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The analyzing power & of the reaction. T{P,&)3He has been measured at 45" c.m. from
1.5 to 12 MeV with a polarized proton beam. A comparison with existing data for the neu-
tron polarization & shows that I' and & have similar excitation functions at this angle, but
that the magnitude of I' is generally less than that of &. While the R-matrix formalism
does not require exact equality between I' and &, we do not have at present a successful
explanation of the observed differences.

The polarization P of a particle X elastically
scattered by another particle F is mell known' to
be equal to the analyzing pomer A for elastic scat-
tering of a polarized beam of X by Y. This equal-
ity follows from time-reversal invariance. Al-
though the reaction T(P, n)'He is not elastic scat-
tering, the initial and final states differ to a good
approximation only by a reflection in isospin
space. That is, if all protons are changed to neu-
trons and vice versa, the initial state is changed
to the final state. Thus if charge-dependent and
the concomitant Q-value effects are ignored, one
might expect the outgoing neutron polarization P,
with the incident beam unpolarized, to be equal
to the analyzing power A when the reaction is ini-
tiated with a polarized beam.

The motivation for the present experiment was
threefold. First, it is interesting to explore the
deviation from approximate symmetries which
act as guides for future experiments. In support
of the hypothesis that P and A might be similar,
calculations' based on the parameters of a charge-
independent R-matrix analysis' show that P and
A are nearly equal in this energy range. The
comparison of P and A therefore sheds light on
the assumption of charge independence in general
and its use in particular in this type of R-matrix
analysis. Second, more data on the A =4 system
are useful in support of the R-matrix analysis
now underway at this laboratory. ' The fact that
the analyzing powers could be measured more
precisely than neutron polarizations will lead to
an improvement in our knowledge of the A =4 sys-
tem. Third, if it can be established that P=A,
then a measurement of A which can be done easi-
ly to good precision implies accurate values of

P. The latter are useful when the reaction T(P,
n)'He is used as a source of polarized neutrons.

The analyzing pomer has been measured in this
work from 1.5 to 12 MeV at 45' c.m. The large
body of polarization data existent at this angle
then allows a comparison of P and A.

The experimental method in outline was as fol-
lows. A beam of polarized protons produced by
the Los Alamos Scientific Laboratory Lamb-
shift' polarized ion source was accelerated by a
model FN tandem Van de Graaff accelerator.
The dc polarized proton beam was directed onto
a 3-cm-long target containing gaseous tritium at
1.07 or 3.45 atm absolute. The lower pressure
was used for proton energies (3 MeV. Neutrons
produced from the reaction T(p, n)'He were de-
tected by a cylindrical (4.44 cm by 4.44 cm) NE-
213 scintillator. The scintillator was positioned
85.0 cm from the target. y rays were electroni-
cally separated from neutrons by pulse-shape
discrimination. Background neutrons were mea-
sured by taking target-empty runs at selected en-
ergies. Neutron backgrounds were small, a typi-
cal ratio of background to signal being 0.002 at
2.908 MeV incident proton energy. The asymme-
try was measured by reversing the polarization
of the beam at the ion source. Beam polarization
was measured by an atomic-beam technique' to
+ 0.015 and was typically 0.90. Two cycles of
+ ——+ beam polarization were taken at each
point where + (-) denotes proton spin up (down).
Each measurement in a cycle was taken for the
same integrated beam current. Four repeat mea-
surements between 2 and 10 MeV showed that val-
ues were reproducible within the statistical er-
ror. To obtain an estimate of systematic error,
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FIG. 1. Analyzing power at 45' c.m. and polarization near 45' c.m. for T{P,n) He versus proton lab energy. Ana-
lyzing power data {closed circles) are connected by the solid curve {to guide the eye). Polarization data: diamonds,
Ref. 8, 81.6' lab; inverted closed triangles, Bef. 9, 45' c.m. ; upright closed triangles, Bef. 10, 38' lab; squares,
Ref. 11, 45' c.m. ; asteriks, Bef. 12, 40' lab; open triangles, Bef. 18, 47' c.m. ; crosses, Bef. 14, 30' lab.

measurements were taken at 0, where A should
be identically zero, for proton energies of 13.55
and 6.00 MeV. The results were 0.0023+ 0.0026
and —0.0048+ 0.0023. For this and other rea-
sons, the systematic errors in A due to current
integration and neutron detection are believed to
be less than 0.005. Errors in the measurement
of the proton polarization have been discussed
previously. ' At low energies, the depolarization
by electron capture and loss increases to the or-
der of 2% at 2 MeV and depends on the (unmea-
sured) residual gas pressure in the tandem ter-
minal. ' Qn the other hand, polarization enhance-
ment by the "beam scraping" effect may be larg-
er at these low energies than as discussed in
Ref. 6. No correction has been made for these
effects which we regard as increasing the uncer-
tainty in proton polarization at low energies to
about 2.5% at 2 MeV.

The results for the analyzing power of the re-
action T(P, n)'He (protons polarized) a.re given in
Fig. 1 as the closed circles connected by the sol-
id line which is sketched as a guide to the eye.
The statistical errors in A are smaller than the
size of the circles and are typically +0.003. Un-
certainties in the proton polarization are not in-
cluded here. Also shown in the figure are mea-
surements' "of neutron polarization (proton
beam unpolarized) made near 45' c.m. The as-
sociated Legendre polynomial coefficients of Ref.
9 were used to interpolate their values to 45'
c.m. All the other values are data points.

The long-dashed lines for P and A were calcu-

lated' from the R-matrix parameters of solution
II of Werntz and Meyerhof' (WM). Below 6.5

MeV, P and A are equal to within 0.004. Calcu-
lations given by the short-dashed lines in Fig. 1
and based on solution I of WM yield essentially
the same relationship between P and A. They al-
so yield values of P and A within 0.02 of those
from solution II below 3.0 MeV. Above 4 MeV,
the solution-II values describe these data some-
what better than those of solution I.

The comparison in Fig. 1 of the P and A data
illustrates their very similar features. The ex-
perimental maxima at about 2.2 MeV in both P
and A confirm the resonant structure of the reac-
tion mechanism noted previously. ' The fact that
the maxima occur at the same energy is a quali-
tatively different effect from the final-state in-
teraction observed in D(d, n)'He and D(d, P)T nu-
cleon polarization measurements" where the nu-
cleon polarization is the same at the same rela-
tive kinetic energies in the outgoing system, that
is, at energies differing by about 764 keV in the
'He system. Second, A differs experimentally
from P by only about 17% relative in the range
1.7 to 4 MeV. Terms that make PcA are there-
fore relatively small. Third, the R-matrix cal-
culations with the parameters of %M, with either
solution I or solution II, account well for the lo-
cation of the maxima and qualitatively for the
complete excitation function.

Qn the other hand, the present experimental re-
sults indicate that P tA in the region 1.7 to 4
MeV where many polarization data exist. Here
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A is higher than P by about 1V/z relative which is
significantly larger than the quoted errors. It is
conceivable that this difference relates to the ex-
istence of unknown systematic errors. With re-
spect to the neutron polarization data, this possi-
bility seems reduced because of the consistency
of several different experiments. The magnitude
of our own systematic errors as estimated above
is much smaller than the observed difference.
In the 7-12-MeV range, the few existing polariza-
tion data barely suggest an inequality of P and A.
This latter conclusion is weak, however, so that
the following discussion will be limited to the 1.7-
4-MeV interval.

Both the near equality of P and A and their ap-
parent difference may be understood qualitatively
if the observables are written in terms of the col-
lision matrix elements, U, , „. The conventions
and much of the notation of WM will be followed
here. The restrictions of WM that l & 2, J & 2,
and s 11 if /=2 will also be taken. It then follows
that the analyzing power times the unpolarized
differential cross section may be expanded in
terms of associated I egendre polynomials,

A(8)k' (8) = QA~(A)PI'(cos8),
L =1

where

1( ) 16 L5Ulolo Ulll] —3Uyoyp Upped]
—2Uypm U&&&&

—3&2Uxozo Uxzos
* 3&2Uoooo Uoxxz *+3~~Uo2o2 Uoxxz *j

~

A, (A) =,1m[3U„„'U„„'*+2U„„oU„„'*
(2)

3.l 2 lg 6 / 1 lg 3.~ y ] g
2 1111 1101 2 " olol ol&1 2 " 2 U]gyes U]goy I)

(4)

and k is the magnitude of the center-of-mass
wave vector in the initial channel. The expres-
sions for the coefficients A~(P) describing P(8)k'
xdo(8)/dQ are obtained by interchanging the sub-
scripts sl and s'/' in Eqs. (2)-(4)." Thus, under
the WM restrictions on s, l, and J, A is differ-
ent from P only if U„„'+U,», '.

In the parametrizations of WM, the T =1, 1
states which give singlet-triplet mixing are at
equivalent proton energies of about 7.5 and 10.9
MeV or well above the 1.7-4-MeV interval. They
contribute little at the lower energies where the
polarization and analyzing power are dominated
by the second term in Eq. (3), namely, by the in-
terference of the 0 and 2, T =0 states"; hence
these parameters give P =—A here. Since the low-
lying 0 and 2 states are described identically
in WM I and WM II, the calculations give almost
the same values for the tmo parameter sets in
this energy region.

A modification of the WM parameters might
account for the apparent difference between P
and A. If the restrictions on s, l, and J-are re-
tained, then the magnitudes of U,», ' and U»„'
must be increased and their differences magni-
fied. For example, to maximize the singlet-
triplet mixing in the 1 states, one could put the
mixing parameter x equal to —1 instead of —0.3
or —3.3 as in WM. Werntz has suggested this
possibility to describe the experimentally deter-

mined A„(P) coefficient better. " The result is to
increase the magnitudes of Uo»,

' and Uxjo~' each
by a factor of about 2 which is entirely inadequate
to account for the apparent difference between P
and A betmeen 1.7 and 4 MeV. Two other. ways
to increase the singlet-triplet mixing in this en-
ergy region might be to move the T =1, 1 states
down in energy or to increase their widths.
These two possibilities seem unacceptable, how-
ever: The T = 1, 1 states were chosen by WM to
give a good description of p-'He elastic scatter-
ing, which probably mould not be described mell
with a large change in the T =1 parameters of
WM. At present, therefore, me do not have an
explanation of the observed difference.

In conclusion, the calculated differences be-
tween P and A, mhich are small even near the
position of the T =1, 1 states, indicate that rath-
er drastic modifications of the charge-indepen-
dent parameters of WM will be necessary if the
apparent 17/g difference is to be reproduced from
1.7 to 4.0 MeV. If the modifications then fail to
account for the large body of A =4 data, the final
unpleasant alternative is to abandon the assump-
tion that the R matrix is charge independent.

')Work performed under the auspices of the U. S.
Atomic Energy Commission.

*Associated Western Universities Fellow from the
University of Wyoming, Laramie, Wyo. 82070.
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A strong resonancelike structure (-400 keV wide) has been observed in elastic '~p
+' C scattering. Inelastic scattering excitation functions with ' 0 in the unresolved 0, 3
states at 6.1 MeV show structure correlated with the elastic channel. An analysis of the
angular distribution measured on the resonance indicates a spin I=14.

The observation" of possible "molecular
states" in the "C+"C and "C+"0 systems at en-
ergies close to the Coulomb barrier has led to
much interest in this phenomenon. Narrow struc-
tures observed in the excitation functions at high-
er energies were found to be consistent with sta-
tistical fluctuations. ' More recently, however,
there has been increasing evidence' for the exis-
tence of structure of nonstatistical origin in addi-
tion to the fluctuation phenomena. In a study of
"C+"0elastic scattering we observe a strong
anomaly which, as discussed below, is indicative
of a high-spin (I =14) resonance in the 'sSi com-
pound system. A preliminary report of this
anomaly has already been given elsewhere. ' Re-
cently, an investigation of this anomaly has also
been undertaken at Yale. '

Elastic-scattering excitation functions for the
"C+'80 system (Fig. 1) were measured in the en-

ergy range E&,&=20-60 MeV with targets whose
thicknesses were chosen to match the 250-keV
energy steps. The forward-angle data have been
omitted from Fig. 1 since they show much less
structure. The associated-particle method was
used with an array of large-area detectors, and
the back-angle data, (taken at 140', 150', and 160'
c.m. ) were obtained with detector telescopes in
which the recoil "C ions were recorded.

The data in Fig. 1 exhibit strong rapid fluctua-
tions superimposed on a broad gross structure
(- 2 MeV wide). A statistical analysis (with a
running average cross section taken over a 1.3-
MeV subinterval) yields a coherence width of ap-
proximately 110 keV in good agreement with the
results of Halbert, Durham, and Van der Woude4
and indicates no significant angular cross corre-
lations.

However, at -19.7 MeV a prominent structure'
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