PHYSICAL REVIEW C

VOLUME 38, NUMBER 6

DECEMBER 1988

2H(p,2p )n at 508 MeV: Recoil momenta <200 MeV/c

V. Punjabi,® K. A. Aniol,"® A. Bracco,®* C. A. Davis,“'f M. B. Epstein, "’
H. P. Gubler, ©* J. P. Huber, ® W. P. Lee, S D. J. Margaziotis,® C. F. Perdrisat, ®
P. R. Poffenberger, ** H. Postma, ? H. J. Sebel, ¥t
A.W. Stetz,®” and W. T. H. van Oers'*'t
@ College of William and Mary, Williamsburg, Virginia 23185
®)California State University, Los Angeles, California 90032
©University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2
‘D University of Technology, Delft, The Netherlands
©Oregon State University, Corvallis, Oregon 97331
(Received 16 August 1988)

Differential cross sections for the reaction *H(p,2p)n at T,=507 and 508 MeV are presented.
The kinematics selected included two quasi-free angle pairs: 41.5°-41.4° and 30.1°-53.75°; in addi-
tion, data away from the quasi-free condition were obtained in four symmetric angle pairs: 38.1°-
38.0°, 44.1°-44.0°, 47.1°-47.0°, and 50.0°-50.0°, and five asymmetric angles pairs: 30.1°-37.0°, 30.1°-
44.0°, 30.1°-61.0°, 30.1°-68.0°, and 41.5°-50.0°. The data range over an energy window 100 MeV wide
on one of the proton energies, the second energy being defined by the kinematic condition of a single
neutron recoiling. The data are compared with the impulse approximation prediction and with the
results of a nonrelativistic calculation of the six lowest-order Feynman diagrams describing the re-
action. A previously known missing strength for the reaction in the small neutron recoil region is
confirmed with much smaller experimental uncertainty; the missing strength persists up to 150
MeV/c neutron recoil. The onset of a systematic cross section excess relative to the impulse ap-
proximation near neutron recoil momentum 200 MeV/c is explored in detail.

I. INTRODUCTION

The single-nucleon knockout reaction A4 (p,2p)A4 —1
on a nucleus A has been studied intensively starting in
the mid 1960s. During the same period the impulse ap-
proximation (IA) was proposed by Serber' and Chew and
Wick,? which is the basis for an understanding of the re-
action in the quasielastic mode and was subjected to
numerous tests. Review articles summarizing this early
phase were published by Jacob and Maris,® Riou,* Jack-
son and Berggren® and others. The most recent review
article for the reaction is the one by Kitching et al.®

In the IA description of a (p,2p) knockout reaction,
the incident proton interacts elastically via the strong in-
teraction with a single proton, while the remaining nu-
cleons in the target nucleus are merely spectators. Thus
in the first-order interaction diagram, as illustrated Fig.
1(a) for the deuteron, the spectator momentum ps is equal
to the negative of the internal momentum q of the struck
proton, ps=—q. As a consequence the cross section can
be factorized into the following expression:

d’0/d0dT,dQ,=K (do /dQ)¥, |®(ps) |, (1)

where 3 and 4 are the scattered and ejected protons and 5
is the neutron spectator as in Fig. 1(b). The quantity K is
a kinematic factor given in Sec. IV, (do/dQ)?  is the
half-off-energy-shell elastic pp differential cross section
and |®(ps)|? is the single-nucleon momentum density.
The simple IA picture needs to be corrected for effects
such as multiple scattering, final-state interactions (FSI),
meson exchange currents (MEC), and isobar configura-
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tions (IC). An additional difficulty, which is encountered
in the analysis of any single-nucleon knockout experi-
ment, is the inherent off-shell nature of nucleons bound in
a nuclear environment. Was the ejected nucleon the only
one to be off-shell (as assumed by Gross’), or are all nu-
cleons in a nucleus off-shell (as is the case in the
Blankenbecler-Sugar® view)?

The strong interaction of a hadronic probe with nu-
cleons other then the ejected proton and of the two had-
rons in the final state generally leads to a rapid depletion
of the strength of the quasielastic channel as the mass of
the target nucleus increases, or with increasing binding of
the ejected nucleon. With the advent of electron ac-
celerators with improved duty cycles at Saclay, Bates
(MIT), and NIKHEF (Amsterdam), the (e,e’p) reaction
has become an important source of information on shell-
model state occupation probabilities, and internal
momentum distributions derived from (p,2p) data have
been looked at with some suspicion.

The situation is quite different for light nuclei. In this
case FSI and multiple-scattering effects are small and can
be calculated; the study of the reaction offers an interest-
ing testing ground for various theoretical models. One
definite advantage of the protonic probe over the elec-
tromagnetic one is that at intermediate energies the NN
differential cross section is only weakly dependent upon
the collision energy or momentum transfer, whereas for
the electromagnetic probe it is notoriously sensitive to
both. It has also become clear that the quasielastic reac-
tion A(e,e'p)A —1, even on the lightest nuclei, is not
free of distortions. Ultimately the same nuclear structure
information must come from both reactions. Compara-
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tive studies of the hadron- and electron-induced reactions
might thus be necessary before a better understanding of
both reactions mechanisms is finally achieved.

Although several experiments in the early 1970s at
Space Radiation Effects Laboratory (SREL) (Refs 9 and
10) and Clinton P. Anderson Meson Physics Facility!!
(LAMPF) have revealed intriguing features for the
2H(p,2p)n reaction, these features were never fully ex-
plained. There was an apparent lack of strength of the
reaction at small neutron momenta when compared with
the IA prediction, and also a spectacular deviation from
the IA starting at 200 MeV/c recoil in several kinematics
of the final state.

Among the unanswered questions raised by previous
studies of the reaction, the occupation number is of cen-
tral importance. For the deuteron it is synonymous with
the number of nucleons participating in the reaction.
Typically, previous *H(e,e’p)n and 2H(p,2p)n experi-
ments have determined the nucleon number in the deute-
ron with combined statistical and systematic uncertain-
ties no better than 10-20 %.

The Saclay'? data for the >H(e,e’p)n reaction and their
recent extension to very large neutron recoil momenta by
the Bonn group,'® are well known. Arenhoevel'* has
shown that it is indispensable to include MEC, FSI, as
well as the A part of IC to reproduce these results on the
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FIG. 1. (a) The Feynman diagram for quasielastic pp scatter-
ing. (b) Kinematical diagram showing the labeling of the reac-
tion participants: 1+ 2—3 + 4 + (5), where (5) is the unob-
served neutron.
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basis of one of the standard NN potential deutron wave
functions like the Paris!® or Reid soft core'® (RSC) poten-
tials. Yet, closer examination of this apparent agreement
reveals surprisingly large discrepancies between data and
theoretical calculations, up to 25%, even at very small
neutron recoil momentum. These differences might be
due in part to large systematic uncertainties in the data,
or they may indicate a more fundamental problem.

The considerations above were at the origin of the rein-
vestigation of the 2H(p,2p)n reaction which will be re-
ported in the present paper and its sequel, which will
hereafter be referred to as part II. The expectation was
that an extensive and consistent data base for 2H(p,2p)n
over a large sector of the final-state phase space, would
bring new insights, and possibly help elevate these data to
the same level of confidence as (e,e’p) data.

The present paper will be referred to as part I, and will
include data for neutron recoil momenta up to 200
MeV/c, a kinematical range well below the region where
A excitation is important, yet one where deviations from
the IA are already visible. The data g >200 MeV/c will
appear subsequently in part II. The present paper will be
organized as follows. In Sec. II the various components
of the experiment are described, including beam, target,
and detection system. In Sec. III details of the data
analysis will be given, with particular attention to the
determination of the target thickness. A discussion of
the impulse approximation, which is central to the
analysis of all single-nucleon knockout reactions, is in
Sec. IV; also described is a calculation of the (p,2p) cross
section including the two IA graphs for pp and pn scatter-
ing, and, in addition, two double scattering and two FSI
graphs. The results of this calculation will be referred to
in the remainder of the present paper as the ‘“complete
calculation.” The experimental results are presented and
discussed in Sec. V. The conclusion is in Sec. VI.

II. EXPERIMENTAL METHOD

The experiment was performed at the TRIUMF cyclo-
tron laboratory in Vancouver, Canada, over a period of
two years in 1983 and 1984. In the first part (EX83) the
proton beam energy was 5071 MeV and in the second
part (EX84) it was 5081 MeV. In both phases of the ex-
periment the energy spread of the beam was typically 1
MeV full width at half maximum (FWHM). The beam
position and spot size at the target were monitored by
viewing a fluorescent ZnS screen placed temporarily at
the target position. The beam divergence and spot size at
the target were found to be approximately 0.2 mrad
and 0.25 cm?, respectively. The beam intensity was mon-
itored by a secondary electron-emission monitor (SEM)
located downstream from the target and also by a Fara-
day cup for part of the experiment. Beam currents used
in this experiment were between 0.1 to 10 nA.

A. The liquid D, target

The liquid deuterium target was built for this experi-
ment at the Delft University of Technology (see Ref. 17)
to fit inside a vessel which originally contained a liquid
helium-4 target.!® Figure 2 shows the cryostat and the



2730

two identical target cells. The target cells could be
raised, lowered, and rotated remotely. The internal di-
ameter of the cells was 55 mm, and their frame was 6 mm
thick, with windows made from a 0.025-mm-thick
stainless-steel foil. With this design of the frame it was
possible to make measurements with up to 150° between
the two outgoing protons. The cells were operated at a
pressure of 250+2 mb, resulting in some bulging of the
foils. The determination of the target thickness is dis-
cussed in Sec. III B.

B. Detection system

A schematic diagram of the detection system is shown
in Fig. 3. Two protons were detected in coincidence by
the magnetic spectrometer (MRS) positioned on the left-
hand side (lhs) relative to the beam and counter tele-
scopes positioned on the right-hand side (rhs). In EX83
one counter telescope was used, in EX84 six were used, as
seen in Fig. 3.

The MRS spectrometer!® contains two optical ele-
ments, a horizontally focusing quadrupole and a dipole.
Particles are bent vertically, and focusing onto the bend
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FIG. 2. Liquid hydrogen and deuterium cryostat, showing
the geometry of the two target cells.
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plane is provided by the shaping of the dipole entrance
and exit magnetic field edges. Three multiwire propor-
tional chambers (MWPC) for EX83, and three sets of
drift chambers for EX84, provided position information
for particle trajectory tracking. The trigger of the MRS
was derived from a coincidence of fast signals from plas-
tic scintillator detectors at the entrance of the spectrome-
ter and above the dipole in the focal-plane area.

In EX83 a thin plastic scintillator AE, (0.079 cm thick)
located in front of the lower MWPC, provided a timing
signal which was part of the MRS trigger requirement.
The MWPC located in front of the quadrupole at a dis-
tance of 163.0 cm from the target allowed definition of
the solid angle with software cuts. Two MWPC’s mount-
ed on either side of the focal plane, followed by a 2.5-cm-
thick plastic scintillator completed the detection system.
The wire spacing in all three MWPC’s was 0.2 cm.

In EX84 three sets of drift chambers were used. The
front end chamber set (FEC) consisted of a vertical and
horizontal wire plane and was located in front of the
quadrupole. Each plane had two sets of wires which were
separated by 0.5 cm. The drift direction was within the
plane of the chamber. The two other drift chambers were
placed in the vicinity of the focal plane, and were of the
“vertical” drift, or “MIT”-type?® (VDQC); in these, the
drift direction was perpendicular to the chamber plane.
These chambers were oriented nearly parallel to the focal
plane, and at =45° to the particle trajectories, ensuring
charge collection on typically three to five wires for a
good event.

Two plastic scintillator counters AE,, and AE,, were
located in front of the FEC at distances of 145.8+0.1 cm
and 135.0+0.1 cm from the target, respectively. The
AE,, detector had a 1.740.005 cm diameter hole carved
in a 8.0 8.0 cm? plastic scintillator. The AE,, detector
was 3.5+0.005 cm in diameter; both were 0.154 cm
thick. Either one could be used to define the LHS solid
angle. There were ten plastic scintillators above the top
drift chamber, completely covering the focal plane. In
both experiments the time-of-flight (TOF) path through
the spectrometer was approximately 11 m. The angular
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FIG. 3. Experimental setup showing the magnetic spectrom-

eter MRS on the left-hand side of the beam, and the six scintil-
lation telescopes on the right-hand side.



position of the MRS was known and reproducible to
+0.02°.

The rhs proton counter telescope in EX83 consisted of
a plastic scintillator 6.35 cm in diameter and 0.32 cm
thick which defined the solid angle on that side, and of a
Nal (TD) crystal, 12.7 cm in diameter and 15.2 cm thick.
This crystal was able to stop 233.0 MeV protons. A Cu
absorber was placed between the plastic and the Nal (T1)
detectors when the proton energy was larger than the
range limit in the crystal. The distance from the scatter-
ing center to the plastic scintillator was 195.7 cm. In
EX84 six counter telescopes were used, numbered E1 to
E6 as shown in Fig. 3. Each consisted of a plastic scintil-
lator detector AER, used to define the solid angle, and a
Nal (T1) detector. For telescope E1 the plastic scintilla-
tor was 8.0 cm in diameter and 0.32 cm thick. The
remaining five telescopes had 6.35-cm-diam plastic scin-
tillators of the same thickness. Counter telescopes E 1 to
E4 used Nal (T1) crystals 15.2 cm thick and 12.7 cm in
diameter, the remaining two crystals were of the same di-
ameter but only 7.6 cm thick. The distance from the
scattering center to each plastic scintillator counter was
200.0 cm, except for E1, for which it was 205.7 cm. As
in EX83, a Cu absorber was used, when necessary, to
stop the protons in the Nal (T1). The telescopes were
mounted on a platform and positioned with an accuracy
of +0.05°.

The momentum calibration of the MRS was obtained
by taking advantage of the two-body kinematics of elastic
pp scattering from hydrogen. Single-proton events in the
MRS were recorded for a fixed magnetic field in the MRS
and several values of the MRS angle to select proton en-
ergies covering the energy range of interest. The energy
calibration of the counter telescopes was obtained by
measuring proton-proton events from hydrogen at a
series of different angle pairs covering the relevant range
of energies.

In both experiments a coincidence trigger was formed
requiring signals from the AE scintillation counters on
the lhs and rhs and from the focal-plane-area scintillators
in the MRS; the Nal (T1) detectors were not part of the
trigger. In analyzing the EX84 data corresponding to ap-
proximately zero neutron recoil momentum and equal an-
gles of the proton (41.5°-41.4°), no requirement was im-
posed on the amount of energy deposited in the Nal (T1)
crystals, thus adding no software condition to the
hardware trigger for the rhs particle. For the rest of the
data a software energy window was placed on T, based
on the Nal (T1) signal. This procedure would reject pions
which can be produced in kinematics with large neutron
recoils, and also would reject low-energy protons coming
from the second kinematical solution which occurs for
part of the data. For these data an efficiency correction
was applied to correct for the fraction of protons stop-
ping short of their range because of nuclear interactions
in Cu or Nal. The efficiency values of Bracco et al.?!
were used.

II1. DATA ANALYSIS AND CROSS SECTIONS

The data were stored on magnetic tape and analyzed
event-by-event on a mainframe computer at the College
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of William and Mary. The analysis program prepared all
the histograms necessary, with cuts on the left-to-right
TOF, on the dE /dx information from the scintillators,
and on the solid angle on the MRS side if required. A
correction for the energy loss in the absorbers was calcu-
lated and correction factors for the MWPC (EX83) or
drift chamber (EX84) inefficiencies were obtained for the
kinematics at which data were taken. A factor to correct
for dead time in the experiment was obtained, and when
appropriate, a correction was applied for event losses due
to inelastic reactions in the Cu absorber and Nal (TI)
crystal in the rhs detectors. Momenta p; and p, were
calculated for the two protons in the events selected. The
missing momentum is defined as ps=p; —(p;+ps4); in the
absence of any other particle, such as a pion, ps is then
the momentum of the recoiling neutron. Selected events
were binned and displayed in a two-dimensional plot (T,
versus T';), showing the energy locus corresponding to
quasielastic events. Finally the differential cross sections
and statistical uncertainties were calculated for a number
of T; bins, each of fixed width AT; corresponding to a
small range of the neutron recoil momentum ps.

A. Initial analysis

The events used to calculate the differential cross sec-
tions were subjected to a number of tests concerning the
wire pattern in the MWPC or drift chambers. For EX83
an event was rejected if any of the MWPC chambers
showed no wire hits, or if more than five wires had been
hit in any chamber. Events with two to five wires in the
hit pattern were kept provided any gap in the pattern was
no more than two wires wide. With the drift chambers in
EX84, events with no hits or more than two wires hit in
the FEC planes were rejected; for the VDC planes only
events with three, four, and five adjacent wires hit were
accepted. Accidental coincidence events were subtracted
using a sample of events selected in exactly the same way
as coincident events, but with their origin in two different
beam bursts. The live-time factor was determined from
the ratio of pulses received by the computer versus those
sent simultaneously to light-emitting diodes (LED) at-
tached to each plastic scintillator and Nal (TI) crystal;
the rate at which the LED’s were fired was proportional
to the beam intensity, determined by an accidental coin-
cidence between the beam monitor and a constant fre-
quency pulse generator.

B. pp differential cross section and target thickness

The event rate for pp elastic scattering was compared
with published values of the pp differential cross section
to determine the target thickness both in EX83 and in
EX84.

The number of pp events per incident proton was mea-
sured with the same experimental setup and beam energy
as for 2H(p,2p), the deuterium being replaced by hydro-
gen in the same target cell. Both in EX83 and in EX84
the primary measurement was made at the proton angles
41.6°-41.6°, corresponding to 90° in the c.m. The two
final-state proton energies were very nearly the same as
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for the corresponding *H(p,2p) data point. The target
areal density was then calculated from the known solid
angle, applying efficiency and dead-time corrections. The
best available pp differential cross-section data were used
for a scattering angle of 90° in the c.m. at 500 (Ref. 22)
and 515 MeV,? which gave an interpolated value of
3.4410.06 mb/sr (c.m.) at 508 MeV; this value is 1.1%
smaller than the phase-shift analysis prediction of Arndt
et al.?* The liquid hydrogen thickness was then obtained
using tabulated density values at the pressure of the ex-
periment, 250 mbar, which corresponds to a temperature
of 16.9 K. The target thickness was found to be
0.753+0.015 cm in EX83 and 0.887+0.018 cm for EX84.
A mechanical measurement in EX84 at 37 K and at the
same pressure of 250 mbar with the use of micrometers
gave 0.917+0.005 cm. An independent measurement at
the High Flux Reactor in Petten (The Netherlands), using
24 keV neutrons and published np cross sections gave
0.880%+0.012 cm, in agreement with the result of the pp
differential cross-section measurement. The increase in
thickness from EXS83 to EX84 was due to accidental
overpressurization of the cell having caused permanent
deformation of the foils.

A secondary pp differential cross-section measurement
uses the target thickness given above, at an angle of 66°
c.m. The result, 3.87+£0.05 mb/sr (c.m.), is in agreement
with the unpublished?® value 3.829+0.087 mb/sr at 497.5
MeV and 66.36° (c.m.); it is 6.0% larger than the predic-
tion of the phase-shift analysis of Ref. 24.

The number of deuterium atoms in the cell was then
calculated from the 90° pp result using tabulated ratios of
molar densities for liquid hydrogen and deuterium. The
results for the areal density were n =(3.88+0.08) X 10%
D/cm? for EX83 and n =(4.56+0.09) X 10*> D/cm? for
EX84. The data were taken after sufficient time for the
liquids to be in thermal equilibrium. By analyzing the
reproducibility of 17 identical 2H(p,2p) runs at
41.5°-41.4° it is estimated that fluctuations of the target
density under the condition and for the duration of the
experiment were less than +0.25%.

C. 2H(p,2p) differential cross sections
The fivefold differential cross section is obtained from
d30/d0d0,dT;=N/(AQ,AQAT;nl€6,65) , (2)

where N is the number of events within an energy inter-
val AT, and within solid angle intervals AQ; on the MRS
side, and A, on the telescope side. The number of
deuterons per unit of area in the target is n, and the num-
ber of incident protons as determined from the monitor
count is I. The quantity €, is an efficiency correction fac-
tor for the MWPC’s (EX83) or drift chamber (EX84); ¢,
is the live-time factor correcting for the electronics and
computer dead time and e, is a factor correcting for the
fraction of protons removed from the full range peak by
inelastic processes in the Cu absorber (when used) and
Nal (T1) crystal in the RHS telescope when the T, infor-
mation was used.

A very narrow peak in a histogram of T; appeared in
the EX84 data at the angle pair 41.5°-41.4° at a sum en-
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ergy (T;+T,) equal to the beam energy; this peak corre-
sponds precisely to elastic scattering on hydrogen, and
provides an additional check of the energy calibration; it
is an indication of a hydrogen contamination in the deu-
terium. A detailed analysis of this region of the data,
with a software cut on solid angle to reduce the width of
the peak by taking advantage of the two-body nature of
the reaction, gave a value of 1.5X 10~ for the fraction of
hydrogen to deuterium atoms.

D. Resolution correction

In exclusive (p,2p) experiments the cross section is a
function of the final-state kinematic variables p; and p,.
However, the variables of interest according to the IA are
the recoil momentum ps; and the excitation energy
E_..=M,—m,_,, where M, is the missing mass defined
by M} =(p,+p,—p3—ps)’, m4_, is the mass of the re-
sidual target in its ground state, and the p;’s are four mo-
menta. For the deuteron the residual target mass is the
mass of the neutron, and E.,.=0. The only variable of
interest is then ps= —q, and five kinematical quantities
(p3, 04 and ¢,) are measured. We will present experi-
mental results as fivefold differential cross sections as a
function of the kinetic energy T';, and also as a momen-
tum space density |®(ps)|? (calculated from the
differential cross sections as explained in 1.1), versus the
neutron recoil momentum ps.

The value of ps calculated using energy and momen-
tum conservation was corrected using a Monte Carlo
(MC) simulation which included the finite acceptance of
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FIG. 4. Result of the Monte Carlo simulation showing the
most likely neutron recoil momentum ps (MC) vs the central
value of ps (kin ps) calculated from the detector central angles
and momentum. The proton angles are 41.5°-41.4°; the symbols
(0) and (X) correspond to the proton kinetic energy T3 < T3,
and T > T, respectively, where Ty, is for ps=0.



the detectors. MC events were generated by choosing the
five independent variables (p;,6;,,,6,,¢,) of the experi-
ment uniformly over the intervals defined by the experi-
mental geometry, and assuming the three nucleon masses.
Each event was weighted according to the theoretical
probability for the neutron recoil of the event. For each
energy interval, AT;, one observes a distribution of ps
values due to the finite solid angles, as well as target
thickness and beam size. Furthermore, multiple scatter-
ing in the target and assorted foils is included. The most
likely value of ps is then determined. Calling the most
likely value ps (MC), the results of the MC simulation for
41.5°-41.4° are shown as a function of the kinematical
values of ps (kin ps) in Fig. 4. The correction is largest
near zero recoil, and for this particular choice of proton
angles changes sign at ps =40 MeV/c. When angles and
momenta are chosen so as to place p; =0 in the center of
the acceptance, the finite-size acceptance in these quanti-
ties allows events with p;5£0. The most likely ps value
becomes larger than zero because the acceptance for
events with ps=0 is smaller than that for ps5%0. For
other values of ps+0, the probability for events with
Ps<ps (central) becomes much larger than that for
Ds > Dps (central), and the most likely value of p is smaller
than p (central).

IV. IMPULSE APPROXIMATION AND NEXT-ORDER
CORRECTIONS

A. Prescriptions of the impulse approximation

First each one of the three terms in the IA cross sec-
tion (1) given in Sec. I will be specified. In the case of
’H(p,2p)n, neglecting the proton-neutron mass
difference, the kinematic factor K has the following form:

_ S34P3P4
Pi|Esps—E pscosys |

where all quantities are defined in the laboratory frame,
and the notation follows the kinematical diagram of Fig.
1 (b). The angle 6,5 is between p, and ps and s,,
=(p3+p4)% where p, and p, are four momenta.

The momentum density | ®(ps) | 2 represents the prob-
ability of finding the proton with internal momentum
—q=ps; it is normalized as follows:

41rf |®(ps)|*q2dg =n, ,

where np is the apparent probability of finding a proton
in the deuteron.

Finally the half-off-energy-shell pp differential cross
section in (1) will be replaced here by the free pp
differential cross section evaluated at the laboratory col-
lision energy T, defined by s34, and at the c.m. scattering
angle §,, defined by the invariant (p, —p;), as follows:

T,, =(s34—4m})/2m, ,
and with

(p1—p3 )g.m. =(p1—p3 )lzab >
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then
cosd,, =(ETE} +p,p;cos03—E E;)/pips ,

where the quantities with an asterisk are defined in the pp
c.m.

B. Double scattering and final-state interaction

In an attempt to gain as much information about the
elementary reaction mechanism involved in the
2H(p,2p)n reaction as possible, calculations have been
made of the differential cross section following the Feyn-
man diagram approach and including IA pp and pn
scattering (IA,, and IA,,,) as well as double scattering of
the projectile and FSI among the two nucleons of the
deuteron, following the work of Glauber?® and Wallace.?’
The six corresponding diagrams and the notation used
here are shown in Fig. 5; some results of this calculation
were presented earlier.”® The calculation uses nonrela-
tivistic NN amplitudes and a noncovariant deuteron wave
function; however, all kinematic variables are calculated
relativistically. Spin is fully taken into account and the
Paris NN potential deuteron wave function?’ is used; the
NN amplitudes are evaluated on-shell from the helicity
amplitudes of Arndt et al.?* obtained from phase-shift
analysis. Cross sections were also calculated with the
Moscow* potential deuteron wave function for the high
precision 41.5°-41.4° kinematics.

|Apn

FIG. 5. The six lowest-order Feynman graphs for 2H(p,2p)n.
IA,, is the dominant graph at small neutron momenta; (a) and
(b) are rescattering graphs, and (c) and (d) are FSI graphs.
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C. Multiple-scattering formulas

The multiple-scattering series is expressed in terms of
the scattering matrix 7, which is the solution of the
three-body Lippman-Schwinger equation. Keeping only
energy conserving terms up to double scattering, 7 can be
written as

T=Tpp+Tpy —iTT,, 8(E —Hg)7),,
—i77,,8(E —H)71,, —inT,,8(E —Hg)7,,
—imT,, 8(E —Hy)7y, (3)

where the indices of the 7 matrix are p' for the projectile
in the final state, p, and n for the deuteron constituents.
The total energy is E and H|, is the free-particle Hamil-
tonian. The first two terms are for IA pp and pn scatter-
ing, respectively, as in Fig. 5. In the following they will
be labeled IA,, and IA,,. The third and fourth terms,
graphs (a) and (b) of Fig. 5, include one rescattering step
for the projectile with the neutron (a), or with the proton
(b), respectively. The last two terms include FSI among
the two nucleon constituents of the deuteron, after in-
teraction of the projectile with the proton (c), or with the
neutron (d), respectively, as shown in graphs (c) and (d) of
Fig. 5. The relation between the 7 matrix of (3) and the
usual 7 matrix is

(flrlid=—02m8%p,—p;) T] ——e—
) IT V2VE,
X [T ———(£ITli) , @)

fnal V/2VE f
where p;  and E, ; are the total momentum and energy
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particle states are normalized in a box of volume V. In
terms of the T matrix the fivefold differential cross sec-
tion has the usual form

3
0 /dQ,d0,dT,
P3pi
(27T)53Zmdp‘ IE5p4 _p5E4 C05645|

X1 3 [{pspaps, LITIO,M;p,S) 417, (5
LMS

where the factor of | arises from averaging over the ini-
tial spin states, and labels 3 and 4 refer to the two pro-
tons, 5 to the neutron. The sum is over the eight orthog-
onal final three-nucleon spin states | L ), the three z com-
ponents of the deuteron spin M, and the two spin states
of the projectile S; A4 indicates antisymmetrization. The
dynamics of the interaction are contained in the three
body T matrix in (5). These half-off-shell 7-matrix ele-
ments can be expressed in terms of the on-shell, two-
nucleon amplitudes M, and M. (m,m’'=—1,0,+1) of
Stapp et al.,*! which are then calculated using the phase-
shift analysis results of Ref. 24.

After antisymmetrization of the two-proton part of the
final-state wave function, each term in (3) contributes 48
amplitudes. For the IA , term,

+1
X 2 [ALMS(0,¢)iALMs(ﬂ_e,ﬂ+¢)]<DK}’(q) .

m=—1

in the initial and final states, respectively. The one- (6)
J
For the pp rescattering term in (1),
Tius =120 2mg [ d% ] izl BLs(0,:0:6,6)F Bls(m—6,7+9.6',6)]
X Pr(qQ)Vs Vs'/ | PyE,—qEs, cosb, | @)

where the summation is over m, the z projection of the
total nucleon spin in the deuteron, and for graph (a) in
Fig. 5 q is the internal momentum of the proton at the
deuteron vertex. The angles 0,4(0',¢’) are c.m. scatter-
ing angles and the factors V's (V's’) are the two-nucleon
invariant energies at the first and second vertex, respec-
tively. In the denominator of Eq. (7), Py,= | p3;+ps]|
and E3,=E;+E,, and 6, is the angle between q and p,;
for E, we use (g’+mf)'/2. The two-dimensional in-
tegral is over the component of q perpendicular to p;,.
The F signs in (6) and (7) are required by the antisym-
metrization. The amplitudes 4, ,,s in (6) and B, in (7)
are linear combinations of the NN amplitudes. The pn re-
scattering term and two FSI terms in (3) contribute am-
plitudes similar to (7). The single-nucleon deuteron wave
function components ®3/(q) are calculated from the
Paris potential (Ref. 29). To calculate differential cross

[
sections one substitutes the T matrix from (6) and (7) for
all six diagrams into Eq. (5).

The usual form of the (p,2p) cross section, as written in
formula (1) in Sec. I, is the contribution of the first term
IA,, in the multiple-scattering expansion (3). Substitut-
ing (6) into (5) gives formula (1) as follows:

d’a _ S34P3P3
dQ3dQ4dT3 pl(E5p4_p5E4 005945)

X 3 [{m'|FP_ (8,4)|m)|*|®(ps)|?

=K (do/dQWF, |®(ps)|* . (8)
D. Results of the calculation

Only results of the multiple-scattering (MS) calculation
relevant to the data presented in this part (I) will be



shown here. If one defines ratios of the calculated
differential cross section, including the impulse approxi-
mation and one second-order graph at a time, to the IAPP
differential cross section

Ry=| T + T8 +(1/4m)T, |2/ | TR |2, ©)

and of the global result including all graphs, to the im-
pulse approximation differential cross section

2/|Tff\02, (10)

then (R —1) is the percentage correction to be applied to
the pp IA according to the calculation. Figure 6 shows
these results for the 41.5°-41.4° kinematics as a function
of ps, the neutron recoil momentum. It should be noted
that graphs (b), (c), and (d) in Fig. 5 give a negative
correction to the cross section, and therefore to the ratio
R, while (a) produces a positive one [not shown because
(R —1) is smaller than 1073]. The overall correction
(Rgioba1 — 1) is negative, indicating that the full calcula-
tion gives a smaller result than IA,,. The size of the
correction ranges from 1% to 10%. The filled and empty
symbols in this figure are a way to separate the two
kinematical branches corresponding to the proton in the
MRS magnetic spectrometer having a momentum larger
than in the zero recoil configuration (for equal proton an-
gles), from the one with the MRS proton having a smaller
momentum than in the zero recoil situation. As these
two kinematics are evidently symmetric, the differential

d
Rglobal: T€£+ng+(1/4‘”) 2 T’-

i=a

_l T T T I T T T T I T T L} T I T T T L] I L] L T T-
- —(R—1) 1
07 = 3
C lobal -
C 9 |
c
10—2 - L » 3¢ -?
- * 3
. 2 e M * \d ]
B » ]
¢ ]
*
1073 E ., —
10—4 1 1 L 1 I i 1 1 L l L L L1 1 L ' L 1 I 1 1 1 1
0 20 40 60 80 100
Ps (MeV/c)

FIG. 6. The calculated quantity —(R —1) including all six
graphs of Fig. 5 for the 41.5°-41.4° proton angle pair. The
separate contributions from graphs (b), (c), and (d) are shown;
graph (a) gives a positive value for (R —1) < 10~% which is not
shown.
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cross sections ought to be the same, and so they are for
each of the four contributions (a) through (d) as well as
for the global differential cross section in Fig. 5. The
only other check available was in reproducing the results
of Wallace at 600 MeV, and there, again, the agreement
was good. Additional results from this calculation can be
found in Refs. 28 and 32.

V. RESULTS OF THE EXPERIMENT

A. Presentation and experimental uncertainties

In this part, fivefold differential cross sections
d?0 /dQ,d 0,dT, will be presented versus the kinetic en-
ergy T5;. The corresponding momentum space density
distributions | ®(ps) | %, calculated from the cross-section
data, will be shown as a function of the neutron recoil
momentum ps as calculated from the momenta p; and p,.
All | ®(ps) | * data points are plotted at a value of | ps |
corrected according to the results of the Monte Carlo
simulation described in Sec. IIID. The experimental re-
sults are compared with the prediction of the IA and
with the complete calculation.

Preliminary results were presented in Ref. 33. A selec-
tion of data limited to equal angles and equal momenta
for the two protons were published in Ref. 34. Small neu-
tron recoil momentum data have been published in Ref.
28.

To facilitate the discussion of the data, the kinematics
are grouped into three categories. In group one (Sec. V A
1) those kinematics are placed which include the neutron
recoil momenta approximately equal to zero, and which
are therefore called quasifree. Group two (Sec. VA?2)
contains those kinematics which have pairs of equal pro-
ton angles, away from the quasifree region. Finally,
group three contains (Sec. V A 3) kinematics situations
with unequal proton angle pairs. These different kine-
matics, although all in the neutron momentum region 0
to 200 MeV/c, differ in the relative energy of the three
NN pairs of the final state and in the direction of pj rela-
tive to the beam direction. In Fig. 7 the kinematical rela-
tionship between ps and p; is shown for all kinematics
discussed here, the labels corresponding to the three
groups. The error bars in all following figures represent
statistical uncertainties only, including the contribution
generated by the removal of accidental events.

The systematic errors affect the results in two separate
ways: the differential cross sections are uncertain because
of systematic errors in monitor calibration, target thick-
ness, solid angle, and energy interval definitions. In addi-
tion, when the data are analyzed in terms of the neutron
recoil momentum, the systematic uncertainty in ps must
be folded in; the latter comes from uncertainties in the
angles 6; and 6, and energy T3, and in the correction ap-
plied to take into account finite acceptances. As de-
scribed in Sec. III B the elastic pp differential cross sec-
tion has been measured with the same apparatus, at the
same angles as the group 1 (p,2p) data and the results
were used to determine the target thickness. As a conse-
quence the systematic uncertainties for the (p,2p) data
come mainly from AT;AQ, and from the target thick-
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momentum opposite to the incident proton momentum p,. La-
bels refer to subsections in Sec. V A.

ness: a combined value of +=1.8% is estimated for these
contributions. In addition these data have an uncertainty
in ps of £0.9 MeV/c to £0.6 MeV/c for 15<p5 <80
MeV/c, which must be folded in when one calculates
| ®(ps) | * and compares with a theoretical momentum
distribution; in this case, although the target thickness
does not enter, the total systematic uncertainty increases,
because of the uncertainty in ps, to £2.2% near p5 =80
MeV/c, and to +2.7% near 15 MeV/c.

1. Quasifree kinematics

Figure 8 shows the differential cross section for the
41.5° -41.4° angle pair. The abscissas give both the kinet-
ic energy T; and the recoil momentum (ps= —q) of the
spectator neutron. The statistical errors are between 0.4
and 1.5%. As explained in Sec. V A, the total systematic
uncertainty for the differential cross sections is +1.8%.
The data are compared with the IA prediction (dashed
curve), calculated using the Paris potential deuteron wave
function, and with the complete calculation (solid curve).
All data points are below either one of or both of the two
theoretical curves. To better display this systematic
difference between data and theoretical predictions, the
ratio R =d30(data)/d3a(IApp) is shown in Fig. 9 vs ps
(MC). A similar figure has been shown previously in Ref.
28; however, following publication of those data an un-
derestimate in the drift chamber efficiency was found,
corresponding to a decrease in the values of R of 2.9%.
The results of the complete calculation with the Paris
deuteron wave function are shown as the dashed curve

dQ;dQ,dT; for the proton angle pair 41.5°-41.4° as a function
of the kinetic energy of the proton on the left-hand side, T;.

for the ratio R =d’0(MS)/dc(IA,,); the dotted-dashed
curve is the ratio obtained with the Moscow deuteron
wave function of Ref. 30.

The data in Fig. 9 are compatible with a constant value
of R over the range of ps shown, and the mean missing

1.10 R R R DA DR R
[ R ]
1.05 :— _:.
[ 1A, ]
1.00
i \»—-_ii“\~\\MS(Paris) ]
0-95 1= MS(Moscow)\\“'»:: "
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% ]
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P; (MeV/c)

FIG. 9. Ratio R of the experimental differential cross section
divided by the IA,, prediction for the Paris wave function for
small neutron momenta from the 41.5°—41.4° data. The sym-
bols (O) and (X) have the same meaning as in Fig. 4. Dashed
curve is R for complete calculation with the Paris wave function
MS (Paris); dotted-dashed curve for complete calculation with
Moscow wave function MS (Moscow).
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strength is [9.41(1+0.8)%+2.5]%, where the error in
parentheses is the standard deviation, and the second er-
ror is the systematic uncertainty; note that the uncertain-
ty in R is independent of the uncertainty in the target
thickness for these data. Compared with the complete
calculation, the missing strength is reduced by 1% to 5%
depending on ps; however, the assumption of a constant
value for R is not justified in this case. As in Ref. 28 one
concludes that there exists an irreducible discrepancy be-
tween the data and the plane-wave impulse approxima-
tion (PWIA) prediction in the region of ps <60 MeV/c
which is in overall agreement with the results of previous
experiments, although the total experimental uncertainty
on the missing strength is now approximately four times
smaller than was the case prior to this experiment. The
irreducible discrepancy is also approximately four times
the size of the systematic uncertainty of the data.

The differential cross-section data for the angle pair
30.1° -53.7° are show in Fig. 10; they appear closer to the
theoretical prediction of the IA,, and of the complete
calculation than the data in Fig. 8. However, as dis-
cussed in Sec. III B, the value of the elastic pp differential
cross section for 66° c.m. scattering angle found in the
present experiment is 6% larger than the phase-shift
value of Ref. 24. Using the measured value of the pp
cross section would shift both theoretical curves upwards
by approximately 6%; the data would then show approxi-
mately the same missing strength as in Fig. 9.

The momentum density |®(ps)|? obtained using (1) in
Sec. L. for the proton angle pair 30.1°-53.7° is compared
with the 41.5°-41.4° data in Fig. 11. For |®(ps)|® the
systematic uncertainty is in the range 2.2 to 2.5% for
ps <80 MeV/c. Here the pp differential cross section
used in (1) for the 30.1°-053.7° is the one obtained in the
present experiment. A larger ps range is shown in this
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FIG. 10. Same as Fig. 8, but for 30.1°-53.7°.
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mula (1), for the data of Figs. 8 (O) and 10 (XX). The solid curve
is for the Paris wave function and the dashed curve for the Mos-
cow wave function, both in impulse approximation (IA).

figure than in the previous one, and as a result the sys-
tematic uncertainties are not everywhere as small as dis-
cussed above. Yet it is obvious that the results from both
kinematics are excellent agreement where they overlap,
i.e., up to ps =80 MeV/c.

2. Equal proton angle pairs

In Figs. 12(a) and 12(b) are shown the differential cross
sections for symmetric angles 38.1°-38.0° and
44.1°-44.0°, respectively. The dashed curves are the
PWIA predictions, and the solid curves are the results of
the complete calculation with the Paris potential wave
function. The data in Fig. 12(a) are lower than the IA
prediction, while in Fig. 12(b) the data are in excess of the
IA. In the first case the complete calculation goes in the
right direction, but in the second case the discrepancy in-
creases when comparing with the complete calculation.
To further study this behavior, the same data are used to
obtain the |®(ps)|? values according to (1) and
displayed in Fig. 13(a). The point should be made here
that the momentum of the struck proton q is parallel to
the projectile momentum for the 38.1°-38.0° data, i.e.,
q'p,/la'p;/ >0, but antiparallel for 44.1°-44.0°
(q-p,/1q-p,| <0). Obviously different values of |®(ps)|?
are obtained for the two data sets. One interpretation of
this result is that it reflects incorrect handling of the off-
shell NN vertex for IA (see Sec. IVA). A number of
schemes exist which propose different ways to resolve the
off-shellness ambiguity. One of these schemes is based on
the infinite momentum frame dynamics (Frankfurter and
Strickman?®?®), and assumes that both constituents of the
deuteron are on-shell. The internal momentum kg thus
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defined is larger than ps for the data in Fig. 12(a), but
smaller for the data in Fig. 12(b). Another scheme is
based on the assumption that energy and momentum
must be transferred to both constituents of the deuteron
prior to the NN interaction (Gugelot*), and is in essence
a binding and recoil energy correction. It leads to a
redefinition of the internal momentum gpc to the frame
in which both nucleons have zero sum momentum, which
is not the laboratory frame. Again, gg¢ is different from
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ps, very much in the same way as with kp. The |®(p,)|?
values of Fig. 13(a) are shown again in Fig. 13(b), but this
time versus kr. The agreement between the two sets of
results is much improved with kp, and a similar result
would be obtained with gp.

The data for the two other symmetric angle pairs,
47.1° -47.0° and 50.0°-50.0°, are shown in Figs. 14(a) and
14(b). The data points in Fig. 14(a) are in good agree-
ment with the IA and the complete calculation. In Fig.
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and 44.1°—44.0° data (X) vs ps in (a) and vs the internal
momentum defined in the infinite momentum frame kg in (b).



14(b) the data are much lower than the IA, and although
the complete calculation does come closer to the data, it
still fails to predict the measured differential cross section
by up to 30%. The systematic uncertainty for the angle
pairs 38.1°-38.0°, 44.1°-44.0°, and 47.1°-47.0° is +5%,
while it is 8% for the 50.0°-50.0° data.
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FIG. 14. Differential cross section vs lhs proton kinetic ener-
gy T; for the proton angle pairs 47.1°-47.0° in (a) and
50.0°-50.0° in (b).
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3. Unequal proton angles

In order to explore the three-body phase space to the
fullest extent possible, additional data were obtained at a
number of unequal angle combinations away from quasi-
free conditions. Most of these results will be presented in
part II of this work, but here the small recoil data at the
angle pairs 30.1° with 37.0°, 44.0°, 61.0°, and 68.0°, as
well as the angle pair 41.5°-50.0 ° are shown.

The differential cross sections for these five angle pairs
are presented in Figs. 15(a) to 15(e). Again the data are
compared with the IA prediction (dashed curves) and the
complete calculation (solid curves). The data in Figs.
15(a) and 15(b) are lower than the IA at small T';, then
cross over and are in excess at large T;. The complete
calculation is 5% to 10% lower than the IA; it decreases
the discrepancy at low T'; values but increases it at the
higher T'; values.

The data in Fig. 15(c) are in good agreement with the
IA and the complete calculation at all T'; values, while in
Fig. 15(d) the data are in better agreement with the IA
than with the complete calculation.

Finally, the data in Fig. 15(e) are somewhat higher
than the IA up to T;=240 MeV; the complete calcula-
tion reproduces the data better near g=80 MeV/c, but
worse near g=180 MeV/c. The systematic uncertainty
for all four angle pairs (EX84) is =5%.

As with the 38.1°-38.0° and 44.1°-44.0° data in Sec.
V A2, the 30.1°-44.0° and 30.1°-61.0° data correspond to
collisions with a proton momentum parallel and antipar-
allel to the projectile momentum, respectively. Again the
first kinematics gives ®* values near minimum ps which
are smaller than the second. Use of either kg or gpc in-
stead of ps would remove this discrepancy. However, in
the large ps region the two data sets deviate from the IA
in opposite ways, and this cannot be corrected with either

kF Or gpc-

V1. CONCLUSIONS

The detailed discussion in Sec. V indicates that overall
the data are in fair agreement with the IA for all proton
angle pairs. A better overview is seen Fig. 16 which
shows the single-nucleon momentum space density
| ®(ps) | ? as a function of the neutron recoil ps for all
data up to 200 MeV/c. Up to 150 MeV/c the data
scatter is typically +10%, with the mean value =~10%
below the Paris potential | ®(ps) | ? distribution. In this
kinematical range the results of the complete calculation
never differ from the IA by more than 10%, typically
1-10 %, and are systematically lower than the IA. One
conclusion is that the missing strength observed in the
limited range 15 <ps <60 MeV/c (Ref. 34) does persist
up to about 150 MeV/c. These results also confirm previ-
ously reported indications of a missing strength in the
*H(p,2p)n reaction in a more detailed way and more pre-
cisely than available before.

Integrating p2|®(ps)|? from 0 to 150 MeV/c with the
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Paris potential wave function, one finds the probability
for a proton in this interval of internal momentum to be
~0.85. Thus the mapping of the momentum space densi-
ty distribution |<I>(p5)|2 obtained in this work covers most
of the internal momentum phase space, and this estab-
lishes the observed missing strength of =10% as a failure
to observe more than 90% of one proton in the deuteron
on the basis of the (p,2p) reaction at 500 MeV.

The TA |®(ps)|? values obtained from the *H(e,e’p)n
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data of Ref. 12 are shown together with the 41.5°-41.4°
and 41.5°-50.0° data from the present work and
2H(p,2p)n data of Ref. 11 in Fig. 17; there are also un-
published *H(p,2p)n data at 1.0 GeV,*” not shown in Fig.
17, which are in overall agreement with the present data
in the ps <200 MeV/c range. The electron data do
indeed show a similar, even larger missing strength when
compared with the Paris potential | ®(ps) |2 distribution.
However, Arenhoevel'* has calculated corrections includ-
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ing MEC, IC, and FSI for the electron data and has
shown that these corrections partially account for the
discrepancy. No significant MEC correction is expected
for the proton data; the complete calculation has shown
that double scattering and FSI corrections are always
small for these data. Finally, it appears unlikely that the
discrepancy is due to the approximation made in using
on-energy-shell NN amplitudes, because the struck nu-
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FIG. 16. All values of the momentum density |®(ps)|?
presented in this paper, shown vs the neutron momentum pjs:
41.5°-41.4°(X); 30.1°-53.7° (O); 38.1°-38.0° (+}); 44.1°-44.0°
(O); 47.1°-47.0° (+); 50.0°-50.0° (X); 30.1°-37.0° (@)
30.1°-44.0° (10); 30.1°-61.0° (Q); 30.1°-68.0° (3%¢); and 41.5°-
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FIG. 17. Momentum density vs neutron momentum for the
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periment, compared with the (p,2p) results of Felder et al. (3¢).
Also included are the (e,e’p) results of Bernheim et al. (O).

cleon is nearly on-shell, at least for the IA process. For
the double scattering and FSI contributions much larger
off-shellness is encountered, and significant errors could
result from the approximation; however, the corrections
generated by these graphs always remain in the few per-
cent range for the neutron momenta included here. In
conclusion, it appears that better calculations are re-
quired than the ones discussed here to explain the ap-
parent proton missing strength established by the data.
In particular the use of a covariant deuteron wave func-
tion and relativistic treatment of the scattering problem,
together with a better treatment of the off-shell problem,
might provide the explanation. The quality of the
present data would now appear to warrant such theoreti-
cal investigations. Only after such studies have been
done could one be in a position to consider more exotic
effects, such as non-nucleonic components in the deute-
ron, to explain the missing strength.
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