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agreement with Seitz and Koehler's theoretical esti-
mate' of 1.9)&10'.

The strain gauge data conGrm the existence of a
neutron induced expansion in LiF. It also indicates that

'F. Seitz and J. S. Koehler, Solid State Physics (Academic
Press, Inc., New York, 1956), Vol. 2, p. 445.

there is a strong saturation of the eR'ect at 6&(10"eel,
where the expansion' averages 2)&10 ' per 10"thermal
neutrons/cm'. The results of Mayer et a/. ,' previously
cited, show a continuation of this saturation at 3)&1017
net, where the expansion averages 5)&10-' per 10"
thermal neutrons/cm'.
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The change of the hyperfine-structure separation energy caused by an electric 6eld has been measured
in Cs'ss by the atomic-beam magnetic-resonance method. The shift of the (P=4, nir=0) i-i(F=3, nir =0)
transition frequency in the electric Geld 8 is given by

A(8) = —2.29X10 '(1&0.03) ss cps,

where 8 is in volts/cm. This number is 2.8 times the value predicted from the atomic polarizability measure-
ments of Scheffers and Stark if a simplified theory which neglects hyper6ne-structure perturbations of the
ground-state wave functions is used.

A S a continuation of the high-precision atomic
hyperfine-structure measurements made in this

laboratory in recent years, the effect of an electric Geld

on the hyperGne-structure energy levels of Cs'" has
been examined.

The increase A(8) of the

(P=4, sly=0)~(F=3, sly=0)

transition frequency (for the ground state of Cs"') has
been measured in electric Gelds between zero and 6.7
X 10' volts/cm by the atomic-beam magnetic-resonance
technique. The transition frequency for zero electric and
magnetic Gelds is' 9 192 631 830+10cps. The maximum
observed shift of this transition frequency caused by the
electric Geld was approximately 4X10' cps. The line
widths for the resonance curves obtained in these
measurements were approximately 120 cps.

The (4, 0)&-+(3, 0) transition was induced by using
the Ramsey two-transition-region method, ' with two
microwave cavities separated by a distance I & 78.4cm-—
along the beam. The electric Geld was obtained with a
parallel-plate condenser of length L,=66.0 cm, located
between the two cavities. A crystal-stabilized klystron
was used as the microwave source.

*This paper is based on a thesis submitted by R. D. Haun, Jr.,
to the Department of Physics, Massachusetts Institute of Tech-
nology, 1957, in partial fulhllment of the requirements for the
degree of Doctor of Philosophy; the work was supported in part
by the U. S. Army (Signal Corps), the U. S. Air Force (Office of
Scientihc Research, Air Research and Development Command},
and the U. S. Navy (0%ce of Naval Research).

t Now at the Westinghouse Research Laboratories, Churchill
Boro, Pittsburgh 35, Pennsylvania.' L. Essen and J. V. L. Parry, Nature 176, 280 (1955).' N. F. Ramsey, Phys. Rev. 78, 695 (1950).

Figure 1 is a typical record of the data. Kith the
frequency increasing linearly (toward the right in the
figure) a resonance curve was first traced out with the
electric Geld 8=3.48X10' volts/crn; then, without
changing either the rate or direction of the frequency
variation, the electric Geld was turned oB and a reso-
nance curve for 8=0 was traced out. The upper
horizontal straight line on the record indicates that the
electric Geld is on; the lower line, that the field is off.
The markers on the lower margin of the data record
were obtained from a "frequency indexer" which put
out a pulse each time the frequency changed by 60 cps.

The observed shift Z(8) of the resonance frequency
can be obtained directly from the recorded data by
counting the number of 60-cps markers between the
two resonance peaks. For the data shown, Z(h)
=2260 cps.

Two corrections must be applied to A(h) before
obtaining the change 6(8) of the atomic energy level
separation caused by the electric field:

(1) The observed shift A(h) of the resonance fre-
quency must be increased by a small factor because the
resonance pattern will be asymmetrical when the
average energy level separation of an atom in the region
between the two transition cavities is not equal to the
energy level separation in the cavities. Detailed line-
shape calculations (which have been compared with the
experimentally observed resonance shapes) indicate
that this asymmetry decreases the apparent resonance
frequency by A(B)(l,&/L, &)+K(B,&), where I,& is the
length of each cavity (1.2'7 cm), and K(B,&) is a correc-
tion factor which depends on the magnitude of the
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Fro. 1. Typical recording of data. 8=3.48&&10' volts/cm. The
frequency was increasing approximately linearly from left to
right. The evenly spaced marks on the lower margin occur
every 60 cps.

microwave power used to induce the transitions. Both
parts of this correction are of approximately the same
magnitude for the power levels used in this experiment.
The total asymmetry correction amounts to about 2%
of Z(h).

(2) The observed shift, corrected for asymmetry,
must be multiplied by L,&/L, because the Ramsey two-
transition-region method yields resonances at the fre-
quency that corresponds to the average energy level
separation in the region between the two transition
regions.

simple calculation might be a reasonable Grst approxi-
mation.

Let us consider the electric Geld interaction as a
perturbation on hyperfine structure. If e is the electronic
charge, h is the electric Geld, and s is the component
along 8 of the vector connecting the center of the
nucleus with the electron, then the electric Geld inter-
action is given by esS. Since this is an odd-parity
operator, and since the atomic ground state has well-
defined parity, the diagonal matrix elements of the
electric field perturbation are zero; i.e., the atom has
no permanent dipole moment.

Proceeding to second order we obtain a nonzero
energy shift Ap for each of the F levels:

~(~', L'=1, F [.»1~=6, L=0 F)~s
Ap= P

W'(6, 0, F) W(m', —1, F')

Now W (6, 0, 4) =W'(6, 0, 3)+M t, where hht is the
zero-field separation of the two F levels in Cs"' (the
"hyperfine-structure separation"). Since hhp«Ws(tt, 1)—W'(6, 0), we can rewrite the shift of the upper level
(F=4) as

l(~', 1, F Ie»(6, 0, F) [

'.~' W'(rt', 1, P)—W'(6, 0, 3)

Xi 1+
Ws(e', 1, P)—Wo(6, 0, 3))

'

l(~', 1, F'le»)6, 0, F
-.~ Ws(~', 1, P)—Ws(6, 0, 3)

The shift of the atomic hyperfine-structure energy
level separation attributable to the electric field is
given by A(8) =64—6s. The mixing of all states except
the 6p state can be neglected. As a first approximation
let us neglect the sum over the F levels in the 6P state
and let us also assume that the F=4 and the F=3 wave
functions are the same. %e then obtain

g(h) = —2.29X10 s(1+0.03)8 cps,

where b is in volts/cm. The principal sources of the
quoted error are the uncertainty in the distance between
the Stark field electrodes and the inhomogeneity of the
electric field. The other experimental errors and the
asymmetry correction errors are believed to contribute
only slightly to this error. Approximately 200 observa-
tions (about ten at each value of 8) were used in ob-
taining this value of A(h).

The dependence of Z(h) on magnetic field was
examined over a range of approximately 4 gauss, with
the electric field at 3.14X10' volts/cm. The observed
frequency shift did not vary by more than 1% over this
range of magnetic Geld. The observations used to
obtain the value of 6(B) given above were all taken in

fields of less than 0.5 gauss.
The following order-of-magnitude calculation, is per-

haps helpful in understanding the Stark eGect on hyper-
fine structure. It was suggested by Schwartz' that this

I«, 1le»I6, 0) I'
~(h) = — ham.

fWs(6, 1)—W'(6, 0)g'

The usual atomic polarizability calculation4 gives the
energy of a cesium atom with polarizability o. to be

/(6, 1/ e»]6, 0) /'

W'(6, 1)—Wo(6, 0)

ScheGers and Stark' measured the polarizability of
cesium by electrostatic deflection of a beam of cesium

4 J. C. Sister, Quautum Theory of Matter (McGraw-Hill Book
Company, Inc. , New York, 1951),p. 388.' H. Scheffers and J. Stark, Physik. Z. 35, 625 (1934).' C. Schwarts {private communication).

In Fig. 2 the observed shift corrected for asymmetry
is plotted as a function of the square of the voltage
applied to the Stark Geld electrodes. The solid line in
this figure was found by computing the weighted mean
ratio of the corrected shift to the square of the applied
voltage, the ratio for each value of voltage being The s"' t of t"e lower level (F=3) is

weighted with the reciprocal square of the error.
When the correction factors are applied to Z(B), the

value for the shift of the (4, 0)+-+(3, 0) energy level
separation is
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atoms. They obtained n= (42&2)X10 ~ cm'. Inserting
this value in the preceding calculation, we obtain

6 h =' ——,'nBs
W'(6, 1)—W'(6, 0)

=' —0.82)&10 '8' cps.
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We therefore see that the order-of-magnitude calcu-
lation predicts the sign and the quadratic field de-
pendence of the Stark eGect on hyper6ne structure, but
the magnitude of the experimentally observed effect is
2.8 times the value predicted by this calculation.

The disagreement between theory and experiment is
possibly the result of having neglected the fact that the
Ii =4 and the F=3 wave functions differ'' by quantities
of order b'av/t W (6, 1)—W'(6, 0)j in', the order-of-
magnitude calculation.

Schwartz' has recently attempted a complete calcu-
lation of the Stark eGect on Cs"' hyperfine structure,
inc1uding these wave-function diGerences; but, since
values for some of the more critical matrix elements are
extremely dificult to obtain, this attempt was un-
successful.

However, Schwartz' has succeeded in completing the
same calculation for the Stark eGect on hyper6ne
structure in the is state of hydrogen. He finds

1193ao'
h(b) =— —Phv,

80 e'

where as is the radius of the first Bohr orbit. Only 36%
of this result comes from the diGerence of the energy
denominators due to the hyperhne structure of the
ground state (i.e., from a calculation exactly similar to
the order-of-magnitude calculation outlined in the pre-
ceding portions of this paper), while 65.5% comes from
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FIG. 2. Corrected observed shiit of the (4, 0) ~(3, 0) transition
frequency as a function of the square of the voltage applied to the
Stark electrodes.

the diGerence of the ground-state wave functions, and a
negative contribution of 1.5% comes from the hyperfine
structure of the p states. The complete theory of the
Stark effect on hydrogen hyperhne structure is there-
fore seen to give a result which is 2.8 times the value
predicted by the order-of-magnitude calculation which
neglects wave-function diGerences due to hyperfine
structure.

Consequently, if one extrapolates from hydrogen to
cesium, and assumes that the complete calculation for
the hydrogen eGect is correct, the experimentally ob-
served value of h(h) for cesium is seen to be in good
agreement with theory. However, since such an extrapo-
lation is of doubtful validity, the agreement should be
considered as only approximate.

A more complete description of this experiment will
appear soon.
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