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The 2H(p, 2p)n and *H(p, pn)p reactions have been investigated simultaneously using the
156 MeV synchrocyclotron beam. Outgoing nucleons were detected in coincidence by a Nal
detector and a large liquid scintillation counter providing energy—time-of-flight—bipara-
metric spectra from which the threefold differential cross sections d’¢/dQ,dQ,d E, are
deduced. For suitable angle pairs, the experimental spectra show either the characteris-
tic quasi-free scattering peak, or the p-p or p-n final state interaction peaks. The exper-
imental results are compared with various theoretical predictions; i.e., a simple spectator
model calculation, off-energy-shell calculations including first and second order terms of
a multiple scattering series, with or without the Coulomb interaction, and an extension to
intermediate energy of a Amado type model. These theoretical calculations are briefly

discussed.

at 156 MeV. Studies of p-n and p-p final state interactions. The comparison

[WCLEAR REACTIONS (d%/dQdQ,dE )ex, for *H(p, 2p) and *H(p, pn) reactionsJ

with some theoretical approximate calculations discussed.

I. INTRODUCTION

Since Faddeev published for the first time the
theory of nonrelativistic three-particle systems,’
the study of three-particle systems has progressed
rapidly in both the theoretical and experimental
domains. However, at the present stage, some
approximations have to be made in order to nu-
merically solve these equations. One of the ap-
proximations is the use of separable potentials
for the two-nucleon interactions. Following the
pioneer work of Aaron, Amado, and Yam,? many
numerical calculations have been performed for
the three-nucleon systems at low energy (E <40
MeV) where S-wave states are dominant.®~5 For
higher energies, difficulties arise from the fact
that the separable two-body interactions usually
employed cease to provide a realistic description
of the observable two nucleon process. Wallace®
has attempted to apply the exact three-body for-
malism in a reasonable manner at higher energies
(E <100 MeV) employing separable potentials.

Another approximation, the “impulse approxima-
tion,” is usually used for the higher energies.
Since the work of Chew’ and Chew and Wick®
using this approximation to interpret the nucleon-
deuteron scattering for E > 100 MeV, the impulse
approximation for the p-d scattering has been im-
proved by several authors from a simple spec-
tator model to more elaborate ones.®~!' The
spectator model and the simple impulse approxi-
mation neglect the effects of multiple scattering,
final state interactions, and off-energy-shell ef-
fects. These effects have been considered by
Everett? and Cromer, Cromer, and Thorndike!®
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for the deuteron breakup reaction by a proton,
and by Benoist-Gueutal et al.'! for p-d elastic scat-
tering.

Since then, L’Huillier,'? Brown and Thorndike,®
and Sakamoto, Takeutchi, and one of the present
authors (T.Y.)" have also treated the breakup of
the deuteron by the (p, 2p) reaction within the
framework of the impulse approximation, by in-
troducing the final state interactions of nucleons
in the s-waves'?' 3 or in the s, p, and d waves,™*
and taking into account the first and second order
terms in the two-nucleon multiple scattering
series development of the three-nucleon ¢/ matrix.
The calculations have been done with on energy-
shell T matrices.?"*

These calculations have shown the necessity of
taking into account the effects of the multiple scat-
tering and pointed out the possibility of final state
interaction contributions. However, the agree-
ment of these calculations with the experimental
results of the 2H(p, 2p)n reaction at 156 MeV'5- 16
and at 198 MeV*® is not quite satisfactory, even
for some quasi-free scattering kinematic con-
ditions.

Very recently, Ballot and L’Huillier have cal-
culated the off-energy-shell two-nucleon { ma-
trices for the nucleon-nucleon scattering states
and the S and D states of the deuteron using
various local realistic potentials, in order to
calculate the first and second order terms in the
two-nucleon multiple scattering series develop-
ment of the three-nucleon scattering amplitudes.
A part of their program has been used by Morlet
et al.'” to compare with their recent experimental
results obtained for the 2H( p, 2p)n reaction at
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2H( p, 2p)n and 2H( p, pn)p reactions in the FSI re-
gions might allow the observation of pronounced
p-n and p-p final state interactions as has been

ton 1
P(rg ) Proton 2 seen at lower energy.?” The comparison of the
! (or Neutron ) cross sections of both reactions over an extended
(Ez) range of kinematical conditions should provide

Neutron information which will be helpful in understanding
(or Proton 2) the problems associated with the theoretical treat-
(Ej) ment of quasi-free scattering and final state inter-
actions. The new improvement of the theory by
L’Huillier and Ballot of our Institute gave us the
motivation for performing such an experiment
employing a neutron detector specially developed
for this purpose.
In Sec. 2, the choice of our kinematic conditions
Incident Proton is presented, and in Sec. 3, the experimental pro-
(Eo) cedure is described. In Sec. 4, the treatment of
the experimental data and the experimental cross
sections are given. Section 5 provides a brief
description of the theoretical calculations and the

FIG. 1. Designation of kinematic parameters in the
present experiment.

156 MeV. comparison of the calculated results with our
Given such a status of theoretical and experi- experimental results. Section 6 contains the con-

mental studies of the deuteron breakup by inter- clusions.

mediate energy protons, the quasi-free scattering II. KINEMATIC CONDITIONS

(QFS) and the final state interactions (FSI) seem

to be qualitatively interpreted, but still new in- In the present experiment, two of the outgoing

formation is needed for a deeper understanding nucleons were detected at fixed angles by mea-

of the reaction. suring the energy of one proton and the time of
The simultaneous experimental study of the flight of the second nucleon (a proton or a neutron).

TABLE I. The kinematic conditions chosen for the quasi-free and final state interaction

studies.
Interested 6, 0, b5 E, E, E,4 Ef, )
region (deg) (deg) (deg) (MeV) (MeV) (MeV) (MeV) (MeV)
Peak
52.5 -35 1.04 53.60 100.17 0.0041 54.617 104.599
(4.942) (53.60) (100.17) (0.0035) (54.544) (104.440)
QFS
Peak
42.5 —-45 3.55 80.20 73.57 0.0055 82.698 75.708
(—6.58) (80.40) (73.37) (0.0049) (83.0089) (75.1747)
QFS
Peak
45 -57 -2.24 88.20 62.20 3.3714 71.8540 50,7182
(—2.09) (88.20) (62.41) (3.3636) (71.2338) (51.0787)
FSI
Peak
49.05 31.00 91.6336 31,1402 0.1571 158.4200
FSI (49.04) (31.00) (91.5812) (31.1926) (0.1607) (158.1831)
QFS
Peak
48 -55 -1.39 82.40 67.38 3.9915 65.9737 54,0581
(-1.25) (82.40) (67.39) (3.9825) (65.8197) (53.9779)
FSI
Peak
48.70 29.40 94,86 29.52 0.0045 155.6743
(48.74) (29.40) (94.81) (29.57) (0.0052) (155.4400)

2 The values in parentheses are for the (p, pm) reactions.
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FIG. 2. Maps of the iso-E; (solid line) and iso-E %}
(dashed line) curves (where the energies are indicated
in MeV), with the chosen kinematic conditions. The
locations of p and d peaks due to p-d elastic scattering
and the p peak due to p-H scattering are also figured by
the ® , x, and —/—-/—, respectively. (a) kinematic con-
ditions including the QFS peak at 6, =52.5° and 0,=-35°;
() kinematic conditions including the FSI peak at 6, =45°
and 6,=-57°.

The scattering angles and the kinematic energies
in the laboratory system of three nucleons in the
final state are designated by 6,, 6,, and 6, and E,,
E,, and E,, respectively. The solid angles of
detection corresponding to 6, and 6, are designated
by AQ, and AR, (see Fig. 1). We made two series
of experiments. In the first one, various pairs of
angles were chosen, more or less arbitrarily, to
survey the general behavior of the 2H(p, 2p)n and
2H(p, pn)p reactions. In the second series we were
interested especially in the study of the quasi-free
scattering and the final state interaction regions.
For the second series we have chosen two pairs
of the scattering angles 6, - 6, in which the spec-
tra as a function of E, contain the quasi-free scat-

tering peaks (E, ~0), and another two pairs in
which the final state interactions between the first
and the third nucleons should be strong. (A rela-
tive energy between the first and the third nu-
cleons, E™,~ 0 is kinematically allowed.) The

6, - 6, pairs selected for the study of the quasi-
free and final state interaction processes in the
second series are presented in Table I. The
relevant kinematic information for these angles

is indicated in Fig. 2 in which the iso-E, curves
(continuous lines) and the iso-E™, curves (dotted
lines) are drawn. (The numbers written on curves
correspond to energies in MeV.) Also indicated
in Fig. 2 are the locations of the p and d peaks
arising from p-d elastic scattering and the p peak
arising from p-H scattering.

For the 2H(p, 2p)n reaction in the kinematic con-
ditions corresponding to quasi-free scattering,
there always exists a contribution due to p-p
elastic scattering from the hydrogen impurity in
the deuterium target. For the kinematic con-
ditions corresponding to the final state interaction
peak, the tail of the p-d elastic scattering peak
arising from nuclear reactions in the Nal detector
could obscure the final state interaction peak. In
spite of these difficulties, we have chosen the
6,— 6, pairs which result in the spectra containing
E,~0or E™,~0, and hoped to be able to exclude
in the analysis these competitive reactions which,
as it should be noted, do not cause difficulties in
the 2H(p, pn)p reaction study.

III. EXPERIMENTAL PROCEDURE

The 156 MeV proton beam extracted in a sto-
chastic manner from the Orsay synchrocyclotron
has been used. The liquid deuterium and hydro-
gen targets used in the first series of experiments
are identical to those described in the Ref. 15.
Those used in the second series were flat targets
of 4 mm thickness and diameter =35 mm, in order
to reduce the energy loss and the straggling effects
on low energy outgoing protons. The hydrogen tar-
gets were used to calibrate and to check the ex-
perimental conditions. The characteristics and
the geometrical conditions of the two series of
experiments are presented in Table II.

The main modifications in the second series, in
addition to the use of a thinner target are (1) the
replacement of the plastic scintillation counter
S, by a surface-barrier Si detector of 1000 pm
thickness to obtain better energy resolution in
AE,, and (2) the use of a ring type plastic scin-
tillation counter after the collimation of telescope
1 coupled in anticoincidence with the Nal detector
to minimize edge effects due to the collimation.

The block diagram of the electronics system is
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TABLE II. The characteristics and the geometrical conditions of the experimental setup.

Channel 1 (proton 1 at 6,)

Channel 2 (proton 2 or neutron at 6,)

Target Telescope 1 Telescope 2
Series (liquid) S{(AE)) Nal(E,) Sy (AE,) Ne 213
Havar wall Plastic scintillator Plastic scintillator Liquid scintillator
(SP 168) (SP 168)
¢ =18 mm L =41 mm ¢ =51 mm ¢ =175 mm ¢ =175 mm
L =60 mm H=48 mm L =76 mm thick.=2 mm L =254 mm
1 thick,=0.5 mm Window r =658.5 cm Window
=122 cm? Be 0.2 mm Stainless steel
Collimator 175 pm
¢ =40 mm 75,=662.3 cm
7 =136 cm AR, =5,65%107* sr
AR,=6.91x107 sr
Havar window Si-surface barrier-
detector
¢ =35 mm ¢ =19.6 mm
thick.=4 mm (P egr =18 mm)
2
2 ‘tsh‘;?:cf 1%‘(’)‘(’) . ) ibid. ibid. ibid,
r =60 cm

A ring plastic
scintillator counter is
placed in front of the
Si detector.

2 All r are distances from the reaction chamber center,

presented in Fig. 3. Protons scattered at the

angle 6, were detected by telescope 1. The fast
output of the S, has been used as a time signal

after passing through a constant fraction timing
circuit. This time signal was placed in coincidence
with the Nal fast output signal and used as a refer-
ence for the time of flight of the correlated nu-
cleons entering into channel 2. The time resolu-
tion of telescope 1 was of the order of a few ns.

Nal
St DETECTOR

TELESCOPE ! PLASTIC

CFT.D PLASTI

MINA,

TELESCOPE 2

The second telescope was composed of a plastic
scintillation counter S, and a liquid NE 213 scin-
tillation counter. The liquid scintillation counter
has been specially designed for the experiment to
provide good efficiency for high energy neutrons
(~25% for E,="70 MeV), and to discriminate
against the large y ray background in the experi-
mental room. The details of the construction of
this counter and the neutron-y discrimination have
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FIG. 3. Block diagram of the experimental setup. The following abbreviations are used: C.F.T.D., Constant Fraction
Timing Discriminator; T.S.C.A., Time Single Channel Analyzer; T.A.C., Time to Pulse Height Converter; ADC, Ana-

log to Digital Converter.
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been published.’® This telescope detected charged
particles when S, and the NE 213 counter were
coupled in coincidence, and neutrons and y rays
when they were coupled in anticoincidence. The

y rays were then eliminated by the neutron-y
discrimination. Therefore with telescope 2 we
can simultaneously detect protons (coincidence
events) and neutrons (anticoincidence events).

The fast outputs of telescopes 1 and 2 are fed
into a time-to-amplitude converter (TAC). The
output amplitude T which is proportional to the
difference in flight times between the two chan-
nels determines the second nucleon energy E,.
Telescope 1 also provides information about AE,
and E, from their linear output amplitudes. The
correlation between AE, and E, was used to identi-
fy the proper charged particles entering into the
channel.

To identify a ( p, 2p) or (p, pn) event three inde-
pendent parameters 6,, 6,, and E, are sufficient,
but in order to eliminate completely other com-
petitive reactions we have registered on line the
four correlated parameters E,, AE,, T, and E,,
using a 360-50 IBM computer.

1IV. EXPERIMENTAL DATA TREATMENT
AND EXPERIMENTAL RESULTS

The biparametric E,-T events registered and
classified on the IBM 360-50 computer were con-
verted into biparametric E - T spectra using a
program. This program includes the choice of
the time interval T+ AT of the E,-T spectra, the
subtraction of the accidental and background
counts, the conversion of the E, represented by
the channel number to the E, in MeV, the cor-
rection for the tail due to nuclear interactions in
the Nal detector, the correction for the neutron
counter efficiency in (p, pn) events, and the cal-
culation of the differential cross sections
d30/dQ,dQ,dE,. The efficiency of our neutron
counter has been calculated using a Monte-Carlo
method based on the method proposed by Kurz,'®
and modified by Narboni at Orsay. We have
modified it further for our purpose.

The experimental differential cross sections
d30/dQ,dS,dE, for the 2H(p, 2p)n and 2H( p, pn)p
reactions obtained in the second series of experi-
ments for the quasi-free scattering and the final
state interaction studies are presented in Figs.
4(a) to 7(b) (some results obtained in the first
series have been previously reported®). The ex-
perimental spectra for the QFS angle pairs (Figs.
5 and 6) are dominated by the strong QFS peaks
which appear at approximately E,=0. In addition,
as expected, the data show only very small FSI
contributions on both sides of the QFS peak (at

least two orders of magnitude smaller than QFS
peak). The small narrow peak at the top of the
QFS peak in the *H(p, p)'H spectra (labeled p-H)
arise from p-H elastic scattering due to target
impurities. This impurity gives the apparent
peaks of 6.3 and 6.0 mb sr~2 MeV !, respectively,
for the two QFS spectra [Figs. 4(a) and 5(b)] while
the true peaks coming from 2H( p, 2p)n reaction are
evaluated by interpolation from neighboring points
as 5.4 and 4.6 mbsr~? MeV~!. From these curves,
the hydrogen impurity amount in the deuterium
target is estimated to be smaller than 2%.

The experimental spectra obtained with the
6, - 6, pairs for the FSI in the ?H(p, 2p)n reaction
show a peak at an energy of E, ~ 30 MeV [Figs.
6(a) and 7(a)], indicating the effect of the singlet
S state of the deuteron due to the p-x final state
interaction. Similarly, in the 2H(p, pn)p reaction
[Figs. 6(b) and 7(b)] one observes a double peak
with a minimum occurring at E, ~ 30 MeV, indi-
cating the effect of the Coulomb field in the p-p
final state interaction. The peaks in the latter
case appear at the E, values corresponding to
E™,~ 0,4 MeV which is the energy of the scat-
tering state of the diproton. In addition, at those
FSI angle pairs one again observes the QFS type
peak at an E, energy of about 80 to 90 MeV. The
apparent peaks in the spectra of Figs. 6 and 7 at
the upper limits of E, result from the increasing
FSI between the second and third nucleons coupled
with the cutoff of the spectrum by the kinematic
limitations. Finally the peaks in these spectra
labeled p and d arise from the p-d elastic scat-
tering events as discussed in Sec. II.

The peak values of the experimental differential
cross sections d30.y, for the (p, 2p) and (p, pn)
reactions in each spectrum are summarized in
Table III for all measured 6, -6, pairs. The re-
sults for the intermediate scattering conditions
are not presented in the table but are available
upon request. In the same table, we have also
presented the ratios d>0ep/d %0, , (d°0,,5n/d %0, 2p)exp s
and (do/dQ),; T, /(do/dQ);™ at the peaks.

To measure background counts, a series of mea-
surements was done using an empty target and
the angle pairs employed in the present experi-
ment. The measurement was done with the same
proton beam intensity (1 nA) for the same charge
unit accumulated in an integrator as in a series
of real experiments (7000 x 10~° C). The inte-
grator was connected to a He ionization chamber
checked previously by a Faraday cage.

As an example, for the angle pair 6, =42.5°
and 6,=-45°, the total number of events registered
as correlated proton-proton is 650 and that for
proton-neutron is 450 while the corresponding
numbers with a liquid hydrogen target are 1.72



DIDELEZ et al.

P.

J.

534

*}X9} 9Y3} Ul pauyep oJde S[oquids Jeqj0 - —— (I9pIo

puUoo9s pue I9pIo 3saij) joijed pue IoInH I ‘g1 ‘— - — - — (d9PJ0 }SIL) jolTed PuUB IS[IMH,'T ‘IdT ‘--- 19POIN 103830adS ‘IS :UMOUS OS]E 9aB S9AIND
Teonexoey) Sumol(oy oYL “(ud ‘d—(q) {(d2 ‘d)—(¥) ‘.Gh—=%g PUB ,S'ZH =" YIIM BIJ0adS UOHOSS SSOID [ENULISHIP 'F PPt r/o;p SAD [eSWLIAdXY “p "DIA

|
(AW) '3 (AaW) 3
(o]o]} oS o . 00! oS 0 .
_OO T T T T T T T T T T T T T 1000 10°0 T T T T T T T T T T T T . T 1000
1 .
\ ] i . , i
o _ ~ \ A, |
; R S R
. 1
ﬁ ] [ | _ L
” 5 o ° \ — ws~ \__ Ve ]
rof Jioo rof- \ﬁ , 100
. \ / il
+ . r \wI : 35 |
| i i : \ , | to
- - F / g \ / -
- B ” /_ . “
ﬂ ; : v ]
o ] . - \ 1,
I F 4 1o 'F U ro
a L
(€]
i ] a9 | b/ |
p " \ /
- - Iﬂu r oSy b w
i 1 8 [ \ ] =
” w 7vU o \ H “ ZU
s 1 B g [/ ]
olF 3., ol F /[ 3, I
2 / 3
4 m =y | =
= or 1 ] o | 2s© // Q
= = - r. \W; I~ - ._c
W L i M W - N 4 M
L - A. - wo8d yd \ -/ d>'d 24 _Q 1 <
- (ud‘d) SGp-=Yg G.2t=9p b = [ron 956000753 3%/ (@2'd) oSb-=8Sect="0 ] =
o ] o Aew 2708 =13 Y 1
ool 1 1 144111113 ol oot . . . v w1 301




535

PROTON-INDUCED DEUTERON BREAKUP AT 156 MeV

*1x9} ay) ut pue uoryded § ‘S1g ur uaald s® sjoquids I9Yl0

10°0

ol

(AeW) €3

[e]e]]

“(ud *d) (9

|
(ASW) 3
(e]e]} (o)) (o}
T T T 17 T T T T T 1000
1 i
= : -
- -
- -
o 1
- . B
o 3 100
- 1
- ¢ B
L 4
o 1 81 ]
- zan qro
Q.
-3 - DC.
~
o - Q
i { r
- 4 Q
L . ol
- - N
b e Q
o J, m
3
L 4 < m
w
mw \ J. .
L B N <
L 4 Z <
P =
m 1 <
u d %znmooo m ] -
- (ud‘d -= = b ~

10°0

[o]]

00!

(rnew) '3

‘dz ‘d (B ‘.58—=%g pue .G'ZS

(e]¢]]

='g y3M BI309ds op SAD UL 'S "DIA

0s

T

Trrr o v

T

TT T T 7T

T T T

N
oGE-=

T

(dz4)

T T

l—_wjx T T
Nn8W 1000

|
|
|
|
|
|
\

|

|

|

|

“

_
,
,
__
,
,

1Y

_ xcoaz-mbov
o momm % s .Mzz 09°€S

—_—

2 " — .

i

baaa a4y

" lia s 4

1

1

I

1000

100

(_ASW ,_us qu) '3p2up 'Up/D P

Ol



DIDELEZ et al.

P.

J.

536

(AW )E3

*3%9} 9y} ul pue uordeo § *814 UT USALS SB S[oquIAs I9YIO “(ud ‘d) (9 ‘(de ‘d) (®) {,LG—=%g PUB ,G¥ =" YNM BX}OAdS Ogp ISI OYL "9 "DII

(o]

00l

(A3W) '3
e]0]] oS
T T T T T T T T T 77T T
-—
\ TNM
ws / .
- ’ . -
- \ I/ .
! /e
- ../.\ : hn
- .
= ~
: s 3
— -
o -
\
,_ € —
— 3 * -
M __ /)\ + s -
L \ / R |
L \.,\ 3 [now 190513
C \.}.. AWOL2='3 7]
- g / 3
+ . . ~\ ‘ wnz€l
./ oW T N AOWELII'0=E'3
RN AOWO'IE='3
- by B N4 AN .
~ /
- \ AN .
AN
i N noweeee£3 N “*
(MW #92°0°523 [ row 2'89= '3 N
L nsworon:'a ]
- -
o 3
- o4 4
- 1
- ~
- ud‘d -u -d ]
- A v ] Nm - @ om.v - @ =
SR N R S S T Loy 3

1000 1’0
100 )
I'0 ol

Q

Ol

j

~N

Q

IS

Q

jo}

\M

Q

m m
= w 0ol
= 3
2 2

bo

5

<

L
Ol 000!

(ABW) '3
(o]0]] (0]
T T T T T T T T T T T 1
- \ ~
- \ * -
1
- / _ -
- ) AN .
” \ \ [2: M} A m
F H e
- . ;o f *
A i
. o i,
B ..w.,\. ) s
\\ o 4
o8 ]
L \\__ nu\ - s .%.t ..r 4
- WS ! AN ~ 7
. v/ ze
" W/ .
- B -4
o . cr 3
AWII'0= 5,3
AW QIE*'3
i \ i
. AN
L N 4
L N 4
L * N 1
| N
u O 28 E =3 ]
o AN 2'88='3 ]
28 3
- « rwezo=tZ3 .
- AN90N="3 4
Z | -
ﬂ AQN.Qv ON:quQQ o@VnQ@ -
T S S S S S S S A R

1000

100

(|- AOINZ-1s qui) '3pUp 'UP/ DP

ol



5317

PROTON-INDUCED DEUTERON BREAKUP AT 156 MeV

Ol

00l

(NS ) €3

000!

"1x03 9y} ul pue uopded § ‘314 UT USALS Se sjoquhs 10 “(ud ‘d) (9 ‘(dZ ‘d)

|
(AW ) '3
00!
T T T 1 1
WM _
L
<\.
L .
s ~ N
- 87 -
- -4
- ]
u _ <
\
f ._ =
\
\
= \ -
\
B \ ASW -
Lo 9v'0=51]
- o, AING2Z:'3
— -\‘\ —
o P 3
o TR s 3
. \\ 2
\ 28 1
- .\ -
ﬁ' l. n— —
i nigegefa P o NWSO00°3 |
H orewvzg='a SOLTANE R N
- AN
[ pewszvo|=%3 AOWO'I9 '3 N
- AW B'sol ='3 3
J+
- u Q -
- (ud'd) oGG-="6 o8r= B
i N U AR U NN NS SR N S SN G N B

1000

10°0

Ol

00l

(,-A®Wz-4s Q) 'IP°UP'UP/ D P

(AW ) £3

(8) ‘,66—=%g puB .87 =g YIIM B1}0adS oyp ISd YL "L "DII

(ANOW) '3
foJe] 0¢ o}
T 1T T 1 T 1T T 1 1T T T 1T 1 100°0
= \ —4
— \\ —
ws’/
- \\ .\/ —
g A -
C ' \ —
— ! 00
'/
u !/ _
\ ., S
| \ e *.fw b
\ ! + JS N 4
- ,_ mw\ -~ ‘\ umu —
= o
281 a
* "
\
5 ./, . MWSp000=f'3 i 3
NS NOW ¥ 62='3 o)
- N — —
\3§/ . ~
- N a
b AN o)
B NoW 66 =3 N O1wm
| . . B o
- AW p'28 ='3 . b
- 280 3 [
. 3
\ o
L AewLzE'0 =93 - %
NBW 8°G01='3 : N
I 1 3
. o (d2'd) GG-="9 o.8v=% ] -
AOW 80I= ._*u PO IS - _w« : 1
N N | O I S SN S SN Y SR N S S B

1-A3W -5 QU OE

1-A3Wz-Is QW OL



538 J. P. DIDELEZ et al. 10
TABLE III, Kinematical conditions and differential cross sections for the spectral peaks.
(1) Quasi-free scattering spectra
®, 2p) ®, pm)
peaks peaks
3
04 0, Experimental 30 op d*oexp dgaexp doexp. (d___o, "’") (d9)yp p-n
(deg) (deg) series (mb sr™2 MeV™!) dPogy (mb sr™2 MeV™) d*osy d3o, ,, oxp  (@0mb pp
42,5 —45 1 5.40+0.202 0.819+0.030 3.06+£ 0,30 0.700+0.070 0.57+0.05 0.665
2 5.50+0,20 0.835+ 0,030 3.30+0.20 0.755+ 0,045 0.60+0.05
Ref. 15 5.52%0.30°
52.5 -35 1 4,40+0,202 0.695+ 0,030 4.30+0.31 0.740+0.050 0.98+0.12 0.919
2 4,60+0,30 0.725+ 0,045 4.50+0.30 0.773+0.035 0.98+0.13
Ref. 15 4.50+0.20P
(2) Strong p-n and p-p final state interaction spectra
45 -55 1 0.43+0,01 0.724+0.020 0.31+0,01 0.820+0.025 0.72+0.02 0.630
45 -57 2 0.26+0.01 0.714£0.025 0.17+0,02 0.720+0.090 0,62+0.11 0.626
48 —55 2 0.23 0,02 0.834+0,070 0.16+0.02 0.919+0,109 0.71+0.15 0.644

2 The quasi-free scattering peaks are masked a little by the proton-hydrogen scatterings.
b The underlined values are the values obtained in our previous experiments.

% 10°% and 9 X 10°, respectively. These background
events are distributed in 256 channel x 128 chan-
nel matrices in the biparametric E,-T spectra
giving almost zero events per matrix cell, that

is to say giving quite negligible contribution.

V. COMPARISON OF EXPERIMENTAL RESULTS
WITH THEORETICAL CALCULATIONS

Spectator-model calculation

The differential cross sections (d°0/dQ,dQ,dE,)g,
have been calculated using the spectator model.
The necessary elastic scattering cross sections
for the nucleons 1 and 2 were obtained from ex-
perimental results. For the p-p scattering cross

J

cross section is given by

sections (do/dQ);T; we have used the current
empirical formula of Barashenkov, Maltsec, and
Fortschi.?! For (do/dQ),,, we have established
the following empirical formula by fitting the ex-
perimental cross sections for the p-n obtained by
Palmieri and Wolfe?? at an incident energy of 155
MeV:

cm.
(%) =3.200m, 12 ~8.30 0 p + 1.7,
p=n

where 0., ; is the proton scattering angle in the
center of mass system in units of radians.

A Hulthén type wave function?® without the in-
clusion of the D state was used for the deuteron.
In this case, the spectator-model three-body

d%c  _4V2  VE E,(VEq +VE,)® VE, E, do \ <™
dQ,dQ,dE, 1° (Es+2E,0(Es+2E,? VE,(2VE, - VE,cosé, +VE, cos(8, - 6,) (dﬂ ) Nen

where E, =2.226 MeV and Eg =59.8 MeV, and E,,
E,, E,, and E, are the kinematic energies of the
incident proton and the scattered nucleons in the
laboratory system. For (do/dQ);%; we have used
the 90° c.m. cross section corresponding to the
initial relative energy (i%/m)[4(B, + B,)F where
-ﬁo and 33 are the incident and recoil momenta,
respectively. For (do/d),T; we have used the
same incident energy prescription and an angle
which corresponds to the proton scattering angle

T
in the two-body center of mass system. The lat-
ter is exact only in the relative energy region of
154/2 MeV, and if E, becomes large, the validity
decreases. However, we present the d3ogy only
to give a rough idea of the general form of the
spectra in the QFS region. The results of these
calculations are plotted in the Figs. 4(a) to 7(b)
as a fine broken line and marked SM.

We should point out that the ratio d®o.,,/d>ogy
at the QFS peak does not always have the same
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value when kinematic conditions are changed. The
ratio (d°0, ,,/d°0, 5,)ex, 1S approximately the same
as the ratio of the elastic scattering cross sec-
tions for the interaction p-n and p-p, (do),.,/
(do),.,. These facts suggest two things, namely,
in the quasi-free peak, the primary scattering is
dominant, and the ratio (d°c, ,,/dc, ,,) depends
not only on the incident energy?* but also on the
scattering angle.

Calculations of L’Huillier and Ballot

L’Huillier and Ballot have calculated the d3c
which correspond to our kinematic conditions.
Their expression for the differential cross sec-
tions d3o;p can be presented in the following form:

d%c _(21T>4m2 inely |, inel |2
ddngE “\1n) &K el (1)

where K ig a relativistic kinematic factor.

The scattering matrix element for three nucleons
tinl can be represented by a nucleon-nucleon mul-
tiple scattering series. They have used, for the
present calculation, the potentials of Hamada-
Johnston (hard core) and Sprung-de Tourreil
(super soft core) (SSC).?® In order to calculate
the second order scattering, L’Huillier and Ballot
have factorized the primary interaction by as-
suming that the scattered nucleon was at rest in
the deuteron. Their two nucleon scatterings in-
clude off-energy effects, but the Coulomb inter-
action is excluded. The details of the calculation
are described in the thesis of L’Huillier.

The calculated d%c are plotted in the Figs. 4(a)
through 7(b) with the dashed-dot line for the first
order calculations (labeled LB1) and with the con-
tinuous line for the first plus second order calcu-
lations (labeled LB2). The experimental d 3¢
agrees better with the LB2 than LB1, indicating
the necessity of including the second order inter-
action in the calculation, even in the QFS regions
(Figs. 4 and 5). The inclusion of the second order
terms gives tremendous improvement in the FSI
regions (Figs. 6 and 7), as one might expect. How-
ever, there is always some disagreement between
the d30exp and doyp,, even in the QFS peak. This
disagreement could be sensitive to the choice of
the nucleon-nucleon potential (if the notion of this
model is valid). But the Hamada-Johnston poten-
tial and that of Sprung-de Tourreil do not show
any significant differences in the quasi-free scat-
tering peaks when calculated to second order.

The QFS peak ratios d>®0.,/d>0;,, are about 0.80
for the (p,2p) and (p, pn) reactions at both the
(52.5°,-35°) and the (42.5°,-45°) angle pairs.

The peak ratio (d°c, ,,/d%0, 3,) 5, is 0.84 for the

first angle pair and 0.63 for the second one, indi-
cating that this ratio depends on the scattering
angle.

The d%0.y for the FSI peak regions in the (p, 2p)
reaction for the (45°,-57°) pair are smaller than
those calculated with the first plus second order
interaction using all partial waves (LB2). How-
ever, it is interesting that these FSI data are
accidentally in good agreement with the d3%¢ calcu-
lated by neglecting the D state of the deuteron and
by using only s waves in the final state interaction.
These simplified calculations are indicated in
Figs. 6(a) and 7(a) by open circles and labeled by
SC. This tendency is seen also for the FSI peak
in the (p, 2p) reaction at the (48°, -55°) pair, but
in this case the strong deuteron peak reaction tail
from the Nal crystal, due to the p-d elastic scat-
tering, covers one part of the FSI peak. The ‘“deu-
teron tail” contributions to the cross section are
of the same order of magnitude as the FSI contri-
butions at E, ~ 30 MeV.

The d30¢, for the FSI peak in the (p, pn) reac-
tion cannot be explained by the calculation of
L’Huillier and Ballot since it does not contain the
Coulomb field. The p-p FSI peak must be strongly
influenced by the Coulomb field, since the mini-
mum relative energy between two protons E}%, is
small in these cases—0.160 and 0.0052 MeV —for
the (45°, - 57°) and (48°, - 55°) pairs, respec-
tively. This Coulomb effect is clearly shown in
the experimental data by the minimum in the FSI
peak [Figs. 6(b) and 7(b)], as has already been
mentioned in Sec. IV. The differential cross sec-
tions calculated by L’Huillier and Ballot for the
(p, pn) reaction with a central potential and with
s waves only (SC) fit the experimental data fairly
well, except in the FSI region (E!®, ~ 0), where
the calculation shows a peak.

Calculations of Sakamoto and Takeutchi

Formerly Sakamoto, Takeutchi, and Yuasa have
examined the role of the Coulomb force in the
calculation of the final state interaction for the
2H(p, 2p)n reaction.'® Sakamoto and Takeutchi
have extended the calculations to the 2H(p, pn)p
reaction.2®

The essential differences between the L’Huillier-
Ballot calculations and the Sakamoto-Takeutchi
calculations, both of them being performed with
the Hamada-Johnston potential, are due to the
treatment of the intermediate interaction and the
effects of the Coulomb field. L’Huillier and Ballot
obtained the factorization to calculate the first
and second order interactions by using a constant
value for the struck nucleon momentum K in the
primary scattering. Sakamoto and Takeutchi,
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on the ot}_lgr hgnd, have calculated the ¢ matrices
by using k ==k, for the struck nucleon to calculate
the relative energy between two nucleons in the
primary interaction and by using the final relative
energy in the second interaction. They have
solved the Schrddinger equation with the Hamada-
Johnston potential including the Coulomb force in
order to obtain the quantities needed for the nu-
merical calculations.

The cross sections d>og; are generally in good
agreement with d%s g, for the quasi-free peak
regions in the 2H(p, 2p)n and 2H( p, pn)p reactions,
but do not agree in the final state interaction re-
gions of either reaction. The former calculation
is, in general, smaller than the latter, even with-
out the Coulomb force. Generally speaking, the
d0gr in the FSI region of the *H(p, pn)p is of the
same order of magnitude as d%o.y,, and about a
factor of 6 smaller than the d30exp .

The calculations of Sakamoto and Takeutchi are
some of the first which include the Coulomb force
at an incident energy higher than 100 MeV, and
they clearly produce a minimum d3c at the small-
est relative energy between the two protons.

Calculations of Wallace

Wallace has extended his previously published
calculation (Ref. 6) to 156 MeV. His method is a
modification of the calculation in which the exact
three-body Faddeev equations are solved with an
approximate, separable two-nucleon interaction.
In his model, the spin dependent, s-wave, sep-
arable, two-nucleon scattering amplitude is modi-
fied to fit the on-shell two-nucleon elastic scat-
tering data at energies above 20 MeV. The coupled
integral equations for the model three-nucleon
system are solved iteratively, so that the Faddeev-
Watson nuclear multiple scattering series is
generated.

The difficulty at higher energies arises from
the fact that the separable two-body interactions
usually employed cease to provide a realistic de-
scription of the observed two-nucleon processes.
Wallace uses as input a one-term separable two-
nucleon ¢/ matrix which reduces at lower energies
to the ¢ matrix obtained from the Yamaguchi s-
wave potential. This ¢{ matrix might not be un-
reasonable as it has the correct magnitude on the
energy shell, and the on-shell point is heavily
weighted in the three-body equations at higher
energies. The two-body ¢ matrices used in the
present calculations have been fitted to reproduce
the energy dependence of (do);%%(90°) and (do);Z),
(90°). No Coulomb interaction has been included
here.

The first order contribution is essentially the

same as the spectator model term in the QFS re-
gion, since the nucleon-nucleon ¢ matrix is fitted
to the on-shell data. However, the complete multi-
ple scattering calculation includes contributions
from all higher order scattering processes, which
depend on completely off-energy-shell two-body

t matrices. The d®0 for single scattering, single
+double scattering, single +double +triple scat-
tering, and the exact solution have been also ob-
tained.

In the Wallace calculations, the single plus dou-
ble scattering contribution gives the best fit to the
experimental data, while the complete multiple
scattering series calculation produces a very
small cross section in the FSI region. Such dra-
matic behavior resulting from the higher order
terms may question the convergence of the multiple
scattering series with one-term separable two-
nucleon { matrix at our energy.

Enhancement factor of Watson-Migdal

We have tried to see if the Watson-Migdal en-
hancement factor could explain the final state
p-p interaction peak (or valley) in the region where
E™ ~0. It is a simple calculation including the
Coulomb interaction when compared to the diffi-
culty of introducing correctly the Coulomb field
into an off-energy shell two-nucleon interaction.
The formulas used to calculate this factor are the
same as given in Ref. 27. We have used the fol-
lowing nucleon-nucleon interaction parameters®’
in our calculation:

a,,=-"1.67fm, a,,=-23.73 fm, and 7,=2.7 fm,

The calculated Watson-Migdal factor was multi-
plied by d%0gy.

The results are shown as the fine dotted curve
in the Figs. 6(b) and 7(b). The positions of the
maxima and minima of the spectra are correctly
reproduced, but the shape and the absolute cross
section do not fit the experimental results. In
reality it would be better to use d%o;, in place of
d3ogy in order to judge the validity of the Watson-
Migdal enhancement factor. However, the calcu-
lation does show the general features expected for
the FSI, and one does not expect the validity of the
formula to extend beyond about E™, = 2 MeV which
corresponds to E, ~ 40 MeV in our FSI kinematic
conditions.

VI. CONCLUSION

The experimental cross-section spectra, d3cexp,
as a function of a proton energy have been obtained
for the 2H(p, 2p)n and 2H( p, pn)p reactions at 156
MeV. Various angle pairs were chosen covering
quasi-free and final state interaction kinematic
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conditions as well as some other intermediate
cases.

These experimental results show that: (1) near
the QFS peak the 2H( p, 2p)n and the 2H(p, pn)p re-
actions at 156 MeV are dominated by the simple
scattering, but also that the contribution coming
from multiple scattering effects are not negli-
gible; (2) the ratio d%, ,,/d%0, ,, at the QFS peak
is angular dependent; (3) the p-» and p-p final
state interactions are present when a very small
relative energy EJ*, or EJ, is permitted. The
cross section corresponding to the p-p FSI shows
a minimum when E;%, ~ zero and a maximum when
E;l,~ 0,4 MeV, indicating the presence of the
Coulomb interaction. The cross section corre-
sponding to the p-n FSI shows a maximum when
E;l ~0.

We have compared our experimental cross sec-
tions with several theoretical calculations in the
framework of the approximate Faddeev solutions;
i.e., calculations of (1) L’Huillier and Ballot,

(2) Sakamoto and Takeutchi, and (3) Wallace. The
first explains the 2H(p, 2p)n reaction fairly well
in all regions, but does not fit the (p, pn) data in
the FSI region since the Coulomb interaction was
not taken into account. The second also explains
fairly well the (p, 2p) reaction in the QFS and

FSI peak regions indicating that the off-energy
shell interaction effect is not very important in
these regions. However, the differences between
the first and second calculation are large in the
intermediate regions. The Coulomb interaction
in the p-p FSI is explained qualitatively in the
second calculation but the calculated d3c is much
too small. The third calculation explains d3c.x, in
the FSI region of the (p,2p) reaction when the
multiple scattering series is limited to the first
and second terms. The fit becomes worse when
the full multiple scattering series is considered.

The comparison of the d%c.s, and d3o,, indicates
that the development of the three-nucleon scat-
tering amplitude in a multiple scattering series
of the two-nucleon scattering amplitudes, taking
into account first and second order terms, and
using a realistic potential might be more adequate
to describe the deuteron breakup process at inter-
mediate energy than a calculation including the
full multiple scattering series but limited to the
S-wave contribution. To understand this behavior,
the multiple scattering mechanism should be stud-
ied more extensively with very realistic potentials
in a more complete Amado type calculation. The
introduction of Coulomb interaction in any case
remains somewhat problematic.
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