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A kinematically complete experiment has been performed to study the deuteron breakup by a particles at six
incident energies between E = 9.735 and E = 11.30 MeV (3.245 to 3.77 MeV in c.m. j, very close to threshold.
The data show strong energy dependence. Final-state calculations with the ap and an interactions provide only fair
fits, but the addition of three-body forces produces a significant improvement.

/

NUCLEAR REACTIONS H(e, PO')n, 8=9.735 to 11.30 MeV; measured
p(E&, 8&', 8 ): gas target.

I. INTRODUCTION

The alpha-neutron-proton system should be an
obvious next step to the three nucleon system, for
investigations of three-body problems. This par-
ticular system contains, to a good approximation,
a structureless boson, and all particles are dis-
tinguishable.

Thus, recently, a significant amount of interest
has been shown by a number of groups to in-
vestigate, both theoretically and experimentally,
the alpha-induced deuteron breakup. Experimental
data from kinematically complete experiments,
available so far, are at incident energies F, & 15
MeV. At higher energies, the data seem to agree
reasonably well with a modified impulse approxi-
mation (henceforth abbreviated MIA), showing the
importance of quasifree scattering. At the two
lower energies (Z, =15 and 18 MeV), such fits
are less adequate and a Faddeev analysis using nn
andPu interactions in the final state seems to pro-
vide better fits to the experimental data. Final-
state interactions are likely to be dominant near
the breakup threshold.

In the present work, we measured the energy de-
pendence of the correlation cross sections of the
H(n, Pa )rr reaction between 3.07 and 3.77 MeV

center-of-mass energies, leading to very low ki-
netic energies for the three final-state bodies:
0.84 to 1.54 MeV.
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to energy loss of n particles in the Havar foil and
deuterium gas, the energy at the center of the
target varied between 9.735 and 11.30 MeT. Five
energy steps in this energy range were used.

The particles were detected with. two surface
barrier detectors mounted behind collimators with
rectangular slits of width 0.35 cm, back slit height
0.45 cm, and interslit distance 14.0 cm. . The re-
sulting geometry factor is G = 1.72 X 10 sr cm
and the angular resolution is +1.1 . The detectors
were placed at angles 15'(e, ) and -30'(8~) for all
energies. The G. -particle angle selected was
close to the kinematical maximum for the lowest
energy. Thus there was no possibility of reverse
correlation, i.e. , o, &s in the -30 detector and
protons in the 15 detector. A schematic diagram
of the gas scattering geometry used in this exper-
iment is shown in Fig. 1.

A block diagram of the electronics and the data
acquisition system is shown in Fig. 2. This sys-

II. EXPERIMENTAL PROCEDURES

An u-particle beam from the UniversiÃ I aval
7.5 MV Van de Graaff accelerator was incident on
deuterium contained in a 53 cm diameter scatter-
ing chamber. The scattering chamber was isolated
by 2.1 mg cm Havar foils from the accejerator
tube and the Faraday cup. The beam spot was less
than 2 mm in diameter. The energy of the incident
beam was varied from 10.50 and 12.00 MeV. Due

FIG. 1. Schematic view of the scattering chamber and

of the collimators. Q, S2.. defining slits; %~, W2. Havar
windows; C: center of rotation of the detectors; FS:
vertical front slit; AS: antiscattering aperture; BS:
rectangular back aperture; FC: Faraday cup; and M:
secondary-electron-trapping magnet.

22 1815 1980 The American Physical Society



DASGUPTA, SLOBODRIA5, ROY, RIOUX, AND LAHLOU 22

Ee
I PAL
l I

T EST 5QQ

+TFA
~

GEN CFD

2 Head Assembly toe'o& t

--~-——~ BEAM

A
I I

TSCA

-1 DLAI 1

~TSCA~

js&ew
I QCOSSC' '

l

TSCA

I
LG PS INV AOCI

I

t
I
Sealer SLOW

I

COINCIDENCE
I Scapi SLOW-FAST

~ Sealer j FAST

Gate

I

N
T
E P
R D
F —P
A
C

I

= iFost
I

DLA I
~ TAC I I I

' LS + PS + iSV +AOC'

CFD

TFA TSCAI = IScoler

TEST 5QQ

IPAj —.
I

A

I
I I
IOLA'

)
iG ~ PS + 1MV QADC2)

FIG. 2. Block diagram of the electronics. GEN: pulse generator; PA: pre-amplifier; TFA: timing filter amplifier;
CFD: constant fraction timing discriminator; A: amplifier; TSCA: timing single channel analyzer; TAC: time-to-
amplitude converter; COINC: coincidence unit; DLA: delay line ampMier; LG: linear gate; PS: pulse stretcher;
INV: inverter; and ADC: analog-to-digital converter.

tern is described in detail elsewhere. In brief,
a fast-slow coincidence technique was used. Sev-
eral changes had to be made. Hydrogen (and deu-
terium) passivated detectors were used and, due
to large energy loss by n particles, the nickel
foils were taken off. The thresholds in the fast
side had to be lowered to 250 keV. Three signals
were produced by the electronics, two proportional
to the energies Z& and E2, one proportional to the
difference of the times of arrival 7.'=T2 7.'f Due
to the large difference between proton and alpha
times of flight along the kinematic locus, partic-
ularly for low energy alphas, the time spectrum
resolution was considerably reduced as the prompt
peak was smeared. Thus a correction was neces-
sary and this was done by a computer program
which calculated and corrected the time of flight,
event by event, from the 8& -Z2 values. A typical
time spectrum before and after such a correction
is shown in Fig. 3.

To normalize the breakup data at the end of each
run, the detectors were set at elastic a-d corre-
lation angles and the yield noted for a fixed inci-
dent beam charge, monitored by the Faraday cup.
The spectra obtained in such runs were also used
for calibration of E& „82, and time-to-amplitude
converters (TAG).
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sponding angular limits determined by the geom-
etry. The calculated kinematic band agrees well
with experiment at all energies under investiga-
tion. The number of events outside the region of
the kinematic band was generally low compared to
that inside the band. The number of random co-
incidences was obtained from an F., vs F.

& plot
using a digital gate on regions outside the peak of
the time spectrum.

. The numbers in the band were projected along
the central arc, and convenient bites (250 keV)

III. DATA ANALYSIS
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vs 8 2 bidimensional spectra were ob-
tained for a digital. gate on the corrected prompt
time peak spectrum. Figure 4 shows one such
plot with the kinematic band superimposed on it.
The central kinematic line is for the nominal an-
gles, whereas the other two are for the corre-
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FIG. 3. Kinematic arcs with bites on arc length super-
posed on an experimental data plot, for 11.3 MeV.
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IV. THEORY

The three particles are labeled as follows: o, -1
proton-2, and neutron-3. The breaku
tion is given by

e reakup cross sec-

do
dQ dQ2dg

where' is a constant, p is the
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TABLE I. dse/dgdQ2ds vs are length (mb sr 2 MeV t).

22

E (s)
(MeV) 10.00 MeV 10.27 MeV 10.79 MeV

0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.50
6.76
7.00
7.25
7.50
7.75
8.00

4.54+ 0.51
2.36+ 0.3't
5.18+0.55
2.13+0.35
2.36 +'0.36
1.73+0.32
2.30+ 0.36
4.20 + 0.49
1.78+ 0.32
1.90+'0.33
1.55+ 0.30
2.18+0.35
2.87+0.41
4.83+0.53
5.52 + 0.56
8.22 + 0.69
4.92 + 0.58
4.14~ 0.49
3.82+ 0.46
3.80 +0.47
2.13+0.35

2.92+ 0.51
4.10 + 0.61
2.73+ 0.50
4.28+ 0.63
2.92+ 0.52
3.00 + 0.52
2.00 + 0.43
0.91+ 0.29
2.46+ 0.47
1.37+0.35
1.55+ 0.38
0.27 + 0.16
1.73 +0.40
1.31+0.35
2.82 + 0.51
3.46 + 0.56
5.37+ 0.70
7.93+0.85
5.83+0.73
6.83 + 0.73
4.28 + 0.62

4.09+0.66
5.27 + 0.75
6.56 +0.84
9.68+ 1.02
4.19+0.67
3.77+ 0.64
2.47+ 0.52
5.38+0.76
1.51+ 0.40
2.69+ 0.54
2.47+ 0.52
1.18+0.36
2.15+0.48
1.29 +0.37
0.75 + 0.29
1.94+ 0.46
0.75+ 0.29
4.84+0.72
3.77+ 0.64
5.92 + 0.80
6.28+ 0.94
6.99+0.87
6.46+ 0.83
6.03 + 0.81
4.73+ 0.71

2.99+ 0.55
3.30 + 0.58
3.71+ 0.62
3.29+0.58
5.66+.0.76
5.87+ 0.78
6.08+ 0.79
6.18+0.80
4.02+ 0.64
3.40 + 0.59
4.22 + 0.66
3.91+ 0.63
2.78+ 0.53
2.58+0.51
1.24+ 0.36
1.24+ 0.36
1.96 +0.45
2.37+0.49
3.91+ 0.63
5.87+0.78
7.20+ 0.86
6.28+ 0.80
7.00 + 0.85
6.69+0.83
3.71+0.62
6.39+0.81
5.36+0.74
3.91+0.63

1.02+ 0.29
1.02 +0.29
1.02 + 0.29
0.71+0.26
0.42 +0.19
3.40 + 0.54
2.55+ 0.47
6.73+0.76

11.41 +0.98
10.73+0.96
9.97+ 0.92
8.70+ 0.86
7.32 + 0.79
5.02+ 0.65
6.47+ 0.74
5.28+ 0.67
4.17+0.60
5.20 +0.67
3.83+0.37
3.15+0.52
3.00*0.50
4.85+ 0.64
7.60 + 0.80

10.65+ 0.95
12.20 + 1.02
10.05+ 0.93
9.11+0.88
6.13+0.72
4.26 + 0.60
4.70 + 0.63
3.66 + 0.66
4.09+0.59

TABLE II. d20/d Q~d0& (integrated breakup cross
section) vs energy.

(MeV)
d 0

(mb/sr)
a P

9.735
10.000
10.270
10.790
11.300

73.2 + 2.0
67.1+ 2.4

103.2 + 3.3
121.0+3.5
178.5+ 3.9

calculations for O.P and nn interactions. An insert
shows similar results from Koersner~ at 15 MeV
and angles 16.9' and 30.2, close to ours, with
Faddeev calculations through sequential decay of
Li by Koike and MIA calculations by Nakamura.

Our data at lower energies and calculations show
fits quite comparable to theirs. , This suggests the
following two points: First, the final state inter-
actions QP and nn are predominant in the nd

breakup correlation at our energies. Second, the
fact that a calculation considering a sequential de-
cay through the formation of Li fits equally well,
shows the lack of importance of the sequential de-
cay process through levels of 'I.i with respect to
the shaje of the correlation spectra. At the lowest
energy (9.735 MeV) the fit is significantly worse.
A missing ingredient in all the theoretical treat-
ments and calculations, thus far, is the consider-
ation of three body forces. They may become
more important at energies close to the three body
breakup threshold, for simple kinematic reasons,
and may explain the deterioration of fits based on
two-body forces only.

It is kinematically impossible at our energies to
populate the 1' and 3' levels of 6Li,i' as considered
by Koike. ' However, a (J ', T) (2', 0) state of 'Li
may be involved. A sequential decay through Li
at our energies should proceed through the broad
J'=2' state of 'Li at 4.7 Mev." Figure 6 shows
fairly conclusively that such is the case, as the
breakup correlation excitation function follows
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closely that of the elastic O. -d cross section.
Further developments in the theoretical treat-

ment, including exactly Coulomb effects (and three
body forces if possible), are clearly necessary in
view of the limited success in all attempts to fit
the alpha-induced deuteron breakup correlations
at low energies.

FIG. 6. Excitation function of the average cross section
per unit arc for the breakup correlation. The solid line
is a plot of the excitation function of the &-d elastic 90
cross section showing the effect of the 4.7 MeV state in
Li, mentioned in the text, and indicating that the breakup

correlation closely follows this trend.

Note added: It has been noticed recently' that
in the p+d -P +P+n reaction very near threshold
there is an excellent agreement of the experimen-
tal correlations with calculations based on the two-
pion exchange three-body forces, '9 producing in
lowest order a transition probability proportional
to p2 3 pf 3 y product of the relative momenta of
particles 2-3 and 1-3 (3 =neutron). A similar ap-
proach in the present case has produced a re-
markable improvement of the calculated curves
with experiment at 10.27, 10.79, and 11.3 MeV. 0

We show in Fig. 5 such calculations for those en-
ergies and also for 9.735 and 10.00 MeV reported
here. It is apparent that the three-body correla-
tion based on three-body forces dominates the ex-
perimental results at the lowest energies. A least
squares fit to the data with two- and three-body
force contributions is also shown in Fig. 5. The
fraction of the latter is, from 11.3 MeV down,
0.48, 0.63, 0.50, 0.51, and 0.54. Koike ' has just
performed Faddeev calculations using two body
forces, including Coulomb corrections, corre-
sponding to our data at 11.3 MeV. The theoretical
cross section had to be renormalized by a factor
0.25 to bring it to the level of experiment (at high-
er energies the factor was 0.5). Qualitative agree-
ment is found after renormalization over a limited
region of the spectrum, with an average chi-
squared per point (y,') =11.45. Over the same re-
gion, with two- and three-body forces we have ob-
tained (X~t) = 1.7.

*Present address: The University of Burdwan, Burdwan
718 101, India.
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