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microwave spectrometer at the Columbia Radiation
Laboratory have been in general agreement with the
above calculations. As an example, we cite the recent
experimental work of Gunther-Mohr and White on an
additional fine structure in the ammonia quadrupole
spectrum,® where the measured total width at half-
maximum for NHj; at dry ice temperature in X-band
Stark guide was found to be 6845 kc/sec. The calcu-
lated Doppler broadening and collision broadening for
NH; under these conditions are, respectively, 2Avpoppter
=60 kc/sec and 2Aven=25 kc/sec. Born has tabulated
the resultant shape for a Lorentz line broadened by
Doppler effect.® His tabulated results show that the

8 G. R. Gunther-Mohr and R. White (to be published).
9 M. Born, Optik (J. Springer, Berlin, 1933), Table 38, p. 486,
and p. 431 and the following.
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total line width is given to a good approximation by
Av>[ (Avpopprer)®+ (Aveo)* 2. (15)

Extrapolating from the results of the present paper,
one is led to expect that in practice, quite generally
(and at least for a rectangular wave guide) the line shape
of broadening due to collisions with the wall will be
sufficiently close to that of a Lorentz line so that ex-
pression (15) can be used. Thus the combined theo-
retical line width is 2Ap= (60%4-25%)*=65 kc/sec in
agreement with the observed value.

We wish to thank Professor Townes for his active
aid. We also wish to thank Professor Strandberg for an
interesting discussion. The help of Mr. George Dous-
manis who performed the numerical calculations is
gratefully acknowledged.
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The theory of the polarizability of the deuteron in a uniform electric field is developed. Using the proper-
ties of the deuteron Green’s function, we obtain an expression for polarizability of the deuteron which
exhibits its dependence upon the spin orientation of the deuteron. This dependence arises from the inclusion
of a tensor force in the neutron-proton interaction. In terms of the magnetic quantum number m, with
respect to the direction of the electric field, the polarizability « is ags—+ (3m2—2)asp+ (3m2—2)%xpp. When
Hulthén wave functions are used for the deuteron, ass is found to be approximately 0.56X10~% cm? and
agp 0.027X107% cm?® The applicability of the theory to intramolecular interaction measurements and

deuteron scattering experiments is discussed.

I. INTRODUCTION

HE particles which constitute the deuteron do not

all have the same ratio of charge to mass so that,

because of reorientation and stretching, the deuteron

will exhibit a polarizability with respect to an external
electric field.

It has been pointed out earlier by Ramsey! that this
polarizability of the deuteron should give rise to a
measurable departure from Rutherford scattering in
certain cases where deuterons are scattered by heavy
nuclei. In addition, the dependence of the deuteron
polarizability upon its spin orientation should also give
rise to a small change in the deuteron quadrupole
interaction in Dy and HD as a result of the difference
is amplitude of zero-point vibration in the two mole-
cules and consequently of the oscillating electric field
at the deuteron.

In this paper, we calculate the polarizability of the
deuteron in an adiabatically applied uniform external

* This work was partially supported by the joint program of the
U. 8. Office of Naval Research and the U. S. Atomic Energy Com-
mission.

IN. F. Ramsey, Phys. Rev. 83, 659 (1951).

electric field. The electric scattering of the deuteron will
be examined in a subsequent paper. -

The polarizability of a nucleus is related to its
polarization energy W,, in an adiabatically applied,
uniform electric field &, by the equation?

a=—2W,/&. 6]

The W, is the energy of the second-order Stark effect
arising from the perturbation

=- %628, (2)

where z is the component along the direction of the
electric field & of the relative distance r=r,—r, of the
proton from the neutron. The factor % enters because
we are concerned with the displacement of the proton
with respect to the center of mass of the deuteron. The
polarization energy is then

Wp= —-%6262 2; (O’Zlﬂ) (WLIZIO)/(E"—E()), (3)

where ', .0 represents the sum over all the discrete
and continuum intermediate states except the ground

2 D. Bohm, Quantum Theory (Prentice Hall, Inc., New York,
1951) p. 461.
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state, =0, so that
‘ a=3¢’(2u/ ﬁz)é'o(Ol z|n) (n]2|0)/ (ki+Y), (4

where k2= (Qu/B)E, and ~v*= (2u/h*e. As usual,
e¢= —E, denotes the binding energy and p the reduced
mass of the deuteron.

In this paper, we will take the ground state of the
deuteron to be the usual admixture of %S; and approxi-
mately 4 percent of 3D; states. We note that for the
deuteron, as described in terms of the customary central
and tensor interactions, parity is a good quantum
number. The ground state then being of a definite
(even) parity, we have (0|z]0)=0. If we now consider
¢ to be slightly different from the binding energy, we
can then extend the summation in Eq. (4) over the com-
plete set of deuteron wave functions. Then writing the
wave function explicitly,® we can express (4) in the form

a=3¢’(2u/H’) f f Yo*(1)2Ga(r, ')z (1) (d7) (d7'), (5)
where R
W, ()W, *(r
Gi(t, ¥)=Y" ——.
n kn2+72

This sum of the bilinear product over the complete set
of deuteron wave functions will be recognized to be the
Green’s function satisfying the Schrodinger equation
for the deuteron,

(= V22 + 2/ B Va(r) JGa(r, ¥)=b(x—1). (7)
Here V4(r) is the relative proton-neutron potential in
the deuteron.

To simplify the evaluation of a in Eq. (5), we note
that Gy is related to the free particle Green’s function
G by the equation

Gi(r, t)=G(x, ')
— u/m) f G(r, ) Vale)Galt”, ) (dr").  (8)

This relation can be easily verified by operating on both
sides with —V24+2% If we put this expression for G,
into Eq. (5), we observe that the contribution of the
second term in the right-hand side of Eq. (8) to a must
be small since the short-range potential V4(r) con-
tributes mainly for S states but the z matrices vanish
for states of even parity and hence annul any such
contribution. We can then make the approximation

a=%6*(2u/h?) f f‘I'o*(r)zG(r, r)z’
X¥o(r') (dr)(d7"). (9)

Explicitly including the effect of spin, the wave
function with magnetic quantym number m for the
ground state of the deuteron can be written as*

o)=Y, m(x, 0) = (4m) " u(r)/r
+273S1w(r)/r x1,m(0),  (10)

3 The appropriate spin indices and summations are understood.
4 H. Feshback and J. Schwinger, Phys. Rev. 84, 194 (1951).

(6)
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where S1o=[3(0; 1) (02 1)/7*]— 01 03 and x1, m(0) is the
spin wave function. The free particle Green’s function is

G(V’ rl)__)Go,”,(r} rl)
= (21r)—3f (B2-2) ek =1 (dk)

XZ, X1, m’ (U)Xl. m'*(a'/)y (11)

where the usual form® of G is somewhat modified by the
inclusion of the spin wave functions.
We then evaluate Eq. (9), making use of the relations

2o X1,m  (0) X1, m (0) = B, m
30 S1eFx1, m* (@) X1, mr (0) = 2o X1,m* (0)S12X1,m (0) 0, m’
= (3m?—2) (3 cos¥—1)8,, mr, (12)
where 8 is the angle between » and this z axis. We find

a=ass+ (3m2—2)as1)+(3m2—2)2a1)1), (13)
where

ass= (&/64mt) (2u/7) f (Fotyt)
leu(r) cosﬂei‘”(d'r)l"’(dk), (14)

aso= (/647 2/ ) [ (B90)
x[ f w(r) cosfe™* (dr) f w(#') cosd!
X (3 cos’— l)e‘“""(dr')](dk), (15)
ap= (6/51229 (2u/) [ G+
X | f w(7) cos(3 costf—1)eik-(dr) |2(dk). (16)

Since we are assuming the admixture of the deuteron
ground state to be approximately 96 percent triplet .S
state, most of the contribution to a comes from the ass
term.

To evaluate the o’s we take #(r) to the Hulthén®
wave function,

w(r)=Ner(1—e'B)=N(e—e '),  (17)

where R is the Hulthén range of the nuclear force and
I'=y+1/R.

For w(r), we use the form that is appropriate outside
the range nuclear forces,

w(r)=N'ev[3(yr) 243 (vr)'+1], S (18)

which although incorrect for small 7, will only slightly
alter the value of the already small asp and still smaller
app terms since the 7 and 7’ integrals contain factors of

L. L. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1949)fpp. 160-161.



1164 RAMSEY,

7% and 7’2, respectively. The N and N’ are normalization
factors. In carrying out the indicated integration, it is
convenient to do the angular and radial integrals first.
The final % integration can then be evaluated by the
method of residues.

Neglecting the small app term, we find

ags= Ay (1+3yR+2(yR)){1—[14+ (/7)1
X (32— (8/3) (T/v)*[1+4(T/v)+ (T/v)*]}, (19)
where A= (32)"'(1— Pp)(e¥/hc) (2uc/h)y™ and Pp is
the 3D, state probability. Similarly we find
asp=NN'2722(e*/ hc) 2uc/h)y~°
X{1—(2/S)1+ @/ B+2@/v) 1}
~275Qy=2(e/ he) (2uc/ W[ 1+ (6/5)vR],

to first order in ¥R, where Q is the deuteron quadrupole
moment.® Taking T'/y=7, and hence yR~0.17,” we find

ags~0.56X10—% cm?, (21)
agp==0.027 X107 cm?. (22

(20)

We see that, as expected, the asp term is considerably
smaller than the agg term; also, making a rough calcu-
lation, we find that neglecting the second term in Eq.
(8) for the Green’s function, apparently alters the value
of ags by only about 2 percent so that the free particle
Green’s function approximation is apparently valid for
this calculation.

III. APPLICATIONS TO DEUTERON QUADRUPOLE

MEASUREMENTS AND TO ELECTRIC
SCATTERING EXPERIMENTS

A possible manifestation of the deuteron polariza-
bility might be the molecular beam experiments which
measure. the deuteron electric quadrupole moment.3-°
When the deuteron is in a molecule, such as Dy, it is
subject to zero-point oscillations and consequently is
acted upon by an electric field which has a nonvanishing
expectation value for (8% even though (&) vanishes. As
a result and by Eq. (1), the deuteron will possess a
polarization energy. Since, by Eq. (13), the polariza-
bility depends upon the orientation of the deuteron
spin, the polarizability energy will vary with the orien-
tation. Furthermore, the polarizability relations in Eq.
(13) depends upon m? and not upon m and in this
respect is similar to the deuteron electric quadrupole
interactions. Consequently, the deuteron polarizability
will give rise to a change in the apparent magnitude of
the deuteron quadrupole moment.

At first sight, it might be thought that this polariza-
bility effect could not be distinguished from the deuteron

6 J. M. Blatt and V. F. Weisskopf, T/eoretical Nuclear Physics
(John Wiley and Sons, Inc., New York, 1952), p. 105.

7J. B. French and M. L. Goldberger, Phys. Rev. 87, 899 (1952).
This is also the approximate value of I'/y used in reference 4.
1;4%§Hogg, Rabi, Ramsey, and Zacharias, Phys. Rev. 57, 677
Elggt)ﬂsky, Phipps, Ramsey, and Silsbee, Phys. Rev. 87, 395
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quadrupole moment. However, the apparent deuteron
quadrupole moment can be measured both in HD and
D,. Since the amplitudes of zero-point vibration in
these two molecules are different, the values of (8% and
of polarization energy will differ. Consequently, the
anisotropy of the deuteron polarizability can, at least
in principle, be measured by the variation in the
apparent deuteron quadrupole moment when measured
in D, and HD.

The above analysis can be made quantitative, as
follows. From Egs. (1) and (13), if W, = is the polariza-
tion energy in nuclear orientation state m,

Wy 1—W 0= —38asp—3app){&). (23)

On the other hand, as discussed in the literature,'® one
can easily show that the energy difference for the same
transition for an effective nuclear electric quadrupole
moment Q' is

W 1— W 0=5eQ’ (82V/020%). (24)

Consequently, from Egs. (23) and (24), the apparent
quadrupole interaction caused by the nuclear polariza-
bility becomes

keQ’ (32Ve/dz¢%)
— 8 = 2050+ 2ap]
= (he/€)*8x* (u/m)*w.'c (Ro/ @0)*Z7*
X[(Be/we)+ (Be/we)*(aRo)* [ —2asp+2app], (25)

where the value for (8% which can be calculated by
normal procedures from the zero-point vibration of
the molecules has been substituted in the last form of
the equation, and where the symbols used have their
conventional meaning.!! If numerical values are sub-
stituted in Eq. (25), the apparent quadrupole interac-
tion arising from the deuteron polarizability becomes
0.0075 cps for HD and 2.0060 cps for D, which is unfor-
tunately much too small to be detected with the present
experimental accuracy.

Another and more favorable way in which the deu-
teron polarizability should be observable is in the
electric scattering of deuterons by highly charged nuclei.
If the deuteron is polarized by the electric field of the
scattering nucleus, it will be lessdeflected than if the deu-
teron were not polarizable. It can be shown that 8-Mev
deuterons with the above calculated polarizability,
when scattered by Bi, should have their scattering
cross section in the backward direction reduced below
the Rutherford scattering by 3 percent as a result of
the deuteron polarizability. At such energies and with
such a highly charged ¢ nucleus, the effects of nuclear
interaction, deuteron disintegration, etc., should be
small compared to the 3 percent polarizability effect
on the scattering. A detailed discussion of this applica-
tion will be given in an accompanying paper.!?

1 N. F. Ramsey, Nuclear Moments (John Wiley and Sons, Inc.,
New York, 1953).

U N, F. Ramsey, Phys. Rev. 87, 1075 (1952); 90, 232 (1953).
12 Malenka, Kruse, and Ramsey, Phys. Rev. 91, 1165 (1953).



