Efficient electro-optic modulator for optical pumping of Na beams
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An electro-optic modulator using LiTaO, is described which yields 34% of the carrier
intensity in each of the first-order sidebands with rf phase modulation frequencies f,, ~ 1.0
GHz and = 1.0 W input power. The modulator makes use of a lumped resonator with @~ 200
to obtain efficient production of the sidebands. It is shown that the device can be scaled for
operation at ~2 GHz. Applications of this modalator include optical pumping of the lighter
alkali atoms, FM sideband spectroscopy, and laser phase/frequency stabilization using rf

modulation technigues.

INTRODUCTION

There are a number of applications, notably laser cooling
technigues, where it is useful t¢ prepare a beam of spin-po-
larized alkali atoms in the highest F,|M | state of the ground
manifold of hyperfine states.’? Preparation of a beam of
such atoms, to produce a “two-level” system, typically re-
quires two laser frequencies to empty out the lower F M
states, which are initially populated and further repopulated
by leakage due to imperfect circular polarization and other
effects.”” Past techniques employed either two separate cw
lasers® or one standing wave laser cavity operated simuita-
neously at two mode frequencies t¢ pump both sets of F
levels. The same goal has been achieved by rf phase modulat-
ing an electro-optic (EQ) crystal tc obtain first-order side-
bands separated by the appropriate hyperfine splitting.’

We report here an analogous technigue for optically
pumping a beam of Na into the F,|M | = 2,2 levels. In this
technique we modulate at Aaff the hfs frequency and use the
first-order sidebands only. [ By modulating an EQ crystal at
w,, = hfs/2 with sufficient rf power, one effectively obtains
the two necessary cw frequencies with power 7%
(g + @, } =~0.34 I, using one actively stabilized laser with
power I,.] The construction of a lumped EO resonator of
moderate @( ~ 200), which can produce the maximum firsi-
order sidebands with modest rf powers { &1 W) is de-
scribed. For our applications a modulation frequency of
~ 886 MHz is required, but we show that the device could be
scaled to f,, ~2 GHz.

The principles of lumped and traveling wave EO modu-
lators are well known® so we shall give only a first-order
discussion of the principles in Sec. 1. No attempt is made to
analyze the EM fields of our device since experience has
shown that the resonant frequency is sensitive to the geome-
try of rf coupling and parasitic reactances of the mounting/
shielding box and feed-in cable. A more complete analysis of
a similar resonant cavity modulator is given in Ref.. 6. Since it
is possible to tune the cavity by minor geometry adjustments,
exacting construction and design principles are not needed.
We believe this design has some practical advanfages over
previously reported designs because it is easy to construct
and operate and less expensive in terms of the rf technology.
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The cavity is based on a split-ring resonator design used suc-
cessfully in magnetic resonance work.” The layout of the
resonator and inductive coupling used to excite the cavity
are shown in Fig. 1.

The device we describe uses LiTa0O; as the modulating
meditim. A prototype was also successfully built with
LiNbQ,; however, it suffered photorefractive damage with
light levels 220 mW/mm? The damage was reversible by
heating the crystal above ~170°C. The LiTaO, crystal
shows no evident optical damage with extended use at light
levels % 150 mW/mm?.

{. PRINCIPLES OF APPLICATION

The technique of generating rf sidebands on a laser field
is based on the equivalence of phase moduiation and fre-
guency modulation given by®

E(t) = E,sin{wgf + 7 8in @,,7)

”

=E, Z J, (m)sin{wgy + #e,, )t . (1)

Applying a sinusoidal change of phase # sin @, # at modula-
tion frequency @,, on a pure sinusoidal input field yieids an
output field consisting of sidebands with amplitudes equal to
the nth-order Bessel functions J, (7). For the case of light
linearly polarized along the ith direction of an EO crystal,
the modulation index #,; is calculated from the linear elec-
tro-optical coefficients 7,; by the relation®

7, =alnlr E /A, .

[ ¥ Sl (2)
Here L is the length of the crystal, »; is the index of refrac-
tion for the ith direction of light polarization, E, is the ap-
plied electric field of modulation along the jth axis of the
crystal, and 4, is the vacuum wavelength of the light field.
Maximum first-order sidebands occur when 7% = 1.84 which
yield J7(1.84)=0.34, J2(1.84)=0.100, and J2(1.84)
=-0.100. It is also possible to generate a sizable second-order
sideband, which may be advantageous for some applica-
tions. One could obtain two fairly strong laser sources sepa-
rated by several multiples (3-4) of the modulation frequen-
cy.

An estimate of the rf power needed to susiain this modu-
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lation in LiTaO, and LiNbQ, can be derived from the data
given in Table I.'® For comparison, the maximum first-order
modulation 7,5 in LiTa0, is produced by applying a 43-V
peak =f field across a 1-mm-sg bar with 25 mm length. A
traveling wave resonator made from this crystal (with ~ 50-
{} impedance) must transmit about 16 W of rf power to
obtain this modulation index. A lumped resonator with
O~ 100 can sustain the same modulation index using <1 W
of rf' to compensate for dielectric and skin losses in the cavity.
For a practical comparison, our 3 (x axis) X 3 (z axis) X 25
(y axis) mm® LiTa0, crystal used ~1.5-W rf power while
the traveling wave resonator of Ref. 3, with dimensions
0.6 0.5 %25 mm®, used ~4-6 W of rf power to achieve the
same index of modulation. This smaller crystal should yield
nearly the same fj, in our modulator and require €1 W, but
breakage is a serious concern and it was not tried. Longer
crystals will use less rf power, but will have reduced band-
width due to phase-velocity mismatch,®

A first-order analysis of the cavity shown in Fig. 1 as-
sumes the resonator can be treated as a lumped ¥ g tank
circuit. This assumption seems reasonable since the high dc
dielectric constant of LiTa(; (e/€;~43) should concen-
trate the electric field lines within the gap filled by the EO
crystal. If this is true then the gap can be treated as an ideal
capacitor with lumped capacitance ewl /d. Here ¢ is the di-
electric constant of the crystal at the modulation frequency
w,, . It follows, also, that the circulating current distribution
along the inside cylinder wall is uniform, sc the lumped in-
ductance of the loop (with L > #) is nearly that given by an
ideal cylindrical current sheet u,77*/L. This approximation
is expected to hoid when the gap is small compared to the
loop circumference, i.e., d €2 wr. The resonant frequency of
this series .7 C circuit is thus given as

. :—-—1_— o "'1/2:_1_<£)( d )1,‘2

o=, 7O 2e\r/\qwk/ )
where K = €(w,, }/€, and ¢ is the speed of light. It is noted
that the operating frequency is independent of crystal length
L. Forthe case of a LiTa0, crystal with ¥ /d = t and modu-
lated along the z axis, a resonant frequency of 860 MHz,
appropriate for Na optical pumping, is obtained with
7 ~0.49 cm. The dc value of K is assumed. (Its value at 1
GHyz is unknown and may be a substantial cause of error in
calculating f;.)

Power is coupled into the resonator by mutual induc-
tance with a single-loop drive coil (Fig. 1). The effect this
induction coil has on the resonant frequency of the modula-
tor cavity has been ignored in Eg. (3) since the circuit is
operated in the limit of low coupling coefficient & between

TABLE 1. Physical properties of LiTa0; and LiNbO, taken from Ref. 9.

€,(dc)® 1 sy tan 8,4
LiTa0, 0.38 2.188 30.3 Sx 104
LiNbO, Q.25 2.217 30.8 N.A.
*in 10 ° £ /m.
>at (.60 um.

°in 10~ m/V 21 0.633 um and f,, ~75 MHz.
¢for z axis at 1 GHz and 25 °C.
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Fic. 1. Schematic of Cu foil resonator and scale drawing of operational
modulator for 860 MHz. Sce text for details.

drive coil and resonator. Maximum rf power transfer occurs
when «Q ~ 1 so the limit of weak coupling can be achieved if
the Q of the cavity is large. We have observed that the trans-
fer of power for the circuit shown in Fig. 1 is large enough to
store the necessary rf energy without much effort given to
matching the circuit to the rf source impedance. One could
use swept frequency reflection measurements to match the
circuit and source for more critical applications.

An estimate of the Q value of this circuit is difficult to
make because it depends on severa! fabrication variables.
The three notable loss mechanisms are {a) skin resistance
which depends on the surface preparation of the metal loop;
(b) dieleciric loss in the EQ crystal; and (c) rf losses to the
surrounding structure which supports the cavity. We do not
attempt to specify the last effect except to note that we were
careful to construct the supporting structure from low di-
electric loss plastics. The dielectric loss of the crystal is cal-
culated given the loss tangent tan §,;. The total power P*
dissipated in the crystal is™?!

PO = (V2 /2)G.

Here G is the effective parallel conductance of the crystal,
given by

G B (L),n C ta.n 81 .
The Q% of the circuit with only this loss is
Q=27 Energy stored per cycle
Energy lost per cycle
7w, CV? 5 5
=@ = a/tan 8, . (4)
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Assuming tan 8, =5x 107 at 1 GHz for LiTaO, yields
> 10% The @ value which would result from the finite con-
ductance o of the metal foil is calculated similarly and gives’

Q=r/8,

where & is the skin depth and # the radius of the coil. The
former quantity is given by

|V
o-(22)"
0PmC

Quoting Ref. 7, at 1 GHz the conductivity of Cu, 0.5 10°
(2 cm) "1, results in a skin depth & of 2.4 um. Thus, a highly
polished Cu loop (scratch depth < I gm) should result in
09 Z 10°. Generaily, our resonators had an order of magni-
tude smaller 2( ~200) as measured by

0 =w,/Aw(FWHM) .

it. CONSTRUCTION AND OPERATION OF
MODULATOR

The LiTa0, crystal used in our work isa 3 X 3 X 25 mm”
bar with the x and z axes along the shorter dimensions. The y
faces are broadband AR coated with a multifayer coating. A
more cost-effective AR coating mightbeasingle A /4layer of
MgF, since n{MgF,) = [#(LiTa0,)}1'%'? A final caveat
concerning AR coatings: A coating vendor should be made
aware that LiTaO, has a very large pyroelectric coefficient;
large temperature changes in time will produce large electric
fields along the crystal which may result in discharging.'?

The resonator shown in Fig. 1 was formed from 0.005-
in. Cu foil. Twotabs (3 X 25 mm?) were initially bent at right
angles to form a shallow C channel. A layer of indium was
soldered to each of the tab faces to improve electrical contact
of the foil and crystal. The cylinder of the resonator was then
formed around a $3-in. hardened and polished steel pin gauge
taking care not to scratch the Cu surface unduly.

The surfaces of the indium coatings were then “dressed
up’ as follows: A hard, polished spacer (a sapphire window
works very well) of the reguisite thickness was inserted
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between the tabs (the indium is facing inside the gap) and
this assembly was squeezed in a machinists’ vise with well-
polished jaws. The soft indium flowed to form a mirror finish
on each tab; the excess fiow over the edges was trimmed off.
Several interations of this process can be performed to obtain
a very thin layer of indium ( $0.0005 in.).

The assembly of crystal and foil resonator was clamped
together with a low dielectric loss plastic vise as shown in
Fig. 1, and mounted in an Al shield box with 2 -in.-W 4 }-
in.-L < 1 }-in.-H. The primary induction coil consisted of a
simeple Joop termination of the inner wire of RG-58 coax
cable to iis sheath; the diameter of the loop was nearly the
same as the resonator coil. Before adding this loop, a J-in.-
o.d. Cu tube sleeve was fitted over the outer plastic sheath of
the RG-58 cable and this was passed through a compression
fitting mounted to the Al box. The feed-in position can be
fixed securely by finger-tightening this fitting. In this way,
one can smoothly adjust the mutual inductance between the
drive and resonator loops to obtain the best coupling,

The resonant freguency f;, of the EOQ cavity and drive
coil can be measured with swept frequency reflection mea-
surements, however, we opted to measure the modulator f;,
by placing a second loop antenna near the cavity to pick up
the resonance condition. The weak coupling limit will apply
to the pick-up coil also, so the measured f; is only slightly
different than the actual frequency of operation. {Figure 2
shows the additional port on the power splitier for measur-
ing reflected power; this is a suggested improvement (Ref.
12) for ease of implementation. ]| With the dimensions noted,
we measured the initial resonant frequency to be near 860
MHz. This compares well with a calculated £, ~ 806 MHz
using Eq. (2) with K = K, =43. However, the match is
probably coincidental, as we show later,

Figure 2 shows the operational setup of our device. The
sideband intensity is measured directly with a 2-GHz optical
spectrum analyzer. The volitage contrclied osciilator fre-
quency is monitored with 2 1-GHz counter while toning for
maximum optical pumping for Na ( =~ 886 MHz). The first-

Fri. 2. Schematic of modulator technol-
ogy. VTO = varactor tuned oscillator.
The oscillograph trace shown in (a) is
for the case of no modulation. The spec-
trum orders are separated by 2 GHz.
Trace (b) shows the case with moduia-
tion index 7~ 1.8, The following com-
ponents, which provide a low-cost solu-
tion for the i technology, were used:
VTO (0.6-1.0 GHz with 10-mW output
power) Avaniek VTO-8060, rf amplifier
(1010000 MHz, 21.0 W output)
Mini-Circuits  ZHL-2-8, frequency
counter {50 Hz-1.0 GHz) Digimax In-
struments Corp. { The names of the var-
ious instruments have been specified for
technical completeness and should not
be considered an endorsement of parti-
cular products. )
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FiG. 3. Frequency response of split ring resonator: (a) response based on
Eq. (3) with w = 0.112Xd = 0.127 cm® and airspaced (K = 1); (b) mea-
sured response of same with 25-mm £ Cu ring and airspace; (c} measured
response of same with LiTaO, crystal added; (d) measured response of
operational foil resonator based on Fig. 1 with » = 0.516 cm.

order sideband amplitudes are then maximized by adjusting
the attenuation between the oscillator and amplifier stages.

One drawback of this resonator design is its tempera-
ture-dependent resonant frequency. The resonator takes an
hour to equilibrate to a higher operating temperature
( ~50°C) as it dissipates energy. This heating alters the per-
formance of the device by shifting the resonant frequency
downward. The @ of the cavity is reduced also, since tan §,
increases with temperature.’® (It also probably alters 7 be-
cause € and r;; are temperature-dependent parameters, but
data are not available concerning their temperature depend-
ence.

This is not a critical problem in our experiment since we
allow the modulator to reach equilibrium; any small changes
after this are not important since the intensity of the side-
bands is sufficient to achieve optical saturation. For this pur-
pose the modulator’s initial resonant frequency is readfusted
to a higher f, which then settles to the desired operating
frequency. f,, can also be adjusted by deforming the cylindri-
cal coil of the resonator to an elliptical cross section. The
largest inductance, hence lowest £, results when the coil is
circular since this form encloses the greatest area with the
shortest boundary. (The ratio of magnetic flux to current
density is maximal.) A consequence of this procedure is the
reduction of , but this is tolerable in our applications since
Q~ 200 at 860 MHz was reduced to @~ 156 at 890 MHz.
External cooling/temperature stabilization should elimi-
nate this problem for more critical applications.

It should be practical to scale this lumped EG modula-
tor to higher frequencies, subject to phase-matching consid-
erations as the crystal length becomes a significant fraction
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of the rf wavelength.® In order to test the scaling properties
of this device, a number of split-ring resonators were fabri-
cated from OFHC copper as shown in the inset of Fig. 3. A
crystal with dimensions 1.1 (x axis) X 1.3 (z axis) X25 (p
axis) mm> was used in this resonator design. The resonant
frequencies of these cavities, shown in Fig. 3, were obtained
using the second technigue of frequency measurement dis-
cussed above. The Qs of these cavities, measured by wy/
Aw(FWHM), were ~ 100. These frequency measurements
were performed with the cavities sitting ~7.5 cm above a
metal plane on a dielectric block, but otherwise unshielded.

The difference between these results and the operational
device are due to many factors such as the linkage geometry
of the coils and exiernal reactances. Placement of external
metal objects within 0.5 m of an unshielded cavity shifted f,
down ~3-5 MHz, which implies an rf shielding box will
pose sizable perturbations. In lieu of this, Eq. (3) should
only be used as a crude reference. The results of Fig. 3 also
imply K at 1 GHz is significantly smaller than quoted values
of K 5, =43. A more precise evaluation of X and r,; (and
their temperature dependence) should be performed for fre-
quencies £ 1 GHz.

Nevertheless, the results of Fig. 3 imply that these de-
vices can produce efficient rf frequency modulation in the
range of 0.3-2.2 GHz. The efficiency of these devices makes
them useful for applications requiring a large modulation
index # at a fixed frequency. Two such applications are laser
phase and frequency stabilization techniques requiring f
phase modulation,'* and frequency-modulation spectrosco-
py. 14
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