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The 90' cross section yield curve for the ' C(n, yo)'"C reaction has been measured from
E„(E„)=5.6(13.4) to 17.0(24.0) MeV. Angular distributions of cross section and analyzing power
were measured at seven energies spanning this excitation region. In addition, the fore-aft asym-,

metry and 90 analyzing power were measured as a function of energy from E„=7.75 to 17.0 MeV.
The data were compared to. direct-semidirect model calculations which included the isovector dipole
and, isoscalar electric quadrupole transitions. These comparisons indicate the presence of two nar-
row M 1 resonances at E„=16.5 and 17.5 MeV and that o(E2) is less than 2% of the total capture
cross section in the energy region of this experiment.

I. INTRODUCTION

The study of radiative capture with polarized nucleons
has proven to be useful in determining the reaction matrix
elements associated with the ground-state channel of the
giant dipole resonance (GDR). In addition, these studies
are of interest in that they can provide information on
non-E 1 strength (M 1 and E2) in this excitation region. '
For the particular spin sequence J„,g„=—,

' and

J„„d„,~
——0, or vice versa, only two complex transition am-

plitudes contribute for each multipole. If E 1, I1, and
E2 radiations are present, there are 11 reaction parame-
ters (six real amplitudes and five relative phases) and, as
will be discussed below, the problem is underdetermined.
It is therefore necessary to employ a reaction model in in-
terpreting the results.

A frequently used model for fast-nucleon capture is the
direct-semidirect (DSD) model. ' In this model the tran-
sition amplitude is expressed as the sum of two terms.
The first is called the direct term and corresponds to the
situation in which the incoming nucleon undergoes a radi-
ative transition from its scattering state into a single-
particle bound state. The second is the semidirect term
which represents the case of the incoming nucleon inelas-
tically exciting the target nucleus into a collective state
while capturing into the same single-particle bound state
as in the direct process. The DSD model has been used
extensively and with success to explain the results of radi-
ative capture measurements in p-shell nuclei. '

One of the complicating factors with the (p,y) reaction
is the presence of the "direct E2 capture" cross section
which tends to obscure any collective E2 strength. ' A
potential advantage of polarized neutron capture over
proton capture is that the direct E2 capture amplitude is
scaled by the recoil effective charge which for neutrons is
negligible except for the lightest nuclei. Consequently, for
the (n,y) reaction, any observed E2 radiation can be at-
tributed to collective (semidirect) strength.

In the present paper we shall present the results of our
investigation of the ' C(n, yo)' C reaction. The 90 cross
section yield curve was measured for neutron energies
from 5.6 to 17.0 MeV. Angular distributions of cross sec-
tion, o.(8), and analyzing power, A~(8), have been mea-
sured with both polarized and unpolarized neutrons at
seven energies which encompass the giant resonance re-
gion. In addition, A~(90') was measured at 17 energies
and the fore-aft asymmetry, a„at 11 energies from
E„=7.75 to 17 MeV. The experimental results are com-
pared with the predictions of direct-semidirect model cal-
culations which assume that E1, M1, and E2 radiations
are present in the reaction. The results of this comparison.
are (1) that there is little evidence from the angular distri-
bution data for the presence of any significant collective
E2 strength in the (y, no) channel, and (2) that there is
agreement with the energy dependence of A~(90') and a,
only when two M 1 resonances at excitation energies of
16.7 and 17.5 MeV are included in the analysis.

II. EXPERIMENTAL DETAILS

A detailed explanation of the experimental apparatus
has been published elsewhere and only the salient features
will be given here.

The H(d, n) He reaction was used to produce the neu-
tron flux. A 2.54 cm long gas cell with a 5.65 mg/cm
Havar foil entrance window was filled with deuterium,
and the pressure in the cell was maintained at 5 atm for
E„&9.1 MeV and at 6 atm for E„~9.1 MeV. The ener-

gy spread of the neutrons varied from 400 keV at
E„=7.75 MeV to 180 keV at E„=17.0 MeV. Measure-
ments of the 0 neutron yield made with a proton recoil
counter agreed within a few percent with the values calcu-
lated from the integrated beam current, deuterium gas cell
pressure, and previously measured H(d, n) He cross sec-
tions.

Polarized neutrons were obtained by bombarding the
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deuterium gas cell with polarized deuterons. The neutron
polarization was calculated from the beam polarization by
using the polarization-transfer coefficients previously re-
ported by Lisowski et a/. " In the present work the vec-
tor and tensor polarization of the deuteron beam were
equal and typically 0.68+0.02 as measured by the
quench-ratio method. ' The resulting neutron-beam po-
larization was typically 0.60+0.04. A pulsed deuteron
beam having a pulse width on target of approximately 2
nsec was used for both unpolarized and polarized neutron
measurements. Beam currents ranged from- 60 to 90 nA
for the polarized deuteron beams and 200 to 350 nA for
the unpolarized case.

The target consisted of 32.4 g of 96% isotopically en-
riched ' C pressed into a thin-walled Lucite cylinder 3.8
cm high and 3.8 cm in diameter (internal dimensions).
An identical empty Lucite cylinder was used for perform-
ing target-out measurements. The target was suspended
at 0' relative to the beam direction at a distance of 8.9 cm
from the center of the target to the center of the deuteri-
um gas ce11.

Two y-ray spectrometers, located on opposite sides of
the beam axis, each consisted of a 25.4 cm by 25.4 cm
NaI(Tl) crystal mounted inside a well-type plastic
(NE110) scintillator anticoincidence shield. The spec-
trometers were surrounded by 10 cm of lead, and the lead
was surrounded by 20 cm of paraffin doped with lithium
carbonate. Additional shielding for thermal neutrons in
the form of 0.16 cm thick cadmium sheets or 1.25 cm of
plastic doped with boron carbide was located between the
lead and paraffin. Tungsten "shadow bars" were placed
to shield each spectrometer from the direct neutron Aux
produced in the gas cell. To further minimize the effects
of neutron induced background in the NaI crystal, prompt
y-ray events were selected by applying a time-of-flight
criterion relative to the pulsed beam.

The standard fast electronics used to operate these spec-
trometers serve three main functions. The first and pri-
mary function is to reduce the probability of pulse pile-
up. ' The second function is to detect coincidence events
in the NaI crystal and shield, and the third is to generate a
time-of-flight spectrum. Since the counting rates in this

experiment were low, the shield energy discriminators
were operated with a high threshold. This resulted in an
increase in the detection efficiency but with some loss in
y-ray energy resolution. In this mode the efficiency is
(27+2) % for 15 MeV y rays. The method used to deter-
mine the efficiencies of these spectrometers as a function
of y-ray energy has been discussed in detail in Ref. 8.

A 90' y-ray spectrum obtained at E„=9.6 MeV with
the ' C target is shown in Fig. 1. The data in the figure
represent those events that were detected in the NaI crys-
tal without a coincident event in the shield and that also
occurred with the proper time-of-flight criterion.

III. DATA ANALYSIS

The yields for the y-ray transitions to the ground state
were determined by first fitting the y-ray energy spectra
with a standard line shape. From these fits the smooth
energy dependence of the widths (FWHM) were deter-
mined as we11 as the locations of the centroids of the
peaks. The number of counts in the fu11-energy peaks
were then obtained directly from the data with a summing
region extending from 1.0 width below the centroid to 1.1
widths above the centroid. Target-out spectra were
summed using the same region and, after normalization,
were subtracted from the data. The resulting sums were
normalized to the same integrated beam current and
corrected for dead time and accidental coincidence effects.

In order to obtain absolute values for the cross sections,
it is necessary to correct for the finite extent of the neu-
tron source and size of the target and detector. The angu-
lar distributions of cross section for the H(d, n) He reac-
tion were taken from Drosg. ' The neutron flux, which is
forward peaked, was then averaged over the volume of the
gas cell and ' C sample. Corrections were also made for
neutron multiple scattering. These corrections were calcu-
lated with a computer code which uses Monte Carlo tech-
niques. Figure 2 shows examples of the multiplicative
correction factors as a function of angle for E„=10.2
MeV. The curves labeled o., o.+, and o. give the correc-
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FIG. l. A 90' y-ray spectrum from the ' C{n,yp)' C reaction

at E„=9.6 MeV.

FIG. 2. Example of finite geometry multiplicative correction
factors as a function of angle. The curves labeled o, o.+, and
o. correspond to unpolarized beam, polarized beam with spin
up, and polarized beam with spin down, respectively.
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tion factors which were obtained for the case of an unpo-
larized beam, a polarized beam with spin up, and a polar-
ized beam with spin down, rt.spectively. The correction
factors were applied to the cross sections previously nor-
malized to the 0 neutron flux. These calculations show
that the relative corrections to the angular distribution
data are small. On the other hand, the correction to the
90 yield curve data is substantial and varies (almost
linearly) from about 1.24 at E„=7.75 MeV to 1.46 at 13.0
MeV. For neutron energies outside this range a linear ex-
trapolation was used to obtain the correction factors.

The fore-aft asymmetry measurements were made by
placing one of the detectors at 55' while the other was at
125', and then exchanging the positions and repeating the
measurement. The fore-aft asymmetry is then given by
the expression

q —1
a, =

q+1
L ss&ss

~ 125+ 125
q =

where L55 (R55) and L I25 (R I25) are the yields when the
left (right) detector is at 55' and 125', respectively.

The angular distributions of center-of-mass cross sec-
tion were fitted by an expansion of Legendre polynomials
given by

3

cJ(e) =AQ 1+ y akPk(cose)
k=1

I.+R
r

L, R+
where L+ (R+ ) and L (R ) are the yields for the left
(right) detectors for spin up and spin down, respectively,
and P is the beam polarization.

The angular distributions of analyzing power were mea-
sured before the second y-ray spectrometer was installed.
For the case of a single spectrometer the analyzing power
was determined from the expression

1V+ —N3 (0)=—

where X+ and N are the yields for the same integrated
beam current for spin up and spin down, respectively.

In addition, the fits were made subject to the constraint
that the a~ coefficients agree with the measured values of
the fore-aft asymmetry, a, . The errors of a, were allowed
to contribute to the errors of the ak coefficients.

The fits to the angular distributions reported in this
work were made through k =3. The inclusion of k =4
terms was not statistically justified and did not signifi-
cantly change the values of the lower order ak coeffi-
cients.

The 90' analyzing power yield curve was measured by
placing each of the two detectors at 90'. The values of
A„(90') were calculated from the expressions

Ay(90') =—1 r —1

P r+1

The product A~(8)o(0)/Ao was fitted by an expansion in
associated Legendre polynomials given by

~y(&)a(&)
bkPk(8) .

~o k=1

These fits were constrained so that the bk coefficients
were consistent with the values of A~(90') which were ob-
tained with the two-detector system. The inclusion of
k =4 terms was not statistically justified and did not sig-
nificantly change the values of the lower order bk coeffi-
cients.

IV. RESULTS AND DISCUSSION
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FIG. 3. The 90 cross section versus incident neutron energy
for the "C(n,yo)' C reaction. The curves represent DSD model
calculations (see the text). The error bars represent only the sta-
tistical uncertainties associated with the data points.

The 90 cross section yield curve for the ' C(n, yo)' C
reaction was measured in 200 keV steps for incident neu-
tron energies from 5.6 to 13.0 MeV and at selected ener-
gies between 13.0 and 17.0 MeV. The results are shown in
Fig. 3. These neutron energies correspond to excitation
energies in ' C from 13.4 to 24.0 MeV. The absolute
cross sections given here were obtained using finite-size
correction factors, detector efficiencies, target mass, and
integrated beam currents, and are estimated to have a to-
tal uncertainty of +20%. The total capture cross section,
cr(n, y)=47rdo, was determined by multiplying the 90'
cross sections by the factor 4mAo/o(90'). The values of
Ao/cr(90') were determined from a smooth curve drawn
through the seven experimental values of this ratio ob-
tained from the measured angular distributions. The
principle of detailed balance was used to convert the
(n, yo) cross sections to (y, no) cross sections which were
then integrated over the experimental energy range by as-
suming smoothly varying cross sections. The
' C(y, no)' C channel exhausts approximately 14% (29
mbMeV) of the classical dipole sum' for the excitation
energy range of 13.4 to 24.0 MeV.

The total and partial photonuclear cross sections of ' C
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the result of the polynomial fits to the data (see the text). The error bars represent only the statistical uncertainties associated with the
data points.
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have been calculated using a bound-state shell model com-
bined with the R-matrix theory by Kissener et a J'. '

These authors found that the calculated (y, no) cross sec-
tion is due primarily to the decay of T=1 levels near
E =(15+3) MeV, and that the integrated (y, no) cross

section from 10 to 25 MeV excitation is about 32 mb MeV
(taken from Fig. 9 of Ref. 15). These calculations are in
qualitative agreement with the results of this experiment.

A sample of the angular distribution data and polyno-
mial fits is displayed in Fig. 4. Measurements were also
made at E„=9.2, 10.0, 11.0, and 13.0 MeV but are not
shown. The aI, and bk coefficients obtained from the
polynomial fits to the data are given in Fig. 5. At
E„=13.0 MeV, Az(0) was measured at only three angles:
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tion. As discussed in the text, the curves are the results of a
DSD model calculation which includes two narrow M 1 reso-
nances at E =16.5 and 17.0 MeV. The error bars represent
only the statistical uncertainties associated with the data points.
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FIG. 6. The fore-aft asymmetry as a function of incident
neutron energy for the ' C(n, yp)' C reaction. As discussed in
the text, the solid curve represents a DSD model calculation
which includes two narrow Ml resonances at E =16.5 and
17.0 MeV, while the dashed curve is the result of replacing the
two Ml resonances with two isoscalar E2 resonances at the
same excitation energies. Statistical uncertainties are indicated.
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90', 110', and 125'. Examination of Fig. 5 shows that for
E„above 10.0 MeV, the experimental b2 coefficients are
almost constant and have a value near 0.2. The A~(8)
data at E„=13.0 MeV were, therefore, analyzed by fixing
b2 ——0.20+0.04 and fitting bI and b3 to the three mea-
sured values. The energy dependence of the fore-aft
asymmetry and /l~(90') are shown in Figs. 6 and 7,
respectively. The curves given in Figs. 3, 5, 6, and 7
represent DSD model calculations and will be discussed
below (Sec. V).

As discussed in the Introduction, the simple spin se-
quence J„,s„=—, and J„„;d„,I ——0 for the ' C(n, yo)' C re-

action allows, in general, only two transition matrix ele-
ments for each multipole. For the case of E1, E2, and
M1 transitions, these complex matrix elements can be
written in terms of a real amplitude and phase as

s I/2(E 1)e ', d3/2(E 1)eits iPd

ip i/~p3/2(E 2)e, f3/2(E 2)e

and

16
I

E ( MeV)
17 )S 19

I I I

20
I

21
I

a) 0

-90

amplitudes and relative phase, and two solutions are ob-
tained at each energy. The results of this analysis are
shown in Fig. 8, where the normalization for plotting pur-
poses is o(sI/2)+o(d3/2) =100%%uo and o(d3/2) —2d3/2 etc.
One solution (dots) is predominantly o (d 3/2 ) and the oth-
er (triangles) o(sI/2). Calculations based on the DSD
model have been shown to provide a procedure for choos-
ing the physical E1 solutions. " The solid curves in Fig.
g are the results of such a calculation (see Sec. V below)
and are in agreement with the predominantly d3/2 solu-
tion which will be considered the preferred solution from
this point on.

The large values of bI and the resonancelike structure
seen in the plot showing Az(90') versus neutron energy
suggest the presence of M 1 radiation. Moreover, since
the giant quadrupole resonance is expected to occur at an
excitation energy in ' C near 20—22 MeV, it is not possi-
ble to neglect, a priori, E2 radiation. %'ith six complex
T-matrix elements the problem is clearly underdeter-
mined, and some simplifying assumptions must be made.
Since calculations based on the DSD model (see Sec. V
below) indicate that both the p3/2(E2) and pI/2(M1) ma-
trix elements are at least ten times smaller than the
f3/2(E2) and the p3/2(M 1) matrix elements, respectively,

pI/2(M 1)e ~', p3/2(M 1)e

respectively, where the terms are labeled (in j-j coupling)
by the value of I and j for the incident neutron and by the
multipolarity of the emitted radiation.

Although the nonzero values of coefficients other than
a2 and b2 clearly indicate the presence of non-E1 radia-
tion, the majority of the strength in the excitation-energy
range studied here is expected to be E1, and hence a pure
E1 analysis of the data should be useful. " Neglecting
all radiations except E1 implies that only the a2 and b2
coefficients are nonzero. These coefficients can be written
in terms of the two E 1 amplitudes and their relative
phase as

1.0=s I/2+2d3/2 (normalization),

a2 ———2s I/2d3/2cos(pd Ijk ) d3/2
2

b2 = —$1/2d3/2sin(pd —p, ) .

These equations can be solved directly to obtain the E 1
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FIG. 8. The results of a pure E1 transition matrix element
analysis of the angular distributions data obtained with the
' C(n, yo)' C reaction. Statistical uncertainties are indicated.
The bottom plot shows the percentage of the E1 cross section
due to the d3/2 term. The upper plot shows the relative phase
between the two E1 terms. The curves are the results of calcu-
lations described in the text.
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C S=1.73 was taken from Cohen and Kurath, and the
recoil effective charges were taken from Ref. 7. A convo-
lution integral was included in the calculations to account
for the energy spread of the incident neutron beam.

Two uncoupled E 1 resonances (plus direct E 1) were in-
cluded in the calculations in order to approximate the
general shape of the 90' yield curve above E~=15 MeV.
The cross section below 1S MeV is assumed to be due to
compound nuclear reactions which are not included in the
model calculations. The solid curve in Fig. 3 shows the
results for the E 1 parameters Ez (MeV)/I (MeV)/
g(% ) = 15.45/1. 5/26 and 17.85/1.75/25, respectively,
where g is the value of the collective dipole matrix ele-
ment expressed as a percentage of the dipole sum.

The results of expanded calculations which include
direct I1 and direct E2 plus two narrow M 1 resonances
with the parameters Ez (MeV)/I (keV)/B (M 1)j
=16.7/200/0. 24po and 17.5/200/0. 17po are shown in
Figs. S, 6, and 7. The calculated curves have had the en-
ergy spread of the incident neutron beam folded in (ap-
proximately 300 keV near E„=17MeV). The M 1' reso-
nance parameters were optimized to fit the energy depen-
dence of A„(90') and the agreement between the calcula-
tions and the A~(90') data is excellent throughout the ex-
citation energy region studied. In addition, the features of
the fore-aft asymmetry versus energy curve as well as the
aI, and bI, coefficients are also reproduced. The M 1 cross
section is too small to be observed in the calculated 90'
yield curve (Fig. 3). The addition of an isoscalar E2 reso-
nance to the calculation (not shown) with the parameters
ER(MeV)/I (MeV)/g(%) =20/4/40, which are typical
of this mass region, did not improve the fits in any sig-
nificant way. Here g represents the percentage of the iso-
scalar E2 energy-weighted sum rule (EWSR) exhausted
by the quadrupole matrix elements. Calculations were
also made with the two M 1 resonances replaced by two
isoscalar E2 resonances with the parameters
E~ (MeV) /I (keV) /g(% ) = 16.7/200/30 and 17.5/200/
23. The results are shown as dotted lines in Figs. 6 and 7.
As before, the parameters were chosen to give the best fit
to /I„(90 ) as a function of energy, and qualitative agree-
ment is obtained although the large EWSR fraction re-
quired would be surprising for this small excitation energy
range. Moreover, the fit to the a, data taken as a func-
tion of energy shows a substantial disagreement with the
data. These results support a spin and parity assignment
of 1+ to the two narrow resonances at 16.7 and 17.5 MeV
in '4C.

One other 1+ state is known28 in '4C with E~=11.3
MeV and an M 1 strength of 0.41po (I z

——6.8 eV, Ref
29). Thus, the M 1 strength in ' C appears to be frag-
mented. This fragmentation is similar to that observed in
other light nuclei when two nucleons are added to a

"self-conjugate core."
The accuracy of the total M 1 strength obtained from

this work is limited by several factors. Experimentally,
the large energy spread of the incident neutron beam
makes it difficult to accurately determine the widths of
the narrow resonances. Equally good fits can be obtained
with widths that varied from 100 to 250 keV and with
corresponding changes in the B (M 1) values. Higher
resolution measurements would help but must await the
availability of high-current pulsed polarized-deuteron
beams which will allow lower pressures in the deuterium
gas cell. A more serious problem may be the question of
whether the DSD model (including the assumed V&~

——40
MeV) is appropriate for describing the excitation of such
narrow (I =200 keV) isovector M 1 states. The resolution
of this problem will require more theoretical and experi-
mental work.

VI. - SUMMARY

The ' C(n, yo)' C reaction has been studied with polar-
ized and unpolarized neutrons for the excitation energy
range of 13.4 to 24.0 MeV. The amplitudes and relative
phase of the two E 1 T-matrix elements were determined,
and they show two classes of solutions —one predominant-
ly d3&& and the other predominantly S~~2. A direct-
semidirect model calculation suggests that the case with
cT(d3/2 ) accounting for about 85% of the E 1 cross section
is the physical solution. An expanded analysis, which as-
sumed only one E2(f5/2) and one M 1(p3/2) T-matrix
element, did not yield unique solutions but did set a limit
on the E2 cross section at less than 2% of the total cross
section for those excitation energies for which angular dis-
tributions were measured. The measured values of the b&
coefficient and the energy dependence of the 90 analyzing
-power indicated two narrow resonancelike structures near
17 MeV excitation energy. When these data were com-
pared with the results of direct-semidirect model calcula-
tions, it was concluded that these structures are due to
two I1 resonances having excitation energies of 16.5 and
17.5 MeV with B(M1) values of 0.24po and 0.17po,
respectively. The widths of both resonances are about 200
keV. Although the existence of these M 1 states is quite
clear, the model dependent extraction of their strengths
leaves these parameters rather uncertain.
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