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The capture of thermal neutrons by deuterons is found to be sensitive to three-body scattering effects
in the initial neutron-deuteron state. The interaction eBect is also important. 3ut theoretical errors associ-
ated with this eBect prevent any detailed conclusions with regard to the implications of the capture reaction
for the 3-nucleon bound-state wave function. However, a simple phenomenological representation of the
interaction effect, which is consistent with the 3-nucleon exchange magnetic moments and neutron-proton
capture, is sufhcient to reconcile the results of neutron-deuteron capture with present knowledge of the
3-nucleon bound state.

I. INTRODUCTION

HE elastic scattering of electrons on H' and. He
has furnished. useful information on the charge

and magnetic properties of the 3-nucleon bound states.
The most striking result is that the rms rad. ii and. form
factors for the H' and He' charge distributions are
substantially different, the radii being Z(Hs)=1.70
&0.05 F and Z(He')=1.87&0.05 F.' Provided, the
neutron charge form factor is small, this diGerence
indicates that there is a significant lack of spatial
symmetry in the H' and He' states. One possibility is
the existence of an appreciable 5' state. This state has
mixed spatial symmetry and is generated by the spin
dependence of the 2-nucleon interaction. However, a
complete analysis of the form-factor data is also
sensitive to the probability densities of the isobaric
T=~s and D-wave admixtures of H' and He". This
situation has led to a renewal of interest in the radiative
capture of thermal neutrons by d,euterons which, in

principle, provides independent information on the
properties of the triton 5' state. '4

The capture of thermal neutrons by deuterons is
predominately a magnetic dipole transition. The
amplitud. e for the transitions due to the nuclear spin
magnetic moments is independent of the dominant

spatially symmetric S state of the triton, and. the most
important terms correspond to capture from the
doublet and quartet neutron-deuteron states to the 5'
triton state. In addition to this dependence on the S'
state, the capture rate of thermal neutrons by deuterons
is sensitive to the interaction effect, 4 ' i.e., the distortion
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of the electromagnetic properties of the free nucleons
due to the nuclear interaction. It is necessary to invoke
the existence of this eGect in order to account for the
experimental magnetic moments of the H' and He'
nuclei. ' Furthermore, the interaction e8ect is probably
responsible for the 10% discrepancy between the
theoretical and experimental cross sections for neutron-
proton capture. ~ Here it should be noted that, whereas
the neutron-deuteron amplitude due to the nuclear
spins is limited by the 5' probability, the corresponding
amplitude for neutron-proton capture is sensitive to
the 'Se np wave function in the region of the singlet
antibound state and, hence is large. Accordingly, the
interaction effect is expected to have a much more
important role in neutron-deuteron capture than in
neutron-proton capture.

An assessment of the importance in neutron-deuteron
capture of the interaction eBect and of the structure of
the triton wave function requires an accurate represen-
tation of the low-energy 3-nucleon scattering state. In
particular, it is important to treat the three-particle
aspects of the problem exactly; that is to include the
basic analytic structure implied by the existence of the
3-nucleon bound state and the three-particle unitarity
relations. A practical theory which is capable of
accommodating this requirement is the separable
interaction approximation of the Faddeev equations. '
A complete investigation of the regions of validity of
the various separable approximations must await the
solution of the Faddeev equations for realistic interac-
tions. However, . central forces of separable type, 6tted
to the low-energy 2-nucleon data, have been found. to
have some physical justification. In addition, this
model gives a good representation of the quartet
scattering length and the elastic and inelastic n.eutron-
deuteron cross sections up to 14 MeV and fair results
for the triton binding energy and doublet scattering

~ See, e.g., R. G. Sachs, SNclear Theory (Addison-Wesley
Publishing Co., Inc., Reading, Mass. , 1953).

7 H. Pierre Noyes, Nucl. Phys. 74, 508 (1965); A95, 705(E)
(1967).

8 For a discussion of the Faddeev equations and a very complete
list of references on separable interactions see C. Lovelace,
Phys. Rev. 135, 31225 (1964).
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length. '" The latter results are improved by the
introduction of tensor forces" ' or by the introduction
of a 6ctitious three-body force as a phenomenological
representation of tensor and odd, -parity forces, short-
range repulsion, and, genuine three™body' forces. '0

Another aspect is the phase-shift-analysis prediction
for the doublet neutron-deuteron CGective-range ex-
pansion. Th1s expansion shows that k cog has a pole
at small negative k' and both the existence and approx-
imate position of this pole are predicted well by the
separable model. "Thus the low-energy separable inter-
action model is in general agreement with the basic
features of the low-energy 3-nucleon system.

The use of the separable interaction model leads to
a considerable improvement over previous neutron-
deuteron capture calculations. First, thc initial state
is consistent with the neutron-deuteron unitarity
relation. Barucchi, Sosco, and Nata" used a two-body
mod, el to investigate the unitarity corrections. Their
results are conhrmed in this paper and CGectively
render meaningless calculations which represent the
neutron-deuteron wave function by a plane wave.
Second, the distortion of the deuteron in the presence of
a third nucleon is automatically included by the
exact treatment of the 3-body aspects of the neutron-
deuteron system. Ke Gad that the distortion of the
initial neutron-deuteron state also plays a very signif-
icant role, and hence the model of Sarucchi et aI." is
not sufficiently accurate to yield quantitative results.

Section II describes the three-particle equations that
are the basis of this investigation. The separable
interaction model is briefly discussed in Sec. III.
Section IV contains a description of thc rclcvant
properties of the 3-nucleon wave functions. The interac-
tion CGcct is d.iscussed in Sec. V. The foal equations
and results are given in Sec. VI.

II. BASIC EQUATIONS

Consider a transition from the asymptotic state
IC „& describing the free motion of a particle n and a
bound state of particles P and, y (denoted. by' ts) to a
three-particle bound, state ICr&. To first order in the
electromagnetic Hamiltonian H„ the amplitude is

&c.l
~ (E+ ) IC-&=—&«.I&-I«-&+ (2.I)
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B~291 (I9S5).

'o A. C. Phillips, Phys. Rev. 142, 984 (1966).
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(1965);A. N. Mitra, 0.L. Schrenk, and V. S. Bhasin, Ann. Phys.
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(1965). See also F. Eradas, C. Milani, A. Pompei, and S. Seatzu,
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Here I%',„&+ is the outgoing scattering state in the rrN

channel and, is given by the Faddcev equations

I«-&+= Z I«-"'&+,

where Gs(E) is the resolvent operator for three free
particles and Ts(E) is the transition operator in
the three-particle Hilbert space of the y-n subsystem.
Straightforward manipulations then give the transition
operator

~ (E)=& —Z ~s(E)as(E)~s(E) (2 3)

If n=o, then (2.3) represents the transition operator
from the asymptotic state of three free particles to the
bound, state.

QI. LOW-ENERGY SEPARABLE
APPROXLMATloN

Our basic assumption, following Ref. 8, is that the
kernel of the three-particle Fa,d, ,evv equation is mainly
sensitive to the structure of the two-particle amplitudes
in the vicinity of the singularities associated with the
two-particle bound states and resonances. Dedning y
as the relative momentum of the P-y subsystem and,

as the momentum of particle 0, with respect to this
subsystem, then the two-particle amplitude is

(p «.I2'-(E)
I p '«-'&=Z&p-I«&1-(E —g-'/2~. )

)(&o.m I y '&5(« —« '), (3.l)

where t,„(E—q„s/2m, ) represents the propagation of a
two-particle bound state or resonance with energy
E—g~ /254~ (5$~ ls the approprtate reduced mass) and
(y Intr& is closely related to the wave function of the
bound state or resonance.

For identical particles the amplitude for the transition
from the asymptotic state of a particle and two-
particle bound state (rs) to a three-particle bound state
may be de6ned as

3

&@ I Jf.(E) I «&= — Z &c' I ~-(E)Go(E)I,«& (3 2)

Using (2.3), (3.1), and (3.2) we obtain the integral
equation

&Cr I &-(E) I «&

=&Cr I fl-(E) I «&+2 d'«'(&C'r I &-(E) I «'&

&«-(E—«"/2~)&«'l~-(E) I «&), (3 3)
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where —1 3

(~ I&-(»l~)= Z &~.If'-{:.(»I-,a),
a=1

Tmxz I. The 3-nucleon bound-state wave functions. In
calculating the radii, proton and neutron mean-square charge

(3 4) radii of 0.64 and —0.12 F' have been taken.

~..(»=—:Z (1-5.,)(- lG.(»IP )
a, P

For the 3-nucleon system the dominance of the
deuteron and singlet antibound state (i.e., n,=d or s)
is assumed. We take

nn
(p) n)= ~S„=I., I.; Is)

P2+p 2

&& i Sp, ——S,S;Ss), (3.6)

%ave
function

Ilvlng:
A
J3

Modihed
Irving:

C
D

Gf A

(~) (~-)

Prthogonal
to Nd

state with
doublet

Radii for scattering
O' I's =1.4' length

{F ') R{He') R{H') {F)

1.295 1.150 1.950 1.86 1.69 O.i
1.271 0.910 1.710 1.89 1.72 0.7

1.470 0.882 3.760 1.81 1.63 O. 1
1.380 0.828 3.530 1.87 1.69 0.7

1 d'Pn '
1-(»= —+

(P'+u-')'(P' &)— (3.7)

The parameters p„n, X„p,~, nd, and A.g are adjusted to
give a good representation of the low-energy 'So and
'S~ systems.

IV. THREE-NUCLEON WAVE FUNCTIONS

The first problem is the adjustment of the neutron-
deuteron scattering parameters. Here the chief difhculty
is that while the separable interaction model gives a
good, representation of the quartet scattering state, the
absence of tensor and short-range forces in this model
results in too much attraction in the doublet scattering
state. In order to bring the theoretical doublet scatter-
ing length into agreement with experiment, the phenom-
enological device of an effective three-body force is
used. "This approach has the merit of simplicity and
the important advantage that the three-particle
unitarity relations are obeyed. Tvro weak repulsive
forces of this kind are considered such that the theoret-
ical doublet scattering lengths take on the values
'a=0.1 and, 2a=0.7 F. The former agrees vrith the
experimental result of van Oers and. Seagrave, '4 and
the latter with Hurst and Alcock."

Corresponding to these two situations, bound-state
wave functions are constructed so as to be orthogonal
to the zero energy doublet scattering state. The
separable model yields an exact numerical bound-state
wave function. However, for convenience simple
analytic expressions are considered. The spacially
symmetric state is represented by the function N(p, q),
and the S' state by e& and v2 which may be constructed
in the usual way from the function g(p„q ). The two
vrave functions with which we work are the Irving
wave function

and a modification of the Irving wave function which
has the correct asymptotic behavior for the case when
all three particles are far apart:

N(P, q) =P'r+P'+-'q'?'9+ (g/3n') (P'+-'q') j '

g(p, q) =L&r+p'+sq'3 '
(4.2)

3 12 -=2
X &+ ( P'+*q')-

3n" u"+2P"

vrhere Bz is the 3-nucleon binding energy.
For small S' probability densities, the orthogonality

conditions are not particularly sensitive to the size
parameters (n' and P') of the S' state. We have deter-
rnined n' and P' by making a rough fit to the numerical
3-nucleon wave function of the separable interaction
model. The parameters of the bound-state wave func-
tions are given in Table I. Note that, contrary to vrhat
is often assumed, P' is much greater than u'. This result
agrees with the most recent variational calculations. "

The charge radii of. the He' and H' nuclei are given
in column 5 of Table I. Proton and neutron mean-
square charge radii of 0.64 and —0.12 F', respectively,
have been assumed. These results illustrate a defect of
the separable interaction model. The charge radii of the
wave functions vrhich are orthogonal to the neutron-
d.euteron state vrith the older and, less reliable doublet
scattering length of 0.7 F are closest to the experimental
rad, ii. A related problem is discussed in Ref. 13.

V. INTERACTION EFFECT

The electromagnetic interaction, with a photon
moving in direction k and with polarization vector u,
is taken to be

P„=uhk D+un k I.
N(P, q) =Ll+ (g/3n') (P'+-'q') j "'

3n{&2 )——7/2 (4.1)

Here D is the usual direct magnetic-moment operator
due to the nucleon spins. The vector I is the interaction
eGect or exchange operator. Because present theoretical
techniques do not allow reliable calculations of the

"D.G. Hurst and J. Aicock, Can. J. Phys. 29, 26 {1951). » I..M. Delves and J. M. Blatt, Nucl. Phys. A98, 503 (1967).



RADIATIVE NEUTRON —DEUTERON CAPTURE

interaction effect in terms of meson currents, we adopt
a phenomenological representation which is consistent
with the magnetic moments of H3 and He' and. the
neutron-proton capture reaction. The magnitudes of
the isovector and isoscalar exchange magnetic moments
of the He' and H' doublet depend on the percentages of
the D, j', 5, a,nd T= 32 admixtures in the bound states. 6

Keeping only the D-state contribution the isovector
exchange moments are 0.27, 0.32, and. 0.37 p,~ for
D-state probabilities of 4, 7, and 10%, respectively.
The corresponding isoscalar moments are 0.0, 0.15,
and 0.025 p,~. Thus the neglect of the isoscalar part of
the operator I seems reasonable. For the isovector part
we take

&pql II p'q') =2 ~.( .*—.s.)( .—s)
Xw~(p. ,p~')&s(q~ —q.') (5 1)

A Yukawa form for the potential function is assumed, ;

w, (p„p,') =
(p~—1s.')'+w'

where p,q
' is taken to be j..18 F.

It should be emphasized that (5.1) and (5.2) for I
comprise only one of several possibilities for the
isovector exchange operator. ' For a given 6t to the
magnetic moments of the 3-nucleon bound states the
contributions to neutron-deuteron capture of several
of the permitted types of expressions are identical.
.However, the possibility that (5.1) and (5.2) constitute
a poor representation of the interaction e6ect cannot be
ruled out. For examp1e, the existence of a three-body
interaction effect is possible. "Nevertheless, the approx-
imate nature of the experimental evidence for the
interaction effect does not warrant the use of a compli-
cated, representation.

VL FINAL EQUATIONS) RESULTS,
AND DISCUSSION

The neutron-d, euteron capture cross section is

0 = ', (2sr)sn(h/Mc)s(-E„s/qz)

x (I&c I
x '"

I q&l'+ I&c I x."'I q&I')

where'E~ is the photon energy (F ') and qi, the labor-
atory momentum of the neutron (F-').

The two phys1cRl trRnsition Rmplltudes Rre the
quar««C"IX""lq& and, the doublet &C'rlXg"lq&
The former sat1s6es a s1ngle-channel 1ntegral equat1on
Rnd the latter, together with an unphysical amplitude
&Cr I X,'"I q), satisfies a coupled integral equation I see
(33)—(3.5)j.The arnphtude (C r I

Xai~s
I q) corresponds to

ca,pture from a coniguration of a nucleon and a singlet
antibound state. Using (3.4) the corresponding inhorno-

~9 D. %.Padgett, W. M. Frank, and J. G. Brennan, Nucl. Phys.
73, 424 (1965&.

geneous or plane-wave-approximation terms are

+(sv3)4&NI2wi —ws —wsl fig)) (6.1)

&c'r I &""(&)I q) = —(a&6) (s u
—

s -)(»fid&
+ (sv'6)&r(ssl wi+ws+wsl fia&, (6.2)

«"~ I
fl.'"(~)

I q) = —(a&6) (vn —
s -)&»fi.)

—(-s'~6)lir&NI w, +w, yws I y„), (6.3)

where fi„ is the continuation off the energy shell of the
asymptotic e-d or e-s wave functions

n
&pivil fi.)= &s(qi—q)

pi + sr' + pl +Pm

The functions N, ~~, and. e~ represent the triton wave
function. In the evaluation of the matrix element of the
interaction effect. operator (5.1), only the fully sym-
metric 5 state for the bound state has been retained.

The expressions (6.1)—(6.3) do not include the
contributions due to the deuteron and triton D states.
Austern' found that the electric quadrapole transition
from the continuum 5 state to the triton 48~~2 state and
the transition from the D state of the deuteron to the
triton 5 state are very small. However, there has been
no estimate of the magnetic dipole transition amplitude
from the deuteron D state to the 4Dg(g state of the
triton. %e estimate this amplitude in the plane-wave
approximation. The only component of the 4D~ j~
triton state that contributes corresponds to a con6gura-
tion of two nucleons in a 'D~ state and a third nucleon
in a relative 5 wave. It is a simple matter to extract this
component from the numerical bound-state wave
function that is given by the separable interaction
model. It is found that, in the plane-wave approxima-
tion, the introduction of the D to D-state transitions
gives rise to a quartet and, doublet Rmphtude that
interfere destructively with the corresponding 5'
amplitudes for capture. The modi6cations are usefully
expressed as effective 5' states. The 4, 5.5, and 7%
deuteron D sta, tes correspond approximately to at
most 0.16, 0.29, and 0.50% 5' states, respectively, for
both the doublet and quartet inhomogeneous terms
(6.1) and (6.2). However, it will be shown that scatter-
ing Rnd interaction effects lead. to a result in which the
term (6.3), which is independent of the D to D-state
transitions, gives rise to the dominant contribution to
the capture cross section.

Ke now turn to the role played, in neutron-deuteron
capture by the scattering in the initial state. For the
quartet contribution (for various Ps., and with and
without the inclusion of interaction effect) the complete
amplitude X~@' is about three times smaller than the
corresponding plane-wave term Bq@'. That is the
quartet contribution to the cross section is d.ecreased
by a factor of 10. Similar reductions have been
obtained before using a two-body model for the neutron-
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TABLE II. Three-body scattering sects in neutron-deuteron
capture for modi6ed Irving wave function D of Table I and an
S' probability of 1.4%.

TABLE III. The 3-nucleon S' probability corresponding to the
experimental capture cross section as a function of the interaction
e6ect and wave function.

Plane-wave approximation Complete solution

7.50.0

1.078 0.6127 0.5143 0.1920 0.5622 0.7683

Exchange
moment of
H'-Hc'(s, ~) 0.0 0.27 0.37 0.0 0.27 0.37

Enhancement
of g-p
capture (/~) 0.0 5.5 7.5 5.5

Quartet
amplitude 0.786 0.685 0,648 0.262 0.243 0.235

Doublet
amplitude 0.556 0.245 0.133 0.311 0.652 0.778

Capture
cross section
(mb)

Ratio of
quartet to
doublet
cross sections 2.00 7.77 19.01 0.714 0.138 0.091

Wave
function
(Table I)

0.0
0.27
0.37

0.0
0.27
0.37

0.0
0.27
0.37

0.0
0.27
0.37

0.0
6.4
8.8

0.0
6.7
9.2

0.0
5.0
6.9

0.0
5.5
7.5

Interaction effect
Exchange Enhancement

moment of of Ip capture
H. , H'( ) (%)

S' probabDity
corresponding to

experimental
cross section (%)

7.8 +0.40
2.5 +0.40
1.4 a0.30

3.0 &0.25
1.1 +0.15
0.44+0.16

5.0 &0.60
1.9 +0.25
1.0 +0.12

4.4 +0.40
1.6 +0.20
0.75&0.20

deuteron scattering system. " One would expect that
such a model would be reasonable for the quartet state
since the Pauli principle keeps the nucleons far apart in
this state and prevents excessive distortion of the
deuteron. However, this is not the case for the doublet
state. Furthermore, because of the huge reduction in
the quartet capture amplitude, it is the doublet state
that provides the dominant contribution to the total
capture cross section.

The doublet capture amplitud, e is obtained by solving
a coupled integral equation. That is, capture can be
conceived of as occurring from the S-wave configuration
of a nucleon and a 2-nucleon subsystem in a 'S~ state
and the con6guration of a nucleon and a 2-nucleon

subsystem in a 'So state. The final result depends on
the relative magnitud, es of 8~'~~ and 8,'". With zero-
interaction effect the magnitud, e of Xq'~' is slightly less

than Bq'~'. Inclusion of the interaction effect results in
a drastic reduction in the value for J3q"~ but an increase
for 8,'I'. In this situation the scattering corrections
manifest themselves by giving a large value for Xg'"
even though 8&" is fairly small. The mechanism for
doublet capture corresponds to a severe distortion of
the initial state by the nuclear strong interaction and
subsequent capture from a configuration correspond, ing
to nucleon scattering oB a 2-nucleon subsystem in a
'So state. Thus, even though the interaction eGect
interferes d,estructively with the spin magnetic moment
in the plane wave amplitude Bq'I', the inclusion of
three-body aspects of the neutron-deuteron wave

function results in an over-all constructive interference.
We also note that the dominant contribution, corre-

sponding to capture from a nucleon and singlet 2-nu-

cleon configuration, is not serisitive to the triton and,

deuteron D states and hence the neglect of these states
is expected to be a good approximation.

Typical three-particle scattering sects are sum-

marized in Table II. These results correspond to the
modified, Irving wave function, and Table I, which is

orthogonal to the doublet state with scattering length
0.7 F. The plane-wave approximation and the complete
solution for several values of the interaction effect are
examined. It is clear from Table II that radiative
neutron-deuteron capture, because of its dependence on
nuclear scattering eGects and the interaction eGect, is an
exceedingly complex problem. This is illustrated partic-
ularly in the prediction for the ratio of the quartet to
doublet contributions to the cross section. For the
neutron-deuteron system this ratio is only accessible
experimentally if polarized, deuterons and neutrons are
used. However, proton-deuteron fusion in the muonic
molecule ppd allows an estimate of the corresponding
ratio for the radiative capture of protons by deuterons. ~
This ratio is &0.25 and provides at least qualitative
support for our predictions for the case that includes

both scattering and interaction effects.
The theoretical complexity of the neutron-deuteron

capture reaction prevents any detailed conclusions

with regard to the structure of the 3-nucleon bound,

state. The chief source of uncertainty is in the treat-
ment of the interaction effect. But in the absence of a
reliable theory of strong interactions nothing more than
a phenomenological approach with a minimum of
unknown parameters is feasible. In this spirit we adjust
the simple representation of the interaction eGect by
the isovector exchange operator, (5.1) and (5.2), to
account for the 3-nucleon magnetic moments and
neutron-proton capture and investigate whether the
results of neutron-deuteron capture are consistent with

our knowledge of the 3-nucleon system. The relevant

properties of the 3-nucleon system are the probability

of the S' state and the difference in the He' and. H'

charge radii.
Variational calculations using a Hamada-Johnson

ss B. P. Carter, Phys. Rev. 141, 863 (1966); 153, 1338(E)
(1967).
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FIG. 1.The capture cross section as a function of the S' probabil-
ity for wave functions 8 and D of Table I. Three values of the
interaction e8ect, corresponding to 3-nucleon exchange moments
of 0.0, 0.27, and 0.37@~ are considered.

potential give an S' probability of 1.2%.s' Separable
interactions give a similar result. ""The sensitivity of
the separable interaction results to the 2-nucleon singlet
effective range (r,) and the deuteron D state (Pn)
has been investiated. "As expected, the variation of
I'q. with r, is fairly large, corresponding, when I'~ ——0.0,
to 1.6% for r, = 2.85 F and 1.4% for r, =2.7 F. With
r, = 2.7 F and. P~= 7'Po, Ps. is 1.27%. Thus a realistic
S' probability density is in the range 0.8-1.6%.

Experimentally the difference in the charge radii is
0.17+0.1 F.' For the Irving wave functions of Table I,
Ps.=1.2% gives a difference of 0.12 F if the neutron
charge form factor is taken to be zero. A neutron
form factor of —0.02'' leads to a difference of 0.16 I'.
Of course the radii difference also depends on the
particular analytic form of the S and S' wave functions"
and the properties of the 3-nucleon D and T= ~3 states. '
However, the contributions from these effects are not
sufBciently important to lead to a rejection of the
estimate of Ps. between 0.8 and 1.6%.

The dependence of neutron-deuteron capture on the
structure of the 3-nucleon bound state is now examined.
The cross sections for the wave functions 8 and D of
Table I as a function of I'8. are shown in Fig. i. The

"B. Davies, University of New South Wales report (un-
published).

»J. Borysowicz and J. Dabrowski, Phys. Letters 248, 125
(1967)."R. H. Dalitz and T. %. Thacker, Phys. Rev. Letters 15,
204 (1965).

continuous curve corresponds to the modiled Irving
wave function (4.2) and the dotted curve to the Irving
wave function (4.1). For each wave function, three
values of the interaction effect are considered, corre-
sponding to 0.0, 0.27, and 0.37 p, N for the exchange
magnetic moments of 3-nucleon bound state. Inspection
of Fig. 1 shows that 0.8(Ps (1.6% and the experi-
mental capture cross section of 0.60~0.05 mb~ are
only compatible with the capture results which include
the interaction effect. This is also the case for wave
functions 2 and C.

The results of all four wave functions of Table I are
summarized in Table III. The 3-nucleon exchange
magnetic moments and the interaction effect enhance-
ments for the neutron-proton capture cross section are
given in columns 2 and 3. The interaction effect in
neutron-proton capture amounts to 10%.' But it
should be noted that the enhancement given by
exchange operator, (5.1) and (5.2), is particularly
sensitive to the range (pr ') of the potential function
w(p, p'). Accordingly, exchange moments of 0.27 and
0.37 p~ are acceptable. Column 4 contains the 3-nucleon
S' state which will give the experimental capture cross
section. The results which include the interaction effect
give P8. in range 0.4-2.5% and are consistent with our
knowledge of the 3-nucleon bound. -state wave function.

In conclusion we emphasize the following. Until the
interaction effect is properly understood, radiative
neutron-deuteron capture can yield, no useful informa-
tion on the structure of the 3-nucleon bound-state
wave function. This reaction does, however, provide an
interesting example of the importance of three-body
scattering effects. These effects are markedly different
for the doublet and quartet capture amplitudes and
for the doublet case reverse the plane-wave-approxima-
tion result (and also the zero-distortion result) that the
interaction effect and nucleon spin amplitudes interfere
destructively.

Though scattering effects are not expected to be so
large in the photodisintegration and the electrodisinte-
gration of the 3-nucleon bound state, the results of this
paper are sufBcient to cast doubt on the reliability of
the existing calculations for these reactions.
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"This is the cross section for neutrons of velocity 22 km/sec;
see F. T. Jurney and N. T. Motz (unpublished).


