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The partial radiation widths of three (two electric dipole and one electric quadrupole) primary y
transitions in ' C, subsequent to neutron capture by the 153-keV, 2+ resonance in ' C, have been

remeasured. Both electric dipole transitions, accounting for more than 80% of the total radiation
width, can be explained as valence neutron transitions. The deduced total radiation width of
0.215+0'035 eV for this resonance disagrees with the previous value of 2.4 0.9 eV and significantly
affects the production of A 14 nuclei in primordial nucleosynthesis.

I. INTRODUCTION

In a number of recent papers, ' the evidence for and
the relative importance of the operation of a direct mech-
anism in slow-neutron capture have been carefully stud-
ied for a range of light nuclides. It has been concluded
that for Be, ' C, ' C, the sulfur isotopes ( ' ' ' S), and
the even calcium isotopes ( ' ' ' Ca), at thermal-
neutron energies, direct capture is the predominant
mechanism for generating the significant electric-dipole
(El) transitions. The calculated cross sections from the
direct-capture theory, quantitatively formulated within
an optical-model framework, are mostly in fair agreement
with the measured values. The remaining discrepancies
could be assigned plausibly to a much smaller (on aver-
age) contribution from a compound-nucleus mechanism
operating through the tails of local levels affecting the ini-
tial state and staying uncorrelated with the single-particle
content of the initial or final state.

In its most developed form (Ref. 1, 3, and 4), the
theory of direct capture expresses the capture amplitude
as the sum of two terms —a potential-capture amplitude
and a valence-capture amplitude. The former is due to
the single-particle motion of the projectile neutron in the
potential field of a global optical model and the latter is
due to the projection of the single-particle motion in the
wave function of local resonance levels. The magnitude
of the contribution from the local levels can be assessed
from the difference between the calculated (from the opti-
cal model) potential scattering length and the measured
scattering length of the target nucleus. In the cases that
we have studied until now, the valence term is often an
important (though not the larger) contribution. Thus,
the valence amplitude is apparently an important com-

ponent of resonance neutron capture for most of the light
nuclides listed above; it also appears to account' for most
of the total radiation width of the 102.7-keV resonance of
32S

Through direct measurements of radiative transitions
from resonances, valence capture has also been estab-
lished as being a significant process for a few medium-
mass nuclides (50( A (100), namely ' Mo (Ref. 8),

Fe (Refs. 9 and 10), and Ni (Ref. 10). However, in the
case of resonances in some isotopes, ' Mo in particular, "
the appearance of valence capture does not seem to be
systematic. Because the studied resonances in ' Mo are
of p-wave character, this result may possibly indicate an
orbital angular-momentum (1) effect on the strength of
valence capture, and indeed it has been demonstrated
that an important reason for the strength of potential and
valence capture in the low-energy s-wave region is
boundary-condition mixing that causes decoupling of
low-I orbitals from the giant-dipole resonance. ' Another
suggested cause' is the nearly complete spreading of a
low-I single-particle wave function into the channel and
its subsequent isolation from the strong particle-hole mix-
ing effects in the internal nuclear region. This mecha-
nism draws electric-dipole strength away from the
moderate energy regions excited by slow neutrons to the
much higher excitation-energy region of the giant-dipole
resonance.

To fully understand the mechanisms of neutron cap-
ture, it is, therefore, important to make many more abso-
lute measurements of the partial radiation widths of neu-
tron resonances over a wide range of nuclides, and prefer-
ably over as broad a range of neutron energy and orbital
angular momentum as possible, in conjunction with a full
analysis from the valence-model viewpoint. In this paper
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we study an important resonance in the cross section of a
very light nuclide, ' C. The resonance investigated is at
153 keV, it is of p-wave character, and has a large re-
duced neutron width. The experimental work on this res-
onance and other nuclear data required for the valence-
model analysis are discussed in Sec. II.

The theoretical methods that have generally been used
to calculate valence-capture widths stem from the
optical-model formulation of direct capture. In the origi-
nal formulation' for very low-energy neutron capture, it
was pointed out that the real part of the radial matrix ele-
ment calculated from the optical-model initial wave func-
tion would yield the potential-capture cross section; this
is the cross section that would result when the contribu-
tion of local levels to the initial wave function was absent
or negligible. The imaginary part of the radial matrix
element could be interpreted as the average residue of a
many-level interference term in the valence-capture term,
and from this part an average valence radiation width
could be deduced. This concept was later generalized'
and it was shown that the same interpretation of real and
imaginary parts would hold after extraction of an
optical-model scattering phase-shift factor. This
prescription for calculating the valence radiation width
has been adhered to in most later work, especially since it
has been believed that to follow a more direct calcula-
tional route is fraught with normalization difficulties. In
fact, normalization is not a problem, despite the point
made in Refs. 15 and 16 that the use of the single-particle
matrix elements presented in Ref. 17 will give rise to in-
correct normalization when used for calculating the con-
tribution of the entrance channel to valence capture; the
matrix elements of Ref. 17 were intended to give typical
values for moderately bound (closed) channels in a much
more general model of valence capture for estimating to-
tal radiation widths.

In this paper we base our calculation of the valence ra-
diation width for the elastic-scattering channel on the 8-
matrix theory of nuclear reactions. In this approach we
require the assumption of a real potential to describe the
single-particle states underlying the scattering, but avoid
the necessity of formulating an imaginary term to de-
scribe the spreading of the single-particle state into the
compound-nucleus states. The original formulation of
radiation within this theory can be found in Ref. 18 and
is also discussed in Ref. 17. The theory and the calcula-
tion of the radiation width of the resonance are described
in Sec. III, where the results of theory and experiment are
also compared. Implications of the current results for
nucleosynthesis are discussed in Sec. IV, and a summary
of this paper is provided in Sec. V.

II. MEASUREMENT OF THE RADIATION WIDTHS

A. Background

In the compilation of resonances, ' the very first listing
of a p-wave resonance below 1 MeV with a measured ra-
diation width occurs in ' C. This resonance is at 152.9
keV, it has a spin and parity assignment of 2+ and a neu-
tron width of I „=3.7+0.7 keV both from the work of

Heaton et QI. , and its radiation width is quoted in Ref.
19 as I &=4.0+1.6 eV. This radiation width comes from
some of the earliest work carried out at the Oak Ridge
Electron Linear Accelerator (ORELA) by Allen and
Macklin. ' The value quoted in Ref. 19 requires revision
for three reasons: (1) the spin of this resonance has now
been shown to be 2 instead of 1 as assumed in Ref. 21, (2)
the equation relating the radiation width to the capture
area was given incorrectly in Ref. 21, and (3) there exists
now a better evaluation of the scattered neutron sensitivi-
ty for the detector system employed in Ref. 21. The last
correction is especially serious whenever the neutron
width is large as is the case for the resonance under
study. By reworking the old data, Macklin has now ob-
tained I =2.4+0.9 eV for the 152.9-keV, p-wave, J =2
resonance in ' C, the biggest change arising from reason
(1) above.

There are, however, two reasons to seriously question
the measured value of the radiation width for the 153-
keV resonance. The first reason was raised by Ho and
Castel as follows. The expected decay scheme of the
153-keV, 2+ resonance is shown in Fig. 1. [Also shown
there are the (d,p) spectroscopic factors from Refs. 26
and 27 needed for later use. ] On empirical grounds,
the Ml transition at 1.31 MeV (see Fig. 1) and the E2
transitions at 1.73 and 8.32 MeV are all expected to be
weak compared to the three E1 transitions of energies
2.22, 1.59, and 0.98 MeV. Of these three, the 2.22-MeV
transition should be the strongest due to the E~ phase-
space factor. Therefore, the 2.22-MeV transition most
probably accounts for ——', of the total radiation width.
The putative width of the 2.22-MeV transition is, there-
fore, —1.6 eV or -0.37 Weisskopf units. If correct,
such a transition would represent one of the fastest E1
transitions ever observed. This large value of —1.6 eV
radiation width can be also questioned for a second and
more serious reason. Our preliminary calculations indi-
cated that this width must be in error by about an order
of magnitude. These calculations also suggested that any
contemplated measurement of the partial radiation
widths from the ' C(n, y ) reaction would be very difficult
indeed, and would require a y-ray energy resolution
sufficient to explicitly identify the y rays in ' C and there-
by overcome some of the problems caused by the scat-
tered neutrons being captured in extraneous materials.
The resolution of the C6F6 detector employed in Ref. 21
was insufficient for this purpose and only the total radia-
tion width was measured in that experiment.

B. Experimental procedure

The capture y-ray measurements were made using a
NaI(T1) detector and time-of-flight (TOF) technique. The
experimental arrangement is shown schematically in Fig.
2. Neutrons were generated by the Li(p, n)'Be reaction
with a pulsed proton beam from the 3.2-MV Pelletron ac-
celerator at the Tokyo Institute of Technology. The
average proton-beam current was 10-13pA for a pulse
repetition rate of 2 MHz and a pulse width of 1.5 ns.
Neutrons incident on the sample were monitored by a
Li-glass scintillation detector located 40 cm from the
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FIG. 1. Decay scheme of ' C based mainly on Ref. 25. Of
the six expected primary transitions from the capturing state at
8.318 MeV, only three (those at 8.32, 2.22, and 1.59 MeV) had
intensities sufficient to be detected in this experiment. The cor-
responding secondary transitions at 6.09 and 6.73 MeV were
also detected. The (d,p) spectroscopic factor (L9f ) for the
ground state was from Ref. 26; those for all other levels from
Ref. 27.
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FIG. 2. Experimental arrangement employed to measure
keV-neutron capture y-ray spectra. The response of the anti-

Compton NaI(T1) detector is discussed in Ref. 31; the heavy
shield in Ref. 32.

neutron source at an angle of 30' with respect to the
direction of the proton beam. (All angles quoted in this
section use this reference direction. ) The ' C sample was
99% enriched carbon powder in an acrylic resin con-
tainer with dimensions of 5.8 cm diameter and 1.1 cm
length. The isotopic thickness of ' C was 0.0402 atoms/b
in the direction of the neutron beam. This sample was lo-
cated 8.1 cm from the neutron source at an angle of 0'.
Capture y rays from the sample were detected by a 7.6
cm diam and 15.2 cm long NaI(T1) detector (A) centered
in an annular NaI(T1) detector (8) that was 25.4 cm in di-
ameter and 28.0 cm in length. The entire detector assem-
bly, ' operated as an anti-Compton pray spectrometer,
was placed in a heavy shield consisting of borated
paraSn, lead, and cadmium. A LiH shield that ab-
sorbed efFectively the neutrons scattered by the sample
was added in the collimator of the detector shield. The
distance between the sample and the spectrometer was 80
cm. Capture y rays were observed at a laboratory angle
of 125'. Because the second Legendre polynomial is zero
at this angle, the difFerential measurement at this angle
gave approximately the integrated y-ray spectrum for the
dipole transitions.

To obtain the relative total neutron spectrum incident
on the sample, the TOF spectrum at the average angle of
14' was measured with the same Li-glass detector em-
ployed earlier. The result is shown in Fig. 3 and the de-
duced neutron spectrum in Fig. 4. (The relative efficiency
of the neutron detector was determined from a Monte
Carlo calculation. '

) Also shown in Fig. 4 are the neu-
tron spectra at 0' (the center of the sample), 20' (the edge
of the sample), and 30' (the angle where the neutron
detector was placed during the capture y-ray measure-
ments).

Capture y-ray measurements with and without a gold
standard (5.5 cm diam XO. 17 cm length) were also made,
the former to determine the absolute number of neutrons
incident on the ' C sample and the latter to determine the
background. These two and the ' C measurements were
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FIG. 3. Neutron time-of-flight spectrum measured by the
'Li-glass scintillation detector moved to 14 with respect to the
direction of the proton beam. The flight path for this run was
37.1 cm and the flight time 0.666 ns/channel.
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made cyclically to average out changes in experimental
conditions and were connected by the monitor counts of
the Li-glass detector at 30'.

The TOF spectrum of y-ray events from the ' C sam-

ple is shown in Fig. 5(a) and an enlargement (on a linear
scale) is shown in Fig. 5(b). The spectrum from gold is
shown in Fig. 5(c). The peak P in Fig. 5 is due to the
Li(p, y) Be and Li(p, p'y) Li reactions. The peak

sought in the current study, that due to y rays from the
153-keV resonance in ' C, is the very weak bump marked
P' in Figs. 5(a) and (b). The strong and wide bump P" in

Fig. 5(c) arises from the ' Au(n, y ) reaction. Four digi-
tal windows, indicated by 8'1 —8'4, were set on the TOF
spectrum and the corresponding y-ray pulse-height (PH)
spectra were stored in a minicomputer. The window 8'1
was set to measure off-resonance capture. The net area
above the dashed line [drawn to guide the eye under P' in

Fig. 5(b)] in the window W2 results from genuine '3C res-
onance capture. The tail of the large peak P influences
both W1 and 8'2; therefore, 8'3 was set to determine
this background tail. Finally, 8'4 gave information on
the (nearly) time-independent background, consisting
mainly of y rays from thermal-neutron capture by H, Fe,
and Cd contained in the detector shield and from natural
background.

C. Data processing

The measured y-ray PH spectra from the ' C measure-
ment are shown in Figs. 6(a) —(d) and labeled in the upper
right hand corner by the corresponding digital windows.
(Note that the window widths differ from window to win-
dow. ) Peaks due to y rays from the 153-keV resonance
capture can be seen especially in the high-energy region
of Fig. 6(b). The background-subtracted PH spectra,
W, (net) and Wz(net), were constructed as follows:

W, (net)= W, f, W4 —t, ( W3 f3W4), — —

and
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FIG. 5. Time-of-Aight (0.354 ns/channel) spectra measured

by the y-ray detector: (a) spectrum from "C, (b) enlarged figure
of (a) on a linear vertical scale, and (c) spectrum from gold.
Four digital windows (W1 —8'4) were set on all spectra. The
origins of the peaks P,P', and P" are described in the text.

W&(net)= W& f2W4
—tz( W3 —f3W4) . (2)

Here fJ is the width ratio of the ith window to the jth
window, and t

&
(t2 ) is the ratio of the tail area in

Wl( W2) to the peak area in W3. The t, and t2 values
were determined from the shape of the TOF spectrum
(similar to Fig. 5) taken with no sample. The resulting
net PH spectra are shown in Figs. 7(a) and 7(b). The
three expected primary transitions at 8.32, 2.22, and 1.59
MeV (see Fig. 1) and the two secondary transitions at
6.09 and 6.73 MeV are seen clearly in Fig. 7(b) and weak-
ly, if at all, in Fig. 7(a). We neither expected nor found
evidence for significant population of levels at 6.59, 6.90,
7.01, and 7.34 MeV (see Fig. 1); transitions connected to
these levels are not discussed any further in this section.

Though the intensities of the 2.22-MeV and 6.09-MeV
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transitions are expected to be nearly equal (see Fig. 1), the
2.22-MeV photopeak will appear larger due to the higher
detector efficiency at the lower energy. Even then,
=50% of the 2.22-MeV peak in Fig. 7(b) and a greater
fraction of =90% in Fig. 7(a) are not due to genuine
2.22-MeV transitions in ' C; instead they are due to the

2.22-MeV background y rays from the 'H (thermal n, y )

reactions in the detector shield. Such an incomplete
background subtraction [carried out with the aid of the
W4 spectrum of Fig. 6(d)] is to be expected because the
background radiation is only approximately time in-
dependent. The peaks at 0.87 and 3.68 MeV in Fig. 7(b)
result from the ' O(n, y) and ' C(n, y) reactions, respec-
tively. These assignments were made with the aid of a
separate capture y-ray measurement with an empty sam-
ple holder.

The net counts N, f and Nzf of each peak due to the
' C(n, y) reaction were extracted from the W, (net) and
W2(net) spectra, respectively, and are listed in Table I.
The net count N, f consists of not only the (dominant)
contributions from the off-resonance capture but also the
(small) contributions from capture in the tail of the 153-
keV resonance. Similarly, Nzf consists of both the reso-
nance and off-resonance contributions. The net counts,
N, f and Nzf may be expressed as follows:
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y rays) were deduced from the formula

(T ff N, f /( C] 12 8fP, ) (5)

where C& is a correction factor discussed below (the sub-

script of C denoting the corresponding window) and n the
thickness of the ' C sample. The y-ray detector
efficiencies c& were determined experimentally ' employ-
ing y rays from several calibrated sources and from the
Be(p, y)' B, ' F(p, ay)' 0, and Al(p, y) Si reactions.

The number of neutrons in the digital window 8'1 in-
cident on the sample, P&, was extracted using a pulse-
height weighting technique from (1) the capture y-ray
PH spectrum in the gold measurement, (2) the relative in-

cident neutron spectrum measured by the Li-glass detec-
tor, and (3) the ENDF/B-V (Ref. 34) neutron capture
cross section of ' Au. Interim values for the partial radi-
ation widths (or relative yields of y rays) from the 153-
keV resonance, (I f )INT, were also deduced from the for-
mula

r.(rf )INT
N» = C2nsf $2ag (6)

rq2(E)
ca= mP E dE,

(E —E, )'+(, r)' (7)

where C2 is a correction factor, p2 the number of neu-
trons in 8'2 incident on the sample, g the statistical fac-
tor, I „ the neutron width of the resonance, I the total
width of the resonance, Ez the energy of the resonance,
212(E) the normalized neutron fiux distribution in the di-

gital window 8'2, and K the de Broglie wavelength of the
incident neutron with energy E. This distribution was ex-
tracted from the relative incident neutron spectrum mea-
sured by the Li-glass detector, and p2 was extracted in
the same way as pI. The required resonance parameters
were obtained from Ref. 20. The partial-capture cross
sections 0.» and the interim values for the partial radia-
tion widths (I f ),NT are listed in Table I. The 153-keV
resonance contributions to the partial-capture cross sec-
tions, ((2»)„c, were calculated using these interim values
for the partial radiation widths and the Breit-Wigner
single-level formula. The of-resonance partial-capture
cross sections, ((r, f)QRC were obtained by subtracting
( 0 ]f )Rc from 0'

&f . Both ((r &f )Rc and (0» )QRc are listed
in Table I. It can be seen there that the 153-keV reso-
nance contributions are small compared to the off-
resonance contributions.

To determine the off-resonance capture cross sections
in the window 8'2, the partial direct-capture cross sec-
tions of ' C were calculated at the average neutron ener-
gies E~& =40 keV and E~2= 150 keV in the two windows
8 1 and W2. These calculations were made with the
computer code HIKARI (Ref. 36) based on the distorted-
wave Born approximation (DWBA). Relative yields for
cascade y rays were also calculated from these partial
cross sections and the known decay scheme (see Fig. 1).
The DWBA calculations employed the Moldauer opti-
cal potential and the (d,p) spectroscopic factors (see Fig.

1) deduced by Datta et al. for the ground state of ' C
and by Peterson et a/. for all other levels. The calculat-
ed cross sections are quite sensitive to these physical
quantities, but the ratios of the values at E~, to the cor-
responding values at E~2 are not. Therefore, we normal-
ized the calculated cross sections to the observed off-
resonance partial-capture cross sections ((2,f)QR( and
further assumed that the off-resonance partial-capture
cross sections (o 2f )QR( at E~2 were represented by the
normalized values at E~2. The resulting (o 2f )QRC values
are also listed in Table I.

The off-resonance contribution (N2f )pRC was calculat-
ed using the above (o»)QRc values, and the resonance-
capture contribution (N2f )Rc was extracted using Eq. (4).
Finally, the partial radiation widths of the 153-keV reso-
nance, I &, were deduced from the formula

I „1~
2f RC 2 f42 (8)

where a has been defined by Eq. (7) and the other quanti-
ties have been already explained below Eqs. (6) and (7).
These I

&
values are listed in the tenth column of Table I.

The total radiation width of the 153-keV resonance
and the total off-resonance capture cross section in win-
dow Wl (E~, =40 keV) are also listed in Table I. In ar-
riving at these values, we assumed that the total radiation
width (the total cross section) was the sum of the partial
radiation widths (the partial cross sections) for the three
primary transitions at 8.32, 2.22, and 1.59 MeV shown in

Fig. 1.
Corrections' were made for the neutron self-shielding

in the sample (C„,), multiple scattering in the sample
(C„), y-ray absorption in the sample (C, ), and the
dependence of the y-ray detection efficiency on the y-ray
source position (C, ). The total correction factor of Eqs.
(5), (6), and (8) is defined as

ns nm Cga Csp

The total correction factor and its components are listed
in Table II for various windows. A small correction
( —3%) for the angular distribution of the 8.32-MeV, E2
transition was also made assuming no interference be-
tween resonance and off-resonance capture.

The uncertainties quoted for the final results given in
the eighth and tenth columns of Table I take into account
not only the counting statistics but also the uncertainties
due to several factors: (1) 3 —7%%uo in the y-ray detector
efficiency, (2) —10% in the relative neutron spectrum in-
cident on the sample, (3) —5% in the capture cross sec-
tjpn of ' Au, and (4) 5 —10%%uo in extracting the net peak-
area count X,& or X2& from the PH spectrum. Despite a
total running time of 70 h, the uncertainty in the net
count X&I, resulting predominantly from the counting
statistics, is very large (see Table I) and propagates into
both the off-resonance and the 153-keV resonance results.
A straightforward error analysis leads to symmetric un-
certainties for the measured radiation widths listed in the
tenth column of Table I; imposing the constraint that the
153-keV resonance was definitely observed in the TOF
spectrum [see Fig. 5(b)] leads to the asymmetrical uncer-
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TABLE II. Correction factors used [see Eq. (9}]in the data analyses.

Sample

13C

13C

197A

197A

Window

W1
W2
W1
W2

Cns

0.92
0.75
0.94
0.95

Cnm

1.16
1.15
1.20
1.16

Cg,

0.97—0.98
0.97—0.98

-0.90
-0.90

C,p

0.99
0.99
0.99
0.99

1.03-1.04
0.82—0.83

—1.01'

-0.98

tainties given in the last column of Table I.
It is possible to check further on the validity of the

partial and total radiation widths measured in this experi-
ment as follows. In Fig. 5(b), the net counts above the
dashed line in the window 8'2 results from genuine 153-
keV resonance capture and represent (mainly) the cumu-
lative contribution from the five transitions listed in
Table I. The result was 2030+330 counts. The separate
contribution from each transition is Rf(N»)zz, where

(N»)zc is the same quantity appearing in Eqs. (4) and

(8), and Rf is the ratio of the total y-ray detection
efficiency to the full-energy peak efficiency cf. The quan-
tity Rf does depend on the y-ray energy and was deter-
mined from the response function of the y-ray detector, '

taking into consideration the PH discrimination level
used in obtaining the TOF spectrum shown in Fig. 5(b).
The resulting sum of the contributions from the five tran-
sitions was 2470+930 counts (compared to the net
2030+330 counts), thus validating the current results.

The total radiation width of 0.215+g'@3' eV deduced
from the current experiment with a NaI(T1)-based detec-
tion system is much smaller than the previous value of
2.4+0.9 eV obtained with a C6F6-based detection system.
Our result suggests that in the previous measurement ei-
ther the scattered-neutron sensitivity of the system was

underestimated or the pulse-height weighting of the data
was done incorrectly or both.

III. CALCULATION OF THE
VALENCE RADIATION WIDTH

A. Theory

Our aim in this section is to model the wave function
for resonance elastic scattering in terms of the single-
particle state of a real potential that is similar to the real
part of a global optical potential and to determine the
valence radiation width from this modeling. The descrip-
tion of the scattering is made within the%-matrix theory.
The fractionation of the modeled single-particle state into
the actual resonance is known from the neutron width of
the resonance determined experimentally. It is therefore
unnecessary, in this approach, to model the expected
average fractionation by the formulation of the imaginary
part of the optical model. We thus avoid any uncertain-
ties arising from such a modeling.

Beyond the range of the nuclear forces, the wave func-
tion for a unit Aux, plane wave of neutrons impinging on
and interacting with a target nucleus can be written as

j+(1/2)
(J)

~OJM; Ij g vj 'I', Oj I ovJM; I'j '

I=
~j—(1/2)~ I ~ j'I'

(10)

Here, k is the wave number of the relative motion of pro-
jectile and target, v is their relative velocity, and r is their
radial separation. Components of the total angular
momentum are denoted by J (magnetic quantum number
M), the coupled spin-orbit angular momentum (the cou-
pled sum of orbital angular momentum l and neutron
spin o.) by j, and the target nucleus spin by I These.
quantum numbers, together with the state of excitation v
of the target (normally in its ground state denoted by 0)
define the entrance channel. The incoming motion
within this channel is described by the wave function
SoJM ~ Ij As a result of the nuclear interactions, there are
outgoing waves G,JM. l.j. in channels with the residual nu-

cleus in a state of excitation denoted by v, and a set of
angular-momentum quantum numbers that are
differentiated from those of the entrance channel by
primes. Generally, the collective set of quantum numbers
for the general case is abbreviated into the single index c
for the entrance channel, and c' for the outgoing chan-

I

nels. The amplitudes of the outgoing waves in the vari-
ous exit channels are given by the elements U, , of the
collision matrix.

The external region beyond the range of nuclear forces
in which the wave function g,„, [see Eq. (10)] is appropri-
ate can be defined by setting suitable channel radii a, in

all channels. When the radial separation between target
and projectile (or residual and ejectile) is less than the
channel radius (in all channels), the compound system is
defined as being within the internal region. The wave
function within this region is denoted by ttl;„, and is
smoothly connected to P,„, in all channels. The overall
wave function of the reacting system is therefore

for r, (a, (all c);
for r, ~a, (in channel c) .

The cross section for radiative capture is obtained from
this wave function by forming the matrix element of the
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electromagnetic perturbation term &' in the Hamiltonian
between this initial state and a final state 4„. The transi-
tion probability, and hence the cross section, is given by

(12}

where p is the density of photon states. After expanding
the perturbation operator as a sum of electric and mag-
netic multipole terms, the cross section for electric-dipole
transitions is found to be

bers of the nucleus. For obtaining the total capture cross
section in an unpolarized system, this expression is
summed over all magnetic substates of the final state ir-
respective of photon polarization, and averaged over all
magnetic substates of the initial state. With separation of
the radial and angle-spin factors of the matrix element,
the cross section becomes

z

k e

9
(13) (14)

for photons of polarization quantum number JK. In Eq.
(13), kr is the photon wave number, e the electric charge,
and Y,~ a spherical harmonic of the order 1. The sym-
bols Z and 3 denote, as usual, the proton and mass num-

for each component of total angular momentum J of the
initial system. Evaluation of the reduced matrix element,
assuming that the system is coupled according to the neu-
tron spin-orbit angular scheme outlined in the preceding
paragraph, gives

(2J +1) 4m
(2J + 1)(2j+1)(2j'+1)(21+1)(2l'+1)W (jJj 'J;I I )~ (jllj'', ,' 1 )((Ol'O—Ill'IO}pP (15)

where W is the recoupling coefficient of Racah and
(j,m, j2 m 2 ~j,j2j3 m 3 ) is the vector coupling coefficient.
We write the right-hand side of Eq. (15) as

(3/4m )~z x''r s)1
P

U„=e

where P, is the hard-sphere phase shift and %„ the re-
duced diagonal %-matrix element for channel c. Equa-
tion (16) is valid provided the boundary conditions at the
channel radii are set equal to the values of the real parts

I

The wave function i}/;„, may now be described in terms
of A-matrix basis states that are, as usual, defined as
discrete eigenstates Xi (with eigenvalues Ei) satisfying
the Schrodinger equation for the full Hamiltonian in the
internal region and constrained by constant real bound-
ary conditions at the channel radii a, . Partial neutron
widths I &~, )

are associated with each eigenstate. These
are expressed as the product of a penetration factor 2P,
and reduced width y&~, ~. The reduced width amplitude

y&~, ~
is proportional to the amplitude, at the channel ra-

dius, of the eigenfunction Xz projected onto the channel
wave function. Under the conditions that all reaction
channel widths I &~, ~

are small compared to the separa-
tion between levels, the diagonal collision matrix element
for elastic scattering has the form

"(1+iP,R„)/( I iP,A«), — (16)

of the logarithmic derivatives of the outgoing waves (the
shift factors). The reduced J7 matrix is expressed in
terms of the eigenstates X& by

2
YA, (C)

2'X
C WC

(17)

Equations (16) and (17) are written implicitly for a
specific value of total angular momentum J and parity m,

and the set of levels A, employed in Eq. (17) is specific for
these two quantum numbers. The incomplete sum of the
partial widths in the denominator of Eq. (17) is hence-
forth denoted by I &„).

The internal wave function corresponding to the col-
lision function [see Eqs. (10) and (16)] is proportional to

2 ) /2P i /2

k 1 iP,R„z—E) E ,'i I'),i,)———(18)

the constant of proportionality being the combination of
vector coupling coefficients for linking spins to total an-
gular momentum J through the spin-orbit coupling
scheme.

After substitution of these various expressions in terms
of A-matrix eigenfunctions into the wave function )p, we
obtain for Eq. (14)

16')rkre Z 3 I i(oIJ)(&~ Ir I& „&
&r~-v) 2 9 g ~g~ 4 &„i')'~ir ++ E ) .

I
++ )+«

k E 2' x(e) pl /2 1/2

i/(9,e ' —g, e
I /2 1/2

v
(19}
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where 0 is the quantity e '/(1 iPI%„) and JI(r),
0'(r) are the radial factors in the channel wave functions

6„JM '.J'., they are expressed in terms of spherical
Bessel and Neumann functions as

and

JI(r) = —kr[nI(kr)+ig~(kr)],

SI(r)= kr—[nf(kr) ij—~(kr)] . (21)

In evaluating the first matrix element of Eq. (19), the in-

tegral is confined to the internal region; all others to the
channel r )a, . Strictly, there should be other terms
within the modulus brackets of Eq. (19) corresponding to
matrix elements in other (reaction) channels, but these
are omitted here because we are aiming at calculating the
cross sections within the entrance-channel valence model.

I x(0(j)I x(y p)~n() k' '(Z, —E)'+(-,'I-, )'

to obtain the radiation width expression

(22)

The internal radial matrix element is now to be under-
stood as being confined to the projection of the wave
function X& and 4„on the channel configurations Oj and

Oj, respectively; that is, the single-particle components
of these states. We denote these projected wave functions
by X"(r) and 4 (r), respectively.

If the last term (that corresponding to capture from
hard-sphere scattering) in the modulus brackets of Eq.
(19) is now neglected, the remaining expression corre-
sponds to resonance valence capture. If a single level is
dominant, we can compare this expression with the
Breit-Wigner single-level formula

4k%g ~g~ Z
' 1/2

Po

PI Xg(a)

i @(ale +Ge
r 4„(r)

ext
(23)

Note that continuity of the radial integrands of the ma-
trix elements across the channel boundary is ensured by
the relation

tion 8 =S( where S( is the real part of the logarithmic
derivative of 0(', i.e.,

Jl(a)e '+81(a)e '=2(Po/P, )'~~, (24)
a

S(+iP( =L( =
8((a)

(25)

and that the radiation width does not have a threshold
neutron energy dependence.

The valence radiation width of Eq. (23) is proportional
to the reduced neutron width whose value, in turn, de-
pends on the channel radius through the normalization of
the eigenstate X&. We avoid the problem of normaliza-
tion involved in the choice of channel radius by calculat-
ing the ratio I &~r „~/2P~yl~olJ ~

in the following way. We
determine a single-particle 8-matrix model state, ap-
propriate to the actual resonance energy E&, orbital an-

gular momentum I, and coupled spin j (surmised if not
known) for the case under study by solving the radial
Schrodinger equation for a real potential with radius R,
diffuseness parameter d, and spin-orbit coupling strength
similar to those of a realistic optical-model potential for
the corresponding target nucleus and energy region. The
solution is constrained by imposing the boundary condi-

at a channel radius a chosen beyond the cutoff point of
the Woods-Saxon potential. We normally take a linear
cutoff region for the potential. This region starts from a
point, usually chosen as r'=R+6d. Here the Woods-
Saxon potential form ceases, falls linearly in magnitude to
zero, and ends at a point r"=r'+d; hence a ~r". The
number of nodes of the single-particle state is specified,
and the potential depth is varied until an eigensolution is
found at the specified resonance energy; the radial wave
function of this state is denoted by u;(r). The same pro-
cedure is adopted for the final state radial wave function

~f with its specified values of binding energy, orbital an-

gular momentum I', and coupled spin j', but with the
boundary and normalization conditions appropriate to a
naturally attenuating wave function in the channel.
From the two wave functions generated for these states,
the quantity

~i(r-f)
2

2P(li(0lj )

34k%J I
'2

Z e
fiU

Po u, (r)
r cc f(r) +

P, u(a)
J '+8

r r(rl) (26)

$2
Vi(0(j ) u;(a)

is calculated. The reduced width of this state is

(27)
x'"'= x Iol)" (" (28)

I

tern. Now for the actual A-matrix state that describes
the resonance within the single-level approximation, we
assume

where m is the reduced mass of the neutron-target sys- and for the actual final state
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( r ) 8 f{0) ' '
)
cc+f ( r ) (29)

where c and 0 are expansion coefficients for core single-
particle configurations of the compound nucleus. There-
fore,

2
$2

7 A, (Olg)
2 2

cx, {0()"(~) (30)

and

c)2
g(y- p) p, f'(Ol'g') (y f )

2 22Pl y ~[0lj) 2Pl y, [Ol, )

(31)

Thus the valence radiation width for the resonance is ob-
tained by multiplying the calculated quantity of Eq. (26)
by the experimentally known quantities; namely, the

(d,p) spectroscopic factor of the final state and the neu-
tron width I &[„)=2Ply&[ol )

of the resonance.

B. Specific calculations for ' C

The resonance at 153-keV neutron energy has spin and
parity J =2+, and orbital angular momentum I= l. Its
neutron width is 3.7+0.7 keV. There are three states at
lower excitation that are reached by electric-dipole tran-
sitions from this resonance (see Fig. 1 and Sec. II). The
lowest at 6.09 MeV is mainly s&&2 single-particle in char-
acter, and those at 6.73 and 7.34 MeV are essentially ds&2
single-particle states.

The matrix element calculations were based on the
optical-model parameters of Moldauer (with no imagi-
nary term included). This potential employs a Woods-
Saxon form

V(r) =V0/[1+exp[(r —R )Id ]]+(I cr )K, V0exp[(r —R )//d ](rd) '
t 1+exp[(r —R ) ld ]] (32)

The numerical value for the potential radius is
R =(1.16/I' +0.6) fm, giving R =3.328 fm for ' C,
while the diffuseness parameter is d=0. 62 fm. For the
spin-orbit coupling strength, we use the value K, =0.435
(fm) . The well depth V0 was adjusted in our calculation
to reproduce the resonance energy of the initial state or
the binding energy of the final state in each of the three
transitions studied.

1. Capture to the 6.09 MeV state

If the single-particle component of the 153-keV reso-
nance is assumed to be of 1p3/2 character, the potential
depth V{)required to given an 8-matrix state at this neu-
tron energy is approximately —18 MeV, the precise value
depending on the value taken for the channel radius. If it
is assumed to be of 2p3 /2 character, VO= —63 MeV. We
have carried out calculations for both possibilities.

The 6.09-MeV, J =1 state is bound by 2.082 MeV.
The potential depth required to give a 2s, &2 eigenstate at
this energy is V0= —46. 6 MeV. The calculated value is

I

binding energy is V0= —40. 7 MeV. The calculated
values for the radiation width are

11 6 73=0.47X10 I n8f%3(5/2)2, 2{3/2))(1P3/2)
—4 2

=0.064 eV,

or

I =0.24 X 10 I'„8flV3($/2)2 2(3/2)](2P3/2)
—4 2

=0.033 eV .

The measured value is 0.030+0 0,3 eV.

3. Capture to the 7.34 Me V state

The binding energy is 0.84 MeV and the single-particle
orbit is again 1d«2. The calculated values of the radia-
tion width are

I r 7 3~=0.13X10 I „8f%2(5/2)22(3/2), (Ip3/2)
—4 2

=1.4 meV,

=0. 17X 10 8f&1(1/2)0,2(3/2)1( 1p3/2 )
2Pl 7 A, (01j)

—3 2=0. 15 X 10 8f 1(1/2)0 2(3/2)1( P3/2

or

I =0.74X 10 I „8f%'. . . „(2p )
—5 2

=0.79 meV .
Hence from the values of the spectroscopic factor (see
Fig. 1) and the neutron width

I 609=0. 16 eV (lp3/2)

=0.14 eV (2p3/2)

These values are to be compared with the measured value
of 0.151+0033 eV for this transition.

2. Capture to the 6.73 MeV state

This state is bound by 1.45 MeV and is of 1d&&2 char-
acter. The potential depth required to reproduce this

This transition has a vanishingly small width and was not
observed in this experiment.

4. Capture to the ground state

A number of rather strong E2 transitions have been
observed to follow thermal-neutron capture by a few nu-
clides. There has been speculation in the literature
that these may be of direct character although the mech-
anism invoked (giving a large effective charge to the neu-
tron) depends on polarization of the core. If F.2 direct
capture occurs, there is likely to be corresponding
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valence capture at neutron resonances. In this section,
we consider the possibility that the 8.32 MeV E2 transi-
tion to the ground state, measured in this work as having
a radiation width of 34+6 meV (see Table I), can be ex-

plained as a valence transition.
Our definition of a valence transition is one in which

the valence nucleon makes a change of its single-particle
motion within the potential field of an apparently inert
core. In this sense we can carry through the calculation
of a neutron electric-quadrupole transition in a manner
analogous to the E1 case. The matrix elements now have
the E2 operator er Y2~ and the effective charge for a
neutron is, to first order, eZ/3 . With this low effective
charge, the computation of the valence radiation width
for the 8.32-MeV transition gives the value of 2.3 peV
which is more than 4 orders of magnitude smaller than
the measured value. Thus we can rule out the simple
valence model as an explanation for this transition.

A proton transition within an inert core (of ' B) would,
because of its effective charge being almost equal to the
actual proton charge, give a width of the order of 1 meV,
if the reduced proton width is assumed to be equal to the
reduced neutron width. This is still rather small and in-

vites the speculation that the mechanism is a collective
transition within the compound system.
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Nz (crv )„„=N„o,zv, z =182 cm /mols, (33)

where N„ is the Avogadro constant and U is the velocity
of neutrons. The resonant contribution is determined by
the resonance strength

(2J+1)
(2o + 1)(2I+ 1) I

(34)

where J, o, and I denote the spin of the resonance, neu-
tron, and target nucleus, respectively, and I „,I, and I
correspond to the neutron width, gamma width, and total
width of the resonance level. The current value,
coy =0.269 eV, results in a Maxwellian-averaged ' res-
onant (r) contribution given by

N„(o v )„=4.633 X 10 T9 '

Xexp( —1.636/T9) cm /mols, (35)

where T9 denotes the temperature in 10 K. Figure 8

shows the two contributions to this reaction rate as a
function of temperature. At T9 0.3, typical for He core
burning conditions in red-giant stars, the resonant contri-
bution clearly dominates the reaction rate. The
significant reduction in this rate resulting from our work
can be seen in Fig. 8 by comparing the dashed and solid
lines.

IV. IMPLICATIONS FOR NUCLEOSYNTHESIS

The ' C(n, y)' C reaction rate is determined mainly by
the nonresonant s-wave direct-capture contribution to the
ground state of ' C and by the resonant p-wave contribu-
tion from the 153-keV, 2+ resonance. The nonresonant
(nr) term can be derived from the measured' thermal-
neutron capture cross section (o,&

= 1.37+0.04 mb) as

FIG. 8. Reaction rate for "C(n, y)' C based on the current
(solid line) and previous (dashed line) values for the total radia-
tion width of the 153-keV resonance. The dotted line is the
nonresonant contribution.

("c)=
N (a, n )+N„(n, y)

(36)

where N and N„are the alpha and neutron abundances
in the burning zone, respectively; (a, n ) and ( n, y ) are
the corresponding reaction rates; and k;„ is the rate at
which ' C is mixed into the core.

Typical neutron abundances in red-giant cores vary be-
tween 10 and 10' n/cm (Ref. 43), while the He abun-
dances are approximately between 10 and 10 a/cm
depending on the core density. Even with the fairly small
rate for the ' C(a, n)' 0 reaction, this reaction dom-
inates neutron capture by several orders of magnitude be-

How does this reduction, especially at high tempera-
ture conditions, affect the s-process nucleosynthesis in
red-giant stars, and the r-process nucleosynthesis in a
primordial nonstandard Big-Bang environment? The s
process takes place during the He-burning phase of stars.
The ' C(a, n )' 0 and/or the Ne(a, n ) Mg reactions are
considered to be the two most promising neutron-source
candidates for this process at red-giant conditions. How-
ever, ' C, which is thought to be mixed into the He-
burning zone from the outer CNO-burning layers, might
be depleted fairly quickly by the (n, y) reaction before
producing su%cient amounts of neutrons via the compet-
ing (a, n ) reaction. The equilibrium abundance of ' C in
the He-burning core can be written as
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cause of the low neutron abundances under these condi-
tions. Therefore, the current measurement has little
significance for the He-burning scenario.

The possibility of a primordial r process in terms of a
nonstandard Big-Bang model has been discussed recent-
ly. ' The mass 5 and mass 8 instability gaps are
bridged by the reaction sequence

Be(n,p) Li(n, y) Li(a, n)"B .

This path allows sufficient mass flow (not possible at stan-
dard Big-Bang conditions) towards heavier A ~ 12 ele-
ments. However, the reaction rate for the trigger reac-
tion Li(n, y) has been measured recently ' and found to
be significantly smaller than previously suggested. The
main production line for the heavier isotopes has been
identified as

"B(n,y)' B(P v)' C(n, y)' C(n, y)' C

with the alternative branch as

' B(n, y)"B(P v)' C(n, y)' C

Both reaction sequences will lead to the production of
' C during nonstandard Big-Bang nucleosynthesis. The
depletion of ' C and, therefore, the production of higher
mass elements depends on the neutron capture rate of ' C
at Big-Bang temperatures T9 =0.8 to 1.0 and densities of
10 to 10 glcm . The considerable reduction of this
rate, as determined in the current experiment, will
significantly reduce the production of A & 14 isotopes
during primordial nucleosynthesis.

V. SUMMARY

Measurements of radiation widths of the resonances in
cross sections of light nuclides are diScult to make and
are rather sparse. The p-wave resonance in the neutron
cross section of ' C is of particular interest, but it seemed
likely, on theoretical grounds, that the existing value of
its radiation width was wrong by a large factor. A
remeasurement of the total radiation width was therefore
undertaken through the determination of its components
for the principal primary y transitions. The total radia-

tion width, 0.215+Q()35 eV, is more than one order of
magnitude smaller than the previously accepted value.
This total is dominated by an E1 transition with a partial
width of 0.151 Oo33 eV to the 6.09-MeV state in ' C. A
second E1 transition to the 6.73 MeV state has a width of
0.030+o'0&3 eV, while a third expected transition to the
7.34-MeV state is found to be so weak as to be unobserv-
able in these measurements. There is also a surprisingly
strong E2 transition to the ' C ground state with a par-
tial width of 0.034+0 6 eV.

It is found that the E1 transitions can all be explained
as simple neutron valence transitions, the model calcula-
tions agreeing with the measured values within experi-
mental uncertainties. The E2 transition is much too
strong, however, to be a strict neutron valence transition.
It is probably too strong even to be attributed to a
single-proton transition, unless the proton channel from
this resonance has an exceptionally large reduced width.

Of the two possible scenarios for nucleosynthesis-
red-giant He burning and nonstandard Big Bang —the
current measurement has negligible impact on the form-
er, but affects the latter in terms of a significant reduction
in the production of A ~ 14 isotopes.
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