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Laser Science and Technology Program

Mail Station L-493
Ext: 3-7321'
February 20, 1994
To: Distribution
, gD G(k ]/ - ﬂm
From: Sham Dixit, Ian Thomas, Mike Rushford and Ray Merrill
Subject: 16 level kinoform phase plate (KPP) fabricated in fused silica

using lithographic methods and wet etching

Summary

We have fabricated a 16 level KPP on a 5" diameter aperture fused
silica using lithographic techniques and wet etching of fused silica in a
buffered hydrofluoric acid solution. The experimentally measured far-field
intensity pattern displays the desired top-hat envelope and has a
superimposed speckle on it. The far-field contains 90% of the incident energy
inside the 640 um region. This is a significant improvement over the binary
RPP's in terms of the far-field profile control and energy concentration.
Sources contributing to the energy loss are identified and efforts are underway
to overcome these limitations.

Introduction

In an earlier memo [1] it has been shown that continuous contour
phase plates (which we call kinoform phase plates or KPPs) offer significant
advantages over the commonly used binary random phase plates (RPP's).
The KPPs allow complete flexibility in tailoring the far-field profile with most
of the incident energy contained inside the desired region. Our simulations
have shown that one can easily produce top-hat supergaussian intensity
profiles in the far-field that contain more that 95% of the incident energy
inside the central spot.

For the last year and a half we (the authors of this memo and Janice
Lawson and Amber Morgan who worked on the early investigations of KPP
fabrication) have been examining different methods for fabricating the KPP's
for high power applications such as on Nova and on the proposed NIF. We
have now fabricated a 16 level KPP on a 5" diameter aperture fused silica
using lithographic techniques and wet etching of fused silica in a buffered
hydrofluoric acid solution. The KPP phase profile is etched directly into fused
silica and hence the finished product is expected to have high laser damage
threshold at 3. The experimentally measured far-field intensity pattern
displays the desired top-hat envelope and has superimposed speckle on it.
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The far-field contains 90% of the incident energy inside the 640 um region.
This is a significant improvement over the binary RPP's in terms of the far-
field profile control and energy concentration. Sources contributing to the
energy loss are identified and efforts are underway to evercome these
limitations.

Design of the test KPP

We used the iterative algorithm described in [1] to construct the
kinoform phase screen. The KPP was designed to produce a 640 um diameter
8-th power super-Gaussian intensity profile when used at 2o with a 3m focal
length lens. The calculated phase screen is shown in figure 1 after it has been
discretized to 16 levels. We did a sensitivity study to the level of discretization
and estimate that 16 level discretization leads to ~ 1% energy loss outside the
desired region compared to the continuous phase limit. The pixel size was 305
um and the KPP spanned 410 pixels in diameter so that the KPP size was

about 12.5 cm or 5" in diameter. Since the first zero in the Sinc2 pattern for a
305 um square aperture occurs at ~ 5mm from the center, we believe that the
aliasing errors would be greatly reduced and the energy distribution should
resemble that for a continuous phase screen.

KPP Fabrication

The KPP was fabricated using lithographic techniques. Here 2N phase
levels can be fabricated using N binary amplitude masks and varying etch
times for each mask. Thus four masks are needed for producing a 16 level
KPP. The masks for various exposure stages are generated by sorting out the
binary indices for the phase levels in a binary representation. For example, a
phase level 13 (= 1101 base 2) implies a 1 for mask 1, 1 for mask 2, a 0 for mask
3 and a 1 for mask 4. Note that a 1 in the mask implies an etch and a zero
implies no etch.

A 27 phase optical phase delay corresponds to an etch depth of
t = A/(n-1) where n is the refractive index at the operating wavelength A. In
the multiple binary mask approach, etching following exposure through
mask 1 is for a depth t/2, that following mask 2 is for a depth t/4, the next one
for t/8 and so on. At the end of the procedure one ends up with 2N phase
levels (0 to 2N-1) with a maximum etch depth of t (2N-1)/2N . For the 20 test
KPP, t = 1171 nm so that the smallest etching step is for a depth of 73.2 nm. -
Thus level 13, for example, achieves its depth via the etches for masks 1,2 and
4 [ depth=t(1/2+1/4+1/16) = t 13/16]. The binary amplitude masks for each
exposure stage were prepared using a Gerber plotter on acetate film.

With the four binary masks prepared as described above, the fabrication
of the 16 level KPP proceeded as follows. Approximately 120 nm of chrome
was deposited on 0.5 inch thick, 6 inch diameter fused silica substrates prior to
the KPP fabrication. We found that the surface must be very clean to ensure a
good adhesive bond with the photoresist and thus avoid undercutting and



peeling during the subsequent etching. This cleaning was carried out by
exposing the substrate to hard UV light in the presence of air (liberating
ozone). We also found that use of an adhesion promoter,
hexamethyldisilizane (HMDS), increased the strength of the photoresist-
substrate bond.

The kinoform fabrication was carried out is steps as follows:

1. UV/O3 cleaning of the substrate

2. Spin on adhesion promoter and air dry for 60 secs.

3. Spin on Shipley 1400 photoresist

4. Soft bake at 80° C for 30 mins.

5. Expose through the first mask

6. Develop the pattern

7. Hard bake at 120° C for 60 mins.

8. Etch off the exposed chrome

9. Etch exposed silica in 1% HF/15% NH4F aqueous solution at
240 C for 28 mins.

10. Remove photoresist by washing in base.

The above steps were repeated for each of the remaining masks with
the etch times in step 9 being reduced by a half in each subsequent step (14
min, 7 min and 3.5 min for masks 2,3 and 4 respectively). These etch times
were calculated from a predetermined etch rate of 20.6 nm/min and
corresponded to successive etch depths of 578nm, 289 nm, 145nm and 72.5
nm.

Accurate overlay of masks is crucial to obtaining sharp edges between
the pixels on the KPP. Wider edges lead to large angle scattering and hence to
a reduction in the amount of energy contained inside the central top-hat
profile. We aligned the masks using three alignment fiducials placed at the
edge of the KPP pattern. The fiducials on masks 2, 3 and 4 were aligned, prior
to exposure, with those initially patterned on the substrate from mask 1.

At the end of the four etch steps, the small amount of chrome
remaining on the surface was removed and the sample was then ready for
evaluation.

Characterization of the KPP

At the end of the fabrication, there would be 16 phase steps in the fused
silica substrate. During the preparation of the masks, we had placed
calibration strips at four places on the film. A white light interferogram of a
section of a KPP, shown in figure 2, clearly displays the various phase levels
on the calibration strip as well as on the KPP through different colors. We
measured the etch depths of different phase levels using a Dektak stylus
profilometer. The average step heights measured over the four calibration
strips are compared with the desired step heights in figure 3. The maximum




deviation is about 9% although most of the steps are within + 4% of the
desired thickness.

Accurate overlay of the multiple masks is of critical importance to
obtaining a high performance of a KPP. We found that the masks made on
acetate film lead to considerable uncertainty in preserving the alignment
accuracy across the KPP aperture. High resolution microscope pictures of the
edges indicated that some of the edges were very sharp (better than 2 ym)
while others were very broad (as much as 20 um with staircase like features
where multiple masks were exposed). We are currently working on the
precision alignment of the multiple masks. The misalignment of masks leads
to a reduction in the KPP efficiency without significantly altering the far-field
intensity profile. Based on simple area arguments, if all the edges were 5 pm
wide, this would lead to a 3% loss in the energy efficiency due to wide angle
scattering.

Optical performance of the KPP

We evaluated the performance of the KPP by measuring the far-field
intensity profile and the energy contained in it. The monochromatic output
of an argon-ion laser at 514 nm was collimated, passed through the KPP and
focused using a 3m focal length lens. The difference between 514 and 527 nm
is not expected to make a significant difference in the measurements. The far-
field image was recorded on film, digitized using a photodensitometer and
the digitized image was processed on the computer to calculate the intensity.
One such processed focal plane intensity profile is shown in figure 4. The
intensity pattern has the required top-hat envelope of ~ 640 pm diameter with
a superimposed speckle pattern. We believe the speckle pattern is a '
consequence of aberrations in the beam due to air turbulence etc. The speckle
pattern can be smoothed using any one of the temporal smoothing
techniques.

In addition to the desired top-hat profile at the center, we also observed
a halo around this and also the diffraction pattern of the individual 305 pm
pixels extending to several orders in the horizontal and the vertical
directions. These features are at much lower intensities compared to the
desired central spot. The features due to diffraction around a pixel can be
eliminated by fabricating a continuously varying phase screen (as opposed to
the pixelated one fabricated here). We believe the halo can be eliminated by
sharpening the KPP pixel edges. Fabrication of the same KPP pattern with
<lum edge width is currently underway.

The energy concentration in the focal plane was calculated by
measuring the energy passing through pinholes of differing sizes normalized
to the energy transmission in the absence of the KPP. This is compared with
the theoretical energy distribution in figure 5. We see that the measured
fractional energy values follow closely the theoretical values but seem to be
about 5% below them. We believe some of this deviation is due to poor edge




definition. Nevertheless, we see that the 640 um diameter region contains
approximately 90% of the incident energy. This is a significant improvement
over the binary RPP energy content of 82%.

In summary, we have fabricated a 16 level KPP on a 5" diameter
aperture fused silica using lithographic techniques and wet etching of fused
silica in a buffered hydrofluoric acid solution. The experimentally measured
far-field intensity pattern displays the desired top-hat envelope and has a
superimposed speckle on it. The far-field contains 90% of the incident energy
inside the 640 um region. This is a significant improvement over the binary
RPP's in terms of the far-field profile control and energy concentration.

We are currently working on improving the efficiency of the KPP. At
the same time, we are also developing methods for scale-up of the technology
for fabricating KPP's for use on Nova (65cm diameter) and on the proposed
NIF (40 cm square).

Reference

(1] "Continuous contour (kinoform) phase plates”, internal
memorandum by Sham Dixit November 20, 1992

Figure captions

Figure 1 Calculated KPP phase screen for producing a 640 um top-hat
intensity profile in the far-field. KPP is to used at 2e with a 3m focal length
lens. '

Figure 2. A white light interferogram of the KPP. Note the various phase
levels (as indicated by the different colors) on the calibration strip and also on
the KPP (area below the circular arc).

Figure 3.  Comparison of the measured phase step heights (dashed lines)
with the required ones (solid lines). The ratio of the experimental to the
desired step heights is shown against each level.

Figure 4. Measured far-field intensity distribution produced by the KPP.

Figure 5.  Energy concentration in the far-field produced by the KPP. The
data points denoted by an asterisk correspond to the fractional energy passing
through a pinhole placed at the primary focus; those marked by a diamond
taken with the same set of pinholes at a 2X magnified image of the far-field
spot; the crosses are with 4X magnification. The solid line denotes the
theoretical energy concentration.
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Laser Science and Technology Program

Mail Station L-493 )
Ext: 3-7321
February 22,1994
To: Distribution
e W
From: Sham Dixit and Mike Feit

Subject: Near-field diffraction from KPP edges

Kinoform phase plates (KPPs) based on computer generated designs
consist of pixelated phase values over the substrate. For convenience of
fabrication using lithographic methods, the phase values are also discretized
into a finite number of levels. When the KPPs are used in the laser beam,
diffraction around these discrete, pixelated phase regions is expected to lead to
intensity modulations which could induce damage in the debris shield if the
KPP is fabricated on the input side of the debris shield. While placing the KPP
on the target side of the debris shield would alleviate any potential damage
induced by diffraction, this latter arrangement may lead to complications with
regard to debris shield maintenance on NIF.

In order to assess the extent of the intensity enhancement, we have
performed near-field diffraction calculations around a KPP phase edge. Note
that we are primarily interested in intensity modulations from the KPP
surface to about 1 cm from it (thickness of the debris shield). For these
distances, there is minimal ‘cross talk' between the diffraction from
neighboring pixels (pixel size ~ 1mm) and we need be only concerned about
the diffraction from around a single phase jump such as that shown in figure
1. The edge, represented as two semi-infinite constant phase regions -
connected by a ramp, is characterized by the transition width (a) and the phase
step height (¢).

Diffraction around a linear one-dimensional ramp can be calculated
analytically in terms of the Fresnel cosine and sine integrals. Following the -
methods discussed in Born and Wolf, the result for the transmitted electric |
field amplitude is ’

University of California
Lawrence Livermore
National Laboratory




V(P) “1a [{2 C(P*—)} +ify S(P"_)}“'q’{l'* C(P—)} +ijg+ S(p ao)}”
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where the normalized variables p, ag and  are defined as

poxfZ o[ L b2 e

The Fresnel C and S integrals are defined as

X s .
C(x) +iS(x) = I 28 g, ®3)
0 _ a

The diffracted intensity is given by

I(p) =[U(p)?. ' | )

In Eq. (1) the first two terms describe the diffraction around a phase jump
while the third term describes the effect of the ramp. Note that as z becomes
large, B increases while ag decreases. For distances z >> a2/n the last term
becomes small and the diffraction pattern resembles that of the sharp edge.

In figure 2, we show the intensity enhancement due to Fresnel
diffraction from a sharp phase step (a = 0). In the paraxial limit, the
enhancement is independent of the propagation distance. We see that the
enhancement is peaked at 1.8 when the phase step height is & and is |
symmetric in ¢ around it. This result can also be shown analytically from Eq. w
(1). Such near-field enhancements have been observed for binary RPP's on
Nova. These results also imply that a sufficient number of levels (32 or _
higher) is necessary in order to maintain small phase step heights and in turn
keep the intensity modulation low (below * 10%).

While the above calculations are for infinitesimally thin edges,
practical limitations on fabrication always produce edges of finite width. For
example, the sol-gel binary phase plate elements have been measured to have




edges that are about 5-7 pum wide. Thus the question arises as to the effect of
diffraction around the finite width of the transition region (a # 0) on the
intensity enhancement. Figures 3-5 show contour maps of peak intensity as a
function of the phase step height and the transition width at 3 mm, 7 mm
and 1 cm from the edge (free space propagation distance). We assume 2 = 351
nm in all these calculations. Although these figures look complicated, several
systematics are evident: o

- Intensity enhancement is small and nearly insensitive to a for small phase
steps. ‘

- = phase steps show large and mildly sensitive intensity enhancements.

- For phase steps around 2r, the peak intensity increases for wider edges and

- for shorter distances of propagation.

These results suggest that if we wish to limit the intensity
enhancements to 10-15%, the edge width has to be about 1 ym or smaller and
there has to be a sufficient number of phase levels in the kinoform. Edge
definitions of 1 um a have recently been demonstrated by Ian Thomas by HF
etching of fused silica and submicron edge definitions are routinely achieved
in the semiconductor industry by e-beam and UV lithography and reactive
jon etching. A 1 um edge resolution is also commonly achieved in integrated
micro-optics/diffractive optical element fabrication. Thus we are confident
that the tolerance implied by these results is achievable with currently
available technology. Recent calculations by Ken Manes for a 10 um wide 2%
jump show ~1.7:1 enhancement within a few millimeters of propagation, in
reasonable agreement with the results in figs 3-5. However, it is clear from
our calculations that making finer edges (~ 1 ym wide) minimize the
enhancement in this region.

The fact that the peak intensity increases for 2n jumps closer to the edge
raises an intriguing (and possibly worrisome) question: does the
enhancement keep on increasing as we get closer to the edge? If so, is there a
maximum peak enhancement? Since the paraxial appfoximation breaks
down near the edge, one has to solve the full Helmholtz equation to calculate
diffraction. In this case the diffracted field is given by the integral

’ s o n»
Ux,y) = f A(u,v) du dv efi2n (utyv e lzn-;{l (P - () - ®




‘where the angular plane wave spectrum A(u,v) can be related to the incident
field (including the phase jump) E(xy) through

E(xy) = j A(u,v) du dv efi2n (usyv)} )

We have calculated the diffracted intensity for a 1 pm wide edge using FFT
techniques. The results for the peak intensity are displayed in figure 6 for
phase steps of 0.05%, & and 2r. We see that while small phase jumps are
benign, = 2 jumps lead to ~ 3.5:1 modulations within a few pm following the
edge. We have verified that the enhancement quickly subsides to 10% within
1 mm following the edge.

Thus it seems that highest enhancement occurs within ~ 10 pm or.so
from the phase step, a distance of the order of a Fresnel length for a 1 ym edge.
We are presently measuring the optical damage due to diffraction around
individual phase jumps. It is also worth noting that such near-field
enhancements, which also ought to be occurring in the sol-gel phase plates
used extensively on Nova, have so far not caused any damage to the debris
shields that is reminiscent of the phase plate element boundaries.

There are several ways of circumventing/overcoming this potential
threat on NIF. Some of these are:

i) place the KPP on the target side of the debris shield. This is by far the
easiest solution provided other constraints with regard to the debris shield
handling/cleaning could be accommodated.

ii) place the KPP on the output surface of the final focus lens (this
solution was sugested by Mike Perry). While this protects against the
enhancements occurring immediately following the phase step, a potential
optical damage could occur at the debris shield because of the residual '
modulations persisting several centimeters past the phase step. Figure 7
shows the amount of such modulation for distances of upto 5 cm following a
1 um wide phase step. Note that for 1 mm size pixels, there is still negligible
cross-talk between different phase steps (Fresnel distance corresponding to 1
mm is 300 cm). Hence single edge diffraction dominates for these distances.
We see that with enough phase levels, the modulation from straight edges
could be contained to 10-15%. Diffraction around the corners would give



We see that with enough phase levels, the modulation from straight edges
could be contained to 10-15%. Diffraction around the corners would give
somewhat higher modulations. (These calculations arein progress.) This
option would require development of technologies for fabricating the KPP's
on the curved lens surface. ‘

iii) construct KPP designs which have a truly continuous phase
without any phase jumps. We are investigating such designs. Fabrication of
such KPP's requires forming continuous phase contours in thick photoresist
coatings and (almost certainly) reactive ion etching these into fused silica.




Figure capions:

Figure 1. Variation of the phase across a phéseplate element boundary. a
denotes the width of the transition region and ¢ the height of the phase
step. '

Figure 2. Intensity enhancement (normalized to the incident intensity) in the
diffraction following a sharp phase step. The maximum (solid line) and
the minimum (dashed line) in the diffracted intensity pattern are
plotted for different values of the phase step. Note that for sharp edges,
the values of the intensity maximum and minimum are independent
of the propagation distance.

Figure 3. Intensity enhancement for finite width phase step. The contour
lines represent the peak values in the diffracted intensity pattern at z =
3 mm. They are plotted for different transition widths and phase step
heights.

Figure 4. Same as figure 3 except for z = 7 mm.
Figure 5. Same as figure 3 except for z = 10 mm.

Figure 6. Peak intensity at close proximity to a 1 ym wide phase step. These
calculations are done in the non-paraxial limit by solving the
Helmholtz equation.

Figure 7. Dependence of the peak intensity on the propagation distance. The
phase transition region is assumed to be 1 um wide. These calculations
are done within the paraxial limit. Note that after the transients due to
the transition region have dissipated away, the peak intensity becomes
independent of z and reaches the values for a sharp phase step given in
figure 1.
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Peak Intensity after Phase Jump
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a reprint from Optics Letters . 417

Kinoform phase plates for focal plane
irradiance profile control

S. N. Dixit, J. K. Lawson, K. R. Manes, and H. T. Powell

Lawrence Livermore National Laboratory, Livermore, Californina 94550

K. A. Nugent
School of Physics, University of Melbourne, Parkville, VIC 3052, Australia

Received June 29, 1993

A versatile, rapidly convergent, iterative algorithm is presented for the construction of kinoform phase plates for
tailoring the far-field intensity distribution of laser beams. The method consists of repeated Fourier transforming
between the near-field and the far-field planes with constraints imposed in each plane. For application to inertial
confinement fusion, the converged far-field pattern contains more than 95% of the incident energy msxde a desired

region and is relatively insensitive to beam aberrations.

In recent years it has become widely accepted that
spatially and temporally smoothed laser beams are
essential for suppressing the hydrodynamic and
plasma instabilities in laser-driven inertial confine-
ment fusion (ICF) targets.! Spatial smoothing, in
which the beam is broken up into a fine-scale spatial
structure that the target can potentially smooth by
thermal conduction, is usually achieved by the use
of random phase plates® (RPP’s). RPP’s used in
many of the high-power ICF laser systems consist of
regular layouts of square, rectangular, or hexagonal
phase plate elements that impose either a O or a #
phase shift, chosen randomly for each RPP element.
The far-field (FF) intensity pattern of such RPP’s
consists of a smooth overall envelope characteristic
of the FF pattern of a single phase plate element
(essentially an Airy pattern) and a superimposed

speckle pattern resulting from the interference of

light diffracted by various phase plate elements.
Although such binary phase plates are easy to
fabricate® and widely used, they offer little flexibility
in tailoring the FF irradiance profile and increasing
the energy content in the central maximum beyond
the 84% predicted for an Airy pattern to the first
zero.* In large fusion laser systems a 15% loss of
the incident energy is quite significant, because it
would correspondingly increase the cost of the entire
laser system for delivering a fixed amount of energy
to the target. Additionally, the scattered light could
produce unwanted effects at the target. Thus it is
highly desirable to tailor the beam profile on target
to concentrate its energy content.

Qualitatively, the principal reason for large-angle
diffraction from an RPP (which leads fo the 15% en-
ergy loss) is the existence of abrupt phase bound-
aries. A more smoothly varying phase distribution
would reduce the amount of large-angle scattering
and hence increase the energy content in the cen-
tral region. The question of designing a continuous
phase screen can then be posed as: Is it possible to
construct a phase screen in the input plane that, for a
given input intensity distribution, produces a desired
FF intensity distribution? This problem is somewhat

0146-9592/94/060417-03$6.00/0

similar to the well-known phase-retrieval problem of
trying to deduce the phase of a field from its diffracted
intensity distribution.®

In this Letter we present an iterative algorithm
(similar to that used in phase-retrieval problems?®)
for systematically constructing continuously varying
near-field (NF) phase screens for producing arbitrary
focal plane irradiance distributions.® We refer to
such phase screens as kinoform phase plates (KPP’s).
Numerical simulations indicate that the method is ro-
bust and rapidly convergent and that one can produce
FF intensity profiles that contain greater than 95% of
the incident energy in a desired central region. The
KPP solution is observed to be relatively insensitive
to the detailed phase distribution of the input beam,
provided that the extent of the FF spot is substan-
tially larger than that in the absence of KPP’s. This
robustness makes KPP’s highly desirable for tailoring
the FF irradiance profiles for ICF applications.

Several groups’ have developed a lenslet array ap-
proach for generating smooth profiles by overlapping
NF segments of the beam on target. Although it is
useful, the lenslet approach does not offer the flexibil-
ity of generating arbitrary intensity profiles. More-
over, the optimum overlap plane has a limited depth
of field compared with that of a KPP, which produces
the desired profile in the FF.

For an illustration of the iterative algorithm,
consider the focal plane characteristics of the light
passing through a KPP and a focusing lens placed
adjacent to it. The NF amplitude Exr(x’, ¥') and the
FF amplitude Egr(x,y) (both complex) are related to
each other through the Fourier transform®

EF’F(V::: vy) = -7z dx’ dy’

Af ' input aperture

X exp[—ii—;r(xx’ + yy’):|Em(x',y') explio(x',¥], (1
where v, = x/Af and v, = y/Af relate the FF dis-
tances to the Fourier frequencies and ¢(x/, y) denotes
the phase introduced by the KPP, The KPP design
problem then amounts to constructing a NF phase

-
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Fig. 1. Example of a complex FF intensity profile that
can be produced by a suitably generated phase screen by
use of the iterative algorithm described in this Letter.

screen ¢(x’,y") that produces the FF intensity pro-
file |Egr{? given the NF intensity profile |[Exs|®>. Note
that no constraints are placed on the FF phase. This
arbitrariness in the FF phase allows us to construct
iteratively the phase screen ¢(x',y’).

The algorithm begins with the NF amplitude ’

given by the square root of NF intensity and a
random phase screen. Fourier transforming this
complex amplitude leads to an amplitude- and phase-
modulated FF distribution. At this point, a con-
straint is applied to the FF amplitude, leaving the
phase unchanged. Inverse Fourier transforming
this complex field gives a NF distribution that has
both amplitude and phase modulations. The NF am-
plitude is then constrained to match the input inten-
sity distribution while leaving the phase unchanged.
The procedure is repeated again by Fourier trans-
forming to the FF, etc. The iteration loop is repeated
until an acceptable convergence is achieved in the FF.

The choice of the FF constraint is dictated by the
specific problem under investigation. For ICF appli-
cations one is interested primarily in concentrating
the energy within a desired region in the FF and not
in the detailed distribution of intensity inside this re-
gion. Thus one can simply multiply (filter) the FF in-
tensity with an appropriate weighting function. We
find that the converged focal profile in this case is
speckly in the region of interest. This is tolerable for
ICF applications because the speckle can be smoothed
by the plasma or by additional temporal smoothing
techniques.® If a replacement constraint similar to

that used in the NF is instead used in the FF, the
converged FF intensity profile is nearly flat-topped
with some residual fluctuations. However, addition
of a realistic level of beam aberrations for ICF lasers
again causes the FF intensity statistics to become
a speckle pattern, although the overall envelope is
maintained. For illustration, we focus here on the
multiplicative constraint, deferring a more compre-
hensive discussion to a future publication.

We have numerically implemented the iterative
algorithm to construct phase screens to tailor the
far-field irradiance profiles. These simulations were
carried out by fast-Fourier-transform techniques on
a 512 X 512 grid. The input plane intensity profile
is defined to be a fourth-order super-Gaussian,

Le(x, y) = |Exel® = exp{-[(x* + y*)/r’T'}> 2

where r, is the input beam radius. The d iameter of
the NF intensity profile was chosen to fill 70% of the
grid. If we choose ry = 35 cm (Nova beam size), then
the input grid spans 100 cm. This implies, with
f =300 cm and A = 0.527 um, a focal plane spatial
resolution of 1.58 um and a FF spatial extent of ~800

. pm. The FF intensity weighting function is also

chosen to be a fourth-power super-Gaussian similar
to that in Eq. (2) with r; (instead of ro) denoting the
FF beam radius. In the numerical simulations pre-
sented here, we chose r; = 300 um. In general, one
could use any reasonable integrable NF and FF pro-
files within the limits of diffraction, and the method
would work adequately. We have successfully tested
the algorithm by generating complex FF profiles as
the logo of the Lawrence Livermore Laboratory, as
shown in Fig. 1 for illustrative purposes.

Figure 2(a) shows the FF intensity distribution
obtained after 50 iterations. The overall shape of the
FF profile is well contained inside the 600-um-
diameter circle. The detailed FF intensity distribu-
tion resembles a speckle pattern with 100% intensity
modulations. The fraction of the incident energy
contained inside a circle of a given radius is plotted
in Fig. 3 as a function of that radius for successive
iterations. The improvement of the energy concen-
tration with each iteration is clear. We see that the
dominant part of the convergence is achieved after
the first few.(five or so) iterations and that the conver-
gence improves extremely slowly thereafter. After

Fig. 2. (a) FF intensity distribution obtained after 50 iterations. The spatial extent of the image is 800 xm X 800 pm.
{b) A portion of the NF kinoform phase screen. The gray scale spans from —= (black) to 7 (white). The spatial extent
of the image is 15 em X 15 em. (c) The same as (a) but including the input beam phase aberrations.
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Fig. 3. FF energy content as a function of the FF radius
(see text for a description of the various curves).

the 50 iterations considered in this example, the 600-
pm-diameter circle contains greater than 95% of the
incident energy. This is a significant improvement
in the energy content over a binary RPP, in which the
element size is chosen such that the size of the cen-
tral maximum (to the first zero) is equal to the size
of the FF super-Gaissian profile (r;) (curve labeled
RPP in Fig. 8). It is also interesting to note that the
energy concentration near the center is better than
that for the envelope; a consequence of the multi-
plicative constraint that leaves the central portion
of the FF unaffected. On the other hand, a replace-
ment constraint produces a FF pattern whose energy
content closely follows the curve labeled Envelope.

The NF phase screen obtained after the iterative
optimization [a portion of which is shown in Fig. 2(b)]
shows a rippled structure. The characteristic scale
size is ~5 mm, corresponding to the 600-xm FF spot
size. - This phase distribution is fairly smooth, except
for discrete jumps of approximately 27 that result
from the determination of the phase by the numeri-
cal arctangent function [which is limited to the range
(—a,w)). Techniques for two-dimensional unwrap-
ping of the phase are under investigation.

We now discuss the use of the KPP’s on aberrated
lasers such as the Nova. Since the input electric-
field amplitude will be a product of the KPP phase
screen and the Nova laser beam amplitude, the FF
amplitude will be a convolution of the FF amplitudes
for the KPP and the Nova beam separately (Schell’s
theorem?). Thus one can expect that, if the extent
of the FF pattern produced by the KPP is much
larger than that produced by the beam alone, the
convolution should not significantly affect the over-
all FF shape. To investigate this issue, we have con-
structed a realistic model for Nova beam aberrations,
which produces a FF spot approximately 150-200
pm wide, comparable with experimentally measured
Nova FF spots. The FF irradiance profile produced
by the KPP with such an aberrated beam is shown
in Fig. 2(c). Comparing this with the FF profile in
Fig. 2(a), we see that the beam aberrations ehange
the details of the speckle and slightly broaden the FF

spot. However, the energy content within it (curve

labeled KPP + aberrations in Fig. 3) is not signifi-
cantly altered. This is because the overall FF spot
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size is governed by a local NF phase scale, whereas
the fine-scale FF structure results from the long-scale
NF phase variations. The requirement that the FF
spot size without KPP be much smaller than that de-
termined by the KPP alone ensures that the beam
has constant phase over the characteristic KPP phase
scale lengths.

In summary, we have presented a rapidly con-
vergent iterative procedure with which to construct
kinoform phase plates for producing desired FF
profiles with efficient energy concentration. Numer-
ical simulations indicate that the resulting far-field
profile contains greater than 95% of the incident
energy within the desired region. The beam aber-
rations have a small effect on the performance of
KPP’s as long as the far-field spot produced by the
KPP’s is significantly larger than that produced by
the beam aberrations alone. We are currently fab-
ricating KPP’s in high-optical-damage-threshold ma-
terials.

We acknowledge many useful discussion with
D. Eimerl, R. W. Hellwarth, M. A. Henesian, and
J. B. Trenholme and thank Paul Wegner for pro-
viding us with the Nova beam aberrations model.
Research done at Lawrence Livermore National Lab-
oratory was performed under the "auspices of the
U.S. Department of Energy under contract W-7405-
Eng-48.
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Fused silica kinoform phase plates for generation of uniform focal plane
irradiance profiles

S. N. Dixit, I. M. Thomas, M. Rushford, R. Merrill, M. D. Perry and
H. T. Powell ”

Lawrence Livermore National Laboratory, Livermore, California 94550, USA

Abstract

. We have fabricated 12-cm diameter, 16-level kinoform phase plates in
fused silica using lithographic techniques ahd wet etching in a buffered
hydrofluoric acid solution. The expeﬁmenmlly- measured far-field intensity
pattém under 514-nm laser illumination displays the desired top-hat
envelope with superimposed speckle and contains approximately 90% of the

incident energy inside the top-hat envelope.




It is now widely recognized that spatial and temporal beam smoothing
is essential for suppressing laser-plasma instabilities and for uniformly
irradiating inertial confinement fusion (ICF) targets [1]. For ICF applications, it
is often desirable to produce top-hat intensity profiles which contain as much
of the incident energy as possible. Binary random phase plates (RPPs) have
been widely used [2,3] for producing homogeneous intensity profiles in the
focal plane with a superimposed fine-scale speckle. The speckle is usually
'smoothed' (in terms of how the target responds fo it in a space- and/or time-
averaged sense) either by the plasma (conduction smoothing) -[1] and/or by
externally applied temporal smoothing [4]. As has been discussed elsewhere
[3], the RPP far-field envelope resembles an Airy pattern and contains only
about 82% of theincident energy within the. central spot. A refractive lenslet
array [5] and very recently, a binary, diffractive phase zone plate array [6] have
been proposed for producing top-hat irradiance profiles with increased enexgy.

efficiency at the target. The depth of field of the uniform profiles produced by
these methods is very limited as the top-hat profiles are obtained by working
in a specific quasi-far-field plane. In a recent péper [7], we have presented an
iterative algorithm for constructing continuous contour phase screens (called
kinoform phase plates or KPPs) which can produce arbitrary-shaped
irradiance profiles in the focal plane and contain ﬁlost of the incident energy
inside the desired region. Our simulations have shown that it should be
possible to produce top-hat supergaussian irradiance profiles in the far-field

that contain more that 95% of the incident energy inside the central spot.

In this letter we report on the optical performance of a 16-level, 12-cm
diameter aperture fused silica KPP fabricated using lithographic techniques
and wet etching of fused silica in a buffered hydrofluoric acid solution. Sirice




the KPP phase profile is etched directly into fused silica, the finished product
has a high laser damage threshold at ultraviolet wavelengths (~ 18 J/cm? for
3-ns pulses at 351 nm). The experimentally measured far-field intensity
pattern displays the desired top-hat envelope and has superimposed speckle
on it. The far-field contains approximately 90% of the incident energy inside

_ the designed 640 pm region. This is A significant improvement over the
binary RPP's in terms of the far-field profile control and energy concentration.

Sources contributing to the energy loss are discussed.

Using the iterative algorithm described previously [7], we designed the
KPP to produce a 640 um diameter 8-th power super-Gaussian intensity
profile in the focal plane when irradiated with 527-nm light and focused with
a 3-m focal length lens. The computer-generated phase screen consists of
continuously varying phase regions as well as ~2n phase discontihuiﬁes. ‘fhe
. pixel size was chosen o be 305 um square and the KPP spanned 410 pixels in
diamétefsothattheKPPsizewasaboutlZ.Sanindiameﬁer.ﬂmesquare
pixels on the KPP lead to a large-scale two-dimensional sinc2 envelope
pattern in the far-field. The desired top-hat profile is superimposed on this
envelope pattern. For a 305 um square aperture of a single pixel in our case,
the first zero of the sinc2 envelope occirs at ~ 5 mm from the center. We
have verified theoretically that less than 1% of the incident energy is lost in

the secondary maxima.

The KPP was fabricated using lithographic techniques and wet etching -
of fused silica in a buffered hydrofluoric acid solution. Here 2N phase levels
can be fabricated using N binary amplitude masks and varying the etchtimes

with each mask. We quantized the computer generated KPP phase screen to




16 phase levels so that they can be fabricated using four binary amplitude
masks. Our calculations indicate that for the present pixel size, the 16-level
quantization of the phase screen leads to ~ 1% energy loss outside the desired
region compared to a fully continuous phase screen. A 2r relative piase delay
Eorresponds to an etch depth of t = /(n-1) where n is the refractive index at
the operating wavelength A. In the multiple binary mask approach, etching
following exposure through mask 1 is for a depth t/2, that following mask 2 is
for a depth t/4, the next one for t/8 and so on. At the end of the procedure one
ends up with 2N phase levels ( 0 to 2N-1) with a maximum etch depth of .

t (1-1/2N) . Since the present KPP was fabricated for use at 527 nm, t = 1146 nm

(n = 1.46 for fused silica), and the smallest etch depth was 72 nm.

‘We fabricated the 16-level KPP through a sequence of steps oonsisting-
of: photoresist coating, exposing through the appropriate binary mask,
developing of the resist, and etching of unprotected areas on the substrate for
| the required etch depth. Approximafely 120 nm of chrome was deposited on
- 1.5-cm thick, 15-cm diameter fused silica substrates prior to the KPP
fabrication. We cleaned the substrate with a UV/ozone treatment and used an
adhesion promoter, hexamethyldisilizane (HMDS), to ensure a good bond
between the substrate and thé photoresist and to avoid undercutting and
peeling during the subsequent etching. Approximately 2 ym thick layer of
photoresist (Shipley 1400) was spin coated onto the substrate and fully
-exposed through the mask using an extended white light source. The binary
amplitude masks fdr each exposure stage were prepared using a Gerber ‘photo-
 plotter on acetate based photographic film. The etching was done in a
constant temperature, buffered hydrofluoric acid solution (1% HF + 15%
NH4F) with tﬁe.longest etch time of 28 minutes. A similar procedure has



been recently reported for fabricating a 16 level diffractive optical element for

intensity shaping a laser cavity mode {8].

Accurate overlay of masks is crucial to obtaining sharp edges between
the pixels on the KPP. Wider edges lead to large-angle scattering and hence to
a reduction in the amount of energy contained inside the central top-hat
profile. We aligned the masks using three alignment fiducials written on the
film at the edge of the KPP péttern. The fiducials on masks 2, 3 and 4 were
aligned, prior to exposure, with those initially patterned on the substrate from
mask 1. We found that the masks made on acetate film lead to considerable
overlay inaccuracy across the KPP aperture because of the flexibility of the
film. We are currently investigating minimizing this error by producing the
binary miasks on rigid glass substrates. Figure (12) shows a white-light
- interferogram of the KPP which exhibits various phase levels as grey scales. A
magnified view of a small section of the KPP (Figure (1b)) shows the pixelated -
nature of the KPP phase screen. High resolution microscope pictures of the
edges indicate that some of the edges were very sharp (better than 2 ym) while
others were very broad (~ 20 um). Based on relative area, we estimate about 1-
2% loss in energy efficiency due to wide-angle scattering resulting from these
edges. 'fhe step heights of different phase levels were measured on four
calibration strips fabricated at the edge of the KPP using a Dektak stylus.
profilometer. The ratio of the average of the four step height measurements
to the expected values for a KPP for use at 527 nm (j72 nm j=0,1..15) are 1.0
(normalization), 1.054, 1.111, 1.054, 1.028, 1.025, 1.006, 1.005, 0.990, 1.002, 0.996,
0.999, 1.014, 0.995, 1.006 and 0.997. The deviations in the measured step

heights were on the order of £ 10 nm.




We evaluated the optical performance of the KPP.Tb_y measuring the far-
field intensity profile and its energy content. The monochromatic output of
an argon-jon laser at 514 nm was collimated, passed through the KPP and
focused using a 3-m focal length lens. The far-field image was recorded on
film, digitized using a photodensitometer and the digitized image was
processed to calculate the irradiance distribution. One such focal plane
intensity profile as recorded on the film is shown in figure 2a while a line-
scan across the center of a processed image is shown m ﬁgme 2b. Although
the far-field 'image has a relaﬁvely coarse modulation for this small KPP, the
-~ 640 pm diameter top-hat nature of the profile is evident. In figure 2c we
show line scans through the calculated far-field patterns using the measured
average step heights given above and for illuminating the KPP with 514 and
-527 nin coherent light. We see that, illuminating the KPP with a coherent 514

- nm laser is predicted to give a small .(~4:1)-coherentspike at the center of the
- far-field image because the KPP was designed for use at 527 nm. The rest of
 the far-field pattern and the energy content show insignificant differences
between the two wavelengths. On the other hand, the experimental data
(figure 2b) does not show any significant coherent spike at the far-field center.
We believe this is probably due to imperfections in the actual step heights
across the KPP as well as due to optical aberrations in the beam. The
measured intensity pattern has an overlaid speckle of comparable
modulation depth to that predicted. The details of the speckle in the two
cases, however, would be expected to be different since even a small amount |

- of aberrations would alter the speckle distribution in the far-field.

In addition to the desired top-hat profile, we also observed a halo~

around the central pattern and the diffraction pattern of the individual 305




um pixels extending to several orders in the horizontal and the vertical
directions. These features are at much lower intensities conipared to the
desired central spot and are, therefore, not visible in figure 2. The features due
to diffraction from a pixel can be eliminated by fabricating a continuously
varying phase screen (as opposed to the pixelated one fabricated here). The
halo can also be minimized in a discrete KPP by sharpening the pixel édges.
Fabrication of KPPs with finer edge width is currently underway. | |

The energy concentration in the focal plane was determined by
measuring the energy passing through pinholes of differing sizes normalized
to the total energy in a near-field plane following the KPP. This comparison
removes the Frésnel reflection losses from the non-anti-reflection coated
surfaces of the KPP. The measured energy concentration is ‘oompared with the
calculated energy distribution in figure 3. The measured fractional energy
values follow closely the ideal theoretical values but seem to be about 5%
below them. We believe majority of this deviation is due to poor édge
definition. Nevertheless, the 640 um diameter region contains approximately
90% of the incident energy. This is a significant improvement over the binary
RPP energy content of 82%. |

In summary, we have fabricated a 16-level KPP on a 12-cm diameter
aperture fused silica using lithographic techniques and wet chemical etching.
The measured far-field intensity pattern displays the expected top-hat
envelope and has a superimposed speckle on it. The far-field contains
approximately 90% of the incident energy inside the designed 640 um

diameter region. This is a significant improvement over the binary RPP's in

terms of the far-field profile control and energy concentration. We are




currently working on improving the efficiency of the KPP and developing
methods to scale up the technology for fabricating large apefture (65-cm

diameter) KPP's for use on the Nova laser .
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Figure Captions , .

- Figure 1 (a) White-light interferogram of the KPP. Various phase levels
are displayed as different grey levels; (b) A magnified image of a section of the
KPP. PxxelsxzeontheKPPlsBOSum o

Figure2.  (a) Film image of the far-field intensity distribution produced by
the KPP; (b) Horizontal line scan through the center of a far-field image such
as the one shown in (a) following processing. The dashed line denotes the 8th
power supergaussian envelope; (c) Horizontal line scan through the center. of
the calculated KPP far-field pattern for illﬁmination with 527 nm (solid line)
and-514 nm (dot-dashed line) coherent radiation. Note the slight change in
the far-field spatial scale for 514 nm and 527 nm wavelengths. The dashed
line againdenotes the 8th power supergaussian envelope (shown for 527 nm).

Figure 3. Energyoonoentranonmthefar-ﬁeldproduoedbyﬂleKPP Solid
line denotes the calculated energy concentration and the points correspond to
the measured normalized energy passing through various sized pinholes.
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Introduction

In recent years, it has become widely accepted that
smooth laser beams are essential for controlling and
possibly suppressing hydrodynamic and plasma insta-
bilities in laser-driven inertial confinement fusion (ICF)
systems.! In directly driven targets, hydrodynamic
instabilities seeded by the nonuniformities in the laser
beam can destroy the symmetry of the implosion. On
the other hand, in indirectly driven targets, parametric
instabilities in the plasma surrounding the capsule can
lead to energy loss and redistribution due to scattering
and thus affect the coupling efficiency and drive sym-
metry. Techniques developed for smoothing laser
beams can be divided into two categories:

* Spatial smoothing—The beam is broken up into a
fine-scale spatial structure that the target potentially
can smooth by thermal conduction. .

* Temporal smoothing—The fine-scale structure is
changed rapidly in time, resulting in a beam with a
smooth, time-averaged profile.

In each of these methods, the plasma has to “experi-

ence” smoothing through spatial and/or temporal

averaging. Spatial smoothing is achieved by using ran-
dom phase plates (RPPs) or lenslet arrays,3# whereas
temporal smoothing is implemented by spectral dis- _
persion (SSD),’ induced spatial incoherence (ISI), or
amplified spontaneous emission (ASE)”# techniques.

In a previous issue of this Quarterly, we described

beam smoothing on the Nova laser using RPPs and

SSD.? Time-integrated smoothing levels of about 10%

(rms intensity variations normalized to the average

intensity) were achieved in averaging times of about

100 ps. :
RPPs have been used in many high-power ICF laser

systems for producing a more homogeneous focal

“School of Physics, University of Melbourne, Parkville, VIC 3052,
Australia . .

plane irradiance. All RPPs used so far have consisted
of square, rectangular, or hexagonal elements that
impose either a zero or x phase shift at random loca-
tions on the beam. The far-field intensity pattern of
such RPPs consists of an envelope characteristic of the
far-field pattern of a single phase-plate element and a
superimposed speckle pattern resulting from interfer-
ence among the contributions of various phase-plate
elements. The far-field envelope for square and hexag-
onal shapes is qualitatively similar to an Airy pattern,
and it contains roughly 81 to 84% of the incident
energy within the central maximum.%10 Although such
regular-element, binary phase plates are easy to fabri-
cate! and are widely used, they offer us little flexibil-
ity in tailoring the far-field irradiance profile and in
increasing the energy content in the central maximum
beyond the 84% predicted for a circular aperture. In
high-power fusion laser systems, the remaining 15% or
so of the incident energy lost due to diffraction would
increase the cost of the laser system because the system
would have to be run at higher energy levels in order
to deliver the required amount of energy on target.
Additionally, the scattered energy could also damage
diagnostic equipment located near the target. Thus, it
is desirable to tailor the far-field profile and also
increase the energy content therein.

The principal reason for large-angle diffraction from
an RPP (which leads to the 15% energy loss) is the exis-
tence of discrete phases and abrupt phase boundaries. A
smoothly varying phase in the near field would reduce
the amount of large-angle scattering and thus increase
the energy content. Therefore, both the binary and regu-
lar phase-plate element assumptions must be relaxed.

Recently, we presented!? a robust, rapidly conver-
gent, iterative algorithm for constructing continuous--
phase screens that can produce arbitrary-shaped
irradiance profiles in the focal plane and contain most
of the incident energy inside the desired region. We
call such phase plates kinoform phase plates (KPPs). The




iterative algorithm is similar to those used in phase-

retrieval problems. Our simulations have shown that it

should be possible to produce “top-hat” supergaussian

irradiance profiles in the far field that contain more

~ than 95% of the incident energy inside the central spot.

We also fabricated such a KPP in a 12.5cm-diam

fused-silica substrate by means of lithographic tech-
niques and wet-etching of fused silica in a buffered
hydrofluoric acid solution. The KPP was designed by
using the iterative algorithm, and the resulting phase
values were quantized to 16 levels to facilitate the use
of lithographic techniques for fabrication. Since the

KPP phase profile is etched directly into fused silica,
the finished product has a high laser-damage threshold
at ultraviolet wavelengths (~18 J/cm? for 3-ns pulses
at 351 nm). The experimentally measured far-field
intensity pattern displays the desired top-hat envelope
with superimposed speckle. The far field contains
approximately 90% of the incident energy inside the
designed 640-um region. This is a significant improve-
ment over the binary RPPs in terms of the far-field pro-
file control and energy concentration.

Iterative Algorithm for

KPP Design

The ability to tailor the focal plane irradiance profile
and increase its energy content is achieved at the
expense of relaxing the binary phase and regular ele-
ment assumptions of the RPPs. The fundamental issue
in designing a continuous phase screen is to determine
a phase pattern in the input plane that, for a given
input intensity distribution, produces the desired far-
field intensity distribution. In most cases, because the
phase of the electric field in the far field is not of inter-

FIGURE 1. Geometric optic illustration of how a KPP tailors the
focal plane irradiance profile.  (70-50-0994-3431pb01)
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est, it can be left arbitrary. This freedom in the far-field
phase allows us to obtain a solution to the near-field
phase screen problem. The problem of designing a
continuous phase screen is similar to the phase-recov-
ery problem!4 that has been investigated since the
1970s, and iterative algorithms have been developed to
construct the required phase screens. ’

The existence of a “phase-only” solution for this
design problem can be understood as follows. The con-
tinuous phase screen can be approximated by small
contiguous regions such that the phase varies linearly
over each region. Each of these linearly varying phase
regions acts like a small prism, or wedge, and steers
that part of the incident beam to a spot in the far field,
offset as determined by the wedge angle (Fig. 1). Thus,
a desired focal plane intensity profile can be generated
by a set of appropriately distributed wedge angles and
sizes in the near field. We have developed an iterative
algorithm that allows us to systematically design the
required KPP phase screens.

In ICF applications, we envision placing these KPPs
at the final focusing lens and expect to produce the
desired irradiance profiles in the target plane at
the lens focus. In a focusing geometry, the near-field
amplitude E (x’, v) and the far field amplitude

- Eglx, y) (both complex) are related to each other

through the Fourier transform?15

E“(Vx ,Vy) = -;f_t Iinput am aldy'

xexp[-'—i,ﬁ(xx'wy')]r.«(xw, ®

where v, = x/Af and v, = y/Af relate the far-field dis-
tances to the Fourier frequencies, A is the light wave-
length, and f is the lens focal length. The problem is to
construct an input plane phase screen that, combined
with a given input intensity distribution, produces a
required far-field intensity distribution. As a specific
example, we consider producing a supergaussian
intensity profile in the far field from a supergaussian
profile in the near field. Thus, the input-plane intensity
profile is written as

2.2\
Inf(x,y)=ew[—(ﬁ—x :;y } ] , @

where r; is the input beam radius. Similarly, the
desired far-field profile is written as

Ig(x.y)= e-Psz +2y2 ] } , 3)
Tf -




« KINOFORM PHASE PLATES FOR TAILORING FOCAL PLANE INTENSITY PROFILES

with r; being the far-field beam radius. For simplicity,
we have assumed the powers of the near-field and far-
field supergaussians to be equal. In general, the
method works adequately for any reasonable inte-
grable profiles within the limits of diffraction.

The phase screen design problem then can be stated
as follows: Construct a near-field phase screen ¢(x,y)
[embedded in the complex amplitude E (x,)] that
produces the far-field intensity profile in Eq. (3), given
the near-field intensity profile in Eq. (2). To allow us to
construct iteratively the phase screen ¢(x,y), no con-
straints are placed on the phase in the far field.

Apparently, no general mathematical proof exists as
to the existence or uniqueness of the solution to this
problem. Clearly, the arbitrariness of the far-field
phase would imply an infinite number of solutions (if
one exists). However, iterative algorithms have been
developed to solve a wide range of problems in image
recovery and synthesis, speckle interferometry, beam-
profile manipulation for microwave plasma heating,
designing diffractive optical elements, etc.16-18 We
have numerically implemented such an iterative algo-
rithm to construct phase screens for tailoring the far-
field intensity distribution.

The general flow of the iterative algorithm is
described in Fig. 2. We begin by choosing the near-field
amplitude, given by the square root of Eq. (2) and a
random phase screen. Taking the Fourier transform of
this complex amplitude leads to an amplitude- and
phase-modulated far-field distribution. At this point,
the far-field constraint is applied to the amplitude,

FIGURE 2. Iterative
algorithm for design-
ing the KPPs.
(70-50-0994-3432pb01)

leaving the phase unchanged. Taking the inverse
Fourier transform of this complex field gives the near-
field distribution, which has both amplitude and phase
modulations. Now, the near-field constraint is applied
to the amplitude, leaving the phase unchanged. The
procedure is repeated again by Fourier transforming to
the far field, etc. This iteration loop continues until a
desirable convergence is achieved or until a prescribed
number of iterations (typically 50) is reached. As mea-
sures of convergence, we use (1) the root-mean-square
deviation between the desired profile and that
obtained by the iterative procedure and (2) the energy
content in the far field.

The choice of the near-field and far-field constraints
is dictated by the specific problem under investigation.
Usually, the near-field intensity profile is known, and
the natural near-field constraint is to replace the ampli-
tude obtained during the iterative optimization with
the square root of the near-field intensity [such as that
given by Eq. (2)]. Examples of far-field constraints are
(1) replacing the amplitude with the square root of the
desired far-field intensity profile or (2) multiplying the
far-field intensity with a weighting function of the
form given in Eq. (3). We call these the replacement and
multiplicative constraints, respectively. While the
replacement constraint is the natural choice for gener-
ating a flat-top focal irradiance profile, we find that the
multiplicative choice is particularly useful for ICF
applications in which the primary interest is the
content within a desired region in the far field and not
the specific distribution of intensity within this region.

¢ (x, y) random

Near-field constraint——
replace E with E,,
leaving ¢ unchanged




The converged focal profile with the multiplicative con-
straint usually is found to be very speckly in the region
of interest. However, the far-field pattern obtained by
using the multiplicative constraint is less sensitive to
beam aberrations than that obtained by using the
replacement constraint. A far-field irradiance generated
using the replacement constraint changes to a speckle
pattern with a very small amount of near-field aberra-
tions. Although the multiplicative constraint is a more
practical choice for ICF applications, for illustrative
purposes in this article we have designed and fabri-
cated KPP phase screens by using the replacement con-
straint in both the near field and the far field.

Numerical Simulations

We have implemented the iterative algorithm to
construct phase screens to tailor the far-field irradiance
profiles. These simulations were carried out using fast
Fourier transform (FFT) techniques on a 512 x 512 grid.
For convenience in preparing the masks for KPP fabri-
cation (see the next section), the pixel size in the near
field was chosen to be 305 um, and the radius of the
near-field intensity profile, r,, was chosen to be 5.5 cm.
Then, the focal plane spatial resolution is 10.1 pm for
A =0.527 um, f = 3 m, and the far-field spatial extent is
about 5.17 mm. The speckle size, which corresponds to
the input beam diameter of 11 cm, is about 35 um. The
square pixels on the KPP lead to a large-scale, two-
dimensional sinc? envelope pattern in the far-field. The
desired top-hat profile is superimposed on this envelope
pattern. For a 305-um-square aperture of a single pixel in
our case, the first zero of the sinc envelope occurs at
about 5 mm from the center. The far-field spot size, r,
has to be considerably less than the far-field extent to
minimize aliasing effects in the simulations and to

(a)
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reduce the energy loss in the secondary Airy maxima of
a single-pixel diffraction pattern. In the numerical simu-
lations that follow, we have chosen r;= 320 um and have
verified theoretically that less than 1% of the incident
energy is lost in the secondary maxima.

A typical KPP obtained after 50 iterations is shown
in Fig. 3, and the expected far-field intensity profile

“produced by this KPP illuminated with an unaberrated

bearn is shown in Fig. 4. The overall shape of the far-
field profile is quite close to the desired profile,

- 650 um -

FIGURE 4. Far-field intensity profile produced by the KPP shown in
Fig.3(a).  (70-50-0994-3435pb01)

FIGURE 3. (a) Gray-
scale representation of
the KPP phase screen
obtained after 50 itera-
tions. The phase val-
ues range from 0
(black) to 2% (white).
(b) Magnified section
of the KPP phase
screen. Gray scale is
the same as in (a). The
27 phase jumps are
characterized by the
black-white disconti-
nuities.

- (70-50-0994-3434pb01)
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although some residual fluctuations remain. We find

"~ that most of the convergence occurs after the first few
(five or so) iterations and slows considerably after-

- ward. Itis also interesting to note that, for a uniphase
input beam, the modulations in the far-field profile are
less than 100%. However, our calculations indicate that
the beam aberrations increase the far-field intensity
modulations, causing the intensity distribution to look
more like a speckle pattern.

ICF applications demand, in addition to a desired
far-field intensity profile, maximum energy contain-
ment within this profile. Figure 5 shows the fraction of
the incident energy contained inside a circle of a given
diameter as a function of that diameter. The improve-
ment of the energy concentration with each iteration is
clearly visible, as is the slow convergence after the first
few cycles. The 6404tm-diam circle contains about 90%
of the incident energy. This is a significant improve-
ment over the regular-element, binary RPPs when the
element size is chosen such that the size of the central
maximum (to the first zero) is equal to the size of the
supergaussian profile in the far field (r,).

The near-field phase screen obtained after the itera-
tive optimization [see Fig. 3(a)] shows a ripply structure
resembling waves on a lake surface. A magnified dis-
play of a portion of the KPP phase screen [see Fig. 3(b)]
indicates that the phase is fairly smooth except for dis-
crete 2z jumps that result from determining the phase

by means of the numerical arctangent function, which

is limited to the range — to %. Some of the 2 jumps
seem to occur as closed-loop lines, whereas others
appear as.open-loop lines (branch cuts). Endpoints

of such open-loop 2r discontinuities correspond to

locations where the complex electric field in the near

field during the iteration sequence goes to zero. The
phase values around such endpoint singularities

Fractional energy
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FIGURE 5. Evolution of the focal plane energy concentration with
iteration.  (70-50-0994-3136pb01)

rapidly climb from zero to 2x. We have observed that
these singularities lead to interesting intensity minima
in the near-field diffraction following the KPP. This
will be discussed in a later publication. Although it is
straightforward to unwrap the closed-loop 2 jumps, it
is not possible to unwrap the open-loop 2x branch cuts.
We are currently investigating algorithms for construct-
ing phase screens that do not contain such singularities.

KPP Fabrication

The KPP was fabricated by means of lithographic
techniques and wet-etching of fused silica in a buffered
hydrofluoric acid solution. Here, 2N phase levels can
be fabricated by using N binary-amplitude masks and .
varying the etch times with each mask. We quantized
the computer-generated KPP phase screen containing
phase values between 0 and 2x to 16 phase levels so
that they could be fabricated using four binary-ampli-
tude masks. Our calculations indicate that, for the pre-
sent pixel size, a 16-level quantization results in about
1% more energy loss outside the desired region than
does a continuous phase screen. Note that an
unwrapped phase screen would be expected to be sev-
eral waves deep and would thus require many more
discrete levels to minimize phase-quantization errors.
This would also add additional fabrication steps to the
lithographic approach used here. :

A 2x relative phase delay corresponds to an etch
depth of ¢ = 4/(n - 1), where n is the refractive index at
the operating wavelength A. In the multiple-binary-
mask approach, etching after exposure through mask 1
reaches depth ¢/2, that following mask 2 reaches depth
t/4, the next one reaches t/8, and so on. A fabrication
process consisting of N masks yields 2N phase levels

(00 2N - 1), with a maximum etch depth ¢ = (1 - 1/2M),

Since the present KPP was fabricated for use at 527 nm,
t = 1146 nm (n = 1.46 for fused silica), and the smallest
etch depth was 72 nm.

In fabricating the 16-level KPP, we used a sequence
of steps consisting of photoresist coating, exposing
through the appropriate binary mask, developing the
resist, and etching unprotected areas on the substrate
to the required depth. Each sequence is similar to that
used to fabricate binary RPPs in our laboratory, the
main differences being that the sol-gel coating is absent
and the etch time changes with each sequence.
Approximately 120 nm of chrome was deposited on
1.5-em-thick, 15-cm-diam, fused-silica substrates prior
to the KPP fabrication. We cleaned the substrate with a
UV/ozone treatment and used an adhesion promoter,
hexamethyldisilizane, to ensure a good bond between
the substrate and the photoresist and to avoid under-
cutting and peeling during the subsequent etching.

A layer of photoresist (Shipley 1400) about 2 um
thick was spin-coated onto the substrate and fully
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exposed through the mask by using an extended white
light source. The binary amplitude masks for each
exposure stage were prepared using a Gerber photo-
plotter on acetate-based photographic film. The etch-
ing was done in a constant-temperature, buffered,
hydrofluoric-acid solution (1% HF + 15% NH,F) for up
to 28 minutes. A similar procedure was reported
recently for fabricating a 16-level, diffractive optical
element for intensity-shaping a laser cavity mode.1?
Accurate overlay of masks is crucial to obtaining
sharp edges between the pixels on the KPP. Wider
edges lead to large-angle scattering and henceto a,
reduction in the amount of energy contained within
the central top-hat profile. We used three alignment-
fiducials written on the film at the edge of the KPP pat-
temtoalignthemasks The fiducials on masks 2, 3,
and 4 were aligned, prior to exposure, with those ini-
tially patterned on the substrate from mask 1. We
found that the masks made on acetate film lead to con-
siderable overlay inaccuracy across the KPP aperture
because of the flexibility of the film. We are now inves-
tigating how to minimize this error by producing the
binary masks on rigid glass substrates. Figure 6(a)
shows a white-light interferogram of the KPP, which
exhibits various phase levels as gray scales. A magni-
fied view of a small section of the KPP [Fig. 6(b)]
showsﬂ\epixelated nature of the KPP phase screen.
High-resolution microscope pictures of the edges indi-
cate that some of the edges were very sharp (better
than 2um), but others were very broad (about 20 um).
The wideredges resulted mainly from errors in the
p:xelsnzeonﬂ\ebmryfﬂmmasksand overlay inaccu-
racies, and less from the etch step.‘Based on relative
area, we estimate a 1 to 2% loss in energy efficiency
due to wide-angle scattering from these edges. The
step heights of different phase levels were measured
on four calibration strips fabricated at the edge of the
KPP by means of a Dektak stylus profilometer. The

(a) o ®)

average of the four step-height measurements is com-

-pared to the expected values in Fig. 7. The maximum

relative deviation is about 10%, although most of the
step heights are within 3% of the expected values. The
absolute deviations in the measured step heights were
on the order of 10 nm.

Optical Performance

We evaluated the optical performance of the KPP by
measuring the far-field intensity profile and its energy
content. The monochromatic output of an argon-ion
laser at 514 nm was collimated, passed through the
KPP, and focused through a lens with a 3-m focal
length. The far-field image was recorded on film, digi-
tized using a photodensitometer, and then processed

0 12 £
£
<

02 pil

: —1.1.§

‘gm °

4

T o6 P B L

5 Iy
&5 08

a9§

1 5

]
12l | ! 08 =
0 5 10 15
Level number

FIGURE 7. Comparison of measured step heights (solid line) to
expected values (dotted line). Also shown is the ratio of the mea-
sured step heights to the expected step heights (dashed line).
(70-50-0994-3438pb01)

FIGURE 6. (a) White-
light interferogram of
the KPP. Various phase
levels are displayed as
different gray levels.
(b) A magnified white-
light interferogram
image of a section of
the KPP. Pixel size on
the KPP is 305 pm.
(70-50-0994-3637pb01)
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to calculate the irradiance distribution. Figure 8(a) one fabricated here). The halo also can be minimized in
shows one such profile of focal plane intensity a discrete KPP by sharpening the pixel edges. (We are
recorded on the film, and Fig. 8(b) shows a line-scan now fabricating KPPs with finer edge width.)

across the center of a processed image. Although the The energy concentration in the focal plane was

far-field image has a relatively coarse modulation for determined by measuring the energy passing through
this small KPF, the ~640-um-diam top-hat nature of the pinholes of differing sizes, normalized to the total
profile is evident. Figure 8(c) shows line scans through  energyina near-field plane following the KPP. This
the far-field patterns calculated by using measured comparison removes the Fresnel reflection losses from
average step heights and illuminating the KPP with the bare surfaces of the KPP. The measured energy
514- and 527-nm coherent light. We see that illuminat-  concentration is compared with the calculated energy
ing the KPP with a coherent 514-nm laser is predicted  distribution in Fig. 9. The measured fractional energy
to give a small (~4:1) coherent spike at the center of the  values closely follow the theoretical values but seem to
far-field image because the KPP was designed foruse  be about 5% below them. We believe that most of this
at 527 nm. The rest of the far-field pattern and the deviation is caused by poor edge definition.

energy content show insignificant differences between ~ Nevertheless, the 640-um-diam region contains

the two wavelengths. On the other hand, the experi- approximately 90% of the incident energy—a signifi-
mental data in Fig. 8(b) do not show any significant cant improvement over the binary RPP energy content
coherent spike at the far-field center. We believe thisis  of 82%. . .

probably the result of imperfections in the actual step

heights across the KPP and optical aberrations in the

bea%n; The measured intensity pattern has an overlaid Summary and Further

speckle with modulation depth comparable to that Improvements

predicted. (The far-field speckle size for the fabricated In summary, we developed an iterative procedure to
KPP aperture is about 34 um.) Details.of the specklein  construct KPPs for producing desired far-field profiles
the two cases, however, would be expected to be dif- with efficient energy concentration. The method is

ferent because even a small amount of aberrations quite robust and is stable with regard to the type of the

would alter the speckle distribution in the far field. far-field profiles that can be generated. Numerical sim-
In addition to the desired top-hat profile, we also ulations indicate that the convergence is achieved after

observed a halo around the central pattern and the only a few iterations and that the resulting far-field

diffraction pattern of the individual 305-um pixels profile contains more than 95% of the incident energy

extending to several orders in the horizontal and the within the desired region. S

vertical directions. These features are at much lower We also fabricated a 16-level KPP on fused silica with

intensities than the desired central spot and thus are a 12-am-diam aperture using lithographic techniques

not visible in Fig..8. The features caused by diffraction ~ and wet chemical etching. The measured far-field inten-

from a pixel can be eliminated by fabricating a continu- sity pattern displays the expected top-hat envelope with |
ously varying phase screen (as opposed to the pixelated a superimposed speckle and contains about 90% of the |
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FIGURE 8. (2) Film image of the far-field intensity distribution produced by the KPP. (b) Horizontal line scan through the center of a far-field
image such as the one shown in (a) following processing. The dashed line denotes the 8th-power supergaussian envelope. (c) Horizontal line
scan through the center of the calculated KPP far-field pattern for illumination with 527-nm (solid line) and 514-nm (dot-daShed line) coher-
ent light. Note the slight change in the far-field spatial scale for 514- and 527-nm wavelengths. The dashed line again denotes the 8th-power
supergaussian envelope (shown for 527 nm).  (70-50-0994-3441pbo1)
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FIGURE 9. Energy concentration in the far field produced by the -
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the data points correspond to the measured normalized energy

passing through various-sized pinholes.  (70-50-0994-3442pb01)

incident energy inside the designed 640-um-diam
region. This is a significant im over bi
RPPs in terms of far-field profile control and energy
concentration.

- We anticipate several improvements in the design
and fabrication of the KPPs. We believe that eliminat-
ing the open-loop, 2r jumps can improve KPP effi-
ciency in the far field while minimizing near-field
intensity modulations. Then, the phase screen could be
unwrapped, and the method of fabrication could be
chosen. Further increases in KPP efficiency will require
the production of more accurate masks and better
alignment and overlay controls. We are working on
these aspects and are developing methods to scale up
the technology for fabricating large-aperture (up to
65-cm-diam) KPPs for use on the Nova laser and on
the proposed National Ignition Facility.
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