High-Frequency Bulk Phase Modulator for Broadband Smoothing
by Spectral Dispersion on OMEGA

High laser-irradiation uniformity is an important requirement
for successful direct-drive inertial confinement fusion (1CF).
Direct-drive laser-irradiation uniformity is achieved on
OMEGA for different ranges of spatial frequencies using
smoothing by spectral dispersion (SSD), polarization smooth-
ing with distributed polarization rotators (DPR’s), and mul-
tiple-beam overlap.1 SSD significantly improves irradiation
uniformity by rapidly shifting the laser speckle pattern gener-
ated by distributed phase plates (DPP's). A high-frequency
€l ectro-optic phasemodul ator producesawavel ength modul a-
tionthat issubsequently converted by adiffraction gratinginto
theangul ar deflectionrequired to shift the speckl e pattern. The
low spatial frequency cutoff of the smoothing produced by
SSD is determined by the maximum deflection of the beam.
Extremely smooth, time-averaged intensity profiles are
achieved on a time scal e corresponding to the inverse band-
width impressed by the phase modulator; thus, larger SSD
bandwidths are desirable. Two-dimensional SSD (2-D SSD)
extends the smoothing benefits of SSD by using two separate
stages of bulk electro-optic phase modulators and gratings to
deflect the laser speckle pattern in orthogonal directions.

For OMEGA, implementing a high-frequency modulator
in the second direction of the 2-D SSD system is advanta-
geous since the bandwidth from the second modulator is not
dispersed until after the most-limiting spatial-filter pinhole,
whichislocated in thelarge-aperture ring amplifier (LARA)?
inthedriver line. Thisconstraint requiresthat high-frequency
phase modulation be generated in a bulk electro-optic modu-
lator to accommodate the dispersed bandwidth from the
first modulator.

Design methods used to devel op the current generation of
3.0- and 3.3-GHz bulk phase modul ators3 are directly relevant
to higher-frequency designs, but several factors merit special
attentionin higher-frequency modul atorsdesignedto generate
large SSD bandwidths. First, resonant designs are attractive
since higher electric fields can be developed in the electro-
optic material without expensive, high-power microwave
sources. Vel ocity-matching the optical and microwave fields
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isalsoimportant to achieveefficient optical phasemodulation.
Lastly, controlling FM-to-AM conversion at higher-modula-
tion frequencies is a more difficult system problem.

A number of bulk electro-optic phase modulator designs
arefoundintheliterature.*10An approximately 9-GHz modu-
lator* implemented on the original 24-beam OMEGA laser
systemincorporated alithium niobate (LiNbO3) crystal inside
an evacuated, high-Q microwave resonator, but it suffered
difficulties coupling microwave power from the resonator
mode into the crystal. Vel ocity-matched waveguide resonator
designs®~ operate at microwave frequencies near the wave-
guide cutoff to match the optical and microwave phase veloci-
ties. This matching allows arbitrarily long interaction lengths
to be used to achieve increased modulation efficiency. A
quasi-velocity-matched concept® uses periodically poled
lithium tantalate (LiTaO3) to approximately realize this same
advantage with the added advantage of a TEM modulation
field, but it suffers from the inherently lower Q factor of a
micro strip resonator. An ~20-GHz dielectric resonator
design® achievesahigh Qfactor, but the el ectric field distribu-
tion of the TM 1, resonant modeis poorly suited for 2-D SSD
applications. Convenient coupling of microwave power into a
resonator structure is also a critical design issue. Electric-
probeb:9 and magnetic-loop’ coupling require that the resona-
tor structurebepartially air filled, but thisreducesthemaximum
clear aperture. Cutoff-waveguide coupling eliminatesthisdis-
advantage and, in addition, offersthe possibility of tuning the
resonance frequency.10

Incorporating a higher-frequency phase modulator in the
2-D SSD system offers two approaches to improving irradia-
tionuniformity on OMEGA. First, larger SSD bandwidthscan
be generated for a given number of FM sidebands and propa-
gated through the laser system since less grating dispersion is
reguired to achieve asingle color cycle. Increased SSD band-
widthssmooth laser irradiationfaster. Anasymmetric 2-D SSD
configuration on OM EGA using phasemodul atorsoperating at
3.0 and ~10 GHz could achieve infrared bandwidths of 1.5
x 12 A, respectively, to generate 1 x 1 color cycles nominally.
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Thisinfrared bandwidth correspondstoaUV bandwidth of ap-
proximately 1 THz. To efficiently convert this infrared band-
width to the ultraviolet, dual-tripler frequency-conversion
crystals!! (FCC’s) must be implemented on all 60 OMEGA
beams. Thisupgradewill be completed beforetheend of 1999.

Alternately, multiple SSD color cycles can be produced
with ahigher modulation frequency for agiven grating design,
and the same SSD bandwidth can be propagated without
exceeding the beam divergence limit imposed by the laser
system pinholes. Increasing the number of color cyclesredis-
tributes the beam nonuniformity to higher spatial frequencies
and accelerates the smoothing at the mid-range spatial fre-
guencies (¢ = 50-200) that pose the greatest threat of seeding
hydrodynamic instabilities in direct-drive implosions.t The
current OMEGA FCC configuration can efficiently convert
infrared bandwidths of 1.5 x 3.0 A from modul ators operating
at 3.0and ~10 GHz to generate 1 x 3 color cycles, respectively.
Experimentsutilizing both 1-THz UV bandwidth and multiple
color cycle improvements are planned for OMEGA this year.

High-Frequency Modulator Design

A velocity-matched, waveguide-coupled, LiNbO5 dielec-
tric resonator modul ator design was selected for the 2-D SSD,
high-frequency modulator application. A simple sketch of a
generic cutoff-waveguide-coupled resonator1? is presented in
Fig. 78.1(a). A TE;g mode of the input waveguide delivers
microwave radiation to a high-Q, TE, g, standing-wave reso-
nator formed by locating an electro-optic material in an air
waveguide that would otherwise be below cutoff at the reso-
nance frequency.

Velocity mismatches between the microwave and optical
phase velocities in an electro-optic material reduce phase-
modulation efficiency,1? particularly at high modulation fre-
guencies. In the resonant microwave cavities used for SSD
bulk phase modulators, standing waves are impressed across
the el ectro-optic crystal, which can be decomposed into fields
co-propagating and counter-propagating with the laser beam.
For thiscase, thevel ocity-mismatch reduction factor Bisgiven
bylZ
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where & istherelative dielectric constant of the electro-optic
crystal for polarizing the applied microwavefield at the modu-
lation frequency f,y, Nz istheindex of refraction of the crystal,
and cisthe speed of lightin vacuum. Thefirst term of Eq. (1a)
accounts for the contribution of the optical beam interacting
with the co-propagating microwave, while the second term is
associated with the counter-propagating microwavefield. The
maximum effective interaction length SL for a 10.5-GHz
LiNbO5 modulator with no velocity matching is limited to
approximately 2 mm, as shown in Fig. 78.2.

Velocity matchingisachievedintheconfiguration shownin
Fig. 78.1(a) by setting the width of the crystal, a, to adjust the
microwave phase velocity in the waveguide geometry,

c
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to match the optical phase velocity in the electro-optic mate-
rial, c/ng, where f; is the cutoff frequency of the waveguide
section loaded with the crystal and f; is the resonance fre-
guency of the modulator. Figure 78.2 plotsthe effective inter-
action length as a function of crystal length for waveguide
resonators with different degrees of velocity matching. For a
perfectly velocity-matched design, the effective interaction
length grows linearly with some modulation caused by the
interaction with the counter-propagating microwavefield. An
almost negligible penalty is observed for a 10% velocity
mismatchwith a26.3-mm crystal length showninFig. 78.1(c).

The height b of the crystal is arbitrary for a TE;g, mode;
however, minimizing b increases the electric field magnitude
for agiven microwave drive power and can eliminate spurious
TEgim modes in the crystal that would divert microwave
energy if mode-coupling mechanisms exist. The length of the
electro-optic material determines the modulator resonance
frequency based onthe microwave phasevel ocity inthewave-
guide. A resonance exists for crystals that are an integer
number of half-wavelengths, plus any phase shifts associated
with the reflections at the cutoff-waveguide sections. For
materials with a high dielectric constant, these phase shifts
are generally small and only change the effective length of
the resonator by about 1%.10
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Figure 78.1

(a) Generic cutoff-waveguide-coupled resonator. The el ectro-optic crystal of length L ispositioned in an air-filled, rectangular waveguide of width aand height
b. Thewaveguide width setsthe cutoff frequency above the modulator operating frequency in the air-filled sections, but below cutoff in the crystal. The cutoff-
waveguidesectionsact ashigh reflectorsfor the standing wavesinsidetheel ectro-optic crystal resonator. Theinput waveguidewidtha’ supportstravelingwaves
at the operating frequency that evanescently couple through the coupling distance deoupling. (b) The microwave and optical electric fields, Emjcro and Eqpt, are
oriented along the crystalline c axisto take advantage of thelarge el ectro-optic tensor element rzzin LiNbO3. Thebeam sizeissmall enough so that the variation
of themicrowavefield inthe x directionisonly 15%. (c) A tapered input waveguide provides atransition from standard waveguide dimensions to dimensions
required for critical coupling into themodulator crystal. A small beam port in theinput waveguide bend providesoptical accessto the crystal but doesnot disturb
the microwave input since it is significantly smaller than the microwave wavelength.
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All SSD modulators designed and built at LLE have used
LiNbO3, which is a well-developed electro-optic crystalline
material. Other el ectro-optic materialsarecommercially avail-
able and were considered for the new high-frequency modula-
tor design, including LiTaO3, potassium titanyl phosphate
(KTP) and its crystal isomorphs, rubidium titanyl arsenate
(RTA), and cesium titanyl arsenate (CTA). Relevant optical
and microwave properties of these materials are reported in
Table 78.1. A large el ectro-optic coefficient is obviously desir-
able, but theindex of refraction and rel ative dielectric constant
also play asignificant role in maximizing the phase-modula-
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Figure 78.2

Effective interaction length with velocity matching in LiNbO3 modulators.
Bulk modulator with no vel ocity matching (heavy solid line); perfect velocity
matching essentially linear with respect to interaction length, with modula-
tionduetointeractionwith counter-propagating microwavefields(light solid
ling); variations of velocity mismatch in 10% graduations (dashed lines).

Table 78.1: Electro-optic material properties.

tion performance, as indicated by the electro-optic figure of
merit. Thelosstangent isinversely related to the fundamental
limit onthe Q factor that can beachievedin aresonant design’3
sinceit representsthe diel ectric lossesin each material. Lastly,
the laser-damage threshold is an important performance pa-
rameter. Both bulk and surface laser-damage threshol ds were
measured for undoped LiNbOz and arepresentedin Table 78.1.
The surface finish of the samples limited the surface-damage
threshold, while alower bound on the bulk damage threshold
was established that was limited by catastrophic surface dam-
age. Doped samplesof Zn:LiNbO5; and MgO:LiNbO3 showed
poorer damage thresholds. RTA is a potentially attractive
alternative possessing a high electro-optic figure of merit, a
losstangent almost four timeslower than LiNbOs, plusalower
dielectric constant that would facilitate approximately 20%
larger crystal clear apertures. The optical quality of RTA,
however, is not currently adequate for SSD applications since
strong hirefringence gradients are reported and the laser-
damage threshold is significantly lower than commercially
available LiNbO3.

Setting the beam size in a TE;g,-mode waveguide modu-
lator requires a compromise between maximizing the unifor-
mity of the phase-modulation depth across the beam and
minimizing FM-to-AM conversion. The electric field of the
standing wave varies across the transverse dimension, as
shown in Fig. 78.1(b). This field distribution produces an
index-of -refraction variation equivalent to atime-varying cy-
lindrical gradient-index lens. Minimizing the SSD beam size
to the central portion of the aperture minimizes this effect but
increases the difficulty of SSD system imaging. The phase-
modulated bandwidth dispersed by the SSD gratings must be
carefully imaged to prevent FM-to-AM conversion resulting
from propagation out of a grating image plane; otherwise,

LiNbO5 LiTaO4 KTP RTA CTA
(Refs. 14,15) (Refs. 16,17)| (Ref.18) | (Ref.16) | (Ref. 16)
Crystalline type uniaxial uniaxial biaxial biaxia biaxial
Electro-optic coefficient (pm/V) ry3 =28.8-30.8 33 35.0 40.5 38.0
Index of refraction Ny = 2.1561 (extraordinary) 2.143 n,=1840 [ n,=1.890 | n,=1.930
Relative dielectric constant £33 =23.7-27.9 41.4-43 15.4 19 29
Loss tangent (at 10 GHz) 0.0015 0.001 0.70 0.0004 0.002
E'geég;’g‘:'[(’g;‘;' ?i‘/rf)"f merit 3304 2548 2705 3935 2573
T HERE

56

LLE Review, Volume 78



intensity modulation develops even from a perfectly FM-
modul ated beam according to

Al Ny CF
— [ 5mod [meod dG/d/\)ZZD dnod %Dig z,
beam

where Jy,oq i s the phase-modulation depth, wy,qq isthe phase-
modulation angular frequency, do/dA is the effective grating
dispersion, zisthe distance from the nearest image plane, N¢
isthe number of color cyclesimpressed on the SSD beam, and
Dpeamisthebeam diameter. Demagnifying the SSD beamtofit
through the modulator increases the sensitivity to imaging
errors and color separation of the dispersed FM beam on
system optics that can lead to amplitude modulation. Thisis
especially true for systems employing multiple color cycles.

The 10.5-GHz, waveguide-coupled LiNbO5 modul ator de-
sign [shown in Fig. 78.1(c)] includes four parts: a LiNbO3
crystal, acrystal holder, ataperedinput waveguidesection, and
atemperature controller. For aLiNbO3; modul ator operating at
10.5GHz, theideal crystal width to achievevel ocity matching
according to Eq. (2) setsa = 3.064 mm. All four sides of the
crystal are gold coated to form a standing-wave waveguide
resonator that is approximately 2 * Anicrowave 10Ng, While the
ends are antireflection coated for the SSD beam. The height is
the smallest possible consistent with a 1.1-mm beam size
chosen to limit the time-varying cylindrical phase error to a
reasonable level.

Thecrystal holder and taperedinput waveguide sectionsare
machined from copper to maximize electrical and thermal
conductivity and are gold plated to prevent oxidation of the
copper. The high electrical conductivity of copper minimizes
conduction losses in both the input waveguide and the
waveguide resonator since the gold coatings on the crystal are
only a fraction of a skin depth at 10.5 GHz. Good thermal
conduction is also beneficial in maintaining a uniform tem-
perature across the crystal.

The crystal holder is machined from three pieces of copper
that confine the LiNbOj crystal on three sides while a copper
foil holdsit in place. This configuration ensures high-conduc-
tivity walls next to the crystal with no air gapsin the direction
of the microwave electric field and minimal stress on the
crystal. Active temperature control of the modulator crystal is
planned to stabilize the resonance frequency and provide a
limited range of tuning. The simulated results discussed bel ow
are based on the modulator operating at 50°C to provide a
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+20°C range of temperature to accommodate uncertaintiesin
the dielectric constant and crystal fabrication tolerances. A
significant advantage of themodul ator designisthat thecrystal
holder can accept various crystal sizes designed to operate at
different resonance frequencies.

The tapered input waveguide section transfers microwave
power from a standard coaxial-to-WR-90 waveguide adapter
to a 4-mm-high waveguide section suitable for coupling the
microwave energy into themodulator crystal. Thetaper length
IS Amicrowave/2 t0 minimize reflections associated with the
waveguide discontinuities. A Apicrowave/ 2-10Ng waveguide
elbow isalsoincluded with asmall beam port for optical beam
access to the microwave input side of the crystal.

Maximizing microwave power transfer into a cutoff-
waveguide-coupled resonator at resonanceisaccomplished by
adjusting dgqpiing to Vary the coupling coefficient, 1

_16 Q ECOSZQ“ @ @;Log
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to achieve critical coupling (Beoypling = 1), where Qg is the
resonator Q factor, L is the effective length of the LiNbO3
crystal, and Aq is the free-space microwave wavelength; the
remaining dimensions are defined in Fig. 78.1(a). Critical
coupling maximizesthe power transferredinto theresonator. 19
Equation (4) was derived assuming no reaction of the cavity
field on the waveguide field and is valid only for positive
coupling distances. Using this analytic expression, the cou-
pling coefficient calculated for the modulator presented in
Fig. 78.1(c) isplotted in Fig. 78.3, where it isseen that critical
coupling is not achieved, even for deoypjing = 0. This reslts
fromthe poor overlap between theinput waveguideand crystal
resonator modes, which is limited by the large mismatch
between theinput waveguidewidth and thesmall crystal width
imposed by thevel ocity-matching constraint. Although Eq. (4)
cannot beextrapol atedto negativecouplingdistances, it strongly
suggeststhat allowing the modulator crystal to extend into the
input waveguide would achieve critical coupling.

ﬁcoupl ing =

coupling \ [(2a DD

a' \ H/\_HE )
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Coupling coefficient plotted versuscoupling distancefor waveguide-coupled
LiNbO3 modulator. The analytic valuescal culated from Eq. (4) areplottedin
the dashed line only for positive coupling distances assuming the input
waveguide and crystal heights are equal. Valuesfrom Micro-Stripes simula-
tionsmodeling LiNbO3 as an isotropic dielectric, aswell as using the tensor
values for the dielectric constant are plotted as dotted and solid lines,
respectively. Critical coupling was experimentally observed for deoupling
=1.07 mm and plotted.
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Accurately analyzing configurationswherethe crystal pro-
trudes into the input waveguide was accomplished numeri-
cally using Micro-Stripes, a commercial three-dimensional
electromagnetic analysis package.2® Micro-Stripes yields
both time- and frequency-domain electromagnetic solutions
for arbitrary geometries, including tensor material properties
such as the dielectric constant for materials like LiNbOg,
which aredifficult totreat analytically. A particular strength of
this simulation package is that wideband frequency-domain
results with fine resolution are obtained from a single time-
domain simulation.

A typical Micro-Stripesmodel and the resultsfrom asimu-
lation are shown in Fig. 78.4. All the geometric details and
material properties of the modulator shownin Fig. 78.4(a) are
represented in the model. In asimulation, an electromagnetic
impulse is launched in the input waveguide, and the fields
throughout themodel arecal culated asafunction of time. Field
values are saved at probe points for post-simulation analysis,
including digital filtering, resolving incident and reflected
waves, and transforming into the frequency domain. The
complex reflection coefficient can be calculated as afunction
of frequency from the simulated forward and reflected micro-
wave field components. The complex reflection coefficient
can then be analyzed using a personal computer program
QZERO?9 to yield the three important resonator parameters:
the resonance frequency, the resonator Q factor, and the cou-
pling coefficient.

(b)
1.0 T T T I

0.8

0.6

04} .

| 9.867 GHz
02}
- 9.992
0.0 - !
95 10.0 10.5 11.0

Frequency (GHz)

10.590 i
11.049 1
|

10.235
|

Figure 78.4

Micro-Stripes numerical simulations. (a) The complete three-dimensional, anisotropic geometry of the LiNbO3 modulator shown in Fig. 78.1(c) is modeled
with spatial resolution required to yield accurate results; (b) the magnitude of the complex reflectivity plotted versus excitation frequency reflectsthe harmonic

spectrum of the waveguide resonator formed by the LiNbO3 crystal.
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Micro-Stripes simulations were performed using an isotro-
pic dielectric constant equal to the value along the designed
microwave electric field direction (£33), aswell as the tensor
values available from the literature.1® Simulations for arange
of crystal positions were calculated and the coupling coeffi-
cient plottedinFig. 78.3. For both cases, the couplingincreases
as the LiNbOg crystal protrudes farther into the input wave-
guide. Critical coupling is achieved for d = 1.2 mm for the
anisotropic cal culation. The magnitude of the complex reflec-
tion coefficient plotted versus frequency for this crystal posi-
tion is shown in Fig. 78.4(b). Nearly critical coupling into a
high-Q resonance is evident from the narrow, low-reflection
feature representing the 4 * Apicrowave/2 Mode of the crystal
resonator. Another feature evident from Fig. 78.4(b) isthat the
modulator can be optimally coupled for any of the other
resonances to access even higher modulation frequencies;
however, given the fixed resonator geometry defined by the
crystal, a velocity-mismatch penalty would be incurred.

Figure 78.5 shows the predicted variation of the resonance
frequency fy and the resonator Q factor over the same range
of crystal positions for the 4 « A/2 resonance as covered in
Fig. 78.3. The resonance frequency shows a relatively small
variation, and the Q factor is essentially unchanged over the
range of crystal positions producing significant microwave
coupling into the crystal. Interestingly, the resonance fre-
guency plotted in Fig. 78.5(a) initially decreases as the length
of the crystal protruding into the input waveguide increases,
after which it increases monotonically. The initial drop in
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resonance frequency, as well as the initially widening differ-
ences between theisotropic and ani sotropic simul ations of the
resonance frequency, indicate that the effective length of the
resonator increasesastheresonator fiel dsextend into theinput
waveguide and the fields distort near the crystal input. This
field distortion introduces el ectric field componentsthat inter-
act with the higher dielectric constant (£14) in the x and z
directions. After reaching minima, values for the resonance
frequency for both cases increase at the same rate since the
crystal length inside the crystal holder decreases. For positive
values of the coupling distance dgopiing, the predicted reso-
nance frequency approaches the value characteristic of the
crystal loaded in an infinitely long, cutoff waveguide. The
predicted Q factor in Fig. 78.5(b) also increases since the
coupling lossesinto the input waveguide rapidly decrease, as
seenin Fig. 78.3.

Modulator Performance

Microwave measurements of the X-band modulator and
adjustments to optimize coupling were performed using a
microwave vector network analyzer (HP Model 8720B). As
designed, the length of the crystal protruding into the input
waveguide was set to maximize microwave coupling into the
4 « A/2 resonance. Excellent coupling was achieved for a
coupling distance of —1.07 mm. Within experimental uncer-
tainties the measured return loss of —35 dB represents critical
coupling and is plotted in Fig. 78.3. Excellent agreement with
predicted values of the coupling coefficient is observed.
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Figure 78.5

(a) Resonance frequency and (b) Q factor for cutoff-coupled, LiNbO3 waveguide modulator.
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The measured complex reflectivity of the modulator was
also analyzed to evaluate the resonance frequency and Q
factor. The measured resonance frequency at critical coupling
is 10.412 GHz, which is 1.7% lower than predicted from the
Micro-Stripes simulations. This discrepancy is attributed to
three factors: First, the cutoff-waveguide cross section at the
end of the crystal opposite the input waveguide was enlarged
dightly to simplify alignment of the modulator in the SSD
system, which would increase the effective length of the
resonator and reduce the resonance frequency. Second, crystal
fabricating tolerances resulted in dlightly larger width and
length dimensions that also increase the effective resonator
length. Lastly, theactual dielectrictensor valuesfor theLiNbO5
crystal may differ from the literature values'® used in the
simulations. The measured Q factor plotted in Fig. 78.5(b)
agrees well with the predicted values.

Experimentally, double-pass operation yields 1.95-A SSD
bandwidths with approximately 14.4 W of microwave power
delivered to themodul ator. Thismeasurement of phase-modu-
|ation performance showsreasonabl e agreement withasimple
estimate based on microwave measurements. The microwave
energy stored in the resonator, Egq,eq, Can be calculated from
the definition of the unloaded Q factor,

QO = wo Estored/Pm ,

where P;,, isthe power delivered to themodulator and ayisthe
angular microwave frequency wy = 271fg. The stored energy
Eqtoreq Can berelated easily to the electric field strength inside
thecrystal, Eq, by approximating thefield distributionwiththe
mode of a TE; g, resonator and spatially integrating to derive

Egtored = 533/8(ab|-) Eg )

where £33 is the dielectric constant, and a, b, and L are the
crystal width, height, and length, respectively. These expres-
sions can be combined with the expression for phase-modula-
tion depth,3

_ T wL ml??;’ 33
5m0d - A
opt

where BL is the effective crystal length including velocity
mismatch, nyistheindex of refraction, rz3 isthe electro-optic
coefficient, and Aqpy is the optical wavelength. Using the
measured valuesfor Qq, a, b, and L, literaturevaluesfor &35, ng,
and r33, a calculated value of BL = 0.95 to account for some
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velocity mismatch tolerance, a phase-modulation depth of
1.59 is calculated. For a single pass, this corresponds to an
SSD bandwidth AAgnge=1.22 A, or adoubl e-pass bandwidth
A/\double =244 A

Additional SSD bandwidth can be achieved by increasing
thenumber of passesthroughthe modulator or increasing input
power. Based on the measured performance, a double-pass
configuration would require approximately 520 W of micro-
wave drive power to generate 12 A of phase-modul ated band-
width, while an active multipass scheme with four passes
would require less than 130 W at the expense of greater
system complexity.

Conclusion

Thedesign of an efficient, bulk phase modulator operating
at approximately 10.5 GHz, which can produce substantial
phase-modulated bandwidth with modest microwave drive
power, has been presented. The waveguide resonator design
employs an adapted form of cutoff-waveguide coupling and
velocity matching toyield asimple, high-Q microwavedesign
with practical clear-aperture dimensions suitable for applica-
tionina2-D SSD system. Thedesigniseasily scalableto other
frequencies by simply changing the electro-optic crystal di-
mensions. Themeasured microwave performanceof themodu-
lator agrees well with performance predicted from fully
anisotropic, three-dimensional numerical simulations.
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