
PHYSICAL REVIE% C VOLUME 26, NUMBER 2 AUGUST 1982

Deuteron breakup by 140 MeV alpha particles at quasifree scattering conditions
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The He(a, ap)n reaction has been studied with 140 MeV alpha particles at p-a quasifree
scattering conditions in the 8, angular region of 50' to 144'. Energy spectra are presented
for six angle pairs. Three-body model calculations provide excellent fits to the data.
Reasons for the success of the relatively limited three-body model used are discussed.

NUCLEAR REACTIONS 'H(a, ap)n, E = 140 MeV; measured
o.(E,E~,O,O~); three body Faddeev analysis; energy and angle depen-

dence.

I. INTRODUCTION

Three-body models based on the Faddeev equa-
tions' have been extended to systems of more than
three nucleons, such as a+d (Refs. 2 —5), He +
Li (Refs. 6—8), and p+ He (Ref. 9) with differing

degrees of success. Among the significant reasons
why these three-body model calculations do not al-
ways reproduce breakup and other data for such
systems are the following: (1) In all these processes
the Coulomb interaction plays a more important
role than in the p+d system and, at present,
theoretical treatments do not adequately include
Coulomb forces; (2) for energies above the particle
breakup threshold energy, e.g., 20 MeV for a and 5
MeV for He, a particle which is assumed to be
structureless can actually disintegrate, thus opening
additional reaction channels; and (3) particle-
particle scattering data, which provide the needed
input information for the three-body model calcula-
tions, lead to complex phase shifts as energies are
increased or, as in the case of He + H in Li, re-
quire complex phase shifts at all energies.

Despite these limitations the three-body model, as
it has been applied to the a+2 system, successfully
predicts the Li spectrum, the position of the He
ground state, d+a elastic scattering differential
cross sections and polarization observables, d —a
(Ref. 5) breakup spectra at Ea = 15, 18, 27, and 42

MeV, and polarization observables in the I+a
breakup. ' "Moreover, some of these data proved
to be sensitive to the input nucleon-alpha (N-a) and
nucleon-nucleon (N N) forces; m-ore specifically, the
ground state binding energy and the vector analyz-
ing power, ;T~&, in elastic a+a scattering depend
on the deuteron D state probability, Pz(D) [it is in-
teresting to note that T22 seems to depend less on
Pd(D)]. The inclusion of a 'Pi term in the N-N
force improves the fit of the three-body model pre-
dictions to the d +u elastic scattering data.

Kinematically complete measurements of the
deuteron breakup induced by alpha particles have
been performed in the center of mass energy region
from 5 to 55 MeV. ' The energy correlation
spectra are dominated by S-a quasielastic scatter-
ing (QFS) and N ct and N Nfinal state-in-teractions
(FSI). At higher c.m. energies the experimental
data are described quite well by the modified im-
pulse approximation prediction of Nakamura. '
However, an inability to properly predict the low
c.m. energy data necessitates the introduction of an
additional reaction mechanism, triton transfer, and
an additional F wave term in the n-p interaction. In
contrast, the three-body model of Koike adequately
explains all the low c.m. energy data it has ad-
dressed.

Nadasen et al. ' studied the (n, ctp) reaction on
H, Li, and ' F at E~ =140 MeV. In this case, as
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in our experiment, when the projectile is heavier
than the constituent of the target undergoing QFS,
the latter can be scattered at two different angles
for a given scattering angle of the projectile. For
these data, while the distorted wave impulse ap-
proximation (DWIA) provided satisfactory fits for
those angle pairs where the proton is emitted at the
larger QFS angle, it failed to predict a considerably
broader spectrum measured for the I.i(a, ap) reac-
tion when the proton is emitted at the smaller QFS
proton angle.

The aim of the present study is to investigate sys-
tematically the H(a, ap)n breakup reaction at c.m.
energies considerably higher than the alpha particle
binding energy. We will present n-p coincidence
cross sections for both the small and large proton
QFS angles at an incident energy of 140 MeV.
These data are compared with (a) the plane wave

impulse approximation (PWIA) (Ref. 26) using the
experimental free a-p cross sections in the post col-
lision prescription and (b) the three-body model of
Koike. The PWIA approach emphasizes the dom-
inant feature of the physical QFS process and the
omission of distortion effects is not too severe at
this energy. ' However, at lower energies the
PWIA predicts a cross section which is too large
not only for the H(a, ap) reaction, but also for all

other QF processes measured below about 100 MeV
c.m. energy. Three-body models, while oversimpli-

fying the real many-nucleon system, do, indeed, in-

clude additional mechanisms which are not part of
the PWIA (or the DWIA) approach. However,
three-body models of the H(a, ap)n reaction do not
take into consideration those reaction mechanisms
which involve the alpha particle structure, e.g., tri-
ton transfer. To obtain a better insight into the
three-body model we investigate the contribution of
the a-p and a-n single scattering terms as well as
the multiple scattering terms ending in n-p, n-a,
and p-a final state interactions.

II. THEORY

A. Plane wave impulse approximation

The PWIA approach we use is described in detail
in Ref. 26. It contains the square of the Fourier
transform of the Hulthen deuteron wave function
and the free proton-alpha elastic scattering cross
section with post-collision energy. The elastic
scattering data used in the PWIA analysis are sum-
marized in Ref. 27.

B. Three-body model

The reaction H(a, ap)n can be considered as a
three-body problem if the alpha particle is regarded
as a structureless boson. This model is described
extensively in Refs. 5 and 28. It is based on the
Alt-Grassberger-Sandhas formulation and the re-
sulting equations are solved by the rotated contour
method. The amplitude U describing the breakup
process can be written as

U =Iap+Ian+~ap+~an+~np ~

where I's are the first Born terms describing the u-p
and a-n single scattering, and M's are the multiple
scattering terms in which pairs indicated by sub-
scripts interact in the final state of the reaction. We
give explicit formulas for I~& and M~& in the Ap-
pendix. The impulse approximation (IA) is defined
as taking into account only I p+I „. A strong
destructive interference between I~~ and Mpp ob-
served at E=18 MeV (Ref. 13) suggests that it also
is worthwhile to investigate the amplitude with no
n-p FSI

6=I~p+I~n +~an +~ap (2)

We first solve the three-body equation at
E~=140 MeV. The input particle-particle forces
are rank-one separable potentials with the Yamagu-
chi form factors for s ~~2, p3/p and p~~2 states of the
N-a subsystem and for the S& state in the N Nsub--
system. Parameters of the nucleon-alpha interac-
tion are listed in Table I of Ref. 5, i.e., potential
CPV-A of Ref. 31 with modified values for p&&2.
Isospin conservation excludes the 'So N-E force. It
should be noted that the nucleon tensor force is not
included in this model. The calculations include all
amplitudes with I.&7, where I. is the orbital angu-
lar momentum of the third particle relative to the
interacting pairs.

The first term I~& in Eq. (1) can be calculated in-

dependently of the solution of the three-body equa-
tion. The multiple scattering term M~p contains a
FSI factor g p~ p which is a multiplier. In the
present paper some modifications to these terms are
introduced (see the Appendix). Three types ofp-a t
matrices have been considered to calculate them.

(a) In the type I calculation, all two-body r ma-
trices are obtained from the separable potential
mentioned above. No correction is made for
Coulomb effmts. The QFS peaks at 140 MeV are
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shifts including imaginary parts up to I =3. As for
M~p we again use s and p wave t matrices, but we
modify qr using the observed p-a phase shifts in-
cluding the imaginary parts. It should be noted
that the inelasticity parameter, g, is appreciably dif-
ferent from unity for incident proton energies larger
than 25 MeV. Also the n-a interaction is described
by the CPV-A potential, i.e., the types II and III
calculations treat it in the same manner as the type
I calculation. The n-p t matrix is also kept the same
for the types I, II, and III calculations.

III. EXPERIMENTAL APPARATUS
AND PROCEDURES

A. Accelerator, scattering chamber,
and target

The analyzed 140 MeV alpha particle beam from
the University of Maryland (UMD) cyclotron was
used to bombard a 12 cm diameter gas cell with
0.008 mm Havar windows containing deuterium gas
at 1 atm. One of the UMD 152 cm scattering
chambers was used with a halo aperature at the en-
trance to the chamber. A Faraday cup collected the
beam approximately 4 m downstream. Beam align-
ment was monitored periodically with TV viewing
of a BeO scintillator target and with two-body elas-
tic scattering coincidence data.

The H gas cell was flushed twice before being
filled for data accumulation and its pressure was
monitored continuously during each experimental
run. Its pressure variation was less than 1.5% dur-
ing each run. There was a small amount of hydro-
gen gas contamination, less than 0.5%, which was
observed when the appropriate two-body a+@coin-
cidence angles were used.

B. Detection system

Two detector telescopes were used in this experi-
ment. For alpha particles the detecting telescope

consisted of a 150 pm Si surface barrier 4E detec-
tor and a 2000 pm Si surface-barrier E detector.
For detecting protons, a 1000 pm Si surface-barrier
hE detector and a 1.9 cm diameter by 5 cm thick
NaI E detector were used. The resolution of the
NaI detector had been previously measured to be
650 keV for 65 MeV protons.

The p and a telescopes were positioned at 28 and
40 cm, respectively, from the center of the scatter-
ing chamber. In order to exclude events originating
in the gas cell windows two collimators were used
for each telescope. For the proton arm, the front
collimator (0.27 cm wide by 0.80 cm high) was 13
cm from the center of the gas cell while the second
collimator (0.40 cm wide by 0.80 cm high) was 15
cm behind the first. For the alpha particle arm, the
front collimator was 10.8 cm from the center of the
gas cell and the second collimator was 29.2 cm
behind the first, each having a circular 0.63 cm di-
ameter opening.

The detector telescopes, biased for total depletion
of each surface barrier detector and for optimal
resolution of the NaI detector, were utilized with
standard coincidence electronics and with five ana-
log signals, AEp p Epp AEzp Ez p and time-to-
amplitude converter (TAC), routed to the computer.
The resolving time of the system was sufficient to
distinguish between adjacent rf cycles of the cyclo-
tron, so accidental coincidences could be subtracted
from the total coincidence spectrum by software
gating. Also, pulsers for each detector, triggered by
one tenth of the current integration pulses, were
routed through the system for inclusion in each
spectrum to allow dead time corrections for the
data.

Calibration of both energy axes was obtained by
observing two-body elastic a+d scattering and by
the presence of a small hydrogen contamination in
the deuteron gas cell which provided sharp two-
body coincidence structure in some of the three-
body breakup spectra.

It should be noted that high energy charged parti-

TABLE II. Parameters used to fit the experimental a-p phase shifts in type III calcula-
tions for proton energies greater than 22 MeV [see Eqs. (4), (5), and (6) of text].

C X

$1/2

P3/2

P 1/2

5/2

3/2

fvn
f5'

115.41
115.05
66.06

—10.68
—1.41

—10.72
—20.48

—1.409
—1.306
—0.6804

0.8817
0.3646
0.6184
1.328

0.009475
0.005376
0.000506

—0.004535
—0.000990
—0.002232
—G.01539

0.5550
0.2873

0.5900
0.3982
0.5242
1,175

9.509
5.958

7.023
1.046

21.37
63.21

18.86
33.87

15.24
1.706

40.18
78.68
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cles, when detected in Nal(T1) or silicon counter,
can leave a signal which is smaller than that which
would be proportional to their energy because the
particle can have nuclear interactions with the
detection medium nuclei. The calculations of the
corrections due to these losses have been per-
formed for protons, deuterons, and alpha particles
for both silicon and NaI detectors. Some measure-
ments also exist which demonstrate, in general, a
good agreement with the calculations. In our exper-
iment corrections for these losses as well as for out-
scattering effects ranged from 3 to 11%, introduc-
ing a systematic error of less than 3%.

IV. DISCUSSION AND RESULTS

140—

I

100—
E

CL

0

60—

b
0

20-

92 108

E (M0V)

e =12, e&=51.7

116 124

180— O~ 10 Op 59

140-

E
a. 100-

0

0
C'

60—

20—

112

E~tMeVl

120 128

We have investigated a-p QFS in the angular re-

gion from 8, =50' to 144'. Six energy correlation

spectra are shown in Figs. 2—7 together with the
predictions of type III calculations. The error bars
shown are statistical errors. The systematic errors,
including uncertainties due to the product of solid

angles and effective target thickness, to the current

integration, to the reaction and out-scattering
correction, to dead time corrections, and to possible

FIG. 3. Same as Fig. 2 except 8 =12', 8~ =51.7'.

variation in the beam width at the target during the
measurement, amount to & 12%.

Each spectrum shows a pronounced peak at the
a-p QFS conditions, demonstrating that this is a
dominant process at the incident energy of 140
MeV, when appropriate kinematics conditions are
selected.

From the experimentally measured differential
cross section do /dQQEedQ& and using the gen-

eral structure of the PWIA cross section, one can
extract the square of the Fourier transform for the
deuteron wave function. Data, summarized in Fig.
8, show that the quasifree scattering is indeed a
dominant mechanism at least in the domain where
the momentum transfer is less than 0.3 fm '. The
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FIG. 2. Energy correlation spectrum for the reaction
H(a, ap)n with 8~=10' and 8~ =59' projected on the al-
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curve represents the predictions of the type III calcula-
tion.
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The angular variation of absolute values of indi-
vidual terms contributing to the cross section is
shown in Fig. 13. The term M„~ is quite important
at small 8, angles. The pronounced angular
dependence of M„z shows that many partial waves
contribute to M„z.

At small 8, the n-p FSI is very important and

M„z amounts to 30% of I~&. A strong destructive
interference between I~& and the amplitude which
describes the n-p FSI was first pointed out in Ref.
16 on the basis of the modified impulse approxima-
tion. A full discussion of this interference is given
in Ref. 40, where its strength is related to the weak-
ness of the deuteron binding. That is, because the
deuteron is a loosely bound system, the incident al-
pha particle interacts only with a proton, leaving a
neutron as a spectator. However, since the range of
the deuteron wave function is large because of its
low binding energy, the recoil proton can still in-
teract with the neutron. Thus, the neutron does not
remain a spectator, and a strong n-p FSI reduces the
QFS peak. This effect depends on 8, and it is
particularly strong at small angles.

Figure 14 shows the angular dependence of the
QFS peak cross section together with the three-body

l s l i I s I

20 60 100 140 180

Oc.m.

FIG. 13. Angular variation of the absolute values of
the individual terms contributing to the cross section as
a function of the a-p c.m. angle, 8,

model prediction with all terms included
(I+M~z+M „+M„z~, with the n-p FSI omitted
(I+M~„+M~~}, and with a combination of the
impulse approximation term plus either M~~ (i.e.,
I+M~&) or M „(i.e., I+M«}. Note, that while at
small 8, I (more precisely I ~) and M„~ are dom-
inant, at 8, -80'—150' all terms are important.
The full three-body model predicts the experimental
angular distribution quite well except at 0, =144'
(8 =10', 8~ =17.2').

It is at large 0, that one expects the structure
of the alpha particle to become important. Howev-
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366 J. M. LAMBERT et al. 26

not fit the QFS data well for E =29 MeV (Ref. 19)
and E =42 MeV (Ref. 20). Recently, preliminary
QFS data at E~=28 MeV (Ref. 41) have been
reproduced better by the model. At 140 MeV the
impulse approximation is better than at lower ener-

gies and contributions of other terms are, conse-
quently, less important than at lower energies.
However, a determination of the sensitivity of the
results to an improved n-cx two-body t matrix is
suggested. Also, at higher energies the effect of the
alpha particle structure becomes important. It
would be desirable to have additional data between
50 MeV and 150 MeV and to be able to investigate
other angular correlation data at 140 MeV.

follows:

a+(p, n)

(Al)

Uoi =(E Ho)+—g T GoU i, (c=1,2,3),

corresponding to channel 1,

p+(n, a)

corresponding to channel 2, and

n +(p,a)

corresponding to channel 3.

The breakup amplitude in (AGS) formalism is
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U& i =( 1 —5 i)(E Hp) + —g T&'GpU&']
C QC

(A3)

The amplitude Uoi must be bracketed by the fi-
nal state &qp I

and initial state 18&

U =
& q p I Uoi I

8 &
= g & q p I

T,Go U. i I
8 & ~

(A4)

Here we have used the fact that the first term of
Eq. (A2) vanishes on the energy shell.

Substituting (A3) into (A4), we obtain

U= X &qPIT. I8&
C =2,3

APPENDIX

In this appendix we give an explicit formula for
I~& and M~&. Let us define the particle channels as

I
C,C

qp I
T,GoT. GoU. i I

8& ~

Then the first Born term I~& is

(AS)

I &=&qp I
T 18&= f f dq'dp &qp I

Ts
I
q'p'&&q'p'le&

where the first factor is the half off shell two-body t matrix in the three-body Hilbert space

& qp I Ts I q '5'& =&(q —q ')T.,(p p', I"~2u.,»

(A6)

(A7)

and the second factor is the same deuteron wave function as used in PWIA. The off shell two-body t matrix
can be calculated from the separable potential. When we modify the t matrix we assume the partial wave off
shell t matrix is related to the on shell one by

iJ(p,p&k /2')=gati(p)gi)(p)giJ (k)tij(k, k, k /2p), (Ag)

glf(p)=p ~(p +13lj )

g»(p)1 (l&2) . (A9)

The parameters p are the same as those of the input
separable potential in the three-body equation.

The multiple scattering amplitude M~& can be
written
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M = g (qp I
TsGoT, GoUci I

8~ .
c =1,2

For the separable potentials Eq. (A10) becomes

(A10)

IM I
)= „( ) „(&'/2 )

&& X & q Zsnem~sn+cmtr I qin &

(Al 1)

where
I
n) (or

I
m)) spic:ifies a three-body state,

and is the solution of the three-body equation on
the rotated contour while 1 and 3 are defined in

(Al). The propagator r can be related to the on-

shell t matrix by

rs„(P /2P~~)=ts„(P, P,P /2P p)gs„(P) .
(A12)

In order to obtain the factor ( q I
ZrX

I q;„), we
must perform an integration over the intermediate
momentum q

' which reduces the importance of the
details of the two-body t matrix. On the contrary,
the factor qr in formula (Al 1) as well as Ti in for-
mula (A7) are functions of the relative p-a momen-
tum p and, hence, their on-shell value is important.

In the present paper we calculate the factor
(q I

ZrX
I q;„) by solving the three-body equation

with the Yamaguchi-type separable potential which
fits the low energy two-body scattering data. In the
type I calculation the same potential is used for gz
in Eq. (All) and T& in Eq. (A6). In the type II and
III calculations we modify gr and Ti as discussed
in the text.
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