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Experimental angular distributions of the polarization of protons elastically scattered from magnesium,
calcium, copper, silver, and gold near 17 Mev are presented, and comparison with certain theoretical calcu-
lations made. Data are also given on the polarization of inelastic protons scattered from magnesium with

= —1.37 Mev. The familiar double-scattering method was used, with carbon serving as second scatterer.
It is concluded that appreciable elastic polarization may be universally expected at this energy, and that
therefore some form of spin-orbit interaction is important.

INTRODUCTION

EASUREMENT of the polarization of nucleons

scattered from nuclei has been of considerable
interest in recent years, both at low! and at high
energies.?? These data have proved valuable in the
interpretation of scattering phenomena. However, little
attention has been given to the medium energy range,
from about 5 to 60 Mev. Indeed, extrapolation of some
of the high-energy results appeared to indicate that
polarization of protons scattered from nuclei would
probably disappear around 50 Mev.?

More recent results at 10 Mev by Rosen and Brolley,*
and at 17 Mev by Brockman® have shown that such a
conjecture was not true, and that instead significant
polarization effects could be observed at medium
energies. In particular, Brockman measured the
polarization of protons elastically scattered from helium
and carbon at 17 Mev. Measurements of polarization
of protons scattered from five additional nuclei at this
same energy are reported here.

THEORETICAL BACKGROUND

Since the various methods of analyzing polarization
data have been quite thoroughly treated in the litera-
ture,’=3:6-1° only a few points especially applicable to
the medium-energy situation will be outlined here.
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The optical model of the nucleus has been widely
used for fitting elastic cross section data. As originally
proposed,’* this approach consisted of replacing the
nucleus with a complex, central square well. Perhaps
the most successful medium-energy cross section fits
were made by Saxon and Woods®? to the 17-Mev data
of Dayton and Schrank.’* This group used a complex
central well with a gradually sloping shape. In general,
their fits were quite good to about the second diffraction
minimum, but then went out of phase with the experi-
mental points.

Fermi,® and, independently, Heckrotte and Lepore’
were the first to modify the central optical potential in
order to calculate polarizations. Their modification
consisted of adding a noncentral spin-orbit term
proportional to the gradient of the central form factor,
in analogy to the Thomas precession term familiar in
atomic problems. Fermi' has given a physical argument
for this form. Almost all subsequent theoretical treat-
ments have employed this modified optical potential,
though some have used a non-Thomas spin-orbit form
factor.®

Fermi® and Heckrotte and Lepore” used the Born
approximation in their computations. However,
Heckrotte'® soon showed that in Born-approximation
polarization is quite independent of well shape. Later
Levintov!® showed that the Born approximation is
valid for polarization calculations only at high energies
and at angles considerably smaller than the first
diffraction minimum of the elastic cross section. Since
these conditions are not met in the work considered in
this paper, a more exact treatment is required for
quantitative interpretation. Further, as many partial
waves are significant at this energy for all but the
lightest nuclei, a machine calculation is implied.

By means of a machine calculation, Bjorklund and
Fernbach® were able to make excellent fits to 14-Mev
neutron differential cross section data, using an optical
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potential with a spin-orbit term. From the parameters
so obtained they also computed polarizations, and found
that these were appreciable. Bjorklund!” repeated this
procedure for the protons scattered from nuclei at 17
Mev. His fits (see, e.g., Fig. 2) were much better than
those of Saxon and Woods,!? and his predicted polari-
zations were appreciable in this case as well. Therefore,
it appeared that a spin-orbit interaction might well be
important at medium, as well as at low and high
energies.

However, there remained an ambiguity in the values
of Bjorklund’s optical parameters. Since cross section
and polarization measurements are complementary in
that calculation of both quantities involves the same
parameters in different combinations, it was felt that
additional polarization data at 17 Mev would not only
give an indication of the degree of importance of the
spin-orbit interaction, but might also serve to reduce
the range of ambiguity of the parameters themselves.

EXPERIMENTAL PROCEDURE

Measurements were made by the familiar double-
scattering method first suggested by Mott,'® and
discussed by many, including Wolfenstein.”® In these
measurements the target containing the nucleus of
interest served as first scatterer, while carbon served as
second scatterer. In each case the asymmetry, e, was
measured at 45 degrees to the right and left of the second
scatterer. This asymmetry is defined as the difference
in the total number of counts on each of the two sides,
divided by the sum of the counts on the two sides. If
now P; and P, are, respectively, the polarizations
produced by targets 1 and 2 on a previously unpolarized
beam of particles, then the unknown polarization, Py,
may be found through the relation e= P.P,, provided
P; is known, or vice versa. This relation is valid if the
first and second scattering planes coincide.

While most of Brockman’s data were taken with
helium as the second scatterer, he did use carbon in a
few instances, and noted the comparative advantages
of the two nuclei.? Briefly, carbon is superior to helium
from the point of view of energy resolution and back-
ground, but is more sensitive to errors in alignment,
and cannot yield results as accurate as can helium,
since polarization of protons scattered from the latter
is known to a higher degree of certainty. Nonetheless,
since great accuracy was not the prime concern of the
present work, it was decided that the easier to handle
carbon was to be preferred as second scatterer.

The general experimental arrangement is shown in
Fig. 1; it is quite similar to that described by Brock-
man.5 The first scattering angle, 6;, was variable from
30 to 135 degrees, while the second scattering angles,
62, were fixed at 45 degrees. A foil containing the nucleus
of interest was centered in the first scattering chamber,
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Fi6. 1. Schematic diagram of experimental
double-scattering arrangement.

while a foil containing carbon was placed in the second
chamber. This second scattering chamber was clamped
to a bar, one end of which pivoted about the center of
the first chamber, varying the angle 8;. The axis of this
chamber was normal to the second target, and inter-
sected the center of the first target, which was also the
point of intersection of the incident proton beam from
the cyclotron. The darkening of a Teflon foil placed in
the first target position and bombarded for a few
minutes checked the latter condition. This procedure
was repeated several times during the course of the
experiments; in no case was the beam spot more than
35 inch off the target center. Exit apertures were of
equal height above the scattering table so that the first
and second scattering planes coincided.

After being scattered from the second foil and
collimated by the 2-inch exit apertures, the twice
scattered protons were stopped in %-inch Harshaw
NaI(Tl) crystals. Pulses were detected by Dumont
6292 photomultiplier tubes, shaped by standard cathode
followers, and recorded by multichannel pulse-height
analyzers. At the time these experiments were per-
formed, two such analyzers were available in the
cyclotron area: an Atomic Instruments 20-channel
analyzer, and a 100-channel analyzer described else-
where.'* Because of the long counting periods involved,
recording both the left and the right side simultaneously
was imperative. However, the long (43-millisecond)
100-channel dead time did introduce an instrumental
asymmetry. The effect never amounted to more than
49,, was easily calculated, and often checked by
permutation of the two analyzers. Permutation of the
other elements of the system—in particular the photo-
multipliers and cathode followers—insured that no
asymmetry due to an overlooked effect was introduced.
Frequent checks were also made with the first and
second chambers used by Brockman.?

Since it was desirable to record a background,
incident charge was collected by a Faraday cup, and
measured with a beam current integrator. Background
runs were then taken for incident charge equal to that
of the main run. In recording background, {%-inch
slabs of brass were placed in front of the scintillation
counters, and the rest of the apparatus left undisturbed.

19 Birk, Braid, and Detenbeck, Rev. Sci. Instr. 29, 203 (1958).
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In particular, both scatterers remained in place. This
thickness brass was sufficient to stop all elastic protons,
but allowed neutrons and gamma rays to pass almost
unimpeded. Charged particles were, in all cases, pro-
duced with negative Q values,?# and therefore never
contributed to the apparent elastic peaks. Sufficient
shielding was used so that in almost all cases the
background was no higher than about 5% of the total
elastic peak area. In the very rare cases where it was as
high as 309, the possibility that the reactions in the
te-inch brass contributed to the apparent backbround
could not be ignored. However, checks made alternately
with and without the first and second targets showed
that such contributions were at best negligible.

Raw data minus background were plotted, and the
symmetry of each separate elastic peak required for
acceptance. Raw asymmetries were then computed
from these peak areas. All points were run at least
three times, with the roles of the 20- and 100-channel
analyzers permuted in at least one of these runs. An
average was then taken as the final raw asymmetry.

The incident proton beam was obtained from the
Princeton 19-Mev FM cyclotron. Since this machine
produced only a small beam current (about 5 to 10
millimicroamperes) at the first target position, and
since double scattering is a highly improbable oc-
currence, it was necessary to use thick foils and large
apertures to obtain realistic counting rates. First scat-
tering foils ranged from about 60 to 120 mg/cm? (i.e.,
a 16-Mev proton lost about 0.8 to 1.5 Mev in these
targets), while a 40-mg/cm? polystyrene foil served as
second scatterer in almost all cases. Angular resolution
of the first scattering was about =-4 degrees. Never-
theless, counting rates were still very low. An “average”
point gave about 1 or 2 counts per minute, so that runs
of three or four hours or longer were required to yield
the statistics presented. With such low counting rates,
counter efficiencies were virtually 1009, and pile up
and, usually, dead-time problems were nonexistent.
However, because of the thick foils, the energy reso-
lution of the elastic peak was usually about 15%, in a
few cases even worse. Hence, some inelastic protons
were not resolved from the elastic. The effects of this
factor on the experimental uncertainties will be dis-
cussed presently.

To obtain the best possible energy resolution under
the given conditions, in each case the first target was
turned so that its normal bisected the first scattering
angle. As this made the effective target thickness
different at each angle, it was necessary to change the
incident beam energy in order to keep the mean energy
of first scattering constant with angle. The mean energy
of the elastic peaks was certain to about 0.2 Mev, the
uncertainties being due to incident beam spread,

2 F, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
(1955); P. Endt and C. Braams, Revs. Modern Phys. 29, 683
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cyclotron fluctuations, and uncertainties in setting the
cyclotron energy by means of the current in the
cyclotron magnet.

All first targets were metallic foils containing the
natural isotopic mixture. With the exception of calcium,
these were obtained commercially. The calcium foil
was rolled from a small block of the element under dry
mineral oil, and stored in this oil until ready for use.
It was then cleaned in dry benzene, and placed in the
first chamber. Even at the running pressures (of order
10~* mm/Hg) there was sufficient oxygen to form an
oxide coating. However, this coating was sufficiently
thin so that the contamination was less than 59, of the
thick target. To check this, points were repeated at the
beginning and end of a series of runs (i.e., with a fresh
and a contaminated target surface), and statistical
disagreement noted in only one instance (45 degrees—
the elastic minimum). This angle was repeated with a
fresh target, and agreement obtained. Beyond 70
degrees the oxygen elastic peak was resolved from the
calcium, but was rarely observed above background.

Brockman® found that the polarization of protons
scattered from carbon at 45 degrees is a function of
energy. Since in these experiments the mean energy of
second scattering was a function of first scattering angle,
it was necessary to have a calibration curve of the
polarization vs angle for carbon. Brockman’s data
served as a basis, and a number of other points in the
14- to 18-Mev range were measured by first scattering
from graphite at 45 degrees, setting either E; or Es at
an energy at which the polarization was known, and
fixing the other energy at a desired value by means of
the cyclotron magnet and absorber foils placed between
the two scattering foils. The curve so measured was in
statistical agreement with Brockman’s results, and also
showed that a calculation of asymmetries due to finite
geometry was correct in predicting a negligible cor-
rection. Therefore, the raw asymmetries obtained as
described above, and the calibration curve giving Ps as
a function of energy, permitted determination of the
unknown polarization, Ps.

RESULTS

The polarization of protons elastically scattered from
magnesium, calcium, copper, silver, and gold is given
as a function of angle in Tables I-V; Table VI gives the
polarization of protons inelastically scattered from
magnesium with Q= —1.37 Mev. In each case the mean
energy of first scattering was chosen so that the proton
had 16.4 Mev in the center-of-mass system. Wolfen-
stein’s?® sign convention was adopted; that is, the
normal to the first scattering plane is taken in the
direction koXk;, where ko and k; are, respectively, the
incident and scattered wave vectors.

Experimental uncertainties are chiefly statistical,
and were computed by means of the well-known ex-
pression for root mean square error. Permutation of the
various elements of apparatus, and checks with the
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arrangement previously described by Brockman®
showed that any errors due to misalignment were well
within statistical limits.

In a few cases, failure to resolve inelastic protons
from the elastic resulted in uncertainties greater than
the statistical limits. Let P(E-+I) and P(I) be, re-
spectively, the total polarization computed from the
unresolved experimental peaks, and the actual mean
polarization of the unresolved inelastic protons; let
P(E) be the actual elastic polarization. Then if v is
the ratio of the cross section of the unresolved inelastic
protons to the total cross section (i.e., elastic plus
unresolved inelastic), a straightforward calculation
shows that the uncertainty due to this effect is

AP=P(E+I)—P(E)=—~[P(E+)—PI)].

To apply this equation, ¥ was estimated by comparing
well-resolved single scattered spectra to corresponding
double spectra, and an a priori value of zero given to
P(I). This assignment was based on the observation
that, very roughly speaking, those inelastic polari-
zations that have been observed are usually smaller
than, and of the same sign as, the corresponding elastic
polarization at the same angle.® Of course, this assign-
ment is open to question, and a different value for P (1)
could change the uncertainty due to this effect. The
few cases where the given procedure resulted in an
uncertainty greater than the statistical limits are
discussed below.

Magnesium.—The many levels of Mg?» and Mg %
were not resolved from the elastic and —1.37-Mev

TasLE L. Polarization of protons elastically scattered from
magnesium at 17.84-0.2 Mev.

Oc.m. P Oo.m. P o.m. P

34.3 —0.1240.05 62.0 +0.103-0.06 102.3 —0.08+0.10
41.5 —0.204-0.06 72.2 —0.18+0.06 112.2  +0.52-+0.10
46.6 +0.284-0.06 82.3 —0.3040.06 122.0 +0.28 +0.12
51.8 +-0.444-0.06 92.3 —0.24+0.08

TasLE II. Polarization of protons elastically scattered from
calcium at 17.34+0.2 Mev.

6c.m. P Oc.m. P Oc.m. P

30.7 0 +0.05 61.2 —0.56=+0.06 96.5 -+-0.23-40.10
35.8 +40.050.05 66.3 —0.65-0.08 106.4 +0.04--0.10
40.9 +0.15--0.06 76.5 —0.314-0.08 116.3 —0.06+0.10
46.0 —0.05-0.08 86.5 +0.51-:0.08 126.2 —0.22+0.16
51.1  —0.180.06

Tasre III. Polarization of protons elastically scattered from
copper at 17.02£0.2 Mev.

Oo.m. P Oc.m. P Oc.m. P
30.5 +0.244-0.04 60.7 —0.22 :_ﬁ:i_(0).06 91.0 —0.22:£0.08
.08

35.5 +0.1840.05 65.7 +0.36 _7_0.06 101.0 —0.40:-0.08
0.10

40.5 0 30.06 70.8 +0.54 —0.06 110.9 —0.384-0.10

45.6 —0.194-0.06 75.8 +0.52+0.06 120.8 +0.8040.15

50.6 —0.310.06
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TaBLE IV. Polarization of protons elastically scattered from
silver at 16.84-0.2 Mev.

fo.m. P . Oc.m. P Oc.m. P

30.2 —0.04--0.04 55.4 +40.19:0.04 85.6 —0.24:-0.08
35.3 —0.09-0.04 60.4 +0.22--0.06 95.6 0 =0.10
40.3 4-0.034-0.04 65.5 ~-0.174-0.06 105.5 +0.234-0.10
45.3 4-0.07+0.05 75.5 —0.04£0.05 120.5 —0.55:0.13
50.3 +0.1440.05

TaBLE V. Polarization of protons elastically scattered from
gold at 16.5+0.2 Mev.

Oc.m. P Gc.m. P Oc.m. P

30.0 —0.02+0.04 55.3 +0.02-0.04 85.3 —0.050.08
35.1 —0.06+0.04 60.3 —0.073-0.06 95.3 +0.20-0.08
45.2 +40.0530.04 70.3  4-0.27 +0.06 105.3 —0.074-0.08
50.2  +0.1340.05 75.3  +0.17+0.07 120.3 +0.294-0.10

TasirE VI. Polarization of inelastically scattered protons from
magnesium. Q= —1.37 Mev; E;=17.8 Mev.

Go.m. P Oc.m. P Oc.m. P

343 —0.14+0.12 72.2  +0.44+0.14 102.3 +0.08 4+:0.12
41.5 —0.3240.14 772 +40.27+0.14 112.2  +40.08 4-0.12
51.8 +40.264-0.14 823 +0.1940.14 122.0 —0.2240.14
62.0 +40.400.14 923 ~—0.3440.14

peaks from Mg?. However, these are inelastic levels in
109, isotopes, and therefore introduced negligible
difficulty. In order to increase the separation of the
elastic and —1.37-Mev peaks, a 70-mg/cm? thickness
of aluminum absorber was introduced in front of the
counters. In all cases the ratio of elastic peak to valley
was at least 4. This procedure had the adverse effect
of depressing the —1.37-Mev peak further into the
background, as reflected in the statistics.

Calcium.—The first excited state of the 969 isotope
40 is at 3.35 Mev,? and was well resolved from the
elastic peak. However, the oxygen contamination,
previously noted, was unresolved at angles smaller than
70 degrees, but only caused difficulty at 45 degrees.
Here v was estimated to have an upper limit of 0.1,
and the uncertainties extended accordingly.

Copper.—Both stable isotopes (63 and 65) have a
number of levels below about 1.5 Mev.?? According to
Dayton and Schrank,® levels around 1 Mev are the
first to show significant yields compared to the elastic
peak. These levels were only partially resolved in the
double spectra; comparison with well-resolved single
spectra, however, indicated that the resulting un-
certainties were greater than statistical only at 65, 70,
and 75 degrees.

Silver—Dayton and Schrank® observed an inelastic
level at 0.44 Mev that was never resolved in the double
spectra. From the asymmetry of single spectra it was
estimated that only the resulting uncertainties on
points from 85 to 100 degrees were greater than sta-

( 2251;/5azari, Buechner, and DeFigueiredo, Phys. Rev. 108, 373
1957).
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F16. 2. Optical fit by Bjorklund to the proton elastic cross section
of copper at 17.0 Mev (data by Dayton and Schrank).

tistical. The levels observed by Cohen® around 2 Mev
were always resolved.

Gold—Dayton and Schrank®® pointed out that there
are many low-lying levels in gold, but that their con-
tribution is small. No level unresolved in the double
spectra, but resolved in single spectra was more than a
negligible fraction of the elastic peak ; those unresolved
from even the single peaks contributed no noticeable
distortion. Hence, it was felt the statistical uncertainties
were sufficient in all cases.

CONCLUDING REMARKS

A few qualitative observations may be made con-
cerning these data. There appears to be little doubt
that the polarization of protons elastically scattered
from nuclei at medium energies is an almost universal
phenomenon, and that large polarizations may be
expected. These experiments have shown polarization
in five nuclei ranging from mass 24 to 197, while
polarization from helium and carbon has been previ-
ously reported.? Further, the polarizations are roughly
correlated with the differential cross sections, as may
be seen by comparing these data with the differential
cross section data of Dayton and Schrank.’® Many
extremum points on the polarization curves fall near

% B, Cohen, Phys. Rev. 105, 1547 (1957).
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the diffraction minima of the corresponding elastic
cross sections, suggesting that polarization is a dif-
fraction effect, and indicating that a spin-orbit term
is a necessary part of any optical potential.

The quantity 4% sin(6/2) is found to have an approxi-
mately constant value for the successive extremum
polarization angles for each nucleus in this series, as
well as for the carbon data reported by Brockman.5
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F1c. 3. Optical calculation (Bjorklund) and experimental points for
the polarization of protons elastically scattered from magnesium.
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F16. 4. Optical calculation (Bjorklund) and experimental points for
the polarization of protons elastically scattered from calcium.
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Fic. 5. Optical calculation (Bjorklund) for the polarization of
protons elastically scattered from zinc, and experimental points
for the polarization from copper.
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Fi6. 6. Optical calculation (Bjorklund) and experimental points for
the polarization of protons elastically scattered from silver.
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Fi16. 7. Optical calculation (Bjorklund) and experimental points for
the polarization of protons elastically scattered from gold.

Since this quantity is proportional to the product of
momentum transfer by nuclear radius, a diffraction
mechanism is again suggested. It also appears that the
spin-orbit force involved is common to all nuclei, and,
extrapolating from Brockman’s results, is attractive in
states in which the spin and orbital angular momenta
are parallel. Finally, the decreasing magnitude of the
polarization with increasing mass may conceivably be
attributed to the increasing importance of the Coulomb
repulsion.’
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As has been noted, any quantitative fit to these data
would probably require a machine calculation. No
actual fit has yet been attempted, but Bjorklund!” has
made some predictions based on fits to differential cross
section data, as discussed earlier. These are shown,
along with the experimental data, in Figs. 3-7. His
nuclear potential is described in the literature,® and
consisted of a real Saxon' central well, an imaginary
Gaussian central well, and a real (real at these energies)
spin-orbit well proportional to the gradient of the
Saxon form factor. Figure 2 shows one of his typical
cross-section fits, from which he derived the optical
parameters and calculated the polarizations.

Figures 3-7 show that the predictions are in only
qualitative agreement with experiment. A few remarks
should be made in this regard. First, the finite angular
resolution in the experiments could serve to depress the
peaks. Second, Bjorklund!” has shown that his curves
are quite energy dependent, and most of the theoretical
and experimental curves in Figs. 3-7 are not at exactly
the same energies. Washouts due to target thickness may
also help to explain some of the discrepancies. Third,
the predictions are quite sensitive to variations in the
optical parameters; in particular, to the imaginary well
depth and thickness of the Gaussian surface.l”
Bjorklund has stated that better agreement could
doubtless be obtained if the experimental curves were
fit directly. Finally, polarization is much more an
interference phenomenon than diffraction scattering,?
and the optical model may indeed prove to be too crude
to explain it in all detail.
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