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Calculations are presented which suggest that a suitable molecular-beam resonance
experiment can form a sensitive test for the existence of an electric dipole moment on

the proton.

In this Letter we report calculations which
suggest that a suitable molecular-beam reso-
nance experiment can provide a sensitive test
for the existence of an electric dipole moment
(edm) on the proton. The detection of such a
moment would provide unambiguous evidence
for the violation of time-reversal invariance.
While this violation is suggested by the CP-
nonconserving Ky ° -~ 27 decays,' there is as
yet no direct evidence available.

The size of the edm on the nucleon to be ex-
pected on the basis of the observed K;° 27
decay has been the subject of a number of cal-
culations.? The results are highly dependent
on the model of CP-invariance violation cho~
sen and range from e x10™!° cm to e X102
cm. However, many different models predict
a value in the range of e x10™22 cm, and this
is clearly a region of considerable interest.

This situation has stimulated a number of
experiments®™® on the electric dipole moment
of the neutron. The long-standing limit of 2

%x107%° ¢ Xcm has been considerably improved.

Ramsey and his co-workers® find from a beam
resonance experiment d,, =(-2+3)x10"* ¢

X cm. Shull and Nathans, using a neutron-
scattering method, obtain a result of very

similar precision, d, = (2.4%x3.9)x10~2 ¢ Xcm.

The situation for the edm of the proton is
very different. Because it is charged, the
beam and scattering methods used on the neu-
tron are not applicable. The best published
value® appears to be d;, <1.3 X107 ¢ xcm,
which was obtained from a calculation of the
effect of an edm on the Lamb shift in hydro-
gen. It is probable that a limit several orders
of magnitude better than this can be obtained
from current experiments’ on the edm of al-
kali atoms. Even so, the limit on the proton
edm is clearly much worse than that on the
neutron and is not yet in the region of experi-
mental interest. We suggest here that a pre-
cision beam resonance experiment on T1F in
the presence of parallel electric and magnet-
ic fields can form a test for the proton edm
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of sensitivity comparable with the neutron ex-
periments quoted above.

At first sight, the search for an edm in a mol-
ecule would seem unprofitable. The electric
dipole moment of each particle interacts with
the electric field acting on it. But the parti-
cles which make up the molecule are charged
and are in equilibrium under their mutual elec-
trostatic forces. Each particle must therefore
experience an electric field which averages
to zero, and one would not expect any first-
order edm interactions.

Several authors®=!! have shown that this ar-
gument is not exact and that there can be lin-
ear edm effects in atoms and molecules. Schiff’®
has considered the measurability of edm’s on
nuclei. He showed that there can be a term
in the energy linear in the nuclear edm either
if the nucleus is subject to nonelectrostatic
forces such as the magnetic hyperfine interac-
tion, or if the nucleus has finite size or struc-
ture. In the systems to be considered here,
the finite-size effect is dominant. Schiff'® has
shown that the residual edm interaction due
to the finite size of the nucleus can be expressed
in terms of the Hamiltonian

Hedm - Z.edN
N,i

(F.. - )
IN “nN - 3
Xf( !FiN—FnN1)3pN(rnN)d Y

The sum over N and ¢ spans the nuclei and the
electrons in the system under consideration.
d N is the operator representing the nuclear
edm and is the difference between the normal-
ized distributions of charge and edm in the Nth
nucleus. The radius vectors F;y and 7, are
taken from the center of mass of the nucleus N.
In free atoms or molecules which have inver-
sion symmetry in the absence of external fields,
the expectation value of the Hamiltonian (1)
must vanish as it is an odd-parity operator.
But when the particle is placed in an external
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field, the inversion symmetry can be destroyed,
and the expectation value of (1) need not be ze-
ro. This is the basis of the determination of

a limit on the nuclear edm from the atomic-
beam experiments mentioned above. The point
that we wish to make in this paper is that such
effects can be much larger in a suitable polar
molecule since a polar molecule can be almost
completely polarized in attainable laboratory
electric fields, whereas the polarization that
can be induced in an atom is extremely small.

The detection of edm effects in a molecule
is somewhat more difficult than in an atom be-
cause the molecule already possesses a linear
Stark effect. One can get around this difficul-
ty by using a magnetic resonance involving
the nuclear spin. If this resonance is excited
in parallel electric and magnetic fields, the
edm interaction (1) will produce a slight depen-
dence of the resonance frequency on the rel-
ative sense of the two fields. Thus, an edm
effect will show up through a slight shift of
the resonance as one field is reversed with
respect to the other.

The choice of the best type of molecule to
use is determined by the requirements that
it be suitable for beam work, that it contain
as heavy an atom as possible, and that the nu-
cleus of this atom have an unpaired proton.
The second condition is very important since
the edm interaction (1) increases extremely
rapidly with atomic number. The outstanding
choice appears to be T1F. It is convenient for
beam work, its properties are known, Tl is
very heavy, and the nuclei contain unpaired
protons.

To relate experimental sensitivity to the edm
of the TI nucleus, and hence to that of the pro-
ton, we have to take the expectation value of
(1) over the appropriate molecular wave func-
tions. Unfortunately, no wave function is avail-
able for a molecule as heavy as TIF, and the
calculation of one would be a major computa-
tional problem.

However, self-consistent field functions are
available for the lighter but electronically sim-
ilar molecules BF,!? AlF,' and GaF.!® These
functions are expressed in the familiar LCAO
form in terms of spherical harmonics and ra-
dial functions centered on the two nuclei. It
is easy to show that with a wave function of
this form, the expectation value of the edm
Hamiltonian (1) can be factorized into nucle-
ar and electronic parts. The result is most

conveniently expressed in terms of the effec-
tive electric field at the nuclear edm. By sym-
metry, this must lie along the internuclear
axis and will average to zero in the absence

of an external field. When the molecule is po-
larized by a field, the effective field at the
nucleus will no longer average to zero but will
be parallel to the external field. Its magnitude
is given by

=R zx:R

Eeff 0

1 (R MR
{_f’____i__} (@)

N
oifsr 73

r-0
R,? is a quantity introduced by Schiff'® which
is essentially the mean-square radius of the
difference between the normalized charge and
edm distributions in the nucleus. The sum
over 7 is taken over the single-particle func-
tions which make up the molecular wave func-
tion. Rsl(r) and R,(r) are the radial parts

of the s and p components centered on the nu-
cleus of interest in the ith single-particle func-
tion.

We have evaluated y for the three molecules
BF, AlF, and GaF, and the results are displayed
in Table I. There are two important features
of these calculations: First, the value of y
increases rapidly with Z. Second, the only
appreciable contribution to ¥ comes from the
highly polarized outer orbitals of the molecule.

In order to extrapolate these results to T1F,
we make three plausible assumptions: (a) that
x can be factorized into an outer part which
expresses the relative admixtures of s and p
functions in the molecular wave function, and
an inner part which depends on the magnitude
of the radial functions Rsz(r) and R,%(») near
the nucleus; (b) that these s and p admixtures
do not vary very much along a series of elec~
tronically similar molecules; (c) that the be-
havior of the radial wave functions near the
nucleus can be adequately represented by the
outer-shell wave functions of the appropriate
free atom.

If these assumptions are good then the ratio

Table I. Calculated values of x and 8 for BF, AlF,
and GaF. All values in atomic units.

Molecule X B
BF 3.15 0.093
AlF 16.4 0.095
GaF 97 0.075
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B=x/ {Rpa(T)Rsa(r)/rs},, —. 0 should be approx-
imately constant over a range of molecules.
To check this we have made calculations of

B8 for B, Al, and Ga using our calculated val-
ues of y and the atomic functions of Herman
and Skillman. The results are displayed in
column 3 of Table I. We see that the ratio is
indeed remarkably constant over the series
of molecules for which y has a range of 30.

We now use these results of our calculations
to estimate the value of the effective electric
field seen by the T1 nucleus in T1F. We do
this by assuming that the constancy of B extends
to TIF. From the wave functions of Herman
and Skillman,™ we find {Rsa(r)Rpa(r)/rs}r_. 0
=7500 a.u. for T1 which, combined with the
value 8=0.08 from Table I, yields x=600 a.u.

In order to calculate the effective field we
also need a value for R;?>. We have made an
estimate of this by assuming that the nucleus
is a uniformly charged sphere of radius R=1.34/3
x10~! cm and that the edm distribution is that
of the unpaired s,,, proton moving in a three-
dimensional, infinite potential well of this ra-
dius. We find with this assumption R,2=(4/15)R?.
On substituting these values for x and R,? in-
to (2), we obtain

Eeff ~20000 V/cm

as our estimate of the effective field at the Tl
nucleus.

From this value of the effective electric field,
we can estimate the sensitivity of a beam ex-
periment to the edm of the proton. We assume
that we can detect a resonance shift as small
as 1073 Hz. This figure is based on experience
with atoms and assumes a 100-Hz-wide reso-
nance line and a total resonance signal of great-
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er than 10" molecules during the course of

the experiment. With this sensitivity, it should
be possible to detect an edm on the T1 nucle-
us of the order of 1x107%%¢ xcm. The sensi-
tivity to the edm of the proton is essentially
the same since the two isotopes of T1 have s,
proton states with projection factor unity.

The author is indebted to Dr. Carl Moser
and Heléne Lefébvre for making available the
AlF molecular wave functions in advance of
publication and for the calculation of the GaF
functions.
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