] of the LEH measured with
the static x-ray imager, SXI, cf. Fig. 1. These measure-
ments shows a reduction of the LEH diameter to 83% of
the initial value. ¢ is the view factor that relates the Dante
measured drive with the radiation temperature seen by the
capsule; the latter two factors result in a 10-15 eV correc-
tions for these experiments.

The internal hohlraum radiation temperatures are mod-
eled by balancing the absorbed laser power with the x-ray
power radiated into the wall, Py,, absorbed by the capsule,
Pcap, and the power that escapes though the LEH, P; gy,

T

Error at peék
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FIG. 3 (color). Experimental and calculated hohlraum radia-
tion temperatures of a 1.2 MJ driven ignition-scale hohlraum are
shown as function of time (left scale). Also shown are the
measured radiant power, P, from Dante and from radiation-
hydrodynamic modeling (right scale).

Nce(PL — Ppackscater) = Pw + PLen + Peap

= oTgapl(l — ay)Ay + Arpy

+ (1 — acap)Acarl- (D

With 7. being the x-ray conversion efficiency from laser
power to soft x-rays [26]; ay and acsp are the x-ray
albedo of the hohlraum wall and the capsule, respectively.
The albedo is defined as the ratio of reemitted to incident
x rays. The hohlraum wall area, laser entrance hole area,
and capsule surface area are denoted by Ay, A;gy and
Acap, respectively.

Figure 4 shows the experimental peak radiation tem-
peratures for various hohlraum experiments as function of
the absorbed energy along with results from radiation-
hydrodynamic modeling with the code LASNEX that uses
the detailed configuration accounting model for x-ray
opacities [27,28]. Generally, we observe good agreement
between data and modeling, in particular, at ignition scale
we have achieved a hohlraum drive of 300 eV at 1.1 MJ
absorbed energy. Also shown in Fig. 4 are the Marshak
scaling results [17] of Eq. (1) assuming a conversion
efficiency of 1., = 0.9 and the albedo calculated accord-
ing to [29]. The latter increases according to the data and
integrated modeling and provides a good match to the
experimental data at both hohlraum scales.

For seven experiments with 1 to 1.08-MJ laser energy
delivered to the hohlraum, the radiation temperature varies
from 279 to 288 eV with an absolute error bar of 5 eV.
These data indicate a reproducible temperature with a
standard deviation of approximately 3 eV in temperature
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FIG. 4 (color). Experimental and calculated hohlraum radia-
tion temperatures are shown as function of the absorbed laser
energy. The measured values are from the broadband x-ray
spectrometer Dante and radiation-hydrodynamic modeling using
the code LASNEX with detailed configuration accounting. The
Marshak scaling equates the absorbed laser power with a x-ray
conversion efficiency of 90% with radiation losses according to
Eq. (1). The results demonstrate Trap = 300 eV ignition hohl-
raum temperature at = 1.1 MJ of absorbed laser energy.

and 4% for the radiant intensity. These results meet the
requirements for the ignition point design. In addition,
these shots consistently show good symmetry. The soft
x-ray flux asymmetry at the capsule is decomposed into
Legendre polynomials, P,. Odd orders (n = 1,3,...) are
approximately zero due to the up-down illumination sym-
metry and low-order even modes (n = 2, 4) are the most
important asymmetries. Higher order drive variations are
negligibly small and smoothed by the hohlraum radiation
environment. Here, the megajoule experiments show
P,/Py <0.25 cf. Fig. 1, which combined with the wave-
length tuning capability, is adequate for ignition.

Further, including the fact that hohlraum wall loss scales
as P/Ay, X 1°°, Eq. (1) reproduces the observed constant
Trap for the increased hohlraum wall area and pulse
duration.

In summary we have demonstrated efficient heating of
ignition-scale hohlraums with radiation temperature and
illumination symmetry required for inertial confinement

fusion capsule implosions. The experiments show a radia-
tion temperature of 300 eV with 87% to 91% coupling of
the incident laser energy. The data scale with radiation
temperature according to radiation-hydrodynamic calcula-
tions and modeling. Future studies will explore further
improvements in hohlraum drive including experiments
with optimized wall areas and hohlraum fill densities as
well as hohlraums with higher-Z wall materials and higher
wall opacities [30-32], e.g., uranium.

This work performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344.
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