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Introduction
A direct-drive inertial confinement fusion (ICF) implosion of
a spherical capsule containing thermonuclear fuel is initiated
by the ablation of material from the outer shell surface with
overlapped, intense laser beams.1 The ablated shell mass
forms a coronal plasma that surrounds the target and acceler-
ates the shell inward via the rocket effect.1,2 Perturbations at
the ablation surface resulting from target imperfections and
laser irradiation nonuniformities (known as laser imprint) are
amplified by the ablative Rayleigh�Taylor (RT) instability as
the shell accelerates inward and are further amplified during
the deceleration phase.3�9 The RT instability can reduce the
thermonuclear yield of the implosion.1,2 The direct-drive
ICF program strives to reduce laser imprint levels by uniform
laser irradiation of the target. High-compression direct-drive
experiments require a 1% rms level of the on-target laser
irradiation nonuniformity averaged over a few hundred pico-
seconds.10 This is accomplished on the 60-beam, 30-kJ,
351-nm OMEGA laser system11 using two-dimensional
smoothing by spectral dispersion (2-D SSD),10,12�14 distrib-
uted phase plates (DPP�s),15,16 polarization smoothing (PS)
utilizing birefringent wedges,17�19 and multiple-beam over-
lap.20 These techniques are directly applicable to direct-drive
ignition target designs21 planned for the 1.8-MJ, 351-nm,
192-beam National Ignition Facility (NIF) at the Lawrence
Livermore National Laboratory.22

The 2-D SSD UV bandwidth (∆νUV) on OMEGA was
recently increased to 1 THz, and polarization smoothing was
added through the installation of a birefringent wedge in each
of the 60 beams. The amount of smoothing achieved with
1-THz, 2-D SSD and PS is reported. The experimental tech-
niques outlined in Ref. 14 are used to determine the single-
beam irradiation nonuniformity from the measured ultraviolet
equivalent-target-plane (UVETP) images of laser pulses hav-
ing constant intensity and varying duration. Simulations of the
experimental data using the properties of the phase plates,
frequency modulators, and birefringent wedges are shown to
be in good agreement with the measured results.

Performance of 1-THz-Bandwidth, 2-D Smoothing
by Spectral Dispersion and Polarization Smoothing

of High-Power, Solid-State Laser Beams

2-D SSD and PS
Laser-beam nonuniformities can be significantly reduced

for high-power/energy glass lasers using 1-THz, 2-D SSD and
PS. Two-dimensional SSD reduces the single-beam irradia-
tion nonuniformity as a function of time, while the PS provides
an additional, instantaneous reduction by a factor of 2  in the
on-target nonuniformity.10 The temporal dynamics of the
laser-beam smoothing with 2-D SSD and PS are illustrated in
Fig. 98.1. The curves plotted in Fig. 98.1 for 0.2-THz, 2-D
SSD (dashed line); 1-THz, 2-D SSD (dotted line); and 1-THz,
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Figure 98.1
The single-beam irradiation nonuniformity σrms is plotted as a function of
time for three laser-beam-smoothing conditions under consideration. Smooth-
ing curves of the predicted σrms [see Eq. (1)] are plotted for 0.2-THz, 2-D SSD
(dashed line); 1-THz, 2-D SSD (dotted line); and 1-THz, 2-D SSD with PS
(solid line). The experimental results are plotted for 0.2-THz, 2-D SSD
(triangles); 1-THz, 2-D SSD (diamonds); and 1-THz, 2-D SSD with PS
(circles). The model shows excellent agreement with the experimental results
that are a compilation of data from more than 200 laser shots. The error bars
are smaller than the symbols.
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2-D SSD with PS (solid line) represent the model predic-
tions14 for the single-beam irradiation nonuniformity σrms:

σ σ σrms asymp=
+









 +0

2 2t

t t
c

c
, (1)

where tc = 1/∆νUV is the coherence time, t is the averaging
time (i.e., pulse length), σ0 is the initial laser nonuniformity,
and σasymp is the asymptotic level of smoothing with 2-D SSD
and PS taken from Eq. (8) of Ref. 23. The σrms predicted with
Eq. (1) has been shown to be nearly indistinguishable from the
σrms predicted with the time-integrated simulation described
below.14 The model shows excellent agreement with the ex-
perimental results as discussed in the next section. The laser-
beam smoothing parameters are listed in Table 98.I. As seen in
Fig. 98.1, prior to reaching asymptotic levels, increasing ∆νUV
of the 2-D SSD from 0.2 THz (dashed line) to 1 THz (dotted
line) reduces the amount of time needed to smooth to a given
level of nonuniformity by a factor of 5. Also, for time t >> tc,
it reduces the level of nonuniformity at any given time by a
factor of 5 . A comparison of the smoothing curve for the
1-THz, 2-D SSD (dotted line) with the curve for 1-THz, 2-D
SSD with PS (solid line) shows that PS provides an instanta-
neous reduction in σrms by 2 .

Table 98:I:  Specifications for laser-beam smoothing.

2-D SSD
∆νUV (THz)

PS tc = 1/∆νUV
(ps)

σ0 σasymp

0.2 off 5 1.00 3.30 × 10–2

1.0 off 1 1.00 2.52 × 10–2

1.0 on 1 0.707 1.77 × 10–2

Laser-beam smoothing with PS is instantaneous, while 2-D
SSD produces uniform far-field spots on target in a time-
averaged sense. One-dimensional SSD is achieved on OMEGA
by frequency modulating the phase of the laser beam, wave-
length dispersing the beam using a diffraction grating, and
passing the beam through a phase plate placed just before the
focusing lens.10,12 Two-dimensional SSD is achieved by ap-
plying the 1-D SSD operations in two orthogonal directions.10

Highly reproducible spatial intensity envelopes and speckle
distributions are produced in the far field. The implementation
of PS on OMEGA is described elsewhere.10 Each UV beam,
polarized at 45° to the ordinary and extraordinary axes of a
birefringent wedge placed before the phase plate, is split into
two beams of equal intensities that refract through the wedged

surface at slightly different angles and focus on target with a
separation of ~85 µm, about 37 times the beam�s diffraction
limited width (f number times the laser wavelength = 2.3 µm).
The two beams each produce essentially the same speckle
pattern on target, determined by the phase plate, but since these
patterns are spatially uncorrelated with opposite polarization
states, they combine through the addition of intensities rather
than electric fields. This leads to the instantaneous reduction in
the nonuniformity by a factor of 2 .

The time-integrated far field is calculated by temporally
integrating the modulus squared of a 2-D spatial Fourier
transform of the UV near field. The complex-valued electric
field that describes the UV near field can be written as

v
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where E x y t0 , ,( )  defines the temporal and spatial beam enve-
lope, φ2-D SSD(x,y,t) is the 2-D SSD phase contribution,
φB(x,y,t) is the intensity-dependent phase contribution of the
B-integral,24 φDPP(x,y) is the static phase-plate contribution
that depends on the particular phase-plate design, and φPS(y)
is a linear phase term due to the birefringent wedge. The ideal
spatially and temporally varying phase due to 2-D SSD can be
expressed as

φ δ ω ξ

δ ω ξ
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where the x and y subscripts denote the two smoothing dimen-
sions, δMx y,  is the modulation depth, ν ω πM Mx y x y, ,≡ 2  is
the RF modulation frequency, and ξx,y describes the variation
in phase across the beam due to the angular grating disper-
sion. The factor of 3 in Eq. (3) indicates that the electric field
has undergone frequency tripling from the IR to UV. The 2-D
SSD system parameters on OMEGA for the UVETP mea-
surements are δMx = 14 3. , νMx ≡ 10 4. GHz , ξx = 0.300 ns/m,
δMy = 6 15. ,νMy ≡ 3 30. GHz, and ξy = 1.13 ns/m, assuming a
nominal beam diameter of 27.5 cm. The modulation depths
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are given for the IR. The IR bandwidths, defined as
∆ν δ νx M Mx x= 2 and ∆ν δ νy M My y= 2 , correspond to ∆λx =
11.0 Å and ∆λy = 1.50 Å. The maximum angular spread ∆θ is
given by ∆ ∆θ ξ λ λ= ( )c , where c is the speed of light and
λ = 1053 nm. B-integral effects are negligible for all cases
except when the frequency modulation is turned off.14 The
linear phase term due to the birefringent wedge is

φ θPS PSy k y( ) = ( )0 sin ,∆

where k0 2= π λUV  is the UV laser wave number with λUV =
351 nm and ∆θPS = 47 µrad is the angular separation due to the
birefringent wedge.

Experimental Results and Analysis
A description of the UVETP diagnostic used in this study

can be found in Ref. 14. This diagnostic uses a full-aperture
optical wedge in one of the 60 beams to direct a small fraction
of the laser light to a phase plate and an OMEGA focusing lens,
and it records the UVETP image on a CCD camera (see Fig. 1
of Ref. 14). The capability of the UVETP diagnostic to resolve
fully individual speckles has been demonstrated.14 Shots with
PS have the birefringent wedge placed in the beam before the
full-aperture optical wedge. A far-field image recorded with
the UVETP diagnostic of a 1-ns square laser pulse with 1-THz,
2-D SSD and PS is presented in Fig. 98.2. The UVETP
diagnostic was configured with a phase plate that produced a
far-field spot with a super-Gaussian spatial-intensity envelope

I r r~ exp .
0

2 3( )[ ] . The image, which has been flat fielded,
shows a smooth spatial-intensity envelope [see the single-
pixel lineout overplotted on the image in Fig. 98.2]. The spatial
resolution and overall detector size of the CCD restrict the
UVETP measurement to slightly more than one-half of the
laser-beam diameter. As seen in Fig. 98.2, the laser beam is
centered on the photodetector, and 560 µm of the 1010-µm
(defined as the 95% enclosed energy contour) laser spot is
sampled. Alignment constraints for the compilation of laser
shots under consideration restrict the analysis to the central
~410 µm of the laser spot.

The amount of smoothing achieved with 1-THz, 2-D SSD
and PS is quantified from the power spectrum of the measured
UVETP image of Fig. 98.2. The UVETP images are Fourier
transformed with a 2-D Hamming filter applied to the data, in
order to obtain the power spectrum defined as the azimuthal
sum at each spatial frequency of the square of the Fourier
amplitudes. Good agreement is observed between the mea-
sured power spectrum for the 1-THz, 2-D SSD, and PS pre-
sented in Fig. 98.3(a) and the modeled spectrum determined

from simulated time-integrated far field. The wave number is
defined as k = 2π λSN , where λSN is the spatial nonunifor-
mity wavelength, and the l mode is defined as l = kR, where
R = 500 µm is the spherical target radius. The σrms reaches
2.7% averaged over 1 ns, in agreement with the predicted
2.8%. The σrms is defined here as the square root of the ratio
of the integral of power in the high frequencies (i.e., k ≥
0.04 µm−1 in the OMEGA target plane) to the integral of power
in the low frequencies (i.e., k < 0.04 µm−1). The envelope and
speckle were separated at wave number 0.04 µm−1 in the
calculation of σrms for two reasons. First, virtually all of the
envelope power is contained in the first three terms of the
Fourier transform, which have wave numbers k < 0.04 µm−1;
therefore, inclusion of additional terms in this sum increases
the envelope power by insignificant amounts. Second, the
smallest wave number of nonuniformity that can be smoothed
on OMEGA with 1-THz, 2-D SSD falls between the third and
fourth terms of the Fourier transform with wave numbers
0.031 and 0.046 µm−1. Therefore, all the wave numbers that
2-D SSD can smooth are in the range 0.04 µm−1 ≤ k < kc, where
kc = 2.7 µm−1 is the cutoff wave number. The birefringent
wedge was removed from the beamline, and another UVETP
image was recorded to quantify the amount of smoothing

Figure 98.2
Measured UVETP image of a 1-ns square laser pulse with 1-THz, 2-D SSD
and PS (shot 22835). As demonstrated with the single-pixel lineout through
the center of the beam, the laser beam has a smooth spatial-intensity envelope.
The spatial resolution and overall detector size of the CCD restrict the
UVETP measurement to slightly more than one-half of the laser-beam
profile. The laser beam is centered nominally on the photodetector, and
560 µm of the 1010-µm laser spot (defined as the 95% enclosed energy
contour) is sampled.
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achieved with 1-THz, 2-D SSD alone (i.e., no PS). Again, good
agreement is shown in Fig. 98.3(b) between the measured
power spectrum and the simulation with the expected 2
increase in σrms observed.

The measured σrms with 1-THz, 2-D SSD was also exam-
ined using 0.4-, 1.0-, and 3.0-ns square laser pulses. As shown
in Fig. 98.1, the 1-THz, 2-D SSD model [Eq. (1)] is in
agreement with the measured results. A more-extensive study
of the smoothing rates for 0.2-THz, 2-D SSD was reported in
Ref. 14, where it was shown with laser pulses having constant
peak power and pulse lengths ranging from 100 ps to 3.5 ns,
that the reduction in laser-irradiation nonuniformity is depen-
dent on the spatial nonuniformity wavelength. The measured
σrms for 0.2-THz, 2-D SSD is also plotted in Fig. 98.1 for
comparison with the 1-THz, 2-D SSD results. As can be seen
in Fig. 98.1 for the time t >> tc, but prior to reaching asymp-
totic levels, the measured σrms is reduced by 5  when ∆νUV
is increased from 0.2 THz to 1 THz, and it is further reduced
by 2 with PS. On OMEGA, beam overlap provides an addi-
tional 10  reduction in the nonuniformity on target; therefore,
with perfect energy balance and timing of the laser beams, a
σrms ~1% can be achieved on target with 1-THz, 2-D SSD and
PS in a few hundred picoseconds.

Conclusion
Direct-drive ICF experiments require a laser system with

excellent irradiation uniformity. Laser-beam nonuniformities
can be significantly reduced for high-power/energy glass la-
sers using 1-THz, 2-D SSD and PS. UVETP images of a single
OMEGA laser beam were recorded to quantify the single-
beam irradiation nonuniformity. The amount of smoothing
achieved with 1-THZ, 2-D SSD and PS was determined by
analyzing the power spectra of measured UVETP images of
square laser pulses of varying duration. Simulated power
spectra are in excellent agreement with the experimental data
and permit confident extrapolation to MJ-class laser systems.
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