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Measurements of the polarization of protons from the B"(He', p) C"*(4.43 MeV) reaction have been ex-
tended to the He' energy range from 1.75 to 2.25 MeV. The angular dependence was determined at 2.00
MeV for eight laboratory angles from 10' to 100'.In addition, measurements were made at 11 other selected
angles at beam energies from 1.75 to 2.25 MeV. The results of these measurements along with previous
results from measurements made at He3 energies of 2.50 and 2.80 MeV have made it possible to study the
mechanism of this reaction from the energy dependence of the proton polarizations. The smooth energy
dependence observed indicates that a direct interaction mechanism is predominant for this reaction in this
energy range.

I. INTRODUCTION

HE polarization of the final-state products of a
nuclear reaction may be a useful means to study

the mechanisms of certain types of reactions. In par-
ticular, the sensitivity of the polarization to the re-
action energy may be an especially worthwhile source
of information. For example, polarizations of protons
obtained from elastic proton scattering show radically
diGerent results depending on whether there is a reso-
nance corresponding to a compound nuclear state in
the region of investigation. '' For instance, the polar-
izations from p-He' elastic scattering are smoothly
varying over a large energy range' since there are no
corresponding compound-nucleus states in the Li'
system. On the other hand, the protons from p-C"
elastic scattering exhibit a complicated behavior in the
region of the compound nucleus formation of N". This
complexity appears as rapid variations from positive to
negative polarizations as a function of the laboratory
proton energy. '

Measurements were made previously on the polar-
ization of protons from the 3"(Hes, P)C"'(4.43-MeV)
reaction to see if they could be helpful in the analysis
of the reaction mechanism. ' The results of these mea-
surements indicated a substantial agreement with other
workers~' in the interpretation of reaction mechanism.
The polarization measurements as well as the angular
distribution and excitation function measurements of
Schiffer et al.4 indicated that the reaction mechanism
in the region from 2 to 5 MeV could be interpreted as
dominated by two widely separated resonances. How-
ever, an interpretation of a direct interaction could not
be ruled out. The possible resonances were given by

' G. C. Phillips and P. D. Miller, Phys. Rev. 115, 1268 (1957).' S. J. Moss and W. Haeberli, Nucl. Phys. 72, 417 (1965).' D. G. Simons and R. W. Detenbeck, Phys. Rev. 137, B1471
(1965).

4 J. P. Schi6er, T. W. Bonner, R. H. Davis, and F. W. Prosser,
Jr., Phys. Rev. 104, 1064 (1956).'E. A. Wolicki, H. D. Holmgren, and R. L. Johnston, in
I'roceedings of the Rutherford Jubilee International Conference,
edited by J. B. Birks (Academic Press Inc. , New York, 1961),
p. 533.' E. Almqvist, D. A. Bromley, A. J. Ferguson, H. E. Gove, and
A. E. Litherland, Phys. Rev. 114, 1040 (1957).
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Schiffer et al. to be at 2.0 and 3.7 MeV. The polarization
measurements made at He' energies of 2.5 and 2.8 MeV
indicated a strong similarity in the angular distributions
of the polarizations at these energies and hence a weak
energy dependence. It was the purpose of this investi-
gation to extend the polarization measurements down
to and below the 2.0-MeV "resona, nce" in order to fur-
ther clarify the reaction mechanism interpretation.

II. EXPERIMENTAL PROCEDURE
AND APPARATUS

A complete description of the measurement pro-
cedure and apparatus used is given in the previous paper
on this work. ' The polarizations are measured by the
usual double-scattering technique in which the second
scatterer (analyzer) was carbon which was contained
in a plastic scintillator. Protons scattered into the CsI
detectors were then defined by a coincidence between
the plastic scatterer-scintillator and the detector. Two
such detectors were used so that the scattering to the
right and left could be measured concurrently. The
polarization of the protons is then given by the asym-
metry between the number of counts obtained in two
side detectors divided by the polarization obtained
when unpolarized protons are scattered by the analyzer.
With a second scattering angle of 45', the polarization
of the analyzer was taken to be —0.50 (Basel con-

vention). Since the Q value for this reaction is 15.27

MeV, the emitted protons were su%.ciently energetic,
even after passing through the half-mil tantalum target
backing, so as to avoid any resonanc'es or anomalies in

the compound p-C" system. Thus the polarimeter was

used to analyze protons in an energy region in which

its analyzing power was reasonably constant. The
analyzing power was checked with polarization mea-
surements on protons from the He'(d, p)He4 reaction.
These results compared quite favorably' with those
obtained by Farm et al. '

' K. W. Brockman Phys. Rev. 110, 163 (1958); E. Boschitz,
Nucl. Phys. 30, 468 (1962).' H. L. Farm, R. W. Detenbeck, and H. Taketani, University
of Maryland, Department of Physics and Astronomy Technical
R eport No. 348 (unpublished).
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Tmr.x l. Polarization of protons from8"(He', p) C~ (4.43-MeV) reaction.
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' Rav is the average energy of the Hes beam due to energy losses in the
thick targets.

h Pi is measured by double scattering from CIe, taking the analyzing
pOWer aS -O.S, Where ktn &(ko&L iS pOSitiVe.

e Accumulated error from counting statistics, analyzing power of polar-
imeter, inelastic scattering effects from the ground-state proton group,
variations in the thickness of the second scatterer, and geometry effects
due to slope in angular distribution.

The scattering chamber used has a nonsymmetrical
arrangement of angular ports to house the polarimeter.
Such an arrangement allows measurements to be made
from 0' to 135' in 5' increments, if so desired. Target
alignment consisted of Grst centering the target in the
scattering chamber and then adjusting the chamber
position so that the He' beam hit the target on the
intersection of the target with the polarimeter axis.
This adjustment was accomplished by allowing the
target to get hot from the incident beam so that it
glowed and by visually aligning the beam, using a
plastic viewer which Gt in the particular polarimeter
port from which the measurement was to be made.
This alignment procedure insured that no detection
asymmetries would be caused by beam misalignment.

The targets were prepared by evaporating enriched
3" (96.5% II") onto a backing of half-mil tantalum
foil. Target thicknesses of approximately 300 keV were
used. In order to obtain as large a counting rate as
possible, the target was rotated in a plane perpendicular
to the reaction plane so that higher beam currents could
be used.

In addition to errors due to counting statistics, there
was an increase in the polarization error of approxi-
mately 0.01. This increase was due to (1) the error in
the analyzing power of the polarimeter, (2) elastic
scattering effects from the ground-state proton group,
(3) variations in the thickness of the second scatterer,
(4) beam alignment, and (5) geometry effects due to
the slope of the angular distributions. These errors are
discussed more fully in the previous paper on this
subject.
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III. RESULTS AND CONCLUSIONS

The angular distribution of the proton polarization
from the 3"(He',p)C~(4.43-MeV) reaction was mea-
sured at an incident He' beam energy of 2.00 MeV.
Measurements were made at eight laboratory angles
from 10' to 100'. In addition, measurements were made
at 11 other selected angles at beam energies from 1.75
to 2.25 MeV. These results are given in Table I. The
results at 2.00 MeV are shown in Fig. 1, along with
those previously obtained at 2.50 and 2.80 MeV. The
sign of the polarization follows that of the easel con-
vention and is positive in the direction k;„)&k, t. As
in the other measurements, the angular distribution at
2.00 MeV shows predominantly negative polarizations
at laboratory angles forward of 90'.

The results of all the polarization measurements
which have been made are given in the contour plot
shown in Fig. 2. Here, since the polarization measure-
ments have such large errors, regions within a range of
polarizations are plotted in the 0, versus E, (He')
plot. The lines shown are estimated to separate group-
ings of similar polarizations. The polarization ranges
were obtained from the counting errors of the data
points included in a particular region. The numbers
shown in Fig. 2 give the measured polarization in
percent at the datum point indicated by the nearest
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Fn. 1. Angular dependence of polarization of protons from the
8"(He',p)C" (4.43 MeV) reaction at He' energies of 2.00, 2.50,
and 2.80 MeV. The measurements at 2.50 and 2.80 MeV have
been previously reported. The errors shown are counting errors
only. Analyzing power of the polarimeter was taken at —0.50,
where h;,Xh, ~ is defined as positive.
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FIG. 2. Contour map of the polarization measurements for the
3"(He',PlC" (4.43-MeV) reaction. The contour lines separate
broad regions of similar polarizations. The range of percentage of
polarizations in each region is determined from the errors of the
measured polarizations and is given by the numbers on the right.
The experimental measurements are given in percent polarization
and are plotted as crosses.

"X."Since thick targets were used (~250 to 300 keV),
the abscissa chosen take into account the energy loss
of the incident He8 particles in the target. Thus, E,
is the He8 energy at the half-thickness of the target.
The dominant feature of this polarization plot shows
that the energy dependence of the polarization is weak,
particularly toward the forward angles.

Reaction Mechanism

The compound-nucleus interpretation by Schiffer
et a/. 4 was based mainly on excitation curve measure-
ments. These curves showed a "resonance" peak at
2.0 MeV for protons emitted at laboratory angles of 0'
but not 90'. This work also concluded that there was a
possibility that more but narrower resonances could.
contribute to the reaction.

The completed polarization work reported here
definitely shows a weak energy dependence in the region
of the 2.0-MeV "resonance. "This smooth variation of
the polarization with energy is suSciently demonstrated
in the contour map of Fig. 2. The weak energy depen-
dence is particularly dominant toward the forward
direction, which is where the peak in the excitation
curve occurs. Thus, if a "resonance" exists, it does not
have a strong effect on the proton polarization.

The predominance of negative polarization through-
out the forward angles where thick targets of the order

of 250 to 300 keV are used rules out contributions to
the reaction by more, but narrower, resonances. Mea-
surements were made at a sufBciently large number of
points with thick targets so that the energy range was
almost completely covered. Any contributions due to
rapid swings to positive polarizations, which would
occur in a region of a narrower resonance, could not
have been easily overlooked. If such were there, but
were averaged out by the use of thick targets, smaller
average polarizations would have been measured.

It is therefore concluded that a direct interaction is
the best interpretation for the mechanism of this re-
action for He' energies from 1.6 to 2.8 MeV. This
mechanism is dominant in the forward directions. The
"island" of positive polarizations, which appears at
angles greater than 90' c.m. (see Fig. 2), may be due
to compound-nucleus effects. This, however, would not
be too surprising. If there were some compound-nucleus
effects present, they would probably be more noticeable
in the back angles.

It is dificult to arrive at a more deinite conclusion
about the existence of a broad resonance at 2.0 MeV
without specific theoretical calculations on this reaction.
The similarity of the energy dependence behavior of
the proton polarizations from this reaction and from
the C~(d,P)Cts reaction indicates that calculations
similar to those made on the latter reaction should also
be made here. Suck and Satchler' made calculations
on the angular distributions and. polarizations for the
C~(d, p)C" reaction which employed a superposition of
compound nucleus and direct interaction effects in the
region of the 4-MeV resonance. The results showed that
the angular distributions and polarizations would
exhibit a weak energy dependence near the resonance
if the resonance was due to a single partial wave and
there was also direct interaction interference due to
many partial waves. Polarization measurements have
recently been made to support their conclusion. "
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