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Protons emitted from the bombardment of deuterium with a 16.5-MeV He beam have been
measured at 0& =30', in coincidence with the other charged particles from the reaction. Angu-
lar correlations at 6.6- E& - 7.8 MeV have been obtained and compared with a modified-Born-
approximation calculation of the 3He stripping. The angle-energy correlation and the P- H to
P- He branching ratio can be reproduced if the H+p phase shifts of Meyerhof and McElearney
and the He+n phase shifts of Bransden, Robertson, and Swan are used to describe the respec-
tive interactions in the final states. In agreement with Barit et al. , the triplet s-wave He+n
phase shifts are found to be negative.

I. INTRODUCTION H. EXPERIMENTAL METHOD

The three-body breakups from the 'He+ D reac-
tion into p+ 'He+n and p+ 'H+P have been reported
from measurements of single-proton energy spec-
tra' and charged-particle coincidences. " The re-
sults have been interpreted in terms of two 'He ex-
cited states near 20 and 21.2 MeV. Analyses ' of
final-state interactions have shown that the 20-
MeV state is identical with the 0' resonance found

by Werntz, ' and that the 21.2-MeV state is consis-
tent with a P-wave final-state interaction in the
p+ 'H system.

The present work was undertaken to study the ef-
fects of these final-state interactions on the angu-
lar correlations; in particular, for 4He excitation
energies near 21 MeV. From the viewpoint of
studying reaction mechanisms, Yu and Meyerhof'
have analyzed the single-proton energy spectra and
also the single-neutron energy spectra" from the
mirror reaction 'H(d, n) with a modified-Born-ap-
proximation calculation. They have found that the
singles spectra cannot distinguish between differ-
ent breakup modes, and suggested the use of coin-
cidence requirements.

In our measurements at E, = 16.5 MeV, 8~ = 30'
and 6.6 MeV (E~ (8.6 MeV, we have found that the
p-'He and P-'H angular correlations, from D-
('He, p), have an axis of symmetry along the re-
coil direction of the 'He system. As will be dis-
cussed in Sec. III, this suggests that 'He stripping
is the predominant mechanism. For this mech-
anism, it was found possible to reproduce the cor-
relation data using the 'He+ n phase shifts of
Bransden, Robertson, and Swan' and the 'H+p
phase shifts of Meyerhof and McElearney" to rep-
resent the respective final-state interactions. In
agreement with the results of a charge-invariant
analysis, "the triplet s-wave 'He+ps phase shifts
are found to be negative.

The cross section of a three-body reaction, 1+ 2- 3+4+ 5, is related to the transition matrix ele-
ment T&,. by

2 2 P P I'
2m ~ 2m2 2' 3 2pn4 2nz5

where v» is the relative velocity of particles 1 and

2, Q is the Q value of the reaction, and (iT&; i') is
the squared modulus of the transition matrix ele-
ment, averaging and summing over the initial- and
final-state spin projections. Integrations are to be
carried over the volume of the phase-space region
ET determined by the angle and energy resolutions
of the detectors. In the laboratory system, the tar-
get deuteron (particle l) is at rest, and the integra-
tion in Eq. (1) yields the cross section for the co-
incident detection of particles 3 and 4:

, ~Z,~O„~D„,P,(~ T„i')2mm2 1
SP2 276 '

P4
IP /m, —(P /m, ) (P, —P,)i

Here h, Q,. and AE,. are the angle and energy resolu-
tions of the detector that particle i enters, and m,.~
is the reduced mass of particle j with respect to
particle k. The detector that particle 4 enters is
set to detect particles with all the energies allowed
by kinematics. In terms of the relative momentum
of pair (4+5), i.e. , j4, =m4, [P~(l/m~) —P, (l/m, )],
Eq. (i) can also be integrated as

„,~z,~n, ~n„m,p, (iT„i')m„q„,27m�' 1
2~1- '
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where 404, is the angular resolution 404 seen in
the recoil-center-of-mass (rcm) system of the
pair (4+ 5). The ratio b, Q/4 Q„, which will be
used in the transformation of differential cross
sections from the laboratory system to the rcm
system, is obtained directly by transformation of
the solid angle or by equating Eqs. (2) and (3).
Since particles 5 and 4 are emitted oppositely in
their rcm system, the angular correlation between
,particles 3 and 5 can be reduced to that between
particles 3 and 4, Particle 4 is then taken as
either 'H or 'He.

The incident 16.5-MeV 'He beam was obtained
from the Office of Naval Research-California Insti-
tute of Technology tandem accelerator, magneti-
cally analyzed and collimated to a 1.5-mm square
before striking the target. The target (-0.25 mg/
cm') was prepared from deuterated dotriacontane
[CD,(CD,)„CD, of 99.7 at.% in D], which was dis-
solved in carbon tetrachloride and allowed to dry
on a copper-foil backing (-50 pg/cm'). The pro-
tons (particles 3), detected at 30, were analyzed
by a 61-cm magnetic spectrometer. The 69 and
~C acceptance angles of the spectrometer were
set at 1 and 4', respectively. Particles traversing
the spectrometer were detected by a surface-bar-
rier counter located in the focal plane; a slit just
in front of the counter defined an energy window of
AE, =E,/90. A 0.25-mm aluminum sheet was 50
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placed in front of the counter to stop the n parti-
cles which arrive with the same energy as the pro-
tons. Other charged particles from the reaction
were detected in coincidence with the protons by a
surface-barrier counter in the target chamber, at
negative angles ranging from 10 to 60 . The 68
and 44 acceptance angles of this counter were, re-
spectively, 2 and 8'. Coincidence requirements
were imposed in circuitry with a resolving time of
110 nsec. Some of the coincidence spectra ob-
tained are shown in Figs. 1 and 2. After each of
the coincidence runs, a singles spectrum was tak-
en to facilitate correction for random coincidences,
which were always less than 10%.

The coincidence yield is related to the differen-
tial cross section by

d 0'
&coin =dE dQpQ

AEn~Q3 Q~4+/Ir /

where N~ is the number of deuterium atoms per
unit area of the target, and N, is the total number
of incident 'He particles striking the target. The
proton yield in singles spectra from the spectrome-
ter in the same run, i.e.,

d 0' d 0'f- Ng
dEQQ, dEQQ, N

FIG. 1. Coincidence spectra from D(3He, P) at E~
=16.5 MeV. Protons of the energies indicated were de-
tected at 30 in the magnetic spectrometer, whose reso-
lutions were set atAE/E=1. 11%, 48=1', and 64 =4.
The acceptance angles for the counter, fixed at -20' to
the beam, in the target chamber were 2 and 8' along the
0 and 4 directions. The coincidence resolving time was
110 nsec. The dashed lines are drawn from the three-
body kinematics, and the parentheses define regions
where the coincidence counts are summed.

FIG. 2. Coincidence spectra from Dt He, P) at E~
=16.5 MeV. The 7.8-MeV protons were detected at 30'
in the magnetic spectrometer with AE/E= 1..11%, 68 =1,
and 44 =4 . The acceptence angles for the counter, set
at the negative angles indicated, in the target chamber
were 2 and 8, respectively, along 6 and, C directions.
The coincidence resolving time was ll0 nsec. The
dashed lines are the three-body kinematics, and the
parentheses define the regions where the coincidence
counts are summed.
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was used as a measure of N„&&N, . The contribu-
tions to the proton yield from carbon are included
in the term Ncxd'oc/dEQQ, . Here Nc is the num-
ber of carbon atoms per unit area of the target. In
order to normalize the spectra taken at different
E3 a s econd surface -barrier counter was set in
the target chamber (60' to the beam axis) during
the last day of this experiment to monitor the elas-
tic deuterons from D('He, d). The number of pro-
tons counted by the spectrometer, normalized to
10 counts of these deuterons, is denoted by N(E, )
and is plotted in Fig. 3 as a function of proton en-
ergy. Since N(E, ) is proportional to the quantity
appearing within the squared brackets of Eq. (5),
the quantity Y, /N(E, ) was used to determine the
differential cross section from Ypp The uncer-
tainty in this normalization due to possible target
deterioration during the runs was found to be less
than 10%%uo.

The differential cross section transformed to the
rcm system of particles 4 and 5 is shown in Fig. 4,
where the recoil-'He direction (P, —P,) was chosen
as an axis of reference. The quantity $ plotted is
the following, with the constant C chosen arbitrari-
ly equal to 0.0796:

action is stronger for lower relative energy, hence
the contribution due to the (4+ 3) final-state inter-
action is expected to be smaller. For the pair (3
+ 5), i.e. , the two-nucleon system, the relative en-
ergy may become quite low around (8~) &,b

- -30' or
(8,)„~--70'; however, no enhancement in the angu-
lar correlation, due to p+n or p+p final-state in-
teractions, was seen.

III. MODIFIED-BORN-APPROXIMATION
CALCULATION

Because no definite enhancement due to a two-
nucleon final-state interaction was seen, the re-
action in this phase-space region, according to Yu
and Meyerhof, ' may proceed through the following
mechanisms:

A (D) 'He picks up a neutron from the target deuter-
on and forms a 'H+p ('He+n) interacting
pair.

8 (E) 'He strips its deuteron to the target deuteron
to form a 'H+p ('He+n) interacting pair.

C (F) 'He breaks up giving one neutron (proton) to
the target deuteron, and the 'H ('He) formed
then intera. cts with the other proton (neutron)
from the breakup.

6 'He interacts with the neutron from direct
breakup of the target deuteron.

d 0'

dEsdQsdQ4,
(6)

Here, from Eq. (3), the differential cross section
in the rcm system is

Both 'He and 'H are found to be emitted symmet-
rically with respect to the 'He recoil direction.
The relative energy of the pair (4+3) is always
higher than that of (4+ 5), and the final-state inter-
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FIG. 3. Proton yield in singles spectra measured in
the magnetic spectrometer at 30'. The number of protons
counted by the spectrometer Q,E/E=1.11%, 4& =1, and
bC =4') was normalized to 10 elastic deuterons from
D(3He, d), measured by a surface-barrier counter at 60'
in the target chamber. This ratio is denoted by N(&g in
the text and was used in data reduction t see Eq. (6)] .

FIG. 4. Energy and angle correlation from D(3He, P) at
E~ =16.5 MeV. The coincidence counts of the peaks
under the kinematic lines are converted, according to
Eq. (6), to the rcm system of the recoiled 4He. The
recoil direction was used as axis of reference. Errors
in quantity $ plotted include the statistical error, uncer-
tainties in random correction and in assignments of
counts to different groups of particles. The curves,
labeled with the proton energy, are the modified-Born-
approximation; see text for the parameters involved.
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Mechanism 8 (deg)
Amplitude

E=Q l=1

A (D)
8 (E)
C (F)

16,3
-16.8
-4 0

-14.4

-0.72 &10
1.00
1.03~10 '

-55

-1.58~10 '
1.03
3.45 ~10-'

-8.9

From a modified-Born-approximation calculation
including only a Wigner nucleon-nucleon force, the
transition matrix element for each of these mech-
anisms has also been given. The predicted angular
correlation has an axis of symmetry along the mo-
mentum transfer to the relative motion of the final-
state interacting pair of particles. For E, = 16.5
MeV, E~ =7.8 MeV, and 0& =30', the angle 0 be-
tween the momentum transfer and the beam axis,
and the relative amplitude" of forming the final-
state interacting pair are calculated for each mech-
anism as:

correlations lay along the 'He recoil direction, and

was also at -16.8' to the beam axis. The mechan-
isms A (D) and C (F) therefore could be neglected
on account of the 8's and the smallness of their
relative amplitudes.

When the angular correlations at E~ = 7.8 MeV
were analyzed by a least-squares fit to Legendre
polynomials, the branching ratio of p-'H to p-'He
was found to be 7.91+0.63. In order to predict this
ratio, it is clear that one could not include the
mechanism 6, because it does not lead to the p-'H
branch. The mechanism G also underestimates the
p-wave contribution. We therefore proceed, in the
following, to a detailed calculation of mechanism
8 (E), including exchange fore'es as well as the
Wigner force in the nucleon-nucleon interaction.
If one labels the nucleons in the target deuteron by
1 and 2, and those in the incident 'He by 3, 4, and

5, the initial- and final-state wave functions cor-
responding to mechanism 8 (E) can be written as

and

e,. = (t(r„r,)(l)(r„r„r,)exp fik, .[-',(r, + r, + r,}- -', (r, + r,)]],

0
&

= g(r „r„r,)X (4)y«[r« —-', (r, + r, + r,)]y (5)exp[i R& [r, —«(r, + r, + r, + r«) ]J,
where 8%, (Rf~) is the momentum of the initial-state 'He (final-state proton) in the c.m. system. y«' de-
scribes the relative motion of the final-state interacting pair consisting of a nucleon and a three-nucleon
nucleus. y, g, and (l) are the internal wave functions of the one-, two-, and three-nucleon systems, re-
spectively. They are assumed to be separable in space and spin-isospin variables, and are taken as:

(1} Nucleon

x(&) = p) 'n «'

where p, q are the spin and isospin matrices.
(2) Two-nucleon nucleus (i.e., deuteron)

2 ~2 3/4 2

where

& '
(&, 2) = Z Z (-'-'~~m21&M&)(22u&v. l00)pi'p. nI'n'.

tftgflt2 P~+

(3} Three-nucleon nucleus"
3/4

((», », ») =(»" '(), &, &)(—. »'»V(~*Ill», -»*I*» I» - l(»»») I')),

5 as a=0.167 F ' andy=0. 36
V»+V„, where V;, , taken as a

The inverse decay lengths for the bound wave functions are taken from Ref.
F . The interaction responsible for the mechanisms 8 (E) is V= V„+V,«+
scalar-type interaction with a Gaussian shape, is

-8 Irq -r.
I

V,, =-V, e " ' (W+BP,', ~P,', P;, -ffP,',. ), . .

and P=0.63 F '. The exchange operator PP, (P;, ) acts on the spin (isospin) variables of the nucleons i and

fl""(»» 3)=~ Z Z (-.—.)««im2100}(-.—.veau, 100)[p) p. p3 ~ni F2 'vi&2 )ri« - (» P2 '»» )» &i &2 &s] .
st f82 Pl Q
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j. Because both%, - and Cf are antisymmetric under the exchange of nucleons 1 and 2, V„. and V„. have
identical matrix elements. The transition matrix element T&,. is then

Ty; = 2[4~, (V~, + V,4)qI; ]
= const g (2 ,'nm-, ~sm) g I,(s, P.4v)(S," (1, 2, 3;4)rj, p, 'ri, ', 0,, D (1, 2)R""(3,4, 5)),

where the spin wave function of the final-state interacting pair was expressed in its channel spin represen-
tation~ l.e. ~

R" (1, , 3)p,"=g (-,'-,'nm, ~sm)S,".(1, 2, 3; 4) .

A bar was put on each final-state spin or isospin projection to distinguish it from that of the initial state.
Operator 0„is an abbreviation for the sum of operators, with i =1, in the parentheses of Eq. (8). Its ma-

trix element ""(0„.) and the space integral I, are c.alculated in the Appendix. The squared modulus of Tz, ,

averaged over the initial-state spin projections M„and n and summed over the final-state spin projections

n, m4, and rn„becomes

(IT~;I'&=constx»r[ Z I(s, pv)'"'&0i)][ E I(s, p4v)""(0„&]'.
S i=3, 4 j=3 4

In terms of the abbreviations defined as

'"'A = (W+M —,B —,II)I,—(s, p—,. v)+ (T4'- ,II)I,(s, P,—v),

"+'B=I4(s, p v)B,

"+'C = I4(s, P4v)M-

the final forms for (~T&,. ~') are:

(1) For D+ 'He- p + 'He+ n, i.e., p»
= ——', and v = —,',

&IT~;I'& =If[—'I'& I'+4'l'BI'- '«'&'B*+
4 l'& I'+ 9 I'BI'+ l l'01'+He( —"&'B*+l 'B'C*+ l '0'&*)] .

(2) For D+ 'He- p+ 'H+p, i.e. , p, = —, a,nd v = ——,,

(10a)

&ITg; I'& =If(—,'. I'~I'+ —,'. I'BI'- ~ Re'&'B*+ —,
' I'&I'+ —"I'BI'+ 4 Re'&'B*) .

Here K is a numerical constant, independent of which one of the branches the reaction leads to. These ex-
pressions of (~Tf, ~') were substituted into Eq. (7) for the calculation of differential cross sections.

IV. COMPARISON WITH DATA

As described in the Appendix, the 'He+n or '8
+p final-state lnteractlon ls taken 1nto account by
the factored-wave-function method in terms of the
scattering-matrix amplitude D„and the phase
shift 5„» or 5~„given in the literature9 '0 (see Ta-
ble I). For a range of nuclear forces" a=3.0 F, a
cutoff radius' R, = 5.0 F, and Rosenfeld type of
nucleon-nucleon interaction, "the calculated differ-
ential cross sections were compared by a least-
squares fit with the angular correlations obtained
at F~ = 7.8 MeV. The dashed curves shown in Fig.
5 represent the calculations from the D„, 5„»,
and 5~„given by Meyerhof and McElearney'o; the
solid curves are the same calculations except that

the triplet s-wave 'He+n phase shift, i.e., 5„„,
was changed to that of Bransden, Robertson, and

Swan. ' For the partial waves other than the trip-
let s wave, the 'He+@ phase shifts of Meyerhof
and McElearney'o and Bransden, Robertson, and

Swan agr ee in signs. Although the values given

by the latter are smaller, the data are unable to
indicate any definite preference between the two.
%'e used the values given by Bransden, Robertson,
and Swano for all of the n+ 'He phase shifts in the
computations of the curves shown in Fig, 4. The
same normalization constant, obtained from the
least-squares fit for the angular correlations at

E~ = 7.8 MeV, was used. to calculate the differen-
tial cross sections for other proton energies.

As indicated in Table I, the phase shift 6„&o from
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the resonating-group calculation of Bransden, Rob-
ertson, and Swan' is negative. The fact that our
correlation data give a definite preference over
this sign agrees with the results of Barit and
Sergeev" in their analysis of the nucleon scatter-
ing by A = 3 nuclei. Since there is no 1' level be-
low the 'He+@ threshold, the principle of charge
invariance implies that 5 y, should vary approxi-
mately as 5»„which is negative according to
Meyerhof and McElearney. With the B„, 5„„, and

6~„given in Ref. 11, and those D„, 5„„,and 5»y
used in calculating the curves in Fig. 4, a similar
fit to the data was obtained, but with a better pre-
diction on the energy dependence of the p-'H cor-
relations.

The quality of the fit is found to be not sensitive
to the cutoff radius R„ the space integral I, is
very much smaller than I, for A, chosen to be
somewhat greater than 2.0 F. The main contribu-
tion to 7."&, comes from I;, thus the constants of
the nucleon-nucleon interaction appear effectively
in (W+M —,8 ——,H)' a—s a common proportionality

factor. Since only the relative differential cross
section was measured, the data cannot distinguish
the difference in the choice of these constants in
the nucleon-nucleon interaction. For lower proton
energies, i.e., higher He excitation energies, the
agreement of calculations with the p-'He angular
correlations becomes poor; this may be due in
part to the inappropriate p-wave 'He+ n phase
shifts.

V. CONCLUSION

As in the recent investigations of the first ex-
cited state of 'He via 'Li(p, o.) (Ref. 14), we have
also found in D('He, p) a phase-space region in
which the 'He+n or 'H+p final-state interaction
is dominant. The anisotropy in the observed angu-
lar correlations indicates the importance of the p-
wave final-state interactions. From the symmetry
of the angular correlation and a modified-Born-ap-
proximation calculation, we believe that the 'He

stripping of its deuteron is a predominant mech-

TABLE I. A summary of the scattering-matrix amplitudes and the phase shifts used for comparison with the
experimental data.

Partial
wave (MeV) (MeV) Ref. 10~

~»~
(rad)

Ref 10' Ref 9b
(rad)

Ref 10a Ref. 9b

's

3Q

8.6
8.2
7.8
7.4
7.0
6.6

8.6
8.2
7.8
7 4
7.0
6.6

8.6
8.2
7.8
7.4
7.0
6.6

8.6
8.2
7.8
7.4
7.0
6.6

20.622
20.952
21.286
21.515
21.788
22.055

20.622
20.952
21.286
21.515
21.788
22.055

20.622
20.952
21.286
21.515
21.788
22.055

20.622
20.952
21.286
21.515
21.788
22.050

0.77
0.66
0.68
0.62
0.62
0.62

0.94
0.85
0.77
0.72
0.67
0.62

0.99
0.96
0.90
0.78
0.68
0.57

1.00
1.00
1.00
1.00
1.00
1.00

1.75
1.70
1.65
1.60
1.58
1,56

-0.44
-0.50
-0.60
-0.65
-0.75
-0.85

0.16
0.84
0.42
0.50
0.68
0.76

0.18
0.86
0.40
0.58
0.68
0.88

-0.17
-0,22
-0.26
—0.82
-0.84
-0.87

-0.89
-0.48
-0.56
-0.68
-0.70
-0.75

-0.02
-0.08
-0.04
-0.05
-0.06
-0.07

0.07
0.14
0.21
0.28
0.86
0.41

-0.80
-0.60
-0.70
-0.82
-0.90
-0.98

0.22
0.50
0.67
0.85
1.10
1.85

-0.01
-0.05
-0.10
-0.15
-0.82
-0.49

0.01
0.08
0.18
0.20
0.80
0.40

-0.04 & '
-0.12
-0.20
-0.26
-0.80
-0.88

-0.10
-0.81
-0.47
-0.57
-0.65

0 ~ 72

-0.00
-0.01
-0.02
-0.08
-0.04
-0.05

0.00
0.05
0.10
0.17
0.28
0.82

~See Ref. 10. The region of validity is E„21.8 MeV; D», 6»&, and 6~&, for E„&21.8 MeV, are obtained by extrap-
olati011s.

See Ref. 9. The inelasticity was not considered; thus D» =1 for all energies. The values for D» given in Ref. 10
were assumed in calculations of p- He correlations. The phase shifts listed are the averages of those derived from the
Serber force and from the symmetrical force.
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1.00
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0.25

0 I-

-180 -120 -60.

D+ He~ p+ H+p

60 120 180

important if the protons are detected in backward
directions. The factored-wave-function approach
is useful to take into account the final-state inter-
actions for E„~21.6 MeV. In order to say whether
the method is still applicable for higher 4He excita-
tion energies, it is clear that one needs to have a
better knowledge about the excited 'He system; in

particular, the p-wave 'He+n phase shifts.
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APPENDIX

Explicitly the matrix (0„), defined in EEl. (9), is
related to the direct and exchange spin-isospin
overlaps as

(O„)= W(1) M(P;,P,'—,)+a(P,',) H(P,',). .-.
Because of symmetry properties of the spin-iso-
spin wave functions, it was found that

FIG. G. Least-squares fit to the angular correlations
obtained at E~ = 7.8 &eV (see also Fig. 4) were fitted
with the modified-Born-approximation calculations. The
dashed curves represent the results using all the scatter-
ing-matrix amplitudes and phase shifts given by Meyerhof
and McElearney. The fits, especially to the shape of the
P-3He angular correlations and the branching ratio of the
two modes of the reaction, were poor. The solid curves
are the result of the same calculation except that the 3S

phase shifts for n+ 3He were replaced by the values of
Bransden, Robertson, and Swan.

anism, at least in the phase-space region covered
by this experiment. The charge-exchange proc-
esses" w'ere not considered here; it may become

(P 2= --.(1),
and

(P'g=. (1) .

(P,',) = —,'(1), (Pg;g = -(1),

Evaluations of (1), (PE'g, and (PE',P,'s) involve sys-
tematic bookkeeping of the Clebsch-Gordan coeffi-
cients and of the Kronecker 5 functions, which
come in directly from the orthogonal properties of
the spin and isospin matrices. In terms of a 2 &&2

matrix,

x. , =Q(-,'-,'oa11M, )(-,'-,'ob1sm),

where Ms(m) is the spin projection of the initial-
state deuteron (final-state sHe system), the matrix
elements can be expressed as

(1)= — ~25- „5,,5 „——,'(-,' —,
'

P v100)[v „(x „„—x„„) 25„„X„„],
s+1

and

Here n(m, ) is the spin projection of the initial-state He (final-state proton). Depending on the channel spin

s and on the type of the final-state interacting pair, the numerical values of those 6 x [2(2s+ 1)] matrices
can be found easily, and were used in the derivation of EEls. (10a) and (10b).

The space integral I,. for j = 3 or 4, defined as
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I, =5. exp(-zk~ ~ [r, ,-(r-, + r, + r, + r,)])expj-y'[4~r, —r, ~'+ ~r, ——,(r, + r, ) ~']]

xy,'*[r, -',—(r, +r, +r,)]e " ' exp/z%, [ 3(r, +r, +r,) ——,'(r, +r,)])
G.

Xe " " ezp(-y'[ —'~r, —r~~ —~r, — z(r, +r
)4~ ])dr,drgrgr4,

were first simplified by using a new set of integration variables, y, = r, —r„y, = r, ——,'(r, + r,), y, = r, ——,'(r,
+ r,), and p = r4 ——,'(r, + r, + r,). The y, and y, integrations are separable and can be carried out analytically.
To separate the last two integrations, a further transformation was made. If one writes z=y, +f,pand.
properly chooses f, such .that the coefficients of z p in the exponent vanish, the final result of I& is given by

3/2

,(=3e[ y(4 .
' ~ 3y'e(()l "'(.. . , exe(-l-', &, -(e

l
ley )*'

xexe(-I' &, + '
&y( /4(3 'I +-','y','. )I fX(e)e ,'e"' e34p'

where

g'= p'(4o."+3y')/(4n'+ 2y'+ p'), f, = (2g'a, b, y') I(-'y'+ 2-&'b,'),
$,. = (g b,. +

z y )f, + (y —2a, b & )f + (& a, + 4 y ), P, = (3 f, —1)(~ k& —
z Ry) 3

and a, (a,) and b, (b,) are, respectively', equal to 0 (-1) and -1 (-—,'). The angular part of the p integration
can be done by expanding y,'(p) and e' 3'(' into partial waves. That is,

00

y,'*(p)e z3 (' e'P3"('dp= —e 'g (2l+1)P, (P, ~ k) U,*(kp)j, (P,p)e z3 (' pdp,
4 0

where Rk is the relative momentum of the final-state interacting pair of particles, and o, is the s-wave
Coulomb phase shift. The function U, (kp), which becomes I, (kp) -D„e"~~& O, (kp) for p greater than the
range of nuclear force a, is the radial wave function of the final-state interacting pair of particles. In ac-
cordance with the factored-wave-function method, "the integral over p was approximated as

40
U,*(kp)j,(P,p)e z3 (' pdp = [O, (ka) —D„e z)~er I, (ka)] j,(P,p)e zg )) pdp. ,

A

where a cutoff radius 8, was introduced to simulate the distort effects in the reaction.
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