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Cross sections for the He(y, 2p) n coincidence reaction are calculated in the energy range 15 & E„(50 MeV
for the coplanar geometry. The calculation is performed within the context of exact three-body theory where
the two-nucleon interactions are represented by s-wave spin-dependent separable potentials fitted to low-

energy nucleon-nucleon scattering data. The Coulomb force between the protons is neglected. The cross
section is found to be most sensitive to the parametrization of the singlet interaction in the final state when
two nucleons exit in close proximity.

NUCLEAR REACTIONS Photodisintegration of 3He; exact three-body calcula-
tion; separable potentials; coincidence cross sections.

I. INTRODUCTION

Coincidence experiments involving an electro-
magnetic probe of the nucleus have been advanced
as providing a sensitive test of the ground-state
wave function. ' 4 In particular, it was shown that
the 'He(e, e'd) p reaction could be used to dis-
tinguish among various available ad hoc assump-
tions for the radial dependence of the three-body
ground state." In view of the possibility of per-
forming coincidence experiments such as
'He(y, 2 p)n at high current accelerators like
Bates, ' we wish to examine briefly the question of
what information might be reliably extracted from
these reactions. Specifically, we wish to investi-
gate the dependence of the cross section upon the
ground- state-model assumption, the sensitivity of
the cross section to the rescattering of the three
nucleons in the final state, and the photon energy
range most easily analyzed. The first of these
questions is motivated by the 15% difference in
the total cross section estimates obtained for the
trinucleon models constructed in Refs. 6 and 7 and
the possibility that the difference might be ampli-
fied in the coincidence geometry. The second
question concerns whether the ground-state dif-
ferences can be discerned when rescattering
effects are large, as well as whether the rescat-
tering of a single pair of nucleons will completely
dominate in a particular geometry —the same point
to which the last question pertains.

We perform this investigation utilizing the mathe-
matically simplifying assumption of.a separable
potential representation of the N-N interaction.
The parameters of the s-wave spin-dependent rank-
one potential are determined from the N-N singlet

and triplet scattering length and effective range.
The singlet phase shifts are reasonably well re-
produced below 100 MeV; the triplet phase shifts
are not so well represented, since we neglect the
tensor component of the triplet force. Except for
use of the model in Ref. 6, the initial as well as
the final states are determined from the same in-
teractions. We neglect the Coulomb interaction
of the two protons, although we do consider the
effect of including the modification of the P-P
strong interaction in the final state due to the
presence of the Coulomb force. Throughout this
investigation, we restrict ourselves to the dom-
inant l =1 electric-dipole transition. Our formal-
ism is briefly reviewed in the following section,
where we also develop the appropriate cross sec-
tion expressions. Our numerical results and cor-
responding discussion are presented in Sec. III.
Our conclusions are summarized in Sec. IV.

II. THEORETICAL REVIEW

The formulation of the theory of the three-body
photodisintegration of 'He and 'H, which we
utilize, is described in detail in Ref. V. The am-
plitude for this process can be expressed as the
sum of three terms

W, (n, n, l-, k) =(C'.„-„~II' ~q,)
3

—g (c:.;; I ~,( )~.( )ff'I (.&
)=1

3

enpl7. y yg ~0

with z = E"J+iq. Here
~
4'„y) describes the three-



546 B. F. GIBSON AND D. 8, . LKHMAN

body plane-wave final state of three nucleons; P
is the relative momentum of nucleon e with re-
spect to the center of mass of particles P and y;
%2„ is the relative momentum of nucleons p and y;
and n is an index labeling quantum numbers such
as the spin and isospin. Il' is the electromag-
netic interaction, which is treated perturbatively;
Ts (z) is the two-body T operator; G,(z) is the re-
solvent operator (Ho z) '; and&„3(z) is the transi-
tion operator connecting particle-plus- correlated-
pair states. The three terms in Eq. (1)designated
the plane-wave Born term, the first rescattering
term, and the term which sums all rescattering
beyond the first —are depicted diagrammatically
along with the integral equations for the transition
operator X„& in Fig. 1.

Restricting the perturbative Hamiltonian to the
El transition, we have

S23 (M1/2 + (1)1/2M1/2 + (2)1/2M3/2 )3 ~ S230 23 $231

(4)

for the. 3He(y, np)p reaction. The M/s»/» can be
expressed as a sum of three terms:

(5)

where C is the plane-wave Born amplitude, E is
the first rescattering amplitude, and 8 is the amp-
litude that sums the remaining terms. Because
of a misprint in our tabulation of the plane-wave
Born terms in Ref. 7, we repeat them here. :
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where r, is the nucleon center-of-mass coordinate,
q is the photon polarization unit vector, and 7., is
the third (z component) isospin Pauli matrix for
nucleon i. H' operates on the ground state, which
we take to be the dominant spatially symmetric
component. The resulting amplitudes are of the
form (S23 and f23 are the spin and isospin coupling
of particles 2 and 8)

S23 ( )
1/ 2M1/2 + ( )1/ 2M 3/ 2

23' 23

for the 'He(y, 2 p)n reaction and of the form

~I/2 ~1/2
10 01

1/2 1/2C„=-C00

(6)

In the specific case of the 'He(y, 2p)n cross sec-
tion considered below, one is detecting both of the
protons, and the identical particle problem is
minimal. The appropriate density of states is
given bys

c"'=M2C"'ll Il

The remainder of the terms are as given in Eq.
(45) through Eq. (52) of Ref. 7.

As a function of the amplitudes 3R, 23, the three-
body coincidence cross section has the form
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FIG. 1. Diagrammatic representation Of the calcula-
tion of the three-body photodisintegration amplitude.
The wavy line represents the disintegration mechanism
(i.e., in the case of photodisintegration a photon), the
triple lines the trinucleon ground state, and the cross-
hatched double lines a particular correlated pair plus
nucleon (N) being off shell. The upper part of the
figure describes the amplitude M3 as a sum of Born,
first rescattering, and integral over the off-shell
scattering amplitude X~„;S~ is the off-shell Born am-
plitude. The lower part of the figure describes the
integral equation that determines the off-shell scatter-
ing amplitude X«i .

dQ2dQ, = —,
' (42)2.

The coplanar geometry implied in these express-
ions is defined in Fig. 2; q is the photon momen-
tum. One notes that in addition to the usual rela-
tive momenta relations

k= 2 (P2 —P3),
IP= 3P1 —3 (P2+P3) ~

k p=-2 (P,'-P,')+ 3q. (p, -p,),
one also needs for the polarization sum
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(e r): !qx $!= —[p, cos8, —P, cos8 ],
2k

)0

(& 'P): I &xP I
=

&
[3p x cos8

(10
——, (p, cos8, +p, cos8,)],

(i p) (e r"): cosg~, = p k/ j p ~ k
(
.

III. NUMERICAL RESULTS

We consider the specific reaction 'He(y, 2P)n
for the case of uncharged protons. We restrict
our consideration to the energy range 15 Me7
«E„~50 MeV, where the long-wave-length limit
approximation for the dominant E1 operator is
valid. For the coplanar geometry defined in Fig.
2, we consider equal proton opening angles
(8, = 8,) of 5', 10', and 20'. The small opening

angle exemplifies the situation in which the two

protons exit "close" to one another and therefore
have the opportunity to interact strongly. The
large opening angle provides an example of what

to expect when all of the nucleons are "far apart, "
so that no one-pair interaction should dominate.

In Figs. 3-6, we present results for the three
opening angles noted above at energies of 15, 20,
30, and 50 MeV. The 15 MeV energy is near the

peak in the total cross section, and the coincidence
cross section is largest there for any given angular
configuration. The coincidence cross section is a
maximum at each energy for the 5 opening angle,
where the enhancement due to the strong final- state P-
p interaction is the largest. The peak in the cross
section occurs at E,= E„where the relative
P-p energy is a mimium. Near this peak, the
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FIG. 3. Comparison of coincidence spectra at E„
=15 MeV for 82= 83 as noted.
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FIG. 2. Coplanar geometry for which the coincidence
calculations were performed.

FIG. 4. Comparison of coincidence spectra at E~
= 20 MeV for 82

——63 as noted.
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50 MeV results in Fig. 6. This is apparently a
final-state rescattering effect, since the plane-
wave Born calculation results in a curve which
peaks near E,= 2 Me& and falls off monotonically
as E, increases.

In Fig. 7, we address the question of model sen-
sitivity for the coincidence cross section. ' It
is clear from a comparison of the solid curve
(resulting from the model introduced in Ref. 7
and identified as I in the table) with the dashed
curve (resulting from the model introtluced in

Ref. 6 and identified as II in the table ) that large
differences in the theoretical cross sections
exist, differences larger than the 15% found for
the total cross section in Ref. 7. However, most
of this difference arises from the different singlet
interaction in the final state. This becomes clear
from a comparison of the solid curve with the doi-
dashed curve (resulting from the Barbour-Phillips
ground state combined with the final-state param-
etrization I in the table). Thus, it would appear to

FIG. 5. Comparison of coincidence spectra at E~
= 30 MeV for 82 ——83 as noted.

cross section varies rapidly as a function of
opening angle, implying that precise angular reso-
lution will be required in order to extract useful
information. One may note the minima in the
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FIG. 6. Comparison of coincidence spectra at E~
= 50 MeV for 82

——83 as noted.

(6

FIG. 7. Comparison of model results for the coin-
cidence spectra at E~ =15 MeV and 82= 83 ——5 . The
solid curve describes the cross section for the Ref. 7
model in both the initial and final state; the long-dashed
curve corresponds to the Ref. 6 model in both states;
the dashed-dot curve corresponds to the Ref. 6 ground
state and the Ref. 7 final-state parametrization; the
short-dashed curve is similar to the solid curve, but
with p-p singlet parameters in the continuum.
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TABLE I. Model parametrizations.

B3 N3
Model (MeV) {fm ~)

Ground state Continuum state
P a

(fm ) (fm ) (fm)
f'p

(fm)

Ref. 7 7.72 0.307 1.000 4.93 1.92 0.133 0.3815 1.406 5.423 1.761 (trip. )
0.335 3.38 0.913 0.0907 0.1323 1.130 —17.0 2.84 (sing. )

Ref. 6 7.71 0.372 1.000 6.15 2.89 0.353 0.391 1.418 5.397 1.747 (trip. )
0.310 4.31 1.17 0.0821 0.148 1.150 —21.25 2.74 (sing. )

Ref. 7 0.3815 1.406 5.423 1.7 61 (trip. )
0.1534 1.223 —7.823 2.794 (sing. )

be almost as difficult to determine significant dif-
ferences in the two ground-state wave functions
from the coincidence experiment as it would be
from the total cross section measurement. A
further complication can be noted by examining
the short-dashed curve (resulting from the
Barbour-Phillips ground state and the continuum
parameters labeled ID in the table —a singlet in-
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FIG. 8. Comparison of model results for the coinci-
dence spectra at Ey =15 MeV and 82= 83-—20'. The solid
curve describes the cross section for the Bef. 7 model
in both the initial and final states; the long-dashed curve
corresponds to the Bef. 6 model in both states; the
dashed-dot curve corresponds to the Bef. 6 ground state
and the Ref. 7 final-state parametrization; the short-
dashed curve is similar to the solid curve, but with
P-P singlet parameters in the continuum.

FIG. 9. Comparison of model results for the coinci-
dence spectra at Ey 50 MeV and 0) 83 5 The solid
curve describes the cross section for the Ref. 7 model
in both the initial and final state; the long-dashed curve
corresponds to the Bef. 6 model in both states; the
dashed-dot curve corresponds to the Ref. 6 ground state
and the Bef. 7 final-state parametrization; the short-
dashed curve is similar to the solid curve, but with p-p
singlet parameters in the continuum. The additional
dashed-dot curve labeled (1) corresponds to the single-
pair rescattering approximation to the dashed-dot curve.
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teraction fitted to the modified P-P scattering
length and effective range, but lacking the pure
Coulomb scattering of the two protons). It is clear
that the final-state interactions dominate the
cross section, making it difficult to extract in-
formation about the ground- state wave function.

One might consider looking instead B,t a larger
angle, such as the 20' opening angle shown in Fig.
8. One expects, from the results shown in Fig.
3, that the dominance of the cross section by the
P-P rescattering will be lessened. That such is
the case can be seen from a comparison of the
same solid curve and long-dashed curve in this
figure as we had in Fig. 7. The dot-dashed curve
(again resulting from the Barbour-Phillips ground
state, but with the continuum interaction identical
to those used in obtaining the solid curve) coincides
with the dashed curve in the tail of the cross
section, where the details of the interaction pro-
ducing the final-state rescattering effects be-
come much less important. Near the peak of the
cross section, this dot-dashed curve lies about
halfway between the solid and dashed curves;
this illustrates that, even in this geometry where
none of the nucleons come out close together,
about half the difference between models I and II
in the table results from the ground state model
and about half the difference from the different
singlet interactions in the continuum. However,
even here, a proper treatment of the P-P inter-
action would be necessary as one can ascertain
by comparing the short-dashed curve with the
first three.

One might also consider higher energy, such

as 50 MeV. Here, near the peak of the cross
section, one does find that the one-interacting-
pair approximation is good. This can be seen by
comparing the two dot-dashed curves in Fig. 9.
However, the region of the spectrum where this
approximation is valid is small. Thus one cannot
escape the difficult task of including the differing
singlet, interactions (V»4 V„'a) separately in order
to extract useful information about the ground state
from the coincidence experiment. Restating this
point: It would appear that one must allow for
charge dependence in the N-N interaction. In
addition, one would prefer the 'H(y, 2n)P reaction
in order to avoid the obvious Coulomb difficulties.

IV. CONCLUSIONS

The coincidence cross section has been shown to
be much more sensitive to model dependence
than the total cross section, as expected. How-

ever, much of the sensitivity is to the singlet
final-state interaction and not to the ground state
wave function; this is especially true when the
geometry is such that two of the nucleons exit
with little relative energy. At higher energies
(E„-50 MeV), it was found that the single-inter-
acting-pair approximation is adequate near the
peak in the spectrum where the relative energy
of the pair is a minimum. Coulomb effects will
likely make the theoretical analysis of the
'He(y, 2P)n reaction difficult. Even in the less
complex 'H(y, 2n) P reaction, charge dependent
forces ( V„'~ o V„„)will be required in order to make
a meaningful analysis.

*Work performed under the auspices of the U. S. Ener-
gy Research and Development Administration.
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The density of states defined in Eq. (8) contains a factor
of 2 for identical particles; this compensates for the

extra W2 appearing in the denominator of Eq. (6), where
identical particles were ignored. It is clear that one
can omit the factor of 2 in Eq. (8) and integrate over
all of phase space [fdQ &d03 ——(47t)2) to obtain the cor-
rect total cross section, thus ignoring the question of
identical particles in calculations such as those in
Refs. 6 and 7.

The models of Refs. 6 and 7 may be summarized as
follows: For the ground state one assumes tt)

+g +p 3, where g =N3[g](k)u](p)+g (k)u~ (p)j/
(k +&p +K ) and K =mB3. The spectator functions
are u„(p) = Cn/( + ~n p + pn p +y n p ) and the form
factors are g„(k) = (k2+ p„) '. The separable poten-
tials defining the continuum are the usual v„(k,k')
=—(X/nz)g„(k)g„(k' ) .


