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to limit the possibilities. All logft values are in the
allowed distribution.?® The log ft=6.8 for the decay to
the 1238 state is high enough so that positive parity
cannot be ruled out. Assignments of 3, Z, or § with

negative parity are the most probable for any of this
group.

The levels above 1433 keV. While our limit is <4
X10~*/decay for the 1660-keV transition, the low
energy available for capture decay (~400 keV) still
leaves the logff value well into the allowed range; so
that the present evidence cannot rule out §, %, or § with
negative parity for the states between 1433 and 2066
keV (the available decay energy).

PHYSICAL REVIEW

WAGNER,

VOLUME 146,

JR., AND ORLANDINI 146

ACKNOWLEDGMENTS

We wish to thank Dr. R. E. Holland for supplying
the scandium metal foil and both Dr. Holland and Dr.
R. D. Lawson for interesting discussions about the
levels in Sc*. We are also indebted to J. Lerner and
G. Lamich for their preparation of the isotope separator
source for the beta spectrometer, to A. J. Gorski for
his co-operation while we were using the germanium
detector in the Argonne Special Materials Division, to
Dr. H. Bolotin for the use of his germanium detector
and associated electronics, and to C. Batson for handling
some of the data.

NUMBER 3 17 JUNE 1966

Polarization in the Elastic Scattering of Protons from Carbon and Nitrogen*
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The polarization of protons elastically scattered from nitrogen and carbon has been measured using
double-scattering techniques. The polarization was determined for nitrogen at a scattering angle of 48° ...
in the proton-energy interval 12.6 to 13.6 MeV. The polarization resulting from elastic proton scattering with
nitrogen targets had a constant value of —0.60-£0.10 in the incident proton-energy interval 8.2 to 11.8 MeV.
The polarization from carbon, however, varied markedly with energy at most scattering angles. [Example:
P(50°p, 12.9 MeV)=—0.8, P(50°, 13.2)=—0.4, and P(50°, 13.5) = —0.7.] At numerous angles between
20° and 140°, polarization measurements from carbon covered the range of energies from 12.8 to 13.4 MeV.
The angular distributions of polarization (and cross section) are in general quite sensitive to small changes
in energy; the 12.95- and 13.25-MeV angular distributions even differ in shape significantly for >90°.
The energy-averaged (12.8- to 13.4-MeV) angular distribution for the polarization of protons scattered
from carbon was compared with optical-model calculations.

I. INTRODUCTION

ESPITE the basically unsolved status of the

problem of nuclear forces, various theories have
been quite successful in the phenomenological descrip-
tion of nuclear reactions. Of these, perhaps the most
striking quantitative success has been achieved with
the optical model of nuclear interactions. The use of
the optical model has been particularly successful in
describing nucleon-nucleus elastic scattering,! especially
from medium and heavy nuclei. It has also provided a
helpful tool in understanding more complex nuclear

* Work supported by U. S. Office of Naval Research. This paper
is based on a thesis submitted (by J. D. S.) in partial fulfillment
of the requirements for the Ph.D. degree in physics at the
University of Illinois, Urbana, Illinois.

T Presently at Midwestern Universities Research Association,
Stoughton, Wisconsin.

'F. G. Perey, Phys. Rev. 131, 745 (1963); L. Rosen, J. G.
Beery, A. S. Goldhaber, and E. H. Auerbach, Ann. Phys. (N. Y.)
34, 96 (1965).

reactions.? There are many aspects of the nucleon-
nucleus interaction, however, which the optical model
is not expected to describe. Some of these (such as the
detailed energy dependence of various processes) are
still largely unexplained or unexplored.

While the optical model has been systematically used
to analyze scattering from nuclei throughout the
periodic table, from the heaviest nuclei to deuterium,
there exists some question regarding its meaningful
applicability to light nuclei. Despite this, a considerable
amount of experimental data for proton scattering
from carbon has been subjected to optical-model
analyses®* with a fair degree of success.

In the present investigation, protons were elastically

2 W. Tobocman, Theory of Direct Nuclear Reactions (Oxford
University Press, London, 1961).

2 J. S. Nodvik, C. B. Duke, and M. A. Melkanoff, Phys. Rev.
125, 975 (1962).

* L. Rosen, P. Darriulat, H. Faraggi, and A. Garin, Nucl. Phys.
33, 458 (1962).
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scattered from nitrogen and carbon. Both the angular
and energy dependence of the proton polarization were
measured. The energy dependence of the polarization
was studied for proton energies up to 13.5 MeV with
much finer energy resolution® (as fine as 29,) than
used previously (greater than 109%) in investigations
above 10 or 11 MeV.

Specifically, we have measured the polarization of
protons elastically scattered from nitrogen (99.63%
N, 0.379, N*) at 45° in the laboratory system over
the region of incident proton energies between 7.7 and
11.8 MeV. For carbon (98.899, C2, 1.119, C%),
measurements encompassing a range of scattering
energies and angles were made, with the energies in all
cases lying between 12.6 and 13.6 MeV. The angular
range was between 20° and 140°. An average over
energy was performed to give a polarization angular
distribution, P (), at 13.1 (12.8-13.4) MeV. Polariza-
tion angular distribution experiments had been per-
formed previously® at closely spaced energies below
11.7 and above 14 MeV 471

An optical-model analysis of the P(f) data from the
present experiment was carried out, and comparisons
with predictions based on other sets of datal®!! were
made. A phase-shift analysis'*® would be relevant in
understanding the detailed energy dependence of the
polarization, but was not performed in the present work.

This report has several purposes. It fills in the
knowledge of P(6) for carbon in an energy region not
previously studied. Also, the structure in the polariza-
tion energy dependence P(E) has been investigated
for both carbon and nitrogen at energies corresponding
to compound nucleus excitations between 14 and 18

% The energies of protons just before scattering vary, due to the
energy spread of the incident beam, and to the finite target
thickness. This range of energies is hereafter referred to as the
“range of proton energies in the interaction.” The energies will
be given in the laboratory system. The range of proton energies
in the interaction must not be confused with such things as the
range of energies of the protons leaving the target.

6 Published or reported angular distribution data exist at the
following energies (MeV): 3, 4.4, 4.66, 5.04, 6.18, 6.77, 7.21,
7.55, 7.99, 8.6, 8.66, 9.2, 10.5, 11.7, 14, 14.5, 16, 16.6, 17.7, 19.3,
19.7, 20.9, and higher energies. The gap between 11.7 and 14 MeV
is certainly the largest.

78S. J. Moss and W. Haeberli, Nucl. Phys. 72, 417 (1965).

8S. Yamabe, M. Kondo, S. Kato, T. Yamazaki, and J. Ruan,
J. Phys. Soc. Japan 15, 2154 (1960).

9L. Drigo et al., Phys. Rev. Letters 12, 452 (1964); Yu. A.
Nemilov and L. A. Pobedonostsev, Zh. Eksperim. i Teor. Fiz. 43,
382 (1962) [English transl.: Soviet Phys.—JETP 16, 274 (1963)7;
D. Hoare, A. B. Robbins, and G. W. Greenlees, Proc. Phys. Soc.
(London) 77, 830 (1961); E. Boschitz, Nucl. Phys. 30, 468
(1962) ; E. T. Boschitz, R. W. Bercaw, and J. S. Vincent, Bull. Am.
Phys. Soc. 9, 439 (1964); K. W. Brockman, Jr., Phys. Rev. 110,
163 (1958).

101.. Rosen and W. T. Leland, Phys. Rev. Letters 8, 379 (1962);
L. Rosen and L. Stewart, 7bid. 10, 246 (1963).

11 T,, Rosen, J. E. Brolley, Jr., and L. Stewart, Phys. Rev. 121,
1423 (1961).

2 G. G. Shute, D. Robson, V. R. McKenna, and A. Z. Berztiss,
Nucl. Phys. 37, 535 (1962); V. R. McKenna, A. M. Baxter, and
G. G. Shute, Australian J. Phys. 14, 196 (1961).

18 C. W. Reich, G. C. Phillips, and J. L. Russell, Jr., Phys. Rev.
104, 143 (1956).
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MeV. These results imply interesting new possibilities
and limitations for polarization measurements with 45°
and 50° polarimeters.

II. THEORY

Two theoretical methods have been used almost
exclusively in the systematic analysis of nucleon-nucleus
elastic scattering in recent years. They involve (1)
the use of the optical model of nuclear scattering, and
(2) detailed phase-shift analyses.

The optical model provides the more direct approach
of the two methods. The phase-shift methods often
use optical-model phases as their starting points. This
would probably be necessary at the energies of the
present experiment. There are many phase shifts which
contribute to the scattering process at these energies,
and a unique and meaningful phase-shift analysis would
be difficult to achieve with differential-scattering cross-
section data, o(E)," alone.? More precise P(E) and
o (E) data in smaller energy increments at lower energies
will probably be necessary before an unambiguous
phase-shift analysis can be made. At the present time,
however, one can analyze the data in terms of the
optical model.

Since the optical model is intended to describe
direct interactions, which take place in a time com-
mensurate with the transit time of a particle moving
through the nucleus, typically 102 sec, one knows by
the Heisenberg uncertainty principle that the inter-
mediate nuclear state associated with this time defini-
tion would have an uncertainty in energy of the order
of 5 MeV. Correspondingly, one would not expect that
such a direct reaction approach could predict energy
variations of cross sections or polarizations with much
finer detail.

In the optical-model theory, the Schrédinger equation
for nonrelativistic spin-} particles is solved with a
complex nuclear potential. In the present experiment
the potential is taken as

V=Vgs(r)—Vpi(r)—iWp2(r)

_(m';)zv%dir[m(r)jl-a. )

The radial factors for his potential have the Woods-
Saxon shape'® and the radial derivative of this shape,
ie.,

2)

pilr)= 1+exp[(r—R)/a] ’

14 g, the differential scattering cross section (differential only
with respect to solid angle), is expected to be a function of both
energy E and scattering angle 6.

18 M. A. Melkanoff, J. S. Nodvik, D. S. Saxon, and R. D. Woods,
Phys. Rev. 106, 793 (1957); R. D. Woods and D. S. Saxon,
ibid. 95, 577 (1954).
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d
p2(r) =‘(
dr

and

—4b G
1+exp[ (r—R) /b]> ’

for the real and imaginary parts, respectively (a and &
are adjustable surface parameters; » is the radial
coordinate). The electrostatic interaction is taken to be
of the form

Ze
Ves(r)=— for r>R,
r
4)
zZé 72
=—|3——) for <R,
r R?

corresponding to a sphere of constant electric charge
density with a radius equal to the nuclear potential
radius R. No imaginary spin-orbit potential is used
(as it is usually unimportant at these energies).® The
“Thomas form” of the spin-orbit potential (apart from
a sign) can be derived in the Born approximation'®
(applicable at higher energies) so it seems plausible
to also use this form here. The central-imaginary-
potential choice is quite arbitrary except that the form
used has its maximum value at the nuclear surface.
The considerable experimental evidence indicates that
absorption is maximum at the nuclear surface.?!

The Schrédinger equation was solved numerically by
the computer program aBacus,'’” by the method of
phase shifts.

Since the polarization P induced by a scattering is
perpendicular to the plane of scattering, one may write

pXp’
P=Pn, n=—— 5)

- )
lpXp'|
using the Basel convention!® and letting p denote the
incident-proton momentum. The number of events

observed for an elastic double-scattering experiment is
given by

N= (ConSt) X01(01)02(02)EI+H1- n2P1(01)P2(02)J , (6)

where 1 and 2 denote first and second scatterings, and
o (6) denotes the cross section for scattering an unpolar-
ized beam. For two scatterings in the same plane n;-ny
equals +1 or —1, and N will be denoted N or Ny,
respectively. NV, denotes two scatterings of opposite
directional senses (i.e., right and left or left and right).
The “f” indicates that the momentum p;/’ of the

L. Wolfenstein, Ann. Rev. Nucl. Sci. 6, 43 (1956). W. B.
Riesenfeld and K. M. Watson, Phys. Rev. 102, 1157 (1956).

7E. H. Auerbach, N. C. Francis, D. T. Goldman, and R. C.
Lubltz, aBacus-1; Knolls Atomic Power Laboratory Report
No. KAPL-3020, 1964 (unpublished); E. H. Auerbach, ABacus-2;
Brookhaven National Laboratory Report No. BNL 6562, 1962
(unpublished).

¥ Proceedings of the Internalional Symposium on Polarization
Phenomena of Nucleons, Basel, 1960, edited by P. Huber and
K. P. Meyer (Birkhauser Verlag, Basel and Stuttgart, 1961);
Helv. Phys. Acta Suppl. 6, 436 (1961).
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doubly scattered particle is more nearly parallel to the
momentum p of the incident beam (“forward” direc-
tion) that if both scatterings were of the same sense.
Conversely N, is the number of events resulting from
two scatterings of the same sense (i.e., both left or
both right). The corresponding proton momentum is
called p,”’.® When the second scattering is observed at
the same scattering angle 6 to left and right, the
numbers of events are then given by

Ny
N.'= { } = (COl’lSt)Xdl(ax)o'g(oz)

Ny
X[1£P1(61)P2(62)], (7)

and the counting asymmetry® is therefore the product
of the polarizations, i.e.,

e=(Ny—N;)/(Np+N;)=P1(8)P2(6:). ()

III. EXPERIMENTAL DETAILS
A. Apparatus and Experimental Procedure

The polarization facility used for this experiment
consisted of a 25-cm-diam cylindrical scattering cham-
ber and a special 45° polarimeter suitable for use with
either solid or gaseous targets. It is described elsewhere.?!
To obtain the carbon data, the polarimeter was used in
the conventional manner (i.e., measurements were made
of the polarization induced in a first scattering from
carbon). To calibrate the polarimeter, and to obtain
the nitrogen data, however, a beam of known po-
larization was produced by a fixed first scattering
(i.e., the proton energy, first target®® material, and
scattering angle were held fixed), and the asymmetry
A was measured for the second scattering.?

The targets used for the first scattering were 0.0006-
cm.-thick Ta foil (11 mg/cm?) and self-supporting
carbon foils of 7.7, 4.8, and 3.3 mg/cm? areal density.
In order to narrow the energy distribution of protons
scattered from these fairly thick targets, the target
angle 7 (the angle between the incident beam and the
normal to the target) was set at 7=0/2, 6 denoting the
scattering angle. Generally the angle of the first
scattering was restricted to the nominal angle 6 plus
or minus 1.8°. However, because of multiple scattering,

19Tt is convenient to call this the “back” detector. Similarly,
the detector which measures N; particles of momentum p;” is
designated the “front” or “forward” detector.

20 This formula, unlike most previous formulations (which
involved “L’s” and “R’s” explicitly) holds equally well whether
the first scattering is the left or the right.

21]. D. Steben and M. K. Brussel, Nucl. Instr. Methods
(to be published); J. D. Steben, Ph.D. thesis, University of
Illinois, 1965 (unpublished).

22 The term first (second) target will be used to denote the
target from which the first (second) scattering occurs.

2 This term ‘“asymmetry,” 4, is misleading if the incident beam
is less than 1009, polarized (and it usually is). What we will
denote by asymmetry (symbol “¢”’) in the remainder of this re-
port is, instead, the ordinary scattering asymmetry [see Eq. (9)],
which is equal to P14 or P,P; rather than 4 or Ps.



146 POLARIZATION

larger angular ranges (up to =3°) resulted when a
thick energy-degrading absorber was used between
targets. A 7.5-mg/cm? carbon foil (in vacuum) and
N, at a pressure of 0.8 to 1.2 atm were used as targets
for the second scattering. The angle of the second
scattering, 6, was restricted to 45°% (6° or 8°). For the
targets used, the polarimeter has a proton energy
resolution of between 39, and 49).2

Several types of detectors were used in the course of
this experiment. The doubly scattered protons passed
through gas proportional counters 2 in. thick with § in.
apertures before entering the “E detectors.” The
proportional counters were used to select doubly
scattered protons and to reject undesired events caused
by neutrons and gamma rays. The proportional
counters contained about 0.6 atm of argon plus 0.06
atm of CO,. Their windows were made of 0.003-cm-
thick dural* and 0.005-cm-thick Ni.

The “E detectors” were 0.16 cm-thick NaI(Tl) scin-
tilators (3.2-cm-diam masked down to 2.2-cm) and 0.32-
mm-(320-u-) thick 1.9-cm-diam Si surface-barrier de-
tectors. The Si detectors were used when the detected
protons had energies of 6 MeV or less, so that the de-
tectors had a thickness slightly greater than that
necessary to stop the protons. Slow (2 usec) coinci-
dences were required between the dE/dx and E detec-
tors, thereby eliminating the neutron and gamma-ray
background.

Calculations of the effects of finite geometry [devia-
tions from Eq. (8)] were carried out? to second order
in various parameters [involving Taylor series expan-
sions of ¢(f) and P(f)] and the resulting expressions
determine e to an accuracy of 0.002. (The dimensional
factors most immediately affecting the attainable
accuracy in e were the position of the collimator defining
the second target, the angle 7 between the beam and the
normal to the first target, and the width of the col-
limators for the incoming beam.) For the present
experiment, however, the spatial structure of the beam
caused the major uncertainty, so it was sufficient to
modify Eq. (8) as follows:

€= (Nb—N/)/(Nb+Nf), P1P2=6—€0, (9)

where ¢ is the asymmetry produced due to geometrical
effects when P; and/or Ps is zero.

Proton scattering from Ta targets, particularly at
20° where the cross section is large, was used to check
geometrical asymmetries ¢, (since the scattered protons
are unpolarized) and data reproducibility.2’ These runs,
generally of >10 000 events in the elastic peaks, were
taken periodically throughout the experiment. The
standard deviation in the measurements of the geomet-
ric asymmetries, after a correction for a “beam asym-
metry” was applied, was approximately 0.02 for the

% Duraluminum, or 17S alloy, composition Mg $%, Mn 1%
Cu 4%, Al 95%. ~ > come ” 7

% About 40 of these geometric asymmetry runs were analyzed
statistically with a short computer program.
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largest collimating apertures used. Measurements with
finer collimation were consistent within 0.015. These
included 180° rotations of the polarimeter about its
axis, and comparison between measured and calculated
angular distributions of geometrical asymmetries.

The energy of the proton beam was monitored often
during the experiment. Surface-barrier (Au-Si) solid-
state detectors were used for this purpose. The energy
monitoring systems were calibrated with the use of
natural alpha-particle sources. In order to extend the
effective maximum energy which the 600- to 700-u-
depleted thick Si detectors could measure, aluminum
energy absorbers of known thickness were employed.
Protons of energy 8 to 93 MeV were stopped in the
sensitive region of the detector whether or not the
absorber was used. By comparing the pulse heights ob-
tained for these protons with and without Al absorbers
placed before the detectors, we observed agreement
with Bichsel’s range energy data? to within 19,.

In addition to the energy, other quantities monitored
during the course of the experiment were the ‘“beam

asymmetry,” the coincidence efficiency, and the total
yield,

(Ny+Ny)/Q secr,

where Q denotes integrated beam current. The “beam
asymmetry” was measured by inserting a cutaway
target thick enough (1.6-mm-thick C or 0.8-mm-thick
Ni) to stop the beam arriving on one side of the target
rotation axis. The beam to the target was measured, as
well as the beam which missed the target and entered the
Faraday cup. The coincidence efficiency, the fraction of
the protons which were counted, was maintained
between 0.992 and 0.997.

The first target was rotated 180° in the middle of
each run. Both the first half and the complete run were
printed out, and their asymmetries and yields were
compared. This procedure provided a crude check of
the uniformity of the first target. It also afforded
partial insurance against loss or distortion of the data
due to possible faulty operation of the apparatus or
cyclotron.

Many other checks and calibrations were carried out
when the cyclotron was not operating. The most
important of these were the following : 1. The uniformity
of the carbon target used for the second scattering was
measured by the use of a ‘“foil-thickness calibrator.”
In this instrument the target was moved between a
Pb?2 source and a well collimated solid-state detector.
The resultant a-particle energy loss in the target was
observed as a function of target position. 2. The align-
ment of the 45° polarimeter was checked for a number
of scattering angles, at various times.

Various aluminum foils were used between targets so
as to regulate the energy of protons arriving at the

26 Hans Bichsel, Phys. Rev. 112, 1089 (1958).
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second target. This method of energy regulation was used
during two types of measurements.

In one instance we wanted to maintain a fixed
first-scattering polarization (the first target being
carbon). This was done by using a fixed incident beam
energy, 13.4 (8.6) MeV, and observing the scattering at
a fixed angle, 50° (70°). The absorbers were then used
to measure the energy dependence P:(E;) of the
polarization of the second target, nitrogen (carbon), in
the energy range from 7.7-11.9 MeV (5.4-6.8 MeV).
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In the other instance, when the carbon-analyzed
carbon data were being taken, the absorber had to be
carefully chosen to keep E, at 6.0+0.3 MeV. If this
energy were increased, a loss of analyzing power would
result. Any lower energy E, would cause a problem of
background. For the carbon angular distributions
analyzed with nitrogen targets, however, no inter-
target absorber was necessary, since the nitrogen
polarization is large and relatively insensitive to energy
in the range of energies E, (8.5-11.8 MeV) that occurred
without an absorber.
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B. Data Analysis

To obtain polarization information from the data, the
following basic steps were taken: (1) Various correc-
tions were employed to determine e—eg, or P1Ps. (2)
The average energies E, and E; and the energy distribu-
tions of the first and second scatterings were accurately
determined. (3) Individual polarizations were calculated
from the corrected asymmetries, i.e., from the products
of polarizations P1(8,E1) P2 (45° b, E2). These three steps
will be discussed in order.

1. Determination of Corrected Asymmetries

While the coincidence requirements removed more
than 999 of the background events from the spectrum,
a few accidental coincidences still occurred which
permitted neutrons or y rays in the energy range of the
elastically double-scattered protons to be counted.
Background subtraction was applied to all runs for the
sake of consistency, although the “peak-to-valley”
ratios were in general greater than 40 [as in Fig. 1(A)],
and background was usually unimportant.

The next important correction was to subtract e, the
geometrical asymmetry previously mentioned (includ-
ing beam asymmetry) from e. Since ¢ is a function of
the cross sections, appropriate experimental data were
used for carbon? and nitrogen.!! (The tantalum cross
section was Coulombic at the angles and energies used.)

The uncertainties in (e—e) have been calculated by
assuming that effects due to background, misalignment,
and finite geometry are uncorrelated and combining
them quadratically. The uncertainty in background
subtraction was conservatively taken as % of the back-
ground subtracted, for each spectrum. The uncertainty
that existed in the alignment of the polarimeter was
negligible. The machining tolerances (40.001 in.) in
the polarimeter and the collimating system were
checked, and the sum of these uncertainties (the
systematic error) contributes less than 0.002 to the
uncertainty in (e—e). The dominant sources of
uncertainty were ‘“beam asymmetry” and counting
statistics.

2. Energy Measurement

The determination of the energy distributions, e;(E)
and e:(E) of protons undergoing interactions in both
targets (and also the corresponding energy distribution
eo for the incident proton beam) turned out to be a very
important part of this experiment. A determination of
the average energies E;, E,, and E,, respectively, was
made using a computer program. The information
furnished to this program was the elastic peak channel
(the channel with the most counts) from the energy
monitor spectra, the channel-versus-energy calibration,
the range-versus-energy relations for aluminum and
air, the specific ionization curves for Mylar and carbon,

% Yukio Nagahara, J. Phys. Soc. Japan 16, 133 (1961).
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and the relevant kinematical equations. The accuracy
of the knowledge of average (relative) energies so
obtained varied from =4 (30 to 80) keV, depending on
the amount of energy-monitor information available.
The lower limit corresponds to runs in which six energy-
monitor spectra were taken. The absolute energy
uncertainty was estimated to be =60 keV.

As discussed in Sec. I, the protons which underwent
scattering in the targets had a range of energies for
each of the data points. In general, the energy spread of
the beam (about 150 keV at 13 MeV), combined with
the first target thickness of 175-300 keV, produced a
total energy spread of 250-330 keV in the first scatter-
ing. The energy spread of protons in the second scatter-
ing [in 1.2 (0.8) atm N,] would be approximately
280 (220) keV if a monoenergetic beam of 11.0 MeV
were incident on that target. However, when the 280-
(220-) keV energy spread is involuted with the energy
spread of the once-scattered beam, the range of proton
energies in the second target interaction is increased to
300 (260) keV. An upper limit to the energy spread of
the proton beam at any given point in the second
target was observed in the proton spectrum of the
center (energy-monitor) detector.

In general, for the carbon P(f) measurements near
13 MeV, the energy spread [i.e., width of €;(E)] was
2 to 39, of the total energy. For the nitrogen (second
target) measurements it was 23 to 59,. When carbon
was used as a second target and a thick aluminum
absorber was placed between targets to reduce the

RELATIVE
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F1c. 2. Calibration of the carbon polarization analyzer. [Graph
of P(45°4p) versus energy for scattering from carbon second
targets. ] Vertical lines denote the total uncertainty. The statistical
standard deviation in the asymmetry e causes an uncertainty
indicated by the region between the cross bars. Horizontal lines
denote the range of proton energies in the interaction (a phrase
carefully defined in footnote 5). This convention will be followed
whenever the horizontal axis designates energy. The uncertainties
(not shown) in the median energies for the data points are all
+40 keV. A heavy line has been drawn through our calibration
data, and it denotes the P;(F,) which was used in analyzing the
13-MeV data. ’
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proton energy (from about 12 MeV) to 6 MeV, however,
the resulting energy spread was as large as 10 to 129.

3. Determination of Polarizations from
Corrected Asymmelries

Once the set of products of polarizations of all the
runs (about 140 in these experiments) is known, one
may obtain the individual polarizations. Previously
reported data™?® shown in Table I, were used to
calibrate the polarimeter. In particular, one finds that
P(C*, 70°1ap, 8.0-8.6 MeV)=0.954-0.04. We used this
value as P to calibrate a carbon second target (i.e., to
find P3(C*, 45°1ap, E>) for energies E; between 5.4 and
6.8 MeV). The “bar” on the E; indicates that a sizable
energy range (500 keV) is being averaged over.

The polarization-versus-energy calibration for this
second target (7.5 mg/cm? C) is shown in Fig. 2. Also
shown are polarization excitation function data from
other experiments,”?*% generally taken with thinner

TaBLE I. Available carbon data used for calibration purposes.

Average Approx.

proton energy
energy  range Polarization
Purpose E(MeV) 6£(MeV) Ref. P(74.5%.m.)
Calibration runs for 7.99 0.165 7 +1.03+0.05
carbon second target 8.66 0.155 7 +0.924-0.13
polarization analyzer 8.6 1.0 28 +0.96+0.04

28 1,. Rosen, J. E. Brolley, Jr., M. L. Gursky, and L. Stewart,
Phys. Rev. 124, 199 (1961).

2 J. E. Evans, Helv. Phys. Acta Suppl. 6, 239 (1961); J. E.
Evans, Nucl. Phys. 27, 41 (1961).

% R. E. Warner and W. P. Alford, Phys. Rev. 114, 1338 (1959).

1
1o 12,0

targets, at angles between 40°,, and 50°p. Small
discrepancies between our data and the latter may be
attributed to differing energy spreads for measurements
centered about the same quoted energies. Our C*
polarimeter calibration P,(45°FE.) (the heavy line
through our points in Fig. 2) was then used to analyze
many of the 13-MeV carbon data.

A similar polarimeter calibration, P;(45°,E,) for N*
between 8 and 12 MeV (shown in Fig. 3), was used to
analyze the rest of the 13-MeV carbon measurements.

The carbon angular-distribution data for the various
proton energy intervals were deduced from the excita-
tion function data (of Sec. IV, Figs. 4-5). Two methods
were used for this calculation.* The results of the two
methods agreed within 0.06 in all cases and within 0.03
for the cases involving an average over the 12.8- to
13.4-MeV energy interval.

IV. RESULTS AND DISCUSSIONS

In the following, the results are presented and
discussed in three sections: The 48° nitrogen-polariza-
tion excitation-function data constitute part A. The
12.6- to 13.6-MeV carbon data constitute parts B and
C. The actual data points are shown in B as excitation
functions. The angular distributions are shown in C
and were computed from these excitation functions.

A. Nitrogen Data

The energy dependence of the polarization of protons
scattered elastically at 48°. .. (45°4) from gaseous
nitrogen (99.639, N, 0.379, N'%) has been measured
between 7.6 and 11.8 MeV. The angular range of the
scattering, defined by the geometry of the 45° polarim-
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eter, extended from about 37°ap, to 53°,5. The data are
shown in Fig. 3. The symbols shown on this graph are
data in the present experiment, except for two points
based on measurements of Rosen ef al. (see Table I)!1.28
taken with thick targets. Our data when averaged over
energy agree fairly well with Rosen’s.

The most impressive feature of the data is the
plateau which extends from 8.2 to 11.8 MeV. The
polarization appears to be quite uniform with a value
of —0.60+0.08 throughout the entire interval. The
polarization curve drops off substantially for proton
energies less than 8.2 MeV.

The main factors limiting the accuracy of the
nitrogen data are the uncertainty in the knowledge of
the incident beam energy and the fact that the polariz-
ing power of the first target was energy-dependent.

Since a polarization of —0.60 fits the data above
8.2 MeV with no sizable fluctuations (fluctuations
probably are less than +0.08), the nitrogen second
target was used in this experiment as a polarization
analyzer for protons scattered from carbon. Since
Py=—0.60+0.08 could be used throughout the energy
interval 8.2 to 11.8 MeV, it was unnecessary to measure
accurately and compute the energy E: of the second
scattering in each individual case.

Nitrogen would also be a useful analyzer for polariza-
tions produced in inelastic scattering (0> —3.0 MeV)
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or (X,p) reactions (X =anything), since the N*(p,p’)-
N#* (2.31-MeV) cross section is negligible?® and the
next excited state is at 3.95 MeV.

B. Carbon Data—Excitation Functions

A large number of carbon polarization measurements
in the 12.6- to 13.6-MeV energy range were made, some
with carbon and the rest with nitrogen second targets
as the polarization analyzers. The analyzing powers for
the second scatterings, at 45°, were the polarizations
shown in Figs. 2 and 3.
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F16. 5. Excitation functions of the polarization on protons
scattered at various angles from carbon. Angles shown are in
laboratory system. The curves are drawn merely to guide the
eye through data points taken at the same angle.

3 P. F. Donovan, J. F. Mollenauer, and E. K. Warburton,
Phys. Rev. 133, B113 (1964).



788 J. D.

While the original intention was to take an angular
distribution of the polarization at one energy, the
polarization fluctuated with the 100- to 200-keV changes
in beam energy arising from cyclotron tuning. The data
could therefore not be consistently evaluated without
knowing the energy more accurately. We could have
used very thick targets to average out this effect as
Sanada did,® but felt there was more to learn by meas-
uring the energy accurately and studying this energy
dependence of the polarization.

As the scattering angle could be set with more
precision than the energy, the data naturally fell into
groups comprising excitation functions at various
angles. These excitation functions were then extended
by raising and lowering the nominal cyclotron energy
so that the polarization in the proton energy range
between 12.8 and 13.4 MeV was ascertained at most
angles.

The excitation functions of the carbon polarization
at various angles are shown in Figs. 4 and 5. An exten-
sive series of measurements was made at 50° to test
the reproducibility of the data (see Fig. 4), and hence
the accuracy and reliability of the energy monitoring
system. In the process, the 50° data were retaken with
thinner targets (120 to 170 keV thick to protons) to
observe the finest structure resolvable with a proton
beam of 150-keV energy width. Only the energy spread
due to target thickness is shown in Figs. 4 and 5, but
in almost all cases the target thickness was 709, to 909,
of the range of proton energies in the interaction.®

A large variation of the polarization at 50°1p was
found to occur for an energy variation of only 300 keV.
The polarization fluctuates from about —0.80 to —0.40
and back to —0.70 as the energy varies from 12.9 to
13.5 MeV. The corresponding cross section at 50° is
almost constant in this energy interval.?” Similar
polarization effects turned up at other angles, and it
may be seen from Fig. 5 that the data, almost independ-
ently of the scattering angle (except perhaps between
55° and 90°), show an algebraic maximum of the
polarization near 13.15 MeV. The polarization typically
varies as much as 0.40 or 0.50 within a 600-keV energy
range.

As mentioned in Sec. II, such structure cannot be
predicted from the simple optical model (parameters
not functions of energy) or a direct-reaction mechanism.
Therefore the scattering process is more complicated
and it is thought that the compound nucleus N®
(13-MeV protons produce a 13.75-MeV excitation of
N*®) is involved. Ericson® has been quoted as suggesting
that a relatively small compound nuclear part of the
interaction could exert sizable effects on the polariza-
tion, and it can furthermore be questioned whether the

 J, Sanada, Helv. Phys. Acta. Suppl. 6, 249 (1961).

T, Ericson, in Proceedings of the International Conference on
Nuclear Structure, Kingston, edited by D. A. Bromley and E. W.
Vogt (University of Toronto Press, Toronto, 1960); R. W.
Bercaw and F. B. Shull, Phys. Rev. 133, B632 (1964).
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compound nuclear part is small at this excitation.
Experimentally, Evans et al.* found an effect similar to
ours in the C'2(d,p) polarization where 6-MeV deuterons
give a 14.3-MeV excitation in N'.

It is worth noting that 8.5-MeV protons on N* give
a compound nucleus excitation 1.0 MeV higher than do
13-MeV protons on C®2, and that at any given excitation
(above a few MeV) O appears to have a somewhat
greater density of states than N3. Consequently, it is
not surprising that the energy dependence of the
polarization is more severe for C'2 than for N,

In Fig. 5 the carbon data taken with a nitrogen second
target are shown by open polygons, whereas the carbon-
analyzed carbon data points are shown by solid poly-
gons. The C- and N-analyzed data can be seen to agree
reasonably well, indicating that no extraneous or
unexpected effects were being introduced by having a
thick absorber between targets to slow the protons to
6 MeV during the carbon-analyzed runs.?

The observed energy dependence of the polarization
is about as complex as the present instrumentation could
hope to resolve. Finer structure may exist. At large
scattering angles especially, where Nagahara’s cross-
section data show an energy dependence as complex
as that which we observed for the polarization, finer
structure is to be expected. The ¢(E) cross-section
structure, at 133°1.,, which we were able to observe in
the shape of an elastic scattering peak when protons
were reflected from a thick target, gave confidence that
our energy determinations and Nagahara’s agree within
about 60 keV.

C. Carbon Angular Distributions

By performing a cross-section-weighted average of
P(6,E) over energy, we have obtained angular distribu-
tions which would result from the use of targets having
thicknesses of 300 and 600 keV. This has been done for
several energy intervals, and the angular distributions
obtained have been plotted in Fig. 6. For those data
averaged over the 600-keV energy interval, effects due
to non-direct-reaction processes (compound-nucleus
effects, etc.) are minimized, and the optical model in
its present form is most applicable.

In Fig. 7 our angular distribution averaged over the
12.8- to 13.4-MeV energy interval is compared with
earlier polarization measurements at higher and lower
energies.® 11 One can see from Fig. 6 (b) that data with
good energy resolution (300 keV) show much more
variation over a small interval, 12.8-13.4 MeV, than
data with poor resolution (0.6 to 2.0 MeV) show over
the large interval 11-15 MeV displayed in Fig. 7.

#]J. E. Evans, J. A. Kuehner, and E. Almquist, Phys. Rev.
131,71632 (1963). g ’ A H

% Multiple scattering in the thick energy absorber widens the
distribution of angles 6; in the second scattering. The effect of
this on the polarization analyzing power P, is thought to be quite
minor (<2%), since P,(6,) varies rather slowly with respect to 6,
near 40° for proton energies around 6 MeV.
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F16. 6. P(0) and o (8) for C2(p,p). (a) The data shown cover the
12.8- to 13.4-MeV proton energy interval. The optical model
predictions based on analyses of earlier data (Table II) are made
for a proton energy of 13.1 MeV. The dotted curve is an optical-
model fit to the present data and the cross-section data shown.
The cross-section points are calculated from data of Nagahara
(Ref. 27) by appropriate averages over energy for this and the
following graph. (b) P(6) and o(6) in lower and upper energy
intervals investigated (12.8-13.1 MeV and 13.1-13.4 MeV). The
curves are drawn merely to guide the eye.
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F16. 7. Angular distribution of the polarization and differential
cross section for protons elastically scattered from carbon between
11 and 15 MeV. Cross-section data are from Nagahara (Ref. 27).
His angular distributions at 11.51, 13.06, 13.92, and 14.36 MeV
are shown by the light curves. The heavy curve is an average of
his data between 12.8 and 13.4 MeV. Polarization data are from
Yamabe et al. (Ref. 8) at 14 MeV, Rosen ef al. (Refs. 10 and 11)
at 11.7 and 14.5 MeV, and the present experiment. Smooth
curves have been drawn through all data, and to avoid confusion,
the only data points and energy range shown explicitly are those
from the present investigation. Energy spreads of the other
polarization data are typically 1 MeV or more, and uncertainties
in P are generally around 0.06.

Optical-model analyses have been performed by
Beery® using the aBacUs optical-model code,!” and the
predictions for the 12.8-13.4-MeV range are shown in
Fig. 6 (a) along with the experimental data. Predictions
based on parameters from other datal®!..36 and a best
fit to our data (varying V, W, V,, a, b) are shown. The
corresponding optical-model parameters are shown in
Table II, as they apply to Egs. (1) to (3). The curves
obtained from Rosen’s parameters averaged over 4 for
A>40 (sets 2 and 3 in Table II) give wrong angles for
the extrema and bear little relation to the (4 =12) data.
As expected, the variational fit to our P(f) and Naga-
hara’s o(6) data gives the closest agreement, although
the parameters obtained from fitting the 14.5-MeV
carbon data work almost as well. In both cases, the
P(0) curves deviate badly from the experimental points
only at angles greater than 110°. The fits to carbon data
(sets 1 and 4, and other fits, not shown, to P and ¢
separately) indicate a thin nuclear surface (which might
be expected for C® which is strongly bound) and
indicate absorption which has a narrow maximum at the

36 J. G. Beery (private communication).
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TaBLE II. Optical-model parameters used or obtained
in the data analysis.

Values of fixed parameters:
R=roAB, 7r,=125F
Values of parameters which were varied:
14 W Vs a b

1. Parameters from best fit to
previous 14.5-MeV proton
data for carbon (4 =12)

2. Parameters from best fit to
previous 14.5-MeV proton
data for 4 >40

3. Parameters from best fit to
previous 10.7-MeV proton
data for 4>40 51.75

4, Search to fit P and o of
present investigation

4886 9.54 5.53 0.449 0.382

4900 7.50 5.50 0.650 0.700

8.08 5.93 0.630 0.740

51.13 892 6.06 0.458 0.325

nuclear surface. (The diffuseness parameter & is
especially small.)

All of the theoretical curves predict a first maximum
in o (@) which is only 509, to 709, of the observed value,
and a shape for the P(§) curve which does not too
accurately fit the data at angles less than 50°. Also, there
exists a second minimum in ¢(f) at 13 MeV (Fig. 7),
something which is absent for carbon data in most of
the 10- to 15-MeV range.?” The combination of this
second minimum and the large first maximum in o (6)
leads one to think that some kind of resonance is
involved and that perhaps a state or group of states of
the N*¥ compound nucleus is being strongly excited. At
an N excitation of 13.9 MeV, though, a simple process
seems improbable, and a detailed phase-shift analysis,
probably requiring a more precise excitation-function
measurement of the carbon cross sections above 11.5
MeV, would be required before one could reach mean-
ingful conclusions.

V. SUMMARY AND CONCLUSIONS

The angular distribution of the 13.1-MeV (12.8- to
13.4-MeV) energy-averaged carbon polarization lies
mainly between the similar distributions at 11.7 and
14.5 MeV. The optical model calculations fit the data
only qualitatively.

The existence of energy-dependent fluctuations of up
to 509 in the polarization of these elastically scattered
protons has been established. The polarization has been
measured between approximately 12.8 and 13.5 MeV
with an energy resolution of about 200 keV. The
observed fluctuations lend support to the prediction of
Ericson and others® that the presence of relatively weak
compound nucleus effects would strongly influence the
proton-nucleus interaction in this energy range (which
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in the present case is a N3 excitation of about 14 MeV,
where one would expect several levels to overlap).

That the nitrogen polarization data above 8.2 MeV
are relatively independent of energy is consistent with
the fact that the compound-nucleus excitation (14.5-18
MeV in O") is higher than in the case of N3.

On a practical basis, this experiment has shown
nitrogen to be a useful polarization analyzer®”*® (with a
polarization of —0.6040.10) for 45° polarimeters
throughout the 8.2- to 11.8-MeV range.

One can conclude that nitrogen is preferable to carbon
in the region around 12 MeV, especially if one wants to
use a thin target and resolve individual proton groups
separated in energy by less than 1 MeV. This might
be desirable in an experiment to examine protons from
deuteron stripping with nuclei in the 4=40 to 90
range, where more than one final state is of interest.
Conversely, our experiment indicates that the energy
must be known accurately in experiments using thin
carbon targets (less than perhaps 15 mg/cm?) as a
polarizer or analyzer in the 12- to 14-MeV proton energy
range. An experiment would be desirable to extend the
carbon excitation functions throughout the energy
range from 12 to 15 MeV. Possibly this could be done
with finer energy resolution than was here feasible.

An experiment would certainly also be desirable to
calibrate a nitrogen 45° polarimeter above 12 MeV.
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%7 The upper energy limitation to the useful range is not known,
but is at least above 11.8 MeV. Nitrogen is considerably better
than the only other target, helium, which has been shown capable
of use at 45° in the 8- to 12-MeV energy range. The possible
energy resolution is 3 to 4 times better with nitrogen than with
helium, the scattered protons are much higher in energy (both
effects due to kinematics), and the polarization is slightly larger.

3 Note added in proof. Nitrogen data in Ref. 1 (Rosen et al.) at
14.5 MeV indicate roughly 609 polarization analyzing power
also at that energy. R. I. Brown has recently obtained data similar
to Fig. 3 in the energy range 5-10 MeV. His results seem to be
consistent with ours in the region of overlap, except perhaps at
8.3 MeV (where he found a larger polarization maximum con-
sistent with his slightly better energy resolution).



