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ABSTRACT 

A (p,2p) experiment was carried out at 2.1 GeV to search for interactions 

between the incident proton and a fast dinucleon constituent inside the target 

nucleus: The results of this experiment along with the Two-Armed Spectrometer 

System (TASS) used to make these coincidence measurements are described. Data 

are presented that indicate a possible contribution to the backscattered pro

ton spectrum from such a dinucleon structure, although effects of statistics 

and experimental resolution allow only an upper limit to be set on the magni

tude of this contribution. Effects of phase space, Fermi motion, ahd final 

state interactions on these measurements are discussed. A comparison with an 

intranuclear cascade model is shown. The systematics of other two-particle 

coincidence spectra .obtained in this experiment are also presented. 

··---~-·----
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I. INTRODUCTION 

The results of an experiment1 to study the correlation between parti-
+ . 0 0 0 

cles (~ ,p,d} produced at forward laboratory angles of 10.4 , 45 , and 60 

and target-related fragments (p,d) produced at 120° in 2.1 GeV proton-carbon 

collisions are reported. Similar experiments2- 4 have been conducted at 

energies below 1 GeV; but this is, to the best of our knowledge, the highest 

energy at which such electronic measurements have been undertaken. The 

forward- and backward-going particles were detected in coincidence in the 

Two-Arm Spectrometer System (TASS) at the Lawrence Berkeley Laboratory's Beva

tron. Primary emphasis in the experiment was focused on the (p,2p) measure

ments to search for indications of the incident proton scattering from a two-

nucleon cluster, 11quasi or nuclear deuteron 11
, in the carbon nucleus. Compari-

sons of the (p,2p) data with predictions of an intranuclear cascade and a 

phase space model are presented. In addition, a brief discussion of other 

two-particle correlations {(p,~+p), (p,dp), (p,pd)) fs given. 

The motivation for this experiment comes from two sources: early experi-

ments studying production of high-energy protons emitted in the backward hemi

sphere in proton-nucleus and nucleus-nucleus collisions5- 9 and a lower en

ergy (p,2p) experiment at 640 MeV by Komarov et al •2 Since backward-going 

nucleons are kinematically forbidden in free nucleon-nucleon scattering, it was 

thought that the large momenta (typically 300-700 MeV/c) observed in single-

particle inclusive experiments might arise from high-momentum components of 

nucleons in the target nucleus. Such high-momentum components can arise from 

a strong spatial dependence of the nucleon's wavefunction on other nucleons 
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in the nucleus. This naturally gives rise to the idea of spatially correlated 

nucleon clusters. An incident nucleon scattering from such a correlated clus-

ter could produce particles in kinematic.regions inaccessible to free nucleon- ~ 

nucleon collisions. These hypotheses were suggested to explain the yield of 

backw~rd-going inclusive protons from pr~ton-nucleus and nucleus-nucleus 

collisions.9 Protons were observed with momenta far beyond the typic~l. 

Fermi momenta measured in (e,p) experiments.l0 The (p,2p) study at.640 MeV 

by Komarov et al. 2 concluded that approximately one~third of the protons 

emitted backwards could be explaine~ on the ~asis of a model involving the 

scattering of the incident proton from a dinuclear pair in th~ target nucleus. 

An alternative to the hypothesis of scattering from correlated pairs as 

the source of the observed high-energy backward protons is Quasi-Two-Body

Scaling (QTBS), first suggested by Frankel 11 and recently expanded by 

Gurvitz. 12 It was initially believed that QTBS describes the situation in 

which the incident proton scatters from a single fast, backwar~-going nucleon, 

the remaining A-1 nucleons recoiling coherently. When two particles are meas-

ured in the final state, QTBS produces results only slightly.different from 

the correlated pair hypothesis. However, the high-momentum backward proton 

yield could also result from a series of mu.ltiple scatterings on two ormore 

uncorrelated nucleons in the nucleus. Ph~se space calculations show that, for 

a (p,2p) experiment, the many-body final state expected to result from multi

ple scatteriDg is very different from that resulting from either a co~related 

pair or the QTBS mechanism.1 
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The purpose of this e~periment was to determine whether the mechanism of 

scattering from a correlated pair as indicated by Komarov et al . 2 was pre

sent at incident energies above 1 GeV. The experiment was designed around 

the kinematic signal for scattering from a pair of nucleons in the nucleus, 

i.e., an enhancement in the coincidence cross section near free proton-

deuteron (p-d) kinematics.* As discussed in the next Section for this experi

ment, the signal for scattering from a nuclear pair {observing free p-d kine

matics for pd ~ ppn) is the observation of one or two peaks in the momentum 

spectrum of the forward-going particle~ There were several reasons for 

choosing the incident energy to be 2.1 GeV. Firstly, the higher energy should 

provide a shorter wavelength probe of the short-range behavior of nucleons in 

nuclear matter. Secondly, there was an indication from measurements of back

ward pion production13 that the production mechanism undergoes a change in 

going from incident energies below.l GeV to energi·es above 1 GeV. If such a 

change is present, then a (p,2p) experiment at 2.1 GeV could be sensitive to 

it. Note that at the higher energy, the available phase space opens up sub

stantially. In particula~, at 2.1 GeV pion production processes account for 

over half the total nucleon-nucleon cross-section, thereby providing addi

tional mechanisms that could affect the backward inclusive-proton spectrum. 

Finally, there were two other two-particle correlation experiments3' 4 being 

done at 800 MeV that were studying the mechanism of proton production in the 

backward hemisphere. 

* Throughout this paper, the labels proton-deuteron or proton-pair refer to 

the same kinematics and are taken to be equivalent. 



-4-

The remaining plan of this paper is as follows: 

1. Section II outlines the kinematic regions associated,with.the free 

· p-d reaction with and without Fermi motion, the kinematic region 

covered by this experiment, and the phase space associated with the 

other mechanisms mentioned above. 

2. Section III describes the spectrometer system (TASS) used to. make 

these measurements, along with associated calibrations. 

3. Section IV reports the results of the experiment anq interpretations 

relative to phase space considerations, the predictions of the in

tranuclear cascade code of Cugnon, 14 and the effect of high-. 

momentum .components on the data.. We a 1 so report our results for 

other two-particle coincidence channels studied. 

4. Section V summarizes our overall conclusions. 

II. KINEMATICS FOR THE EXPERIMENT 

A. 3-Body Kinematics (pd ~ ppn) 

Although the target used in this experiment was carbon, the TASS magnets 

were set to detect the two protons in the final state of the reaction 

d(p,2p)n. Assuming a stationary deuteron, values for five independent vari

ables are required to specify the final state of this reaction. We chose the 

five independent variables to be: Pb, Gb, ~b' Gf' and f/Jf' where the 

subscripts 11 f 11 and 11b11 denote the forward and ~ackward moving p.rotons, respec

tively, p the laboratory momentum, and G and ~ the usual polar and azimuthal 

angles. The two azimuthal angles ~f and f/Jb were fixed at small ranges of 

values about Oo and 180°, respectively. For data-taking runs the polar angle 
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of the backward-moving proton, Gb, was fixed at 120°. The momentum of the 

forward-moving proton, pf, can be calculated as a function of its polar 

angle, Gf' and the momentum of the backward-movil")g proton, pb. The re-

sults of this calculation for an incident energy of 2.1 GeV, are exhibited in 

Fig. 1 for Gb = 120°, for fixed values of pb represented by the contours. 

The contour repr~sented by a single dot in Fig. 1 corresponds to the elastic 

scattering reaction p + d ~ p + d, for which pb = 657 MeV/c and Pf = 

1.62 GeV/c, half the momentum of the recoil deuteron at 10.4°. 

If the reaction of interest, d(p,2p)n, does in fact contribute to the 

cross sections measured in this experiment, then its effects should be observ-

able as enhancements in th~ cross section at specific values of Pf· Conse

quently, the angular settings of the two magnets and the values for their cen

tral fields were chosen in such a way as to look for these enhancements at the 

prescribed values of Pf and for their absence at other values of Pf· The 

values so chosen are presented in Table I. 

The simple considerations above are considerably complicated by inelastic 

processes such as pion production, as indicated in Fig. 2. The solid line in 

Fig. 2 corresponds to the contour for pb = 400 MeV/c taken from Fig. 1. The 

dotted line shows the contour that results from assuming that the observed re

action was not d(p,2p)n but d(p,2p)X, where X has a mass of 1078 MeV corre

sponding to an unobserved pion and nucleon going off together. The dashed 

line shows the contour for the reaction in which the unobserved system has the 

mass of the A(1232). Other such processes can be readily envisaged. All such 

inelastic processes would tend to broaden or shift the position of the ex

pected enhancement. 
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B. Phase Space and Fermi Momentum 

AS previously observed, in th~ d{p,2p)n reaction for eve~y Value of Gf 

there are two values of Pf at which enhancements of the measured cross sec

tion might r~asonably be expected on the basis 6f three-body kinematics. To 

determine whtch of these two values of Pf has the larg~r statistical weight 

a calculation of the available volume .in phase space was carried ·out. This 

calculation was a generalization of the earlier work of Ruiz et al ., 15 in 

that the present calculation allowed for four- and five-body final states and 

incorporated the specific geometry of TASS. More importantly, Fermi momentum 

of the nuclear deuteron was included. The present computations were carried 

out ·in the 1 abor a tory fr arne of reference. 

If the struck deuteron is left in its ground state but allowed to have 

energy-momentum characterized by a four vector (Ed,pd), then values ·for 

eight of the independent variables must be specified·to solve for all the un

knowns. The eight independent variables were chosen to be: pb, Gb, ~b' Pf' 

Gf' ~f' Gd, and ~d' wher·e Gd and ~d denote the polar and azimuthal angles of 

the deuteron. After a va·lue for pd was calculated by solving the equations 

for energy--momentum conservation, the initial state of the reaction was as

signed a probability. Following Goldhaber,16 we assumed that the probabil-

ity for finding a fragment with momentum pd and Nd nucleons inside a nu

cleus of atomic number A is proportional to 
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and cr 0 = 90 .MeV/c 

1-. - The weighted volume in phase space for a nuclear deuteron with a momentum 

where 11 dashes 11 underneath symbols denote four vectors, and the subscripts 11 i 11 

and 11 U 11 denote the .:!_ncident and ~nobserved particles, respectively. A con

venient form for sextuply differential phase space for comparison with experi-

mental cross sections is 

where o3 is given by 

and 

X d3
f"' I D I ~Gd 3 

Asterisks are used as superscripts in the preceding equations to emphasize 

that the quantities to which they are attached are implicit functions of the 

independent variab 1 es. The integral in the preceding express ion for sextupl y 

differential phase space was evaluated by Monte Carlo techniques for the re

action of interest, d(p,2p)n, with Gb = 120° and Gf = 10.4°. The results 
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are shown in Figs. 3a ,b, and c. Each of the three figures corresponds to a 

different range of pb, as indicated. The error bars on the points represent 

the statistics of the Monte Carlo calculation only. The arrow on each figure 

corresponds to QTBS kinematics and will be discussed later. The conclusion to 

be drawn from Fig. 3 is that the high momentum ·solution for Pf is favored by 

phase space. 

To isolate the effects due to the Fermi momentum of the nuclear deuteron, 

a calculation with.the width parameter.·crd = 0 was carried out, and there

sults are shown by th~ solid 1 ines in Fig. 3b .. Without Fermi momentum there 

is a clear separation between the two solutions, but the solution with high 

momentum is still favored. 

To determine how these results would be modified by background from re

actions other than d(p,2p)n, an expression for sextuply differential N-body 

phase space was derived. The result is 

where 

. ';,' 

The integral in the equation above was evaluated by Monte Carlo techniques for _ ~ 

the specific geometry of TASS. In Fig .. 4a,b,c, we exhibi~ the available. phase 

space for several reactions of interest. Single pion production throug~ the 

reaction p + d ~ p + p + n + ~ is shown in Fig. 4a, and the production of two 
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pions is shown in Fig. 4b. In both these calculations the nuclear deuteron 

was assumed to carry the Fermi momentum di stri buti on specified in the discus

sion of Fig. 3, and the momentum of the backward-moving proton was required to 

satisfy the inequality 400 MeV/c < pb < 500 MeV/c. In Fig. 4c we show the 

phase space for the reaction p + t ~ p + p + n + n •. The Fermi momentum of the 

nuclear triton was taken to be a Gaussian with standard deviation of 120 

MeV/c.· From Fig. 4 one sees that inelastic processes the momentum spectrum 

and shift the peak toward smaller values of momentum. 

III. APPARATUS AND EXPERIMENTAL PROCEDURE AND CALIBRATIONS 

A. Hardware 

A schematic of TASS is .shown in Fig. 5, with the beam entering the appa-

ratus from the right. The .absolute intensity of the beam was measured by a 

calibrated ion chamber (labeled IC) on a spill-by-spill basis and stored along 

with other data on magnetic tape. Beam intensities varied from -5 x 108 to 

1010 tsec for coincidence measurements. The coordinates and profile of the 

beam at the target were measured by a beam chamber (BC). The beam chamber 

contained.32 horizontal wires and 32 vertical wires with a 2 mm spacing. 

Th~se wires were individually read out for each spill and stored on magnetic 

tape as part of the data. 

The apparatus contained two identical "C" magnets that rotated indepen

dently around a common pivot. The dimensions of the pole tips were 40.64 em x 

91.44 em, and the gaps of both magnets were fixed at 20.32 em. The distance 

from the center of the target to the pole tips was 1.07 m. The magnetic field 

in each magnet pointed downward and had a peak value of -20 kG. 
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The rear arm of TASS contained a scintillation counter hodoscope, Rl, 

with three elements. Two single· scintillator·s, R2 and R3, were loc·ated behind 

the magnet. The rear arm also contained two mulfiwire proportional chambers 

(MWPC), both of which had a 2 mm wire-spacin·g. · The front ·arm of TASS con

tained two scintillation counter hodoscopes, Fl and F2, each containing six

teen elements. In addition, there were two single scintillators, denoted by 

FO and F3. Table II summarizes the dimen·sions ·of each of these detectors and 

their distances from th~ center of the target ~s measured along the ce~tral 

trajectories. 

B. Electronics 

The fast triggering logic in this experiment is indicated schematically 

in Fig. 6. The three elements of Rl are labeled RIA, RlB, and RlC. Each of 

the single scintillators, R2, R3, and· F3, was viewed by two photomultipliers, 

which are labeled A and B in each case. The s·ymbol Fl in Fig."6 represents a 

signal from at least one of the sixteen elements of the hodoscope Fl, and the 

symbol F2 is defined similarly with respect to the hodoscope F2. In this ex

periment an "event" was defined by the output from the majority logic unit. 

Consequently, "events" could be generated either by unaccompanied particles in 

either arm of TASS or by a· coincidence between the two arms, dependingon the 

setting of the switches on the module. The principal data~taking mode was the 

coincidence mode, which is denoted by R·F·in Fi~~ 6. The acquisition of data 

was controlled by a PDP 11/34 computer through a multi branch driver (MBD). 

An event as defined in this way was recorded only if the computer was not 

busy processing the,preceding eVent •. Approximately 600 ~s were required -to 

process an event not including the time required to write the buffer on tape. 
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A maximum of 310 events per second could be recorded, but most of the data 

taken in this experiment occurred at rates far below this maximum. A typical 

dead time for most runs was 10%, although structure in the beam spill in

creased the dead time significantly on occasion. 

An assortment of analog and digital information was recorded for each 

event that occurred during the live time of the computer. The integrated out

put from the anode of every photomultiplier tube in the rear arm was re

corded. Also recorded were the integrated outputs from the single photomulti

plier tube attached to FO and the two tubes attached to F3. Sixteen bit·lat

ches were associated with each of the.hodoscopes Fl and F2. A third latch was 

associated with the other counters in the front arm, and a fourth with all the 

counters in the rear arm. The output from each of these latches was re

corded. A time-to-digital converter (TDC) was associated with each of the 

photomultiplier tubes in the rear arm and also with the tubes FO, F3A, and 

F3B. All these modules were started by the arrival of a pulse from Rl. Each 

module was stopped by the arrival of a pulse from the counter with which it 

was associated. The outputs of these ten TDC modules were recorded. In ad

dition to data from the counte.rs the MWPC were interrogated after every event 

and the locations of the struck wires recorded. Selected scalers were also 

recorded after every event. 

At the end of the spill all scalers were recorded along with the output 

from the BC and IC and the values of the currents in the two magnets. 

C. TASS Magnetic Fields 

Because of the small dimensions of the counters, as shown in Table II, 

o~ly a portion of the available aperture of each magnet was used in this 
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exper·iment. Within this portion, the magnetic field could be approximated as 

a uniform field with a magnitude equal to the magnitude of the field at the 

center of the magnet. The effective length of th~ field was taken to be 

103.99 em, a value approximately equal to'the sumof the true length of the 

pole tips and one-half the g~p spacing, in accordance with the 'stand~rd theory 

of fringing fields. 17 

The uniform field approximation was· checked by extensive measurements 

with the floating wire technique, and f~und to be ~ccurate within ±1.5% over 

the entire range of momentum accepted by the magnets. 

D. TASS Acceptance 

The validity of the ·uniform field approximation simplifies the calcu

lation of the acceptance of the appar6tus~ By neglecting corrections due to 

energy loss and multiple scattering, one can readily·calculate the solid angle 

presented by the apparatus to a charged particle of some chosen momentum. The 

result of such a calculation for the rear arm of TASS is shown in Fig. 7a. 

The quantity ab on the abscissa is the fractional deviation ·of the chosen 

momentum, pb, from the central momentum, Pcb' of the magnet. Figure 7b 

shows analogous results for the ·front arm of TASS. The effects of the beam 

spot size were included in both calculations. 

To check the results of the numerical calcul~tion and to evaluate the ef-

fects of energy loss and multiple Coulomb scattering, the acceptance for each - '~ 

arm of TASS was calculated independently by Monte Car-lo techniques. Multiple 

Coulomb scattering was found to have a negligible effect on the values of the 

acceptance for the normal data-taking runs. Ehergy loss by ionization had a 

negligible effect for momenta greater than 600 MeV/c, and for momenta in the 

,, v 
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range between 300 MeV/c and 600 MeV/c the magnitude of the correction did not 

exceed 3%. 

Because of the sma 11 beam spot size the tot a 1 acceptance of the spectrom

eter when operated in the coincidence mode was the product of the two single 

acceptances. 

Table III lists some of the over-all characteristics of TASS. 

E. Calibrations 

Several calibrations of the apparatus were carried out. First, differen-

tial cross sections for proton-proton elastic scattering were measured for 

protons with kinetic energy of 1.05 GeV incident on a solid target of CH2. 

Four measurements were made, three requiring coincidences between the two arms 

of TASS and one requiring only the detection of a single proton iri the front 

arm of TASS. Values for any two independent variables, such as ef and 0f, 

are sufficient to determine the final state of a two-body reaction, so the 

coincidence requirement overly constrained the kinematics. For this reason, 

the cross sections calculated from the coincidence data provided the most 

stringent test of our knowledge of the apparatus. 

In Fig. 8 the elastic differential ·cross sections obtained from the coin

cidence data are shown as squares, and the cross section obtained from the· 

front arm alone is shown as a triangle. For comparison the data of Dowell et 

a1. 18 are represented by the solid circles~ Our singles data are consistent 

with our coincidence data, .but our values seem to be systematically lower than· 

the data of Dowell et a1. 18 This could partly be due to the 5% difference 

in beam energy. In our experiment the total systematic uncertainty in the 

cross sections derived from the coincidence data is estimated to be :18%. The 
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individual. uncertainties that contributed to the-tot~l are an uncertainty of 

±1% in the density of the target, an uncertainty of 3% in the magnitude of the 

correction due to nuclear absorption, an uncertainty of ±8% in the calibration 

of the ion -chamber, an uncertainty·of ±10% in the position of the detectors, 

and an uricertai nty of ±13% in the angular settings of the two magnets. The 

magnitudes of the last two uncertainties are larger for these short cali-

. bration runs than they were for the normal data-taking runs because of the 

specific geometry in which these measurements were carried out. 

In addition, inclusive cross sections were measured for the reaction 
12c(p,p)X, with the single proton in the final state being detected in the 

rear arm of TASS set at an angle of 120° iri the laboratory. Cross sections 

were mea~ured for three currents irt the rear ~agnet, with these currents cho

sen su:ch that the resulting three ranges of momentum accepted by the magnet 

overlapped. Consequently, some of the same cross sections were measured for 

different values of th~ c~rrent- in the magnet. Cross s~ctions obtained from 

these measurements were compared with the single-particle inclusive data of 

Tanihata et a1. 19 measured for the same reaction ·at 90o·and 110° in the lab

oratory. We have extrapo 1 a ted the·ir data to 120° for the comparison shown in 

Fig. 9. Our data are seen to be in good agreement in both shape and magnitude 

with the extrapolated values of Tanihata. 

F. Particle Identification and Background Rejection 

The time of· flight ( TOF) between· se 1 ected counters was measured for each 

detected particle. These measurements were used in conjunction with the meas-

urements of momentum to ca 1 cu 1 ate· the masses of the detected part i c 1 es, ·and, 

in addition, they were the principal mechanism for the identification and 

- v 
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rejection of random coincidences. In Fig. 10 we exhibit the mass separation 

that was achieved in the rear arm of TASS. The number on the abscissa is li-

nearly proportional to the TOF between counters R1 and R3 in the rear arm. 

The scatter plot shows a distinct separation between protons and deuterons. 

Fig. 11 shows the analogous .scatter.plot for the front arm of TASS. The num

ber on the abscissa is linearly proportional to the TOF between the counters 

FO and F3 in the front arm. The separation between protons and pions is more 

than adequate except perhaps for momenta greater than about 800 MeV/c. When 

the mass of the particle detected in the front arm is plotted against the mass 

of the particle detected in the rear arm, scatter plots such as the one in 

Fig. 12 result. The data separate nicely into distinct groups that correspond 

to the various combinations. of masses. 

In this experiment the principal problem was the extraction of the true· 

-coincidences from a substantial background of randan coincidences. A typical 

beam spill was approximately 1 s in width and contained 109 protons. For 

such a spill the front arm of TASS detected 106 particles and the rear arm, 

104 particles. Consequently, the principal type of background in this ex-

periment consisted of coincidences between real but uncorrelated particles 

that originated from within the target but in different.interactions. 

TOF measurements ar·e ideally suited to the rejection of such back-

grounds. From the measurements of TOF in the rear arm it is a straightforward 

matter to calculate the time, tr, at which the particle detected in the rear 

arm originated in the target. Similarly, the time tf, defined with respect 

to the front arm, can be readily calculated. For particles that originated in 

the same interaction the quantity TDIF = tr - tf will be approximately 
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zero, but for random coincidences the values of TDIF will be distributed uni

formly across th·e total time resolution of the electronics~ Figure 13 shows 

such a hfstogram taken in a· normal data run. The large··peak with width 2 ns 

corresponds to true coinc1d~ncei. For other data-taking runs in this experi

ment the ratio of true peak to random background varied between the values 6 

and 10:1. · 

IV. EXPER IMENTAL:RESUL TS · 

We now turn to a discusssion· of the resUlts of the coincidence measure-

ments using 2.1 GeV protons on a natural ~arbon target. 

A. C(p,2p)x·Measurements and Systematics at 2.1 GeV (10.4° Results) 

We first display the six-fold differentia1 cross ~ecti6n, d6d/(dOdp)f(d0dp)b, 

versus front momentum (pf) at Bf = 10.4°, for two differen.t cuts on rear 

·momentum; The backward angle'is, as· always, Bb = 120°·. In each ·case, the 

contamination to the (p,2p) signal resulting from·misidentification of·the 

forward-going particle is estimated to be <5%. ·As ~ndicated earlier, if the 

process pd ~ ppn contributes to the•(p,2p)'reaction being measured at 2.1 GeV, 

from Fig. -1 we expect to observe enhancements in the coincidence spectrum, one 

at a lower value of Pf and one at a higher value of Pf· 

Figure 14 shows the coincidence·spectrum for the rear momentum (pb) 

cut, 400 ~ pb ~ 550 MeV/c. This spectrum is subject to a :~::17% systematic· 

uncertainty~ The forward momentum spectrum is seen to be slowly falling from 

an average value bf about 3.5 mb/(GeV/c~~r) 2 ·at 800 MeV/c to an average 

value of 2.8 mb/(GeVtc...:sr) 2 at 1800 MeV/c. there is a dip.at 2200 MeV/c 
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followed by an increase to about 3 mb/(GeV/c-sr) 2 at 2600 MeV/c and then an 

abrupt falloff above 2800 MeV/c. The sharp cutoff in this spectrum can 

be associated with the approach to various kinematic limits~ For example, the 

kinematic limit in forward momentum for a coherent reaction like p + 12c ~ 

pp _+ 11s is 2779 MeV/c for an average backward momentum, pb = 475 MeV/c. For this 

cut in backward momentum (referring to Fig. 1) we would expect to see enhance

ments for the process pd ~ ppn around p ~ 600 MeV/c and 2600 MeV/c. Only the 

one corresponding to the high-momentum solution seems to be present. At our 

bombarding energy of 2.1 GeV, the probability of producing an undetected pion 

is large, and such a mechanism could well be dominating our measured spectrum 

(see Figs. 4a,b, for example) at lower and intermediate values of Pf' thus 

totally obscuring the three-body process we seek to isolate. 

One could argue, ignoring the dip at 2300 MeV/c, that the spectrum of 

Fig. 14 is consistent with being flat until abruptly cutting off at the kine

matic limit. Following this line of reasoning, Fig. 15 shows the response of 

TASS to a flat spectrum that cuts off at the forward momentum corresponding to 

the. proton-carbon kinematic limit for a backward momentum of 475 MeV/c. The 

input spectrum (which ~uts off just below 2800 MeV/c) is also shown. The flat 

part was normalized to an average value of the data of Fig. 14 between 1600 

MeV/c and 2800 MeV/c. Also shown are the last few data points from Fig. 14 

for reference. The dashed line guides the eye through the Monte Carlo recon-

structed points. 
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The data fall off at about 2800 MeV/c, 200 MeV/c higher than the recon

structed spectrum. Assuming no systematic· front momentum error, the persist

ence of the high-momentum part of Fig. 14 'implies that there must be an en

hancement in the ·spectrum 'above a flat distribution, near the kinematic 

· 1 imit. The proton-proton ·elastic scattering calibration data indicate that 

the front momentum is accurate to :2%, insufficient to account for the ob

served eff~.C:t. This analysis is supported by the presence of the marginally 

significant dip at 2300 MeV/c. The two effects, taken together, suggest a 

sizable peak at high forward momentum that has been obscured by low statistics 

and the moderate resolution of the forward arm. 

An additional piece of information that bears on the question of the 

ability of the forward arm of TASS to resolve a peak at high momentum is dis

played in Fig; 16. This figure sh·ows the 2.1 GeV single_:particle inclusive 

proton data of Ref. 19 taken at 10° tog~ther with data from the present ex

periment at 10.4°. During this particular data run we measured only the shape 

of the singles spectrum and have therefore normalized our data to that of Ref. 

19 (2.1 GeV, slab = 10°) at Pf = 1600 MeV/c. The 10.4° singles taken with 

TASS clearly show an enhancement at the quasi-elastic peak, expected at pf = 

2760 MeV/c for 2.1 GeV proton-proton kinematics. 

Next we display in Fig. 17 the forward momentum speCtrum for a higher 

backward momentum cut of 550 ~ pb ~ 700 MeV/c. The systematic error in 

cross section here is :9.5%. The spectrum is essentially flat or·slightly 

falling at low momentum. At high momentum it falls abruptly above 

2500 MeV/c. Again, one can test to see if the spectrum at the high-momentum 

end is essentially flat until it falls off at the kinematic limit of 2691 
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MeV/c, which corresponds to a backward momentum of 625 MeV/c. Figure 18 is 

the analog of Fig. 15 for the high rear momentum cut. Here the falloff point 

of the data and the reconstructed events are almost identical, indicating no 

hint of an enhancement from a three-body final state at high momentum. 

Assuming there is a peak at the high forward momentum end of Fig. 14, 

what is its origin? By examining Figs 3a,b, and 4 we are led to the con

clusion that only an interaction of the incident proton with one or two nucle

ons, in the absence of pion production; can produce a kinematic peak in the 

high forward momentum region, above 2500 MeV/c. As previously stated, given 

the resolution of the front arm of TASS, it is difficult to tell if the pos

sible "peak" of Fig. 14 results from a proton pair or proton-nucleon inter-

action. I.f one assumes, however, that the actual front momenta populated in 

the "peak" of Fig. 14 are due to a proton-nucleon interaction, then the real 

kinematic peak is only on the order of 100 MeV/c wide. If this were the case, 

the data of Fig. 14 ore consistent with a peak of height 17 mb/(GeV/c-sr) 2. 

This is to be compared to a value of 21.6 mb/(GeV/c-sr) 2 quoted by Frankel 

et al . 3 in their study at 800 MeV. 

However, if one allows for final state interaction or coherent inter-

actions with large parts of the nucleus, one can observe apparent few-body ki-' 

nematics, even though a large number of nucleons participate. Frankel et 

al .3 attribute their "quasi-elastic" peak to such a coherent reaction in an 

~: 

experiment done at 800 MeV. In fact, any such kinematic search must be sup- ·~ 

plemented by dynamic considerations to resolve the multi-step or final state 

interaction problem. 
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B. C(p,2p)x Measurements at 45·
0 

and 60° 

The coincidence cross section measured at ef = 45° and at ef = 60° 

~over front momenta very far from the kinematic limit (see Fig. 1). Figure 19 

shows the coincidence cross section for the reaction 2.1 GeV p + carbon ~ 

p(120°) + p(45°) +X for the two backward momentum cuts shown. The label 11 low 

fie,l d11 means that the data were taken at a forward central momentum of 422 

MeV/c, while the 11high field 11 data were taken at a central moment~m of 922 

MeV/c. The low backward momentum cut spectrum is subject to 15% systematic 

~rror, and the high backward cut spectrum is subject to 9% systematic error. 

The two backward momentum cuts of Fi·g. 19 show no statistically signif

icant difference in shape, both slightly rising up to 500 MeV/c and falling 

off at higher momentum. Superimposed on Fig. 19 (with arbitrary normal

ization) is the shape of the singles spectrum (dcr/dQdp) at a labo~atory angle 

of 45° from Ref. 19. Both backward momentum cuts for coincidence spectra ex

,hibit the s·ame qualitative shapes as the singles data., which suggests that be

cause of multi-particle cascades or final state interacti6ns or both, there is 

little correlation between the forward- and backward~going protons for these 

momentum~angle combinations. Also note that the spectra do not show any en

hancement near the p-d kinematics of Fig. 1. The effects of Fermi momentum 

and phase space have also been investigated, but they do not change the con

clusion that the spectra show no direct evidence for a proton-pair contri

bution. 

Figure 20 shows ·the coincidence cross sections at low forward momenta at 

ef = 60°, which is beyond the kinematic region accessible to free 

- .. 
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proton-pair scattering as indicated by Fig. 1. The low forward momentum data 

at ef = 60° show the same trend as that of ef = 45° and are quite compa-

rable in magnitude at their respective peaks. At higher momenta, the 60° data 

fall off more rapidly due to lack of available phase space. Because the 60° 

data 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° data. Pure phase space predicts that the pair interaction cross section 

should be down by a factor of six from the 45° data because of the low proba

bility of finding the required pair Fermi momenta. The similarity in shape 

and magnitude of the 60° data to that of the low forward momentum 45° data 

again indicate that there is no direct evidence for a proton-pair contribution 

to the higher forward angle coincidence data. 

C. Comparison of (p,2p) Results with Intranuclear Cascade Model 

We now compare the {p,2p) data with the predjctions of an intranuclear 

cascade model .14 This model has input data in good agreement with nucleon-

nucleon and pion-nucleon cross sections and is known to work well for 

nucleon~collisions up to 2 GeV. Approximately 600,000 proton-carbon cascade 

events at 2.1 GeV were generated. The calculation was impact-parameter (b) 

averaged with a bdb weighting using a maximum impact parameter, bmax = 3.76 

fm. 

Figure 21 shows a comparison between our singles measurements and the 

cascade predictions. The backward singles spectrum in Fig~ 21(a) is seen to 

be in remarkable agreement in both magnitude and shape with the cascade re

sults. However, the forward singles spectrum in Fig. 21 (b) disagrees in both 

magnitude and shape, particularly in the region of Pf - 2400-2800 MeV/c, 
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where the quasi-elastic peak is expected. It is worth noting that a detailed 

examination of the c~scade events indtcates that -60% of the protons appearing 

in the forward arm (taken to b~ 10~4° * 0.5° for purposes of the calculation) 

were found to be the scattered beam proton, having suffered -2.2 collisions on 

the' average. ·In the case of the backward-going protons (120° * 10°) only -6% 

are·identified as the original beam proton~ having been involved in an average 

of -3.7 collisions. 

Figure 22 shows a comparison between.th~ coincidence spectrum and the 

predictions of the intranuclear cascade calc~lation. Because of the c6in

cidence requirement imposed on the cascade calculation, the number of cas

cade-generated events was greatly reduced compared to the number available for 

the singles comparison. The low-momentum cut contains 837 cascade events, 

while the high-momentum cut has 227 events. The uncertainties shown on the 

cascade predictions reflect the statistical errors. For values of pf 

< 1600 MeV/c, the data and cascade are in approximate agreement in overall 

. magnitude and shape, both data and model being relatively flat in this re

gion. However, the intranuclear cascade greatly overpredicts the yield at 

high momenta by over an order of magnitude at the peak values. Detailed ex

amination of the coincidence cascade events indicates that, as in the case of 

the singles events, -60% of the forward-going and -6% of the backward-going 

protons correspond to the beam proton. Since the cascade model has no built

in dynamical correlations. between target nucleons, one would expect these 

percentages to be independent of whether one examines the singles· or coin-

cidenc~ events. Fihally, we note that in -30-40% of the events, both the for

ward and backward protons come from the target . 

.. · .. 

. " 

.. 



-23-

D. Other Two-:-Parti cle Correlation Measurements at 10.4 o 

Simultaneous with the (p,2p) experiment at 2.1 GeV, data were also col-

lected for other two-particle coincidences. These other channels amounted to 

about 30 of the total two-particle trigger rate. Since the majority of the 

data were taken at Gf = 10.4°, only this set has been analyzed for reactions 

other than (p,2p). The other two~particle channels that have been observed 

with adequat~ statistics to report on are: (p,/p) with the positive pion 

, in .. th!= ;forward arm; (p,dp) with the deuteron forward;· and (p,pd) ·with the pro

ton forward and deuteron- in the rear arm. Again in all cases, Gb = 120°. 

Bear in mind that the experimental program was set up to scan in the region of 

p-d kinematics for the (p,2p) reaction, dictating our choice of angles and 

.momenta. These choices have no particular dynamical significance for the 

three two-particle coincidence measurements mentioned above. However, their 

yields .and shapes are of interest in themselves and can bear on the question 

of the mechanisms helping to populate the backward singles spectrum. 

The lower portion of Figure 23 shows the cross sections for these other 

channels versus the forward-going particle's momentum. For all cases, Gf = 

10.4°, Gb = 120°, and each is displayed for a backward momentum cut of 0.4 < 
+ pb ~ 0~8 GeV/c. The (p,~ p) and (p,dp) spectra are remarkably similar in 

magnitude and shape up to Pf ~ 1000 MeV/c. The (p,pd) spectrum although 

comparable in magnitude, is much flatter and extends to high forward momenta 

like the (p,2p) spectrum. For the (p,pd) spectrum it is possible that the 

low-momentum end (below -1000 MeV/c) arises from protons that are target re

lated. The high-momentum end could be associated with the incident proton 
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scattering from a deuteron cluster that then proceeds backwards, i.e., a QTBS 

type of process. In this type of process, the proton would be expected to 

continue forward but at a momentum >2.89 ·GeV/c (which is the beam momentum). 

Formation and decay of an intermediate ~(1232) state could, however, provide 

forward protons at reduced momenta. 

The(p,2p) data are displayed in the upper portion of Fig. 23 .for compar

ision with the other channels. The (p,2p) spectral shape shown is for the 

low-momentum cut indicated. It shows a falloff similar to the (p,pd) at higher 

momentum but with a much larger yield than the other two-particle spectra. 

This is, of course, to be expected since the experiment was optimized to look 

at the (p,2p) reaction. 

Figure 24a,b,c shows the backward spectrum selected on different values 

of the momentum of the forward-going particle for the three reactions dis

cussed. Other than the fact that the yields. decrease with increas iilg pf 

cuts, the spectra all exhibit remarkably similar shapes. This suggests that 

the forward and backward particle's spectrum are essentially independent ~f 

each other. Statistical emission could account for such a process. However, 

with a system as light as carbon, one might expect to see some correlation. 

Again, a more thorough study in momentum and angle, as well as more complete 

information about the various final states, is required to pin down the con

tributing processes. ''< 
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V. SUMMARY. 

The C(p,2p)X reaction has been studied at 2.1 GeV in a magnetic two-arm 

spectrometer:(TASS) at the Bevatron. Coincidences between forward (10.4°, 

45°, and 60°) and backward (120°) protons were recorded and analyzed to look 

for evidence of the incident proton scatter.ing from a two-nucleon substructure 

in the target. The salient features of the 10.4° data are the following: 

1 ). The 1 ow backward momentum .spectrum suggests the presence of a peak near 

the ~inematic limit. Statistics and the finite resolution of TASS do notal

low us to determine whether this possible structure arises from proton-nucleon 

or proton-dinucleon scattering. An upper limit of 17 mb/(GeV/c-sr) 2 on the 

peak height of this effect is set, slightly lower than the value of 21.6mb 

(GeV/c-sr) 2 observed at 800 MeV in a similar experiment. 3 2) The high 

backward momentum cut yields a result cons is tent with reaching the proton

carbon kinematic limit. 3) Most of the coincidence spectra are insensitive 

to the momentum cut in the backward or forward arms, suggesting ·that final 

state interactions. or mechanisms with overlapping kinematic regimes make con

clusions difficult away from the kinematic limit for the process pd ~ ppn. 

4) The spectrum below 2400 MeV/c is relatively structureless. This suggests 

that a variety of processes including highly inelastic collisions, scattering 

from nucleon clusters larger than two, along with multiple scattering and/or 

final state interactions are responsible for this smooth spectrum. This is 

further borne.out by comparison of the coincidence spectrum with the pre

dictions of an intranuclear cascade model. A kinematically more complete ex

periment is required to ascertain the strength of these various contributions 

to the C(p,2p)X reaction. 
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The other two-body coincidence channels studied were found to be com-:-
·; ·: 

parable in strength and shape, strongly suggesting that their emission pat

terns were dominated by statistical processes. Only the reaction pC ~ 

p(forward) + d(backward) + X shows signs of structure, possibly indicative of 

the forward proton arising as a result of target fragmentation at low proton 

momenta and as a quasi-elastic proton at high momenta.· 

By going to much higher energies than·previous (p,2p) experiments, new 

react ion channels operi up. Particularly important are those involving pion 

production. At 2.1 GeV it appears that a large number of competing processes 

are required to explain the backward singles proton rates observed in earlier 

experiments. 
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Central Angle 

Front Arm 

{ deg. ) 

10.4 

10.4 

10.4 

45.0 

45.0 

60.0 
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Table I 

Magnet Settings for Data-Taking Runs 

C en tr a 1 An g 1 e 

Rear Arm 

{ deg. ) 

120 

120 

120 

120 

120 

120 

Range of Momentum 

Front Arm 

{MeV/c) 

400-900 

800-1800 

1500-3200 

300-640 . 

600-1400 

300-640 

Range of Momentum 

Rear Arm 

{MeV/c) 

400-850 

400-850 

400-850 

290-625 

290-625 

290-625 
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' 
Table II 

Di~ension~ arid.Positions of. Detectors 

• . I ' 

Detector· Distance from Center Wiath Height · Thickness 

of Target {em) {em) {em) {em)· 

R1 61.0 3.8 7.0 0.24 
·.· 

R2 231.0 21.0 15.2 0.32 

WC1 260.6 32.4 25.4 

R3 336.5 32.4 25.4 0.64 

WC2 362.9 38.1 35.2 

FO 82.6 10.2 5.1 0.32 

Fl 239.2 20.3 10.2 0.32 

F2 343.1 20.3 15.2 0.32 

F3 369.7 20.3 15.2 0.64 

.,, 
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Table II I 

Characteristics of TASS 

Central Momentum Range 

Momentum acceptance :6p/po 
(%of central momentum Po) 

Angular Range (minimumoAngle 
between both arms = 70 
in present coDfiguration) 

Angular acceptance: Ml 
(with counters listed in 
Table II) 

Horizontal acceptance 

Vertical acceptance 

Momentum resolution 

Angular resolution 

Rear Arm 

o· to 2150 MeV/c 

...:35 to + 50% 

60 to 180° 

4.3 msr 

2. 77° 

3.86° 

2.8 msr 

2.0% 

0. 25 ° 

Front Arm 

0 to 2150 MeV/c 

-35 to + 50% 

0 to 60° 

2.0 msr 

2. 71° 

2.43° 

1. 7 msr 

4.4% 

0.33° 



Fig. 1 
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Fig. 3 
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FIGURE CAPTIONS 

Results of the solutions in terms of the forward proton momentum and 

angle for proton-pair kinematics from the reaction pd ~ pph at 

2.1 GeV. The backward pt:oton being detected at Bb = i20o. The 

c.ontours are of constant backward momentum. 

Proton-pair kinematics at 2.1 GeV for different values of the 

.-unobserved mass M when the backward proton momentum is 400 MeVIc. 

Solid line corresponds to M = mN = 938 MeV, dotted lihe to 

·M ~ mN + m1T = 1078 MeV and the dashed i in.e to. M = rnA = 1232 Mev. 

Results of a Monte Carlo calculation (see text) of the proton-pair 

differential phase space'versus the momentum (pf) of the 

· forward going proton for pd ~ ppn at 2.1 GeV. In each case the 

internal momentum of the nuclear deuteron inside the target 

nucleus was assumed to be crd = 120 MeVIc. _ .. The different curves 

corre~pond to various cuts on the momentum of the backward proton: 

(a) 450-500 MeV/c, {b) 500-600 MeVIc, (c) 600-700 MeVIc. The solid 

line in {b) indicates what happens _when crd = 0 MeVIc. In all cases 

the error bars are statistical only. The arrow indicates the 

kinematic limit. 

Differential proton-pair phase space versus front momentum for 

various initial and final states: (a) pd ~ ppn1r (b)pd ~ ppn1r1r 

(c) pt ~ ppnn. For each case: Qb = 120°, Bf = 10.4°, 

400 ~ Pb ~ 500 Mev I c and ad = 120 MeV I c • Errors shown are 

statistical. 
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Fig. 6 

Fig. 7 

Fig. 8 
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Diagram of the Two-Arm Spectrometer System (TASS). The beam enters 

from the right. On the rear arm: Rl is a 3-element scintillator 

hodoscope, R2 and R3 are scintillator gating counters, WC1 and WC2 

are llliltiwire proportional chambers. On the forward arm: FO and F3 

are scintillator gating counters, with F1 and F2 being 16-element 

scintillator hodoscopes. MON refers to a scintillator monitor 

telescope used for relative normalization. IC is the ion chamber 

used for absolute normalization of the experiment and BC the beam 

chamber used for measu~ing bea,m location and profile at the target. 

Diagram of the fast logic used for this experiment. 

Percent angular acceptance as a function of the deviation from 

central momen'tum setting for (a) rear (b) front arms of TASS. 

Comparison of proton-proton elastic differential cross sections. 

Closed circles are data of Ref. 18 at 1 GeV, the squares (coincidence 

mode} and triangles (single-arm mode) are from present experiment at 

1. 05 GeV. 

Single-proton inclusive cross-section at 2.1 GeV for p + C • p(120°) 

+X measured in present experiment (circles and triangles) for 

different central value momentum settings. For comparison the data 

of Ref. 19 taken at the same energy but at 110° has been extrapolated 

to 120°. 

Fig. 10 Rear momentum versus raw TDC time-of-flight scatter-plot. 

Fig. 11 Front momentum versus raw TDC time-of-flight scatter-plot. 
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Fig. 12 Scatter-plot of the particle masses determined when the two arms of 

TASS were operated in a coincidence mode. FMASS and RMASS are the 

masses of the particles in the forward and rear arms, respectively. 

Fig. 13 Histogram of TDIF (see text) for a (p,2p) run in this experiment with 

the forward arm set for a central momentum of 622 MeV/c and the rear 

arm at 566 MeV/c. 

Fig. 14 Coincidence spectrum obtained for 2~1 GeV p + C • p(120°) + 

p(10.4°) + X as a function of forward proton momentum. The rear 

proton momentum being in the interval, 400 ~ pb ~. 550 MeV /c. 

Fig. 15' Response of the forward arm of TASS to a flat input spectrum 

(solid line) out to the p-carbon kinematic limit of 2771 MeV/c {for 

Pb = 475 MeV/c). Circles represent the response of the 

spectrometer, with the dashed line serving as a guideto th.e eye for 

· th~ input spectrum. 
. ' 

Fig. 16 Inclusive proton spectrum for 2.1 GeV proton-carbon interactions 

measured by front arm of TASS. Present experiment (triangles) has 

been normalized to results of Ref. 19 {circles) for purpose of 

comparison. 

Fig. 17 Coincidence spectru,m for 2.1 GeV p + C • p(120°) + p(10.4°) +X as a 

function of the forward proton momentum. The rear proton momentum 

being in the· interval, 550 ~ pb ~ 700 MeV/c. 
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Fig. 18 Re$ponse of the forward arm of TASS to a flat input spectrum 

(solid line) out to the p-carbon kinemaiic limit of 2691 MeV/c (for 

pb = 625 MeV/c). Circles represe~t the response of the 

spectrometer, with the dashed line serving as a guide to the eye for 

the input spectrum. 

Fig. 19 Coincidence spectrum for p + C ~ p(120°) + ·p(45°) +X (at 2.1 GeV) 

versus forward momentum for the listed cuts on back momentum. 

Low/high f'ield refer to different magnetic field settings of the 

forward arm. For comparison, the shape of the 45° single-proton 

inclusive spectrum (solid line) from Ref. 19 is also indicated. 

Fig. 20 Coincidence spectrum for p + C ~ p(120o) + p(60°) +X at 2.1 GeV 

versus forward proton momentum for two different cuts on backward 

proton momentum. 

Fig. 21 Single-proton inclusive spectrum compared with results of an 

intranuclear cascade (INC) model as described in text: (a) rear 

singles, G = 120°, and (b) forward singles, G = 10.4°. The errors 

associated with INC model are statistical on_ly. The solid line is a 

guide to the eye. 

Fig. 22 Results of the intranuclear cascade (INC) model compared with the 

coincidence spectra from p + C ~ p(120o) + p(10.4°) + X at 2.1 GeV, 

for different cuts on backward proton momentum: (a) 400 ~ pb ~ 530 

MeV/c, and (b) 550 ~ pb ~ 700 MeV/c. The solid line is a guide to 

the eye. 
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Fig. 23 Coincidence spectrum for various final state particles in 

proton-carbon collisions at 2~1 GeV for the indicated cuts on 

backward momentum. 
. 0 . 0 

In each.case,·,Bf = 10.4 and 9b = 120 • 

Errors shown are statistical only. 

Fig. 24 Coincidence spectra for the different final states indicated: (a) p + 

+· C ~ p1r :X (b) p + C ~ pd+ X,, (c) p + C ~ dp +X at 2.1 GeV as a 

function of the backward-going particle's momentum for various 

forward momentum cuts. 
·, 
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