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A (p,2p) Study of High Momentum Components at 2.1 GeV 

By 

Robert Neil Treuhaft 

Abstract 

A (p,2p) experiment designed to isolate interactions with small 

numbers of fast nuclear constituents is described. Special attention 

is paid to the experimental manifestation and description of a corre,... 

lated pair of nucleons in the n~cleus. Phase space calculations are 

presented for the proton-pair three-body final state and for final 

states with larger numbers of particles. The Two Armed Spectrometer 

System (TASS) is described in detail. The data suggest the possibil­

ity of isolating an interaction with one or two nucleons in the 

nucleus which may have momenta far in excess of those described in a 

Fermi gas model. 

vii 



• CHAPTER 1 

Introduction 

A projectile incident ona nucleus may interact with only a few 

of the nuclear constituents. In that event, the four-momenta of a 

small number of final state particles can be used to kinematically 

infer the momenta of the objects struck. Electron scattering[l] and 

(p,2p) reactions [2] have been used to learn about the copious low 

momentum component ·of the nucleon wave function in the nucleus. This 

(p,2p) experiment, done at the Berkeley Bevalac under the number 

E444H, focuses on the high momentum component of the nuclear wave 

function by searching for a correlated pair of nucleons in the 

nucleus. 

The existence of the correlated pair was hypothesized to explain 

the' yield of backward going inclusive protons, produced with momenta 

far beyond the Fermi momentum, in proton-nucleus collisions. [3] Fig­

ure 1 shows· the momentum density of protons produced at backward 

angles by protons of different incident energies on light nuclei. 

One obvious feature of the spectra is the observable'cross section at 

momenta well above a typical Fermi momentum distribution width of 100 

MeV/C. Since backward going n.ucleons are kinematically forbidden in 

free nucleon-nucleon scattering,· it was thought that the large 

momenta observed in this and other singles experiments [4] reflec·ted 

the high momentum component of a nucleon in the nuclear wave func­

tion. Quantum mechanically, a high nucleon momentum component can 

1 
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arise from a strong spatial dependence of the nucleon's wave function 

on some other object in the nucleus. The simplest assumption is that 

the other object is another nucleon. 

An alternative to the correlated pair hypothesis of .the ener­

getic backward protons is Quasi-Two~Body-Scaling, (QTBS), first sug­

gested by Frankel [5] and recently resurrected by Gurvitz. [6] For a 

nucleus with A nucleons, QTBS describes the incident proton as 

scattering from one fast, backward going nucleon which is correlated 

to the other A-l nucleons; the A-l nucleons recoil coherently. As 

will be discussed in chapter 6, QTBS produces results slightly dif­

feren·t from the correlated pair hypothesis when two particles are 

observed in the final state. The high momentum backward proton yield 

could also result from a series of scatterings on more than two 

nucleons in the nucleus. The many-body final state resulting from 

this mechanism has a phase space configuration which, for a (p,2p) 

experiment, is very different from that resulting from either a 

correlated pair or QTBS mechanism. Relying on final state kinematic 

signatures, the purpose of the experiment was to determine to what 

extent the pair or few-body signai can be distinguished from the 

many-body interaction. 

The coincidence experiment which is the subject of this thesis 

was designed around the kinematic signal for scattering from a pair 

of nucleons in the nucleus. 2.1 GeV protons were scattered from car­

bon, and we detected a forward going and a backward going proton in 

coincidence. All events were taken essentially in a plane using the 
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Two Armed Spectrometer System, (TASS), built with the aim of con­

straining the anticipated three-body final state kinematics. The 

signature for scattering from a pair of nucleons, which are either 

correlated or uncorrelated, is an enhancement in the coincidence 

cross section near the phase space available to free proton-deuteron 

kinematics. This point will pe demonstrated in chapter 2. 

Throughout this paper, the labels proton-deuteron and proton-pair 

refer to the same kinematic reaction and are therefore equivalent. 

Fixing the backward momentum vector and the forward angular coordi­

nates, the signal for scattering from a nuclear pair,. or observing 

free p-d kinematics, is one or two peaks in the forward going momen­

tum spectrum, as will be detailed in chapter 6 on phase space calcu­

lations. The kinematic range of the magnetic spectrometer was set to 

encompass the three-body final state signal with wide forward momen­

tum sweeps. Finding these enhancements is the first step in probing 

the dynamics of the nuclear deuteron. Although th~ original motiva­

tion for the experiment was to account for the backward singles spec­

tra, the characteristics of the nuclear deuteron are of interest 

regardless of the magnitude of the contribution to the backward sin­

gles data. If identifiable, a description of the correlated pair, 

when compared to that of the free deuteron,could reveal how the 

nucleon pair interaction is modified by the nuclear field, providing, 

as is hoped, final state interactions can be taken care of. In fact, 

it would be interesting to demonstrate that any fraction of the back­

ward proton spectrum results from an interaction with a small number 

of fast nucleons, rather than a large number of slow nucleons with 
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ordinary Fermi momentum. Such a demonstration would require a new 

description of how the subset of interacting nucleons acquired their 

high internal or center-of-mass momentum. 

The plan of the paper is as follows: Chapter 2 describes the 

relationship between the correlated pair signal and free p-d kinemat­

ics. Chapter 3 outlines the kinematic regime associated with the 

free p-d reaction and the regime covered in this experiment. Since 

TASS was designed and built for this experiment, and its conception 

and implementation were a large part of the thesis work, chapters 4 

and 5 describe the hardware of TASS, and the calibration, data 

acquisition, and data analysis techniques employed. Chapter 6 

discusses the p-d kinematics with Fermi momentum of the deuteron 

center-of-mass. In chapter 6, the phase space associated with the 

other mechanisms mentioned above is also described. Chapter 7 con­

tains the -data and interpretations relative to the phase space con­

siderations of chapter 6. The manifestations of high momentum com­

ponents in the data are also discussed in chapter 7 and appendix Co 

The conclusions in chapter 8 discuss the relationship of these data 

to the observation of the correlated pair and the high momentum 

nuclear component. Other coincidence data are also mentioned along 

with suggestions for future experiments. 



CHAPTER 2 

Observing A Correlated Pair 

The relationship between scattering from a correlated pair and 

the observation of free proton-deuteron kinematics is the basis for 

the plan of the experiment. Consider the kinematic signal for 

scattering from a nuclear pair. A nuclear pair is defined as two 

nucleons in the nucleus which may or may not have interdependent wave 

fUnctions. To relate scattering from a nuclear pair to the proton-: 

deuteron kinematics, one assumes that for a nucleus of A nucleons, 

the A-2 nucleons not in the pair suffer no momentum change in the 

collision proc.ess p + nucleus ~ 3 nucleons + A-2 spectators. In 

fact, in this impulse approximation it is assumed that the nuclear 

pair and the A-2 spectators are not bound to each other at all. For 

now, particle production is not considered. 

The situation is shown in figure 2 where the incident proton 

interacts only with a nuclear pair leaving the A..;,2 residual nuc.1eus 

asa spectator. The general kinematic equations relating the initial 

State to the final state are: 

7. .. 
inc 

3 
(2.1) 

Einc + MA a ~ E + EA_2 p-1 P 

where (Ei ;'i ) is the inC'ident proton's four-momentum, andM
A 

is nenc 

the mass of the nucleus. (E,7) are the final state four-momenta of 
p p 

5 
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the participant nucleons, which are the incident proton and the 

nuclear pair. (EA_2,itA_2) is the four-momentum of the spectator 

group either before or after the collision. 

Let (E i,it i ) be the four-momentum of the nuclear pair pa r pa r 

before the collision. The fact that the initial nucleus is at rest 

in the lab is expressed by 

~=1' i +it.A 2 pa r -

MA = Epair + EA_2 

One derives from eqs. (2.1) and (2.2) 

it. +7 = inc pair 

E + E = inc pair 

3~ 
~ p 

p=l P 
3 
~ E 

p=l P 

(2.2) 

(2.3) 

Eq. (2.3) has the form of the reaction p + d -+ P + P + n where the 

mass of the deuteron-like pair is given by 

m .. (E2 - fV i 12) 1/2 and the proton-neutron mass difference pair pair pa r 

is ignored. There is some ambiguity concerning the value 

If one takes ~ 2 2 1/2 
EA_2 - (IPA-21 + MA_2) where MA_2 is the 

of'm i. pa r 

on-shell 

mass of the residual nucleus, then from eq. 2.2 and the definition of 

m i' m i will be less than the deuteron mass. For example, with par par 
-+ A=12 and a high value of the pair momentum IP i I = 300 MeV/c, m pa r pair 

is .9% lower than the on-shell deuteron mass. In all the kinematics 

that follow, this ambiguity is negligible. 

The experiment was therefore designed around· the kinematic 

situation, where m-' i equals the on-shell deuteron mass. A continuum pa r 

'., 
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of excitation energies of the nuclear pair would broaden the p-d 

kinematic solutions. If there were discreet excited states of the 

c.orrelated pair, discreet phase space enhancements would appear for 

each m • 
pair 

As will be seen in the discussion of the kinematics, 

large sweeps in phase space were taken about the p-d kinematics to 

allow for the possibility of different values of m • 
pair 

If one observes a nuclear pair by the kinematic signal described 

above; how does one know whether or not it is a correlated pair? A 

correlated pair is here defined as a nuclear pair for which the spa-

tial wave function of each of the constituents is dependent upon the 

coordinates of the other. This can be illustrated with the quantum 

~~ 
mechanical Fourier transform by letting y(r

1
,r

2
) be the wave function 

~ ~ 
of the two nucleons with radius vectorsr1 and r 2 in the pair. With 

it 
1 

the momenta of the two nucleons, the momentum space wave 

function is 

-+ ~ 
-iIt ·r 1 1 e 

-+ ~ 
-iIt ·r 2 2 

e 
(2.4) 

apart from proportionality constants. Transforming to the center of 

mass and relative position coordinates defined as 

~ ~ ~ 
and r ~ r 1 - r 2 

immediately gives 

~~ ~~. 

~-+ ... J d 3R e-iK• R f d3r -iq· r ~~ t(K, q) e y(R, r) 

-+ ~ it1 -it2 
where K == it1 + It2 and q == 2 

~~ 
Thus 1£ \l +(R,r) is large, high· 

r 
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relative momentum of the nucleons will be an important part of the 

two particle wave function. Therefore a spatial correlation between 

the pair nucleons induces high relative momentum. 
. .. 

It would seem that the qualitative difference between a nuclear 

pair and a correlated pair lies in the determination of the relative 

momentum of the pair. But the above discussion applies to trivial as 

well as dynamic correlations. A dynamic correlation is one which is 

induced by an interaction Hamiltonian between the two nucleons; a 

trivial correlation is not induced by an interaction Hamiltonian. An 

example of a trivially correlated pair would be two independent plane 

waves with equal and opposite momenta. In this case one could have a 

high relative momentum between two particles which were really 

independent. 

To get a feel for what constitutes a trivial correlation or 

relative momentum distribution for two nucleons in the nucleus, con-

sider the single-nucleon momentum distribution given by Goldhaber for 

nuclear fragmentation: [7] 

~ 
where p is the momentum of the single nucleon. The relative momentum 

density induced between two particles by this simple independent par-

ticle picture is: 



difference of their momentum vectors. Doing the integral yields 

I' 

_p2/4(1"2 
W (~) =(4n (1"2)-3/2 e r 
reI Pr 

(2.5) 

Figure 3 shows this relative momentum density arising from a trivial 

correlation along wi th W(F) for reference. The abscissa refers to 

~ ~ ~ ~ ~ 
Ipi for W(p) and tolp I for W I(P). In the figure W(U) is set to r re r 

1, and all other points on both curves are normalized correctly rela-

tive toW(Cf>. This qualitative calculation shows a relative momentum 

spectrum which might be associated with a trivial correlation. 

It is, of course, the dynamically correlated pair which is, of 

interest, since its description could reveal details of the nucleon-

nucleon interaction inside the nucleus, if final state interactions 

can be quantified or neglected. Again, the first step in finding the 

dynamically correlated pair is finding the kinematic signature of eq. 

(2.3) • One must then impose dynamical assumptions which reproduce .5., 

the data to see if some function of the observed momenta can be asso-

ciated with the relative momentum of the pair. In other words, if 

the final state is consistent with an initial deuteron target with 

reasonable Fermi momentum, then scattering on a deuteron or nuclear 

pair will have been observed. But, to determine the internal momen-

tum distribution of that deuteron would require an additional dynami-
r. 

cal assumption. For example, one might assume that the backward-

going nucleon was purely a spectator. 



CHAPTER 3 

Kinematics 

To search for the signal for scattering from a correlated pair 

of nucleons in the nucleus, the reaction 

2.1 GeV p + nucleus~p(backward) + p(forward) +X was studied at the 

Berkeley Bevatron. We looked for final state protons which satisfied 

the kinematics of the reaction 2.1 GeV p+d~p+p+n. What follows is a 

description of the kinematics of this reaction with the center-of-

mass of the deuteron at rest. The most general kinematics appropri-

ate to the apparatus, with Fermi momentum of the target included, is 

completely described in appendix A. Effects of Fermi momentum will 

be treated in the phase space calculation. 

Initially, it is assumed that all three bodies in the final 

state are nucleons. The proton-neutron mass difference is ignored 

throughout. With the three momenta of the final state nucleons com-

pletely describing the system, there are nine degrees of freedom. 

There are four kinematic equations of constraint: 

Einc+md=Eb+Ef+Eu 

Vinc=~+~+~ 
(3.1) 

where E and V are the total incident proton en~rgy and momen-
inc inc 

tum. is the deuteron mass. The subscripts b,f, and u refer to 

the backward going proton, the forward going proton, and the unob-

served neutron, respec:tively. If. thenuc.lear pair were two protons 

10 
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instead of a nuclear deuteron, the unobse~'ed particle would also be 

a proton. 

Figure 4 shows a schematic, planar picture of the situation. In 

the coordinate system used, the -ti vector defines the polar z-axis. nc 

As drawn, the vector ~ is on the azimuthal tfJ=Oo side of -tinc ' and Vb 

and -t have the azimuthal coord inate tfJ=180
0

• 
u 

With the four equations of constraint, eq. (3.1), five input 

parameters are necessary to uniquely restrict the problem. It is 

most convenient for TASS to specify as input constraints the three 

~ 
components of the backward momentum P

b 
and the angular coordinates 9

f 

and 'P
f 

of the forward going proton. The azimuthal coordinates are as 

described above, and all data were taken with the rear polar angle 

o 9
b
=120. With these three angular coordinates specified, each combi-

nation ofntJ and 9
f 

provides the five inputs necessary to completely 

determine the front 

momentum vector -t • 
u 

often double valued. 

momentum magnitude ntJ and the unobserved nuc,leon 

The solutions for P f == I~ I and hence for -tu are 

Figure 5 shows the three-body final state kinematics. The con­

tours are of constant Pb 51 I~ I· For 9
f

, 9
b

, and 'Pb as above, a 

solution for P
b

, is obtained by finding 9
f 

on the x-axis, going, up to 

the desired P
b 

contour and across to the value on the y-axis. 

Because of ener.gy conservation, :i,f we observe, for example, the lower 

momentum root proton going forward, the unobse~'ed nucleon is fast, 

and observing the high momentum root means the unobserved nucleon is 

slow. The point in the center of the plot represents the condition 
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when the unobse~1ed nucleon and the forward going proton go off 

together and thus represents elastic p-d kinematics. 

Table 1 shows the values of P
b

, P
f

, and 9
f 

spanned in the exper-

iment. All the parameters mentioned below were run with a carbon 

target. Copper was also used for a small number of the configura-

tions. P and 
cb 

P
cf 

are .the rear and front central momentum values 

which are defined in chapter 4. All momenta in table 1 are given in 

MeV/c, and all angles in degrees. 

Table 1: Run Parameters 

Pcb P
b 

Range Pcf P
f 

Range 9
f 

566 400-850 622 400-900 10.4 
566 400-850 1222 800-1800 10.4 
566 400-850 2151 1500-3200 10.4 
417 290-625 426 300-640 45.0 
417 290-625 922 600-1400 45.0 
417 290-625 424 300-640 60.0 

Front momentum sweeps were taken along two different vertical lines 

of constant forward angle at 10.40 and 450
• A small amount of data 

were also taken at 9f = 600 which is outside of the free proton-pair 

kinematics. The 10.40 1 h ang e was cosen in part because it goes 

through the p-d elastic singularity, which was explored by Komarov 

et. ale at 600 MeV incident energy. [8] Thus if we restricted our-

selves to the ba('kward momentum range 600< IY
b 

1.5.700 MeV /c, and if 

proton-pair scattering were a dominant ('ontribution to the coin-

cidence·signal, we should dete('t an enhancement in the cross section 

as a fun('tion of forward momentum in the mid-momentum region. Since 

d id b k d cutting the 10.40 data we covere awe ac. war momentum range, 
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off-line on lower backward momenta should produce two separate peaks 

in forward momentum, one for each root in figure 5. In contrast, the 

9 m45° front momentum sweep should yield two very close roots for a 
f 

narrow, low backward momentum range. The two forward angles, one 

passing through the center of the egg-shaped contours and one at the 

edge, represent extremum of the p-d breakup kinematics and were thus 

thought to be good choices in the initial search for the correlated 

pair in the nucleus. 

Since the nucleon-nucleon cross section is roughly half inelas-

tic at this energy, particle production must be considered. The"' 

missing or unobserved mass is defined as 

2 ~ ~ ~ 2 1/ M=«E +m -E -E ) _(p -p_-p» 2 
. inc d b f inc b f 

(3.2) 

With the three nucleon final state, the missing mass should be the 

nucleon mass. However, if a particle is produced in the interaction, 

the missing mass is greater than that of the nucleon. Figure 6 shows 

the f't
b 

I =400 MeV /c contour as it is normally, in the absence of par­

ticle production, with the solid line. The dotted line shows what 

happens to the contour if M=1078 MeV, which corresponds to an unob-

served nucleon and pion going off together. To further demonstrate 

the trend, the dashed contour corresponds to a missing delta reso-

nance mass of M=1232 MeV. The contours contract with increasing 

missing mass. Depending on the actual missing mass spectrum and the 

effect of Fermi momentum, the contours of figure 5 could be dis-

tinguished from or broadened by the higher missing mass contours. 

These possibilities will be considered in the phase space 
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calculation. 

It is worthwhile to mention the proton-pair dynamic possibili­

ties associated with the kinematic regions investigated. Figure 7a 

shows two different ways to interpret the three nucleon final state 

in a single scattering picture. The bottom two horizontal lines 

represent two interacting nucleons in the nucleus, while the top line 

represents the incident proton. The wavy line indicates a fund·amen­

tal nucleon-nucleon interaction, while the solid, double line signi­

fies the target nuclear pair correlation, usually assumed to be close 

to the deuteron internal interaction. The labels on the right side 

of the figure refer to the outgoing particles where PI is always 

detected going forward. In the case labeled without parentheses, the 

backward going proton P
b 

parti('.ipates in the nucleon-nucleon scatter­

ing. For the case denoted with parentheses, the backward going pro­

ton is a spectator and thus presumably reflects the proton momentum. 

before the interaction. Kinematics does not distinguish between 

these two possibilities, therefore for each root solution of the 

kinematics, there is an ambiguity as to how to interpret the backward 

going particle's momentum: Does it arise primarily from the target 

wave function, or is it also due to the interaction with the incident 

proton? Only a dynamical assumption can distinguish between the two 

cases. Of course, the proton-pair kinematics also permits a multiple 

scattering on two nucleons which are either correlated or uncorre­

lated. Figure 7b shows the multiple scattering situation with two 

fundamental nucleon-nucleon interactions. The solid, double line 
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would of course be absent in the uncorre1ated pair scattering. Thus 

the mere observation of the appropriate three-body final state 

kinematic enhancements does not uniquely determine the internal 

momentum distribution of the target pair, nor does it guarantee that 

the pair nucleons were correlated at all. One must relate the 

enhancements to one or more of the diagrams in figure 7 to extract 

the strength of the correlation • 



CHAPTER 4 

TASS: Description, Data Acquisition, and Specifications 

The Two Armed Spectrometer System, which was designed and built 

for this experiment., consists of two independently rotatable magnetic 

spectrometer systems_ This chapter describes, the hardware parameters 

and methods of data acquisition of TASS at the time of E444H. Chro­

nologically, most of the ideas mentioned here were implemented before 

any beam from the accelerator was sent to the apparatus. The three 

sections which follow describe the layout and coordinate system of 

TASS, the data acquisition via the computer software and hardware, 

and the physical and mathematical properties of the magnet-counter 

system in~luding its resolution and acceptance specifications. 

1. Spectrometer Apparatus and Coordinate System 

As indicated in figure 8, the two arms of TASS each have identi­

cal magnets but different counter configurations. The rear arm con­

sists of one three-element scintillator hodoscope, Rl, and two scin­

tillator gating counters, R2 and R3. In addition, there are two wire 

chambers labeled WCl and WC2 each with 2 millimeter wire spacing. 

Rl, WCl, and WC2 are used for ray tracing through the magnetic field. 

The acceptance of the rear arm is defined by Rl and R3. In the front 

arm, there are two sixteen element scintillator hodoscopes, Fl and 

F2. There are also two gating counters, FO and F3. Upstream of the 

target is an ion chamber (IC) for monitoring ,absolute beam intensity-

16 



17 

Two telescopes not shown in figure 8, consisting of two scintillators 

each, were pointed at the ion chamber from above and from the side to 

monitor relative beam intensity. We attempted to use the multipli-

city array (MA) shown in figure 8 but the high beam intensities ren-

dered the array useless for the coincidence running. Labeled by BC, 

is a Morgado beam chamber which is used to determine the beam loca-

tion near the target. This chamber and its associated hardware 

integrate the charge deposited from a one second beam spill on each 

of 64 wires, 32 horizontal and 32 vertical. The wire spacing is two 

millimeters. The integrated charge for each of the wires is con-

verted to a number and sent to the computer. For the front arm, 

momentum determination is made by using the target position as deter- . 

mined by the beam chamber and the F1 and F2 hodoscopes. All counter 

positions and dimensions are given in inches in table 2. 

Table 2: Counter Dimensions 
Counter Distance Width Height Thickness 

R1 24.00 1.50 2.75 .094 
R2 90.94 8.25 6.00 .125 
weI 102.60 12.75 10.00 -
R3 132.47 12.75 10.00 .250 

WC2 142.88 15.00 13.85 -
FO 32.50 4.00 2.00 .125 
F1 94.17 8.00 4.00 .125 
F2 135.09 8.00 6.00 .125 
F3 145.54 8.00 6.00 .250 

The second column in table 2 gives the distance of the counters from 

the pivot center of TASS. Not mentioned above are the distances from 

the target to the magnet pole tip and the length of the magnets. 

These are 42 inches and 36 inches respectively for. both arms. 
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The coordinate system is similar to that used by Enge,[9] and is 

the same for both arms. The magnetic field in the dipoles is point-

ing downward, so positively charged particles starting from the tar-

get get bent to the left as they traverse the field. Looking from 

above one arm, figure 9 shows the various angles associated with the 

coordinate system used. A central ray is defined by the solid lines 

entering and exiting the magnet in figure 9. ex and o R are called 
"'0 

the entrance and exit angles and are the angles that the central ray 

makes with the normal to the entrance and exit of the magnet respec-

tively. For the rear and front arms ex 
o 

o 0 was 7.6 and 7.2 • The sum 

of the exit and entrance angles is the central bend angle, 9, which o 

was set to 150 for both arms. The central momentum P , which is a 
c 

function of the magnetic field, is defined as that momentum which 

produces a trajectory along the central ray for a charge +1 particle. 

All particles are assumed to have charge +1 throughout this paper. 

All position and direction coordinates are given relative to the 

central ray either before or after the magnet. The x-z plane is 

defined for each arm to be normal to the central ray. The positive y 

direction points from the target along the central ray. The positive 

z direction is up, or out of the plane of the paper in figure 9, and 

the positive x direction points to the right looking from the target, 

or away from the direction of ~urvature. A particle's local trajec-

tory is completely described by x, y, z, 9x ' and 9z ; where 9x is the 

p p 

arcsine I~ and 9 z a. arcsine I~I for a particle of momentum ~ The 

momentum of a particle is usually expressed by its fractional 
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rtl - P 
deviation from the central momentum, 6, defined as 6 = ______ ~c~. 

Pc 

The spectrometer system of either arm determines the momentum of 

a particle by relating the x, z, 9 , and 9 coordinates before the x z 

magnetic field to those after the field. For a c.entral momentum par-

ticle directed along the central ray, the coordinates would all be 

equal to zero before and after the magnet. In general the magnetic 

field can be regarded as a one to one transformation of the entrance 

to the exit coordinates, 

(x z 9 9 ). ex' ex' x ex' z ex Calling M(6) the mathematical coordinate 

transformation induced for momentum fraction 6 by the magnet, 

(xex ,zex,9x ex,9z ex) = M(6) (xen,zen,9x en,9zen) (4. I) 

where it is understood that the y coordinate is the magnet entrance 

and exit coordinate for the right and left sides of eq. 4.1 respec-

tively. 

Using the rear arm as an example, the measured positions will be 

called (x 1,z1) at RI, (x2 ,z2) at WeI, and (x3 ,z3) at We2. These 

positions are given by the locations of scintillator elements and 

wires which show signals. Knowing the distance between WeI and We2 

-1 
(x ,z,9 ,9 ). M(6) (x ,z ,9 ex,9.z ex). en en x en z en ;~ ex ex x 

(4.2) 

If d is the distance between the boundary of the magnetic field and 

RI, 
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(x ,z ) = (x 1,zl) + d tan(S ,9 ) en en x en z en 
(4.3) 

The problem is to find the 6 which produces a spatial coordinate 

(xen ,Zen,9x en,9z en) which satisfies eqs. 4.2 and 4.3 given the exit 

coordinates inferred from the wire chamber hits. As will be seen in 

section 3 of this chapter, the field is well approximated by a homo-

geneous field in the negative z direction, and the solution of eqs. 

4.2 and 4.3 are found iteratively. Note that in the process of 

determining 6, 9x en' and xen ' the target angle and position of the 

ray are also determined. For the front arm, the target position 

plays the role of the R1 scintillator position in the rear arm. The 

wire positions are replaced by F1·and F2hodoscope element positions. 

2. Data Acquisition 

In addition to the position data needed for eqs., 4.2 and 4.3, 

many other parameters such as the mass and beam intensity must be 

inferred from the raw data taken. The system used for data acquisi-

tion is outlined in the flow chart of figure 10. 

Initially all signals from the scintillator counters are sent to 

the trigger logic electronic~.. A rear arm trigger is defined as R: 

R1·R2.R3. Figure 11 shows the logic diagram which defines real coin-

cidences. The philosophy 'behind the trigger timing in either arm is 

to accept parti('.les between p = 1 and p = .26, where P is the ratio 

of the particle's speed to the speed of light. These limits for p 

correspond to the fastest possible particle and the lowest momentum 

proton which would not be.stopped by the apparatus, which is about 
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250 MeV/c. Below the R trigger in figure 11 is the front arm trigger 

F: FO.Fl. F2. F3, where F1 and F2 each require at least one signal from 

any of the 16 elements. The R.F coincidence logic is is also shown. 

Again the philosophy in the time intervals for signals entering the 

R·F AND unit is to allow coincidences between the fastest observed 

particles in one arm with the slowest in the other. This considera­

tionproduced an R. F gate width of about 60 nsec. Naturally, the 

narrower the gate widths, the less possibility of random events in 

either or both arms. The spectrometer system could be run in any 

combination of trigger modes, R, F, orR·F, depending on the switch 

settings of a majority logic unit. 

Referring back to figure 10, the next step in the decision to 

accept an event is performed by the slow logic. It is outlined in 

figure 12 and makes decisions on three logic levels: RUN, RUN. SPILL, 

and RUN. SPILL. BUSY. RUN means the computer is on but there mayor 

may not be a beam spill. RUN· SPILL means the computer is on and the 

spill is present. RUN.SPILL.BUSY means RUN. SPILL is true and the 

.computer is not busy proc.essing any other event. Any coincidence 

event, called event type 1, is gated by RUN. SPILL. BUSY. In addition, 

scalers gated by these three levels assess the dead time of the sys­

tem. The time needed to process an event type 1 is about 600 fS 

without writing to tape, and a plot of events accepted in the live 

time of the computer versus events fed to the computer is shown 1n 

figure 13. The dashed curve was generated from the response of the 

system to a pulser input with the frequency of the points on the 
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abscissa. The random noise generated curve, however, was measured 

from the response of photo tube noise. It is seen that a reasonable 

live time of 80% can be attained with a real trigger rate of about 

ISO/spill. Since neither curve was generated from the accelerator 

beam, this live time should be regarded as an upper limit of the sys­

tem for a given real event rate, as high frequency structure in the 

beam can greatly reduce the live time. Live time as measured by the 

ratio of RUN. SPILL. BUSY and RUN. SPILL gated scalers must be folded 

into the normalization of all cross sections. For the (p,2p) running 

on carbon at back angles, the live time was always greater than 90%. 

After an event satisfies the fast logic timing and slow logic 

selection, all the signals to be recorded are sent to the two CAMAC 

crates. The CAMAC modules were read using a Multi Branch Driver 

(MBD) which gets data from CAMAC and puts it into a buffer in the 

memory of a PDP 11/34 computer. When the buffer is full, the data 

are written to tape. Table 3a lists on the next page the Signals 

recorded for any coincidence event type 1. The symbols Tl ••• T8 and 

Bl ••• B8 refer to the multiplicity array elements. The first five 

data words refer to the event length and identification. Any label 

preceded by a "d", such as DTDC or dlatch, refers to a coincidence 

R.F circuit deliberately out of time to simulate random events. This 

circuit was not used in the analysis; it was not needed because ran­

dom signals were measured by methods described in chapter S. 

At the end of the spill, scalers and the beam chamber and other 

modules·~were . read. The end of spill was called event type, 8, and the 



23 

quantities read are listed in table 3b on page 24. Unles~ otherwise 

specified, the symbols in table 3b refer to RUN. SPILL gated scalers. 

Table 3a: Event Type 1 Data Words 
Number I Contents Number I Contents Number I Contents 

1 length 26 B3 TDC 51 B4 ADC 
2 ID 27 B4 TDC 52 rear latch 
3 run II 28 B5 TDC 53 F1 latch 
4 seq II 29 B6 TDC 54 F2 latch 
5 seq carry 30 B7 tDC 55 front latch 
6 RIA TDC 31 B8 TDC 56 FO DTDC 
7 RIB TDC 32 FO ADC 57 F3A DTDC 
8 RIC TDe 33 F3A ADC 58 F3B DTDC 
9 RlA TDC 34 F3B ADC 59 F1 dlatch 

10 R2B TDC 35 T2 ADC 60 F2 dlatch 
11 R3ATDC 36 T3 ADC 61 FO DADC 
12 R3B TDC 37 T4 ADC 62 F3A DADC 
13 FO TDC 38 T5 ADC 63 F3B DADC 
14 F3A TDC 39 T7 ADC 64 F1 FTDC 
15 F3B TDC 40 RIA ADC 65 F2 FTDC 
16 T1 TDC 41 RIB ADC 66 F3A FTDC 
17 t2 TDC 42 RIC ADC 67 F3B FIDC 
18 T3 TDC 43 RlAADC 68 & 69 R SCALER 
19 T4 TDC 44 R2B ADC 70 & 71 F SCALER 
20 T5TDC 45 R3A ADC 72 & 73 R. F SCALER 
21 T6 TDC 46 R3B ADC 74 & 75 MU SCALER 
22 T7 TDC 47 TS ADC 76 & 77 MD SCALER 
23 T8 TDC 48 B1 ADC 78 & 79 EMPTY 
24 B1 TDC 49 B2 ADC 80 1st WC word 
25 B2 TDC 50 B3 ADC -- --

MU and MD in table 3b refer to the relative intensity monitors men-

tioned in section 1 of this chapter. IC refers to the ion chamber 

and BC refers to the beam chamber. Figure 14 shows a flow chart of 

the subroutines specifically written for this experiment. The main 

program, written by Everett Harvey, is called QDA1. [10] All words 

read by the data acquisition program into the PDP 11/34 were 16 bits 

long. 
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Table 3b: Event Type 8 Data Words 
Number I Contents Number I Contents Number r Contents 

1 length 44 & 45 F2-1 92 & 93 R1-oR 
2 ID 46 & 47 F2-2 94 & 95 IC 
3 run II 48 & 49 F2-3 96 & 97 MU (R) 
4 seq /I 50 & 51 F2-4 98 & 99 MD (R) 
5 seq carry 52 & 53 F2-5 100 & 101 EMPTY 

6 & 7 R 54 & 55 F2-6 102 R (R. S. "B) 
8 & 9 F 56 & 57 F2-7 103 F (R.S.B) 

10 & 11 R·F 58 & 59 F2-8 104 R· F (R. S· B) 
12 & 13 F1-1 60 & 61 F2-9 105 D-R. F (R.S. B) 
14 & 15 Fl-2 62 & 63 F2-10 106 & 107 RlA 
16 & 17 Fl-3 64 & 65 F2-11 108 & 109 RIB 
18 & 19 FI-4 66 & 67 F2-12 110 & III RIC 
20 & 21 Fl-5 68 & 69 F2-13 112 & 113 R2A 
22 & 23 Fl-6 70 & 71 F2-14 114 & 115 R2B 
24 & 25 Fl-7 72 & 73 F2-15 116 & 117 R3A 
26 & 27 FI-8 74 & 75 F2-16 118' & 119 R3B 
28 & 29 Fl-9 76 & 77 D-R·F 120 & 121 FO 
30 & 31 FI-I0 78 & 79 MU 122 & 123 Fl OR 
32 & 33 F1-11 80 & 81 MD 124 & 125 F2 OR 

'34 & 35 Fl-12 82 & 83 F3A 126 & 127 WCl 
36 & 37 F1-13 84 & 85 F3B 128 & 129 WC2 
38 & 39 FI-14 86 & 87 MU (R. S· B) 130 - 133 MAG DVM 
40 & 41 FI-15 88 & 89 MD (R· S· B) 134 - 197 BC 
42 & 43 Fl-16 90 & 91 DR (R. S· B) -- --

3. Physical and Mathematic.al Characteristics of TASS 

To interpret the raw data, the magnetic field and its mathemati-

cal transformation between counter,hits and particle momenta must be 

understood. Field measurements and the method for calculating 

momenta are discussed in section 3.1 below. Two important charac-

teristics of the spectrometers which depend on the field-counter con-

figuration are the three-momentum resolution and efficiency of the 

system; they are described in section 3.2. 
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1 . ..!.. The Magnetic Field 

The field was measured by means of a wire orbit technique. A 

current running through a wire under tension is set to simulate a 

given momentum, and the trajectory of the wire through the system 

determines the field. The accuracy of the wire orbit technique 

including effects of the mass of the wire, was determined empirically 

to be about +1%. We found that the field in each magnet was well 

approximated by a homogeneous field covering the entire x-z plane for 

-. 3<6<. S. For the y direction, the homogeneous field was considered 

to span an effective length which was equal to the real length of the 

magnet plus half the magnet gap height. With the magnets 36" long by 

16" wide by 8" high, the effective length (EFL) was taken to be 

40.94" for both magnets. The choice of EFL was prompted by mapping 

measurements done on the rear magnet[11] and standard fringe field 

theory. [12] The final results; which are actually rather insensitive 

to the choice of EFL, are shown in figures 1Saand 1Sb. These two 

figures show for one central momentum each the deviation of the wire 

orbit measurement from the square field model. The abscissa is the 

percent deviation of the momentum as determined by the wire trajec-

tory through a square field, from the momentum as determined by the 

current in the wire. Wire momenta were determined by the current in 

the wire to better than .1%. In the wire orbit process, many central 

momenta or central fields were taken spanning the central momentum 

range 300<P <2200 MeV/c. The conclusion is that for the small region - c-

of the magnet gap used, the magnetic field could be considered square 
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to 1.5%. In the front arm, the systematic trend of figure 15b to 

overestimate low momenta and underestimate high momenta was folded 

into the square field model as a correction for momentum determina-

tion. From the wire orbit data, it was found that the square field 

o model reconstructs the angle of a ray at the target to Oe1 • 

The details of the square field model lead to the method for 

calculating momenta in either arm. All z coordinates are unaffected 

by the field and are thus transported through the magnet as through 

free space. We wish to solve a simplified version of eqs. 4.2 and 

4~ 3 for x
en

,9 ., and 6: 
x en 

x = Xl + d tan9 en x en 

(4.4) 

(4.5) 

From the wire orbit procedure, we know that a given magnet current 

corresponds to a given central momentum. The central momentum is 

related to the effective central field magnitude B by 
o 

P == .3R B 
c c 0 

(4.6) 

where R is the radius in centimeters of the circular arc traced c 

through the field by a central momentum particle. 

and P is in MeV/c. 
c 

B is in kgauss o 

One can consider the trajectory of any general ray through the 

magnet by replacing the dashed line inside the magnet in figure 9 

with a circular trajectory joining the entrance and exit rays. One 

must also imagine the solid lines of figure 9 to describe an arbi-

trary-trajectory and not necessarily the central ray. For a general 



ray of momentum P 

EFL 0= R(siM + sin~) 

P - .3RB 
·0 
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(4.7) 

where at and pare the magnet entrance and exit angles of the particle 

and R is the radius of curvature for the trajectory through the field 

B. The entr.ance and exit angles are related to the central angles 
o 

by 

at=at +e o x en 

p .. p - e o .x ex 

From eqs. 4.6, and 4.7 

P sinx + sinp ___ = ____ ~o~~~~o 
P sinx + sin~ c 

In terms of 6 defined above 

sinet + sin~ 
5- 0 0_ 1 s.iax + s in~ 

For any general circular arc in the magnet, 

x - X = R(C09X - cosP) en ex 
_ EFL (C09X - eosIn 

(sinet + s1n~) 

x cose x cose 
where X 

en x en and X 
ex x ex 

As - .. . 
en C09X ex cosp 

tion 1, the ,angle p, or equivalently Q ex' x 

mentioned in 

and x are 
ex 

directly from the wire hits in WeI and WC2. Thus for the three 

(4.8) 

(4.9) 

sec-

found 

unk-. 

nowns x , at, and 5 we have eqs. 4.5, 4.8, and 4.9. These equations en . 

are solved iteratively for eaC'h trajectory with Newton's method. 
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1.1. Resolution and Acceptance 

Given the essentially square field, one can numerically calcu-

late the resolution of each arm by the following method. One selects 

the momentum fraction, 6 , at which the resolution is desired and 
s 

traces a ray from the target through the system for any initial 

angle. For the rear arm,for example, one then obtains x positions 

at R1, WC1, and WC2. The homogeneous field model includes z coordi-

nate independence of the momentum. With the x position on each ray-

determining device, x positions are randomly chosen that are within 

±eS the element size from the initial ray position. This means doing 

a Monte Carlo over ±.2S" for R1 and +0.039" for the two wire 

chambers. One then calculates the deviation of each 6
i 

calculated 

from the randomly thrown event from 6 t the selected momentum 
s 

fraction. The resolution is then calculated as 

N 
2 

0'6 = 
~ (6

i
-6 ) 

i=l s 
N 

(4010) 
N 

\ 

where N is the number of randomly thrown counter position comb ina-

tions. For large N the second term under the square root sign is O. 

The resolutions "as a function of 6 for each arm are given in figures 
s 

16a and 16b. 

With the square field geometry, one can also calculate the 

acceptance of the system. Ignoring energy loss and multiple scatter-

ing, the ac.ceptance of the system des('.ribes the system's efficiency 
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for detecting a particle as a function of the three-momentum ~ If, 

for each momentum magnitude IV! iii P, various elements of solid angle 

.0. had transmission or efficiency T(P,.o.), then for each P, an average 

solid angle would be given by 

I::J;J.(P) ... f d.Q. T(P,.o.) 
4n 

(4.11) 

P and .0. are coupled in a magnetic system because slower particles 

must enter the field at larger angles in order to suffer a large bend 

and still hit the counters behind the field. 

Considering each arm separately for now, solid angle averaged 

over a momentum region between PI and P
2 

is expressed as 

P
2 
J J d.Q. T (P ,.0.) dP 
P

1
4n 

(4.12) 

where T(P,.o.) is the efficiency for transmitting a particle with 

momentum between P and P+dP and solid angle between .0. and~. This 

function T(P,.o.) contains the complete description of the spectrometer 

acceptance. To get a momentum spectrum, one tries to make & OK P 2-P 1 

as small as .possible and still achieve good statistics for a cross 

section. The most useful expression of acceptance is then 

P
2 

:= ~Pl:§J." f J T (P,!l.) 
P14n 

d.Q.dP (4.13) 

To calculate ~Pl:JJ., one obtains l:§J.(P) from eq. 4.11 and integrates 

over the desired momentum range. Figures 17a and 17b show l:Jl(P) for 
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each arm for a typical beam spot size. The deviations in fractional 

acceptance from 100% show that the anglular acceptance decreases at 

large deviations from the central momentum. Appendix B describes the 

analytic method for calculating ~(P) and the function T(P,~. 

We must now consider both arms operating together via the quan-

tity [~P~)b ~P/::Jl) fl, where b andf refer to the rear and front 

arms. Eq. 4.11 generalizes to 

(4.14) 

where T(Pb,~,Pf,.a.f) is now the efficiency for detecting two parti­

cles of momentum ~ and ~ simultaneously. the calculation for the 

transmission function T is the same as in appendix B, but the frac-

tion of the beam seen by both arms must be considered as a function 

of the front-back momentum combination. Because the time and money 

spent computing the coincidence acceptance is staggering" I will show 

that for small beam spots, the coincidence acceptance is the product 

of the singles acceptances as calculated in appendix B. That is 

~f] (Pb,Pf ) -= ~(Pb)~f(Pf) (4.15) 

which reduces the problem to the calculation, of eq. 4.11 twice. 

As implied by the calculation of the Single-arm transmission in 

appendix B, T is either 0 or 1 for each (~,Vf) combination for a 

point beam. In particular, the coincidence T is 0 if either arm can-

not transmit its particle and 1 if they both can. So 

Once T is thus decomposed, the integral in eq. 4.14 immediately gives 
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eq. 4.15. Quantitatively, the beam must be small relative to the 

size of the acceptance defining counters. If so, the beam would 

either be completely seen or completely missed for most momentum vec­

tors. To be sure that eq. 4.15 and 4.16 hold, the coincidence and 

the product of the single-arm analytic acceptances were compared for 

a typical beam spot. It was found that the two arms could in fact be 

decoupled and the single-arm acceptances multiplied. 

In addition to the analytic calculation, the acceptance of the 

system was also calculated using a Monte Carlo simulation method. In 

this method events are randomly thrown from the target to see if they 

clear the apparatus. The fraction that successfully hit all counters 

is related to the T quantities as functions of the momentum vectors. 

The Monte Carlo method includes multiple scattering and energy loss 

in the system: It was found that multiple scattering has a negligi­

ble effect on the acceptance for most of the (p,2p) coincidence run­

ning. There is a considerable effect due to multiple scattering for 

the proton-proton elastic scattering calibration runs which will be 

discussed in detail in chapter 5. The effect of energy loss is to 

shift the momentum scale of either arm by about 3% in the momentum 

regipn 300 ~ P ~600 MeV/c. At higher m~menta, energy loss can also 

be ignored. 

The Monte Carlo method also reco~struct~ the momenta of trajec­

tories as seen by the spectrometer. Biases introduced by momentum 

reconstruction were important for some of the running. These biases 

occur because each arm of TASS has a discreet number of measurable 
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momentum values since the hodoscope elements and wire chambers give 

discreet spatial coordinates for trajectories. Fractional recon­

struction biases on the order of lIN occur when the momentum bin 

chosen for cross sections includes N measurable momenta. For the 

rear bins in the proton-proton elastic scattering and for the front 

bins at high momenta, the reconstruction biases were on the order of 

10-25%. The Monte Carlo calculation was used to correct for these 

biases whenever they were higher than 5%. 



CHAPTER 5 

TASS: Methods of Analysis and Calibration 

The coincidence cross section for (p,2p) reactions is very small 

and is characterized by a low count rate per beam spill. For exam­

pl'e, for a typical beam spill of 109 protons incident on carbon, of 

4 . . 6 the 10 single triggers in the rear arm and 10 triggers in the front 

arm, 5 triggers would be coincidence. This low count rate necessi-

tates on-line momentum and mass determination and real to random 

separation, so that a good estimate of the real proton-proton coin-

cidences per momentum bin can be made while running. Section 1 below 

describes the on-line and off-line momentum and mass assignment tech-

niques, while section 2 outlines the method of separating the real 

and random events. Section 3 describes the calibration of the system 

using known kinematics and previously measured cross sections. 

1. Momentum and Mass Determination 

The momentum is determined from a knowledge of p 
c 

the central 

momentum and three x positions of the trajectories as described in 

chapter 4. _ All wire chambers, scintillator hodoscopes, and gating 

counters were surveyed with transits to an accuracy of :±-.l millimeter. 

For the rear arm, one hodoscope element of the R1 counter must be hit 

along with one x-wire from each wire chamber. In the front arm, the 

beam ~hamber distribution must be known along with a signal from one 

element in F1 and one in F2. The analysis code, which was introduced 

33 
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as subroutines into the Fermi Lab Multi program,[13] first had to 

decide if the required counters were each hit just once per coin-

cidence trigger. Double hits on any hodoscope or wire chamber, or 

misses in the wire chambers none of which were in the trigger, had to 

be considered unanalyzable; these events contributed to the ineffi-

ciency of the system at the level of 10-45%, depending on the run 

mode, beam intensity, and spectrometer- position. Doub Ie hits in 

hodoscopes and wire chamber were the largest source of unanalyzable 

events. A double hit in a counter was usually caused by a real event 

going completely through the system plus a stray particle hitting 

just that counter. 

In the rear arm, a second analyzable convention was adopted. An 

R1 hit plus one x hit from either wire chamber was considered analyz-

able, as opposed to requiring an x hit from each chamber as mentioned 

in the previous paragraph. This second convention was adopted off-

line and used in conjunction with the target position given by the 

beam chamber. The convention was used to gather more statistics at 

the expense of momentum resolution. For the two conventions, the 

average rear arm momentum resolution was about 7%. Since rear momen-

tum bins of 100 MeV/c were eventually taken, the increase in resolu-

tion width over that of figure 15a was not a problem. 

To obtain mas~ information, the time-to-digital converters 

(TDC's) must be used to infer a speed and thus a mass M via 

P 
M = Py (5.1) 

where.p and Yare the standard Lorentz factors for a particle of 
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momentum P. In both arms, clocks were started with a hit at R1. TOC 

clocks were stopped at R2, R3, FO, and F3. Time in the arms was com-

puted using the quantities 

t 
r 

R3A + R3B 
== 2 

t
f 

liE F3A; F3B - FO 

where R3A and R3B indicate the raw tDC counts from the two photo 

tubes on either end of the R3 scintillator, F3A and F3B are the raw 

counts from the two tubes of F3. Note that t
f 

is independent of the 

rear arm since the dependence on the R1 start time is subtracted out. 

To relate tto the actual time it takes for a particle to 
r 

travel from R1 to R3, use was made of the proton-proton elastic 

o scattering and 120 proton singles runs discussed in detail in sec-

tion 3. In the p-p elastic and singles run, the proton peaks were 

easily' discernible on a momentum versus time of flight scatter plot. 

Figure 18 shows a scatter plot of rear momentum versus t for a typi­
r 

cal coincidence run of 2.1 GeV p + 'carbon -+ p +p + X. The ellipse 

shows where the p-p elastic run populates the scatter plot. Deu-

terons can also be seen in the figure. In order to convert these raw 

TDC counts to real time, the actual time in nanoseconds was calcu-

lated for the path length between R1 and R3 for various rear momentum 

cuts. This real time was found to be linear in t , and the equation 
r 

which relates tr to the real time in nanoseconds Tr is 

T = .048 t - 2.0 (5.2) 
r r 

Depending on which of the R1 hodoscope elements started the TDC, the 
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intercept in eq. 5.2 can vary by 2 nanoseconds. Eq. 5.2 is for RlA 

starts. 

Figure 19 shows a scatter plot of front momentum versus t
f 

for a 

low forward momentum coincidence run. The proton and positive p;on 

lines are evident. Real times were also calculated for front arm 

events using momentum, mass, and the path length between FO and F3. 

Again a linear function was found relating the real time in 

nanoseconds Tf to the raw TDC counts t
f

: 

(5.3) 

The real time thus extracted agrees ~ell with the real time-of-flight 

of the front arm protons in the elastic scattering run when the p-p 

elastic t
f 

is substituted into eq. 5~3. 

Using eqs. 5.2 and 5.3, ~ and Y can be calculated from raw TDC 

counts and inserted intoeq. 5.1. The resulting mass distributions 

are shown for the front and rear arm simultaneously in figure 20, 

which is a scatter plot of front arm calculated mass versus rear arm 

calculated mass. This type of plot was used on-line and off-line to 

identify the coincidence events in which a proton was scattered into 

each arm. The widths of the proton, deuteron, and pion masses in the 

figure are due to finite momentum and time resolution. The contribu­

tions of each type of resolution can be found by taking the partial 

derivatives of eq. 5.1 with respect to time and momentum. Using 

standard error analysis, [14J 
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CT 2 _ 0: 2 2 + CT 2 [~12 (1 + y2R2)2 
m 6 m t dY'j t' 

(5.4) 

where CTm is the instrumental mass width, m is the actual mass, CT6 is 

the fractional momentum resolution as defined in eq. 4.10, CT
t 

is the 

real time resolution, p is. the momentum, c is the speed of light, d 

is the path length, and Y and p are the Lorentz factors. From ~q. 

5.4, the known momentum resolution, and the widths of the proton 

peaks in the mass plot made from the p-p elastic data, one finds that 

CT ... 0 6 t'" • nsec. Note that for a given particle of exact massm, the 

first term in eq. 5.4 is a constant while the second term grows with 

increasing momentum. Therefore at high momenta,the large widths of 

mass. distributions are primarily associated with the uncertainty in 

the measurement of time. The uncertainty in the measurement of time 

is mainly responsible for the spread in mass measurement. It was 

found that the proton mass peak becomes very wide and extends below 

the pion mass for momenta greater than 1350 MeV/c in the front arm. 

In fact,one must include in the data particles with apparent ~>1. 

When the proton mass width becomes so large that it encompasses 

masses of other particles, contamination to the front arm proton 

spectra from pions and deuterons must be considered. The effect of 

this contamination will be presented with the data in chapter 7. 

2. Real and Random Coincidences 

Random, analyzable coincidences arise primarily from real parti-

cles in each arm which did not originate from the same beam particle, 

but which satisfied the 40 nsec R·F timing gate. To separate the 
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real from the random signal, one must trace time back to the target 

to ensure that both particles originated simultaneously. 

The following scheme was developed for on-line and off-line 

analysis: Let ta,b = tb - ta where ta is the real time inferred from 

the TDC which is stopped when a signal is present at location a. tb 

is defined similarly. Also let d be the distance between points a a,b 

and b. If the particle loses negligible energy in the system, 

t tgt ,Rl -d tgt,Rl 
(5.5) 

where tgt refers to the target location. . Similarly for the front arm 

t' 
tgt, FO 

d tgt, FO 
(5.6) 

where it is allowed that for a random coincidence t' of eq. 5.6 tgt 

may not be. equal to t contained in eq. 5.5. tgt With the above two 

equations, the quantity 6t e t' - t tgt,FO tgt,Rl can be calculated 

using the experimentally inferred real times Tr and Tf described in 

the last section. To correlate the rear and front arm in time, 

recall that the FO TDC was started by an Rl hit. After calibration, 

this TDC gives t FO - tRl = 6texp • Note that 

t .. -t a, b b ,a (5.7) 

t + t ... t a,b b,c a,c 

If the particle In the rear arm originated at the target at the same 

time as the particle in the front arm then t = t' and there is 
tgt tgt 

a real coincidence. From equations 5.5, 5.6, and 5.7, one finds that 

thecondit1on for·a real coincidenC'.e can be expressed as 6t ". 6t. exp' 
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The quantity TDIF ;& 6t - ~t was histogramed on-line, and a exp 

spectrum from one of the proton-proton elastic scattering runs is 

shown in figure 21a. There is an obvious real peak at TDIF: 0 of 

half width 2 nanoseconds, and there is very little background outside 

of the peak. In contrast, figure 21b .shows a TDIF spectrum from one 

of the (p,2p) data taking runs at high momentum transfer listed in 

table 1 of chapter 3. This spectrum also shows a 2 nanosecond wide 

peak near zero, but, because the real signal is so much weaker than 

that of the elastic scattering case, there is a sizable background. 

For all calculated coincidence cross sections, a cut was made on the 

real peak, and the random contribution to the cross section was sub-

tac ted· off. The real peak to random background ratio varied from 

10: 1 to 6: 1. 

1. Calibrations 

The proton-proton elastic cross section was measured at 1.05GeV 

incident energy to calibrate TASS with respect to counter pOSitions, 

magnetic field, and normalization. Coincidence measurements were 

taken at three values of momentum· transfer, and a singles measurement 

using the front arm only was taken for one value of momentum 

transfer. The elastic signal measured in the coincidence mode is the 

most stringent test of the accuracy and efficiency of TASS. For .a 
.~ 

given angle of one arm, planar elastic kinematics completely deter-

mines the momentum of the particle in that arm and the complete 

momentum vector of the particle in the other arm. The first step in 
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analyzing the coincidence elastic data was to note from the survey 

that the angular placements of both arms were correct to 0.20• Cen-

tral momentum corrections on the order of +2% were then made to the 

wire orbit values using elastic scattering kinematics. 

Cross sections were calculated by first considering a momentum 

bite in the rear arm. The acceptance ~ for proton-proton elastic 
r 

scattering follows ftom an equation similar to eq. 4.14: 

~ -b I dP b T (P b ,~ (P b) , P f (P b) ,.af (P b » 
bite 

(5.8) 

where the rear solid angle ~, the front solid angle .a
f

, and the 

front momentum magnitude Pf are explicitly written as functions of 

the rear arm momentum Pb • The functional relationship is given by 

solving the elastic kinematic equations 

Vinc =~ +~ (5.9) 
E +mp.E.. +E inc -b f 

where (E
i 

,Vi ) is the incident proton's four-momentum, m is the 
~ ~ p 

proton mass, ~ is the rear proton's energy, and Ef is the forward 

proton's energy. In principle one could use the T functions calcu-

lated as in appendix B to do the integral of eq. 5.8. It was found, 

however, that a Monte Carlo procedure is more c00'\1enient because it 

'easily introduces the effects of finite resolution, multiple coulomb 

scattering, and energy loss to the resolution and the acceptance. 

These effects are important corrections to the analytic accep-

tance calculation for elastic scattering because the actual momentum 

range spanned by the proton yield, in thee, rear arm 'is a, small number 
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of resolution widths. Because of the kinematic constraints for 

proton-proton elastic scattering and the geometry of TASS, the actual 

yield of backward protons in the rear arm can be shown by'computer 

simulation to span a range of about 40 MeV/c. The effect of finite 

resolution due to the discreet geometry of the counters of TASS is to 

smear the apparent yield as measured by the spectrometer over a range 

wider than 40 MeV/c. Thus for a given measured backward momentum 

cut,one must calculate the fraction of events that were smeared out 

of the experimental bite. If the yield smoothly spanned a larger 

momentum range, as is the case for all other spectra measured, then 

the events smeared out of neighboring momentum bins into the bite 

considered would compensate for ,those events lost from the momentum 

cut of interest. Since multiple scattering broadens the finite reso-

lution by changing a particle's trajectory from what it would be in 

vacuum, it must also be considered. The corrections to the analytic 

acceptance imposed by multiple scattering and geometrical finite 

resolution were about 50%, 10% of which arose from the finite 

geometrical resolution effect alone. 

dd" Once~r is calculated, one can compute ~ for the specttome-
b 

ter by normalizing to the target density and the ion chamber, which 

is weighted by the computer live time as described in chapter 4. 

This cross section must be mUltiplied by 2" divided by the azimuthal 

angular bite of the spectrometer. Then 
d.O. 

can be calculated 
em 

where ~ is the center-of-mass solid angle. One must use the fact em 

that 
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dcr " dcr -- --- -""";;;;-"---
dPb p2 cUlcm 

(5.10) 
cm 

where P is the center-of-mass momentum. A CH
2 

target was used for 
cm 

the coincidence as well as the singles running, and a carbon target 

was used for subtraction. The carbon subtraction was important only 

for the singles run. 

Figure 22 shows the elastic cross sections as a function of 

center-of-mass solid angle. The coincidence cross sections are the 

three circles,and the singles data point is the triangle. The 

filled circles are the data of Dowell n.. ale £.!~] and the open cir-

cles are data of Ryan et. al.[li] Acceptance calculations for the 

front arm singles elastic cross section were identical to those for 

the coincidence run, if one substitutes a forward momentum bite for 

the rear bite of equations 5.8 and 5.10. The error bars shown in 

figure 22 for this experiment are statistical only. Of the two 

trigger modes, systematic errors are much larger for the coincidence 

runs since the effect of the over constrained coincidence kinematics 

coupled with the acceptance makes the yield of the coincidence mode 

vary more,quickly with counter location and angular spectrometer 

placement than that of the singles mode. For the coincidence runs 

the systematic errors due to angular magnet placement were about 13%, 

and those due to individual counter positions were about 10%. Thus 

the total systematic error due to spectrometer geometry and placement 

was about +16%. The total systematic error for the front arm singles 

cross section was +5%. 
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There are three other sources of systematic error applicable to 

all cross sections. The most important one arises from the normali-

zation of the ion chamber to calibrate the beam intensity. This 

calibration was done using the 11C activation technique. [17] The 

overall accuracy of this method was determined by comparing succes-

sive calibration measurements done with the same ion chamber and beam 

conditions. This procedure gave a systematic error of +8% due to ion 

chamber calibration. TargeL densities were measured to +1%, and 

nuclear absorption introduced an additional error of +1.5% for sin-

gles measurements and +3% for coincidence measurements. Thus the 0 

( 

total systematic error which would affect the three E444H coincidence 

points of figure 22 in the same way is +18%. For the singles pOint, 

the systematic error is +10%. The calibration data from this experi-

ment agree reasonably well with the other elastic scattering data of 

figure 22, but calibrations of reactions with less restrictive 

kinematics would be useful for TASS. 

In addition to elastic scattering which tests the complete coin-

cidence system, rear arm singles spectra were taken at 1200
• The 

reaction 2.1 GeV p + 12C ~ p('1200 ) +X was measured with TASS in the 

rear trigger mode. Cross sections were calculated with the analytic 

acceptance as described in chapter 4. Multiple scattering and finite 

resolution were not important. Energy loss had the effect mentioned 

in chapter 4, that being to shift the momentum scales by 2-3% at low 

momenta. 
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Rear singles are important to test our understanding of all the 

factor·s which go into the acceptance calculation, because central 

momenta were chosen for the singles running so that the acceptance of 

different runs would overlap. Figure 23a shows a rear singles spec­

trum composed of three different magnet central momentum settings, as 

labeled in the upper right corner. The acceptance function for each 

setting was taken to be a curve like that of figure 17a, which was 

calculated with the beam and counter positions as determined by a 

survey. The discontinuities at the overlap points of the runs are as 

high as 30%. To find the source of the discontinuities, errors in 

the following quantities were considered: 1) the magnet central 

momentum, 2) the spatial shape of the magnetic field, 3) the position 

of counters relative to each other, and 4) the position of the beam 

spot relative to the rear arm coordinate system. The elastic 

scattering and wire orbit data seem to rule out the first and second 

possibilities. Of the last two possibilities, the second is prefer­

able because the carbon target used was at 600 to the beam and a 

small error in the relative horizontal position of the beam chamber 

and target is multiplied by l/cos600 = 2. Actually one can combine 

possibilities 3 and 4 above by attributing the discontinuities in the 

momentum spectrum to an error in the relative position of the beam 

spot on the target and the Rl counter. 

Figure 23b shows what happens to the momentum spectrum if the 

beam chamber location;"-and thus the beam spot location--is shifted by 

2.5mm,to the left looking downstream. Since all surveying was 

• 
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assumed to be accurate to 1mm, the justification for- this procedure 

is questionable. Nonetheless, the different runs match up reasonably 

o 0 12 well in figure 23b. The 90 and 110 data for 2.1 GeV p + C~p + X 

of Tanihata~. ale [li] was extrapolated to 1200 to compare with our 

results and is shown on the same figure. The shape and normalization 

of our data are consistent with the the.Tanihata points thus extrapo-

lated. 

The effect of this sort of correction to the 2.1 GeV coincidence 

data to be discussed in chapter 7 is to contribute to the systematic 

uncertainty. For that data set only one rear magnetic field setting 

was used per forward angle setting. The discrepancies in figure 23a 

affected only the low momentum part of the rear arm acceptance. 

Therefore in taking low backward momentum cuts for the forward coin-

cidence spectra of chapter 7, a beam chamber position was used half 

way between that which produced figure 23a and that which produced 

figure 23b. The fractional systematic uncertainty due to the beam-

counter relative position was taken to be one half the fractional 

difference between the cross sections of figure 23a and 23b. This 

gives a contribution to the systematic error of +15% for low backward 

momenta, that is for momenta. with -.30<6<-.15 with 6 as defined in 

chapter 4. 

It is worth noting that the main ~onclusion of the coincidence 

and singles calibration runs is that the uncertainty in the positions 

of counters and the beam is the dominant contribution to systematic 

errors. When the fringes of the coincidence or singles acceptances 
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are being considered, a part of the beam only two to three millime­

ters wide is being used. For the 2.1 GeV run, the entire beam was 

only 3mm wide to insure the best possible resolution in the front 

arm. Therefore, to avoid these systematic errors, one must either 

measure positions to much better than one millimeter, or only use 

parts of the acceptance for which most of the beam is seen. 



CHAPTER 6 

Phase Space 

As mentioned in chapters 2 and 3, this experiment was a 

kinematic search for the final states appropriate to proton-deuteron 

breakup reactions. In this chapter, the effects of phase space and 

Fermi· momentum of the nuclear pair on the kinematics are discussed. 

The general methods for calculating many-body phase space distribu­

tions for targets with Fermi momentum are also discussed. to facili­

tate the understanding of the experimental results of chapter 7. 

The essential question of this type of research is: How many 

target particles participated in the reaction? It is assumed that 

kinematic considerations alone can largely answer this question.' It 

was in·this spirit that Komarov applied phase space considerations to 

his data of reference [8]. Of course the pure phase space model, 

which ignores dynamics imposed on reactions by the forces of nature, 

was first suggested by Fermi. [19] For the (p,2p) experiment, phase 

space simulations outline the kinematic regions which are populated 

by the final state appropriate toa nuclear pair interaction. More 

importantly, phase . space considerations can demarcate the kinematic. 

regions populated by processes other than the correlated pair 

interaction--processes which might involve particle production or 

large numbers of target, participant nucleons. 

47 
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The phase space calculation is done by the Monte Carlo method in 

which one randomly chooses a set of numbers for the input parameters 

which comprise one event. Physically, an event consists ofa proton 

of given four-momentum incident on a moving target, which produces a 

given number of final state particles. Each phase space event gen-

erated has three ingredients: 1) The kinematics of the reaction, 2) 

the statistical or phase space weight, and 3) the probability of 

finding a target within the nucleus of a given Fermi momentum. This 

calculation is a generalization of the three-body phase space work of 

Ruiz et. al. [20] in that it accommodates many-body final states and 

target Fermi momentum. The calculation discussed here is also dif-

ferent from that of reference [20] in that all computations are done 

in the lab frame to easily extract experimental observables. 

First consider only three-body final state kinematics for each 

Monte Carlo'd event. In the calculation of the proton-target 

kinematics of chapter 3, there were five input parameters~, Qf' and 

~f. If the target is moving with four-momentum (Efe,Jtfe) as in 

appendix A, the three-momentum }tfe constitutes three more parameters. 

Since one would eventually like to calculate differential spectra 

with respect to P
f

, the forward going proton's momentum magnitude, it 

is not considered as a quantity to be solved for as in appendix A, 

but rather it is thought of as an input parameter. To completely 

specify the kinematics with a moving target, two more input parame-

ters are needed and are chosen to be Qfe and ¢fe' the angular coordi­

nates of the target Fermi momentum. One could have equivalently 
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chosen one angular coordinate of the Fermi momentum and the Fermi 

momentum magnitude as the remaining two input parameters. To summar-

ize, there are eight input parameters which we choose as 

(~,~ ,efe ,'1fe)· Doing algebraic manipulations similar to those of 

appendix A, "t
u

' the unobserved nucleon's momentum, and P
fe 

are solved 

for and the kinematics for each event are determined. 

The total phase space R3(~'~e) of the three-body final state 

can be written as[21] 

4 
~ (P +P -P -P -P ) 

- =-£ e =-£ =-t> u 
(6.1) 

where the line underneath a symbol indicates a four-vector. P is the, 

incident proton's four-momentum, ~e is the four-momentum of the par­

'ticipating part of the nucleus, arid all other symbols are as in 

appendix A. The weight functions are the standard phase space 

The next step is to add the Fermi momentum probabilities. The 

probability density for finding a fragment in the nucleus with momen­

tum ~e is taken to be that described by Goldhaber in reference [7] 

in his analysis of fragmentation data. [22] This density is given as 

in chapter 2 by 

_(P 2 /2(J'2 ) 
W(~e) ex e fe fe 

2 
O'fe ... 

F(A - F)(J'O 
2 

A - 1 

(6.2) 
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where A is the atomic number of the nucleus, and F is the number of 

nucleons in the participating target fragment. As in chapter 2, 

~o - 90 MeV/c. With Fermi momentum, eq. 6.1 generalizes to 

One could alternatively arrive at eq. 6.3a by considering the 

actual four-body final state resulting from the interaction of figure 

2. This final state consists of three nucleons and the residual A-2 

nucleus in its ground state. Labeling the four-body phase space with 

a prime, 

where ~ and P:A-2 are the four-vectors of the A-nucleon target 

nucleus and the A-2 nucleon spectator. The subscript of a primed 

phase space refers to the number of particles in the final state 

including the A-2 residual nucleus, whereas the subscript on an 

unprimed phase space refers to only the thre'e final state partie.les 

in the proton-pair interaction. The non-invariant exponential is the 

probability that the A-2 residual and the pair center of mass have 

relative momentum V
A

_
2

• From eq. 2. 2 ~.'" ~e + ~-2 as they are 

defined in this chapter. Similarly, apart from a sign, 

The four-body phase space becomes~ 

(6.3b) 

Apart from the .. factor of E
A

_
2 

in the;denominator, eq. 6.3a and 6.3b 
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are equivalent. However, the difference betweenE
A

_
2 

and the mass 

M
A

_
2 

is very small. For the case where A=12 and P
fe 

= 400 MeV/c, the 

difference between the energy and mass of the A-2 nucleus is less 

than .1%. Thus eqs. 6.3a and 6.3b are different by only a constant 

factor and the small error in using the on-shell deuteron mass as 

discussed in chapter 2; therefore equations of the form of 6.3a will 

be used from here on. 

To get eq. 6.3a into a useful form for the Monte Carlo pro-

cedure, first solve for" using the three-momentum part of the four 
u 

dimensional delta function as follows 

2E 
u 

'* 

where a quantity with the star superscript means that it has been 

solved with the kinematic delta function, and is implicitly a func-

tion of all other unstarred quantities. As indicated above, we now 

solve for P
fe 

with the remaining delta function and find 

where 

D = 
3 [ 

'* '* Pte _ Pfe _ Pcos9fe + 

'* '* '* E
f 

E E 
e u u 

'* 2E 
u 

(6.5) 

where cos9a,b is as in appendixA. The term D3 results from using 

the delta function in Efe of eq. 6.4 to solve for Pfe in the 
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integral. 

The most convenient differential phase space form for comparing 

to experimental cross sections is 

(6.6) 

u 

Figure 24 is a plot of the differential phase space of eq. 6.6 versus 

front momentum for one set of experimental running conditions with 

9b - 1200
, 9

f 
.. 10.40

, and three selected ranges of backward momentum 

as noted. The value of ~fe used was 120 MeV/c, which was calculated 

from eq. 6.2 using A-12 and F=2. The normalization for each backward 

momentum range is set so that the peak in the graph will be close to 

1. One notices that, given the double root solutions of chapter 3, 

the high momentum root is favored. 2 This is the result of the (Pf/Ef) 

term of eq. 6.6. Figure 24b shows with the solid lines what happens 

as ~fe~O, and the double root solutions of figure 5 are recovered. 

The error bars on the phase space curves represent the statistics of 

the Monte Carlo process. The arrows on the figure correspond to QTBS 

kinematics and will be discussed in chapter 7. 

Eq. 6.6 can be generalized to the situation where, either 

through particle production or the participation of large numbers of 

target nucleons, there is an N-body final state. As in appendix A, 

let 
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7u = VI + Vu_1 
N-2 

= ~ 1. 
i==1 i 

53 

where the sum is over all unobserved particles. The general phase 

space formula then becomes 

e 

where 

* 2 2 
-(P fe /2"'fe) 

* E 1 

D == 
N [ 

* * ]-1 Pf Pf P~os9f Pfcos9f f Pbcos9f b N:2 P cos9f __ e _ ~ _ . e + e, + e, + i e,i 

* * * * * ~ '* Efe E 1 E 1 E 1 E 1 i=2 E 1 

and where the momentum of the particle labeled with subscript 1 is 

solved with the delta function. The three-momenta of the additional 

N-3 particles become additional input parameters in eq. 6.7. Thus 

for the general N-body final state, there are 3N-1 input parameters 

to the kinematics, because there are 3 degrees of freedom for each 

final state particle, plus 3 input parameters for the target with 

Fe.rmi momentum, minus 4 kinematic equations of constraint. Opera-

tiona11y, one throws randomly over the input parameters which are not 

differentiated out of the integral and stores the weights given by 

the integrand of eq. 6.7 in the appropriate (Pb,~,Pf'~f) bin. 

Figure 25 shows the differential phase space function of eq. 6.7 

versus front momentum for final states with greater than three parti-

c1es. The reaction simulated in figure 25a is 2.1 GeV p+d~p+p+n+n 
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where the two protons are detected in TASS. The Fermi momentum of 

the deuteron is as in figure 24, and the rear momentum bite is 

In figure 25b, the differential phase space func-

tion for the reaction 2.1 GeV p+d~p+p+n+"+" is plotted versus for­

ward momentum. Normalization was again set to make the peak of each 

plot 1. Note that when pions are added to the final state, the popu­

lated phase space moves further away from high forward momentum. In 

figure 25c, the four-body final state for the reac.tion 

2.1 GeV p+t~p+p+n+n is shown versus front momentum for the same 

backward momentum cut as in the figures 25a and 25b. The standard 

deViation of the Fermi momentum distribution of the triton inside the 

nucleus was taken as <T
fe 

= 120MeV/c. The phase space momentum dis­

tribution for the forward going proton is very broad in this case and 

overlaps the distributions of figures 25a and 25b. These illustra-

tions will be useful in interpreting the data, but here they are only 

meant to show the trends of the front momentum spectra as backward 

momentum, final state particle number, and target nucleon number are 

varied. 
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CHAPTER 7 

Results and Discussion 

Th'e goal of this experiment is to confirm or deny the possibil-

ity of interacting with a nuclear pair or small number of nucleons in 

a (p,2p) reaction at high momentum transfer. In this chapter, the 

data are presented and interpreted. The data taken at 9
f 

== 10.40 

seem to relate more to the above goal than the data taken at other 

forward angles, and they will be presented first, along with 

kinematic interpretations and the data's relationship to lower energy 

(p,2p) experiments. The data o at 9 f = 45 and the small amount of 

o data taken at 9 f == 60 will then be presented and discussed in sec-

tion 2. Section 3 describes the atomic number dependence of the data 

as it was extracted from the copper running. 

1. The (~,~) Reaction at lQ.! Degrees 

In this section the 9 f = 10.40 data are discussed. The sys-

tematics of the forward momentum spectra are first outlined in sec-

tion 1.1, and they are compared with the simulated response of TASS 

to various real spectra associated with the proton-carbon kinematic 

limit. The data are then compared to the proton-pair phase space and 

quasi-elastic kinematics in section 1.2. Section 1.2 also describes 

other (p,2p) experiments at lower energies. 

55 
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1.1. Systematics of the Data and the Response of TASS 

Figure 26 shows the six-fold differential cross section versus 

front momentum for the rear momentum cut 400<P~550MeV/c. The back­

o ward angle is, as always, 9b = 120. This spectrum is subject to the 

+17% systematic error for low backward momentum cuts due to the 

effects mentioned in chapter 5. As noted in section 1 of chapter 5, 

pions and deuterons can contaminate the proton sample in the front 

arm for momenta above 1350 MeV/c. To estimate the contamination to 

the (p,2p) signal from other forward going particles, the coincidence 

cross sections for protons backward and either pions or deuterons 

forward were calculated from the E444H data for forward momenta less 

than 1350 MeV/c. Extrapolating the data to higher forward momenta 

showed that the combined contamination from pions and deuterons at 

high forward momentum was less than 5% for all the data presented in 

this chapter. 

The forward momentum spectrum for the 10.4 degree coincidence 

data is largely flat, or perhaps slightly falling from an average 

value of about. 3.5 mb/(GeV/c-sr)2at 500 MeV/c to an average value of 

2.8 mb/(GeV/c-sr)2 at 1800 MeV/c. There is a possibly significant 

dip at about 2300 MeV/c followed by a few points at 3 mb/(GeV/c-sr)2 

and then an abrupt falloff at 2800 MeV/c. 

Since the resolution of the front arm is as given in figure 16b, 

and the central momentum used for the high momentum part of the spec-

trum was 2151 MeV/c, it is worthwhile to discuss the response of the 

system to spectra which change abruptly with front momentum. In 
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particular, consider the kinematic limit in forward momentum for the 

reaction 2.1 GeV p + l2C ~ P + P + lIB for the average backward 

momentum represented in figure 26, Pb = 475MeV/c. The front momentum 

kinematic limit is found by solving equation Al of appendix A with 

~e = 0, Efe = mass of the carbon nucleus, and (E ,7) 
u u the four 

momentum vector of a recoiling boron nucleus in its ground state. 

The kinematic limit is found to be Pf - 2779 MeV/c. 

One might argue that, ignoring the dip at 2300 MeV/c, the spec-

trum of figure 26 is consistent with being flat until abruptly fal-

ling off at the kinematic limit. Figure 27 shows the response of 

TASS to such a flat spectrum which falls at the forward momentum 

corresponding to the proton-carbon kinematic limit for a backward 

momentum of 475 MeV/c. The figure shows on the left the spectrum 

thrown at the apparatus in a Monte Carlo simulation. The flat part 

of the thrown points was nor.malized to an average value of the data 

of figure 26 between 1600 MeV /c and 2800 MeV /c. On the right figure 

27 shows the cross sections which would be measured in the front arm 

of TASS with its finite resolution given the thrown distribution. 

Also on the right are the last few data points of figure 26 for 

reference. The solid line guides the eye through the Monte Carlo 

reconstructed points, and the dashed line guides the eye through the 

data. Note that the reconstructed spectrum on the right side of fig-

ure 27 falls off at about 2600 MeV/c, or ab.out 180 MeV/c sooner than 

the flat spectrum thrown at the device. The reconstructed falloff is 

earlier because a given momentum bin is fed by momenta of roughly one 

\ 
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resolution's width on either 8 ide of the ('.enter of the b in. Thus the 

momentum bin at 2250 MeV/c, for example, is fed equally by low and 

high momenta within the resolution width. But a bin at 2600 MeV/c is 

fed less from high momenta since there is a sharp high momentum cut­

off in the thrown yield. 

We can now test the hypothesis that the spectrum of figure 26 

represents a flat distribution up to the kinematic limit. The real 

data in figure 27 falloff at about 2800 MeV/c, 200 MeV/c higher than 

the reconstructed spectrum. If the systematic front momentum error 

were zero, the persistence of the high momentum part of figure 26 

would imply that there must be an enhancement at high forward momen­

tum to feed the momentum bins beyond the 2600 MeV/c cutoff of figure 

27. A conservative estimate of the systematic front momentum error 

is +2%, gotten from the proton-proton elastic scattering calibration 

data. With this estimate, the real data of figure 27 still show sig-

nificant rate in excess of the reconstructed cutoff. If the real 

spectrum fell off gradually toward the kinematic limit rather than 

abruptly as simulated, the reconstructed yield would start to 

decrease even sooner. Thus the reconstructed cross section of figure 

27 represents an upper limit for the falloff point of the spectrum in 

the absence of a peak at the high momentum end. We can therefore 

conclude that the data are not consistent with a flat spectrum out to 

the kinematic limit. In fact, this analysis suggests that the dip at 

2300 MeV/c and the subsequent rise and decrease of the spectrum of 

figure 26 could signify a peak at high forward momentum which may be 
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obscured by poor statistics and inadequate resolution. 

Figure 28 shows the forward momentum spectrum with a higher 

backward momentum cut, 550<P~700 MeV/c. The systematic error in 

cross section magnitude is +9.5%. The spectrum is perhaps level or 

slightly falling in the low forward momentum end. It levels off. or 

rises slightly in the high momentum end and falls abruptly at about 

2550 MeV/c. Again, one could say that the spectrum at the high end 

is essentially flat until it falls off at the kinematic limit of 2691 

MeV/c, which corresponds to a backward momentum of 625 MeV/c. Figure 

29 is the analog of figure 27 for the high rear momentum cut. 

the falloff point of the data and the reconstructed events are almost 

identical, implying that the real spectrum being fed to the forward 

arm of TASS in the experiment could be flat with an abrupt drop at 

the kinematic limit. 

According to the "falloff point" analYSiS, one may draw the fol­

lowing conclusions: Whereas the forward momentum spectrum cut on high 

backward momentum is consistent with a flat spectrum up to the 

kinematic limit, the low momentum backward cut spectrum is not; in 

fact it seems to represent a peak at the high forward momentum end. 

If the systematic front momentum determination were for unknown rea-

sons higher than 2%, one could still draw the weaker conclusion that 

the two spectra of figures 26 and 28 cannot both be consistent with 

flat cross sections out to their respective kinema t i('. limits. 
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1.2. Interpretation of the !Q..i Degree Data· 

Assuming there is a peak at the high forward momentum end of the 

real cross section represented by figure 26, of what interest is it? 

Note from figure 24a and 24b that the proton-pair phase space exhi­

bits a peak at high forward momentum. According to QTBS or the 

quasi-elastic picture, the incident proton interacts with one fast, 

backward going nucleon, and this model also predicts a peak in the 

forward momeritum spectrum near the kinematic limit. The QTBS peak is 

near the kinematic limit because the incident nucleon is assumed to 

interact only with one· target nucleon, leaving the residual nucleus 

in tact and close to its ground state. The arrows in figure 24 

denote the kinematic limits for the midpoint of each backward momen­

tum range shown. From figure 25,note that when pions are produced 

in an interaction with a two nucleon target, the populated phase 

space moves away from the high momentum end. Although not shown, 

this statement is also true when pions are produced in an interaction 

with a single~nucleon target. Also, when a nuclear target larger 

than two nucleons is struck and is broken up, as in figure 25c, the 

available phase space does, not show a peak at the high forward momen­

tum end. Weare lead to the conclusion that only an interaction of 

the inc-.ident proton with one or two nucleons, in the absence of pion 

production, can produce a kinematic peak in the high forward momentum 

region, above 2500 MeV/c. 

Is there a way to tell from the data whether the suggested high 

momentum peak in figure 26 corresponds.to an interaction with one or 
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two nucleons? Given the closeness of the kinematic solutions for 

proton-pair and proton-nucleon interactions for low backward momentum 

as demonstrated in figure 26, it would be purely speculative to say 

which mechanism we observed, if one grants the existence of the high 

momentum peak at all. In addition, one could make plausible modifi-

cations to the proton-pair and QTBS pictures to make the two models' 

kinematic solutions even closer. For example, one could allow for an 

excited nuclear pair in the former, moving the proton-pair phase 

space toward higher forward momentum. In the latter, one could allow 

the residual nucleus to be exc.ited, moving the kinematic limit solu-

tion toward lower forward momentum. Therefore, experimental"momentum 

resolution is not the only problem in separating the kinematic signa-

ture for the two pictures. 

Indeed, Frankel et. ale [23] recently performed a (p,2p) meas-

urement at 800 MeV incident energy on lithium, with a very good reso-

lution of 1.4% in their. forward arm. They looked for an enhancement 

near the kinematic limit to test QTBS. Their results for the reac-

6 0 o· 
tion 800MeV p + Li ~ p(l05 ) + p(l2.28 ) + ,x are plotted in figure 

30. The backward momentum is 350 MeV/c. The dashed line represents 

the proton-pair phase space calculation of chapter 6 normalized to 

the Frankel data peak, with P
fe 

= 120 MeV/c. The arrow denotes the 

kinematic limit. Frankel's data are consistent with the kinematic.s 

of a single scattering, leaving the residual nucleus with a mean 

excitation energy of 18-20 MeV. Not'e however that there is a sub-

stantial .overlap of the proton-pair kinematic solutions with his data 
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even with the excellent resolution of the spectrometer used. 

Considering phase space shapes only, it seems impossible to 

experimentally separate QTBS from the pair mechanism near the 

kinematic limit, but an enhancement near that point is of interest 

regardless of the model invoked. Consider figure 7a of chapter 3 and 

the proton-pair interaction. To say that the phase space for the 

proton-pair interaction is enhanced at the high momentum end is 

equivalent to saying that pure phase space favors low momentum 

transfer to the unobserved nucleon. This strongly suggests the sin­

as opposed to the mUltiple gle scattering picture of 

scattering of figure 7b. 

figure 7a 

If one allows that the mechanism of figure 

7a contributes to a high momentum peak in the spectrum measured in 

figure 26, there is the ambiguity as to whether the backward nucleon 

was the participant--labeled without parentheses--or the spectator--

labeled with parentheses. But the interest in this research is to 

find avery high momentum component in the nucleus. If the backward 

nucleon were the participant, then it is plausible that the momentum 

of the unobserved spectator largely represents the momentum of the 

nucleon in the nucleus before the interaction. One can calculate the 

unobserved nucleon's momentum to be about 570 MeV/c for the kinematic 

situation of figure 26. If the backward nucleon was the spectator, 

then the observed backward proton's average momentum of 475 MeV/c 

represents the high relative momentum component of the nuclear pair. 

It is because the spectator process gives a lower relative momentum 

for the pair that Yukawa and Furui[24] argue that the spectator pro-

'.'''' 
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cess must dominate the pair interaction. 

The same arguments apply if the quasi-elastic model is con-

sidered. In that case , one can view the incident bottom line of fig-

ure 7a as the residual nucleus, part of which is somehow correlated 

via the solid line to the single, struck nucleon. If the participant 

is observed backward, one can calculate the A-I spectator momentum, 

assumed to be the participant momentum before it was struck, to be 

404 MeV/c for the kinematics of figure 26. If a spectator from the 

A-I nucleons was ejected backward, we arrive again at a nuclear 

momentum of 475 MeV/c. Thus whether one uses the participant or 

spectator picture in either model, one arrives at a nuclear momentum 

above 400 MeV/c which is far beyond a typical Fermi momentum. The 

conclusion is that if the suggested enhancement in figure 26 can be 

shown to be statistically significant, model calculations, such as 

those outlined in appendix C, must assign probabilities for finding 

high relative or single nucleon momenta in the nucleus. 

The certainty of this conclusion must be tempered by considering 

final state interactions in the single scattering process. Whether 

it is called distortion, as in the reference of Jacob and MariS, [25] 

or final state interactions, as in a recent theoretical treatment by 

Amado and Woloshyn, [26] the interacting particles of figure 7a when 

the bottom inciderit line is the A-I residual nucleons negate the 
,1 

quasi-elastic interpretation of the last paragraph. With a final 

state interac tion, one cannot kinema tic.ally recons truc t the momentum 

of the nucleon in the nucleus before the collision. Frankel 
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correctly states in reference [23] that the final state interaction 

of the primarily interacting nucleons with the A-1 residual nucleons 

must be coherent in order to preserve the appearance of quasi-elastic 

kinematics. In. other words, the final state interaction or distor-

tion must not breakup the A-I nucleons, otherwise the resulting 

many-body phase space would no longer produce a peak at high forward 

momenta in the (p, 2p) ·experiment. But since the mean free path of 

the initial and final state nucleons observed is on the order of the 

nuclear radius, there is a possibility that some fraction of the 

quasi-elastic events do emerge with information on the nuclear wave 

function. Of course, final state interactions can similarly distort 

the dynamics of the proton-pair interaction. 

Certainly the magnitude of the "peak" in figure 26 of about 

2 3mb/(GeV/c-sr) is a lower limit for the real magnitude of this 

enhancement. To demonstrate this fa('.t, figure 31 shows the response 

of TASS t~ a flat peak in front momentum between the front momentum 

kinematic limits corresponding to the backward momentum cut of figure 

26. These limits are 2738~Pf~2815 MeV/c. To get an observed peak of 

3 mb/(GeV/c.-sr)2, a real peak of 17 mb/(GeV/c-sr)2 must be thrown at 

the apparatus. Frankel quotes 21.64 mb/(GeV/c ... sr)2 for the value of 

his peak shown in figure 30. Therefore, at the higher energy of 

E444H, there could be ~ peak of comparable magnitude. 

Figure 28, the high backward momentum cut, is more difficult to 

interpret. One of the original motivations for this experiment was 

Komarov's' observation of proton~deuteron kinematics at lower energies 
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from reference [8]. .Whereas he observed a peak at the kinematics of 

proton-deuteron elastic scattering, corresponding to the midpoint of 

the contours of figure 5, we expect at the higher energies to observe 

proton-deuteron breakup kinematics, because the free elastic proton-

deuteron cross section is down by at least an order of magnitude from 

the 10liier energy of 600 MeV, [27] and the deuteron breakup is there-

fore favored. For the high backward momentum cut of figure 28, the 

proton-pair and the quasi-elastic kinematics are well separated. 

Perhaps with improved statistics we could confirm the slightly rising 

trend of figure 28 toward the high momentum end. This would 

correspond to the proton-pair phase space of figures 24b and 24c. 

The problem, of course, is that the phase space for the configura­

tions of figure 25a and 25c also contribute to the high momentum 

spectrum around 2300 MeV/c and then fall abruptly. An essential 

problem of the high energy (p,2p) experiment is that pion production 

and other mechanisms occupy similar kinematic regimes as the proton-

pair mechanism when one moves away from the kinematic limit. Perhaps 

improved statistics and a model calculation which involved more than 

kinematic considerations could verify the contribution of the pair 

mechanism to figure 28. 

It is useful to compare the coincidence front momentum spectrum 

to the singles spectrum at the same forward angle. The singles spec-

o trum at 10 was measured by Tanihata et. ale [18] and is shown in 

figure 32. At the high momentum end, singles data taken from E444H 

are superimposed on the Tanihata spectrum to supplement the high 
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momentum end not measured by Tanihata. The singles data of E444H, 

labeled with triangles, are normalized to the Tanihata data, as the 

E444H data were taken during a recent run under conditions of poor 

. beam location stability and thus is difficult to independently nor-

malize. Note that the singles spectrum rises in the low momentum 

region as opposed to the coincidence spectrum. This argues against a 

thermal picture where the shape of the front coincidence spectrum is 

the same as that of the front singles spectrum; that is, the forward 

going proton is unaffected by triggering on a backward going proton. 

On the other hand, the shapes of figures 26 and 28 are similar up to 

the kinematic limit, suggesting that the mechanisms for the coin-

cidence in the low front momentum region is insensitive to the range 

of backward momenta chosen. o The 10.4 singles data taken on TASS 

clearly show a quasi-elastic peak, which is expected at 

P
f 

~ 2760 MeV/c from free proton-proton kinematics. If the possible 

coincidence peak of figure 26 is of the same width and relative 

strength as the singles quasi-elastic peak, then TASS in its present 

configuration is only in need of statistics to identify the 

existence, but not trace the shape, of the coincidence.quasi-elastic 

peak. 

Before leaving the 10.40 data, I show in figure 33 the backward 

momentum spectra for the reaction 2.1 GeV p + 12C -+ 

p(1200
) + p(10.40

) + X cut on the forward momentum ranges indicated. 

The striking feature is that the magnitudes and shapes of all forward 

momenta are roughly the .. same, except for the high momentum cut. This 

,. 
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again implies that for most of the coincidence spectrum, the momentum 

of the particle in the rear arm does not depend strongly on the 

momentum of the particle in the front arm. The inverted triangles in 

figure 33, which are the singles data of figure 23b normalized at the 

arrow to the coincidence data, further support this conclusion. The 

difference in magnitude and shape for the high momentum cut is cer.-

tainly due in part to encountering the proton-carbon kinematic limit. 

Without knowing the precise shape of the high momentum forward spec­

trum, it is difficult to say whether the fast falloff of the high 

forward momentum cut is interesting beyond showing that TASS is sen­

sitive to the trivial proton-carbon kinematic limit and is indeed 

capable of doing coincidence measurements. If, however, one consid-

ers that the spectrum of figure 33 is at least representative of the 

backward spectrum cut on the quasi-elastic peak, then one can assign 

a standard deviation for the Fermi momentum distribution needed to 

produce the shape of the high forward momentum cut of figure 33. 

This is done in appendix C. 

o The salient conclusions of the 10.4 data are: 1) The low back-

ward momentum cut on the forward momentum spectrum suggests the pres-

ence of a peak near the kinematic limit. Whether this peak is due to 

proton-pair or proton-nucleon interactions, it would certainly result 

from an interaction with a small number of nucleons and indicates the 

possibility of measuring high momentum components with a (p,2p) 

experiment. 2) The high backward mome'ltum cut on the forward momen-

tum spectrum yields a result consistent with hitting the proton-
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carbon kinematic limit, given our understanding of the systematic 

front momentum error. 3) Most of the forward or backward coincidence 

spectrum is insensitive to the momentum cut in the backward or for-

ward arms respectively, showing that final state interactions or 

mechanisms with overlapping kinematic regimes make conclusions diff1-

cult away from the kinematic limit. 

2. The (E.'~) Reaction at 45 and 60 Degrees 

The ,coincidence' cross section measured at e = 450 and 
f 

at 

cover front momenta very far from the kinematic limit. 

Therefore extracting information about interactions with small 

numbers of nucleons is perhaps plagued by'·some of the problems men-

tioned in the conclusions of the last section. Figure 34 shows the 

coincidence cross section for the reaction 

2.1 GeV p + carbon .. p(l200
) + p(450

) + X for the two backward 

momentum cuts shown. The label "low field" means that the data were 

taken at a forward central momentum of 422 MeV/c, while the "high 

field" data were taken at a central momentum of 922 MeV/c. The low 

backward momentum cut spectrum is subject to 15% systematic error, 

and the high backward cut spectrum is subject to 9% systematic error. 

The two backward momentum cuts-of figure 34 show no statisti-

cally significant difference in shape, being flat or slightly rising 

up to about 500 MeV/c and then falling toward higher front momentum. 

For the various front momentum pOints in figure 28, the ratio of the 

cross sec.tions .of the lower backward momentum cut to those of the 
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high backward momentum cut is consistent with being a constant of 

about 1.75+0.20. Plotted in figure 35 is the singles cross section 

from the Tanihata reference [18]. Both backward momentum cuts exhi-

bit the same qualitative shape as the singles data, which suggests 

that because of multi particle cascades or final state interactions, 

their is little correlation between the forward and backward going 

proton. 

o The 9f l1li 45 point was .chosen because it 1s at the edge of the 

egg-shaped contours of figure 5. Figures 36a and 36b show the effect 

of Fermi momentum and phase space weighting on the proton-pair 

kinematics of figure 5 for the conditions of each backward momentum 

cut of figure 34. There is no obvious similarity between ·the 

proton-pair phase space and the data of figure 34. Figure 36c shows 

the low backward momentum cut of figure 36a in the. proton-pair 

interaction when one pion is added to the final state, but the peak 

in the phase space configuration is still too high in front . momentum 

to correspond to the data of figure 34. Whereas the addition of a 

o 
pion for the case 9f = 10.4 . substantially separates the phase space 

of figure 25a from that of figure 24a, the addition of the pion for 

o the 9f - 45 case does not qualitatively make figure 36c and 36a look 

very different from one another. Many other initial and final state 

conf.igurations also give similarly shaped .phase space distributions 

at this wide angle, which means it would be difficult to isolate any 

one mechanism unless it significantly dominated over all the others. 
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Figure 37 shows the coincidence cross sections at low forward 

momenta o at 9
f 

= 60 , which is beyond the kinematic region accessible 

to free proton-pair scattering as shown in figure 5. The low forward 

momentum data at o 0 
9f = 60 show the same trend as that of 9f = 45 • 

Again, the ratio of the low backward momentum points to the high 

backward momentum points for each forward momentum is consistent with 

t 1 th 1 h i 2 3+0 3 Because the 600 data a constan va ue; e va ue ere s • _ •• 

are outside the free proton-pair kinematics, a substantial pair 

center-of-mass Fermi momentum is necessary to populate the kinematic 

region. of the 60
0 

data. Pure phase space predicts that the pair 

interaction cross section should be down by a factor of 6 from the 

45
0 

data because of the low probability of finding-the required pair 

Fermi momenta. o The similarity in shape and magnitude of the 60 data 

to that of 
o 

the low forward momentum 45 data further discounts the 

possibility of kinematically identifying the proton-pair contribution 

o to the 9 f = 45 data. 

If interactions with small numbers of fast nuclear constituents 

were an important contribution to the backward singles cross section, 

one would expect to observe quasi-elastic or proton-pair kinematic 

enhancemertts in the 9 = 450 data. 
f 

Orte would also expect some 

response of the shape of the low and mid momentum regions of the 

10.40 spectra to changes in the rear momentum. Perhaps one reason 

why these features are not observed is that only a small amount of 

the available incident energy is carried away by the observed 

nucleons in. the above~mentioned kinematic regions. If the nue lear 
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pair interac'tion, for example, were the first interaction the 

incident nucleon suffered, the unobserved spectator would go off with 

a momentum of 2 GeV/c for the kinematics of the 450 data. The unob-

served nucleon then has enough kinetic energy to interact with the 

rest of the carbon nucleus again, perhaps obscuring the proton-pair 

phase space by adding more particles to the final state. Of course, 

the pure phase space may also be modified substantially by matrix 

elements for the elementary interactions, requiring a model calcula-

tion to uncover the correct description of the data. It is therefore 

o difficult in the 9f .. 45 data to confirm or deny the contribution of. 

the proton-pair interaction. The apparently uncorrelated nature of 

the 45
0 

and the low and mid forward momentum 10.40 data suggests that' 

if interactions with small parts of the nucleus do contribute to the 

(p,2p) Signal, one must detect a large fraction of the available 

kinetic energy; this is to insure that the observed final state par-

ticles participated .in the interac tionof interest and not in subse-

quent interactions due to high momentum products left in the nucleus. 

One must either do more exclusive experiments to account for the 

incident energy in the observed particles, or stay near the kinematic 

limit as implied in section 1. 

~. Atomic Number Dependence 

o A small amount of copper running was done at 9f = 10.4 spanning 

front and rear momentum ranges as in the second entry of table 1 on 

page 12. A parameterization .of ArI. is usually assumed where A is the 



72 

atomic number of the nucleus. Using carbon and copper, one finds 

ex = 1.13 + .03. o 
At 9 f = 45 a copper target was used for the back-

ward and forward momentum ranges of the fourth and fifth entries of 

table 1. For the configuration of the fourth entry, ex" 1.38 + .03 

and for the fifth entry ex .. 1.26 + .04. In other (p,2p) experiments 

ex has been found to be 0.39 ± .07 at 600 MeV [8] and near 1 at 800 

MeV [31]. In comparing the various experiments, one must realize 

that A dependence can change with the choice of final state momentum 

vectors as well as with incident energy; therefore the A dependence 

of the different experiments may not be directly comparable. 

The usual interpretation of the dependence of nuclear cross sec-

tions on A is geometrical. If A is less than 1, one assumes that 

some part of the nucleus, for example the surface or perimeter, is 

involved in the collision process. If ex .. 1, each of the nucleons in 

the nucleus have an equal probability of interacting and a single 

scattering in anywhere in the nuclear volume is implied. Since com-

binations of A things taken two at a time goes as A(A-1), ex > 1 is 

often associated with striking more than one nucleon in the nucleus. 

These interpretations are very simple and considerations such as 

final state interactions modify these descriptions. 



CHAPTER 8 

Conclusions 

Although there is no evidence from this experiment which 

uniquely identifies the correlated pair interaction, there is at 

least the suggestion from the analysis of figure 26 in chapter 7 that 

a one or two nucleon interaction can produce an energetic nucleon in 

the backward direction. Kinematics alone may not 'be sufficient to 

tell if the fast nucleon responsible for the possible peak of figure 

26 derives its high momentum from a single other nucleon, as in the 

nuclear pair picture, or from some larger combination of nucleons. 

As demonstrated, either a one or two nucleon interaction in the 

absence of final state interactions could require the existence of a 

high momentum nuclear constituent, revealing a very small but 

interesting part of the nuclear wave function. From the mean free 

path of the measured nucleons, it seems,that the reaction products of 

at least some of the few-body interactions should emerge from the 

nucleus with negligible final state interactions. 

At the time this thesis was completed, there were no models 

available which described a coincidence cross section for the energy 

regime covered. However, there is currently an attempt to apply to 

our data the cascade code -of Cugnon, [28] which includes no abnormally 

high nuclear momenta. Fujita is also in the process of extending the 

model of Fujita and Hnfner,[29] used to calculate backward singles 

cross sections, to the calculation of coincidence cross sections for 

73 
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the kinematics of this experiment. [30] The Fujita and HUfner model 

uses a picture like that of figure 7a with final state interactions 

among the pair members. 

One obvious improvement to this experiment would be to improve 

statistical accuracy. One could then verify whether the high momen­

tum enhancement in figure 26 and the upward trend toward high momenta 

in figure 28 are statistically significant. As this thesis is in 

part an historical document, it should be noted that 100 hours were 

allotted by the Bevatron Program Advisory Committee for completing 

E444H more satisfactorily. But because of difficulties with 

accelerator operation during our last run, potential shortages in 

funds, and other political pressures, the 100 hours of data taking 

have been postponed--perhaps for just a few months, and perhaps for 

the more indefinite future. 

In addition to statistics, better resolution in the forward' arm 

would help to identify structure in the high forward momentum spec­

trum. Wire chambers for the front arm are under construction to 

replace the F1 and F2 hodoscope arrays. These chambers would make 

the resolution of the front arm comparable with that of the rear arm, 

but it is not certain whether the chambers will operate with the high 

fluxes in the front arm. 

As stated in chapter 7, more exclusive experiments could help to 

isolate interactions with small numbers of nucleons at large momentum 

transfer, and possibly find a correlated pair signal. A more 

exclusive experiment would help limit the. contribution of mechanisms 
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with phase space configurations overlapping those of the pair 

interaction. The problem of final state interactions would also be 

greatly remedied if more of the available incident energy could be 

detected in the final state particles. Tanihata~. al. ell] have 

done a more exclusive experiment at 800 MeV incident proton energy. 

Their experiment detected particles out of the reaction plane as well 

as protons and deuterons in the plane defined by the proton-pair 

kinematics. They report that the interaction of the incident protons 

with pairs of nucleons at their lower energy is an identifiable 

mechanism showing clear enhancements near proton-pair kinematics. 

To summarize, this (p,2p) experiment, done at the highest momen­

tum transfer to the backward particle measured to date, shows that 

this experimental method has promise for identifying high momentum 

components in the nucleus near the kinematic limit. This high momen­

tum component could result from the relative motion of correlated 

pairs or from the motion of a single nucleon relative to the rest of 

the nucleus. But the results of this experiment give only a sugges­

tion of the existence of the high momentum component; they are cer­

tainly in need of better statistics and perhaps better resolution to 

make a strong contribution to the understanding of the exciting sub­

ject of the high momentum component of the nuclear wave function. 



APPENDIX A 

General Tass Kinematics 

Since there is one proton incident and two protons detected in 

the apparatus, the mos t general kinematics can be represented as fol-

lows: 

(Al) 

Einc+Efe=Ef+Eb+Eu 

where all symbols are as described in chapter 3, except the target 

deuteron is now replaced with an arbitrary target of momentum V
fe 

and 

energy E
fe

• The unobserved four-vector (E ,V) does not necessarily 
u u 

have the invariant mass of a nucleon. In practice, we assume that 

the four-vector (Efe'~e) or its probability distribution is given as 

an input to the .problem. It i$ also useful to separate .. out one of 

the unobser\'ed objects and assign it a mass m
l

• With the definitions 

E iiiiEl+E 1 u u-

eq. (Al) can be written as 

(A2) 

Einc+Efe-Ef-Eb-Eu_l=El 

Given (E l'V 1)' usually specified by a phase space distribution, u- u-

the problem can be solved for all remaining quantities. The follow-

ing definitions are used: 
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« m Ei +Ef -Eb-E 1 ne e u-

2 2 2 2 
~ - Pi + Pf + Pb +P 1+ 2{Pi Pf eos9i f -Pi Pb eos9i b ne e u- nee ne, e ne nc, 

-PincPu-l cos9inc,u_l -PfePb COS9fe,b -PfePu- l cos9fe,u_l 
2 2 2 

+ Pu_lPbcos9u_l,b+ ml - mf - « 

and Y -a{Pb COS9f ,b+Pu_l cos9u_l ,f-Pfe Cos9fe,f~Pinc COS9inc,f) with 

9 and ~ the polar and azimuthal angles in the coordinate system in 

chapter 3. Squaring both equations in eq. (A2) and using the rela­

tion between ml and (E
l
,itl ) yields 

2 2 1/ (~ + Pf Y) 
-(P + m ) 2 = -----=--

f f .2« 
(A3) 

Squaring eq. (A3) and using the quadratic formula to solve for P
f 

one 

obtains the result: 

=-.!l 
2 + 

20t 

R2 y2 2 
"'. + mf 

2 
ex 

the double root solutions of eq. (.A4) describe the egg-shaped con-

tours of figure 5. 



APPENDIX B 

The Analytic Acceptance Calculation 

The quantity T(P,~) of chapter 4 can be expressed as T(6,9 ,9 ), . x z 

where all spectrometer coordinates are as in chapter 4. Consider 

first a two dimensional system with T(6,9 ) and a pencil. beam source x 

at the target. For a given y position, 6, 9 , and the x position of 
x 

a trajectory completely specify a ray through the system. The ana-

lytic calculation for a single arm goes as follows: For a given 

(6,9 ) pair, use two x-defining edges of a counter in the system to 
x 

determine two rays. Trace these two rays back to the target as shown 

in figure Bla, using the homogeneous field transport of chapter 4 if 

the counter is behind the magnet. If the two points at the target 

encompass the beam, then T=l; if the pOint beam is outside of the 

region between the points of intersection of the two traced rays with 

the target, T=O. Figure BIb shows the next step. Instead of the 

pencil beam, use a Gaussian beam for the target spot. T (6,9 ), the x x 

x transmission efficiency, is given by 

2 
x 

x
2 20- 2 

Je x dx 

T (6,9 ) 
Xl 

= 
x x 2 

(Bl) 

x 

CD 20- 2 

J e 
x dx 

-CD 

where.x l and.x 2 are· the targ~t positions for the rays traced from 
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each of the two counter edges. This calculation must be repeated for 

each counter, and the most _restrictive counter edges determine the 

acceptance. 

The vertical transmission is done in the same way. In the 

square field model the vertical transmission is not coupled to 6, 9 , 
x 

or x. Therefore 

2 z 
z2 2<1' 2 

Ie z dz 

T (9 ) 
zl 

= z z 2 
(B2) 

z 

(l) 2<1' 2 

I e 
z dz 

-00 

where zl and z2 are the z positions on the target traced. back from 

the most vertically restrictive counter edges at 9. Note that for z 

an oblong spot <1':/:<1' • x z For most of our 2.1 GeV running <1' < <1' • x z The 

total transmission for a given counter plane and beam spot is then 

given by 

T(~,9 ,9 ) = T (6,9 )T (9 ) x z x x z z 
(B3) 



APPENDIX C 

Schematic Model Calculations 

In this appendix, the ingredients of the quasi-elastic and pair 

interaction nlodels are outlined in the absence of final state 

interactions- (FSI). The quasi-elastic process is first examined to 

see if the high forward momentum cut backward coincidence spectrum of 

figure 33 warrants any abnormally high single-nucleon Fermi momentum 

components. From early work on the analysis of (p,2p) quasi-elastic 

processes [25] to the Frankel QTBS picture, [5] the quasi-elastic 

cross section has been written as the product of a phase space factor 

and a probability amplitude squared. 

(Cl) 

a where E
inc 

is the incident energy, MA is the initial nucleus mass, 

M
A

_
1 

is the mass of the residual nucleus in the ground state, and 

E
A

_
1 

is its energy. The probability amplitude 
2 

Itfil is separated 

into two parts: 

Itfil2 ex It 12 w(t
f
- ) 

n,n e 
( C2) 

where It 12 is the nucleon-nucleon interaction probability and is 
n,n 

related to the free nucl~on-nucleon differential cross section by 

It 12 
n,n 

ex s(s-4m
2

) (dd~i ,where sand t are the Mandelstam vari-
tJn,n 

abIes and m is the nuc.leon mass. The nucleon-nucleon interaction is 

taken to be.~the same ,as the,~proton-proton interac tion. W(~e) is the. 
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single-particle momentum density given by 

.,;,p2 /2a' 2 
fe fe ex e. 

81 

where a'fe here is the standard deviation of the single-particle Fermi 

momentum distribution in the nucleus. As indicated by Jacob and 

Maris [25] and by Gurvitz [6], the choice of .the values of sand t 

for the nucleon-nucleon interaction is ambiguous since the kinematics 

of the nucleon-nucleus interaction is different from the kinematics 

of the free nucleon-nucleon case. Regardless of the choice of the 

Mandelstam variables, however, the coincidence cross sec tionis dom-

inatedby the W(P
fe

) factor of equation C2. 

Of the reasonable combinations of final state four-momenta, if 

one chooses sand t as follows: 

. 2 
s = (L + ~ ) .Ionc .I.e 

t = (P _ P )2 
,nc =-£ 

(C3) 

where underlined quantities refer to four-vectors, the 1 t 12 term 
n,n 

gives the strongest ·contribution at high .p fe for the kinematics of 

the nucleon-nucleus scattering. These choices of sand t may not be 

~pique or even preferred, but they will give a lower limit on the a'fe 

needed for W(Yfe ) to reproduce the shape of the high forward momentum 

cut in figure 33. If one computes the cross section of equation C1, 

averaging over E
A

_
1 

to get rid of the' 6 . function, one needs 

O"fe:18OMeV/c to reproduce the shape of the high forward momentum cut 

of figure 33. This is much larger than the 90 MeV/c obtained from 

fragmentation data. The large a'fe indicates that in the absenC'.e of 
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FSI, an abnormally large Fermi momentum distribution would be 

required to explain the backward coincidence spectrum near the 

quasi-elastic peak. 

For the single-scattering correlated pair picture, one begins 

with the phase space factor of equation 6.6. One then adds a 

nucleon-nucleon scattering probability for the wavy line of figure 7a 

and a deuteron relative momentum density for the solid line of figure 

7a. With these ingredients, the cross section is 

2 p2 _p2 /2(,.2 
dc1' (Pb P f) 

J fe fe cUl. 
ID31 IMI2 (C4) 

(dadP)b(dadP)f 
ex 8E

b
E
f 

-.- e 'f E e 
u 

where all symbols are as in equation 6.6 except 

2 2 [d6"~ ~ 2 IMI == s(s-4m) -d I+(q} I 
t n,n 

(C5) 

where sand t are the Mandelstam variables corresponding to the 

nucleon-nucleon vertex in 
~ 

figure_7a and +(q) is the momentum space 

wave function of a free deuteron with internal relative ~ momentum q. 

As mentioned in chapter 7, Yukawa and Furui [24] use an equation like 

C4 for the pair interaction, but they solve the kinematics with the 

complete nucleus as in eq. 6.3b. They find that the spectator pro-

cess of figure 7a with parentheses dominates the single-scattering 

correlated pair interaction. In reference [24] the authors use a 

phenomenological internal pair wave function with high momentum com-

ponents introduced by the hard core nucleon-nucleon interaction. As 

mentioned in chapter 8, Fujita and Hafner [26] consider the diagram 

of figure 7a without parentheses, which means that the backward par-

" 
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ticle participated in the nucleon-nucleon scattering. Using an equa­

tion like C4 above, they find that a point-like interaction for the 

wave function +<<t> fits backward singles data better than a Reid soft 

core deuteron wave function. 

Thus for the nuclear pair interaction, both models mentioned 

above need higher momentum components than are found in ordinary deu-

teron wave functions to fit backward singles data. For the quasi-

elastic picture, one also needs abnormally high single-nucleon momen­

tum components to fit the shape of the backward coincidence data cut 

on what could possibly be a quasi-elastic peak. 
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Figures' 

Fig. 1 Momentum density of protons produced at backward angles. The 
plot and some of the data are from reference [3]. Other data are 
from sources mentioned in reference [4] as noted in reference [3]. 

Fig. 2 Schematic representation of incident proton which will 
interact with only the pair of nucleons connected by the wavy line. 
The complete nucleus has A nucleons, and the A-2 nucleons are specta­
tors. 

Fig. 3 The single-particle momentum density--dashed 
with peak equal to 1 at momentum = O. The relative 
of pairs--solid line--as derived in equation 2.5, 
relative to the single-particle density. 

line--normalized 
momentum density 

and normalized' 

Fig. 4 Planar proton-pair kinematics showing symbols used throughout 
paper. The subscripts inc, b, f, and u refer to the incident proton, 
the backward detected proton, the forward detected proton, and the 
undetected nucleon respectively. 

Fig. 5 Plot of solutions for the 2.1 GeV proton-pair kinematics for 
9b - 120

0
• The contours are of constant backward momentum: 

Fig. 6 Proton-pair kinematics for different 
mass M. The solid line is the 400 MeV Ic 
M=938 MeV. The dotted and dashed lines are 
M=1078 MeV and M=1232 MeV respectively. 

values of the unobserved 
contour of figure 5 with 
the same contour with 

Fig. 7a Possible proton-pair dynamics in a single-scattering pic­
ture. The line labeled Pi represents the incident proton. The nc wavy line represents the·nueleon-nucleon interaction and the solid 
line represents the nuclear pair interaction. The solid line can 
also be considered as correlating the struck nucleon and the A-l 
other spectator nue.leons in a pure quasi elastic piC ture. The. outgo­
ing particle going forward is labeled P1, while the other exiting 
particles are labeled Pb and P 2 as described at the end of chapter 3. 

Fig. 7b Possible proton-pair dynamics in a double scattering picture 
vhere there are two fundamental nucleon-nucleon interactions in addi­
tion to the nuclear pair interaction. 

Fig. 8 Overview of TASS. Dimensions are given in table 2. 

Fig. 9 Coordinate system used to calculate momenta and angles of 
particle trajectories. 
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Fig. 10 Data acquisition flow chart describing slow logic, fast 
logic, and computer interfacing. 

Fig. 11 Fast logic diagram. 

Fig. 12 Slow logic diagram. 

Fig. 13 
Dashed 

Computer accepted events versus events fed to computer. 
line is pulser generated. Solid line generated from photo 

tube noise. 

Fig. 14 Flow chart for data acquisition subroutine. 

Fig. 15a Test of homogeneous field model in rear arm. Comparison of 
wire orbit momenta as measured homogeneous field trajectories versus 
wire momenta measured by current in wire. 6 refers to the fractional 
deviation from central momentum of the momentum as measured by the 
wire current. The errors shown are the standard deviation of the 
distribution of repeated measurements for the same 6. 

Fig. 15b Test of homogeneous field model for front arm. 
shown are as in figure 15a. 

Errors. 

Fig. 16a Rear arm resolution in a square field as a function of 
deviation from central momentum. 

Fig. 16b Front arm resolution in a square field as a function of 
deviation from central momentum. 

Fig. 17a Rear arm percent angular acceptance as a function of devia­
tion from central momentum. 

Fig. 17b Front arm percent angular acceptance as a function of devi­
ation from central momentum. 

Fig. 18 Rear momentum versus raw TDC time-of-flight scatter plot. 

Fig. 19 Front momentum versus raw TDC time-of-flight scatter plot. 

Fig. 20 Front-rear mass scatter plot. 

Fig. 21a Histogram of TDIF as defined in chapter 5 for proton-proton 
elastic run.. Peak corresponds to particles in each arm which .ori­
ginated from the target at the same time. 

Fig. 21b Histogram of TDIF for 2.1 GeV (p,2p) run. 

Fig. 22 Proton-proton elastic scattering data from this experiment, 
from Dowell of reference [15], and from Ryan of reference [16]. 

Fig. 23a Uncorrected 2.1 GeV p + 12C -+ p(l20o) + X spectrum showing 
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discrepancies at overlapping central momenta. 

Fig. 23b 2.1 GeV p + 12C ~ p(1200 ) + X spectrum with 2.5mm shift of 
beam chamber to correct for discrepancies of fig. 23a. 

Fig. 24a Differential proton-pair phase space versus front momentum 
for 400<P~500 MeV/c. ~fe = 120 MeV/c. 

Fig. 24b Differential, proton-pair phase space versus front momentum 
for 500<P~600 MeV/c. ~fe = 120 MeV/c. Solid lines show 
~fe m 5 MeV/c for the same bacKward momentum cut. 

Fig. 24c Proton-pair phase space versus front 
600<P~700 MeV/c. 

momentum for 

Fig. 25a Proton-pair phase space versus front momentum for 
400<P~500 MeVlc with pion in final state. ~fe = 120 MeV/c. 

Fig. 25b Differential proton-pair phase space versus front momentum 
for 400<P~500 MeV/c with two pions in final state. ~fe = 120 MeV/c. 

Fig. 25c Differential proton-triplet (or triton) phase space versus 
front momentum for 400~Pb~500 MeV/c with four nucleons in the final 
state. ~fe for the triplet is 120 MeV/c. 

Fig. 26 P12t of the coincidence spectrum for the reaction 
2.1 GeV p + C ~ p(1200

) + p(10.40
) + X versus front momentum for 

400<P~550 MeV/c. 

Fig. 27 Re'sponse of front arm of' TASS to flat spectrum out to p­
carbon kinematic limit for Pb = 475 MeV/c, which corresponds to 
P = 2779 MeV/c. The solid line on the right guides the eye through 
tte Monte Carlo response falloff, and the dashed line guides the eye 
through the falloff of the data. 

Fig. 28 PI~t of the coincidence spectrum for the reaction 
2.1 GeV p + 1 C ~ p(l200

) + p(10.40
) + X versus front- momentum for 

550<P~700 MeV/c. 

Fig. 29 Response of front arm of. TASS to flat spectrum out to p­
carbon kinematic limit for Pb = 625 MeV/c, which corresponds to 
P , = 2691 MeV/c. The solid line on the right guides the eye through 
tte Monte Carlo response falloff, and the dashed line guides the eye 
through the falloff of the data. 

Fig. 30 Comparison of 800 MeV Frankel data of reference [23] to 
proton-pair phase space of chgpter 6 with ~f = 120MeV/c. The reac­
tion is 800 MeV p + Li ~ p(1050

) ~ p(12.28 0
) + X for 

Pb ... 350 MeV/c. 

Fig- 31 Response of, the front' arm of TASS to rectangular peak of 
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height 17 extending from 2738 MeV/c to 281S MeV/c 
which corresponds to the p-carbon kinematic limit 
momentum range 400<P~550 MeV/c. 

in front momentum, 
for the backward 

Fig. 32 l~ront a~ singles spectrum 
2.1 GeV p + C-+p(10.4) + X from reference 
J:444H data normalized to reference [18] between 

for the reaction 
[18]. Triangles are 
1600 and 1700 MeV/c. 

Fig. 33 Pi~t of the coincidence spectrum for the reaction 
2.1 GeV p + . C -+ p(1200

) + p(10.40
) + X versus rear momentum for 

the forward momentum cuts listed. 

Fig. 34 Pi~t of the coincidence spectrum for 
2.1 GeV p + C -+ p(1200

) + p(450
) + X versus front 

back momentum cuts listed. Low field and high field 
ferent magnetic field settings of the forward arm. 

the reaction 
momentum for the 

refer to dif-

Fig. 35 Singles cross section for the reaction 2.1 GeV p + 12C -+ 
p(4So) + X interpolated from Tanihata et. al. reference [18]. 

Fig. 36a,b,c Differential ph~se space 
reactions with 9f = 4So• Reactions 
noted. 

versus front momentum for 
and backward momentum cuts as 

Fig. 37 Coincidence cross sections for low 
backward 1f~mentum cu ts as noted. 
2.1 GeV p + C -+ p(1200

) + p(600
) + X 

forward 
The 

momentum 
reaction 

and 
is 

Fig. B1a Illustration of two rays traced from counter plane for a 
given 6 and 9 combination. The dashed line is a ray which encom­
passes the pencil beam and therefore has transmission fraction = 1. 
The solid line misses the pencil beam and therefore has transmission 
fraction = O. 

Fig. BIb Illustration of ray traced back from counter plane to 
intercept Gaussian beam at target. Here the transmission factor is 
between 0 and 1 since the rays encompass part of the finite width 
Gaussian beam. 
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Rear Momentum vs. TOC Counts 
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Front momentum vs TOC Counts 
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