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The contributions to the magnetic moments of the triton and He? from the Signell-Marshak and Gammel-
Thaler phenomenological spin-orbit potentials have been calculated using the Pease and Feshbach wave
functions. The results indicate that the isotopic spin dependence of the spin-orbit potential should be of the
form (3+ ;- %;) and also that the spin-orbit potential contributions are too small by an order of magnitude
to account for the approximately 0.2 nm anomalies in the H3— He? magnetic moments.

I. INTRODUCTION

HE success of the Signell-Marshak! and Gammel-
Thaler? phenomenological potentials in producing
theoretical agreement with the nucleon-nucleon scatter-
ing data, has led to application of these potentials to
various other nuclear problems. The potentials are still,
however, somewhat ambiguous, in particular, with
respect to the isotopic spin dependence of their spin-
orbit parts. Feshbach? has shown that both the Signell-
Marshak and Gammel-Thaler spin-orbit (S.0.) po-
tential terms in their original forms give rise to too large
a contribution to the magnetic moment of the deuteron,
and Sessler and Foley* have pointed out a similar
difficulty in the hfs of deuterium. However, de Swart,
Marshak, and Signell® have shown that the scattering-
data agreement is relatively insensitive to the choice
of S.O. interaction in the singlet isotopic spin state
and therefore adjustment of this potential can be made
so as to yield no magnetic moment contribution in the
deuteron. They have proposed that the tail of their
S.0. potential be reversed in the singlet isotopic spin
state at a radial distance such that the integrated
contribution to the deuteron magnetic moment is zero.
Another procedure which maintains the agreement with
the scattering data® is to set the S.O. potential equal
to zero in this state.

A calculation of the S.O. potential contribution to the
magnetic moments of H? and He® can be expected to
help resolve the question of the nature of the isotopic
spin dependence, if, as in the deuteron, the contribution
from a non-isotopic-spin-dependent potential in the
singlet-isotopic-spin-state part of the ground state is
again too large. Then the difference between the radial
dependences of the deuteron and H’—He* wave
functions would make it unreasonable to expect that
the same choice made by de Swart, Marshak, and
Signell® for the deuteron would cause the magnetic
moment contribution to vanish in all three nuclei. Thus,
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one might conclude that the isotopic spin dependence
is a multiplicative term in the potential.

In addition, there will be a magnetic moment
contribution from the triplet-isotopic-spin-state parts
of the H? and He?® wave functions which must remain.
It would be of considerable interest to determine
whether these contributions have the character and
magnitude to account for the deviations of the H? and
He® magnetic moments from the Schmidt limits (or
odd-nucleon magnetic moment value). These deviations
are approximately 0.2 nuclear magneton in H? and
—0.2 nm in He?. Actually, Sachs and Schwinger” have
shown that if the ground state has about 49,D state
then the magnetic moment deviations to be accounted
for are increased to approximately 0.25 nm in H® and
—0.25 nm in He’.

The usual explanation for these magnetic moment
deviations has been that they are due to magnetic
moment contributions arising from meson exchange
currents.® The possible forms and magnitudes of these
exchange moments has been derived phenomeno-
logically?® and it has been shown that they can give rise
to fairly large primarily isotropic contributions to the
deuteron photodisintegration cross section.® Such a
contribution would not be consistent with the calcu-
lations of deuteron photodisintegration by de Swart
and Marshak! based on the Signell-Marshak potential.
Their calculation accounts for the large experimentally
observed isotropy in the differential cross section
without including any exchange moment effects. Thus
a calculation of the H? and He® moments indirectly
tests the consistency of these phenomenological
potentials.

Therefore, calculations of the phenomenological S.O.
potentials contributions to the magnetic moments of
H3 and He? nuclei have been made using the Signell-
Marshak potentials and the Gammel-Thaler potential
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with the Pease and Feshbach!? H3—He? wave functions.
The calculations were performed for both a non-
isotopic-spin-dependent S.O. potential and for the
isotopic spin dependence of }(3-+x;- ;) which vanishes
in the singlet state. These two forms exhaust the choices
consistent with charge independence since any other
suitable form may be obtained by a linear combination
of these two. Various other calculations were performed
to examine the effects of altering the potentials by
either inverting the tail or changing the range, and also
of altering the wave function. All of these additional
calculations were done only with the Signell-Marshak
potential.

In the following section a description of the calcu-
lations is given and in the final section the results are
presented and discussed. In the Appendix are given the
detailed integrals which were numerically evaluated.

II. CALCULATION

The spin-orbit potentials, Vs, used in the calculations
are of the form
o= V@IL-STHTLS), a2m (1)
=0, x<x

where

L-S=3(ri—1) X (pi—ps) - (0:+03),
and r;, p;, and o; are the position vector, momentum
vector, and ordinary spin operator, respectively,
referring to the sth nucleon, and 7 is the isotopic spin
operator'® which takes either of the two forms consistent
with charge independence:

T';j=%1@4+=i =),
Tip=1.

The resultant magnetic moment operator for the three-
nucleon system is

or

s e
Mri= 3 —V(@)3H[(ort0;): (71— 7,71)) (2:—3))
>7=1 4¢
= (ri—1j) - (rPri—7,71) (01— 0) 1T*

+Hermitian conjugate}, %=1,2, (2)

where the static magnetic field is in the z direction, e is
the charge of the proton, ¢ is the speed of light, and 77
is the proton projection operator.

The primary calculations were done for V(x) given
by the following:

(a) the latest® Signell-Marshak potential, where

v ZE _c_l—(exp(~ax)),

X

(3a)

and x=r;/r., rij=|t;—1;|, a=2, 7. is the w-meson
Compton wavelength, V=21 Mev, and x,=0.37.
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(b) the Gammel-Thaler potential, where
V(x)=Voe?/x, (3b)

and =17, y=3.7X10"8 cm™, xy=1.48, and V,="7300
Mev.

The wave function for the three-nucleon system that
was used in the calculations was that obtained by
Pease and Feshbach using a variational method for
a noncentral Yukawa potential. This wave function
gave essentially exact agreement with the triton
binding energy, but a discrepancy of 25% in the
Coulomb energy.in He?. The calculations were actually
performed with the fully antisymmetrized wave
function, which for the triton may be written as

W s=y1anmetst+yasnamsér-t¥amsmés, (4)

where ¥, following the notation of Pease and Feshbach,
is given by

V1= A sty si+ A s s+ [ A p+pAd p++ (r14-r2) A po Wb
+[Ap+pdpr++ (ritr)Ap s Wo+Appr, (5)

where
Ysi=xs exp[—\i(ritretp)], i=1,2

Yp=xp exp[ —u(ri+ratp)],
1//D/ =XD’ (1’1—7’2) exp[—%V(7’1+7'2+P)]:
Yprr=xpr (r1i—rs) exp[ —3w(ritretp)],

and

xs=6"a(1)8(2)—B(Da(2)Ja(3),
XD= [712513+722523:|Xs,
XD'= [7’12513—722523])(3,
xpr=[3(o1-11X12) (03-11X12)
— (o1 03) (11X 1) - (11 X12) Ix s,

and
Sy=r?[3(0s1:)(0;-1:) ]—0:- 05,

where 7, is the neutron state isotopic spin wave function
for the ith particle, £ is the proton state, a(z) and B8(z)
are the spin wave functions of particle 4, and r; is
the vector distance from particle 3 to particle 1, rois the
vector distance from particle 3 to particle 2, ¢ is the
vector distance from particle 1 to particle 2, and the
unit of distance is 7,=1.184X10~" cm. The magnetic
moment operator must be rewritten in this coordinate
system, but it was more convenient to keep the two
coordinate systems until after the isotopic spin and spin
operations had been performed.

The values of the parameters used in the calculations
are:

=09, Ag=1.08, Ap+=045,
Ae=1.8, Ag=3.01, Ap+=—0.136,
p=22, Ap=10, Apo=—0.27,
y=2.5, Ap=—1.29, A pro=0.20,
w=2.8, Apr=091,
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In calculating the expectation value of M* with the
totally antisymmetrized ground state wave function,
it is necessary to consider only one of the three terms in
M corresponding to any single pair of the particles 1, 2,
and 3. The performance of the isotopic spin and spin
operations yields the following interesting results. The
expectation value of M* with the isotopic spin depend-
ence T;!=2%(34=;:x;), has the following properties:

Ws| MM |Ys)us= @s| M |¢5)nes=0, (6a)
Ws| MY p)mes=—Ws| M*|¥p)us, (6b)

where both (6a) and (6b) hold for any of the S-state
parts of the total wave function, and (6b) is also true
with ¢ p replaced by ¥p or Y p.

Another somewhat surprising result was that the
terms in M?! corresponding to 7L-S in Eq. (1) do not
contribute at all to the matrix elements indicated in
(6a) and (6b). The symmetrized form was used in order
to have a Hermitian magnetic moment operator in
isotopic spin space. That this is required is readily seen
from Eq. (2) where the 72, which arises in L through
the replacement of p by p—7?(eA/c), does not commute
with 7. The matrix elements of M* between the strictly
D-state parts of the total wave function were not
calculated because of the small percentage of D state.
Their contributions would be expected to be small
compared to those arising from the S- and D-state
parts.

In the case of the expectation value of M2, the purely
S-state terms do not vanish, and these contributions
are identical for H® and He?. That is

Ws| M| s)me= s| M2 | 5)mes#0 ™)

for any combination of ¥s; an Y¥g.. In this case no
further terms were calculated since the S-state terms
will clearly dominate.

The six integrations over the center-of-mass co-
ordinates and the three angular variables may be done
quite simply, yielding the seven triple integrals for M*
and the two triple integrals for M? that are given in
Appendix I. These integrals still exhibit the explicit
exponentials appearing in the wave functions. Also
given in Appendix I are the complete normalization
integrals after reduction to triple integrals. The triple
integrals can, in principle, be evaluated analytically;
however, the algebra involved is prohibitive. Therefore,
all of the integrals were evaluated numerically on the
IBM 704. Since high accuracy was not desired, the
integrals were evaluated to within one percent using
the trapezoidal rule over 50 points in each dimension,
with an interval A=0.3. The accuracy was checked by
comparison to the analytic evaluation of the S-state
normalization integrals and by repeating parts of the
calculation using a smaller A, and more points. The
results of the computations, expressed in nuclear
magnetons, are: (a) for the Signell-Marshak potential
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given in (3a),
Migs= — Msro5=0.008 nm =109,
M?gs= M?g.2=1.11 nm £109;
and (b) for the Gammel-Thaler potential given in (3b),
Migs= — Mly105=0.004 nm ==109%,
M?ges=M?g:=1.35 nm +£109%,.

(8a)

(8b)

III. DISCUSSION AND RESULTS

The results of the calculations described in Sec. 1T
together with the results of supplementary calculations
are summarized in Table I. The supplementary calcu-
lations were undertaken in order to determine the
degree of reliability of the conclusions drawn from cases
1 and 2, and are discussed below.

1. Cases 1 and 2—These calculations of the S.M.
and G.T. spin-orbit potential magnetic moment
contributions are those described in detail above. From
the results for M? we conclude that the isotopic spin
dependence 7' of the spin-orbit potential must be
essentially T'=%(34r;-7;) since the M? results are
two orders of magnitude too large. The altérnative to
this conclusion is that the radial dependence of the
potential is different from that given above for the
isotopic spin singlet states of the nuclei, such that there
is a null contribution to the magnetic moment. This
could be accomplished by reversing the sign of a part
of the potential® to give cancellation in the integrals.
However, the same behavior is required in the deuteron
and it would seem to be fortuitous if the integrals of the
same function vanished when weighted in one case by
the wave function of the deuteron and in the other
case by the triton-He?® wave function. It is likely that
hfs measurements? can distinguish between these two
possibilities. It is worth noting that either interpre-
tation appears consistent with the present fit of the
scattering data.® Cases 3 and 4 summarize two calcu-
lations bearing on this question.

The results for M*! are interesting in that they have
the proper behavior to account for the magnetic
moment discrepancies but are unfortunately at least
an order of magnitude too small. Numerically, part of
the smallness of these terms is due to cancellations from
among the various D-state parts. Thus, it might be
hoped that a different wave function would yield
considerably different results. This question is examined
in cases 6-12. It appears unlikely that the results can
be appreciably changed. If that is the case it raises a
further question about the S.M. potential. The argu-
ment proceeds as follows. If the spin-orbit potential
contribution to the magnetic moment of H? and He?
is insufficient to account for the discrepancies in the
moments, then one must still resort to exchange
moments for this effect. Phenomenologically one can
construct exchange moments that will account for the
observed moments of the light nuclei; however, these
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TaBiE I. Summary of the calculated results. “Wave function modification” describes the changes made in the parameters of the
Pease and Feshbach wave function, and Pp gives the percentage D state for the wave function used in each case. The magnetic moment
results are expressed in nuclear magnetons. The accuracy of all calculated results is £10%,.

Wave function

Migd = — Mg  M?m® =M?ne
)

Case S.0. potential modification (nm nm, Pp
1 S.M. None 0.008 1.1 5%
2 G.T. None 0.004 14 5%
3 S.M. with tail reversed

at 1.4 fermi None 0.008 0.39 5%
4 Old S.M. with tail reversed
at 1.4 fermi None 0.007 0.78 5%
5 Old S.M. (e=1, V,=30
Mev, x0=0.15) None 0.007 1.2 5%
6 S.M. M=14, 45,=3.23 0.010 2.2 5%
7 S.M. Ap=2.0 0.029 1.0 17%
8 S.M. Ap=2.0, Apo=—0.133,
Apr=—0.645 0.041 0.9 25%,
9 S.M. Ap*=1.35 0.030 0.9 26%
10 S.M. Ape=0 0.024 1.0 159,
11 S.M. Ap=0 0.027 1.1 7%
12 S.M. Ap=0, Ap=0 0.039 1.0 18%

exchange moments will, in general, also contribute in
the photodisintegration of the deuteron and primarily
to the isotropic part. This isotropic term contribution
to the total cross section has been estimated to be
about 30 microbarns for photon energies above 20 Mev.
These contributions if added to the terms calculated
by de Swart and Marshak! from the S.M. potentials
would lead to a theoretical estimate of the isotropy of
the differential cross section of deuteron photodisinte-
gration that would be considerably larger than that
observed.

2. Cases 3 and 4—M? as calculated has contributions
only from the singlet isotopic spin states. Therefore, to
test the degree to which cancellation is obtained in the
He?—H3 case, these terms were calculated with the tail
of the S.M. spin-orbit potential reversed in sign for
distances greater than 1.4 fermis (1 fermi=10"1 cm).
This was the procedure adopted by de Swart, Marshak,
and Signell> to overcome the deuteron magnetic
moment difficulty using their original spin-orbit
potential. In case 3 we have used the newer S.M.S.O.
potential and in case 4 we have used the original
S.M.S.0. potential. The results in both cases are still
too large, although the possibility of this method, or
some variation, for obtaining satisfactory cancellation
of the deuteron, H? and He?® moments is not necessarily
precluded.

3. Case 5.—In this case the calculations were made
using the older S.M.S.O. potential in which the range is
about twice and the core cutoff distance is about one-
half those of the current potential. The insensitivity
of the results to these changes together with the agree-
ment between cases 1 and 2 leads to the speculation
that any of the S.O. potentials yielding agreement with
the scattering data will yield essentially these same
magnetic moment results.

4. Case 6.—In this case, a part of the S state of the
P.F. (Pease-Feshbach) wave function has been modified
by increasing the range by an amount approximately

equal to that of the hard-core radius, while keeping
the percentage D state fixed. This was done to com-
pensate for the fact that the P.F. wave function is
based on the Yukawa potential and therefore there is a
greater concentration of .S state near the origin than
would be expected in a wave function derived from a
hard-core potential. Thus, one would expect a greater
S — D state overlap in the case of the hard-core potential,
and therefore a larger magnetic moment contribution.
The results reflect this effect but the smallness of the
change leads to the conclusion that even with a proper
hard-core wave function, this effect will not be sufficient
to obtain agreement with the magnetic moment data.

5. Cases 7-12.—As already noted, the smallness of
the results for M* occurs partly through cancellations
among the contributions from the different D-state
terms in the wave function. It might therefore be
argued that a different wave function with a different
distribution of the D-state terms might give a signifi-
cantly larger result. In order to obtain some insight into
this possibility, cases 7 through 12 were calculated. In
these calculations the D-state parts of the P.F. wave
function were arbitrarily altered in such a way as to
remove the cancellation between terms. In Table I the
column headed “Wave function modification” indicates
which of the wave function parameters were changed
and what new values were used. The column “Pp”
shows the percentage D state corresponding to the
modified wave function. It is seen from Table I that no
alteration chosen yielded a result nearly large enough
to account for the magnetic moment discrepancy and
with the exception of case 11, all corresponded to much
too large a D-state probability. Such calculations as
these cannot, of course, be conclusive and it would be
desirable to recalculate these results with a wave
function derived from the new phenomenological po-
tentials. However, these results make it appear unlikely
that such a calculation will yield qualitatively different
results.
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‘ APPENDIX

The expectation value of Mz is given by

—emr: 75

2
> Asi(Aplit-Ap*Tet+Apls;

Migs=
6lic (¥|¥) =1
+Ap T+ ApIsi+ApletApIz), (Ad)
where
3 ) ® (r1t+7r2)
Iﬁ=f ’1d”1f 72dre Si(ri,ra,p) Viz(p)
0 0 |r1—ra|
Xexp[ —a;i(ri+r:tp) Jdo, (A.2)
and Viz(p)=V (x) with ry=p, r,=1.184X 1073 cm, and

fi=[=1/6)ri*— (1/6)rs*+ (1/3)r?rs
+(1/2)p*—ri?p*—rp*],

ar=3N\itu)

az=ai;, Jo={ragitrigs},
g=[/Drit— (5/12)r:*+ (1/6)ri’rs
+ (1/4)p*+ (1/6)r:20*— (1/6)r2],
g=[(1/Hri*— (5/12)rs*+ (1/6)r’rs
+ (1/9)p+ (1/6)rp*— (7/6)r:%*],
a3 =at; fo={(otr)git (o+72)g2},

fi={(rn—p)gs+ (p—72)g4},

g=L(1/Drst— (5/12)r*+ (1/6)rr2?
+(1/4)p*— (7/6)r20*+ (1/6)rs*],

g=[(5/12)rs*— (1/4)rs*— (1/4)p*

— (1/6)rir2+ (7/6)r20*— (1/6)r:%%],
fs={r2(ri—p)gs+r1(p—72)gs},
fe={(ri*—p?)gs+ (P—72)ga},
fr=(ri—r)[— (1/12)r:54- (1/12)r5°

+ (1/4)ritr2— (1/4)rdrst

— (1/12)r%p*+ (1/12)r%0*

+ (1/6)rit0*— (1/6)r4p* .

=3 \itv),

Q5= Q44
Q6= Q4dy

ar=3\itw),

Also

dr%e v 2 2
T X (AsidsiKy), (AJ)
3hic (¥|T) =1 =1

2 =

) Br= v,
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where

o © (ritr2)
Kij= rldrlf fgd?’zf p3 V12 (p)C—aﬁ (”+Tz+p)dp,
0 0 |

ri—rg|
and
ai=3NitN)).
The normalization integral is given by
9
T |¥)=8r Y Ju, (A4)
N=1
where
kg 0 (r1+7r2)
JN': f rldrlf r2dr2f pFN (7’1,72,p)6_ﬁ‘v (Tl+T2+p)dp’
0 0 |r1i—rgl
with
61:>\17 F1=A512;
Be=3(N\1+N2), Fo=2A45145zs,
ﬁ3=)\2, F3=ASZ2;
Bi=u, Fy=6[ Ap+pAp++ (ritrs)Adpe I

X [7'14+724+7127’22(1 -3 COSZG)],
Fy={6[Ap+pAp++ (r1+r:)Ap°]
X[Ap+pdp++ (ri4r)Adp]
X (r1i—r2) (ri*—ra")},
Be=3%(utw), Fe=—3[Ap+pAp++(ritri)dp]
X Apr(ri—re) (ri—rd)rirsd
X (1—cos?),
Fr=06[Ap'+pAp++ (ritr)Ap P
X (ri—ro)2[rittrst—rird
X (1—3 cos) ],
Bs=3(r+w), Fs=—3{[Adp+pdp++(r1itr)Adp:]
XApr(ri—r2)2(r+rd)ridrs?
X (1—cos?0)},
Fo=6A4p'2(r1—rs) riir2(1—cos¥) I,
cost= (r2+r2—p?)%/ (4rirs?).

Bs=1%(u+),

69=w7



