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Polarization of 40-MeV Protons by Complex Nuclei*
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The polarization of 40-MeV protons scattered by helium, lithium, carbon, aluminum, nickel, and lead
has been measured using a polarized proton ion source in conjunction with the Minnesota Proton Linear
Accelerator. Experimental procedures utilized in the measurements are discussed in detail. p-a polarization
measurements are compared with the theoretical predictions by Gammel and Thaler.

I. INTRODUCTION

N recent years, many proton-nucleus polarization
measurements at a variety of energies have been
obtained.=* The analyses of these polarization data
with their corresponding differential cross-section results
yielded phase shifts of the partial wave pertinent to the
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interaction at the specific energy at which these meas-
urements were made. Examination of polarization
measurements cited in the references shows that with
the exception of Ref. 24 and a few points in the forward
angles at” 66 and® 57 MeV, all other measurements are
made at energies above 95 MeV or below 22 MeV. A
paucity of polarization data exists at intermediate en-
ergies since polarization measurements require the in-
coming proton beam to be polarized at some stage of
the experiment, and until recently there existed no
convenient means to produce a polarized proton beam
at intermediate energies, as contrasted with the situa-
tion for higher or lower energies.

Polarization is customarily measured by double scat-
tering of an unpolarized beam. Let P, be the polariza-
tion of the beam after first scattering and As be the
analyzing power of the second scattering, then the asym-
metry observed after the second scattering is

¢=(L—R)/(L+R)=P:4>, )

where L and R are the number of protons scattered to
the left and right, respectively, in the second scattering.
For stronginteractions, it has been shown empirically?®-26
that the polarization in the second scattering, Py, equals
A, even if target spin is nonzero. Thus, Eq. (1) can be
written as

e=(L—R)/(L+R)= PP, (2)
whence
Py=¢/P1=(1/P)((L—R)/(L+R)). 3)

Equation (3) shows that it is possible to measure
polarization at a given energy and angle by the single
scattering of a polarized beam of known polarization
P; independent of the methods used to produce the
polarized beam. One notes that the validity of Egs.
(2) and (3) depends upon whether the interaction is
time-reversal invariant. This assumption may or may
not be valid for the inelastically scattered protons.
Therefore, our results on C2(p,p")C2*(Q=—4.43
MeV) and Li’(p,p")Li™*(Q=4.6 MeV) are, strictly
speaking, asymmetry (4) instead of polarization (Ps)
measurements.

2 L. Rosen and J. E. Brolley, Jr., Phys. Rev. Letters 2, 98
(1959).

26 C. F. Hwang, T. R. Ophel, E. H. Thorndike, and Richard
Wilson, Phys. Rev. 119, 352 (1960).
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Wolfenstein,?” and Critchfield and Dodder?® showed
that from a knowledge of phase shifts calculated from
differential cross sections alone (a possibility that is
quite plausible at low energies where S and P waves
dominate), a prediction of polarization is possible. This
approach was employed successfully by Brockman®
and was further applied by Gammel and Thaler.?
The latter authors used all available experimental p-He
scattering information including both the differential
cross section measurements and the polarization results
of Brockman.® From these measurements they deter-
mined the phase shifts for low energy p-He interactions.
The measurements of Brussel and Williams® were then
used to calculate the phase shifts of p-He scattering at
40 MeV. They demanded these phase shifts to vary
smoothly in energy and to blend into the lower energy
phase shifts previously determined. Finally, they pre-
dicted the p-He polarization at 40 MeV. In the absence
of actual measurements, these calculated polarization
results represented the best available information on the
subject.

Greenlees® found, however, that the dependence of
polarization and differential cross section upon phase
shifts are sufficiently different so that phase shifts ob-
tained from differential cross section alone is not ade-
quate to guarantee a unique prediction of polarization.
Furthermore, it has been demonstrated in p-p scatter-
ing?% that energy extrapolation of phase shifts are not
to be taken seriously. Thus, it seemed desirable to meas-
ure polarization of p-nucleus interaction at intermediate
energies.

II. EXPERIMENTAL METHOD

In this section, we shall discuss the experimental tech-
niques used in these experiments. They are, in the order
to be discussed, the polarized ion source, the measure-
ment of beam polarization, beam monitoring, detectors
and associated electronics, targets and backgrounds,
asymmetry measurements, and spurious asymmetries.

The Polarized Proton Ion Source

A detailed description of the Minnesota Linear
Accelerator Polarized Ion Source is given in a separate
article by one of the authors.? The following improve-
ments upon the source have since then been incor-
porated. By replacing the tungsten filaments in the
electron-bombardment ionizer with oxide-coated fila-
ments and by adding air cooling of the ionizer chamber,
the operating pressure of the ionizer was reduced to
2X1077 Torr. Since the background ions are not polar-

27 L. Wolfenstein, Phys. Rev. 75, 1664 (1949).

(1;2% L. Critchfield and D. C. Dodder, Phys. Rev. 76, 602
2 J. L. Gammel and R. M. Thaler, Phys. Rev. 109, 2041 (1958).
3 M. K. Brussel and J. H. Williams, Phys. Rev. 106, 286 (1957).
3L G. W. Greenlees (private communication).

3 G. Clausnitzer, Nucl. Instr. Methods (to be published).
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ized and their presence dilutes the protons from the
polarized atomic beam, this reduction of ionizer pres-
sure resulted in an enhancement of beam polarization to
approximately 359.

The stray field in the ionizing region was reduced to
0.1-0.6 G by adding extra magnetic shielding between
the ionizer and its VacIon pumps. Consequently, it is
possible to use lower values of guide field in the ionizing
region. Since theoretical polarization of 509, for this
source will decrease to 469, at a 20 G guide field, alower
(4-6 G) guide field served to further enhance the ob-
served beam polarization. Moreover, lower guide fields
correspond to smaller Lorentz forces exerted by the
guide field upon the ions, which means a smaller in-
fluence upon the trajectory of the ions. Thus, the change
of beam intensity is minimized as the lower guide field
is being reversed to produce a reversal in beam polariza-
tion. With a typical guide field of 4-6 G, the beam in-
tensity was found to change by only 209, when the guide
field was reversed. Beam polarization for these values of
guide field was found to be independent of small changes
of the magnitude and of the sense of the guide field.

Improvements of a minor nature were also made on
the dissociator. A stable hydrogen flow system, the im-
pedance matching of the rf discharge, and remote con-
trol of the ionizer power supply were installed. With the
above improvements, it is currently possible to produce
a stable polarized proton beam with an intensity of
1.5X107 protons/sec at 10 MeV, 2X 108 protons/sec at
40 MeV and a typical beam polarization of 35%.

Measurement of Beam Polarization

To determine the degree of polarization produced by
the polarized ion source, the protons extracted from the
ionizer were accelerated to 10 MeV where the character-
istics of this polarized proton beam were studied with a
He?-polarimeter. This polarimeter consists of a collimat-
ing system to define the 10-MeV polarized beam after
it leaves the quadrupole magnets, a helium gas cell
target which can be pressurized up to five atmospheres
absolute and cooled by liquid nitrogen to approximately
150°K to enhance counting rate, and a pair of telescopes
with identical defining slits and plastic scintillating crys-
tals placed symmetrically to the incoming beam at a
fixed angle of 40° in the laboratory system. Figures 1
and 2 depict, respectively, the schematic arrangement
of the polarimeter and the gas cell target with the target
cooling provision.

The scattering efficiency of the polarimeter is approxi-
mately 5X 1077 at a scattering angle of 40° lab when the
gas target is at one atm absolute and 300°K. The
azimuthal angular resolution of the detector was
#+2.5°, and the inherent spurious asymmetry of the
polarimeter was measured to be less than 19, absolute
which is small in comparison to the statistical errors in
the measured asymmetries.

Beam polarization (P3) was calculated from the meas-
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ured asymmetries by using the p-He polarization data
of Rosen et al.,'® interpolated to the appropriate angle
of 40° lab, (P;=449,+5%,). P, was found to vary
from 259, to 399, depending upon the operating con-
ditions of the ion source. Recent measurements at
Wisconsin® suggest that the interpolated P may be too
high by 109,. Recalibration of the beam polarization is
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F16. 2. Schematic diagram of liquid nitrogen
cooled helium gas target.

3 R. Brown (private communication).
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now underway. Since the measured asymmetries of
p-nucleus scattering will be presented herein together
with calculated polarization, a recalculation of p-nu-
cleus polarization can be readily carried out if the
situation warrants.

A secondary standard of beam polarization was
established by measuring the beam intensities with the
sextupole magnet on and off. The beam polarization can
be approximated by

]

Py 1-

where the I’s are the observed beam intensities and the
factor § arises from the theoretical value of polariza-
tion in the atomic beam. Such values of P were taken
frequently and the averaged results were compared with
the values of P; as measured by the polarimeter. Py as
measured by the two methods were found to be in ex-
cellent agreement at 10 MeV.** As an additional check
on the validity of this secondary method of P, deter-
mination, the polarization of p nitrogen scattering at
10 MeV was measured using the polarimeter. P; was
calculated on the basis of the magnet on/off ratio and
the polarization of p nitrogen at 40° lab was found to
be 529,79, This value compares well with the meas-
urement of Rosen e al.'® of 569,459, interpolated to
40° lab. The P; determination by magnet on/off ratio
was used exclusively for the 40 MeV experiments for
obvious reasons.

I (Magnet off)

—_— @)
I(Magnet on)

Beam Monitoring

Since it is not necessary to know the absolute beam
intensities in asymmetry measurements, an air filled

3¢ Minnesota Linear Accelerator Annual Progress Report,
(1961), p. 73 (unpublished).
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For polarization of protons scattered by Li?, since the
first excited state of Li® is only 2.18 MeV above the
ground state, the rectangular detectors were not ade-
quate to resolve this first excited state. A pair of
1.5-in.-diam X 0.75-in.-thick NaI (T1) were polished and
mounted. Figure 4 shows some typical energy spectra
of protons scattered by Li® and detected by these circu-
lar detectors used in conjunction with a Nuclear Data
1024 channel pulse-height analyzer.

Targets and Background

The choice of target elements has been limited to
those nuclei whose differential cross section at 40 MeV
have already been measured in order to facilitate data
analysis. The target elements measured were natural
helium, lithium, carbon, aluminum, nickel, lead, and
isotopically pure Li(99.37 Li¢ and 0.7, Li"). All solid
targets, having thicknesses of between 1.25 and
5 MeV, were mounted on target frames provided for
the 8-ft scattering stand. In the helium measurements,
a liquid-helium target was used. The target container
was a 1.7-cm-diam X 4-cm-high cylinder made of 0.001-
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Fi1c. 3. Typical energy spectra of rectangular detectors
from p-carbon scattering.

ionization chamber was used to monitor the polarized
proton beam. The charge collected by the ionization
chamber was integrated by an electrometer tube and
associated circuits. Relative intensities at a fixed scat-
tering angle so measured were found to be accurate to

0.19%.

Detectors and Associated Electronics

The proton nucleus polarization experiment appara-
tus utilizes a pair of 0.75in.X3.25 in.X0.625 in.
NaI(Tl) scintillation crystals mounted with their
associated defining slits, light pipes, photomultipliers,
and preamplifiers on the movable arms of aa 8 ft-diam
scattering stand located in the 40-MeV experimental
area. These crystals subtend a solid angle of 7X1072 sr
at the target and have an azimuthal angular resolution
of £2°,

Lucite light pipes and DuMont 6292 photomulti-
pliers were used. Pulses were amplified, integrated, and
energy analyzed by a 22-channel pulse-height analyzer.
The energy spectrum of the protons scattered by carbon
and detected by the rectangular NaI crystal is shown in
Fig. 3. The figure shows that the system is adequate to
resolve the protons from C2(p,p)C%2 and C2(p,p")C12*
(Q=—4.43 MeV) reaction. Polarization of protons
scattered by helium, lithium, carbon, aluminum, nickel,
and lead were measured with these detectors.
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F16. 4. Typical spectra of circular detectors.
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in.-thick Mylar. Construction of the target and the

associated cryogenic equipment were identical to the:

liquid hydrogen target described in Ref. 26.

There was no measureable background for solid
targets. The liquid helium target container contributed
a background of 2-99, depending upou scattering angle.
Background contributions at each scattering angle from
helium were measured and the measured backgrounds
were subtracted from the raw counts at the appropriate
angles.

Measurement of Asymmetry

In the conventional procedure of measuring asym-
metry the detector is moved from time to time from one
side of the beam to the other at a given angle. However,
one recognizes that those protons with spin up (down)
and scattered to the right (left) are exactly equivalent
to those protons with spin down (up) and scattered to
the left (right). Hence, the scattering of a polarized pro-
ton beam is symmetrical to a 180° rotation about the
beam. Since provisions have been made in the polarized
proton ion source so that the orientation of the beam
polarization can be easily reversed (see section on
polarized proton ion source), it is convenient to measure
asymmetry by reversing beam polarization instead of
moving detectors.

A schematic diagram of the proton-nucleus polariza-
tion experimental apparatus is shown in Fig. 5. The
40-MeV proton beam of the Minnesota Linear Accelera-
tor was magnetically deflected at the exit of the second
tank into the 40-MeV experimental area and was focused
by a pair of magnetic quadrupole lens to a spot g% in.
wideX 1 in. high at the target located at the center of
the 8-ft scattering stand. Detectors were placed one on
each side of the incoming proton beam at equal scat-
tering angles. With the target perpendicular to the in-
coming beam, counts were obtained in each detector for
both incoming protons with spins up and down. This
detector configuration will be referred as mode I of

NORDBY,

SUWA, AND WILLIAMS

12" SCATTERING CHAMBER

I X Vg
TARGET BEAM SEZE

165"

F16. 5. Schematic diagram for the
polarization experiments.

data taking and is shown in the principal part of Fig. 5.

Denoting those counts obtained by the left (right) de-
tector with incoming proton spin up and down as LV
and LP(RY and RP), respectively, the measured asym-
metry and its statistical error are then given by

¢= (LU+RP—LP—RY)/(LV+ RP+LP+RY)
=PPs (5)

and
Ae=21/(LU+RP+LP+RU)'2, (6)

Measurement of asymmetries by reversing beam
polarization has three additional advantages. Firstly,
if two detectors are used simultaneously, it is possible
to collect two sets of data at the same time, an important
advantage since counting rates for these polarization
measurements are usually low. Secondly, proper com-
bination of counts in the manner described by Eq. (5)
minimizes errors in asymmetry due to misalignment of
the beam, counting efficiency variation in the detectors,
and beam intensity monitoring. Thirdly, at large angles
when counting rates are extremely low, a convenient
compromise can be realized between counting rate and
energy resolution by placing the target at an appro-
priate angle to the incoming proton beam. This rotation
of target at large scattering angles is essential in order
to minimize the energy spread in the protons scattered
by different portions of the target.

When the target angle is not placed at 90° to the in-
coming proton beam, mode I of data taking is no longer
feasible. Mode II consists of placing both detectors on
the same side of the incoming proton beam but at two
different scattering angles, and the detector configura-
tion of this mode of data taking is shown in the insert
of Fig. 5. Let U and D be counts obtained by a given de-
tector with incoming proton spin up and down, respec-
tively, asymmetry is then

e=(U—D)/(U+D)=PyP; (M
and

Aexx1/(U+ D). (8)
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Since mode II of data taking is more susceptible to
errors in beam intensity monitoring and to the degree
of spin reversal achieved in the beam polarization, mode
I of data taking was used whenever feasible. In general,
small angles (<60° lab) results were taken in mode I
and large angles (>50° lab) results were taken in mode
IT with overlapping angles. However, by analyzing the
data, it was confirmed that mode II is no worse than
mode I to within the statistical error.

Spurious Asymmetries

In order to determine the causes and magnitudes of
spurious asymmetries inherent in the experimental
apparatus, the unpolarized 40-MeV proton beam was
scattered by the apparatus using a lead target and a
scattering angle of 50° lab. Lead at 50° lab was chosen
for its large (d/d0)(do/dw), which emphasizes spurious
asymmetry due to angular misalignment.

It was found that there were two major sources of
spurious asymmetries. Firstly, the asymmetry measured
depended upon the ability to clearly distinguish the
elastically scattered protons from inelastically scattered
protons. Secondly, there was a contribution of spurious
asymmetry due to the random wandering of the in-
coming proton beam. This beam wandering was caused
by the slight changes of beam energy due to the varying
tuning conditions of the linear accelerator.

The first cause of spurious asymmetry is minimized by
improving the resolution of energy spectrum in the de-
tector. To minimize the spurious asymmetry contribu-
tion due to beam wandering, a pair of beam centering
electrodes were placed at the entrance to the quadrupole
lens. By fixing the beam position at the midpoint of the
centering electrodes and holding the beam bending
magnet current constant, the random beam wandering
was greatly reduced.

10 L
L P-He*
- POLARIZATION
05~ Ep=38Mev
s [
2 ool Swmmy 4
s L T~} V4
g [ ~ANF
-05(-
10 Y SR SRR SR SN NN N
O 20 40 60 ' 80 100 120 140 K60 180

© (C.M.in Degrees)

T16. 6. p+He! polarization, £,=38 MeV, elastic scattering.
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TasLE I. p4-He polarization.

F,=38 MeV
O1ab(deg) Oe.m. (deg) € Pp P,
20 24.9 0.001+0.005 0.336 0.003+0.015
25 31.0 0.00740.003 0.332 0.021+0.009
30 37.2 0.0024-0.006 0.330 0.00740.017
35 43.3 —0.00340.007 0.312 —0.009+0.021
40 49.3 —0.00140.008 0.331 —0.00340.023
45 55.2 —0.029-4-0.008 0.320 —0.091+0.026
50 61.1 —0.0364-0.007 0.329 —0.110=+0.021
55 66.8 —0.03240.013 0.271  —0.1184-0.048
60 72.5 —0.0340.011 0.333 —0.1024-0.034
65 78.1 —0.0534+0.013 0.304 —0.17540.044
70 83.6 —0.0534-0.011 0.324 —0.163+0.034
75 89.0 —0.0984-0.015 0.365 —0.268+0.041
80 94.3 —0.1124-0.019 0.340 —0.3294-0.056
85 99.4 —0.1474-0.015 0.336  —0.437+40.045
90 104.5 —0.12840.019 0.349 —0.367+0.055
95 109.4 —0.09440.018 0.354 —0.2654-0.051
100 114.3 —0.0234-0.020 0.365 —0.063+0.055
105 119.0 0.0332-0.022 0.322 0.1024-0.068
110 123.6 0.0904-0.016 0.333 0.270£0.048
115 128.1 0.193+0.016 0.346 0.557+0.046
120 132.5 0.251£0.017 0.344 0.73040.050
125 136.8 0.2594-0.014 0.351 0.7384-0.040
130 141.1 0.27340.018 0.332 0.824+0.054
135 145.2 0.3042-0.022 0.375 0.810+0.059
140 149.3 0.2944-0.016 0.371 0.72940.044
145 153.3 0.2234-0.022 0.376 0.594-+0.058
150 157.2 0.19240.067 0.379 0.507=£0.067

The spurious asymmetry of the apparatus after the
installation of the beam centering electrodes was found
to be less than 19, a value considerably smaller than
the uncertainty due to counting statistics in most cases.
Also, the error caused by this asymmetry could be re-
duced by repeating short runs with spin up and down
alternately for the same angle.

III. RESULTS

Proton-nucleus polarization versus scattering angles
for helium, lithium, carbon, aluminum, nickel, lead, and
Li% at a mean proton energy near 38 MeV are tabulated
in Tables I through VII. The sense of polarization is in

TasLe 1. p+Li¢ polarization elastic scattering.

7,=38.7 MeV

O1ap Oc.m. Pp € Py

10 23.3 0.369 0.01040.001 0.0284-0.004
22.5 26.2 0.360 0.0124-0.003 0.03340.010
25 29.0 0.368 —0.0160.002 —0.0434-0.006
27.5 319 0.350 —0.00140.006 —0.003+0.018
30 34.8 0.371 —0.009-0.005 —0.023+0.013
32.5 37.7 0.358 —0.01240.005 —0.0344-0.014
35 40.5 0.369 —0.03940.004 —0.106+0.011
40 46.1 0.369 —0.0362-0.006 —0.09740.016
45 51.8 0.368 —0.060-0.008 —0.1634-0.022
50 57.3 0.369 —0.0204-0.017 —0.053+0.045
52.5 60.1 0.365 —0.003+0.031 —0.008+0.085
55 62.8 0.374 0.0234-0.023 0.0614-0.063
60 68.3 0.377 0.13140.027 0.347-0.071
62.5 71.0 0.360 0.2904-0.036 0.80640.108
65 73.7 0.373 0.2144-0.025 0.57440.067
70 79.0 0.371 0.2854-0.030 0.7684-0.081
75 84.3 0.370 0.2874-0.026 0.77640.070
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TasLE III. p-+Li polarization.

Elastic+first excited state

(0=—4.18 MeV)

F,=38.7 MeV

Second excited state
(Q=—4.63 MeV)

Olab Pp Oc.m. PZ Oe.m. € P2
20 0.371 22.8 0.0084-0.003 0.0204-0.009 23.0 0.0164-0.014 0.04340.038
25 0.380 28.5 —0.00340.003 —0.0094-0.009 28.8 0.0084-0.010 0.02140.027
30 0.381 34.1 —0.002+0.004 —0.00540.011 344 0.01140.011 0.030+0.030
35 0.356 39.7 —0.0194-0.006 —0.0544+0.016 40.1 —0.020+0.011 —0.056+0.033
40 0.356 45.3 —0.02740.006 —0.0754-0.016 45.7 —0.01630.009 —0.0454-0.025
45 0.339 50.8 —0.0364-0.008 —0.1054-0.024 51.3 —0.02240.010 —0.06320.030
50 0.326 56.3 0.005+0.008 0.0194-0.024 56.8 —0.0294-0.008 —0.0934-0.025
55 0.334 61.8 0.0504-0.008 0.15140.025 62.3 —0.064+0.008 —0.19340.025
60 0.353 67.2 0.081+0.010 0.231+0.028 67.7 —0.0454-0.008 —0.16040.031
65 0.346 72.5 0.12240.012 0.3544-0.034 73.1 —0.04240.012 —0.1234-0.034
70 0.347 77.8 0.1384-0.011 0.3984-0.032 78.4 —0.01040.013 —0.02940.037
75 0.359 83.0 0.146+0.014 0.40740.038 83.6 0.002+0.017 0.006=£0.047
80 0.353 88.2 0.16240.014 0.4594-0.040 88.8 0.006-£0.017 0.01640.048
85 0.363 93.3 0.128+4-0.017 0.35240.047 93.9 0.0324-0.020 0.088-0.056
90 0.357 98.3 0.1213-0.017 0.336-+0.048 98.9 0.105+0.019 0.2954-0.053
95 0.348 103.3 0.10840.018 0.31140.051 103.9 0.11540.021 0.330+0.060
100 0.348 108.2 0.1264-0.019 0.364+0.055 108.8 0.1344-0.021 0.385+4-0.060
TasLE IV. p+4-C polarization.
E,=38 MeV
C2(p,p)C* C2(p,p")C#* (Q=—4.433 MeV)
ala.b I)B oc.m. € P2 c.m, € 2
15 0.196 16.2 0.0044-0.003 0.01940.013 16.3 0.005-+0.019 0.0264-0.098
20 0.254 21.6 —0.003+0.002 —0.012-40.008 21.8 —0.02740.015 —0.01640.059
25 0.278 27.0 —0.0204-0.003 —0.0704-0.009 27.2 —0.0354-0.012 —0.1254-0.046
30 0.272 324 —0.025+0.003 —0.092+0.009 32.6 —0.066+0.011 —0.2434-0.039
35 0.269 37.8 —0.028+0.003 —0.1044-0.011 37.9 —0.07040.010 —0.2584-0.037
40 0.229 43.1 —0.01740.007 —0.074+0.030 43.3 —0.08240.015 —0.36040.067
45 0.245 484 0.0564-0.008 0.23040.033 48.6 —0.0524-0.012 —0.2134-0.049
50 0.223 53.7 0.14240.009 0.639+0.041 53.9 —0.0414-0.016 —0.18040.071
55 0.274 58.9 0.209-+0.010 0.7614+0.037 59.2 —0.061+0.016 —0.224+40.057
60 0.258 64.2 0.187-+0.009 0.728+0.034 64.4 —0.0284-0.017 —0.1094-0.068
65 0.258 69.4 0.1634-0.011 0.6374-0.042 69.7 0.0514-0.029 0.1964-0.113
70 0.278 74.5 0.1454-0.014 0.52140.050 74.8 0.0844-0.029 0.30240.105
75 0.285 79.6 0.1484-0.016 0.51940.056 80.0 0.21740.034 0.761+0.119
80 0.269 84.7 0.13740.017 0.5084-0.064 85.3 0.2434-0.032 0.903+0.119
85 0.286 89.8 0.14340.023 0.5004-0.079 90.1 0.2774-0.034 0.9694-0.120
TasLE V. p+Al polarization. accordance with the Basel Convention.’® Measured
- asymmetries are also given in these tables to facilitate
B 0. . Py Ey=31.5 ‘\;I,E;V the calculation of polarization at a later date in the
al c.m. h h . . . d _
20 207 Z0.028.00.003 0284 —0.098-£0.011 even? that the bf:am polarlzat}on was 1ncorrectly. e
22.5 233 —0.051+0.005 0303 —0169+0017 termined (seesection on determination of beam polariza-
25 250  —0064+0.008 0260 —0.2390.030 tion). ; lelv to counti tis-
25 285 007710004 0200 —_0250x0013 100 The errors given are due solely to counting statis
30 311 —0.05640.006 0288 —0.193+0.021 tics. Figures 6 through 12 give the variation of polariza-
2.5 337 —0.072£0.008 0299  —024040.026 ; : hically. In Fig. 6 i
333 37 _004040014 0284 01404005 'lon Versus scattering angle graphically. In Fig. 6 is
35 36.2 0.11340.009 0.281 0.040+0.031 also shown the theoretical predictions of Gammel and
375 388 0.108£0.018 0279  0.388+0.064 Thaler?® Bec £ . lution of the de-
40 414 009750003 0284  0343r00p0 | paler Because of insufficient resolution of the de
42.5 44.0 0.1254-0.015 0.285 043940053 tectors used, contribution of the first and other low-
45 46.5 0.10240.010  0.271 0.37620.038  |yi ited states in elasti ing could not b
50 516 007040008 0284 024500y Yin8 excited states in elastic scattering could not be
52.5 542 0.064-£0.018 0.296 0.217+0.050 separated for aluminum, nickel, lead, and lithium? from
55 56.7 0.0514-0.011 0.292 0.1744-0.037 i i
5.5 503 004250015 0308 013700 Lhe elastic scattering data.
60 61.8 0.04640.013 0.288 0.16040.047
65 66.9 0.05140.016 0.296 0.17340.054 IV. DISCUSSIONS
?,(5) ;?]O 0.103+0.026 0.38% 0.34%:!:0.085
1 0.182-+0.029 0.2 0.635-+0.100 : : s
80 821 0,220,030 0.293 0.753+0.103 Of the various polarization measurements, only the

p-He results were subjected to theoretical studies as
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F1c. 7. p+Li® polarization, £, =38.7 MeV, elastic scattering.

reported in an earlier paper.?® No further calculations
have been reported on the discrepancy between theore-
tical predictions and measurements. From some prelimi-
nary studies, Thalers®:3 felt that this discrepancy be-
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Fic. 8. p+Li (natural) polarization, £, =38.7 MeV.

tween theoretical and measured values at large scat-
tering angles may be a more serious nature than a simply
misestimation of the magnitudes of the calculated
parameters. He suggests that the trouble may be con-
nected with the opening up of various inelastic channels
in the scattering process, but a more quantitative state-
ment must wait for a measurement of total reaction
cross section at this incident proton energy.

TasLe VII. p+Pb Polarization

. L E,=375MeV
TasLE VI. p4-Ni polarization. Ot Oo.m. € Ps P,
7. =38 MeV 15 15.1 —0.0044-0.002 0.277  —0.0162-0.006
W e R STURR A1 TEEE b
“ o-m- . —0. =+0. B —0. =+0.
14 4.9 —0.014-0.00 . —0.043+0.005 27.5 27.6 —0.034£0.011 0.283  —0.199--0.038
17.5 178 Z0:03720.003 gggg —8.11&8.808 30 30.1 —0.040-£0.014 0294 —0.137:0.046
20 20.3 —0.069-+0.005 0289 —0.240+0.017 32.5 32.6 —0.013+0.011 0.285  —0.0463-0.038
21 213 —0.10540.004 0324 —0325+0012 33 35.2 0.024:£0.016 0307 0.0790.051
225 229 —0.115+0.005 0302 —0.380+0018 375 377 0.018+£0.018 0302 0.059::0.059
— — 40 40.2 0.0284-0.014 0.294 0.094+-0.046
15 25.4 0.1284-0.009 0.278 0.46040.031
26 26.4 —0.120£0.011 0.301 —0.400-+0.038 45 45.2 —0.0424-0.023 0.280  —0.1494-0.081
27 274 —005140010 0320 —0.158+0032 0 502 —0.07040021 0270 —0.259-:0.077
27.5 28.0 0.007-£0.008 0298  0.022+£0.025 S5 55.2 0.0270.028 0290 0.092::0.095
28 28.5 0.008+0.012 0.317 0.025+0.038
30 30.5 0.1164-0.013 0.284 0.4084-0.044
32.5 33.0 0.09140.013 0.275 0.33140.045
35 35.6 0.068+0.006 0.304 0.225-40.021 10 T T T T T T
37.5 38.1 0.051+0.012 0.299 0.1694-0.040 | P+C POLARIZATION
40 40.6 0.005-0.007 0.298 0.0162-0.024 Tp= 38 Mev
45 45.7 —0.0324-0.009 0.291 —0.1094:0.032 r ——ELASTIC SCATTERING
47.5 48.2 —0.0644-0.014 0.328 —0.1944-0.043 t- -—=list EXCITED STATE
50 50.7 —0.07940.015 0282  —0.27940.051 s (0+-4.433 Mev)
52.5 33.2 0.001+0.021 0.324 0.0044-0.064
53 53.8 0.0204-0.024 0.290 0.0694-0.084 a
55 55.8 0.1114:0.015 0.289 0.3844-0.053 rys
57.5 58.3 0.1894-0.019 0.321 0.5894-0.060
60 60.8 0.203+0.018 0.308 0.659+£0.059
62.5 63.4 0.1964-0.018 0.317 0.61840.057 z2r
65 65.9 0.173+0.022 0.308 0.56240.071 5 - T
70 70.9 0.152--0.024 0.321 0.4744-0.075 E R ey .
§ "o 13 X .30 40 Y 70 80 90 gy
< |- Ny E
3 C. F. Hwang, D. H. Nordby, S. Suwa, and J. H. Williams, o I I { {/ i
Phys. Rev. Letters 9, 104 (1962). b S O ¥ |
36 R. M. Thaler (private communication). B }
86 Note added in proof. R. M. Thaler, C. C. Giamati, and V. A. 4 .
Madsen, have submitted an analysis of p-He* results (to be pub- PR TSN S S T YUY S EOU TN SN S WY ST S N

lished). A similar analysis has been made by S. Suwa and A.
Yokosawa at Argonne National Laboratories.

F16. 9. p+C polarization, £, =38 MeV.
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Fic. 10. p4-Al polarization, £,=37.5 MeV.

Analyses of cross section and polarization data for
optical-model parameter fits are now underway at
Livermore and Oak Ridge.?” The lithium measurements
were motivated by similar measurements of Rosen
et al.3® It was felt that a comparison in polarization by
various isotopes of a given element is of sufficient inter-
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F16. 11. p4Ni polarization, F,=38 MeV.

37 Erwin H. Schwarcz (Livermore), G. R. Satchler (Oak Ridge)
(private communication).
38 L. Rosen and W. T. Leland, Phys. Rev. Letters 8, 379 (1962).
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est, and measurements utilizing counters would ccm-
pliment Rosen’s measurements at 14.5 MeV using emul-
sion plates. Unfortunately, due to a lack of isotopic
targets of appropriate thicknesses, only lithium meas-
urements were carried out. The comparison between the
elastic scattering of Li® and Li? is further complicated
by the very low first excited state of Li’7 (Q=—0.48

10 T T T T T

L P+Pb  POLARIZATION 4
(ELASTIC + INELASTIC SCATTERING)
Ep = 37.5 MEV ]
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Fic. 12. p-+Pb polarization, &,=37.5 MeV.

MeV) which was not resolved. Nevertheless, the polariz-
ations from p-Li7 interaction are comparable to those
from p-Li% interaction for 6, . less than 70° and is less
than those from p-Li® interaction for 6,... greater than
70°. Thus, qualitatively, the same isotope effect was
found at 40 MeV as the findings of Rosen et al.,’® for
Li® and Li".
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