
VOLUME 55, NUMBER 24 PHYSICAL REVIEW LETTERS 9 DECEMBER 1985

Interpretation of the Breakup Reaction dp - ppn in the Incident-Deuteron-Momentum
Range 2.0—3.7 GeVlc in Terms of Free Np Scattering

F. Sai, N. Katayama, T. Tsuboyama, and S. S. Yamamoto
Department ofPhysics, University of Tokyo, Tokyo 113, Japan

(Received 14 May 1985)

The breakup reaction dp ppn was studied at ten momenta in the incident-deuteron-momentum
range 2.0—3.7 GeV/c. The magnitudes of the differential cross sections for quasielastic scattering
of protons and neutrons are lower by 10%—20% than those of the free pp and np elastic cross sec-
tions. However, the shapes of the quasielastic and free elastic differential cross sections are quite
similar except possibly in the very forward region.

PACS numbers: 25.10.+s, 13.75.Cs, 21.30.+y

Since the deuteron is the simplest nuclear system
and its binding is loose, the dp interaction can be, to a
large extent, considered to be the superposition of pp
and np interactions, which are relatively well known.
The breakup reaction dp ppn is particularly amen-
able to various theoretical analyses such as the im-
pulse-approximation and final-state-interaction mod-
els. '

In our momentum range there is only one measure-
ment of the breakup cross section, by Aladashvili et
al. 2 Data are available on various distributions such as
spectator-nucleon distributions for restricted kinemati-

cal configurations of the reaction dp ppn at the
equivalent deuteron momenta of 2.2, 3 2.40 and 2.93,4

2.44, 5 2.56,6 and 3.3 GeV/c.
The aim of this experiment is to study the dp break-

up reaction systematically and to compare quasielastic
cross sections directly with free Np elastic-scattering
cross sections to check the validity. of the impulse ap-
proximation. This momentum region was chosen be-
cause of the availability of a good Np phase-shift
analysis8 in the equivalent nucleon momentum region.

This Letter is based on a part of a 200000-picture
exposure of the National Laboratory for High Energy
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FIG. 1. The momentum distributions of the proton and neutron spectators in the deuteron c.m. system for the incident mo-

menta of 2.07 and 3.38 GeV/c. The solid curves are theoretical distributions based on the Hulthen deuteron wave function
(Ref. 10).

2668



VOLUME 55, NUMBER 24 PHYSICAL REVIEW LETTERS 9 DECEMBER 1985

50-

4

C0
VI
tn 20
V

b

o 0 o o

'IO-
0

0
2

Aladashvili et al.
ppn total cross section
ppn, total cross section
npp, total cross section
pp elastic total cross section by Amdt
np elastic total cross section by Amdt

I I

3 4
beam rnomentm ( GeV/c )

FIG. 2. The pp(n, ), np(p, ), and breakup total cross sec-
tions as functions of incident deuteron momentum together
with the datum of Aladashvili et al. (Ref. 2). The dashed
curves are pp and np elastic total cross sections obtained
from the phase-shift analysis of Amdt et al. (Ref. 8).

Physics (KEK) 1-m liquid-hydrogen bubble chamber
to a doubly separated beam of deuterons from the 12-
GeV proton synchrotron at KEK. Approximately
20000 pictures were taken at each of the following
momenta: 2.07, 2.26, 2.46, 2.64, 2.88, 2.96, 3.16,
3.38, 3.56, and 3.67 GeV/c. A detailed description of
the experimental procedure has been given by Kataya-
ma et a1. 9

Approximately 55000 two-prong events were mea-
sured and fitted by the following kinematical hy-
potheses: d+ p d+ p, d+ p d+ p+ n. o, d+ p

p+p+ n, and d+p d+m++ n. The elastic-
scattering data have already been reported. 9 The iden-
tication of dp ppn events was made by first eliminat-
ing events with a m. + in the final state on the basis of
track ionization. Then events which were fitted by
only the breakup hypothesis with a X2 probability &
0.1% were accepted as belonging to the this hypothesis
without further ionization checks. Events with multi-
ple fits, all with Xz probabilities & 0.1%, were identi-
fied on the basis of track ionization.

Most of the breakup events can be interpreted as
quasielastic scattering of the target proton and a consti-
tuent nucleon in the incident deuteron. Quasielastic
scattering can be studied in terms of the impulse ap-
proximation, which assumes that the deuteron break-
up occurs when the target proton interacts with one of
the constituent nucleons (the projectile nucleon),
while the other nucleon (the spectator nucleon) does
not receive any momentum transfer. In the rest frame
of the incident deuteron, the particle with the lowest

momentum among the outgoing three nucleons is con-
sidered to be the spectator, which is designated as N, .
The momentum distributions of the proton (p, ) and
neutron (n, ) spectators in the deuteron c.m. system
for the incident momenta of 2.07 and 3.38 GeV/c are
shown in Fig. 1. The solid curves are theoretical dis-
tributions based on the Hulthen deuteron wave func-
tion'o normalized to the number of events with mo-
menta less than 0.3 GeV/c. The momentum distribu-
tions of the spectator nucleons agree fairly well with
the Hulthen-function distributions, indicating that
most of the breakup events can be interpreted as
quasielastic Np events.

The pp(n, ), np(p, ), and breakup total cross sec-
tions as functions of incident-deuteron momentum,
together with the datum of Aladashvili et al. ,

2 are
shown in Fig. 2. The dashed and solid curves are pp
and np elastic total cross sections obtained from the
phase-shift analysis of Amdt et al.s The pp(n, ) and
np(p, ) quasielastic differential cross sections in the
c.m. system of the projectile nucleon and the target
proton are shown in Figs. 3 and 4. This is the first set
of differential cross sections for quasielastic scattering
obtained from the deuteron breakup reaction in this
momentum range. Some events were lost in the two
most forward bins of these differential cross sections
because of very short proton tracks which could not be
measured. The error bars indicate statistical errors
only.

In order to analyze our data in the impulse approxi-
mation we assumed that the free Np differential cross
sections, do. z~/dz, were represented by the phase-shift
analysis of Amdt et al. , and fitted them to our data by
minimizing the X defined as

~ = X(lNt —(f~/q)) . . (do~~/dz)dz]j/N

where z is the cosine of the scattering angle in the c.m.
system, N; is the number of events in the ith bin, f~
is the parameter to be fitted and represents the ratio of
the quasielastic Np scattering cross section to the free
Np elastic cross section, and q is the conversion factor
«om the number of events to the differential cross
section. The fitting was done over the range

for quasielastic pp scattering, and—1.0~z~0.85 for quasielastic np scattering. The
average Xz/d. o.f. was about 1.1 for f~ and 1.5 for f„.
Extending the angular ranges to z = 0.9 increases
X2/d. o.f. significantly at some momenta for both reac-
tions, but on the whole good agreement was obtained
up to z=0.9. The fitted curves are shown in Figs. 3
and 4 as dashed curves. The parameters f~ and f„' ob-
tained for the above angular ranges, are shown in Fig.
5 as functions of incident momentum. The statistical
uncertainties in the values of f~ and f„were all about
3'/0, based on the statistical uncertainties of the data.
There are also uncertainties arising from the consider-
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FIG. 3. The pp(n, ) quasielastic differential cross sections in the c.m. system of the projectile nucleon and the target proton.

The dashed curves represent the results of the fit described in the text.

able spread in the incident nucleon momentum due to
Fermi motion. We estimated these uncertainties to be
less than 0.1% by fitting the free Xp differential cross
sections averaged over the momentum spread to the
data. Finally there are uncertainties due to the possi-
ble differences between real and phase-shift data. The
experimentally measured total pp elastic cross sections
in our momentum range" agree well with the phase-
shift analysis at low momenta, but gradually become
smaller with increasing momentum. The difference is
about 20% at 1.8 GeV/c. No such comparison is possi-
ble for np scattering.

Our value of f„=0.86+0.03 at 3.38 GeV/c com-
pares favorably with the value of 0.9 of Aladashvili et
al. 7 at 3.3 GeV/c obtained from the proton-spectator
distribution for limited kinematical ranges. Felder et
al.4 obtained f' —0.9+0.1 and f„—1.3 +0.3 at the
equivalent deuteron momenta of 2.2 and 2.4 GeV/c

from the spectator momentum distributions for vari-
ous fixed kinematical configurations. Our values are
0.84+0.Q2 and Q.92+0.03, respectively. Thus, our
values of f~ and f„bot inaed for a nearly full kinemati-
cal region are in reasonable agreement with the previ-
ous values.

We conclude that the impulse approximation seems
to work quite well for the dp breakup reaction in repro-
ducing the shapes of quasielastic differential cross sec-
tions, but mechanisms such as screening, double
scattering, and final-state interactions may have to be
invoked to explain the magnitudes of quasielastic dif-
ferential cross sections and the possible falloff in the
very forward region.

This work was supported in part under the auspices
of the Meson Science Laboratory, University of To-
kyo, and by a grant-in-aid of the Ministry of Educa-
tion, Science and Culture (No. 58540145). We are
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FIG. 4. The same as Fig. 3, expect that the reaction is

np (p, ) quasielastic scattering.
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