Experimental | nvestigation of Smoothing by Spectral Dispersion

In the direct-drive approach to inertial confinement fusion
(ICF), capsules are irradiated directly by a large number of
symmetrically arranged laser beams.2:2 Nonuniformities in
the laser irradiation may seed the Rayleigh-Taylor hydrody-
namic instability, which degrades target performance;3 there-
fore, acombinati on of beam-smoothing techniquesisempl oyed
to achieve the high irradiation uniformity required for direct-
drive laser-fusion experiments. These techniques, which in-
clude two-dimensional smoothing by spectral dispersion (2-D
SSD),46 distributed phase plates (DPP's),’8 polarization
smoothing (DPR’s),%11 and multiple-beam overlap, will also
be implemented on the 1.8-MJ, 351-nm, 192-beam National
Ignition Facility (NIF),12 which is currently under construc-
tion at the Lawrence Livermore National Laboratory. Direct-
drive laser fusion requires a high degree of laser-irradiation
uniformity on target: the rms irradiation nonuniformity must
be below 1% when the laser intensity has been averaged over
afew hundred picoseconds.2®

Characterization of the laser-irradiation nonuniformity is
essential for ICF research since the efficiency with which the
nonuniformities in the laser-irradiation imprint target mass
perturbations (i.e., laser imprint) depends on the early-time
intensity history and the spatial wavelength of the
nonuniformity.13 The strategy of 2-D SSD with phase plates,
which is the preferred mechanism for reducing laser-beam
irradiation nonuniformity inglasslasers, istovary theinterfer-
ence (speckle) pattern of the phase plate on atime scalethat is
short compared to the characteristic hydrodynamic response
time of the target (i.e., imprinting time). (An alternate tech-
nique, 1SI, has been developed for KrF lasers.14) Predictions
show that 2-D SSD smoothing with Ay, = 1 THz will smooth
the spherical-harmonic modes of ¢ = 20 through 150 to accept-
able levels for ICF.5> The bandwidth on OMEGA® will be
increased from 0.2 to 1 THz during this year, which will
decrease the smoothing time by afactor of 5.

In this research the temporal rate of beam smoothing pro-

duced by 2-D SSD with the current bandwidth of Avy
= 0.2 THz is quantified by analyzing measured ultraviolet
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equivalent-target-plane (UVETP) images of asingle OMEGA
laser beam. The next three sections describe (1) laser-beam
smoothing with 2-D SSD and phaseplates, (2) 2-D SSD model
calculations, and (3) the diagnostic used to record UVETP
imagesof laser pul seshaving constant peak power and varying
duration (100 psto 3.5 ns). Power spectra calculated from the
measured UV ETPimagesal ong with the measured smoothing
rate of 2-D SSD are presented and compared with theoretical
predictions in the Experimental Results and Analysis sec-
tion. This work shows that the theoretical predictions of 2-D
SSD laser-beam smoothing arein excellent agreement withthe
measured temporal smoothing rates.

Background

Smoothing of laser beamsusing SSD has been describedin
Ref. 4. On OMEGA the phase plates are placed before the
focusing lensand producefar-field spotswith highly reproduc-
ible spatial intensity envelopes and speckle distributions.
Smoothing by spectral dispersion is achieved by frequency
modulating the phase of alaser beam, wavelength dispersing
the beam, and passing it through a phase plate so that the
spectral componentsare separatedinthetarget planeby at | east
one-half thebeam’ sdiffraction-limited width. Thereductionin
laser-irradiation nonuniformity iswavelength dependent. The
longest wavel ength of nonuniformity that can be smoothed by
SSD is twice the maximum spatial shift S5, = FAB of the
speckle pattern that can be produced by the laser, where ABis
the angular spread of the wavelength-dispersed light propa
gating through the laser and F is the focal length of the
OMEGA lens. (The ultimate limit of Sis given by the maxi-
mum allowable angular spread in the spatial filter in the laser
system.) Thus, spherical-harmonic modes of nonuniformity
down to lgy = 27R/(2Syax ), Where Risthe target radius, can
be smoothed with 2-D SSD.> Spherical targets on OMEGA
have R = 500 um, and the present 2-D SSD system has Sy,a«
=100 um; hence |y, = 16.

Model Calculations

The time-integrated far field is calculated by temporal
integration of the modulus squared of a two-dimensional
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spatial Fourier transform of the UV near field. The complex-
valued electric field that describes the UV near field can be
written as

E(x,y,t) = Eg(x,y, 1) -0 s (%t s (xt)gl dhee(x¥) (1)

where Eq(x,y,t) defines the temporal and spatial beam shapes,
®_p ssp(X.y:t) isthe 2-D SSD phase contribution, ¢ (X,y,t) is
theintensity-dependent phase contribution of the B-integral /16
and @pp(X.y) is the static phase-plate contribution, which
depends on the particular phase-plate design.

The spatially and temporally varying phase due to 2-D
SSD ist’

®-p ssp (X yit) = 3cﬁ\,|xsin[ ax(t + é(x)]

+36Mysin[a),v,y(t +& )] . @

wherethex and y subscripts denote the two smoothing dimen-
sions, Jyxyisthemodulationdepth, vy v = Wi,y /27Tisthe
RF modulation frequency, and &y is the angular grating
dispersion. Thefactor of 3in Eq. (2) indicatesthat the electric
field hasundergone frequency tripling fromthe IR to UV. The
2-D SSD system parameters on OMEGA for the UVETP

measurements are oy, = 5.12, vy, = 3.3 GHz, &, = 1.11 ns/m,
Myx=1.25A, Omy =7.89, vy =3.0GHz, §,=1.11 ns/m, and
DAy = 1.75 A, assuming anominal beam diameter of 27.5cm.
The modulation depths and the bandwidths are given for
the IR. The maximum angular spread A6 is given by
AB = &c/A)AA, wherecisthe speed of light and A = 1053 nm.
Cases without frequency modulation are modeled by setting
modulation depths equal to zero, i.e., dyx =0 and Jy, = 0.

Our simulations indicate that B-integral effects are negli-
gible for all cases except when the frequency modulation is
turned off.

UVETP Diagnostic

The layout of the diagnostic used to acquire the UVETP
imagesof asingle OMEGA beamisshowninFig. 79.34. Time-
integrated UVETPimageswererecorded withaCCD camera.
All of the measurements presented in this article exploit the
low noise level and the large dynamic range of the CCD to
extract power spectrafrom the UV ETPimageswith negligible
noise levels. The UV-sensitive CCD camerais a back-thinned
SITe 003B chip in a Photometrics Series 300 camera.18 The
sensor has an array of 1024 x 1024 photosensitive elements
with apixel size of 24 um x 24 um. The spatial sampling rate
is ~2 pixels/um, which is approximately five times the f-
number-limited spatial frequency fy = A/AF, where D is the
beam diameter of the OMEGA lensand A = 351 nm.
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Figure 79.34

Schematic of the UVETP diagnostic. The on-target spot size is magnified by M = 46 on the CCD camera.
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A full-aperture optical wedge in one of the 60 laser beams
(BL-19) directs 4% of the laser light to an OMEGA focusing
lens(seeFig. 79.34). Thephaseplateisplaced directly infront
of the lens, mimicking the target/beam configuration. The
beam is brought through focusin a vacuum tube, down colli-
mated with adoubletlens, brought tofocuswitha2-mlens, and
relayed to the CCD camera with the final lens. The beam
intensity is reduced with three 4% reflections (not shown in
Fig. 79.34) and the fifth-order reflection of a rattle plate
(consisting of two surfaces with R = 70% per surface). The
optical background is reduced to negligiblelevelswith alight
shield surrounding the CCD optics and the CCD camera. The
light levelsincident on the CCD are optimized by attenuating
the beam with a neutral density filter that is placed after the
final lens. Background-visibleand IR signalsare blocked with
broadband UG119 and U3602° UV bandpassfiltersmountedin
front of the CCD camera. Compared with the laser spot sizeon
target the UVETPimage on the CCD camerais magnified by
afactor of ~46.

Small-scal e and whole-beam B-integral effectswere found
to provide smoothing of beamswithout frequency modulation.
(Thedetailed analysi sof beamswithout frequency modul ation
will be presented in alater publication.) A UVETPimage of a
laser pulse with zero accumulated B-integral (B-integra
<1.0 rad in the UV) and no frequency modulation was mea-
sured to quantify the amount of beam smoothing dueto the B-
integral at higher laser powers. The power spectrum is the
azimuthal sum at each spatial frequency of the square of the
Fourier amplitudes. The power spectrum is normalized to the
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dc component, and the single-beam irradiation nonuni-
formity o, iS defined as the square root of the ratio of the
power in the high frequencies (i.e., k = 0.04 um™ in the
OMEGA target plane) to the power in the low frequencies
(i.e., k < 0.04 um™1). The highest (cutoff) wave number k
=2.68 um~1 corresponds to the f-number-limited spatial fre-
guency. A spectrum for a zero-B-integral laser pulse without
frequency modulationispresentedin Fig. 79.35anditsirradia
tion nonuniformity, Oyms = 93.4%, is the highest measured
under any condition and isnear the 100% val ue expected from
theory. The theoretical power spectrum simulated with the
time-dependent code (described in the previous section) isal so
showninFig. 79.35 and includesthe spatiotemporal near-field
irradiance and small-scale and whole-beam B-integral effects.
The higher value of g, predicted by the model is caused by
thediscrepancy between the model and themeasurementinthe
low wave numbers (see Fig. 79.35). Nevertheless, the pre-
dicted speckle structure shows excellent agreement with the
measurement; hence, the zero accumulated B-integral shot
serves as a calibration that demonstrates the capability of the
UVETPdiagnostic to measure highly modulated spatial inten-
sity profiles of pulses with no frequency modulation.

Experimental Results and Analysis

Measured UVETP images of 3.5-ns square laser pulses
without frequency modulationand with 2-D SSD are presented
inFigs. 79.36(a) and Fig 79.36(b), respectively. Theseimages
qualitatively illustrate the effect of | aser-beam smoothing with
2-D SSD. The images with 2-D SSD show a smooth spatial
intensity envelope [see single pixel lineout overplotted on

Figure 79.35

Power spectra obtained from a UVETP image of a laser pulse with zero
accumulated B-integral (B-integral < 1.0radianintheUV) without frequency
modulation. The power spectrum is the azimuthal sum at each frequency of
the sguare of the Fourier amplitudes, and the cutoff wave number corresponds
to the f-number-limited spatial frequency. The power spectraare normalized
to the dc component, and the oyms is defined as the square root of the ratio of
the power in the high frequencies (i.e., k= 0.04 um~1in the OMEGA target
plane) to the power inthelow frequencies(i.e., k< 0.04 um~1). Solid/dashed
lines represent measured/modeled power spectra. The predicted speckle
structure shows excellent agreement with the measurement; hence, the zero
accumulated B-integral shot serves as a calibration that demonstrates the
capability of the UVETP diagnostic to fully resolve individual speckles.
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image in Fig. 79.36(b)], while the pulses without frequency
modulation have a highly modulated spatial intensity profile
[seesinglepixel lineout overplotted onimageinFig. 79.36(a)].
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. Asseenin Fig. 79.36, the laser
beam is centered nominally on the photodetector, and 550 um
of the 950-um (defined as the 95% enclosed energy contour)
laser spot is sampled.

The temporal rate of 2-D SSD smoothing is deduced from
the power spectra of the measured UVETP images of laser

(@ (b)

pulses having constant peak power and pulse lengths ranging
from 100 psto 3.5 ns. Power spectracal culated from measured
UVETPimagesof (a) 100-psand (b) 3-nslaser pul sessmoothed
with 2-D SSD arepresentedin Fig. 79.37. Thetime-dependent
natureof 2-D SSD smoothingisevidentinthemeasuredresults
with lower measured values of o, for the longer pulse
lengths. Thelow-wave-number power spectrum isdetermined
by the spatial intensity envelope of the far field. The UVETP
diagnostic was configured with a phase plate that produced a

-field spot with asuper-Gaussian spatial intensity envelope
Fl exp(r/ro)2'5T for these pulses.

Figure 79.36

Measured UVETPimagesof 3.5-nssquarelaser pulses(a) without frequency
modulation and (b) with 2-D SSD at Avyy = 0.2 THz. Asdemonstrated with
the single pixel lineout through the center of the beam, the laser pulse with
2-D SSD has a smooth spatial intensity envelope, while the pulse without
frequency modulation has a highly modulated spatial intensity profile. 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 550 yum of the
950-um laser spot (defined as the 95% enclosed energy contour) is sampled.
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Figure 79.37

Power spectra calculated from UVETP images of (a) 100-ps and (b) 3-ns laser pulses with 2-D SSD. The thick, solid line represents the measured power
spectrum. The thick, dashed line represents the time-dependent simulation that includes both the spatiotemporal behavior of the near-field irradiance and
small-scale and whole-beam B-integral effects. The thin, dashed line represents a time-dependent model neglecting B-integral effects. Both models are in
agreement with the measured results, and B-integral effects are negligible for all cases except for pulses without frequency modulation.
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The 2-D SSD power spectra simulated with the time-
dependent code (described in a previous section) with and
without B-integral effects are plotted in Fig. 79.37. The
B-integral effects are completely negligible as shown in this
figure. The excellent agreement between the simulated power
spectra and the measured spectra is clearly apparent in
Fig. 79.37.

The measured temporal rate of 2-D SSD smoothing is
shownin Fig. 79.38, which isacompilation of datafrom over
150 laser shots that clearly demonstrates the decrease in the
measured o, With increasing pulse length. Statistical error
bars are smaller than the symbols. The 3.5-ns pulse has the
lowest measured g;,s = 6.0%. The measurement of the laser-
irradiation nonuniformity for the 3.5-ns pulses without fre-
guency modulation isalso presented for comparison. Thethin
lineisthe time-integrated simulation of the single-beam irra-
diation nonuniformity o,,s that neglectsthe B-integral effects
and assumes a static near field with auniformirradiance. Itis
in agreement with the measured results (black circles), and it
predicts that an asymptotic level of smoothing is reached just
after 3 ns. Thethick, solid linein Fig. 79.38 represents model
predictions for the Oy,

Ot. O
Orms = \/0(2) EI+_CtE+ Uazsymp ; ©)
c

where t. =1/Avyy =5ps is the coherence time, Avy
= 0.2 THz isthe UV bandwidth, t is the averaging time (i.e.,
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pulselength), ggistheinitial laser nonuniformity, and Opgymp
istheasymptotic level of 2-D SSD smoothing cal culated from
the time-integrated far-field simulation. This prediction adds
the asymptotic levels of smoothing in quadrature to the model
given in Ref. 14. The dashed line in Fig. 79.38 is a plot of
Eq. (3) with the 05/m Set to zero. The deviation of the thick,
solid line from the dashed line around 1 ns signifies that the
beam smoothing is approaching its asymptotic limit. The
asymptotic behavior can be observed in the measured values
of Oyns:

The dependence of the rate of smoothing on the wave
number kisexamined in Fig. 79.39, where g,sisplotted asa
function of pulselength for the spectral wavelength ranges of
A = 20-um, A = 30-um, A = 60-um, and A = 150-um wave-
lengths, corresponding to k = 0.31 um™1, k = 0.21 um™1, k
=0.10 um™1, and k=0.04 um~1. Statistical error barsareagain
smaller than the symbols for the majority of the data. For
OMEGA, this corresponds to spherical-harmonic modes of
¢ =20 through 150, which are considered the most dangerous
for ICF implosions.® Again the time-integrated 2-D SSD
predictions are in good agreement with the experimental ob-
servations (B-integral effects are negligible here, too). The
data have also been fitted using Eqg. (3) with the approxima-
tion®21

to =[Avyy x sin(ks/2)] ™, (4)

where J is the separation between spectral modes. (For one
color cycle o corresponds to one-half of a speckle width,

Figure 79.38

A compilation of data from over 150 laser shots demonstrates the temporal
smoothing rates of 2-D SSD. Statistical error bars are smaller than the
symbols. The 3.5-ns pulse has the lowest measured gyms = 6.0%. The 3.5-ns
pulsewithout frequency modulation isshown for comparison. Thethin, solid
line is the time-integrated simulation of the single-beam irradiation
nonuniformity oryms that neglects the B-integral effects and assumes a static
near fieldwithauniformirradiance. Thethick, solid linerepresentsthe model
predictionsfor aymsusing Eq. (3). Thedashed lineisthemodel prediction for
Orms With Gasymp = 0.
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i.e, 0=FA/D=2.35um.) Inamanner similar to Fig. 79.38, the
case neglecting the asymptotic behavior of Eg. (3) is also
plottedinFig. 79.39. Theinitial valueof thelaser nonuniformity
0y for each spectral range was determined by taking the
average value of the measured oy, for shots without fre-
guency modul ation. Thedatain Fig. 79.39 demonstratethat the

shorter wavelengths (A = 20 um) are smoothed more effec-
tively thanthelonger wavelengths. It can al so be observed that
thelonger-wavel ength modesapproach their asymptoticlimits
sooner than the shorter ones. Only asmall amount of smooth-
ing isobserved for A = 150-um wavelength (corresponding to
| = 20), which isin agreement with the prediction.

1.000 1.000 e
@ - ()
A=20 um I A=30 um
£ = i
g 0100 = 4 2 0100} __
T g T 8 n
8 g .
= 2 A
S £ -
S, ST
S 8
5 0.010 - . 5 0.010 |- . <
=, - @ Measured with 2-D SSD < 1 -, - @ Measuredwith2-D SSD  ~<_
bé - ® Measured without FM ~v.] E - ® Measured without FM el ]
| — 2-D SSD model without B-integral © - — 2-D SSD model without B-integral ]
| — Eq.(3)  — Eq.(3
- - Eg. (3) with no asymptotic limit - - Eq. (3) with no asymptotic limit
0.001 e 0.001 Y B R
1000 T T ] 1.000F T
- © : C)
' A=60 um ] I A=150 yum
£ | g -
g 0100F 1 £ o100F E
N L 7 © L
[ ] C
g - . &
€ 1 = B ~
3 3 - -
8 g‘ N = \\
Em 0.010¢ @ Measured with 2-D SSD ‘\.\ 1 5 0.010F" @ Measured with 2-D SSD Tl ]
£ - Measured without FM o1, - W Measured without FM ]
© | — 2-D SSD model without B-integral ] b§ | — 2-D SSD mode! without B-integral
. — Eq.(3) ] . — Eq.(3)
- - Eg. (3) with no asymptotic limit - - Eq. (3) with no asymptotic limit
0.001 ol ol i 0.001 il el e
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
Eo0dt Pulse length (ns) Pulse length (ns)
Figure 79.39

Temporal smoothing rates for specific spatial wavelengths (a) A = 20 um (k= 0.31 um=1), (b) A =30 um (k= 0.21 um=1), (c) A =60 um (k= 0.10 um-1), and
(d) A =150 um (k= 0.04 um~1). Statistical error bars are smaller than the symbolsfor the majority of the data. The 2-D SSD predictions are in good agreement
with the experimental observations. Thethick, solid line representsthe model predictionsfor oyms using Egs. (3) and (4). The dashed lineisamodel prediction
for gasymp = 0. Thethin, solid lineisthe predicted oymsfrom a2-D SSD simulation using astatic near field with auniform irradiance and neglecting B-integral

effects.
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Conclusion

Direct-drive | CF experiments require a laser system with
excellent irradiation uniformity. Two-dimensional smoothing
by spectral dispersion is currently the best mechanism for
reducing laser-beam nonuniformities for high-power/energy
glass lasers. UVETP images of asingle OMEGA laser beam
were recorded to quantify the single-beam irradiation
nonuniformity. The smoothing rate of 2-D SSD (with the
current UV bandwidth of Ay, = 0.2 THz) was determined by
analyzing the power spectra of measured UVETP images of
laser pulses having constant peak power and pulse lengths
ranging from 100 ps to 3.5 ns. Simulated 2-D SSD power
spectra and temporal smoothing rates are in excellent agree-
ment with the experimental dataand permit confident extrapo-
lation to larger laser systems and higher UV bandwidths.
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