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The molecular-beam magnetic resonance method has been used to measure directly
the anisotropy of the static electric polarizability of the deuterium molecule. This is
the first measurement of this quantity for any molecule using the molecular-beam reso-
nance method.

In this Letter we report on a direct determina-
tion of the anisotropy in the static electric polar-
izability of the deuterium molecule D, using the
molecular-beam magnetic resonance method.
This is the first measurement of this quantity for
any molecule using a molecular-beam resonance
method. The result for deuterium is of interest
because there are very accurate theoretical cal-
culations' of the anisotropy which may be com-
pared with the experimental value.

The apparatus used for this experiment is the
molecular-beam magnetic- resonance spectrome-
ter described by Baker et al. ' with a number of
subsequent modifications, the most important of
which are the improved electron-bombardment
detector, ~ a liquid-nitrogen-cooled, supersonic
nozzle beam source, and a pair of electric field
plates. The Stark effect of the nonpolar D, mole-
cule' is observed as a shift in the frequency of
the usual magnetic resonance transition (Zeeman
or hyperfine) due to the presence of a large static
electric field in the resonance region of the ap-
paratus. This highly uniform electric field is
produced by two flat, parallel plates' which are
placed inside the radio-frequency coil which in-
duces the transitions. This prevents any distor-
tion of the homogeneous electric field by the con-
ductor which forms the coil. At the transition
frequencies (248 to 1840 kHz) encountered in this
experiment, the presence of the plates inside the
rf coil is not expected to alter significantly the
oscillating fields which would exist in the appara-
tus if the plates were absent. The plate spacing
is kept small (0.145 cm) because the rf coil with

plates inserted must be sufficiently thin to fit
within the 0.8-cm gap between the pole faces of
the C magnet. The values of electric field used
experimentally are determined by dividing the
voltage between the plates (which is stable and
measured to better than 0.1%) by the thickness of
the glass spacers' which separate the plates.

The Hamiltonian and energy levels of D, in the
absence of any electric fields have been given
previously by Ramsey. ' If we denote his Hamil-

tonian by X„ then in the presence of a static, ho-
mogeneous electric field, the total Hamiltonian
for the J =1 rotational state of D, may be written
as

K =Xo-3yE P2(cos8)-2nE,

where P, (cos8) = 2(3cos'8-1) is a Legendre poly-
nomial, ~ is the angle between the internuclear
axis of the molecule and the external electric
field E, y = (n

~~

—n~) is the anisotropy, and n
=-,'(n ~~+2n ~) is one-third the trace of the polariz-
ability tensor, and where n

~~
and n, are the mo-

lecular electric polarizabilities for electric
fields parallel and perpendicular to the internu-
clear axis, respectively. This form of the Ham-
iltonian is valid when the electric field E is par-
allel to the static magnetic field H of the C mag-
net, which corresponds to the experimental con-
ditions. The last term in the Hamiltonian has
diagonal matrix elements only and therefore
shifts all energy levels of interest by the same
amount; in this experiment, it can be neglected
completely. The effect of the second term on the
energy levels depends on the size of the terms
in the Hamiltonian which depend on JI and E rela-
tive to those terms which describe the internal
molecular interactions (e.g. , quadrupole, spin-
rotation, and spin-spin interactions). If the ex-
ternal magnetic field H is sufficiently strong,
then the nuclear and rotational magnetic moments
are effectively uncoupled and each precesses in-
dependently about the direction of the static field
H; this is the so-called strong-field approxima-
tion. In this case, the magnetic resonance tran-
sitions of interest here correspond to reorienta-
tions of either the nuclear or rotational magnetic
moments relative to the direction of the static
magnetic field. It is found that in an electric
field E, the frequencies of the transitions which
reorient the molecule's angular momentum are
shifted by an amount 5&F-'. The shift may be
either up or down depending on the transition.
The frequencies of transitions which reorient the
nuclear spins, however, are unaffected in this
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approximation because there is no direct interac-
tion' between the resultant nuclear spin I and the
external electric field. For the values of static
magnetic and electric field used experimentally,
the strong-field approximation gives results ac-
curate only to a few percent so that it is neces-
sary in practice to diagonalize the Hamiltonian
matrix directly using a simple computer pro-
gram.

We have observed the Stark shift for the rota-
tional reorientation transition EF" (I,J, MI, M~
= 1,1,0, 0) —(I, J, MI, M J .= 1, 1,0, 1), as a func-
tion of both 0 and E. 65 values of this shift,
ranging from 29 to 235 kHz, have been observed
for values of II from 1 to 4 kG and values of E
from 17.9 to 49.9 kV/cm. From these data, , a
value of y has been obtained using the least-
squares method" and an iteration procedure
which directly diagonalizes the Hamiltonian ma-
trix for I =~= 1. The result is that y = 0.2897 A'.
The statistical uncertainty" of +0. 10%%uo (70% con-
fidence interval) is negligible compared with the
systematic uncertainty which arises from uncer-
tainties in the spacing of the electric field plates.
We estimate that because of these uncertainties
our value of y might be as much as 3% high or 1'%%uo

low.
A check was made to see if the Stark shift for

transition EI" is dependent upon the direction of
the electric field relative to the magnetic field, "
by reversing the polarity of the voltage applied
to the electric field plates. This was done for H
= 1010 G and E = 30.2 kV/cm. The difference be-
tween the shifts for the two polarities is found to
be (0.01+0.20) kHz where the quoted statistical
uncertainty represents one standard deviation.

Experimental checks for possible systematic
errors have been made and calculations carried
out to estimate the influence upon the Stark shift
of phenomena such as motional electric fields,
misalignment of the static E and H fields (as-
sumed parallel when calculating y from the data)
resulting in a nonzero component of E perpendicu-
lar to H, and the Bloch-Siegert effect. " These
calculations and experimental checks indicate
that for the conditions under which the data were
taken, any errors introduced in this way are neg-
ligible. It is our intent to give a discussion of
possible systematic errors and other details of
this experiment in a future article.

A theoretical value of the polarizability anisot-
ropy for the ~& = 0, 4= 1 vibrational-rotational
state of D, has been calculated by Koios and Wol-
niewicz. ' They obtain y = 0.2908 A' which dif fers

from our result by 0.4 /o. As noted by Kol'os and

Wolniewicz, the anisotropy of H, is of interest in
connection with a proposal by Golden and Craw-
ford" that the intensity of the J=1-3 rotational
Baman transition in H, be used as an intensity
standard for the determination of absolute Raman
intensities of other molecules in the gas phase.
The use of H, in this way requires that the value
of y be accurately known. Although the present
experiment yields a value of y for D, rather than
H„ the good agreement with the theoretical value
of Koios and Wolniewicz gives added confidence
in their theoretical value for H, ."

To our knowledge there is no other experimen-
tal value of y for D, with which to compare our
result; however, there does exist a value of y
for H, which has been obtained by Nelissen,
Reuss, and Dymanus" using a molecular-beam
deflection method. In this experiment e is mea-
sured by observing the deflection of a velocity-
selected molecular beam of H, in an inhomoge-
neous electric field, and the quantity K = y/3a is
measured using the F--0 gradient-balance meth-
od." The results obtained are n =0.82 A'+ 2. 4%%uo

and z = 0.112+ 1.8 /o which may be combined" to
give y= 0.275, A'a

3%%uo. This value of y is 9%
less than the value calculated by Koios and Wol-
niewicz' for H, . A direct comparison between
our result (for D, ) a.nd that of Nelissen, Reuss,
and Dymanus (for H2) cannot be made; however,
in view of the good agreement (0.4%) between our
value and that of Koi'os and Wolniewicz (for D,),
the value of y for H2 obtained by Nelissen, Beuss,
and Dymanus appears to be lower than our value
by about 9%.' This difference is significant com-
pared with the sum of the quoted experimental un-
certainties of 6%.

The measurements on D, are being continued
with the goal of reducing the systematic uncer-
tainty in y, and it is planned to measure y for H2
as well. In addition to these measurements,
there appears to be no reason why the method
cannot be extended to include other homonuclear,
diatomic molecules which have been studied pre-
viously using the molecular-beam magnetic-reso-
nance method. D, and H, have the advantage that
single transitions can be resolved whereas larger
molecules such as N, and F, generally exhibit
magnetic-resonance spectra which are a super-
position of many transitions. On the other hand,
these heavier molecules are expected to have sig-
nificantly larger y's so that their Stark shifts
should be correspondingly greater and should
therefore be observable even for unresolved,
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overlapping transitions. Measurements on these
heavier molecules are of interest for purposes of
comparison with theoretical values calculated us-
ing perturbed Hartree- Fock techniques. "
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It is shown that the neutron-electron interaction is orders of magnitude too small to
allow neutrons to be bound to electron-excess color centers in alkali-halide crystals,
as was indicated experimentally by Grant and Cobble.

In a recent Letter, ' Grant and Cobble presented
evidence that LiF crystals containing electron-
excess color centers had the ability at 4 K to re-
tain reutrons for -40 sec. They concluded that a
neutron-electron bound state existed. In this Let-
ter, we calculate the neutron-electron interaction
and find that this interaction is orders of magni-
tude too weak to lead to binding.

We first obtain a lower limit on the hypotheti-
cal neutron-electron binding energy, based on
Grant and Cobble's data. They expose their LiF
crystal to 4.8 &10' thermal neutrons, and find

that -2 appear later. If we assume that only neu-
trons whose kinetic energy is less than the bind-
ing energy will be trapped, neglect any other
fates for the incident neutrons (e.g. , Li'+n- Li'),
assume a Maxwellian distribution for the incident
neutrons, and assume that all trapped neutrons
are detected, we find that the binding energy
must be at least 4.4&10 ' eV.

We also estimate, using the uncertainty princi-
ple, the kinetic energy of a neutron confined to
one atomic volume (e.g. , an F center). We obtain
-10 ' eV.


