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Introduction
The goal of the direct-drive approach to inertial confinement
fusion (ICF)1,2 is to uniformly implode a spherical target with
deuterium�tritium (DT) fuel using a large number of over-
lapped laser beams. A combination of high temperature and
high areal density (ρR) in the DT fuel at peak compression is
necessary to ignite the target and achieve high gain.1�3 The
most-significant factor that limits the implosion performance
is the unstable growth of target perturbations. As a result of this
growth, the fuel temperature and compression may be reduced,
leading to a reduction in the thermonuclear yield. The target
perturbations in direct-drive ICF include existing imperfec-
tions of the inner and outer target surfaces and are dominated
by modulations seeded (or imprinted) by the spatial laser
nonuniformities;4�29 therefore, understanding and controlling
laser imprinting are crucial to the success of direct-drive ICF.

Spatial modulations in laser intensity are imprinted into the
target in the first few hundred picoseconds of the drive. As the
laser light is applied to the target, the pressure created by the
target ablation launches a shock wave that compresses the
target.30,31 Any nonuniformities in the laser drive modulate
the ablation pressure. The modulations in surface acceleration
provide the seeds for hydrodynamic instabilities. Later, as a
large volume of plasma develops, the laser modulations de-
couple from the target surface, smoothing the ablation pres-
sure. The imprinted front-surface (or ablation-surface) per-
turbations continue to evolve as the shock-driven Richtmyer�
Meshkov (RM) instability causes the modulations to grow; the
ablation stabilizes this growth.18,32 As a result, the ablation-
surface nonuniformities oscillate during the shock propaga-
tion to the rear surface of the target. The amplitude and fre-
quency of these oscillations are defined by the modulation
wavelength, the sound speed, the ablation, and the expanding
(or �blowoff�) plasma velocities.32 Because the shock is
launched by a modulated laser drive, the shock front is also
distorted. The amplitude of this distortion oscillates as it
propagates through the target with a frequency determined
by the modulation wavelength and the drive intensity.30,31

When the shock front reaches the rear surface of the target, it
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sends the rarefaction wave back to the ablation surface; shortly
thereafter, the target starts to accelerate. During the accelera-
tion phase, the ablation-surface modulations grow exponen-
tially due to Rayleigh�Taylor (RT) instability.2,3

A number of techniques have been developed to reduce
laser imprinting in direct-drive ICF facilities. A combination
of distributed phase plates (DPP�s),33 polarization smoothing
(PS),34 and smoothing by spectral dispersion (SSD)35 is em-
ployed on the OMEGA laser.36 Induced spatial incoherence
(ISI)37 is used on the NIKE laser system. Partially coherent
light (PCL)38 in combination with random-phase plates is used
on the GEKKO-XII laser facility. Targets with foam-buffered
layers, high-Z overcoat, and a combination of the two have
been demonstrated to reduce imprinting.5�7,11,16,20,23�25,27�29

The first measurements5 of laser-imprinted modulations
were performed using a side-on geometry, where the diagnos-
tic x rays penetrate a planar target in the direction perpendicu-
lar to its motion. Almost all subsequent imprinting studies were
performed using a face-on geometry where the diagnostic
x rays penetrate the target in the direction along its motion,
allowing more-quantitative measurements of target perturba-
tions. Face-on radiography is sensitive to variations in the
target density thickness, or areal density (ρR), which includes
not only the ablation-front modulations (existing or laser
imprinted), δ ρR tabl ( )[ ] at time t, but also any shock-front
modulation in the bulk of the target, δ ρR tsh ( )[ ] :

δ ρ δ ρ δ ρR t R t R t( )[ ] = ( )[ ]+ ( )[ ]abl sh . (1)

Early imprint experiments8�10,12,14,15,17�19 were performed
at or before shock breakout on the rear surface of the target
(before the onset of the RT growth), when the ablation- and
shock-front modulations are of the same order of magnitude,
δ ρ δ ρR t R tabl sh( )[ ] ≅ ( )[ ]. Intended to be measurements of the
ablation-surface imprinted perturbations (initial seed for the
RT instability), the resulting areal-density modulations also
included the shock-front perturbations.30,31 Later experiments



IMPRINT EFFICIENCY MEASUREMENTS IN LASER-DRIVEN PLASTIC FOILS USING BEAMS WITH DIFFERENT ANGLES OF INCIDENCE

LLE Review, Volume 98 91

observed shock-front and ablation-surface evolutions during
shock transit before the beginning of the RT growth.30,31,39�41

To quantify imprinted modulation levels, imprint efficiency
measurements10,14,26 have used the acceleration-phase RT
growth to magnify the ablation-front modulations in order to
separate them from the shock-front modulations. Figure 98.26
(from Ref. 34) schematically presents the idea behind these
experiments using simulations by the 2-D code ORCHID.42

The solid curve shows the evolution of the areal-density
modulation of an initially smooth target driven by a laser
having a single-mode intensity modulation at 60-µm spatial
wavelength, while the dotted curve shows the evolution of the
single-mode, 60-µm-wavelength, preimposed perturbation
driven by a spatially perfect laser. The solid curve starts at zero
and rises as imprinting begins, while the dotted curve starts at
its preimposed level. The RT growth (starting at ~400 ps)
amplifies the imprinted and imposed ablation-front perturba-
tions in the same manner and, when ablation-front modula-
tions become higher than shock-front modulations,
δ ρ δ ρR t R tabl sh( )[ ] > ( )[ ], the areal-density evolutions become
similar (dotted and solid curves are parallel after 0.5 ns). The

equivalent surface amplitude of imprinting at a particular
mode number k is defined by extrapolating (dashed curve) the
temporal evolution of the imprinted modulation (solid curve)
back to t = 0 using the behavior of the preimposed mode (dotted
curve):

η η
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where ηpre(k,t = 0) is the initial amplitude of the preimposed
modulation and δ ρR k timp ,( )[ ]  and δ ρR k tpre ,( )[ ] are the mea-
sured areal-density modulations of imprinted and imposed
perturbations during linear RT growth, respectively. This tech-
nique is valid when (1) the amplitudes of imprinted and pre-
imposed modulations are in the linear regime of the RT growth,
and (2) the measurements are taken when the ablation-front
modulations are large enough to dominate the measurements.
The imprint efficiency E(k) was defined10,14 as the initial
amplitude of equivalent surface modulation ηimp(k,t = 0),
normalized to the relative laser modulation δI(k)/I, that pro-
duced it:

E k k t I k I( ) = =( ) ( )[ ]η δimp , .0 (3)

In direct-drive implosions, a spherical shell is illuminated
by a large number of overlapping laser beams. Each beam
diameter is roughly equal to that of the target; therefore,
different parts of the beam irradiate the target at different
angles of incidence: the central part of the beam is nearly
normally incident to the target, while the outer parts of the
beam irradiate the target at oblique angles. As a result it is
important to investigate the effect of the beam angle of inci-
dence on imprint efficiency. Recently, the imprint efficiency
measurements for three different angles of incidence were
performed for the first time in targets and laser intensities
relevant to the spherical implosion program on OMEGA.43

This article presents details of the techniques and analysis of
the imprint efficiency measurements and is considered compli-
mentary to Ref. 43.

Experimental Configuration
Figure 98.27(a) shows schematically the experimental

configuration, previously used in a number of experi-
ments.20�22,26,34 The 20-µm-thick plastic targets were irradi-
ated by 351-nm laser light at ~2 × 1014 W/cm2 using seven
overlapped beams with a 3-ns square pulse shape on the
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Figure 98.26
Definition of the equivalent surface amplitude using an ORCHID simulation
of a single-mode, 60-µm-wavelength, imprinted modulation (solid curve)
calibrated to a preimposed (dotted curve) modulation (from Ref. 34). The
equivalent surface amplitude of imprinting at a particular mode number k is
defined by extrapolating (dashed curve) the temporal evolution of the im-
printed modulation (solid curve) back to t = 0, using the behavior of the
preimposed mode (dotted curve) and Eq. (2).
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OMEGA laser system.36 The imprint efficiencies at 60-µm
spatial wavelength were with and without 0.2-THz SSD.35

Targets with preimposed, single-mode, two-dimensional,
60-µm sinusoidal perturbations were used to determine the
imprint efficiency: one target with 0.125-µm initial amplitude
and the other with 0.05-µm initial amplitude. The temporal
growth of target perturbations was measured using x-ray, face-
on radiography. The targets were backlit with x rays produced
by a uranium backlighter located 9 mm away from the driven
foil and irradiated at ~1 × 1014 W/cm2 using 12 additional
beams. X rays transmitted through the target and a 3-µm-thick
aluminum debris shield (located between the backlighter and
the driven foil) were imaged by the 8-µm pinhole array on a
framing camera filtered with 6 µm of aluminum.20�22 This
yielded the highest sensitivity for the average photon energy of
~1.3 keV. The distance between the target and the pinhole array
was 2.5 cm, and the magnification was 14.4. The framing
camera recorded eight images in each shot with a temporal
resolution of ~80 ps and a spatial resolution in a target plane of
~10 µm.44 The framing camera images were captured on
Kodak T-Max 3200 film, which was digitized with a 20-µm-sq
scanning aperture. The measured target optical depth (which is
proportional to the target areal density) is the natural logarithm
of the intensity-converted images of a target.

Figure 98.27(b) shows the laser-beam configuration. Six
beams (numbers 34, 36, 38, 41, 43, and 49) were incident at 23°
to a target normal, while one beam (number 48) was incident

at 48° to a target normal. The 23° beams had DPP�s33 and PS.34

An equivalent-target-plane image of one such beam is shown
in Fig. 98.28(a). These beams had a broadband spectrum of
modulations with the smallest features having spatial wave-
lengths of ~2.5 µm. Beam 48 [shown in Fig. 98.28(b)], incident
at a more-oblique 48° angle, had 2-D, 60-µm-wavelength
intensity modulations (together with several higher harmon-
ics) to distinguish it from the 23° beams. The beam modula-
tions were oriented along the direction of its propagation, so
the imprinted target modulations had the same wavelengths as
the laser modulations. The 2-D laser modulations were used to
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(a) Experimental configuration (from Ref. 22); (b) beam and target configuration. Diagonal 2-D perturbations at 60-µm wavelength come from beam 48 incident
at 48° to a target normal, while 3-D broadband perturbations come primarily from beams 34, 36, 38, 41, 43, and 49 incident at 23° to the target normal. The
target has a horizontal, preimposed, single-mode, 60-µm-wavelength perturbation used for calibration.

E12142

(a) (b)

800 mm

Figure 98.28
Beam images of the (a) 23° beam having 3-D broadband perturbations and
(b) 48° beam having 2-D, 60-µm-wavelength perturbation.
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separate perturbations caused by the 48° beam from the 3-D
broadband modulations caused by the 23° beams in the radio-
gram of the driven target. Figure 98.29(a) shows the profile of
the relative intensity incident on the target (averaged in the
direction along the 2-D perturbations), calculated using mea-
sured beam intensities [Figs. 98.28(a) and 98.28(b)] and taking
into account experimentally measured beam energies, effects
of beam overlap, and obliquity angles. Figure 98.29(b) pre-
sents the Fourier amplitude of this lineout showing the laser
perturbations at 60-µm wavelength (together with the higher
harmonics) clearly distinguishable from the other broadband
laser modulations. The laser modulations were analyzed in
nine different square areas (with a box size of L = 300 µm, the
same size as in the target x-ray radiographs shown later) of
~800-µm laser spots, and it was found that the modulations
were reasonably constant across the laser-spot size. The ampli-
tudes of relative laser modulations at a spatial frequency of
17 mm�1 (corresponding to a spatial wavelength of 60 µm)
were 6.3±0.4% for the two-dimensional modulation (from the
48° beam) and 0.54±0.09% for the broadband modulations
(from the 23° beams), as calculated in the nine different areas.
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Figure 98.29
(a) Profile of the relative intensity incident on the target averaged in the
direction along the 2-D laser perturbations. (b) Fourier amplitude of this
profile showing the laser perturbations at a spatial frequency of 17 mm�1

(corresponding to the 60-µm wavelength) together with the higher harmonics
clearly distinguishable from the other broadband laser modulations.

Experimental Results
Figure 98.30(a) presents one of the eight images of target

optical-depth modulations taken at ~1.9 ns after the beginning
of the laser drive for the shot without SSD. The corresponding
Fourier-space image of the target optical-depth modulations is
shown in Fig. 98.30(b). Two-dimensional perturbations, im-
printed from the 48° beam, are diagonal across the real-space
image; they have distinctive first- and second-harmonic peaks
in the Fourier-space image. The preimposed, 60-µm-wave-
length perturbation is horizontal in the real-space image;
therefore it has two vertical peaks in the Fourier-space image.
The 3-D features in the real-space image are imprinted from
the broadband perturbations of 23° beams; these perturbations
are located in the broad area of the Fourier-space image. The
profiles of the 2-D imprinted and preimposed modulations are
presented in the Fig. 98.31. Figure 98.31(a) shows the optical-
depth profile of the 2-D imprinted modulation averaged along
the modulations, while Fig. 98.31(b) shows the profile of the
2-D preimposed modulation, averaged along the horizontal
direction. The higher optical depth corresponds to thinner
areas of the targets, or bubbles, while the lower optical depth
corresponds to thicker target areas, or spikes. The profile of the
imprinted optical-depth modulation resembles the profiles of
the laser modulation [compare Figs. 98.29(a) and 98.31(a)].
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Figure 98.30
(a) Image of the target optical-depth modulations taken at ~1.9 ns after the
beginning of the laser drive for the shot without SSD. (b) Fourier-space image
of the target optical-depth modulations showing peaks for a diagonal 2-D,
60-µm wavelength and its second-harmonic imprinted modulations, and 2-D,
60-µm-wavelength, preimposed modulations in the vertical direction.

Figure 98.32 summarizes the results of the measured growth
for all 60-µm-wavelength perturbations with imprinted modu-
lations shown in Fig. 98.32(a) and preimposed modulations in
Fig. 98.32(b) for two shots with and without SSD. Two-
dimensional imprinted modulations from the 48° beam are
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shown by the upper data (diamonds) in Fig. 98.32(a), and 3-D
broadband modulations from the 23° beams are shown by the
lower data (squares). The amplitudes of imprinted modula-
tions are separated by about 0.5 ns in shots with and without
SSD [Fig. 98.32(a)]. This is because the SSD reduces the initial
amplitudes of imprinted modulations by a factor of ~2.5, and
it takes longer for the RT growth to bring them to the same
levels as for the shot without SSD. The initial amplitudes of
preimposed modulations were 0.125 µm and 0.05 µm for the
shots without and with SSD, respectively.

To satisfy the conditions for imprint efficiency measure-
ments described in the Introduction, the growth measure-
ments of 60-µm-wavelength perturbations were performed in
the linear regime of RT instability. To confirm that the mea-
sured modulations were below the RT saturation levels,
ablation-front amplitudes η(k,t) were estimated from the mea-
sured optical-depth modulations OD(k,t), the measured
undriven target attenuation length λeff = 10 µm, and the
calculated (1-D hydrocode LILAC)45 target compression

Cp ~ 3, η λk t k t Cp, ,( ) = ( ) ×OD eff . The amplitudes of 2-D,
single-mode perturbations were calculated to be below 1 µm at
all times for both shots (the 2-D saturation amplitude for the
λ = 60-µm wavelength is S2-D = 6 µm), and the amplitudes of
3-D, broadband perturbations were calculated to be below
0.1 µm in the square analysis area with a size of L = 300 µm
[the 3-D saturation amplitude46,21 for the λ = 60-µm wave-
length is S L3

2 22 0 3− = ( ) ≅D mλ π µ. ]. All measurements
were performed 1.0 ns after the beginning of the drive, when
the growth of imprinted and preimposed modulations was
similar. All three types of target modulations (2-D imprinted,
2-D preimposed, and 3-D imprinted) at 60-µm wavelength
grow with similar growth rates for each shot, as shown in
Fig. 98.32. The solid lines in Fig. 98.32 show exponential fits
to the experimental data. The inferred growth rates were
1.7±0.2 ns�1, 1.5±0.2 ns�1, and 1.6±0.2 ns�1 for the 2-D
imprinted, 2-D preimposed, and 3-D imprinted modulations,
respectively, for the shot without SSD. The corresponding
growth rates for the shot with SSD are 1.7±0.3 ns�1, 2.0±
0.3 ns�1, and 2.1±0.3 ns�1.
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Optical-depth profiles of (a) the 2-D imprinted modulation and (b) the 2-D
preimposed modulation taken at ~1.9 ns after the beginning of the laser drive.
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Fourier amplitudes of optical-depth modulations as a function of time for
(a) 2-D imprinted modulations (diamonds, upper data), 3-D broadband
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The surface equivalent amplitude of an imprinted 2-D,
60-µm-wavelength perturbation from a 48° beam was
ηimp 2-D(t = 0) = 0.16±0.01 µm, from Eq. (2). The initial
modulation amplitude of 2-D preimposed modulation
ηpre 2-D(t = 0) = 0.125 µm, and the ratios of measured optical-
depth modulations at various times,

δ ρ δ ρR k t R k timp 2 D pre 2 D− −( )[ ] ( )[ ], , ,

taken from Figs. 98.32(a) and 98.32(b). The surface equivalent
amplitude of 3-D imprinted, 60-µm-wavelength perturbations
from 23° beams was ηimp 3-D(t = 0) = 0.016±0.001 µm. The
imprint efficiencies at 60-µm wavelength for 48° and 23°
beams were E48° = 2.5±0.2 µm and E23° = 3.0±0.3 µm,
respectively, as calculated using Eq. (3) and relative laser
modulations [δI(k)/I]48° = 6.3±0.4% for the 48° beam and
[δI(k)/I]23° = 0.54±0.04% for the 23° beams at a spatial
wavelength of 60 µm. As shown in Ref. 43, the imprint
efficiency for more-oblique beams is lower because these
beams see an effectively longer length of plasma on the way to
the ablation surface than the less-oblique beams; therefore,
plasma smoothing is more effective for larger-angle-of-inci-
dence beams.43 Figure 98.32(a) shows the effect of SSD on
imprint reduction. The imprinting amplitudes (of 23° and 48°
beams) are reduced by a factor of ~2.5 at a spatial wavelength
of 60 µm.

Conclusions
The first measurements of imprint efficiency for laser

beams incident at two different angles (23° and 48°) to a target
normal have been presented. The measurements were per-
formed at a spatial wavelength of 60 µm with and without
smoothing by spectral dispersion (SSD). The imprinted ampli-
tudes were calibrated with preimposed, 60-µm-wavelength
perturbations during the linear phase of RT growth. The mea-
sured imprint efficiencies at the spatial wavelength of 60 µm
were 2.5±0.2 µm for the beam with a 48° angle of incidence
and 3.0±0.3 µm for the beams with a 23° angle of incidence.
The SSD reduced modulations by a factor of ~2.5 at the same
spatial wavelength.
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