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The effects of internal nuclear motion on the hyperfine structure of deuterium are investigated, using
Dirac theory for the electron and non-relativistic theory for the nucleus. Although the final result is in fair
agreement with experiment, theoretical and experimental uncertainties are at present too large to allow any
conclusions to be drawn concerning the possible deviation of nucleon magnetic fields from those of simple

dipoles.

I. INTRODUCTION

HE accurate measurement of the hyperfine struc-

ture of hydrogen and deuterium by Nafe and

Nelson! is not in complete agreement with Fermi’s
formula :?

hy=28w/3-(2I4+1)/I- pouy?*(0), 1)

where I is the nuclear spin in units of 7, po the Bohr
magneton, p the nuclear magnetic moment and ¢(0) the
Schrédinger wave function evaluated at the origin.
Although there are slight corrections to vp and »g
arising from the intrinsic electromagnetic moment of
the electron?® and from the use of the exact relativistic
wave functions for D and H, their ratio

vp/va=3(mp/mu)’up/up (2)

should be independent of these effects, as well as of the
natural constants entering into (1), except for the ratios
up/up and mp/mu, the former of which is known from
the experiments of Bloch, Levinthal, and Packard,* of
Bitter, Alpert, Nagle, and Poss® and of Siegbahn and
Lindstrom.® Here mp and my are the reduced masses of
the deuterium and hydrogen atoms.

Using the value of up/up given by Bloch, Levinthal,
and Packard, and that of vp/vn given by Nafe and
Nelson, one finds:

vp/va=3(mp/mu)*up/up[ 1+ (1.7£0.1) X10~*]. (3)

A. Bohr” has shown that most of this discrepancy can
be accounted for by taking into consideration the
structure of the deuteron. He points out that when the
electron is close to the nucleus it moves rapidly com-
pared to the nuclear motion and will therefore be
bound to the apparently stationary proton rather than
to the deuteron center of mass. This will be a good ap-
proximation inside a distance, p, which is large compared
with the nuclear radius, d=(#2/MW,)}, but much
smaller than the atomic radius @,. Here W, is the
binding energy of the deuteron. The order of magnitude
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of p may be estimated from the critical electron mo-
mentum, p., at which the electron energy, E, is equal
to some mean nuclear excitation energy, Wy, and hence
at which the frequencies of the electronic and nuclear
motions are equal; since p. turns out to be greater than
mc we may write

ENCjICNWN, PCNWN/C.
The distance, p, corresponding to p. is then given by
o~k po~tc/W = (h/mc)mc/W y. 4)

It is obvious, from (4), that d<p<a,. The contribution
to the h.f.s. from inside p must be calculated using a
wave function with the electron centered on the proton;;
the contribution from outside will be relatively insen-
sitive to where the electron is centered.

In first approximation, then, the proton h.f.s. will
be unaffected by the deuteron structure; the neutron
moment, however, will appear to the electron as a
moment density distributed around the proton, and
therefore its effect will nearly cancel when the electron
is in the nucleus. Since the h.f.s. interaction is ~1/7?,
equal spherical shells in the atom contribute about
equally up to the atomic radius, and one would expect
a relative correction

e~eo=— (uy/pp)d/ao=~41.82X10* (5)

which is in very good agreement with the experimental
result (3). Bohr finds just this number by neglecting the
range of the neutroun-proton force compared with the
deuteron radius, that is.by taking for the nuclear wave
function ¢= (¢~B/4/R), and hence d/2 for the average
distance between nucleons. He points out that since R¢
must actually go to zero at R=0 the average distance
between nucleons will be increased and therefore e will
be larger, e=eo+¢’, where € ~beo/d and b is the range of
the force. For a square well potential one finds exactly
€ =beo/d. Since b/d~73, this is an appreciable correction.

Bohr then suggests that this discrepancy might be
compensated by the deviation of the proton and neutron
magneti fields from simple dipole fields within dis-
tances comparable with the meson wave-length (or the
range b) and shows that this might be expected to lead
to a furiner correction €'~ — bey/d.

It appears, therefore, that the h.f.s. experiment might
yield information on the structure of nucleons. In view
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of this possibility it is of interest to evaluate all effects
which do #o! depend on the nucleon structure as ac-
curately as possible.

In the first place we would like to have a better
estimate of the average distance between nucleons. In
the second place, Bohr’s model essentially ignores
nuclear compared to electron excitation energies in the
region where nuclear structure can influence h.f.s.; this
is equivalent to the inequality d<<p. Actually d is not
very much smaller than p, and Bohr’s assumption may
not be sufficiently accurate for our purpose. It is neces-
sary, then, to investigate in more detail the effect of the
off-center Coulomb field on the deuterium wave func-
tion near the nucleus, and to compute the h.f.s. using
this wave function. In order to carry out this program
we will use ordinary first- and second-order perturbation
theory. It will be convenient to start our calculation
using an unperturbed electronic wave function which is
centered on the proton; this wave function will give
Bohr’s result, and would be exact if p/d were sufficiently
large. The relative correction to the neutron spin h.f.s.
arising from the finiteness of p/d is found to be of the
order of magnitude

ex~—e(d/p) logp/d. (6)

That of the proton spin, in this order, is zero.

Furthermore, the effects of the deuteron D state on
the h.f.s. correction must be considered. The spin
moment correction will be smaller, since the neutron
spin in the D state is more likely to be antiparallel than
parallel to the spin in the S state. Also, since the
electron will see no nuclear motion while it is inside p,
that part of the normal orbital h.f.s. which comes from
inside p will be missing, giving a relative correction to
the h.f.s. of

e~ — p/ag sinw~—e(p/d) sin’w, @)

where sin’w is the fraction of D state in the deuteron
ground state. Although p>d, we shall see that ¢, is still
small because the deuteron has so little orbital angular
momentum.

II. THE HAMILTONIAN

We start from the Hamiltonian

H=H+H+Hp+Hy+H+HY, ¢Y)
where H. is the Dirac Hamiltonian of a free electron
H,=cp-a+4pmc. 2)
H, is the Coulomb proton-electron interaction
H.,=—¢/|r+R/2|. 3)
Hp is the deuteron Hamiltonian
Hp=P/M+V(R, P..). 4)

Hy', Hp' and H|/ are the neutron spin, proton spin and
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orbital h.f.s. interactions:

1
Hp'=ea-Vi——Xup, 5)
P R Y (
H v ©)
= ea- VX,
Y R
and
e? v-a
Hy=—— % )
¢ |1+R/2|

and where r is the position vector of the electron relative
to the deuteron center of mass, p is the momentum con-
jugate to r, @, B are the Dirac sixteen component ma-

trices
0 ¢ 01 0. —1q
=(, o) (o) (G y)
c O 10 7 0
I 0 1 0 10
(o _) () =)
0 -7 0 -1 01

R is the position vector of the neutron relative to the
proton, P is the momentum conjugate to R, M is the
neutron-proton mass, or twice the reduced mass of the
deuteron, P, is the coordinate exchange operator.

We will assume for convenience that the nuclear
potential V may be written V=[1—/+¢P..]V(R).
Furthermore it can be shown that the use of the charge-
exchange operator together with an identical particle
formulation for the proton and neutron leads to the
same results as our present simpler treatment.

We have left out the deuteron center-of-mass kinetic
energy which has been shown by Breit and Meyerott®
to necessitate the use of the reduced masses in I(2) so
long as internal nuclear motion is ignored. They have
shown that the higher order corrections will be of order
m/ M (¢*/hc)? loge?/fic which we may safely ignore. If,
therefore, we imagine the problem solved in zero order
without internal nuclear motion (as by Breit and
Meyerott), it is evident that the wave function found
may be split up into our wave function (with the true
electron mass) plus a wave function which gives cor-
rections of order m/M. The effect on our calculation of
using both wave functions instead of the first will be
of order m/M (d/a,) which is negligible. Finally, reduced
mass corrections due specifically to the internal nuclear
motion are included in the Hamiltonian (1) and can be
shown to have very small effects.

The interaction of an electron with a vector potential
Ais

—c(—|e|/c)a-A=ea-A.

The vector potential of a fixed moment, u, may be
taken as

A(n)=V.1/[r—R|)Xuy, (8)
8 G. Breit and E. R. Meyerott, Phys. Rev. 72, 1023 (1947).
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where R is the position of the moment, r that of the
electron. At distances of the order k/Mc¢ from the
moment this potential must of course be modified
because of the nucleon recoil. This modification would
lead to a correction of order %/Mca, where ao is the
atomic radius. Since a calculation of effects taking place
at a distance #/Mc¢ from the nucleon would involve a
relativistic theory of the nucleon, we shall not attempt
to compute this correction.

We therefore take for the spin part of the h.fs.
interaction:

1
Hp'= , 3)
il « |r I{/ZI 9

H v ! (6)
N =ew V——Xuy.
v |r—R/2| .

The vector potential of the nuclear current is taken

to be
AL(r)=—(e/c)v/|r—R], )

where R is the position vector of the source and —v
its velocity.*— In our case, A= — (¢/c)v/|r+R/2| and

v=(i/2k)(HpR—RHp)=R/2. (10)

Naturally, v##P/M if exchange forces are present.
However, if the vector and scalar potentials are to
satisfy the Lorentz condition, and therefore the field
strengths Maxwell’s equations, it is necessary to take v
instead of P/M as the source of A. We are thus led to

Hu== (2 )[l +R/2|

a-(r+R/2)v'(r+R/2)] an
|-+R/2| ’

where the second term arises since we are dealing, not
with an electron or a proton in a fixed field but with an
electron-proton interaction; however, since it can
easily be shown to differ from the first by « dot a
gradient, we may for our purposes simply take

H/=—(&/c)e-v/|r+R/2]|. )

Finally, since v and R do not commute, (7) must be
symmetrized.

III. TRANSFORMATION TO A COORDINATE SYSTEM
CENTERED ON THE PROTON
It is convenient, as has already been mentioned, to
start from an unperturbed wave function which centers
the electron on the proton. This can most easily be
done by applying the transformation U, where

Uf(r, R)=f(r+R/2, R)
A, J F. Siegert, Phys. Rev. 52, 787 (1937).

10W. E. Lamb, Jr. and L. I. Sc hlff Phys. Rev. 54, 651 (1938).
uR. G Sachs, Phys Rev. 74, 433 (1948)
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or
U=eivRi2h, (1)

U is obviously unitary in the space of R and r. H will
be modified as follows:

U-HU=H,, )
U-'H U= —e¢/r, 3)
U='Hp'U=ea-V(1/r)Xup, (4)
UHy'U=ea-V,(1/|r—R]|)Xuy, (5)
U-H /U= —e/c(V .- a/r), (6)

where

V'=U"vU=U-[P/M~+i/2h(VR—RV)]U
=P/M~+p/2M+i/V , Reir-Rin
—v+p/2M—1/B2V Rp-R+ - - -. @

The second term of (7) involves no nuclear coor-
dinates, and hence will not contribute to the h.f.s. The
third term of (7) may also be omitted; in first-order it
does not contribute to the h.f.s., in second-order it is
zero, and in third-order it is negligibly small.

This leaves v'=v and

U-H /U= —(e*/c)v-a/r. (8)
Finally,

U-'HpU=U"'"P?)/ MU+ U-VU,
U'PP/MU=P/M+p-P/M+p*/4M,
U WU=(V—=V )+ Ve.eirRi
=V+i/aV.p-R—1/282V ..(p-R)*+- - -,
or
UHpU=Hp+H'+H",
where

H'=p-v, H'=p/AM—1/22V .(p-R)%.  (9)

Collecting our results (2)-(9), we may rewrite the
transformed Hamiltonian:

H=H+H+Hp+H+H'+Hy'+Hy+H,,
where

H,=cp-a+pme?, H.,=—¢é/r, Hp=P/M+V,
H'=p-v, H'=p/aM—1/282V..(p-R)?,
Hp'=ea-V(1/r)Xup, Hy' =ea-V(1/| 1—R|) Xux,
H'=—(¢/c)(a-v/7).

The significance of most of these terms is obvious.
H" is a reduced mass correction due to the centering of
the electron on the proton rather than on the deuteron.
The term of principal interest is H’ which expresses the
tendency of the nuclear motion to center the electron
on the deuteron.

We note that the expectation of the orbital h.f.s.
interaction is zero, i.e., (H.)=0; this is not surprising,
since in a coordinate system in which the proton is at
rest there is no nuclear current and hence no magnetic
moment due to the motion of charges.

Before proceeding to our calculation we note that
since the h.f.s. coupling for an electron S state is of the

(10)
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form
W=ao-1

one must have
AW=W((F=I+4+3)—W({F=I-%})

=2I+1/I-W(F=I+3%)
and hence it is only necessary to calculate the expecta-
tion of W for an eigenstate of F=I+3. The simplest
such eigenstate is the one for which m;=-+7 and
my=-+%. Since we shall put our results in the form

of relative corrections we may leave out the factor
2I4+1/1.

IV. EVALUATION OF THE PROTON SPIN H.F.S. FOR
THE UNPERTURBED WAVE FUNCTIONS

We have, from III (10):
(Hp')={(ea-V(1/r)Xur)
=A-up (1)
A= (Yo, e X V(1/7r)¢0).

Making use of the approximation

Vo= (14e-p/2mc)u(0)y:(r)

where

a-r h/mc ‘
= (1+i— )M(O)%(f), (2)
2r  a
where
Ys(r)=y¢(0)e"/,
0
and #(0)= 8 for spin up, #(0)= (1) for spin down
K 0
we have
A=¢&/he(u(0)s(r), (0X1/r)XV(1/r)u(0)¢.(r))
=81/3u?(0)e, 3)
and
(Hp")=87/3¢*(0) polo - up). (4)

This is Fermi’s formula for the h.f.s. of the proton
moment in deuterium. (up) includes the D state cor-
rection to the effective proton moment in the deuteron:

(o-up)=up(1—3 sin’w),

where sin’w is the D state probability.

It is understood that there are corrections of order
(€%/kc)? to (4) which arise from the approximation (2);
however they will cancel in the deuterium-hydrogen
ratio and be negligible in all higher order terms. The
reduced mass corrections to (4) we have already dis-
cussed in II.

V. EVALUATION OF THE NEUTRON SPIN H.F.S. FOR
THE UNPERTURBED WAVE FUNCTIONS

We have, again from III (10):
(Hy")=(ea'V,.(1/|r—R]|)Xun). (1)

FRANCIS LOW

The nuclear wave function consists of an .S and a D
term:
Po=P5+Pp.

(Hy') may then be divided into three parts: an S
term, a D term and a cross term. We will consider first
the S term.

Pg= COSw/ (47r)*[¢s(R)/R]X,

where x is a spin function and

f #2(R)dR=1.
0

If we call

B=(®,, V.(1/|r—R|)Xunx®,)
= cos?w/4nV, f dR¢2(R) f dQr/|r—R| Xuny (2)

and make use of the formulas

=0

1/|r—R| =Ii RY/r+1Py(cosy) R<r1
3)
=li‘,or’/R’+1Pl(cosy) R>1'J

1 ,
P(cosy)=4n/2141 m:[_,_l Yin*(8, $)Y1m(O, @), 4)

where cosy=r-R/7R, and the YV, are normalized
spherical harmonics, then

dQg dO sin®dd
f =f =4n/r R<r
|r—R]| |r—R| ©)

=4r/R R>7)

and . .
B=cos2wV[1f ¢32dR+f ¢s2/Rde|XUN
1r :) r ©
=cos2wV;j; ¢:2(R)ARX uy,

which is of the same form as A in IV except that V(1/7)

is replaced by
1 r
(v-) [ sxwar,
4 0

we may therefore write, using IV (3):
(Hx")s=8m/3 cos2wuo{o-un)s¥2(0)2/ao

X f edy f $2(R)AR ()
=8n/3 cos2wy?(0)uol{o-un)s

><[1.—2/a0 f - R¢82(R)dR]. (8)



HYPERFINE STRUCTURE OF DEUTERIUM

The first term in the bracket evidently gives the
Fermi formula for the neutron spin h.f.s. without the
D state correction to the effective neutron moment.
The second term, to which we shall return later, is
Bohr’s correction. All higher terms are negligible.

We consider next the D state expectation

(Hx")p={(ea-V,(®p, 1/| r—R| Xux®p)), ©

®p=sinwén(R)/RVp(@x), f o0 (R)IR=1,
where ’

YD=SI2X1= [(2/20)})(11/20
+ (6/20)*)(01/21'*' (12/20)4)(—1 Yzz],

- 30‘P'R0N'R
Si= 1/(327)4(————1).
R2

In the expansion (3) the only terms which do not
integrate to zero over nuclear angles are the harmonics
of order 0, 2 and 4. Those of order 4 need not be con-
sidered since their gradient will consist of harmonics of
order 3 and 5 which will in turn integrate to zero over
electron angles.

The zeroth-order term in (3) evidently gives an
analogous result to the .S state expectation:

(Hy")pt="=87/3 sinZwy?(0)uo{o-un)pn
X[l—z/do f R¢D‘-’<R>dk], (10)
0

(o-ux)p=(Yp, (uv)2z¥Vp)=—3ux.

The first term in (10) is the D state correction to the
effective neutron moment that was missing from (8).
The second term is a further correction of the Bohr type,
which, as we have already mentioned, will decrease the
entire correction because the D state spin is effectively
pointing against the S state spin.

An elementary calculation based on the expansions
(3) and (4) and on the approximation IV (2) shows that
the terms of order two in (3) add

(Hx")p™=*=8m/3 sinwuouxy?(0)

Xf R/4ay¢pp*(R)dR (11)

0

and that the cross term
(Hx")ps=2R{ea- (®sV,(1/| r—R|)Xuxdp)) (12)

(where R indicates that only the real part is to be taken)
adds

(Hx")ps= (87/3) sinw coswy2(0)mopn

% f ()V/4(R/a0)dpbsdR (13)
to (8) and (10). ’
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From the second terms in (8) and (10) and from (11)
and (13) we find a relative correction to the h.f.s. of

€= —#N/;.LD[Z/ao cos%f R¢s%dR
0
—5/4a sini’wf Ro¢p*dR
0

— (V2/4a, cosw sinwf R¢>D¢st] (14)
0

or
e= — un/up-d/a costw(2aR)s— 5/4 sin*w(aR)p

—V2/4 cosw sinw(aR)ps], (15)
where

a=1/d= (MW /h)?
and W, is the binding energy of the deuteron.
VI. EVALUATION OF ¢

We have available for the determination of the
nuclear ground state wave functions the deuteron
binding energy, which determines their asymptotic form
through the constant a=1/d, low energy scattering
data which determines the “effective range,” 7o=1.59
X108 cm,? the deuteron magnetic moment which
determines (non-relativistically) the D state probability
and the deuteron quadrupole moment which essentially
determines a cut-off for the D state radial wave function.

Our main task is to find a good number for (2aR)s
since the second and third terms of V (15) are quite
small.

The asymptotic form of the .S state wave function is:

¢s(R)—CeoE, 1)
Let us define two functions, # and », such that v=¢—2E
and
u=[¢.(R)]/C; 2
then
¥y ® )
—= f (v*—u*)dR. 3)
2 Jy

The constant C is determined by (3):
C=(2a/1—rea)k. 4)

If, then, following (3), we put for convenience
fJC R(v*—u2)dR= (ro/2)\, (5
0
where we expect A~1, we have
(2aR)s=fx ¢?s-2aRdR
0

= 1+a70+(1“)\)(Oﬂ’o)2/’(1'—1’00)= 1+CU’0+ 6. (6)
12H. A. Bethe, Phys. Rev. 76, 38 (1949),
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The unknown A should be fairly close to one, so that
the correction term ¢ in (6) may be expected to be
smaller than (arg)?. We shall find that this is in fact the
case. Unfortunately, (6) is not as accurate as we might
wish. As a check, we have calculated (2aR)s for an
exponential, square well and Hulthen potential, the
latter having properties closely resembling those of the
Yukawa potential.

One finds, for the square well:

(2aR)s=1+aro+0.07, 7
for the exponential well:

(2aR)s=1+ar,—0.08, (8)
and for the Hulthen well:

(2aR)s=1+aro+0.03. 9)

In calculating (7)-(9) the two parameters available
for each potential were of course chosen so that o and
ro remained fixed.

We have in all, then,

(2aR)s=1+are=0.07=1.37+0.07. (10)

The remaining two terms in V (15) are so small that
an accuracy of 25 percent in their calculation is suf-
ficient. This may be obtained simply by using the
asymptotic D state wave function

op=(4(Q2a)}/a?R?)e~*R(14 aR+%a’R?) for R>b

and (11)
¢p=0 for R<b.

A and b are to be found by simultaneously nor-

malizing and matching the deuteron quadrupole
moment. This procedure yields

A=047, ab=%, (12)
and an elementary integration shows that
(aR)ps=0.55£0.15, (aR)p=0.66+0.15. (13)

Choosing sin’w so that it will give, in a non-rela-
tivistic calculation, the measured magnetic moment of
the deuteron, we have:

sinw=0.04, cos’w=0.96. (14)
Finally, inserting the results (10), (13) and (14) into
V (15) gives

€= —und/upao(1.24+0.08). (15)

VII. EFFECT OF H' ON THE NEUTRON SPIN H.F.S.

We note first that H'=p-v has transitions between
nuclear states of opposite parity whereas Hp'=ea
-V(1/r) X up has transitions only between nuclear states
of the same parity. Therefore, in this order, the effect
of H' on the proton spin h.f.s, is zero.

FRANCIS LOW

The neutron term is:

(HNI)On, OmHnO, m(),
Ey=—-22|2
m | nt En—E0+Wm-W0

(HN,) n0, OmHOn. m0,
- ’ (1)
n= Eo"“ En-{-W',,,—- W()

where E, . refer to electron energies and W, to nuclear
energies. Summation over the indices m and # will be
understood, although frequently the indices will be left
out for convenience of notation.

Ey arises from a distortion of the electronic wave
function inside the distance p, which is smaller than the
electron Compton wave-length. It is therefore reason-
able to suppose that most of Ey comes from electron
energies corresponding to momenta that are greater
than mc, and that the continuum states of the Coulomb
field may be replaced by plane waves.

Using the approximation

o(p)=¥(0)(e*/7)po(u(p), u(0))/ E(p)— Eo,  (2)
where
o(p)=(u(p)e® ', Yo(r)),
u(p) is a Dirac spinor amplitude and
(/1) =47/ ",

we have:
Hy'=ea-V,(1/|1—R|)Xuy,

(HN")on=—1/he’® Rinp(0)(1/7) po
X (u(0), eeXp-unu(p))+0(e*/ hc), (3)

H o, mo==Vmo p(P) = P+ Vet (0) (€7/7) o
X (u(p), w(0))/E(p)— Eo, (4)

Ex(+)=24*(0)ie*/ h 2 (1/7) o’ R/ ‘p~ el
P E(p)—Ey
X(u(o), eaXp-unu(p)) (u(p), (0))
E(p)—E+W,.—W,

— 202(0)iet e X (1) e R
P E(p)— E,
(4(0), eaXp-uxA+(p)x(0))

E(p)—Eet-W,—W,

where

A*(p)=(cp- e+Bmc*+ | E(p)|)/2| E(p)|
=1 for E>0
=0 for E<O,

and where it is understood that the unlabeled nuclear
operators in (5) go from the state 0 to . Since the term
we are calculating is only a small correction, we may for
simplicity assume that the nuclear ground state is
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spherically symmetric. In that case, on the average,
(u(0), eXp-un AT (P)u(0)) =icp’o-un/3E(p)

(where from now on E(p) is always to mean a positive
number) and (5) becomes:

E 2/3)e3c/h*(0 o 1/7)?
()= = /e O)o-ux [ o/
Pﬂp,vmoeip-ll/h

X .
E(p)LE(p)— EoJLE(p)— Evt W, — W, ]

Carrying through the same procedure for the nega-
tive energy sums one finds in all:

dQpdpp-Vmo
E(p)

eip.th e—ip-R/h
x[— - —] (6)
D+ D—
where

D= (E(p)FEo)(E(p) FEet+W.—Wo).

Integrating over angles,

Exv=—4/3my?(0)é’co- ny

162 d
Ey —"'-zll/ }(0)edca- ng,,,o — _pi
3 o E(p)
x[ 1 1(@R/R) cos(pR/h)—sm(pR/h)
p+ p-l (pR/ 1)’

The integrand is seen to behave as a constant for
small p, as 1/p for p greater than mc but less than A/R,
and as 1/p° for still greater momenta. Relativistic
momenta, therefore, contribute most strongly, as was
assumed. In fact, compared to the energies involved in
(7), the rest energy of the electron is negligible, and we
may set:

1 1 2E(p) 1
+— .
D+ D—  &2p? cop+Wa.—1,

so that
EN=32i¢2(0)(83/3hC2)0'llemO'R](am)y (8)

where
* dx x cosx—sinx
](a) = f .
o x+a a8
and
(u/m'—' WO)
x=pR/h, an= —h"’—R’VR/p<<1.
c

Since the parameter ¢ is small, the integral may be
expanded in powers of a; one finds:

J(a)=—3%[log(1/va)+4/3—(@3r/16)a+---], (9)

v=1.78 is Euler’s constant.
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The last term in (9) is negligible. Dropping it, we
have, from (8):

16i
Ey= —71#2(0) (¢%/ he?)

1
- Z{ g yN[IOg—“}';

Yam

]R} o (10)

and dividing the logarithm into more manageable
parts,

162
Ey= ——z—‘ﬁz(o) (8/he®ux
mc? h/mc
)<

2 (1
.—I: ”Vo v d/2 3
—(log(2aR)R-v)

Wan—W,
—Z ROm' Vmo log _]- (11)
B | Wl

The first two expectations are easily evaluated:

R-v)=(R-[P/M—i/26(RV—VR)])
= (3/2)it/ M (1+n0),

n=—2M/38(RV(R)).

If the exchange potential is binding, then 5>0.
Although 7 depends on the well shape of V, it will be
of the order of magnitude of force range divided by
nuclear radius, and since ¢ is probably smaller than one,
their product will not vary sufficiently (corresponding to
different assumptions as to well shape) to affect our
results significantly. We recall that ¢ was defined as the
fraction of exchange force in the deuteron.

One finds for 5, by direct calculation:

(12)
where

=1 for a Hulthen well,
n=% for a square well.

The second term in (11) contributes

1 ©
(log(2aR)R-v)=3hi/2M[§+ f .2 log2aRdR
0

—2t/3 f 62 1og2aR(MV/h2)R2dR] (13)
0

of which the last two terms are negligible.
Finally, the summation

Wa—W,
K= Rom- Vo loge——
" [Wol

contributes about one-half of Ex. Therefore a 10 percent
error in K will be cut to S percent in Ey. It turns out
that to within 10 percent one can approximate K by
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the simple formula

(14)

3149 1
K§3ih/2M(1+nt)[lo ]

¥ R

Note also that (a?R?) is practically independent of
assumptions about well shape:

(a*RY=1/2(1—r4a2). (15)

From (11)-(14) we find a relative correction to the
h.f.s. of

ev=(4/m)(e2/hc)(m/M)uy/up
mc22a(h/mc){a?R2)71 1
]~-} (16)
]W0]37(1+173)

3
which, it is of interest to note, is of order of magnitude

X { (1+nt)[1+10g

ev~—eod/p[ 1+logp/d], 17)
where p is the critical distance defined in I (4).
Numerically,
ex=(un/up)(d/as)[0.155(1+ &) 410 percent], (18)

where §=1 for a Hulthen well, £=+% for a square well.

VIII. ORBITAL H.F.S.

We have seen in IIT that our unperturbed wave
function gave zero orbital h.f.s. Therefore the effect of
the perturbation H’ on the wave function must give
us both the normal orbital h.f.s. and the correction to it
which was discussed in I

The orbital h.f.s. is therefore given by

H()n. Om,(HLI)ﬂO, m0
E,=-2
mL En—Eet+-Wa—W,

HnO, Om’(HL’)l)n, m0
¢y

n EO_ En+ Wm_ I}VO
where

@V
H'=p-v, H;=—(e%/c)—.
r

The neglect of electron energies in (1) leads simply to
the expectation of the normal h.f.s. which until now
has been missing. To see this, we add and subtract

EF= —2 Z "ZiHOn, Om/(HL/)nO, mO/Wm—'WO (2)
=2ie*/2ch{p-vR- a/7) 3)

= —2¢2/4hMc{(L/2)-hVX «/r) L=RXP
plus terms which do not contribute to the h.f.s.
Ep=3%ea-V(1/r)XeL/2Mc), 4)
Er={(ea-V(1/r)XuL), «)

since we are interested only in the real part of the ex-
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pression. The factor § in (4) appears because only one
of the nuclear particles is charged. It is easily seen that,
as stated, (4) is precisely the normal orbital h.f.s.
interaction.

We are left with the difference of (1) and (4), which
is a high energy term, and where we may again use the
plane wave approximation. Notice that in deriving (4)
no such approximation was made, or may be made,
since the h.f.s. comes equally from all radii up to ao.

Using the plane wave approximation for inter-
mediate electron states, a straightforward calculation
of the same type as the one in VII leads to

E/)/=E,—Epr= 4/3 . e"/mc3- \02(0)2 (1 VOmXRmoH(m),
©)

H( )_f“‘ dx [ 1
"), arerlareirits,

1
+_——_—']7
(14x2)i—146,
where
m=Wn—Wo)/me>1, x=p/mc
so that

8 64 g vOmX Rm()
Ey=— (O ———
3¢ m Wa—W,
2| Wo| Wa—Wo)
Xlog[ ] 6
| Wl

mc?

and since for a constant logarithm the sum would
vanish

8 et

vOmX RmO I{/"m.— W’O
E/= 0T o
c m

0g
Wa=Wo = |Wol

(@)

which is a relative correction to the h.f.s. of

er=(4/7)(ur/up)(¢/hcyme*/ |W,| - L, ®)
where
KL= eﬁ/ZMc
and
log(Wm—Wo/|Wo|)

(W= W)/ | Wl

1
Lz;lz G'Mv()mem

€L is easily seen to be a correction of order

€L~ — p/ao sin%
since
(¢¢/hcyme®/ | Wo|~p/ao

and L is of order sin%w.

Since L is small, we do not require high accuracy in
its calculation, which would in any case be difficult to
obtain, the effective uncertainty in the ground state
being much greater here than in VII. We will therefore
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calculate L using free intermediate nuclear states. Some
justification for this procedure may be found from
scattering experiments which appear to indicate very
small phase shifts for odd states. Most of the error will
thus come from inside the force range, and may be
estimated by comparing the results for two different
ground states, both of which are chosen to match the
known deuteron magnetic moment and quadrupole
moment, and both of which have the same asymptotic
form.

We have seen in V that the D state wave function is

®p=sinw(¢n(R)/R)[(2/20)*x1V 2

+(6/20)*x0Y 21+ (12/20)*x 1V 2] (10)
1f we take
op=AQ2a)!/*R*(14+aR+o*R2/3) R>b (11)
= (2a)}(Ba*R*+Ca*R?) R<b
then a simple numerical integration leads to
L=—0.10 sin’w. (12)
If we take
e—aﬂ
¢p= (201)'3/1[ ; -(14+aR+3a*R?)
2R2
e BR 182—at
- (1+BR+38°R?) —- e‘BR(l—{-BR)] (13)
a’R? 6 af

then we find
L= —0.08 sin%w. (14)

Choosing L to be the mean of (12) and (14), and
allowing an extra 20 percent error for the intermediate
states, we have:

L=—(0.0940.03) sin’w (15)

and
e2=(4/7)(uz/up)(e*/ hic) (me*/ | W, | )L
= (und/upao)(0.05+0.02).

(16)

IX. HIGHER ORDER TERMS

There remain terms of three types which must still
be investigated:
(a) Second-order h.f.s. terms of the form

0~ — Z(Hp/)On(Hp/) no/ En—Ey

which are of order (e¥/fic)*m/M log(e*/hc)m/M and
hence negligible.

(b) Higher order corrections of H’ on the h.f.s. of the
form

6b~ Z HOn,Hnml(Hp’)mO/ (En_ EO) (Em* EO)

which are of order m/M, and
(c) Corrections of H” on the h.f.s. of the form

Se~—23 How' (Hp ) mo/ Ep— Ey
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which are also of order m/M. However, when the terms
(b) and (c) are taken together they practically cancel,
and the high energy difference which remains is of
order #c/e*(d/ao)? which is small enough to neglect.

X. RESULTS

We have found, in all, the following effects of the
internal nuclear motion on the deuterium h.f.s.:

From the unperturbed wave function which Bohr
chose as his starting point, the relative correction

e= —und/ppae(1.244-0.08) (1)

and, due to a modification of this wave function, the
relative correction

eEv= #N'd/ppdo[o.lss(l‘f‘fl) :1:0015:],
where ! is the fraction of exchange force and

¢£=1 for a Hulthen well,
£=1% for a square well.

One would expect ¢ to be about % (Serber) or 2
(symmetric), and £ to be about % or . We will choose
£t to be 0.16 for the purpose of assigning a number to
our calculation; actually the difference between 0.16
and either of the two extremes that can be constructed
using the above numbers is about 0.04 and negligible.

This gives

en=und/upae(0.18 +0.02). 2)

From the absence of an orbital interaction inside the
distance p the relative correction

€L = p,Nd/[.l.Dao(O.OS:!:O.OZ) (3)
so that our final correction is

e-+- 5N+ €L,= —#Nd/uptlo[l.Ol :f:012]
=+(1.8340.22) X 10, (4)

It is worth remarking that over 60 percent of the
final uncertainty comes from the calculation of (2aR)s
in VI, so that an improved knowledge of the .S state
wave function alone would make a much more accurate
theoretical determination of the deuterium h.f.s. pos-
sible.

It must also be emphasized that we were forced to
choose sinw=0.04 in order for our non-relativistic
calculation to be self-consistent, although this number
is in considerable doubt, and of course adds to our uncer-
tainty.

Although our result is in fair agreement with the
experimental effect, (1.72£0.1)X10~%, the present
accuracy of theory and experiment is not sufficient to
exclude some deviation of the nucleons themselves from
simple dipoles. An effect of order

[1.8340.22—(1.7—0.1)]X 10~=0.45X 10—

is in fact large enough to allow corrections due to a
nucleon structure extending over distances of the order
of the range of the nuclear forces.
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It should be added that the discrepancy was calcu-
lated using the value of up/wp measured by Bloch,
Levinthal, and Packard, who found

K= up/up=0.3070126 +-0.0000021. (5)

However, Bitter and Siegbahn, measuring the same
ratio, have found, respectively,

K=0.3070210=+0.0000050 (6)
and
K =0.3070183 4-0.0000015. O]

The result (7) is larger than (5) by about two parts
in one hundred thousand, and would make the dis-

BROWN,

AND STEHN

crepancy (using Nafe and Nelson’s determination of the
h.f.s.) 1.5X 104, which would be hard to account for on
the basis of this calculation alone.

In conclusion, then, we are not yet in a position to
estimate structural effects. In order to do so, we need,
on the one hand, a more accurate value for the deuteron-
proton moment ratio, and on the other a better knowl-
edge of the deuteron S state wave function.
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The average excitation potential of the 2s state of hydrogen which occurs in the Lamb shift, is calculated
numerically and found to be 16.6464-0.007 Ry. This gives a theoretical value of 1051.414-0.15 megacycles
for the Lamb shift, compared with the latest experimental value of 1062+35. It is not known whether the
discrepancy of 10 Mc can be explained by relativistic effects. Simple analytical approximations are discussed
which make plausible the high value of the average excitation potential and give a good approximate value

for it.

N this paper, we are reporting two independent

numerical calculations of the average excitation
potential of the hydrogen atom which occurs in the
formula for the Lamb shift.! The first calculation was
done in 1947 by one of us (J.R.S.) with the help of
Miss Steward, the second in 1949 by L.M.B.

I

The formula for the Lamb shift of a hydrogen level
1o, ! has been derived by many authors® and is for
s states

1
0, 0)=— —Ry( In————In24-—— 1
AE(no, 0) y( ko(no’o) + 5) (1)

no 31!'

1W. E. Lamb and R. C. Retherford, Phys. Rev. 72, 241 (1947);
75, 1325 (1949).

2N. H. Kroll and W. E. Lamb, Phys. Rev. 75, 388 (1949);
J. B. French and V. F. Weisskopf, Phys. Rev. 75, 1240 (1949);
R. P. Feynman, Phys. Rev. 74, 1430 (1948), and correction in
Phys. Rev. 76, 769 (1949), footnote 13; J. Schwinger, Phys. Rev.
76, 790 (1949).

and for states with /0

Ry

LI
ko(no, 1) 821+1

3 Ciy

AR
AE(ny, l)=— ——Ry(
no 31!'
where
c;=1/(0+1) for j=I+1%
aj=—1/1 > (2)

for j=I—3.
In these formulas, Z is the nuclear charge, 7, the
principal and / the orbital quantum number, a=¢?/kc¢
the fine structure constant, Ry the Rydberg energy,
w=mc* and k, the average excitation energy which we
wish to calculate.
This average energy is defined by?

0( 0’

Zl (10| pz| m) |*(En— Ex)

E,.—E,
=2 | (ndd| pa| n) [*(Ea— E) In , 3
n Ry

3H. A. Bethe, Phys. Rev. 72, 339 (1947), quoted as 4 in the
following. The deﬁmtmn is in Eq (6).



