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. ABSTRACT

The production meéhanism.of backward energetic protons has been studied in 800
MeV proton-nucleus collisions from measurements of two-particle coincidences over a
wide kinematical region. Backward energetic protons(P= 350 MeV/c) at 8=118° were
measured in coincidence with particles emitted in the angular range from 15° to 100°:

Both in-plane (A¢=180° )-and out-of-plane (A¢p=90° ) coincidences were measured. -

The production of backward protons has been decomposed into severeﬁ com-
ponents depending on the excitation energy of the residual nucleus. Momentum spec-
tra, angular distributions, and target mass dependences of these components as well as
the associated particle multiplicity with the backward protons are studied. An impor-
tance of the scattering of the incident proton by the correlated nucleon clusters is sug-

gested.

From the proton spectrum associated with the p-d quasi-elastic scatterings(QES),
the momentum spread of the pn system("d") inside the nucleus has been determined.
The momentum spread of the "d" obtained by the p-d QES is found to be smaller than
the spread obser-vedv in heavy-ion proiectile fragmentation into deuterons. From the -
mass dependence of the ratio of the p-d to p-p QES cross sections, the mean free path of

deuterons inside the nucleus has been determined.

NUCLEAR REACTIONS; p+C, p+NaF, p+KCl, p+Ag, and p+Pb, Ep=800‘MeV ; measured
0,(P.8) and 05(P;.6,.P5.9,) ; p-p QES and p-d QES. o

PACS numbers : 25.40 -h



1. INTRODUCTION

The study of energetic proton-nucleus interactions mayiréveal effects of corre-
lated nucleons in nuclear matter. Frankel et al. measured the inclusive spectra of
backward protons and other light particles from 600-800 MeV proton-nucleus colli-
sions.! Energetic protons far beyond the Fermi energy were observed. Many models
were soon proposed to explain the backward emission mechanism of these energetic

protons.

Amado and Woloshyn analyzed backward energetic protons(BEP) in terms of single
nucleon-nucleon scattering.? They assumgd that the backward emission of nucleons,
which is forbidden in free nucleon-nucleon scattering, is due to the Fermi motion of a
nucleon. They, howeQer, showed that the single nucleon-nucleon scattering model with
a conventional Fermi momentum distribution (Gaussivan type) gives a cross section
which is a few orders of magnitude smaller than the observed one. In otherwords, the
observed spectrum requires a high-momentum tail of the Fermi momentum distribu-

tion in addition to the Gaussian type.

In the frame work of the single-scattering model, Frankel et al. introduced the con-
cept of Quasi-Two-Body Scaling.3-? Using this scali.ng they claimed that the BEP spec-
trum is reproduced with an exponential type Fermi momentum distribution,
exp(—k /ko) with koR 90 MeV/c. An interpretation of the scaling are discussed based on

an optical approximation by other authers.!°

A correlated-cluster model proposed by Fujita et al.1!"1* and a fluctuon model pro-
posed by Baldin et al.!® are also successful in explaining the inclusive spectra of BEP.
These models are based on the idea that a large momentum can be transferred to the
proton by a scattering of the incident proton off a heavier object such as a two- or

three-nucleon cluster inside the target nucleus.

_ Another extreme idea is the statistical model.!® Knoll showed that the main
features of BEP were reproduced by the statistical model, in which BEP are emitted
from a statistically equilibrated nucleon system. He concluded that four target

nucleons contribute to BEP production on average.



The models proposed so far, namely the single-scattering.-model, the correlated-
cluster model, and the statistical model, mutually conflict in their basic assumptions,

although all of then} have explained the observed inclusive spectra.

Two types of measurements are expected to clarify this situation: a polarization -
measurement and a two-particle torrelation measurement. Frankel and Woloshyn!?
argued that an experiment with polarized protons is useful to distinguish the different
models. Only the single-scattering model gives a large polarization of BEP, while the
correlated-cluster model and the statisﬁical model give small or no polarizations. The
measurement— was done by Frankel et al.!8 using polarized 800 MeV protons. The analyz-
ing power of protons emitted at around 100° wes generally small, although it depends
slightly on the target mass and on the .mom‘er-l_tum of t:he BEP. However, since the
analyzing power is very sensitive to the final state ir_ltera_ct_ions as well as to the details
of the initial and the final state wave functions, no definitive statements on fhe produc-
tion mechanism of BEP could be mede. .

Komarov et al. measured two-proton correlations at a beam energy of 640 MeV.19-?1
They used a AE-E counter telescope to detect BEP in l_:he momentum range from 310 to
530 MeV/c. Arange counter te}esoope Wes used for the detection of forward particles in
the momentum range from 730 to 850 MeV/c. When BEP is emitted through the scatter-
ing of an incident; proton on a deuteron inside the nucleus, the scattered deuteron
comes out either in the form of e deuteron or two nucleons (p and n). The energy win-

/ dow of forward prot.ons'in Komarov's experiment was very limi_ted and co_\{e_red only the
energy region of protons which are emitted through the deuteron breakup with orlly a
small reiative momentum between proton and neutron. Two-nuc_leon clusters othe‘r_
than a deuteron may exist inside the nucleus such as p-p, n-n, or p-n singlet. Thus, the
idea was expanded to the p-(2N) scatterlngs where (2N) symbollcally indicates two-

nucleon clusters. They concluded that the cluster scatterlng of the incident proton is

the main mechanism of the BEP productlon

Frankel et al.?? also measured two proton correlatlons in p+8Li reactlons at proton

energies of 600 and 800 MeV. They observed quasi-elastic scatterlngs of protons from



4
8Li as well as coincidence events between forward and backward protons at the p-(2N)

scattering kinematics. However, their energy and angular range was very restricted.

As described above, three mechanism have been proposed so far for production of
BEP. Also, experimental attempts have been undertaken to separate one mechanism
from the others. Currently, however, it is not yet clear whether these mechanism
conflict mutually or whether they can coexist. Also there is little experimental indica-

tion if one of these mechanism is more important than the others.

To make our question clearer, let us write down the mechanism of BEP production

-

as follows:
p+nN-p(backward)+m+ - - - (1.1)

Here, the incident proton is scattered by a n-nucl:eon cluster inside the target nucleus,

~ and after the collision a backward proton and m-particles, usually at forward angles,

are emitted. The three mechanisms described above correspond to n=1 for tﬁe single

scattering model, n = 2 for the correlated cluster model, and n=large for the statistical

model.

We now show that from two particle coincidences between f)(backward) and
m(forward) the above thrée mechanism are kinematically separable from each other.
In p-p coincidences, if two protons satisfy the cbndition of Eg+ErNFEp.am, then these two
protons are mainly from a p-p quasi-elastic scattering between the p.rojectile proton
and a proton inside the target nucleus, and théreby, from the n=m=1 process. (Sub-
scripts, B and F refer to backward and forward, respectively and F refers to kinetic
energy.) Similarly, the p-d cﬁincidence under the condition of Ep+ EpNEpqm selects p-d

quasi-elastic scatterings, and thus, the n=2,m=1 process.

In-plane and out-of-plane indicate that the azimuthal separation, A¢, between the
two detected particles is 180° and 90° respectively. Since the staﬁstical model impli-
citly assumes that each particle experiences incoherent multiple nucleon-nucleon col-

lisions, the azimuthal asymmetry tends to be wiped out.

Obviouély; in the proton-cluster collision,'clusters may break up into nucleons.

These reactions are marked by the fact that Eg+Ep# Epgen and therefore, again



separable. The kinematical separation of these processes is.illustrated in Fig. 1

together with the kinematical region covered by the present experiment:

The previous trials of measuring two-particle coincidences by Komarov et al. and
by Frankel et al. did not cover a kinematic domain wide enough to allow us to stﬁdy‘ the
question raised above. Recently a coincidence experiment which covers a wider
kinematical range was reported for 300 MeV incident protons.?® They observed contri-
butions from quasi elastic scatterings as well as multiple scatterings. However the

relative importance df_,those components is not clear yet. .

In the present experiment, we have measured two-particle coincidence spectra
under both in-plane and out-of-plane coincidence conditions. Coincide-r'lce events
‘between p(backward) and p(forward) as well as p(backward) and d(forward) have been
measured over a wider' kinematié domain shown bir a hatched rectangle in Fig. 1. From
the detection of these particles, our intention is to kinematically select each procéss

and then to quantitatively evaluate its contribution to BEP.

In the present experiment the p-d quasi-elastic scatterings at large momentum
transfer have been meastred as well. These data are related to the short range
behavior of two-nucleon clusters.!1~15 We will discuss the width of the momentum distri-

bution of the pn system inside the nucleus.

Fi

2. EXPERIMENTAL ARRANGEMENTS AND PROCEDURES

2.1 General

In the present experiment, the spectra of backward protons in coincidence with
forward going particles were measured in 800 MeV proton nucleus collisions. Backscat-
tered protons in the momentum range 330-700 MeV/c were detected at scattering
angles from 103° to 153°, and forward protons and deuterons of a momentum range
480-2000 MeV/c were detected at scattering angles 15; 20, 30, 40, 55, 70, 90, and 100

degrees. Although we have measured coincidence spectra at various angles, we put our
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emphasis on the coincidence data between 118° and 15°, because this'aﬁéuiérﬁc'c;mbinai :

tion includes both p-p and p-{2N) scattering kinematics as'shown in Fig. 1

A magnetic spectrometer was used to detect forward particles. The ‘s(péc‘trt)metér:-,
which has an angular acceptance of A0= 8°, was rotated from 15° to 100° at '¢=0° -
(definition of ¢). Two sets of AE—E telescopes were used to detect backward protbns.
One telescope was set at $=180°, in the same reaction plane with the spectrometer, and

the other was set at ¢$90°. The counter setup as well as the coordinate definition is

illustrated in Fig. 2. Performance of the detectors are sumimarized in Table 1. °

2.2 Beam and Targets

We used an 800 MeV proton beam accelerated by the Bevatron at Lawrence Berke-...
ley Laboratory. Typically the beam intensity was 107 to 108 particles per pulse and the
beam repetition period was 8 seconds. The duration of each beam pulse was about 600

ms.

Discs of C, NaF, KCl, Ag, and Pb with 5 cm in diameters were used as targets.
A typical thickness was about 0.5 g/cm?. The energy loss of protons in these targets

was much smaller than the energy resolutions of the detectors.

The beam intensity was monitored by an ionization chamber (IC) inserted in the
beam line at 1.5 m upstream of the target. The IC was filled with a mixed gas of 80% Ar
and 20% COp at 1.05 atm. The total charge collected in the IC was measured for every
beam pulse. The background charge of IC was measured during the beam-off period.

For the calibration of thé 1C, we placed two thin plastic scintillation counters in the
beam, and measured the charge collected in the IC against the coincidence counts
between these two counters at low beam intensity ( 10% - 10% particles). At high beam
intensity we used a monitor counter telescope(MC) which counted scattered particles
from a target. 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 count of the MC was good within

a few percent in the whole intensity range used in the experiment.



2.3 TheAE-FE counters

Backward-emitted particles were detected by plastic scintillation AE'-E counter
telescopes. Two sets of telescopes covered an angular range of 6= 105° - 155°, one at ¢=
180° (RB) and the other at ¢= 90° (UB). F‘igure 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 was also determined. \TheAthird 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 A8=x5°. The veto counter RB3f was used to reduce the baClcground

~ from stray beam particles. :

" Atypical scatter plot of the pulse heights between AE and E counters is shown in
Fig. 4.. A clear separation of protons ,deuterons, and pioné is seen in the figure. The
“maximum proton momentum méasured 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 about 32%
for a 700 MeV/c proton: The detection efficiency was not affected by the secondary reac-

tion, whereas the pulse height was reduced and thus affected the energy resolution.

For energy calibration, we set thé l;eleséope behind é time of ﬁight('l'O].;‘) counter
with a flight length of 2 m. The velocity of a particle Waé measurecl by the TOF counter,
and the dE/dX and the E were measured by the AE—FE counter at the same time. ’ Parti-
cle identification was done by the 'AE—E counter and the energy was determined from

the proton veloclty measured by the TOF counter. Figur"é 5 shows a result of the cali-
bration. The Ep;, and the Eq .y written in F1g 5 indicate the minimum and the maximum
energies of the AE—F counter calculated by the range energy relatlon The momentum

resolution was 9% at a proton momenturn of 480 MeV/c and 8.5% at 700 MeV/c

The effective sol1d angle of the telescope was estlmated by a Monte Carlo calcula-
tion of multiple Coulomb scatterings. Because the first and the second counters (RB1
and RB2) had wider solid ang1e§ than the £ counter, low energy protons could be kicked

into the E counter by multiple scattering. Therefore the effective size of the F counter



is larger than the geometrical one. On the other hand, high energy protons escape from
the side of the E counter, and the effective size become smaller. The effective solid

angle as a function of proton energy is shown in Fig. 6.

2.4 The Magnetic Spectrometer

Forward emitted particles were detected by a magnetic spectrometer. The spec-
trometer was set at ¢= 0° and rotated from 8= 15° to 100°. The magnetic spectrometer
consisted of a C-magnet, a scintillation counter telescope, and multi-wire proportional
chambers (MWPC). The bending angle in the magnetic field , the time of fight, and the
pulse height of the plastic scintillation counters were measured in order to identify the
particle and to determine its momentum. The momentum resolution of the spectrome—
tber was governed by the wire spacing of the MWPC'’s for high energy particles and by
multiple Coulomb scatterings in the plastic scintillation counters for lcw‘energy parti-

cles. The momentum resolution is listed in Table 2

The magnetic spectrometer used in the present experiment is the same one as

described in Ref. 24. A more detailed description of the spectrometer is given there.

2.5 Electronics and Data Acquisition System
We used two types of event triggers,

INCL=SPE+RB+UB - . (2.1)

COIN=SPFE*(RB+URB) - (2.2)
where "*" means logical AND and "+" means logical OR. Symbols SPE, RB, and UB indi-

cate the signals of the magnetic spectrometer, the AF—F telescope RB, and UB, respec-
‘tively. The trigger INCL refers to the single-particle inclusive measurement and COIN to
the two-particle coincidence measurement. The coincidence SPE*RB detect the in-
plane emission ( Ap= 180° ) of two particles and the SPE*UB for the out-of-plane emis-
sion ( Ag= 90°). o

We monitored the accidental coincidence réte of each telescope by counting the
coincidence in which timing was shifted by about 200 ns. The accidental coincidence

was typically 2% of the real coincidence. Even though these accidental coincidences



were accepted as trigger events most of these events were re]ected at the stage of con-
sistency checks in the off-line analysis. The fractlon of acmdental co1nc1dence between
two different detectors ( SPE*RB and SPE*UB) were est1mated from the co1nc1dence

resolving time { 30 ns) and the microscopic duty factor of the beam The mlxture of the

accidental two-particle coincidence was found to he less than 5 %.

For on-line data taking, we used an MBD-11 {(micro-programmable branch driver)
which was connected to a PDP-11/20 computer. All the information of the puise
height(ADC), the timing (TDC), the multi-wire proportional chamber reading, and the
scalers was recorded onto magnetic tapes through three CAMAC crates connected to the
MBD-11. In order to monitor each counter, on-line data enalysis was performed during
the bearn off period. ,-I-Tistograms and scetter plots of any desired combinations of the
ADC, TDC, wire;chamher's .hi.t pattern, and bending angle distribution were (Tisplayed
during the run in order t(; check if the ssfstem was Working properly. The contents of
scalers were also monitofed. Off-line da.t_e anélysis was done by a VAX—II/"?BO at the
* Bevalac and by a FACOM M180-TI-AD at the Institute for Nuclear Study of University of

Tokyo.

3. EXPERIMENTAL RESULTS

We have measured in-plane and out-of-plane coincidence cross sections associated
with backward protons. Protons and deuterons from 15° to 100° were detected in coin-
cidence with the backward protons. For compefison the inclusive cross sections of
backward protons were also measured. Conditions of these measurements are tabulated
in Table 3. In thls paper we present the data Wthh essentlally provide most of the phy-
sics information. The cross sections for the other cases that are not shown in this

report may be obtained directly from the authors.

3.1 Inclusive Spectra of Backward Protons

Figure 7 shows exai’nples of proton inclusivée'momentum spectra at 8=118° with C,

KCl and Pb targets at an incident proton energy of 800 MeV. Protons from C, KCl, and Pb
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show similar exponential type spectra. Error bars in the figure show only statistical
errors. The systematic error of the absolute crosé section was éstifnated to be less than

20%. The spectra can be parametrized by,

20 = e, | (3.1)
with the slope parameters Py,
Py=94+6 MeV/c for C, - | o - (3.2)
Po=87x+4 MeV/c for KCl, and ‘ : - (3.3)
Po=85%4 MeV/c  for Pb. o (3.4)

i

The slope parameter is independent of the target mass within errors. These values of

the slope parameter are consistent with the previous data shown in refs. 1-8.

In Fig. 8 the momentum integrated cross sections, do(8)/d(Q, are plotted as a func-
tion of the _efnission angle. Integration was done over the momentum range from 350
MeV/vc to 700 MeV/c. Each datum point covers +5°in 8. Again, protons from C, KCl, and

Pb show a similar behavior.

InFig. 9do(0)/d) at 6= 118°is plotted as a function of the target mass number A.
The do(118° )/d () can be parameterized by,

do(118°)/dQ) = 0.19 A'® (mb/sr). 3 (3.5)
The power in 4 is found to be constant within present angular range(108° - 148° ). This
power in A is larger than that of the total reaction cross sections { ~4?/%) and are con-

sistent with previous data.1??!

3.2 Momentum-Momentum Correlations

Figure 10 show.s momentum-momentum(P,vs.P,) scatter plots for in-plane(a) and
out-of-plane(b) two protons one detected at 8;=15° and the-other at 8,=118°, respec-
tively, in p+KCl collisions. The size of the circle in the figure indicates the number of
events accumulated for AP, x AP, = 60 MeV/c x 20 MeV/c bin. The solid curve in Fig. 10
shows the kinematical locus of p-p quasi-elastic scat_terings. For drawing the curve we

assumed 30 MeV binding energy for a proton inside the target nucleus. Numbers along



11

the curve indicate the momentum of the proton(in MeV/c) in the target nucleus. We
see a ridge of the events along the curve. As we see from these value of internal
momenta, events here originate mainly from quasi-elastic scatterings of protons with

large internal momenta { P=300 MeV/c). _

A dashed line in Fig. 10 shows the kinematical locus of p-d qﬁasi—elastic scatterings
followed by the deuteron breakup into a proton and a neutron with zero relative
rﬁomentur.n.‘ We assumed 60 MeV binding energy by which deuterons are bound to the
nucleus. Numbers beside the line indicate the internal momenta of deuterons. A dot-
ted curve in the ﬁgqre shows the kinematical _locus' of breakup of deuterons with zero
internal momentum, but with ﬁn__it_e relatiire momentﬁm between the resultiné proton
and‘neutron.» The crossing point between.-_the ciashed and dotted lines indicates the
kinematical point where the deuteron with zei:o i_nterngl momentum blrea_ks up into a
proton and a neutron at zero reiatiye momentum. A smooth and wide distribution of
events are seen in both i_n-plahe‘and .out-’of-plane coincidence. .The out-of-plane coin-

cidence events are concentrated more in the low momentum region.

Figure 11 shows in-plﬁne(a) and out-of-plane(b) momenfum-morﬁentum scatter
| plots, resbéci‘.ively. between forwérd derute.:"bns (_0¢=15° ) and backward protons (8,
=11§° )in collisioné of p+_I-(Cl.A A clear peak near the kinematics of the p-d elastic
scattering, which is éhoﬁn by"'+"' in the figure, indicates the existence of p-d quasi-

elastic scatte.rings.

3.3 A Classification of the Events

In p-p coincidence events, we used the excitation energy (F,;) of the residual
nuclear system, which contains (A-1) nucleons and possibly pions, as a parameter to

classify the reaction mechanism.

1

The reaction is described as

Py + A~ pr+pat(4-1) ; : - (3.6)
where p; is the incident proton, p; and p; are the detected protons, A4 is the target

nucleus with target mass number A, and (4—1) is the residual nuclear system. Here
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(4 -—vl) is not necessarily the ground state of the nucleus. The excitation energy (&) of

ot

the residual nuclear system is defined by,

bgz = (E}— -P§. )1/2 gs af A-1 .> (3.7)

where E,_, and P,_, are given by, ' '
Ey_ =F+E —E —E,, and | | ’ (3.8)
ﬁA_1=Pi'—ﬁl°‘P2 ’ -. ‘ (3.9)

where £; is the total energy and }5, the three dimensional momentum of the particle ‘

j=i, 1, 2, A-1, or A.

Number of events as a function of E,; are plotted in Flg 12. Sol1d circles in this
ﬁgure represent the 1n-plane coincidence events and open circles the out—of-plane coin-
mdence events. A difference between the IPC( in-plane coincidence) and the OPC(out-
of-plane co1nc1dence) is clearly seen in Fig. 12. The OPC events increases monotomcally
with £, but the IPC shows a peak near F,,=0 which corresponds to the p-p QES events.
Because p-p QES induce two-proton emission in the same reaction plahe. it is reason-

able that the yield at E,,N0 is much higher for IPC than for OPC.

The other important feature here is the fact that the IPC shows lai'ger number of
events than the OPC by a factor of two in the regton of E'u'=20v0—400 MeV. If the excita-
tion energy is shared by inany nucleons, the asymfhetry is expeeted‘to be small.. There-
fore the observed fact suggests that the remaining energy is most likely shared by a

small number of nucleons.
We now classify the coincidence events into three categories by the Zg,:
(1) "p-p QES" ... IPC events with £, less than 100 MeV,
(2) "p-p non-QES" ... IPC events with £,; more than 100 MeV,
(3) "p-p OPC" ... out-of-plane coincidence events.

Excitation spectra of the residual (A-2) nucleon system 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. A similar classification is made for p-d events according to

the £, of the event.
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(1) "p-dQES" ... IPC events with F,; less than 100 MeV,
(2) "p-d non-QES" .... IPC events with E,, more than 100 MeV,

(3) "p-d OPC" . - ... out-of-plane coincidence events.

3.4 Slope Factors of the Backscattered Protons

Figure 14 shows the backward pfotbn spectre for three components of p-p coin-
cidence events. Solid squares show the cross sections for " p-p QES". A solid line drawn
in the figure is the fit to the data by,

amanar = G @)
with Pg=55%5 MeV/c. The solid circles in Fig. 14 show the cross sections of protons
classified as "p-p non- QES" The slope of the spectrum is less steep than that of "p-p

QES" Pgis 91+5 MeV/cin this case. Trlangles in the figure show t.he cross sections of

"p-p OPC". The value of Py of "p-p OPC" is 686 MeV /c.

Figure 15 shows the momentum spectfa of the backward protons of the p-d coin-
cidence. The cross sections of protons classified as "p-d QES" spectrum shows a peak
structure. The "p-d non-QES" spectrum shows an exponential shape with a slope factor

" Py of 9428 MeV/c. The slope factor of "p-d OPC" is 73%7 MeV/c.

The slope factor of each component in p+KCl collisions is summarized in Table 4, in
which the data from other angular combinations are also included as well as the slope
factor of the inclusive spectrum at 118°. The slope factors are almost independent of
the coincidence angle 0, except "p-p non-QES", where the slope factor decreases at
larger angles The s1m11ar dependence of the slope factor on the coincidence particle
angle is observed for other targets. The target dependence of the slope factors is shown
in Table 5 for the data at6,= 15‘; and 62-—_- 118". The slope factors show small dependence
on the target. |

The value of Pg for "p-p non-QES" agrees witﬁ the ones observed in inclusive spec-

tra. This fact suggests a close relationship between these two spectra. The P of "p-p

OPC" is slightly smaller than that of inclusive. The Po of "p-p QES" is considerably
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smaller than that of inclusive. An obvious conclusion here is that the momentum spec-
trum of "p-p QES" falls off much faster than the inclusive spectrum, and therefore, at
high momentum "p-p QES" does not contribute to the inclusive spectrum as a main

component.

3.5 The Momentum Integrated Cross Sections

To study the relative importance of each component, the two-particle cross sec-
tions were integrated over the momenta. The integration was made over the momen-
tum range covered by the present detector system, namely 480=<pP,=<2000 MeV/c and
IBBOSst'?OO MeV/c. The integrated cross sect:ibns (d?o/dQ,dQy) thus obtained are

listed in Table 8.

The 8, dependences of (d?0/d(Q,dQy) are plotted in Fig. 18 and Fig. 17 for the KCl
target. While "p-p QES" falls off rapidly with the emission angle of the forward proton,
"p-p non—QES" and "p-p OPC" falls off slowly. One i;lterestiﬂg featﬁre of the data is that
ratios of "p-p non- QES" to "p-p OPC" are nearly constant over the Wlde angular range A

similar behavior is observed in p-d coincidence data(Fig. 17)

The cross sections at 0,=15° and 6,=118° are also Plotted as a function of the target
mass number(A) in Fig. 18 and Fig. 19. Different (I:omponen’(;s show different A-
dependences. A weak A- dependence (A 9%) observed in "p-p QES" is consistent with the
idea that the quasi-élastic scatterings occur at the surface of the ﬁucleus. Slightly
stronger mass dependences. are observed in "p-p non-QES" (A0-6) and in "p-p OPC" (A0-76),
The component.of "p-p OPC" increases most rapidly with target mass. The strong mass
dependences may indicate that these components involve multi particles in their pro-
duction rnechamsm This idea is also consistent with the fact that the ratio of IPC/OPC
is smaller for heavier target because more nucleons are likely to be involved in the col-
lisions off heavier nuclei. The A dependence of the "p-p non-QES" (A%6) is much stronger
than the A%3° observed by Komarov et al.?!. In their experiment, a range counter tele-
scope was used to detect the forward proton. We think that the application of the range

telescope for high energy protons( £2300 MeV) is somewhat doubtful.
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As in the case of p-p events, the components of "p-d OPC" and "p-d non-QES"
increase rapidly with target mass and "p-d QES" shows a weaker dependence. A detailed

comparison of the A-dependence between p-p and p-d events will be discussed later.

4. DISCUSSIONS

4.1 Relative Importance of Each Component in Ihclu.éive Spectra

In this section, the reactlon mechamsm respons1b1e for the productlon of back-
ward energetlc protons is dlscussed Asin the prev1ous sectmns we classify the coin-
cidence events into several categories. In order to estimate the relative contribution
of each type to f.he ihciuéive spectra, we integraté the two-particle ‘co‘incidence Cross
sectlon(dza/d() dﬂg) over 8, in colhsmns of p+KCl Here, the integration along ¢is left
over since we have no detalled 1nformat1on on the ¢ dlstrlbutlon of the two-particle
coincidence cross sections. The emission angle of the backward proton is fixed at
0,=118°. For the integration from 6,=0° to 180°, the cross sections were extrapolated to
smaller angles (from 0° F.to,15“) and to larger angles (from 100° to 180°). The error due to
the extrapolation is less than 20%. The integrated cross sections oy of each component
for p+KCl collisions listed in Table 7 have systematic errors of about 30% in the absolute
values. Relative errors are less than 20%. It is clear that contributions from "p-p non-

QES" and "p-p OPC" are the largest.

The slope factors of the backward prbton spéctra for different compofieﬁts are
compared in Table 5. The " p-.p QES" shows a smaller Po value than that of the inclusive
spectrum with very small valﬁé of the integratéd cross section. Ther.é’fore, the "p-p QES"
component does not co.ntribute significantly to the produ‘c‘:tion of backward energetic

proton.

As seen in Fig. 15 the cross section of "p-d QES" is almost as large as "p-d non-QES"
at angles 03=15° and 8, =118° in p+KCl collisions. With regard to the momentum spec-
tra, the high momentum part of the backward proton of "p-d QES" gives about the same

slope as that of the inclusive spectrum. This fact is consistent with the idea of cluster
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scatterings. Therefore, "p-d QES" may contribute significantly to BEP production from
light target nuclei. On the other hand the integrated cross sections of "p-d QES" are
relatively small compared to the other components especially for heavier nuclei. A
weak target mass dependence of "p-d QES" may be due to the fact that a deuteron pro-
duced through p-d QES is rescattered and breaks up into a proton and a neutron in
heavier mass targets. The rescattering probability or the mean free bath of the deu-

teron will be discussed later in section 4.3.2..

The slope factor {Pg) of the "p-p non-QES" aﬁd "p-p OPC" épectra are largervthan
that of "p-p QES" and the value of Pg of "p-p non QES" is close to that of the inclusive
spectrum. This fact suggests that "p-p non QES" contributes significantly to th.é pro-
duction of BEP. It is also supported by the large cross section of this component. The
value Py of "'p-p OPC" is slightly smaller thal:l that of the inclusive spectrum thlis show-
ing that "p-p OPC" can not be the main component at the highest momentum. From the

integrated cross section, however, a significant contribution from "p-p OPC" is indi-

cated in the present momentum range.

The associated multipli.city <m> is the average number of the particles which are

emitted along with the back scattered proton ,and is written as

da(incl)
e

where {)p refers to backward protons and Q, refers to associated particles. For integrat-

d%g _ ' '
.r dQldﬂngl = <m> (4.1) :

ing two-particle coincidence cross sections over {};, we need to assume a ¢ distribution
of the cross section. We have only two data points on ¢ distribution, one at ¢=90° as OPC
events and the other at $=180° as IPC evgnts. We assume that the ¢ distribution is
linear in cos¢ to first order. The integrated cross sections oy are then,

o; of p-p coincidence = 2.95 mb/sr,

o of p-d coincidence = 0.69 mb/sr.

The <m>is calculated as

<m> = (20;(pp) + 201(pd))/Ginci- | (4.2)

The factor of 2 in front of ¢;(pp Jcomes from the assumption that the number of
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associated neutrons is the same as the number of asso'cia‘._ted protons. Using the
inclusive cross section at 8=118° 10inct =6.2 mb_/sr, we get <m>=1.2., The BEP are
accompanied(on average) by 1.2 nucleons with momenta larger than 480.MeV/c. ( The
momentum 480 MeV/c is the lower momentum limit of the spectrometer in the present
experiment.) This fact suggests that BEP are produced in reactions with a rel_atively
small number of huéleons. If BEP are produced thrdugh multiple scattering with many
nucleons, many low energy particles would be emitte;i. Although we have not observed
particles With momentum less than 480 MeV/é, the extrapolation of the momentum
spectra to zero morhentum can be made by the fa;t that.da’/de():O at P=0. Arough
estimation based on this extrapolation( the extrépolatibn is fnade .only for the associ-

- ated particles) giv'es an integrated cross section about twice as large as the one
obtained in our measured momentum range. The error due to the extrapolation is less

than 30% for various methods of the extrapolation. As a result, the backward energetic

proton is found to be associated with about 2.4 nucleons on average.’

Figure 20 shows the backward proton spectra for "p-p non—QES" minus "p-p OPC" in
collisions of p+KCl as compared with the spectrum of "p-d QES". Both spectra show
peaks at around 430 MeV/c. The similarity of two distributions suggests that the basic
reaction mechanism of "p-d QES" and the excess part of "p-p non-QES" are related each
other. In Fig. 21 we also show contour lines of the cross section (d%0/dP,dP,d,d () for
p-p IPC events minus OPC events. Kinematical loci for p-p quasi-elastic scattering and
for p-d quasi-elastic scattering are shown in the figure as well. A considerable number
of events are distributed along the kinematical locus of p-d which presumably

correspond to p-(2N) reactions followed by the breakup into nucleons.

Now we summarize the present study for the backward mechanisfn. In Table 8 we
summarize the various observed values , nameéiy thé slope factors(Pg) of the Backward
proton spectra(é= 118¢°), the power in A of the cross sections, éﬁd the ave.rage multipli-
cities of the coincidence and the inclusive events. The following information is drawn

from the data .
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(1) The emission of backward protons(350<P=<700 MeV/c at 118°) is predominantly
associated with nucleons. The contribution from the deuteron coincidence is
about 10-20%. The contribution from associated particles with mass number

greater than two is very small.

(2) Among the proton associated events, the nucleon-nucleon quési-freé scattering

gives only a small contribution.

(3) The large in-plane to out-of-plane asymmetry and the small associated multiplici-
ties indicate that backward protons are emjtted mainly through the reaction in

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

(4) The excess part of the in-plane p-p coincidence to the out-of-plane p-p coincidence
shows the same behavior as p-d QES. Therefore this part of the cross section is -
_ considered to be from the reaction in which the incident f)roton scattered off a (2N)

system inside the target nucleus.

Summarizing the above information, it is considered that the main part of the
backward protons is emitted by p-(2N) cluster scatterings. Namely, an incident proton
collides with a two-nucleon cluster inside the target nucleus in the first stage. Then,
one of the scattered protons, most likely a proton that originally belonged to the clus-
ter, is emitted at a large angle leaving two other nucleons moving forward at high ener-
gies. Although these two nucleons occasionally emerge as a deuteron, they are mostly
emitted as two separated nucleons. Occasionally one or two of these nucleons might be
rescattered by other nucleons to produce low energy nucleons. These nucleons, how-
ever, cannot be observed by the present experimental device. It is worth mentioning
that a possibility of incoherent multiple scattering with a few nucleons is, in principle,
not rejected within the framework of the present data. However the ﬁumber of target
nucleons involved in the cascading process which produces energetic backward prb-
tons, was estimated by a phase space model !6 to be about four. The measured associ-

ated multiplicity of 2.4 is somewhat smaller than this value. This may imply that cluster

scattering is more favored than the random cascade process.
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Finally, if there are short range correlated clusters of three nucleons, these effects
would show up at angles larger than 15°. Multi-nucleon clusters would, however,
breakup more easily in-a heavier target. In the present experiment, we also collected

p-t events, but, statistics are too poor to discuss their. contribution.

42 pp Quas1—Elast1c Scattermgs

We make a Smele comparlson of the p p QES" data to plane-wave 1mpulse
approximation{PWIA) calculations. Because the counter system did not have enough
momentum resolution to separate the individual states of the residual nuclei, the com-
ponent of "p-p QES” includes contributions from various final states. Therefore an
effective Fermi momentum dlstrlbutlon was used instead of the momentum distribu-

tion obtained by the shell model wave funct1ons We assumed the Fermi momentum dis-

trlbutlon to be a Gauss1an,

, F(P)dP? = const. xez;p(—Pz/Zap)dP3 - . (4.3)
where op is 108 2 MeV/c which corresponds to a Fermi momentum of 240 MeV/c. The

binding energy is assumed to be 30 MeV. This momentum distribution is the one which

~ has been successfully used to explain the p+nuc1eus"da'ta.25'26-

The 'calculated momentum spectrum of‘bacl.'{ward protons in coincidence with for-
ward protons at 0=15° =4° agrees well with the spectrum of "p-p QES" with a proper nor-
malization (see Flg 14). The angular distribution is also reproduced well by this model

as shown by the dotted line in Flg 16

On the other hand the 1nclu51ve spectrum calculated by the PWIA is much steeper
than that of the experlmental data(Flg 7). As stated by Amado et al.? the usual Ferml
momentum dlstrlbutlon does not reproduce the 1nc1uswe spectrum of backward pro-
tons The reason for the dlsagreement of the PWIA calculatlon with the observed
1nc1us1ve spectrum is obvious now since the 1nc1uswe spectrum arises more from the

"p-p non-QES" and the " p-p OPC" components than from the "p-p QES" component

4.3 p-d Quasi-Flastic Sctterings and the Properties of Correlated Clusters
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In p-d quasi-elastic scattering, an incident proton is elastically scattered by a
deuteron-like two-nucleon system (hereafter called "d") inside the target nucleus. The
main reaction mechanism of large momentum transfer is due to a pickup of a neutron

from "d" (see Fig. 22). In this section we discuss,
(1) how does "d"s moves inside the nucleus {(Ps distribution), and

() absolute value of the p-d QES cross section and the mean free path of deuterons

inside the nucleus.

where Pg is the sum momentum (Ps=F, +F,) of the neutron momentum (F,) and the

proton momentum(F, ) for "d".

4.3.1 Width of the Summ-Momentum(P;s ) Distribution

The use of a plane wave impulse approximation{PWIA) should be appropriate in the
present case, since the distorted wave does not strongly affect the spectrum shape?®”
but only the normalization. In PWIA the differential cross section(Z(pd QES)) can be

written as,

S(pd QES) = NyDf 5(pd el)-f (Ps)-dPs . | (4.4)
where f (Ps) represents a momentum distribution of "d", Z(pd el) is the differential
cross section of the p-d elastic scattering, Ny is the total number of “d" inside the
nucleus, and D is the attenuation factor due to the loss of particles along the path
through which the incident proton, the outgoing deuteron», and the outgoing proton
traverse inside the target nucleus. The momentum distribution of " d" inside the
nucleus is assumed to be a Gaussian type of the form, exp(-P?/203). The width, gy, as
well as the binding energy of "_d" to the nucleus, BE("d") were taken as free parameters.
The best fit to the data were obtained when o4 = 85%15 MeV/c and BE("d")=60 MeV. The
momentum spectrum thus fitted is shown by a dashed curve in Fig. 23. The absolute

value of the cross section,which relates to D, will be discussed in the next section.

The present value of 04 is smaller than the momentum spread observed for deu-
teron fragments (as projectile fragments) in high-energy heavy-ion reactions, i.e.o4=

135 MeV/c for 12C and 60 projectiles at 2.1 GeV/nucleon of incident energy.?82? In what
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follows we consider a possible reason for such a difference. The root-mean-square(rms)

momentum of "d" can be expressed as, e
<PE>VR = (<PE>+ <PZ>+ 2<P, P,>)V? . (4.5)

For a Gaussian distribution the rms value <P?>1/? js related to the width ¢ by

<PR>1/ 2=\/ga. Thereforé,

_ 04T (af + a,z, +2/3<F, P >)1/2 . (4.8)

From the data of ep and pp QES we have 0,= 100 MeV/c for 1"3C nucleus.% According
toa purely statistical calculatlon the correlation term is glven by 31
<P, P, >——<P2>/(A 1)=—910 (MeV/c)?. In this case Eq.(4.8) leads to ad'—139 MeV/c
which is close to the value obtained by the pro;ectlle fragmentation (64=135 MeV/c)
here 0, is assumed to be equal to g,. In contrast with this, the width observed in p-d_
QES is much narrower than the above statistical .value and it is even smaller than the
width of the siﬁgle particle distribution. Thérefore, the "d", whiéh is responsible for p-d
QES, does not seem to originate from réndomly seblectl.ed tw6 nucleons. Instead, it
seems to originate from pn pairs which have a strong anti-parallel momentum coupling
(<P, P,><0) since in this case the value of 04 Can be small. The fact that <'PPP,,'> <0
may further indicate that high momentum pfotons originate from highly correlated
nucleon pairs. The relation between o4 and the two-particle momentum distribution

was reported in Ref.32.

4.3.2 Mass Dependence of the Cross Section

In this section we try to determine the mean free path of the deuteron inside the
nucleus and then to calculate the absolute value of the cross section using the mean
free path. E o

Events that fall in the 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 outgoing proton (Ag), and the deuteron (Ay). We perform a geometrical calculation

similar to that used for p-p QES to obtain the mean free path of the proton inside the
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" nucleus in a previous repor‘b(Ref.ES). If we define the'-path len‘g"th for three particles by
l;, lp, and ! as shown in Fig. 24, then the attenuation factor;(D).'can be written as
f e M/ M. le g Tt/ N g

[ d7 :

The attenuation of p-p QES, which is measured at the same scattering angles, is

D (4.7)

obtained by Eq.(4.7) replacing A4 by )\p the mean free path of the forward going protons.
The ratio(R) of p-d QES to p-p QES cross section depends, therefore, on the mass of the
target only through A, and A4. The ratios{R) obtained by the prese.nt measurement are
plotted in Fig.24. The abscissa of the figure is the mean path length <!> of the forward
going particles defined as, |

f g WM.t/ Ay g2

<I>=
f e—‘ifN.e“B/"B.d.;:

(4.8)

The mean free paths of the incident and the backward protons are assumed to be A;=2.5
fm and Ap=5 fm. The result was insensitive to the value of the Az in the wide
range(3=Ap=<10 fm).

The ratio{R) decreases sharply with increasing A, from which we conclude that deu-
terons ( or "d"s) are rescattered more frequently than protons. The data were fitted by
a function

exp(=1/Ag - /h)<d> (4.9)
where Ay 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 %6 A4 is
estimated to be 1.7%0.3 fm at a deuteron momentum of 1.8 GeV/c. It should be noted
that the mean free path of the deuteron as well as that of the proton was not deter-

mined by the size of the cross section but by the mass dependence of the cross section.

Using the number of "d" as 2NZ/A and the attenuation factor calculated by Eq.(4.7),
the calculated momentum integrated cross sections give a reasonable fit to the data as

shown by the solid curve in Fig. 19.

5. CONCLUSIONS
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We have measured the distribution of protons and deuterons associated with back-
ward energetic prot;bns over a wide kinematipal range. The present experiment covers
the kinematicalv region of both p-p and p-d quasi-elastic scatterings as well as quasi-

~deuteron breakups. We demonstrated that various reacf.ion mechar‘lisms are kinemati-
cally sepai‘able. We studied the slope factor of the backﬁard _protoﬁ spectra, the in-
plane to out-of-plane ratio, the angular distribution , and the target mass dependence
of those different components. Our data showed that p-p quasi-elastic scatterings gives
minor contributions to BEP( backward energetic protons). Components of "p-p non-
QES" and "p-p OPC", which turn out to be the main components of the BEP, are con-
sidered to be mainly from the proton scattering with a correlated nucleon cluster. Itis
also supported by the associated nucleon multiplicity <m>=2.4. Although, the quantita-

tive separation between cluster scattering and multiple scatterings remains for further

studies.

The data of p-d quasi-elastic scattering were analyzed with a plane wave impulse
approximation. 1t is found that the momentum spread of the pn systém(" d") inside the
nucleus is smaller than that fof 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. 1t implies that "d", that is responsible
for p-d QES, consists of a pn pair with an anti-parallel momentum coupling between p

and n with the coupling stronger than expected from a purely statistical consideration.

From the observed A-dependence of the ratio between p-d QES f;o p-p QES cross sec-
tions, the mean free path of deuterons in the nucleus was estimated to be 1.7£0.3 fm at
P;=1.6 GeV/c. The absolute value and the mass dependence of the p-d QES cross sec-
tions are well reproduéed by the calculation based on PWIA and the attenuation due to

rescattering.
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Table-1 Performance of the detectors

Magnetic Spectrometer | AE-E Telescope
particles m, p. d, t, 3He mpd
momentum range 480-2000 330-700

(MeV/c)
momentum resolution % 97
(typical)
solid angle 12 29 x5
(msr)
covered angle 15° - 100 105° - 155°
(A8 = 8°)
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Table-2 Momentum resolution of the magnetic spectrometer

momentum | resolution

P (MeV/c) | AP/P (%)

500 |- 9.0
750 6.0

1000 8.5

o150 | 110 v
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Table-3  Conditions of the Measurements

- Inclusive Cross Section of the Proton (p + A » p + X)

4§: 108, 118°, 128° 138°, 148°
p: 330 - 700 MeV/c

+ Two-Particle Coincidence

p-p coincidence (p + A » p + p + X) and
p-d coincidence {p + A » p + d + X)

S, (pord) : 157 20° 30°, 40°, 55°, 70°, 90°, 100°
P, (pord) :  480- 2000 MeV/c

33 (p) ;118 _

P; (p) :  330-700 MeV/c

Ap =9, —¢9s : 180° (inplane) and 90° {out-of-plane)



31

Table-4 Slope factors (Pg) of backward proton spectra
in p + KCl reactions*

(Pgin MeV/c) -
coihcidence* '

o p-p QES | p-p non-QES | p-p OPC | p-d non-QES | p-d OPC
(degree) (MeV/c) |+ (MeV/c) (MeV/c) | (MeV/c) (MeV/c)

15 55 + 5 91+6 68 + 6 ‘94+8 | 737

20 52+7 | - 81%8 62+7 | 90+£10 83 + 15

30 - - 874+86 57410 | . 92+ 10 . | 74+ 10

40 | - | 83+£8 | 61%5 | - 89+9. | B5+£7

55 - 87 + 8 TOET | - | L -

70 - 70 + 10 53 + 15 - -

90 - 76 + 10 57 + 15 - -

100 - 70+ 9 - - -

inclusive at 118°
87 + 2 (MeV/c)

. *coincidence events between a backward proton at ¥; = 118° and a forward particle (p
or d) at various angles 9,.
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Table-5 Slope factors of (Po) of backward protonépectra'l

(800 MeV p + A)

Target C KCl -~ Pb .
Pg in MeV/c
inclusive | 88+1 87+2 8542
p-p QES 56+4 H5+3 66+4-
p-pnon-QES | B5+5 91 +5 92+4
p-p OPC 72+5 71+3 80+4
p-d QES (non-exponential shape)
p-dnon-QES | —-% 9418 B4%9
p-d OPC —=% 73+7 77+8

*! Coincidence events between a backward proton at ¥z = 118° and a forward particle (p
or d) at ¥, = 15°.
% Present statistics are too poor to be fitted.
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Table-6(a) Two-particle coincidence cross sections

800 MeV p + KCl

d?o/ d0,dQ; at Y= 118°

B, = 15°. 200  30° 40°  55° 70°  90°  100°
' (mib/sr?) S

p-p QES 49 .26 .067 | .010 .000 - .000 .000  .000
+.03 +£.03 " £012 = £003°  +£002 +.001 +.001 " +.001

p-pnon-QES 274 238 1.87 1.09 80 .28 .08 .040
+.08 +£09 +£06  +£03  +£03 +£02 ~ 01 " +.005

p-p OPC .75 133 1.10 .64 .30 .16, .07  .028
' +.08 +£08 ' £05  £03  +£03 +02 +01 '+.004

p-d QES 27 .06 .006  .001  .000 .000 .000 . .000
+.03 +02  +.004  +.001 +£002 +01 +001 +.001

p-dnon-QES .71, .49 . .42 .20 .10 .08 , .024  .007
- +.04 ' +£04  +.03 +£01  +£01 +£01 +.006 +.002
p-d OPC 40 .21 .29 .15 . .08 . .032 . .020, . .008
+.03  +.04 £.01. 7 £.01°  +.008 ©£.006 £.002

., +.03

L.
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Table-6(b) Two-particle coincidence cross seétions

800 MeV p + Nucleus

d?g/ d(,dQ, at ¥,=15° and ¥,=118°

Target C NaF KC1 Ag | Pb
(mb/sr?)
p-p QES 24 21 49 .62 .99

+.02 £.03 +£.03 + .07 +.13

p-p non-QES .98 143 274 4.42 5.10
e ’ +.05 +.07. +.08 +.19 +.29

p-p out-of-plane | .57 .95 ~ 1.89 3.55 4,98
+.04 +.07 +.08 +.18 +.32

p-d QGBS .19 .18 .27 22 .33
. 1 +£.03 +£.03 +.03 + .05 + .09

p-d non-QES 23 34 71 1.30 1.18
| £.02 £.03 £.04 .10 +.13

p-d out-of-plane | .10 .20 .40 .70 1.17
: +.02 +£.03 +.03 = +.08 +.16
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Table-7 Iﬁtegrated“éross sections (o7)* |
(800 MeV p + KCl)

o1 (mb/rad-sr)

p-p QES 0.05

p-p non-QES - 0.80
p-p OPC 0.47-
p-dQES | 0.03
p-d non-QES . |. 0.16
'p-d OPC . 0.11

T i
*or = [d?0/ d0;dQp-sind;-d¥,
0 : .

il



Table-8 Observations in pA collisions (ep(back) = 118°)

s P+A>p+p+X|lptAsp +d+ X
inclusive TRT T ‘
' QES QES :| OPC|{ QES |QES | OPC |l
(Py in MeV/c) 87+2 55¢5  |91+6]68:6|] -- [94:8(73:7 |99 « eP/Po_ A = ke1, 6y = 150
* Slope factor ' dpda
very small dependence on A and angle

« Cross sections - ,
a1 0.05 0.80{0.47}| 0.03 [0.16]0.11 {|A = KC1
(in mb/rad-Sr)
< Angular dependence very sharp|slow|slow{| sharp|slow|sTow {{A = KC1, independent of A
. A- depgndence 1.0 n0.55 [+0.7]~0.8|| +0.2 |~0.7|~0.8 |[6; = 15~ 40°; A-dependence is stronger
a in (A7) for 8; > 70°.
. <m> - 3.3 2.4 associated multiplicity for coincidence

(6.2mb/Sr)

measurement; A = KCI

9€
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FIGURE CAPTIONS

Fig. 1. The momentum region covered by the present experiment is shown by a
hatched rectangular. The horizontal axis is the momentum of the forward proton at
0=15° and the vertical axis is the momentum of the backward proton at §=118°. Solid
lines show kinematical relations between forward and backward protons produced by
the elastic scattering of the incident proton with protons and nucleon clusters which
have Fermi motion inside the target nucleus.. Numbers beside the curves indicate the
momentum of the proton( or clusters) inside_ the target nucleus. Because the breakups
of clusters are responsible for two-proton coincidence measurement, curves for p-d. p-
t. p-a are drawn as a function of the momentum per nucleon. Therefore these curves
are the kinematical loci of the‘géntlé(small relative momentum) breakup reactions.
The kinematical locus of large relative momentum breakup‘of p-(2N) reaction with no
Fermi motion is also shown by a dotted curve. The dotted rectangle shows the momen-

tum range covered by the measurement in refs.20,21.

Fig. 2. Schematic view of the counter setup. Two sets of AE—F counters( RB and
UB) covered 8=105° - 155° at $=90° and 180°. The magnetic spectrometer covered 8° in

6 at ¢=0° and was rotated from 15° to 100° in 0.

Fig. 3. Plan view of the AE—FE counter. (a) The first AE-counter(RB1), (b) The
second AE-counter{(RBR), (c¢) E-counters(RB3), and (d) a veto counter. All the counters

are made of plastic scintillators.

Fig. 4. Atypical rscatter plot between £ and AF. A clear separation between pion,
proton, and deuteron is seen. |

Fig. 5. .Energy c.alibration curve of a AF—-F céunfer. The calibration was done by
the TOF counter. The energy Emin and Ep,,, written in the figure indicate the minimum
and the maximum energieé of the AE—E counter calculated by the range-energy rela-
tion. | ‘

Fig. 6. An effective solid angle 6f a E-counter as a fﬁnction of the proton momen-
tum. The change of the solid angle is due to the multiple scattering in the first and

second scintillators. A solid line in the figure shows the solid angle used for the present
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analysis. A dashed line shows the geometrical solid angle.

Fig. 7. Inclusive momentum spectra of protons at 8=118° in 800 MeV p+Pb, p+KClI,
and p+C collisions. Error bars in the figure show the statistical errors. The systematic
error is estimated to be less than 20%. A dotted curve shows the result of a PWIA calcu-

lations (see discussion in sec. 4.2).

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. A systematic

error is estimated to be less than 20%.

Fig. 9. Target mass dependence of the inclusive proton cross section. Error bars

show only statistical errors.

Fig. 10. Momentum-momentum scatter plots of two-proton events for in-plane
coincidence (a) and for out-of-plane coincidence(b). One unit in the figure corresponds

to 2.07 nb/(sr.MeV/c)?. See text for further information.

Fig. 11. Momentum-momentum scatter plots of proton-deuteron coincidence

-

events. The mark "+" shows the kinematics of the p-d elastic scattering.

Fig. 12. Distribution of the excitation energy(£,;) of the residual nucleus for p-p
events. Statistical érrors are not shown for out-of-plane data but they have similar
amount of errors as in-plane data. A peak near E‘;z =0 shows the contribution from p-p
quasi-elastic scatterings. Another peak at E,,~450 MeV is due to the instrumental

kinematical limit.

Fig. 13. Distributions of £, for p-d events. A clear peak correspond to p-d QES is |

seen.

Fig. 14. Spectra of the backward protons for the different components in p+XCl
collisions. Solid lines are the exponential fit to the data. Error bars in the figure show
only statistical errors. A dotted curve shows the result of a PWIA calculations (see dis-

cussion in sec. 4.2).
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Fig. 15. Spectra of the backward prof.ons for the d1fferent é&hpbnents of p-d
events. Solid lines are the exponentiél fit to the data. Error bars in the figure show only

statistical errors.

Fig. 16. Angular distributions of protons in coincidence with backward protons at
8,=118°. Error bars are only for statistical errors. A dotted curve shows the result of a

PWIA calculations (see sec. 4.2).

Fig. 17. Angular distributions of deuterons in.coincidence with backward(0=118°)

protons. Error bars are only for statistical errors.

Fig. 18. Mass number dependence of the p-p coincidence cross section. Error

shown are only for statistical errors.

Fig. 19. Target mass number dependences of the p-d coincidence cross sections.
Error shown are only for statistical errors. A solid curve shows the result of the PWIA

model calculation described in section 4.2.

Fig. 20. Abackward proton spectrum of the "p-d QES"(solid circles) events and a
difference spectrum between "p-p non-QES" and "p-p OPC" in the collision of p+KCl at

the angles 8,(=8,4)=15° and 6,=118°. Only statistical errors are shown in the figure.

Fig. 21. Contour line plot of the difference { "p-p in-plane" - "p-p OPC" ) of the dou-
ble differential cross section. Kinematical loci of p-p QES and p-(2N) breakup reactions
are also shown. A broad conc.entration of the evens are seen around the p-(2N) breakup
region.

Fig. 22. The reaction mechanism of p-d QES at large mbmehtufn transfer. Incident
proton picks up a neutron which have a momentum (Ks—Ky). The proton which was
correlated with the neutron is emitted at a large angle. . | |

Fig. 23. Momentum spectr>a of bacicward protons associated with "p-d QES". A
dashed curve éhows the sp‘ectr(-um fitted to the data by a PWIA calculations. The momen-

tum expected from p-d elastic scatterings are indicated by the arrow.

Fig. 24. The cross section ratio{(R) between p-d to p-p QES plotted as a function of

the effective path length <> of forward deuterons.



40

1500

8, =15
8,=118°

Fermi Motion

( MeV/c ) ]

1000

500

P2 Proton Momentum (MeV/c)

| '
O -~ 500 1000 1500

P4 Proton Momentum (MeV/c)

XBL 843-1116

Fig. 1. The mon;entum region covered by the preéent e;cperiment is shown by a
hatched rectangular. The horizontal axis is the momentum of the forward proton at
8=15° and the vertical axis is the momentum of the backward proton at 8=118°. Solid
lines show kinematical relations between forward and backward protons produced by
the elastic scattering of the incident proton with protons and nucleon clusters which
have Fermi motion inside the target nucleus. Numbers beside the curves indicate the
momentum of the proton( or clusters) inside the target nucleus. Because the Breakups
of c_lusters are responsiblé for two-proton coincidence measurement, curves for p-d, p-
t, p-a are drawn as a function of the momentum per nucleon. Therefore these curves
are the kinematical loci of the gentle(small relative momentum) breakup reactions.
The kinematical locus of large relative momentum breakup of p-(2N) reaction with no

Fermi motion is also shown by a dotted curve. The dotted rectangle shows the momen-

tum range covered by the measurement in refs.20,21.
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XBL 843-1117

Fig. 2. Schematic view of the counter setup. ‘Two sets of AE—F counters( RB and
\ ;
UB) covered 8=105° - 155° at $=90° and 180°. The magnetic spectrometer covered 8° in

6 at $=0° and was rotated from 15° to 100° in 0.
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Fig. 3. Plan view of the AE—FE counter. (a) The first AE-counter(RB1), (b) The
second AE-counter(RB2), (c) E-counters(RB3), and (d) a veto counter. All the counters

are made of plastic scintillators.
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Fig. 4. Atypical scatter plot between £ and AE. A clear separation between pion,

proton, and deuteron is seen. !
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Fig. 5. Energy calibration curve of a AF—F counter. The calibration was done by
the TOF counter. The energy Ep;, and Ep,, written in the figure indicate the minimum
and the maximum energies of the AE—FE counter calculated by the range-energy rela-

tion.
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Fig. 7. Inclusive momentum spectra of protons at 8=118° in 800 MeV p+Pb, p+KCl,
and p+C collisions. Error bars in the figure show the statistical errors. The systematic
error is estimated to be less than 20%. A dotted curve shows the result of a PWIA calcu-

lations (see discussion in sec. 4.2).



47

800 MeV p+- A —> p+X
50 1 -
o
o
o
- o
210t -
E ®
- | °
5 - ) .
° KCI
®
b|d
oo |
o) o o
| o ;
1 4 4 S .

[ 1 ]
| ]

108 118 128 138 148

Emission avngle (degree)

XBL 843-1123

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. A syétematic

error is estimated to be less than 20%. -
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Fig. 9. Target mass dependence of the inclusive proton cross section. Error bars

show only statistical errors.
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Fig. 12. Distribution of the excitation energy(£,;) of the residual nucleus for PP
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amount of errors as in-plane data. A peak near E;; =0 shows the contribution from p-p
quasi-elastic- scatterings. Another peak at E;;~450 MeV is due to the instrumental
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