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The polarization P(g) and differential cross section o. {8) for the scattering of neutrons of 0.1(E„&2.0
MeV from "C have been measured at five or nine angles. P(8) contains a slowly varying sin8 term and is
dominated by a negative sin28 term which grows strongly with energy so that P {120') reaches as much as
40/& at higher energies. The experimental values of 0 {8) and P {8) are simultaneously described reasonably
well over this energy range in terms of a two-level R-function formalism. Anomalous background effects
are estimated by use of a square-well interaction potential.

I. INTRODUCTION

'OST of the information regarding the interaction
&i . . of low-energy neutrons with ~C has come from
measurements of total cross sections, ' ' capture cross
sections, ' differential scattering cross sections, ' " and
from a few measurements of polarizations. " Since
the capture cross section at low energies has been
shown to be only a few millibarns, the scattering of
neutrons from "C has frequently been used as a con-
venient and reliable secondary standard of Aux calibra-
tion. Measurements of the total cross section have been
interpreted'" chieAy in terms of s-wave scattering
which predominates at low energies. Some early
measurements~ of the differential scattering cross sec-
tion 0(8) indicated, within experimental error, that
rr(8) was isotropic in the c.m. system up to 1.5 iVeeU,

where P-wave contributions begin to be evident. Our
early measurements'" of 0(8) showed a small but
definite fore-aft P-wave asymmetry at somewhat
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lower energies, and this asymmetry slowly increased
with energy. In a general survey experiment" of the
polarization of neutrons scattered at 90'(lab) and
45'(lab), appreciable polarization was observed even as
low as I' 0.7 MeV. This confirmed the presence of
higher-order partial waves, and further showed that
they were spin-dependent.

The work described here is a much more complete
study of both P(8) and rr(8), measured simultaneously
at either 5 or 9 angles, for a large number of energies
up to 2 MeV. These data are used to determine the
parameters in the R-matrix description" of the scat-
tering. The representation in terms of R-matrix
parameters facilitates comparison with the results of
more detailed shell-model, coupled-channel, and cluster-
type calculations. These measurements show that
P(8) reaches as high as 40% at certain angles, and an
understanding of these relatively large polarizations
in terms of the states in "C makes "C attractive as an
analyzer for polarization experiments. A brief pre-
liminary report" of these results has been given.

II. EXPERIMENT

The apparatus and the analysis connected with the
present experiment have been described in earlier
papers. ' """'~ The reaction ~Li(p, n)'Be provided a
partially polarized beam of neutrons emitted at 51'
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relative to the incident protons. This partially polarized
beam was then scattered from a slab-shaped sample of
pile-grade graphite. The large face of the sample
measured 9 in. )&16 in. , and its thickness was —, in.
Neutrons scattered by the graphite were detected simul-
taneously at five angles as in previous measurements. "
A transverse magnetic field between the neutron source
and the scatterer precessed the spins of the neutrons
through 180 . Measurements with this magnetic field
ofF, and then on, gave (in the usual way) the product of
the polarizations produced by the source and scattering
interactions.

Multiple-scattering corrections to n(8) were made by
use of a Monte Carlo program. "The polarization data
also were corrected approximately for multiple scat-
tering as described previously. "' At all energies
above 0.7 MeV, the transmission of the sample was
greater than 90%, so that the multiple-scattering efFects
were kept small. Corrections for the second group of
neutrons were based on the fact that this group is
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FiG. 2. Polarization of neutrons scattered from ' C. The neutron
energy E„ is in MeV in the laboratory system, and the angle of
scattering is in the c.m. system. The solid curves, the results of
the R-function formalism, were calculated by use of the parameters
of Table I.
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unpolarized. " Since the minor isotope "C has only

1.11% abundance, no correction for it was made, and
within the accuracy of this experiment the results may
be taken as those for "C alone. The data were corrected
for the known energy dependence of the efIiciency"
of each detector. The energy spread of the beam
(produced mainly by the thickness of the Li target)
was 25—50 keU. Because of the very slow variation of
cross section with energy below 2.0 MeV, no correction
for energy resolution was necessary. Since the first
excited state in "C is at 4.4 MeV, all scattering by '-'C

in this region is elastic.

III. EXPERIMENTAL RESULTS
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FIG. 1. Polarization of neutrons scattered from '2C. The neutron
energy E„ is in MeV in the laboratory system, and the angle of
scattering is in the c.m. system. The solid curves, the results of the
E-function formalism, were calculated by use of the parameters of
Table I.

Figures 1—3 show the experimental angular distribu-
tions of P(8) at 0.5—2.0 MeV. Below 0.5 MeV, P(8) is
virtually zero. Values of the polarization for the
'Li(p, n)'Be reaction taken from Ref. 11 were used to
derive P(8) from the measured product of P(8) and
the source polarization.

At each energy, measurements were made at either
5 or 9 angles. The shapes of the angular distributions

"G. L. Morgan, C. E. Hollandsworth, and R. L. Walter, in
Proceedings of the Second International Symposium on Polariza-
tion Phenomena of nucleons, Karlsruhe, 1965, edited by P. Huber
and H. Schopper (Birkhauser Verlag, Stuttgart, Germany, 1966),
p. 523.
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fitting an expansion of Legendre polynomials to the
data in the c.m. system at each energy. Coefficients
BJ. for L&3 are negligible below 2 MeV.

Figure 5 shows the energy dependence of the coefIi-
cients CJ. in the associated Legendre-polynomial ex-
pansion for a„(8)—=P(8) 0 (8) . The error bars are larger
here because of the e6ect of the larger statistical errors
on P(8). Coefficients Cz for L&3 are negligible below
2 MeV.

Experimental values of 0(8) in the neighborhood of
the ~+ resonance at 2.08 MeV have been reported
previously" and are shown in Fig. 6 to complete the
comparison between experiment and our R-function,
calculations.

IV. R-FUNCTION FITTING
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The elastic scattering of neutrons from zero-spin
nuclei is, in principle at least, one of the simpler cases
for the application of the R-matrix theory. Since "C
has zero spin, only one channel spin (S=~) is present,
and for neutron energies below E„4.4 MeV, only
elastic scattering is possible and capture is negligible
compared to scattering below 2 MeV. Thus there is
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Fio. 3. Polarization of neutrons scattered from '~C. The neu-
tron energy E„is in MeV in the laboratory system, and the angle
of scattering is in the c.m. system. The solid curves are results of
the R-function formalism and were calculated by use of the
parameters of Table I.

are sufficiently simple that 5 angles are adequate even
at the highest energy. The errors in P(8) are chieffy
statistical, as can be seen from the random fluctuations
of the data about the solid curves as shown in Fig. 1—3.
These solid curves represent the results of an R-function
calculation to be discussed later. Beginning at approxi-
mately 0.7 MeV, a definite pattern of polarization
(a combination of sing and —sin28) appears. At high
energies, the term in —sin20 is stronger. These results
are in agreement with our earlier survey work" at two
forward angles, 45'(lab) and 90'(lab), obtained
without a spin-precession magnet. The results are also
in agreement with some recent results" obtained
with a spin-precession magnet. From the data, it can
be seen that P(8) reaches as high as 40% at back
angles.

Figure 4 contains all the differential-cross-section re-
sults in the form of the coefIicients BI.for the Legendre-
polynomial expansion for 0(8). The data below 0.5
MeV are from an earlier experiment. '0 The counts from
the detectors were converted to cross section by nor-
malizing 4xBo to the known total scattering cross
section' for carbon. This is done in the process of

"O. Aspelund (private communication)."J.R. Stehn, M. D. Goldberg, B.J. Magarno, and R. Kiener-
Shasman, in neutron Cross Sections, compiled by O. J.Hughes and
R. B. Schwartz (U. S. Government Printing Office, washington,D.C., 1964), 2nd ed. , Suppl. No. 2.

0.06-

-0.06-

0.24-

0. I8-

O. I 2-

0.06—
Eh

Bs

B

. I. I3 b/sr~

"c(n, n)"c

(8) ~ 2 B p„{cos8)
L.O

R- FUN CT ION
CALC.

——-SQUARE WELL
CALC.

0.48 b/sr~

0.24

O. I 8

O. I 2—

0.06—
I I I I I I I I I I I l I I I I I I I I I I l i t t I I I I I I

0.5 I.O I.5 20 2.5 3.0 3.5
lob(MeV)

I

4.0

FIG. 4. Legendre-polynomial coeScients in the expansion of the
differential scattering cross section for "C+n. Cross section and
angles are in the c.m. system. Neutron energy is in the laboratory
system. Data points for E&2 MeV are from the present work.
Data points for Bo at E)2 MeV are from Ref. 9 while the dotted
curve is an average of data from Ref. 17. The calculated results
for the 2.08-MeV resonance are shown here as the broken curves.
Solid curves are calculated results of the R-function fitting and
dashed curves are calculated results from the potential analysis
using parameters of Table I. Where error bars are not shown, the
error is represented by the size of the points.
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effectively only one open channel in the energy interval

of interest, and since the nearest closed channel is at
4.4 MeV, the R matrix can be approximated by an R
function. The two d3~~ resonances at 2.95 and 3.5 MeV
are close together and interfere violently with one

another as is seen from the total cross-section measure-

ments. This degree of interference between "resolved"
states of the same J is unusual in fast-neutron spec-

troscopy and requires the use of at least a two-level R
function to represent these states that make a large
contribution to the polarization below 2 MeV. A pro-

gram coMBo 0 was written to calculate a.(8), P(8), 8j, .
and CL, from R-function parameters. The R function
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FIG. 6. Legendre-polynomial coefficients in the expansion of the
differential scattering cross section for "C+n at the 2.08-MeV
resonance. Cross section and angles are in the c.m. system.
Neutron energy is in the laboratory system. The data points are
from Ref. 10. The solid curve represents the results of the calcula-
tions with parameters of Table I.
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"B.J. Raz and C. K. Bockelman, in Brookhaven National
I.aboratory Report No. BNL-9108, 196S (unpublished).

FIG. 5. Associated-Legendre-polynomial coefficients in the ex-
pansion of the polarized cross section oP(8) for ' C+n. Cross sec-
tion and angles are in the c.m. system. Neutron energy is in the
laboratory system. Solid curves are the calculated results of the
R-function 6tting and dashed curves are calculated results from
the potential analysis using parameters of Table I.

used was

Rig(E) = g, +Ru',

where p),' and Eq are the reduced width and charac-
teristic energy, respectively, for the Xth state of given

J, and R&&' is the corresponding constant background
term. The corresponding phase shift is

Pi (p) Ri~(E)
b(g(E) =tan —' -4~(p), (2)

1—(S( b(g) R(g(E)—
where P~(p) is the penetration factor, (S~ bgq) is the-
shift factor for boundary value b~~, the term @~(p) is the
hard-sphere phase, and p= kA with k the wave number
and A the interaction radius. From these phase shifts,
the quantities Pr, (E), Cr, (E), &r(8, E), and P(8, E) are
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1/a= A (1—Rp;"'), (4)

ro=2L4 —.4'-'a+ '(.4oao) —(A'Aa-'/2~)Ro;(u], (5

where p is the reduced mass and

Ro "'——Rp, ~g~ aild Rp, "' ——(fRo., (E) /dE, ~E o=
The R-function parameters yo,,"-, Eo.„and A were ex-
tracted from the effective-range parameters n, ro, and
the binding energy (B.E.) by the above relations to-
gether with the relation

Ro,'(E) is=a, E.= 1/~ k 1 (6)

which is the resonance condition for the bound state.
Substituting a given set of values of n and ro, together
with B.E.= —1.86 'IleV into Eqs. (4)—(6) gives a set
of three nonlinear equations in yo, '-', Eo;, and A. These
equations were solved for the R-function parameters by
a gradient technique. The boundary value was L|0.,=0.

The resulting R-function parameters depend quite
sensitively upon a, rp, and B.E. through Eqs. (4)—(6)
so that this calculation is probably best employed as a
consistency requirement on any set of R-function
parameters rather than as a definitive method to obtain
them. From the several sets of consistent R-function
parameters obtained from the difierent but equally
good effective-range fits, the set of effective-range
parameters selected was (1/a) =6.14 F, rp=3.367 F.

' J. M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258
(1952) .

"A. Simon and T. A. Welton, Phys. Rev. 90, 1036 (1953)."J.F.. Monahan, L. C. Biedenharn, and J. P. SchiII'er, Argonne
National Laboratory Report No. ANL-5846, 1958 (unpublished).

calculated over the energy range of interest according
to the formulations of Blatt and Biedenharn, " and of

Simon and Welton. '-'"-Values of P~(p), 5~(p), and pg(p)
have been tabulated. '-'

It is clear that the low-energy data are dominated

by s waves, with a large contribution from the s~/~

state in "C at E, =3.09 MeV, which is bound by ap-
proximately 1.86 MeU. The s-wave phase shift was ob-
tained from a phase-shift analysis of the data for o (8)
below 0.8 MeV in terms of s and p waves. Equally
good fits of the effective range expansion

k cot60, = —o.+ ~rob'-' —pro'k'+ ~ ~ ~ (3)

to the data were obtained for a certain range of values
for the parameters n, ro, and p, where k is the momentum
wave number, 1/n the scattering length, ro the effective
range, and p the shape parameter. Also included in the
data for fitting were the zero-energy neutron scattering
cross section' " and the energy of the bound si~~ state.
Values of p found from the fitting were very small, as
expected at these energies, and p was set equal to zero
in the subsequent analysis.

The effective-range parameters for 1=0 neutrons and
the boundary condition b~q =0 are related to the R-func-
tion parameters through the expressions

The corresponding R-function parameters were yo,' =4.0
MeV, Eo.,= —6.0 MeV, and A =3.72 F. These effective-
range parameters are generally consistent with those
obtained by other groups. ' "This choice was based also
on external considerations. Some of the effective-range
fits led to values of A as large as 4.9 F. Kith such large
values of the interaction radius, however, the p-wave
interference effects due to the large phase angle &
were almost an order of magnitude higher than the
experimental effect (Fig. 4), especially above E„0.5
MeV. To remove this discrepancy, pi could be reduced
arbitrarily, or very large positive Ri, and R~; could be
assumed to give the p phases @i required by the data.
Neither of these alternatives seems justified. Some
eGective-range fits led to values of A somewhat less
than 3.72 F. However, the corresponding values of
&0~' considerably exceed the value —,'fi' jpA'=4. 87 MeV,
an upper limit to the single-particle estimate. Thus, by
applying these additional external conditions, the above
set of consistent parameters was chosen as an over-all
best choice. The value of yo,.'- is expected to be large,
since this is believed to be a single-particle state. These
values of yo and Eo., in terms of a potential model will
be interpreted in the next section.

Since there are no broad p resonances near the region
covered in this experiment, the contribution from such
states was included as constant background terms,
Rj, and R~, . The fact that Ci is nonzero implies that
5i., &8~~, and therefore Ri,* /Ri., The values that gave
the best over-all fit were R~;0=0.10 and Ri =0.25.
The two d3/2 resonances at laboratory energies of 2.95
and 3.52 MeV have a large e6ect on the polarization
below 2 MeU. Therefore, a fit to the total cross section
over these resonances was made to determine the
R-function parameters p2,

'- and E~~ for each of them.
The level parameters that give the best fit to Bp ovei
these resonances are given in Table I and the cor-
responding calculated Bo is shown in Fig. 4. Earlier
preliminary calculations'4 did not include the eGects of
the bound d5/2 state, which shows a large stripping
width. '4 Subsequent interpretations in terms of a
square well (Sec. V) showed that its effect at higher
energies was indeed considerable. It was found that a
constant R2,'= —0.558 was able to account for the
eAects of this bound state at laboratory energies up to
2 MeV. The d~/2 scattering resonance at 2.076 MeV was
included specifically as a level in the R function. The
contribution of f waves was included only as hard-
sphere scattering. No higher partial waves were calcu-
lated.

The final set of R-function parameters used is shown
in Table I for physical boundary conditions b&& such
that E~, E„,for resonances near the energy region of
the experiment. The corresponding calculated cross
sections and polarizations are shown as the solid jines

"T.S. Green and R. Middleton, Proc. Phys. Soc. (London)
A69, 28 (1956).
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TABLE I. R-function parameters for ' C+n with an interaction radius A =3.72 F. The parameters shown are for physical boundary
conditions b~J such that the E7, fall near the observed resonance energies. The parameters in the upper half of the Table were used to
calculate the solid curves of Figs. 1-6. The parameters in the lower half were used to calculate the dashed curves of Figs. 4 and 5.

VU
(MeV, c.m. ) (MeV, c.m. ')

E)J 'YlJ
(MeV, c.m. ) (MeV, c.m. ) R)J0 b)J

R-function fitting parameters

01
il2
12
2~2

2-'

—1.86 4.0

0.212 3.372
1.922

1.742
0.030

0
0. 1

0.25
0 F 107

—0.558

—1.035
0
0

—1.368
—1.541

Square-well potential parameters for single-particle states

0-,'
11

2

1%2

22
2-,'

—1.866
—22. 78
—27.30

2.740a
—3.303

2.994
4.42
4.42
0 ' 265.
3.684

~ ~ ~

25. 75
21.24
3.755
1 914s

3.43
3.43
3.696
0 ' 037.

0.0374
0.084
0.086
0.107
0.112

—i.072
0
0

—1.368
—i.541

Parameters of compound states that have been added to the R function generated from a square-well potential.

in Figs. 1—6. The agreement with the data is reasonably
good over the entire interval 0.1&8„&2.2 MeV.

No polarization data on the narrow d5~~ resonance at
2.076 MeV are available for comparison with the
calculation. Figure 6 shows the comparison with the
available data'0 for a(8), obtained with an energy spread
approximately equal to the width of the resonance.
This spread accounts for nearly all the systematic
discrepancies between the data and the calculated
curve. The measured width of the resonance was
assumed in the calculations to be approximately 7 keV,
as given in Ref. 9. The slight upward displacement
of the laboratory resonance energy (2.082 Mev for the
present data, 2.076 Mev for Ref. 9) is caused mostly by
the skewing toward lower energies in the energy-spread
distribution of the present data, so there is no real
discrepancy between these two experiments. The
resonances reported" near 2.8 MeV are extremely
narrow and were neglected in these calculations.

The recent coupled-channel calculations of Reynolds
et aL.-'' give slightly. smaller polarizations than those of
the present E;function fit but the results of the two
calculations are not inconsistent with each other.

V. INTERPRETATION OF RESULTS IN TERMS
OF A SQUARE WELL

As was discussed previously, much of the neutron
scattering from "C is dominated by the s~~2 state in "C

(binding energy= 1.86 Mev) and the d~~~ resonance at
3.52 MeV laboratory energy. The reduced widths of
these states are relatively large. As a consequence, they-
are usually called single-particle states. Since another
d3~2 resonance occurs close to the one at 3.52 MeV, there
is undoubtedly some mixing of higher-order configura-
tions in these states. However, because the reduced
width needed to fit the data is so large, it is probably
safe to say that the single-particle component is the
dominant one. To the extent that these states can be
considered to be single-particle states, they can be
described by a potential-well model. Thus, in the
problem at hand, much of the sca, ttering can be de-
scribed as potential scattering. In order to see if this
picture is consistent, R-function parameters for poten-
tial scattering were obtained by considering a square
well, chosen because of the ease in obtaining solutions.
While it is known that (because of its sharp edge) a
square well does not completely reproduce potential
scattering, it was felt that this potential could be used
to estimate the anomalous background effects caused
by the non-normal-parity states in "C below the
neutron threshold and by the unobserved resonances
that occur above the neutron-angula, r-momentum
barrier.

The square well potential used is

V(r) = —Vo+CP V„d 1 f—or r(A,
=0 for r&A,

2' S. Cierjacks, P. Forti, D. Kopsch, L. Kropp, and J. Nebe, in
Proceedings of the Second Conference on Neutron Cross Sections
and Technology, Washington, D.C., paper E-9 (unpublished);
R. B. Schwartz, R. A. Schrack, and H. T. Heaton, ibid. , paper
F.-12~"J.T. Reynolds, C. J. Slavik, C. R. Lubitz, and N. C. Francis,
Phys. Rev. 176, 1213 (1968).

where the strength U,, of the spin-orbit potential was
taken as constant. The operator CL-' was included to
give the proper spacing of the single-particle levels for
different values of L. There are four parameters ap-
pearing, namely, Vo, C, V„, and A. A was chosen to be
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3.72 F to be consistent with the analysis previously
discussed. This left three parameters to be determined.
These were found by assuming that the —,'+ state with
1.86 MeV binding energy, the 2+ state bound by 1.10
MeV, and the —,'+ level at 3.52 MeV laboratory energy
were, respectively, the 2s~~2, 1d~~2, and 1d3~2 single-
particle states. The potential parameters found are
Vo= 41.3 MeV, C= 1.63 MeV, and V„=1.51 MeV.

Using these parameters, we generated wave functions
and R-function levels. Enough levels were generated
so that the cross section obtained from the R-function
expansion agreed to four significant figures with the
exact potential scattering. To satisfy this condition, it
is necessary to consider 20 levels for s and p waves and
19 levels for d waves. The reduced widths were then
calculated. The level energies and reduced widths found
for the single-particle states are —1.866 and 2.99 MeV
for the 2'.~2 state, —3.03 and 3.68 MeV for the 1d5~2

state, and 3.755 and 3.70 MeV for the 1d3~2 state.
In most cases, no more than two R-function levels

gave contributions that varied appreciably with
neutron energy between 100 keV and 4 MeU. Thus,
R&& was represented by up to two levels plus a back-
ground term E&zo. The background term R&z' in Eq. (1)
was estimated by removing those single-particle states
shown in Table I from the R function, calculating the
square-well R function with the remainder of the
potential states for energies between 100 keV and 4 MeV
in 100-keV steps, and then averaging these results.
Since these remaining levels that contribute to the R
function are relatively distant in energy, this approxi-
mation is very good. For the p states, the energy range
of interest happened to lie approximately halfway
between two potential R-function levels. In this case,
these two levels were considered as the resonance
terms and the remaining 18 levels were averaged over
the energy range 100 keV—4 MeU. The parameters
found are given in Table I.

This method of generating a background simulates
the contribution from distant compound-nuclear states
fairly well. As was shown by Lane, Thomas, and
Wigner, " the compound-nuclear states are clustered
about the single-particle states whose width W which is
much less than the single-particle spacing D and much
larger than the level spacing d in the region. Since TV is
of the order of a few MeV, " and since D is relatively
large, the replacement of all these complex states by
the single-particle state is probably a good approxima-
tion. However, states at a distance comparable to
R' should probably be included as individual states.

The -', + resonance at I."„=2.076 MeV and the —,'+
resonance at E„=2.95 MeV are compound resonances,
not potential resonances. Therefore, terms corre-
sponding to these states were added to the corresponding
potential R function, as indicated in Table I, to give

the total R function. This is an approximation in the
sense that we are assuming that the single-particle
states are eigenfunctions of the true Hamiltonian
in the interior of the nucleus. This is obviously not the
case for all the states —in particular, not for the ~3+

state at 3.52 MeV. However, we make this approxima-
tion in an attempt to obtain order-of-magnitude
estimates for the background term RgJ'. A more detailed
structure calculation would be required to give a more
nearly accurate picture of these states. The final
parameters obtained from the potential analysis as
well as the parameters of the added compound states
are given in Table I, and the results calculated with
these parameters are shown in Figs. 4 and 5. The fact
that no change in the parameters of the 2+ compound
resonance improved the fit indicates that the dis-
crepancy between the calculated 80 and the experi-
mental values probably is the result of the assumptions
that the —,'+ state at 3.52 MeV is a single-particle state.
In fact, if we take the ratio of the fitted reduced width
to that of the reduced width for the potential scattering
and call this the spectroscopic factor S of the state,
we find 8=0.47.

The over-all fit is not too bad for such a simple
potential. However, it is well known that a diftuse
potential well is more representative of an average
nucleon-nucleus interaction. Vogt'8 has shown that
the use of a diA'use well is very important in such
calculations. Calculations are now under way to
examine these data by use of the method discussed here
but with a Woods-Saxon potential.

Some method short of a complex structure calculation
is needed to take into account the mixing of potential
states into more complex states, as probably occurs
for the two d3~2 resonances at 2.95 and 3.52 MeV.
Perhaps the method discussed by Schi8er" would be
useful.

A comparison of the parameters for the two analyses
(Table l) shows that the bound -',+ state in "C at 3.09
MeV is nearly pure single-particle. Because the only
known p states in "C are rather distant from our energy
region, only Ri; and Ri; background terms could
meaningfully be extracted from these results. Evalua-
tion of the total R functions for p-wave potential
parameters at E„(c.m. ) =1 MeV gives Rq;(1 MeV)
0.05 and Rq, (1 MeV) 0.1, which are slightly smaller
than the values obtained by fitting the data. Com-
parison of the value of y2,*' in Table I (X=2) for the
assumed single-particle state in the potential analysis
with the value of the corresponding reduced width from
the fitting procedure shows that this state is not pure
single-particle but contains mixing of higher-order
configurations. As mentioned earlier, this was expected
because of the proximity of another -', + state. The
bound single-particle -,'+ state was found from the

2' A. M. Lane, R. G. Thomas, and E. P. Wigner, Phys. Rev. 98,
693 (1955).

2g E. Vogt„Rev. Mod. Phys. 34, 723 (1962)."J.P. Schi6er, Nucl. Phys. 46, 246 (1963).
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potential analysis to have the parameters given in
Table I under A. =1. Evaluation of the 8 function
for the potential parameters at E, =2 MeV (c.m. )
gives Rsf (2 MeV) = —0.583. Thus the background
term assumed in the fitting provides a reasonable
simulation of the sum of the resonance term and the
background found from the potential analysis.

The results of these calculations would seem to indi-
cate that the potential-well analysis used here is of
value. By using this scheme, it would seem that back-
ground contributions can be reasonably well determined
in an g priori manner and that only compound reso-
nance parameters need be fitted. This eliminates several
of the parameters needed in the fitting procedure and,

therefore, reduces somewhat the ambiguity of the
parameters found. However, a dift'use-well calculation
is expected to give better agreement with the data.
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Systematic studies on proton angular distribution and proton-y-radiation angular correlations have been
carried out on the C"(h, p') N" reaction throughout the energy range 4.62& Ez&11.0 MeV. (h=He3. ) Both
direct and compound-system reaction amplitudes are present; however, the latter appear to dominate. Strik-
ing resonant phenomena are observed, and it is suggested that these correspond to quasigiant resonances in
the excitation-energy range from 17 to 23 MeV in 0"having a particularly simple structure involving single-
proton orbitals coupled to excited N' core configurations. A systematic correlation has been observed be-
tween the population of~ta~ =1 magnetic suhstates of the 7.03-Mev state in the residual nucleus and the
appearance of backward peaking in the corresponding proton angular distributions. A crude argument re-
lating these phenomena to the participation of a heavy-particle direct stripping mechanism is suggested.

I. INTRODUCTION

A LTHOUGH extensive studies have been reported
(see Ref. 1 for a review of all work prior to 1960

and detailed references of this work) on the mecha-
nism for reactions induced by Hes nuclei (henceforth
helions, h) on light nuclei, relatively little unambig-
uous information has been obtained. Even at low
bombarding energies, the high helion mass excess
(14.93 MeV) results in high compound-system ener-
gies, typically 20 MeV, so that isolated compound-
resonance phenomena are not anticipated: Moreover,
it has been demonstrated that in many of the reac-
tions studied, direct reaction amplitudes play an im-
portant, if not dominant, role.

Examination of the compound-system binding ener-
gies for helions incident on light targets' shows three

* Permanent address: Wright Nuclear Structure Laboratory,
Yale University, New Haven, Conn. 06520.

' D. A. Bromley and E. Almqvist, in Reports on Progress in
Physics (The Physical Society, London, 1960), Vol. 23, p. 5446.
See this review for detailed referencing of all earlier work on helion
reactions.

2 See, for example, Proceedings of the Tokyo Symposium on
Helium 3 Reactions, Tokyo, 1968, edited by K. Matsuda (un-
published) .

somewhat anomalous cases. In the Be' compound
system, the helion binding energy is only 1.58 MeV;
at low helion energies, no compound states are acces-
sible and the reaction proceeds by direct capture.
In the Ne" compound system, the helion binding
energy is next lowest at 8.42 MeV; studies on this
system, and particularly on the 0"(h, a) 0ts reaction,
did successfully isolate and study resonances in the
Ne" system, ' but to date this is the only such example
in helion studies. The next lowest binding energy is
that in 0" (12.12 MeV), corresponding to helion
bombardment of a C' target. In the hope of finding
a situation amenable to detailed reaction mechanism
study at the relatively low energies (Es&11 MeV)
available for this work, and on the basis of the avail-
ability of much previous data on this reaction from
this laboratory, and elsewhere, we have concentrated
on the C"(h, p)N" interaction.

The earliest measurements on this reaction at low
energies4 demonstrated clearly that even for EI,&3

3 D. A. Bromley, J. A. Kuehner, and E. Almqvist, Nucl. Phys.
13, 1 (1959).' D. A. Bromley, E. Almqvist, H. E. Gove, A. E. Litherland,
E. B. Paul, and A. J. Ferguson, Phys. Rev. 105, 957 (1957).


