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The differential cross section and analyzing power for p-*He elastic scattering at 200, 350, and 500 MeV
incident proton energy in the laboratory angle range from 4° to 168° are presented. Comparisons to
theoretical calculations at 200 and 350 MeV have been made.

[NUCLEAR REACTIONS Proton-*He elastic scattering 200, 350, 500 MeV mea-
sured differential cross section and analyzing power, 4°< @ lay S 168°.

I. INTRODUCTION

Proton-nucleus scattering at intermediate ener-
gies has received considerable attention with the
advent of accelerators capable of producing high-
intensity, variable-energy polarized beams with
good energy resolution. Extensive data for dif-
ferential cross sections and analyzing powers have
been obtained, which should provide a stimulus to
the search for a successful microscopic descrip-
tion of the processes involved.

The elastic scattering of protons from %He is an
unusually good case to investigate thoroughly for
several reasons: The initial and final states are
well defined theoretically, the target nucleus has
spin zero, minimizing the complications that arise
in some spin-dependent calculations, and inelastic
processes are easily distinguishable, which re-
duces experimental demands on energy resolution,

It has become apparent that analyzing power
(polarization) angular distributions are very im-
portant in the evaluation of the validity of theo-
retical models. In the energy range of the present
experiment, 200 to 500 MeV, the analyzing power
exhibits a rich and variable structure. Although
a proper description of the differential cross sec-
tion has established the need for spin-dependent
terms, far more stringent demands are established
when analyzing power data are to be explained as
well. ‘

The present experiment represents the last
phase of a three-part study of p-‘He elastic scat-
tering at TRIUMF. The first part! examined

do(6)/dQ and Ay(6) in the small angle region
(4°-16° in the laboratory). This measurement
was made with a gas target which had a well-de-
fined density and thickness. The cross section
results of this first phase have been used as a
normalization benchmark for the remaining two
parts of the study.

The second part of the investigation? involved
measurement of do(6)/dS and A,(6) at backward
angles (144°-168° in the laboratory) for several
incident proton energies between 185 and 500 MeV.
One of the goals of the experiment was a careful
search for energy-dependent backward peaking of
the differential cross section. The analyzing
power measurements made at the same time were
intended to aid in a more complete understanding
of the reaction process.

In the present experiment we have completed the
cross section and analyzing power angular dis-
tributions at 200, 350, and 500 MeV with measure-
ments in the intermediate angle region. At these
three energies, data sets spanning the laboratory
angle range from 4° to 168° are now available.

Section II of this report discusses the experi-
ment while Sec. III describes the analysis pro-
cedures. Results and discussion are presented
in Sec. IV and conclusions are summarized in Sec.
V.

II. THE EXPERIMENT

The experiment was performed using the external
4B proton beam line at the TRIUMF cyclotron.
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Most of the features of the apparatus have been
described elsewhere'™ so that only aspects speci-
fic to the present experiment will be discussed in
detail.

The target-detector apparatus is represented
schematically in Figs. 1(a) and 1(b). Some impor-
tant characteristics of the system are also sum-
marized in Table I. The liquid ‘He target®5 had a
thickness of 0.77 cm (97 mg/cm?) with a 5 cm?
aperture. The target cell could be raised and
lowered remotely. This permitted the normal ‘He
cell to be replaced in the beam by an empty target
cell of equivalent thickness in order to correct for
background coming from material around the liquid
‘He. The target could also be rotated to ensure
that none of the scattered particles would strike
the side frames of the cell. The scattered par-
ticles were detected in counter telescopes con-
sisting of 12.5 cm? multiwire proportional cham-
bers (MWPC) with horizontal and vertical co- ‘
ordinates, plastic scintillation detectors, copper
energy degraders, and NaI(Tl) detectors. The
telescopes were mounted on four independently
movable booms which could be remotely posi-
tioned about the target center to an accuracy of
0.1°. The efficiencies of the telescopes have been
carefully measured® so that proper corrections
for losses due to nuclear interactions in the copper
and Nal could be made.

Two modes of operation were employed: a
singles mode shown in Fig. 1(a) when only the
scattered proton could be detected, and a coinci-
dence setup as shown in Fig. 1(b) when the ‘He
recoil could be detected in coincidence with the
proton. Events with protons scattered to the left
and to the right of the beam could be detected if the
paths of the scattered particles were not obscured
by the target frames. Both “left” and “right”
events were collected concurrently when the target

geometry permitted. A left or right event was al-
ways defined by the side to which the proton was
scattered. In the angular range from 60° to 120°
events were detected on only one side of the beam.

In the coincidence mode, the proton was detected
in one of the back detector telescopes while the
recoil ‘He was detected in the forward telescope
on the opposite side of the beam. A trigger
(AEg* Eg* AEy) was required to define an event.
The copper degrader thickness in the back tele-
scopes was varied depending on the energy of the
scattered protons so as to keep the proton energy
at the entrance to the Nal detector in the range
between 80 and 130 MeV. The coincidence mode
gave excellent discrimination in the selection of
elastic events so that the data were essentially
free of any background.

The singles mode was used when the recoil ‘He
did not have sufficient energy to penetrate the
target and the material before the AE detectors.
In this case the protons were detected in the front
telescopes, the trigger defining the event being
(P+ AEg+ E;). Here an additional counter (P) was
placed about 50 cm from the target and operated in
coincidence withthe other counters in the telescope.
It served as an active collimator to eliminate
protons that did not scatter from the immediate
region of the liquid *He target. Again copper de-
graders were used to limit the proton energy in
the Nal detectors. Data collected in the singles
mode were composed of p-‘He elastic and inelastic
scattering events, and background events from the
target walls and thermal insulation.

The calculated rms multiple scattering of the
protons in singles mode was always less than
0.3° and effects on the measured differential cross
sections have been ignored. In the coincidence
mode, the distribution of recoil ‘He particles was
observed with the FL and FR wire chambers; the

TABLE I." Properties of the system.

Incident proton energy

200 MeV 350 MeV 500 MeV
Angular range covered
(laboratory angle)
Singles mode 13°-105° 15°-91° 13°-61°
Coincidence mode 105°-143° 91°-143° 61°-143°
Horizontal angular acceptance
Singles mode 2.14° 1.57° 1.40°
Coincidence mode 3.48° 3.99° 2.33°
Solid angle acceptance? ’
Singles mode 1.55 msr 0.755 msr 0.600 msr
Coincidence mode 3.27 msr . 4,93 msr 1.816 msr
p-p analyzing power used for .
beam polarization 0.305 0.435 0.501

2Used in off-line analysis.



1934 G. A. MOSS ez al. 21

Cu £
MWPC SWAE

Beam LHe >

(a) v

e Q) €
Cu
» MWPC /\ R
FIG. 1. (a) Setup for the singles mode data. The

thin counters (P) served as active collimators to reduce
the number of protons scattered in the entrance or exit
of the scattering chamber from being detected. (b) A
schematic drawing of the target-detector arrangement
for the coincidence mode measurements. The protons
were detected in the back telescopes and the *He recoils
in the forward telescopes. The copper degraders were
used to reduce the proton energies to 80-130 MeV at
the entrance to the Nal detectors.

cuts on the proton solid angle were chosen so that
losses due to multiple scattering of the recoil
particles were negligible.

A polarized proton beam was used for all mea-
surements. The beam intensities ranged from 0.2
to 10 nA with typical polarizations between 65%
and 75%. The polarization direction, which could
be reversed at the ion source, could also be set
equal to zero to provide unpolarized beam for
control purposes. The beam spot size on target
was approximately 0.5 cm in diameter; its posi-
tion was monitored regularly by observing the
spot on a scintillator at the target station and by
removable beam line wire scanners upstream and
downstream of the target. The polarization of the
beam was monitored continuously during data col-
lection by a polarimeter? upstream of the ‘He
target. The polarization was determined from the
asymmetry in proton-proton scattering from a
thin, 5 mg/cm?, CH, target. The statistical un-

certa‘inty in the determination of the beam polar-
ization during a given run was less than 1%. Cor-
rections due to contributions from the carbon in
the target were made as discussed in Ref. 3.

Data acquisition was accomplished via a CAMAC
system interfaced to a Honeywell 316 computer,
Data were recorded event by event on magnetic
tape with left and right events appropriately
identified. The acquisition program also allowed
a rudimentary analysis of the data to be made
on-line so that their quality could be checked.

Two independent beam flux monitors were used
to provide an independent determination of the
absolute scale of the cross sections and to permit
the correct combination of data collected with dif-
ferent beam polarizations. These monitors were
(1) the beam polarimeter, where the number of
P-p elastic scattering events was monitored
throughout each run, and (2) an ionization chamber
situated downstream of the helium target. Both
the polarimeter target foil and the ionization
chamber had been previously calibrated at each
energy by using a Faraday cup installed in the
beam line. Although these monitors were used
only for relative normalizations, the values of the
cross sections extracted by using them agreed
with those of Ref. 1 to better than 10% in all cases.
The final data presented here were normalized to
the results of Ref. 1 in the regions of angle over-
lap.

III. ANALYSIS PROCEDURES

Data collected in the two modes of operation
were treated separately in the off-line analysis.
For the singles data, horizontal and vertical
MWPC cuts were made to select only those events
in the central region of the Nal detector where the
detection efficiency was uniform (see Table I). A
“worst case” spectrum at a proton energy of
500 MeV is shown in Fig. 2(a). The spectrum
after the background from the target walls has
been subtracted is also presented. The two arrows
in the figure show the final cuts around the well-
defined elastic scattering peak. In the cross sec-
tion calculation, corrections were made for
events lost due to wire chamber inefficiencies
(about 6%), for nuclear interactions of the protons
while stopping in the total energy telescope,® and
for the dead time of the system. The interaction
correction was dependent on the mean energy in-
cident on the telescope and varied between 10%
and 70% depending on the beam energy and the
angle setting. It should be pointed out that only
the energy-dependent shape of the interaction cor-
rection is a potential source of error since the
absolute magnitude of the cross section is deter-
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FIG. 2. (a) A “worst case” spectrum in the Nal detector for singles data in the intermediate angle.region at 500 MeV.
The upper curve is the target full data before background subtraction. The lower curve is the net contribution from the
helium alone. The arrows indicate the cuts defining the good events. (b) A typical spectrum showing the correlation
between the proton energy and the 4He dE/dx for the coincidence data. The clean separation from any background events

is clear. The lines indicate the cuts placed on the data.

mined by normalizing to the data of Ref. 1 where
no such correction is needed. The shape of the
interaction correction is very nearly linear over
the relevant energies; uncertainties associated
with a linear fit to the data are 1.5% of the correc-
tion or less.

The dead time of the system was dominated by
the computer data acquisition and the on-line cal-
culations. Dead-time corrections were calculated
in two ways. The ratio of events detected in the
electronics and the number actually accepted and
written on magnetic tape was used in the final
analysis, Artificial “events” created using a
pulser and light-emitting diodes on each of the
detectors showed that the electronic dead times
were totally negligible in the experiment. The
size of the dead-time correction was dependent
on the beam flux, with typical values being about
15%. In several cases, data were collected at a
given angle and beam polarization orientation but
with different beam flux in order to check for
possible systematic effects when dead-time cor-
rections were large. Even in cases where the
dead-time adjustment was larger than a factor of
2, excellent agreement was obtained with cross
sections from data with more typical corrections,

The compensation for the wire chamber effi-
ciencies was determined by observing the events
corresponding to the elastic proton peak in the

Nal spectra, and then finding the fraction of events
that had any combination of multiple tracks or
misses in the individual coordinate planes used

to define the trajectory of the particle. Since the
areas of the Nal detectors were smaller than
those of the wire chambers, this provided a good
estimate of inefficiencies in the region of interest.
Losses were typically around 4% due to multiple
tracks and around 2% for misses.

In the coincidence mode, the correlation of the
proton energy in the Nal detector with the energy
deposited in the AE counter by the associated ‘He
recoil allowed the desired events to be identified
unambiguously. An example is shown in Fig. 2(b).
With the addition of time-of-flight cuts, all back-
ground was eliminated from this type of data. The
wire chambers in the FL and FR telescopes were
used only to verify that all the ‘He recoils were
well within the limits of the AE counter. Correc-
tions for proton MWPC efficiencies, system dead
time, and nuclear interactions in the counter tele-
scopes were made in a manner similar to those for
the singles data.

In coincidence or singles mode, when both left
and right events were observed, the background-
corrected differential cross sections were cal-
culated independently for each side (0, and o).
The differential cross section for an unpolarized
beam was then found by taking the simple average
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Similar values were available for polarization up
(+), polarization down (-), and for the unpolarized
beam. The final result at a given angle was taken
as the weighted average of the results for the dif-
ferent beam polarizations. The individual statisti-
cal errors were used as the weighting factors.

The analyzing power was calculated from

+ - — +
A(9)=O’L+OR-O'L—UR 2
Y oLtogp+to;+0g (PP+P7)"°

@)

where the superscripts denote the direction of the
beam polarization. Any instrumental asymmetries
cancel to first order using this expression.

When events were detected on only one side of
the beam (left in this example), more care had to
be taken in extracting the equivalent unpolarized
cross sections. Writing the observed cross sec-
tions with polarization up and down as

01=0y(1+P’Ay) 3)
and
07 =0y(1-P~A,), 4)
one obtains for the unpolarized cross section
1 + el + el P _P-
00=§(0L+0L—(0L—0L)W). (5)

Here P and P~ are the magnitudes of the incident
beam polarization for spin up and spin down, and
A, is the analyzing power of the target at the angle
being considered.

The analyzing power at the same angle is calcu-
lated from the expression

0, —-07

Ay(0)=;071§‘7:‘1,‘7, (6)

which can also be written as

0;.-07

A’(9)=P*a; YP oL "

(M)
Instrumental asymmetries cancel in this case only
if they remain constant for the spin up and spin
down measurements. Particular care was taken
to ensure that the beam position did not change.

IV. RESULTS AND DISCUSSION

The results of this experiment are presented in
Table II and shown in Figs. 3 and 4. In addition,
we have included in the tabulation the data from
Stetz et al.! averaged over the same angular ac-
ceptance as the present experiment, and the data
from McCamis et al.? which were obtained under
very similar conditions to those used here. Figure
3 shows the complete angular distributions for

do/dt at all three energies. The data from the
present experiment have been normalized to the
results of Ref. 1.in the angular range near 13°-15°,
The normalization uncertainty in the data of Stetz
et al. was 5% and the combined additional statisti-
cal uncertainty in the region of overlap of the two
experiments is 2%. Almost the entire allowed
range of four-momentum transfer — ¢ has been
covered at each energy in the combined data from

- the three measurements,

At 500 MeV the cross section has the expected
behavior with a minimum at — #=0.28 (GeV/c)2
A quantitative comparison can be made with the
results of Klem et al.”8 at 560 MeV, except in the
region of the first minimum and secondary maxi-
mum where strong energy dependence in the mag-
nitude of the cross section is known to exist? (see
Fig. 5). The average difference between our re-
sults at 500 MeV and the data of Klem is 7.4%.
For our data, the ratio of the magnitude of the
differential cross section at the second maximum
to that at the minimum is 1.26, which is consistent
with the energy dependence obtained from other
experiments.® There is a noticeable change in the
slope of the cross section around —#=1.0 (GeV/c)?,
the region where one expects to observe the onset
of the triple scattering contribution in a simple
Glauber model.

The results at 350 MeV are in agreement with
the previous data of Aslanides et al.’® where there
is overlap in the angular ranges (see Fig. 5). In
the overlap region the average difference between
the data of the two experiments is 6.8%, which is
within the range of the estimated normalization
uncertainties, There is, as well, no systematic
difference in the shape of the cross sections. The
minimum seen at 500 MeV is replaced at 350 MeV
by a “shoulder” at — ¢=0.32 (GeV/c)? and again a
change in slope occurs at larger values of —¢,
this time around — £=1.2 (GeV/c)>.

The 200 MeV data show a smooth decrease as a
function of — ¢ with a small shoulder near —¢=0.45
(GeV/c)? except at large values of — ¢ where there
is an abrupt rise. The agreement with the un-
published results of Gotow!? is not as good as the
comparisons at 350 and 500 MeV.

The analyzing power results are illustrated in
Fig. 4. Once again, the angular distributions in-
clude the data from Refs. 1 and 2. Their values
have been adjusted slightly as indicated in Table
II by using more recent values of the p-p analyzing
powers. "2 The uncertainty in the normalization
of the analyzing power at each energy is dominated
by the uncertainty in the value of the p-p analyzing
power used (1.0-1.5%) and the systematic error
introduced by the carbon background subtraction
in the beam polarimeter (0.5%). Unlike data at



21 PROTON-4He ELASTIC SCATTERING AT INTERMEDIATE... 1937
TABLE II. Proton-‘He elastic scattering cross sections and analyzing power.
do (mb/sr) do _mb Cross section Analyzing
0, p(deg) Q4 ~t (GeVZ/c) dt (Gevz/c) error (%) power Error
T,=200 MeV
4.7% 87.5 0.0028 663 5.8
6.3% 84.7 0.0050 643 3.1
7.92 89.0 0.0079 677 2.6
952 77.4 0.011 589 2.3
11.1% 64.8 0.016 495 1.8
12.82 52.9 0.020 405 1.6
13.0 50.8 0.021 389 0.8 0.816 0.015
1447 41.9 0.026 322 1.5
15.0 39.2 0.028 302 1.0 0.899 0.018
17.0 30.0 0.036 232 0.9 0.993 0.019
19.0 23.1 0.045 180 0.9 1.008 0.021
21.0 17.2 0.054 135.2 1.0 1.003 0.022
23.0 13.1 0.065 103.2 1.0 0.883 - 0.021
25.0 9.73 0.076 77.5 1.0 0.752 0.021
27.0 7.82 0.088 62.8 1.1 0.583 0.019
29.0 6.23 0.101 50.5 1.1 0.390 0.019
31.0 4.81 0.114 39.4 1.0 0.208 0.018
33.0 3.93 0.128 32.5 1.1 -0.013 0.019
35.0 3.08 0.143 25.8 1.1 -0.184 0.020
37.0 2.38 0.158 20.1 1.1 -0.304 0.021
39.0 1.83 0.174 15.6 1.1 —0.455 0.019
41.0 1.44 0.191 12.4 1.1 ~0.597 0.021
43.0 1.08 0.207 9.48 1.2 —0.680 0.022
45.0 0.782 0.225 6.95 1.3 —-0.783 0.024
49.0 0.442 0.260 4.04 1.2 —0.927 0.027
53.0 0.249 0.297 2.35 1.5 -1.029 0.035
57.0 0.156 0.334 1.52 1.4 —0.957 0.030
61.0 0.102 0.372 1.02 1.6 —0.703 0.040
65.0 0.0791 0.410 0.826 2.5 —0.320 0.026
73.0 0.0559 0.486 0.628 1.9 —0.042 0.019
77.0 0.0473 0.523 0.553 1.9 0.025 0.018
80.0 0.0431 0.550 0.519 1.7 0.076 0.016
85.0 0.0348 0.594 0.440 1.5 0.118 0.015
90.0 0.0267 0.636 0.356 1.1 0.065 0.018
95.0 0.0196 0.676 0.275 1.5 ~0.057 0.014
100.0 0.014 2 0.714 0.210 1.5 —0.104 0.014
105.0 0.009 34 0.750 0.145 1.5 —0.204 0.035
115.0 0.004 00 0.813 0.0683 0.4 -0.592 0.012
125.0 0.002 04 0.866 0.0381 0.8 —0.897 0.015
135.0 0.001 58 0.909 0.0321 3.0 —0.632 0.017
140.0 0.001 62 0.927 0.0340 0.9 —0.479 0.018
144.0° 0.001 66 0.938 0.0358 1.4 —0.408 0.017
145.0 0.001 65 0.943 0.0357 0.9 -0.358 0.017
152.0° 0.001 76 0.961 0.0396 1.3 —0.385 0.014
158.0° 0.001 70 0.973 0.0392 1.6 ~0.375 0.020
163.0° 0.001 64 0.981 0.0386 1.6 —0.359 0.020
168.0° 0.001 52 0.987 0.0362 1.7 —0.305 0.022
T,=350 MeV
3.92 0.0036 0.265 0.027
462 166 0.0051 669 3.3
552 0.0072 0.439 0.021
6.32 122 0.0093 494 2.2
712 0.012 0.586 0.014
7.9% 99.9 0.015 405 1.5
8.82 0.018 0.649 0.014
9.5 82.8 0.021 337 1.4
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TABLE II. (Continued.)

do . do mb Cross section Analyzing
0, ,(deg) <y (;b/sr) —t (GeV?/c) dt (Geve/o) error (%) power Error
T,=350 MeV
10.42 0.025 ‘ 0.712 0.015
11.12 68.6 : 0.029 280 1.1
12.02 , 0.034 0.746 0.012
12.82 54.8 0.038 224 0.9
13.72 0.044 ©0.748 0.011
14.42 42.7 0.048 175.5 0.9
15.0 39.2 0.053 161.3 0.8 0.750 0.014
15.32 0.055 0.717 0.017
19.0 19.8 0.083 82.8 1.0 0.568 0.016
23.0 8.64 0.121 36.6 0.8 0.303 0.012
27.0 3.21 . 0.164 13.9° 0.9 © —0.082 0.012
31.0 0.972 0.213 4.28 1.0 —0.561 0.019
33.0 0.526 0.239 2.35 1.6 —-0.822 - 0.026
35.0 0.300 0.266 1.36 1.4 —0.863 0.030
37.0 0.206 0.295 0.942 1.7 —0.614 0.026
39.0 0.164 0.324 0.760 1.8 -0.227 0.025
41.0 0.154 0.354 0.725 1.6 0.161 0.023
46.0 0.138 0.433 0.674 1.5 0.454 0.022
51.0 0.0941 0.516 0.479 1.6 0.374 0.025
56.0 0.053 4 : 0.600 0.284 1.2 0.199 0.021
61.0 0.0278 0.686 0.155 1.0 0.023 0.013
66.0 0.0130 0.772 0.0761 2.3 —-0.211 0.019
71.0 0.00688 0.857 - 0.0423 3.1 —~0.465 0.028
76.0 0.003 79 0.941 0.0245 3.4 -0.671 0.034
81.0 0.002 40 1.02 0.0164 4.8 -0.802 0.053
86.0 0.001 71 1.10 0.0123 6.0 —0.757 0.066
91.0 ~0.00121 1.17 0.009 26 1.7 -0.713 0.015
96.0 9.88 x 10 1.24 0.00796 1.6 —0.524 0.012
106.0 8.44 104 1.37 0.00757 1.7 —-0.139 0.013
116.0 6.96 x 104 1.48 0.00691 1.5 0.035 0.010
126.0 6.05x 104 1.57 0.006 60 3.0 —0.085 0.011
136.0 4.97x104 1.64 0.00590 1.2 —0.349 0.017
143.0 430x10% 1.68 0.00536 1.5 —0.552 0.024
146.0° 4.34 %104 1.70 0.00552 2.4 -0.695 0.029
152.0° 3.91x104 1.72 0.00514 2.5 —0.744 0.028
157.0° 3.58 x 104 1.74 0.00482 2.5 —-0.791 0.028
163.0" 3.51x10% 1.76 0.00483 2.3 ~0.763 0.030
168.0° 3.17x104 1.77 0.00442 2.7 —0.547 0.032
T,=500 MeV
3.92 0.0055 : 0.283 0.018
4,72 263 0.0078 697 2.4
5.62 0.011 0.386 0.015
6.32 213 0.014 566 2.1
7.22 0.018 0.453 0.013
7.92 163 0.022 433 1.4 ,
8.82 0.028 0.530 0.012
9.52 130 0.033 348 1.4
10.42 0.039 0.543 0.014
11.12 93.7 0.044 251 1.5
12.02 0.051 0.565 0.013
12,72 63.3 0.058 170.2 : 1.2 .
13.0 61.0 0.060 164.2 0.9 0.508 0.020
13.62 0.066 0.545 0.013
14.42 42.9 0.074 115.9 1.1
15.0 38.1 0.080 103.2 1.0 0.507 0.020
15.2* 0.082 , 0.488 0.017

17.0 21.7 0.102 59.1 1.0 0.403 0.019
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TABLE 1. (Continued.)
do / do mb Cross section Analyzing
8, p(deg) &, b/sr) -t (GeV¥/c)  df (GeVi/o) error (%) power Error
T,=500 MeV
19.0 11.2 0.127 30.7 0.9 0.314 0.015
21.0 5.52 0.154 15.3 0.9 0.164 0.015
23.0 2.40 0.184 © 6.2 0.9 -0.134 0.016
25.0 0.851 0.215 2.404 1.4 —0.452 0.026
27.0 0.350 0.249 0.998 1.6 -0.613 0.035
29.0 0.285 0.285 0.824 1.2 -0.076 0.026
31.0 0.330 0.323 0.963 0.9 0.397 0.018
33.0 0.351 0.362 1.039 1.0 0.503 0.017
35.0 0.341 0.404 1.023 1.0 0.488 0.018
37.0 0.308 0.446 0.939 0.9 0.468 0.018
39.0 0.256 0.490 0.792 1.0 0.374 0.017
41.0 0.196 0.535 0.615 1.0 0.345 0.018
46.0 0.0805 0.653 0.263 1.1 0.162 0.019
51.0 0.026 0 0.776 0.0889 1.5 -0.078 0.025
56.0 0.007 37 0.901 0.0265 2.2 -0.166 0.057
61.0 0.002 28 1.03 0.008 62 1.5 0.037 0.013
66.0 0.001 41 : 1.15 0.005 63 1.6 0.408 0.015
71.0 0.00111 1.28 0.00467 3.4 0.484 0.037
76.0 6.29 X 104 1.40 0.00281 3.7 " 0.470 0.040
81.0 3.86 x 104 1.52 0.00182 3.7 0.318 0.039
86.0 2.75x10% 1.63 0.00138 2.6 —-0.026 0.026
91.0 2.44x 104 1.74 0.00130 2.9 ~0.326 0.031
96.0 1.93x10% 1.84 0.00109 3.7 -0.561 0.042
101.0 1.97x10% 1.93 0.00117 3.6 —0.670 0.044
106.0 1.83x104 2.02 0.00115 3.8 ~0.677 0.047
116.0 1.49 x 104 2.17 0.00105 4.7 —-0.495 0.054
126.0 1.30 x10% 2.30 0.00101 3.1 -0.144 0.058
136.0 1.45 x 104 2.40 0.00123 4.8 —0.303 0.052
143.0 1.53 X104 2.46 0.00136 4.0 —0.482 0.051
145.0" 1.66 X 104 2.47 0.00150 2.6 -0.531 0.024
151.0° 1.57x 104 2.51 0.00147 2.6 —0.580 0.036
154.0° 1.48 x 10 2.53 0.00140 2.8 —-0.625 0.034
160.0° 1.46x 104 2.55 0.00142 2.8 —0.695 0.046
165.0° 2.57 —0.578 0.035
168.0° 1.17x10% 2.58 0.00117 3.3 —0.482 0.047

2Data from Ref. 1 averaged over the same angular acceptance as this experiment.
PData from Ref. 2. For 200 MeV the analyzing power of Ref. 2 has been adjusted by using 0.305 as the p-p analyzing

power.

energies below 100 MeV,13 a éreat deal of struc-
ture is apparent in the present data over the whole
angular range. A variation from +1.0 to — 1.0 in
an angle change of only 30° is seen at 200 MeV.

In fact our data at this energy yield extrema that
are slightly larger in magnitude than 1.0 (although
within errors), indicating that the phase shift pre-
dictions of the p-p analyzing power may be slight-
ly high. A second large negative excursion in the
analyzing power is also observed at —¢=0.85
(GeV/c)? (see Table II). As the incident energy

is increased above 200 MeV the extrema of the
analyzing powers are reduced but additional os-

cillations in A, appear.

The trend of smaller magnitudes in the oscilla-
tions of A,(6) which is seen as one proceeds from
200 to 500 MeV in the present experiment is con-
tinued at higher energies.” While one finds large
positive and negative excursions in the analyzing
power at 200 MeV, as the energy increases the
minima fill in and the structure smooths out.
This behavior is represented in Fig. 6 where the
values of the analyzing power at the first maxi-
mum and the first minimum are plotted against
incident proton energy. It is of interest to try to
understand this behavior inasmuch as it may be a



1940 G. A. MOSS et al. 21

103 T T T =T T ]
&7 02
o 10 .
3 10 > 4
g o OO
=
S 100 ° o -
£ %9 P
[Someti} O,

1071 % % o, 200 MeV _
5 Y ° o, , o®
Es 107% 1 auoogy b
@ o ° 350 MeV
» 10731 ° 6 oo -
P o camg (x 1/10)
g 10741 o -
S °o 500 MeV

10-5 ©00g00 o o 00 |

(x 1/100)
106 I 1 1 1
0 0.5 | 1.0 1.5 2.0 2.5
—t (GeV/c)?

FIG. 3. The differential cross section at 200, 350,
and 500 MeV as a function of the four-momentum trans-
fer —t. The data from Refs. 1 and 2 are included here.
The normalization uncertainty is about 5% at all ener-
gies.

manifestation of the phase differences between the
spin-dependent and the spin-independent ampli-
tudes used in multiple scattering models.

Figure 7 is a contour diagram of the analyzing
power as a function of incident proton energy from
130 to 1800 MeV. The vertical lines are located
at the energies and angles where data exist. The
contours are drawn in a manner which assumes a
systematic behavior as the energy changes. The
increase in structure in the analyzing power as
the energy increases is once again illustrated
here, An unusual structure in A, () can be ob-
served at large angles between 200 and 500 MeV.
One should note that in this energy and angle
domain there is no backward peaking in the dif-
ferential cross section,? in contrast with the be-
havior at both higher and lower energies.

V. CONCLUSIONS

Generally, existing theoretical calculations
have been of two types: Glauber multiple scat-
tering theory predictions or optical potential
model calculations (see Ref. 14 for a summary).
The Glauber model (and extensions thereto) is
reasonably successful in describing proton-nu-
cleus scattering at small angles with some dif-
ferences between experiment and theory appearing
at large scattering angles and near diffraction
minima. Optical model calculations based on the
procedures of Kerman, McManus, and Thaler!®
have been limited by the inexact knowledge of the
nucleon-nucleon interaction. Relativistic treat-
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FIG. 4. The p—4He analyzing power as a function of
6c.m.at 200, 350, and 500 MeV. The scale uncertainty
is about 1-1.5% at all energies.

ments of the optical model potential based on the
Dirac equation such as those of Arnold, Clark,
and Mercer!® have investigated the possibility of
achieving a successful systematic description of
the experimental data, including polarization re-
sults, over a wide energy range.

We have compared our results at 200 and 350
MeV with two different calculations. At 200 MeV
Alexander and Landau have extended to proton
scattering a microscopic, momentum space, op-
tical potential theory which has been applied with
some success to pion interactions with light nu-
clei.’® Figure 8 illustrates their results along
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7 and Ref. 9 over regions of common —¢. For clarity
only some of the data points from Refs. 7 and 9 are
shown.

with our experimental data. The agreement for
the differential cross section at large angles is
encouraging, although overall quantitative agree-
ment is only fair. It is significant that the theory
employed is derived from first principles and con-
tains no free parameters.
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FIG. 6. The magnitude of the analyzing power at the
first maximum and at the first minimum as a function
of incident proton energy.
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FIG. 7. An analyzing power contour diagram repre-
senting existing data between 130 and 1800 MeV.

Dymarz and Malecki'® have used an optical po-
tential, derived from the Glauber model of multi-
ple collisions, in a solution of the Schrodinger
equation. The scattering profile function is cal-
culated analytically having postulated a form for
the single particle density and for a correlation
function which serves to describe the nature of
the interaction. A spherically symmetric poten-
tial is then evaluated from the profile function and
is used in a numerical solution of the Schrodinger
equation. Their method accounts for center of
mass and short-range correlations and includes
all terms in the Glauber series through the use
of the effective potential they calculate. It is
limited by present knowledge of the nucleon-
nucleon parameters and omits possible exchange
effects between the projectile and the target which
might be important at large angles for some en-
ergies. A comparison of our data and the calcula-
tion at 350 MeV is shown in Fig. 9. The solid
curve is the result of their potential calculation
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FIG. 8. The calculations of Ref. 17 along with a sam-~
ple of the data of this experiment and that of (1) and (2).
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FIG. 9. The calculations of Ref. 19 along with a sam~-
ple of the data of this experiment and that of (1) and (2).
The nucleon parameters of the calculation of Ref. 19 are
0,p=23.5mb, 7,,=32.5 mb, Qpp= ap"=—0.45, apy
=a,,=1.5 (GeV)™.

using the parameters given in the figure caption.
They refer to the dashed curve as the standard
Glauber model, although the details of the ex-
plicit nature of this calculation are not given.

An examination of Fig. 7 reveals that measure-
ments near 275 and 425 MeV could be useful in
clearing up the energy-dependent behavior of the
analyzing power. As well, larger angle measure-
ments of do/dQ and A,(6) at and above 600 MeV
would be welcome additional information,

Satisfactory tests of theoretical models of proton
‘He elastic scattering have been restricted by the
limitations in available experimental data. The
extensive measurements of do/dQ and Ay(6) pro-
vided by this experiment as well as those of Stetz
et al.! and McCamis ef al.? in the energy range of
200 to 500 MeV should aid in the resolution of this
problem.
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