The Effect of Pulse Shapeon Laser Imprinting
and Beam Smoothing

Inertial confinement fusion (ICF) targetsareinherently hydro-
dynamically unstable; 13 asaresult, perturbationsin thetarget
shell cangrow exponentially because of Rayleigh—-Taylor (RT)
instability.# For high-convergenceimplosionsitisimportant to
minimizetarget perturbationsand their growth. Indirect-drive
ICF, nonuniformities in the drive laser produce pressure per-
turbations that cause mass and velocity perturbations in the
target. These"imprinted” perturbations seed the RT instability
and ultimately disrupt theimplosion. To minimizeimprinting,
the drive laser must be as uniform as possible. This requires
complex laser beam-smoothing techniques.® In many ICF
target designsthetemporal shape of thedriveisdetermined by
compression hydrodynamics and thermodynamics (stability
and isentrope) and not necessarily to minimize imprint. It is
therefore important that the effect of temporal pulse shape on
imprinting and beam smoothing be measured and understood.
Various experiments have measured imprinting®12 and have
used control perturbations to normalize the results. 1012 The
experimentsreported herearethefirst to demonstratethe pul se
shape’s effect on imprinting.

A series of experiments on the OMEGA laser system?3
measured imprinting efficiency using preimposed modula-
tions on planar targets to calibrate the imprint level. The
imprinting produced by different temporal pulse shapes and
beam-smoothing techniques is compared. Rapidly rising
(~100 ps/decade) pulses produce lessimprint than pulseswith
~1-nsrisetimewhen notemporal beam smoothing isemployed.
Furthermore, the effect of smoothing by spectral dispersion
(SSD)? is less pronounced for these rapid-rise pulses. These
observationsareconsi stent with plasmasmoothing# by thermal
conduction and differences in the rate at which each pulse
produces plasma early in the laser—target interaction.

Imprinting occurs when drive nonuniformities produce
pressure perturbations at the target surface that, in turn, pro-
duce velocity and mass perturbations at the ablation surface
wherethe RT instability occurs. L aser energy isabsorbedinthe
region outsidethecritical surface and conducted axially to the
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ablation surface. If sufficient depth of plasmaispresent, | ateral
thermal conduction can provide smoothing of the deposition
nonuniformities, thus ending imprinting.14 Previous simula-
tions!®16 have investigated imprinting and have indicated
that, for agiven laser wavelength, imprint efficiency depends
linearly on dl/I for the intensities relevant to ICF (i.e., dm
O al/), but the duration of imprinting varies depending on the
plasma smoothing. Numerical simulations described below
show that the condition for smoothing a perturbation of wave-
length k is that kd. ~2, where d; is the distance between the
ablation surface and acentral |ocation in the energy deposition
profile.10 As that thermal conduction region grows, longer
wavelengths can be smoothed; thus, for each wavelength the
duration of laser imprinting and itstotal magnitude dependson
thetimeto devel op asufficiently sized conduction zone. Since
a slowly rising pulse produces a plasma at a slower rate,
imprinting occurs over a longer time, resulting in a higher
imprint level in the absence of beam smoothing. The plasma
formation rate therefore affects the wavel ength dispersion of
smoothing. For a given wavelength of interest, imprinting
ultimately ceases when the conduction region grows to a
sizablefraction of that wavelength. When kd.. isabout 2, d; is
about one-third the wavelength of the perturbation. To check
thewavel ength dependence, theimprint level s of both 30- and
60-um wavelengths were measured. These correspond to
¢-modes of 50 and 100 on mm-sized targets, which are perti-
nent to direct-drive |CF and areinthelinear RT growth regime
during these measurements.

In these experiments, 20-um-thick CH (p = 1.05 g/cm?3)
targets with preimposed modulations were irradiated at
2 x 10 W/cm? by six overlapping UV beams from the
OMEGA laser. Target nonuniformities were measured using
through-foil x-ray radiography.l’ Experiments were per-
formed with two laser pulse shapes. a 3-ns square (in time)
pulse and a 3-nsramp pulse. The square pulse had arisetime
of 100 ps per decade of intensity and an intensity of
2 x 101 W/cm?2. The ramp pulse rose linearly from ~1013 to
2.5x 10 W/cm?in 3 ns. Thelatter pulse had a 100 ps/decade
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rise to ~1013 W/cm? before the ramp commenced. For each
pulse shape, experiments were performed with and without
2-D SSD beam smoothing.

The driven targets were backlit with x rays produced by a
uranium backlighter irradiated at 2 x 1014 W/cm? (with 11
additional beams). X raystransmitted through the target and a
3-um-thick Al blast shield were imaged by aframing camera
with 8-um pinholesfiltered with 20 um of Beand 6 um of Al.
Thisyielded the highest sensitivity for average photon energy
of ~1.3keV.1” Theframing camera produced eight temporally
distinct images of ~100-psduration and amagnification of 12.
The use of optical fiducial pulses, coupled with an electronic
monitor of the framing-camera output, provided a frame-
timing precision of about 70 ps.

Unfortunately laser imprint cannot easily be measured
directly, so measurements often rely on some level of RT
growth to produce detectabl e signal s. Targetswith low-ampli-
tude, single-modeinitial perturbationsareused hereto provide
acalibration fromwhich theinitial amplitude of laser imprint-
ing was determined. The basis of this calibrationisthat in the
linear regime the imprinted perturbations ultimately experi-
ence similar unstable RT growth to those of preimposed
modulations.8 Although imprinting also produces velocity
perturbations, it is useful to assign an equivalent surface
roughnessto imprinting. This“mass equivalence” isused asa
measure of the imprint. The mass equivalence is found by
extrapolating the temporal evolution of the imprinted ampli-
tudes back to t = 0 by measuring the ratio of the amplitudes of
the imprinted and preimposed modes after RT growth has
occurred. Thisrequiresthat the RT instability for those modes
remaininthelinear regimeand do not experience saturation or
nonlinear effects.1® Saturation of RT growth is discussed at
length in Ref. 19, where it was shown that at A = 60 um, both
the single-mode and the imprinted perturbations behaved lin-
early for our experimental conditions and observation times.
The 30-um-wavelength imprinting data was measured before
the onset of saturation.1®

The mass equivalence!® for a specific wave number can be
defined as

Aeq(kvo) = [Aimprint(kat)/Apre(k’t)] Apre(k’ 0), 1)

where Ajmprin(kit) isthe measured amplitude of the imprinted
features, Agre(k;t) isthemeasured amplitude of the preimposed
modulation, and Ay¢(0) is the known initial amplitude of the
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preimposed modulation. Using the measurements of the laser
nonuniformity, ameasure of imprint efficiencyl® is defined as

B Aeq(k,O)
ni(k)‘w’

where dl/I is the fractional irradiation nonuniformity at the
same wavelength.

The amplitudes of these perturbations are obtained using a
Fourier analysis of the radiographed images. The Fourier
amplitudeof theimprint at agivenwavelengthisdefined asthe
rms of all mode amplitudes at that wavelength, i.e., those
modes at a given radius (centered at zero frequency) in fre-
guency space. (Thecontribution of the preimposed modulation
isnotincluded.) Thevaluesare summed in quadrature because
they are expected to be uncorrel ated since they result from the
random specklein thelaser. The analysisbox is300 uminthe
target plane; thus, in Fourier space, the pixel sizeis3.3mm™1,
The pixels at radius 5+0.5 provide the amplitudes of modes
with wavelengths between 55 um and 67 um, and those at
10+0.5 pixels provide amplitudes for wavelengths between
29 umand 32 um.

The preimposed single-mode modul ations are two dimen-
sional and possess|ocalized featuresalong asingle axisin the
Fourier plane at the spatial frequency of this modulation.
Figure 80.12(a) depicts a typical radiographic image from
these experiments; note that the vertical preimposed modula-
tions are just visible in the mottled pattern produced by the
laser imprint. The 2-D Fourier transform of this image after
Weiner filtering!’ is shown as a surface plot in Fig. 80.12(b),
where the signals from the preimposed modul ations stand out
from the broadband imprinted features that populate most of
the 2-D Fourier space. Figure 80.12(c) depicts a one-pixel-
wide annulus that illustrates how the amplitudes for the im-
printing are measured. The ratio of the rms value of these
amplitudes to that of the preimposed mode times the initial
amplitude is used to determine the mass equivalence of im-
printing of the control mode. (Thebox sizeisoptimizedfor the
preimposed mode, thereby ensuring that all the power in that
mode is contained in the single pixel.)

For these experiments a variety of beam-smoothing tech-
niques were used. A single-beam laser with only adistributed
phase plate (DPP)2° and no SSD provides a static speckle
pattern with ~80% to 100% nonuniformity in wavelengths
from 2 umto 250 um.2! The overlap of six beamsreducesthis

LLE Review, Volume 80



nonuniformity by ~./6 . SSD provides atime-varying reduc-
tion of the nonuniformity by continually shifting the DPP
pattern on the target. The smoothing rate and the asymptotic
smoothing level depend on the 2-D SSD bandwidth, whichin
thisexperiment isAv = 0.2 THz,,,. In some cases, distributed
polarization rotators (DPR’s)22 were added. These provide an
instantaneous +/2 reduction of nonuniformity23 by separating
each beam into two orthogonally polarized beams that are
separated by 80 um in the target plane.

Figure80.13 showsthe measured massequivalence (in um)
of imprinting at 60-um wavelength for all three smoothing
conditions for the 3-ns square pulse in a series of shots with
similar drive intensities. The temporal axis shows the time at
which each frame was taken. The mass-equivalence data
separate into distinct sets associated with each uniformity
condition and are constant in time. Both observations are
expected and confirm the utility of this technique. When the
growth of theimprinted features arein the linear regime, they
shouldremainaconstant ratio of theamplitudeof thepreimposed
mode, |eading to a constant mass equivalence. Thisquantity’s
dependence on theinitia uniformity produced by the various
beam-smoothing techniques indicates the sensitivity of this
method. For example, the addition of DPR’s to the SSD
experiments (open squares) reduces the mass equivalence by
the expected factor of /2 (shaded squares).

The pulse shape’s effect on imprinting was then studied by
repeating these measurements with a slowly rising pulse,
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i.e, with an ~2.5-ns rise to the maximum intensity. Fig-
ure 80.14 showsthe deduced massequival enceasafunction of
time for the two pulse shapes, each with and without SSD.
Againthedatagroup accordingtolaser conditions(pul seshape
or SSD) and exhibit an approximately constant value over
considerable times.

These data show that without SSD the ramp pul se produces
about 50% moreimprinting (higher massequival ence) thanthe
square pulse. They also indicate that although SSD producesa
greater reduction of imprinting on the ramp pulse, the net
imprint level after SSD is about the same for both pulses.

Similar experiments were performed using preimposed
modulationswith A = 30 um. Table 80.1 liststhe mass-equiva-
lence results for all the experiments. In addition, the imprint
efficiency was calculated for the experiments without SSD
using theirradiation nonuniformities reported in Ref. 19. The
uniformity results were scaled by the differences in analysis
boxes between the radiography (L = 300 ym; Ak = 0.021) and
theoptical experiments(L =440 um; Ak=0.0143). Inaddition,
thevaluesobtained in Ref. 19 werereduced by +/6 sincethese
experiments utilized six beams. Thus, dl/I was 0.00684 for
30 um and 0.00493 for 60 um. Lastly, a factor of 2 was
included to relate the complex amplitude for Al to the mass
equivalence, which was normalized to areal cosine function.
Sincethe SSD producestime-varying uniformity, itisdifficult
to assign a single number to the uniformity and hence the
imprint efficiency is not calculated.

k, —>
FFT (A = 60 um)

Figure 80.12

(a) Sample of an x-ray radiograph of atarget with preimposed 60-um-wavel ength perturbations (vertical striations). The mottled pattern throughout the image
is caused by the imprinted features. (b) Representation of the Fourier spectrum of the image in (a), showing the broadband imprinted features as well as two
peaks from the preimposed single-mode modulations. (c) The annulus at 55 um to 68 um containing two components: the preimposed modulations and the
imprinted features. The latter is used as a control feature to gauge the initial amplitude of the imprinted features.
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As discussed above, thermal smoothing in the plasma
ultimately terminates laser imprint. The duration of imprint-
ing, then, depends on the time required to produce sufficient
plasma atmosphere to enable smoothing. One would expect
that, compared to the square pulse, the ramp pulse should
imprint for alonger duration because the ramp pulse delivers
energy at aslower rate and the smoothing plasmais produced
more slowly, leading to larger mass equivalence. The imprint
efficiencies measured here are lower than those observed by
Glendinning et al.12for aslower riseand lower-intensity ramp
pulse, as expected.

Simulations of the experiments were performed with the
2-D hydrodynamics code ORCHID?# to determine the pre-
dicted imprint efficiency and the time that pressure pertur-
bations at the ablation surface become negligible as the result
of plasmasmoothing. Theimprint efficiencieswere calcul ated
by imposing asingle-mode nonuniformity in the laser irradia-
tion. The evolution of the resulting perturbations was com-
pared to that of preimposed mass perturbations of the same
wavelength. The experimental temporal pulse shapes were
used in the simulations. The simulation results shown in
Table 80.1 are in reasonable agreement with the measured
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The mass equivalence (at 60 um) derived from planar targets driven by laser
beamshaving a3-nssquare pul seand threetypes of beam smoothing applied:
DPP only (solid), DPP + SSD (open), and DPP + SSD + DPR (shaded). Note
that the data segregate according to the laser nonuniformity. The mass
equivalence is ameasure of the total amount of imprinting, which is seen to
decrease as greater beam smoothing is applied.

The deduced mass equivalence of the imprinted features (at 60 pm) for two
pulseshapes: 3-nssquare (squares) and ramp (triangles). Thesedatashow that
for the same laser nonuniformity, a ramp pulse produces more imprinting.
The solid and open symbols correspond, respectively, to each of the pulses
without and with 2-D SSD. They indicate that the effect of SSD isgreater for
the ramp pulse, but the net imprint level is similar for the two pulses.

Table 80.1: Mass equivalence and imprint efficiency for various conditions.

Imprint Efficiency: dm/(Al/1) (um)
Mass Equivaence (xm)
Pulse-Shape Uniformity Experiment Simulation

60 tm 30 um 60 4m 30 pm 60 tm 30 um
Square (no SSD) 0.032+0.005 0.022+0.004 3.3:0.04 1.6+0.03 17 11
Ramp (no SSD) 0.049+0.008 0.023+0.005 5.0£0.06 1.7+0.04 31 2.3
Square (SSD) 0.013+0.003 0.010+0.003
Ramp (SSD) 0.017+0.005 0.011+0.004
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values. Similar imprint efficiencies were calculated with the
2-D hydrodynamics code LEOR.2° The 2-D simulations un-
derestimatetheefficiency at 60 um, similar tothe observations
of Glendinning et al .12

Theinherent surface roughness of thesefoils (transverseto
theimposed modul ations) was measured to be less than 1% of
the imposed mode and, therefore, does not contribute signifi-
cantly to the error in these measurements. One must consider,
however, that the measured signal for the preimposed mode
also hasacontributionfromtheimprinted signal at that distinct
mode. Sincetherelative phase of thesetwo signalsisarbitrary,
the resultant signal can vary significantly when theimprint is
a sizable fraction of the preimposed mode, asit is in the no-
SSD cases.

Figure 80.15 showsthe amplitude of the pressure perturba-
tions(solid curves) at the ablation surface asafunction of time
for two cases: a ramp pulse and a square pulse, both without
SSD. In these simulations a static 60-um spatial-intensity
perturbation of 5% was imposed on the irradiation intensity.
Note that the smoothing rate is slower for the ramp pulse and
the perturbations persist for a longer period. The temporal
evolution (dashed curves) of the conduction zone (d;) for the
two pulse shapesisalso shown. Thisisdefined asthe distance
between the ablation surface and the mean of the energy
deposition profile as weighted by a diffusion length: e™2.
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Figure 80.15

The amplitude of perturbations (solid lines) in the ablation pressure (at the
ablation surface) as a function of time. The size of the conduction zone
(dashed lines) as a function of time in CH targets driven by the square and
ramp pulses.These graphs show that imprinting should stop at 300 psfor the
square pulse and 450 psfor the ramp pulse. Note that for the square pulse the
pressure perturbations are smoothed in 300 ps while for the ramp pulse this
occurs at 450 ps.
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Imprinting isexpected to cease when pressure perturbations at
the ablation surface are reduced to negligible levels. Fig-
ure80.15 showsthat this occursfor both pul se shapeswhen d;
~2. Simple considerations of the distance between critical and
ablation surfacesareinsufficient to explain thebehavior of the
two pulses; rather the energy deposition profiles must also be
accounted for because considerable smoothing can take place
in the plasma region outside the critical surface.

When 2-D SSD is employed, the uniformity at t = Oisthe
sameaswithout SSD and reducesrapidly intimeas /v, where
v is the laser bandwidth. For these experiments the UV
bandwidth is ~0.2 THz. While at this bandwidth the asymp-
totic smoothing level for 60 um is reached in ~1.2 ns,21
considerable smoothing occursinlessthan 400 ps. The experi-
mental results are consistent with this since SSD reduces the
imprint for both pul se shapes, although thereis greater reduc-
tionfor theramp pulse. Sinceimprintingintheramp pulselasts
longer, SSD is able to provide greater benefit. The resulting
imprint is similar for both pulses with SSD because the
effective smoothing time for SSD is shorter than the duration
of imprinting for both pulse shapes. Thus, significant SSD
smoothing occurs before a large-enough conduction zone is
produced. The calculated reduction of the mass equivalence
with SSD present is somewhat larger (~60%) than the experi-
mental observations.

Thiswork hasshown that for identical nonuniformities, the
imprint level depends on the pulse shape, as expected. The
total imprinting depends on the irradiation nonuniformity, the
imprint efficiency, and the duration of imprint. Sincethelatter
varies with pulse shape and other laser conditions, imprint
efficiency cannot be consideredinvariant. Thesequantitiesare
also laser wavelength dependent.10.11 |n addition, other pro-
cesses such as shinethrough and laser—plasma instabilities
(filamentation) could alter the intensity distribution within
the plasma.

Preimposed modulations have been used as a reference to
determine the mass equivalence of features imprinted by a
drive laser. Thistechnique behaves linearly under the experi-
mental conditions described here. Slowly rising pulses pro-
duce more imprint and experience more smoothing because
of SSD than steeply rising pulses. This is a result of the
different rates at which smoothing plasmaisinitially formed,
which ultimately determines the duration of imprinting. Nu-
merical simulations confirm this physical picture and yield
imprint efficiencies in reasonable agreement with the mea-
sured values.
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