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ARSTRACT

Exclueive cross sections for the EH{p,Ep]n reaction at beam
energies of 507 and 50B MeV have been measured at various kinematics.
The results are compared with the predictions of the impulse approxima-
tion and of a ecalculation of the 6 lowest crder terms of a multiple
scattering expansion of the t-matrix. At small internal momenta the
data are systematically lower than theory. At internal momenta larger
than 200 MeV/c a drastic deviation from theory is confirmed. Possible

caucses for these results are discussed.
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Chapter |

INTRODUCTION

The primary interest in one-nucleon knock-out reactions such
as (p, 2p) and (e, e'p) on light nuclei at intermediate energy is to
study the single nucleon momentum distribution of a bound nucieon in a
nuclear system. Such reactions provide information on the structure of
the nucleus and on the interaction of the nucleons in the initial and
final states. [n the impulse approximaticn {lA) description the
momenium of a nucleon in the nucleus bhefore the interaction, :;, is
related to the momentum of the residual nucleus, ;H, by the expression
:1 = ';R' According to the original definition of Chew and Wick {(Ch-52),
the assumption of the [A are I) the incident particle interacts only
with a single nucleon at a time, II} the incident wave failing on each
constituent is not attenuated and, III) the binding force has a neglige-
able effect during the interval of strong Interaction. As a conseqguence

of these asspumptions, the crose sectlon can be factorized in the form

{Ja-66)
d%a/dOg dfly dT3 = K da/dn |®(q)|2 (1.1)

where the labels 3 and 4 refer to the two detected protons (see fig.
1.1), K is a kinematic factor, do/d{f} is the cross section for f[ree,
nucleon-nuclean or electron-nucleon scattering and & {q) is the single
nucleon wave function in momentum space. Measuring the cross section
allows to abtain the momentum density |'=I:'l{|:|]|2 From eqn. (1.1).

1
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However, the 1A picture needs to be corrected for effects such
ag half-off-shell amplitudes, meson exchange currents, rescattering of
the two nucleons, final state interactions (FSI) and on- or off-shell

nucleon isobars.

The fact that the deuteron is a looseiy bound nuecleus and that
its two constituent nucleons spend a large Ffraction of their time far
away from each other, is favorable for the IA walidity in the 2y {p,
Zp)n remction. This reaction offers the simplest possible medium to
study differences befween experiment and the predicticn of a plane wave
impulse approximation {PWIA), which can be corrected to second order by
estimating rescatiering and FSI graphs. Past atomic number 3 this

approach becomes too cumbersome.

The results of several investigations of the 2H (p, 2pin
reaction {{Pe~88), (Wi-73), (Fe-76)) have all shown two distinct but
definite deviations from the PWIA: (a) at neutron recoil momenta larger
than about 200 MeV/c, the momentum dietribution stope decreasing with
inereaging recoil momentum, and {b) at neutron receil momenta smaller
than 200 MeV/c the normalization of the momentum distribution is smailer
than expected (see table 1.1) on the basis of realistic deuteron wave
functions such as those resulting from the Paris (La-81) and Bonn
{Ma-H4) potentials even, us8 in the rase of data of Perdrisat et al
{Pe-64), after correction for all single NN rescattering graphs and FSI

effects (Wa-T72).

[n contrast with the 2H {p, 2p)in situation., the case of the 2y

(e, e'p)n reaction studied by Bernheim et al {Be-81) shows no discon-
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tinuity in the shape of the internal momentum distribution, but does
show a simllar missing strength (see table 1.1). Subsequent calcula-
tion of various corrections by Arenhovel (Ar-82} Including FSI effects,
rescattering, meson exchange and isobaric degrees of freedom have
largely eliminated the misging strength, although the data remain
symptomatically lower than theoretical predictions for neutron momenta
smaller than 50 MeV/ic. Recent electron data extend to 500 MeV/c ( Tu-84)

and 645 MeV/c (Me-84).

TABLE 1.1

Ratioe R Of Experimental io Theoretical Momenium Densities
in Momentum Range 0 to 200 MeV/c

Incidents Max.
energy Recoil
Reaction (MeV) (MeV/c} R Reference
ip, 2p) 600 370 0.64:0.04 Perdrisat
{$29%)* et al.
{Pe-63)
(., 2p) 585 125 0.87 Witten et al.
{unknown) {Wi-79)
(p. 2p) 800 330 0.8920.04 Felder et al.
(210%) (Fe-7E6}
{e,e'p) 300 340 0.82+0.02 Bernheim et ai.
{+10%) {Be=-81)
(p, 2p)** 508 674 0.93+0.004 Present
{*1.8%) experiment

*Systematic uncertainty,

“*In this case the Parie momentum density is used; all other data
are being compared to the Hulthen density: the latter density is
gmaller than the former by 1% at q = 0.
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Breakup of the deuteron by virtual photons in electron scat-

tering leads to a two nucleon continuum state. In the (p, 2p) reaction
the hadronic probe introduces a third nucleon in the final state, thus,
on the one hand considerably increasing the difficulty of obtaining the
"tpue" internal momentum distribution of the deuteron, but, on the other
hand offering a unique environment to study half-off-sheill scattering.
The phase space available to the three nuclecns in a (p, 2p) reaction
offere the possibility to select condltions favaring one particular
process. For example, strong FS1 effects are expected and have been
seen (Fu-73) when the relative energy of one pair becomes very small.
[n fact the data of Witten et al (Wi-T9) and Felder et al (Fe-78) are
invariably in the FSI region for large neutron recoil momenta. I[n those
experiments various recoil momenia were obtained by changing the energy
sharing among the two protons, at angle pairs for which a recoilless
reaction is possible. However, the same recoil momenta can be cbtained
away from the FSI region. The data of Perdrisat et al (Pe-6Y9) were of
this type. In that experiment various recoil momenta were obtained by
changing the angles of the two protons symmetrically with respect to the
incident beam direction. However, in these data the invariant mess of
cne of the nucleon pairs becomes equal to (mpy + mﬂ] at large recoil
momenta, a situation mosat favorable for virtual excitation of the

L1232y,

The goals of the present experiment were defined as: (a) to
reexamine the {(p, 2p) results obtained previously at warious labor-
atories, {b) to abtain cross section data for small neutron recoil

moments with as small as pogsible a systematic uncertainiy, and (c} to



o
explore regions of three-body phase space in which virtual A excitation

should become predominant.

In this work the results of B 'ZH{p, Zpin experiment performed
af the TRIUMF cyclotron are presented. We have obtained data over a
large range of neutron recoil momenta, and investigated the quasifree
region with symmetric and asymmetric Kinematics for the two protons.
The data in this region have a statistical uncertainty as jow as 0.4%.
To minimize the systematic uncertainty we measured the elastic pp cross
section using the same experimental set up, replacing deuterium by
hydrogen in the same target cell; the incident beam energy and ihe
angles and final energies of the two detected protons were nearly the
same as fnr the guasifree (p, 2p) data. We determined the target
thickness by comparing our measured pp cross section for %1% center-of-
mass to the average of recent pp measurementa at 500 Me¥V (Ch=-82) and
515 MeV (Ot-84) of 3.44t0.062 mbsr~! (CM). Therefore, the systematic
uncertainty of the {p, 2p) cross gection data will be no less than the

1.8% from the pp croes section.

There are three sets of data for two different kinematics
where zero recoil momentum is possible KkKinematically. The data for
symmetric angle pair 41.4° were obtained and analyzed with two differ-
ent solid angles,Afls, 0.528 msr and 0.107 msr and this is where we have
the best statistice. We did not have encugh statistice t¢ do sp for the
asymnetric angle pair 30.1° - 33.75°. The recoil range covered for

these data is 12 to 8 MeV/c.
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There are three other symmetric angle pairs, 38.1%, 44.1% and
47.1% where the data are in the small neutron recoll region. The
asymmetric angle paire 41.4° - 30.%, 41.4° - 57.% and 41.4° - G68.° cover
the recoil momenta from 78 to 383 MeV/c. The asymmetric angle pairs
30.1% - 44.%, 30.1° - £1.° and 30.1° - 68.° give recoil momenta starting

at 60 MeV/{c and up to 2200 MeV/c.

We measured recoil momenta as large ag 674 MeV/c for the 66.°
symmetric angie pair, where the minimum posegible recoil was B30 MeV/c.
The data for 57.°Y symmetric angle pair ranged from 362 to 406 MeV/c.
The data for symmetric angle pairs 30.% and 52.° cover the recoil region
LT3 to 299 MeV/c., At these very large recoil momenta, the pp interac-
tion is no longer dominant; the np interaction contributes about as

much.

For neutron recoils larger than approximately 200 MeV/c, the
[A prediction no longer deseribe the data. The discrepaticy becomes
increasingly large at large recoils. Other processes like rescattering,
FSI and isobar excitation become predominant. Off-sheliness alsao is
large when the internal momentum is so large. We have done a calcula-
tion for the rescattering of the projectile with the ejected or the
residual nucleon, and FS1 of the two deuteron constituents based an a
previous calculation by Wallace (Wa-72). This calculation includes &
Feynman diagramse, two for gingle scattering pp and np, two for rescat-

tering and two for FS[ {(see fig. 4.1 and 4.2}.

in this work, the cross section resulis are used to determine

-
the PWIA momentum distribution | @ (q) |2 using equation l.l, becrause



T
this i the standard method of presenting (p, 2p)} resulte. For the
small recoil data, the comparison with the theoretical expectation when
all 6§ Feynman diagrams are included, is presented as the ratiec of the
experimental - to the theoretical cross sectjons; the input to the
theoretical calculations are the Parls potential deuteron wave function
and the NN phase-ghifts from the VPI group. For the large recoil data,
we present the "effective” theoretical momentum distribution resulting
from the calculation (of the 6 Feynman diagrams), which one obhianins by

uging equation {1.1) with the results of the calculaticn.

Chapter [[ describes the experimental setup. Chapter []I
contains the description of the data analysis. Chapter [V will give the
details of the rescattering and FS51 calculation. In Chapter V¥V we
present the resulte of the experiment and discusa thetn. The conciusion

cloges the work.

—Ud

FIGURE 1.1



Chapter I1

EXPERIMENTAL SETUP

2.1 INTRODUCTION

This chapter describes the experimenia! setup used to study
the reaction ZH{p, 2pin. The experiment was performed in two parts; one
part (1983) restricted tec symmeiric angle pairs, the second part (19843,
included symmetric and asymmetric angle pairs. Both parts were done at
the TRIUMF Cyclotron using preton beame of 307 MeV (1983) and 508 MeV
(1984) at beamline 4B. Flg. 2.1 shows the TRIUMF facility and in
particular, beamline 4B. Section 2.2 will give the relevant proton beam

characteristics and 2.3 will describe the liguid 2H and 1H larget.

We detected two protons in coincidence, on the right hand
side (RHS) relative to the incident beam with a counter telescope, and
on the ieft hand side (LHS) with the Medium Resolution Magnetic Spectro-
meter (MRS). Section 2.4 and 2.5 will describe the detection system on
both sides. The electronice and logic will b presented in section 2.6
for the MRS and section 2.7 for the RHS and colncidence. Section 2.8

containsg the description of the data acquisition system.
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2.2 PROTON BEAM

The accelerator at TRIUMF is a six sector isechroncus cyclo-
tron which accelerates H™ jons. Two proton beams independently variable
in energy between 183 MeV and 520 MeV can be extracted simultaneously
using two stripping foils of carbon or aluminum. The beam is on for 5
ns (nancsecond) every 41 ns, so the microscopic duty cycle is approxi-
mately 11%. Beam spot at tapget is typically 0.4 to 4.5 cm diameter and
the beam energy spread is -1MeV FWHM. The typical beam currents used
were between 0.1 nA to 10 nA. The beam intensity was monitored using a
secondary electron emisgion monitor {SEM) and a Faraday cup (for part of
the experiment). The beam spol was checked every few hours throughout
the experimeni by reducing the current and inserting the beam profile

monitors and a fluorescent screen and viewing it on clesed circuit TV.

2.3 TARGET CELLS

A cryogenic target cooled with a Helium refrigerator, with two
identical target cella which can be filled simultanecusly with deuterium
and hydrogen, has been uged fer this experiment. Fig. 2.2 showe the
cryostat assembly. The system of two identical cells has been developed
and buill at Technische Hogeschool, Delft (52-84) so as to fit inside an
exieting liguid 4He cryostat {Go-78)}. A fluorescent ZnS screen, used to
monitor the beam spot during the experiment is attached to the 1iail
section. The entire crycgenic system is fitted into a hydraulic

positioning mechanism used to raise, lower and rotate the cryostat so
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that either one of the two target cells, or the fluorescent screen is
positioned in the beam with the desired orlentation. The entire

operation of the positioning mechaniem is remotely controlled.

Two gag filling lines were avallable to each cell to avoid
blockage in case of condensation of the gae in one of the lines. The
larget frame was 55 mm diameter and 6 mm thick with windows made from
stainless stee]l {thickness G.025 mm). This deslgn of the target frame
made it poesible to make measurements up ta :75° for the two outgoing
particles. The actual target thickness of the target cell was more then
B mm due to the bulging of the foils. How the target thickness was

determined will be discussed in section 3.4.

2.4 COUNTER TELESCOPE

For the 1983 measurements we had only one counter telescope,
and it was employed on the RHS of the incident beam. The counter
telescope contained a solid angle defining plestic scintillator counter
of €.3% cm dlameter and .32 cm thick, a Nal{Tl) crystat of 12.7
cm diameter and 15.2 em deep, a delay line wire chamhbher (DLC) and a Cu
absorber when needed. The distance to the plastic scintillator was

195.7 em from the scattering cenler.

For the 1984 measurements six counter telescopes were used,
all on the RHS of the Incident beam: they are numbered 1 to 6 as shown
in figure 2.3. Telescope 1 included an 8.0 cm diameter and 0.32 cm
thick solid angle defining plastic scintillator counter AEgR; the

remaining five had 6.35 cm diameter and 0.32 cm thick scintillators.
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The counter telescopes 1 to 4 had a Nal{Tl1) crystal E of 15.2 cm deep
and 12.7 em diameter, the remaining two were 7.6 em deep and 12.7 cm
diameter. The counter telescope 1 also included a delay line chamber
{DLC). The distances to all counters from the scattering center was 200

cm, except for 1, for which the distance was 205.7 cm.

2.2 THE MEDIUM RESOLUTION SPECTROMETER

Fig. 2.4 showse the vertical section of the Medium Resolution
Spectrocmeter [(MRS). The MRS conslsts of two optical elements, a
quadrupele singlet followed by a dipole magnet, three multi wire
proporticnal chambers (MWPC) (for 1983), drift chambers (for 1984) and
plastic scintillator detectors above the dipole. The quadrupole was set
for peint-to-polnt fecusing in the non-bend plane. The quadrupole can
be positioned between 1 and 2 meter from the target center. The dipole
has B nominal 60° hend angle and is strongly focusing in the bend plane;
toegether with the quadrupole the system produces an image of the target

on the focal plane.

In the 1983 experiment three sets of MWPC (S5t-Bl1) gave ihe
coordinates (X5, Yy}, (X, Y¢) and (X, Yy). (X5, Yg) is located in
front of the quadrupcle, 166.7 cm from target center. {X{, Yi) and (Xy,
Yp), called top and bottom MWPC, are located above the dipole with 1
meter distance between them. The angle between the focal plane and the
firet MWPC at the exit of the dipole magnet wes 66°. All three wire
chambers are perpendicular to the central trajectory. The MWPC's have

imm spacing between wires. Following the top MWPC there were two long
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scintillator paddles each 12.5 om wide, 100 cm long and 2.5 cm thick.

For the 1984 measurements we had three gets of drift cham-
bers. One set of chambers was located in front of the guadrupole.
These front end chambers ({FEC's) have two wire planes (16 wires each,
spaced by Smm) per axis {X and ¥) and one TDC per wire,. Measurements of
the drift times allow to celculate the position of the intersection
interpolating between wires., Most events trigger one TDC per plane.
The FEC's are low preesure drift chambers inserted in the vacuum system
of the MRS. Particle localization in the focal plane is done by means
of two sets of wvertical drift chambers (VDC's), each providing an 'X'
coordinate (bend plane position) and A 'V coordinate running at 30° to
'X' {gee Fig. 2.5a). The two VDC's pre criented at 45° to the centiral
ray. Fig. 2.5b shows the configuration of a VDDC. Following the upper
VDC is an array of 8 plastic scintillators. The focal plane VDC's are
of the 'MIT' type (Be-T7). The principle of cperation is that the elec-
trons produced by ionleation from a passlng proton, drift toward the
anode, which ie made up of signal wires and guard wires. The combin-
atich of mignal and pguard wires results in drift cells 2 mm wide and 12
mm long, with field lines perpendicular to the wire plane on most of
their length. The drift velocity is constant down to about 0.5 mm from
the wire. The measurement of drift times from several neighboring wires
allows reconstruction of the intersection with the wire plane to -100um
{FWHM}, and of the angle with this plane to -10 mr {FWHM). The dimen-
sion of the VDC's are such that a particle traversing it at -45°
ehould hit 3 to 5 wires. The signal wires are & mm apart in the VDC's.

The drift times [rom each wire hit are digitized in TDC's.



17

U PLANE

\

A\

N\

ALUMBEIED MYLAR WY P_isE

FIGURE 1.5a

Lo 3OO0
wikEs

A

|

i

20 ym WIRE i}

|

FIGURE 1.3b

|

|
I, !I._. - .
/

ALUMBZED MYLAR
HY M ANl




18

A thin plastic scintillator 0.079 cm thick, called AEp ({Fig.
2.3), was located between the target and (X,, Y,} chamber at a distance
of 183 em in the 1983 experiment. The golld angle Ay was defined by
applying cute on the X, and Y, coordinate for the 1993 measurements.
For the 1984 measuremente we had two sclid angle defining plastic
scintillator counters named AEggn and AEgR, in fromt of (X,, Y,) chamber
st a distance of 145.8 cm and 135 em. For the&Egn, a 1.7 em diameter
hole was carved in 8 8 x B cm plastic scintillator. The AEgq, detector
was 3.5 cm In diameter and .13% cm thick. The time of flight (TOF)
between the AEp's and plastic scintillators at the top of the MRS was
measured. Distance between the two groups of scintillatore I1s approxi-
mately 11 m. TOF and momentum together identify the particles. The
momentum acceptance of the MRS is +12 % te -10 % of the central
momentum only when the cuts on X and Y are sufficiently restrictive.
The central momentum can be set by adjusting the currents in the
guadrupole and dipole magnets. The magnetic Field of the dipole is
measured with a NMR probe inserted between the pole faces of the
magnet. The entire spectometer assembly is mounted on a layge support
boom which can be rotated around the 4BT2 target center. The accuracy

with which the MRS angle can be set is + 0.02°,

2.6 MRS ELECTRONICS

The MRS event trigger consists of a coincidence {(MASTERGATE in
fig. 2-6) between a signal fromAEg (MRS LOGIC in fig. 2.8) and n signal

from one of the focal plane scintillators at the top of the MRS. The
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threshold and timing of this coincidence are set by programable ECL
descriminatore and delays {LeCroy). The MASTERGATE output signal will
set the BUSY LATCH, unless the computer is busy. I[Ff the BUSY LATCH is
set, and no L'R coincidence signal (RHS LATCH in fig. 2.8) is present on
the SLOW AUXILIARY input, a fast clear signal is generated to reset the
MRS. If en the other hand, the RH5 LATCH =signal is present no reset
will be generated end the event will be processed, l.e., a TDC start
pulse, an ADC gate pulse and bit pattern strobe pulse are generaled, and

a CTAMAC trigger is produced. The data transfer is then initiated and

computer signais are generated (COMP. BUSYand COMP. BUSY). The BUSY
LATCH then remains set until the computer busy condition is removed. At
this time, a normal ending is occuring and ciear signale are generated
for the MRS and RHS (COMPUTER RESET in fig. 2.8) electronics. The
pulses from all scintillators on the MRS side are digitized in ADC's,
providing energy information. Timing signels from the AEp and the
focal plane scintillators are digitized in the TDC's, providing time-of-
fiight information. This information Is used for particle identifica-
tion. The MRS electronics has provisions for generating pulser events
to check the system without beam and to measure the live-time of the

system during actual running.

2.7 RHS AND COINCIDENCE ELECTRONICS

Fig. 2.7 shows the elecironics for the counter telescopes and
how the RHS trigger signal was generated. Also shown are the various
locations connected to ADC's, TDC's and a hit pattern unit in the CAMAC

crate. The trigger for the RHS wes a sipgnal from one of the plastic
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scintillator detectors AFR. A coincidence between this signal and the
signal from the AEpR counter on the LHS is detected by the L-R coinci-
dence circuit {(in Fig. 2.8) which is timed on the RHS. As soon as the
L'R colncldence is formed, the LATCH is set using a majority coincidence
unit te prevent another event from being processed. Also a gate pulse
for the ADC's, a strobe pulse for the bit pattern and a start pulse [ar
the TDC's used for right-to-left timing are generated from the LATCH
output. Again, the various locations connected to ADC's, TDC's and the
bit pattern unit are shown. A second L‘R coincidence (RETIMED L-R),
timed on the LHS, provided ancther TDC start for left-to-right timing;
thie ie the timing information which was used for the separation of real
and random events a6 explained in section 3.2. Normally, the latch wili
be reset by a signal from the MRS (COMPUTER RESET). However, if no
valid event was detected in the MRS, the coincidence circuit would reset
itgelf; for a good event, thls gelfresetting function is prevented by
the AEg-RETIME (flg. 2.6) signal from the MRS (RESET INHIBIT input).
At the same time that the LATCH is reset, clear signals are sent ta all

CAMAC units.

For test purpose, through the line called RHS SINGLE as shown
in fig. 2.8, the RHS electronice can be triggered without requiring a

signal from the LHS.

2.8 DATA ACQUISITION

The data acqguisition system comprised an Eclipse computer
interfaced to three CAMAC crates and used DACS (data acguisition

system}, a software system adapted to the MRS Eclipse Coamputer. A
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detailed description of DACS can be found in a TRIUMF report {Ti-84).
Commands are provided in DACS to acquire data through CAMAC, to stare
the dats in a temporary buffer, to write the information blockwise onto
the magnetic tape, and to analysee & portion of the data applying
software cuts to produce on line spectra. Such spectra were essantial

to monitor the geod progress of the experiment.

When a charged particle is detected on the LHS by the AEp
counter and on the RHS by the&ER counter, the electronic logic circuits
determine the occurrence of a valid left-right coincidence event
as described in sectlon 2.7. At the same time the MRS electronics is
being triggered by a coincidence between AEp and one of the focal plane
plagtic geintillatore. If the logic requirements as described in
section 2.6 and 2.7 are satlsfied, a signal is sent to the CAMAC system
to effect a read-out of the data, both from the MRS and the RHS tele-
scopes, into 8 memory buffer. The RHS information read includes
pulse height from al! scintillator and Nal{Tl) counters, time-of-flight
between the AER counter and RHS scintillators and a bit pattern to
identify which counter on the RHS fired, or the nature of the event as
either one due to charged particles in the detectors or one due to the
firing of light emitting diodes (LED) in all secintillators, triggered by
a randomly generated pulse. The LHS information includes chamber
read-out, time-of-flight from AEp to focal plane scintillator, energy
loss in AEg and focal plane scintillators and a bit pattern to identify
the type of event and which scintillator (AEpn or AERy for 1984) fired.
A way to prevent a new event from being acquired while data are being

processed hy the computer, is provided by the latehing mechanism
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described in section 2.7. Alfter an event has been recorded into the
memory buffer, the system was reset to allow for the acquisition of the
next event. When the memory buffer became full the data were written on

magnetic tape and part of the data analyzed io produce on line spectra.

There were two kinds of events recorded on magnetic tape:

1) scaler events: the scaler events, triggered by a clock al constant
intervale were read in every flve seconds. Scalers were connected to
various points in the electronics logic, ae indicated in figure 2.6, 2.7
and 2.8.

2) regular evenis: regular events were coincidence ewvents and were
either pulser events, or (p,2p) (or (p,p) elastic evenie with the
hydrogen target) as identified by the blt set for them in the bit
pattern register. The pulser events are used to measure the live time
factor of the electronics and data acquisition system and were generated
by LED's. Such events had the same pattern as regular events, and had

to satisfy the same logic requirements.

The event structure ie shown in Table 2.1 for the 1383 data

and Table 2.2 for the 1984 daia.

TABLE 2.1
EVENT STRUCTURE (193 DATA)

Words Source

1 Event length
2 Event type
3 Sequence #
41-13 ADC
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14-35 ThC

36-37 BRHS bit pattern
38-39 MRS bit pattern
d(-48 TDC

489-50 ADC

51 Number of hitg +1
52 anwards Addreas of wire

hite in MWPC'S

TABLE 2.2
EVENT STRUCTURE (1984 DATA)

Words Source

1 Event length

2 Event type

3 Sequence #

4-5 RHS bit pattern
6=-22 ADC

23-37 TNRC

J8-39 MRS bit pattern
q40~-45 TDC

46-66 ADC

29=-6{ 60 Hz clock

61 Number of hits +1
62 onwards TDC address and times

far the drift chambers

In tables 2.1 and 2.2 the first word is the event length, and
the second word is a flag identifying the event type. The RHS bit
pattern register allowed to identify pulser events, and were decoded io
provide the identity of the telescope involved. The rest of the
information concerns the pulse height in the NalI{TIl) and plastic
scintillators, time-of-flight information and wire address for the 1983

data, TDC address and time for the 1984 data.



Chapter (L
DATA ANALYSIS

3.1 INTRODUCTION

An Eclipse minicomputer was used to acguire the data at
TRIUMF. °The off-line data analysie has been done using IBM and NAS
mainframe computers at the College of Willlam and Mary. First the data
were transferred from wvariable block size 1o fixed block size. Then the
analysis program was developed in stages, as the data processing
progressed. The anaiysia program prepared one-dimensional and two-
dimensional spectira, with or without cuts on wvarious wvariables like
time-cof-flight or pulse height; it alsc calculates corrections for
energy lnss due to abscorbers, as well as the missing mass of the
recoil particle, and finally the differential cross sections. Section
3.2 describes the inltlal! phase of the anaiysis. Section 3.3 contains
the analysis carried out to obtain energy calibrations for the Nal{TIl)
detectors and the MRS f[ocal plane momentum calibration. Section 3.4
describhes the determination of the pp differential cross section and how
it was used to determine the target thickness. Sectlon 3.5 describes
the analysis of the (p, 2Zp) data proper, and Section 3.6 describes how
the five-fold differential erosa sections were obtained from the data; a
diecuseion of various correction factors and the error analysis are also

included in this part,

a7
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3.2 [INITIAL ANALYSIS

The data were analyzed event by event. Depending on the event
length each data block on tape contalned six or seven events. There
were two different kinds of events on tape: 1) sraler event, and 2)
regular ceincidence event. The third word in the event structure
identified the event type. Each time a scaler event was identified, it
was counted and all the scaler values were updated, taking care of
overflows as they ocurred. Among the regular events were pulser events,
which satisfy all the requirements as {p, 2p) events but are iriggered
by a pulser to determine the live-time factor of the system. These
events are identified by the bit set for them In the bit pattern
register. For every run, the pulser events were identified and counted,
and their numbers then compared with the number of times the pulser was
actually triggered; the ratioc of these two numbers gives a measure of

the system's live time LT in a particular run. We can write it as

Pulser accepted
Pulser triggered

LT

This ratio was typically about 80% for the (p, 2p) data and
35% to b5% for the hydrogen data,
Events were rejected from further analysis for any of the following
reasorns
1) Na bit set in the bit pattern register for any RHS counter tele-
BCOpE.
23 The event length was less than 55 words (for 19493 datn) and 66 words
{(for 1944 datm), 8s such short events contained no wire chamber infor-

mation.
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3] The events were not within a chosen window of values for TTB (time
of flight from Epg to focael plane scintillators). Fig. 3.1 shows
a typical histogram for TTB and the windows. This gselection helped
reject particles that were not protons or originated in other heam
bursts, and thus were random evenis.

4) Random evenie (evenis originated from same beam bupst but not from
same reaciion) were subtracted using a sample of events originatlng from
different beam bursis following the true coincidence events., A TOF

spectrum is shown in fig. 3.2.

Next the decading of the chambers was done. In the 1983
experiment we used three sets of MWPC for the coordinates (X, Y,), (Xy,
Yy) and {(X;, Yy) in the MRS. In the 1984 experiment we had front end
drift chambers (FEC's) {X51 Yo) at the entrance of the MRS with a total
of 4 wire planes, and two sets of vertical drift chambers (VDC's), (X;,
Xg}, (Uy, Ug) at the exit of the dipole magnet, below and above the

focal plane.

Events were rejected if any one of the (X, Y;)}, (X, Xy ) MWPC
planes had a missing wire coordinate or more than five wires hit.
Events (1983) with two to five wires hit were accepted provided the gap
wae no more than iwo wires. {A gep cccurs when a wire did not fire in
an otherwise contlnuous pattern of hits}. In 1984 and for the (X,, Y,)
planes, events with no wire hit or mere than two wires hit were rejected
(FEC's have drift space perpendicular to particle trajectories). For
the X; plane evente with less than three wires hit or more than flve

wires hit were rejected. (VDC's have drift paths at -453° to trajec-
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tory. A typical number of hit is 4). The focal plane coordinate XF was

then calculated from the X and X; coordinate (1983 - data) as follows

XF = ({220 (Xp ~ 2X))/(Xy - X - 220)) + 0.005 (X, - 24)2

{in wire number units?
and from the X, and Kg coordinates (1984 - data) as follows:
XF = [GEK1 + H)Y - F[Kl + H - Kg]]fﬂ {in 30um units)

where F, G and H are constants, and their values are 3400, 5472 and 7392

{in units of 30 pm), respectively.

We did not use the X5 coordinate as one wire was dead in that
chamber in the region of interest; instead we calculated the Xy coor-
dinate from the X; coordinate, using the fact that the angle the
trajectory makes with the detector plane is strongly correlated to the
value of Xj. This procedure introduced no important uncertainty because

the focal plane is parallel to the chambers.

Fig. 3.3 shows the focal plane XF, X1 and Xq, the constants F,

G and H and the angle ®. We calculated 8 as below
@ = tan"l(G/(Xy + H - Xg))

and fitted & as a function of X; by linear regression
8 = aXy +b;

the values found were a = (3.05 +0.6)} 10~%®/channe! and b = 42.4

$1.68)°. The "missing coordinate X, was then calculated from
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FIGURE 3.3
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Xy = X3 + H - G/tan8(X;)

We estimate that the uncertainty introduced by this approxi-

mation is of the order of #1.9 MeV/c

3.3 CALIBRATION OF DETECTORS AND FOCAL PLANE

Energy callbration were obtained with the same setup as when
the (p, 2p) data were acquired, but with liquid hydrogen as target. For
the focal plane calibration we kept the magnetic field constant and
changed the angle of the MRS. For Nal(Tl) detectors, we changed the
angle of the deteciors to change the energy (1983); in 1984 we used

{(p, 2p) data for this calibration.

The most probable values of the Nal puise height (PH) were
piotted against the calculated and corrected (for energy loss in
absorber and other material) kinematical values of T,; similarly, the
most likely values of the XF-coordinate were plotted against the
calculated and corrected XKinematicai values of pg. The reaction

participanis are labelied ag
1 +2>3+4

(1 is the incident proton, 2 is the Hg nucleus, 3 and 4 ure the scat-
tered and ejected protons), with convention that particie 3 is detected
by the MRS on the LHS of the incident beam and particle 4 is detected by

the counter telescopes on the RHS.
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The valuee fer each kinematicai configuration are given in
table 3.1 (1983), where p3 and T4 are central values calculated from the

kinematics for 63 and 64 set to the detector angles.

Fig. 3.4a shows the plot of XF-channels vs. corrected pg and

3.4b is the plot of Nal PH vs. corrected T,. The constanis are found as

shown helow.

For the MRS, defining

P = Py (1 + aX) with X = XF - 236
pga = -(3.92 £0.14) 107! MeV/c/channei
a = -(5.36 $0.20) 10"% 1/channel at p, = 731.MeV/c

To establish the connection with the B field strength, we write:

P (XF = 206) = aB, where B is the field strength.

a = (0.792 +0.004) 10*3 MeV/c/Tesla

[In general, the B-field is different for different kinematic configur-

ations, but no hysteresis correction is needed es B was measured

directly with a NMR probe.

For a RHS Nal crystal:

T4y = m+ b x ADC (channels);

the data were f[itted by linear regression and the values for a and b

found were:
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a = -~(44, 12.) MeV.

b = (3.59 $0.03) 1071 MeV/channel

Table 3.2 shows the data for the 1984 foeal plane calibration.

TABLE 3.2
1984 FOCAL PLANE CALIBRATION

XF-channeis Me¥

ay Units (50pm) P3¢
38 .48° 5440 +200 779.1
40.05° 8900 +200 757.6
41.62° 12540 +200 735.0
43.09° 15960 +200 713.8
44 .58° 19580 +200 691.7

These data were also fitted by linear regression, writing p = by (1 +

aXF), the constants were found to be

Pog (XF = 1) = aB = 814.3 30.2 MeV/c for B = ,908]1 Tesla
Pgs = -~{0.835 $0.017) 10”3 MeV/c/channel

a = ={0.780 £0.020) 10°% 1/channel

A = {H96.7 0.3} MeV/c/Tesla

In 1984, six counter telescopes were available on the RHS5. We
used four of them for the data presented here. (another part of these
data, for asymmetric kinematics, uses asll slx counters; these data have

been analyzed at California State iIniversity, Los Angeles) (An-82). We
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used the deuterlum data for the callbration of these Nal detectors.

The calibration data are given in tables 3.3 and 3.4. All of these data

were fitted by linear regression.

TABLE 3.3

THE DATA FOR CALIBRATION OF COUNTER E;

Nal PH Ty Cnr’It‘-gcted
Channels MeV MeV
660 18 223. 166.
G630 8§ 230, 174,
T15 18 236. 181.
795 8 2465, 193.
785 8 204, 202,
Bl10 B 259. 210.
B40 =8B 268. 218.
BES B 275. 225,
BS0 B 280, 233.
Write: Tq = a+ b x ADC (channels)
a = (29. £1.4) MeV
b = (0.294 20.002} MeV/channel

The rest of the calibration data had ne Cu absorber sc there

is no correction for Ty.

The focal plane calibration constants were then used to

calculate momentum and energy of particle 3 and the RHS calibration

consgtante were used to calculate energy of particle 4 for each event,
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TABLE 1.4

THE DATA FOR CALIBRATION OF COUNTER Bg, E3 & E4

E2 Counter E3 Counter E4 Counter
Nal PH T4 Nal PH Tq Nal PH T4
channels MeV chanhels MeV channels MeV
545 8 138. 430 +8 182. 384 +8 109,
580 tH 151. 505 +B 167. 425 tH 123.
628 B 164, 566 18 149, 465 t§ 135,
6685 8 171. 615 B 130. 480 =B 147,
895 8 189, 665 8 104. 10 #3 157.
830G +8 167.
a = -16. t1.4 MeV a =129, +1.4 MeV¥ a =34, 1.4 MeV
b = 0.320 ﬁ-— b =0.3l7 M— b = 0.370 —M-EE“‘—
+(3.002 channel .2 channel +0. ()2 channel

3.4 pp DIFFERENTIAL CROSS SECTION

We measured the pp differential cross section using the same
experimental setup, same iarget cell as for the study of 2H(]:-.. 2p), but
with the deuterium replaced by hydrogen; the incident energy was alsc
the same as for the 2Hl’,];:-, 2p) measurements. Furthermore final energies
and the angles were 41.6°-41.6° and 30.09-53.7°, very nearly the
same as those for the 41.4Y-41.4° (1983 and 1984) and 30.1°-53.73°
(1984) (p, 2p) data. For the conditions of the experiment, the differ-

ential pp cress section is:
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do/df = N/Afly ny [ LT
where N is the number of protons detected within solid angle £3; ny is
the number of H-nuclei per unit area in the target, and [ is the
integrated incident proton beam current. LT is the live-time correction
factor (see section 3.2) and ¢y is the correctlon for the efficiency
of the chambers in the MRS, mminly dstermined by the combined proba-
bility of a single-wire hit in each one of the MWPC (1983); and of an

acceptable pattern in the drift chambers (1984).

We determined the target thickness by comparing the measured
pp cross sections at the 41.6° angle pair (90°CM) to the recent high
precision measurements of the pp cross section at 500 MeV (Ch-82) and
519 MeV {0Ot-84) at the same angies, which give a value of (3.44 $0.062)
mb sr-l center of mass {CM) at 508 MeV, or {10.43 +0.1%) mb sr-1 cross

section in the lab frame.

(N/Afl3 [ LT g) Ng)
Then ny = 10.43

fH (P, T) X tygi/cos O

ny

?H (P, T) is the density of hydrogen at the pressure and temperature
maintained and monitored during the experiment; at a pressure of
250mbar, fy; = 75.02 +0.10 mg/em3. N, is Avogadro's number and the
target angle 8=0°. We found the target thickness to be 0.733 10,015
cm. The areal density for deuterium in 1983 was 129.0 $+2.6 mg em”Z,
The density of liquid deuterium at the pressure of 250 mbar (correspon-

ding to a temperature of 19.5°K), is -?D = 172.0 £0.26 mg/emS.
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We followed the same procedure to find the target thickness
for the 1984 data also. The target thicknesse was found to be 0.887
+0.018 cm. The areal density for deuterium in 1984 wes then 152. 3.

mg cm™ 2,

The increase in target thickness from 1983 to 1984 was due to
an error made when irying to measure the larget thickness at room
temperature and atmospheric pressure. The target cell was pressurized

more than 250 mbar, ceausing a permanent deformation of the feils.

Physical measurement using micrometers were performed in 1984,
bath at room temperature, and at a temperature of 37 K. The results
were 0.920 $0.005 cm and 0.926 10.005 cm, respectively. Taking into
account the foil thickness, these results are systematically larger than
thoge from the pp cross section measurements, by -4.9%. We used the pp
cross Bection values, and interpret the discrepancy as due to the
overall inefficiency of the detector system, including plastic secintil-
lator and electronice event loeses. Thise procedure ie expected to
contribute oniy a negligible amount to the systematic error on the (p,
2p) reguits, because in first order the target thicknees determined from
the hydrogen cross section cancelg cut of the calculation of the (p, 2p}

crogss sectjion.

We also measured the elastic pp cross section for the asym-
metric angle pair 30.0°-53.75° (65.9°cm) and found 3.87 +0.08 mbsr'l.
which disagrees with the VPI phase shift value of 3.58 mbsr~l; but is in
excellent agreement wiith the experimental resuit of Hoffmann (Ho-B4),

3.83 +0.08 mbsr~}, at the same CM angle and 497.5 MeV beam energy.
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3.5 ANALYSIS OF THE 2p) DATA

After wvarious cuis were applied in the initial analysis, two-
dimensional diaplays of X,-Y, were created and events within uniform
region of these distributione were selected by software cuts for the
19B3 data ws shown in fig. 3.5. For the 1984 data, we had two solid
angle defining plastic scintillator counters in front of the X;-Y,
chambers. The projection of these counters at the X, ,-Y, chambers
are shown in fig. 3.6 and 3.7. The data were anaiyzed using either
caunter separately to produce the high precision resulis discussed
below. Table 3.5 shows the symmetric angle pairs we measured in the
1983 experiment and Table 3.6 the angle pairse we measured in the 1984
experiment. Table 3.7 shows the geometry for the high precision data of
1984. Additional asymmetric angle pair datea were obtained in the 1984
experiment. A part of these data was analyzed here, and will be
discussed succinetly in section 5.4; the other part hag been analyzed at

C.5.U.L.A. {An-85),

TABLE 3.5
Ty = 0.507 GeV
ANGLES MEASURED IN 1883

Minimum
ba Recopil
93 94 MeV T4 MeV
c eV [ud
50.°9 50.° 723, 240, 174.
52.° 52.° 706, 243, 223.
5%.9 57.9 672. 221. 362,

66.° 66.° ah7. 149, 6449,
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TABLE 3.8
Tl = ﬂ.ﬁ[ll Ge\’
ANGLES MEASURED IN 1984
Minimum
B3 Hecoil
93 54 MeV T'l MeV
C MeV [
38.13° de.®° 732. 252. -84,
44.13° 44 . ¢ 732, 252, 46.
47.13° 47.° 729, 250, ilg,

TABLE 3.7
T; = 0.508 GeV
ANGLES MEASURED FOR THE HIGH PRECISION DATA

Minimum
pa REﬂﬂiI
93 54 MeV T4 MeV
[ MeV c
41.36"° 4] .41° 735, 252. 1.9*
4].54° 41 .41° Ti5. 252, 1.9
30.13° 53.75¢ 891. 150. 3.5

* Data with smallep L.

P3. T4 are calculated for minimum recoll, using the angles of

the detector axis B3 and 84.
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Mext the momentum pg was calculated from the focal plane
coordinate XF of the MRS and magnetic field strength and the kinetic
energy T, from the pulse heights in the Nal(Tl) detectors using the
caiibration constante given in Section 3.3. Corrections were applied

for energy losses in the various absorbers including the Cu preceding

the Nal {T1) detectors.

Fig. 3.8 shows a typical twe-dimensicnai plot of T3 vs. Ty for
2y (P, 2p)n at the 41.54°-41.41° angle pair and central py = 734,
MeV/ie. As expected most events are concentrated on a ridge correapon-
ding 1o quasi-free scattering. There are alsc eventa due to nuclear
reaction energy losses in the Nal{Tl) detector, accidental events and
background events originating from the walls (steel windows) of the
target cells. From the values of T3 and T4 we calculated the missing

mass mg for each event:

mg = [Eg - pgjlfi

where E; and p; are energy and momentum of the projectile protons, mg is
the mass of the target nucleus (deuteron), E3, py and E4, p4 arve energy
and momentum of particle 3 and 4; all variables are referred to the
laboratory frame. A one-dimensionai spectrum of mg is shown in fig.
3.9, where the leecaticon of the selection window is also displayed. The
peak appears at 9368 MeV instead of 939 MeV: we did not feel a need to
change the T, - calibration to adjust mg. The two-dimensional spectrum

of Tq vs. T4 obtained including aill initial cuts and with a cut of 14
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MeV centered at the missing mass peak in figure 1.9 is shown in figure
3.10. Filg. 3.10 should be compared with fig. 3.8 which is the same
epectrum without the c¢ut on the missing massa. The missing mases cut
width was varied from 12 to 16 MeV, depending on the quality (energy

resolution) of the data.

The Nal pulse height information was not used for the 419 and 30°
high precision data. Pion production contamination in these data could
be acertained directly from the elastic pp-data; it was lese than 1074,
For ail other angle pairs, either an energy cut or a missing mass cut
was applied to eliminate any pion production contamination, based on the
T4 information from the Nal pulse height. In this case, (see next
section) we needed a correction for events lost from the guasi-free
ridge either by nuclear reaction, or by pile-up pulses in the Nal

detector.

3.6 CROSS SECTIONS AND UNCERTAINTIES

The measured five fold differential cross sections are

da - N
dﬂgaﬂ.;d'ra ﬁﬂaﬁﬂl‘ﬁTa hn I LT B} Eg

where N is the number aof events {after random subtraction) in the energy
interval ATq and within solid angleAfly on LHS and Ay on RHS where the

statistical error on N is given by:

AN = (N + 2N 12
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where N is the tatal number of real events and N' is the number of

accidental events.

€1 is the global correction factor for the multi wire propor-

tlonal cheamber {(1983), and drift chamber (1984) efficiencioes:
E] = Rl"il

where I, is the number of particles incident on the wire planes and R
is the numher of particles which satiefy the imposed requirements. The

statistical error for chamber efficiencies € iz given by

relative error = \/”Naccepted * l/Npresented

Typical values for the efficiencies are 79% to 80%, and the statistical

error is of the order of 0.2% for a typlcal {p, 2p) run.

LT is the live-time factor of the electronics and computer.
The values of LT range from 80% to B5%, and the statistical error

calculated as above is =0.1% for the typical (p, 2p) run at 41-41°,

€9 is a correction factor for the events lost from the full
energy peak due to nuclear reactions in the Nai and Cu-absorber, and
alzo due to the pile-up of pulses in the Nal detector. The £y values
range from 55% to 85% (Br-84) for our data, with systematic uncertainty

of £ 1.%. &g = 1.0 for the 41° and 30° high precision deta.

I is the integrated incident proton beam current. It is

determined from the secondary electron emission monitor (SEM) counts.
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Ng is the number of counts in SEM and C is a calibration
constant which depends on the incident beam energy. The SEM was
calibrated against a Faraday cup. The value of C was 9.446*108 proton/
count, reproducible to #3.75%. The stalistical error on [ is =4.7*10°4

for a typleal (p, 2p) run at 41°.
np is the number of 2H nuclei per unit area, given by

where 'PD is the density of liquid deuterium, Lot ie the thickness of
the target cell and 8 is the rotation angle of the target relative to
the incident beam. The target thickness tigt was determined as explain-
ed in section 3.4. All high precision {p’ 2p) data at 41°, and the
elastic pp-data at 41° were taken at the same target angle 68 = 0%,
and thus are not affected by an uncertainty on €. However, the 30°
{p. 2p) data were obtained with & = 25.9; an uncertainty on 86 of *1°

translates into +0.7% systematic uncertainty on np.

The scolid angle Afl3 was determined by software cut on the MWPC
(1983 data) and from the size of the counters AEggp, HERq In the 1984
data. The solid angle A4 was determined from the size of the AEgR
counter. The uncertainties in solid angle are due to the finite size
angular accepiance, beam Bpot and target thickness. The estimated

uncertainty  on .ﬁﬂaﬁﬂ.“ due to all above is lesg than 0.1%.

The total statistical unecertainties in the differential eross

sections, calculated as the square root of the sum of the squares of the
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fractional uncertainties in N, ¢;, LT, and €5, are given in the data
tables. For the high preciseion dais (table 3.7}, we estimate the
systematic error on the factor Aflq ATynp to be +2.0% at 41° data, and
2.2% for the 30° data. At all other angles for the 1984-data, the
systematic uncertainties become larger, because the detected energies
are no longer as for hydrogen, and an energy cut (or missing mass cut)
had to be applied; we estimate the total uncertainty to be 33%. For the

1983-data, the total uncertainty is +7%.



Chapter [V
MULTIPLE SCATTERING AND IMPULSE APPROXIMATION

4.1 INTRODUCTION

We have calculated the cross sections for the reaction
2H[]], 2p)n including the 1A pp and np scattering terms, as well a5 two
other processes, rescattering of the projectile and final state inter-
action (FSI) among the two nurleons of the deuteron, foilowing the work
of Glauber {G1-53) and Wallace (Wa-72). The caiculation uses non rela-
tivistic NN amplitudes and noncovarlant deuteron wave function; however,
all kinematics are done relativistically. The calrulation takes spin
fully into account and it uses the Paris (La-81) NN - potential deuteron
wave functich and on-shell NN amplitudes From Arndt et al{ Ar-83). The
results will he compared with our data, for small neutron recoil as well
as large neutron receil. Section 4.2 containg the derivation of the
cross section formuias from general multiple scattering theory. Section
4.3 describes the T matrix for the 3-nucleon final state in terms of
2-body NN amplitudes, and expresses these in terms of the helicity amp-
litudes. Section 4.4 describes the details of the spin algebra and
antisymmetrization requirements. Section 4.5 containsg the description

of the [A. Resulte of the calculation are presented in section 4.8.

4.2 MULTIPLE SCATTERING

The reaction participants are labelled as

1+2 » 3 +4+5 ,

513
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where 1 is the projectile proton, 2 is the deuteron nucleus, 3

and 4 are scattered and ejected protone and S ie the recoil neutran.

We want to calculate the five-fold differential cross section
for the proton-deuteron interaction leading to a 3-nuclecon final state,
in terms of the known proton-proton {p-p) and neutron-proton (n-p) amp-

litudes.

The differential cross-section in terms_gf the T-matrix is

3 A 2 .2 P
écl‘= \Ji.E_j\rs 63*’3d "+d3h‘- {a‘) 53( ?3* Pq_* P!:r_h)

P (an)!
' E +Ey) Jyap r AN IV
(S(Ear et Es=Fi-am T80 1ap g | | TIS ik 9]
3] Y5 Wy, E, E, Eg E,
> 3>

In {(4.1), | © M; p;, 5 > represents the initial state of the system
-
were 0 is the deuteron laboratory momentum, M is the Z-component (in
.*
the beam direction) of deuteron spin, p) is the momentum of the incident

+ + >
proton and S is the proton spin (5 = a, B). < py pgy b5, L | is the

finel state; here the first three entries are the final nueleon momenta,

and [, denotes a spin &tate for thise system of three spin-1/2 particles.

The observed differential cross section, after the three-

- -»>
dimensional integration for m and py is carried out, is as follows:
2
d3¢ ' A
= 5
d01,90,d 13 GWB33my RCEgh - ks CosBan)

=y -y =¥ —ty — -,
L KRRR,LITIT wy o

LMY
The factor of 1/6 arises from averaging on the initial spin

{4.2)

states; there are three deuteron spin =ztates to be comhined with the

twe spin states of the projectile proton. The dynamics of the inter-
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actlon are contained in the T-matrix. The T-matrix elements must be
antisymmetrized with respect to the proton varinbles. We want to
express the T-matrix in terms of the Ty matrices for the elastic p-p

and p-n interactions.

The multipie scattering series which we are going to derive is
moere naturally expressed in terms of the gquantum mechanical scattering
matrix 1, which is the solution of the three-body Lippmann-Schwinger

equation (Go-64}.

1 = V+VGrT (4.3)
The two-body interaction potentlal V is glven by: V = "'Fpn +
vp'n + ‘qup = Vi + Vg + Va; p' Is the prujectile proton and p and n are

the deuteron constituents. Three body forces are neglected. It is a
good approximation because the two constituentg of the deutereon spend
most of their time far away from each other. The root-mean-square nuc-
leon separation 18 of the order of 4 fm, whereas the strong intesraction
range is of the order of the Compton wavelength of the pion, 1.4 fm.
Hence, the probahility is small for projectile proton and both nucleons
being sufficiently close during the course of the collision for a signi-
ficant three-body interaction, as long as the internal momentum is of

order 200 MeV/c or lees. In 4.3,

1
E'Hﬂ+iE

G =
H':| = KP|+KP+Kn

where K are relativistic kinetic energy coperators. E is the total
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energy of the system. Let us now derive a multiple scattering expansion

of 1:

WY = V;+V;Gr1 sothat t = Ed (4.4)

We can now introduce the twe-hody free particle scattering

matrices, Ttj, satlsfying the two body Lippmann- Schwinger equation,

T = Vl + Vi G 1y (4.3

The presence of the third kinetic energy operator in Hg is
permissible since the Kinetic energy of this third non-interacting par-

ticle is constant.

The snlution of equation (4.3) in terms of vl ana 1 is
{ Wo-68)

T S 1 +Tg T3+ 19 G 1Y 4+ 14 G 12 (4.8)
+‘[1GTB*P‘[]_G12+12611+1’3G11+..”

The details are shown ln Appendix A. Retaining only terms to

first order in G, that is single and double scattering terms, we obtain:

T=11+12+1:3+12{]T3+13{312+11G1:3 (4.6a}
+I1G12+12G11+TEG"[1
We then make use of the identity

1 1 .
- = P |—=—"5| - in& (E - H
E - H, + iE [(E - Hﬂ]] { a)
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ta split the deuble scattering contribution intoe two parts: a princi-
pal value part and an energy conserving part. The first part exactly
cancels all the terms In eguatlon (4.6) contalning more then two Tpn
matricee. Furthermore the principal value part has been eetimated to be
much smaller than the energy conserving part. Using the above argument

and equation (4.6) we get

+ Tt + T

p'n pn - in To'p 6(E-Hg) Tp'n

TE Tp'p
-in 1 p'n 6(E-H,) t pp * in Tpn 5 (E-Hy) « p'P
- in Tpn & (E-H,) t p'n * in Tp'n 6 (E - Hy) Tnn
- i T B(E-Hy) 1, {4.7)

The first three terms In equation (4.7} are impulse approxi-
mation terms. We neglect the third term because it represents an inter-
action of the two nurcleons of the deuteron, with the projectije proton

passing through undeflected.

Now we can obtain the expressions for the matrix elements of
the wvarious terms of eguation (4.7). If final momentum of the projec-

-+
tile proton is p3, the Ffirat term of equation (4.7) can be expressed as

<E :EJ}S s LITH- I EH::E 1g7 =Z<.F3$ﬁ-;5:l'l‘1}ri\c‘F‘ih}ir)(ipﬁnu B.r H ;S)
1‘!11 pL' + 3

Where a complete get of proton-neutron plane wave states < Uy Gn L' | is

used. The spin states | L'> are three-particle states. The above

axpresnion simplifiea as follows >< v ‘ ¢n(F5ﬂS>

¥a
<RE LT %, e tam Zq‘ﬁ, Ll'ﬂ,r;ll'” (AL
L
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The curreapnnding T matrix element is

Ry BE @) 5_"‘”*\ TR, D B

(4.8a)

The relation between 1 matrix and T matrix ig as given below

<flTll> ) (:‘ﬂg (Fi‘ ? l)h_-“ha‘. W final ;'I_E’? <{l \T\-‘D

Similarly we find the expression for the T matrix element

of the second term of eqn (4.7) to be

. ‘Lj': 1;1 - .o .
<${F§s"-ﬁ 18 M = am) @y §_< R \’-;L\R' ) P,;\’,_}L'.}(L\t(-rﬁ)@ (4.8b)
i

Fig. (4.1a) and (4.1b) shows the diagrams for above processes.

Following the same procedure, the matrix element of the fourth

term in equation (4.7) is -
- - > - - - "‘[‘ \DM ?3> ('L“)
XX Gy S(& "pr o P!F') ‘

3Fatshltpp FiTrpl- 3,300

by
- s S oS R e e e
X(‘lﬂ g (P@,-" Pf-k* a{h" Sbj S(F—"E—%?- E;n- ES)
<S P}-‘Th'h\? ., .
KH\‘E ?“Esw ;R“Em <L \¢Ht%h“s>1 (4"1‘383(%" Q.,_)

> +
Note that dp * Oy is the internal momentum of the nucleons in the deu-

_’
teron. After carrying out three-dimensional &, integration and the qg-
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FIGURE 4.1a

FIGURE 4.1b



G3
+ >
integration aleng the direction of p3 + P4, we get the following expres-

sioi. a 1.11(&""[\*] ) <$.F,L“ ‘P*? * I
GRRLT 3wt (m‘*ha ?{nga Maa ALY

x <-Fa+ '?fqt; P;'L ‘Tr'n h’t;“l_‘,L )(L_ \4::“(':1) 15‘> (4.98)
IC%“"I' \-ﬁa +* -ﬁh ‘) E (',:j -+ 1.“E. (—53* ‘F‘ — "i') l

Implied in the above expreseion i that energy and momentum

are conserved at each vertex., We also have replaced gy by q. The
- >

{m + ny) under the integral slgn indicates a two-dimensional integra-
+ > +
tion over the component of g perpendicular to p3 + py. The component of

- -+ >
q parallel to py + By, denoted by q“is determined from energy and

momentum conservation. The q-vector varies over a surface symmetrical
> >
with respect to the axis py + pg. Details about the integral element

-+
d2q and the eaiculation of | q | are given in Appendix B.

Equation (4.9a) describes a double scattering process in which
the proton projectile collides first with the mneutron and then with the
target proton ms shown in Fig. 4.2a. For symmeiric angles of particles
3 and 4, the p-n interaction is nearly 0° scattering and the p-p inter-

action 90%«gcattering. This is true for all four diagrams.

Similarly, the T matrix element for the fifth term in equation

{4.7) can be written as:

(Ps"q?gL\Tblb Mj‘? gy R (im.ﬂ Z gl‘lq‘_é_F-FSL‘T ang . 1_:1_ L>

(@wa 4 LU'LP*\‘E)L
<P!,*P5 W~ Fyrlh,—ﬂ, LS 18T D (4.80)
| (4, (B RINR () + T, (B ¥ D)
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Equation (4.9b} also descrilbes a double scattering process; here the
projectile proton first collides with the target proton and then with

the neutron, as illustrated in figure 4.2b.

The gixth and seventin terms in equation {4.7) correspond tc a

final state interaction {FSI} The T matrix element for the sixth term

i 4> Ba<ERLIRR-T T ¢
L\T ‘0 Pg) (‘llﬂ L4 ZL:"('FS.‘:‘P'E) 4 ) 1‘;:{'; >
<P_,, -3 U T U3 -3 oo L (1)

\(‘!,‘j'\?; FDE(R) + 4 E(P+ T -1 |

{4.9¢)

Equation (4.9c) describes the scattering of the projectile
proton from the target proton, which then collides with the neutron.
This is a single scattering process followed by a final state inter-

action of the target nucleons, as shown in fig. 4.2c.

The T matrix element for the seventh term in equaticn (4.7)

Il,l -y =
is - R (ﬁ"ﬂﬂ 4* <F?L\Tp.,\_$+} - N

T TR i) ) Phiimieriey 0

<Bb B ’L\T (5% % CURIEIIRTTTe 2 AN

R R M A R S Ll
V) BB Bl 4 BCRe B P

Equation (4.9d) describes the scattering of the projectile

(4.9d)

proton from the neutron, which then collides with the target proton.
Agnin, this is a single scattering process followed by a final state

interaction of the target nucleons as shown in figure 4.%d.



FIGURE 4.2d 4
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We neglect the eighth and ninth terms of equation (4.7) bhe-
cause they correspond to an initial state interaction of the target

nucleons before the projectile collides with the deuteron.

Finally, the T matrix calculated here js the sum of the

single, doubie and final state interaction terms:

T = Tpp + Tpip + T® + TP+ TC 4 7d (4.10)

pPp

Equation (4.10) antisymmetrized and substituted in equation

(4.2) glves the differential cross section.

4.3 TWO-BODY T MATRICES

The relation between the on-energy-sghell nucleon-nucleon T

matrices and the non-relativistic center of mass scattering ampilitude

FCM is

. .. I
<y B mI Tl % e s B | 0y,

where 8 = (pg + ;:-.-,4]2 = (p4 + p!;]z, 8 is the CM scattering

angle and ¥ the angle between initial and final reaction planes.

In {(4.11), | m> is the spin wave funection for a system of two
spin-1/2 particles. Taking a and p to denote the spin-up and spin-down
states, the triplet spin states are | 1> =aa, | O > = J% (eff + pa)
and | -1> = Bp. Using m = § to denote the singlet state, | 8 > = J%

(af - Ba).
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The < m' | F | m > are the singlet-triplet representation
matrix elements Mg., M{q, Myg., My.q1. Mor» Moo» Mog-1s Moy Mo1g. Moy
of Stapp et al. {S$t-57) Because of the symmetry properties of M's:

My M_1-1 Mg = Mgy

i}

I
i
=
;
_
=

M_j1 = M1, Mg =

there are only six independent M's, which are then calculated in terms
of the helicity amplitudes H of Arndt et al. (Ar-83) The relation

between the M's and H's are:

MSS = EH]_.’R

Mnn = 2 I:Ha cosd + H'l sin8)/k

M1 = (Hy cos® + Hy 8in® + Ha)/k

Mip = -J2 (Hg sin® - Hy cosB)/k

Mypy = -J2 (-Hy 5in® + Hy cos9)/k

Ml-l = [Hg - H:] cosB - Hii sinB)/k (4.12)

Where k is the CM momentum and © ie the CM angle. The M
matrix elements are non-antisymmetrized and antisymmetrization is per-
fermed in eqns. (4.17) to (4.21). The two spin-flip amplitudes My,
and Mg, change sign, when (8, ) is replaced by (8, ¢ +180°), and this

property is taken into aceount systematically in the calculation.

(S51-57}).
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4,4 SPIN ALGEBRA

There are six Initial and eight final spin states. Together
they give 48 amplitudes. The 90° CM pp and pn interaction is dominated
by spin flip contributions. As we have seen, this Interaction figures
impertantly in ail the diagrams. So it is important to include nucleon

spin into our analyeis.

Three spin 1/2 particles can be combined to give eight ortho-

gonal spin wave functions (Wu-48):

'1> = ap ag uy
| 2> = By By By
_ 1
|3> = A (B ag a3 + a1 Pg ag +a; ag B3)

| 4> = 5 (o) 8y 8+ 8 ay By ¢ 8y By o)
| 5> = g By ag g + oy By ay - 2 a, By
| 6> =Jé[ulﬂzﬂ3+[’1uzﬁa'2ﬂ1 By 23)
7> = J% (ay By = By 9y ) g
| 8> = J% (B, o, - a; By) B, (4.13)
The third state is taken 1o be that of the neutiroen. The spin
wave functions l 1 > to I f > are symmetric with respect to proton
spine, and ’ 7 7 and } B > are antisymmetric. The presence of two
protons in the final state requires that ail physical states be anti-

symmetric with respect to all proton variables. As B conseguence, the

untisymmetrized final stater of the svystem are
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The initial states of the system can also be expressed in
terma of the three-particle spin states (4.13). First we need to write

the momentum apace deuteron wave function in the form:

> 1 > where m > is the
g (@) = E H (a) l m > two-particle spin
m=-1 wave function.

Then the six initial states of the system are:

8

> * > 1 +
O, Mipy .S> = L |p.L> E <L| O ta)|ms> (419
L=1 m=-1
- > 1 +] i > 3 :@ > 5 ﬂ
= p.pg >y @m0 - e

-
sl >
.*

-> - E ]
4 . 43 B .6 _ 8 /2 71
+ (‘ pl! 3 2 3+ l p_lllr) > g | P]_- > ] tbﬁ (QJ

Where upper signe and numbers apply fer S = a and the lower ones for 8 =

B. The deuteron wave function components in (4.15) are

¢ (@ =SS0 oy e Al e g =€) @

# @ = - GErldy e q) co %) = @ @ = ek
# @ S v e e = o (@

q}f}l [-:” =1L.é£l.l Yi}ﬂ-ﬁﬁﬁ_ﬁliﬂlYZ(} Il""31:1” qu} {4.18)
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-
where 8,, @4 are the angles of g relative to the spin quantification
direction, here the beam direction. The 8- and D-state radial wave

functions of the deuteren are u{g) and w(q), respectively.

The spin states of equations (4.8) and {4.9) are three-par-
ticle spin states whereas those of eguations (4.12} are two-particle
spin states. Using equation (4.13) we then find the three-particle spin
states for the nucleon-nucieon amplitudes. These amplitudes are written

cut in Appendix C.

Finally, using equations {4.8), (4.11), {4.14) and {4.13) we

obtain the following T matrix element for the single scattering

+1

Lk - "
"\'Lm(l_)-;(m\ (A ) (8u) 53 [AL,,,}*@* ALM:("BJ“'Q)-—" ?Sh f—i} (4.17)

™|

where

AL\q = <Ly FP“ (.%"?ﬂh)

3L
L:f' = QL\F?“LB,Q)\}&>§ =& FPEB:‘P)'E?% +<L\Fﬂb,{’llg>1

I
-

LuP N 8. %3

Mo @ | ¢ NTE 4 (! 5

A P e, R+ WP e O )R AR G, dY) 772
L\ﬁ-

Where N = p or n.

& or ¢ are determined from the initial and final momenta of

the p-N interaction.
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Similarly using eguations (4.9), (4.11), (4.14) and {4.15) we

get the following T matrix elements for the twe double scattering dia-
grams and two FS51 diagrams:

\“(J‘ma‘}ll. ‘si“]l a [
TLM (awyMa g SJ ™
(F + Pq

qm._,(eoo'o} P ()
v b & 1T B DEQ 4 BRI

+ (4.18)

_ A\ g -0,740 €', §) CP: (9.) £ D
+ E 758
; I(ﬁj‘“-l-l(i:;-l- E)IELT] Y 1,E (E* };-"’.‘_)\

where the a's are found in appendix B and

s = (p3+ py)?
sl w o e e d') P (T (*)rr']
\

= rrr(avnn (gny
_!:. (awy*r g {SF ;[“‘. l(%. lp!.ﬂ:-DE('c'iJ ﬁhE.(]Hr]’“)

i LU"“(B £,9.¢') ¢:(%—)rr _}i (4.19)
g I(1||+'IP"_*P5I)E(1_‘)+1 E(by+ P 1.)

"
(Flr"'-i;'i 3y

where the b's are found in Appendix D and

s = (Pgop4*P5)?

) 5 = {;:-1 E:T:; %E‘Lﬁn‘i@'qa‘:@') #):‘L (-i___‘)‘f_,_{;* ]
TLH5= il (E.::;E A { \(q' “-v KT»;*-‘FS&D E('{_p 1“ELH’+P5"P\
- 8413‘ Y:;‘** ?3] g (4.20)
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where the c's are given in Appendix [} and

8 = (Pygpgt PE}E

g = (P + q)2

% dn809.9) B (G5 J50
T LW(&HD {31'1 S‘RS‘X.Z | (1“_* 'l?q."'?s l)E{i‘)., 1‘E(_Fq+;5- 5 \]

LS (awy¥a A4
+P53L (4.21)

o g diq L -F‘*-'-%] i
(33*?5\.1,

where the d's are given in Appendix D and

8 = (P3op4 * P5)?

&' = (p] + q)?

Eguations {(4.17) - (4.21) combined with F amplitudes of
Appendix 1C, the singlet-triplet representation matrix elements M's,
equation (4.12), and the wave function formulas, equation (4.18), give
the complete et of equations for calculating the single scattering,
double scattering and FSi contributions. To obtain the differential
cross section we substitute the T matrix (4.17) to (4.21) into equation
(4.2}, This completes the derivation of all the formulas one needs to

calculate the 2H{I;:u. 2pIn differential cross sections.
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4.5 IMPULSE APPROXIMATION

What is commonly referred to, both in the literature, and in
Chapter 5, as the 1A estimate of the cross section for (p, 2p) is the
contribution of the first term in the multiple scattering expansion,
formula (4.7). Expression {4.2) for the cross section can then be
written as foilowse, when (4.17) only is used for the T-matrix:

dBE = SP: P!b < w) H’ - Il (-a -
dladfl, dT3 h{Eﬂ’q'PgeqMB‘a?n“L m\E‘-ﬂ (gAJ)' 7 HJ PB)'

dg \FP 1R (4.22)
-~ k(=S )
-
Where | & (Pg} |2 is a theoretical single nucleon momentum

distribution (SNMD) for the deuteron, which we iake from the Paris
PP
NN-potential; (do/dfl)pp is the proton-proton on-shell CM differential

cross section and K is the kinematic factor.

4.6 RESULTS OF THE CALCULATION

We show here the detailed resulte of the calculation ineluding
the two IA graphs of Fig. 4.1a and 4.1b and the 4 graphs of Fig. 4.2a ta
4.2c. Of particular interest are the resuite for the 41-4°-41.4° con-
figuration, because this i the kinematice for which we have better
data. Displayed in fig. 4.3 is the quantity (R-1) vs. neutron recail
momentum where Hglnhal is= the ratlo of the cross section including ali

graphg, to the 1A pp cross section alone
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Similarily, we define {4.23)
Vo1 P
Ry = \T;E*T:P:*tmT | /lT'I

where i = a, b, ¢, d for each diagram.

Thus {R~1) is the percentage correction to be applied to the pp IA-term
according to our resuits. The curves iabelled a) through d} correspond
to the inclusion of one of the graphs of fig. 4.2 at a time. The curve
labelled "globel" correspond to all graphs included. Only graph a)
contributee a positive correction to the IA. Graphs b}, ¢) and d) pro-
dure a negative correction; added all together the 4 graphse result in &

negative correction to the IA.

A primary criterium to check the correctness of the calcula-
tion results was symmetry. We expect the results to be symmetric about
the minimum recoil when the two proton angles are equal (see further
discussion of this point in the next chapter). I[n fact, all results for
symmetric angie kinematics have been found to be symmetrie., In fig. 4.3
the dots correspond to p3 being smaller than $y (central py) (i.e. ;:5
pointing on the same side as ;3} and the crosses are for p3 larger than
By (le, ;5 peinting on the same side as 54]. It is obvious in fig. 4.3
that the results are symmetric for all individual graphs, as well as

globally. We have also checked that we find the same results at 600 MeV

as shown in Wallace's reference (Wa-71)
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Fig. 4.4 shows the wvalues of (R-1) for all graphs combined
vs. the neutron recoil momentum for the symmetric angle pairs at 389,
44° and 47°. Here also the results are symmetric about the minimum
receil as expected. Finally, fig. 4.5 shows the global values of (R-1)
vs, neutron recoil momentum for the asymmetric angle palr 30° - 53.75°.
in thie case the results need not be symmetric about minimum recoil, and
indeed they are not. We also notice from all the graphs shown, that
the corpection due to multiple scattering is minimum at minimum recail.
This ia because at minimum recoil momentum the creoes section iB doemin-
ated by the IA process, whereas as pg increases the multiple scattering

contributions become increasingly important.

Finally, fig. 4.6 shows R as a function of angle for symmetric
angles and momenta pj and py. The correction due to multiple scattering
is negative and small up to abhout 54°. Then the correction becomes
positive and it riges very fast. Nearly all of the contribution to this
fast rise comee from the first graph, although the contribution from the
other three graphs becomee positive alsa. In the same figure, the con-
tribution due to [A np scattering is shown separately. The [IA np pro-

cess nearly doubles the cross section at 66°.
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Chapter V
RESULTS AND DISCUSSION

3.1 INTRODUCTION

The results presented in this chapter concern the reaction

%1 (p, 2p)n, i.e.,

p+2H * p+p+onn

1+2 + 3+4+5

where 1 is the incident proton, 2 is the target deuteron, 3 and 4
are the detected scattered and knocked-out protons. respectively,

and 5 is the recoil neutron.

Section 5.2 describes the kinematiecs for the reaction
2y {p, 2pin. In Section 5.3 we present the results for small neutron
recoil momenta for several symmetric proton angle paire and one asym-
meiric angle pair. [n Section 5.4 we present the resulis for large
neutron recoil momenta for several symmetric and asymmetric angle
pairs. We compare our rvesults with the prediction of the impulse
approximation {(IA) and with those of our multiple scattering calculation
{described in chapter 1¥V). We alsce compare our results with previous

(p, 2p) and (e, 2'p) results.

g1
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5.2 KINEMATICS

In order to determine the final state entirely (kinematical-
ly complete reaction), one needs to measure 12 variables, 9 componente
of momenta and 3 masses, for the 3-nucleon final state. The masses of
the 2 protons are determined from their TOF and dE/dx (see section 2.6},
and we require the momentum and energy to be conserved in the initial
and final states (4 relations); so finally we need to measure 12 - 2 - 4
= G additional independent variables in generail to determine the final
state entirely. We measured pg, 84, 9q, T4, 84 and g, for each detected
event (see flgure 5.1). The 41° and 30° data will be analyzed without
the T4- information. The recoil momentum pg was then obtained from py

caleulated as in eqn. 5.9,

Mot of the data will be presented in the form of a momentum
density, ¢2. as a functlon of the neutron recoil momentum P5g. Momentum

and energy conservation ave used to calculate pg for each event:

> + > »
P1 = P3t P4 *Ps {5.1)
E]. tmg = E3 + E4 + E5 (5.2)

The invariant mass of particles | and j is

M% = fdij - By, (5.3)

where Eij = Ei + Ej = E]_ + mg - Ek’ (6.4)
> > - - s
and Pij = W + ]}j = P " Pk» {5.9)
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where i, J, k are from 3 to 5. Using equations (5.1) to (5.5) one can

write
E§ = (Eg5 - Eq)?, (5.8)
+ +
p& = (P45 - Pg)2. (5.7)
Equatione {5.6 - 5.7) give
mg = (Eyp - Eg)? - (By5 - Pg)? (5.8)

Equation 5.8 is a guadratic reiatlon from which | py | can be caiculated

(see figure 5.13%; the result is

L 4 L Y
b [fuscomEd v Eag et -awl (B Tnond) oo
4 A(ele~ TG <08t ) '
where r.:;",: = MEE + mg - mg.
a = 94 - Bx.
and B, = tan"t (py sin®3/ (py - p3 cosBy))
Now pg can be obtained from (5.9)
Ps = P4 sina/sinp (5.10)

where = tan~l (py sina/(Py; - pg cosa))

The momentum density ®2 is ohtained from the measured cross

gections uging the IA as follows:

5
+ d ﬂp'.dﬂ:i dfl4 dT3
| ® (pg) |2 = P (5.11)
K (dofdid) oy

where K is a kinematic factor given by:

K = p3 p§ Miy/p;(E5 py - E4 pg cos8yg)
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np
and {do/dfl}yy is the CM pp an-shell differential cross section obtained
from the VPI phase-shifts (Ar-83) at the collision energy Tq4 and CM
angle 63 as follows:
T34 = [M§4 - [m3 + m4]2]f2m3
53 = CDB-I (( Yps CDEB334 - ﬂEa}l’pEMJ

where p; end Ej are laboratory frame quantities, p§™ is the momentum of

particle 3 in the CM-system of particles 3 and 2,

-»

> +
n o= (p3 +Pg)/Mzg . Y= (Ez+ Eq)iMgy

and G373, is the laboratory angle between ;)3 and ;3 + -1;4.

| & {'ﬁ5] |‘2 is thus the result of the experiment, when the [A
is used. The physlical interpretation of the dﬁz-spectm preeented
in the next sections is thus as follows; in the mbeence of any contri-
bution other than single pp scattering, it would be the deuteron single
nucleon momentum density. But because other contributions are always
present to some degree, ®2 is in fact not the true momentum distribu-

tion.

The calculated value of pg using (5.10) is then corrected
using a Monte Carlo simulation including the finite acceptance af
the detectors., Monte Carlo events are generated by choosing 5 indepen-
dent variables (p3., @5, @3, 94 and @4} of the experiment uniformly over
the intervals defined by the experimental geometry, and assuming the 1
nucleon masses. Each event is then weighted according to the theor-
etical probability for the neutron recoil of the event. For each energy
interval, T3, one observes a distribution of ps values due 1o the

Finite solid angles, ms well as finite target thickness and beam size.
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Furthermore, multiple scattering in the target deuterium and assorted
foile is ineluded. The most llkely vaiue of pg is then determined.
Calling the most likely value pg (MC), the results of the Monte Carlo
simulation for @3 = @3 = 41.41° are shown in fig. 5.2 as a function of
the pg values calculated from (5.10); the correction is largest near

Zera recoil.

2.3 SMALL NEUTRON RECOIL DATA

One-nucleon Knock-out reactions like (p, 2p) and (e, e'p) are
studied in order to determine the single nucleon momentum distribution
of a bound nuecleon in a nuclear system. [n the guasi-free scattering
domain (i.e., small recoil region}, one wouid expect the [A to be a good
approximation, as the distortions are small in the energy range of
interest here; also the proton Kknocked out is nearly on-shell in this
region. We present first our data in this domain of small neutron

recoil momenta {Pu-85, Pu-8%a}.

All the data displayed in this section and section 5.4 are
tabulated in data tables 1 through 16 (see TABLE CAPTIONS); the uncer-
tainties in these tables are statistical only; randem and target empty

corrections have been made where necesgary.

Fig. 5.3 shows the measured crose secticnse for the 41.54% - 41.41°
angle pair and for the solld angles Af2q = 0.528 mer and Afly = 1.19 msr.,
as a function of T3, the energy of one of the detected protons.
Statistical error bars are smajler than the size of the data points.

The overall systematic uncertainty is estimated to be *2.0% for cross
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sections (detmils are given in section 3.8). The crose sectlons are
nearly symmetric about the minimum recoil, which occurs at T3 = 253 MeV
and is zero kinematically. Thie minimum recoil i{s approximately 10
Mev/c when resclution is taken jnto account. This symmetry in cross
sections occurs because of the mirror symmetry of the kinematlcs. The
value of | ?35 | for pg - bpg is the same as for pgy + 6pq, as shown in

fig. 5.3.

The internal momentum density &2 corresponding to the date in
fig. 5.3 is shown in fig. 5.4 mas a function of the neutron recoil
momentum ps. 2 is obtained from eqn. (5.11) and pg from the Monte
Carle results in fig. 5.2. Thus the data are corrected for resolution.
When compared to the density of the Paris (La-81) deuteron wave function
¢ﬁari5, the data agree rather nicely in shape., but are below the
theoretical distribution by 4.7 to 14.6% over the range of neutron
recoil momenta 13 to 80 Mev/c. We could not show the data points at
recoil momenta smailer than 13 Me¥/c, because of the hydrogen contamina-
tion in the deuterium target. To find the amount of hydrogen contamina-
tion in the target, we analyzed the data with very small solid angle by
putting sofiware cuts. The hydrogen peak is seen very clearly For solid
angle ﬁﬂg = 0327 msr, as shown in fig. 5.5, where it does not occur at
the energy of zero recoll in (p, 2p), but somewhat higher. The amount

of hydrogen in the deuterium was found to be 1424 = 1.5 1073,

[t was [ound necessary to adjust the central values of the
angles on the MRS-side to achieve precise symmetry between the low-pg

and high-pg values of ®2. For the large solid angle data, 63 = 41.54°,
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and for the small solid angle 83 = 41.36°. A misadjustment of the two
solid angle defining counters AEpy and AEgy of 0.1° is directly seen in
the display of the {Xg - Yy} position detector. The uncertainty of #1
MeV in the energy of the beam transiates into an angle uncertainty of
+3.072, Thus the correction applied is within experimental uncertainty.

The same correction wes also used for all the other angles.

In fig. 5.6 we display the ratioc R of the measured cross
gection to the [A cross section vs. neutron receil momenta for the same
data. The error bars are statistical only. The IA cross rection is for
the Payris wave function as shown in eqn, {(4.22). The curve labelled as
"6 graphs" is the result of the multiple =scattering calculaticn, as
described in chapter 4. The ratic R for this curve is caleulated as
shown in formula (4.23)}. The data are still below expectaticn when

multiple scattering is taken inte account.

The best way to estimate the discrepancy between dala and
theory is to compare values of the probability P of finding a proton

between given limite of internal momentum. We define F to be

Ynn
?= qbl(i) TL Aq@ ) c‘gt \:F5 | {5.11)
qm‘m

For the data in fig. 5.8, with g, = 16 and qpg, = 56 MeV/c we find P =
0.298. The corresponding value for the Paris momentum density between
the satme limits of q is 0.122; sc about (7.4 0.4 of the proton
momentum density is missing over this range of internal mementum. When

the multiple scattering results are taken into account the missing
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strength is reduced to (5.7 20.4)%. The error quoted 15 statistical
only. The systematic error on P js mostly due to uncertainty in p; and
we estimate it to be $1.9%. The systematic uncertainty on $2Zin fig. 5.4

and R in fig. 5.8 is t1.8%, again mostly due to the uncertainty in pg.

The data shown in fig. 5.7 as R vs. pg are a subset of the
data in fig. 5.3 through 5.5. These data are for solid angle Ay =
0.107 msr and Afly = 1.19 msr; Aflg is defined by counter Eggp on the MRS
side. (see section 2.5). The ratio R for these data snd the multiple
scattering curve are calculated as explained above. The errot bars are
statistical only. The data are low by 2.0% te b6.9%, compared to the
Paris wave function and by 0.3% to 5.6%, compared to the muitiple
scattering calculation. When the probability P is compared with the
Paris wave function, the data are found to be low by (6.1 $0.5)3%; when
compared with the multiple scattering calculation the data are low by
(4.6 *0.5)%. The systematic unceriainty is again 1.9%. Comparing the
data in fig. 5.6 mnd fig. 5.7 indicates good agreement below pg - 60
MeV/c, but different behavier above 60 MeV/c. The difference may be due
to non-linearity in the MRS momentum calibration which was not corrected
for, orr to MRS transmission inefficiencies. Both effects affect the

data from the itarger solid angle most.

We also have data in the same range of neutron recoil momenta,
from a measurement of d% for the apymmetric angle pair 30°.1 - 53.75%°;
the solid angles were Aflg = 0,928 msr and Afly = 0.792 msr. The data are
plotted as $2 vs. neutron reccil momenta pg in fig. 5.8. The error bars

shown are statistical only. Again, the agreement with the shape of
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the theoretical momentum density is good, but the ¢Z values are too
small by 5% to 18%. We also display these data as R vs. the neutran
recoil momenta in fig. 5.9. Notice the twoe branches (asymmetpic
kinemeatics) tor the multiple scattering resulis. Comparing the data
plotted by dots with the upper curve, and the crosges with the lower
curve, the discrepancy with the data is 1% to 6%. These date are in
good agreement with the data at the symmetric angle pair 41.4°. The
P-value is low by (6.4 *+.5)%, when compared to the Paris wave function:
the missing strength is reduced to (3.1 *.5)% when P is compared with
the multiple scattering result. Here the systematic unceretainty is
2.7%, larger than at 41.4? because the target thickness uncertainty does

net cancel out (see sec. 3.8).

The two results from the 41.4° data are compatible with the 30.1° -
53.70° {see Table 5.1} result. The average of these three results gives
a missing strength of 5.1% *{0.7% standard deviation). This important

result will be discussed further when we conciude.

Next, we discugss two other sets of small recoil momentum data.
Fig. 5.10 shows the data for the 44.1° symmetric angle pair. Here the
solid angles were Aflg = 0.528 msr and AR, = 1.19 msr. Plotted in fig.
5.10 are ®Z-values vs. Pg. When compared to the Paris ':bg. the solid
curve, we observe that the data are in excesg of the [A by about 2% on
the average. The multiple scattering correction is -i% to -3%. %0 when
the date are compared with the multiple scattering results, they are
found to be in excess by 1% on the average. The error bars shown are

the statistical uncertainties cnly.
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Table 5.1

Integrated probability P for o - recoils in range 18 to 56 MeV/c

P - defect
1A when compared to
Proton Pdata Ppapisg 1A B graphs
Angles (%) (%)
a1° 0. 298 0.322 7.4 10.3" 5.7 +0.3
(1.9
410" 0.334 0.353 6.1 +0.5 4.6 0.5
(£1.9)
30°-53.8° G.326 0,353 6.4 0.5 9.1 r0.5
{t2.7T)
average 6.6 £0.7°%" 5.1 *0.7

L] . -

statistical error only
¥ R

systematic uncertainty
*** standard deviation

***! smaller solid angle on MRS-side

The data shown in fig. 5.11 a=s &2-values vs, p5 are for the
38.1° symmetric angle pair. The solid angles were ms in fig. 5.10.
These data are iow by (16.5 $4.3)% {standard deviation)} on average over
the region of neutron reccil momenta of interest, when compared with the
Paris ©2, the solid curve. Compared to the dashed curve, the multiple
scattering resuit, the data are low by (13.2 $4.6)% (standard deviation)
On average. The obvious difference between this result and the 44°-

resuit will be discussed in the foliowing section.
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3.4 LARGE NEUTRON RECOIL AND ASYMMETRIC ANGLES DATA

n all previous {p, 2p) experiments it was observed that at
neutron recoil momenta larger than 200 MeV/¢, the cross section and
momentum distribution stop decreasing with increasing reccil momentum.
Our large neutron recoil data are in agreement with these results. The
multipie scattering calculation does explain a large part of this
enhancement tor very large recoil momenta and another part is explained
by the rcalculation of 2 non-IA graph which includes virtual excitation
of the A(1232) resonance, as shown recently by Al Yano (Ys-83), and in

the past by Wilkin (Cpr-69, Al-7T).

Fig. 5.12 showe the distribution ot ®2-values as a Function of
neutron precoil momente for symmeiric angle pairs 47°, 50° and 52°.
Comparing the data with the Paris *tlg-diatrﬂibuuon. the solid curve, we
see that the 47* data are low by (7.3 #6.0)% (standard deviation) an
average in the neutron recoil range 106 to 140 MeVic. When the multiple
seattering correction is taken into account (the dashed curve), the data
are low by (2.4 #7.0)% (standard deviation) on average over the same
recoil range. The data for 50° and 52° show two separate branches for
py < -ﬁa {pg = minimum recoil) and pg > Fﬁ We do not expect to see Iwo
branches for symmetric kinematics as discussed in section 5.2, and
without s missing-mass cut, we find that the two branches agree rather
well. It is interesting that both at 50° and 52%, the complete calcu-
lation including multiple scattering gives a cross section smaller than
the [A wvalue. However, the data show a different behavior; at 50° the

$2-values are indeed below the & .o, but at 52° they are above. The
AT
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minimum recoll for 50° data is 174 MeV{c and for 529 data it is 222
MeV/c: so we do see that the data start deviating from the [A prediction

starting at recoll momentum of about 200 MeVic.

The data dleplayed in fig. 5.13 as ¢%-values ve. pg are for
the asymmetric angle pairs 41.54% - 50°, 41.506° - 57° and 51.54° - 6B°.
Here tkhe solid curve prepresents the ﬂlﬁﬁaﬁs distribution, and the
dashed curve is from the multiple scattering calculation. We see that
the data at small recoil start below the ‘I’Earisr then cross over and
remain in excess. For the angles 41.54° - &0° the carrection due to
multiple scattering is -1.8% to -11.3% for the recoil momenta of 78 to
180 MeV/c. For the angles 41.54° =~ 57 the correction for the recoil
range 157 1o 261 MeV/c variee from -7.8% to -16.0%. For the angles
41.54°% - §8° the correction turns positive and ranges from +8.3% to
+41%; the corresponding pg values are 287 to 383 MeV¥/c. The &2 distri-
bution obtained from the 3 angle pairs variea smoothly and continuously
over the large recoil range covered, 78 to 383 MeV/c. Again, a distinct
departure from the 1A prediction can be seen, starting at about 200

MeV/c recoil momentum.

Next, fig. 5.14 shows the data for asymmetric angle pairs
30.14° - 44°%, 30.14° - 61® and 30.14° - 6B8° in the form of the 2
distribution as a function of pg. Again the solid curve is $§;.i; and
the dashed line is from the multiple scattering calculation. The data
for 30.14% -44° are as much as 19% below '1:‘5[“.15 at the minimum recoil of
66 MeV/c and then cross over and are in excesse by as much as one and

haif times q’saris at the recoil of 184 MeV/ic. The data for 30.14° - £1°
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agree well with 4’33:-15 over the whole recoil range of B1 MeV/e to 169
MeV/c. The data for 30.14° - 68° also agree well with ®f, 1. except the
last two data points. The multiple scattering values are below q’garis
for all three angle pairs and range from, -6.0% to -2.00% for 30.14° -

44°, -2.5% to -7.5% for 30.14° - 61° and -1.5 to -10% for 30.14° - G8°.

When the 2 distributions obtained from these data are
compared with the $2 obtained from the data of other angles, we seg that
the ®2-values from 38° - 38° and 30.14° - 44° data agree where they
averlap; the $2-values obtained at 44° - 44%, 41.54° - 81° and 30.14° -
619 also ngree where they overlap. This may not he fortuitous. The
first set of angles is characterized by 83 + 6,4 < 83.0° and second by 8y
+ 84 > 83.0%, or equivalently, the first set has 5, <0 (i.e. anti-
parallei 1o El}, the saecond pﬁll > 0 (i.e. parallel to Eﬂ* This
behavior might be related to relativistic effects not inciluded in the
relativistic rreatment of the Kinematics. Several prescriptions to
treat the problem of the off-shellness of the struck nucleon exist in
the literature (for example Gugelot {Gu-84), Kcbhushkin (Ko-82), Ber-
tocchi (Be-76)). All have in common that they Ilead to an internal
momentum which is smalier than p; when pgy > 0, and larger in absojute
value than pg when pg < 0. Although we will not attempt here a detailed
anelysie of this sort, these relativistic effects will tend o bring the

iwe sets of date mentioned in close agreement.

Fig. 5.15 shows the @2 distribution for the 57° und 66° sSym-
meiric angie pairs. The error bars are for statigtical uncertainty

only. When the data are compared to mgarisr the soiid curve, the
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discrepancy with the data is large for both angle pairs, The cdashed
curve, cbtained from the multiple scattering calculation, does contri-
bute the same fraction of the ®Z-data at 57° and 66°. The ®2 values at
657° and at 41.54° - 68° agree well with each other in the overlapping

region of recoil momenta.

Finally in fig. 5.16 we show the ¢Z-values at the minimum
recoil momentum for all the symmetric angle pairse we measured. The data
peints for the angle paire 41.24° ~ 41.41°, 38° and 350° are below the
¢1§aris. represented by the solid curve. The data at 44° and 47° angle
pair are right on the curve and the data at 52%, 57° and B6° are
systematically higher than q’aaris' The dashed curve represents the
multiple scattering calculation results and the dashed-dotted curve
labelled " A" is the caleculation of the non-[A graph shown in flg. 5.16,
which includes a pn*n vertex and A-excitation through exchange of the
pion, followed by de-excitation of the A through a second pion (or rho)
exchange (Ya-85}. The multiple scattering caleulation by ltself
explaine a large part of the data for large recoil momenta, and so does
the result of the "A" calculation. It is possible that If we combined
the amplitudes of these two proceeses, the result would agree with

experiment. This is a difficult task which will not be attempted here.

5.5 COMPARISON WITH (e, e'p) AND PREVIOUS {(p, 2p) DATA

Fig. 5.17 displays the data of the present experiment, the
EH{E. e'pln experiment of Bernhelm et al (Be-8Bl) and the 2H[p, 2p)

experiment of Witten et al. {Wi-75) as &l ve. P - The solid cuprve is
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the Paris deuteron momentum density. The (e, e'p) data are systemati-
cally low by 18 1o 20% compared o the '#Earm, for py between 0 and 100
MeV/c, and are low by 10 to 12% when compared with our data. The same
{e, e'p) data are shown in fig. 5.18 (fig. 7 from Ar-82) after several
corrections such as final state interactions, meson exchange currents

and isobar configurations are taken into account. Even after all the
carrections mentioned above, the (e,e'p)] data as seen in fig. 5.19
{which is fig. 5 in {Ar-82)) are low by a few percents in their "kine-
maties-[ region," but one has te consider the systematic uncertainties

befere drawing any conclusions.

The (p, 2p) data of Witten et al. (Wi-T3) at 585 MeV are
typically 13% below the IlA. Another (p, 2p) experiment at 5 Me¥
(Fe-7B) also showed simiiar discrepancy when compared to the [A; the
data uare 11% too low (see Table 1.1). These two results must be
compared with ours, which are 7% below the 1A. The systematic uncer-
tainties for the other (p., 2p) data is typically L0O-15%, for our daia it
is 1.8%. Thus, our results are compatible within systematic errors with
the oid ones, but the reality of the missing strength is now confirmed

at the £% level.

The data for pg > 100 MeV/c are displayed in fig. 5.20 as &2
VE Pg. Included here are the (e,e'p) data of Bernheim et al. {(Be-H1),
which reach up to ps of 335 MeV/e and of Mehnert (Me-B4) from 335 to 645
MeV/c, {p, 2p) data of Witten et al (WI-75) up to pg of 420 MeV/c and
our (p, 2p) data up w pg of 674 MeV/c. The very first thing we notice

18 that the (e, e'p) data more or less follow the IA curve all the way
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up to 645 MeV/c. They do not show any sudden departure from the IA
prediction aa the (p. 2p) data do starting at 200 Me¥/c. The two (p,
2p) experiments are of &8 different nature; the data of Witten et al
{Wi-75) were obtained keeping the angies fixed and changing the energy
sharing among the two protons; the data of the present experiment were
obtained changing the angles of the two protons symmetrically with
respect to  the incident beam direction. The data from both experiments
show a distinct deviation from the 1A prediction starting at about
200 MeV/c, suggesting that the [A no longer describe the {p, 2Zp) data in
this recoil region. The asymmetric kinematic data, which reaches up to
380 MeV/c recoil show the same kind of behavior, also stapting at
200 MeV/c (see fig. 5.13). The enhancement in ®¢ starting at recoil
momentum above 200 MeV/e had already been clearly seen in the (p, 2p)
data at 601 MeV of Perdrisat et al [(Pe-89). Similar behavior is
also exhibited by the data of Felder et al (Fe-TB8), starting at the
reccil of 200 MeV/c. It thus appears that in the energy range 500 to
400 MeV, the same abrupt deviation from the [A starts at the same

neutron recoil momentum, 200 MeV/c.



CONCLUSIONS

The two resulte of this experiment will be discussed here.

Firet, e was shown in Chapter ¥V, for n-recoil smailer than
100 MeVic, the cross section data are lower than the IA prediction. The
resuits are collected together in Table 9.1. The missing probability to
find the proton in the deuteron is 6.6% relative to the IA, 5.1% when
rescattering and final state interaction cross sections are inciluded.
{ Systematic uncertainty are given in the Table.) So what are the possi-
ble causes for the missing strength in the small n-recoil range? Here

we mention and discuss 3 possible origins for this missing strength.

il) Referring to the multiple =scattering expansion described in
Chapter IV, both the single scattering and the double scattering terms
are affected by the use of on-shell amplitudes instead of half-off-shell
ones, although in different ways. Calculations of half-off-shell NN
amplitudes have in the past been limited (Mo-68) to energies of 300 to
400 MeV by the difficulty of obtaining NN potential parameters above
the pion production {(hreshold. A calculation by the TRIUMF theory group
{Fe-85), based on new Paris potential parameters, might soon be avail-
able. It is thus poseible that the missing strength now well estab-
lished for the 2I-lllp. 2pin reaction, will prove explainable when proper
off-shell amplitudes are used in the evaluation of the theoretical cross

section. Tt is, however, not posegible at the present, teo predict

117
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whether this next step on the theoretical mide will improve, or on the
contrary make the agreement with the date worse.

{2) The data from this work have been compared with the Paris
potential deuteron wave function, which contalns 5.7% D-state. A deu-
teron wave function containing s iarger D-state component, like the
Reld soft-core (Re-6B) potentlal with 6£.47% D-state, will decrease the
discrepancy between theory and data by 2%. Conversely, the Bonn poten-
tial which gives about 4.7% for the D-state probability, leads to =
discrepancy larger by 4%. Although the results of this experiment are
clearly sensitive to the D-state probability, it cannot be sald that a
better knowledge of the actual D-state probability has been gained. A
more direct measurement of this important property of the deuteron might
have to come from a determination of the momentum density in the region
200 - 600 MeV/c, where the D-state is dominant. The (p, 2p) data clear-
iy indicate that this is a region where the pion degrees of freedom
become important. It might be that in this region, non-nucieonic parts
of the wave function become too important to allew an experimental
determination of Pp. It is in fact questionable whether this guantity

is mctuanlly accessible to an experimential determination (Fr-79).

As a conclugion, the present data could support a deuteron
with a D-state probability somewhat larger than that of the Reid soft-

core potential.

(1) The deuteron i expected to contaln isobar components lke
A, NN*(1520) NN* (1688) and more (We-78), with a summed probability

of 1 - 2%. The sBpin and parity of these isohars require an orbital
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angular momentum for the NN®-states with L. 2 1; even for the AA state
which can heve L = 0, L = 2 and 4 are more probable. All theee states
have momentum densities vanishing at 9 = , and as & consequence their
presence tends to decrease the value of P2 (pg = 0). No unambiguous
experimental evidence for the reality of such components existe as of
yet. QOur results reqguires that the total isobaric component In the

deuteron be at least 6%, which appears unlikeiy.

Finally, a 6-quark bag component has been postuiated (Ko-B82)
to explain an anomaly in the deuteron breakup crose sectioms at 0? for
8.9 GeV/c deuterons by Ableev et al. {Ah-81). The parameters Ableev
found neceseary for this 6-gquark cemponent to explain the anomaly result
in & decrease of #2 (q = 0) by 4%, Although this number comes closest
to the 6% observed in our experiment, much stronger evidence ia required

to rule ocut other possibilities.

To conclude, none of the above possibilities by itseif, appears
likely to explain the missing strength observed previously as well as in

this experiment. But obviously, further calculations are required.

Second, it has been obgerved in amll the previous (p, 2p) ex-
periments as well as in the present one that for recoil momenta pg > 200
MeV/c, @2 stops decreasing, suggesting breakdown of the LA so that &2 js

no tonger a momentum distribution.

As best seen in fig. 5.16, the inciusion of the pn scattering
term of the IA, and of rescattering and final state interaction improves

the agreement (curve labelled "8 graphs™) with our data in the region of
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n-recoil larger than 200 MeV/c. In the same figure, it is also apparent
that the A excitation mechanism calculated by Yano, by iteelf almost
fits the data. Futhermore, relativistic effects connected to binding
(see section 5.4) lead to values of the internal momenta smaller than

p5, und therefore explain some of the apparent excess in $2 we observe,

Obviously, cross section measurements are insufficient to
disentangle the several possible causee for the excess of o2 in the
large recoil region. [t is possible that future polarizetion experi-
ments (Wi-79), either with polarized protons, or vector- and tensor
polarized deuterons, will bring the additional infoermation needed for a

complete understanding of the deuteron structure.



Appendix A

T EXPANSION IN TERMS OF 1! AND v

From egns. {(4.4) and (4.5} we find the following operator

fgrmign 2 T, o= Vie Z\J 6t - V- V6T,
e 0 svert AL 6T
1#1..
=it -1, -2 G'l:})
41

Since V;G is not the identity operator, we must have

i - . \ i
T i+ I 1[G 1] (A2)
Fans. {A2) are the Faddeev eguations. Egquation (4.86) Follows

from above:

3 . 3 .
LI 1:"=i=l‘_'i [Ti+j#£'i 1 G|

1} + 1o + T3 + *l'_'l_{:;"l:"Z + TIGT3 ]

it

+ 1:2(}11 + 12{113 + 13(}11 + 13(}12

again using eqn. A2 gives:
T = T +Tg+ 13 + 116G [ 19 +TEG‘IE +12G'[1 ]

+ |G [ 1y + 13(‘.11 + 13{]12 1+ 719G [ 1y + -(1G12 + IIG'[3 ]
+ t9G [ T4 + 13(}11 + 13(}'[2 1+ 192G [ 1) + 11012 + 11(313 |
+ 13G [1g + 19GT] + 1,G13] (A3)
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Equation (4.6a) foliows from (A3) if one leaves terms with

more than one G ocut, i.e. Keepa only gmphs with 2 interactions.



Appendix B

INTEGRAL d2q AND KINEMAICS

Fnergy and momentum are conserved at both vertices far the

rescattering and final staie interaction diagrams. 1[I show here how the
EY

momentum | q | was calculated at the second vertex from the energy and

momentum conservation for diagram 4.2b.

- -

-
P35 = P3 + Pg {Bl)

+» >
E (p3) + E (pg)

Ll

Egs

> +» - -
E(pg +p5-q)+ E{q

-+ —~F
J{P3+P5-l‘1]2+m2 + 4 q% + m? (B2)
Taking the square of {B2) on both sides will give

- > . ¥ — ¥ -
Es = (Pgg - )2 +m2+q? +ml+2 J mZe(Pag - 032 ¢ J q? + m?

{BI)

{B3) i a quadratic equation in q, and solving that equation will give

) [?35'““‘31 M - B\ - 4"3(?-%:*"’1%55.,)]
‘} (s - a:':“lew)

(B4}

We see from {B4) that q is only dependent upon Bq. Since the integral

is two dimenslonal, we can transform dzq to qu.
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Appendix C

THE NUCLEON-NUCLEON AMPLITUDES FOR THE
THREE PARTICLE SPIN STATES

In this part [ give the nucleon-nucleon amplitudes for all
poesible three-particle spin siates. These amplitudes are taken from

Jon Wallace's thesis (Wa - 71) and they are corrected for a few errors

in sign.
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Appendix D

a, b, c, d COEFPICIENTS

Thie appendix contains the a, b, ¢, and d coefficients which
appear in egn. 4.18 ta 4.21, Thesae are aleo taken out of Jon Wallace's

thesis and are also corrected for a few sign errors.
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FIGURE CAPTIDNS

Picturial Representation of the IA for the j!Hl;;:-. Zpln
reaction.

Layout of the proton beam line 4B at TRILMF.
Diagram of the liguid 2H- and 1H cryostat assembly.

Layout of the experimental setup showing the scattering
chamber, the six counter telescopes 1 to 6 on the RHS, and
AEpp., AEp; snd the MRS on the LHS.

Diagram of the MRS showing the front end chembers (FEC), the
quadrupole @, dipole D, the vertieal drift chambers (VDC's)
and focal plane scintillators.

Configuration of the 'U' and 'X' coordinates in the VDC's,

Configuration of the wertical drift chambers showing the
E-field in the drift regions and a typical particle tra-
jectary.

Simplifiled schematice for the medium resolution specirometer
{MRS5) electronics.

Schematic of the electronics used to generate the RHS trigger
signal from | of the 6 RHS telescopes.

Schematic of the electronics to detect a coincidence (L.R}
hetween RHS trigger and either AEgq oraEpg on the LHS. The
latch disables data acquigition until reset by "computer
reset."

One-dlmensional histogram of the time-of-flight through the
magnetic spectrometer from the AEg counter te the focal plane
scintillators. The arrows indicate the cuts to choose
"proton" events and reject the "random" events. The number
of events in the "proton" region has been divided by a factor
of 200.

One-dimensional histogram of the time-of-Flight from the left
(AER) to the right (&ER) counters. The arrows indicate the
cute to separate "real”- and “random" events (separated by
43 ns). The number of events in the "reals" region has been
divided by a factor of 00.
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Geometry in focal plane showing the focal plane XF, X; and X4
coordinates and the constante F, G and H. Also shown are
the angles © between particle trajectory and X, plane and &
between focal plane and VRC's. & = 0 in our case,

The focal plane coordinate, XF {Channels) vs. P3. Calib-
ration of focal plane. (1983 data)

Plot of Nal pulse height vs. Ty. Energy calibration for NA]
crysial. {1983 data)

Two-dimensjonal plot of the Xy and Y coordinates at the
entrance of the MRS. Arrows shown are the cuts on the X and
Yp - coordinates to define the solid angle&Afly. (1963 data)
Any wire hit ie shown, regardless of frequency.

Two-dimensional pilot aof the Xp-Yy coordinates at the drift
chamber FEC. The solid angle 48y is deflned by the plastic
scintillator AEgy of 3.5 cm. diameter. The projection of
this counter is clearly seen. The FEC was located 40cm down-
gtream from AEp;.

Plot of the Xp-Y; coordinates at the FEC chamber for the
smailer sclid angle defined by counter HEgg of 1.7 em dia-
meter. The distance between&EBﬂ and the chamber was 29 cm.

Two-dimensional energy spectrum for the two detected protons
in “H{p, 2p)n. The locus corresponds to guasi-free scat-
tering.

One dimensional spectrum of missing mase m5. The arrows show
the cut to select real events with a recoiling neutron and
reject randoms.

Same as 3.8 but including the missing mass cut.

Impulse approximation diagrams for (a) pp scattering, and (b}
pn scattering.

Rescattering diagram: pn interaction followed by pp rescat-
tering.

Rescattering diagram: pp interaction followed by pn rescat-
tering.

Final state interaction diagram: pp interaction followed by
pn interaction of the two target nucleons.

Final state interaction diagram: pn interaction followed by
pn interaction of the two target nucleons.
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Percentage correction (R-1) to IA for pp scattering, vs.
recoil momentum pg for the 41.41° symmetric angle pair.®]
corresponds Lo diagram 4.2a, 44 to 4.2b, *v to 4.2c and
‘80 to 4.2d. The solid curve is the giobal result including
all six diagrams in figures 4.1 and 4.2. Fliled symbois are

for P3 < pg {ps = 0).

Percentage correction (R-1) for the symmetric angle pairs
38°, 44 and 47°. Omly the globai results are shown here.
The dois are for pg < p3 (minlmum of pg).

Same as 4.3 for the asymmetric angle pair 30° - 53.75°. Only
the global curve is shown. The dots correspond to py < pj3

(pg = 0).

The solid curve is the ratio R of the calculated cross
section including all six diagrams to the 1A (pp only) cross
section at the minimum reccli for the symmetric angle pairs.
The dashed curve is IA {pp + np) divided by [A [(pp only).

Schematic of kinematies: py is beam momentum, py and p4 are
the momenta of the detected proions; B3 and 8, are the
angies between incident beam and the center of the detectors
on LHS and RHS. a, 8y and P45 are calculated guantities as
degeribed in section 5.1.

Plot of pg calculated from (5.10), vs. value of pg obtained
from a Monte Carlo simulation of the experimental geometry,

pg (MC).

Two-dimensional spectrum of crose section vs. T3, kinetic
energy of one of the detected proton, for the symmetric angle
pair 41.41° andAfly = 0.528 msr.

Plot of momentum density ¢? vs, pe{MC) for 41.41° symmetric
angle pair and Afly = 0.528 msr. he curve is for Paris &<,

Spectrum of R = [dﬁl} {measured)/d®a (Paris}) vs. Ta for
L0, = 0.0328 msr and 41.41° symmetric angle 1:==2u,irI The
reduced solid angle favors the correiated pairs from plH.
Plot of R vs. pg (MC) for the same data as in 5.4. The curve
corresponds tc the multiple scattering result, and shows that
the net effect is & negative correction to the [A.

Same as fig. 5.8 but fordHifdy = 0.107 msr.

Same as fig. 5.4 but for asymmetric angle pair 30 - 53.75°.

Same as fig 5.6, for geometry of fig. 5.4.
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Momentum density o2 vs. ps (MC), for Afl; = 0.528 msr and
symmetric angle pair 44°. he dashed curve represents the
correction due to reacattering d final state interaction,
and the solid curve is the Paris $*.

Same as fig. 5.10, for the symmetric angle pair 38°.

Same as fig. 5.10, for symmetric angle pairs 47°, 50% and
52°,

Momentum density %2 vs. calculated ps, tor &0, = 0.528 msr
and asymmetric angle pairs 41.41° - 50°, 41.41° - 57° and
41.41° - 68°. The solid curve is for ®2 Paris. The dashed
curves show the multiple scattering results.

Same as fig. 5.13, for asymmetric sngie pairs 30° - 442, 30°
- 61° and 30° - 689,

Same as Fig. 5.13, for symmetric angle pairs 57° and 66°.

Momentum density $2 vs. minimum recoll momentum for all the
symmetric angle pairs. The solid curve is $f,.g- The
dashed curve is the multiple scattering result and the
dashed-dot curve is for the calculation of "A" excitation.

Spectrum of momentum density ®?% vs. recoil momentum Py
from 0 to 100 MeV/e for our {(p, 2p) data, the (e, e'p)
data of Bernheim et al. (Be-81), and the (p, 2p) dat& of
Witten et al (Wi-75). Solid curve represenis the Paris 9%,

The momentum distribution of the Reid soft-core (R5C) poten-
tia] compured toc the (e, e'p) data of ref. {Be-81), after
correction for FSI, meson exchange current and isobar
component by Arenhovel (figure 7 in Ar-852%.

Ratios of experiment to total theory based on RSC potential
{from Ar-82, figure 5) for the data of (Be-81); kinematics I
corresponds to the same n-recoii range as in flgures 5.6, 5.7
and 5.9}.

Plot of ®2 vs. recoil momentum ps from 100 to 700 MeV{c.
O corregponds to our asymmetric 41°-data, X to our
symmetric data at 477, 50¢, 529, §57° and 669,45 to (e, e'p)
data of Bernheim et al., & 1o (e, e'p) data of Mehnert
{Me-85) and 5 10 (p, 2p) data of Witten et al. The solid
curve ig the ¢“ Paris.



TABLE CAPTION

Tables 1 through 16 contain all the results of this experi-
ment, that were analyzed at the College of William and Mary. In the
Tables, Tl corresponds to beam energy. THETA3and THETA4 are the angles
with respect to the incident beam on LHS and RHS, respectively. dopq[:{ is
the elastc pp (on-shell) crose sectlon. AQq and &y are the solid
angles defined by the AEgqy or AEp; (1984) counters and by software
cuts (1983) on LHS and by the AEpR counter on RHS. T3 is the kinetic
energy of the detected proton on the LHS. KIN P5 is the pg calculated
from eqn. (5.10}. MC PS5 is the pg obtained from the Monte Carlo
simulation of the experimental geometry. 490 is the meussured five-fold
differential erose-section and d%c is the absolute statistical error.
K is the kinematic factor. &2 is the momentum space deneity and ®?
the corresponding absolute statistical error. Energies in MeV, momenia

P

in Mev/e, solld angles in msr, d%o in mb.-‘Br'zMeV, dapqﬂ in mb/sr, K in

105 Me‘u’ﬂ. ®? in MeV™3. Absolute uncertainties are statistical only.
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I3

213.75
116.25
218,715
221.25
223.73
226.25%
22R.73
231.25%
243.75
236.25
2318.715
241.23
243.75
246.25
248.73
251.25
153.7%
256 .13
253.73
261.23
263.73
266,15
268.75
271.25
173.15
276.15
278,73
281.25
283,15
286,23

1348

TAELE 1

EINENMATICE ,CROSS SECTION AND MOMENTUN DENBITY

T1=508.00
PP
€ =3.440

KEIN PS5

40,00
T4.90
69,90
64.80
59.70
§4.60
49.50
44 .30
39.20
34.00
28,80
23.50
18.30
13,00
7.70
2.50
1.30
B.50
14.00
19.350
25.00
30,60
36.20
41,90
47.60
5330}
8.1
€3,00
71.00
77.00

NC PS5

79.30
73.80
68.80
63.50
58.30
33.50
48. 80
41.80
18 .80
i3.s0
29.30
24,80
20.80
16.00
13.00
11.30
11.30
13.30
15.00
21.00
16 .50
30.80
3s.80
4$1.30
47 .00
52.30
57.50
63,30
69.30
75.30

THRTAI=41. 54
44 y=0.518 ﬁn,.u.na
8% Adty L

0.5423 0.0100 2,106
0.6915 0.0120 2.121
¢.B668 0.0130 2.116
1.1430 0.0150 2.150
1.47T10 ©0.0170 2.16%5
1.9310 0.0190 2.179
2.4260 0.0220 2.194
3.0460 0.0240 2.208
3,8860 0.0270 1,212
4.8750 ©0.0310 2.237
5.9490 00,0340 2,251
7.207¢  0.0370 2,285
8.3750 00,0400 2.280
9,7200 0.0430 2,204
10.8600 0.0450 2.308
11.8780 0.0470 2.323
12.0480 0,.0480 2,337
11.5630 0.0470 2.351
10.467¢ 0.0440 2,366
8.73590 0.0410 2.380
7.1750 0.0370 2.3%%
5.9460 0.0340 2,410
4,81%0 0.0300 2.415
3.7530 0.0270 2,440
2.9100 0.0240 2.458
2.2660 0,0210 2.470
1.7380 0.01B0 2.48%
1,3400 0.0160 2.501
1,0190 0.0140 2.517
0.7810 0.0120 2,533

THETA4=41 .41

l¢'-|.—

0.0750
0.0951
0.1184
D.1554
D.1%E3
0.2585
0.3227
0.4025
0.5102
0.5316
0.7713
0.9283
1.0720
1.2370
1.3730
1.4930
1.5040
1.4350
1.2920
1.0740
0,.8745
0.7201
0.5803
0.4491
0.3461
0.2679
0.2043
0.1564
0.1182
0.05%00

T S

0.00)4
0.0016
0.,0018
0.0020
0.0023
0.0026
0.0029
0.0032
0.0036
0.0040
0.0043
0.0048
0.0030
0.0054
0.0037
0.0059
6.0059
0.0038
0.0055
4.0050
0.0045
0.0041
0.0036
0.0032
0.0028
0.0025
0.0022
0.0019
0.001&
0.0014



T3

216.25
223.15
231.25
238.75%
245.00
250,00
253.75
236.25
158.75
162 .50
167.350
272.50
277.%0
183,75

133

TABLE 2

EINEMATICS,CROSS SECTION AND NOMENTUN DENSITY

T1=308.00

da i =3.440

KIN PS5

76.30
61,10
45.80
30.30
17.30
6.70
1.30
&.80
12.20
20 .40
31.50
42.80
54,20
68,80

MC P5

75.00
5%.70
44,80
30.10
18.60
11.80
10.80
12.00
14.80
21.50
31.40
42.10
53.30
&7 .80

THETA3=41.36 THETA4=41 .41
LSty=0.107 AS, =1.18%

d Al ¢ $*
0.75140 0.018500 2.112 0,1033
1.54630 0.02200 2,156 ©0.2082
3.00630 0.03100 2.198 0.3969
5,91100 0.04300 2.241 0.7657
9.11100 0.08500 2.277 11,1630

11.13000 0.0T7200 2.305 1.4030
13.06500 0.11000 2.326 1,6310
13.34500 0.11200 2.340 1.6560
11,28000 0.10200 2.355 1.3920
8.53500 0,06300 2.376 1.0430
5.93300 0.05300 2.405 0.7167
3.76100 0.04200 2.435 0,4489
2.30600 0.,03300 2.465 0.2669
1,18900 0.02000 2.503 0,1381

N

0.0021
D.0030
0.0041
0.0053
0.0081
o.00%2
0.0140
0.0140
0.0130
0.0074
0.0064
0.0050
0., 0040
Q.0023



T3

300.23%
303.75
307.235
310.75%
314.238
317.73
321.25
324 .75
318.2%
331.73
333.25
338,75
342.23
345.73
349.23
352.73
356.15
339.75%
363.15
166.75
70,25
373.713
377.25
I80.75
384.23%
387.75
391.2%
394.75

14
TABLE 3

EINEMATICS ,CROSS SECTION AND MOMENTUN DENSITY

T1=508,00 THETA3=30.13 TRETA4=53 .75
Afl, =0.528 AN, -0.792
5 45
LKIN PS MNc b5 d2d  4a'C K "
dar, ., ¢t

114.00 114.00 O.1086 ©0.0100 2.106 3.439 0.0148
107.20 107.20 0.2050 O0.0140 2,121 3.438 0.0283
100.30 100.30 0.2301 O0.0150 2.136 3.43% 0.031¢6
93.40 93.40 O0.3251 O0.017¢ 2.150 3.443 0.0443
B6.50 B6.50 O.4680 0,0210 2,165 3.445 0.0633
79.30 T79.50 O.6417 0.0240 2.179 3,449 0.0862
72,40 72.50 O.B516 O.0280 2.194 3.454¢ 0.1135
65,20 65.20 1.0512 0,0310 2.208 3.459 0.13%
58.00 358,00 1.8100 0.037T0 2.221 3.471 0.2109
5¢.70 50.70 2,2769 O.0450 2.237 3.480 0.21957
43.30 43,30 3.3996 0.0550 1.251 3.491 OD.437¢
35.80 35.80 4.520% O.0630 2.26% 31.503 O.5763
28.20 28.20 6.19%9% 0.0730 2.280 3.3517 0.7788
20.60 21.00 8.19%2 O.0840 2.29%4 3.53) 1.0236
13.00 15.50 10.0597 0.0930 2,308 3.3350 1.2426
5.90 11.20 12 3843 0.1030 2,323 3.363 1.5148
5.30 11.00 13.0267 0.,1060 1.337 3.315 1.371}
12.80 15.40 11.08%9 O0.0980 2.351 3.609% 1.3218
21.00 21.50 B.B1é2 O.0870 2,366 3.634 11,0363
29.%0 29.30 6.3952 0.0740 2.380 3.663 0.7470
38.40 3B.20 4.5309 O.0630 2,395 3.6B3 O.%5176
47.40 47.00 3,.1422 0.0330 2I.410 3.718 0.3530
.70 55.50 2.1003 O0.0430 2.425 3,738 0.2327
66.40 63,00 1.3530 0.0350 2.440 3.777 00,1470
76.30 T4.00 0.9518 0,090 2.435 3.805 0.1016
86.70 84,00 0.5830 0.0230 2.470 3.830 0.0510
27.50 94,50 0.3599% O.0180 2.485 3.8B3 0.0387
108,80 105.20 0.2614 0.0160 2.301 3.919 0.0260

* TO CALCULATE .USED EENORMALISATION FACTOR 3.3585/3.874

ag*™

0.0014
0.0019
0.0021
0.,0024
0,004
0.0031
0.0037
0.0040
0.0049
0.0058
3.0070
0 .0080
0,0092
0.0103%
0.0114
0.0126
0.0131
0.011&
0.0103
0.008%
0.0072
0.0059
0.0048
0,0038
0.0031
0.0024
0,0019
0.0018



T3

221.25
225.75
226.28
220.73
231.23
233.75
236.23
238.75
241.23
243,15
246.25
230.00
253,71%
256 .25
238.7%
261.2%
163.73
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TARLE 4

EINENATICS , CROSS SECTION AND MOMENTUM DENSITY

T1i=308, 00

dof? o3.110

KIN PS5

84,10
79.60
75.20
71.00
66,90
63.10
59.50
56 .30
33.40
51,10
49.30
47.9%0
47 .80
48.80
50.30
51.5%0
33.80

NC F5

Bl .00
77 .00
73.00
69,50
64.350
61.00
57.00
34.350
32.00
4%.50
48.00
46,75
46 .50
4%.00
50.30
53.00
55.00

528  All,=1.188

THETA3=44 .13
ﬁ-ﬂ.} =i,

dS¢ adSe
0.5975 0.0280
0.7147 0.02%0
0.8782 0.0310
1.0297 0.0340
1.2236 3.03160
1.501% O.0400
1.7317 O.0430
2.042%9 0.0450
2.2780 0.04 80
Z.58780 0.0510
2.7603 0.03520
1.9188 0.0370
Z.8951 0,03530
2.841% 0.0530
2.5113 0.0490
2.2%42 0.0470
2.00M 0.0440

THETA4 =44 .00

2,185
2,303
2,320
2.338
2.336
2,374
2,392
2.410
2.428
2.446
2.454
2,492
1.519%
2.538
2.387
2.57¢
2.593

ﬂ#l

0,0841
D.0998
0.1217
0.1416
0.1670
06.2034
0.1328
0.1726
0.3014
0.313186
0.3602
0.3766
0.3696
0.3600
¢.3166
0.2864
0.2488

LY

0.0037
G ,0040
0.0043
0.0046
0.0050
0.0054
0.0057
0.00862
0.0064
0.0067
0.0069
0.004%
0,006
0.0067
0,0062
0.003%
0.0034



1hp

TABLE 3

KEINEMATICS, CROSS SRCTION AND MOMENTUM DENSITY

T1=508,00

dsff o3 710

T3

218.73
221.25
223.75
226 .23
228,75
231,23
233.75
236.25%
238,73
241 .25
243 .15
246,253
248.75
251,23
253.78
156.25
158.75
261.25
283,75
266.25
168.73
271.25
273.75
276 .25
178.75
281.25

LIN PS5

B0.10
76 .80
13.30
T0.40
87.30
64.80
62,20
59.%0
3T .90
36.10
54,80
53.70
33,10
31.80
1.00
33.60
.70
56 .10
n.90
60,00
62.50
63.30
68.30
71.60
75.10
18.80

NC P35

79.50
17 .00
73.00
70.50
67.350
63.00
£2.00
60.00
57 .50
56.30
35,00
53.80
33.00
21.00
31.30
33.00
53 .80
35.00
56.30
3%.30
61.00
63 .00
67.00
70.00
13.00
76 .30

THETAI=38,13 THETA4=38,00
Afly=0.528 AR, -1.188

¢ adSe ¢ P
0.5698  0.0340 1.955 0.0786
0.6385  0.0350 1.966 0.0873
0.7601 0.0380 0.977 0.1036
0.8247 0.0990 1.987 0.1119
0.9798  0.0410 1.995 0.1323
1.1086 0.0440 2,008 0.1488
1.1408  0.0440 2.018 ©0.1524
1.2271  0.0460 2.029  0.1630
1.4069 0.0480 2.039 0.1B60
1.5490  0.0500 2,049 0.2038
1.6285 0.0520 2,059 0.2132
1.6926 ©0.0520 2.06% 0.2208
1.8970  0.0550 2,079 0.2459
1.8608  0.0540 2,089 0,2401
1.7688  0.0530 2.099 0.2171
1.8493  0.0540 2.109 0.2364
1.7769 0.0330 2.11%  0.2260
1.5807 0.0500 2.128 0.2002
1.6079  0.0500 2,138  0.2027
1.3651  0.0460 2,148 0.1713
1,9933  0.0470 2.157 0,1741
1.1642  0.0430 2.167 0.1448
0.9941 0,0390 2,177 0.1231
0.8665 0.0370 2.186 0.1068
0.7576  0,0340 2.196 0.0%30
0.6233  0.0320 2.206 0.0762

AQ2

0.0045
0.0047
¢.0051
0.0052
0.0055
0.00358
0,0058
0.0059
0.0063
0.0066
¢.0067
0.0068
0.007T1
0.0069
0.0067
0.0068
0.0067
0.0082
.0062
B.0058
0.0058
0.0053
0.0048
0.0045
G.0042
0.0038



T3

215.00
220.00
215 .00
230.00
235.00
240 .00
247 .30
255.00
260,00
265.00
270.00
275.00
280.00

T3

207 .50
214 .50
221.50
228.50
233,50
242 .50
249.50
156.30
263,30
270.50
277.50
B4 .50
191.50

298.%0

1L 4

TABLE &

EINBNATICS , (ROSE SECTION AND MONENTUM DENSITY

T1=%08.00

KIN P3

137.80
130.60
124.240
118.60
114 .00
110.60
108.30
109.10
111.80
116 .10
122.10
12%.50
138,50

ASLy «0.528

NC PS5

135.80

THETA3=47.13

d3¢

0.07440

128,30 0.0%040

122 .00
116.50
112.00
108.30
106 .40
107.60
I11.00
115,23
121.25%
128.30
137.50

0.10310
0.14070
0.17730
0.19250
0.22410
0.20280
0.18170
0.16440
0.12320
0.09560
0.08740

AdSo

0.00810
0.00830
0.00920
0.01000
0.01200
¢.01200
O,00920
0.01200
0.01100
0.01100
0.00%920
0.00810
0.00780

TARLE 7

THETA4=4T .00

Al ~1.188

2.39%3
2.440
2.483
2,511
2,577
2.623
2.69%
2.770
2.822
1.876
2.932
1.992
3.053

Lo
‘lﬁﬁpa ¢ﬂ'

2.710

0.01063

A+

0.00130

2.6%0 0.01280 O.00140
2,660 0.01450 0.00140
2.650 0.01960 0.00160
2,630 0.02470 0.00170

2.630
2.630
2.620
2.620
1.630
2.650
2.580
2.720

0.02650
0.029%0
0.02620
0.02310
0.02170
0.01460
¢.110%0
0,.00950

KINEHATICS,CROSS SECTION AND MOMENTUM DENSITY

T1=507 .00

EIN P5

201.00
192.00
I85.00
179.00
176.00
174.00
174.00
177 .00
183 .00
192.00
203.00
218.00
236 .00

259.00

A, -0.s70

MC P53

200.00
192.00
184 .00
178,00
175.00
173.00
172.50
175.00
181,00
188.00
01.00
213 .80
231.30

253.70

THETA3=30,00

d3s

0.00331
0.00682
0.00744%
G.00863
0.01030
0.01160
0.01360
0.01370
0.01330
0.01200
0.01130
0 .G}B80
0.00%09

0.00545

AdSg

0.00068
a.00071
0.00075
0.00079
0.000B4
0.00088
0.00096
0.0009%
0.00095
0.00088
0.00087
0.00078
0.00082

0.00064

THETA4=50.00

Afl, -0.829

2.460
1.540
2.520
2.680
1.170
2.860
2.940
3.033
3.140
3.230
3.380
3.540
3.720
3.960

ds

2,130
2.200
2.150
2.150
2.1%0
2.100
2,100
2.150
2.150
2.200
2.250
2.300
2.400

2.530

¢1

0.0009%
o.00122
0.001323
0.00149
2.00172
0.00192
0.00218
0.0020%
0.001%
0.00166
0.00148
¢.00107
0.00100
0.00053

0.,00170
0.00180
0.00170
0.00150
0.00140
0.00130
0.00100
0.00100

AgT

0.00012
0.000113
0,00013
0.00014
0.00014
0.00015%
0.00015%
0,00014
0.00014
0.00012
o,00011
0.0000%
0.00009
0.,00006



T3

214 .50
221.50
218.30
235.50
242 .50
2498 .50
2356 .30
263 .50
270,350
277.530
184.30
291.50

1l

TABLE 8
EINENMATICS , (ROSS SECTION AND MOMENTUM DENSITY
T1=307 .00 THETA3 =32 .00 THETA4=32 .00

Ay -0.570 8114 -0.829
v N
N ps we ps 9% Adde "SR L4 ¢

233,00 233.00 0.00500 0.00061 2.640 1,950 0.00097
229.00 228.00 0.00515 0.00058 2.740 1,950 0.00096
225.00 224.00 0.00639 0.00067 2.825 1.9%00 0.00119%
223.00 221.50 0,.00371 0.00062 2,920 1.9%00 0.00103
213.00 222.00 0,00717 0.00070 3.020 1.5900 0.00125
225,00 125.00 0.00824 0,00074 3.120 1.900 0.00139
230.00 228.00 0,0079]1 0.00073 3.240 1.950 0,00125
237.00 235.00 0.00714 ©0,00069 3.390 2.000 0.0010%
248.00 243,50 0,009 0.00076 23.540 2,000 0,00127
262.00 257.50 0.00536 ©,00063 13.730 2.050 0.00070
279.00 2717.00 0.00346 0.00064 3.965 2.200 0.00063
302,00 299.00 0,00674 0.00071 4.320 2.330 0.00066

Y oo

0.000112
0.00011
0.00012
0.00011
0.00012
0.000]12
0.00011
0,00010
0.00011
0.00008
0.00007
a. 00007



T3

215.00
220.00
225.00
230.00
135,00
240,00
145.00
230,00
255.00
260.00
265.00
270.00
2715.00
280.00
I8%.00

L5

TABLE %

EINEMATICS ,CROSS BECTION AND MOMENTUN DENSITY

T1=308.00

KIN PS5

177 .90
168.30
138.90
149,50
140.30
131.40
122.70
114.30
106 .40
99.10
82.60
87.10
83.00
B0 .30
79.60

AL,
dS5¢

0,02370
0.02680
0.04060
0.05060
0.06530
0.086%
0.115%)
0.14480
0.20800
0.27300
0.34240
O.42350
0.53060
0,60710
0,62730

THETA3=41 .54
Ay «0.702

-0.518
adSq

0.00250
0,002%90
0.00300
¢.00350
0.00380
0.00430
0.00500
0.00540
0.00600
0.00480
0.007T20
0.00440
0 .00850
0.00310
0.00940

2.0%0
2.126
2.161
2.1%
2,232
1.267
2.303
2,338
2.374
2.411
2.447
2.483
2,313
2.561
2.801

THBTA4=350.00

PP
LA

2.990
2.970
2.940
2.930
2.910¢
2.8%0
2.880
2.875
2.870
2.860
2.850
2.850
2.850
2.8%0
2.850

¢1

0.00179
D,00423
0.00639
0.007835
¢.01003
0.01330
0.01730
0.0213%0
0.03050
0.039%0
0.04310
0.,03980
0.07370
0.08320
0.0B460

At

¢.00044
0.00048
0.,00033
0.00039
0.00062
0.0006%
0.00071
0.00078
0.00088
0.00100
¢.00110
0.00120
0.00130
0.00140
0.00140



T3

213.00
220 .00
225.00
23¢.00
235,00
240 .00
245 .00
150.00
235.00
260.00
265,00
270.00
275.00
280 .00
285.00

T3

211 .50
237 .50
231.50
167.50
282.5%0
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TABLE 10

EINEMATICS ,CROSS SECTION AND MONENTUM DENSITY

T1=308.00
H .I'L3 =-0,528

EIN P3

262.70
253.50
244.50
235.60
227.00
21K.40
210.20
202.00
194,30
186 .20
180.00
173.50
167.60
162 .40
154.00

d3«

0.01010
0.00530
4.00700
0.00758
0.00933
¢.01050
0,00863
0.013150
4,01330
0.014%0
0.02010
0.024%0
0.03300
0.03430
0.04300

THETA3 =41 .34

AdS«

0.00190
0.00210
0.001%0
0,00240
4,00320
0.00160
0,00130
0.00210
0.90220
0.00200
0.00230
0.00240
0,00250
0.00260
0,00300

2.012
1,031
2.09%0
z.,129
2,169
2.208
2.248
2.28%
2.330
2,371
2.413
2.435
1.499
2.543
F8-1.5

TABLE 11

THETA4=5T .00

O Sty =0.792

d<f?h

2.690
2,530
2,410
2.315
2.5343
2.510
2.483
2.435
2.413
2.41%
2,395
2.373
2.350
2.330
1.350

bz

0.00186
0.00124
0.00177
0.00138
0.00146
0.001B9
0.00154
0.0023%
0.00233
0.00260
0.00347
0.004286
0.00560
0.00574
o ,00707

EINENATICE,CROSS SECTION AND MOMENTUM DENSITY

T1=308.00

KIN P5

377.10
3152.80
330,10
309.70
291.50

THETA3=41,54

Af,=0.528

d3¢

0.00241
0.00261
0,0035%
0.00466
0.00360

Adda

0.00047
Q.000354
0.00071
0.00074
0,00050

1.84%
1.973
2,106
2.245
2.3%3

THETA4=58.00

Ally-0.7192

PP
d‘nﬂ

2.380
2,308
2.245%
2.185

2.160

qpl

0.00055
¢ .0003T
0.00068
¢.00095
0.00069

A

2.000359
0.0003¢
G.00048
0.00045
0.00031
0.00031
0.00051
0.00064
0.00058
0.00054
0.00059
0.00034
0.00034
0.00054
0,00032

AL

0.00013
0.00017
0.00014
0.00017
0.00014



T3

309,00
316 .00
323.00
330.00
335.25%
340.350
347.50
354.50
361.30
368.50
175.50
3e2.50
3B9 .30
356 .30

T3

302.00
ang.oon
16 .00
313.00
330.00
337.00
344.00
331.00
358.00
365,00
i72.00
i79.00
386 .00
393.00
400 00
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TABLE 12

KINEMATICS, (ROS8 SECTION AND MOMENTUR DENSITY

T1=3508.00

LIN PS5

71.70
68,05
66 .65
67.80
70.30
T4.40
81.70
91.10
102.20
114,50
129,30
145.30
163 .30
183.%0

THETA3=30.13

Al -0.528

d5r

0.70900
0.83020
0,89920
0.87060
0,81650
G.6385%0
0. 45000
2.38100
0.243%0
0.17260
0.,11310
0.00767
0.035097
0.03586

Ad%e

0.01800
0.01900
0.02000
¢.02000
0.02800
0.01700
0.01600
0.01500
0.01200
0.00980
0.00840
0.00710
0.00510
0.00420

TEETA4=44 .00

404 -0.792

K

1.910
1,926
1.941
1.956
1.968
1.979
1.993
2,013
2.031
2,033
2.080
2,114
2.163
2.238

TABLE 113

PP
d‘ﬁrﬁ

3.744
3.745
3.748
3.754
3.75%
3.767
3.779
1.794
j.gm
3.831
3.852
3.874
3.897
3.019

e

0,09910
0.11510
0.12350
0.11860
2.11040
0.08370
0.06500
0.049%0
C,.03180
0.02150
0,01420
0.00937
0.00606
0.00410

EINEWATICS, (ROSS SECTION AND MOMENTUM DENSITY

Ti=508,00

EIN P5

169.00
155.60
142,20
128.80
115.50
102,50
90.10
78.70
69.20
€1.80
61.10
65,40
T5.40
50,50
109.%0

THETA3=30.13

A.ﬂ.a =-0,328

dis

0,02284
0.03272
0.05288
0.08291
0.12560
0.22470
0.38140
0.65020
0.94370
1.36510
1.47140
1.32470
0.87020
0. 44870
0.21280

ad5e

0.00330
0,00430
0.003540
0,00560
0.00T40
0.01000
0.01300
0.01700
0.02000
0.02300
0.02400
0.02300
0.01800
0.01300
0.00940

1.9286
1.956
1.987
2.017
2.048
2.079
2.111
2.144
2.178
1,215
2.256
2.3
2.3155
2.424
2.51%

THETAd=51 .00

All, =0.192
b
do i,

3.091
i.101
3.111
3.132
3.161
1.199
.246
3.302
3.369
3.448
3.53¢
3,637
3.748
3.869
3.99%

:ﬁl

0,00384
0.00540
0.008356
0.01312
0.01538
0.03378
0.05562
0.09179
0,12850
0,17870
0.18450
0.15840
0.09BED
0.04800
0.02130

agr

0.00250
0.00270
0.00280
0.00280
0.00380
0.00230
0.00230
8.00210
0.001&0
0.00160
0,00130
0.00110
0.000%0
0.00060

A $*

0.00070
0.00080
0.00110
0.00120
0.00130
0.00180
0.00210
0.00260
0.00300
0.00330
0.00330
0.00300
0.00230
G.00160
0.00100



T3

30T .25
317.23
328,25
338.75
347.50
354.50
361.30
368.50
375.50
K 1.¥ - 1]
3gs. 50
A% .50
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TABLE 14
KINENATICS ,CROBE SECTION AND MOMENTUM DENSITY
T1=3%0H,00 THETA3=30(.113 THETA4=58 .00

ARy wo.s28 Adly 0.7,
sw ps d%  adSe ¢ aefh $*

220.00 0.0078% 0,00180 1.8B892 2.79% 0.00149%
20l .10 0.0113F% ©0.00220 1.5%42 2,837 0.00721%
182,30 0.01473 0.00240 1.995 2.897 0.00254
i64.40 0O.02537 0.00320 2,030 2,983 0.00413
150.40 0.035261 0.00520 2.098 23.074 G.00B14
140.20 0.06147 0.00330 2.137 23,162 0.00912
131.40 O.09946 0.00710 2,179 2,264 0.01400
124.50 0.13870 0.00750 2.225 3.380 O0.01B840
120.00 ©.16140 0.00860 1.275 3.511 0.02020
118.%0 ©0.16800 O.00B7D 2.332 3.6356 0.01970
121.80 0.16050 0.00850 21.401 3.817 0.017350
12%.60 ©,113510 0,00710 2.490 3.992 0O.01160

agt

0,00040
0.00050
0.00050
0.00080
0.00050
0.000390
0.00110
0.00110
0.00114
0.000583
0.00088
0.0006%



T3

202 .00
209 .00
21%.50
2310.00
237.00
244 .00
251.00
1%8.00

I3

12%.00
133,00
141 .00
150.00
139.00
165,00
171.00
177.00
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TABLE 135

EINENATICS .CROSS SECTION AND NOMENTUM DENSITY

T1=507 .00

EIN P3

367.00
364,00
362.00
365.00
369.00
37T7.00
389.00
406 .00

an,
d9¢

0.00102
0.0011%
G.001%0
0.00181
0.00213
0.00147%
0,0018%
0.00272

THETAI=37 .00

-( . 370

Ad3s

0.00024
0.00022
0.00023
0.00031
¢.00032
0.00026
0.00034
0.00033

2.684
1,807
3.0135
3.23%
3.459
3.70%
4.050
4.382

TABLE 16

THETA4=37 .00

48}y —0.m29

def?

1.%00
1.880
1.880
1.900
1.930
2.000
2,100
2.200

drl

0.00020
G.00022
0.00033
0.00029
0,00032
G,00023
0.00022
0.00027

EINEMATICS , (R0OSS SECTION AND MOMENTUM DENSITY

Ti=307 .00

KIN P35

658.00
654.00
651.00
645,00
630.00
634,00
661.00
674,00

THETA3=66 .00

Afl 3 <5.570

d3s

0.00161
o.00235
0.00202
0.002456
0.00238
0.00235
G,00218
0,00273

Add¢

0.0003%
0.00042
0.00044
a.00032
0.00043
0.00042
0.00048
0.00052

1.398
1.698
1.80%
2.00%
2.167
2.517
2.911
3.793

THETA4=646 .00

81, =0.829

deal?

3.25%0
3.200
3.150
3.130
3.130
3.200
3.280
3.400

qbl

0.00031
0.00043
0.00035%
0.00039
0.00033
0.00021
¢,00023
G,00029

AgE

Q.000035
¢ . 00004
0.00004
0.00003
0.00005
0.00003
0.00004
0.00003

AL

0.00007
0.00008
Q.00008
0.000035
0, 00005
0.00003%
0.0000 35
&.00004
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