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Vfe have measured at 180' the ratio of the elas-
tic electron-proton and electron-deuteron scat-
tering. %e have made the measurement at two
values of the primary electron energy. ' 54 and
68 MeV. These correspond, respectively, to
momentum transfers of 0.26 and 0.41 F . At
our highest momentum transfer point the electric
form factor of the proton differs from unity by
only 4+. Therefore we have assumed that in the
energy range of interest to us, all the nucleon
form factor s have the same dependence as func-
tions of momentum transfer. Under this assump-
tion we have obtained from our data information
on the magnetic form factor of the deuteron. The
electron beam from the Mark II Stanford Linear
Accelerator was momentum analyzed in a two-
magnet achromatic translation system and then
brought into the experimental area. There the
beam was monitored by a three-foil secondary
emission monitor and deflected -10 by a small
magnet. After deflection it entered a liquid deu-
terium (or hydrogen) target and continued in a
large vacuum pipe for five more feet before
striking a, concrete wall.

The target was 1/2 inch long and the target
walls were made of stainless steel foil 0.0005
inch thick. Alternatively hydrogen and deute-
rium were condensed under pressure in the
target which was cooled by a reservior full oi
liquid hydrogen. The electrons emitted at 180
in the target passed again through the small de-
flecting magnet and entered a 120' double-focus-
ing magnetic spectrometer. A system of two
scintillation counters in coincidence, placed in
the focal plane of the spectrometer, was used
as detector. A more detailed description of
the apparatus is contained in the paper of Peter-
son and Barber. ' The total amount of material
traversed by the beam before entering the target
was 0.003 inch of aluminum.

In the relativistic limit the scattering at 180'
should be entirely magnetic. However, because
of the smallness of the magnetic moment of the
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where E is the initial electron energy, Mp and

Md are the proton and deuteron masses, vd/ap
is the experimental value for the ratio of the
cross sections, and

y. /p =3.2572
p d

is the experimental measured value. '
The static magnetic moment of the deuteron

(2)

deuteron, the cross section for magnetic scat-
tering from the deuteron is small, and the con-
tribution to this cross section from electric
(Coulomb) scattering is not completely negligible.

This was mainly produced by two causes. First,
the usual approximation in which the velocity of
the electron is equal to the velocity of light was
not true in our case and a small contribution
from terms of the order 1- P' had to be taken in-
to account. Second, multiple Coulomb scatter-
ing in the target introduced some angular dis-
persion in our beam. For this reason particles
undergoing scattering at angles very close to
180' could enter our spectrometer. This effect
was larger than the one introduced by the finite
solid angle of the spectrometer which was there-
fore neglected. The contributions from electric
transitions were calculated at 54 and 68 MeV to
be, respectively, 0.62 and 0.02 of the magnetic
scattering. Radiative corrections have been
calculated according to Meister and Yennie and
found to be practically equal for the proton and
deuteron ca,se. '

The result of our experiment is indicated. in
Fig. 1. The experimental value of the form fac-
tor normalized to one at q' = 0 is defined as fol-
lowss:
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FIG. 1. Available data on the deuteron magnetic
moment. The theoretical curve has been calculated as
explained in the text with I'D = 0.07. The static limit
(@2=0) of the deuteron magnetic moment has been
measured to extremely high accuracy using nuclear
magnetic resonance techniques and has been found to
be 0. S57. The corresponding theoretical value at F2=0
is 0. 84.

FIG. 2. The result of this experiment together with
the results of Drickey and Hand for the electric deu-
teron form factor. The values of GE have been calcu-
lated from the experimental numbers under two differ-
ent assumptions for the neutron charge form factor:
F1„=0and CE„=O. The theoretical curves have
been calculated as explained in the text; the calcula-
tions and the data are normalized independently to
unity at zero momentum transfer.

can be expressed in a nonrelativistic theory as

pd
=

p~ a(4g Q&D~

where pg = ILIA+ p and PD is the D-state proba-
bility in the deuteron ground state. This expres-
sion has the advantage of being independent of
the spatial structure of the wave functions. The
fact that the deuteron is an isocalar makes all
contributions from pion exchange currents iden-
tically zero. Relativistic corrections, as cal-
culated by Jones, ' do not introduce any variation
to the static magnetic moment. For this reason
the value

p =0.039

obtained from Formula (3) has been considered
for a long time a very close estimate. However,
recent analyses of the photodisintegration of the
deuteron' have shown that a somewhat larger
percentage of D state is necessary to fit the ex-
perimental data. A very similar result has been
obtained for the coherent photoproduction of neu-

tral pions in deuterium. ' Both types of experi-
ments seem to require a D-wave contamination
of approximately 0.07. With this value of PD
the theoretical value of the static deuteron mag-
netic moment becomes 0.84 against the measured
value of 0.857.

Ne have calculated the theoretical values of the
magnetic form factor of the deuteron from the
nonrelativistic expression of Gourdin, ' using the
deuteron wave functions calculated by Brandt,
Breit, and Ruppel' with PD=0. 07. A discus-
sion of the approximations involved is included
in the article by Gourdin. In Fig. 1 we have
plotted the deuteron magnetic moment as a func-
tion of the momentum transfer.

The theoretical calculations indicate also that
the magnetic form factor is slightly smaller than
the electric ane, while our experimental result
combined with that of Drickey and Hand' leads
to the opposite conclusion (Fig. 2). In this graph
we normalized the form factors to unity at zero



VOLUME 12, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MARcH 1964

momentum transfer. More specifically, we can
say that the ratio of the magnetic to the electric
radius of the deuteron is

r /r = 0.93+ 0.038.
Vl e'

In conclusion we can say that, both from the
static magnetic moment and from our measure-
ments, there is some evidence that other contri-
butions besides the impulse approximation have to
be taken into account to understand the magnetic
structure of the deuteron. %e also have some
evidence that the form factor connected with this
anomalous contribution decreases less rapidly,
as the momentum transfer increases, than the
form factor obtained from the impulse approxi-
mation.
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The principal energy source for main-sequence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle. ' The fusion reactions
are thought to be initiated by the sequence 'H(P,
e+v)'H(p, y)'He and terminated by the following
sequences: (i) 'He('He, 2p)'He; (ii) 'He(a, y)~Be-
(e v)'Li(p, a)'He; and (iii) 'He(a, y)'Be(p, y)'B-
(e v)'Be~(a)'He. No direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

star is typically less than 10 "of the radius of
the star. Only neutrinos, vtith their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy genera-
tion in stars.

The most promising method~ for detecting solar
neutrinos is based upon the endothermic reaction
(Q = -0.81 MeV) Cl(vsolar, e )' Ar, which was
first discussed as a possible means of detecting
neutrinos by Pontecorvo' and Alvarez. ~ In this
note, we predict the number of absorptions of
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