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We demonstrate propagation and small backscatter losses of a frequency-doubled (2!) laser beam
interacting with inertial confinement fusion hohlraum plasmas. The electron temperature of 3.3 keV,
approximately a factor of 2 higher than achieved in previous experiments with open geometry targets,
approaches plasma conditions of high-fusion yield hohlraums. In this new temperature regime, we
measure 2! laser-beam transmission approaching 80% with simultaneous backscattering losses of less
than 10%. These findings suggest that good laser coupling into fusion hohlraums using 2! light is
possible.
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The first laser driven hohlraum experiments [1,2] to
demonstrate ignition and a burning plasma by inertial
confinement fusion will employ blue (3!) laser beams
[3,4]. These beams, operating at a laser wavelength of � �
351 nm, have been shown to effectively convert into soft
x rays [5–7] suitable to heat a radiation cavity, i.e., a
hohlraum, to radiation temperatures of 300 eV [8]. The
soft x rays will be absorbed in the outer layers of the fusion
capsule that is placed in the center of the hohlraum spheri-
cally compressing the deuterium-tritium fill by x-ray abla-
tion pressure to densities and temperatures required for
ignition by nuclear fusion. Experiments with blue beams
that have investigated parametric laser-plasma instabilities
by stimulated Brillouin scattering (SBS) and stimulated
Raman scattering (SRS) have shown favorable scalings
to ignition plasma conditions [9–11]. Recent findings
with green laser beams [12–14], on the other hand, show
that they may hold significant advantages for future igni-
tion and high-gain or high-fusion yield experiments [15].

Figure 1 shows the design space for indirect drive iner-
tial confinement fusion experiments [14] on the National
Ignition Facility (NIF) [16]. The energy on target for green
frequency-doubled light (2!, 527 nm) is compared to
frequency tripled (3!, 351 nm) light. For a hohlraum
coupling efficiency of 10% about 1.2 MJ of laser energy
needs to be absorbed into the hohlraum to absorb 120 kJ
into the fusion capsule, a value for which integrated
radiation-hydrodynamic calculations show 10–20 MJ of
fusion yield. For 3! laser beams, the laser energy that can
be delivered by the NIF exceeds this value by a factor
of 1.5. The use of 2! beams significantly enhances the
design space; more laser energy to drive the hohlraum may
be provided in excess of 3 MJ and the hohlraum coupling
efficiency may be increased to 27%. The former is due to
larger laser conversion efficiencies from the fundamental
1 �m wavelength of Nd:glass lasers to 2! light. The latter
extension stems from the use of larger hohlraums and
larger ignition capsules for 2! experiments [12,14].

Radiation-hydrodynamic calculations show that the ex-
tended design space will allow robust ignition hohlraum
experiments employing large hohlraums with 50 MJ fusion
yield or high-gain experiments with larger capsule with
>120 MJ yield.

To achieve these conditions, the intense 2! laser beams
need to propagate through the large scale-length plasma
formed inside the hohlraum in which laser beams may
experience scattering losses from SRS and SBS.

FIG. 1 (color online). 1The design space for ignition experi-
ments on the NIF shows that experiments with 2! beams will
allow robust ignition or high-gain and high-yield fusion experi-
ments due to larger possible laser energies and hohlraum cou-
pling efficiencies.
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Theoretical scalings [17,18] suggest that laser-plasma in-
stabilities scale with I�2, where I is the intensity of the
laser. This result suggests the use of significantly lower
laser intensities for green than for blue beams. The in-
creased size of the 2!-driven hohlraums may employ
larger laser entrance holes (LEH) allowing a beam inten-
sity reduction from around 1015 W=cm2 at 3! to below
3� 1014 W=cm2 at 2!. These hohlraums yield high
plasma electron temperatures of 3< Te < 6 keV where
Landau damping is expected to efficiently reduce SRS
and thus hot electron production that was observed in
experiments at low electron temperatures [13,19,20].

In this Letter we present for the first time efficient
propagation of an energetic 2! laser beam in large scale-
length plasmas (�2 mm) that approach ignitionlike hohl-
raum temperatures above 3 keV. These experiments em-
ploy a combination of beam smoothing techniques by
continuous phase plates (CPP) [21], polarization smooth-
ing (PS) [22], or smoothing by spectral dispersion (SSD)
[23]. Applying PS and CPP yields 80% laser-beam trans-
mission through the plasma with backscattering losses
below 10%. The experiments further show that good
propagation is accomplished by applying moderate laser-
beam intensities of 3� 1014 W=cm2 and by avoiding
laser-beam filamentation typical in low-temperature plas-
mas. In addition, by directly comparing the power back-
scattered by SRS from 2 keV plasmas with 3.3 keV
plasmas, we find that SRS is efficiently suppressed as the
temperature approaches the strong Landau damping re-
gime of a high-electron temperature ignition hohlraum.

The experiments were performed at the Omega laser
facility [24]. The plasma is produced by irradiating a
cylindrical 2 mm long, 1.6 mm diameter (inner dimen-
sions) gold-hohlraum target (25 �m wall thickness) with a
total energy of up to 15 kJ in a 1 ns square pulse, distributed
in thirty-seven 351-nm heater beams (Fig. 2). The heater
beams irradiate the target symmetrically in three cones on
each side (21.4�, 42.0�, and 58.8�) which enter the hohl-
raum through 800 �m diameter laser entrance holes. The
f=6:7 beams are pointed at the LEH and are defocused by
1.3 mm (21.4� cone) or 1 mm (42� and 58.8� cones) to
reduce the heater laser-beam intensities on the hohlraum
wall to 3� 1014 W=cm2. Thus, SBS and SRS of the 3!
heater beams are negligible and typically less than 1% of
the total heater beam energy. The target is filled with a
carbohydrate gas that includes a small amount of Ar dopant
(70% C3H8, 29% CH4, 1% Ar by partial pressure). A fill
pressure of around 1 atm resulted in a plasma density of
ne=nc � 13� 0:3% when fully ionized (nc � 4�
1021 cm�3 is the critical density for 2! light). This density
is consistent with ignition designs for 2! light [14]. The
LEHs are covered with 260 nm thick polyimide windows
to confine the gas inside the hohlraum.

Two-dimensional radiation-hydrodynamic simulations
with HYDRA [25], using the experimental beam pointing

and focusing, predict peak temperatures in the range of 2–
3.5 keV for total heater beam energies of 8–17 kJ [26].
Specifically, for the maximum heater beam energy of 15 kJ
applied in this study, a peak temperature of 3.3 keV is
obtained along a 2 mm long plateau on the hohlraum
axis with a flat profile (Fig. 2). Direct measurements of
the plasma conditions with Thomson scattering (TS) have
been performed to accurately determine thresholds for
laser-plasma interaction instabilities and to predict target
performance. We applied an ultraviolet (4!, 266 nm)
probe beam [27] to temporally resolve the electron tem-
perature inside the hohlraum center. The 200 J, 1 ns long
probe beam has been focused into the hohlraum along the
target axis with a focal spot diameter of 60 �m. Scattered
light is collected through a 0:5� 0:5 mm2 polyimide-
covered diagnostics window in the hohlraum wall by an
f=10 lens at an angle of 79� and is imaged onto the slit of a
1 m streaked spectrometer. For our plasma conditions, the
scattering parameter is � � 1=�kia�D� 	 1:6 and the scat-
tering is collective (kia is the k vector of the probed ion-
acoustic waves and �D is the Debye length). The plasma
temperature can be accurately determined from a two-ion
species fit to the spectrum [Fig. 2(b)] that shows the two
ion-acoustic peaks indicating agreement with the hydro-
dynamic modeling [Fig. 2(c)].

The laser-plasma interactions of a 2! interaction beam
in these hohlraum plasmas has been investigated by mea-
suring the total transmission and backscatter. The 1 ns long
flattop interaction beam was delayed by 300 ps relative to
the heater beams and had a variable energy of up to 170 J.
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FIG. 2 (color online). The hohlraum target is heated with 37
beams in three cones from each side, delivering a total energy of
up to 15 kJ (a). A 2! interaction beam is fired through the
preformed plasma along the hohlraum axis to measure backscat-
ter and propagation. A 4! probe was alternatively employed for
measurements of Thomson scattering (TS) spectra (b) through a
0:5� 0:5 mm2 diagnostics port directly providing plasma tem-
peratures. The TS results compare well to two-dimensional
radiation-hydrodynamic simulations with HYDRA that predict a
temperature above 3 keV along a 2 mm long plateau on the
hohlraum axis (c).
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A distributed phase plate (DPP) spatially smoothed the
laser beam and produced a Gaussian vacuum spot diameter
of 200 �m (full width at half maximum), correspond-
ing to an average intensity of up to 4:7� 1014 W=cm2.
For some of the experiments, the beam was also temporally
smoothed by spectral dispersion [23] adding 3 Å of band-
width (at 1!) to the narrow linewidth of the laser to rapidly
(�5 ps) change the speckle pattern of the beam. We further
applied PS in some cases, installing a distributed polariza-
tion rotator before the final focusing lens to illuminate the
target with two distinct and orthogonally polarized speckle
patterns.

The transmitted and forward scattered light within twice
the original f=6:7 cone of the interaction beam has been
collected by a high-damage threshold optics inside the
target chamber and was sent to a detector assembly outside
the chamber. This transmitted beam diagnostic includes
absolutely calibrated calorimeters, fast photomultiplier,
and fiber-coupled streaked spectrometers. Light scattered
directly back into the final focusing lens is collected by the
full aperture backscatter station [28] consisting of a pickup
wedge that focuses the backscattered light onto a calorime-
ter and streaked spectrometers that are spectrally filtered
for SBS around 527 nm and SRS above 550 nm. The near
backscatter imager measures the light that strikes a
Lambertian scatter plate surrounding the beam port inside
the vacuum chamber. A set of absolutely calibrated, spec-
trally filtered and time-integrating CCD cameras has been
applied determining the absolute backscatter outside the
focus lens. Combined, these detectors measure the total
forward and backward scattered light with temporal, spec-
tral, and angular resolution [29].

Figure 3(a) shows the streaked spectra of the backscat-
tered and transmitted light. Understanding the frequency
shifts of the transmitted and SBS reflected light requires
the consideration of two independent processes: In a sta-
tionary plasma, the SBS from an ion-acoustic wave in a
three-wave parametric instability results in a redshift
�� 	 2�2!�1� ne=nc�1=2Cs=c of the reflected light,
where Cs is the sound speed, c the light speed, and �2! �
527 nm the incident laser wavelength. Light propagating
through a plasma whose density is increasing on the time
scale of the light transit time experiences a frequency up-
shift (blueshift) [30,31].

By postprocessing the simulations with gain calcula-
tions using the code LIP we find that backscattering occurs
at plasma conditions that are consistent with those ex-
pected by linear theory for the growth of SBS and SRS
[30]. The modeling has also reproduced the observed rapid
shift of the transmitted light at 0.7–1.3 ns [Fig. 3(b)]
associated with the density change and thus phase velocity
change along the laser path during the transit time of the
beam. Although the transit time of the laser is only 6 ps
for a 2 mm long plasma, the variation in density is suffi-
cient to cause a frequency shift of a few Å [32]. The

measured wavelength shifts indicate that the laser-plasma
interactions primarily occur within the hot plasma inside
the hohlraum.

Figure 4(a) shows the measured integrated transmission
of the 2! beam through the plasma as a function of 2!
beam intensity. We observe a beam transmission approach-
ing 80% at ignition design 2! laser intensities of 3�
1014 W=cm2 and with smoothing by DPP and PS.
Additional beam smoothing by SSD has no observable
effect in these conditions. Most importantly, with increas-
ing laser intensity, the transmission drops to about 40% for
5� 1014 W=cm2 due to a strong increase of SBS reflec-
tivity from 8% to 30% [Fig. 4(b)]. The SRS reflectivity
from these high-temperature plasmas is negligible at the
1% level [Fig. 4(c)].

When the heater beam energy into the hohlraum target is
reduced from 15 to 8 kJ, the temperature drops from 3.3 to
2 keV and we observe a strong reduction in beam trans-
mission to 25%. Although the SBS reflectivity is observed
to drop below 1%, we observe that the measured SRS
values increase to about 15%. This behavior at lower
temperatures is consistent with open geometry gasbag
experiments [20] with the same gasfill, density, and scale
length but at peak temperature of only 1.8 keV (open
symbols). The maximum beam transmission through gas-
bag plasmas is only 40% at intensities at 1014 W=cm2 and
drops to small levels of 10%–20% at higher intensities.
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FIG. 3 (color online). Measured spectrum (a) of the trans-
mitted (TBD) and stimulated Brillouin scattered (SBS) light
from a 3.3 keV hohlraum plasma and the gain spectrum using
HYDRA (b). The relative shift of 12 Å between the transmitted
light and SBS is consistent with Te � 3:3 keV. The measured
SRS peak intensity at around 880 nm (c) is consistent with the
plasma density of ne=nc � 13% and indicates that the back-
scattered light originates from the hot plasma inside the hohl-
raum.
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The small transmission values are consistent with the
strong inverse bremsstrahlung absorption. Accounting for
absorption by both the incident 2! beam and the back-
scattered SRS light that becomes energetically important at
higher intensities allows us to explain the observations at
low temperatures. We note that resonant energy transfer
from SRS of the 3! heater beams is not important at these
densities and temperatures [33].

The present results in high-electron temperature plasmas
demonstrate the strong suppression of SRS in long scale-
length plasmas with increasing electron temperature. The
Landau damping rate increases by a factor of 24 from 5�
1011 to 1:1� 1013 s�1 when increasing the temperature
from 1.8 to 3.3 keV; the beam intensity is 3� 1014 W=cm2

and density is ne=ncr � 0:13. Thus, the gain rate is reduced
from 100 to 10 mm�1.

In summary we present the first measurements of 2!
beam propagation in large scale-length plasmas at ignition
design temperatures, laser-beam intensities, and plasma
densities. The data show that SRS is efficiently suppressed
in high-electron temperature plasmas that approach igni-
tion conditions. In addition, a strong dependence of the
reflectivity and transmission on the laser-beam intensity is
observed; the measured beam transmission approaching
80% at ignition design intensities of 3� 1014 W=cm2

suggest that we can expect good laser energy coupling
into ignition targets using green laser beams.

Prepared by LLNL under Contract No. DE-AC52-
07NA27344.
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FIG. 4 (color online). Beam transmission (a), SBS reflec-
tivity (b), and SRS reflectivity (c) of the 2! interaction beam
versus beam 2! intensity for the hohlraum plasmas at tempera-
tures of 3.3 keV (black) and earlier gasbag experiments at
1.8 keV [gray (red)]. The shaded area around 3� 1014 W=cm2

indicates the range of intensities used in 2! ignition designs.
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