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Production mechanism of backward energetic protons studied from two-particle correlations
in SQQ MeV proton-nucleus collisions
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The relative importance of various mechanisms which may play a role in the production of back-
ward energetic protons has been studied in 800 MeV proton-nucleus collisions. Energetic protons
(I') 3SO MeV/c) at 0=118 were measured in coincidence with particles emitted in the angular
range from 15 to 100'. Both in-plane (6/=180') and out-of-plane (6/=90') coincidences were

measured. The data have been decomposed into several categories depending on the excitation ener-

gy of the residual nucleus. Momentum spectra, angular distributions, and target mass dependences
of these categories have been studied. The scattering of the incident proton by a correlated nucleon
cluster seems to play an important role. From the proton spectrum associated with the p-d quasi-
elastic scatterings, the momentum spread of the pn system ("d") inside the nucleus has been deter-
mined. The momentum spread of the "d" obtained by the p-d quasi-elastic scatterings is found to
be smaller than the spread observed in heavy-ion projectile fragmentation into deuterons. From the
mass dependence of the ratio of the p-d to p-p quasi-elastic scattering cross sections, the mean free
path of deuterons inside the nucleus has been determined.

I. INTRODUCTION

The study of energetic proton-nucleus interactions may
reveal effects of correlated nucleons in nuclear matter. In
the present experiment we have measured two-particle
coincidence spectra under both in-plane and out-of-plane
coincidence conditions when 800 MeV protons collided
with various nuclear targets. Coincidence events between

p (backward) and p (forward) as well as p (backward) and
d (forward) were measured over the kinematic domain
shown by the hatched rectangle in Fig. 1. By focusing on
specific kinematical conditions we have obtained quantita-
tive information about various production mechanisms.
Proton-deuteron quasi-elastic scattering at large momen-
tum transfer has also been measured. From these results
we have deduced the width of the momentum distribution
of the pn system inside the nucleus as well as the mean
free path-of' deuterons in nuclear matter.

Frankel et al. measured the inclusive spectra of back-
ward protons and other light particles from 600—800
MeV proton-nucleus collisions. ' Energetic protons far
beyond the Fermi energy were observed. Soon after the
data were presented, Amado and Woloshyn analyzed
backward energetic protons in terms of single nucleon-
nucleon scattering. They assumed that the backward
emission of nucleons, which is forbidden in free nucleon-
nucleon scattering, is due to the internal motion of nu-
cleons inside a nucleus. However, it was immediately ap-
parent that single nucleon-nucleon scattering with a con-
ventional internal momentum distribution (Gaussian-type)
gives a cross section which is several orders of magnitude
smaller than the observed one. In other words, to fit the
observed spectrum a high-momentum tail of the momen-
tum distribution is required.

In the framework of the single-scattering model, Frank-
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FIG. 1. The momentum region covered by the present experi-
ment is shown by a hatched rectangle. The horizontal axis is
the momentum of the forward proton at 6I=15 and the vertical
axis is the momentum of the backward proton at 0= 118 . Solid
lines show kinematical relations between forward and backward
protons produced by the elastic scattering of the incident proton
with protons and nucleons clusters which have Fermi motion in-

side the target nucleus. Numbers beside the curves indicate the
momentum of the proton (or clusters) inside the target nucleus
in MeV/c. Because the breakup of clusters contributes to the
two-proton coincidence measurement, curves for p-d, p-t, and
p-a are drawn as a function of the internal momentum per nu-
cleon. These curves are the kinematical loci of gentle (small rel-
ative momentum) breakup reactions. The kinematical locus of
large relative momentum breakup of the p-(2N) reaction with no
Fermi motion is also shown (dotted curve). The dotted rectangle
shows the momentum range covered by the measurement in
Refs. 20 and 21.
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el et al. introduced the concept of quasi-two-body scal-
ing. They were able to reproduce the observed proton
spectrum when they used an exponential-type momentum
distribution, exp( —k/ko) with ko--90 MeV/c. An inter-
pretation of the scaling based on an optical approximation
is discussed by Gurvitz. '

A correlated-cluster model proposed by .Fujita
er al. " ' and a model based on the cumulative effect
proposed by Baldin et al. ' are also successful in explain-
ing the inclusive spectra of backward protons. These
models are based on the idea that a large momentum can
be transferred to the proton when it scatters from a
heavier object such as a two- or three-nucleon cluster in-
side the target nucleus.

Still another approach is the statistical model. ' Knoll
showed that the proton spectra were reproduced by a sta-
tistical model in which backward protons are emitted
from a statistically equilibrated nucleon system. To ex-
plain the high energy tail of the backward proton distribu-
tion he concluded that four target nucleons contribute to
the reaction on average.

Although the models proposed so far, namely the
single-scattering model, the correlated-cluster model, and
the statistical model, rely on seemingly different basic as-
sumptions, they have had comparable success in explain-
ing the dominant features of the observed spectra.

Two types of measurements are expected to clarify this
situation: an analyzing power measurement and a two-
particle correlation measurement. Frankel and
Woloshyn' proposed that an experiment with polarized
protons would be useful to distinguish the different
models. They argued that only the single-scattering
model gives a large analyzing power, while the
correlated-cluster model and the statistical model give
small or no asymmetry. The measurement was done by
Frankel et al. ' using a polarized 800 MeV proton beam.
The analyzing power of protons emitted at around 100 is
generally small, although it depends slightly on the target
mass and on the momentum of the backward proton.
However, since the analyzing power is very sensitive to fi-
nal state interactions as well as to the details of the initial
and final state wave functions, no definitive statements
about the production mechanism could be made. Frankel
et al. also measured two-proton correlations in p+ Li
reactions at proton energies of 600 and 800 MeV. They
observed quasi-elastic scatterings of protons from Li as
well as the coincidence events between forward and back-
ward protons corresponding to p-(2N) scattering kinemat-
ics. However, since their energy and angular ranges were
restricted, the relative importance of the various produc-
tion mechanisms was not discussed.

Komarov et al. measured two-proton correlations at a
beam energy of 640 MeV. ' ' They used a AEE
counter telescope to detect backward protons in the
momentum range from 310 to 530 MeV/c. A range
counter telescope was used for the detection of forward
particles in the momentum range from 730 to 850
MeV/c. When a proton is emitted in a process involving
the scattering of an incident proton on a deuteron inside
the nucleus, the scattered deuteron comes out either in the
form of a deuteron or two nucleons (p and n). The range

of energies of the forward protons in Komarov's experi-
ment was very limited. It' included only those protons
which are emitted when deuterons break up with small
relative momentum between proton and neutron. Two-
nucleon clusters such as p-p, n-n, or p-n singlet may also
exist inside the nucleus. Thus, the idea was expanded to
the more general case of p-(2N) scattering, where (2N)
symbolically indicates two-nucleon clusters. They con-
cluded that the scattering of the incident proton by cluster
is the main mechanism of backward proton production.

There are characteristic two-particle correlations for
each of the above three mechanisms which can be used in
coincidence experiments to learn more about their role in
backward proton emission. In p-p coincidences, if two
protons satisfy the condition of Eg+Ep=Eb„+m
then these two protons are mainly from a p-p quasi-elastic
scattering between the projectile and a proton inside the
target nucleus. Here the subscripts 8 and F refer to back-
ward and forward, respectively; E indicates the energy of
the particle', and m„ is the proton mass. Similarly, in p-d
coincidences the condition E~+EF-Eb„+md selects
p-d quasi-elastic scatterings.

In-plane and out-of-plane events correspond to the az-
imuthal separations b,P between the two detected particles
of 180' and 90', respectively. In the statistical model,
which implicitly assumes that each particle experiences
incoherent multiple nucleon-nucleon collisions, azimuthal
symmetry is expected. Any residual asymmetry due to
the overall momentum conservation is expected to be
small when the number of particles in the system is larger
than 4. '

In a proton-cluster collision, clusters may break up into
nucleons. These reactions are characterized by the fact
that E~+EF&Eb„+m~. The kinematical separation of
these processes is illustrated in Fig. 1 together with the
kinematical region covered by the present experiment.

The previous attempts of measuring two-particle coin-
cidences by Komarov et al. ' and by Frankel et al. did
not cover a kinematic domain wide enough to establish
the relative importance of the various mechanisms dis-
cussed in the preceding paragraphs. Recently a coin-
cidence experiment which covers a wider kinematical
range was reported for 300 MeV incident protons. Con-
tributions from quasi-elastic scatterings as well as multi-
ple scatterings were observed, but again no unambiguous
conclusions about these mechanisms emerged.

II. EXPERIMENTAL ARRANGEMENTS
AND PROCEDURES

A. General

The spectra of backward protons in coincidence with
forward going particles were measured in 800 MeV proton
nucleus collisions. Backscattered protons in the momen-
tum range 330—700 MeV/c were, detected at scattering
angles from 103' to 153', and forward protons and deute-
rons in the momentum range 480—2000 MeV/c were
detected at scattering angles 15, 20, 30, 40, 55, 70, 90, and
100 deg. Although we have measured coincidence spectra
at various angles, the emphasis in this paper will be on the
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FIG. 2. Schematic view of the counter setup. Two sets of
hE Ecounters -(RB and UB) covered 8=105'—155' at /=90'
and 180'. The magnetic spectrometer covered 8 in 8 at /=0'
and was rotated from 15' to 100' in 0.

were used as targets. The typical thickness was about 0.5
g/cm .

The beam intensity was monitored by an ionization
chamber (IC) inserted in the beam line 1.5 m upstream of
the target. The IC was filled with a mixed gas of 80%%uo Ar
and 20% CO2 at 1.05 atm. The total charge collected in
the IC was measured for every beam pulse. The back-
ground charge of the IC was measured during the beam-
off period. For the calibration of the IC, we placed two
thin plastic scintillation counters in the beam, and mea-
sured the charge collected in the IC against the coin-
cidence counts between these two counters at low beam in-
tensity (10 —10 particles). At higher beam intensity we
used a monitor counter telescope (MC) which counted
scattered particles from a target. Then the counting rate
of the MC was compared with the charge of the IC. The
linearity between the collected charge in the IC and the
counts in the MC was good within a few percent over the
whole intensity range used in the experiment.

C. The hE-E counters

coincidence data where one proton is emitted at 118' and
the other at 15', because this angular combination in-
cludes both the p-p and p-(2N) scattering kinematics as
shown in Fig. 1.

A magnetic spectrometer was used to detect forward
particles. The spectrometer, which has an angular accep-
tance of 68=8', was rotated from 15' to 100'. Two sets
of bE-E telescopes were used to detect backward protons.
One telescope was in the same reaction plane as the spec-
trometer, while the other was perpendicular to the reac-
tion plane. The counter setup as well as the coordinate
definition is illustrated in Fig. 2. Performance of the
detectors is summarized in Table I.

Backward-emitted particles were detected by plastic
scintillation bE Ecounter t-elescopes. Two sets of tele-
scopes covered an angular range of 8=105'—155', one at
$= 180' (RB) and the other at $=90' (UB). Figure 3
shows a plan view of the telescope RB. The first counter
(RB1) and the second counter (RB2) measured the energy
loss (dE/dx) of a particle. Since RB2 had phototubes on
both ends of the plastic scintillator, the hit position could
also be determined. The third counter (RB3) consisted of
five energy (E) counters RB3a, RB3b, RB3c, RB3d, and
RB3e and a veto counter RB3f. Each of these E counters
covered 68=+5. The veto counter RB3f was used to
reduce the background from stray beam particles.

A typical scatter plot of the pulse heights in the b,E and

B. Beam and targets

We used an 800 MeV proton beam accelerated by the
Bevatron at Lawrence Berkeley Laboratory. Typically the
beam intensity was 10 to 10 particles per pulse and the
beam repetition period was 6 s. The duration of each
beam was about 600 ms.

Disks of C, NaF, KCl, Ag, and Pb 5 cm in diameter

Beanl
Taliet

TABLE I. Performance of the detectors.

Particles
Momentum range
(MeV/c)
Momentum resolution
4,'typical)
Solid angle
{msr)
Covered angle

Magnetic
spectrometer

m, p, d, t, He
480—2000

15'—100
(~0=~ 3

hE-E telescope

77,p,d
330—700

9%

29X5

105'—155' FIG. 3. Plan view of the hE-E counter, lg; Lucite light
guides, pt; photomultiplier tubes. All the counters are made of
plastic scintillators.
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E counters is shown in Fig. 4. A clear separation of pro-
tons, deuterons, and pions is seen in the figure. The max-
imum proton momentum measured by the telescope was
700 MeV/c which was determined by the total thickness
of the telescopes. The minimum proton momentum was
330 MeV/c. The probability of secondary reactions in the
E counter was estimated to be about 32% for a 700
MeV/c proton. The detection efficiency was not affected
by the secondary reactions, but the pulse height was re-
duced and thus affected the energy resolution.

For energy calibration we set the telescope behind a
time of flight (TOF) counter with a flight path of 2 m.
The velocity of a particle was measured by the TOF

30

E 20

F
O

0 I I I I I I I I

50 100 &50 250

Proton Energy (MeV)

FIG. 6. The effective solid angle of the E counters as a func-
tion of the proton momentum. The change of the solid angle is
due to multiple scattering in the first and second scintillators.
The solid line in the figure shows the solid angle used for the
present analysis. A dashed line shows the geometrical solid an-
gle.

l

200

counter, whereas the dE/dx and the energy were mea-
sured by the hE-E counter. Particle identification was
made with the AE-E counter and the energy was deter-
mined from the proton velocity as measured by the TOF
counter. Figure 5 shows the result of the calibration. The
E;„and the E,„written in Fig. 5 indicate the
minimum and the maximum proton energies in the AE-E
counter calculated using the range-energy relations. To
understand the nonlinearity between the energy and the
pulse height, the position dependence of the light collec-
tion efficiency was measured using cosmic rays. The data
showed that the light collection efficiency was smaller
when the source of light was farther from the entering
surface, namely, in the stopping region of high energy
particles. The intrinsic momentum resolution was 9% at
a proton momentum of 480 MeV/c and 8.5% at 700
MeV/c. In the actual experiment, however, the finite
thicknesses of the targets worsen the resolutions to 12%
at 480 MeV/c and 10% at 700 MeV/c.

The effective solid angle of the telescope was estimated
by a Monte Carlo calculation which includes multiple
Coulomb scattering. Because the first and second
counters (RB1 and RB2) subtended wider solid angles
than the E counter, low energy protons could be kicked
into the E counter by multiple scattering. Therefore the
effective size of the E counter is slightly larger than the
geometrical size. On the other hand, high energy protons
escape from the side of the E counter, which reduces the
effective size. The effective solid angle as a function of
proton energy is shown in Fig. 6.

40

I

UO
I

280

Energy of proton (MeV) Momentum
I' (MeVyc)

TABLE II. Momentum resolution of the magnetic spectrometer.

Resolution
4~1'& (%)

FIG. 5. Energy calibration curve of a AE-E counter. The
calibration was done by the TOF counter. The energy E;„and
E,„written in the figure indicate the minimum and the max-
imum energies of the hE-E counter calculated by the range-

energy relation.
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750
1000
1250

9.0
6.0
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D. The magnetic spectrometer

Forward emitted particles were detected by a magnetic
spectrometer. The spectrometer was set at /=0 and ro-
tated from 8=15' to 100'. The magnetic spectrometer
consisted of a C magnet, a scintillation counter telescope,
and multiwire proportional chambers (MWPC's). The
bending angle in the magnetic field, the time of flight, and
the pulse height of the plastic scintillation counters were
measured in order to identify the particle and to deter-
mine its momentum. The momentum resolution of the
spectrometer was governed by the wire spacing of the
MWPC's for high energy particles and by multiple
Coulomb scattering in the plastic scintillation counters for
low energy particles. The momentum resolution is listed
in Table II.

The magnetic spectrometer used in the present experi-
ment is the same one as described in Ref. 24. A more de-
tailed description of the spectrometer is given there.

TABLE III. Conditions of the measurements.

Inclusive cross section of the proton
(p+ A ~p+ X)

108', 118', 128', 138,148
p: 330—700 MeV/c

Two particle coincidence

p-p coincidence (p + 3 —+p + p + X)
and p-d coincidence (p+ A~p+ d+ X)

5~ (p or d):- 15',20', 30', 40', 55', 70', 90, 100'
P& (p or d): 480—2000 MeV/c

(p): 118'
P2 (p): 330—700 MeV/c

180 (in plane) and 90 (out of plane)

III. EXPERIMENTAL RESULTS

E. Electronics and data acquisition system

We used two types of event triggers,

INCL =SPE+RB+UB,

COIN=SPE (RB+UB),

(2.1)

(2.2)

where the asterisk means logical AND and the plus sign
means logical OR. The symbols SPE, RB, and UB indi-
cate the signals from the magnetic spectrometer and the
AE-E telescopes RB and UB, respectively. The trigger
INCL refers to the single-particle inclusive measurement
and COIN to the two-particle coincidence measurement.
A SPE*RB coincidence signals the in-plane emission
(b P = 180') of two particles whereas SPE'UB is the
analogous out-of-plane emission (hP =90') signal.

We monitored the accidental coincidence rate of each
telescope by shifting the timing by about 200 ns. The ac-
cidental coincidences were typically 2% of the real coin-
cidence rates. Even though these accidental coincidences
were accepted as trigger events, most of these events were
later rejected for failing consistency checks in the off-line
analysis. The fraction of accidental coincidences between
two different detectors (SPE*RB and SPE*UB) were cal-
culated from the coincidence resolving time (30 ns) and
the microscopic duty factor of the beam. The admixture
of accidental two-particle coincidences was estimated to
be less than 5%.

For on-line data taking we used an MBD-11 (micropro-
grammable branch driver) which was connected to a
PDP-11/20 computer. On-line data analysis was per-
formed between beam bursts. Histograms and scatter
plots of any desired combinations of the analog-to-digital
converter (ADC), time-to-digital converter (TDC), wire-
chamber hit patterns, and bending angle distribution were
displayed during the run in order to check that the system
was working properly. Off-line data analysis was done by
a VAX-11/780 at the Bevalac and by a FACOM M 180-
II-AD at the Institute for Nuclear Study of University of
Tokyo.

The in-plane and out-of-plane coincidence cross sec-
tions associated with backward protons as well as the in-
clusive cross sections of backward protons were measured.
Conditions of these measurements are tabulated in Table
III. In this paper we present only those data which pro-
vide most of the essential physics information relating to
the goals of this experiment. The cross sections for the
other cases that are not shown in this report may be ob-
tained directly from the authors.

800 MeV p+ 4 ~p+X {e=)&8 )

& ~0'

b ~10
Qa m

10

350 400 450 500 550 600 650

Momentum of proton (MeV/c)
FIG. 7. Inclusive momentum spectra of protons at 8= 118 in

800 MeV p+ Pb, p+ KC1, and p+ C collisions. Error bars in
the figure show the statistical errors. The systematic error is es-
timated to be less than 20%.
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A. Inclusive spectra of backward protons

Figure 7 shows examples of proton inclusive momen-
turn spectra at 8=118' with C, KC1, and Pb targets at an
incident proton energy of 800 MeV. The error bars in the
figure show only statistical errors. The systematic error
of the absolute cross section was estimated to be less than
20%. The spectra can be parametrized by

100--

800MeV p + A —+p+X

I

8=118

(.0

d o. ( &/&p)

dP dQ

with the slope parameters Po,

Po 94+—6—MeV/c for C,
Po ——87+4 MeV/c for KCL,

(3.1)

(3.2)

(3.3)

a
10--

Po 85+4 ——MeV/c for Pb . (3.4)
IO IOO

These values of the slope parameter are consistent with
previous data in Refs. 1—6.

In Fig. 8 the momentum integrated cross sections,
der(8)/dQ, are plotted as a function of the emission an-
gle. Integration was done over the momentum range from
350 to 700 MeV/c. Each datum point covers +5' in 8.
Again, protons from C, KCl, and Pb show a similar
behavior. In Fig. 9 do(8)/dQ at 0=118' is plotted as a
function of the target mass number A. It can be
parametrized by,

do(118')/dQ=0. 193 ' (mb/sr) . (3.5)

50-
800 MeV p+ p+X

Pb

bQe a

5
KCJ

'~

l08 ll8 l28 I38 l48

Emission angle (deg)

FIG. 8. Angular distributions of the inclusive protons. The
cross sections are obtained by integration over the momentum
range from 350 to 700 MeV/c. Statistical errors are smaller
than the size of the plotted circles unless indicated. The sys-
tematic error is estimated to be less than 20%.

The power dependence is found to be constant within the
present angular range (180'—148'). It is larger than that
of the total reaction cross sections (-A ~

) and is con-
sistent with previous data. ' ' '

TARGET MASS
FIG. 9. Target mass dependence of the inclusive proton cross

section. Error bars show only statistical errors.

B. Momentum-momentum correlations

Figure 10 shows momentum-momentum (P& vs Pq)
scatter plots for in-plane (a) and out-of-plane (b) events
when one of two protons is detected at 8~ ——15' and the
other at 82 ——118 in p+ KCl collisions. The size of the
circle in the figure indicates the number of events accu-
mulated for each

QP, && EP2 ——60 MeV/c && 20 MeV/c

bin. The solid curve in Fig. 10 shows the kinematical
locus of p-p quasi-elastic scatterings. In drawing the
curve we assumed 30 MeV binding energy for a proton in-

side the target nucleus. Numbers along the curve indicate
the momenta of the protons (in MeV/c) inside the nu-
cleus. %'e see a concentration of the events along the bot-
tom part of the curve. As can be seen from the values of
the internal momenta, these events are consistent with
quasi-elastic proton scatterings from protons with large
internal momenta (PF )300 MeV/c).

The dashed line in Fig. 10 shows the kinematical locus
of p-d quasi-elastic scatterings followed by deuteron
breakup into a proton and a neutron with zero relative
momentum. We assumed the binding energy with which
deuterons are bound to the nucleus to be 60 MeV. This
value is the one obtained from a fit to the p-d quasi-elastic
scattering spectra (see Sec. IVC1). The numbers beside
the line indicate the momenta of deuterons inside the nu-
cleus. The dotted curve in the figure shows the kinernati-
cal locus of protons from the breakup of stationary deute-
rons with finite relative momentum between the proton
and neutron of the final state. The crossing point between
the dashed and dotted lines indicates the kinematical
point where a deuteron with zero internal momentum
breaks up into a peoton and a neutron with zero relative
momentum. A broad distribution of events is seen in both
the in-plane and out-of-plane cases. The out-of-plane
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FIG. 10. Momentum-momentum scatter plots of two protons for in-plane coincidence events (a) and for out-of-plane coincidence
events (b). One unit in the figure corresponds to 2.07 nb/(sr MeV/c ) . See the text for further information.

coincidence events tend to concentrate in the low-
momentum region.

Figure 11 shows in-plane (a) and out-of-plane (b)
momentum-momentum scatter plots between forward
deuterons (Od ——15') and backward protons (8~=118 ) in

p+ KC1 collisions. The peak near the kinematics corre-
sponding to p-d elastic scattering, which is shown by"+" in the figure, indicates the existence of p-d quasi-
elastic scatterings.

and

E~ - i =Ei+E~ —Ei —Ez

P~ )
——P, —P, —P, ,

the residual nuclear system is defined by,

(+A —1 ~A —1) +g.s. of A —(
2 2 1/2

where Eq ~ and Pz &
are given by,

(3.7)

(3.8)

(3.9)

C. A classification of the events

p;+ ~ ~p&+p2+(& —1), (3.6)

where p; is the incident proton, p& and p2 are the detected
protons, 3 is the target nucleus, and ( A —1) is the residu-
al nuclear system. Here (A —1) is not necessarily the
ground state of the nucleus. The excitation energy ( 8') of

In p-p coincidence events, we used the excitation energy
( 8') of the residual nuclear system, which contains
(A —1) nucleons and possibly pions, as a parameter to
classify the reaction mechanism. The reaction under dis-
cussion 1s

where EJ is the total energy and PJ momentum of parti-
cles j =i, I, 2, 3 —I, or A.

The number of events as a function of W is plotted in
Fig. 12. Solid circles in this figure represent the in-plane
coincidence events and open circles the out-of-plane coin-
cidence events. A difference between the in-plane coin-
cidence and the out-of-plane coincidence rate is clearly
seen in Fig. 12. The out-of-plane coincidence events in-
crease monotonically with S' but the in-plane coin-
cidences show a peak near 8'=0 which corresponds to
the p-p quasi-elastic scattering (QES) events. Because p-p
QES tends to cause two-proton emission in the same reac-
tion plane, it is reasonable that the yield at 8'=0 should

p + KCl~p+ d+ X p+ KCl~p+d+ X
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FIG. 11. Momentum-momentum scatter plots of proton-deuteron coincidence events. The symbol "+ " shows the kinematics of
the p-d elastic scattering.
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FIG. 12. Distributions of the excitation energy {8') of the

residual nucleus for p-p events. Statistical errors are not shown
for the out-of-plane data but they are similar to those for the
in-plane data. The peak near 8'=0 shows the contribution
from p-p quasi-clastic scatterings. Shift of the peak position
from exact 8' =0 reflect the binding energy of proton. Another
peak at %=450 MeV is due to the instrumental kinematical

limit.

FIG. 13. Distributions of 8' for p-d events. The peak corre-
sponding to p-d QES is clearly seen.

less than 100 MeV;
(2) "p-d non-QES" —in-plane coincidence events with

W more than 100 MeV;
(3) "p-d OPC" out-of-plane coincidence events.

D. Slope factors of the backscattered protons

be higher for the in-plane coincidences than for the out-
of-plane coincidences.

The other important feature here is the fact that the
number of in-plane coincidence events is greater than that
for out-of-plane coincidences by a factor of 2 in the region
of 8'=200—400 MeV. If the excitation energy is shared
by many nucleons, the asymmetry is expected to be small
because overall momentum conservation affects the corre-
lation only weakly when many nucleons are involved in
the reaction. ' Therefore the data suggest that the excita-
tion energy is most likely shared by a small number of nu-
cleons.

For use in the subsequent discussion we classify the
coincidence events into three categories:

(1) "p-p QES"—in-plane coincidence events with W
less than 100 MeV;

(2) "p-p non-QES"—in-plane coincidence events with
W more than 100 MeV;

(3) "p-p OPC" out-of-plane coincidence events.
Excitation spectra of the residual (A —2) nucleon sys-

tem for the p-d coincidence events are shown in Fig. 13.
A clear peak corresponding to the p-d QES is seen in the
in plane coincidence events. We make a similar classifica-
tion for p-d events.

(1) "p-d QES"—in-plane coincidence events with W

To see the relation of these classified events to the in-
clusive spectrum, the slope factors of the backward pro-
tons are listed for each case. Figure 14 shows proton
spectra at 118' for the three categories of p-p coincidence
events which were fitted by the functional form,

d rr ( p, /po)—
d 0~d Q2dP2

(3.10)

The fitted values of Po are 55+5, 91+5, and 68+6
MeV/c for "p-p QES," "p-p non-QES, *' and "p-p OPC,"
respectively.

Figure 15 shows the momentum spectra of the back-
ward protons for the p-d coincidence events. The "p-d
QES" spectrum shows a peak structure so that the slope
factor was not obtained. On the other hand the "p-d
non-QES" and the "p-d OPC" shows the exponential
shape with slope factors Prj of 94+8 and 73+7 MeV/c,
respectively.

The slope factors for all of the categories described
above for p + KCI collisions are summarized in Table IV.
Also included are the data from other angular combina-
tions as well as the slope factor of the inclusive spectrum
at 118'. The slope factors. are almost independent of the
coincidence angle 8~ except for "p-p non-QES, " where
they decrease at larger angles. A similar dependence of
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the slope factors on the coincidence particle angle is ob-
served for other targets. The target dependence of the
slope factors is weak as shown in Table V f'or the data at
0( ——15' and 02 ——118'.

The value of Pp for "p-p non-QES" agrees with that
observed in inclusive spectra. This fact suggests a close
relationship between these two spectra. The Pp of "p-p
QPC" is slightly smaller than that of inclusive. The Pp of
"p-p QES" is considerably smaller than that of inclusive.
Consequently, at high momentum "p-p QES" does not
contribute appreciably to the inclusive spectrum.

FIG. 15. Spectra of the backward protons for the different
categories of p-d events. Solid lines are the exponential fit to the
data. Error bars in the figure show only statistical errors.

E. The momentum integrated cross sections

To study the relative importance of each class of events,
the two-particle cross sections were integrated over the
momenta. The integration was made over the momentum
range covered by the present detector system, namely
480 & P~ & 2000 MeV/c (forward) and 330 & P2 & 700
MeV/c (backward). The integrated cross sections

TABLE IV. Slope factors (Po in MeV/c) of backward proton spectra in p+ KC1 reactions [coin-
cidence events between a backward proton at 82——118' and a forward particle (p or d) at various angles
&i).

p-p QES
Coincidence

p-p non-QES p-p OPC p-d non-QES p-d OPC

(deg)
15
20
30
40
55
70
90

100

(MeV/c)
55+5
52+7

(MeV/c}
91+6
81+8
87+6
83+8
87+8
70+10
76+10
70+9

(MeV/c)
68+6
62+7
57+10
61+5
70+7
53+15
57+15

(MeV/c)
94+8
90+ 10
92+ 10
89+9

(MeV/c)
73+7
83+15
74+ 10
55+7

Inclusive at 118'
87+2 (MeV/c)
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Inclusive 87+2 85+2

p-p QES
p-p non-QES
p-p OPC

56+4
85+5
72+ 5

55+3
91+5
72+3

56+4
92+4
80+4

p-d QES
p-d non-QES
p-d OPC

(non exponential shape)
94+8 84+9
73+7 77+ /

'Present statistics are too poor to be fitted.

(d o/dQ, dQ2) thus obtained are listed in Tables VI and
VII.

The Oi dependences of (d cr/dQidQ2) (for fixed
82= 118') are plotted in Figs. 16 and 17 for the KCl tar-
get. It can be seen that "p-p QES" falls off rapidly with

Oi, while "p-p non-QES" and "p-p OPC" fall off more
slowly. The ratio of the cross sections for "p-p non-QES"
to "p-p OPC" is nearly constant over a wide range. A
similar behavior is observed in the p-d coincidence data
(Fig. 17).

The momentum integrated cross sections at Oi ——15' and
82 ——118 are also plotted as a function of the target mass
number (A) in Figs. 18 and 19. The different categories
show different A dependences. The weak A dependence
(A ) observed in "p-p QES" is consistent with the idea
that the quasi-elastic scatterings occur at the surface of
the nucleus. Slightly stronger mass dependences are ob-
served in "p-p non-QES" ( A ) and in "p-p OPC"
(A ). The stronger mass dependence for "p-p OPC"

TABLE V. Slope factors of (Po in MeV/c) of backward pro-
ton spectra [coincidence events between a backward proton at
52 ——118' and a forward particle (p or d) at 8i ——15'] (800 MeV

p+ A).

Target

may indicate that several particles are involved in the pro-
duction mechanism. This idea is also consistent with the
fact that the ratio between in-plane coincidence and out-
of-plane coincidence events is smaller for heavier targets
because more nucleon. s are likely to be involved in such
collisions than in the case of a light target. The A depen-
dence of the "p-p non-QES" (A ) is stronger than the

observed by Komarov et ai. ' In their experiment,
a range counter telescope was used to detect the forward
proton. It might be possible that this technique has weak
rejection power of protons from p-p QES and thus intro-
duced systematic effects in the determination of the A
dependence.

The A dependence of the "p-d OPC" events and "p-d
non-QES" increase rapidly with target mass whereas "p-d
QES" shows a weaker dependence. The comparison of
the A dependences of p-p and p-d events will be discussed
in conjunction with the mean free path of deuterons inside
the nuclei.

IV. DISCUSSION

A. Reaction mechanism in backward proton production

We discuss here the relative importance of the various
reaction mechanisms in the production of backward ener-
getic protons. We classify the coincidence events into the
categories described in the previous sections. In order to
estimate the contribution of each type to the inclusive
spectra, we integrate the two-particle coincidence cross
section (d cr/dQidQ2) over Oi. The emission angle of the
backward proton is fixed at Oq

——118'. In order to in-
tegrate from (9&

——0' to 180' the cross sections were extra-
polated to smaller angles (from 0' to 15 ) and to larger an-
gles (from 100' to 180'). The error due to these extrapola-
tions is estimated to be less than 20%. The integrated
cross section o.i of each reaction component for p+ KC1

TABLE VI. Two-particle coincidence cross sections for 800 MeV/c p+ KCl, d'a/dQ~dQ2 at
5,=118.

p-p QES

15'

0.49
+0.03

20'

0.26
+0.03

30'

0.067
+0.012

40
(mb/sr~)

0.010
+0.003

55'

0.000
+0.002

70'

0.000
+0.001

0.000
+0.001

100'

0.000
+0.001

p-p non-QES 2.74
+0.08

2.36
+0.09

1.87
+0.06

1.09
+0.03

0.60
+0.03

0.28
+0.02

0.08
+0.01

0.040
+0.005

p-p OPC 1.75
+0.08

1.33
+0.08

1.10
+0.05

0.64
+0.03

0.30
+0.03

0.16
+0.02

0.07
+0.01

0.026
+0.004

p-d QES 0.27
+0.03

0.06
+0.02

0.006
+0.004

0.001
+0.001

0.000
+0.002

0.000
+0.01

0.000
+0.001

0.000
+0.001

p-d non-QES 0.71
+0.04

0.49
+0.04

0.42
+0.03

0.20
+0.01

0.10
+0.01

0.08
+0.01

0.024
+0.006

0.007
+0.002

p-d OPC 0.40
+0.03

0.21
+0.04

0.29
+0.03

0.15
+O.OJ

0.06
+0.01

0.032
+0,008

0.020
+0.006

0.006
+0.002
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TABLE VII. Two-particle coincidence cross sections for 800 MeV p+ nucleus, d o./dQ~dQ2 at
5& ——15' and 52 ——118'.

Target

p-p QES 0.24
+0.02

NaF

0.21
+0.03

0.49
+0.03

Ag
(mb/sr )

0.62
+0.07

Pb

0.99
+0.13

p-p non-QES 0.98
+0.05

1.43
+0.07

2.74
+0.08

4.42
+0.19

5.10
+0.29

p-p out of plane 0.57
+0.04

0.95
+0.07

1.89
+0.08

3.55
+0.18

4.98
+0.32

p-d QES 0.19
+0.03

0.18
+0.03

0.27
+0.03

0.22
+0.05

0.33
+0.09

p-d non-QES 0.23
+0.02

0.34
+0.03

0.71
+0.04

1.30
+0.10

1.18
+0.13

p-d out of plane 0.10
+0.02

0.20
+0.03

0.40
+0.03

0.70
+0.08

1.17
+0.16

collisions listed in Table VIII has a systematic error of
about 30% in the absolute value. Relative errors are less
than 20%. It can be seen that contributions from "p-p
non-QES" and "p-p OPC" are the largest.

The slope factors of the backward proton spectra for
the different categories of once integrated two-particle
coincidence cross sections are compared in Table V. The
"p-p QES" shows a smaller Po value than that of the in-
clusive spectrum. Its integrated cross section is very

small. This shows again that the "p-p QES" events do
not contribute significantly to the production of backward
energetic protons.

As seen in Fig. 15 the cross section of "p-d QES" is al-
most as large as "p-d non-QES" at angles Od ——15 and
g„=118' in p+ KCl collisions. The high momentum
part of the backward proton spectrum attributed to "p-d
QES" has about the same slope as the inclusive spectrum.
This fact is consistent with the idea that cluster scatter-

b
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P W I A

p-p QES

~ p-p non-QES

p p 0 pc

10 e I

800 MeV p+KCI ~ p~p+X 10 I ~ I 1

800 MeV p+KCI ~ d+. p+X

5 p-d QES

p-d non-QES

p-d opc

ep =118'

0 1-.

0.01--

0 01--

k

20 40
E

60 80 100
(deg ) 20 40 60 80 100

(deg}
FICx. 16. Angular distributions of forward protons in coin-

cidence with backward protons at 02——118'. Error bars
represent only statistical errors. The dotted curve -shows the re-
sult of PWIA calculations (see Sec. IV B).

I

FIG. 17. Angular distributions of deuterons in coincidence
with backward (8=118'}protons. Error bars indicate statistical
errors only.
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800 MeV p~Nucleus ~ p+ p+X
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TABLE VIII. Integrated cross sections, 0.
&

—— d o
0

/dQ~dQ&sin@Id@& (800 MeV p + KCl).

b

I 0--
~ p-p non-QES

1-P or c

0
4

p-p QES
p-p non-QES
p-p OPC

p-d QES
p-d non-QES
p-d OPC

g
&

(mb/radsr)

0.05
0.80
0.47

0.03
0.16
0.11
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FIG. 18. Mass number dependence of the p-p coincidence
cross section. Only statistical errors are shown.

ings play an important role in backward proton inclusive
processes. On the other hand the integrated cross sections
of "p-d QES" are relatively small compared to the other
categories. The observed target mass dependence
( =A '

) of "p-d QES" may be due to the fact that a
deuteron produced through p-d QES is more likely to be
rescattered and break up into a proton and a neutron in
the heavier mass targets. The rescattering probability or
the mean free path of the deuteron will be discussed later
in Sec. IVC2.

The slope factor of the "p-p non-QES" spectrum is
larger than that of "p-p QES." Its value is close to that of
the inclusive spectrum. This fact suggests that "p-p non-
QES" contributes significantly to the inclusive production

50-

I

p+p+X
800 MeV p+KCI

d+p+X 0e= I 5

e=t ts2

of backward protons. This conclusion is also supported
by the large cross section of this component.

The value Po of "p-p OPC" is slightly smaller than that
of the inclusive spectrum. It is therefore unlikely that
"p-p OPC" is the main component at the highest momen-
tum. From the integrated cross section (Table VIII), how-
ever, a significant contribution from "p-p OPC" is indi-
cated in the present momentum range.

Figure 20 shows the backward proton spectra for "p-p
non-QES" minus "p-p OPC" in collisions of p+ KCI as
compared with the spectrum of "p-d QES." Both spectra
show peaks at around 430 MeV/c. The similarity of the
two distributions suggests that the basic reaction mecha-
nism of "p-d QES" and the excess part of "p-p non-QES"
may be related to each other. In Fig. 21 we also show
contour lines of the cross section (d oldP, dP2dAqd02)

800 Me Y p~Nucleus ~ d~p~X

QES

I) -d non —QES

p-d 0 pc

a
b

P

p-p QES

tp-p ooo-QESl-Ip-p oot-ol-ptaool

9) l5
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FIG. 19. Target mass number dependences of the p-d coin-
cidence cross sections. Only statistical errors are shown.

Momentum of backward proton (Me V/c)

FICr. 20. Backward proton spectrum of the "p'-d QES" (solid
circles) events and a difference spectrum between "p-p non-
QES*' and "p-p GPC" in the collision of p + KC1 at the angles
0&( =Od) =15' and Oz ——118 . Only statistical errors are shown in
the figure.
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FIG. 21. Contour line plot of the difference between the dou-

ble differential cross sections ("p-p in-plane" —"p-p OPC").
Kinematical loci of p-p QES and p-(2N) breakup reactions are
also shown. A broad concentration of the events is seen around
the p-(2N) breakup region.

for p-p in-plane coincidence events minus out-of-plane
events. Kinematical loci for p-p quasi-elastic scattering
and for p-d quasi-elastic scattering are shown in the figure
as well. The events distributed near the kinematical locus
of p-d QES presumably correspond to p-(2N) reactions.

Now we summarize the results of present study for the
backward proton emission mechanism. In Table IX we
tabulate the various observed values, namely the slope fac-
tors (Po) of the backward proton spectra (0=118') and
the power of A of the cross sections. We are led to the
following conclusions:

(1) Forward-going particles in coincidence with back-
ward protons (350&P &700 MeV/c at 118') are dom-
inantly protons. The contribution of deuteron coin-
cidences is about 10—20%. The contribution of coin-
cident particles with mass number greater than 2 is very
small.

(2) For the pmton associated events, nucleon-nucleon
quasi-free scattering gives only a small contribution to the
backward inclusive cross section.

(3) The large in-plane to out-of-plane ratio indicates
that backward protons are emitted mainly through a reac-

tion in which only a few, most likely two or three, target
nucleons are involved.

(4) The category "p-p non-QES" gives the largest con-
tribution to backward proton production. The "p-p OPC"
events also contribute significantly. However, the impor-
tance of "p-p OPC" decreases as the momentum of the
backward proton increases because of the faster falloff of
the spectrum (smaller Po).

(5) The excess part of "p-p non-QES" events over "p-p
OPC" events has a spectrum shape similar to that of "p-d
QES." Therefore this part of the cross section is con-
sistent with a reaction mechanism in which the incident
proton scatters off a (2N) system inside the target nucleus.

It should be noted that the possibility of incoherent
multiple scattering is in principle not rejected within the
framework of the present data. Finally, if scattering from
short range correlated clusters of three or more nucleons
is important, effects should show up at angles larger than
15'. In the present experiment we also collected p-t
events, but the statistics are too poor to isolate their con-
tribution.

F(P)dP =exp( P /2o~)dP3, — (4.1)

where o.
~ is 108.2 MeV/c, which corresponds to a Fermi

momentum of 240 MeV/c. This momentum distribution
is the one which has been successfully used to explain oth-
er p + nucleus data. ' The binding energy of a proton is
assumed to be 30 MeV.

The calculated shape of momentum spectrum of back-
ward protons in coincidence with forward protons at
9=15'+4' agrees well with the spectrum of "p-p QES"
(see Fig. 14). The angular distribution is also reproduced
well by this model as shown by the dotted line in Fig. 16.

B. p-p quasi-elastic scatterings

We make a simple comparison of the "p-p QES" data
to plane-wave impulse approximation (PWIA) calcula-
tions. Because the counter system did not have enough
momentum resolution to separate the individual states of
the residual nuclei, the component of "p-p QES" includes
contributions from various final states. An effective
internal momentum distribution was used instead of the
momentum distribution obtained from the shell model
wave functions. We assumed the momentum distribution
to be a Gaussian,

TABLE IX. Observations in p A collisions [8~(back) =118'].

Inclusive OPCQES

p+ 9 —+p+ p+ X
non-
QES QES OPC

p+ A~p+d+ X

QES

Slope factor

(Po in MeV/c)
Cross sections
cri (in mb/radsr)
Angular dependence
2 dependence
Q. in(A )

87+2

1.0

0.05

91+6 68+6

0.80 0.47 0.03

94+8 - 73+7 cr e 3=KCl 0& = 15
dp dQ

very small dependence on 3 and angle
0.16 0.11 A =KC1

very sharp slow slow sharp slow slow A =KC1, independent of 3-0.55 -0.7 -0.8 -0.2 -0.7 -0.8 8& ——15-40' A dependence is stronger
for Ol) 70'
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C. p-d quasi-elastic scatterings and
the properties of correlated clusters

In p-d quasi-elastic scattering, an incident proton is
elastically scattered by a deuteronlike two-nucleon system
(hereafter called "d") inside the target nucleus. The main
reaction mechanism of p-d QES in present kinematical
domain involves the pickup of a neutron from a "d" as
shown in Fig. 22. This mechanism is also known to give
the dominant contribution to the p-d elastic scatterings in
the same kinematical domain. Other possible mecha-
nisms of p-d QES such as (a) double scattering of an in-
cident proton with target nucleons followed by the coales-
cence of the scattered proton and neutron into deuteron,
(b) p-p (or p-n) scattering followed by a neutron (or pro-
ton) pickup, (c) backscattering of an incident proton with
a deuteron cluster, give small contributions.

We now discuss the following questions: (1) how do the
"d" 's move inside the nucleus? (2) what is the mean free
path of deuterons inside the nucleus?

+ ~ + +
T

p —d QES
T

t g

ed =15
p= 118CL

0.2

U
600500450400350 550

Proton Momentum ( MeV/c)
FIG. 23. Momentum spectra of backward protons associated

with "p-d QES." The dashed curve shows the spectrum fitted
to the data by a PWIA calculation. The momentum expected
from p-d elastic scattering is indicated by the arrow.

1. Width of the sum momentu-m (P, ) distribution

Tlie use of the plane wave impulse approximation
(PWIA) should be appropriate in the present case, since
distortions do not strongly affect the spectrum shape but
only the normalization. In PWIA the differential cross
section [X(pd QES)] can be written as,

X(pd QES)=N d-D JX(pd el)f(Ps)dPs, (4.2)

Kp

incident
proton

teron

where f (Ps) represents the momentum distribution of the
"d" in the target nucleus, X(pd el) is the differential cross
section of the p-d elastic scattering, N«d» is the total num-
ber of "d" 's inside the nucleus, and D is the attenuation
factor due to the loss of particles along the path which the
incident proton, the outgoing deuteron, and the outgoing
proton traverse inside the target nucleus. The momentum
distribution of the "d" inside the nucleus is assumed to be
of the form exp( P /2cr-„). T—he width cr d ~ as well as
the binding energy of "d" to the nucleus BE("d") were
taken as free parameters. The best fit to the data was ob-
tained when o d ——85+15 MeV/c and BE("d")=60 MeV.
The momentum spectrum thus fitted is shown by the
dashed curve in Fig. 23.

The present value of o.-d is smaller than the momen-
tum spread observed for deuteron fragments (as projectile

- -=( ', + '.+ —,'&P,P.&)'". (4.4)

According to a purely statistical calculation, the
correlation term is given by

(PzP„)= —(Pz) j(A —1)=—910 (MeV/c)

Here o.
&
——o„=100 MeV/c were used as obtained from the

data of ep and pp quasi-elastic scatterings. ' 3 Then, Eq.
(4.4) leads to od ——139 MeV/c which is close to the value
obtained in projectile fragmentation experiments (od ——135
MeV/c). The much narrower width observed in p-d QES
suggests that the "d," which is responsible for p-d QES,
does not seem to originate from randomly selected two
nucleons. Instead, it seems to originate from pn pairs
which have a strong antiparallel momentum coupling
((P~P„) &0) since in this case the value of crd can be
small. The fact that (P~P„) &0 may further indicate
that high momentum protons originate from highly corre-
lated nucleon pairs. The relation between o.

d and the
two-particle momentum distribution was reported in Ref.
34.

fragments) in high-energy heavy-ion reactions, i.e.,

crd 135 M——eV/c for ' C and ' 0 projectiles at 2. 1

GeV/nucleon of incident energy. ' In what follows we
discuss the cause of this difference. The root-mean-
square (rms) momentum of the "d" can be written as,

&P')'"=(&P'„&+&P'.&+2&P,P.&)'" (4»
For a Gaussian distribution the rms value (P )'~ is re-
lated to the width o by (P )' =W3o. Therefore,

proton

FIG. 22. The reaction mechanism for p-d QES at large

momentum transfer. The incident proton picks up a neutron
which has a momentum (ECd E'p). The proton which was
correlated with the neutron is emitted at a large angle.

2. The mean free path of deuterons
in nuclear matter

Events that fall into the kinematical region of p-d QES
are those in which the outgoing proton and deuteron are
not rescattered inside the target nucleus after the first
p-"d" collision. The attenuation of p-d QES depends on
the mean free paths of the incident proton (A,;), the back-
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ward proton (Ab), and the deuteron (Ad). To estimate the
attenuation factor D we perform a geometrical calculation
similar to that used for p-p QES to obtain the mean free
path of the proton inside the nucleus. If we define the
path length for the incident and the two outgoing parti-
cles by t;, 1b, and l as shown in Fig. 24, then the attenua-
tion factor (D) can be written as

(330—550 MeV/c) the sensitivity of the result on A, b was
examined. The result was found to be insensitive to the
value of Ab, over a wide range (3 & A,b & 10 fm).

The ratio (R) decreases sharply with increasing
from which we conclude that deuterons (or "d" 's) are re-
scattered more frequently than protons as expected. The
data were fitted by a function

—I /A, —Ib /A, b
—I /A, ddr

D= (4.5) exp( —I /A, d+ I /Xz) (l ), (4.7)

The attenuation of p-p QES, which is measured at the
same scattering angles, is obtained by Eq. (4.5) replacing
A,d by A,~, the mean free path of the forward going proton.
In general, the mean free paths depend on the particle en-

ergy. In the present discussion, however, only particles
which have specific momenta, namely the momenta
which satisfy the p-d or p-p QES, are discussed. Over
this range of momenta the mean free paths are assumed to
be energy independent. We assume further that the ratio
of the probability of incident proton hitting a proton to
that of hitting a "d" is constant inside the nucleus. The
ratio (R) of the p-d QES to the p-p QES cross section
then depends on the mass of the target only through Arp

and Ad. The values of this ratio (R) obtained in the
present experiment are plotted in Fig. 24. The abscissa of
the figure is the mean path length (1) of the forward go-
ing particles defined as,

—I /A, ; —lb /A, b

—I /A, —lb/A, be ' 'e dr
(4.6)

The mean free paths of the incident and the backward
protons are assumed to be A,;=2.5 fm and kb =5 fm.
Since the momentum range of backward protons was wide

p lnclcl

l I I I
)

l i )1

800 MeY

0.5—
C

Ne

I i & i i I

1

Effective Path Length (g) (fm)

FIG. 24. The cross section ratio (R), o(p-d QES)/o(p-p
QES), plotted as a function of the effective path length (I) of
forward deuterons.

where kd and A,~ are the mean free paths of the deuteron
in p-d QES and the forward going proton in p-p QES,
respectively. Using the mean free path A,~=2.5 fm, A, d is
estimated to be 1.7+0.3 fm at a deuteron momentum of
1.6 GeV/c. This mean free path is longer than the value

X=1.0 fm which is calculated from d-p reaction cross
section o„(dp) by

(4.8)

where p=0. 17 fm is the nucleon density of the nuclear
matter.

V. CONCLUSIONS

We have measured the distribution of protons and
deuterons associated with backward energetic protons
over a wide kinematical range. The present experiment
covers the kinematical region of both p-p and p-d quasi-
elastic scatterings as well as quasi-deuteron breakups. We
have demonstrated that various reaction mechanisms are
kinematically separable. We have determined the slope
factors of the backward proton spectra, the in-plane to
out-of-plane ratios, the angular distributions, and the tar-
get mass dependences of the different components. Our
data show that p-p quasi-elastic scatterings do not contri-
bute much to the production of backward energetic pro-
tons. The process of "p-p non-QES" and "p-p OPC, "
which give the main contributions to backward energetic
proton production, appear to be mainly from the proton
scattering with a correlated nucleon cluster. The quanti-
tative separation between cluster scattering and multiple
scattering awaits further studies.

The data of p-d quasi-elastic scattering were analyzed
with a plane wave impulse approximation. It is found
that the momentum spread of the pn system ("d") inside
the nucleus is smaller than that for deuterons observed in

projectile fragments in high-energy heavy-ion collisions.
The observed spread (85+15 MeV/c) is also smaller than
the width calculated from a purely statistical model. This
result can be explained if it is assumed that the target "d,"
which is responsible for p-d QES, consists of a pn pair
with an antiparallel momentum coupling between p and n

which is stronger than expected from purely statistical
consideration.

From the observed 2 dependence of the ratio between
p-d QES to p-p QES cross sections, the mean free path of
deuterons in the nucleus was estimated to be 1.7+0.3 fm
at Pd ——1.6 GeV/c.
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