Microwave Phase Modulators for Smoothing
by Spectral Dispersion

A principal component of smoothing by spectral dispersiondentified as one-dimensional smoothing by spectral disper-
(SSD) is an electro-optic phase modulator that produces sion (1-D SSDY. In this scheme, a bandwidth is generated by
cyclic wavelength modulation on nanosecond laser pulses. single modulator, and dispersion is applied along a single
This article addresses the theory, design, manufacture, testirditection. Bandwidths of up to 2 A were achieved with these
and implementation of microwave phase modulators opewriginal modulators. A higher-frequency modulator operating
ating in the gigahertz-frequency range with particulararound 9 GHz was also operated in this configuration that
application to both one- and two-dimensional SSD on thachieved bandwidths in excess of 8.5 A.
OMEGA laser system.
Two-dimensional SSD (2-D SSD) is currently implemented

The first references in the literature to electro-optic moduen OMEGA. This configuration involves two separate stages
lators in the microwave-frequency range were in the earlpf gratings and modulators that apply dispersion in two orthog-
1960s in applications of both amplitude and phase modulatomhal directions. Incommensurate modulation frequencies (3.0
to the recently invented laser. Most of these devices were widand 3.3 GHz) are chosen for the two modulators to maximize
band devices operating over the band from dc to some uppttre spectral content of the phase-modulated laser beam.
cutoff frequency for analog modulatibar over some narrow
radio-frequency RF band for digital communicatiérigarly In the following sections, we present (1) the basic theory
work concentrated on frequency-shifting laser beams for spe@volved in microwave phase modulators; (2) computer simu-
troscopic applications, especially FM heterodyne spectroscophgtions that use8UPERFISHo design the SSD modulators;
but was usually confined to continuous-wave (cw) gas laser§3) a review of the technical design criteria leading to the
as well as some applications to temporal compression of shartirrent modulator designs; and finally, (4) the testing results
pulses generated by cw mode-locked gas laser oscilfators. for these devices.

No work appears to have been done on modulators of thEheory
type needed for SSD that must impress relatively large band- Phase modulation of laser pulses increases the bandwidth of
widths (several A) in a single pass through an electro-optitaser pulses without introducing intensity modulation to the
crystal of relatively large cross section. Commercially availdaser pulse that could be destructive to the glass laser system.
able, guided-wave phase modulators can achieve largéhe electric field of a phase-modulated pulse takes theé?form
modulation bandwidths; however, the small cross section of
these devices and the relatively low damage threshold of
electro-optic materials are incompatible with the relatively E(t) = Eo(t)ei“’ot eiq>(t),
high-power laser pulses typical in driver lines of large glass
lasers used for inertial confinement fusion (ICF) applications.
Furthermore, bulk electro-optic modulators enable the techwhereEq(t) represents the pulse shape before phase modula-
nique of “color cycling,” which is critical to the successful tion, w, is the fundamental angular frequency of the laser, and
implementation of SSB. @(t) is the time-varying phase. Since the laser intensity varies
as|E(t)|2 = |E0(t)|2, intensity modulation is avoided. The time-
SSD phase modulators have been employed onthe OMEGArying phase is achieved by passing the laser beam through an
laser in several configurations. Originally, resonant modulaelectro-optic crystal with an oscillating voltage applied across
tors in the 2- to 3-GHz regime were employed in a scheme noitv The resulting electric field of the laser beam is of the form
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E(t) = Eo(t)eionir)sin(wmt) microwave cavities used for SSD phase modulators, micro-
© wave standing waves are impressed across the electro-optic
= Eg(t)e'@ot v Jn(q)ei(‘*’om‘*’mt), (1)  crystal that can be decomposed into fields co-propagating
n=—co (kco) and counter-propagatir(gcounter) with the laser beam.

The phase-mismatch reduction factor is giveh by
where n is the phase-modulation amplitude amyg, is the
angular frequency of the modulation. The added bandwidth

_ afsin(u) , sin(u-)]

can be expressed as a Bessel-series expansion of the sinusoidal B 5 | U U | (3a)
phase term, or frequency sidebands separated by the modula- * N

tion frequency. The frequency bandwidth impressed by thand

phase modulation is conveniently characterizedty 2nf,, foL _

at which point the mode amplituddg(n) rapidly approach Uy = gﬂ (r:n B(J?SJF ”3)’ (3b)
zero. For light near 1sam wavelength, a bandwidth of 30 GHz

corresponds to approximate = 1 A. wheregs is the relative dielectric constant of the electro-optic

crystal for the polarization of the applied microwave field at
The modulation amplitude for a transverse-field, LiINbY  the modulation frequencly, andc is the speed of light in

phase modulator shown in Fig. 68.25 is giveh by vacuum. The firstterm of Eq. (3a) accounts for the contribution
of the interaction with the co-propagating microwave, while
_ B mg 33 (V/T)L the second term is associated with the counter-propagating
- A ' (2) microwave field.

wherelL is the length of the LiNb@crystal in the direction of Figure 68.26 shows a block diagram of the SSD modulator
laser propagationT is the thickness in the direction of the subsystem. Microwave pulses with peak powers in the kilowatt
oscillating voltage, anW is the width. The reduction factBr  range and pulse lengths of several microseconds are generated
accounts for phase mismatch between the propagating optiday a mechanically tuned, triode microwave power oscillator. A
and microwave fields in the crystal is the index of refraction  ferrite circulator isolates the power oscillator from microwave
for the optical field polarized parallel to theaxis of LINbO;, drive power reflected from the SSD modulator, while a direc-
razis the electro-optic coefficient/,,pjieqis the microwave tional coupler is used to sample the incident and reflected
voltage applied along the crystalline axis of the crystal,Jand power to the SSD modulator for system diagnostic purposes. A
is the wavelength of the laser light. variable attenuator is included in the microwave circuit to
control the drive-power level without changing the power
oscillator operating point that can affect its operating fre-
guency. A double-stub tuner is used to match the impedance of
the modulator cavity to the 5Q-coaxial cable that transmits
the microwave drive power to the modulator.

Large phase amplitudes £ 3r) are required to achieve the
infrared laser bandwidths (~1.5 A) from a single modulator
required for successful implementation of 2-D SSD in laser-
fusion experiments. To achieve these large phase amplitudes,
thousands of volts must be applied across the electro-optic
crystal at microwave frequencies. The microwave drive powers
required to achieve these voltages in traveling-wave phase-
Figure 68.25 modulator geometries are impractical, so resonant cavities are
Geometry of LiNb@ crystal used in phase modulator. used to reduce the microwave drive-power requirements.
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The phase-mismatch reduction facfbis the usual term Two basic resonant cavity designs have been used for SSD
characteristic of nonlinear optical processes. In the resonaphase modulators: radial-mode and reentrant coaxial-mode
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resonators. Early work at LLE was modeled after Kaminow’doaded by the electro-optic crystal at the other end. The theory
work8 using radial-mode cavities with large crystals. In thesef reentrant coaxial resonators is discussed in many microwave
designs, the diameter of the cavity is much larger than iteference$§-13In this cavity geometry, predominantly trans-
overall height, and the electromagnetic wave inside the cavityerse electromagnetic (TEM) waves propagate in the
propagates in the radial direction. Figure 68.27(a) shows mansmission-line section of the cavity, as shown in
cutaway drawing of such a radial-mode cavity. Figure 68.27(bffig. 68.28(b), while the fields at the capacitively loaded end
illustrates a cross section of this modulator cavity along witltonform to the end geometry. The electrode structures are
the electric field distribution for a typical radial mode. Themade as large as possible, compared to the crystal size, to
electric fields of this mode align with the symmetry axis of themaximize the axial electric field uniformity in the electro-
cylindrical cavity, while the magnetic field lines are circular inoptic crystal. A magnetic loop antenna that couples microwave
horizontal planes. Microwave energy is coupled into the cavitgnergy into the cavity is located near the center conductor at
using a magnetic loop antenna located on the outer wall of thke short-circuited end of the transmission line.
cavity where the magnetic-flux density is a maximum.
The reentrant coaxial resonator design offers several advan-

As discussed later itComputer Simulations Using tagesovertheradial-mode designs. First, cavity-mode resonance
SUPERFISH, spurious resonant modes can arise with resdfrequencies are well separated, which simplifies excitation of
nance frequencies near the desired operating frequenaynly the desired cavity mode. Setting the resonance frequency
Additional difficulties with this design arise when the crystalis accomplished by machining the cavity length using analyti-
dimensions approach the modulator cavity dimensions. Speal models that have been developed for this cavity design.
cifically, separate crystal resonance modes can exist above
cutoff when the crystal thickness is nearly equal to the height The dimensions of a reentrant coaxial resonator are deter-
of the cavity. Difficulties in efficiently coupling cavity-mode mined by the properties of a coaxial transmission line. The
energy into the crystal mode prompted the use of highlympedance at a reference plane of a lossless, air-dielectric
reentrant coaxial cavities that proved to be significantly simeoaxial line of length., with a characteristic impedancezgf
pler to analyze and engineer. that is short circuited at its end, is givert®y

A typical reentrant coaxial resonator is depicted in
Fig. 68.28(a), which is essentially a section of coaxial trans-
mission line that is short circuited at one end and capacitively

Rrf, Lo

Z =jZytan DTD(Oth)’ 4)
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wheref,, is the microwave frequency amds the speed of 0.25
light. The characteristic impedanZg can be calculated by
the usual formulet 0.20+ -
1 b 0.15- -
Z =2—4//,l/£ In(b/a) J60In— (ohms), (5) £
T a S
- 0.10F -
whereb is the inner radius of the outer conductor arislthe
outer radius of the inner conductor. 0.051 |
. . ) ) i ) ) 000 heeledeclecbele IIIIII 1 IIIIIIII 1 IIIIIIII 11 L
By definition, resonance in a transmlss_lon-llne cavity oc- "0.001 0.01 0.1 1.0 10 100
curs when an external shunt reactance is connected to the A
transmission line that is equal to and opposite in sigi feor —n
: : : E8317 21c Gotal Zo
an open-circuited line, resonance occurs for value§,of
Whlcr.\.ma.ke the.nght-hand side of Eqg. (4) infinite. Th|sFigure 68.29
condition is satisfied whefl The “universal tuning curve” for reentrant coaxial resonators from Eq. (8)
determines the cavity length of th&t TEM mode of the modulator reso-
k-10 nator. The cavity length of higher-order longitudinal modes is found by
L= DT m: (6) adding integer half-wavelengths.

wherekis any positive integer antl,, = ¢/ f,,, is the free-space in Eq. (6) exists. Inspection of this curve shows that as the
wavelength of the microwave field. Equation (6) is the familiaterminating capacitance approaches zero, the length of the
odd-quarter-wave cavity length condition. Capacitively loadedesonator approaches one quarter of the free-space wavelength
lines can be treated with the same analysis to yield a “universebrresponding to the resonant frequency. As the capacitance
tuning curve.” Since the reactance of the capacitor terminatingecomes larger and larger, the length of the resonant cavity gets

the length of transmission line is given by shorter. The 3/4 resonator mode is depicted in Fig. 68.28(b).
It should be noted that the simplified analysis leading to
.= j ' @) Fig. 68.29 is not exact since stray capacitance due to fringing
2mf,C effects is difficult to quantify exactly.

resonance occurs when Egs. (4) and (7) are equal and opposite Near resonance, a microwave cavity may be modeled as the

leading to the analytic expressi@n parallel RLC resonant circuit shown in Fig. 68.30, where the
shunt resistancBg represents all of the losses in the cavity.
Unfortunately, the appropriate definitions iy, L, andC are
(L0 Am

A 0 276Com Zo” ©

O

The transmission line length normalized to the desired
microwave wavelength,, is plotted in Fig. 68.29 versus this
microwave wavelength normalized to the loaded transmission L ——c Rs
line characteristics. Equation (8) is a multivalued transcenden-
tal resonance condition with solutions fgrwhich are sepa-
rated byA,,/2.

This “universal tuning curve” determines the cavity length, essa
given a known terminating capacitance, longitudinal mode
number, and desired resonant frequency. Since the left-hafiigure 68.30
side of Eq (8) repeats every half-wavelength a resonané\éear resonance, a resonant microwave cavity can be represented by an

. ..._equivalent RLC circuit with a characteristic shunt impeddRgce
condition analogous to the odd-quarter-wavelength condition’ pedde
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somewhat ambiguous and arbitrary for a cavity resofa&or. which shows that minimizing the modulator capacitance is
more convenient set of parameters that totally describes tlaglvantageous for generating the highest peak voltage across
resonance is the cavity resonance frequépdhie ‘Q factor,”  the crystal. In a general sense, a large-cavitiactor also

and the shunt resistan&g. For a given cavity moddég and  maximizes the voltage developed, although the effective shunt
the Q factor, or simplyQ, are well-defined and can be cal- resistance of the cavity described below also plays an impor-
culated based on the size and shape of the cavity, as well tast role.

the materials and fabrication techniques employed in con-

structing the cavity. The definition of shunt resistance depends Assuming the crystal capacitance dominates the total modu-
on the location where the voltage is defined, but it is converlator capacitanc&iq = Cerystal the expression for a parallel
tional to define the path along which the electric field will beplate capacitor@ = eWL/T) can be combined with Egs. (2)
integrated to give the maximum voltayj&or SSD modu- and (11) to yield

lators, this corresponds to the voltage across the electro- 2 820
optic crystal. > _ MQR, OB~ ingrg 12
T = Nt BMTH & B (12)

TheQ of a resonant circuit or cavity is defined®by
wheree =g, « &, & is the relative dielectric constaugg,is the

UEgoreq U dielectric constant of vacuum, awi L1l [T is the volume of
Q= 2o (9) N : )
E Eloss H the crystal, as depicted in Fig. 68.25. The first term is a constant

for a given cavity design, modulation frequency, laser wave-
whereEg;,oqiS the energy stored in the resonant cavity pefength, and operating power. The second term depends only on
cycle, andEy s is the energy lost per cycle to conduction inthe electro-optic crystal dimensions, although the phase-mis-
the cavity walls and lossy dielectric materials inside the cavmatch reduction factgs also depends on the material proper-
ity. At a resonance frequency, the stored energy oscillateses of the electro-optic crystal. It can easily be seen from
between the magnetic and electric fields. Since the electrdzq. (12) that small volume crystals are advantageous to
optic crystal in SSD modulators represents a capacitive load achieving large phase-modulation amplitudes. The lastterm is
definition of stored energy in terms of the total capacitance o conventional figure-of-merit for electro-optic materials.
the modulator cavity is appropriate, and the stored energy is

given by Assuming a sinusoidal voltage variation and steady-state
X conditions where the input power matches the average losses,
Estored = 1/2 Ciotal Vpeak » (10)  or
—v2
whereVye,¢is the peak voltage achieved across the electro- Fn _Vpeak/ZRS' (13)

optic crystal. The total cavity capacitance,
the peak voltage developed in the cavifye,, can be ex-
Ciotal = Corystal * Ceavity * Catray » pressed as

is the sum of the capacitance due to the crystal, the cavity Voeak = 2FnRs - (14)

geometry, and stray capacitance due to fringing effects. Calcu-

lating the capacitances of the crystal and the cavity geometBquation (14) reveals the same square-root dependence on

is relatively straightforward, but estimating the stray capaciinput power observedin Eq. (11); however, the coefficient now

tance can be quite difficult. depends on the effective shunt impedance that is a function of

cavity design. In some circumstances, maximizing the effec-

In the steady state, the energy lost per cycle is exactiyve shunt resistance is more important than maximizing the

balanced by the energy per cycle flowing into the cavity, s@ factor when trying to achieve the highest voltages across

Ejoss = Bn/f. Combining Egs. (9) and (10) yields the electro-optic material.
| An important quantity in evaluating andRg for a resonant
Vpeak = ‘e‘ﬂ (11) cavity is the skin deptld. At high frequencies, electromag-
\ Cota 7T netic waves cannot penetrate deeply into conducting material.
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The skin depthd is defined as the depth at which the currentguency. Figure 68.31 shows Eqs. (16) and (17) plotted using
density has fallen tod/of its value at the surface, and it can bedimensions for 3-GHz, gold-plated SSD modulators built for
calculated fron* OMEGA. It can be seen that the shunt resistance calculated
) using this simplified model actually peaks for larger values of
:\e“‘uw . (15)  p/a than theQ factor. More exact calculations show that a
m maximum for the shunt resistance occurs when (b-a),
wherewy, is the microwave angular frequencyjs the con-  which corresponds to a square toroidal cross setion.
ductivity of the material, andis the magnetic permeability of
the material. For gold, the skin depth at 3.0 GHz is approxi- The utility of increasing the outer radial dimension of a
mately 1.5um. cavity to maximize the shunt resistance is limited by the
emergence of cavity modes with higher-order azimuthal varia-
If dielectric losses in the electro-optic material can beions. Figure 68.32 reproduces tuning curves for several of the
neglected, then conduction losses in the metallic walls of th€EM and TE ; modes of a reentrant-coaxial-ca¢fyo illus-
resonator represent the only losses in Egs. (9) and (13), atrdte the difficulties created by degenerate cavity modes. The
bothQ andRg can be analytically evaluated by straightforwardcavity resonance wavelengtmormalized to the cutoff wave-
means for a capacitively loaded, reentrant coaxial cavity reséength A; for TE;; modes is plotted versus the normalized

nator to yield length of the coaxial section of the cavityA.. For wave-
lengths shorter than the TEcutoff wavelengtht., numerous
Q= 2z0 Ink (16) degenerate points exist between various TEM and,TE
U5 D2In K+ ZDED’ modes, as indicated by the intersections marked with dots. For
Oka O example, a common resonance wavelength is found for both
and the Ay/2 TE;; mode and the/84 TEM mode for one cavity

length value. Degenerate modes, or nearly degenerate modes,
degrade modulator performance since drive power may be
2In(k)+z|:ki1m’ coupled into another mode tha_t does not exhibit a voltage
Oka O maximum across the electro-optic crystal. Consequently, care
must be taken in the cavity and coupling designs to excite only
wherezis the inside height of the cavityjs the radius of the the desired cavity mode. A rule of thumb to identify the cavity
center postk = b/a is the ratio of the inner cavity radius to the dimensions at cutoff for these higher-order modes is that
center post radiusi, is the free-space wavelength, add the mean circumference of the caviby,g = n{a+b), should
is the skin depth of the cavity material at the resonant frebe smaller than the desired free-space wavelehgth

[In(K)]?

R, =24077% 1

P (17)
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Figure 68.32
The tuning curves for several TEM and {hE
modes of a reentrant-coaxial-cavity illustrate

< the difficulties created by degenerate cavity

=< modes (from Reickt al.10). The dots indicate
degenerate points where two cavity modes have
the same resonance wavelength for a given
cavity length.
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Computer Simulations UsingSUPERFISH mode are also shown, where the density of lines indicates the

Design and modeling of SSD modulators has been accorstrength of the electric field. The electric fields of the standing
plished using the personal computer version dSthBERFISH  wave in the transmission-line section of the cavity are essen-
collection of programs developed at the Los Alamos Nationdially transverse, and a strong, axial electric field is observed in
Laboratory!®> The SUPERFISHpackage solves Maxwell’s the electro-optic crystal between the electrodes, as expected
equations in two dimensions for both static magnetic anffom the analysis above.
electric fields, as well as radio-frequency electromagnetic
fields using finite element analysis. The codes analyze a user- Figure 68.33(b) shows the calculated radial dependence of
defined cavity geometry to generate a triangular mesh that ike axial electric field componert,, in the equivalent cylin-
subsequently used in the finite element analysis of the wawdrical crystal at the three different horizontal positions shown
equation. Radio-frequency solvers iterate on the frequency ama Fig. 68.33(a). Little variation is observed in the axial
field calculation until finding a resonant mode of the cavity. direction. Almost a 25% variation is calculated across the

full radius of the equivalent cylindrical LiNbQerystal, but

SUPERFISHnumerical simulations of SSD modulators smaller transverse variations are expected across the aperture
are limited to axially symmetric geometries. Given the rectanef the actual rectangular LiNkQOcrystal since the actual
gular geometry of the electro-optic crystal, SSD modulatorsransverse dimensions are smaller. Of course, the exact field
are not strictly axially symmetric, but reasonably accurataistribution is actually somewhat more complicated than cal-
results suitable for design purposes are achieved by modelieglated using this model since the LiNp@ystal is actually a
the crystal as a cylindrical crystal with an equivalent capacirectangular prism located in the center of an otherwise axially
tance. The anisotropy of the LiNg@rystals used in SSD symmetric cavity. The calculated radial component of the
modulators also cannot be modeled SWPERFISH but  electric field,E,, is approximately 1000 times smaller than
anisotropic effects should be minimal since the crystals arie axial electric field component, as expected from the sym-
centered on the symmetry axis of the cavity where transverseetry of the modulator.
fields should be very small.

Figure 68.34(a) illustrates the electric field distribution of a

Analyzing the field distributions of various cavity modes new SSD modulator design currently being developed for the
calculated bysSUPERFISHSs useful in identifying the optimal second stage of the two-dimensional SSD scheme imple-
cavity design and drive frequency. Figure 68.33(a) displays mented in OMEGA. A clear aperture with a larger dimension
half cross section of the current-design OMEGA SSD moduin the axial direction is required to accommodate a sweep of the
lator. Lines of constant electric field for the excited cavitylaser beam at the second SSD modulator caused by the band-
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Figure 68.33

The electric field distribution for the small-cavity SSD modulator design. (a) A nearly TEM field distribution is obsehesttoakial” section of the cavity.
In this representation, the plotted field lines are parallel to lines of constant electric field and the electric fieldistrelaged to the density of lines. (b) The
radial dependence of the calculated electric field distribution is plotted for the three horizontal positions noted 88kag. bi&tle variation is observed among
the three plots, but almost a 25% variation is predicted across the full radius of the equivalent cylindricgldryst#D Smaller transverse variations are
expected across the aperture of the actual rectangular kibityétal since the actual transverse dimensions are smaller.
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Electric field distribution for large-cavity SSD modulator. (a) The cavity mode is clearly not a TEM distribution in thal"cseotion of the cavity; however,

strong electric fields in the LiNb§Xxrystal are calculated, as represented by the high density of field lines. (b) The radial dependence of the calculated electri
field distribution are plotted for the three horizontal positions noted in Fig. 68.34(a). Little variation is observed arttorg fiots, but approximately a 20%
variation is predicted across the full radius of the equivalent cylindrical LiMibg3tal.
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width and dispersion introduced in the first stage of SSD. Theemarkably well, but they depart substantially from the analyti-
aspect ratido/a for this modulator is similar to the current cal form given by Eq. (8). This departure confirms that the
design depicted in Fig. 68.33(a), but the larger radial dimeractual modes of this modulator cavity are not consistent with
sions lead to somewhat higher valuesg@ndR,, as shownin the TEM mode analysis used to derive Eq. (8).
Fig. 68.31. This new design was pursued with the goal of
generating larger voltages across the electro-optic crystal re- The lowest-frequency cavity mode tracked as a function of
quired to achieve the same electric field strengths as in theavity length corresponds to a nearly radial mode, while the
current design. next higher frequency matches the calculated tuning curve for
the nearly axial mode shown in Fig. 68.34(a). Both of these
The electric field distribution of the cavity mode displayingmodes were reproduced by ti#JPERFISHsimulations,
the strongest fields in the LiNkOcrystal is shown in which predict the tuning variations with reasonable accuracy;
Fig. 68.34(a). It differs remarkably from the current SSDhowever, three additional, higher-frequency cavity modes are
modulator design in that the electric fields clearly are noexperimentally observed that cannot be reproduced by any
transverse in the “transmission line” section of the cavityaxially symmetricSUPERFISHsolutions. Two nearly degen-
Strong, relatively uniform axial components of the electricerate resonance modes appear that are most likely two similarly
field in the crystal are calculated, as shown in Fig. 68.34(bshaped modes that are slightly perturbed by the rectangular
indicating that this design should be suitable for SSD operaymmetry introduced by either the LiNB@rystal or the
tion. Compared to the small-cavity modulator design, thenagnetic coupling loop. The measured tuning curves for these
smaller transverse dimension of the LiNp@ystal aperture modes actually cross the tuning curve for the nearly axial mode
should produce even smaller radial variations. Again, th@ two places, effectively preventing efficient operation near
calculated radial compone, was found to be negligible the desired 3.3-GHz SSD modulator frequency since each of
compared to the axial component. these cavity modes would be excited by the drive power. The
desired mode can be excited at the 3.0-GHz SSD modulator
Experimental tuning curves for cavity modes of the largefrequency since the resonance frequencies for these nearly
cavity SSD modulator were measured by adjusting the cavityegenerate modes are well separated by about 100 MHz. The
length of the resonator with aluminum shim plates between theighest-frequency mode most likely represents a first-order
cover assembly and cavity body. These measured resonareamuthal mode of the cavity since it is relatively insensitive to
frequencies are compared in Fig. 68.35 with resonance freavity length until it approaches cutoff at the shortest cavity
guencies numerically calculated WUPERFISH The lengths investigated.
numerical and measured tuning curves for this design agree

2.6 T T T T T T T T
Nearly Nearly axial
25 le rad:jal N m Mmode |
RN
£ Azimuthal
= 24r ‘.‘ “l mode
E > Nearly *
T o5l degegerate S Figure 68.35
'; ' modes Measured and numerically simulat&@IUPERFISH tuning
§ g curves are plotted as a function of cavity length for large-
8 22~ L3 n aperture SSD #2 cavity.
@ ®
S
2 21 PO S
Calculated 2N
20 SUPERFISH T 4 €4 7
tuning curves oA &
1.9 ! ! ! ! ! ! ! !
2.5 26 27 28 29 3.0 3.1 32 33 34

E8322
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Design Criteria 2. Optical Considerations

Numerous considerations impact the design and construc- Lithium niobate (LiNb@) and potassium titanyl phosphate
tion of SSD phase modulators, including laser-irradiation KTP) are two commercially available electro-optic materials
uniformity and OMEGA laser system damage considerationsuitable for SSD modulators. Values for the relevant optical
as well as optical, electrical, and mechanical considerationparameters of these materials are reported in Table 68.111. Both

Each of these items is discussed in more detail below. crystals possess large electro-optic coefficients suitable for
transverse modulator geometries. KTP boasts higjermal-
1. Uniformity and Laser System Considerations ues and laser damage thresholds than Lijblaut the

The required SSD bandwidth is dictated by fusion targeelectro-optic figure-of-merit in Eq. (12) is higher for LINRO
physics that have been addressed in previous SSD publicaH of the SSD modulators designed and built at LLE to date
tionsl® and will not be treated in detail here. In general, largare based on LiNb§
bandwidths are desirable, but laser system considerations,
such as efficient frequency conversion to the third harménic  Damage threshold values reported in the literature vary
and avoiding pinhole closure in the vacuum spatial filtersquite widely depending on the purity and cleanliness of the
currently limit the useful bandwidth requirements to approxi-material and antireflection coatings applied to the crystals.
mately 3 A, given the current SSD grating dispersion. Most of these damage thresholds are reported for long pulses

typically greater than 10 ns and must be scaled to the pulse

Modulator frequency is determined by several irradiatioriengths appropriate for laser-fusion experiments that are
uniformity issues. First, the microwave modulation periodbetween 800 ps and several nanoseconds using an
should be of the order of the effective smoothing time requiredgamage U ,JtpE scaling law. Independent damage testing of
to minimize imprinting of instantaneous laser speckle patkiNbO5 at LLE has demonstrated damage thresholds greater
terns on laser-fusion targét® For two-dimensional SSD, a than 1 GW/crA.
second constraint is that the modulator frequencies should be
incommensurate (3.0 and 3.3 GHz) to maximize the number LiNbO5 exhibits a photorefractive damage mechanism
of individual lines within the SSD spectrum. Lastly, achiev-when exposed to visible and ultraviolet light. The scattering
able phase-modulation amplitudes also impose a practicahd absorption associated with this mechanism reduce the
constraint on modulator frequency since the required SSBansmission of the crystal and may alter phase-modulation
bandwidth is related to the modulation frequency byefficiency. To avoid this problem, room lights and flash lamps
Av =2nf,. are blocked from the SSD modulators by windows made from

Table 68.111: Material parameters for LiINbO, and KTP.

LiNbO5 KTP
Electro-optic coefficient raz = 28.8-30.8
18 35.0
(pm/V) (at 633 nm)
Index of refraction ng = 2.1561 (extraordinary) 1.80
Relative dielectric constant £33 =23.7-27.918 15.4
62
nar
333 (pm/v)
& 3304 2705
(using average values)
Laser damage threshold
1.2 GW/cm?2 >1 GW/cm?2
(I-nspulse, A =1.06 um)
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long-pass optical filter glass (RG-850), although two-photon >\
absorption of intense infrared laser pulses may still pose a
problem18 MgO-doped LiNbQ has been shown to prevent p
accumulation of photorefractive dama8eand may be pur- .
sued for SSD modulators if this nonlinear mechanism proves ’
active in the current design. ,
*2-mm sweep ,~
Electro-optic crystal dimensions are critically related to ’ .
both the optical and microwave performance of SSD modula- _)Q<_~40511m-d|am
tors. The cross-sectional area, or clear aperture of the modu- , (FWHM) focal spot
lator, is principally determined by laser-damage consider- .’
ations. In OMEGA, SSD modulators are located in the driver /
line where 1- to 5-ns pulses with energies of approximately 10 ,
to 100 mJ per pulse are typical. Designing for the worst case p
(1 ns, 10Qud), a minimum beam diameter of approximately .
110 um corresponds to the damage threshold of 1 G\&l/cm L7
For conservatism, the actual beam diameter in the OMEGA \#
driver line is set to approximately 40fh. The minimum clear  g5.4
aperture of the crystal is chosen to be about five times larger
than the beam diameter to account for misalignment aniigure 68.36
fabrication tolerances, as well as chamfers on the edges of tflear-aperture requirements for SSD modulators are based on damage
. . T L . _thresholds and beam sweep at focal plane of second SSD modulator in
crystal to avoid breakage during grinding and polishing, whic D SSD.
leads to a minimum clear aperture of 2 mm. A rectangular
cross section (3 mm wide and 4 mm high) is used in SSD
modulators currently in operation in OMEGA since experi-LiNbO3 crystal as determined by Eq. (3). The product of the
ence learned over several years of developing and testipipase-matching reduction factor and the LiNbEystal
modulators empirically shows that square cross sections sedemgth ; appearing in Eq. (2) is plotted in Fig. 68.37 versus
to lead to dielectric resonance modes that can interfere with tleeystal length for SSD modulators operating at both 3.0 and
desired mode of a cavity. 3.3 GHz. The optimal length for these frequencies is observed
to be approximately 10 and 9 mm, respectively. For simplicity,
Another factor that determines the cross-sectional size @9-mm-long crystal is used in both the 3.0- and 3.3-GHz small-
the crystal in the second SSD modulator used in two-dimercavity modulators, while the 3.0-GHz large-cavity modulator
sional SSD is the bandwidth and dispersion impressed on thises an 11-mm-long crystal.
laser beam by the first stage of SSD. The restoration grating of
the first SSD stage and the delay grating of the second SSD Another constraintis the maximum force that can be exerted
stage introduce 44@rad/A of dispersion in the horizontal and on the crystal. Tests in interferometers and polarimeters show
vertical directions, respectively. Since the second SSD modtikat the maximum allowable pressure on the crystal is about
lator is located at the focal plane of a long-focal-length leng50 g/cn? for LiNbO3 before any noticeable changes take
(f=3062 mm), the beam sweeps through a distance of approptace in transmitted wavefront or residual retardance.
imately+2 mm at the second modulator when the first modu-
lator operates at the design bandwidtiAfzf= 1.5 A. Due to Proper crystal alignment with respect to the laser-beam
the two orthogonal gratings in series, the sweep of the focalblarization and propagation is critical since the tensor electro-
spot is oriented at 45with respect to the horizontal, as shownoptic properties of LiNb@ lead to a time-varying birefrin-
in Fig. 68.36. To account for this sweep, a new SSD #Bence in the geometry used for SSD modulators that can
modulator is currently being developed with a clear aperture afenerate amplitude modulation in polarization elements in the
2x 6 mm. laser system. Proper alignment is also important in eliminating
second-harmonic generation in the crystal since LijhiSo
The maximum crystal length is determined by phase-mispossesses a strog) coefficient. The laser polarization angle
matching between the laser and microwave fields in thé, in the plane perpendicular to propagation, shown in
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6 R its dimensions should be small compared to the microwave
. wavelength, which is approximately 10 cm at frequencies near
S ; 3 GHz. The loop is oriented perpendicular to the magnetic
- : fields of the cavity to efficiently couple the microwave energy
s 4 2 from the coaxial transmission line to the cavity mode. A low-
E 3¢ | resistance loop fabricated from gold-plated wire minimizes
& - : resistive losses.
2 b : Large-cavity
. Sma(ljl-(lzavity . (fg?(dé"?g%r ] The size of the coupling loop is determined empirically by
1 -~/ (ax Z]?nnl]l géoerrtj:é) " aperture) : approximately matching the complex impedance of the loop in

the cavity to the characteristic impedance of th&@5baxial

0 5 10 15 oo transmission line. Final impedance matching is accomplished
using a standard double-stub tuner to minimize the power
reflected from the modulator. Reflected power signals more
Figure 68.37 than 30 dB below the incident power are easily achievable with
The product of the phase-matching reduction factor and the LiNb@tal careful COUp”ng |00p deSign and impedance matChing'

lengthB. appearing in Eq. (2) is plotted for both the 3.0- and 3.3-GHz SSD
modulator frequencies. A maximum for these two frequencies appears The modulator cavity bodies are normally machined from

between 9 and 10 mm. The small-cavity 3.0- and 3.3-GHz modulators utilizgg|id stock to minimize the number of joints that would
a 9-mm-long crystal, while the large-cavity 3.0-GHz modulator uses atherwise increase losses. The cavities built at LLE have
11-mme-long crystal. . . . .
usually been machined from high-purity copper in order to
attain the highest conductivity possible. Several skin depths of
Fig. 68.25, is easily controlled with a half-wave plate, while thegold are electroplated on the cavity to avoid oxidation of the
pitch and yaw angle§, and8,, respectively, are controlled by surface that would increase conduction losses and reduce
mounting the modulator on goniometer stages with the centeavity performance. Gold-plated brass and silver-plated stain-

E8324 Crystal length (mm)

of rotation located at the center of the LiNp€ystal. less steel have also been used. Machining tolerances are not
stringent, but surface finish is very important. To minimize
3. Electrical Considerations microwave losses, the surface finish must be an order of

High-power, tunable microwave oscillators and transmismagnitude better than the skin depth. A skin depth ofiih5
sion components are commercially available in the standard calculated from Eq. (15) at 3 GHz for gold, which indicates
microwave bands of interest for SSD modulators listed ihat sub-micron surface finishes are desirable. Single-point
Table 68.1V. Surplus radar equipment is particularly attractiveliamond machining of copper cavities followed by mechanical
since high-power equipment is often available at reasonabfmlishing yields a near-mirror finish.
prices. Given a cavitQ) factor of approximately 1000, input
powers of the order of several kilowatts are required to achieve Center posts are soldered to the covers, and numerous bolts
the phase-modulation amplitudes required for SSD applicaare used to join this assembly to the resonator cavity body to
tions in inertial confinement fusion. insure a low-loss connection. An indium “o-ring” has also been

employed in some modulators to ensure excellent electrical

The coupling loop design is important for efficiently excit- contact between the cover and the resonator cavity body. An
ing the desired resonant cavity mode. To minimize theadjustable, spring-loaded bellows is used to provide a control-
perturbation on the cavity mode caused by the coupling loopable clamping force on the electro-optic crystal. A bellows is

used, rather than a sliding joint, to maximize the conductance

. i i 20 ;
Table 68.1V: U.S. military microwave bands. through the clamping assembly.

Microwave Band Frequency (GHz) . . o
The most important electro-mechanical constraint in the
S 1.550-3.900 ; P ; :
cavity designis the electrical connection between the resonator
X 6.200-10.900 and the electro-optic crystal. A low-loss connection is critical
K 10.900—36.000 since very large mlf:rowave currents are delivered tp the crys-
tal. Gold-on-chromium electrodes are vapor deposited on the
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LiNbOg3 crystal. A long-lasting, high-conductance contact to (a) 0
the crystal electrodes is accomplished using an gallium/indium
alloy near the eutectic point for this material system (~85.8%

Q, =1836:92

S . " 10
Ga, 14.2% In) that has a liquid-solid transition temperature N Q =922:28 |
just above room temperature. After the cavity components, the & 20 - K =0.9930.079 |
crystal, and a crucible of the Galn alloy are all heated above d?" | i
this temperature, the molten alloy is spread on the crystal — 30 - i
electrodes and on the contact surfaces of the cavity. Great care
. . . B fm=3.024 GHz T
is taken to ensure continuous coverage and complete wetting of 40 , L ,
the metallic surfaces. The modulator is assembled at this 200

elevated temperature, and the spring pressure is adjusted

800

provide the correct clamping force on the crystal. Plastic 150
alignment jigs are used to center the crystal in the cavity. The 400
modulator is slowly returned to room temperature to allow the = ~

. : : . S 100 F--h--- MW 0o &
residual stress due to differential thermal contraction between o <
the metal of the cavity and the LiNg@ be taken up by the 400
Galn alloy. It can take several days for the alloy to completely S e
harden, so mechanical shock must be avoided. fm=3.024 GHz ~ 1-800

0 1 1 1

3.015 3.020 3.025 3.030 3.035

Arcing can occur between the modulator contacts at high
microwave drive powers since strong electric fields can be(c) 4 '
developed in the modulator cavity. When this arcing limits =

the achievable bandwidth from the modulators, the cavities 5L Q ~ fy/Af = 1642 |

have been designed to operate in vacuum. Indium o-ring & VSWR = 2.

seals provide a good electrical contact between the cover and i T T

the body. > 2+ ; g
<«—Af =1.842 MHz

Testing I 1

Modulator electrical performance can be accurately evalu- 1 '
ated using a modern, vector network analyzer, such as the HP 3.020 3.022 3.024 3.026 3.028 3.030
8720B. The reflected power coefficieht; for a modulator can S Frequency (GHz)
be measured across a range of excitation frequencies and
plotted in several convenient formats. Figure 68.38(a) shows
S;; for a 3-GHz modulator. Optimizing the coupling loop Flgure 68.38

dimensions and impedance matchina minimize the reflecte lectrical performance of large-cavityx®b-mm aperture, 3.0-GHz modula-
p 9 or measured using the HP 8720B vector network analyzer. (a) The reflection

power at the resonance frequenCY' This corresponds to matcéb'efficient |S_Ll| plotted versus the excitation frequency demonstrates the

ing the resistive part of the modulator's complex impedanc@arrow resonance of the modulator cavity. (b) The frequency difference

as close as possible to the @Q:zoaxial line used to transmit between the points where the resistive and reactive parts have equal magni-

drive power to the modulator, and minimizing the reactive partiude can be used in Eq. (18) to estimateQHactor of the resonant cavity.

The complex impedan@ “R+ jX of the modulator at the ((.:) The VSWR dependence on e>.<cit.ation frequency car] also be analyzed to

. o . . ield an estimate of th@-factor by finding the frequency difference between

different excitation frequencies can also be represented in tt{ﬁe points where the VSWR is 2.6 times the valugat

format shown in Fig. 68.38(b). Careful coupling loop design

can nearly achieve this condition, but final impedance match-

ing is accomplished with a double-stub tuner. wheref,,, is the resonance frequency akfds the difference

between the two frequencies that correspond to the point where

The unloaded@” of the modulator can be estimated by the complex impedance is equally resistive and reactive. These

f fro two frequencies are denoted in Fig. 68.38(b) by points 1 and 2.
(18)

A f- 1y

Qunloaded =
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Another graphical approach using Eq. (18), whichis equivaFigure 68.39(a) shows the Fabry-Perot fringes captured by a
lent to the method described above, estimates the unloadeitleo camera. Three fringes are observed that correspond to
Q of the modulator cavity using the voltage-standing-wavedifferent transmission orders of the Fabry-Perot etalon. The
ratio (VSWR) plotted versus excitation frequency, as shown imvidth of each fringe corresponds to the optical bandwidth of
Fig. 68.38(c). In this method, the denominator in Eq. (18) igshe laser pulse, which can be calculated using the parameters
the difference between the two frequencigandf,, at which  of the etalon. Figure 68.39(b) depicts this optical bandwidth
the VSWR is a factor of 2.6 times the valudat from which the full-width-at-half-maximum (FWHM) instru-

mental resolution is estimated to be approximately 0.2 A.

More exact values foQp0adegC@n be developed by nu-
merically curve fitting Fig. 68.38(a) or 68.38(b) to the corres- Figure 68.40 presents the optical bandwidth measurements
ponding analytic expression using an algorithm such as implder the small-cavity 3.3-GHz modulator. Figure 68.40(a)
mented in the program QZER®.QZERO also determines shows the Fabry-Perot fringes that can be analyzed to yield the
Qioaded the coupling coefficieri, and the uncertainty in each optical bandwidth shown in Fig. 68.40(b). For this modulator,
parameter, which are noted in Fig. 68.38(a). 3.5 kW of microwave drive power yield approximately 1.49 A

of bandwidth. A convenient rule-of-thumb for estimating the

High-power bench-top testing is useful to confirm properSSD bandwidth in this experimental setup is given by the full
coupling of the microwave drive power into the modulatorwidth at 70% of the maximum, which very closely corresponds
cavity, as well as to identify potential low-resistance paths thab the SSD bandwidth defined A = £n f,,. The dashed
might shunt power away from the electro-optic crystal, odine in Fig. 68.40(b) represents the calculated Fabry-Perot
“cat whiskers,” formed by the Galn solder that might causespectrum for this estimated SSD bandwidth. Using this band-
premature arcing between the cavity electrodes. width measurement and the material properties in Table 68.1l

in Egs. (2), (3), and (13) for this modulator, a value for the

Final optical testing is performed by passing prototypicalshunt impedances= 10 kQ is calculated. Figure 68.41 shows
laser pulses through the modulator to measure the bandwidthe Fabry-Perot fringes and calculated spectra for the large-
added by the modulators. A Fabry-Perot spectrometer is engavity 3.0-GHz SSD modulator.
ployed to measure the optical bandwidth of the laser pulse.

(b)
. 10 : . . .
E - i
S 08 | _
o
(7] - J
<
o 06
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£ I l
€ 02 b .
(@]
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-15 -1.0 -05 00 05 10 15
E8326 A)\ (A)

Figure 68.39
(a) Video image of Fabry-Perot fringes for laser pulse without SSD modulator energized. (b) Fabry-Perot fringes convestezlengih scale show that
the instrumental response is approximately 0.2 A.
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Figure 68.40

(a) Spectral measurements for the small-cavity 3.3-GHz SSD modulator
depicted in Fig. 68.33 are made with a Fabry-Perot interferometer. The widtRigure 68.41

of the fringes corresponds to the bandwidth of the laser beam, while theulsed Fabry-Perot spectra for large-aperture 3.0-GHz, large-cavity SSD
spacing between the fringes represents the free spectral range of the interfi@edulator shown in Fig. 68.34. (a) Fabry-Perot interferometer fringes.

ometer. (b) The Fabry-Perot fringes converted to a wavelength scale shols) The Fabry-Perot fringes converted to a wavelength scale shows that
that approximately 1.49 A of bandwidth was added to the laser beam withpproximately 2.0 A of bandwidth was added to the laser beam with 5 kW

3 kW of microwave drive power. The simulated spectrum for this phasef microwave drive power. The simulated spectrum for this level of phase

modulation amplitude is shown as a dashed line. modulation is shown as a dashed line.

Conclusions Further improvements in uniformity are possible with
Microwave phase modulators have been employed in varhigher-frequency SSD modulators that can generate signifi-
ous SSD configurations on OMEGA. The current modulatocantly larger bandwidths. Advanced generations of modulator
designs are LiNb@based devices with microwave drive pow- designs are presently under investigation, including multipass
ers enhanced by resonant cavities. Large single-pass bandwidthsdulators, quasi-phase-matched modulator structures to com-
are achieved in these modulators that provide substantipensate for the phase mismatching between the optical and
improvements in laser-irradiation uniformity. microwave fields, and alternate electro-optic materials.
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