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The elastic scattering of 600-MeV protons from light nuclei has been studied at the National
Aeronautics Space Administration Space Radiation Effects Laboratory (SREL) synchrocyclo-
tron. Differential cross sections have been obtained for the scattering of protons from hydro-
gen, deuterium, helium-3, and helium-4. Polarization was measured for deuterium and He
nuclei. The p-p cross-section data are in excellent agreement with the predictions from the
Livermore phase shifts. Small-angle p-D, p-~He elastic scattering data are compared with
calculations based on the multiple-scattering theories of Watson and Glauber.

INTRODUCTION

During the past few years there has been a grow-
ing interest in probing the nucleus with intermedi-
ate-energy hadrons. This interest is based on the
fact that the scattering of particles for which the
wavelength is comparable or less than the inter-
nucleon spacings may yield information which is
not forthcoming from experiments at lower ener-
gies, e.g. one might learn about the behavior of
individual nucleons within the nucleus.

A number of experiments have been reported on
the differential and total cross section in hadron-
nucleus scattering. ' ' Analyses of these experi-
ments have been made using the mul. tiple-scatter-
ing theories of Glauber and Watson' and the opti-
cal potential model of Kerman, McManus, and
Thaler. ' Pion scattering cross sections for "0
and "{.near the 3, 3 resonance can be well de-
scribed' " in the Glauber approximation but the
success of the model at this low energy and for
large scattering angles is not understood. Both
multiple-scattering theory" and optical models"' "
have been used to predict differential cross sec-
tions in p-'He and p-'60 scattering at high ener-

gies. The primary theoretical interest here was
to detect nucleon-nucleon short-range correlations.
The results of these calculations" indicate the pos-
sibility of pair correlations but definative state-
ments are contingent upon better knowledge of nu-
cleon-nucleon scattering amplitudes.

In view of the considerable theoretical interest
and the efforts being made in interpreting hadron-
nucleus scattering we have attempted to provide
more complete data for proton scattering from the
lightest nuclei. In the present work we have mea-
sured the elastic differential cross section and
polarization for 600-MeV proton scattering from
H, D, 'He, and 'He.

EXPERIMENTAL PROCEDURE

A. Proton Beam and Monitoring

The experimental arrangement is shown in Fig. 1.
The external proton beam of the Space Radiation
Effects Laboratory (SREL} 600-MeV proton syn-
chrocyclotron was brought to a focus on the target
by the beam transport system. The beam spot at
the target position was about 2.5 cm high and 1.25
cm wide with a divergence of +-,'' for both polarized
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FIG. 1. Experimental arrangement.

and unpolarized beams. Two split ion chambers
(SIC 1 and SIC 2) determined the beam centroid at
two positions, and gave the reference line for the
experimental setup. The scattering table was
aligned with respect to this line and the zero of
the scattering angle was determined to an accuracy
of +0.03. The sum and difference of the current
outputs from each split ion chamber were contin-
uously monitored on a strip chart recorder. The
relative beam intensity was monitored with an ar-
gon-filled ion chamber (AIC) and with a pair of
counter telescopes, M1 and M2, viewing an auxil-
iary target. These telescopes provided the cor-
rect normalization as long as all the beam passed
through the main target. When the main target was
smaller than the beam, an additional monitor tele-
scope viewing only the main target was mounted
above the scattering table at about 45 to the scat-
tering plane. These monitor counters were cali-

brated in separate runs where their accumulated
counts were compared with the activity produced
in a carbon target. The well-known "C(p, pn)"C
cross section" (20.5+0.6 mb at 600 MeV) was
used. The usable maximum intensity of the un-
polarized beam was initially limited to -2x 10'
protons/sec because of a small duty cycle factor
(2 to Gx 10 ') of the regenerative extraction sys-
tem. During the latter phases of the experiments,
however, the beam was extracted stochastically
such that about 10"protons/sec were ejected after
the initial burst. All counters were then electron-
ically gated to obscure this burst so that an effec-
tive beam of 5x10' protons/sec gave less than 10%
random coincidences.

The polarized proton beam was produced by scat-
tering the cyclotron beam from an internal carbon
block. Its azimuthal position was such that pro-
tons scattered at 9+ 1' entered the beam transport
system. The maximum intensity of the polarized
proton beam was about 2 x 10' protons/sec. To
determine the beam polarization, four separate
double-scattering experiments were performed
and the measured asymmetries were compared
with polarizations of Cheng et al."and Azhgirei
et al." Elastic scattering from carbon at 6, 8,
and 10' lab yielded asymmetries of 0.119+0.002,
0.146 + 0.002, and 0.14S+0.003, respectively. At
15 lab, the asymmetry from p-p scattering was
0.195 +0.017. The analyzing powers obtained from

TABLE I. Counter sizes and experimental geometries.

Reaction

Angular
range

covered,

& hb
(deg) Counter 1 Counter 2

Frontal dimensions of counters {horizontal and vertical)
and target to counter distance ~

Distance between
counter 8 and

target
,(cm)

p-p (gas target)

p-D and p-D 1p-12
15-27
30-32
35-40
45—60
60-150

0.635x 10.16 cm at 30.5 cm

2.54x 7.62 cm at 114 cm
2.54x 7.62 cm at 6 cm
2.54x 7.62 cm at 50.8 cm
2.54x 7.62 cm at 50.8 cm
2.54x 7.62 cm at 50.8 cm
2.54x 7.62 cm at 61 cm

p-p (CH2 target) All angles 2.54x 7.62 cm at 30,.5 cm

1.27 x 5.08
1.27 x 5.08
1.27 x 5.08
1.27 x 5.08
1.27 x 5.08
1.27 x 5.08

cm at
cm at
cm at
cm at
cm at
cm at

175 cm
114 cm
67.3 cm
67.3 cm
67.3 cm
114 cm

1.27x 5.08 cm at 114 cm

1.27x 5.08 cm at 114 cm

30.5

30.5

25.4
38
25.4
38
58.5
30.5

p -3He

p-4He and p-4He

17-26.5
20-28
28-45

4-18
15-32
19-32
19-60

0.635x10.16 cm at 30.5 cm
0.635x10.16 cm at 30.5 cm
p.635x1Q.16 cm at 30.5 cm

No counter
0.635x10.16 cm at 30.5 cm
0.635x10.16 cm at 30.5 cm
0.635x 10.16 cm at 61 cm

2.54x 7.62 cm at 114 cm
1.27x 5.08 cm at 61 cm
2.54x 7.62 cm at 61 cm

1.27 x 5.08 cm at 114 cm
1.27x 5.08 cm at 175 cm
1.27x5.08 cm at 114 cm
1.27x 5.Q8 cm at 175 cm

30.5
25.4
25.4

No associate counter

' Scintillators 3-9 were 12.7 cm wide and 17.8 cm high. All scintillators were 0.635 cm thick.
Deuteron defines solid angles.
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these measurements were 0.325 +0.015, 0.384
+0.015, and 0.410+0.015 for the respective angles
with carbon and 0.488+0.025 for hydrogen. The
beam polarization deduced was 0.369 s 0.015 ("C)
and 0.400+0.040 (H).

The beam energy was determined by measuring
the mean range in copper of protons scattered
from carbon and hydrogen. The proton energy
equivalent to this range was taken from the tabu-
lation of Janni. " The energies were 594 and 554
MeV for the unpolarized and polarized proton
beams, respectively. Stochastic extraction caused
a slight reduction in energy, viz. 580 and 544 MeV,
respectively. The beam energy spread amounted
to 10 Me& rfull width at half maximum (FWHM)]
for the unpolarized and 30 MeV (FWHM) for the
polarized beam, respectively.

B. Targets

The hydrogen targets used in the p-p scattering
measurements were thin polyethylene sheets rang-
ing in thickness from 0.025 to 1.28 cm. Subtrac-
tion of events due to scattering from "C in the CH,
was performed using scattering data from pure
carbon targets having equivalent numbers of car-
bon nuclei.

Deuterated polyethylene targets were used in the
P-D scattering measurements. The targets con-
tained less than 2% 'H as determined by mass-
spec troscopic analysis.

Gaseous 'He was contained in 15-cm-diam by
10-cm-high cylinders. For angles where the re-
coiling 'He energy was low, the target walls were
0.0025-cm-thick Havar foil and the pressure was
3 atm absolute. For larger angles the wall thick-
ness was increased to 0.0075 cm and the gas pres-
sure to 11 atm.

The 'He target was loaned to us from the Brook-
haven National Laboratory. " Liquid helium was
contained in a right circular cylinder of 0.025-cm
Mylar film 12.5 cm high and 10 cm in diameter.

C. Detectors

Figure 1 shows a differential range telescope
consisting of seven detectors. A large block of
copper was placed between detectors 2 and 3 as
the main energy degrader. Thin copper plates
were sandwiched between detectors 3 to 7 to scan
the end of the range curve. These detectors were
large enough to keep counting losses due to mul-
tiple scattering smaller than 1/p. Each detector in
the telescopes consisted of a plastic scintillator,
a Lucite light guide, and a photomultiplier assem-
bly. In the case of a liquid or gaseous target,
scintillators 1 and 2 jointly defined the scattering
volume and the solid angle. For solid targets only
scintillator 2 was used to define the solid angle,
while scintillator 1 provided an additional coinci-
dence requirement greatly reducing the number of
random events.

In the case of p-p, p-D, and p-'He scattering the
recoiling target nuclei were detected in an associ-
ated particle telescope to ensure elastic scatter-
ing. The dimensions of counters and the experi-
mental geometries are contained in Table I. The
range telescope (counters 1-2}and the associate
telescope (counters 8 and 9}provided the neces-
sary coincidence requirements. Only one such set
of telescopes was used for the cross-section mea-
surements, while for the polarization study two

TABLE II. p-p differential cross section at 582 MeV.

SOLID-

ANGLE- l 3

DEFINING

TELESCOPE

ASSOCIATE

TELESCOPE
I 9

DETECTORS COINCIDENCES

I (2}
iJ

1 I;~12$
2 '."l.2 3'

* III

V1

III ~
IV ~i

I 5 V'l
6 I iV63

YI

I 7 I ~IVZ. Z~

VII

III S
1) )11])1)

1YI Sg
VII-S[

llf

II!'tS)
I IV {S)~—Y (S)Q

'y

~ SCAlER OUTPUTS

STROBED COINCIDENCES

Proton center-of-mass
scattering angle

6~e CJIl.
(deg)

15
20
27.4
27.4
30
30
40
50
60
70
80
90
90b

Center-of-mass differential
cross section and error,

d~ c~.
(mb/sr)

5.98 + 0.25
5.91+0.18
5.45+ 0.16
5.78 +0.21
5.13+0.10
5.40+ 0.09
4.55 + 0.08
3.95+0.09
3.47+ 0.06
2.72+ 0.05
2.80 + 0.06
2.58+ 0.05
2.53~ 0.07

FIG. 2. Electronic logic.
Measured with time-of-flight system.
Measured with a gas target.
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TABLE III. p-D differential cross section at 582 MeV.

Proton
center-of-mass

scattering
angle,

P. cm.
(deg)

Center-of-mass
differential cross section

and error,

dQ ~~ dQ

16.9
2p.3
2Q 38
25.3
28.6
33.6

11.9+1.9
7.7 +0.6
6.9 +0.6
3.7+0.6
3.1+0.5

1.24+ 0.1Q

identical sets were used. The arms for the range
telescopes were positioned to an accuracy of
+0.01, the arm of the associate telescope to +0.5-.

To determine the telescope efficiency, absorp-
tion curves were obtained at five beam energies
(580, 493, 413, and 288 MeV) by placing a copper
wedge of variable thickness between counters 2

and 3 and recording the ratio of coincidences
1 ~ 2 ~ 3/1 ~ 2 vs absorber thickness. The ratio of
1 ~ 2 ~ 3/1 ~ 2 for any absorber thickness was de-
fined as the telescope efficiency at that proton en-
ergy. Each efficiency curve was plotted as a func-
tion of reduced range (reduced range is defined
as the thickness of absorber in the telescope divid-
ed by the mean range of the proton).

In addition to these measurements, a Monte Car-
lo calculation for the penetration of the protons

through a copper slab was performed, using known

reaction cross sections in the energy range 10 to
600 MeV and making reasonable assumptions for
the angular distribution and energy spectra of the
reaction products. 10/0 agreement between the
calculated and the experimentally observed absorp-
tion curve was obtained.

D. Electronic Logic

The electronic logic for the elastic scattering
and polarization measurement is shown schemat-
ically in Fig. 2. In the defining telescope twofold,
threefold, fourfold, fivefold, sixfold, and seven-
fold coincidences were formed multiplicatively,
but only the twofold and threefold random coinci-
dence rates were determined. Fourfold and higher-
order random coincidence rates were found to be
negligible at the selected beam levels. In the as-
sociate telescope, a double coincidence (8 9) wa. s
made when the range of the incident particle was
sufficiently long. The associate telescope signal
was used to gate the various coincidence outputs
from the proton telescope by means of a strobed
coincidence unit. These signals are labeled III ~ S,
IV S, etc. Random strobed coincidences III ~ (S),
IV ~ (S), etc. were formed in a second strobe unit
by delaying the strobing signal by 58 nsec, the
microscopic beam period.

E. Specific Experimental Techniques

36.8
41.7
44.9
49.6
52.8
57.4

6Q.5
65.0
72.7
79.5
86.2
92.7

0.82+ 0.07
0.38+0.02
0.27 +0.02
0.15 +0.01
0.11+0.01

0.091+0.005

0.081+0.005
0.091+0.005
0.083 +0.005
0.071+0.003
0.055 + 0.003
0.045 ~ 0.002

TABLE IV. p-D polarization at 544 MeV.

Center-of-mass
scattering

angle,

ec~.
(deg)

Polarization and error,
P~2 P

The proton-proton differential cross section was
determined using the associated-particle method
without range requirements on the recoiling pro-
tons. The cross section at 90 in the center of

99.0
104.9
11p.6
116.Q
126.0
134.8

142.5
149.5
154.0 ~

155.6
161.2
166.2

0.039+0.005
0.028 +0.002
0.023 +0.002
0.022+ 0.002
0.024 + 0.003
0.037+0.003

O.Q71 + 0.007
0.117+ 0.018
0.121+ 0.009
0.172 + Q.008
0.168+0.007
0.172 + 0.026

Measured with time-of-flight system.

16.8
25.1
33.3
41.3
49.2
56.9
64.5
71.8
77.5
92,2

104.4
116.0
125.5

0.484 +0.091
0.535+ 0.028
0.482+0.035
0.267 +0.102

-0.051 +0.068
-0.304+ 0.056
-0.149 +0.075
-0.135+0.105
0.025+ 0.070

-0.058+0.077
-0.061+0.084
0.010+0.140

-O.Q74 +0.115
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mass was measured with both a hydrogen-gas tar-
get of 65 atm pressure and a CH, target. The
cross sections obtained by the two methods agreed
within statistics. Good agreement was also ob-
tained at 12 using magnetic analysis and a time-
of-flight system. This system consisted of three
detectors along a 7-m flight path through a 22
bending magnet. The time and spatial resolution
was sufficient to separate elastic scattering events
from background.

interchanged several times at each angle to elimi-
nate some of the instrumental asymmetries.

P- He8

The P-'He differential cross section was mea-
sured in a manner similar to the P-D scattering.
However, 'He attenuation curves were mapped at
several angles in order to estimate the contribu-
tion of nonelastic events due to the breakup of 'He.
From the shape of the attenuation curves, it was

The associate particle technique was also used
in the P-D scattering. To determine the contribu-
tion due to deuteron breakup data were accumulated
with and without an absorber in the deuteron tele-
scope. Measurements of the angular correlation
around the elastic kinematic angle verified this
correction for breakup events. The yield of scat-
tered protons was obtained from the difference of
CD, and C measurements.

As an additional test, the magnetic spectrometer
and time-of-flight system were used to separate
deuterons from breakup protons ~ The cross sec-
tion was measured at 6~ = 12 lab and the values
which were found (o spectrometer = 19.2+1.7 mb/
sr) agreed very well with the cross sections deter-
mined by the coincidence range method (o range
= 21.5 + 1.7 mb/sr).

For the P-D polarization measurement all four
telescopes shown in Fig. 1 were used. During the
experiment corresponding pairs of telescopes were

Proton
center-of-mass

scattering
angle,
0p c~.
(deg)

Center-of-mass
differ ential

cross section and error,

dQ ~~. dQ ~m

(mb/s r)

5.4
6.85
8.0
9.5

11.0
12.3
13.7

14.9
16.25
17.7
19.2
20.65
23.2
25.65

210+23
180+ 19
145 + 16
124+ 13
106+ 13
94 + 0.10
71~0.8
59+ 6.5

47.5+ 5.2
38+ 4.1

26.4+ 2.7
18.0+ 1.9
9.8+ 1.1
3.8+ 0.5

TABLE VI. p-'He elastic cross sections at 587 MeV.

Proton
center-of-mass

scattering,
angle,
~P, cm.
(deg)

cross section and error,

dQ dQ
(mb/sr)

24.7
27.6
29.0
32.5
33.4
34.7
36.1
38.2
40.3
43.1
47.2
49.9
52.6
56.6
59.3
63.2

3.40+ 0.30
1.52 + 0.18
0.65+0.13
0.74+ 0.05

0.211+0.021
0.159+0.050
0.061 + 0.005
0.039 + 0.005
0.038 + 0.004
0.038 + 0.004
0.043 ~ 0.003
0.044 + 0.003
0.036 + 0.004
0.026+ 0.003
0.023+ 0.003
0.027+ 0.014

TABLE V. p- He differential cross section at 582 MeV.
26.9
28.25
31,0
32.5
33.85
35.2

36.4
37.7
39.1
40.4
41.9
43.0

45.6
48.2
50.8
52.1
53.3
55.8

58.2
60.8
63.25
65.7
71.8
77.9

2.28 +0.23
1.43+ 0.15
0.68+ 0.08
0.35 + 0.04
0.25*0.04
0.19*0.06

0.17*0.03
0.25 +0.025
0.25 ~ 0.025
0.35 ~ 0.030
0.28 ~ 0.03
0.28 + 0.03

0.23 ~ 0.04
0.19+0.02
0.15+ 0.02
0.12 + 0.012

0.086+0.006
0.064 + 0.004

0.056 + 0.006
0.035 + 0.007
0.022 + 0.005
0.014+0.004
0.009 + 0.003

0.0095+0.005
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concluded that the contribution was less than 10%
if the appropriate amount of absorber were placed
in the 'He recoil telescope.

The P-4He cross section and po1.arization were
measured with the seven-element range telescopes
only. For the polarization two symmetrically po-
sitioned matched range telescopes, simultaneously
recorded protons scattered left and right from the
liquid-helium target. Asymmetries were mea-
sured for protons which stopped in the various
range increments between counters (3, 4); (4, 5);
(5, 6); (6, 7). The telescope absorbers were adjust-
ed so that the mean range of the scattered proton
occurred at detector 4. Consistent and equal asym-
metries within statistics were obtained for the
range increments (5, 6) and (6, 7). These were
used to calculate the polarization. Increments
(3, 4} and (4, 5} showed variations and were as-
sumed to be contaminated by inelastic scattering
because the energy spread of the incident beam
(30 MeV FWHM) was greater than the breakup
threshold for 4He.

where
N = number of scattered protons detected,

e =detector efficiency for a single detector or
the product of efficiencies in the associated-
particle mode,

p =nuclear density of the target,

Q =number of incident protons, proportional to
the number of beam monitor counts;

X,X~A
G(8}= ' ' . for liquid and gas targets,

R 8 —l sin8
(~)

where

X,=width of the first detector element in the
telescope,

X„h,= width and height of the second element,

R = target to second element distance,

l =distance between elements 1 and 2,
6}= the laboratory scattering angle;

DATA REDUCTION

A. Differential Cross Section

(by Range Method)

The differential cross section was computed
from the following formula:

do N
dQ QG(8)ep '

TABLE VII. P-4He polarization at 540 MeV.

I

1

8-

7

Oo 4

Dubna 560 MeV
~ SREL 582 MeV

Dubna 660 MeV———Ca lculations from

phase shifts from

MacGregor, Amdt,
Wright (Ref.20),
Table III

Proton
center-of-mass

scattering
angle,
~P, 0~.
(deg)

Polarization and error,
P +DP

1

0.6—
I i i I I i I I

5.4
8.2

10.9
13.6
16.4
20.4
23.1
27.1
29.8
31.1
33.7
36.3
40.3
45.5
50.6
55.6

0.286 +0.108
0.385 + 0.028
0.485 +0.031
0.536 + 0.015
0.475+ 0.032
0.451 +0.029
0.365+0.015
0.154 + 0.040
0.049 +0.056
0.044+ 0.066

W.160 +0.056
0.145+0.065
0.305+0.078
0.483+ 0.103
0.476+ 0.073
0.453 + 0.117

0. 5 —
I 4

64- y'
)r

& Berkeley 500Mey
& Orsay 500 MeV

0. 2 — i SREL544MeV
o Orsay 600MeV
& Berkeley 600 MeV
o Dubna 667Mey

0 0

I j j I I I

0 10 20 30 40 50 60 70 80 90

~c. rn.

FIG. 3. Proton-proton scattering cross section and
polarization.
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G(8) =X,h, t/R'cosP, for solid targets,

where

t, P=target thickness and angle.

Absolute errors in computation of the cross sec-
tions arise from uncertainties in the incident flux
and the solid-angle measurements for the detec-
tors. Relative errors were principally due to
background subtraction and uncertainties in the
measurements of telescope efficiency.

$. Polarization

The asymmetry,

N~, —N„f,
N, lgh, +ref

10 =2

d'o 48
dQd8 do/dQ ' (5)

where (d'o/dQd8) is the slope of the differential
cross section, and 68 is accumulated alignment
error.

The maximum estimated value of instrumental
asymmetry was +0.03 and +0.045 for the p-D and
p-4He measurements, respectively.

observed in a coplanar double-scattering experi-
ment is the product of polarization of the incident
beam (P,) and the polarization due to the scatter-
ing from the target (P,):

A=p, p, .
The asymmetries computed were the average of
measurements made with detector arms in both
spatially symmetric configurations.

The false asymmetry due to beam misalignment
was estimated from the following:

RESULTS AND DISCUSSION

Q=i
The experimental data obtained in this experi-

ment are listed in Tables II to VII, and a detailed
discussion of errors is contained in a laboratory
note "

E

O

10

10

10 3

There is a great deal of information in the liter-
ature on the polarization in p-p scattering near
600 MeV, but only few data on the differential
cross section. " Therefore, we have measured
the differential cross section between 15 and 90',
but we have taken only a few polarization data,
mainly to serve as check points for our beam po-
larization. The results are shown in Fig. 3 in
comparison with the predictions from the phase-
shift solution for 570 MeV (Table III, Ref. 20) by
MacGregor, Amdt, and Wright.

0.8— 0.6-

0.5— /
/ &-- Modified wave function

-0.4—
'~t 't

-0.8
0

i I i i

0. 2 0. 4 0. 6 0. 8 1.0

-t (GeV/c}2

i

l. 2 l. 4

FIG. 4. Proton-deuterium elastic scattering cross sec-
tion (582 MeV) and polarization (544 MeV).

Cl

5

EQ

O

CD
Cl

0.4

0. 3

0. 2

0. 1

2

Radius (F)

FIG. 5. Comparison of wave function obtained by Rem-
ler (Ref. 27) in fitting p -D data with the Hamada-Johnston
wave function (Ref. 29).
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High-energy proton-deuteron scattering cross
sections have been analyzed ' '6 mainly in terms
of the Glauber theory using spin-independent N-N
scattering amplitudes. Satisfactory agreement
with the data has been obtained if the D-wave peart
of the wave function is included.

A different approach has been taken by Remler"
in calculating the differential cross section and the
polarization in P-D scattering at our energy. The
single- and double-scattering terms in the multi-
ple-scattering series were computed neglecting
exchange terms. The problem was treated rela-
tivistically in the center-of-mass frame and the
correct free nucleon-nucleon amplitudes calculat-
ed from the phase shifts. The deuteron S-state
wave function was represented as the sum of three
Gaussian functions and a search over the shape
parameters for the best fit to the data was carried
out. The D-state wave function (Table I potential
8 of Glendenning and Kramer") was renormalized
to about 7% of the total wave function. The results
are presented in Fig. 4. The solid, dashed, and
dot-dashed lines correspond to calculations using
the Hamada-Johnston wave function. '~ The dashed
curve corresponds to single scattering only while
the dot-dashed line corresponds to single and dou-
ble scattering. The solid line is the result when
the D state is included. The large change in the
predicted polarization at larger I; values obtained
by including the D-state wave function may suggest
a more sensitive way of determining the D-wave
percentage. The dotted line in Fig. 4 is an excel-
lent fit to the data which was obtained with a modi-

fied wave function as seen in Fig. 5. Its shape is
quite similar to that developed by Bressel, Ker-
man, and Rouben" from a soft-core potential. It
should be noted that the approximations used in the
P-D calculations are not valid for t & l (GeV/c)',
but for the region t &0.6 (GeV/c)' they should be
fairly accurate. Although the analysis in its pres-
ent state is still inconclusive, it indicates that the
data may contain new information on the deuteron
structure.

Recently new data on elastic scattering and polar-
ization' and scattering from a polarized deuteron
target4 have become available. These data, to-
gether with ours, have been analyzed using a gen-
eralized Glauber theory including spin. " All of
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(582 MeV). Solid line is a calculation using Glauber
theory.

FIG. 7. Proton-helium-4 differential cross section
(587 MeV) and polariztion (544 MeV).
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103 fm', "and 4.3 (GeV/c) ', respectively. We have

assumed the 'He wave function to be the product
of Gaussian single-particle wave functions neglect-
ing states of higher angular momentum:

where R is the rms radius of the nucleon centers
in the system, where

E

u )00

io'

The best agreement with the forward slope of the
cross section was obtained with R = 1.50 fm (Fig.
6). Considering the average radius of the nucleon
to be 0.70 fm this would yield a 'He matter radius
of [1.5'+ (0.7)']'"= 1.71 fm. This is about 10%
smaller than the charge radius obtained from elec-
tron scattering. '~ "

)0 P I I I I I I I

P 0. I 0 Z P. 3 0. 4 0. 5 0. 6 0. 7

-t(8eVlc)~

FIG. 8. Comparison of p- He cross section with
Glauber-theory prediction.

the p-D data are well fitted for t&0.25 (GeV/c)', but
rather poorly for larger I;. In particular the inflec-
tion in the cross section at 0.5 (GeV/c)' is not re-
produced. However, the authors" have suggested
the interesting possibility that p-D data might be
used to determine the absolute phase of the nu-
cleon-nucleon amplitudes. In fact, they have suc-
ceeded in fitting cross-section and polarization
data to t = 1 (GeV/c)' by introducing an arbitrary
phase factor to all the amplitudes.

In the absence of any more refined calculations
we have compared our P-'He differential cross
section with the results of the Glauber formalism
in its simplest form as was first applied to 4He

by Czyz and I.esniak. " We have taken a parame-
trized form for the spin- and isospin-independent
N-N scattering amplitude which fits the p-p and
n-P cross sections at our energy reasonably well:

f (k, q) = kor e " ~',

where q is the four-momentum transfer and the
variables n, o~, and a were taken to be 0.43, 3.9

P- He4

In Fig. 7 the p-4He differential cross section and
polarization are shown. We have calculated the
cross section using the same formalism as for
'He, but using a radius of 1.25 fm (Fig. 8). Rea-
sonable agreement with the data can be obtained
for t ~0.25 (GeV/cP; for larger t values there is
a substantia1 discrepancy. At 1-GeV incident pro-
ton energy, similar disagreement for p-'He scatter-
ing data has been studied in detail by Czyz and
Lesniak" and Bassel and Wilkin" both of whom
tried to extract information about short-range nu-
cleon correlations. Recently, the same data have
been analyzed" using the multiple-scattering theo-
ry of Ref. 8. Very good agreement was obtained,
the biggest uncertainty being knowledge of the N-N
amplitudes. There have also been Glauber-type
calculations at 160 MeV and at our energy includ-
ing the spin dependence in the N-N scattering am-
plitude in a simplified form. " A region of a very
large negative polarization is predicted which is
nearly independent of energy. The cross section
and pol.arization have also been calculated at our
energy by Ford and Pentz" who used the Watson
multiple-scattering expansion to second order with
an approximate double-scattering term. Qualita-
tive features of the data are reproduced, although
there is no detailed agreement. Similar results
have been obtained by Kujawski" using an optical
potential model. More detailed calculations will
be necessary to understand the in detail interfer-
ence between various multiple-scattering terms.
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