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Exclusive measurements have been made of *He(p,2p), (p,pd), (p,pt), and (p,ph) at 100 MeV. The
primary protons were measured at two angles, 45° and 60°, in coincidence with secondary protons,
deuterons, tritons, or helions covering a wide range of angles on the opposite side of the beam, from
—15°to —90° in plane, and from 0° to 30° out of plane. The satisfactory agreement in shape be-
tween the measured energy-sharing distributions and results of distorted-wave impulse approxima-
tion calculations suggests that this formalism is adequate for modeling the quasifree knockout reac-
tions induced by 100 MeV protons on “He. It is found that (70+10)% of the inclusive continuum
yields in *He(p,p’) is attributable to quasifree scattering, with ~30% arising from multiple scatter-
ing. At low energies of the scattered proton, the knockout of nucleons constitutes over 90% of the
quasifree component, whereas at high energies the knockout of deuterons, tritons, and helions dom-
inates the yield. Consequently the cluster knockout contributions fill in the yield at higher energies
in the inclusive spectra, and quasifree peaks are not discernible.

I. INTRODUCTION

The mechanisms leading to the formation of continu-
um spectra from medium-energy proton-nucleus reac-
tions have become of increasing interest in recent years.
The continuum background underlying the giant reso-
nances, for example, limits the accuracy to which the
strengths of these states may be determined.! An under-
standing of the reaction dynamics of continuum excita-
tions is thus vital for the proper subtraction of the
background. The complexity of these continuum (or
preequilibrium) excitations poses a formidable theoretical
challenge, however, as they originate from neither purely
direct nor purely compound-nucleus reactions.

Most approaches to the problem? have envisaged con-
tinuum emission as resulting from a sequence of particle-
hole excitations, with a certain probability of emission
after each step. Semiclassical formalisms include the
well-known exciton® and geometry-dependent hybrid
models.* More recently, quantum mechanical theories
such as the statistical multistep formalism of Feshbach,
Kerman, and Koonin® have been developed.

It has long been recognized®®’ that most of the contin-
uum yield is generated by the first few steps in the se-
quence of particle-hole excitations. In many situations,
particle emission after the first collision dominates the
cross section, becoming increasingly important with de-
creasing target mass, towards forward detection angles,
and in the higher-energy regions of continuum spectra.
It thus becomes crucial that model calculations should
estimate the proportion of first-step emission accurately.
For example, overestimation of this step has been
blamed?® for discrepancies between semiclassical calcula-
tions and angle-integrated cross sections from recently
measured (p,n) data between 80 and 160 MeV.

Further insight into the importance of the first step can
be gained from studies of quasifree scattering (which, in
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the context of preequilibrium models, could be called
“first-step emission”). The quasifree scattering model’
concentrates on the physics of a single nucleon-nucleon
(N-N) or nucleon-cluster interaction, and is expressed
theoretically in the distorted-wave impulse approxima-
tion (DWIA),!>'" which would be expected to describe
this “first step”” more accurately than in the more general
preequilibrium models. In this model, all subsequent
steps are lumped into the so-called multiple scattering
component of the cross section, which enters the DWIA
in the form of the distorting optical potentials. Thus
knowledge of the relative contribution of quasifree
scattering and multiple scattering to proton continuum
spectra may provide guidance in the tuning of the various
preequilibrium models.

In the proton incident energy range between 100 and
200 MeV, however, the extent to which quasifree scatter-
ing is seen in the inclusive measurements of continuum
spectra is the subject of some debate. Although the pres-
ence of a quasifree scattering component in continuum
spectra is usually indicated'? by a broad peak with a posi-
tion roughly given by N-N kinematics, Segel et al.'*'*
have measured featureless continuum spectra for Nj at
150 MeV, even at forward angles. On the other hand,
quasifree peaks have been identified'” in spectra from the
same target at lower energies (90 and 100 MeV), which
should be less likely. Segel et al. did see quasifree peaks
for the lighter targets, Be and '?C, however, as did
Fortsch et al.'® for ’C(p,p’) at both 90 and 200 MeV.
Below 60 MeV, distortion effects seem to be severe
enough!” to obscure the signature of quasifree scattering
altogether.

In an attempt to clarify the importance of quasifree
scattering around 100 MeV, Wesick et al.'® measured
cross sections and analyzing powers from the reactions
’H, >*Hel(p,p’), and **He(p,d) for 100 and 150 MeV pro-
tons. They found quasifree peaks which tracked with N-
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N kinematics in the yields from the *H and *He targets,
but in the case of “He, there was no clear quasifree peak,
which disagreed with their DWIA calculations. Analyz-
ing power data were also taken, but these were not as
fruitful as had been hoped in distinguishing quasifree
scattering from multiple scattering contributions, because
the expected multiple scattering signature of small
analyzing power at low outgoing energy was also predict-
ed by the DWIA calculations for the one-step process.

The questions left open by that experiment inspired the
present coincidence measurements. Most important of
these questions is the reason why no clear quasifree peaks
were seen in the *He(p,p’) spectra at either 100 or 150
MeV, even though they were predicted by DWIA calcu-
lations for quasifree nucleon knockout. In all cases, the
high-energy portions of the measured spectra were
enhanced with respect to the calculations. Some of the
discrepancies were reduced by the incoherent addition of
a (p,pd) contribution to the (p,pN) predictions, which
filled in part of the “missing” high-energy yield and also
gave a better fit to the analyzing power data. It was
speculated that the inclusion of other cluster knockout
reactions (p,pt) and (p,ph) might contribute further to-
ward explaining the flat spectra from “He, by filling in
even higher-energy portions of the inclusive cross sec-
tions. Another possible source of high-energy protons is
from the unbound states'>?° of *He with excitation ener-
gy between 20 and 30 MeV.

Clearly, much of the interesting physics is inaccessible
with single-detector inclusive measurements. We have
thus extended these studies to exclusive particle-particle
correlation measurements. The main objectives of the ex-
periment were as follows: first, to determine whether the
DWIA is valid over the angular ranges required for cal-
culating the inclusive spectra (and if so, to extract spec-
troscopic factors); and secondly, to determine the relative
contributions of nucleon knockout, cluster knockout, and
multiple scattering to the inclusive cross sections.

The measurements which are presented here are for
*He(p,2p), (p,pd), (p,pt), and (p,ph) at 100 MeV, for pri-
mary proton angles of 45° and 60°, secondary in-plane an-
gles ranging from —15° to —90°, and secondary out-of-
plane angles extending from 0° to 30°. Previous measure-
ments®"?2 of “He(p,2p) below 200 MeV have been for
quasifree symmetric angles only, i.e., geometries for
which zero recoil momentum is possible at equal energies
of the detected protons.

In Sec. IT we present details of the experiment and the
replay of the data. We present the experimental results
in the form of energy-sharing distributions for which the
quasifree knockout locus has been projected onto the axis
of the primary proton energy. Section III contains a brief
description of the theory, and in Sec. IV we describe the
DWIA calculations which are compared, in Sec. V, with
the experimental energy-sharing distributions. In Sec. VI
we then integrate over the solid angle of the secondary
particle for each reaction channel, thus reconstructing
the quasifree part of the inclusive (p,p’) spectra. We
show that quasifree scattering accounts for most of the
yield. Upon adding a multiple scattering contribution,
which we estimate from our data, we reproduce the in-

clusive spectra of Wesick et al.'® to within ~10%. The
conclusions which may be inferred from our findings, and
a summary of the work, are presented in Sec. VII.

II. EXPERIMENTAL PROCEDURE

A beam of 100 MeV protons with a typical intensity of
~60 nA was delivered by the separated-sector cyclotron
(SSC) of the National Accelerator Centre.?> The layout
of the facility has been described elsewhere.?* The ener-
gy of the extracted beam was calculated from the length
of the extracted orbit and the period of the beam in the
SSC. An uncertainty of 0.4 MeV arises from uncertain-
ties in the centering of the beam and in the beam phase
relative to the rf phase. The energy spread in the extract-
ed beam was estimated to be ~ 100 keV and was reduced
somewhat by emittance-limiting slits in the beamline
which leads to the 1.5-m scattering chamber. The spot
size on target was generally smaller than 4 mm wide by 2
mm high and the divergence of the beam was ~0.2° hor-
izontally and ~0.3° vertically. The position of the spot
was never more than 0.5 mm off-center and we estimate a
directional stability of <0.1°. The beam was stopped at a
distance of 6.34 m from the target by sections of alumi-
num with a total thickness of 22.8 cm and a diameter of
18.4 cm.

An aluminum gas cell with entrance and exit windows
of 25-um Havar contained the target of high-purity
(99.995%) helium gas. An absolute pressure transmitter
enabled the pressure to be monitored continuously to
<0.25%. The gas in the cell was assumed to be in
thermal equilibrium with its environment.

For particle identification over a wide dynamic range
for protons, deuterons, tritons, and helions, we used
triple-element detector telescopes consisting of two sil-
icon surface barrier detectors, both of area 300 mm?, fol-
lowed by a 51-mm diam by 127-mm long Nal(T1) crystal.
The front silicon detectors were 100 um thick, and the
second detectors were either 500 or 1000 um thick. The
Nal detectors were integral line assemblies with thin (6-
pm) Havar entrance windows and p-metal shielding.

We employed two primary detector telescopes, 30°
apart, one of which was equipped with active collimation
(6-mm thick scintillator), and four secondary telescopes
in the configuration illustrated in Fig. 1: two in-plane
telescopes, 15° apart, and two out-of-plane telescopes
placed 15° and 30° directly above the forward in-plane
detector telescope. Double-aperture brass collimators
defined an appropriate length of the line target and the
effective angular resolution®® in this coincidence experi-
ment was always =3°. The width of the front aperture
(which consists of vertical slits) is the principal factor in
determining the target length parameters. As it was im-
possible to satisfy all the desired requirements for the col-
limators at all geometries with a single set of front slits,
two sets were required. Coincidence target lengths were
always in the range 6—11 mm. The collimators subtend-
ed 1.5 msr at the target, with a distance of 25 cm between
the front vertical slits and the circular rear apertures of
diameter 14 mm. The front slits varied in width from 5
to 24 mm.
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FIG. 1. The configuration of the detector telescopes. Pri-
mary telescopes 1 and 2 are coplanar with both the beam and
secondary telescopes 3 and 6. Secondary telescopes 4 and S,
mounted directly above telescope 3, are out of plane by 15° and
30°, respectively.

Standard fast coincidence electronics were used to pro-
cess the timing and linear energy signals from the detec-
tors. Tail pulse generators fed pulses into the
preamplifiers of the six thicker silicon detectors and the
six Nal detectors for the purpose of correcting for pileup
and electronic dead time during replay. The pulsers were
triggered at a rate proportional to the beam current. An
online computer wrote event-by-event data to tape.

Protons scattered from a polythene target provided the
means for energy calibration of the Nal detectors; peaks
from elastic scattering off hydrogen, helium, and carbon,
and inelastic scattering to several of the excited states of
carbon were used. Although the response function of
Nal for protons in the energy range up to 100 MeV is
slightly nonlinear, linear fits were found to be adequate
for the purposes of this experiment (all the points, includ-
ing those not used in the fitting routine, generally lay
within 2% of the lines). The response of the Nal detec-
tors to deuterons and helions was determined from the
reactions *He(p,d), '?C(p,d)''C*(g.s. and 2.00 MeV), and
2C(p, h) at various angles for the detected particles. The
response to deuterons is consistently ~4% greater, and
that of helions ~20% less than two protons of the same
energy, which is in agreement with results?®?’ for CsI(T1).
As we had no peaks upon which to base a direct calibra-
tion for the response to tritons, we assumed it to have the
same trend as for deuterons, with twice the difference in
slope as between the proton and deuteron responses,
which is roughly the trend?’ found in CsI (i.e., the triton
response was assumed to be ~8% greater than that for
protons). Although this procedure might seem rather ar-
bitrary, it should be noted that the energy-sharing spectra
(Sec. V) were obtained from projections onto the energy
axis of the primary proton; calibrations for the other par-
ticles merely needed to be good enough to ensure reason-
ably straight knockout loci in the summed-energy spectra
(see below).

During replay of the tapes, the peaks due to elastically
scattered protons from the “He target and also, when
they were discernible, the peaks from the (p,d)(g.s.) reac-
tion were continuously monitored. These peaks were
visible because of random coincidences, and were used to

adjust the calibration parameters of the Nal detectors for
gain drifts in the photomultiplier tubes.

After initial replay of all the data, we chose a represen-
tative subset of the 408 two-dimensional energy-sharing
spectra for further analysis, which enabled us to follow
the trends in the data. The selection of proton-proton
spectra is shown in Fig. 2. The reason for neglecting
the most forward-angle spectra was the poor statistical
accuracy of those data. At the secondary angles
(05;Bs)=(—35%0°), there were two entirely independent
sets of data involving different telescopes and slit widths,
which was a useful indication of the systematic error (see
below).

The two-dimensional (2D) energy-sharing spectra were
converted into spectra of summed-energy versus primary
proton energy, where

Egm=Ep+Es+Ezx—Q, (1)

and the subscripts P, S, and R refer to the primary,
secondary, and recoil particles, respectively. Ep was cal-
culated with the use of relativistic kinematics. A typical
2D energy-sharing spectrum and the corresponding
summed-energy spectrum are shown in Fig. 3. Devia-
tions from the straight line at 100 MeV reflect calibration
errors and nonlinearities. For projecting the knockout
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FIG. 2. Selection of a subset of the data. The available
geometries for (a) O, =45° and (b) 6, =60° are indicated by the
dots, with the selected spectra shown as large dots. The loci
within which recoils of <200 MeV/c are possible are indicated
for the (p,2p) and (p,pd) reactions.
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locus onto the primary proton energy axis, each
summed-energy range was subjectively chosen to include
the full width of the locus, as shown by the horizontal
dashed lines.

The vertical dashed lines indicate the ranges of pri-
mary proton energies which were included in the projec-
tions. Electronic thresholds in the primary and secon-
dary telescopes determine the extremes of the energy
range. At ~ 14 MeV, there is a gap in the data between
the “low-energy” and “high-energy” portions of the pri-
mary proton spectrum, caused by electronic thresholds
for the Nal detectors. This gap was typically 2-4 MeV
wide, including the broadening due to binning effects (the
energy bins are 1 MeV wide).

Correction for accidental coincidences in the prompt
timing peak was performed by subtracting events from
neighboring beam bursts of the cyclotron rf structure.
To correct for reaction losses in the Nal crystals, we used
the empirical formula of Green et al.,® which gives
values for the reaction tail within 2% of Cameron et al.?
at 89 and 104 MeV, and a value within 2% of that quoted
in the Janni tables®® for 100 MeV protons in Nal. The
corrections required for the secondary deuterons, tritons,
and helions were assumed to be the same as for protons
of the same energy. This is a similar approach to that of
Segel et al.,'® except that they ignored altogether the
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FIG. 3. A typical 2D energy-sharing spectrum (below) and
summed-energy spectrum (above). The quasifree knockout
locus is clearly visible. The dashed lines indicate the regions of
the locus that were chosen for projection onto the energy axis of
the primary proton, as described in the text.

TABLE I. Summary of the systematic errors.

Source of error % error
Finite resolution effects 3
Slit penetration <<1
Reaction tail correction <1
Particle identification gates 3
Energy scale 4
Solid angles 2
Effective target length 3
Pressure 2
Temperature 0.3
Integrated charge ~0.2
Dead time corrections 4
Subtraction of accidentals 2
Linear sum 24
Total systematic error 8

tails due to helions, which is justifiable on the grounds of
the shorter ranges for Z=2 particles. The spectra were
also corrected for energy losses in the 25-um Havar foil
of the gas cell window. For the lowest primary proton
energies in the energy-sharing spectra (5 MeV) the
correction was ~1 MeV, becoming negligible for proton
energies above 20 MeV.

Systematic errors are summarized in Table I. If we as-
sume that they are uncorrelated, they add in quadrature
to give an overall systematic error of 8%. There are ob-
viously some correlations, however, particularly among
the uncertainties in the energy scale, the solid angles, and
the effective target length, which have common com-
ponents in misalignments of the beam and collimators.
Adding these three uncertainties linearly and then sum-
ming in quadratures raises the total figure to 11%. Con-
sequently, the total systematic error is conservatively es-
timated to be <10%.

III. THEORY

We have used the computer program®' THREEDEE to
perform DWIA calculations. As the theoretical basis of
this program is well documented,*’> 3% we give only a
brief description here.

We denote the reaction by 4 (a,cd)B where A =B +b.
The differential cross section is given by

2
ey :ﬁ—’;\TBA Pwg , )

where v is the relative velocity of @ and A4 in the entrance
channel, Ty, is the reduced transition amplitude, and wg
is the phase space factor.

Applying the factorization approximation, which re-
quires* the effect of the distorting potentials on the two-
body interaction to be negligible, we may write (for an
unpolarized beam)
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where C2S is the spectroscopic factor for the final state in B, L is the relative angular momentum (projection A) of b
and B, J is the angular momentum (projection M) of the target, S; are the spins, with projections p; and o, for particles
i (as defined by Chant and Roos®*), ¢ is the two-body operator for the free N-N scattering process (by the impulse ap-
proximation), and the primes indicate quantities which are expressed with respect to different sets of axes, as follows:

The unprimed % axis is along the beam direction, whereas the 2’ and 2"’ axes are in the directions of propagation of par-

ticles ¢ and d, respectively.
The quantity 71" is defined by

TEN s o =L 1712 [ X 0 )6 A(E)

0:94PaPcPd d

(+)

Xo.p (YDA, 4)

where the y;; are distorted waves, ¢ is the spatial part of the bound-state wave function of particle b, and y =B/ 4.
THREEDEE performs a direct Gaussian integration of Eq. (4). The final result for the triple differential cross section is

thus
L_ 2 (1/2)% (1/2)% LA
dQ.dQ,dE SOk 2 ,E " (LAS”%UM)D“CUQ Rae)D g o Raa T3 or 0 0
¢ ¢ papcdeM Uagcacadodabl\
2
X{o,o4ltlo0p) | (5)

where K is a kinematic factor (also containing constant
terms which drop out of the summations for a specific
final state in B), the D,,, are rotation matrices, and the
R,; are rotations of the sets of axes which were defined
for particle j into the set of axes for particle a.

The half-off-shell two-body # matrix is approximated by
interpolation of on-shell nucleon-nucleon phase shifts,
with a choice of two prescriptions®>3¢ for the center-of-
mass energy: In the final-energy prescription (FEP),
E_ ., is taken as the relative c.m. energy of the emitted
particles ¢ and d; in the initial-energy prescription (IEP),
E. .. is the relative c.m. energy of the incident particle a
and the struck particle b, where the fact that b is off the
mass shell is ignored, and the scattering angle is taken to
be the same as in the FEP.

If spin-orbit interactions are ignored, the expression
may be simplified, as it is no longer necessary to sum the
elements of the two-body ¢ matrix coherently with the
distorted-wave integral; this leads to the appearance of
the two-body cross section as a multiplicative factor:*?

3
d’o —CISK’ do

__ao TaLA 2 , (6)
dQ,.dQ,dE, dQ 2 1Tia

1-2 A

where K’ is a different kinematic factor from K. The fac-
tor |TELM? is the distorted momentum distribution,
where a represents additional quantum numbers. The
particles 1 and 2 in the two-body cross section are a and b
for the IEP or ¢ and d for the FEP approximation.

Finally, to obtain inclusive cross sections, the triple
differential cross sections (5) and (6) may be integrated
over the solid angle of the unobserved particle:

d*c d;o
dQ.dE, = dQ.dQ,dE,

oy, , @)

where, as discussed in Sec. VI A, the distortion of the
unobserved particle needs to be modified appropriately.

—
IV. CALCULATIONS

Two types of DWIA calculations are discussed in this
paper: first, in this section, calculations of the triple
differential cross sections for comparison with the coin-
cidence energy-sharing distributions generated from the
present data (for the quasifree knockout of protons,
deuterons, tritons, and helions); and secondly, in Sec. VI,
calculations based on these comparisons, of the inclusive
(p,p’) cross sections for comparison with the inclusive
spectra from Wesick et al.'®

In the program THREEDEE,’! distorted-wave functions
X' [see Eq. (4)] are generated** from spin-dependent op-
tical potentials. For the entrance channel, p +*He at a
laboratory energy of 100 MeV, we used the optical poten-
tial given in Ref. 37, with a nonlocality*® range of 0.85
fm. Furthermore, because the interaction with the
knocked-out particle is explicitly included in the two-
body ¢ matrix, we adjusted the well depths'®* by the ra-
tiomg/m 4.

For the exit channels of the (p,2p) reaction, energy-
dependent optical potentials were derived*’ from Refs. 37
and 41, and these are given in Table II. Also listed in
Table II are the energy-dependent potentials*®*? for the
p +d final state in the (p,pd) reaction. For the d +d
scattering, a folding model potential*’ was used, with a
nonlocality range of 0.54 fm. For the (p,pt) and (p,ph)
reactions, we used plane waves for the p +p and p +n
exit channels; for the ¢t +p and & +n legs of the final
states, we used the same potentials as for p +1¢ (Table II),
with the energy scaled appropriately.

The bound-state wave function ¢, ,(r) for *He(p,2p) is
theoretically the overlap integral of the *He and nnp-
cluster wave functions, which may be derived phenome-
nologically** from electron scattering data by fitting the
*He charge form factor. We chose the parametrization
used by van Oers et al.’” As it is estimated® that the
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TABLE II. Energy-dependent optical potentials used in the calculations.

Vop(r)=—=Vf(r,rg,ag)—i
2

#

™

df (r,rso,aso)
dr

+

I'o_}(VSO‘*-iWSO)

where the Woods-Saxon form factor

r—rA'3
f(rvrnai>: 1+exp e ’

+Ve,

W_4WDal% ]f(’)rlaal)_(_l)lVexf(rrrex)aex)

and V¢ is the Coulomb potential between a point scattered particle and a uniformly charged sphere of radius ro 4!/

p+t,h (E<65 MeV)

V =53.75—0.869E +0.004E* re =1.488 ap =0.144
W =0.06146E'%%, W,=0 r; =1.501 a; =0.378
Ve, =—0.065V ro =1.488 a,, =0.144
Vso =0.075 66E 1'305, WSO ZO, Bnoﬁloc =0.85 rso = 1.049 aso =0.289
re =1.3
p+t,h (E>65 MeV)
V =67.01—11.911n(E) rg =1.481 ag =0.199
W =12.65—0.024 78E +3.413X 107°E2, W, =0 r, =1.828 a; =0.233
Ve, =—11297" 3! R, =0.930 a,, =0.562
Vso=17.47—2.343In(E), Wso=—0.76, Byonicc=0.85 rso =1.007 aso=0.255
re =1.3
p+d
V =14+114/VE for E <50 MeV: rg =16 ag =0.5
=412.8/E%7—5.37 for E >50 MeV. r =16 a; =05
W =0.1769E°7", W,=0, V, =0 rso =1.6 -a50=0.5
Vso=6.0, Ws5=0, Buonioc=0.85 re =172

nnp cluster in *He is in the triton state ~80% of the time
(>90% for low-momentum components), we have also
used this bound-state wave function to describe the triton
in *He, for the (p,pt) calculations. Furthermore, because
its derivation*® assumes isospin invariance, it has also
been used as the overlap integral for calculating the
(p,pn) and (p,ph) cross sections.

For the d +d bound-state wave function in the (p,pd)
calculations, we Fourier transformed the momentum dis-
tribution measured for *He(p,pd) at 156 MeV by Fras-
caria et al.,”> which is a Gaussian with FWHM=210
MeV/c, to get

U(r)/r =0.767 exp( —0.204r2) . (8)

The two-body ¢ matrix for the knockout of a nucleon was
calculated from experimental N-N phase shifts. For clus-
ter knockout, values were interpolated from experimental
cross sections for the elastic scattering of p +d (Ref. 47),
p +1t (Refs. 48 and 49), and p +h (Refs. 49 and 50).

V. COINCIDENCE DATA: RESULTS AND DISCUSSION
A. *He(p,2p)’H

A representative selection of the energy-sharing distri-
butions for the primary angle 8, =45° is shown in Fig. 4.

Cross sections are given in the laboratory system. The
data exhibit a broad bump which is characteristic of
quasifree knockout from an s state, as expected. As |9_g|
increases, the kinematic dependence is clearly seen: The
position of the peak moves from primary proton energy
Tp~30 MeV up to ~55 MeV at 6= —"70° and it disap-
pears above the high-energy cutoff for |65|>80°. The
peak cross section continues to rise beyond the quasi-
free angle (45%—27%0°) to a maximum of ~160
ubsr~*MeV ! for |65|~35° to 45°, and then falls rapidly
with increasing angle. The falloff with out-of-plane angle
Bs is also quite sharp, and the quasifree bump becomes
less pronounced, as can be seen at 83 =—35" and —55°.
Clearly, most of the yield is indeed concentrated in the
region corresponding to recoil momenta <200 MeV/c
(see Fig. 2), as expected. At Tp below the energy gap
(<12 MeV), the fluctuating cross section may be associat-
ed with sequential decay from *He(p,p’)*He*; several
states'® in the excitation region of 20—22 MeV have been
observed,? and would yield low-energy protons in this
region of Tp. For Bg=30° the effect of an electronic
cutoff in one of the particle identification spectra progres-
sively worsens towards lower primary proton energies
(<42 MeV) and these data points should be treated with
circumspection.
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The energy-sharing distributions for primary angle
6p=060° are shown in Fig. 5. There is no quasifree angle
in this case, but the recoil momentum reaches a
minimum of 23 MeV/c at 6= —12°. Thus the minimum
recoil momentum at each angle increases with |6g/| for
the entire set of data presented. The characteristic quasi-
free bump is not as clear in this set of data, and the peak
yield is lower than at 6p,=45°, reaching ~100
ubsr~2MeV ! at (60°; —35°0°). The falloff towards out-
of-plane angles is as rapid as for 6, =45°, and towards in-
creasing |6¢| it is even more rapid than for 6,=45°,
which is consistent again with the interpretation of Fig.
2.

In Figs. 4 and 5 the DWIA calculations with the final-
energy prescription for the two-body scattering are plot-
ted as the solid curves, and those for the initial-energy
prescription are plotted as dashed curves. There is very
little difference in shape between the curves for each
prescription; both give satisfactory overall agreement
with the data over the whole angular range covered. The
calculated distributions are in some cases narrower than
the experimental distributions and they peak at a lower
energy Tp. They also tend to turn upwards at either end
of the energy scale, particularly at forward angles, a
trend which is not generally reflected in the data. This
discrepancy (see Sec. VF) is caused mainly by the
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FIG. 4. Experimental cross sections for the quasifree knockout reaction *He(p,2p)*H at primary angle 6, =45° are shown as points
with statistical error bars. The angles given in each plot are (from top to bottom) primary proton angle 6, secondary in-plane angle
65, and secondary out-of-plane angle 8. DWIA calculations with the final-energy prescription (FEP, solid curves) and the initial-
energy prescription (IEP, dashed curves) are normalized to the data with the indicated spectroscopic factors.
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energy-dependent optical potential of the low-energy par-
ticle in the final state.

The spectroscopic factors for the two prescriptions (in-
dicated on the plots) are almost the same at large angles,
but differ by nearly a factor of 2 at the smallest angles,
which is as expected: Off-shell effects on the two-body in-
teraction are emphasized36 at forward angles, and are
particularly significant when the binding energy is rela-
tively high, as is the case for “He. The two on-shell
prescriptions are believed to represent the extremes, with
the proper’! half-shell cross sections lying somewhere in
between. 3¢

In Fig. 6 the spectroscopic factors are plotted as a
function of secondary angle 6 for each primary angle
6p. They are angle dependent, rising more or less linear-
ly with increasing secondary angle. The error bars
represent one-third of the estimated maximum possible
error in normalizing the DWIA distributions to the data.
The lines are least-squares fits (weighted by the inverse
relative errors) for a constant spectroscopic factor, and
for a linear angle dependence, respectively. We shall re-
turn to the subject of these angle-dependent spectroscop-
ic factors in Sec. V I.
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B. *He(p,pd)’H

Energy-sharing distributions are shown in Figs. 7 and
8. The general trends are similar to those for (p,2p), ex-
cept that the yield tends to peak towards higher primary
proton energies. The quasifree angles are (45°; —44°0°)
and (60°; —36°0°); in both cases the yield reaches a max-
imum at those angles. The most striking feature of these
data is that the cross sections at the higher primary pro-
ton energies are often comparable with the (p,2p) cross
sections. The (p,pd) contribution is thus an important
component of the total (p,p’) yield at the higher p’ ener-
gies, as postulated by Wesick et al.'® Although the
agreement in shape between the (p,pd) data and the
DWIA calculations is not as good as for proton
knockout, it is still reasonable. The two-body cross sec-
tion is not determined as accurately as in (p,2p), which
probably explains most of the differences between the two
prescriptions.

The spectroscopic factors are not as systematic as for
(p,2p), with the ratio between the two prescriptions vary-
ing between 7 and 2. As can be seen in Fig. 9, at 0, =45°
the FEP spectroscopic factors are reasonably constant,

o |
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FIG. 5. Experimental cross sections and DWIA calculations for the quasifree knockout reaction “He(p,2p)*H at primary angle

6p=160°. See caption to Fig. 4.
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mostly lying within a standard deviation of 0.3; at
6p=060°, they are generally higher, being clustered
around 0.6. On the other hand, for the IEP at 45° they
decrease with increasing secondary angle, and at 60°
there is no clear trend. The spectroscopic factor for
(60° —35°,30°) is noticeably higher than the others, be-
cause the DWIA predicts a more rapid drop in the dis-
torted momentum distribution than is seen in the data
as it goes out of plane from the quasifree angle
(60°; —35°%0°).

C. *He(p,pt)'H

Energy-sharing distributions for the knockout of triton
clusters are shown in Figs. 10 and 11. As for (p,pd), the
yield is greatest at high energies Tp and is at places com-
parable with (p,2p); furthermore, it does not fall off as
rapidly as (p,pd) towards large angles |6|. As for
(p,pd), the yields peak at (45%—45°0°) and
(60° — 35°,0°), but at higher energies. The quasifree an-
gles for triton knockout are a little further out, at
(45°;—51°%0°) and (60°; —44°0°). At large angles
(45° —170°,0°) and (60°; —70°;0°) the central regions of the
distributions are enhanced by final state interactions be-
tween the primary and recoil protons (see Sec. V E).

For the DWIA calculations at forward angles, neither
prescription describes the shape of the data very well.
From 6g= —35° outwards, the agreement is reasonable,
with the FEP generally being better than the IEP for pri-
mary angle 45°, and the IEP being better at 60°. The
steep rise in the DWIA cross section towards high proton
energy is not as pronounced in the data. This is caused
by the distorted-wave integral increasing more rapidly

than would be expected from an inspection of the recoil
momenta. Possibly, it indicates that the triton optical
potential is no longer appropriate at such low triton ener-
gies.

The spectroscopic factors are shown in Fig. 12. They
are erratic, mainly because it is difficult to normalize a
curve which is rising steeply at the point where the data
reach their high-energy cutoff. The normalization thus
depends critically on the cutoff energy. This can be seen
most clearly for (60°; —35°30°) and (60°; —70°;,0°), where
the lower cutoffs in the data (Fig. 11) cause the extracted
spectroscopic factors to be far out of line with the others.
These two values were thus not used in the least-squares
calculations of the average spectroscopic factors.

D. *He(p,ph)n

The few distributions that could be extracted from the
helion-knockout data are presented in Fig. 13. Generally
they seem similar to the (p,pt) distributions, which is to
be expected, as the physics and kinematics involved are
much alike.

There is good agreement in shape between the DWIA
calculations and the experimental data at (45°; —55°;15°),
and at (45°% —65°%0°) (after final state interactions have
been accounted for, as described below). At
(60°; —55°;15°) the agreement would probably also be im-
proved if the component due to final state interactions
were included.

For 6, =45°, the average spectroscopic factors for the
three distributions are 0.52 and 0.21 for the IEP and
FEP, respectively, but these are not the values which we
have used for integrating the inclusive yields (Sec. VI).
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Rather, we took the values for (p,pt), because they are
based on a wider range of distributions, and scaled them
according to the difference between (p,ph) and (p,pt) at
the angles for which we had both distributions. For
6p=060°, there is no (p,pt) distribution corresponding to
the single (p,ph) distribution, so we used the spectroscop-
ic factors as extracted from the (p,ph) comparisons.

E. Final state interactions

In a number of the energy-sharing distributions for
three-nucleon-cluster knockout, there is evidence of some
extra structure which is not caused by the quasifree
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mechanism. This is particularly evident for (p,pt) at
(45°; —70%0°), Fig. 10, and for (p,ph) at (45°; —65°;0°),
Fig. 13.

The final relative energy between the recoil nucleon
and the primary proton reaches a2 minimum in the region
of these structures. Consequently we have evaluated the
final state interactions with a Watson-Migdal formalism>3
for the (p,ph) case to investigate whether this reaction
mechanism is consistent with the observed structure.
The singlet np effective range and scattering length were
taken from an analysis of Lomon and Wilson.>* The trip-
let contribution to the np scattering was ignored, as the
singlet state is known®® to be predominant. In Fig. 13 the
contribution of these final state interactions is shown at

100 L 1 1 1 1 e 1 I 1 1 1 1 -
|45 H FEP: 0.40
90145’ IEP: 1.07[
804 o' +
707 L
609 QUASIFREE ANGLE
504
40
304
204
10 4
0

45° FEP: 0.32

055 IEP: 0.90 ”

40 4
304

20

45" FEP 0.42
254—55‘ IEP: 1.40 ]

45° FEP- 0.16
IEP: 0.36 |

proton energy (MeV)

FIG. 7. Experimental cross sections and DWIA calculations for the quasifree knockout reaction *He(p,pd)*H at primary angle

6p=45°. See caption to Fig. 4.
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(45°; —65°;0°) (the calculation extends to np relative ener-
gies of 5 MeV, which can still be safely considered®® as
purely s-wave scattering). The calculated spectrum has
been normalized to the peak in the data, and, when it is
added incoherently to the DWIA calculation for the
quasifree scattering, the overall agreement with the data
is very good.

F. Sensitivity to the distorting potentials
and bound-state wave function

The DWIA calculations are insensitive to the potential
used for the incoming wave; a simultaneous change in all
the well depths of 25% hardly affects the shapes of the
energy-sharing distributions, and changes the magnitudes
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by only 10-30 %.

The outgoing distorted waves for the (p,2p) reaction
do indicate some sensitivity to the well depths of the p +1¢
optical potentials (see Fig. 14): At the quasifree angle
(45°%, —27°0°), a simultaneous reduction of V, W, Vyq,
Wso, and V., by 25% in both exit channels (which is
possibly unreasonably large) causes the peak to
broaden,and to shift downwards in primary proton ener-
gy by ~5 MeV (dashed curve) in addition to the 50% in-
crease in overall magnitude which is reflected in the spec-
troscopic factors C2S. The shift in the peak position is
consistent with the investigations of Kroll and Wall*® for
changes in the strength of the real potentials; they found
that the sensitivity to the imaginary potentials was limit-
ed to changes in absolute magnitude. Further investiga-
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FIG. 10. Experimental cross sections and DWIA calculations for the quasifree knockout reaction “He(p,pt)'H at primary angle

6p=45°. See caption to Fig. 4.
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tion of this shape sensitivity confirms that the turnup in
the distributions towards either end of the energy scale is
an artefact of the energy-dependent potential breaking
down for the outgoing proton with low energy. The dis-
tribution calculated with potentials fixed at an average
energy of 40 MeV (dotted line) is better behaved at the
extremes, but does not fit the data as well as does the
energy-dependent calculation in the more important peak
region.
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FIG. 14. Sensitivity to the optical potentials in the exit chan-
nels for (p,2p). The solid curve represents our standard FEP
calculation. The dashed curve is the result of changing the well
depths by 25%, and is renormalized as indicated. The dotted
curve is the result of using average-energy potentials.

At large secondary angles, on the other hand, there is
minimal change in shape, and only a 20% change in mag-
nitude when the outgoing potentials are changed in the
same way. The calculations also seem to be less sensitive
to the p +d and d +d potentials of the (p,pd) reaction.
Even the magnitudes barely change.

The sensitivity of the (p,2p) calculation to the bound-
state wave function is shown in Fig. 15. There are
minimal differences in shape between calculations with
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FIG. 15. Sensitivity of the (p,2p) calculations to the bound-
state wave function. The solid curve represents the FEP calcu-
lation with the wave function of van Oers et al. (Ref. 37). The
dashed curve is for the parametrization of Lim (Ref. 44), renor-
malized as indicated.
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the wave function of van Oers et al.,’” and with that of
Lim,* which is not surprising, because van Qers et al.
noticed a difference only at high momenta (>400
MeV/c). The use of Lim’s parametrization increases the
magnitude (i.e., reduces the spectroscopic factor) by 15%
at the quasifree angle.

G. Corrections to the DWIA

It has been shown theoretically!' that the effect of
spin-orbit interactions on the DWIA cross sections could
in principle be important. With the advent of the pro-
gram THREEDEE,’! which makes provision for spin-orbit
terms in the optical potentials, several authors!'®3%37.57.%8
have investigated the sensitivity of their calculated
DWIA cross sections to these interactions, with diverse
results. It seems that one can expect normalizations to
change by about 10-309%, but the direction of the
change is unpredictable. The effects are not as a rule lim-
ited to regions of high recoil momenta, as was found*’ in
the specific case of *He(p,2p) at >250 MeV. We find
that the effect of turning off the spin-orbit terms in the
potentials is to increase the calculated cross sections at
the peak by ~20% for the (p,2p) quasifree angle (see Fig.
16) and by ~10% for (45°%,—70%0°). The changes in
shape and magnitude agree with the findings of Chant
and Roos** for (p,2p) energy-sharing distributions from
/=0 transitions.

Figure 17 shows the effect of turning off the corrections
for the nonlocality of the optical potentials, at the (p,2p)
quasifree angle (45°% —27°%0°). The turnup at the ex-
tremes is exacerbated, but the magnitude is hardly
affected, whereas at large secondary angles the magni-
tude increases ~20%, accompanied by slight shape
differences. For (p,pd) the effect on both magnitude and
shape is small. Thus the calculations do not seem to
display great sensitivity to the nonlocality of the optical
potentials, which was also the conclusion of van Oers
et al.’ for *He(p,2p) at 250, 350, and 500 MeV.
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FIG. 16. The effect of turning off the spin-orbit terms in the
optical potentials. The solid curve represents the standard FEP
calculation with the full spin-orbit potentials. The dashed curve
is for no spin-orbit terms.

H. Applicability of the DWIA

The DWIA does quite well in modeling the quasifree
knockout of protons from “He, although there are minor
problems at the extreme ends of the primary proton ener-
gy scale, particularly for forward angles of the coincident
secondary proton. For the knockout of deuterons, the
calculations give a reasonable fit to the data (in terms of
shape), but underestimate the high-energy yields at many
of the coincidence angles. On the other hand, for triton
and helion knockout, it is the calculation which rises
somewhat more rapidly than the data towards high pri-
mary proton energy, although the overall fits are still
reasonable.

In general we have demonstrated empirically that the
DWIA is applicable to the reaction *He(p,p’'x) at 100
MeV over most of the phase space containing the major
yield. There are, however, a number of approximations
in the theory which might be significant!®32:36:5%:60 fop
these reactions. Therefore, it would be unwise to extend
these calculations to geometries far from those which
have been tested here.

I. Angle-dependent spectroscopic factors

For *He(p,2p), the angle dependence of the extracted
spectroscopic factors is pronounced: For example, we see
an increase of a factor of 3—4 (see Fig. 6) between the
quasifree angle (45° —27°) and the largest angle measured
(45°;—90°). A similar trend is found®® for '>C(p,2p) at
200 MeV; and for the same reaction at 100 MeV, Devins
et al.®' find that the spectroscopic factor derived from
angular correlation data at symmetric angles is double
that derived from data at asymmetric angles.

This angle-dependent trend is also a feature of compar-
isons between DWIA calculations and inclusive (p,p’)
measurements. Wesick er al.'® see a factor of 3-6 in-
crease (depending on the prescription used for the two-
body interaction) in the spectroscopic factor between
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FIG. 17. The effect of turning off the corrections for nonlo-
cality in the optical potentials. The solid curve represents the
FEP calculation with nonlocality corrections. The dashed
curve is for no nonlocality corrections, and is renormalized as
indicated.
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17.5° and 60°, for *He(p,p’) at 100 MeV. For *C(p,p’) at
90 and 200 MeV, Fortsch et al.'® find a similar trend
with increasing scattering angle, although the angle
dependence is less severe.

Inspection of the least-squares fits to the (p,2p) spec-
troscopic factors shown in Fig. 6 reveals that the angle
dependence has roughly the same slope for 8, =45° and
60°. Furthermore, the offset between the two sets is close
to 15°, which is the difference between the two primary
angles. Thus the physics behind the angle dependence
appears to be related to the separation angle 6, — 6.

As the bulk of the coincidence yield for 6, =60° is
biased towards larger separation angles, where the spec-
troscopic factors are higher, it is evident that the in-
clusive cross section, i.e., the integrated coincidence
yield, as measured by Wesick et al., will require a larger
spectroscopic factor to normalize the DWIA calculation
at 60° than at 45°. Consequently we propose that the an-
gle dependence of the spectroscopic factors in the in-
clusive calculations of Wesick et al., and in the exclusive
calculations of this work, have their origin in one and the
same phenomenon, which is a dependence on the separa-
tion angle 6, — 6. This in turn is suggestive of a depen-
dence on a quantity such as the recoil momentum. From
an investigation of the angle dependence of the various
factors which comprise the DWIA cross section [Eq. (6)],
we conclude that the angle dependence of the spectro-
scopic factors suggests a discrepancy between the data
and the calculated distorted momentum distribution.
Our results show that generally the DWIA falls off too
rapidly with respect to the data beyond ~ 100 MeV/c.
Thus the increasing trend in the spectroscopic factors to-
wards large angles is possibly a consequence of these an-
gles being sensitive to only the higher-momentum com-
ponents of the bound-state wave function.

Larger than expected high-momentum components
have been seen in almost all other measurements?!2%37:62
of *He(p,2p). A number of possible explanations’’ have
been put forward for the enhanced contributions to the
data at high recoil momenta (approximately a factor of 2
at 200 MeV/c). Apart from general flaws in the DWIA
description of the reaction, such as the inadequacy of the
optical potentials and the bound-state wave function, the
most likely cause would seem to be that other mecha-
nisms, which are not accounted for in the DWIA, mani-
fest themselves at high momenta, where the DWIA cross
section becomes small. Several rescattering and exchange
terms have been proposed.?’

In conclusion, we speculate that the origin of the
angle-dependent spectroscopic factors is traceable to an
inability of the DWIA to reproduce the high-momentum
components of the distorted momentum distribution. Al-
though the reason for this failure cannot be pinpointed
with certainty, it is suspected that contributions from
other diagrams might constitute the remainder of the
yield at these momenta.

VI. RECONSTRUCTING THE INCLUSIVE SPECTRA

A. Quasifree knockout

We have shown that the DWIA is capable of describ-
ing the quasifree mechanism adequately for all possible

knocked-out particles from *He (except for neutrons,
which have not been investigated) over the solid angle
range of major yield. Having extracted spectroscopic fac-
tors for each reaction type, we may now determine the
total contribution of quasifree knockout to the inclusive
yield simply by integrating the coincidence cross sections
over the solid angles of the various secondary particles
[Eq. (7).

As pointed out by Wesick et al.,'® there is some ambi-
guity in how one should treat the distortion of the (now
unobserved) secondary particle. As the inclusive cross
section depends only on the primary proton emerging
cleanly from the nucleus, it does not matter whether the
secondary particle is subsequently rescattered or even ab-
sorbed.>® Thus the use of a complex optical potential to
distort the outgoing wave function is inappropriate, and
one should use either a plane wave or at most a purely
real potential. Although it has been suggested® that the
purely real potential is more consistent theoretically, we
have chosen to use plane waves for the undetected parti-
cle. We have followed Wesick et al.'® in using n-n rather
than p-p phase shifts for the two-body ¢ matrix in the
(p,p’) calculations, as they found that the Coulomb in-
teraction caused unphysical spikes in the integrated yield.
The neglect of this long-range interaction is justified on
the grounds that the impulse approximation describes
essentially a short-range mechanism.

We integrated between solid angle endpoints which en-
compassed all that phase space for which recoils of <200
MeV/c were possible (see Fig. 2), except that the integra-
tions were truncated at 65=0°, because of a suspected
breakdown in the DWIA at positive secondary angles.®
This causes the integrated yields to be only slightly un-
derestimated, as the major part of the yield is concentrat-
ed around low recoil momenta on the opposite side of the
beam from the primary telescope. For the (p,pn) calcula-
tions, the spectroscopic factors were assumed to be the
same as for (p,2p).

The results of calculations in which angle-averaged
spectroscopic factors were used are shown in Figs. 18 and
19 for 6p=45° and 60°, respectively. The curve labeled
“Sum” represents the sum of the calculated contributions
from the quasifree knockout of protons, neutrons, deute-
rons, tritons, and helions, added incoherently. At 45° the
IEP calculation accounts for ~60% of the inclusive yield
between 10 and 55 MeV, and the FEP ~80%. The
difference stems mainly from the (p,pn) contribution, for
which spectroscopic factors might not be accurate.
Another discrepancy is in the contribution from triton
and helion knockout at high energy of the primary pro-
ton, which reflects uncertainties in the two-body ¢ matrix
(off-shell effects combined with interpolation errors in
sparse elastic scattering data). Nevertheless, for both
prescriptions it is clear that most of the quasifree
knockout contribution at high energy is in the form of
cluster knockout, confirming the speculations of Wesick
et al. For 6, =060° the result is similar, with the total es-
timated contribution from quasifree knockout being
~60% (IEP) or ~70% (FEP) of the experimentally mea-
sured yield.

Although we showed in Sec. V E that the effect of final
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state interactions could be significant at certain coin-
cidence geometries, their estimated contributions to the
integrated yield are insignificant over the energy region
being studied (10 to 55 MeV), and may consequently be
neglected in these calculations.

The comparison of the (p,2p) calculations with con-
stant, or angle-dependent spectroscopic factors is shown
for 6, =45 in Fig. 20, indicating shape changes in the
10-30% range. It might seem surprising that the
difference is not more profound, as the spectroscopic fac-
tors change by about a factor of 3 between 6= —15° and
—90°. However, this relative insensitivity is a conse-
quence of the major yield being concentrated into a fairly
small region of laboratory coordinate space. For
0p=45°, for instance, most of the cross section comes
from secondary protons emitted with laboratory angles
between —25° and —55°. Over this range, the least-
squares constant spectroscopic factor is not very different
from the linearly dependent fit (see Fig. 6).
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FIG. 18. Calculations of inclusive cross sections at 45°, com-
pared with the data of Wesick er al. (Ref. 18), for the IEP
(above) and the FEP (below). The curve labeled *Sum”
represents the sum of the contributions from the quasifree
knockout of protons (“p”), neutrons (*‘n”), deuterons (“‘d”), tri-
tons (dashed), and helions (dotted). “Sum-+MS” includes the
estimated contribution from multiple scattering, added in-

coherently to the quasifree contributions.
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FIG. 19. Calculations of inclusive cross sections at 60°, com-
pared with the data of Wesick et al. (Ref. 18), for the IEP
(above) and the FEP (below). The curves are labeled as in Fig.
18.

B. Multiple scattering

We have shown above that the total contribution of
quasifree knockout to the inclusive continuum yields is
between 60% and 80%. All the other reaction channels,
which mainly involve direct breakup, or the excitation of
the residual nucleus (leading to sequential decay), are
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FIG. 20. A comparison between the angle-integrated (p,2p)
yields at 45°, calculated for a constant spectroscopic factor
(solid curve), and for angle-dependent spectroscopic factors
(dashed curve).
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loosely called “multiple scattering.”

In order to test whether multiple scattering would fill
in the remainder of the yield, we made a crude estimate
of this contribution, based on our data outside the quasi-
free kinematic locus. First, we assumed that the average
proton multiplicity was approximately 2, i.e., the primary
proton was emitted along with one other proton (on aver-
age) from the various breakup channels. Secondly, the
breakup of the target was assumed to arise from either an
initial quasifree scattering, followed by further collisions
with the recoiling spectator, or from “other mecha-
nisms.” Now the former mechanism has already been
partially included in the calculated inclusive yields by our
taking plane waves for the unobserved particle in the in-
tegration over solid angle, which thus allows for multiple
scattering of this particle too. If we think of this quasi-
free doorway mode in terms of the Ciangaru picture,65
which treats the struck nucleon as an intranuclear projec-
tile scattering inelastically off the residual nucleus, then it
is clear that such a multiple scattering component will be
forward peaked. However, the ‘“other mechanisms”
which still need to be included are assumed to be isotro-
pic in phase space. Thus, to select only these contribu-
tions, we took the multiple scattering yield at relatively
backward coincidence angles [(45°; —80%0°) and
(60°; —70%0°)] and integrated it over phase space. Quite
coincidentally, the results of these estimates for 6, =45°
and for 6, =60° were identical:

—dz‘l*=(o 181—0.002Tp) mbsr~'MeV™'. (9)
dQ,dE, ‘ d ‘
The incoherent sum of this estimated multiple scattering
contribution and the quasifree knockout cross sections is

shown as the upper curve (“Sum+MS”) in Figs. 18 and
19.

C. Discussion

In order to compare the quality and consistency of the
final results for the various prescriptions and spectro-
scopic factor dependences, we have renormalized them to
the inclusive data for presentation in Fig. 21, and normal-
ization factors are given in Table III.

At 45° the IEP reproduces the flat continuum spectrum
better than the FEP, although it overestimates the low-
energy portion. The FEP curves both underpredict the
high-energy portion of the spectrum. In this instance,
the use of angle-dependent spectroscopic factors (dotted
curve) does improve the quality of the fit somewhat. For
both the constant and the angle-dependent spectroscopic
factors, the IEP curves were ~ 10% low before renormal-
ization, and the FEP curves were ~10% high. The
difference stems from the total quasifree knockout contri-
butions being calculated as 60% for the IEP and 80% for
the FEP (between 10 and ~ 50 MeV). Thus if we consid-
er the two prescription as delimiting the uncertainty in
the on-shell treatment of the two-body ¢ matrices, then
the experimental spectrum lies squarely on the average of
the two, with a (70£10)% contribution from quasifree
knockout and a (304+10)% contribution from multiple
scattering.
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FIG. 21. Comparisons of the calculated inclusive cross sec-
tions at 45° (above) and 60° (below). The curves are normalized
to the experimental data with the factors given in Table III, and
represent the sum of all the quasifree knockout contributions
and the estimated multiple scattering contribution, as follows:
Solid curve: IEP with constant spectroscopic factors CZS.
Dash-dotted curve: IEP with angle-dependent C2S. Dashed
curve; FEP with constant C2S. Dotted curve: FEP with
angle-dependent C*S.

At 60° the slope of the experimental distribution is
reproduced almost exactly by both prescriptions with
both methods of treating the spectroscopic factors, ex-
cept at the lowest energies, where they fail to turn down
as the data do. All the calculations overpredict the total
yield, however, and need to be renormalized by between

TABLE III. Normalization factors for the calculated in-
clusive cross sections shown in Fig. 21. At each angle the IEP
and FEP on-shell approximations (OSA) are calculated with
both constant spectroscopic factors C2S and angle-dependent
spectroscopic factors (for the nucleon-knockout component).

Angle OSA C?s Factor

45° IEP Constant 1.09
Ang.-dep. 1.09

FEP Constant 0.90

Ang.-dep. 0.93

60° IEP Constant 0.87
Ang.-dep. 0.90

FEP Constant 0.76

Ang.-dep. 0.81




10% and 25% to give the agreement as shown. The IEP
(FEP) gives the quasifree knockout component as 60%
(70%) of the total yield, which is consistent with the
(70£10)% extracted from the comparisons at 45°. This
implies that the multiple scattering contribution is
30-40 %, instead of ~60% as estimated in Sec. VIB
(from a rough analysis of the coincidence data below the
quasifree locus). We do not think that much importance
should be attached to this discrepancy, in the light of the
crudeness of the latter estimate.

For both primary angles, ~75% of the quasifree com-
ponent comes from nucleon knockout and the rest comes
from cluster knockout. At 10 MeV, the (p,pN) contribu-
tion is over 90%, whereas at the highest energies it is
only 20-40 %, with the bulk of the quasifree yield com-
ing from the knockout of deuterons, tritons, and helions.

The lack of a visible quasifree peak, which bothered
Wesick et al.,'® is seen to have a simple explanation:
The (p,pN) distribution does indeed have a maximum (at
~30 MeV for 6p,=45°, see Fig. 18), but this is washed
out by the cluster knockout contributions picking up to-
wards higher energies of the primary proton. Although
some semblance of this peak remains in the FEP curve, it
disappears altogether in the IEP prediction. Thus the
lack of a quasifree peak does not necessarily imply that
the reaction mechanism is dominated by multiple scatter-
ing. The fact that the measured spectrum at 45° contin-
ues without dropping (beyond the high-energy cutoff of
these calculations) may well be caused by the excitation
of high-lying unbound states in “He, as suggested by
Wesick et al.

Most of the uncertainty in the estimated shape and
magnitude of the inclusive quasifree scattering com-
ponent arises from two sources: The spectroscopic fac-
tors for the (p,pn) contributions, and the high-energy
cluster knockout contributions. We justify using the
(p,2p) spectroscopic factors for (p,pn) also (on the self-
conjugate target “He), on the basis of the arguments put
forward by Kitching et al.,® who claim that all the fac-
tors [Eq. (6)] in the DWIA cross section for the two reac-
tions should be about the same, except for the free N-N
cross section, which is, of course, treated properly in
THREEDEE.?! Other differences would depend on the
bound-state wave functions for the proton or the neutron,
and on the different optical potentials for scattering off
the mirror residual nuclei. We have seen in Sec. IV that
the bound-state wave function is taken to be the same for
the proton or the neutron in ‘He, as isospin invariance
was assumed in its derivation. It is argued®® that the
effect of the small difference in binding energy is essen-
tially cancelled by the Coulomb force suppressing the tail
of the proton wave function. Similarly, as discussed in
Sec. IV, the same optical potential was used for the dis-
tortions in the final states of the (p,pn) reaction as was
used for p +°H in the (p,2p) reaction, since the isospin
coupling was found?’ to be weak.

The other major source of uncertainty, namely fitting
the high-energy portion of the (p,pt) and (p,ph) distribu-
tions, manifests itself in the divergent shapes of the IEP
and FEP integrated yields at high energies of the primary
proton (see Fig. 21). It would not be a simple matter to
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remedy this situation. First, there is the difficulty of nor-
malizing the calculated DWIA curves to the steeply ris-
ing knockout data. Then there is the sparseness of the
elastic scattering data which introduces large uncertain-
ties in the two-body cross sections for each on-shell
prescription. Finally, it is probable!®® that other ap-
proximations in the DWIA require careful scrutiny in the
case of cluster knockout from a light nucleus. Fortunate-
ly, these uncertainties are not so large as to challenge the
broad conclusions which we have made, although they do
prevent an accurate estimate of the proportion of quasi-
free scattering in the total yield.

It is interesting to make a rough comparison between
our results on “He and the predictions of some preequili-
brium models for heavier targets. All of these models,
whether semiclassical or quantum mechanical, compute
the continuum spectrum as arising from a series of N-N
interactions, with a certain probability of emission after
each step, so the probability for quasifree scattering is ob-
tained simply by truncating the series after one step. Our
results thus represent a semiempirical determination of
the fraction of the yield attributable to the first step.

Chiang and Hiifner’ have developed a simple theory
which allows the calculation of continuum spectra from
the sum of just three terms, representing single scatter-
ing, double scattering, and compound nucleus formation,
respectively. Despite the unsophisticated approach, these
calculations have been reasonably successful in fitting in-
clusive continuum spectra generated by 15-100 MeV in-
cident protons and neutrons on a range of targets from
2C to "Bi (in some cases doing better than the more
complicated exciton model). Chiang and Hifner con-
clude that single scattering dominates the cross section
except at large energy losses, where multistep mecha-
nisms take over, as one might expect. For instance, they
estimate that for mean free paths in the range 3-5 fm
(the upper limit is probably most appropriate® for 100
MeV incident energies), the proportion of quasifree
scattering in the total yields is 60—70 % for a '*C target,
50-60 % for **Fe, and 30-40 % for *”Bi. These esti-
mates seem a little high in the light of our estimate of
(70+£10)% for the very light nucleus “He.

Recently, Smith and Bozoian®’ have taken a similar ap-
proach, which was first proposed by Wu:®® They replace
the first step of the exciton model calculation (the 2p1h
term) by an explicit calculation for quasifree scattering,
while the multiple scattering contribution is calculated in
the normal way by the exciton model, from the 3p2h
term onwards. The quasifree scattering is calculated in a
Fermi-gas model for the nuclear response function, with
the absorption being given by a modified Glauber theory.
The calculation is renormalized to yield the correct reac-
tion cross section by modifying only the depletion factors
in the exciton part of the series.

From the results of these calculations, it is claimed that
the quasifree term dominates the inclusive continuum
yields from various nuclei at incident energies between 60
and 200 MeV. For instance the proportion of quasifree
scattering from 27A1 at 90 MeV is claimed to be 70%, and
for **Fe at 62 MeV it is ~60%, which again is somewhat
higher than might be expected from our results. Howev-
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er, the fits to the data are generally not good, and it thus
seems difficult to justify the way in which the calculations
were renormalized, where it was assumed that the abso-
lute magnitude of the quasifree part was correct.

VII. SUMMARY AND CONCLUSIONS

Exclusive measurements have been made of the reac-
tions “He(p,2p), (p,pd), (p,pt), and (p,ph) at 100 MeV.
The primary protons were measured at two angles, 45°
and 60°, in coincidence with secondary protons, deute-
rons, tritons, or helions at secondary angles ranging from
—15°to —90° in plane, and from 0° to 30° out of plane.

For the (p,2p) reaction, the comparison between the
experimental data and the curves calculated by means of
the DWIA is satisfactory over the entire solid angle
range of the energy-sharing distributions. However, the
DWIA results tend to turn upwards at the extremes of
the energy scale, particularly at forward angles, which is
a trend not reflected in the experimental data. The spec-
troscopic factors which are required to normalize the
DWIA curves to the experimental energy-sharing distri-
butions are angle dependent, with an increasing trend to-
wards larger secondary angles.

The DWIA calculations for the (p,pd) reaction are in
reasonable agreement with the data, although they are
not as good as for proton knockout. There are bigger
differences between the curves for the two on-shell
prescriptions, and the spectroscopic factors are not as
systematic as for (p,2p). They are reasonably constant
with angle, however, except for the IEP at primary pro-
ton angle 45°, which tends to decrease towards larger
secondary angles.

For the (p,pt) and (p,ph) reactions, the DWIA curves
are in reasonable agreement with the data from secon-
dary angles of —35° outwards, but at forward angles the
agreement is poor. There are large uncertainties in the
extracted spectroscopic factors because of the difficulty in
normalizing the curves to the data, which rise steeply to-
wards the high-energy cutoff of the energy-sharing distri-
butions. At some angles, the data indicate strong contri-
butions from final state interactions. A Watson-Migdal
calculation of the final state interaction was added in-
coherently to the DWIA results and gave good overall
agreement with these experimental distributions.

The sensitivity of the DWIA calculations to details of
the distorting potentials was investigated. It was found
that the calculations were not sensitive to the optical po-
tential in the entrance channel, but that there was some
sensitivity in predicted magnitude and peak position to
changes in the outgoing potentials for the (p,2p) reaction.
The cluster knockout calculations are not as sensitive to
the potentials in the exit channel. Furthermore, the cal-
culations are not very sensitive to details of the bound-
state wave functions. The nonlocality corrections
changed some of the cross sections by ~20%, and the
effect of the spin-orbit interactions in the optical poten-
tials was found to vary with angle from 3% to 20%.

The angle dependence of the spectroscopic factors
probably results from an inability of the DWIA to repro-
duce the high-momentum components of the distorted

momentum distribution. This also provides a ready ex-
planation of the angle dependence found by Wesick
et al.'® in the inclusive measurements. It is suspected
that the extra yield at high momenta is the result of con-
tributions from mechanisms not described in the DWIA.

Despite theoretical misgivings about applying
distorted-wave techniques to light systems, it is conclud-
ed that the DWIA is an adequate formalism for modeling
the quasifree knockout reactions induced by 100 MeV
protons on *He. Although there were indications that
the model was starting to break down under extreme ki-
nematic conditions, it nevertheless gave a reasonable
description of the various knockout cross sections over
the range of major yield.

Consequently, it was appropriate to calculate the
quasifree knockout contribution to the inclusive spectra,
by integrating the DWIA cross sections over the solid an-
gles of the secondary particles, using the average spectro-
scopic factors extracted from the coincidence data. For
the (p,pn) reaction, it was assumed that the spectroscopic
factors were the same as for (p,2p). A comparison of
these calculations with the inclusive spectra measured by
Wesick et al. reveals that quasifree scattering accounts
for 60-80 % of the yield at 45°, and 60-70 % at 60°. Im-
proved calculations which allow for the angle dependence
of the spectroscopic factors give similar results. The ma-
jor sources of uncertainty in these calculations are the
spectroscopic factors for neutron knockout, and the clus-
ter knockout contributions at high energies of the scat-
tered proton.

At low energies of the scattered proton (~10 MeV),
more than 90% of the quasifree yield comes from nu-
cleon knockout, whereas at higher energies, it is the
knockout of deuterons, tritons, and helions which con-
tributes most of the yield. A rough estimate of the multi-
ple scattering yield was made from a further analysis of
the coincidence data. When this is added to the quasifree
component, the measured inclusive yield at 45° is repro-
duced to within 10%, but the yield at 60° is overestimated
by 10-25%. At 45° the flat shape of the inclusive spec-
trum is well reproduced by the DWIA calculations with
the initial-energy prescription (IEP) plus the estimated
multiple scattering component. The lack of a discernible
quasifree peak is seen to arise from the superposition of
the cluster knockout contributions on the high-energy
side of the quasifree nucleon-knockout peak. Thus we
have shown that the featureless inclusive spectra from
*He(p,p’) at 45° and 60° are compatible with the interpre-
tation of a reaction mechanism dominated by quasifree
scattering.

Finally, we summarize the principal conclusions of this
work as follows:

(1) The DWIA is an appropriate formalism for model-
ing the quasifree knockout reactions *He(p,p’x) at 100
MeV, over a wide kinematic range.

(2) The continuum 4He(p,p') cross sections at 45° and
60° are dominated by quasifree scattering ( ~70%), with
~30% arising from multiple scattering.

(3) The contribution of cluster knockout to the in-
clusive yields is significant. Although nucleon knockout
constitutes over 90% of the quasifree component at 10



MeV, at high energies of the scattered proton it makes up
only 20-40% of the quasifree yield, with the balance
coming from the knockout of deuterons, tritons, and
helions.

(4) The absence of discernible quasifree peaks in the in-
clusive spectra is probably due to the cluster knockout
contributions filling in the yield at higher energies.

(5) The angle dependences of the spectroscopic factors
for both the inclusive (p,p’) and the exclusive (p,2p) cal-
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culations may be due to the DWIA underpredicting the
wings of the distorted momentum distribution.
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