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An atomic-beam magnetic-resonance technique has been used to measure the differential Stark splitting
between “flop-in” Zeeman levels in the ground-state hyperfine structure of naturally occurring gallium.
Precision measurements of the shift were made at several electric fields up to 200 kV/cm and various rf
power levels. A significant rf dependence was observed, and it was necessary to extrapolate to zero rf power
to obtain the final result. The shift was determined to be 500(16) 10~!® Hz/(V/cm)? including systematic
uncertainties in the electric field value and the filling factor. This can be interpreted as a tensor
polarizability of 667(21)x10~*° Hz/(V/cm)? or 2.700(0.84)X 10~%a3. The shift increases the magnetic
splitting between the My = — 1 and the My = — 2 sublevels. The theoretical and experimental results are
compared and found to agree well to within the stated errors.

I. INTRODUCTION

The change in the ground-state hyperfine-struc-
ture splitting in a free atom produced by a uniform
electric field was first observed in cesium by
Haun and Zacharias.! The smaller shift induced
by an electric field between Zeeman levels within
a given ground state-hyperfine level was also first
observed and measured in cesium by Lipworth and
Sandars® and measurements extended to the other
alkalis by Gould et al.® and Carrico ef al.* Pre-
cision measurements of the shift in the alkali
metals were later performed by Mowat.®

A detailed theory of the effect in S, ,, ground-
state atoms has been given by Sandars® and later
extended by Angel and Sandars” and Khadjavi and
Lurio® to atoms with P, ,, ground states. Angel,
Sandars, and Woodgate® have measured the shift
in ?P ,, ground-state aluminum and found agree-
ment with theory.

Here we report results on measurements in the
%P, ,, state of naturally occurring gallium. Theo-
retical values for the polarizability of the two
naturally occurring isotopes are computed, and an
analysis of the net effect of the two Ramsey pat-
terns on the apparent resonance is presented.

J

II. THEORETICAL CONSIDERATIONS

It is useful to define the tensor polarizability”®
a, by

~ta,(J,F)=(J,F,F|ict|J, F, F)/(3E% - E?),
®

where |J,F,F) is the stretched Zeeman state and
Jetes is the tensor part of the effective Stark Ham-
iltonian as derived in Refs. 7 and 8. Then the
Stark shift of any substate is related to the uniform
electric field applied along the axis of quantization
z by

ME-F(F +1)

AW(E, M) =~3a(J, F)=Fmr gy

(2E?). (2)
In the special case of J =% the theoretical value of
a, vanishes identically in the absence of hyperfine
structure terms which can mix in states of higher
J value.” The calculation including these terms
leads to small but finite tensor polarizability.
Sandars® shows that for a J =1 level the combina-
tion in second-order perturbation theory of the
tensor Stark operator and the hyperfine structure
operator between doublet states leads to an energy

shift W(F, M) of the form

AW(F,M)=2
( ’ ) W1/2_ 3/2
From Eq. (1), we have
AW(F,F)=-a,(J=1%,F)E?. (4)

In the LS-coupling approximation (which can be
shown to introduce no significant errors), both
a,(J=3%) and (P, , |55 |?P, ,,) are proportional to
the reduced matrix element (Ll|l3Ct**|| L) and re-

21

@Pllz,F,MlZChfs|2P3/2,F,M><2P3/2,F,MIJC:?{‘IZPMZ,F,M) .

®)

lated directly to each other. For the values F =2,
I=3%,J=1,J'=3%, we find

(SLIJ'FF |5t | SLIJFF) = —(2/VT)[4a (J' = })E?].
(5)

248 © 1980 The American Physical Society



21 DIFFERENTIAL STARK EFFECT IN THE GROUND-STATE... 249

The hyperfine interaction term in Eq. (3) is eval-
uated similarly by expressing all elements of the
hyperfine matrix in terms of the same angular
momenta and spherical tensor operators.

The diagonal terms are proportional to the hy-
perfine-structure constants. The value of these
constants, A,(J) and A,(J), are derived from
measurements in Table I. Thus we can express
the off-diagonal terms as a linear combination
of these.

First we express JC's as the sum of products of
tensors in the electronic and nuclear spaces'?

s = Z _T_Iez'i;’ (6)
3

where only £=1, 2 are significant.
We make use of the expression from Sandars and
Beck'® for the magnetic-dipole operator

T!=2M [ )L - VIO - TP + 28] ()

The three relativistic radial integrals are not
evaluated explicitly for gallium, but from

Schwartz!?:** we obtain the useful ratio

@3/ rd=0.916. (8)
Also

AN ={,J,F=I+J,M=F|T:.T|

XI,d,F=I+J,M=F) . 9)

Hence two more independent equations are obtained
in terms of the constants A,(3) and A, (3). The
quadrupole operator is T?,=—e(r3)C?, which may
be evaluated from A,(3). We now insert in Eq. (3)
the following for gallium:
<%, %’ 2, 2 |3chisl%’ %7 2) 2>

=-0.8124,(% +1.0624,(3) - 24,(2). (10)

The known fine-structure separation'® is

TABLE I. Hyperfine interaction constants and off-
diagonal matrix elements.

Constant 69Ga (MHz) "Ga (MHz)
A2 (J=3) 1338.99° 1701.35
AG) 1004.25 1276.01
AP (g=d 190.794 242.434
B® (=% 62.522 39.399
A3) ‘ ' 429.28 545.47
A3 15.63 9.85
2.,3,2,2/5€113 3 2 2) —390.80 —-476.53

2Reference 10.
bReference 11.

W, o~ Wy, =-826.24 cm™

=-2.479%10" MHz . (11)

We make use of the value of a,(J=73) measured
by Petersen'® to be

a,(J=3)=-2.76(4)X107 Hz/(V/cm)?. (12)

The resulting theoretical values of a,(J=1) from
Egs. (3) and (5) are for ®Ga,

@,(4)=658(10)x10™° Hz/(V/cm)?
=2.66(4)x10™a3, (13)
and for "Ga,
a,(3) =802(12)x10™° Hz/(V/cm)?
=3.25(5)x10™a3. (14)

1II. METHOD

An atomic-beam magnetic-resonance apparatus
was aligned to observe the flop-in transition,
F=2,M=-1)~ (F=2,M =-2), in gallium. The
interaction region contained a pair of heated glass
electric field plates, between the loops of a Ram-
sey double-hairpin structure. The loops and
plates were in a uniform weak magnetic field pro-
duced by Helmholtz coils. The electric and mag-
netic fields were parallel to 0.02 deg.

The frequency of the flop-in transitions were
observed in magnetic fields of 740 and 375 mG at
various electric field strengths from 60 to 200
kV/cm as a function of the rf power applied to the
loops.

The linewidth of the transition was 380 Hz, and
the shifts ranged from 140 to 1600 Hz. The over-
all linewidth of the resonance envelope was 68
KHz. Slope detection® provided a precise and
rapid determination of these shifts in the follow-
ing way.

The rf oscillator was tuned to the point of max-
imum slope of the resonance. As the electric
field was applied, the oscillator was simultane-
ously retuned to within 10Hz of the shifted point
of maximum slope. The signal intensity changed
by an amount proportional to the difference be-
tween the Stark shift and the change in the applied
rf frequency. The constant of proportionality is
simply the slope of the resonance curve, 2I/9f,
which is a constant to 1% within 10 Hz of the
point of maximum slope. This constant was ob-
tained by measuring the signal change produced
by a 2-Hz shift of the oscillation frequency. Mea-
surements were made on opposite sides of the
resonance to subtract out resonant-independent
modulation of the observed signal. Electric field
measurements of both polarities were averaged
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together to eliminate linear electric field depend-
encies due to instrumental (vXE) effect.!”

At each field point the rf amplitude was varied
from the minimum at which a discernable reso-
nance appears up to 1 V peak-to-peak, or until
the shape of the rf dependence curve was estab-
lished (see Fig. 1). This rf dependence arises
from the multiple quantum transitions'® induced in
the five-level system. The flop-in transition is
isolated from the others only at zero rf power:
hence, we must extrapolate the rf dependence
curves to zero to obtain the Stark shift of these
levels.

The observed shift multiplied by the ratio of
the loop separation to the length of the electric
field plates (filling factor) is the true shift arising
from the tensor polarizability.

IV. APPARATUS

A complete description of the apparatus can be
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FIG. 1. Experimental values of quadratic Stark shift of
the “flop~-in” transition of gallium. Points are plotted
vs the square of the rf voltage inducing the transition
for seven different values of the electric field. Open
circles: points taken with the electric field paraliel to
the magnetic axis; open boxes: points with the field anti-
parallel. For each value of E the observed shift is ex-
trapolated to its value with zero rf power.

found in Ref. 17. Gallium beams were produced
in an oven made of boron nitride to prevent creep
of the liquid up the walls. It was resistively
heated by wires of tantalum. i

The beam was detected on a tungsten oxide sur-
face prepared by reducing tungsten carbonyl using
a technique similar to that of Greene.®

The rf fields generated by a General Radio
1163A coherent decade synthesizer were stable
to one part in 10® per day. The loops made of
1-cm-wide copper strips were suited for radio
frequency transitions. Producing the 2-GHz fields
necessary for a study of the AF =1 hyperfine
transition, which would have shed additional light
on the nature of the polarizability, was beyond the
range of this equipment,

The glass electric field plates have been de-
scribed by Gould.?® Theplates are 1.90-cm -thick by
6.35-cm-wide by 71.12-cm-long solda-lime glass,
which becomes electrically conducting when heated
above 120 °C.?»22 The plates were conditioned to
sustain fields up to 450 kV/cm.2%2® The spacing of
the plates was measured to be 0.1416+0.0013 cm.,
and this produced the limiting uncertainty in our
results.

V. RESULTS

The quadratic Stark shift of the flop-in transi-
tion of a beam of naturally occurring gallium was
measured at seven electric fields. The excitation
of multiple-quantum transitions was considerable,
as seen from the rf power dependence curves of
Fig. 1. The behavior of the multiple-quantum
transitions observed at rf voltages approaching

- zero agrees with the description given in Salwen,**

Pegg,?® and Kusch.?® At low rf power, only the
single- and double-quantum transitions will be
significant, and the Stark-shift dependence on the
square of the rf voltage flattens out near zero.
The scatter in the several runs at each field
strength leads to an uncertainty in the extrapolated
value of less than 1%.

The seven points plus the origin are plotted
against the square of the field strength (Fig. 2),
and a least-squares fit shows only a 0.07% stand-
ard deviation. The slope of this line corrected
for the filling factor (1.20) and a small asymmetry
factor®” is K, =500.1x107*° Hz/(V/cm).

Uncertainties in the filling factor are 1.2%.

The plate separation and linearity of the plate
high-voltage dividing network each contribute 2%
uncertainty to the field strength squared. Extrap-
olations and other effects are determined to with-
in 0.6%.

The tensor polarizability from Eq. (2) is
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FIG. 2. Solid circle: plot of the zero rf power ex-
trapolated Stark shift as a function of the square of the
magnitude of the electric field applied including the ori-
gin, These points lie on a straight line whose slope is
410.9 (0.3) X107 Hz/(V/cm)?. Solid boxes: plot of theo-
retical values of transiton frequency at various electric
fields minus the frequency at E=0 as measured from
the computer generated net transition probabilities.
These points lie on a straight line whose slope is
440.2(0.5) X101 Hz/ (V/cm)?,

251
a,=3%K,, (15)

or
a,=667(20)x107° Hz/(V/cm)*. (16)

VI. COMPARISON

Theoretical transition frequencies were calcu-
lated for each isotope at various fields to second
order in the Breit-Rabi formula using the polari-
zabilities from Eqs. (13) and (14). A Ramsey
pattern characteristic of the machine used was
drawn for each isotope centered at the transition
frequency and weighted by the isotopic abundance,
60.1:39.9, by a PDP-10 computer with graphic
facilities. The computer also plotted the sum of
the patterns at each field strength to represent
the actual resonance to be expected in our experi-
ment. Some of these plots are shown in Fig. 3.
By fitting an interval equal to the experimental
linewidth, 380 Hz, between points of equal inten-
sity within the central valley we determined the
transition frequency and, subtracting the zero
electric field frequency, we compute the apparent
Stark shift.

These values are plotted in Fig. 2 and lie in a
straight line defining an effective polarizability

" a="T14(16)x1071° Hz/(V/cm)?, the uncertainty

here arises mostly from the uncertainty in the
values used for a; of the J =32 state. We note that
for all fields within the range observed the com-
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puter simulated measurements predict an effective
polarizability very close to the weighted average
of the individual theoretical polarizabilities of the
two isotopes. This is because, in this range, the
difference in the shift of these isotopes is never
greater than half the linewidth of the resonance,
hence significant interference in the summed
pattern does not occur; this would cause an-asym-
metry which could significantly change the effec-
tive polarizability.

In both the experiment and the theoretical model
the shift of the resonance is linear in the square
of the electric field strength, and the line shape
is not discernibly changed. The values for the
polarizability agree within the limits of error.

Angel, Sandars, and Woodgate® used similar
calculations on the ground state of aluminum and
found a theoretical value 14% higher than that

which they measured. The present work demon-
strates an agreement, to within 7% of a measured
atomic polarizability with theoretical results.

The special nature of the stark effect in a *P,,,
atomic state is thus confirmed experimentally.
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