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Measurement of the Electric Polarizability of the Deuteron
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The electric polarizability of the deuteron has been determined by measuring deviations
from the Rutherford scattering formula for deuteron elastic scattering from Pb at ener-
gies from 3.0 to 7.0 MeV. The measured value of the electric polarizability, e =0.70
+0.05 fm, is in fair agreement with theoretical predictions.

PACS numbers: 21.40.+d, 25.50.Dt, 27.10.+h

The scattering of projectiles from nuclei at en-
ergies far below the Coulomb barrier is described
only approximately by the Rutherford expression.
At sufficiently low energies residual nuclear ef-
fects resulting from the tail of the nuclear poten-
tial or from barrier penetration can be neglected,
but in spite of this there can still be significant
deviations from the Rutherford scattering law.
From the point of view of nuclear physics, the
most interesting effects are those which result
from the internal degrees of freedom of the tar-
get or projectile —i.e., from real or virtual ex-
citation of nuclear states.

The problem which we shall address here is
that of deuteron scattering from heavy nuclei at
very low energies. If the target nucleus has no
low-lying collective states, it is essentially inert
and may be thought of as a point charge. ' In this
case the deviations from Rutherford scattering
result primarily from the electric polarization
(i.e., stretching) of the deuterons in the Coulomb
field of the nucleus.

If a deuteron is located at some position r rela-
tive to the target nucleus, the electric field of the
target (E) will polarize the deuteron, and conse-
quently the electrostatic potential energy will be
slightly smaller than Ze'/r. If we keep only the
dipole term, the change in the potential energy is
simply —P ~ E, where P is the induced electric
dipole moment. Assuming that P is proportional
to E one finds that the dipole correction to the
potential energy can be written as —&aZ'e'/v4,
where the constant n is the electric polarizability
of the deuteron. For deuteron scattering at very
low energies the dipole stretching potential is
weak enough to be treated as a perturbation, and
it follows that the deviations from Rutherford
scattering are essentially proportional to a. This
suggests that it might be possible to determine
+ by obtaining accurate measurements of the

cross section for deuteron elastic scattering at
low energies.

The primary reason for our interest in meas-
uring n is simply that the deuteron electric po-
larizability is a fundamental property of the n-P
bound state which, up until now, has not been
measured. A measurement of the electric polar-
ization is also of importance because Coulomb
stretching of the deuteron is closely related to
the more general issue of the role of deuteron
stretching and breakup in nuclear reactions.
This is a topic of considerable interest for sub-
Coulomb energies and for higher energies as
well.

Calculations of the electric polarizability of the
deuteron have been reported by a number of
authors, ' ' and a variety of calculational methods
have been employed. While values of n ranging
from 0.21 to 0.64 fm' have been reported, it ap-
pears that the best calculations give values close
to 0.60 fm .

In the present Letter we report the first empiri-
cal determination of &. Measurements of the
cross section have been obtained for deuteron
elastic scattering from "'Pb at energies from 3
to 7 MeV. (The Coulomb barrier for '"Pb is ap-
proximately 11 MeV. ) Since the expected devia-
tions from Rutherford scattering are typically
only a few tenths of one percent, the experiment
must be done with great care. Rather than at-
tempting to obtain absolute cross-section meas-
urements we have measured only ratios of cross
sections. The quantity which we determine is

where E, and E, are two bombarding energies and
9, and 9, are two scattering angles. (In our ex-
periment 0, is a forward angle, 0, is a back angle,
and E,&E,.) To determine R we measure the
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number of elastically scattered deuterons simul-
taneously at the two angles 9, and |9,. Then R is
obtained from the expression

12000—
]' Pb((j dj

C (E„e,)/C(E„O.)
C(E., ~,)/C(E„~.) '

where C(E, 9) is the number of counts recorded
at energy E and angle 0. For pure Rutherford
scattering v(E, &,)/v(E, H, ) is independent of ener-
gy and therefore R =1 in this case. Because the
main effect of deuteron stretching is to reduce the
cross section at back angles, and since this ef-
fect increases with increasing energy, deuteron
stretching will give rise to values of R which are
less than 1.

The measurements were carried out with the
deuteron beam from the University of Wisconsin
tandem Van de Graaff accelerator. The beam mas
defined by rectangular slits 0.7 mm wide by 1.5
mm high located 16.5 cm upstream of the target.
A fast feedback system was used to keep the beam
centered on the slits. The target consisted of 40
p g/cm' of "'Pb (enriched to 99.1%) evaporated
onto a 5-pg/cm' carbon backing. Solid-state
detectors were placed symmetrically to the left
and right of the incident beam at scattering an-
gles of 60', 140', 150, and 160 . The use of
symmetric detectors allows one to compensate,
to first order, for possible counting-rate varia-
tions caused by changes in the position and direc-
tion of the beam. The entire experiment was car-
ried out without moving the detectors or altering
the experimental setup in any way. This is im-
portant because even a sbght change in the scat-
tering angle from one energy to another could
lead to a significant error in the determination of
R. To reduce background each detector was
equipped with a slit system which limited the
field of view to a small region surrounding the
target. Magnets were used to prevent electrons
from reaching the detectors. All beam-defining
and detector slits were constructed of thin (0.13-
mm) tantalum foil to reduce slit-edge scattering.

Measurements were taken at deuteron energies
of 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, and 7.0 MeV.
To provide a consistency check, the measure-
ment at 3 MeV was repeated four times while
the measurement at each of the higher energies
was repeated either two or three times.

A typical pulse-height spectrum, obtained at
E„=5 MeV, 0=160, is shown in Fig. 1. In addi-
tion to the "'Pb elastic scattering peak the spec-
trum contains a number of peaks from reactions
on target contaminants. While the larger con-
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taminant peaks (i.e. , those from "C) remained
well resolved from the '"Pb peak at all energies
except 7 MeV, the presence of smaller peaks
from "0, "N, and "C made corrections neces-
sary at several energies. To correct for the con-
taminants, two additional targets were prepared.
The first was a carbon foil which contained a sig-
nificant amount of oxygen, while the second con-
sisted of melamine (C,H, N, ) evaporated onto a
carbon backing. Spectra were obtained at each
energy and angle for both targets. With these
spectra it was a straightforward matter to sub-
tract out the contaminant peaks. The corrections
to the peak sums were typically a few tenths of
one percent, except at 7 MeV where the correc-
tion amounted to 10% at two of the three angles.
Counting rates were adjusted to keep electronic
dead times small (typically 0.4'). Beam cur-
rents and detector solid angles mere chosen to
make the dead times nearly equal for all energies
and angles, and consequently the dead-time cor-
rections produced only slight changes in R. Cal-
culations indicate that the effects of multiple scat-
tering in the target are negligible.

The measurements are presented in Fig. 2.
The quantities shown are values of R correspond-
ing to energies E, =3.5-7.0 MeV and angles 0,
=140', 150, and 160'. In each case we have used
E, =3.0 MeV and ~, =60'. The displayed error
bars include statistical errors as well as an esti-
mate of the uncertainty associated with the sub-
traction of contaminant peaks.

Our results shorn clearly that there are signifi-
cant deviations from Rutherf ord scattering even

Energy (MeV)

FIG. l. A typical pulse-height spectrum obtained with
E„=5 MeV and 0=160'.
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FIG. 2. Measurements of R g2) l see Eq. (1)j for E, ~

=3 MeV, ~~=60' and 02=140', 150', and 160'. The
dotted curve shows the sum of the contributions to A

from atomic screening, relativistic corrections, and

vacuum polarization, while the dashed curve is an esti-
mate of the effects of nuclear processes. The solid
curve includes these effects as well as the calculated
effect of the electric polarizability of the deuteron,
with & =0.70 fm . The curves are for ~2=150 .

for energies as low as 4 MeV. The question
which we must now address is whether these de-
viations result from the electric polarization of
the deuteron or from some other effect.

First let us consider the possibility that nuclear
effects may be of some importance. For deuteron
scattering at low energies the dominant nuclear
effect is the loss of flux into reaction channels.
As one would expect from a classical picture of
the scattering process, this loss of flux leads to
a reduction in the elastic scattering cross section
at back angles. The most direct approach to de-
termining the magnitude of the deviations from
Rutherford scattering would be to use the optical
model. However, the difficulty with this approach
is that the calculations are quite sensitive to the
choice of parameters for the absorptive poten-
tial. ' To get around this problem we note that if
one varies the imaginary-potential parameters,
there is a close correlation between the predicted
total reaction cross section and the back-angle
elastic scattering cross section. Since one knows
that the only reactions which have an appreciable
cross section at these low energies are (d, P) re-
actions and (to a lesser extent) deuteron breakup,

and since one can calculate the cross sections
for these reactions with reasonable accuracy, ' it
is possible to make a fairly accurate prediction
of the total reaction cross section. This in turn
places the required constraint on the optical-
model parameters and allows us to predict the
effect of nuclear interactions on the elastic scat-
tering cross sections. The dashed curve in Fig.
2 shows the result of such a calculation. We note
that for E~- 5.5 MeV the predicted nuclear effect
is small (i.e., less than 10/o of the measured de-
viation from R =1).

One should also consider the possibility that
the elastic scattering cross section might be af-
fected by electromagnetic processes which in-
volve excitation of the target nucleus. Since
'"Pb is a spherical nucleus with no low-lying ex-
cited states we can safely neglect conventional
Coulomb excitation effects. ' The most important
electromagnetic effect is the electric polariza-
tion of the "'Pb nucleus (i.e., virtual excitation
of the '"Pb giant dipole resonance) by the deu-
teron. However, this effect is expected to be 2

orders of magnitude smaller than the deuteron
stretching effect, ' and thus it can be neglected as
well.

Vacuum polarization, atomic screening, and
relativistic corrections all produce small but non-
negligible changes in the cross section for elastic
scattering at low energies. In each of these cases
the effect is well understood and accurate calcula-
tions are possible. " We have performed the
necessary calculations and find that these effects
lead to cross-section changes of as much as 0.5','
however, the changes in R are considerably
smaller. The combined effect of the three proc-
esses is indicated by the dotted curve in Fig. 2.

Qn the basis of the calculations outlined above
me conclude that the observed deviations result
primarily from the electric polarization of the
deuteron. For &„~5.5 MeV one can safely use
the measurements of R to determine &, since
nuclear effects are small for these energies. The
solid curve in Fig. 2 shows the result of a calcula-
tion in which + was adjusted to fit the measure-
ments for E„-5.5 MeV. This calculation" in-
cludes the corrections for vacuum polarization,
atomic screening, relativistic effects, and nu-

clear effects (as given by the dotted and dashed
curves in Fig. 2) as well as the dipole stretching
effect. The value of + which me obtain in this
way is

n =0.70+ 0.05 fm .
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Here the quoted error includes not only the uncer-
tainties in the measured values of R but also the
uncertainty in the calculation of the nuclear cor-
rection. This latter uncertainty is taken to be
equal to the magnitude of the calculated correc-
tion. It should be noted that the solid curve in
Fig. 2 accurately reproduces the measurements
at 6.0 and 7.0 MeV in spite of the fact that no at-
tempt was made to fit these data. This gives us
confidence that our calculation of the nuclear ef-
fects is valid and that the value of n is correct.

Our empirically determined value of a. is in
fair agreement with theoretical predictions. Al-
though we know of no calculation that predicts a
value of n as large as 0.70 fm', several calcula-
tions"' give 0.63 or 0.64 fm'. At the present
time it is not clear whether our measurement of
~ is of sufficient accuracy to place any meaning-
ful new constraint on the deuteron wave function
since most calculations performed to date have
employed very simple deuteron wave functions.
If future calculations were to show that measure-
ments of the polarizability are useful in distin-
guishing various n-P interaction models, this
would provide a strong motivation for further ex-
periments. It is our belief that with sufficient
care, one could make a significantly more accu-
rate measurement of ~.
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