A High-Pass Phase Plate Design for OMEGA and the NIF

Introduction

Thedirect-drive configuration utilized ininertial confinement
fusion (ICF)12 driven by high-powered lasers requires target
illumination with ahigh degreeof uniformity, especially inthe
lower spatial-frequency modes. Nonuniformity in laser irra-
diation seeds the Rayleigh—Taylor hydrodynamic instability,
which consequently degrades target performance.3- Various
techniques, such as two-dimensional (2-D) smoothing by
spectral dispersion (SSD),10-13 distributed phase plates
(DPP's),1415 polarization smoothing (PS),16-22 and multiple
beam overlap, are employed on the OMEGA laser16:23.24 and
will be employed on the National Ignition Facility (NIF) to
improve the on-target irradiation uniformity and reduce the
laser imprint. The nonuniformity in the lower frequencies (or
spherical-harmonic ¢ modes) is particularly dangerousin ICF
implosions due to hydrodynamic instabilities that develop
during the longer imprinting periods associated with these
modes. In addition, these low-order modes are also the most
difficult to smooth with the af orementioned methods.

Reduced-autocorrelation phase plates were proposed to
reduce the power spectrum of the low-¢ modes and were
designed with discrete phase elements of fixed spatial aper-
ture.2> These phase plates were calculated by changing se-
lected phase elements in order to minimize the local
autocorrelationfunction of the near-field phaseterm; hencethe
name. Thereduced-autocorrel ation phase plates, cal culated by
this method, were able to reduce the nonuniformity in the
lower-¢ modes by only a modest average factor of 2 without
any near-field phase aberrations. In addition, due to the dis-
cretenatureof thephaseplateelements, theenvel opeof thefar-
fieldintensity patternwasnot controllable(except by changing
the shape/size of the discrete phase elements).

Thenovel and improved design technique presented in this
article calculates continuous versions of these specialized
phase plates by directly manipulating the power spectrum of
the far-field intensity pattern. These new designs are dubbed
“high-pass phase plates’ to distinguish them from their prede-
cessors and to emphasize the method of directly manipulating
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the spectrum. The novel phase plate design technique calcu-
lates continuous phase plates that produce well-defined far-
field intensity envelopes with a high degree of azimuthal
symmetry and a controllable power spectrum. The high-pass
phase plates are abl e to reduce the nonuniformity in the lower-
¢ modes by average factors of 4 to 10 (depending on the type
of high-pass filter employed) without any near-field phase
aberrations. Thenovel platedesigntechniquepresented canal so
be applied to standard phase plates because it requires no con-
trol of the far-field power spectrum. In addition, this technique
is computationally efficient, and the calculation speeds are
improved by two orders of magnitude over current methods.

The performance of high-pass phase platesis significantly
affected by any near-field phase aberrations present on ahigh-
powered ICF laser beam. If the phase aberration is strong
enough, the resultant far-field intensity’s power spectrum
tends toward that produced by a standard continuous phase
plate. Simulationsof thefar-fieldintensity patternwith applied
phase aberrations (either measured or simulated), using the
codeWaasikwa’ 24 showsthat thelower-/-moderange can till
benefit from these high-pass phase plates. High-pass phase
plate designs for both OMEGA and the NIF can redize a
reduction of about a factor of +/2 to 2in nonuniformity over
thelower-¢-band range (11 < ¢ < 25) in the presence of typical
laser system phase aberrations.

In the following sections, an overview of the novel phase
plate design technique will be presented. Next, standard phase
plate designs will be compared to high-pass designs for both
OMEGA and the NIF. The affect of near-field phase aberra-
tions will then be discussed followed by the improvement
realizedinthelower-/-band rangein the presence of near-field
phase aberrations.

A Novel Phase Plate Design Technique

A novel phase plate design technique was developed to
calculate continuous phase plates that produce awell-defined
far-field intensity envelope with a high degree of azimuthal
symmetry and a controllable power spectrum and is incorpo-
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rated in a code called Zhizhoo’ .26 Zhizhoo' can be configured
to calculate a continuous near-field phase plate that produces
a speckled far-field spot who's envel ope matches almost any
well-behaved function and hasthe ability to control the power
spectrum of thefar-field intensity in order to produce a speck-
led patternwith reduced nonuniformity inthelow-order modes.
A phase plate that reduces the nonuniformity in the low-order
modesisreferred to as a high-pass phase plate. The technique
is computationally efficient and can completeacalculationin
10 to 20 min running on an SGI Origin 2000 machine with
eight parallel processors.

The goal of the novel phase plate design technique is to
produce a diffractive phase optic that varies slowly acrossthe
whole beam aperture and possesses no sharp discontinuities
or phase anomalies. Simulated annealing is the current tech-
nique used at LLE to calculate continuous phase plates, but it
tendsto be computationally inefficient and takestens of hours
to complete a calculation.241°> The novel phase plate design
technique wraps an additional iterative process around a stan-
dard phase-retrieval techniquethat isableto control the spatial
and spectral properties of the speckled far-field intensity pat-
tern while calculating a continuous phase plate. Two user-
supplied design functions drive the algorithms to produce the
required phase plate: the near-field beam intensity
|E0(xnf ' Ynf )|2 and the far-field intensity envelope target

tiargee (X6 Vi ), Where (Xor, Vg ) @nd (xr,¥sr ) are the near-
field and far-field coordinate systems, respectively.

1. Standard Phase-Retrieval Technique

Thecoreor central algorithm of thenovel phaseplatedesign
technique presented hereisbased on astandard phase-retrieval
technique known as the error-reduction scheme; the error is
guaranteed to never increase after every iteration.2’-28 The
standard phase-retrieval algorithm employs the property of
Fourier optics that connects the complex near- and far-field
quantities viathe Fourier transform,2® wherethe far field isat
the focal plane of the final lens in the long laser chain in
OMEGA and the NIF, viz.,

E(xi¢,Ysr) = I E(Xnf » o)
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where Ay = 351 nm is the UV laser wavelength, f is the
focal length of the final focusing lens (f = 1.8 m for OMEGA
and f = 7.7 m for the NIF), and operators $1'} and & 1}
definethe2-D spatial Fourier transform and itsinverse, respec-
tively, that map the complex-valued electric field from the
near-field coordinates (an ,ynf) to the far-field coordinates
(xff Vit ) and vice versa. The magnitudes of the near-field or
input beam shape

EO(anvYnf)=|E(anaynf )| ©)
and the speckled far-field objective pattern
EO(Xffanf):‘é(XfvKff)‘ (4)

are known a priori before the iterative procedure is initiated.
During the iterative procedure, the known input beam shape
replacesthe calculated amplitude of the near field and the far-
field objective pattern replacesthe cal culated amplitude of the
far field, while the calculated phase of both complex fieldsis
retained.28 A diagram of this iterative procedure isillustrated
inFig. 89.10. Thisalgorithm convergesquickly and accurately
to almost any desirable far-field envelope; the main restric-
tionsarethat the envel ope be squareintegrable and possess no
sharp discontinuities, i.e., a well-behaved function.3! The
phase cal cul ated during this standard techniqueis bounded by
+r dueto theinherent range of thearctangent function used to
calculatethe phase based onthereal and imaginary partsof the
complex field quantities.

Bounding the phaseinthismanner resultsin many sharp 27-
phase discontinuitiesthat theoretically will not scatter energy;
however, arealistic devicewill scatter energy out of thedesired
far-field envel ope because this boundary is not exactly repro-
duced due to limitations in the manufacturing process.32 The
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standard phase-retrieval technique can also produce phase
anomalies that have sharp z-phase discontinuities (accurately
referred to as phase dislocations33 or phase vortices and im-
precisely called phase poles or spiral phase singularities),
which scatter additional light when they are illuminated (be-
cause afield value of zero is expected at phase dislocations)
and are not due to amanufacturing limitation, although manu-
facturing limitations can exacerbate the scatter. A n-phase
discontinuity occurs independently of the direction that the
phase dislocation is traversed,3! and a total of 27 phase is
accumulated on alineintegral path encircling aphase disloca-
tion of order 1.3 Both of these scattering sources limit the
usefulness of the standard phase technique.

The sharp 27-phase discontinuities can be removed by a
number of different phase-unwrapping agorithms.3® The
phase anomalies pose amuch moreinsidious problem because
not only do they inhibit many phase-unwrapping agorithms,
they also are one of the main reasons that the standard phase-
retrieval technique stagnates or fails to converge.36 If one
attempts to artificially remove the phase discontinuities, they
will simply reappear later in another location during the
standard phase retrieval’siteration process.3! Using the stan-
dard phase-retrieval techniqueal onerendersthephasedisloca-
tionsirremovable.

The number of phase anomalies can be reduced by initial-
izing the standard phase technique with distributions that do
not inherently contain phase anomalies®* (which can fre-
quently occur in random distributions); however, some prob-
lems benefit equally as well from a random distribution.36
Another method attemptsto removepairsof phasedislocations
by smoothing over the region containing them and then re-
stricting the degree of freedom in that region during further
iterations. Thismethod, however, resultsinarather tediousand

complicated algorithmthat requiressearching for and identify-
ing pairs of phase dislocationsthat may not even reside on the
current computational grid.3*

Phase dislocations are associated with zeros of complex
functions.3~42 |f a phase dislocation exists, a complex zero
exists (although the opposite is not necessarily true). One
source of phasedislocationsinthenear fieldishard clipping or
aggressive attenuation of the spatial spectrum (or far field).31
If anear-field object’s spectrum extends beyond the computa-
tional domain of thefar field or extendsinto aregion wherethe
far-field target is zero, hard clipping can occur. Alternatively,
aggressive attenuation of the spatial frequencies can occur
during theapplication of thefar-field constraints, i.e., applying
a far-field target function that falls rapidly toward zero in
regions where the near-field object’s spectrum has significant
values. Both of these mechanisms can occur when the near-
field phase possesses large gradients, which will introduce
complex zeros into the near field during the phase-retrieval
procedure. It can also be shown, however, that if a near-field
object has a spectrum with compact or finite support (i.e., a
band-limited function), anear-field phase without phasedisl o-
cations can be found.31

2. Initial Guess and Construction of the Far-Field Objective

Both the standard phase retrieval and novel phase plate
design techniques require an initial guess of the near-field
phase. Through ajudiciouschoice, theal gorithmscanbegiven
ajump-start on convergence that helps prevent stagnation (as
mentioned in the previous section). A random initial guess
whose values take on any phase in the interval 0 < ¢ < 27
can be a useful generic starting point for many applications
where phase dislocations are not that much of aconcern. This
random pattern, however, is not a prudent starting point for
continuous phase plate designs.
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Figure 89.10

A flow diagram depicting the iterative process
employed in the standard phase-retrieval tech-
nique. Theideabehind thistechnique hasalong
history dating back to Wolf30in 1962. Gerchberg,
Saxton, and Fienup extended this idea to two
dimensions, and thebasic error-reduction scheme
is shown in this figure.27.28 This iterative tech-
nique is at the core of the novel phase plate
design technique.
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The best choice for a continuous phase plate design is one
whose phase is already continuous and produces a far-field
pattern that adequately covers the targeted region. A scaled,
colored-noise (see Carslon,*! pp. 153-154) phase pattern is
suitable for this purpose and is given by a Fourier filter
operation:

ci’DPP(an Yot ) =a- .%{ff‘l{f?{g“(xm » Ynf )}

20
exp{—ln(Z)-(k:ij ] NG
DPP

whereaisthescaling constant, ng(f Ynf) €[

-1,1] isarandom
number field, key = (KZ +k&

o istheradial wave number
of the near-field coordmatesystem ko =360 rad/m isthe
FWHM filter point, and {-} isthe real operator. When the
color-noise phase pattern, given by Eq. (5), isused, the result-
ant far-field speckle pattern possesses a simple Gaussian
envelope. The scaling constant ais used to effectively spread
out the resultant far-field speckle pattern to cover the targeted
area (the value used in this article is a = 50 rad for both
OMEGA andthe NIF). Itisimportant for the constant a to be
large enough to encompass the targeted area of the far field
but not solargethat it extendsbeyond the computational region
of the far field (otherwise, aliasing effects can play havoc on
the algorithm).

Oncetheinitial phase &)Dpp(xnf \Ynf ) i chosen, manipu-
lating the initial speckled far-field pattern produced by the
initial phase generatesthefirst far-field objective pattern. The
initial speckled far-field pattern is given by

Eo (it Yit ) = ‘Z?{Eo(xnf Y )'eXp{i&)DPP(an Y )}H (6)

First, the envelope of the initial speckled far-field intensity
patternisfound by using an optimal filter technique (described
in detail in the following section):

I, (Xt Yir ) = ‘711{0” { opt(kxff’kyff)

3{!50(xff,yff )\ZH} ™
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where ‘i‘opt(kxff ,kyff ) istheoptimal filter. Next atransforma-
tion function A(Xst,Ysr) isdefined as

12
Ifftarget(xffvyff)
T Cay) | X, Yis ) 2 0
Iffenv(xffvyff) ffenv( Vi )

A(Xe, Yir ) = { , (8)

0 ;. otherwise

where I, (X5, Y1) is the far-field target intensity enve-
lope. The function A(Xff,yff) transforms the initial far-field
pattern as

éObi(Xff'yff)=A(Xffayff)' éo(xfvKff)v 9)

where Eobj(xff yff) yields the first speckled far-field objec-
tive based on the initial far-field pattern Eq(sf,Ysr). The
importance of Eq. (9) is both subtle and critical to the conver-
gence to a continuous phase plate; the initial phase
(I)Dpp(xnf »Ynf ) iscorrelated to the generated speckle pattern.
If this correlation is not maintained, convergence can be lost
and the resultant phase pattern tends to produce a speckled far
field with a Gaussian-shaped envelope and, under extreme
cases, ahigh central peak develops. The transformation func-
tion A(X¢, s ) may contain anomalously high values where
Iffenv(xff ,yff)~0. These values are eventualy suppressed
during the enhancement procedure described inthe next section.

3. Wrapper Algorithm: Phase Continuity and Convergence

Enhancement

The continuity of the calculated phaseis controlled using a
two-step process: a 2-D phase-unwrapping procedure is ap-
plied to the phase map, calculated using the standard phase-
retrieval method, followed by alow-pass filter that removes
any residual high frequencies. The 2-D phase-unwrapping
problem can be expressed in the form of Poisson’s equation.
The2-D phase-unwrapping a gorithmimplementedin Zhizhoo’
directly solves Poisson’ sequation on the whole computational
grid using cosine transforms and does not need to painstak-
ingly iterate around the grid asin other methods.3® The cosine
transform technique acts globally on the phase function and
thereforeisrelatively immuneto any local phaseanomaliesin
that it tends to smooth over discontinuities, which isa highly
desirable feature in the design of continuous phase plates.
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Initially, when there are a number of phase anomalies, some
residual high-frequency artifacts that remain after the 2-D
phase-unwrapping operation need to beadditional ly smoothed.
A simple, smooth, low-pass filter is used to remove the high-
frequency artifacts, where the filter is a super-Gaussian:

20
K
\Pq,(kxnf,kym)zexp —In(Z)(i] . (10)
DPP

where Ko, =1270 rad/m is the FWHM filter point. Note
that the filtering function used here is the same as that imple-
mented in theinitial guessof the phase except that the quantity
kODPP islarger. The filtering is implemented as

(I)DPP(an ' Ynf ) = ﬂ?{f}_l{‘l’(b(kxnf ’kYnf )
8;{q)bPP(an ' Y )}}}, (11)

where ®@ppp(Xnf,Ynf ) is the unwrapped phase, J1{-} is the
real operator, and the coordinate transformations
Ky, =27 /(Auy f) and Ky, - = 2myse /(Ayy f) arerequired
to use the definitionsin Egs. (1) and (2).
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The speckled far field must be recal culated to account for
any changes that occur due to the updated phase plate
(I)Dpp(xnf ,ym«) after continuity is corrected by the unwrap-
ping and filtering process. This speckled far field becomesthe
current speckled far-field objective and is represented as
E()bj(xff » Vit ) At first, the resultant unwrapped and filtered
phase mapping does not produce a speckled far-field pattern
whose envel ope matches the target envelope. The whole pro-
cedure is then repeated until the continuous phase mapping
converges and produces the targeted far-field envelope or
reaches a fixed number of iterations. A flow diagram of the
completeZhizhoo’ design processincluding thestandard phase-
retrieval techniqueisillustrated in Fig. 89.11.

Anadditional featureisalsoimplemented to encouragefast
and accurate convergence before thewhol ewrapper algorithm
is repeated; the far-field target objective is “enhanced” or
“emphasized” to compensate for any shortcomings of the
current phase mapping, i.e., any azimuthal asymmetries or
spurious peaks and valleys in the current far-field intensity
envelope are corrected by modifying the 2-D far-field objec-
tive to dampen the peak-to-valley variation. Thisideais simi-
lar to the input/output algorithm described by Fienup.28 The
emphasis is a critical step in the algorithm because it main-
tains the correlation between the current phase plate and the
speckle pattern that it generates. Without this step the algo-
rithm would diverge.
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Figure 89.11

A flow diagram depicting the iterative process employed in the novel phase plate design technique and used in the code Zhizhoo'. Initialized near-field phase
andfar-field objectivefunctionsarefed into theiterative process. The standard phase-retrieval block (seeFig. 89.10) isexecuted first, followed by the 2-D phase
unwrap and phase filter. Next, the speckled far field I%{,bj(xﬂ ,Xff) isrecalculated based on the latest unwrapped and filtered phase plate. Finally, the updated
far field E(’)bj(xff ,yff) is compared to the far-field objective Eobj(xff ,yff) to test for convergence and maximum number of iterations reached to determine
whether or not to proceed. If proceeding, then thefar-field objectivefunctionsare modified to maintain correl ation with thel atest iteration of the near-field phase.
The modifications include a convergence enhancement, which is applied to the far-field objective. The second optional modification alters the far-field
objective's power spectrum by high-pass filtering before continuing back into the standard phase-retrieval block. The dashed box denotes optional blocks.
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Theemphasisfunctionrequirestheenvel opeof thefar-field
intensity to make these corrections. The far-field envelope is
calculated using either a low-pass or an optimal filter tech-
nique.*2 The low-pass method uses a super-Gaussian filter

. K 10
‘I—‘ff(kxﬁ,kyff):exp{—ln(Z)(ﬁ] } (12)

where k¢ = (kfff + kgff )]’/2 is the radial wave number of the
far-field coordinate system and kg, defines the approximate
frequency wherethe envel ope power spectrum and the speckle
spectrum intersect (Kg, = 43.2 x 103 rad/m for OMEGA and
Keny = 5.88 x 108 rad/m for the NIF). The optimal filter uses
the far-field power spectrum and a model of the power spec-

trum of the speckle:

[11

i e )= =(lg )
‘Popt(kxﬁ ’kyﬁ): FE g By Xt 7 i C(13)

‘rff (kaf Ky )‘2

where ‘rff (kXff Ky )|2 defines the power spectrum of the far-
fieldintensity and E(kXff , kyff ) representsthe power spectrum
of the speckle intensity, which is given by the autocorrelation
of the near-field intensity.#3 The optimal filter is the best
method of obtaining the envelope; however, it is not compat-
ible with the design of the high-pass phase plate because a
model for the far-field power spectrum is not known for this
caseapriori. Thefar-fieldintensity envel ope Iffenv(xff ,yff) is
calculated by applying aFourier-filtering technique similar to
Eq. (7) tothefar-fieldintensity I¢ (Xs, Y5 ) Whileusing oneof
thefiltersin Eq. (12) or (13). The emphasis function may now
be calculated as

Aemp (Xt Vit ) = 0t A%t Vst ). (14)

where A(Xff ,yff) is defined in EQ. (8) and « is an enhance-
ment factor that can be used to hasten convergence by over-
compensating for the distortionsin the envel ope function and
is defined as

os1; Al yp)>1
o= 1 ) A(Xff ) Vit ) =1 . (15)
oy Aoy ) <1
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Care must be taken in selecting the constants ¢, and o,
because amplifying oscillations may occur that lead to loss of
control and convergence failure. The values found to yield
adequate convergence that avoids oscillations are o1 = 1.1
and a1 =0.9. Theemphasisfunction A gmp(Xst, Yi ) modifies
the current far-field objective before the next trial of the
standard phase-retrieval technique as

I§obj(Xff Vit ) = Nemp(Xst - Yir ) Ié6bj(><ff Vit ), (16)

where E’)bj(xﬁ,yﬁ) represents the current objective and
Eobj (xff Vi ) represents the new trial. Eventually the empha-
sis function decays toward unity as the continuous phase
mapping converges, thereforethe emphasisfunctionissimilar
to a merit function. The emphasis function is 2-D, which
enables Zhizhoo' to compensate for any azimuthal asymme-
tries or other distortionsin the far-field intensity envelope.

The number of iterations or sets of the wrapper algorithm
that are executed in Zhizhoo' may end when either a conver-
gence criterion is reached or a maximum number of sets has
occurred. The convergence criterion used in zZhizhoo' is a
simplermserror of thecal culated far fieldrel ativetothedesign
specification, viz.

- ~ v2
” [Eébj(xffv)’ff)_Eobj(xff!Yff )]deff dytf
Vspace
Off = . 2 (17)
” [Eobj(xff-yff )] axg dyse
Vspace

where E{)bj (xff Vit ) represents the objective produced by the
current realization of the phase plate and Eqp (Xsf, Yt ) repre-
sents the objective prior to the emphasis function modifica-
tions. At the completion of all the sets, the calculated con-
tinuous phase plate produces a speckled far-field intensity
pattern whose envelope matches the objective function ex-
tremely well without any azimuthal asymmetries or distor-
tions. Inaddition, the phasediscontinuitiesor complex zerosof
the near field are removed.

4. High-Pass Phase Plate

The ability to control the far-field intensity’s power spec-
trum and produce a high-pass phase plate is merely an exten-
sionto the novel phase plate design technique; astep, whichis
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added to the algorithm, revises the power spectrum of the far-
field objective during theiterative process. This step becomes
part of the wrapper algorithm, asindicated in Fig. 89.11, and
modifiesthefar-field objectiveby high-passfilteringitspower
spectrum. The high-pass filtering must be done as part of the
wrapper algorithm because it is necessary to maintain the
correlation between the speckle pattern produced by the cur-
rent phase plate (i.e., after the 2-D phase unwrapping and
filtering process) just as in the application of the emphasis
function. The current implementation applies the high-pass
filtering before the emphasis function modifications. As the
continuous-phase mapping converges, it will produce a far-
field intensity envelope that matches the targeted objective as
well as produce speckle with dramatically reduced power in
the lower-¢ modes. The amount of power that can be removed
depends on the type of filter used. A sharp-cutoff, wideband
filter can achieve about a factor-of-10 reduction in the power
spectrum across the whole requested band, whereas a slowly
varying filter envel ope can realize as much as a factor-of-100
reduction in the lowest-¢ modes.

After 2-D phase unwrapping and filtering, the current
phase-plate realization yields an intensity speckle field
|E6bj (Xt » Vit )|2 comprised of aunity-mean, uniformly random
speckle field, which is modulated by the far-field envelope.
The far-field envel ope must be removed so that the high-pass
filter doesnot affect thetargeted envel ope but primarily so that
the high-pass filter operates directly on the random speckle
field. Separating the unity mean from the uniformly random
specklefield and modulating its sum by the envel opefunction,
constructs amodel for this speckle field:

2
|E6bj(xfvKff)| ='ffem,(xff,Yff)[1+SpeC'(Xff,Yff)]: (18)

where It (X5, Y5 ) isthe slowly varying envelope function
obtained by low-pass filtering the speckle field and
spec'(xff ,yff) isazero-mean specklefield. Thelow-passfilter
used to calculate Iffenv(xff,yff), for this case, is given by
Eq. (12) except with a super-Gaussian of order 5. The high-
pass filter operates on the zero-mean speckle field

spec’(X¢ , Yt ) -

Let E()bj(xff ,yff) be the far-field objective function pro-
duced by the current realization of the phase plate after 2-D
phase unwrapping and filtering, which is fed into the speckle
model to yield the current zero-mean speckle field
spec’(xff » Vit ) . The high-pass-filtered speckleisthen given by

LLE Review, Volume 89

SpeC( Xt » Yt )

_ l%{g—l{\pr(kxﬁ Ky ) ] spec’ (et i )}}} (19)

where \PHP(kaf ,kyff ) represents any type of high-passfilter.
In this article, the sharp-cutoff filter is given by

L kg >200/rqyg

Whip Ky Ky ) = . (20
0; kit <200/rsyq

or the slowly varying filter is given by

otk \° 2
Whip(Kyg; Ky ) = ©Xp] =In(2) et . (2D)

where r¢,q = 500 um is the fuel pellet radius for OMEGA.
After high-pass filtering, the zero-mean speckle field is then
substituted back into the speckle model to form the new far-
field objective Eqyj(Xst, ¥t ), viz.,

Eonj (X5t st ) = {lffem, (¢t er ) [ 1+ spec( Xt , Ve )]}0'5- (22)

Thenew far-field objective Eqp; (Xff Vi ) wouldthen bemodi-
fied further by the emphasis function as described in the
previous section.

Phase Plate Design Results

Two types of continuous phase plates were designed using
Zhizhoo' for each laser: OMEGA and the NIF. Thefirst type of
phaseplateisreferredto asastandard phaseplateto distinguish
it from the second type, a high-pass phase plate. The standard
phase plate is used as the basis of comparison to measure the
ability of the high-pass phase plate to reduce the power in the
lower-¢ modes.

1. OMEGA Phase Plate Designs

The targeted far-field intensity envelope for the first
OMEGA phase plate design is a super-Gaussian of order 8
(sg=8) and anintensity-full-width-at-hal f-maximum (IFWHM)
radius of ro = 432 um:
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I g
e (X1 Vi1 ) = €XP —'n(Z)(l] . (23)

where 1 = (xfzf +yf2f )1/2 isthe radiusin the far-field coordi-
nate system. This far-field intensity envelope target defines a
95% enclosed energy contour with a diameter of Dgs =
925 um and was chosen to demonstrate the ability of Zhizhoo'
to produce afar-field envelope of high super-Gaussian order.
The near-field clear aperture is round and has a diameter of
27.5 cm. The simulation space for the near field was a 1024 x
1024 grid spanning 55.0 cm, and the corresponding far field
covered 1.18 mm on a 1024 x 1024 grid.

Zhizhoo' wasrun with these design parametersto calculate
a continuous standard phase plate with a continuous random
initial guess for the phase, which was filtered with a super-
Gaussian filter of order 20 and filter cutoff parameter
kODPP =360 rad/m . Theinternal standard phase-retrieval code
was set to run five iterations, the wrapper algorithm was set at
a fixed number of 50 iterations, and emphasis was enabled.
Zhizhoo' ranin parallel on eight processors on the SGI Origin
2000 for 15 min, which ended with armsfar-field error of oy
=5.8%. A plot of the azimuthally averaged far-field intensity
iscompared to the far-field target envelopein Fig. 89.12. The
agreement between the resultant far field and the target far-
field envelope is excellent even for this high-order super-
Gaussian. This level of agreement is achieved mainly due to
the combined capabilities of the emphasis function and conti-
nuity control to keep the standard phase-retrieval method from
stagnating; the error-reduction algorithm is guaranteed to
never increasetheerror upon every iteration, and, if stagnation
can be controlled, the calculated phase will converge to the
correct answer with no complex zerosin thenear field, i.e., no
phase dislocations. These results should be compared to the
relatively poor results achieved in Refs. 15, 32, and 44. The
novel phase plate design technique is also able to control any
azimuthal asymmetries of thefar field through the application
of a2-D emphasisfunction. Thisisillustrated in Fig. 89.13 by
plotting the far-field intensity contoursthat result from apply-
ing 1-THz, 2-D SSD and PS in the asymptotic limit.2324

Zhizhoo' wasthen runto design both acontinuous standard
and high-pass phase plate with a super-Gaussian far-field
target of order 3 (sg =3) and an IFWHM radiusof rq= 325 um,
which defines a 95% enclosed energy contour with adiameter
of Dgg =970 um. Thissuper-Gaussian envel opeischosensince
it produces ample uniformity on the spherical OMEGA target.
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The high-pass function used was a wideband, sharp filter that
attempted to attenuate all modes0 < ¢ < 200 and passall others.
Zhizhoo' completed the high-passdesignin parallel in 20 min
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Figure 89.12

The azimuthally averaged far-field intensity (red line) is plotted against the
far-field target envelope (blueline). Thefar-field target envelope has design
parameters sg = 8 and ro = 432 um. The red line is very noisy near the
origin dueto thelimited number of pointsthat were availableto average. The
dashed vertical line indicates the 95% enclosed energy contour, which is at
r =463 um. 2-D SSD, PS, and phase aberrations are not applied.
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Figure 89.13

The plotted contours correspond to the 5%, 50%, and 90% of the envelope
peak of thefar-fieldintensity that result from applying 2-D SSD and PSinthe
asymptotic limit. The corresponding contours for the target envelope are
plotted as dashed lines. The solid contours show excellent agreement to the
target with very little azimuthal asymmetry. Phase aberrations have not
been applied.
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(it takes longer than the standard phase plate because of the
additional filtering cal cul ations) using the same fixed number
of iterations as before, which ended with armsfar-field error
of oj = 5.5%; the standard phase plate design completed with
o = 2.8%. The resultant far-field envel opes match the target
function very well. The larger o3 parameter for the high-pass
phaseplateisduetotheinability of the phaseplatetoreproduce
the exact filtered speckle, even though the envelope is very
closetothetarget, i.e., the objectivefunction haslesspowerin
the low-¢ modes compared to the resultant.

The high-pass phase plate’s ability to attenuate the power
spectruminthelow-order modesisillustratedin Fig. 89.14 for
asinglebeamwith and without 2-D SSD and PS. Thehigh-pass
phase plateis able to attenuate the power spectrum by afactor
of ~10 over arangethat doesn’t include the far-field envel ope
10 < ¢ < 200. When all of the 60 OMEGA laser beams are
calculated and projected onto thetarget sphere, the effect of the
far-field envelope isremoved and the high-pass phase plateis
observed to attenuate the mode amplitudes over the full range
0< ¢ <100 by afactor of ~ V10, asillustrated in Fig. 89.15.
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Figure 89.14

The azimuthally integrated, single-beam far-field power spectrum (normal-
ized to thetotal energy) resulting from the high-pass phase plate (thick lines)
for OMEGA is compared to the power spectrum of the standard phase plate
(thin lines). The upper lines represent the instantaneous speckled far field
without SSD or PSapplied, and thelower linesrepresent the smoothed power
spectrum that results from 1-THz, 2-D SSD with PSin the asymptotic limit.
Phase aberrations have not been applied.
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A second high-pass phase plate, also designed with
Zhizhoo', attempted to slowly reduce the far-field power
spectrum over therange0< ¢ <200. Thegoal herewasto make
the greatest reduction in thelower-/-moderange of 0 < ¢ < 20.
As illustrated in Fig. 89.16, the power spectrum was, on
average, attenuated by nearly a full factor of 100 across the
whole band ¢ < 200 with most of the benefit occurring at the
lower-¢ modes.
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Spherical-harmonic ¢ mode

TC5893

Figure 89.15

The ¢-mode spectrum of an OMEGA 60-beam projection onto atarget sphere
resulting from the high-pass phase plate (blue line) is compared to the
/-mode spectrum of the standard phase plate (red line). These spectraresult
from 1-THz, 2-D SSD with PSin the asymptotic limit. The target sphere had
adiameter of 950 um. Notethat these dataare spectral amplitudes. Thestrong
spectral peaksin the low-¢-mode range are due to the combined effect of the
envelope shape and the target sphere radius, e.g., ¢ = 10.

2. NIF Phase Plate Designs

The design process for the NIF is very similar to that of
OMEGA except that the near field is square and the dimen-
sionsaredifferent. Thetargeted far-fieldintensity envel opefor
both NIF phase plate designs is a round super-Gaussian of
order 8 (sg = 8) and an IFWHM radius of ry = 1.26 mm. This
far-field intensity envelope target defines a 95% enclosed
energy contour with adiameter of Dgg = 2.7 mm. The higher
super-Gaussian order was chosen in this case for the NIF
because the faster roll-off fits better in the simulation space; a
lower order would require a larger grid to provide adequate
sampling of the far field (which will be done for production-
quality designs). Thissg=8till providesinsight into the high-
pass designs, even though it does not provide the best
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The azimuthally integrated, single-beam far-field power spectrum (normal-
ized to thetotal energy) resulting from the second high-pass phase plate (blue
line) is compared to the /-mode spectrum of the standard phase plate (red
line). These spectraresult from 1-THz, 2-D SSD with PS in the asymptotic
limit. The slower filter used reduced the power in the ¢ modesin the range of
0< ¢ <200 by nearly afactor of 100 with most of the reduction occurring in
the lower-/ modes. The two dashed lines represent the approximate average
level of the power spectra and are intended as a guide.

spherical-target illumination. The near-field clear aperture is
square and has a width of 35.1 cm in each direction. The
simulation space for the near field was a 1024 x 1024 grid
spanning 70.2 cm, and the corresponding far field covered
3.94 mm on a 1024 x 1024 grid.

Zhizhoo' wasthen runto design both acontinuous standard
and a high-pass phase plate to match this super-Gaussian far-
field target. The high-pass function used was a wideband,
sharp filter, which attempted to attenuate all modes0< 7 < 200
and pass all others. Zhizhoo' completed the high-pass design
using the same fixed number of iterations as before, which
ended with arms near-field error of of; = 6.5%; the standard
phase plate design completed with oy = 3.1%. As with the
OMEGA designs, the resultant far-field envelopes match the
target function very well.

Figure 89.17 illustrates the performance of the high-pass
phase plate rel ative to the standard phase plate when all of the
192 NIF laser beamsare cal culated and then projected onto the
target sphere. The high-pass phase plate is able to reduce the
amplitudes by afactor of ~ 10 for modes over the range0 <
¢ < 200.
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The /-mode spectrum of a NIF 192-beam projection onto a target sphere
resulting from the high-pass phase plate (blue line) is compared to the
¢-mode spectrum of the standard phase plate (red line). These spectraresult
from 1-THz, 2-D SSD with PSin the asymptotic limit. The target sphere had
adiameter of 3 mm. Note that these data are spectral amplitudes. A sharp-
cutoff, wideband high-pass filter was used to attenuate the ¢ modes in the
range of 0 < ¢ < 200 and was abl e to reduce them by afactor of ~ 10 over
thisrange.

Effects of Near-Field Phase Aberrations

A near-field phase aberration can have a profound effect on
the performance of the high-passphaseplates. The phase of the
aberration modifies the way in which near-field elements
interfere in the far field to produce the speckle pattern. The
complex near field has a specific autocorrelation due to the
phase pattern of the high-pass phase plate; viz., the Fourier
transform of the far-field intensity is equivalent to the
autocorrelation of thecomplex near field, i.e., theautocorrel ation
theorem (see Ref. 29). An aberration affects the autocorre-
lation of the near field and disrupts the specific relationship
that was devel oped during the iteration process. If the aberra-
tionisstrongenough, it actslikearandomizer, and theresultant
far-field power spectrum tends toward that of the standard
phaseplate; i.e., speckle statisticsthat behave likethosedueto
a phase plate with circular Gaussian statistics are simply the
autocorrelation of the near-fieldintensity (plusadeltafunction
at the origin).*3 If the phase aberration is not too strong, the
resultant power spectrum is a hybrid of the two and lies
somewhere in between.

The spatial frequency of the phase aberration affects differ-
ent spatial frequencies of the far-field intensity. For example,
ahigh-spatial-frequency phase aberration will affect thelong-
wavelength features in the far-field intensity and vice versa.
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Sincetypical phase aberrations have aspatial spectrum whose
spectrum follows a basic inverse power law in order that the
high spatial frequencies will have less power than the lower
spatial frequencies, one would expect short-wavelength fea-
tures of the far-field intensity to be affected first.

The near-field phase aberration, which was measured on
OMEGA, correspondsto abeamthat is12x diffractionlimited.
Thisphase aberrationisused in two ways: (1) asan amplitude
spectrum that is calculated and fit to an inverse power law to
model phase aberrationsof varying strength; and (2) asafixed
phase aberration used in Waasikwa’ far-field simulations. The
azimuthally averaged amplitude spectrum of the measured
phase aberration isshown in Fig. 89.18 along with theinverse
power law model, whichisfit to thedata. Themodel used tofit
the azimuthally averaged amplitude spectrum of the measured
near-field phase aberration is

@ (Kt ) = 2ﬂa(%)b, (24)

wherea definesthe magnitude and b definesthe power. For the
measured near-field phase aberration, a = 2.45and b = -2.22.
It is assumed that the power law can be scaled by varying the
magnitude parameter a while keeping the power b constant. In
this way, different far-field simulations can be run with a
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Figure 89.18

The azimuthally averaged power spectrum of a near-field phase aberration
measured on OMEGA.. Aninverse power law model is shown as afit to this
data; fit parametersare a = 2.4 and b = —2.22 for the model in Eq. (24).
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varying degree of phase aberration. A measure of the strength
of the phase aberration is given by the ratio

p=2s5 (25)

where Dgs isthe diameter of the 95% enclosed energy contour
of the far-field spot due to a phase-aberrated beam relative to
the 95% enclosed energy contour for a diffraction-limited
beam Dp, . For OMEGA the diffraction-limited far-field spot
diameter is Dp, = 6.25 um and, for the NIF, Dp; = 23.1 um.
When the parameters for the model of the power spectrum
giveninEq. (24) area=2.45and b =-2.22, thisyields =12,
i.e.,, 12x diffraction limited using the definition of Eq. (25).
The phase-aberration amplitude spectrum model given in
Eq. (24) can be used to generate arandom phase perturbation
that matchesthe power spectrummodel, i.e., colored noise (see
Ref. 41, pp. 153-154):

D aber (Xnf Y ) = 9?{55’_1{‘1)(knf ) exp[i ¢ (kxnf Ky )]}} (26)

where C(kxnf ,kynf ) €[0,27] is a random number field and
defined at Eq. (11). A random phase aberration of varying
strength 3 can be generated using the model given by Eqg. (26)
by holding the power b = —1.23 constant and changing the
value of the amplitude a.

The effect that the phase-aberration strength has on the
¢-mode spectrum of the far-field intensity for multiple-beam
projectionsis shown in Fig. 89.19. The strength parameter 3
isincreased, and the amplitude spectrum beginsto change the
shorter-wavelength featuresinitially. Thisis dueto the nature
of the power spectrum of the phase aberration; the longer
wavelengths have more power than the shorter wavelengths.
The longer wavelengths of the phase aberration affect the
shorter wavelengths of the far-field intensity, i.e., the
autocorrelation of the complex near field is disrupted. When
the strength parameter f is large enough, e.g., B> 12, it is
difficult to tell the difference between the aberrated far field
and the far-field intensity power spectrum due to the standard
phase plate.

A benefit from the high-pass phase plates can still be
realized in the lower-¢ modes in the presence of typical near-
field phase aberrations. The multiple-beam projection of the
far-field intensity onto the target sphere becomes necessary to
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The ¢-mode spectrum of an OMEGA 60-beam projection onto atarget sphere
duetothestandard (upper thinline) and the high-pass (lower thick line) phase
plate without phase aberrations is plotted for reference; these are the same
traces that correspond to the single-beam spectrain Fig. 89.14. The /-mode
spectraof thefar-field intensity dueto the high-pass phase platewith varying
degreesof phaseaberration (=2.3and =5.0) using themodelsin Egs. (24)
and (26) are shown (dashed lines). Asthe strength parameter 3 increases, the
power spectrum tends toward that produced by the standard phase plate
beginning with the shorter wavelengths. The shorter wavelengths of the far
field are disrupted by the longer wavelengths of the phase aberration where
the aberration has the strongest spectral amplitude (see Fig. 89.18).

gather this information because the envelope power over-
whelms the power spectrum for the single beam for modes
¢ < 20. A measure of the benefit gained from the high-pass
phaseplateisgiven by theratio of the nonuniformity duetothe
high-pass phase relative to the standard phase plate summed
over the desired /-mode range, viz.,

= lmin , (27)

where y, and 7, are the amplitudes of the spherical /-mode
decomposition for the high-pass and standard phase plates,
respectively. The amount of benefit that can be realized be-
comes a function of the /-mode range covered because of
(2) the aforementioned effect of the shape of the phase aberra-
tion power spectrum and (2) the stationary modeson thetarget
sphere that develop from the shape of the far-field envel ope.
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The high-pass benefit function T (for the high-pass phase
plate designed with the wideband sharp filter) is plotted in
Fig. 89.20 for the OMEGA laser as a function of the phase-
aberration strength j for four different /-mode ranges. The
lower-/-mode range 11 < ¢ < 25 realizes the largest benefit
(T = 1.6 for typical system aberration of = 12) because the
shortest-wavelength features of the phase aberration are not
strong enough to totally disrupt the high-pass phase plate. The
high-pass phase plate that was designed with the slower filter
also achievesan T’ ~+/2 even though the non-aberrated per-
formance is much higher than that of thefirst high-pass phase
plate. The results for the NIF high-pass phase plate are very
similar and areshowninFig. 89.21. A scaled model of thenear-
field phaseaberrationisused for the NIF cal culationssincethe
actual aberration is not currently known.

As afina look at the performance of the high-pass phase
plateson OMEGA, two Waasikwa’ far-field simulations were
runfor asquare pulse shapewith 1-THz, 2-D SSD and PS: one
with the standard phase plate and one with the high-pass phase
plate. Waasikwa' has the ability to perform multiple-beam
projections onto a target sphere: 60 beams are projected onto
atarget spherewith adiameter of 950 um. The nonuniformity,
covering the / modes 12 < 7 < 25, of far-field intensity due to
thestandard phaseplateisplottedin Fig. 89.22 against that due
to the high-pass phase plate. The full benefit of the high-pass
phase plate is not realized until after 300 ps. This occurs
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Figure 89.20

Thebenefit realized by the high-passphaseplate[given by Eq. (27)] isplotted
as a function of the phase-aberration strength  for the OMEGA laser. The
smoothing applied is 1-THz, 2-D SSD in the asymptotic limit with PS.
Four different /-moderangesare covered (aslabeled ontheplot): 11< /7 <25,
15</7<40,30< ¢ <75,and 75 < ¢ < 200.
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because early in time the phase imparted by the 2-D SSD
system disrupts the specific autocorrelation of the complex
near field in the same way that a phase aberration does. In
contrast to the static phase aberration, the phase due to 2-D
SSD moves across the near field at a constant rate.*> This
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Figure 89.21

Thebenefit realized by the high-passphaseplate[given by Eq. (27)] isplotted
as a function of the phase-aberration strength j for the NIF laser. The
smoothing applied is 1-THz, 2-D SSD in the asymptotic limit with PS. A
single /-mode range is covered: 20 < ¢ < 60.
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The nonuniformity of the far-field intensity over the /-mode range of 12 < ¢
< 25duetothestandard phase plateisplotted against that due to the high-pass
phaseplatefor the OMEGA laser. Thedatarepresent theresultsof Waasi kwa’

far-field simulations for a square pulse shape and 1-THz, 2-D SSD with PS.
The measured near-field phase aberration was applied to both cases. Thefull

benefit of the high-pass phase plate is not achieved until after 300 ps, when
the slowest modulator (v = 3.3 GHz) has completed one full cycle.
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movement over time effectively averages the phase due to
2-D SSD after the duration of the slowest phase modulator. In
the case of the current 1-THz, 2-D SSD system, the slowest
modulator is 3.3 GHz, which yields a cycle time of ~300 ps.

Conclusion

A novel phase plate designtechnique, based onthe standard
phase-retrieval algorithm, has been introduced and is able to
generate continuous phase plates with outstanding control of
the far-field intensity envelope, azimuthal asymmetries, and
the far-field power spectrum. This new technique is able to
overcome many of the difficultiesassociated with the standard
phase-retrieval algorithm (namely, stagnation) and is able to
capitalize on the computational efficiency of this method.

The novel phase plate design technique was incorporated
intoacodecalled Zhizhoo', whichisusedto cal culateanumber
of continuous phase plates for both OMEGA and the NIF. A
standard phase platewasdesigned and employed asareference
to the high-pass phase plates in order to measure the perfor-
mance when the power in the low /-mode range is reduced.
Without near-field phase aberrations, large benefit factors of
I" ~+/10 orevenT" ~ 10 areobtained, depending on the manner
in which the far-field power spectrum is filtered during the
iterative calculations carried out in Zhizhoo' . Near-field phase
aberrations were shown to have a deleterious affect on the
performance of the high-pass phase plates. It wasfound that a
reasonable benefit is still realized, I" ~ 2 for the /-mode range
12 < ¢ < 25, even in the presence of typical near-field phase
aberrations. A benefit for both OMEGA and the NIF in the
lower and more-dangerous ¢ modesis anticipated by using the
high-pass phase plates for direct-drive | CF experiments.
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