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HE unexpected efFects revealed by the very
accurate measurements of the hyperfine

structure of hydrogen and deuterium' have, as
is well known, given rise to a re-examination of
the consequences of quantum electrodynamics
which has ofFered a convincing explanation of
the main features of the phenomenon. ' Still, a
discrepancy so far remains between theory and
experiment as regards the ratio between the HFS
splittings in H and D. Assuming that the nuclei
can be represented by charged mass points en-
dowed with spin and magnetic moments, this
ratio should be given by'

a = 4 (pD/p&) ~ (mD/Stn)',

where po and pH are the magnetic moments of
the deuteron and the proton, respectively, while

mo and mH are the reduced electronic masses
in the two atoms. The measurements, however,
give a value for a which is larger by 0.017 percent
than that given by (1), whereas the estimated ex-
perimental uncertainty is only about 1:100,000.'

By taking the compound structure of the
deuteron into account, it appears possible, how-

ever, to explain the major part of this dis-
crepancy, at any rate. In fact, because the elec-
tron is bound by the charge of the proton,
there will be an essential asymmetry between
the magnetic interaction of the electron, on the
one hand with the proton, and on the other
hand with the neutron, of which the deuteron is
composed. Thus, in the interior part of the
atom, the electron "moves" very fast compared
with the nucleons and in this region, therefore,
the motion of the proton will only adiabatically
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infiuence the electron binding, the characteristics
of which will be approximately stationary with
respect to the position of the proton. Whereas
the infIuence on the energy state of the atom of
the magnetic moment of the proton mill corre-
spond with high accuracy to that of a central
magnetic dipole, the efFect of the neutron mag-
netic moment will consequently equal that of a
spatial magnetization distributed with a density
given by the wave function describing the motion
of the neutron relative to the proton. Because of
the symmetry of this distribution, the effective
magnetic field of the neutron largely cancels
within distances comparable to the deuteron
radius. Since the magnetic moment of the neu-
tron is negative, one should expect a relative
increase in the HFS of D corresponding to

&= ~&/& = (vN/wD) '(d/&)

~here pN is the magnetic moment of the neutron
while d and a represent the radii of the deuteron
and the deuterium atom, respectively. In fact,
because of the rapid increase of the magnetic
field with decreasing distance from the nucleus,
the contribution to the HFS of any spherical
shell of the atom, of given thickness, is approxi-
mately independent of the radius. Since d/a
=10 ', the estimate (2) wi11 be seen to give a
value of e which is just of the same order of
magnitude as the observed efFect.

The fact that, in the interior part of the atom,
the proton, rather than the deuteron, responds
to the electronic motion implies, of course, a
certain modification of the correction factor in

(1), depending on the reduced mass of the atom.
The efFect would, however, hardly seem to exceed
the experimental uncertainty in a, since the part
of the atom in which the adiabatic adjustment
holds extends only to distances from the nucleus
of the order

p =d(M/m) &,

where m and 3f are the electron and nucleon
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mass, respectively. This result may be obtained
from well-known arguments regarding the in-

Auence of molecular vibrations on electron bind-

ing states; and it may be noted that the distance

p just corresponds to the atomic region where
the restitutional frequency, k/mp', of the elec-
tron configuration is comparable with the fre-

quency, h/3Ed, of the intrinsic nuclear motion.
Although very small compared with e, the

value of p is still large compared with d, and in

the inner atomic region where effects depending
on the nuclear constitution become significant,
one thus obta, ins a high approximation by as-
suming the electron binding to adjust itself to
the momentary position of the proton. It may
be added that this picture should not be essen-
tially affected by exchange effects between the
proton and the neutron, the frequency of which
is also small compared with the local electron
frequency. The contribution of the central part
of the atom to the electron-neutron magnetic
interaction will thus depend on the integral

f
v'(&) x*(&)

X {—(e/c)IA} q (r)x(R)drgrs, (4)

where q(r) and x(R) are the wave functions
representing the motion of the electron and the
neutron relative to the proton. The operator e
is the Dirac vector, and

1
A =pN XVg

fr —Rf

is the vector potential due to the magnetic mo-
ment of the neutron. In the expression (4) the
spinor parts of the wave functions have been
left out since these play the same part as in

usual HFS calculations where the deuteron is
considered as a single particle. In fact, because
of the very strong coupling between the spins
of the neutron and the proton, we may, even
in the region around the nucleus, with high
approximation disregard combinations of the
electron spin with the spins of the individual
nuclear particles.

The integral (4) may be conveniently written

F =
~

q*(r) {(e/c)e (yN Xv,)P(r) } q (r)dr„(6)

where

with

d =h/(3IIW)&,

where S" is binding energy of the deuteron.
From (7) we thus get

VP(r) ~ (r/r') (1 e'—"1~)—
which shows that the finite size of the deuteron
simply implies an extra factor (1—e '~") in the
radial part of the integral (6). In the case of the
1s state for which q(r) e "', the normal HFS
involves the radial integral

N p

s sr lad r a/2—
Therefore, it follows immediately that, since
c»p»d, the relative decrease of the contribu-
tion of the neutron magnetic moment to the
HFS is given by

(2/a) e "~ dr=d/a
Jo

(12)

corresponding to a relative correction in x equal
to

~=(»/~n) (d/a) =184 1o ' (13)

which conforms approximately with the ob-
served effect.

For the estimate (13), the deuteron radius d
was regarded as large compared with the range
X of the nuclear forces. Since, however, X/d is
assumed to be about 3, it is significant, in view

P(r) =) x'(&)— x(~)dry
fr —Rf

involves the structure of the deuteron. This
latter integral is easily estimated if, to a first
approximation, we neglect the range of the
nuclear forces compared with the deuteron
radius. In fact, the deuteron wave function will
then be independent of specific assumptions re-
garding these forces and may be written
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of the accuracy of the measurements, to consider
also the inQuence of the finite value of X. In this
connection it would seem necessary to take into
account two different types of effects.

First, the deuteron wave function must be
expected to deviate essentially from (6) at dis-
tances comparable to or smaller than X. Since
the density within such distances will be smaller
than according to (8), the effect will be to in-
crease the average distance between the nucleon
and thus also the value of ~. Using a wave
function corresponding to a rectangular potential
well type of nucleon interaction of range X, one
finds, from (6) and (7), by neglecting terms of
relative order (X/d)',

e'= (X/d)e (14)

(15)

where X' is some suitably chosen distance of the
order of X. Since, however, according to (4), the

for the increase in e.
A second correction to ~ may result from pos-

sible deviations of the magnetic field of the
nucleons from simple dipole fields, within dis-
tances comparable with the range of nuclear
forces. The order of magnitude of this effect
may be simply estimated by assuming a model
in which the anomalous part of the nucleon
magnetic moments, or approximately this part,
is the result of a spatial magnetization extending
over distances comparable with ). Thus, in
analogy to the estimate (12), the HFS of H
would be decreased by a fraction

neutron magnetic moment is already effectively
distributed over distances d, a deviation of the
neutron from a point dipole within distances
comparable with X should give effects only of the
relative order (X/d)'. One thus finds, corre-
sponding to (15),

(~ /+) [(p& 1)/pn]

This yields, by means of (13),

(16)

(17)

for the resulting correction to e.

It need hardly be added that such estimates
of e' and e" may depend considerably on the
specific models chosen for the problems in ques-
tion. Still, from a very general point of view
it would seem that the sign of the estimates
should be reliable and the close agreement of
(13) with the observed value for ha may perhaps
therefore be related to the circumstance that
the two corrective effects tend to cancel each
other. If the estimate of e' gives the right order
of magnitude, it would indeed seem that the
phenomenon gives a direct indication of the
existence of an effect of the type corresponding
to e". Together with evidence on the deuteron
constitution, the hyperfine structure phenom-
enon might therefore offer some information
regarding the nature of the anomalous magnetic
moment of the proton.

The writer is indebted to Dr. Robert Oppen-
heimer for the opportunity of visiting the Insti-
tute for Advanced Study and benefiting from
discussions with him as well as with the other
members of the group working in the Institute


