The Smoothing Performance of Ultrafast Picketson the NIF

Introduction

In the direct-drive approach to inertial confinement fusion
(ICF), the focal spots of a symmetrically arranged cluster of
high-intensity, ultraviolet (UV) laser beamsdirectly irradiatea
capsule.12 The base-line design for a direct-drive ignition
target on the National Ignition Facility (NIF) uses shock
preheat to control the isentrope of the ablation surface and the
fuel. Control of theisentrope a (where a istheratio of thefuel
pressure to the Fermi-degenerate pressure) is achieved by
changing the laser pulse shape. The UV pulse shape corre-
spondingto a = 3ischosenfor thebase-linedesign. Thisshape
can be logically divided into two regions: a low-intensity
“foot” (of duration ~4.2 ns) followed by a high-intensity
“drive” (duration~5ns). Thispul seshaperepresentsacompro-
misethat providesacertain saf ety margin for theimplosion by
reducing the target’s sensitivity to laser nonuniformity by
ensuring that the target will remain intact during the drive
portion of the pulse; however, laser nonuniformity still re-
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The IR to UV frequency-conversion-efficiency curvefor the NIF. Thedrive
portionsof an a = 31CF pulse convertsat efficienciesaround 75%, wherethe
efficiency isin saturation. Thefoot portion of the | CF pulse convertsat alow
efficiency of 15%. In addition, the frequency-conversion efficiency exhibits
a third-power dependence for low-IR input intensity. This exacerbates any
beam-to-beam power imbal ance during thefoot portion of an a =3 1CF pul se.

mains an important issue. The laser irradiation nonuniformity
seeds the Rayleigh—Taylor hydrodynamic instability, which
consequently degrades target performance.34

The energy efficiency of the KDP frequency-conversion
crystals used in ICF lasers is a function of input intensity;
efficiency increases as the third power of input intensity
increases until saturation occurs (see Fig. 86.37). Conse-
quently, the low-intensity foot portion of the pulse converts
inefficiently and can represent a substantial overall reduction
in the laser’s energy efficiency. As shown in Fig. 86.38, an
a = 3, direct-drive pulse has a total infrared (IR) energy of
2.5 MJand atotal UV energy delivered to target of 1.5 MJ
(including 10% UV transport losses). The frequency-conver-
sion efficiency inthefoot of the a = 3 pulseis~15% and ~75%
in the drive portion, yielding an overall efficiency of ~68%.
This issue is even more problematic for the indirect-drive
approach, where the overall conversion efficiency isaslow as
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The a =3, direct-drivel CF pulse, whichislogically dividedinto two regions:
a low-intensity “foot” (about 4.2 ns) followed by a high-intensity “drive’
(about 5 ns). The IR power as a function of time (dashed line) required to
produce the desired UV power onto target (solid line). Thetotal IR energy is
2.5MJ, and thetotal UV energy delivered to target (accounting for 10% UV
transport losses) is 1.5 MJ. The frequency-conversion efficiency is~15% in
the foot and ~75% in the drive, which yields an overall efficiency of ~68%.
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50% due to amuch longer low-intensity foot.> Beam-to-beam
power imbal anceisalso exacerbated for thelow-intensity foot
because of the third-power dependence of conversion effi-
ciency onintensity at low intensities; during the drive portion
of the ICF pulse the conversion efficiency is in saturation at
~75% and does not contribute significantly to beam-to-beam
power imbalance.

Ultrafast picket-fencepul seswere proposed by Rothenberg®
as a way to maximize conversion efficiency and minimize
beam-to-beam power imbalance. In this article, we consider
the application of the ultrafast pickets only to the foot portion
of the a = 3 pulse. We assume that the pickets are temporally
blended into the drive portion of the pulse. Ultrafast pickets
consist of atrain of laser pulses with an inverse duty cycle
(IDC), which is defined as the ratio of the pulse-repetition
period to the pulse width, chosen to maintain near-constant
target illumination and a peak intensity that deliversthe same
average power to the target as when picket-fence modulation
is absent. For example, if a pulse train of 20-ps pulses with
IDC =6isappliedtothefoot, the peak intensity of each picket
can be increased sixfold while maintaining the same average
power on target. Increasing the peak intensity sixfold boosts
the conversion efficiency of thefoot from 15% to 39% and the
overall efficiency from 68% to 73% (see Fig. 86.39). (For
indirect drive the overall conversion efficiency can be in-
creased from ~50% to ~72% by using ultrafast pickets.?) For
apulsetrainof 10-pspulsewithIDC =12, theefficiency of the
footisincreasedto 51% with anoverall efficiency of 74%. The
benefit of this shorter pulse is the minimized affect on beam-
to-beam power imbalance as seen in Fig. 86.37.

The goal of this investigation is to assess the impact and
benefits of implementing ultrafast pickets for direct-drive
capsules on the NIF. The smoothing performance (defined as
the time-integrated laser nonuniformity as afunction of time)
isthemetric usedto comparetheultraf ast-picket-fence scheme
to that of base-line 2-D SSD on the NIF. Various beam-
smoothing techniquesto beemployed ontheNIF aresimilar to
those employed on the OMEGAS7 |aser to improve on-target
laser uniformity, which reduces laser imprint. These tech-
nigquesincludetwo-dimensional smoothing by spectral disper-
sion (2-D SSD),%10 distributed phase plates (DPP's), 1112
polarization smoothing,%13:14 and multiple-beam overlap.

The code Waasikwa’ 1° is used to calcul ate the time evol u-

tion of the far field and the single-beam time-integrated |aser
nonuniformity for the first 3 ns of the foot. Waasikwa’ will be
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Figure 86.39

The UV power of an a = 3, direct-drive pulse with ultrafast pickets applied
during the foot. The frequency-conversion efficiency has been increased in
the foot from 15% to ~39%, which yields an overall efficiency of ~73%.

used under avariety of near-field conditions that describe the
base-line 2-D SSD system as well as various ultrafast-picket
configurations. The calculated single-beam, time-dependent,
laser nonuniformity will be used as the basis of comparison.

Inthefollowing sectionswedescribethebase-line2-D SSD
system, the generation of an ultrafast picket pulsetrain, thefar-
field characteristics of ultrafast pickets, the smoothing perfor-
mance, and conclusions.

Base-Line 2-D SSD

The 2-D SSD system on the NIF is similar to that on
OMEGA with one exception: only one grating is used in the
first SSD dimension ontheNIF becauseit isimplemented with
a fiber-optic-based phase modulator. As a result, the beam
suffers a residual time shear. OMEGA utilizes a bulk phase
modulator in the first dimension so it can precompensate for
this shear (compare Ref. 16). The second SSD dimension on
the NIF has two gratings, like OMEGA. A schematic of the
NIF's2-D SSD design is shown in Fig. 86.40.
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Thespatiotemporal evolutionthecomplex-valued UV elec-
tric field of a2-D SSD pulsed beam can be expressed as

E(X, y,t) = EO(X, y,t) g %o sso(%¥it) eiqbpp(x,y), )

where Eg(x,y,t) defines the electric field's pulse and beam
shape, ¢_p ssp iSthe2-D SSD phasecontribution, and ¢ghpp(X,Y)
isthe static DPP phase contribution. The mapping of the DPP
phase contribution was designed to yield a far-field intensity
distribution of an eighth-order super-Gaussian with a 95%
enclosed energy contour of 3.40-mm diameter in the target
plane. For these simulations, the fundamental spatial and
temporal shapes of the pulsed beam are assumed to be sepa-
rable prior to the 2-D SSD operation. The uncompensated
grating operation distorts this fundamental shape and can be
written as

Eo(x,y:t) = G{beam(x,y) [dulse(t} , %)

where beam (x,y) is the near-field beam shape, pulse (t) isthe
temporal pulse shape, and G{ ¢} represents an uncompensated
grating operator, which is defined by

G{f(xy.t} = f(xy.2), ©)

wherethespatially coupledtimedomainisgivenby { =t —¢yy
and ¢, is the angular grating dispersion (see Ref. 16 for a
detail ed examination of theangular spectrum representation of
the 2-D SSD operation). As a consequence of the assumed
separability, the uncompensated grating operation couplesthe
temporal pulseshapetothespatial dimension correspondingto
thefirst SSD dimension whilethe spatial beam shape remains
unaltered and is given by

Eo(x.Y.t) = beam(x,y) [Hulse(t - £,). @
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A schematic representation of the NIF's
2-D SSD system. Notice that the first
dimension has only one grating, which
causes a residual temporal shear across

G4 the beam.

Aca

For theWaasikwa’' simulationsthe fundamental beam shape at
the final magnification is defined as a square-shaped 20th-
order super-Gaussian:

X o0
%08cm5 H

beam(x,y) = expD—In

0
xeXpmn Esos%g; 5)

which has an intensity full-width half-maximum (FWHM)
width in each direction of Dgypm = 30.8 cm and a 95%
enclosed energy contour with awidthin each direction of Dy g
= 35.1 cm, and the fundamental pulse shape is given by a
fourth-order super-Gaussian to a “flat-top”:

s N L 0
ulse(t) = éIEXIOH n2)gg . ool éi 0<t<tpea ©
E 1 D> e

where the quantity tg is defined to yield a nominally, small
initial value for the pulse, e.g., pulse (0) = 0.001, and the
quantity tpey defines the time when the pulse shape achieves
avalueof unity, i.e., pulse (tpey) = 1. Thefoot pulseisdefined
inthismanner to makeamoreaccurate comparison of theearly
development of the nonuniformity with the ultrafast pickets
defined later.

Thespatially and temporally varying phasedueto 2-D SSD
isgiven by (see Ref. 16)

®-p SSD(vaat)E3dvllsin[“M1(t+ @y)]
+ By snfava(t+Ex)], O
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where Jy,4 is the first-dimension modulation depth,
Vpm1 = wy1/(27) is the first-dimension microwave or radio
frequency (RF) modulation frequency, ¢y is the first-dimen-
sion angular grating dispersion, d» is the second-dimension
modulationdepth, vy o = w1, /(27) isthesecond-dimension
RF modulation frequency, and &, is the second-dimension
angular grating dispersion. Thefactor of 3in Eq. (7) indicates
that theel ectricfield hasundergonefrequency tripling fromthe
IR to UV. The relevant NIF 2-D SSD base-line system
parameters are assumed to be d,,; = 16.7, vy1 = 8.76 GHz,
Ey =0.325 nS/m, A/\Ml = 108A, 5f\/|2 =8.37, VM2 = 3.23GHz,
&,=0.878 ng/m, and A)y;, = 2.0 A, assuming anominal beam
diameter of Dy, = 35.1 cm.

The base-line 2-D SSD design for direct-drive NIF is
defined in this article as having IR bandwidths of

A/\Ml = 26M1VM1/\|2R/C :lOSA
and
— 2 —
AAMZ = 26M2VM2AIR/C = ZOA

inthefirst and second dimensions, respectively, where cisthe
vacuum speed of light and A|g = 1053 nmisthe| R wavelength.
Two different measures of combined UV bandwidth or widths
of thetemporal power spectrumareused here: thefirst measure
is the root-sum-sgquare and is defined by

AV = \/AVI%/Il'*AVI%/IZ ) (8)

where the UV bandwidths of each modulator are given sepa-
rately by Avyq =60y and Avyo =655V 2; and the
second measure isknown asthe autocorrelation width’and is
defined by

‘J’f(v)dv‘z

If(v)zdv ' ©

AVeff =

where the quantity 1 (v) E|I§(v)|2 represents the smoothed
envelope of the temporal power spectrum dueto the 2-D SSD
phase modulation @,_p sgp. The base-line 2-D SSD system
yields Av,g = 891 THz and Avgss = 979 THz in the UV.

Thebandwidth AAy,, laser divergence A8y, and the number

of color cyclesN,. determinetherequired grating dispersion &,
the temporal delay 1, modulator frequency vy, and modula-

82

tiondepth &, for thegiven beam diameter Dy . Dueto current
pinhole requirements of the spatial filters, the imposed laser
divergenceislimited to A6y, = 100 urad and A6y, = 50 urad
inthefirst and second dimensions, respectively. The number of
color cycles across the beam is defined by Ng. = Tp vy, where
Tp isthetime shear imposed by the dispersion gratingsand v,
is the modulator’s frequency. It can be shown that the laser
divergence A6, isproportional to the applied SSD bandwidth
AAy, and is given by

C

AQM = TDA/\ M (10)

ARDNiE’

where c is the vacuum speed of light, A|g = 1053 nmisthe IR
vacuum wavelength, and Dy g = 35.1 cmisthe nominal beam
diameter. Sincethe pinholesrestrict thelaser divergence A6y,
and the base-line 2-D SSD design calls for AAy; = 10.8 A,
applying Eqg. (10) to the first dimension yields a time delay
Tp1 = 114.15 ps, which implies that the regquired modulator
frequency for the first dimension, to achieve N = 1, is
Vm1 = 8.76 GHz. Similarly, applying Eg. (10) to the second
dimension yields 1p, = 309.60 ps and vy, = 3.23 GHz for
Ncc2 = 1. Thisbase-linedesignwill bedesignated asBL 1inthis
article. Analternativebase-line2-D SSD design, designated as
BL2, is aso proposed, which has Ng; = 2, 9 = 8.33, and
Vm1 = 17.52 GHz with all other parameters |eft the same. In
addition, a base-line design the same as BL 1 but without the
temporal shear will be designated as BL1b. The relevant
parameters are summarized in Table 86.111.

Ultr afast-Picket-Smoothing Scheme

The ultrafast-picket-smoothing scheme produces a sub-
apertured near field that sweeps across the full-beam aperture
when using a pulse-modulated laser whose pulse width is
smaller than the residual time shear 1, due to the dispersing
grating. The sweeping motion causes smoothing in the time-
integrated far field because the speckle pattern changes asthe
sub-apertured near field moves across the randomly phased
background of the DPP. Applying a time-varying phase or
phase chirp to each picket enhances the efficiency of this
smoothing mechanism. The phase chirp increasestheinherent
bandwidth of each pulse and asymptotically produces many
independent speckle patterns (or far-field modes), similar to
SSD, as long as the grating dispersion matches the pulse
repetition rate. Unlike SSD, the phase chirp can be tailored to
produce auniform far-field distribution of modesthat not only
reduces the asymptotic nonuniformity but also alleviates pin-
hole loading in the laser amplification chain. The ultrafast-
picket-smoothing scheme supplants only the first SSD
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dimension. The efficient and asymptotic smoothing of the
ultrafast pickets depends on a second and orthogonal SSD
smoothing dimension in the same way that 2-D SSD does.

The ultrafast-picket-pulsetrain is defined to have an inten-
sity FWHM pulse width of Atgyym, apulse repetition period
of AT, and an inverse duty cycle given by IDC = AT/At, where
At isthe pulse width that contains 99% of the pulses's energy.
The pulse train that will be discussed is afourth-order super-
Gaussian and can be written as

4
O [t-ty -nAT

picket(t) = ngo expé—ln(z)mg

(11)

[ |

s.t. NAT < 3 ns. The pulse width as defined in Eq. (11) is
At = 28.1 ps. The fundamental beam shape for the picketsis
defined to be the same asthe base-line 2-D SSD [i.e., Eq. (5)].

A pulsed laser beam followed by a phase modulator that is
then dispersed by a grating describes any ultrafast-picket
scheme schematically (seeFig. 86.41). Thisschematic graphi-
cally describes the mathematical functions of the resultant
pulsed beam used in the Waasikwa' simulations. The phase
modulator in Fig. 86.41 representsan optional phase chirp that
can be applied to the pickets. If the phase chirpislocked to the
pulse repetition rate of the pickets, the phase chirp of each
picket, whose function is given by @rp (), isthen appended
to Eq. (11) in the form of exp[i(pchirp(t ~tg - nAT)] .

Thegrating G2, inFig. 86.41, dispersestheultrafast pickets
withagratingdispersion, &, whichtemporally shearsthebeam
by an amount 7p;. Consequently, the beam becomes sub-
apertured and then sweepsacrossthewholenear-field aperture
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(a) Schematic describing a chirped UV pulsed beam in the Waasikwa’
simulations. A pulse-modulated laser is chirped by the phase modulator M1
with the phase given by @hirp(t) and then dispersed by the grating G2. This
schematic does not describe the layout of an actual implementation; it is
simply agraphical representation of the mathematical function of the result-
ant pulsed beam. (b) A plot representing the envelope of the temporal
spectrum from a generic chirped-pulse train, which is identical to the
temporal spectrum from asingle chirped pulse. The series of deltafunctions
represents the temporal -spectral modes from the chirped-pulse train that are
spaced by 1/AT. The envelope modul ates these modes.

W, isequivalent to theratio of the pulsewidth At to the grating
dispersion &y, which can then be related to other quantities,

_ At AT DuiF

. i ) W,=—= = , (12)
as time progresses (see Fig. 86.42). The sub-apertured width ¢y, ¢&,IDC IDC [N
Table 86.1Il: Summary of the relevant parameters for the NIF 2-D SSD base-line models.
Sim 2-D SSD Base-Line Models
Name First Applied SSD Dimension Second Applied SSD Dimension Combined BW
Mi | VM1 | Am1 | AV | BVett | Nect |Ov2| Ym2 | A2 | AVM2 | DVefrz | Necz | AVrss | AVet
(GHz2) | (A (GHz) | (GHz) (GH2) | (A) (GHz) | (GHz) (GHz) | (GHz)
IR uv uv IR uv uv
BL1 16.67 8.76 10.8 876 665 1 891 979
BL1b 16.67 8.76 10.8 876 665 1 8.37| 3.23 2.0 162 167 1 891 979
BL2 8.333 | 17.52 10.8 876 656 2 891 979
LLE Review, \olume 86 83
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where Ng. is analogous to the number of color cyclesin an
SSD system and is defined as

_Ip
Ni. = —=. 13
b= 2 (13

When the quantity Ng. >1, multiple pickets will simulta-
neously illuminate the near field and will result in improved
low-spatial-frequency smoothing and resonant featuresin the
far-field power spectrum similar to an SSD system of multiple
color cycles. The target will experience an intensity ripple
when N¢. isnot aninteger. Under these conditions, however,
the IDC decreases, which degrades the benefit of improved
frequency conversion and decreased power imbalance. When
the quantity N¢: <1, the IDC increases (for a given grating
dispersion) and will increasefrequency conversion and reduce
power imbalance. The target will experience an intensity
ripple, however, due to the absence of any pickets over the
duration of AT-7p (unless the pickets can be timed to alter-

AT At | Grating G2
D
Ey
Disperses
D t iny direction
Near-field
A At illumination with
AT | asingle picket
D+
&y
TC5463
Figure 86.42

Thetwo plots on the left-hand side represent beam cross sections before and
after the grating G2, which temporally skews the beam. Consequently, the
beam becomes sub-apertured and then sweeps across the whole near-field
aperture as time progresses (see the plot on the lower right-hand side). If the
pulse period At is chosen to equal thetemporal shear 1p from grating G2, the
target will be continuously illuminated since as one picket exitsthe aperture,
the next one will enter on the opposite side.

nately illuminate different beamsin each quad to compensate).
More importantly, the smoothing will become inefficient be-
cause the far-field modes will become statistically dependent,
just asinthe SSD case. When the quantity N¢. =1, the target
will experiencelittleripple (in fact, if the pulseisrectangular,
thetarget will experience no intensity ripple) and the smooth-
ing will be efficient over all spatial wavelengths.

As originally conceived, the chirp would be applied by
allowing the pickets to enter a phase-locked phase modulator
such as the current fiber modulator. In this scenario the pulse
period is phase-locked to the phase modulator such that the
maximum instantaneous wavelength shift is applied to each
picket (see Fig. 86.43). The pickets effectively “sample’ the
central portion of the bandwidth produced by the phase modu-
lator. Noticein Fig. 86.43 how the “sampled” spectrum of the
ultrafast pickets is nearly uniform and centrally distributed,
unlike the distinctive Bessel mode pattern produced by the
frequency-modulated (FM) spectrum of SSD.

| AT = Tynoqs = 114.15 ps
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Figure 86.43

A chirp is applied to each picket using a phase-locked modulator. This
diagram graphically illustrates how the modulator applies the maximum
instantaneouswavel ength shift to each picket. Thepicketseffectively “ sample”
the central portion of the bandwidth applied by the modulator.
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1. Temporal Spectrum and Diffraction-Limited Far-Field

Pattern of Ultrafast Pickets

The centrally distributed sampled spectrum directly trans-
lates into reduced pinhole loading. The applied temporal
spectrum mapsinto the pattern of adiffraction-limited far field
sincethedispersed beam mapstheapplied temporal bandwidth
into spatial bandwidth (see Ref. 16 for adetailed description).
The time-integrated, diffraction-limited far-field patterns of
the NIF 2-D SSD base-lineand ultrafast picketsareillustrated
in Fig. 86.44. The pattern from the NIF 2-D SSD base line

(a) Far field without pickets

1 T == ="

y far field (mm)
o
o
=

(b) Far field with pickets

T ="

y far field (mm)
o
o
=

-0.6 0.0 0.6
x far field (mm)

TC5467

Figure 86.44

The time-integrated diffraction-limited far-field patterns for the NIF 2-D
SSD (a) base-line and (b) ultrafast pickets. The images are plotted using the
same gray scale to indicate relative fluence levels. The pattern from the NIF
2-D SSD baselineshowshigh fluencelevelsnear thefour outer cornersof the
pattern. In contrast, the pattern from the ultrafast-pi cket design showsamuch
lower, uniform fluence level more evenly distributed about the center. Both
images show the distinct Bessel pattern in the direction corresponding to the
second SSD dimension.
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[Fig. 86.44(a)] shows high fluence levels near the four outer
cornersof thepattern. In contrast, thepatternfromtheultraf ast-
picket design[Fig. 86.44(b)] showsamuch lower and uniform
fluence level more evenly distributed about the center. Both
images show the distinct Bessel mode pattern in the direction
corresponding to the second SSD dimension.

The temporal spectral modes of the ultrafast picket fence
are separated by theinverse of the pul serepetition period, e.g.,
1/AT, and they conform to the envelope of the spectrum of a
singlepulse[seeFig. 86.41(b)]. These spectral modes become
modes in the far field and lead to the number of independent
speckle patternsin the asymptotic limit. The mode spacing in
thefar field in the direction corresponding to the grating G2 is
caculated by N¢e fyipAuy /Die - The number of modes due
to the ultrafast pickets can be calculated using

ABi1Dnie

Modes' = Avyy [AT = A6 n7 = ,
Auv Nee

y)‘ uv

(14)

The number of modesdueto the SSD for either dimension can
be calculated using

Avyy _ A6 Dyie

Modes= , (15)

Vm Auv Nee

wherethelaser divergence A6, and number of color cyclesNg.
corresponding to either SSD dimension is substituted into
Eqg. (15). Thetotal number of modesinthefar fieldiscomputed
astheproduct of thenumber of modesfromthefirst smoothing
dimension (either SSD or ultrafast picket fence) and the
number due to the second orthogonal SSD dimension. If the
temporal spectrum of either the ultrafast pickets or SSD is
nonuniform, the effective number of modesisreduced, similar
to SSD.18 The reduction ratio is approximated as the ratio of
the effective bandwidth calculated using Eqg. (9) to the overall
bandwidth of each smoothing direction separately. Theultrafast-
picket-fence schemes proposed in this article have a very
uniform distribution, which can decrease the asymptotic level
reached by approximately 20% as compared to base-line
2-D SSD.

The tempora spectrum of the ultrafast pickets can be
modified or tailored to reduce the pinhole loading due to the
tails of the spectrum seen in Fig. 86.43. Through an iterative
Fourier technique, similar to phase-retrieval techniques, a
chirped pulse can bedesigned to produce the high-order super-
Gaussian temporal spectrum asillustrated in Fig. 86.45.
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Figure 86.45

A chirped pulse (a) and its temporal spectrum (b). The spectrum was the
design point of an iterative Fourier technique to find the required shape and
phaseof thepulsein (a). Thisspectrum can further reducethe pinholeloading
by removing theenergy located in thetails of the spectrum seenin Fig. 86.43.

2. Alternate Methods of Producing Chirped

Ultrafast Pickets

Alternate methods are available for producing chirped
ultrafast picketsthat need not be phase locked. One method is
to reflect a stretched and longer chirped pulse from a fiber-
Bragg grating; thisresultsinatrain of chirped pul sesof desired
shape and chirp by properly engineering the fiber. This tech-
nique meshes well with the tailored chirped pulse seen in
Fig. 86.45 since the pulse shapeis approximately asec h? and
the chirp is nearly linear, both of which are easily obtained
using current laser and fiber technologies.

Far-Field Simulation and Analysis
Waasikwa' calculates the planar far-field fluence using

Fxs.y5¢) = Ilff(xffanfat)dta (16)

pulse
duration
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where ¢ (¢, Y5 ,t) represents the instantaneous far-field
intensity. The evolution of the far-field intensity is calculated
by taking the modulus squared of a2-D spatial Fourier trans-
form of the UV near field [comp. Ref. 19, pp. 83-89]:

Lt (et 2 Vi o t)

2

o. 2m O
= L] E(vaat)eXpEr'—(Xffx"'yffy)lj}j)(dy » (17)
?? 0 Auv fnie 0

Uspace

where E(x,y,t) representsthe complex-valued UV electricfield
strengthinthenear field and (x,y) and (X, Y¢r) arethenear- and
far-field coordinate systems, respectively; Ay = 351 nmisthe
UV vacuum wavelength; and fy g = 770 cm is the assumed
NIF focal length. Theintegrations are cal culated as a running
summation at every simulation time step dt. For these
~1-THz-bandwidth pul sed beams, thetimestepisdefinedto be
dt = 0.75 ps, which sufficiently over-samples the bandwidth
based on the Nyquist criterion.

The 2-D power spectral density (2-D power spectrum or
simply the 2-D PSD) is derived from the simulated far-field
fluence by taking the modulus squared of the 2-D spatial
Fourier transform:

PSD (kaf ! kaf )

2

F (% ,yff)exp[—i(kxff Xgt + Kyee Vit )] dxgr dyge | , (18)
Ofarfield

where F(X, Ys) represents the far-field fluence as defined by
Eqg. (16), (X, Y¢) is the far-field coordinate system, and
(kxff ,kyff ) isthefar-field's spatial-frequency coordinate sys-
tem. The azimuthal sum at each radial wave number of the
2-D power spectrum defines the 1-D power spectral density
(1-D power spectrum or simply the 1-D PSD) and is given by

psd(kyr) = f PSD (K - Ky, ) e A6, (19)

where the transformation into polar coordinatesis defined as
kit = \Kx 2 +ky 2 and tan@ =k /K. . The single-beam
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irradiation nonuniformity o;,,sisdefined asthe square root of
the ratio of the speckle power (e.g., the high frequencies
kis = 5.88 rad/mm at the NIF target plane or /-modes ¢ = 10) to
the envel ope power of the far-field spot (i.e., the low frequen-
cieskss <5.88 rad/mm). Thewavenumber 5.88 rad/mm divides
the envel ope and speckle frequencies. A finite entrance pupil
imposes alimitation on the spatial-frequency bandwidth of an
optical system (compare the intensity-impulse response or
point-spread function of a diffraction-limited system with a
rectangular exit-pupil functioninRef. 19, pp. 110-113). Onthe
NIF, the highest spatial frequency of thefar field, regardless of
thenear-field beam profile, islimited by thefinite square shape
of the full aperture beam whose width is defined as Dy
= 35.1 cm. Consequently, the 2-D PSD possesses a sguare-
shaped absol ute cutoff whose width along both the kxff and
k., axes corresponds to the f-number limited spatia fre-

Vit
quency

rad

—%20816_
816 -

kCUtff (20)

VINVAINT=

THE SMOOTHING PERFORMANCE OF ULTRAFAST PickeTs oN THE NIF

Dueto the square-shaped cutoff of the 2-D PSD, the 1-D PSD
has an absolute cutoff of

k('ZUtff = ﬁ mcutff . (21)
For the ultrafast picket fence schemes, the high aspect ratio

(which isproportional to IDC) of the sub-apertured near field
corresponds to an absolute cutoff ke, OKoygy, -

Smoothing Perfor mance Results

Waasikwa’ far-field simulations calculated the single-
beam nonuniformity as a function of time for a duration of
3 ns. Three NIF 2-D SSD base-line designs and four ultrafast
picket designs were calculated using the parameters listed in
Tables 86.111 and 86.1V. The names listed under the “Sim
Name” column in these tables will be used to designate
each model.

The smoothing performances for Picket1, Picket2, and the
BL1designsareplottedin Fig. 86.46 for a3-nsduration for all

Table 86.1V: Summary of the relevant parameters for the NIF ultrafast-picket-smoothing schemes. The second SSD dimens

same parameters as in Table 86.111.

Sim Pulse First Smoothing Dimension Combined
Name Type Applied SSD Ultrafast Pickets BW
o1 | VM1 | %wa | Neea | IDC | Ngo | AT | Alpyyyy | AU | Avegp | Avegy
GHz) | (A (ps) (ps) (ps) | (GHz) | (GHz)
IR uv
Picketl Single SG4 | 31.02 | 8.76 20.1 1 1 114.15 19.0 28.1 970 994
Picketlb | Single SG4 | 31.02 | 8.76 20.1 1 1 114.15 19.0 28.1 970 994
Picket2 Double SG4 | 31.02 | 8.76 20.1 1 2 57.075 19.0 28.1 970 995
Chirpedl1 | Single seb? n/a n/a n/a na | 2.5 1 114.15 19.0 45 947 993
@ (b)
1- rorTTTT | 3 1: B rorTTTT g
- All ¢ modes ] - 15<¢ <120 ] Fgure86.46
L p L p The nonuniformity plotted
i b i b against time for (a) al ¢
i 7 ) modes and (b) the /-mode
0 %]
c | |1 € B i range 15 < ¢ < 120. Thered
s 0l g RS 0'15 1 line is the NIF ultrafast
C ] C ] Picketl, the dashed line is
I ] I ] the NIF ultrafast Picket2,
and the blue line is the NIF
" 2-D SSD base-line BL1.
0.01 ol 0.01 i :
0.01 0.1 1 10 0.01 0.1 1 10
Time (ns) Time (ns)
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the ¢ modes and over the /-mode range of 15 < ¢ < 120. The
smoothing performance of both picket designs is initially
better than and later is nearly equivalent to BL1 design. The
Picket2 design produces better smoothing than the other two
designs for the range 15 < ¢ < 120 because two pickets are
simultaneously illuminated, which is analogous to a two-
color-cycle2-D SSD system. The smoothing performancesfor
the tailored chirped pulse (designated as Chirpedl), Picket1,
and BL1 areplottedinFig. 86.47 for a3-nsduration for all the
(-modes and over the /-mode range, 15 < ¢ < 120.

The smoothing performances for the BL1, Picketl, and
Picket2 simulations are identical for the first 15 ps because
they have the same pulserise time and asimilarly shaped sub-
apertured near field (BL1 is sub-apertured during the time
corresponding to the initial tempora shear and the shape
matches the picket’s shape for thefirst 15 ps). The smoothing
performancefor Chirpedlisinitially not asgood as Picket1 or
Picket2 because it has a much longer rise time of approxi-
mately 25 ps. The smoothing performance for both picket
types, however, is better than BL1 over the duration 20 ps
<t <200 ps. Thisis due to the fact that the ultrafast picket
designs are designed to smooth efficiently, i.e., full-smooth-
ing, full-bandwidth for asub-apertured near field; whereasthe
base-line designs do not achieve full-smoothing/full-band-
width until the apertureisfilled, i.e., after theinitial temporal
shear 1pq = 114.15 ps. Therefore, the picketed designs effec-
tively have ~115 ps of smoothing accomplished before the
base-linedesignsachieveefficient smoothing. Over the /-band

@)

All 7 modes

T T T Ty

g
s 01r E
0.0] el
0.01 0.1 1 10
Time (ns)

TC5597

range 20 < ¢ < 120, Picket2 has better smoothing performance
than Picket1 for t >80 psbecause by thistimethe second picket
has appeared in Picket2 and remainsfor the rest of the simula-
tion. The second picket reduces the nonuniformity in this
(-band range due to the aforementioned multiple-color-cycle
effects. The overall smoothing performancefor al the simula-
tionsare nearly equivalent, for the durationt > 200 psand until
theasymptoticlevelsarereached (approximately t ~3ns). The
Picket #1 simulation has reduced asymptotic overall
nonuniformity because of the uniform bandwidth distribution.
The simulation Picket1 has alower asymptotic nonuniformity
relative to Picket2 because of N =2. The asymptotic levels
for both picket-type simulations, however, are nearly equiva-
lent for the /-band range 15 < 7 < 120.

The instantaneous 1-D PSD, defined by Eq. (19), for the
ultrafast-picket-fence schemes is approximately 4x higher
over the ¢-band range 15 < ¢ < 120 as compared to BL 1 (see
Fig. 86.48). The ultraf ast-pi cket-fence schemes produce asub-
apertured near field, which corresponds to a 2-D PSD whose
extent (i.e., its cutoff wave number kg, ) is reduced in the
corresponding direction by afactor of ~IDC (for Ng. =1). By
conservation of energy, the sub-apertured near field increases
thespectral power inthepicketed direction by afactor of ~IDC.
Consequently, the azimuthal sum (i.e., the 1-D PSD) reflects
this additional power. Note also that there is still power up to
Keutg; = 0.816 rad/um because the second SSD dimension is
still full aperture.

(b)

1: T ||||||||
' 15< ¢ <120

T T T Ty

0,01 btk e
0.01 0.1 1 10

Time (ns)

Figure 86.47

The nonuniformity plotted against time for (a) al ¢ modes and (b) the /-mode range 15 < ¢ < 120. The red lineisthe NIF ultrafast Picket1, the dashed lineis
the NIF ultrafast chirped-picket Chirpedl, and the blue line isthe NIF 2-D SSD base-line BL 1.
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Torelatethesmoothing performanceto effective bandwidth
or inverse coherence time, the initial rise-time behavior must
be eliminated because the simple model of the nonuniformity
asafunction of timeandwavenumber doesnot account for this
rise-time behavior’

+ 0hyym(kit ) (22)

t
o?(t.ket) = o5 (k) " +th

where ag(kff):az 0,ki) is the initial value of the
nonuniformity and o aqm (ki) = 02(00, kit ) is the asymptotic
level of the nonuniformity for the radial wave number k.
Advancing the pulse by this delay and delaying the time-
integrated far field by the same time accomplish this task.
Therefore, two additional simulationswererunwith adelay of
anamount correspondingtotherise-timedelay for each model.
The base-line model BL1b isidentical to BL1 except for the
included delay of 130 ps. The ultrafast-picket-fence model
Picket1bisidentical to Picketl except for theincluded delay of
30 ps.

Thenonuniformity of Picketlbisnearly equivalentto BL 1b
over the /-band range 15 < ¢ < 120 even though the instanta-
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Figure 86.48

Theinstantaneousfar-field 1-D power spectrafor modelsBL 1 (blueline) and
Picketl (red line). The subapertured near field of the ultrafast picket scheme
increasesthe power inmodes/ < 400relativeto thebase-line2-D SSD model.
Theincrease is approximately equal to the IDC value for the ultrafast picket
scheme over the majority of the affected ¢ modes.
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neous power is4x higher in these modes (see Fig. 86.48). The
reason for this behavior is simple: the effective bandwidth or
inverse coherencetimeisapproximated 4x higher for Picket1b
relativeto BL 1b. The sub-apertured near field of the Picket1lb
causes the bandwidth to be distributed over a reduced wave-
number range and consequently smoothes these wavel engths
faster. This effect is calculated two independent ways:
(2) smoothing performanceof afull simulationisfit tothemodel
of Eg. (22) and (2) a phenomenological model is developed.

Calculating the effective bandwidth distribution for either
the 2-D SSD system or the ultrafast-picket-fence scheme is
essentially a 2-D problem. Two- and one-dimensional phe-
nomenological models of the effective bandwidth are given

here. Inthefirst smoothing direction, the bandwidth is distrib-
uted ast0

By (ke ) = 28vpg8in K—zl Nect

(23)
where Avy,41 isthe FM modulator bandwidth inthe UV for the
first SSD modulator or the chirped-pulse bandwidth and the
parameter k4 is the one-half speckle width, (k; = Ksgpy =
fniF/Auv/Dni for the first SSD dimension or Ky = Kpicket =
IDCfypAuy/Dpiefor theultrafast picket fence). Inthe second
smoothing direction, the bandwidth is distributed as

= ; K2 O
AVY(kyff ) =20Avy2S na(yff o Nec2 0 (24)

where Avy,, isthe FM modulator bandwidth inthe UV for the
second SSD modulator and K, = ksgp; iSthe one-half speckle
width for the second SSD dimension. For the 2-D problem, it
isassumed that the orthogonal components of the wave vector
ke =k, X +k,, Yy are affected independently so that the ef-

Xff Vit
fective bandwidth is given by the quadrature sum

Avet (kxff Ky ) = \/ ‘Avx(kxﬁ ) ‘2 +‘Avy (kyff )‘2 . (25)

Thesmoothingof the1-D PSD then correspondstothewei ghted
azimuthal averageof thetwo-dimensional effectivebandwidth
function Eq. (25).

_ fAvar (g -y ) PSDo (Ko Ky ) 100
fPSDO(kaf Ky )kffde

Avigs (ksf ) ., (26)
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where the weighting function PSDg(ky, Ky, ) is the 2-D
PSD of the aberration-free ideal near field of Eq. (4) at one
instant of time for either the 2-D SSD base-line full-aperture

designs or the sub-apertured ultrafast picket-fence designs.

Thenonuniformity o2(t,ks) cal cul ated fromthesimul ations
BL1b and Picketslb is fit to the nonuniformity model of
Eq. (22) using the coherence time as the one degree of free-
dom in order to estimate the effective bandwidth by
AV (k) =Yt. . The simulation data 02(t,k) is averaged
over 5 neighboring wave numbers before being fit to the
model of Eq. (22). The estimated effective bandwidth by
AV (ks ) is compared to that calculated with the phenom-
enological effective bandwidth model given by Eq. (26) [see
Fig. 86.49(a)]. Theratio of the effective bandwidths from the
phenomenological model is plotted in Fig. 86.49(b). The fact
that the effective bandwidth for the Picket1b is approximately
4x higher than the BL1b over the /-band range 15 < / < 120
explainswhy they have asimilar smoothing performance over
the I-band range in Fig. 86.46(b).

(@
¢ modes
2 20 200 2000
2500 T T ||||||| T T IIIIII| T T T T1TTTT
~ 2-D SSD baseline
5 2000 - A
< .
B Ultrafast picket-
= 1500 |- fence scheme\w
o |
é 1000 -
(5}
2
8 soof
i,
0L = ol ol
103 102 101 1
. faieAuy
TC5629 V221 DNIF

Conclusion

The underlying motivation of implementing the ultrafast
pickets on the NIF is the ability to increase the frequency-
conversion efficiency and to reduce the contribution to the
beam-to-beam power imbalance in the foot portion of an ICF
laser pulse.® In this article, the smoothing performance of the
ultrafast pickets was analyzed and shown to be equivalent to
theNIF 2-D SSD base-linedesignsfor direct-drivel CF aslong
as the applied bandwidths and divergences are close to the
base-line designs. If no bandwidth is applied in the first
dimension or if the IDC istoo large, the early-time smoothing
performanceisnot as effective. It was also discovered that the
diffraction-limited far-field pattern produced by the chirped
pickets can reduce pinhole loading, which might lead to an
increasein the permitted laser divergence. Overall, aproperly
designed ultrafast picket system offers many system-wide
benefits at the cost of a more complicated front end.
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Figure 86.49

(@) The one-dimensional phenomenol ogical model of the effective bandwidth Avest (k) and the estimated effective AV (kff) bandwidth are compared for both
the BL1b and Picket1lb Waasikwa' simulations. The bold traces represent the phenomenol ogical model Aves(ksf), and the thin traces represent the simulation’s
effective bandwidth AV (kff) . (b) Theratio of phenomenological models Avess(ksf) for Picketlb to BL1bis plotted, which showstheincreased bandwidth in

the lower (-band range.
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