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The experimental cross section for radiative n-p capture at thermal energies i.s 10/p

larger than the theoretical cross section calculated from the impulse terms (free-nucleon
isovector magnetic moment). In the present work the pion-exchange contribution is evalu-
ated using the Chew-Low static model amplitude for the photopion process. We demonstrate
how the various pieces of the photopion amplitude contribute to the exchange current. The
results for Hamada-Johnston, Reid-hard-, and -soft-core potentials are 10.5, 10.9, and 11.5%
increases, respectively, to the impulse cross section from pion processes. This work veri-
fies the earlier paper of Riska and Brown demonstrating that the 10% discrepancy can be ac-
counted for as a one-pion-interaction effect.

I. INTRODUCTION

The 10% discrepancy between the experimental
cross section for thermal n-P capture and the
theoretical cross section calculated from the so-
called impulse term has long puzzled physicists.
At thermal energies this is an M1 transition be-
tween the 'S, scattering state and the '$„'D, deu-
teron ground state. The impulse term uses the
free-nucleon magnetic moments, of which only
the isovector part contributes. The discrepancy
was first pointed out by Austern' in 1955 and has
been repeatedly verified in the literature since
then. ~' In a recent reevaluation' of this effect,
Noyes finds a 9.5% discrepancy with the singlet
scattering length based on a charge-independent
calculation, or a 7.7% discrepancy if charge in-
dependence is abandoned. The error owing to
other pa, rameters going into the calculation is as-
signed at 1.5%.

One hopes that this effect would be explainable
in terms of meson exchange or interaction currents
but up to this year all such calculations have failed
to account for the 10%. One of the most recent is
that of Adler, Chertok, and Miller' who calculated
the pion-current diagram (Fig. 1) and found a 2%
interaction effect. Calculations based on disper-
sion relations' also fail to account for the discrep-
ancy.

The only suggestion other than meson currents
for the discrepancy is that of Breit and Rustgi'
who pointed out the possibility of a weak transi-
tion from the 'Sy scattering state. In the simplest
model this is impossible because the long wave-
length M1 operator has no radial dependence, and

the $] wave functions at dif ferent ene rgi es are
orthogonal. However, if the nucleon-nucleon po-
tential is momentum-dependent, the 'S, wave func-
tion may have a small overlap with the deuteron,

and Breit and Rustgi have suggested looking for
this transition by using a polarized beam-target
method. This idea has been further developed by
Adler' who showed that a contribution from the 'S,
scattering state large enough to account for the
10% discrepancy should cause a significant y-ray
angular dependence in (polarized p) +(polarized n)- d+y, but that such a large contribution was un-
likely for other reasons. This experiment has not

yet been performed, and we will assume for the
rest of this paper that a transition from the '$,
n-P state is not responsible for the largest part of
the 10% discrepancy.

Ne give the following heuristic argument that
this effect should be explainable in terms of one-
pion exchange. If the anomalous magnetic moments
of the nucleon system, the deuteron-'S, n-p state,
and the 'H-'He system, are examined, it is found

in every case that the anomalous isovector part is
large and the anomalous isoscalar part is small.
By the "anomalous" magnetic moment of a nucleus
like the deuteron, we mean any part which is not
explained by wave function admixtures (of the D
state in this case). Thus, the magnetic moment
of the deuteron p, ~

= 0.857 p,„, which is given in
terms of the free-nucleon magnetic moments by
the formula

(Pd); p &,.= (lb+ P p) —a &n(l4 P+p - a),

could be explained by a B-state probability P~
= 0.04 without any interaction currents. But a
larger value P~ = 0.07 is suggested by the quadru-
pole moment, photopion production, and other ex-
periments. This value of I'I, implies a 2% "anom-
alous" part to be explained by interaction currents;
and indeed, a p-m exchange can approximately ac-
count for this. ' This 2% isoscalar effect is to be
compared with the 5% "anomalous" isovector effect
in the matrix element for the transition between
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the 'S, n-p state and the deuteron. Similarly, in
the 'H-'He system for a 4/0 D state and 0'%%uq mixed
symmetry $ state, the anomalous isosealar mo-
ment is less than 1% whereas the anomalous iso-
vector moment is 10%%uo.

' In the nucleon system the
anomalous isoscalar magnetic moment is z, =0.06
whereas the anomalous isovector magnetic moment
is g„=1.85.

The point is that the one-pion-exchange term is
proportional to (7,x 7,)' and therefore contributes
only isovectox' effects. Since the pion is by far the
lightest of the mesons, its interaction current mill
have the largest effect. Thus, by the above argu-
ments me submit that it is really the one-pion-in-
teraction current that is accounting for the bulk
of the large isovector effects. For example, in a
simple model with a cutoff adjusted to agree w'ith

the effective range of pion-nucleon scattering, one
pion currents predict x„=1.76.'"" We should have
even better hope of accounting for the thermal n-p
capture effect since no cutoffs are necessary.

Our approach to calculating the interaction cur-
x ent is somemhat different from previous ones in
that instead of calculating all possible diagrams
and adding up their effects, we consider the photo-
production of a pion at one nucleon in the Chew-Lom
static model" followed by its absorption at the oth-
er nucleon (Fig. 2). We are thus able to show that
previous calculations neglected the catastrophic
pion current (the Kroli-Ruderman term) which

makes a large contribution to the interaction cur-
rent. " In fact, the pion current contribution (Fig.
1) connecting the two S states is actually negative
as we mill see later.

The challenging 10/0 discrepancy has been re-
solved by Riska and Brown. " They used the re-
sults of Chemtob and Rho, ' mho pioneered the use
of the lom-energy theorems for calculating inter-
action currents. Riska and Brown emphasized
the importance of including terms connecting to
the D state of the deuteron and mith the inclusion
of resonance effects mere able to account for the

10%%ua. Since Gaffney's" low-energy photopion theo-
rem essentially reduces to the Chem-Lom ampli-
tude in the nonrelativistic limit, our numerical re-
sults do not differ greatly from those of Riska and

Brown and therefore represent an independent con-
firmation of their work.

In Sec. II the 8 matrix for the interaction current
owing to photoproduction of a pion at either of the
nucleons is.developed. At the end of this section,
the 8 matrix for the impulse term is written down.
In Sec. DI me discuss the terms of the Chem-I om

photoproduction amplitude in the static model and
show hom each term contributes to the interaction
current. Finally, in Sec. IV me display and dis-
cuss the results of our calculations.

II. KINEMATICS

Let I',(k, q)'„represent the amplitude for the
photoproduction of a pion of momentum q by a pho-
ton of momentum k at nucleon 1. The superscript
i is the vector index of the photon, and the sub-
script n is the isospin index of the pion. (Since
time reversal requires equality of amplitudes, it
is irrelevant mhether we consider the photopxo-

C

FIG. 1. The pion current diagram.
FIG. 2. The photoproduction of a pion at nucleon 1

foQowed by absorption of the pion at nucleon 2.
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G
q 72m (2)

duction of a pion contributing to deuteron photo-
disintegration or pion absorption with emission of
a photon at one nucleon contributing to n-p radia-
tive capture. ) The amplitude for the P-wave ab-
sorption of a pion of momentum Q at nucleon 2 is

where

Q2—=14
4m

and m is the nucleon mass. Then the 8 matrix for
the process of Fig. 2, the photoproduction of a pion
at nucleon 1 followed by absorption of the pion at

nucleon 2 is
g~-&e.( 2- y)

where the 4 's are the initial and final two-nucleon wave functions and p, is the pion mass and e' is the po-
larization vector of the photon. The next step is to change the variables r, and r2 to the center-of-mass
coordinates:

R =-,'(r, +r,),

%,(r„r,) = e '~&"4,(r),
4 ~(r„r,) = e '~I"4 ~(r) .

In the last two equations it has been assumed that the initial and final two-nucleon center of masses are
plane waves with momenta P, and P&. The change of variables results in the following equation for the

$ matrix:
4

S=(2x)45'(P —P, —k)e', 4*(r)e'"" '~'r, (k, q)' i -' v"4 (r).

(4)

(8)

(6}

(7)

(8)

The 4"s of Eq. (3) and 4's of Eq. (8) are understood to contain the energy dependence of the nonrelativistic
wave functions. If this energy dependence is factored out,

C(r) =q(r) e

the fourth components of the r and q integrals can be done, " setting q0=0. Also let q- -q+k/2, obtaining,
finally,

S=(2x)~54(P& —P, —k} e', e'"'yP(r)I", (k, -q+k/2)'„' » 7,"y,(r).
2m 2v ' q+k 2 2+ p2

(10)

Notice that the c.m. kinematics require that the piori propagator contain the photon momentum, a fact that
will be important later. Qf course, to this must be added the amplitude for photoproduction at nucleon 2

followed by absorption at nucleon 1. It is easy to see that this second contribution can be obtained from the

first by letting q- -q and interchanging the labels 1 and 2.
Since I",(k, q) „is the complete amplitude for photoproduction, the process of Fig. 2, whose S matrix is

given by Eq. (10), includes both the interaction contributions of one pion exchange and some processes
which are already included by the wave functions in the impulse term. Thus, a diagram like Fig. 3, in
which the photon interacts with a nucleon and a pion is exchanged later, is already contained in the impulse
term, This is because one-pion exchange is part of the potential which generates the initial and final wave

functions. Since the left-hand side of Fig. 3 in general contributes to the photoproduction amplitude, one
must exclude such pieces from the photoproduction amplitude p(k, q)„ in obtaining the S matrix represent-
ing interaction pieces only. This question will be discussed below.

i,et I"(k, q)'„be the photoproduction amplitude with the impulse pieces excluded; then the S matrix for
the interaction contribution of one pion exchange is

S;„,= (2v) 6 (Pg —P( —k)M;„, )

where M'"' is the matrix element for the interaction contribution,

M,.„,= (,3 yP (r) e'&' 7 ~ J,.„,(k, q)p((r) (12)
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and J,.„,(k, q) is the current in momentum space, including contributions from both photoproduction at nu-
cleon 1 and photoproduction at nucleon 2,

k, @= F'(k, -q+k/2)
~ / }

"+I"(k,q k/2}„
@ / }

7', (13)

However, one must be wary of double counting certain pieces, since the covariant pion propagator repre-
sents both a w' traveling in one direction and a n traveling in the other.

For comparison later we display the impulse matrix element and current,

(14)

(~)
e (7, —7,}'g„(o,-o,)

mp =2 ~ 2 2

The impulse current has no radial dependence in the long wavelength approximation as shown above so

(15)

3g = dr u, (r)u„~(r),

p, ,=2.35, and the deuteron wave function is

qy, (r)=(4v) "'—u, (r)+ ' cr', o, lv, (r) )(P g„r v8

where u~(r} is normalized to be asymptotic to the decaying exponential of the binding energy B,
&-(es)'~2m

and T, is the second rank tensor

T I ta(r) 3rlrss 5!m
2

(18)

and the n-p scattering wave function is

q.p(r) =(4v) '"-u.((r}X.C. (21}

Here y, and X, are the triplet and singlet spin functions, and q„g, the isospin functions. The radial func-
tion u~(r) is normalized to be asymptotic to 1 -r/a, . These deuteron and n pscatter-ing wave-function nor-
malizations standardize the value of the overlap integral. gg [Eq. (1V)] to Refs. 1-4.

III. PHOTOPRODUCTION AMPLITUDE

For the photoproduction amplitude 1',(k, q)'„, we use the result of the Chew-Low static model"

e 6 ' e' 3sin5r (k fl)' = a'- ' — e' '7' —i "" '(2( }x'k- i [(()o( )xk]')(5 --'7 7)2m '
(q k)'+ p,

' ' 4m 2m q'
(22)

A very clear derivation of this amplitude and dis-
cussion of its terms has been given by Henley and
Thirring. " The first term, proportional to a„ is
the catastrophic current" (the Kroll-Ruderman
term) which produces 8-wave pions from El pho-
tons [Fig. 4(a)]. The second term, proportional
to (1 is the pion-current term (Fig. 5}; the third
term, multiplying the phase shift expression,
e' 'sin5, of the 3-3 state, is the rescattering cor-
rection of the magnetic terms, equivalent to the

l

3-3 resonance diagram (Fig. 6).
Before the Chew-Low amplitude [Eq. (22)] can be

inserted into the 5 matrix for the interaction con-
tributions [Eqs. (11)—(13)]one must exclude any
pieces which are already included by the wave
functions in the impulse term9 as mentioned above.

Actually, the problem of which pieces are inter-
action terms and which are included in the impulse
term has not been totally solved. " In a nonrela-
tivistic context Zachariasen" has shown how to
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FIG. 3. A diagram which is already included in the
impulse term. The (+) indicates that only the positive-
energy state of the intermediate nucleon leg is present.

explicitly separate the interaction terms from the
parts that make up the wave functions. He was
able to factor out from both sides of the T-matrix
operators which generate the initial and final wave
functions from the free particle states. To our
knowledge no one has carried through a fully rela-
tivistic treatment. Thus one cannot be sure that
there is not some relativistic correction (to the
impulse term) which has been neglected.

%'e have followed the usual procedure and have
used phenomenological wave functions for the deu-
teron and '8, state. This procedure has been criti-
cized by Stichel and Vferner" as being inconsistent,
because wave functions that are really generated
out of the various exchanges should be used. They
suggest using the one-boson-exchange wave func-
tion and all the one-boson interaction currents.
C1.early, one would like to have the "true" dynami-

FIG. 5. The pion-current piece of photoproduction.

cal description of the strong interaction, but we
feel that the use of phenomenological wave func-
tions is justified in the present case since the in-
teraction current of one pion is by far the largest
contribution, and the phenomenological wave func-
tions used, Hamada-Johnston~ and Reid" do have
the one-pion tail.

Returning to the Chew-Low amplitude and the
question of which terms are already included in
the wave functions, we recall that the one-pion-
exchange potential (OPEP) is calculated from the
Feynman graph of one-pion exchange connected to
positive-energy nucleon legs. All such graphs with
a photon connected to a positive-energy nucleon
leg before or after the exchange must be omitted
from I'(k, q)'„. Thus the pion-current diagram
(Fig. 5) is definitely an interaction term (Fig. 1).
The rescattering diagram (Fig. 6) was derived'""
with the assumption that only the 3-3 state is en-
hanced; it is thus also an interaction term since
the OPEP connects only nucleon legs.

r

I

(b)
FIG. 4. Equivalence of the catastrophic current (a)

to the negative-energy-state contribution in the ps
theory (b).

(b)
FIG. 6. Equivalence of the rescattering term (a) to

the 3-3 resonance contribution (b).
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Vfe now examine the catastrophic current more
closely. This is just the term that arises from
the minimal electromagnetic substitution in the
pseudovector (pv} pion-nucleon coupling,

G
Ny"y 7~NB~ y

Since the pseudoscalar (ps) pion-nucleon coupling
is known to give results equivalent to those of the
pv coupling to first order in the coupling constant,
this term must also appear in the ps diagrams,
and it is found to be the contribution from the dia-
gram in which the intermediate nucleon is in the
negative energy state' [Fig. 4(b)]. fQf course, in
the pv theory there is also a contribution from the

negative energy diagram [Fig. 4(b)] but this is of
higher order in Ig/m than the catastrophic current. )
Thus, the catastrophic term also contributes to the
interaction current because QPEP must connect to
positive-energy legs. Therefore, the entire Chew-
Low photoproduction amplitude contributes to the
interaction current and contains no wave function
pieces (1'= F').

Qne may wonder how the catastrophic term,
which produces $-wave pions from E1 photons,
will contribute to an M1 interaction current. It is
because the c.m. kinematics require that the pion
propagator contain the photon momentum, that all
multipoles appear in the interaction current. To
see how this works out we display the catastrophic

current in momentum space [Eq. (13)],

Z;„t(catastrophic) =
g ('Tix T2) (24)

The two terms result from the catastrophic currents at nucleon 1 and 2. The above result is then expanded
in orders of the photon momentum k. The 0th order term in k is an El term, "which does not contribute in
the present case, a transition between positive-parity states. The first-order term in k is proportional to
e xk and is the M1 contribution needed:

J,'„t(catastrophic current to first order in k)
2 2 2eG ])q ) 1 ~ 1 2 q 1 q

4m2, (z,x,) g —(o, xo,), , ——,, „, +—,, „,T, (q)(o, xo,)2 q + p, 3 jq + p, j 6 jq + p, j
(25)

Here we have used the definition of the 2nd rank tensor [Eq. (20)] to separate terms which connect S states
to D states from terms which connect S states to $ states.

Similarly, the contribution of the pion current (Fig. 1) is given by

j'„((pion-current to first order in k)

, (7,xr,)'. ..e'~"k~ ——(o, xo,)'+ —T", (q)( ox ,(i'} (26)

As mentioned in Sec. II, one must be careful not to count this piece twice as a contribution both from nu-
cleon 1 and nucleon 2.

The photoproduction amplitude through the rescattering terms of Eq. (22) is already in the (exk)M1 form
so we take the lowest-order k contribution. %e must be careful to include a term for the diagram in which
a pion is produced at one nucleon, rescattered from the second nucleon, and absorbed along with the pho-
ton [such a diagram interchanges the photon and pion momentum and isospin indices of the rescattering
term of Eq. (22)]. The result is

e' 3 sing', .(regretter sg terms)=(r, xr, )'e' S. . . ')(t, —T,'(g)(, xg, )',e+a e (27)

Here we have used the fact that the operators ( T, —T,)'(o, -o,)' and (V, x T,)'(o, xo,)' have equal matrix ele-
ments between the two-nucleon wave functions of the deuteron (T=0, S=1) and the n Pscatterin-g state
(T =1,S=0),

&zl (&, o,}'(~, ~,)'I np) =&dl (o,«,)'(&,x&,)'lnp). (28)

The rescattering terms give only an S-D contribution.
To evaluate the rescattering contribution, a value must be assigned to the expression for the pion-nucleon
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scattering amplitude in the 3-3 state

(29)

Aeeording to Brown, Qreen, and Qerace, "the amplitude should be evaluated at the point

energy of pion=q0=0, (30)

since the nucleons in a nucleus have on the average of about 40 MeV of kinetic energy, which is small com-
pared to the pion mass. On the mass shell, therefore, we wish to evaluate expression (29) at the unphysi-
cal point q' =0, [ q[ =i p, . Chemtob and Rho' have done this by using the Low equation, which is a dispersion
relation for the amplitude (29). But, from the equation of the Chew-Low plot, "

127kg I —g Ot'3

(
(' 4(G/2m)"

one can determine

5,(q'=0, ( q) =ip) =v/2

and thus expression (29) has the value -p ' at the unphysical point. It is.interesting to note that because
of the construction of the rescattering terms in the Chew-Low amplitude [Eq. (22)] the interaction current
due to the rescattering terms [Eq. (27)] is independent of the pion-nucleon coupling constant.

The interaction currents [Eqs. (25)-(2V)] can be transformed into coordinate space by performing the
Fourier transform of Eq. (12). Using the fact that the minus and cross operators have equal matrix ele-
ments [Eq. (28)] the interaction current can be written in the form

«I J., (~) I np& = ~"'&'«I [Gr(&)(o,x~,)'+-', G„(~)(o,xS,)'T", (r)](~,x ~,) ~
np&. (33)

Vfe have displayed the results for the various terms in Table I for comparison with other references.
Since we have combined the minus and cross terms, our terms G(v') correspond to ~ [g(r)+h(r)] in Chemtob
and Rho. ' All three interaction currents are proportional to (V, xv, )' and have matrix elements only be-
tween states of opposite isospin, as mentioned in See. I.

The impulse current [Eq. (15)] can be cast into a similar form,

(d(Z,'(r)[ n. p) =e'~ k~ (d[ E(o,xo,)'(7,x v,)') np)

IV. RESULTS AND MSCUSSION

For the triplet deuteron and singlet n-p wave
functions [Eqs. (18) and (21)] we have numerically
integrated Hamada-Johnston" (HJ) and Reid" hard-
(RHC) and soft-core (RSC) potentials. The results
for the impulse overlap integral 3g [Eq. (IV)] are
shown at the top of Tables II-IV. These values are
in good agreement with that of Noyes' who deter-
mined SR=3.973+0.024 fm from the Bethe-Long-
mire approximation. The assigned error is due to
the uncertainty in the experimental parameters,
primarily the np singlet effective range.

The interaction contributions in Tables II-IV
are reported as the ratio of interaction to impulse
term in percent,

(d~M, „, np)
(d[M, , np)

Pion (Fig. 5)

Rescattering (Fig. 6) 0 p ~
3 3 8

TABLE I. Terms of the interaction current [Eq. (33)j
from the Chew-Low static model.

~ Gr-
3 Crr (36)
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TABLE II. Hamada- Johnston potential results. Im-
pulse integral for n-p capture 3g =4.02. Interaction con-
tributions to the matrix element for n-p capture in per-
cent.

TABLE D|'. Reid soft-core potential results. Impulse
integral for n-p capture It; =4.00. Interaction contribu-
tions to the matrix element for n-p capture in percent.

Catastrophic current
Pion current
Rescattering term

2.95
-1.18
0.00

0.70
0.70
1.94

Total contribution to matrix element =5.11

Total contribution to cross section= 10.5

Catastrophic current
Pion current
Rescattering terms

3.09
1g32

0.00

0.72
0.72
2,40

Total contribution to matrix element= 5.61

Total contribution to cross section =11.5

G)= &'uq r Q( r u„p t',

dr gy, (r)g„(r) u„~(r) .
"0

The total 5 for the HJ, RHC, and RSC potentials,
respectively, are 10.5, 10.9, and 11.5/o. The var-
iation among the results for the thx'ee potentials
results from the singular behavior of the large
S-D rescattering term, which is thus sensitive to
the shape of the hard core.

%e first remark that we find the pion-current
8-$ contribution to be negative, contrary to some
previous calculations. ' ~' " It is easy to see from
the Chew-Low amplitude [Eq. (22)] that the pion
current has the opposite sign of the catastrophic
current, but we know of no other way of obtaining
the absolute sign than carefully working it through.
Padgett, Prank, and Brennan~ have given a heuris-
tic argument that the pion current (Fig. 5) should
augment the nucleon magnetic moment since the
sign of the charge of the pion emitted is the same
as the sign of the nucleon magnetic moment. Ap-
parently, however, this argument fails when the
additional factors for the absorption of the pion at
the second nucleon are included (Fig. 1).

The values for the total calculated interaction ef-
fect 10.5-11.5/0 are slightly larger than the experi-
mental value of 9.5%%uq. We have not included the ef-
fect of heavier mesons in our calculations, but

they are generally found to contribute only very
small amounts to interaction effects. ~"'+" Con-
sidering the present state of the art and taking into
account the lack of knowledge of the precise amount
of D state in the deuteron and of how to put the 2m

and p contributions to the interaction current to-
gether, we feel that the agreement is good.

It is interesting to compare the Chew-Low ampli-
tude with the result of the low-energy theorem"
which gives the photoproduction amplitude correct-
ly to all orders in the strong interaction coupling
constant G and to fix'st order in e at the unphysical
point q = k =0. The low-energy theorem result is
important as it permits a consistent treatment of
all possible interaction effects of one-pion ex-
change. We have discussed this point for the weak
axial interaction current, "but the same arguments
are valid for the electromagnetic interaction cur-
rent. These arguments show that terms of the type
considered by Qexstenberger and Nogami~ in which
the magnetic moment of a nucleon is distuxbed
from its free value by the presence of the second
nucleon are effectively included in our calculation.
In the nonrelativistic limit the low-energy theorem
result reduces to the Chew-Low amplitude with the
omission of the rescattering terms if the magnetic
terms are neglected. (That is, the Chew-Low am-
plitude replaces the nucleon magnetic-moment
terms of the low-energy theorem result with the

~s Y

TABLE III. Reid hard-core potential results. Impulse
integral for n-P capture gg =4.04. Interaction contribu-
tions to the matrix element for n-p capture in percent.

Catastrophic current
Pion current
Rescattering term

2.91
-1.15
0.00

0.70
0.70
2.16

Total contribution to matrix element = 5,32

Total contribution to cross section = 10.9 FIG. V. High-energy duality applied to photopion
production.
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+ p exchange
exchange, etc.

FIG. 8. Possible construction of the complete
interaction current.

enhanced 3-3 rescattering contribution. ) Thus,
the catastrophic and pion pieces of the interaction
current are highly reliable, and, indeed, our re-
sults for them in Table I agree with those of Chem-
tob and Hho. ~ The low-energy theorem evaluates
the non-Born term, containing the contribution of
the 3-3 resonance, to be zero at the unphysical
point. Since any method of dealing with the reso-
nance contribution requires an extrapolation away
from q=k=0, this contribution remains for the
present more uncertain than those of the catas-
trophic and pion current. The Chew-I, ow model
assumes that only the 3-3 state is enhanced and

calculates this amplitude in terms of the 3-3 pion-
nucleon scattering amplitude. Riska and Brown'4

used the static quark model, but considered their
result too large, and adopted the smaller value of
Stranahan.

Adler~ has further noted that, if high-energy
duality is true in some sense, it is incorrect to
simply add the resonance contributions to the pion
contributions. Duality requires that the sum over

all I-channel poles [Fig. V(a)] equal the sum over
all s-channel resonances [Fig. V(b)]. If the pion is
absorbed by a second nucleon [Fig. 8] it is easy to
see that there may be a problem of double counting
in adding the resonance contribution to the pion
currents.

In conclusion we have calculated the pion-ex-
change-current contribution to thermal n-P cap-
ture, using the Chew-Low static model to describe
the photoproduction of a pion at one of the nucleons.
Ne have seen that the photoproduction amplitude
cannot be used in its entirety; not only must the
Born terms be omitted, but also the pion-current
piece must be used for only one of the nucleons,
and to the rescattering piece must be added a term
representing rescattering of the pion before photon
absorption. Our calculation probably treats the
catastrophic and pion current fairly accurately,
but a better treatment of the resonance contribu-
tion must await advances in the understanding of
duality and the amplitudes in physical regions.
But we believe on the basis of the present results
that the bulk of the long-standing 10% discrepancy
in thermal n-p capture is understandable as a one-
pion-interaction effect.
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Effect of Isobar Configurations on the Photodisintegration of the Deuteron
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A nonrelativistic calculation of the photodisintegration of the deuteron below pion threshold
has been completed in which nucleon polarization effects described by isobar configurations
{Nh and Ad) have been included. At lower energies (E&h" ~40 MeV) the inclusion of these
isobar configurations leads to an over-all decrease of the total cross section and the proton
angular distribution due to renormalization of the normal deuteron components. At higher
energies the total cross section is enhanced {up to 5% at E& =120 MeV) and the proton angu-
lar distributions are more forward peaked. These results lead to better agreement with
experiment.

It is remarkable that even for the simplest nu-
cleus, the deuteron, discrepancies exist between
theory and experiment for the photodisintegration. '
Recently, it has been shown" that at threshold
nucleon-polarization and meson-exchange-current
contributions can account for this discrepancy. We,
therefore, have investigated the question: What is
the effect of nucleon polarization within the deuter-
on on the photodisintegration at higher photon ener-
gies but below pion-production threshold? We still
did not include explicitly meson-exchange-current
contributions.

In the present work the nucleon polarization, i;e.
excitation of internal degrees of freedom, is de-
scribed by admixtures of baryon resonances, the
so-called isobar configurations, ' in the two-nucle-
on system. The large internal excitation energies
of the isobar configurations compared to the bind-
ing energy of the deuteron and the interaction ener-
gy justifies a perturbative treatment in the calcu-
lation of these isobar configurations. This has
been described in detail by Arenhovel, Danos, and
Williams. ' The inclusion of intrinsic nucleon de-
grees of freedom affects primarily the short-range
region of the nuclear wave function, thereby en-
hancing the high-momentum components. Such ef-
fects, which are in some respect similar to short-
range correlations, are of special interest in pro-
cesses such as electron scattering for high-mo-
mentum transfers' and photodisintegration of the
deuteron since they provide valuable information

about the region of small internucleon distances
(&1 fm).

In our calculation the normal n-p wave functions
for the initial-bound and final-continuum states
have been obtained from the Hamada- Johnston po-
tential. At present only the dominant (Nb) and
(b,A) isobar configurations have been considered.
lsospin-selection rule forbids the (Nn. ) configura-
tion in the bound-deuteron state. For the inelastic
NN-Nb, and NN-hh interactions, which are needed
in the previously mentioned perturbative treatment,
we used a one-pion-exchange potential (OPEP).
Since we deal with hard-core wave functions it was
not necessary to regularize the OPEP. However,
we would like to mention that because of the neglect
of heavier boson-exchange contributions and off-
the-mass-shell effects our results are to some ex-
tent qualitative. Some radial wave functions of the
normal and isobar configurations are given in Fig.
1 for the bound-deuteron and two continuum states
corresponding to incoming-photon lab energies of
40 and 100 MeV. The radial functions of the iso-
bar configurations characteristically peak for
small r (-0.'f fm) and fall off rapidly with increas-
ing r. Unlike the normal components they do not
vanish inside the hard core. This anomaly, which
is not critical, arises from the use of the free
propagator of the isobar configuration in the per-
turbative calculation.

The calculation of the photodisintegration cross
section has been performed in close analogy to


