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High laser-irradiation uniformity is an important requirement
for successful implosions of inertial confinement fusion (ICF)
targets,1 particularly for the direct-drive OMEGA laser system
that directly illuminates ICF targets. Direct-drive laser irradia-
tion that is not perfectly uniform imprints on the target surface
and perturbs the spherical symmetry. This seeds the Rayleigh–
Taylor hydrodynamic instability during the target acceleration
phase and can severely degrade target performance. Target
imprinting is determined when the critical surface decouples
from the ablation surface. The critical surface corresponds to
the highest density reached by the plasma, where the laser
frequency equals the plasma frequency. The ablation surface
corresponds roughly to the surface separating the inward-
flowing (imploding) plasma and the outward-flowing “ex-
haust.” Direct-drive smoothing techniques must minimize the
level of irradiation nonuniformity on a time scale comparable
to or shorter than this imprinting phase. Initial target experi-
ments indicate that this imprinting phase lasts for several
hundred picoseconds on OMEGA and depends on the spatial
wavelength of the most important perturbations.

Direct-drive laser irradiation uniformity for different ranges
of spatial frequencies is achieved on OMEGA by a number of
techniques.1 The number of beams, as well as power and energy
balance among beams, predominantly affects irradiation
nonuniformity at low spatial frequencies, while higher spatial
frequencies are determined by the individual beam uniformity
achievable with smoothing by spectral dispersion (SSD).

The technique of SSD significantly reduces irradiation
nonuniformity by rapidly shifting the laser speckle pattern
generated on the target by distributed phase plates (DPP’s).2 A
high-frequency electro-optic phase modulator produces a time-
varying wavelength modulation that is angularly dispersed by
a diffraction grating. Significant smoothing is achieved on a
time scale approximately equal to the inverse bandwidth im-
pressed by the phase modulator. Two-dimensional SSD (2-D
SSD) extends the smoothing benefits of SSD by combining the
deflections of the laser speckle pattern on target in two or-
thogonal directions. Two separate stages of bulk electro-optic
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phase modulators and gratings are employed that generate and
disperse bandwidth in two orthogonal directions.

Broadband Two-Dimensional SSD Generation
The principal relationships governing irradiation unifor-

mity with SSD are illustrated in Fig. 80.6(a), which plots the
rms irradiation nonuniformity for all spatial frequencies (for
modes with l ≤ 500) on target for several different SSD
configurations versus integrating time. The initial smoothing
rate is directly proportional to the SSD bandwidth since the
coherence time for the speckle pattern produced by the DPP is
inversely related to the effective bandwidth in any time slice of
the pulse. The asymptotic nonuniformity is inversely related to
the square root of the number of independent speckle patterns
on the target. For an SSD system employing critical dispersion,
this corresponds to the number of FM sidebands imposed on
the beam by the phase modulator.

Incorporating a higher-frequency phase modulator in the
2-D SSD system offers two different approaches to improving
irradiation uniformity on OMEGA: increasing the total SSD
bandwidth or producing multiple SSD color cycles.

1. Large SSD bandwidths can be generated for a given number
of critically dispersed FM sidebands and propagated through
the laser system since less grating dispersion is required to
achieve a single color cycle. Increased SSD bandwidths
smooth laser irradiation faster. An asymmetric 2-D SSD
configuration on OMEGA using phase modulators operat-
ing at 3.3 and 10.4 GHz can produce infrared bandwidths of
1.5 × 11 Å at nominally 1 × 1 color cycles, respectively. This
infrared bandwidth corresponds to a UV bandwidth of
approximately 1 THz.

2. Multiple SSD color cycles can be produced with a higher
modulation frequency using the current grating design
without exceeding the beam divergence limit imposed by
the laser system pinholes. Increasing the number of color
cycles accelerates the smoothing at the mid-range spatial
frequencies (l = 50–200) that pose the greatest threat of
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seeding hydrodynamic instabilities in direct-drive implo-
sions. The current OMEGA FCC configuration can effi-
ciently convert infrared bandwidths of 1.5 × 3.0 Å from
modulators operating at 3.3 and 10.4 GHz to generate 1 × 3
color cycles, respectively.

The single-beam smoothing performance for several 2-D
SSD implementations on OMEGA is compared in Fig. 80.6.
Total rms nonuniformity is plotted versus integration time in
Fig. 80.6(a). The original 2-D SSD implementation on OMEGA
delivered approximately 0.2 THz of total SSD bandwidth in
the ultraviolet (1.25 × 1.75 Å IR, 1 × 1 color cycles). Asymp-
totic nonuniformity levels of better than 2% are achieved after
approximately 250 ps when multiple-beam overlap is in-
cluded. In comparison, the 1-THz system (1.5 × 11 Å, 1 × 1
color cycles) planned for installation in November 1999
achieves improved asymptotic uniformity since it produces a
larger number of independent speckle patterns and larger beam
deflections. Furthermore, the integration time required to
achieve 2% nonuniformity is reduced to about 70 ps.

The total smoothing performance of the three-color-cycle
2-D SSD system recently installed on OMEGA (1.5 × 3.0 Å,
1 × 3 color cycles) is also shown in Fig. 80.6(a). Poorer
asymptotic performance is expected than for either of the other
two systems since fewer independent speckle patterns are
produced. Figure 80.6(b) presents the rms nonuniformity for

the mid-range spatial frequencies versus integration time for
the same 2-D SSD systems shown in Fig. 80.6(a). For these
spatial frequencies, it can be seen that the smoothing perfor-
mance of the three-color-cycle system is comparable to the
1-THz system. Direct comparisons of the target performance
with both of these improved 2-D SSD systems will be per-
formed once the 1-THz system is implemented.

For OMEGA, it is advantageous to implement the larger
bandwidth and beam divergence in the second direction of the
2-D SSD setup since the bandwidth from the second modulator
is not dispersed until after the most-limiting spatial-filter
pinhole located in the large-aperture ring amplifier (LARA)3

in the driver line. This constraint results from spatial-filtering
requirements associated with the serrated aperture apodizer
used to set the OMEGA beam profile. A slotted LARA spatial-
filter pinhole with its long axis aligned along the direction of
dispersed bandwidth is employed to maximize spatial filtering
of the beam.

Larger spatial-filter pinholes are another important require-
ment for propagating broadband 2-D SSD on OMEGA. Pin-
hole sizes for the spatial filters in each of the six stages of
OMEGA were originally chosen such that computed instanta-
neous intensities on the edge of any pinhole did not exceed
100 GW/cm2(4) for a non-SSD, 1-ns FWHM Gaussian pulse.
To perform this computation, a complete diffraction and non-

Figure 80.6
The intial rate of SSD smoothing is governed by the total bandwidth, while the asymptotic nonuniformity is related to the total number of independent speckle
patterns on target. If at least one SSD color cycle is present, this corresponds to the number of FM sidebands produced by the phase modulators. (a) Plotting
total nonuniformity (l ≤ 500) versus averaging time shows that comparable smoothing levels should be achieved approximately four times sooner with the
1-THz SSD (1.5 × 11 Å, 1 × 1 color cycles) system than the original 2-D SSD (1.25 × 1.75 Å, 1 × 1 color cycles) system implemented on OMEGA, while the
three-color-cycle 2-D SSD (1.5 × 3 Å, 1 × 3 color cycles) system actually achieves worse asymptotic levels since fewer independent speckles modes are produced.
(b) Smoothing performance for the spatial frequencies associated with l-modes in the range between 50 and 200 shows different behavior. The three-color-cycle
SSD system performance during the first stage of smoothing is comparable to the 1-THz SSD system since the multiple color cycles preferentially smooth these
spatial frequencies.
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linear propagation model of the system was constructed. Am-
plitude noise, using the data of Stowers and Patton,5,6 was
applied to optical surfaces and the resulting pinhole irradiance
calculated. For pinholes early in the system where spatial noise
and its nonlinear growth were not an issue, the pinhole sizes
were set no lower than approximately 13 times diffraction-
limited in order to facilitate fabrication and alignment. Later
optical time-domain reflectometry (OTDR) measurements on
OMEGA indicated that in the beamline stages, the pinhole
sizes were close to optimum for non-SSD high-energy shots.
These same pinholes were operated with 1.25 × 1.75-Å band-
width SSD with no deleterious effect or resultant amplitude
modulation. Spatial noise measurements were also performed
on OMEGA using a high-dynamic-range, far-field diagnostic,
as shown in Fig. 80.7. The nonlinear growth of this noise was
analyzed to establish the largest acceptable pinholes.
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Figure 80.7
OMEGA spatial noise measurements and growth analysis set how much
pinholes could be enlarged to accommodate broadband 2-D SSD.

For the current 1.5 × 3.0-Å SSD bandwidths, the pinholes
were increased in diameter by the increase in the major dimen-
sion of the far-field spot (~50%). Since increased pinhole size
increased the risk of system damage due to ripple growth7 and
Narcissus8 (pencil beam) spots, a single beamline (40) of
OMEGA was operated with these larger pinholes for a full year
prior to their installation in the remainder of the system. No
damage was observed in any of the optics in that beamline,
which was exercised over the full range of OMEGA output
energy and pulse shapes.

The 2-D SSD architecture implementing double-pass phase
modulators and gratings shown in Fig. 80.8 was chosen for
several reasons. Double-pass operation of a phase modulator
increases its effective modulation efficiency, provided proper
phase matching of the second pass is maintained. As a result,
significantly lower microwave powers are required to achieve
a given bandwidth while reducing the risk of air breakdown
from the microwave fields in the microwave modulator reso-
nators. Multiple-pass modulator operation can further increase
the modulation efficiency but at the expense of increased
system complexity.

Including a double-pass grating in the first SSD dimension
also significantly reduces the space envelope required. Com-
bining the first dimension predelay (G1) and dispersion
(G2) functions into a single grating requires a far-field retrore-
flection to accomplish an image inversion; otherwise, the
second pass through the grating would produce additional
pulse distortion.
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A double-pass, 2-D SSD architecture increases
phase-modulator efficiency and reduces the space
envelope required for a 2-D SSD system.
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The two most important aspects of system performance for
the improved 2-D SSD systems developed for OMEGA are
bandwidth and FM-to-AM conversion. The 2-D SSD system is
utilized as a “two-dimensional spectrometer” to measure the
SSD bandwidths generated by each modulator, while an infra-
red streak camera system was developed to identify, measure,
and minimize FM-to-AM conversion in the 2-D SSD system,
as detailed below.

Accurate SSD bandwidth measurements for both phase
modulators can be obtained simultaneously by capturing a far-
field image of an SSD beam, as shown in Fig. 80.9, since the
bandwidth generated by each phase modulator is dispersed in
essentially orthogonal directions. Corrections for inexact dis-
persion matching between gratings G3 and G4, as well as
imprecise image rotation between SSD directions, are ac-
counted for using image-unwarping algorithms. The phase-
modulation depth produced by each modulator is then

determined by identifying the value for which a simulated
spectrum best reproduces the measured spectral lineouts in
each SSD direction, including the instrument’s point spread
function. For the three-color-cycle 2-D SSD system, FM
spectra produced by the 10.4-GHz modulator are self-calibrat-
ing since the individual FM sidebands are completely resolved
and the modulation frequency is accurately known.

Measuring the FM-to-AM conversion performance of the
2-D SSD systems is difficult, particularly for the 10.4-GHz
modulation, since an instrument with sufficient bandwidth to
measure the microwave modulation frequency and its harmon-
ics is required. Additionally, the ability to verify performance
across the beam profile is also important since some FM-to-
AM conversion mechanisms manifest themselves in local
variations. These requirements, plus the low repetition rate of
our SSD pulses (5 Hz), eliminate sampling techniques and
make an infrared streak camera the best instrument. The

Figure 80.9
Far-field images of the 2-D SSD can be evaluated to measure FM bandwidth produced by each SSD modulator. (a) A raw image is captured on a scientific CCD.
(b) The image for an unmodulated pulse is also captured to establish the instrumental response. (c) The image is corrected to account for image rotation errors
introduced by the 2-D SSD system. In the corrected image, the bandwidth produced by each modulator is dispersed in orthogonal directions. (d) and (e) The
bandwidth produced by each modulator is estimated by finding the simulated spectra (dashed), including the instrumental response, that best fit the measured
spectra (solid).
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uncoated photocathode of the streak camera is index matched
to a wedged, AR-coated window to eliminate spurious etalon
effects that would otherwise introduce amplitude modulation
artifacts. Streak camera flat-field and time-base corrections are
applied to account for instrumental nonlinearities.

FM-to-AM conversion in the 2-D SSD system is discrimi-
nated from modulation in the shaped-pulse input by transmit-
ting a reference signal sampled before the 2-D SSD system
to the streak camera using an optical fiber, as shown in
Fig. 80.10(a). Lineouts at different spatial locations of the
streak image [Fig. 80.10(b)] are normalized to this reference
signal and the amplitude modulation estimated by finding the
peak-to-valley variations of the ratio of these signals
[Fig. 80.10(c)]. The signal-to-noise ratio of this measurement
depends on the number of pixel rows averaged to produce the
lineouts and appears to be limited by photon statistics. The
harmonic content of the AM is easily obtained by fast Fourier

Figure 80.10
An infrared streak camera was employed to identify and measure sources of FM-to-AM conversion. (a) Streak camera measurements of FM-to-AM conversion
were performed by comparing the pulse shape at the image plane of the SSD gratings after the SSD system to the pulse shape injected into the 2-D SSD system
that is sampled by an optical fiber. (b) The SSD region is divided into regions, and average row lineouts are calculated. A reference pulse shape from the optical
fiber delayed input is also acquired. The SSD and reference signals are energy normalized and aligned in time. (c) The ratio of each SSD signal to the reference
is used to measure the FM-to-AM conversion. The peak-to-valley in a 333-ps sliding window is calculated for each lineout, and the average value is used as
an estimate for the AM. (d) The spectra of the amplitude modulation for a number of different image conditions shown in Fig. 80.11(a) show peaks at the
modulation frequency (3.3 GHz) as well as the second harmonic (6.6 GHz) when grating imaging is not optimized. An underlying 1/f-like noise spectrum is
evident that limits the minimum measurable AM even when no SSD is applied to the beam.

transforming the difference of the signal and reference line-
outs, as shown in Fig. 80.10(d). Statistically analyzing mul-
tiple streak images provides estimates of the uncertainty of
these measurements.

FM-to-AM conversion in the 2-D SSD system was mini-
mized by adjusting various system parameters and parametri-
cally plotting the measured amplitude modulation to identify
the optimal settings. For example, it is well known that propa-
gation from an image plane of an SSD grating results in
amplitude modulation. Amplitude modulation is minimized at
an image plane of a grating that disperses SSD bandwidth. If an
SSD grating is not properly located at the image plane of earlier
gratings, the phase relationships between FM sidebands are
disturbed and irreversibly convert FM to AM. SSD grating
imaging was accomplished by plotting the measured AM as a
function of image relay position, as shown in Fig. 80.11(a).
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The length of the major axis of the slotted LARA spatial-
filter pinhole was also established using this method, as shown
in Fig. 80.11(b). The bandwidth generated by the first SSD
modulator is dispersed before the LARA. As bandwidth is
increased for a given pinhole size, pinhole clipping causes the
measured AM values to increase rapidly. For a 1.0 × 1.8-mm
pinhole, clipping is first observed at a bandwidth of approxi-
mately 1.3 Å. The final slotted pinhole (1.0 × 2.4 mm) should
maximize spatial-filtering effects while maintaining reason-
able operational tolerances.

Summary
Direct-drive ICF experiments require a laser system with

excellent irradiation uniformity. Major elements of LLE’s
beam-uniformity program have been completed, including
demonstration of a 10.4-Ghz bulk-phase modulator capable of
producing either large SSD bandwidths or multiple color
cycles, implementation of a flexible double-pass 2-D SSD
architecture, and diagnostics for quantifying the performance
of these improved smoothing techniques. The remaining ele-
ments of this program will be completed when broadband
(1-THz) 2-D SSD is implemented on OMEGA later this year.
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AM measurements described in Fig. 80.10 are used to optimize the 2-D SSD system performance. (a) SSD grating imaging is set by minimizing amplitude
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