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ABSTRACT

The production mechanism of backward energetic protons has

been studied in 800 MeV proton + nucleus collisions from

measurements of two-particle correlations over a wide range of

kinematical regions. Backward energetic protons at 6=118°were

measured in coincidence with particles emitted in the angular

range from 15° to 100°. Both in-plane (A9>=1806) and

out-of-plane (ACf> =90° ) coincidences were measured.

+ present address: Departmemt of Physics, Faculty of Science,

University of Tokyo, Hongo, Bunkyo-ku, TOKYO, 113 JAPAN

— 1 —



The backward energetic protons were detected with a AE-E

counter in a momentum region from 350 to 750 MeV/c, whereas the

coincident particles were detected with a magnetic spectrometer

in the momentum region from 450 to 2000 MeV/c.

Reaction processes of backward protons have been decomposed

into the following six categories from the measurements of the

associated particles (p or d). They are (1) "p-p Quasi-Elastic

Scattering(QES)", (2) "p-p non-QES", (3) "p-p out-of-plane",

(4) "p-d QES", (5) "p-d non-QES" and (6) "p-d out-of-plane".

Here, "QES" means that those two-particle events satisfy a

condition, E,+E2~E, , where E, and E2 are the energies

of detected particles and E b is the incident beam energy.

"Non-QES" indicates those events which do not satisfy the above

condition. The "p-p" and "p-d" mean proton-proton and proton-

deuteron coincidences, respectively. "Out-of-plane" events are

from out-of-plane coincidences, while others are from in-plane

coincidences. Momentum spectra, angular distributions, and

target mass dependences of these components were studied. The

component of "p-p QES" is well reproduced by the PWIA (plane

wave j.mpulse approximation) model with a conventional Fermi

momentum distribution. Also, it turned out that backward

energetic protons are not from this process. The component of

"p-d QES" shows that the width of Fermi momentum distribution

of guasi-deuteron is much smaller than expected from

uncorrelated two nucleons. This means that momenta of two

nucleons inside the quasi-deuteron are highly correlated.

Although a double scattering and a p-p quasi-elastic scattering

followed by a neutron pick-up reaction can be classified as
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"p-d QES" events, these processes are found to give minor

contribution to "p-d QES" from

.0 considerations of cross sections.

The major contribution from "p-d

QES" is a single scattering of

p+(2N) cluster, as illustrated in

the left, in which momenta of

two-nucleons are correlated and

( Fig.38-(4) ) anti-parallel.

The components of "p-p non-QES" and "p-p out-of-plane" are

also the main components of the backward energetic proton

production. The excess yield associated with "p-p non-QES"

over "p-p out-of-plane" has been found to be produced through

the scattering of an incident proton with a correlated cluster.
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1. INTRODUCTION

1.1 REVIEW OF THE STUDY OF BACKWARD ENERGETIC PROTONS

Study of energetic proton-nucleus interaction may reveal

effects of correlated nucleons in nuclear matter. Frankel et

al. measured inclusive spectra of backward protons and other

light particles following 600-800 MeV p-nucleus

collisions.-'-' Energetic protons far beyond the Fermi energy

were observed. Many models were soon proposed to explain the

backward emission mechanism of the energetic protons.

Ainado and Woloshyn analyzed k>ackward-emitted energetic

£rotons(BEP) in terms of the single nucleon-nucleon

scattering. ' They assumed that the backward emission of

nucleons, which is forbidden in free nucleon-nucleon

scattering, is due to the Fermi motion of a nucleon. They,

however, showed that the single nucleon-nucleon scattering

model with a conventional Fermi momentum distribution (Gaussian

type) gives the cross section which is a few orders of

magnitude smaller than the observed value. In other words, the

observed spectrum requires a high-momentum tail of the Fermi

momentum distribution in addition to the Gaussian type Fermi

momentum distribution.

In the frame work of the single-scattering model, Frankel

introduced a Quasi-Two-Body Scaling^) 6)-ll)_ using this

scaling he claimed that the BEP spectrum is reproduced
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with an exponential type Fermi momentum distribution,

exp(-k/kQ) with kQ=90 MeV/c.

The correlated-cluster model proposed by Fujita and Hufner

is also successful in explaining inclusive spectra of

BEP 1 9). In this model the BEP are produced through the

single elastic scattering of an incident proton with a

correlated cluster inside the target nucleus. Their model is

based on the idea that a large momentum transfer of the

incident proton can be attainable with a scattering of an

incident proton with a heavier object inside the target nucleus.

Another extreme idea is the statistical model.22) Knoll

showed that the main feature of BEP was reproduced by the

statistical model, in which BEP are emitted from a

statistically equilibrated few nucleon system.

These models proposed so far, namely the single-scattering

model, the correlated-cluster model, and the statistical model,

are mutually conflicting, although all of them have explained

the observed inclusive spectra. Therefore we need experimental

data to select out an adequate model.

There are two types of measurements to clarify this

problem: the polarization measurement and the two-particle

correlation measurement. Frankel and Woloshyn ' argued that

the use of incident polarized protons is useful to distinguish

different models. Only the single-scattering model gives a

large polarization of BEP, while the correlated-cluster model

and the statistical model give small or no polarizations. This

type of measurement was done with polarized 800 MeV protons by

Frankel et al. 1^ The analyzing power of protons emitted at
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around 100°was genarally small, although it depends slightly on

the target mass and on the momentum of the BEP. However, since

the analyzing power is very sensitive to the final state

interactions and also to the details of the initial and final

wave functions, no definitive statements on the production

mechanism of BEP can be made.

Komarov et al. measured two-proton correlations at a beam

energy of 640 MeV. ' ' They used a AE-E counter telescope

to detect BEP 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

BEP is emitted through the scattering of an incident proton on

a quasi-deuteron inside the nucleus, the scattered deuteron may

come out in the form of deuterons or two nucleons (p and n).

Here, the latter process occures from a p-d quasi-elastic

scattering followed by the break up of the deuteron. The

energy window of forward protons in Komarov's experiment is

very limited and covers the energy region of protons which are

emitted through the deuteron breakup with small relative

momenta between proton and neutron. Inside the nucleus

two-nucleon clusters other than deuteron can exist in

principle, such as p-p, n-n, or p-n singlet. Thus, the idea

was expanded to the p-(2N) scatterings where (2N) symbolically

indicates two-nucleon clusters. They concluded that the

cluster scattering of tne incident proton is the main mechanism

of the BEP production.

Frankel et. al. ' ' also measured two-proton

correlations in p+ Li reactions at proton energies of 600 and

800 MeV over a very narrow range of energy and angle.
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They observed quasi-elastic scatterings of protons from Li

as well as coincidence events between forward and backward

protons at the p-(2N) scattering kinematics.

1.2 MOTIVATIONS OF THE PRESENT EXPERIMENT

As descrived in the previous section, three mechanism have

been proposed so far for •.roduction 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 are mutually conflicting or they can coexist.

Also there is no experimental indication that one of these

mechanism is more important than the others.

To make our question clearer, let us write down the

mechanism of BEP as follow?:

p + nN » p (backward) + mN(forward) +.... (1.1)

Here, the incident proton is scattered by a n-nucleon cluster

inside the target nucleus, and after the collision a backward

proton and a m-nucleon cluster are emitted. Generally we

expected m<n.

The three mechanisms descrived in the previous section

correspond to n=l for the 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

p(backward) and mN(forward) the above three mechanism are

kinematically separable from each other. In p-p coincidences

(m=l) , if two protons satisfy the condition of E_+EB=ED
a r oeam

, then these two protons are mainly from a p-p quasi-elastic

- 11 -



scattering between the projectile proton and a proton inside

the target nucleus, and thereby, from the n=l process only.

Here, B and F refer to backward and forward, respectively.

Similarly, p-d coincidences (m=2) under the condition of

EB+^F=^EBeam s el e c t ; P~^ quasi-elastic scatterings, and

thus, the n=2 process. Measurements of "in-plane" and

"out-of-plane" refer the azimuthal separation between two

detected particles, tf$, to be 180* and 90°, respectively, as

shown in Fig.l. Since the statistical model implicitly assumes

that each nucleon experiences multiple nucleon-nucleon

collisions, the azimuthal correlation between two particles

tends to be wiped out when this process dominates. In other

words, the "out-of-plane" coincidence selects the third process.

Obviously, in the second process of proton-cluster

collision, clusters may break up into a few nucleons. These

nucleons do not satisfy the condition of ED+F.-,-E,, , and
o r oeam

therefore, again separable. These features are illustrated in

Fig.2.

The previous trials of measuring two-particle coincidences

by Komarov et al. and by Frankel et al. do not cover a

kinematic domain wide enough to allow us to study the question

raised above. They covered only a very limited momentum region

for the n=2 process alone, shown as a dotted rectangle in

Fig.2. In the present experiment, we prepared a large number

of counter telescopes (22 sets) as well as a magnetic

spectrometer and measured two-particle correlations under the

both "in-plane" and "out-of-plane" coincidence conditions.
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In addition to the coincidence between forward protons and

backward protons, we detected the coincidence between forward

deuterons and backward protons. From the view point of p-(2N)

scattering, it is interesting to compare the proton-proton

coincidence with the deuteron-proton coincidence.

We also covered a much wider kinematic domain than Komarov

et al., shown as a hatched rectangle in Fig.2. From the

detection of these particles, our intention is to kinematically

select each process and then to quantitatively evaluate its

contribution to BEP.
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In-plane coincidence

Out-of-plane coincidence

Fig.l In-plane coincidence and out-of-plane

coincidence. Let us denote Pb, the linear momentum of the

incident proton, and p"t and P^ those of two emitted

particles. Then the in-plane coincidence is defined as the

case where all P^, p^, and P2 are in the same plane,

while the out-of-plane coincidence is the case where the plane

defined by P^ and P^ is perpendicular to that defined by

Pb and P2.
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Fig.2 Kinematical relations between forward and

backward protons produced by the elastic scattering of incident

proton on protons and nucleon clusters with the Fermi motion.

The horizontal axis is the momentum of the forward proton at

6=15 and the vertical axis is the momentum of backward proton

at 6=118°. Numbers besides the curves indicate the momenta of

the proton (clusters) inside the target nucleus. The momentum

of the incident proton is 1463 MeV/c. Because the breakups of

clusters are responsible for two-proton coincidence, 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 drawn as a dotted curve.

The protons through the deuteron breakup are distributed along

the line according to the relative momentum between the proton

and the neutron. The hatched rectangular region indicates the

momentum region covered by the present experiment. The dotted

rectangle shows the momentum range covered by the measurement

in refs.16,17.
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2. EXPERIMENTAL METHODS

2.1 BEAM AND TARGETS

We used an 800 MeV proton beam accelerated by the Bevatron

at Lawrence Berkeley Laboratory, University of California.

Typically the beam intensity was 107 to 108 particles per

pulse. The repetition period of beam pulse was 6 seconds. The

duration of each beam-pulse was nominally 1 second but actually

from <?00 ms to 700 ms. Beam parameters are summarized in

Table-(1). We tuned the beam transportation system to obtain

the beam spot of 7 mm in diameter at the target. The diameter

of the target was 5 cm. The target parameters are listed in

Table-(2). The energy loss of protons in these -argets was

much smaller than the energy resolutions of the counters.

Table-(1) BEAM PARAMETERS

Energy
Particle
Size at target (FWHM)
Repetition

"beam-on"
"beam-off"

NAME

C
NaF
KCl
Ag
Pb

Table-(2)

Z A

6 12
10 21
18 37
47 108
82 207

800 MeV
proton DC (no
about 7 mm x 7
6 sec
1 sec
5 sec

TARGET PARAMETERS

rf structure)
mm

THICKNESS DIAMETER OF TARGET

(g/cm<i)
0.575
0.529
0.529
0.550
0.486

(cm)
5
5
5
5
5
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2.2 BEAM INTENSITY MONITORING

The beam intensity was monitored with an ionization chamber

(IC) inserted in the beam line at 1.5 m upstream of the

target. The IC was filled with 1.05 atm gas mixture of 80 % Ar

and 20% CO2. The total charge collected in the IC was

measured for every beam pulses. Background charge of the IC

was corrected by measuring the charge collected during the

beam-off period. For the calibration of the IC, 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 (103 - 10^

particles). At high beam intensity we used the telescope

counter (RC) which counted the scattered particles from the

target. (See chapter 2.3.4 for a description of RC.) The

counting rate of RC was compared with the charge of the IC.

The linearity between the charge collected in the IC and the

counting rate of RC was good within a few percent even at the

highest intensity used in the experiment.

2.3 PARTICLE DETECTORS

2.3.1 GENERAL DESIGN

As described in Chapter 1, we intended to cover a wide

range of momentum so as to include p-p, p-(2N) and p-(3N)

elastic scatterings.
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The counter system was designed to meet with this requirement.

The kinematical region covered by the present counter system is

shown by the shadowed rectangle in Fig,2.

The present counter sytetn should meet with the following points.

1) Large solid angles are required on one hand, to attain

high efficiency of two-particle coincidence. On the other

hand, small solid angle are required to avoid two-particle

hits in one counter. The criterion used in the present

experiment is that the probability of two-particle hits is

less than 10%.

2) Forward particles have higher energies and larger cross

sections than particles emitted at larger angles. The

counter sitting at forward angle is required to have

smaller solid angle and better momentum resolution.

3) Each counter telescope should record enough information

on a particle. A capability of obtaining the result in two

independent ways is helpful to make results reliable.

A magnetic spectrometer, time-of-flight (TOF) counters and AE-E

counters were prepared. The counter setup is illustrated in

Fig.3 and Fig.4.

Performances of the counters are summarized in Table-{3).

Four sets of TOF counters covered angles 6=15°-90<' at ty=0,

90\ Two sets of AE-E counters covered 6=105!'-155° at (f>=0 and

90° with large solid angles. The magnetic spectrometer with the

angular acceptance of AtJ=8° can be rotated from 6=15° to 100°

at JĴ ISO*. (Definitions of coordinates are shown in Fig.3.)
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Table-(3) PERFORMANCE OF THE COUNTERS

MAGNETIC AE-E COUNTER TOF COUNTER

SPECTROMETER

PARTICLE

IDENTIFICATION

MOMENTUM

RANGE(MeV/c)

MOMENTUM

RESOLUTION

(typical)

SOLID ANGLE

(msr)

COVERED

ANGLE

*,P,d,t

and a

450-2C00

7 %

12

A0=8*

rotate

15° to 100*

1C,p,d,t

and a

330-700

9 %

29 x5

105-155*

charge 1

(assumed to

be a proton)

250-1500

10 %

30

15*-90*
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out of plane

RF

Fig.3 Schematic view of the counter setup. Four sets

of time of flight counters(RF, RC, UF, and UC) covered the

angles 9=15-90° at $=0%90°. Two sets of AE-E counters(RB, and

UB) covered 6=105°-155° at 9 = 0° and 90"with large solid angles.

The magnetic spectrometer covered 8°in b at 5^=180 and could be

rotated from 15°to 100°in P. The magnetic spectrometer is

drawn in Fig.10.
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RF

Beam

I 50cm

RB

Fig. 4 Plan view of the counter setup. Two sets of TOF

counter s(RF, RC) and a AE-E counter (RB) at §>= 0° are shown.

The other TOF counters(UF, UC) and a AE-E counters(UB) were set

similary at 9=90°.
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2.3.2 AE-E COUNTERS

Particles emitted backward were detected by plastic

scintillation AE-E counter telescopes. Geometrical dimensions

are listed in Table-(4). Two sets of AE-E counters, covering

angualr range of d=105-155° were used, one at Q> =0° (RB) and

another at 9* =90° (UB) . Each AE-E counter consisted of two

AE-counters, five E-counters and one veto counter. Fig.5 shows

a plan view of the AE-E counter at 9>=0° which we call "RB".

Table-(4) DIMENSIONS OF THE AE-E COUNTERS

Counter (Horizontal)x(Vertical)x(Thickness)

(mm3)
First counter(AE) 200 x 40 x 5
Second counter(AE) 350 x 61 x 15
Third counter(E) (60 x 60) x (300) x (114 x 114)+

Solid Angle (determined by the third counters)
( msr )

RB totally 147 (each E-counter; 29.4)
UB totally 144 (each E-counter; 28.7)

~+ front surface x thickness x back surface
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Beam
Target

Fig. 5 Plan view of the AE-E counter.

a) A plastic scintillator of the first AE-counter(RBI).

b) A plastic scintillator of the second AE-counter(RB2).

c) Plastic scintillators of the E-counter(RB3).

d) A plastic scintillator of the veto counter.

e) Light guides of RB2.

f) Light guides of the E-counters and of the veto counter,

g) Phototubes and high voltage bleeders.
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The first counter (RBI) and the second counter (RB2)

recorded the energy loss (dE/dX) of a particle traversing

through them. Since RB2 had phototubes on both ends of the

plastic scintillator, RB2 gave also the hit position. The

third counter (RB3) consisted of five energy counters RB3a,

RB3b, RB3c, RB3d, RB3e and a veto counter RB3f. The veto

counter RB3f was used to reduce the background from "beam halo"

(stray beam particles). Each of these E counters covered A6=10°

and measured the energy loss of a particle in the 30 cm thick

plastic scintillator.

A typical scatter plot between AE and E is shown in Fig.6.

The AE and E are given by,

E=A(RB3) , (2.1)

AE=(A(RB2a)+(A(RB2b) )/2, (2.2)

where A(RB3) is the pulse height of one of five E-counters, and

A(RB2a) and A(RB2b) are the pulse heights of RB2 measured at

two ends. Roughly, the relation between E and AE is given by,

AE x E = const.x MZ2, (2.3)

where M is the mass, Z is the charge of the particle, and the

particle is assumed to stop in the E-counter. We can separate

clearly protons, deuterons, and pions in this plot as shown in

Fig.6.

The maximum proton momentum measured with this AE-E counter

was 700 MeV/c which was determined by the total thickness of

RBI, RB2, and RB3. A sharp bend seen in the scatter plot

corresponds to this maximum proton momentum. The minimum

proton momentum was 330 MeV/c which was determined by the

thickness of RBI and RB2.
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Fig.6 Typical scatter plot between E and AE. The

horizontal axis is the pulse height of E-counter and the

vertical axis is the pulse height of the AE-counter. Clear

separation between pion, proton, and deuteron is seen.
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The probability of the secondary reaction in the E-counter was

about 32% for 700 MeV/c proton. The detection efficiency was

not affected by the secondary reaction, whereas the pulse

height was reduced.

ENERGY CALIBRATION

For the energy calibration, we set the AE-E counter behind

a TOF counter. The velocity of a particle was measured by the

TOF counter, and dE/dX and E were measured by the AE-E counter

at the same time. Particle identification was done by the AE-H

counter and the energy was determined from the proton velocity

measured by the TOF counter. Fig.7 shows the results of this

calibration. The E m i n and E m a x written in Fig.7 indicate

the calculated minimum and maximum energies of the AE-E counter

based on the range-energy relation.

The momentum resolution as a function of the proton

momentum was determined from Fig.7. For proton momenta of 480

MeV/c and 700 MeV/c, AP/P are 9 % and 8.5 %, respectively.

EFFECTIVE SOLID ANGLE

Due to multiple scatterings of a particle in the first and

the second scintillators, the effective solid angle was

different from the geometrical one. We estimated this effect

by a Monte Carlo calculation of multiple scatterings. Fig.8

shows the effective edge of the E-counter for 290, 500, and 650

MeV/c protons, while the geometrical edge of the E-counter was

at 5°. Because the first and the second counters (RBI and RB2)

had wider solid angles than the E-counter,
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low energy protons could be kicked into the E-counter by

multiple scatterings. Therefore the effective edge of the

E-counter is larger than 5°for low energy protons. On the

other hand, high energy protons escape from the side of the

E-counter, and the effective edge is smaller than 5°. The

effective solid angle as a function of proton energy is shown

in Fig.9.

2.3.3 MAGNETIC SPECTROMETER

Particles emitted forward were detected by a magnetic

spectrometer. A more detailed description of the magnetic

spectrometer is given in Ref.23. The magnetic spectrometer

could be rotated in the plane of ^=180°.

The magnetic spectrometer consisted of the following

elements:

1) A plastic scintillation counter telescope,

2) Multi wire proportional chambers,

3) A c-magnet

Fig.10 shows the schematic view of the magnetic spectrometer.

Also Fig.11 shows the plan view. Geometrical dimensions of the

elements are listed in Table-(5).

The magnetic spectrometer measured three parameters of a

particle, namely the bending angle in the magnet(Ati), the time

of flight (T) and the ionization loss (dE/dX) in the plastic

scintillation counter.
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Fig.10 Schematic view of the magnetic spectrometer. The

magnetic spectrometer consisted of the following elements;

1) A plastic scintillation counter telescope(Gl, G2, and G3),

2) Multi-wire-proportional chambers (Plf P2, P3, P4, and P5),

3) A c-magnet.
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Fig.11 Plan view of the magnetic spectrometer.
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Table-(5) ELEMENTS OF THE SPECTROMETER

ELEMENT

C-Magnet

Gl

G2

G3

x (cm)

26

8

17

14

Wire chamber

PI

P2

P3u

P3xy

P4

P5

.67

.57

.5

.0

x (cm)

8

14

19

19

16

16

.64

.81

.60

.60

.74

.96

Center

position

z (cm)

165

38,

73,

249,

Center

position

.4

.35

.81

.0

z (cm)

41.

69.

167.

187.

213.

228.

,2

2

,4

3

4

6

Dimension of

each
x (cm)

33.0

5.08

12.7

55.9

element

y(cm)

15.2

3.81

7.62

26.7

z (cm)

61.0

0.64

0.32

0.95

No. of Wires Wire spacing

X

64

64

192

192

256

256

y

64

64

—

192

—

—

(mm)

1

2

2

2

2

2

Wire chambers, entrance and exit boundaries of the magnetic

field, and scintillators all formed a series of parallel

planes. The target is at the origin of the coordinate system,

Y is vertical, along the magnetic field: X is horizontal,

parallel to the wire planes: Z is normal to X and Y. P3u had

wires tilted by 45°with respect to X and Y.
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These parameters are given by,

AO =const.x - ^ , (2.4)

T =const.x ( yy c ) , (2.5)

72
dE/dX=const.x — - ^ , (2.6)

where z is the charge, B is the strength of the magnetic field,

P is the momentum, L is the flight path, and (v/c) is the

velocity of the particle.

From dE/dX and T, we can separate Z of the particle. The

charge z is approximately given by,

Z2 =const.x (dE/dX)/(T2) (2.7)

Fig.12 shows a typical scatter plot between T and dE/dX. As

seen in the plot, we can separate Z=l and z=2 clearly.

From T and A6, the separation of particles according to

their mass can be done. Fig.13 shows the scatter plot between

T and A6 for Z=l particles. The separation of particles was

good enough even for the highest momentum particles. The

momentum of the particle was determined by the equations,

P/Z = 21.1 x Beff/(sinei-sin6o), (2.8)

Ay=tii-0o' (2.9)

where Befg is the effective strength of the magnetic field in

units of kG, and 0^ and eQ are the incoming and outgoing

angles of the particle, respectively. B e f f was 10.18kG for

the present experiment. Orbit tracing using the measured

magnetic field map showed that, since the field was

sufficiently uniform, the above equation gives the correct

magnetic rigidity within a 2% accuracy.
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Fig.14 Spectrometer acceptance as a function of rigidity

of the particle. This acceptance was estimated by a Monte

Carlo calculation, using the three dimensional field map and

the present counter setup.
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The solid angle of the spectrometer was about 12 msr. The

acceptance of the spectrometer was estimated by a Monte Carlo

calculation, using the three dimensional field map. The result

is shown in Fig.14.

The momentum resolution of the spectrometer is dominated by

the wire spacing of the MWPC's for high energy particles and by

the multiple scattering in the plastic scintillation counters

for low energy particles. Momentum dependent resolution is

listed below.

Table-(6) MOMENTUM RESOLUTION OF THE SPECTROMETER

Momen t um

of proton

P (MeV/c)

500

750

1000

1250

Momentum

resolution

AP/P (%)

9.0

6.0

8.5

11.0

THE PLASTIC SCINTILLATION COUNTER TELESCOPE

The telescope consisted of the following three sets of

plastic scintillation counters G1,G2, and G3,

1) Gl Gl gave a start timing for the time of flight

measurement. The pulse height of Gl gave

information on dE/dX.

- 38 -



2) G2 G2 consisted of five plastic scintillation

counters, G2a,b,c,d and e. G2 gave roughly a

magnet injection angle.

3) G3 G3 gave a stop timing for the time of flight

measurement. The flight length from Gl to G3 was

210 cm and the timing resolution was 500 ps

FWHM. It consited of three scj'ntillators. The

pulse height of G3 also gave information on dE/dX.

The logic G1*G2*G3 was used for triggering purposes. The

telescope provided the following information on a particle:

1) The time of flight from Gl to G3,

2) The ionization loss in plastic scintillator.

THE MULTI WIRE PROPORTIONAL CHAMBERS

We used nine planes of multi wire proportional chambers

(MWPC) to determine the trajectory of a particle. The

definition of coordinates is given in Fig.11. Geometrical

dimensions are listed in Table-(5).

The function of the MWPC's was not only to measure the

bending angle but also to determine the source position of a

particle to reduce the background. The nine planes of MWPC

were used for the following purposes:

Plx and P2x determined the incoming angle, 0..

P3x, P4 and P5 determined the outgoing angle, d

Ply and P2y determined the vertical position of the

source.

P3u had wires tilted by 45 from those of P3x

and P3y and was used to separate

multi-tracks.
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In order to separate multi-particles and to reduce the

background, the consitency between the MWPC data was checked

each event. We used five criteria:

1) The trajectory determined by Plx and P2x must cross the

target center within the horizontal limits of +2.0 cm.

2) The trajectory determined by Ply, P2y, and P3y must

cross the target center within the vertical limits of

±2.5 cm.

3) The coordinate determined by the P3u must agree within

limits of ±2.0 cm with that expected from the P3x and

P3y.

4) The hit patterns determined from P3x,P4 and P5 must be

on a straight line.

5) Two horizontal trajectories, one determined from Plx and

P2x (before the magnet) and the other determined from

P3x, P4 and P5 (after the magnet), must meet at the

center of the magnet within limits of ±1.5 cm.

Events which satisfied all the criteria were identified to be

true events.

The total efficiency of the spectrometer was 74 %, since

the efficiency of MWPC's was typically 79 % and the tracking

efficiency was 74 %. Here, the 79 % efficiency of MWPC's,

efficiency of nine planes of MWPC to fire for a traversing

particle, corresponds to 97 % efficiency of each plane of MWPC.
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2.3.4 TIME OF FLIGHT COUNTERS-

Particles emitted forward were also detected by time of

flight (TOF) counter telescopes. Geometrical dimensions are

listed in Table-(7). We used four sets of TOF counters, namely

RF, RC, UF, and UC. RF covered 6=15-45° at ^=0°, RC covered

e=45°-9G°at 9=0°, UF covered 0=15-45° at 9=90°, UC covered

0=45*-90° at 9=90°. Each TOE' counter consisted of three plastic

scintillation counters. Geometrical counter settings of the

TOF counters are shown in Figs.3 and 4. Fig.15 shows the

schematic view of RC.

Table-(7) DIMENSIONS OF THE TOF COUNTER

Counter (Hor izontal)x (Vertical)x(Thickness)

First counter
Second counter
Third counter

150 x 30 x 3
250 x 36 x 3
1300 x 100 x 15

( mm3 )

Solid

RF and
RC and

Angle

UF
UC

(determined

2.5
6.1

by the third counter)

( msr )
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Fig.15 Schematic view of the RC counter. The TOF

counter consisted of three plastic scintillation counters.
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The first (RC1) and the second(RC2) counter gave timings

T(RC1) and T(RC2). The third counter(RC3) had phototubes on

both ends, and these phototubes gave T(RC3a) and T(RC3b). The

following three pieces of information were recorded. First,

the time of flight was determined by,

T0F1 = (T(RC3a)+T(RC3b))/2 - T{RC1), (2.10)

TOF2 = (T(RC3a)+T(RC3b))/2 - T(RC2), (2.11)

(AVERAGE T0F)=((TOF1)+(TOF2))/2, (2.12)

where consistency between TOFl and TOF2 was checked. This

check rejected events from accidental coincidences. Second,

the hit position in the third counter was determined by,

POSITION = T(RC3a) - T(RC3b). (2.13)

Third, charge of a particle was determined from a scatter plot

between the ionization loss (A(RC1)+A(RC2)) and the average

TOF. Particles with charge z=l were selected. This selection

also rejected the events in which more than one particle hitted

the counter. The momentum of the particle was calculated from

the time of flight assuming that all the Z=l particles are

protons. This assumption is largely justified since the cross

section for protons is much larger than those for other Z=l

particles, such as pions and deuterons.

CALIBRATION OF TIMING

For the zero point calibration of TOF, we moved physically

the first counter onto the third counter. This measurement

gave a time resolution of 500ps FWHM. An independent method

was to use the p-p elastic scattering. Protons from the CH_

target, produced by the 800 MeV proton beam, gave a clear peak
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in the TOF spectrum due to p-p elastic scatterings. Since we

know the beam energy and the ionization less in the target, we

can calculate the momentum of protons from the p-p elastic

scatterings within a percent. Typical TOF spectrum is shown in

Fig.16. We see a narrow peak due to p-p elastic scatterings

and a broad peak due to p-p quasi-elastic scatterings of

protons from p+C reactions. The width of this sharp peak, 500

ps (FWHM) , corresponds to the resolution of the measurement.

Because of the geometry, the TOF counter provided a longer

flight path at smaller angles. Therefore we obtained better

momentum resolution at smaller angles. The flight length was

2.2m at 15° and 1.3m at 90°. From these tests, we obtained the

momentum resolution to be 12 % at 20° and 17 % at 60° for 1000

MeV/c protons. The momentum resolution is shown in Fig.17 as a

function of the emission angle.

In order to monitor the drift of timing due to a gain shift

of phototubes and a fluctuation of the discriminator threshhold

levels, the light signal from a light emitting diode pulser was

transported through a optical fiber to each phototube of TOF

counters. The signal from the light pulser was recorded every

100 ms during the experiment. No shift of timing larger than

the resolution of the TOF was observed.

Fig.18 shows an example of inclusive momentum spectra,

measured by the time of flight counters. The corresponding

spectrum measured by the magnetic spectrometer is also shown in

Fig.18. These two spectra are in good agreement except at very

high momentum where the TOF resolution is poor and the pion

contribution is not negligible.
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Fig.16 Time of flight spectrum in 800 MeV p+CH

collision. A narrow peak (a) corresponds to the p-p elastic

scattering and broad peak (b) at the foot of the narrow peak

corresponds to the p-p quasi-elastic scattering from p+C

collision.
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Fig.18 Invariant cross sections measured by the TOF

counter at 9=60° in p+C collision at a beam energy of 800 MeV.

For comparison, we plotted the cross section measured by the

magnetic spectrometer with the same conditions. These two

spectra show good agreement except at high momentum end.
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CALIBRATION OF POSITION MEASUREMENT

We determined the emission angle of a particle from the hit

position in the third counter. The calibration of the position

was done by setting a small counter (5cm x 5cm) in front of the

third counter. Results are shown in Fig.19. The horizontal

axis is the timing difference between RC3a and RC3b:

T(RC3a)-T(RC3b). We set the small counter at five different

positions and coincidence events were accumulated. Three peaks

from three different positions of the small counter shown in

Fig.19 are separated with a 5.0 nsec time interval, which

corresponds to a 30 cm positional difference. The width of

each peak is determined by the size of the small counter and

the time resolution of coincidence. The corresponding

positional resolution was 2.4cm, i.e. the angular resolution of

1.1° (FWHM) at 0=90°.

EFFECTIVE SOLID ANGLE

Due to multiple scatterings of a particle in the first and

second plastic scintillators, particles which passed through

both the first and second counters may not hit the third

counter. We estimated the effective solid angle of each

counter telescope by a Monte Carlo calculation of multiple

scattering using the present counter geometry. Results of the

calculation are shown in Fig.20. The efficiency of TOF counter

dropped down to 90 % at 1.0°from the edge of the third

scintillator for 250 MeV/c protons. Therefore we have not used

the region within 2°from both edges of the third counter.
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Fig.19 Position calibration of the TOF counter. The
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T(RC3a)-T(RC3b). Data are taken at three positions of a small
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Fig.21 The circuit diagram of trigger system. We used

seven sets of counters, four TOF counters (RF,RC,UF,UC) and two

AE-E counters (RB,UB), and one magnetic spectrometer (SPE).

Triggers for each counter telescope were generated using a

three fold coincidence circuit. We used two types of event

triggers, INCL and COIN. The INCL is the event trigger for the

inclusive measurement and COIN for the coincidence measurement.
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2.4 ELECTRONICS AND DATA ACQUISITION SYSTEM

2.4.1 TRIGGER SYSTEM

The circuit diagram of the trigger system is shown in

Fig.21. This circuit identifies the counter through which

particles traversed and generates the event-trigger signal for

the data acquisition system to read the actual data in.

Triggers for each counter telescope were generated using a

three fold coincidence circuit. Pulse widths of discriminator

outputs were adjusted typically to 6 ns for the first counters,

10 ns for the second, and 40 ns for the third, for example, for

RBI, RB2 and RB3 for the AE-E counter, for Gl, G2 and G3 for

the magnetic spectrometer, and for RF1, RF2 and RF3 for the TOF

counter.

We used two types of event triggers,

INCL = RF + RC + UF + UC + RB + UB + SPE, and (2.14)

COIN = SPE * ( RF + RC + UF + UC + RB + UB ) , (2.15)

where "*" means logical AND and "+" means logical OR and the

INCL is the event trigger for the inclusive measurement and the

COIN for the two-particle coincidence measurement. The pulse

width of each counter trigger was 25 nsec, which was fed to the

coincidence circuit of the event trigger.

Typical event rates per beam-pulse for each counter were

RF and UF 18.0 k events,

RC and UC 9.6 k,

RB and UB 6.0 k, and

SPE 3.0 k.
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And the coincidence rates were

SPE * RB 22 events, and

SPE * UB 11 events,

when the spectrometer was at 6=40 and the target was KC1. The

average beam intensity was 2.9xlO8 particles/pulse and the

target thickness was 3.1xlO22 particles/cm2.

We monitored the accidental coincidence rate in RF, RC and

SPE by counting the delayed coincidences between the timing

signals of the third counter and the prompt coincidences of the

first and the second counters. The accidental rates for RF,

RC, and SPE were 2.3 k, 0.4 k, and 70 events, respectively.

These accidental coincidences were caused mainly due to the

difference in solid angles among the scintillation counters of

each telescope. Even though these accidental coincidences were

accepted, most of these events were rejected at the stage of

consistency checks in the off-line analysis. The fraction of

accidental coincidences of SPE*RB was estimated from the

coincidence resolving time and the microscopic duty factor of

the beam to be less than 10 %. The duty factor of the beam was

calculated from the single rates of the scintillation counters

and the accidental rates.
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2.4.2 ON-LINE DATA ACQUISITION SYSTEM

We developed a data acquisition system for fast data taking

and for monitoring the counters. In order to monitor each

counter, we displayed graphically histograms and/or scatter

plots for any ADC, TDC, wire chamber hit pattern or bonding

angle distribution. We also monitored the contents of sealers.

For the fast data taking, we used an MBD-11 (micro branch

driver) which was connected to a PDP-11/20 computer. All the

information on ADC's, TDC's and sealers was recorded through

three CAMAC crates connected to the MBD-11.

Data taking was undertaken in the following way. When the

PDP-11 accepted the timing signal of "beam on" from the

Bevatron, the PDP-11 set the MBD-11 to active state and then

MBD-11 waited for the arrival of an event-trigger signal. With

a reception of an event-trigger signal from the trigger system,

the MBD-11 started to read the registers, ADC's and TDC's in

the CAMAC crates and transferred the data onto the memory of

the PDP-11. Independent of the MBD-11, the PDP-11 transferred

the data written by the MBD-11 onto a disk. The "beam off"

signal from the Bevatron caused the PDP-11 to disable the data

taking through the MBD-11. After this the PDP-11 read sealers

and recorded all the data onto a magnetic tape. On-line data

analysis was performed during the "beam off" period. For

example, histograms were displayed on a storage scope.
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In order to increase the event rate, it was effective to

reduce the data length, because the event rate was limited

mainly by the transfer speed from the memory to the disk and

from the disk to the magnetic tape. Since only two or three

counters fired usually in the coincidence trigger, it is

inefficient to read the data of all counters for every event.

The following method was adopted. The MBD-11 identified the

fired counters from the hit pattern of the coincidence register

and read only the data of counter which actually fired. The

data thus selected were transferred to the PDP-11 along with

the identification code of the fired counters. By this method,

we could improve the data taking speed by a factor of about 2.5.

2.4.3 OFF-LINE DATA ANALYSIS

Off-line data analysis was done by a VAX-11 of the

HISS-group at the Bevalac and by a FACOM M180-II-AD at the

Institute for Nuclear Study, University of Tokyo.

The data on the magnetic tapes were analyzed event by

event. Since analysis of the raw data requires a large amount

of CPU time and memory space of the computer, we separated the

off-line analysis into the following two steps:

1) RAW DATA ANALYSIS

1. Read the data from the magnetic tape.

2. Calculate the momentum and the emission angle of

each particle.
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AE-E counter -check the consistency of data.

-select protons.

-calculate the momentum of proton.

TOF counter -check the consistency of data.

-select particles of 2=1.

-calculate momentum and emission

angle.

Spectrometer -determine the trajectory.

-identify the charge of the

particle.

-identify the mass of particle.

-calculate the momentum.

(For details, see the explanation of each counter.)

3. Fill up histograms and scatter plots for events of

interest.

4. Save these histgrams and scatter plots on a disk or

on a magnetic tape.

2) EVALUATION OF CROSS SECTIONS, E Q v ETC,

1. Read scatter plots and histograms from the magnetic

tape or the disk.

2. Evaluate cross sections (a) or excitation energy of

residual nucleus (Egx) from the scatter plots or the

histograms. (See 3.2.2 for the formula of Eex.)

After generating the intermediate files of scatter plots

and histograms, it was quite easy and fast to make cuts in the

scatter plots or to fit the spectrum with functions. We used

the graphic program library of "HBOOK"24) developed at CERN.
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3. RESULTS

3.1 INCLUSIVE SPECTRA OF BACKWARD PROTONS

Fig.22 shows examples of single proton inclusive momentum

spectra in p+KCl and p+Pb collisions at a beam energy of 800

MeV. Protons from KC1 and Pb show similar "exponential type"

momentum spectra. Error bars in the figure show statistical

errors only. The systematic error was estimated to be less

than 20%. The spectra can be parameterized by,

d2a/dPdfi = CQ exp(-P/PQ), (3.1)

where the slope parameters PQ are,

PQ = 87+2 MeV/c for KC1, and (3.2)

PQ = 85±2 MeV/c for Pb. (3.3)

In Fig.23 the momentum integrated cross sections, da(8)/d&,

are plotted as a function of the emission angle. Integration

was done over the momentum range from 350 MeV/c to 700 MeV/c.

This corresponds to the momentum range measured by the AE-E

counter. Each datum point covers ±5°in 6. Again, protons from

KC1 and Pb show a similar behavior. In Fig.24 da(6)/dft at

9=118 is plotted as a function of the target mass number A.

The da(118°)/dfi is parameterized by,

da(118°)/dfi = 0.19 A 1'° (mb/Sr). (3.4)

This mass dependence A * is not only stronger than the mass

dependence of forward proton production (about A ' ) ' but

still stronger than that of the total reaction cross sections

(about A 2 / 3 ) .
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3.2 BACKWARD PROTONS IN COINCIDENCE WITH FORWARD PROTONS

In coincidence with backward protons, other protons of

4 50-2000 MeV/c were detected at 6^15°, 20°, 30°, 40°, 55°, 70*,

9 0* and 100°at 9*i =180° with the magnetic spectrometer

(SPE). Here, the backward protons of 330-700 MeV/c were

detected at 62=118*±15* at 9»2 =0°(RB) and 90° (UB) by the AE-E

counters. The following event triggers were used.

IPC = SPE * RB (jin-glane coincidence) (3.5)

OPC = SPE * UB (out-of-plane coincidence) (3.6)

where * indicates the coincidence of two counters.

3.2.1 MOMENTUM-MOMENTUM CORRELATIONS

Figs. 25a and 25b show momemtum-momentum scatter plots

for in-plane and out-of-plane two-proton events at 6,=15* and

&2=118. The area of the circle in the figure is roughly

proportional to the number of events accumulated for

AP1 x AP2 =60 MeV/c x 20 MeV/c bin. For comparison.

Fig. 26 shows the in-plane correlation of two protons at 6-i=15*

and Q-^S, where a prominent peak is seen, corresponding to

the p-p quasi-elastic scattering process.

The solid line in Fig.25a shows the kinematical locus of

p-p quasi-elastic scattering. We assumed 30 MeV binding energy

for a proton inside the target nucleus. Numbers beside the

line indicate the Fermi momentum of target proton. We see a

ridge along the line.
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Protons observed along this line in Fig. 25a originate mainly

from high-momentum tails (P,, > 300 MeV/c) in the Fermi
r

motion. On the other hand, protons from Pp-0 are observed in

p-p coincidences at different angles, such as 8,=15°and

62=70, as seen from the peak of Fig.26.

The dashed line in Fig.25a shows the kinematical locus of

p-d quasi-elastic scattering followed by the deuteron breakup

into proton and neutron with zero relative momentum. We

assumed 80 MeV binding energy by which the deuteron is bound to

the nucleus. Numbers beside the line indicate the Fermi

momentum of deuteron in the nucleus.

On the other hand, the dotted curve in Fig.25a shows the

kinematical locus of deuteron breakup for zero Fermi momentum

of the deuteron, but with finite relative momentum between

proton and neutron. The crossing point between the dashed and

dotted lines indicates the kinematical point where the deuteron

with zero Fermi momentum breaks up to a proton and a neutron

with zero relative momentum. This kinematical point is seen

because the present counter setting covered the kinematic

region of p-d elastic scattering.

3.2.2 EXCITATION ENERGY OF RESIDUAL NUCLEUS

The excitation energy (E ) of the residual nuclear
6 X

system, which contains (A-l) nucleons and possibly pions, can

be a parameter which may help the classification of the

reaction mechanism. For example, events from p-p quasi-elastic

scattering, which distribute along the kinematical locus

indicated as the solid line in Fig.25a, would carry nearly zero
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Fig.25 Momentum-momentum scatter plots of two-proton

events for in-plane coincidence (a) and for out-of-plane

coincidence (b)• The horizontal axis shows the momentum of the

forward proton (S^IS*) and the vertical axis shows the

momentum of the backward proton (82=llff) . The solid line

shows the kinematical locus of p-p quasi-elastic scattering.

The dashed line shows the kinematical locus of p-d quasi-

elastic scattering followed by the deuteron breakup into proton

and neutron with zero relative momentum. The dotted curve

shows the kinematical locus of deuteron breakup for zero Fermi

momentum of the deuteron, but with finite relative momentum

between proton and neutron. See the text for further

explanation of kinematical loci. The area of the circle in the

figure is roughly proportional to the number of events as shown

on the right side.

- 63 -



o
o

O

> o
0 O

a.
o
o h
co

1 1 1 1 1 r~

p + K C I - 2p +

800 MeV

X

500 1000
Pi ( MeV/c)

1500

Fig.26 Momentum-momentum contour map of two-proton

events. The horizontal axis shows the momentum of the proton

at 6^=15°and the vertical axis shows the momentum of the

proton at 62=75°. Numbers beside curves indicate number of

events, which are normalized to a momentum bin of 60 x 20

(MeV/c)2.

- 64 -



excitation energy. The advantage of this method is that the

p-p quasi-elastic scattering events give E *0, being
ex

independent of the Fermi motion of the struck nucleon inside

the target nucleus. When we describe the reaction as,

P b + A = p x + p 2 + (A-l), (3.7)

p^ is the incident proton, p, and p- are the detected

protons, A is the target nucleus with target mass of A, and

(A-l) is the residual nucleus. The (A-l) does not necessarily

mean the ground state of the nucleus. The excitation energy

(Eex) of the residual nuclues is defined by,
E e x = < E A - 1 - P A - 1 > - E G . S . Of A - l < 3 ' 8 >

w h e r e E A _^ a n d P » ^ a r e g i v e n b y ,

EA-I = v + EA - E
Pr

Ep,' a n d (3-9)
PA-1 " Pp b

 P
P l

 P P 2 '

where E. is the total energy and P. the three dimensional

momentum of the particle i=b, 1, 2, A-l, or A. (3.10)

Event numbers as a function of E are plotted in

Fig.27. Solid circles in this figure represent the in-plane

coincidence events and open circles represent the out-of-plane

coincidence events.

The difference between IPC (i_n-p_lane coincidence) and OPC

(out-of-£lane coincidence) is clearly seen in Fig.27. OPC

increases monotonically with E , but IPC shows a peak near

E =0 which corresponds to the p-p quasi-elastic scattering

events by its definition. Because p-p quasi-elastic

scatterings induce two-proton emission in the same plane, it is

reasonable that the yield at E -0 is much higher for IPC

than for OPC. The other important feature here is the fact

that IPC is still higher than OPC by a factor of two even in
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the region of E =200-400 MeV. If the excitation energy

would be shared by many nucleons, the asymmetry would be

small. Thus the observed fact suggests that the remaining

energy is most likely shared by a few nucleons.

3.2.3 CLASSIFICATION

We classified the coincidence events into three categories

by their E g x:

1) "p-p QES" IPC events with their E less than

100 MeV,

2) "p-p non-QES" IPC events with their V more than
GX

100 MeV,

3) "p-p out-of-plane" OPC events.

Pig.28 shows the backward proton spectra for these three

components. Solid squares show the cross sections for "p-p

QES". The line drawn in the figure is the fit to the data by,

d3a/dfi1dfl2dP2=C0 exp(-P2/P0), (3.11)

where PQ is 55±3 MeV/c. The solid circles in Fig.28 show the

cross sections of protons classified as "p-p non-QES". The

slope of the spectrum is less steeper than that of "p-p QES";

PQ is 98±5 MeV/c in this case. In addition, PQ of "p-p

non-QES" is close to that of the inclusive spectrum. This fact

suggests a close relationship of these two spectra. The

triangles in Fig.28 show the cross sections of protons

classified as "p-p out-of-plane". The PQ of "p-p

out-of-plane" events is 71±3 MeV/c, and slightly smaller than

PQ for inclusive spectra.
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An obvious conclusion here is that the momentum spectrum of

"p-p QES" falls off much faster than the inclusive spectrum,

and therefore, "p-p QES" does not contribute to the inclusive

spectrum as a main component at high momentum.

3.2.4 TARGET MASS DEPENDENCE

The target mass dependence of each component was also

studied. In Fig.29 cross sections integrated over the momentum

of backward proton from 350 MeV/c to 700 MeV/c

r 2

(\(d a/dft1dft2dP2)dP2 ) are plotted as a function of

the target mass . Each component shows a different target mass

dependence. A weak mass dependence (A ) observed in "p-p

QES" is roughly consistent with the idea that quasi-elastic

scatterings occur at the surface of the nucleus. Stronger mass

dependences are observed in "p-p non-QES" (A0*60) and in "p-p

out-of-plane" (A " ). The component of "p-p out-of-plane"

increases most rapidly with target mass. The strong mass

dependences indicate that these components involve multi

particles in their production mechanism. 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 collision.

3.2.5 ANGULAR DISTRIBUTIONS

Angular distributions of individual components are plotted

in Fig.30. While "p-p QES" falls off
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rapidly with the emission angle of the forward proton, "p-p

non-QES" and "p-p out-of-plane" falls off slowly. One

interesting feature of the data is that ratios of "p-p non-QES"

to "p-p out-of-plane" are nearly constant over the wide angular

range. Another interesting feature is that slope factors of

"p-p non-QES" and "p-p out-of-plane" are roughly constant

within statistical errors over the angular range from 15*to

70s. Momentum spectra at 6=90° and 100° are statistically too

poor to be fitted with the fuction, exp(-P/PQ).

3.2.6 COMPARISON WITH PWIA-MODEL

We made a simple comparison of the "p-p QES" data to the

p_lane-wave-i_mpulse approximation (PWIA) calculations. Because

the counter system of the present experiment did not have

enough momentum resolution to separate the states of residual

nuclei, the component of "p-p QES" included the contribution

from various states of struck protons. By this reason the

effective Fermi momentum distribution had to be used instead of

the momentum distribution obtained by the shell model wave

functions. We assumed the Fermi momentum distribution to be a

Gaussian,

F(P) = const.x exp( -P2/2a^), (3.12)

where cr is 108.2 MeV/c, which corresponds to the 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 by Knoll and Randrup ' to explain the

p+nucleus data. To check the validity of the distribution,
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the quasi-elastic scattering peak observed in the inclusive

spectrum at (̂ =15° was fitted. The calculated and the

experimental spectra agree well. Using the same distribution,

we calculated the momentum spectrum of backward protons in

coincidence with forward protons as well as the inclusive

spectrum.

The results are shown in Fig.31a and 31b. The calculated

momentum spectrum of backward protons in coincidence with

forward protons at 6=15*±4° (Fig. 31b) agrees well with the

spectrum of "p-p QES" with suitable normalization. The slope

factor of the spectrum by PWIA was about 50 MeV/c, while that

of "p-p QES" was 55±3 MeV/c. This fact indicates that "p-p

QES" is produced by the same production mechanism as that of

quasi-elastic peak observed at forward angles.

Although we have only a few points of data , the angular

distribution of "p-p QES" is also reproduced well by this

model. The dotted line in Fig.30 shows the result of the PWIA

calculation.

On the other hand, the inclusive spectrum calculated by the

PWIA-model is much steeper than that of the experimetal data

(Fig.31a). As stated by Amado et. al. ', the usual Fermi

momentum distribution does not reproduce the inclusive spectrum

of backward proton. The reason of disagreement of the PWIA

calculations with the observed inclusive spectrum is obvious

now in the present coincidence data. As seen in Fig.30 the

components, "p-p non-QESH and "p-p out-of-plane", give more

contributions to the BEP production than the "p-p QES"

component. In other words, the inclusive spectrum arises more

from these components than from the "p-p QES" component.
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3.3 BACKWARD PROTONS IN COINCIDENCE WITH FORWARD DEUTERONS

Deuterons were detected also in coincidence with backward

protons. Here, deuterons of 450-1900 MeV/c were detected at

02 = 15°, 20°, 30°, 40°, 55°, 70°, 90°, and 100°, at gp^lSO0 by the

magnetic spectrometer (SPE). The backward protons were

detected at tf2
=118<> a t 9>2=0° (RB> a n d 90° <UB) bV t h e AE~E

counters. The following event triggers were used.

IPC = SPE * SB, and (3.13)

OPC = SPE * UB, (3.14)

where * indicates the coincidence.

3.3.1 MOMENTUM-MOMENTUM CORRELATIONS

Figs.32a and 32b show in-plane and out-of-plane momentum-

momentum scatter plots, respectively, between the forward

deuteron (tfd=l5°) and the backward proton (0̂ =118*) in

collisions of p+KCl at a beam energy of 800 MeV. We see

clearly a peak near the kinematics of the p-d guasi-elastic

scattering, shown by "+H in Fig. 32a. To study this peak more

in detail, we made projections of the scatter plot. Fig.33a

and 32b show the proton and the deuteron spectra around this

peak region. The peak positions are shifted to the lower

momentum than the momentum expected by the p-d elastic

scattering, indicated by arrows in Fig.33.
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predicted for the p-d elastic scattering are indicated by the
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These shifts are due to the fact that the deuteron is bound to

the nucleus.

Both the momentum spectra and the peak positions were

fitted by the PWIA calculation of the p-d quasi-elastic

scattering using an effective Fermi momentum distribution of

deuteron in the target,

F(p) = CQ exp{-P^j/2aij), (3.15)

Here od and the binding energy E, by which the deuteron is

bound to the nucleus are the fitting parameters. We obtained

ad = 90±15 MeV/c, and (3.16)

E d = 80±20 MeV. (3.17)

The momentum spectra, corresponding to F(p) with these values

of a^ and E-,, are shown by dashed curves in Fig.33. While

the backward proton spectrum reflects the shape of F(p), the

width of the forward deuteron spectrum is mainly determined by

the counter resolution and the discrepancy between the observed

and calculated spectra of the deuteron is consistent with the

momentum resolution of the magnetic spectrometer.

3.3.2 CLASSIFICATION

We can separate the coincidence events into three types of

reactions similar to p-p events:

1) "p-d QES" IPC events with their E g x less than

100 MeV,

2) "p-d non-QES" IPC events with their E more than

100 MeV,

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

The E for p-d events are shown in Fig.34. A clear peak
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corresponding to "p-d QES" is seen in Fig.34. Fig.35 shows the

momentum spectra of the backward proton of these components.

The cross sections of protons classified as "p-d QES" show a

peak structure as already discussed. The "p-d non-QES"

spectrum shows an exponential shape with a slope factor PQ of

94±8 MeV/c. The slope factor of "p-d out-of-plane" is 73±7

MeV/c.

3.3.3 TARGET MASS DEPENDENCES

The target mass dependence of each p-d component was also

studied. The cross sections integrated over the momentum from

350 MeV/c to 700 MeV/c (J(d2a/dfi1d£J2dP2) dP2 ) are

plotted as a function of the target mass in Fig.36. Each

component of the backward protons shows a different target mass

dependence. As in the case of proton-proton events, the

components of "p-d out-of-plane" and "p-d non-QES" increase

rapidly with target mass and the "p-d QES" shows a weak

dependence. A detailed comparison of the target mass

dependence between p-p and p-d events will be discussed in 4.3.

3.3.4 ANGULAR DISTRIBUTIONS

The angular distributions of the different components are

shown in Fig.37. While "p-d QES" falls off rapidly with the

emission angle, "p-d non-QES" and "p-d out-of-plane" fall off

slowly. Similarly to the case of proton-proton events, the

ratio of "p-d non-QES" to "p-d out-of-plane" is nearly

independent of the angle.
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Fig.36 Target mass dependences of proton-deuteron

coincidence cross section for the different components at the

angles 6d=i;f and 0p=118°. Error bars in the figure show

statistical errors only. The systematic error is estimated to

be less than 20 %.
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triangles show "p-d QES", "p-d non-QES", and "p-d

out-of-plane", respectively. Error bars in the figure show

statistical errors only. The systematic error is estimated to

be less than 20 %.
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4. DISCUSSIONS

4.1 RELATIVE CONTRIBUTION OF EACH COMPONENT

In this section, the reaction mechanism for the production

of backward protons is discussed. As we have shown in the

previous sections, we can distinguish the various types of the

reaction by detecting the associated particles.

In order to estimate the relative contribution of each type

of the reaction to the inclusive spectrum, we integrated the

two-particle coincidence cross sections over G, (See Fig.3

for definitions) in collisions of p+KCl. Here, the integration

along 9* is left over as an unknown value, since we have no

information on £P-distribution of two particle coincidence

cross sections. The emission angle of the backward proton is

fixed at 02=118°. For integration from 0=0* to 180°, the cross

sections were extrapolated at small angles (from 6=0°to 15) and

at large angles (from 6=100° to 180°) , since angular range of the

present experiment is from 15° to 100°. The error due tu the

extrapolation is less than 20 %.

The integrated cross section, a , can be written as,

(4.1)

(4.2)

2
where d a/dfindft- is assumed to be expressed as,

) . (4.3)
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The cross section of each component integrated over 6, in

collisions of 800 MeV p+KCl is listed in Table-(8). Errors of

the cross sections are about 30 % for absolute value. Relative

errors are considered to be less than 20 %. It is clear that

contributions from "p-p non-QES" and "p-p out-of-plane" are the

largest.

The slope factors of the backward proton momentum spectra

for different components are compared in Table-(9).

The component of "p-p QES" shows a steeper momentum spectrum

than that of the inclusive spectrum and, also, the forward

proton angular distribution(the ©..-distribution) falls off

more rapidly than the other components. Therefore, the

component of "p-p QES" does not contribute significantly to the

production of BEP. This conclusion is also supported by PWIA

calculations.

The cross section of "p-d QES" is almost as large as the

sum of "p-d non-QES" and "p-d out-of-plane", and is about 16 %

of the total coincidences at angles 6,=15°and 8 =118°in

collisions of p+C. With regard to the momentum spectra, the

high momentum side of the backward proton of "p-d QES" gives

about the same slope factor as that of the inclusive spectrum.

Therefore, "p-d QES" may contribute significantly to BEP

production for light target nuclei, while cross sections of

"p-d QES" are relatively small for heavy target nuclei. A weak

target mass dependence of "p-d QES" may be due to the fact that

a deuteron produced through "p-d QES" is rescattered to break

up in heavier-mass target into a proton and a neutron.

This point will be discussed in 4.4.
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Table-(8) CROSS SECTIONS INTEGRATED OVER

( 800 MeV p+KCl )

Type of reaction JP(61)sine1de1
 +

(mb/rad sr)

p-p

p-p

p-p

p-d

p-d

p-d

QES

non-QES

out-of-plane

QES

non-QES

out-of-plane

• 0.

0.

0.

0.

0.

0.

05

80

47

03

16

11

J F(61)sin81de1

Table-(9) SLOPE FACTORS OF BACKWARD PROTON SPECTRA*1

(

Target =

inclusive

p-p

P-P

P-P
p-d

p-d

p-d

QES

non-QES

out-of-plane

QES

non-QES

out-of-plane

800 MeV p+A

C

88

56

85

72

P0

± 1

+ 4

+ 5

± 5

KC1 -

in MeV/c

87 ±

55 ±

98 ±

71 ±

2

3

5

3

Pb

85

56

92

80

(non-exponential shape)

._*2 94 ±

73 ±

8

7

84

77

±

±

±

±

±

2

4

4

4

9

8

*1 Coincidence events between a backward proton at

8=118° and a forward particle (p or d) at 6=15°.

*2 Present statistics are too small to be fitted.

Backward proton spectra are fitted by,

da/dPdft = A exp(-P/P0).
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The slope of the "p-p non-QES" and "p-p out-of-plane"

spectra is less steeper than that of "p-p QES". The value of

PQ of "p-p non-QES" are close to that of the inclusive

spectrum. This fact suggest that "p-p non-QES" contribute

significantly to the production of BEP. Reaction mechanisms of

these components will be discussed in 4.4.

4.2 ASSOCIATED MULTIPLICITY

Next, we discuss associated multiplicities. The associated

multiplicity <m> is defined by,

m> da/da2 (incl) , (4.4)

where J^ refers backward protons and Q^ refers associated

particles. In other words, <m> is the average number of

particles associated with the backward proton.

Now, we have to integrate two-particle coincidence cross

sections over <jp̂  as well as ti^. We need some assumption

about ̂ "distribution of two-particle coincidence cross

sections. We have two data points on {^-distribution,

one at Jp=90*as OPC events and the

other at <p=180°as IPC events. We then

assume the ^-distribution to be linear

in cos^P to a first order approximation,

G(<p) = CQ + c^osy. (4.5)

This assumption is equivalent to that

we take the cross section of out-of-

plane coincidence cross section as an

IPC
OPC

average

90° 180"
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average of two-partcle coincidence cross sections. Integrated

cross sections are then given as,

Oj of proton-proton coincidence ; 2.95 mb/Sr,

aj of proton-neutron coincidence ; 2.95 mb/Sr, and

Oj of proton-deuteron coincidence ; 1.01 mb/Sr.

Here, we assumed that the proton-neutron coincidence cross

sections are same as those for proton-proton. We thus obtain

about 6.9 mb/sr of the integrated cross section for p-p, p-n,

and p-d coincidences, which is to be compared with the

inclusive cross section, 6.2 mb/sr. Therefore, the associated

particle multiplicity <m> is found to be about 1.1. In other

words, BEP are accompanied by 1.1 (average number) of nucleons

or deuterons with momenta larger than 500 MeV/c. (This 500

MeV/c is the lower momentum limit of the spectrometer in the

present experiment.) This fact suggests that BEP are produced

in reactions with relatively small number of nucleons. If BEP

are produced through multiple scatterings with many nucleons,

many low energy particles would be emitted, and thus, less fast

particles would be observed in the forward hemisphere.

4.3 PROPERTY OF CORRELATED CLUSTERS

As described in 3.3.2 , most of the events classified as

"p-d QES" are observed at around the kinematic region of p-d

elastic scattering. Namely, the backward proton and the

forward deuteron carry the whole incident energy.

Therefore, in the process of "p-d QES", only three nucleons
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(the incident proton, the target proton, and the target

neutron) participate in the reaction, while a residual nucleus

carries only the recoil of the Fermi motion. (Hereafter, we

call the target proton and the target neutron as a quasi-

deuteron.)

As far as the kinematics is concerned, the following four

processes, involving three nucleons, are the possible

mechanisms to cause proton-deuteron correlation classified as

"p-d QES" events.

(1) Double scatterings of an incident proton with target

nucleons, followed by a coalescence of the scattered

proton and neutron in forward.

(2) A proton-proton quasi-elastic scattering followed by a

neutron pick-up reaction.

(3) A back scattering of an incident proton with a

quasi-deuteron cluster inside the target.

(4) A single scattering of an incident proton with a

momentum correlated two-nucleon cluster.

These four processes are illustrated in Fig.38. Before

selecting out a process from these (l)-(4), we examine the

momentum spectra of "p-d QES" in details.

When the target proton and neutron, which participate in

and Pn,the reaction, have momenta P and Pn, respectively, the

average momentum of the quasi-deuteron <P +p > can be

written as,

Here, ̂ <(Pp+Pn) \ corresponds to ad, which is obtained

from the observed momentum spectrum of "p-d QES" (See 3.3.1) .
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(2)

P
o-

Fig.38 Possible mechanisms to cause proton-deuteron

correlation classified as "p-d QES" events.

(1) Double scatterings of an incident proton with target

nucleons, followed by a coalescence of the scattered

proton and neutron in forward.

(2) A proton-proton quasi-elastic scattering followed by a

neutron pick-up reaction.

(3) A back scattering of an incident proton with a

quasi-deuteron cluster inside the target.

(4) A single scattering of an incident proton with a

momentum correlated two-nucleon cluster.
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If p and p were uncorrelated, the average of internal

vector product, ^^n'^n* ' wou^-^ ^e zero. Therefore,

<(?p+P^)
2> = 2<P^> (uncorrelated) , (4.7)

where we assume Fermi momentum distributions for proton and for

neutron are the same. Thus, in this case, we have,

a^ = /fT a (uncorrelated). (4.8)

However, our data shows that

a^ ~s a (our data), (4.9)

where a is obtained from "p-p QES" as discussed in 3.2.6.

This fact suggests that P* and P^ are correlated and are

anti-parallel, because p*. p n must be negative to satisfy

the above relation. When we consider the reaction mechanism,

it is important that momenta of these two nucleons are

correlated and are anti-parallel although it is not clear in

this stage whether these two nucleons are clustered or not.

Now, let us examine processes (l)-(4), one by one.

(1) : In this process, an incident proton undergoes

nucleon-nucleon scatterings twice. If we assume a coalescence

of scattered proton and neutron in forward, this process can

produce such proton-deuteron correlations as "p-d QES" events.

But, since these scatterings are incoherent, the momenta of two

target nucleons are uncorrelated. Therefore,

ad of process-(1) = JT o . (4.10)

Here, we neglect the effect of the coalescence, which may

reduce a^. From the kinematics, Fermi momenta as high as 380

MeV/c are required in this process. From the cross section of

"p-p QES", the cross section which yields Pp mi^380 MeV/c

is found to be about 0.11 mb/sr .
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Thus, this process, requiring two nucleons with Ppermi~380

MeV/c, has much smaller cross sections than the observed cross

section of "p-d QES", 0.37 mb/sr2 in collisions of p+KCl, and

thus, cannot be the major process.

(2) : In this process, an incident proton is scattered

with a target proton and picks up a neutron inside the target

in forward, and the target proton is scattered to 0 =118°.

With regard to the correlation of momenta, momenta of target

nucleons are anti-parallel in this process at angles 6 =118°

and 6^=15°, because the scattered incident proton is likely to

pick up a neutron with the same mometum. Concerning cross

sections, the cross section of neutron pick-up reaction at this

energy is as small as 9ub/sr, which has been measured ^ in

the reaction of 700 MeV p+12C—*3+i:LC at 2.5°. Again, this

process cannot be the major process for "p-d QES" events.

(3) : In this process, an incident proton is back

scattered at (^=118* with guasi-deuteron emitted at 0d=15°.

The momentum transfer of the incident proton is extremely

large, 1800 MeV/c. Therefore, this process is unlikely to

occur. For comparison, the cross section of p-d elastic

scattering at the energy of 1000 MeV is 15 jib/sr,28)

although from the microscopic view, the rection process of the

p-d elastic scattering is still unclear in the present stage.

(4) : In this process, an incident proton is scattered

with a (2N)-cluster (two-nucleon cluster), in which the momenta

of two .nucleons are correlated and are anti-parallel.

Obviously, such feature of the (2N)-cluster is consistent with
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the observed relation between a^ and cr_. By the

scattering, the incident proton provides enough energy for the

two nucleons inside the cluster to come out with high relative

momenta from the target nucleus. The incident proton,

scattered in forward, and a neutron from the cluster may

coalesce easily to produce a deuteron, because the source

positions of these proton and neutron locate closely.

Now, a problem yet to be solved is what interaction cause

such a (2N)-cluster. As a clue to solve this subject, we

discuss a target mass dependence of a*. Although we have

poor statistics for "p-d QES" events, backward protons of "p-d

QES" events show the same momentum spectra for both C and KC1

targets within statistical errors; Within 17 %,

ad for p+C ~ ad for p+KCl. (4.11)

Therefore, the interaction between two nucleons of the

(2N)-cluster is considered to be independent of the size of a

target nucleus; namely, the interaction may be independent of

other nucleons. A short range correlation is consistent with

such features of the interaction. We need further theoretical

study to confirm it, including quantitative estimation of the

cross section.
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4.4 CONTRIBUTIONS OF P-(2N) SCATTERINGS TO BEP

Next, we discuss the contribution of the p-(2N) scattering

to BEP production. As shown in 3.3.3, cross sections of "p-d

QES" are small for heavier target nuclei. However, the

deuteron produced through "p-d QES" is likely to be rescattered

by surrounding nucleons in a heavier target nucleus and to

break up into a proton and a neutron. A weak target mass

dependence of "p-d QES", as shown in Fig.36, is considered to

suggest the importance of this effect.

Fig.39 shows the target dependences of the ratio of p-d to

p-p coincidence rate at ^=15° and e2=118° for QES and

non-QES region. As the target mass increases, the ratio of QES

deuteron emission to proton decreases. Since the nuclear

density is almost constant, the probability to find a

(2N)-cluster is, to a first order approximation, independent of

the target mass. Therefore, the ratio between the probability

to hit a nucleon and the probability to hit a (2N)-cluster

would be independent of the target mass. If these assumptions

are correct, then the decrease of the "p-d QES" cross section

in comparison with the "p-p QES" cross section arises from the

process of deuteron breakup inside the target nucleus, since

more nucleons are available in heavier target. These events of

"p-d QES" followed by deuteron breakup are recorded as "p-p

non-QES" in the present experiment, and thus the latter

component could increase with the target mass, as seen in

Fig.39.
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When we estimate the contribution of p-(2N) cluster

scattering, we must consider the possibility of proton-proton

pair, neutron-neutron pair as well as proton-neutron pair. In

the case of "p-d QES" events, the (2N)-cluster is required to

be a proton-neutron pair and also the scattered proton and the

neutron from the cluster are required to come out in a triplet

state in order to produce a deuteron. In this sense, actual

contribution from p-(2N) cluster scattering is larger than the

cross section of "p-d QES" events roughly by a factor of 2.4 in

the case of p+C collision. Such events, produced through the

reaction of "p-d QES" followed by the deuteron breakup or the

reaction through scatterings of an incident proton with a

(2N)-cluster of proton-proton pair, are recorded mainly as "p-p

non-QES" and partly in "p-p out-of-plane" events.

We therefore discuss in the next the reaction mechanism of

"P5-p non-QES" and "p-p out-of-plane". Fig. 40 shows the

backward proton spectra for the "p-p non-QES" minus "p-p

out-of-plane" in collisions of p+KCl as compared with those for

"p-d QES". A similarity of two distributions suggests that

"p-d QES" and the excess part of "p-p non-QES" are very much

related to each other in the basic rection mechanism. Also,

Fig.41 shows the scatter plot for IPC events minus OPC events.

Momentum bins for this plot are AP, x AP2 = 120 MeV/c x 40

MeV/c. Kinematical loci for the p-p quasi-elastic scattering

and for the p-d quasi-elastic scattering are shown in Fig.41 as

same as in Fig.25a. A considerable amount of events are

distributed along the kinematical locus of p-d, corresponding

to the reaction of "p-d QES" followed by the deuteron breakup

- 96 -



5 0

10--

>
UJ

I .

800 MeV p + KCI
p+p+X

d+p+X
8=15

9 = I I 8

p - d Q E S

Ip -p non -QES) - {p -p o n t - a f - p l a n e )

300 400 500 600

Momentum of backward proton (MeV/c)

Fig.40 The backward proton spectrum of the components of

"p-d QES" (solid circles) and the difference spectrum(open

circles) between "p-p non-QES" and "p-p out-of-plane" in the

collision of P+KCI at the angles ed=e1=15° 02=H8°. Error

bars in the figure show stat is t ical errors only.

- 97 -



u

<D

CL

800MeV p+KCI—>p+p-»-X

(in-plane)-(out-of-plane)
o

o
o
LD

oo
CO

• •

• •

• •

•

/

"" 1

1

•o\
lO-
I
1
l_

• \ #

1
\

»
1

1

1
• ^

• •

1

1

• 0

9 m

• •

200
• •

• •
\00
• •

1 * %
1 ^y

1

1 * ^

•

I

\"O
\ \

\
\m \

\

•

•

•

w
\
i

1

•

500
•

\ A00

1

^\
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and to the reaction through scatterings of an incident proton

with a (2N)-cluster of proton-proton pair.

From these considerations, the excess part of "p-p non-QES"

over "p-p out-of-plane" is likely to be produced through p-(2N)

cluster scattering.

With regard to the "p-p out-of-plane", the admixture of the

p-(2N) cluster scattering cannot be rejected. In this stage,

we cannot separate multiple scatterings and p-(2N) scattering

easily from the present data.

We think what is needed now is a model of "correlated

clusters" on a firm theoretical basis for the comparison with

the present data.

Finally, if there were short-range correlated clusters of

three or more nucleons, their presence would be more probable

in heavier nuclei, and would show up at angles larger than 15°.

Multi-nucleon clusters would, however, break up more easily in

heavier targets. In this experiment, we also collected p-t

events. But, statistics of the data are too poor to discuss

their contribution.
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4̂ _5 CONCLUSIONS

We have measured for the first time the distribution of

particles associated with backward energetic proton over a wide

kinematical range. The kinematical range covered both p-p and

p-d quasi-elastic scatterings and the quasi-deuteron breakup.

We demonstrated that various reaction mechanisms are

kinematically separable. We studied the slope factors of the

momentum spectra, the in-plane vs out-of-plane ratios, the

angular distributions, and the target mass dependences of these

different components. Our data showed that the p-p quasi-

elastic scatterings are very minor contributions to create BEP

(the backward energetic protons). The components of "p-p

non-QES" and "p-p out-of-plane", which are the main components

of the backward proton production, are found to be the mixture

of the multiple scattering and the scattering with the

correlated clusters. However, the separation between these

components is left for further studies. We also found that p-d

quasi-elastic scattering occurs through the scattering of the

incident proton with momentum-correlated cluster, which may be

arised from short-range correlation.
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7. APPENDIX

TWO-PARTICLE COINCIDENCE CROSS SECTIONS

800 MeV p + Nucleus

d2a/dn1dn2 at 6^15*and e2=118°

Target C NaF KC1 Ag Pb

(mb/sr2)

p-p QES .24 .21 .49 .62 .99

+ .02 ± .03 ± .03 ± .07 ± .13

p-p non-QES .98 1.43 2.74 4.42 5.10

+ .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 QES .27 .25 .37 .30 .45

+ .03 ± .03 ± .03 + .05 ± .09

p-d non-QES .15 .27 ;61 1.22 1.06

± .02 ± .03 ± .04 ± .10 ± .13

p-d out-of-plane .10 .20 .40 .70 1.17

± .02 + .03 ± .03 ± .08 ± .16

- 105 -



TWO-PARTICLE COINCIDENCE CROSS SECTIONS

800 MeV p + KC1

a t

6 1 = 15° 20° 30° 40° 55°

(mb/s r 2 )

p - p QES . .49 .26 .067 .010 .000

± . 03 + .03 ± .012 ± .003 ± .002

p - p non-QES 2 .74 2 .36 1.87 1.09 .60

± .08 ± .09 ± .06 ± .03 ± .03

p-p out-of-plane 1.89 1.42 1.10 .64 .30
± . 0 8 ± . 0 8 ± . 0 5 ± . 0 3 ± . 0 3

p-d QES .36 .08 .008 . 001 .000

± .03 ± .02 + .004 ± . 0 0 1 ± .002

p-d non-QES . 6 1 .47 .42 .20 .10

+ .04 + .04 + . 03 ± . 0 1 ± . 0 1

p-d o u t - o f - t l a n e .40 .29 .29 .15 .06

± .03 ± .04 ± .03 + . 0 1 ± . 0 1
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TWO-PARTICLE COINCIDENCE CROSS SECTIONS

800 MeV p + KC1

a t 62=118

70° 90° 100°

(mb/ s r 2 )

p - p QES .000 .000 .000

± .001 ± .001 + . 001

p - p non-QES .28 .08 .040

± .02 ± . 0 1 + .005

p-p o u t - o f - p l a n e .16 .07 .026

± .02 ± .01 ± .004

p-d QES .000 .000 .000

± .001 ± .001 + .001

p-d non-QES .08 .024 .007

± .01 ± .006 + .002

p-d o u t - o f - p l a n e .032 .020 .006

± .008 + .006 ± .002
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