High-Efficiency Distributed Phase Plate Generation
and Characterization

An essential requirement for both direct-drive and indirectOf that lost enayy (22%), 16% was due to &iction rings
drive laser fusion is the uniform irradiation ofgats that are produced by the edges of the binary elemditts.goal was to
located at the far field and quasi far field of the laser systemetrieve all of this engly by implementing continuous features
Higher uniformity results in reduced Rayleighylor insta- on the phase plates, thereby eliminating thé&adifion loss.
bilities and improved spherical congence of fuel capsules This would result in DPRB’that have to-tget transmission
during high-density compression. For high-povealid-state  efficiencies of 94%—-96%Ihe DPPdesign should provide an
laser drivers, a major contribution to irradiation nonunifor intrinsic eficiency of 100%; howevesome loss is allowed to
mity is the intensity distribution of the individual accommodate both alignment and manufacturing tolerances.
frequency-tripled beams at thedat plane.The irradiance Of the remaining 4% to 6% emgrloss, approximately 3.5%
nonuniformities are caused primarily by spatial variations irmust be allocated to beam-togat alignment tolerances.
the neaffield phase front that accumulate as the pulse propaFherefore, additional engy losses associated with the manu-
gates through the air and laser optics. Optical phase conversitatturing process, such as surface scatter and reflection, must
at the end of a laser system, using distributed phase plates limited to less than 2.5% of the incident gyer
(DPP’s)! modifies the bearsffield coherence, thereby chang-
ing its focusing properties and shifting emertoward the The required irradiance envelope produced by the ®iBP’
higher spatial frequencies that can be rapidly blurred usinmathematically represented by a rotationally symmetric
temporal beam-smoothing techniques. supegaussian of order between 2 and 3. (An order 2 produces
a Gaussian distribution.) It is also desired that the DPP provide
In the past, the price of this coherence control was a loss tie relatively flat power spectrum characteristic of the previ-
20%—-25% of the laser emgst The primary goal in the design ous two-level DPR.When these distributions are overlapped
of a new phase converter is to achieve lossless, wavefrordn a taget, the amplitudes of the low- to mid-range modes (
insensitive, phase conversidiis has been recently achieved > 20 um) should not exceed the extremes produced by random
with a new variety of DPP (continuous, deep-surface-relie$tatistics. High spatial frequencies< 20um) are less detri-
phase plates) that has been generated and characterized formgatal because of their fast smoothing times in the presence of
in the 60-beam OMEGHAaser systemlhe two-level binary temporal beam smoothing.
phase plates previously deployed on the 24-beam OMEGA
laser system provided coherence control but had significant The DPP must also provide an irradiance distribution that
losses and operated over a narrow range in the focal directicedequately integrates over the full aperture of the input pupil
These new continuous DRPperform nearly lossless phase so that the spectral modes, produced by spatial color cycling,
conversion of high-power laser beafproviding a cou- overlap at the tget plane. DPR’containing Fourier gratings
pling eficiency to taget of=95%.They also operate over the inherently meet this requirement when used at or near the focal
full range of taget diameters planned for the LLE experimen-plane of a lens. Finallyhe new DPPnust provide the above

tal fusion-physics program. efficiency, irradiance, power spectrum, and temporal beam-
smoothing capability for tget diameters ranging from 800 to
OMEGA DPP Requirements 1000um. On OMEGA this necessitates operation in a range of

The requirements for this new generation of BRIPe high  +4 mm along the optical axis of the lens.
transmission to the tget, a weak supésaussian irradiance
profile, and operation over a range ofjtrsizesThey must = Phase-Plate Concept
be significantly more étient than the previous two-level To achieve both high f€iency and the desired profile at
DPP’s whose overall couplingfefiency was limited to 78%. the taget plane, the continuous DRias designed with a
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specific combination of a Fourier grating phase plus a randof©PD’s) in the form of a thin film of varying thicknegs,y)
phase. Produced by the surface relief on such ath®phase and material refractive indax The exact amount of phase
consists of a random term combined with several spatiallyetardationpexperienced by a transmitted wavefront depends
periodic termsThese two terms are superposed on a singlapon the wavelengtij of light and is given by

surface but are shown in Fig. 65.1 on either side of a plate for

clarity only The purpose of the spatially periodic terms, or _2m _2m

Fourier grating terms, is to dli&ct the collimated incident (D_T(OPD) _T[t(x' y)(n—l)]. (2)
beam into multiple orders or multiple beam&These orders

are collected by the lens to form an array of foci at the Fourier Optical modeling shows that the eggcoupled to a tget
plane of the lenslhe lateral separation of these fodf)(can  using the new continuous distributed phase plate is substan-
be expressed in terms of the wavelengtf light used, thé tially greater than that using a two-level binary phase plate as
number {z) of the focusing lens, and the number of grooveshown in Fig. 65.2To allow for small beam and gat

or elements in the gratingjl: misalignments, approximately 3.5% of the incident gyer
misses the tget. This enegy is accessible with the penalty of
ANf _ Af lower irradiation uniformity Underfilling a spherical tget
d* = ANfyy = —=—, (1) . . . . .
D d causes an increase in the amplitude of medium-order spherical

harmonic modes. Nevertheless, an increase inggnefi-
whereN is equal to the diameter of the gratimy ¢livided by  ciency from 78% to 96% represents a 20%—25% increase in
the groove spacingl); N=D/d. The Fourier gratings separate total enegy delivered to the tget. Simulations have shown
an incident laser beam into a two-dimensional angular spethat phase conversion with our new continuous BPRkEets
trum of beamlets that focus at the focal plane of a lees  the design requirements over afgigntly long depth of focus
result, the interference pattern produced by the coherent ovéo accommodate a wide range of&trdiameters.
lap of the beamlets depends primarily on the phase transfer
function of the distributed phase plate rather than the wavefroPP Generation
of a typical laser beam. Optical lithography is an excellent means of generating
complex surface-relief structures that subsequently can be
In the simplest case, the surface-relief profile of a DPP careplicated into polymers that are compatible with high-irradi-
be composed of several sinusoidal components together wiéimce UV laser light. Using a combination of photographic and
arandom componenthe phase retardation is distributed overphotolithographic techniques, both mask fabrication and pho-
the DPPsurface by introducing optical path fédifences toresist patterning have been successfully demonstrated at

8004m
Continuous t;};%%t
distributed
phase plate 1000um
target plan\
. Figure 65.1
The surface of a continuous distributed phase
plate consists of a random term combined with
Random . . several periodic terms. These produce an irradi-
phas Grating = ance distribution at the focal plane of a lens that
e\ / phase ; efficiently couples laser light to targets in the

range of 800 to 100@m in diameter. The two
phase terms are shown on either side of the sub-
strate for clarity only.
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Figure 65.2

The energy coupled to a target using a continuous distributed phase plate is

substantially greater than that using a two-level binary phase plate. Approxrigure 65.3

mately 4% of the incident energy is distributed around the target to allow fofhe calibration mask is a sheet of photographic film containing both con-
minor beam and target misalignments. An increase in energy efficiency frominuous and stepped regions of varying density whose corresponding
78% to 96% represents a 20%-25% increase in total energy delivered tiansmittance functions are used to characterize the linearity of the
the target. photolithographic process. A 9-in. enlargement made from a computer-
generated, 35-mm negative is produced using standard silver-halide
processing techniques.

LLE, resulting in the fabrication of 310-mm-diam continuous
DPP’s suitable for use in OMEGA.

The photolithographic process begins with the calibration

of a Celco photographic-film writeusing, as a reference, the

interferometric measurement of a test phase plate made in Continuous
photoresistThe calibration mask used in this stage is a sheet ramp

of photographic film containing both continuous and stepped L

regions of varying density whose transmittance functions are B

used to characterize the linearity of the photolithographic Stepped
processAn enlagement made from a computpenerated, ramp
35-mm negative, shown in Fig. 65.3, is produced using stan- B

dard silverhalide processing techniques. Following the ﬁ
chemical processing of the photoresist, Fizeau interferometry
is used to characterize the optical patlfietlénces within the %
photoresist phase plat€he interference fringes, shown in
Fig. 65.4, are computer analyzed to examine linearity of the
transfer from mask transmittance to phasétéhce in the
photoresistThese results are used to generate an end-to-er,}%ure 65.4
process inversion curve. Fizeau interferometry is used to characterize the optical path differences that
are photolithographically generated in a photoresist coating using the calibra-
The final inversion curve, shown in Fig. 65.5, relates thdion mask shown in Fig. 65.3. The interference fringes are computer analyzed
Celco film writer's code values to the range of phaséedif to examine linearity of the transfer from mask transmittance to photoresist

. . . . . . . hase difference.
ences required in the DRIBsign.The inversions contained in P

E7849 A=6328 A

LLE Review, Volume 65 3



HicH-EFFIiciENCY DISTRIBUTEDPHASE PLATE GENERATION

5000

4000

3000 -

2000

Celco code value

1000 -

E7850

1.0

Surface heighty(m)

2.0

3.0

Figure 65.5

this final curve include the nonlinearities in the film wrjter
recording film, enlagement film, and photoresist. Several
iterations were required to yield a Bciently linear relation-
ship between the desired phaséadénces and those produced
in the surface relief of the photoresisthe mask used to
generate the desired DPP surface relief is shown in Fig. 65.6.
It is a sheet of silver halide film containing the distribution of
densities that follow the range established by the previous
calibration proces3he mask transmittance function times the
material removal function of the photoresist is linearly related
to the phase dérence produced in the DRIBsign.

Interferometric analysis of the DPP master is performed
by positioning the edge of the master in a single-pass Mach-
Zehnder interferometeBpatial synchronous phase detection
is used to analyze the high-frequency fringes that extend from
the region of thick photoresist to the region of thin photo-
resist. Low-frequency fringes are shown in Fig. 65.7(a) to

The final inversion curve relates the code values for the Celco film writer t&elp the reader visualize the phase shiftee peak'to'va”ey
the range of phase differences required in the DPP design. The multip@ptical path diierence, shown in Fig. 65.7(b), corresponds to
inversions contained in this final curve include nonlinearities in the filmthe maximum phase dérence contained in the photoresist
writer, recording film, enlargement film, and photoresist. Several iterationgypp master.

were required to yield a sufficiently linear relationship between the desired
phase differences and the actual phase difference realized in the surface relief

of the photoresist. The final steps to generate DBRor the OMEGAlaser

system involves the transfer replication, of the surface relief
into a suitable UN\tompatible materiahfter extensive devel-
opment of release mechanisms, the replication of photoresist

Modulation
7 s reforence Figure 65.6
P The mask used to generate the desired DPP
reference

surface relief is a sheet of photographic silver
halide film containing a density distribution
whose transmittance function follows the range
established by the previous calibration iteration.
The mask transmittance function times the
material removal function of the photoresist is
linearly related to the phase difference required
in the DPP design.

Mask density
reference patch
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Figure 65.7

Interferometric analysis of the DPP master is performed by positioning the edge of the master within a single-pass Mach-Zehnder interferometer. Spati
synchronous phase detection is used to analyze the high-frequency interference fringes that extend from the region of thick photoresist to the region of tf
photoresist. Low-frequency fringes are shown in (a) for clarity. The peak-to-valley optical path difference (b) measured here corresponds to the maximum pha
difference contained in the DPP phase distribution.

masters into a UV epoxy succeeded using an evaporativeiore eficient pattern produced by the new continuous DPP
coating release-layer technology borrowed from the industridiote that the difaction lobes are absent from the spot pro-
sector? The fabrication of DPR'is performed in class 100 to duced by the continuous DPPhese images were density-to-
1000 clean-room conditions to limit contamination that carirradiance converted using a calibration curve derived from the
cause losses due to surface-relief scattering, material scatt&known changes in exposure between images of each Asray

ing, and material absorption. can be seen in Fig. 65.9, a dynamic range dfig¢Qhen
obtained.This range is required to accurately measure the
DPP Characterization high-contrast speckle produced by phase conversion of the

The on-taget irradiation distribution from a single focused laser beam.
laser beam is measured with equivalengdaiplane photo-
graphic cameras. Experimental results from these cameras areA photographic image generated with cw laser light
shown in Fig. 65.8. Each element within the array represen{g&ig. 65.10(a)] is compared with that from a beamline of the
the same spatial image recorded at successively lower exp@PMEGA laser system [Fig. 65.10(b)Although the wave-
sures. Figure 65.8(a) shows a focal-spot distribution producddngth of the cw (364-nm) laser isfdifent than the OMEGA
by a two-level binary phase plate, while Fig. 65.8(b) shows thiaser (351 nm), compensatingfdiictive and refractive &dfcts

(@)

Figure 65.8

} The on-target irradiation distribution from a
* # : i single focused laser beam is measured with
an equivalent-target-plane photographic cam-
era. Each element within the array represents
the same spatial image recorded at succes-
(b) sively lower exposures. Figure 65.8(a) shows
the lossy diffraction lobes produced by a two-
level binary phase plate, while Fig. 65.8(b)

* ﬁ % i = shows the more efficient pattern produced by

the new continuous DPP.

Two-level binary DPP

E7853 Continuous DPP
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cause these results to be essentially equivalent. Orthogonak 65.12 shows the total eggrcontained within a circle
scans through the center of an equivalergeabplane image surrounding the center of the beam as a function of the radius
show the irradiance modulation that is characteristic of lasesf that circle.This is referred to as an encircled ayeplot.
speckle.The dominant visual characteristic for these phas€urve Ais an experimental cw result, curve B is an experimen-
plates is the random variation in irradiance, which obeys$al pulsed result, curve Cis the result of theoretical calculation,
negative exponential statistics. Figures &fa) and 651(b) and curve D is the desired encircled gryeprofile for the
show horizontal and vertical cross sections of the irradiancéyradiation for direct-drive taets. Good agreement between
respectivelyfor the OMEGAbeam shown in Fig. 65.10(#)n these curves, near the 4061 radius, indicates that a useful,
individual cross section can contain a peak-to-average irradnighly efficient DPPhas been generated.

ance ratio of several hundred percent; howewely a small

fraction of the total engy resides in these modulations. Fig- Extensive testing of the DFBr-field performance is per
formed to ensure that accurate focusing can be accomplished
on the OMEGA laser system. In addition to the photographic

A T analysis described above, egetransfer measurements are
made by translating tget-sized apertures along the optical
30F axis. These measurements are used to determine both the
— minimum spot size and the egg+transfer diciency of the
e DPP Equation (3) shows the functional form of the relation-
% 2.0k ship between tget diameter and focal shift for a given DPP-
S specific minimum spot and a desired encircled gnem
a target:
1.0
o M) G
AZp = 6.429(Dm)%55 -15 +0Z,, (3)
0.0 —_— m O
1.0 2.0 3.0 4.0 5.(
E7854 log (H/H,) whereD,, = minimum beam diameter containifigy; Dt =
target diameter (800 to 10Q@m); E; = encircled engy on
Figure 65.9 target; N(E.) = calculated order; ande = powerinduced

The photographic images generated by the equivalent-target-plane camdacal shift. The minimum spot sizeX,) is used in Eq. (3) to
are density-to-irradiance converted using a calibration curve derived from ”\ﬁrovide the correct position of the focus lens given a desired
array of images. A dynamic range ofi§obtained to accurately measure the target dianeter and a specific encircled emer A limited
high-contrast speckle produced by phase conversion of the laser beam.

amount of defocus can be used to compensate for DPP

@ (b)

Figure 65.10

(a) The photographic image generated with cw
laser light is compared with (b) that from a
beamline ofthe OMEGA laser system. Although
the wavelength of the cw (364-nm) laser is
different than the 351-nm OMEGA laser, com-
pensating diffractive and refractive effects
cause these results to be essentially equivalent.

Erass 650 mm ' 650 mm
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Orthogonal scans through the center of an equivalent-target-plane image show the irradiance modulation characteristic of laser speckle. Figures 65.11(a)
65.11(b) show horizontal and vertical cross sections of the irradiance, respectively. An individual cross section can contain a peak-to-average irradiance ra
of several hundred percent; however, only a small fraction of the total energy is contained in these peaks.

phase undermodulation, thus providing a favorable manufa®f the curve in the vicinity of an 800m taiget is approximately
turing tolerance. a change in diameter of J@m per 100um of focal shift.
Additional families of hyperbolic curves can be generated to

The family of hyperbolic curves shown in Fig. 65.13 allow flexibility in choosing an encircled emgron taget; the

represent a specific case of Eq. [)e radius of the contour limits, howeverare the amount of erggrthat misses the @get

containing 96.6% of the ergyris plotted as a function of the and the overall irradiation uniformityA coupling eficiency

focus lens position along the optical axis. Minimum spot size®f 96.6% (incident light that irradiates theget) is a compro-

of between 675 and 7%0n are represented hefde gradient  mise between these constraints.
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Figure 65.13
The radius of the contour containing 96.6% of the energy presented to the
Figure 65.12 focal plane is plotted as a function of the shift of the focus lens along the

The total energy contained within a circle surrounding the center of the beaoptical axis. A range of target diameters between 800 and A90fan be

is plotted as a function of the radius of the circle. Curve A is an experimentafradiated with the new continuous DPP. The gradient of the curve in the
cw result, curve B is an experimental pulsed result, curve C is the result efcinity of an 800um target is approximately a change in diameter qirh0
theoretical calculation, and curve D is the desired encircled energy profilgper 100um of focal shift.
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Conclusions REFERENCES

An extensive development program has produced signifi-
cantly improved DPR'that are characterized as continuous,
deep-surface-relief phase platdhiese DPR can perform
nearly lossless phase conversion of high-power UV laser
beams, thus delivering up to 25% more ggehan previous
designs.These DPR also provide the desired irradiance
envelope and speckle distribution over the full 800- to
1000.um range of taget diameters envisioned for the near
term experimental tget physics program at LLE. In addition,
epoxy-replicated DPB’exhibit high damage thresholds and 4
meet the design requirements for the upgraded OMEGA laser
system. It is anticipated that nearm taget experiments will 5.
be carried out on OMEGA to study the hydrodynamic benefits
of these new DPB'with temporal beam smoothing and that -
additional criteria will be established to design fully optimized
DPPss for the futuré.®
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