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The thermal neutron cross section for the reaction n + 'He ~ He+ y is calculated with the
Monte Carlo method from realistic variational wave functions obtained for the Argonne v&4 two-

nucleon and Urbana VII three-nucleon interaction models. The calculated cross section is found to
be almost entirely due to exchange currents. With the exchange current operator constructed so as

to satisfy the continuity equation with the Argonne v, ~ interaction, the calculated cross section is 71

pb, which is close to the empirical value 54+6 pb. The less certainly known contributions from
model-dependent exchange current mechanisms increase the predicted value to about 112 pb. The
calculated cross section depends strongly on the n +'He scattering length, varying between 140 and

71 pb as the scattering length is changed from 3.25 to 3.75 fm.

I. INTRODUCTION

The radiative thermal neutron capture reactions
n+ H~ H+y and n+ He~ He+y are interesting in
that exchange current mechanisms contribute a major
part of their total cross sections. ' The reason for this
is that the single-nucleon current operator cannot con-
nect the main S-state components of the ground state
wave functions of the initial and final nuclei at low ener-
gies. Because of this "pseudo-orthogonality" only the
small components of the wave functions contribute in the
impulse approximation. As on the other hand the ex-
change current operators can connect the S-state com-
ponents, their matrix elements are exceptionally large in
comparison with those of the single-nucleon current
operator in these reactions.

The exchange current contributions to the reaction
n+ He~ He+y have been estimated by Towner and
Khanna and by Tegner and Bargholtz with simple wave
function models. Towner and Khanna find the exchange
current contribution to the cross section to be consider-
ably larger than that of the single-nucleon current,
whereas Tegner and Bargholtz find the exchange current
contribution to be the smaller one by far. Since both
pairs of authors use similar models for the exchange
current operator {the meson exchange current operator of
Chemtob and Rho, with some short-range modifica-
tions), the discrepancy between the results must derive

from the schematic wave function models used. In an at-
tempt to reduce this uncertainty we have calculated the
cross section for the reaction n+ He —+ He+y with
realistic wave functions that correspond to the Argonne
v, 4 two-nucleon and Urbana VII three-nucleon potential
models, taking into account the interaction e6'ects in the
initial state as well. The quality of the variational wave
functions has previously been assessed by quantitatively
successful predictions of the binding energies and asymp-
totic D /5 state ratios in the d +p and d +d breakup
channels of He and He, as well as the electromagnetic
form factors of the helium isotopes. ' ' Further tests of
their accuracy have been carried out by direct compar-
ison with results obtained with exact Faddeev' and
Green's function Monte Carlo' wave functions for the
two-body correlation functions, ' magnetic form fac-
tors, "and longitudinal energy weighted sum rules. '

The result of the present essentially complete calcula-
tion of the cross section in the impulse approximation is a
very small 6 pb. This value falls within the range 2 —14
pb predicted by Towner and Khanna, but is much small-
er than the result of Tegner and Bargholtz. The small-
ness of the impulse approximation cross section indicates
that most of the empirical cross section, which according
to the most recent measurement is 54+6 pb, ' is due to
exchange currents. The new empirical cross section
value is in good agreement with two earlier measure-
ments, ' ' although not with the smaller value reported
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II. THE CROSS SECTION IN
THE IMPULSE APPROXIMATION

The spin-averaged differential cross section for the re-
action n + He~ "He+ y can be written in the form

g I&'Helj', (k)ln+'He; 1M &I'.
8m. q

(2.1)

Here a is the fine structure constant, m the neutron mass,
and q and k the mornenta of the incident neutron and
final photon in the lab frame, respectively. The matrix
elements of the transverse components of the electromag-
netic current operator jr(k ) involve the initial n + He
spin-triplet and the final He spin-singlet states. In the
magnetic dipole approximation the total cross section is
obtained by simply multiplying the expression (2.1) by
4~.

In the impulse approximation the current operator is

in Ref. 20.
The two-body exchange current operators consist of

model-independent and model-dependent parts. The
former ones are constrained by the NN interaction
through the continuity equation. ' "' ' The latter ones,
which are of smaller numerical significance, are purely
transverse and thus not directly linked to the NN interac-
tion model. Furthermore, they depend on a set of only
approximately known effective coupling constants and
cutoff parameters. The exchange current contribution
will thus consist of a term that is determined by the NN
interaction and a smaller very model-dependent term.
Indeed, we have recently shown that an excellent descrip-
tion of the magnetic' '" and charge' form factors of the
three- and four-nucleon systems, as well as of the deute-
ron electrodisintegration at threshold at backward an-

gles, " is obtained if the Argonne two-nucleon interaction
model is used to construct both the electromagnetic
current operator and the wave functions. In the present
work, which should he viewed as a continuation of the
above investigation, the model-independent term together
with the single-nucleon current leads to a cross section
value of 71 pb. When the contribution from the mode1-
dependent exchange currents are added the calculated to-
tal cross section increases to 112 pb, which is consider-
ably larger than the empirical value. This overprediction
is probably partly a consequence of the "hard" isospin-
dependent pseudoscalar and vector tensor components'
of the Argonne v, 4 interaction, which are used in the
construction of the exchange current operator, and partly
due to an overestimate of the model-dependent exchange
current contributions. An additional factor of uncertain-
ty is the sensitivity of the calculated cross section to the
n + He scattering length.

This paper is organized into five sections. In Sec. II we
present the basic formalism and the cross section calcula-
tion in the impulse approximation. The model-
independent (or potential-constrained) and model-
dependent exchange current contributions are discussed
in Secs. III and IV, respectively. Finally, Sec. V contains
a summary along with some concluding remarks.

k Xcr,-

i — [—,'(1+v, , )p
2m

+ —,'(1 —w;, )p„] ', (2.2)

—lk. (243„,(341) & i~

+ lp. (3)&3 (412)&iM

—lp„(4)&3 ( 123)&)MI . (2.3)

The single-particle neutron state P„ is characterized at
low energies by a scattering length a„. This scattering
length can be determined microscopically from the in-
teraction model using the variational method described in
Ref. 22. The full wave function has the form

(1234)=S gF;

where S is a symmetrization operator, F; pair correlation
operators, and P is given by

The spin-isospin dependent pair correlations go to zero
and r, ~r; at large distances, ensuring that the correct
asymptotic form for the scattering state is obtained.
Variational methods are used to determine the pair corre-
lation functions in F; as well as the radial form of the
one-body state P, . For the Argonne U, 4 (Ref. 8) plus Ur-
bana VII interaction model, this procedure yields a
scattering length of 3.5 fm, with a statistical error of ap-
proximately 0.25 fm. This result is in good agreement
with the empirical value of 3.50+0.25 fm, but slightly
larger than that obtained in an R-matrix analysis,
3.25+0.10 fm. The sensitivity of the results for the radia-
tive capture cross section to the triplet scattering length
is discussed at the end of Sec. IV. The asymptotic form
given in Eq. (2.4) ignores possible couplings to the p + H
scattering state, as well as couplings to D-state com-
ponents in the relative n + He wave function at large dis-
tances. The pair correlation operators, of course, intro-
duce such terms into the wave function within the in-
teraction region. R-matrix analyses of the four-body

problem indicate that these couplings are very weak.
We have also computed the coupling to the p + H state
microscopically, and found it to be small.

The He bound state wave function has also been deter-
mined variationally with the Argonne v&4 plus Urbana
VII interaction model. These wave functions contain

where p and p„are the proton and neutron magnetic
moments, respectively. The initial state is an antisym-
metrized n + He spin-triplet scattering wave function,
which in the asymptotic region has the form

/~M(n + He) = —[~p„(1)$3 (234)&~M
1
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TABLE I. The matrix elements of the single-nucleon (IA) operator and those associated with the
pseudoscalar (PS) and vector ( V) parts of the isospin-dependent tensor component, the spin-orbit [SO;
Eqs. (3.1)—(3.3)], L (LL) and quadratic spin-orbit (SO2) components of the Argonne v, 4 interaction,
and the model-dependent pay, b 33 and cue.y mechanisms [Eqs. (4.1)—(4.5)]. The V contribution also in-

cludes a small correction due to the central isospin-dependent component of the Argonne U &4. The nu-

merical difference between Re( j„)and Im( j ) is due to the statistical errors in the Monte Carlo in-

tegration; we estimate these errors to be 3—4% in the matrix element or 5 —8%%uo in the cross section.

Contribution Re( j„) {fm'~') Im( j ) (fm'~') 0 (pb)

IA
IA+ PS
IA+
IA+
IA+
IA+
IA+
IA+ .
IA+

+V
+SO
+LL
+SO2
+p7TQ

+b(m+p)
+C077$

—0.001 61
0.00447
0.005 85
0.005 72
0.005 57
0.005 90
0.005 76
0.006 82
0.007 39

—0.001 67
0.00442
0.005 79
0.005 64
0.005 50
0.005 83
0.005 70
0.006 74
0.007 32

6
41
70
67
63
71
68
95

112

fairly large D-state admixtures: approximately 9.2% for
He and 17.5% for He. The results for the capture ma-

trix elements do not appear to depend critically upon
these values, although artificially eliminating the D state
can have a large efFect.

The numerical evaluation of the matrix elements of the
transverse components of the electromagnetic current
operator in Eq. (2.1) is carried out by the Monte Carlo
methods developed in Ref. 10. Although the magnitudes
of the j„(kz ) and j» ( kz ) matrix elements are in fact
equal, we have evaluated them separately in order to have
an automatic test of the program. The matrix elements
of j„(kz) and j~(kz) are given in Table I, along with their
associated statistical errors. These statistical errors are
3 —4% in the matrix element, or 5 —8% in the cross sec-
tion. The impulse approximation has somewhat larger
errors, but is a small part of the total result.

For the total cross section in the impulse approxima-
tion (IA) we obtain the value 6 )Ltb. This value falls be-
tween the two values 2.1 and 14.6 pb obtained by Towner
and Khanna with simple phenomenological exponential
and oscillator wave function models. Since the cross sec-
tion in the impulse approximation is entirely due to the
small components in the wave function, the values pre-
dicted with phenomenological wave functions must, how-
ever, be viewed as very uncertain, as rejected in the large
difFerence between the two values obtained by Towner
and Khanna.

The predicted cross section value in the impulse ap-
proximation also depends sensitively on the scattering

length of the n + He system. A change of the scattering
length from 3.5 to 3.25 frn would lead to an enhancement
of the impluse approximation value by about 40%. Our
conclusions is in any case that the contribution of the
single-nucleon current to the cross section is very small in
comparison to that of the two-body exchange currents.

III. MODEL-INDEPENDENT
EXCHANGE CURRENT CONTRIBUTIONS

The exchange current density operator, which contrib-
utes the main part of the total cross section for the

thermal neutron capture reaction n + He~ He+y, can
be separated into "model-independent" and "model-
dependent" parts. The former is required by the
nucleon-nucleon interaction for current conservation,
and contains no parameters beyond those contained in
the interaction. We consider this exchange current term
here and the model-dependent one in Sec. IV below.

We construct the exchange current operator that is as-
sociated with the Argonne v&4 interaction model in a
way which ensures current conservation and consistency
with the wave function models. ' ' " The resulting
"model-independent" exchange current operator can in
turn be split into two terms: one associated with the
isospin-dependent central and tensor interactions, and
another associated with the velocity-dependent com-
ponents of the interaction.

The most important exchange current operator is the
isovector one associated with the isospin-dependent spin-
spin and tensor interactions. We use here the method
developed in Ref. 21 to construct this exchange current
operator from the corresponding potential components.
The method involves separation of these potential com-
ponents into a sum of two terms, which may be associat-
ed with exchange of isospin-one pseudoscalar bosons (PS
or "generalized pion exchange") and exchange of
isospin-one spin-one bosons ( V or "generalized vector
meson exchange"). When these separated potential com-
ponents are then used in place of the simple Yukawa po-
tentials in the expressions for the pion and p-meson ex-
change current operators, one obtains an exchange
current operator that is consistent with boson exchange
models and which satisfies the continuity equation with
the given realistic potential model (in this case the Ar-
gonne v &4 interaction).

The resulting exchange current operator then appears
as the sum of a "generalized pion" and a "generalized p-
meson" exchange current operator. The former
represents a generalization of the conventional "seagull"
(or "pair") and "mesonic" pion exchange current opera-
tors (Fig. 1), but which satisfies the continuity equation
with a realistic potential, rather than with the simple
one-pion-exchange potential. The latter may be viewed
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j(k„k~)= — (1+r, , )[v (k2)+2m v (k~)]

X [(cr
&

+cr2) Xk2 —i(p2+p2 ')]+(1—2) .

(3.1)

(a)

FIG. 1. Feynman diagrams that describe the "seagull" (a)
and "mesonic" (b) exchange current operators that are associat-
ed with the pion and p-meson exchange interactions.

as a generalization of the corresponding p-meson ex-
change current operator. ' The explicit expressions for
these exchange current operators, which have the isospin
structure (r, Xrz)„are given in Ref. 10 for the case of
the Argonne u, 4 potential. The resulting exchange
current operator is found to give satisfactory predictions
for the backward electrodisintegration cross section of
deuteron near threshold" and for the magnetic form fac-
tors of the trinucleons. ' '" For completeness, we point
out that the generalized vector meson exchange current
operator also contains a term associated with the central
interaction, but which is numerically of only minor
significance.

The construction of the exchange current operators
that are associated with the spin-orbit, quadratic spin-
orbit, and L components of the interaction is less
straightforward. ' The simplest approach would be to
construct these exchange current operators by direct
minimal substitution in the corresponding potential com-
ponents. While this method ensures current conserva-
tion, the form of the resulting exchange current operators
does not agree with that of the corresponding operators
obtained with boson exchange models. We shall there-
fore construct the exchange current operator that is asso-
ciated with the spin-orbit interaction by generalizing the
relevant single scalar and vector meson exchange current
operators to a form which meets the requirement of
current conservation with the central and spin-orbit com-
ponents of the Argonne v &4 potential.

For this purpose we assume that the isospin-
independent central and spin-orbit interactions of the Ar-
gonne potential can be written as sums of a term associat-
ed with exchange of spin-zero bosons (generalized scalar
meson exchange) and a term that is associated with ex-
change of spin-one bosons (generalized co-meson ex-
change). By then using the known expressions for the
single scalar and vector meson exchange current opera-
tors, and separating the scalar and vector components
of the interactions, it is possible to construct generalized
scalar and vector meson exchange current operators
which satisfy the continuity equation with the phenome-
nological potential. The resulting generalized
exchange current operator then has the form in momen-
tum space

X [o,X k —i ( p, +p', )]+( l=2 ) . (3.2)

In the case of single isospin-zero scalar and vector meson
exchange interactions the exchange current expressions
(3.1) and (3.2) reduce to the cr- and co-exchange current
operators given by Blunden, with the exception of an
insignificant nonlocal operator that is proportional to the
(small) co-nucleon tensor coupling constant.

In the case of the isospin-dependent interaction one
cannot separate the central and spin-orbit interactions
into terms associated with scalar- and vector-like ex-
changes in a unique way, because of the large isovector
tensor coupling to the nucleon. We therefore in this case
make the simple assumption that only the exchange
current associated with vector-like exchanges (general-
ized p-meson exchange) is important. The form of this
exchange current operator can then be obtained from the
expression (3.1) by the substitution

(1+v, , )~(r, r, +r2, ) . . (3.3)

Note that the isovector term that involves the isospin
operator (r, Xrz)„which is associated with the central
vector-exchange interaction, has been included with the
similar isovector exchange current operators that are as-
sociated with the isospin-dependent tensor interaction
above.

The exchange current operators (3.1) and (3.2) [and
that obtained by the substitution (3.3)] satisfy the con-
tinuity equation with the corresponding central and
spin-orbit interactions, when the single-nucleon charge
operator that appears in the continuity equation includes
the relativistic corrections proportional to rn . The im-
portance of taking into account this relativistic correc-
tion in the continuity equation has been stressed by Blun-
den and by Ichii et al. It should be mentioned here
that the present current operator associated with the
spin-orbit components of the v, 4 is constructed in a
different way from that discussed in Ref. 10. However, in
contrast to what was found in Ref. 10, the prediction for
the isoscalar combination of the magnetic moments of
the trinucleons obtained with the currents (3.1)—(3.3) is in
excellent agreement with the experimental value. "

The momenta of the initial and final nucleon pairs are

p, , pz and p]', pz', while the fractions of the photon
momentum k that are delivered to nucleons one and two
are denoted k, and k2, respectively. The functions v (p)
and v (p) are the Fourier transforms of the isospin-
independent central and spin-orbit components [note that
the spin-orbit interaction in momentum space has the
form —,'i(n, +tr2) p'Xpv (p)].

The corresponding generalized scalar exchange current
operator has the expression

j(k„kz)= i — (1+i, , )[v (kz) ', m——v (kz)]
3
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FIG. 2. The 533 excitation exchange current diagrams.

noted that the contribution due to the isospin-dependent
central interaction as well as that associated with the
rnomenturn-dependent interactions is very small. The 70
pb prediction for the model-independent isovector PS
and V current contributions is much larger than the value
quoted by Towner and Khanna from the corresponding
pion and p-meson exchange current operators. The
reason for the small value of Towner and Khanna seems
to be a large cancellation between the SS- and SD-state
matrix elements of these exchange current operators.
However, it should be pointed out that the above authors
have not included the contribution from the diagonal
DD-matrix elements.

There is no simple way to construct the exchange
current operators that are associated with the quadratic
spin-orbit and L components in the interaction so that
they would have a form that is consistent with that ob-
tained from meson exchange mechanisms. Since on the
other hand the numerical significance of these exchange
current operators is small we shall here be content to
construct these by direct minimal substitution in the cor-
responding interactions. The resulting expressions for
these exchange current operators are then those obtained
in Ref. 10.

The predicted total cross section values are also listed
in Table I. When only those exchange current correc-
tions that are associated with the isospin-dependent ten-
sor and spin-spin interactions are taken into account the
predicted cross section value is 70 IMb, which is only
slightly above the empirical value 54+6 pb. It should be

IV. MODEL-DEPENDENT
EXCHANGE CURRENT CONTRIBUTIONS

In addition to the model-independent exchange current
operators that are required by the nucleon-nucleon in-

teraction one has to consider model-dependent exchange
current mechanisms, which are described by purely
transverse current density operators. The best estab-
lished such mechanisms are the pion and p-meson ex-
change current operators that involve excitation of virtu-
al intermediate b, » resonances (Fig. 2). Although there is

a strong cancellation between these pion and p-meson ex-
change contributions' ' they do contribute a non-
negligible correction to the total cross section.

The pion exchange current operator associated with
excitation of virtual intermediate b, 33 resonances (in the
sharp resonance approximation) is

2&sf 2 o, krak, cr2 k~k2
j ~(k„k 2)=i

2 &r&& 4r&, ~ 2 z
+ r&, z z z15mm (mz —m) '

m +k, '
m +k~

(cr, Xk~)(oz kz)—(r, Xr~),
m'. +k',

(o~xk, )(o, k, )

m2+k2
xk. (4.1)

Here m and mz are the pion and 633 masses, respectively. In this expression the AND, coupling strength has been ex-

pressed in terms of the mNN coupling constant (f =1) by means of the static quark model. For the yNA transition
moment p&&& we use the empirical value 3, which is about 30% smaller than the value obtained by expressing it in

terms of the isovector nucleon magnetic moment by using the static quark model. In Eq. (4.1) the momentum variables

k, and k2 are the fractions of the total momentum k =4, +k2 that are delivered to nucleons one and two, respectively.
The corresponding p-meson exchange current operator, which involves excitation of intermediate b 33 resonances, has

a similar form

g (1+~)
Jpa(k&, kz) ——i

3 Pres 47 &,15&2m (mz —m )

(o, Xk, ) Xk, (o 2 Xk2) X k2

m +k)
+4~2, ~

m +k2

—(~, X~~),
o ( X [(o qXkq) Xk2]

m2+k2

o qX [(o'i Xki) X ki]
m +k

p 1

xk. (4.2)

In this expression the static quark model has again been
used to express the pNE transition coupling strength in
terms of the corresponding pNN coupling constant com-
bination g ( 1+a ). We shall here use the values

g /4~ Q. 5 and K =6.6.
The effect of the finite extent of the nucleons and

mesons is taken into account by introduction of mono-
pole form factors at the vrNN and pNN vertices in the
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current operators (4.1) and (4.2):

(A, —m, )
f,(p)=, a =m.,p .

(A, +p )
(4.3)

The cutoff masses A and A do of course represent arbi-
trary parameters. The values A =1.2 GeV and A =2
GeV, suggested by studies of the reaction rr+d ~pp, are
used in the h(m +p) contribution listed in Table I.

The contribution from the combined pion and p-meson
exchange currents that are associated with excitation of
633 resonances is shown in Table I. Inclusion of this con-
tribution increases the calculated cross section from the
value 71 pb (impulse approximation+model-independent
exchange currents) to 99 pb. There is, however, a
remaining theoretical uncertainty in the 633 exchange
current correction, which is associated with the uncer-
tainty in the mNh, pNN, and pNA coupling constants.
The magnitude of this uncertainty may be of the order
20%. The sensitivity of the matrix element on the values
chosen for A and A is discussed at the end of Sec. IV.

The remaining model-dependent exchange currents
that have a long-range component (apart from those in-

FIG. 3. The y~p and yn.co exchange current mechanisms.

volving excitation of pion-nucleon resonances with high
energy) are the pry and cony exchange mechanisms illus-
trated in Fig. 3. The relative importance of these at low
values of momentum transfer is small, and depends rath-
er sensitively on the treatment of the short-range behav-
ior

The expressions for pry and cozy exchange current
operators are given by

f~g pl p.~r oi kij (k„k~)=i r, r~k, xk~
m m (k, +m „)(k&+m )

o.
z k&

(k f+m )(kz+m„)
(4.4)

and

(4.5)

For the pay, cozy, and coNN coupling constants we use
the values 0.4 and 0.63 [from the measured widths of
p~n. +y (Ref. 34) and cu~~+ y (Ref. 7)] and 14.6 (from
the Bonn potential ), respectively. Because of the re-
cently raised question of the proper sign of the pay ex-
change current operator, we emphasize that the expres-
sion (4.4) agrees with the corresponding magnetic mo-
ment expression given by Chemtob and Rho. We finally
introduce monopole form factors at the pion and vector
meson vertices in the pry and cozy exchange current
operators (the value A =2 GeV is used in the cony con-
tribution listed in Table I).

The matrix elements of the exchange current operators
(4.4) and (4.5) (modified by the monopole form factors)
are listed in Table I. The contribution of the pm. y ex-
change current operator is very small, whereas that of the
~m.y mechanism is non-negligible. Adding these correc-
tions to the previously considered ones increases the cal-
culated cross section to 112 pb, which is about twice the
empirical value. The most likely reasons for this overpre-
diction will be discussed in the following section.

We have also calculated the cross section as a function
of scattering length, and find that it varies from 140 to 71
pb as the scattering length goes from 3.25 to 3.75 frn.
This sensitivity is an important source of uncertainty in
the present calculation, and a more accurate experimen-
tal determination of the scattering length would be valu-

able. Furthermore, the pm. y and con.y contributions are
very sensitive to the cutoff values in the rrNN, pNN, and
coNE vertices. Changing these from 1.2, 2.0, and 2.0
GeV to 0.6, 1.0, and 1.0 GeV decreases the magnitude of
the pvry and cozy matrix elements by factors roughly
equal to 6 and 3, respectively. However, the h(m+p)
contribution increases by 10%, so that the reduction of
the cutoff values to 0.6, 1.0, and 1.0 GeV decreases the
contribution of the model-dependent exchange currents
by only 0.00023 fm, or roughly 3% of the total matrix
element. Finally, we have performed calculations using
the Chemtob-Rho expressions for the pion and p-meson
exchange currents in place of the PS and V exchange
currents derived from the Argonne potential, and find a
total cross section of 123 pb. Including only the impulse
approximation and the pion exchange current gives a
much smaller value, 42 pb.

V. DISCUSSION

While the qualitative conclusion of the present calcula-
tion of the total cross section for n + He~ He+y, that
the cross section is almost entirely due to exchange
current contributions, is fairly certain, the substantial
overprediction of the cross section is unsatisfactory. This
overprediction can already be inferred from the recent
calculation of the exchange current contribution to the
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isovector combination of the trinucleon magnetic mo-
ments in Refs. 10 and 11. The exchange current contri-
bution to this quantity obtained in Refs. 10 and 11, with
essentially the same model for the exchange current
operator, was too large by about 20%. This translates
into a 45% overprediction of any cross section that is
dominated by the isovector exchange current contribu-
tion, such as the thermal neutron cross section.

The exchange current contribution depends on the
nucleon-nucleon interaction both explicitly through the
exchange current operator and indirectly through the
wave function. The strong pseudoscalar and vector ten-
sor components' of the Argonne v, 4 interaction model
are likely to be partly responsible for the present overpre-
diction. We have verified that if one leaves out the D-
state components in the wave function and the tensor
correlation in the initial scattering state one would obtain
a 40% reduction of the predicted cross section value.
This demonstrates the sensitivity to the tensor force.
Moreover, as already pointed out at the end of Sec. IV,
the calculated cross section is very sensitive to the
n + He scattering 1ength.

Among the model-dependent exchange current contri-
butions considered above, the least certain is the corny ex-
change current operator (4.5). The magnitude of its con-
tribution to the cross section in Table I should be viewed
as an upper limit, as it could easily have been reduced by
reducing the mass values in the cutoff factors from the
large values A =1.2 GeV and A,„=2.0 GeV. One could

in fact view the fact that its contribution increases the
calculated cross section from the fairly reasonable value
95 pb to the clearly too large value 112 pb as evidence
that it has been overestimated.

Improving on the present overprediction of the ex-
change current contribution to the cross section for the
reaction n + He~ He+y will probably require a model
for the nucleon-nucleon interaction that has somewhat
weaker isospin-dependent pseudoscalar and vector tensor
components. At intermediate ranges these components
should, however, not be weaker than those of the Ar-
gonne v, 4 potential because otherwise the good fit to the
empirical threshold electrodisintegration cross section of
the deuteron" and the magnetic form factors of H and
He (Refs. 10 and 11) cannot be maintained.
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