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We have performed proton inclusive scattering measurements at 500 MeV on ‘He, Ni, and Ta at angles at 65°, 90°,
120°, and 160°. Analyzing powers were also obtained for ‘He and Ni. The data extend in energy to the elastic
scattering peak for “He at 90°. The cross-section data are described well by a direct knockout model and by quasi-
two-body scaling calculations. Fits to analyzing power results by these theories are poor, and furthermore, we find a
qualitative difference between the “‘He and Ni results. The Ni data show large positive analyzing powers at high
detected particle energies, in keeping with results obtained on various targets from °Li to '*'Ta at 800 MeV
bombarding energy; the ‘He analyzing powers are predominantly negative or close to zero.

[NUCLEAR REACTIONS Proton inclusive scattering; ‘He, Ni, 181Ta; E=500]
MeV; measured o(E),P(E,).

I. INTRODUCTION

Much interest has been shown recently in large
angle proton induced inclusive scattering!~* (i.e.,
p +A~ p +anything) at medium and high energies.
Protons observed at laboratory angles greater
than 90° are in a region kinematically forbidden
for free nucleon-nucleon scattering, so the fact
that the target is a nucleus plays an essential role.
This has been taken into account in a variety of
models with different reaction mechanisms. These
models include evaporation, ® intranuclear cascade
with pion production and absorption,? scattering
from clusters in the target, ® multinucleon ex-
change, ® and scattering from a bound nucleon of
high momentum.!® All of these models can be
constructed to work equally well over a limited
range of energy and angle. To test them fully,
data are needed over the widest possible range of
energy. In this paper we present some new re-
sults for 500 MeV proton inclusive scattering ob-
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tained at the TRIUMF cyclotron. Cross sections
are reported for helium, nickel, and tantalum
targets. These are the first results for large
angle inclusive proton production on a target as
light as helium.

Previous experiments on large angle inclusive
proton production have been done at incident en-
ergies of 600 MeV and higher with the most com-
plete measurements at 800 MeV.!! Our motivation
for extending the energy down to 500 MeV is two-
fold. First, the cross section for pion production
in nucleon-nucleon collisions changes dramatically
in the 500-~800 MeV range. If real pion production
and absorption is a dominant mechanism for large
angle proton emission,” we would expect to see
large qualitative changes in inclusive cross sec-
tions over this energy range. Second, at 800 MeV,
where the most complete measurements have
been made, a scaling behavior!'? (quasi-two-body
scaling) has been observed. This scaling follows
as an approximation to a direct knockout mecha-
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nism!®*3 based on a collision between the incident
proton and a bound nucleon of high momentum,

By going to lower energy we provide a further
test of a phenomenology which has been very suc-
cessful'’+131% in the 800 MeV region.

An important reason for extending the inclusive
scattering measurements to a light nucleus such
as *He is to confront models based on statistical
or cascade mechanisms. While these models are
certainly appropriate for emission of very low
energy particles, and may have some validity for
high energy proton emission from heavy targets,
it is unlikely that they can be applied to inclusive
reactions on a nucleus as light as *He. If statisti-
cal mechanisms do play an important role, we
would expect to see qualitative differences be-
tween inclusive cross sections on *He and !®'Ta,
In fact, it is already known from 800 MeV data
that direct reaction models provide a unified de-
scription for cross sections from °Li to !®Ta, !4
In this experiment we investigate an even broader
target mass range.

In addition to inclusive cross sections we also
measured the analyzing powers for inclusive scat-
tering on *He and Ni. ‘He was chosen because
the inclusive proton spectra could be measured
right out to the elastic scattering limit; the Ni
data came from the windows of the *He target cell.
Analyzing power data on targets from 6Li to '®'Ta
at 800 MeV (Ref. 15) have the same qualitative
behavior for all targets, but we find a drastic
difference between the analyzing powers of *He
and Ni. This may provide us with an important
clue to the nature of the reaction mechanism.

In Sec. II we discuss the experimental method
and data analysis. Cross sections and analyzing
powers are presented for 500 MeV protons on
“He and Ni at laboratory angles of 65°, 90°, 120°,
and 160°, For the !®Ta target, cross sections
are given at angles of 90°, 120°, and 160°. In Sec.
III the results are discussed within the context
of the direct knockout model, and a quasi-two-body
scaling analysis is presented. The conclusion
is contained in Sec. IV.

II. METHOD AND DATA ANALYSIS

Figure 1 shows a schematic of the apparatus. The
scattered protons were detected in range tele-
scopes symmetric with respect to the incoming
beam. Their solid angles were approximately
5 msr. The beam polarization was continuously
monitored in a beam line polarimeter. The *He
target was a 5x5 cm? by 0.77 cm cell attached to
a liquid helium cryostat. The target thickness
was 97 mg/cm2 A dummy cell of the same size
and configuration was mounted beneath the ‘He

-
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FIG. 1. Schematic of the apparatus. S; and S, are
thin plastic scintillators; the E detector is a 7.6 cm
thick by 12.7 cm diameter Nal detector.

cell to enable the contribution of the windows of
the target cell to be subtracted. Since the yield
from the dummy cell was dominated by the nickel
windows, we were able to obtain inclusive data
for Ni with less than 10% contamination by lighter
elements (predominantly oxygen and carbon). The
Ni target thickness was 45 mg/cm?,

The detector telescopes (left and right) consisted
of two thin AFE plastic scintillators separated by
a one meter flight path to provide time-of-flight
information. Following these was a copper degrad-
er to slow down the particles and a 7.6 cmx12.7
cm diameter Nal detector to provide energy infor-
mation. Different thicknesses of copper absorber
(0 cm, 1.9 cm, and 4.2 ¢cm) were used to yield
three overlapping scattered energy ranges from
50 to 270 MeV—the energy of elastically scattered
protons from *He at 90° and 500 MeV bombarding
energy.

Particle identification was provided by a combi-
nation of time-of-flight and E-AFE information.
Figure 2 shows a typical mass identification spec-
trum. Although the deuterons are clearly re-
solved, due to kinematic limits the deuteron ener-
gies do not extend high enough to be of interest.
The pions are also identifiable, but their dE/dx
is so small that a maximum of only ~ 65 MeV is
deposited in the Nal detector, and the three energy
ranges corresponding to different degrader thick-
nesses are small., Most of the pions pass through
the Nal detector and their E-AE signature “folds
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FIG. 2. Mass identification spectrum. A mass identi-
fier obtained from the E and AE measurements is plot-
ted versus times of flight between S; and S,.

back”; increasing pion energy yields both a small-
er AE signal and a smaller total energy E signal.
Protons with energies greater than 150 MeV after
the copper degrader also have this fold-back sig-
nature. There was some difficulty in separating
the fold-back protons and occasional pions from
stopped protons. Cuts were made on the mass
identification spectra to eliminate these undesir-
able events. This procedure worked well at back-
ward angles because the proton cross sections
fall off rapidly with increasing energy, and pion
production cross sections are small, The data
at 65° were more difficult to analyze because the
high energy protons become more numerous and
proton fold back became a serious problem.
Inclusive scattering data are plotted in terms
of the scattered energy. Therefore, in analyzing
the data, a transformation from detected energy
in the Nal counter to scattered energy had to be
made. Large nonlinearities are introduced by the
material between the target and Nal detectors.
Lower energy particles lose a larger fraction of
their energy in an absorber than high energy parti-
cles. Near the detection threshold a small change
in detected energy corresponds to a large change
in scattered energy, the scale factor being the
ratio of the differential rates of energy loss at
the detector and target. This ratio is large for
small detected energy and approaches 1.0 asymp-
totically as the scattered energy increases. If
data are presented on a scale which is proportion-

al to detected energy, this effect leads to an ap-
parent falling off in cross section at lower ener-
gies. This is the explanation for the decreasing
cross sections at lower energies observed by
Kallne et al.'® Figure 3 demonstrates this effect
for 90° scattering angle on “He and the three de-
grader thicknesses. The energy scale takes into
account the average energy loss in the absorber,
but the energy bins have not yet been linearized.
Figures 4-6 show the cross-section data for
“He, Ni, and !®Ta. The error bars indicate the
degree of consistency between the left and right
counters, and the consistency in the overlap re-
gions of the three energy ranges observed at dif-
ferent times. The statistical errors are small
compared to these potential systematic errors.
The 160° “He data are particularly sensitive to
correction for the contribution from the target
cell. Near 157 MeV (the elastic limit at 160°) the
error due to background subtraction may be as
large as 50%. The potential error was much
smaller for the other scattering angles and is
probably < 10%. The “bumpiness” in the 65° data
for *He and Ni is due to incomplete elimination
of fold-back protons which may be as much as
10% in some regions. At the backward angles,
the fold-back contamination is much smaller.
The cross-section data at all angles have the
standard inclusive scattering shape—an approxi-
mately exponential falloff in the cross section
with increasing scattered particle energy. This
is consistent with results obtained at higher bom-
barding energy and backward angles. It is inter-
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FIG. 3. ‘He cross section data at 90°, corrected only
for the average energy loss in the Cu degrader. The
falloff at the start of each bite is due to the nonlinearity
of the energy loss for small detected energies in the
Nal detector.



1674 G. ROY et al. 23

1021 8

Cross Section (ub/sr MeV)

1 1
50 100 150 200 250 300
Energy (MeV)

FIG. 4. ‘He cross section data at 65°, 90°, 120°, and
160°. The arrows designate the elastic scattering ener-
gy. The solid and dashed curves are direct knockout
calculations with 2, =88 and 94 MeV/c, respectively.
Average excitation energy of the residual nucleus is
zero.
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FIG. 5. Ni cross section data at 65°, 90°, 120°, and
160°. The solid curves are direct knockout calculations
with 2, =88 MeV/c. Average excitation energy of the
residual nucleus is 5 MeV.
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FIG. 6. Ta cross-section data at 90°, 120°, and 160°.
The solid curves are direct knockout calculations with
ko= 88 MeV/c. Average excitation energy of the resid-
ual nucleus is 15 MeV.

esting to note that this approximately exponential
shape of the inclusive spectra extends out to the
elastic scattering limit in “He.

The polarization data are shown in Figs. 7 and
8. The errors represent statistical uncertainty
in the data including effects of background sub-
traction. In general, analyzing powers for the
left and right detectors were consistent within
the statistical errors. The polarization data at
120° and 160° on both “He and Ni are not much
different from zero; for *He, the data at 65° and
90° show small negative analyzing powers at low
energies, increasing to zero with increasing en-
ergy. The 90° analyzing power remains near zero
up to the elastic scattering peak. For Ni, the 65°
and 90° analyzing powers start with negative values
and increase to positive values with increasing
energy. This behavior is similar to measurements
of Frankel et al.'® at 800 MeV on various nuclei
heavier than *He. There appears to be a fundamen-
tal difference between the *He analyzing powers
and those for heavier nuclei.

III. DISCUSSION

In this paper we will emphasize the direct knock-
out model*® since it has provided the most success-
ful phenomenological description of inclusive scat-
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FIG. 7. ‘He analyzing powers at 65°, 90°, 120°, and
160°. The arrows designate the elastic scattering ener-
gy. The error bars represent statistical uncertainty.
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FIG. 8. Ni analyzing powers at 65°, 90°, 120°, and
160°. The error bars represent statistical uncertainty.
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tering cross section at higher energies. The un-
derlying picture is one where the incident proton
scatters elastically from the observed secondary
proton, the remainder of the nucleus being a spec-
tator. Figure 9 shows this schematically and in-
cludes the kinematic labels. The (p,p’) differential
cross section takes the form?!?

_do M q [ dp 2 ,
d0,dE, 2@’ b, 1 By ®NTnl 4G, [

X8(E;+ My —E; —E, —¢€,), (1)

where €, = (k% + M,,)*/? is the total energy of the
recoiling nucleus. The closure approximation

is used to replace the sum over final nuclear states
with an average mass M,., which includes the
effect of an average excitation energy of the resi-
dual nucleus. The quantities », and », are “mom-
entum distributions” of the nucleons in the target
nucleus and are taken to be of the form

_ C
)= 5 cosh e/ @)
where &, is a parameter and C is taken from the
normalization condition

2[ %l: ny (k)

T,y and T,, are related to the nucleon-nucleon
scattering cross sections and are parametrized
in the following fashion'®: First, an appropriate
lab kinetic energy T, is calculated from the Man-
delstam variable s defined by p; and g. Then |T,,|?
is normalized to

1 2
1T,y 12= 224 ae,

da’k

(ZT)3=Z' (3)

(4)

where ¢t is the Mandelstam four-momentum trans-

Residual
Nucleus
(Ex. K)
Forward
Proton
Incident (Er, Br)
Proton
(Ei, B;)
Measured
Proton
(Eq.9d)

FIG. 9. Energy and momentum labels for the direct
knockout process.
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fer squared, b is taken to be equal to (14.397),,
—6.13 GeV™?), and A is such that the integrated
pp cross section is 24 mb, following Ref. 17.
Equation (4) is reasonable if b is limited to the
range 0.7 GeV™2<b< T GeV™2,

Ty, can also be parametrized in a similar fash-
ion, but since the corresponding (p,n) cross sec-
tions are much smaller than the (p,p) cross sec-
tions, T,, will contribute only a few percent of the
total cross section and it is ignored.

The results of the calculations are shown in
Figs. 4—-6. The solid curves are calculated using
a value of k,=88 MeV/c. This &, value was also
found®? to fit the 800 MeV data quite well. The
dashed curves fitting the helium data were calcu-
lated using k,=94 MeV/c. Increasing k, simply
increases the calculated cross sections, but the
shapes of the curves hardly change. The mass
of the residual nucleus M,. includes an average
excitation energy which was chosen to be 0, 5,
and 15 MeV for *He, Ni, and Ta, respectively.
Again the effect of a different excitation energy is
to change the magnitude of the cross section, but
not the shape. Note that the back-angle data for
all targets are fitted quite well, but the 65° data
are not, although the trend of the cross sections
is followed.

It must be admitted that 2, and the average exci-
tation energy of the residual nucleus cover a multi-
tude of omissions in the model—final state inter-
actions, meson exchange effects, etc. Hence it
is surprising that the same (or similar) value
of k, can be used to fit the absolute magnitudes
of such a wide range of experimental data at dif-
ferent bombarding energies, targets, and angles.
Because we do not expect statistical mechanisms
to be important for the *He target, these analyses
imply that the same (or slightly modified) direct
mechanisms apply for both *He and a heavier tar-
get.

For a rapidly falling structure function n(k) the
elastic amplitude can be factored outside the inte-
gral (1) and the integral will be dominated by the
minimum value of recoil momentum k,.'2 The
inclusive cross section can be written as

d’c  _C(p,kug)
d‘quEa - l-ﬁi "-ql G(kM) (5)
where
C(pas)= Sprpras) G (o= ®)

and s and ¢ are the appropriate Mandelstam vari-
ables, and (do/dt) (K~ §) is the nucleon-nucleon
cross section evaluated using the same parametri-
zation as in the direct knockout model. G(ky,) is
a universal structure function and contains the

momentum distribution of the nucleons in the tar-
get nucleus. This is Frankel’s quasi-two-body -
scaling (QTBS) hypothesis.!? It has been previous-
ly verified for inclusive scattering on targets rang-
ing from ®Li to !*'Ta at 800 MeV bombarding en-
ergy.'*'* Figures 10-12 are plots of G(ky,) ver-
sus k., for ‘He, Ni, and '®'Ta at 500 MeV bom-
barding energy. QTBS is very well satisfied by
the Ni and '8'Ta data and fairly well satisfied for
“He, over a large range of k. The straight lines
are least squares fits to the data and correspond
to a momentum distribution of the form exp(k/%,).

Figure 13 is a plot of G(k,,) per nucleon for all
our data. The Ni and '®!Ta data can be fit reason-
ably by one structure function, but the *He results
deviate from the other data, particularly at high
values of k. Frankel et al.? were able to fit
data from ®Li to '®*Ta with one structure function;
our result again shows a distinct difference be-
tween *He and heavier nuclei.

Analyzing powers for QTBS can be estimated
by using the nucleon-nucleon analyzing power at
the appropriate effective lab kinetic energy and
angle.'® The analyzing powers predicted in this
fashion are shown in Fig. 14 for *He. It is clear
that the QTBS predictions are considerably more
negative than experiment. Analyzing powers for
the direct knockout model can be estimated in a
similar way, but since this model integrates over
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FIG. 10. Plot of G (kyin) VS kmin for all of the *He data.
The slope of the straight line corresponds to k;, =109
MeV/c.
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gration, the positive analyzing powers observed
in the Ni data cannot be obtained from a direct
knockout model with an on-shell p-p amplitude.

IV. CONCLUSIONS

In this paper we report results for inclusive

proton scattering at 500 MeV on *He, Ni, and '®'Ta.

We show that:

(i) A direct knockout model previously used at
800 MeV provides a good quantitative description
of our 500 MeV data, implying that the reaction
mechanism is not changing over this energy range.
This suggests large angle proton emission is not
directly related to the nucleon-nucleon pion pro-
duction cross section which changes drastically
from 500-800 MeV.

(ii) The quasi-two-body-scaling hypothesis is
satisfied at 500 MeV just as it is at 800 MeV. The
scaling function G(&,,;,) for Ni and '®'Ta is very
similar to the universal scaling function obtained
by Frankel ef al.''at 800 MeV. QTBS is less well
satisfied by the “He data.

(iii) The analyzing power of 500 MeV inclusive
scattering on Ni becomes positive at large values
of the observed proton energy and is qualitatively
similar to results at 800 MeV. The analyzing
power for the “He target is small for angles > 90°
and does not approach the elastic scattering ana-
lyzing power in a continuous way. The analyzing
power for “He or Ni cannot be explained by QTBS
or the direct knockout model in which the primary
interaction is assumed to be pp scattering.

If one takes the high momentum component of

the wave function in the direct knockout model
seriously, then the incident proton is really scat-
tering off a composite object, rather than a free
proton. Both the p-*He and p-d reactions show
a change in sign of the analyzing power at signifi-
cantly smaller angles than pp scattering in the
200-500 MeV kinetic energy range. While this
may account for the lack of large negative analyz-
ing powers in the “He data at 90°, the Ni data are
very likely showing evidence of multiple scattering,
However, it is probable that the analyzing power
results will be more sensitive to multiple scatter-
ing effects than the inclusive cross section. The
effect of multiple scattering on the differential
cross section will be to make it more isotropic,
although this effect should not be too large be-
cause the p-nucleon and p-nucleus elastic scatter-
ing amplitudes are all peaked at {=0. Further
evidence for the lack of a strong dependence of
the cross section on multiple scattering comes
from its target dependence. For emitted proton
energies in the 100 MeV range, the differential
cross section increases roughly as A, while in
the 300 MeV range it goes roughly as A, cer-
tainly less than expected if multiple scattering
were playing a dominant role.
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FIG. 2. Mass identification spectrum. A mass identi-
fier obtained from the E and AE measurements is plot-
ted versus times of flight between §; and S,.



