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This paper shows that, in the neutron energy region from thermal to 30 keV, the measured neutron ra-
diative capture cross sections of '2C feeding the first four bound states in !*C can be well understood in
the framework of a channel-capture model for the E1 transition. The characteristics for each kind of

transition are investigated.

Recently, Nagai and his collaborators [1] reported an
interesting measurement on neutron radiative capture
cross sections of >C at 30 keV. The results are summa-
rized in Table I, along with the previously published
thermal neutron capture cross sections [2], a§ well as
relevant data. One distinguished feature of those results
is that the capture cross sections for either thermal or
30-keV neutrons are very small. Also, as for the branch-
ing ratio, the chief transition at thermal energy is the
transition feeding the ground state in !3C, but at 30 keV it
is the first excited-state transition. A previous paper [4]
indicated that the thermal neutron capture data for *C
can be attributed to the channel-capture contribution
which is of a strong destructive interference between the
potential-scattering wave and the resonance-scattering
wave. The measured total capture cross section at 30
keV is 16.8+2.1 ub. Using the published resonance pa-
rameters of all levels above and below the neutron bind-
ing energy, the total compound-nucleus capture cross
section at 30 keV is obtained to be 0.26 ub, far from ac-

counting for the measured data. It is therefore of interest
to investigate this problem on the base of the channel-
capture model, to explore the physical significance and
characteristics of the mechanisms underlying the transi-
tions, and to examine the difference between the transi-
tions at thermal energy and 30 keV.

The channel-capture model [5,6] assumes that the
gamma-ray emission is accompanied by a single-particle
transition from a scattering state of partial wave (/, j)
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to a bound single-particle orbit in the final state
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TABLE 1. Comparison between the calculated and measured partial capture cross sections of 2C, as
well as relevant data at low neutron energies. o(n,y,), o(n,y,), o(n,y,), and o(n,y;) are the partial
capture cross sections feeding the ground state (0.0 MeV, %'), the first excited state (3.09 MeV, %* ),
the second excited state (3.68 MeV, %7 ), and the third excited state (3.85 MeV, %J’) in 13C, respectively.

o(n,y;)™" is the calculated channel-capture cross section. o(n,y)" is the calculated total compound-
nucleus capture cross section. o(n,n) is the neutron elastic-scattering cross section.
Cross sections and incident energy Measured [Ref.] Calculated
o(n,yy)h 2.64
o(n,y,) thermal energy (mb) 2.384+0.05 [2] o(nye) 0.30
a(n, 7)™ 2.37
+
o(n,ye) 30 keV (ub) 3.3+09 [1] olny ) 026
o(n, 7" 11.5
+1.
o(n,y,) 30 keV (ub) 9.6+1.3 [1] oy ) 026
o(n,y,) thermal energy (mb) 1.14+0.02 [2] o(n,y,)" 1.05
o(n,y,) 30 keV (ub) 1.740.8 [1] o(n,y,)" 0.83
o(n,y3) 30 keV (ub) 2.2%+1.1 [1] o(n,y3)h 1.56
o(n,n) thermal energy (b) 4.75 [3] 5.05
o(n,n) 30 keV (b) 4.6 [3] 4.46
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In this process, the target core keeps in its ground state
as a spectator without disturbance. In Eq. (1), Re and Im
designate real and imaginary parts, (U;’(r)) is the
optical-model scattering wave function, (K ,f ) is the
optical-model reactance matrix element, A refers to a
nearby resonance with resonance parameters of E,, T';,
and T',,,. The function N;;(r) has the asymptotic form of
—krm;(kr) in the region outside the nuclear interaction,
where 7,(kr) is a spherical Neumann function. The first
term in Eq. (1) is usually called the potential-scattering
wave, corresponding to the potential capture, whereas
the second term contains the contribution from the near-
by resonances, and is related to the valence capture. In
Eq. (2), Sy is the (d,p) spectroscopic factor, U,fjf(r) is the
radial wave function of a single particle in the final state,
<I>Iff jf,f is the channel wave function consisting of the in-

trinsic ground-state wave function of the target nucleus
J

coupled to the neutron angular-momentum wave func-
tion to give total spin J, and projection M.

Then the channel neutron radiative capture cross sec-
tion from a scattering state (/) to a final state f is [7]
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where k and v are the neutron wave number and velocity,
k, is the photon wave number, and 2= —(Z/ 4)e is the
neutron effective charge for E 1 transition. The geometri-
cal factor
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is the reduced matrix element of spin-angular part. The
reader is referred to the original articles [4,7] for the de-
tailed nomenclature. In the case of the target 2C, one
has I =0, and hence j =J, j,=Jf, then Eq. (3) may be
simplified as
3
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The optical-model potential used in this paper is of the
same form as Ref. [4]: R =ry4!3, Vp=44.8 MeV,
W =9.1 MeV, V,=6.2 MeV, a =0.75 fm, r,=1.25 fm.
This set of parameters is confirmed in reproducing the
thermal neutron capture cross section feeding the ground
state of !3C [4], as well as the neutron-scattering cross
sections in the energy region from thermal to 30 keV, as
shown in Table I. In addition, the real part of the same
potential is able to keep the binding energy of the single-

particle 1p,,, neutron orbit in *C at the experimental
value, 4.95 MeV. It should be pointed out that, by using
this set of parameters, the single-particle 25, ,, and 1d5,,
orbits are unbound, and the lp;,, orbit is too deeply
bound in comparison with the physical state. Thus, as we
calculate the transitions to those real physical states in
BC (3.09 MeV, 17), (3.68 MeV, 27), and (3.85 MeV,
%+ ), we must use an approximate wave function for each
physical bound state, which is calculated with the adjust-
ed parameters to reproduce the real binding energy of
that state. For example, as we calculate the channel-
capture cross sections to the first excited state (3.09 MeV,
1%), the parameters, Vg =49.3 MeV and r,=1.38 fm,
are used to obtain the wave function of the bound single-
particle 2s,,, orbit with binding energy of 1.90 MeV.
The parameters for resonances at positive energies need-
ed in Eq. (1) are taken from Ref. [8]. There are also four
resonances at negative energies, which should be taken
into account in calculating the scattering wave functions
at the energy region concerned. Table II lists the related
parameters for those resonances. The spectroscopic fac-
tors are taken from Refs. [8] and [9], and the reduced
neutron widths are deduced from those factors [8].

Based upon the model presented above, we calculate

TABLE II. Parameters for negative resonances in the ?C(n,y)'3C reaction.

E, MeV) 1 J T, V) gt (ev)
—1.183 2 2 0.5% 3416.0
—1.367 1 3 0.5° 207.0
—2.020 0 % 0.43 1200.0
—5.338 1 1 0.0 595.0

# Assigned.

®Deduced from the evaluated spectroscopic factors [8,9].
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FIG. 1. Comparison between the calculated and measured
partial capture cross sections of '2C at low neutron energies.
The solid curve is the calculated channel-capture cross sections
feeding the ground state in *C (0.0 MeV, +7). The measured
data are shown by the solid circles. The dashed curve is the
channel-capture cross sections to the second excited state in *C
(3.68 MeV, 27), and the related measured data are represented
by the hollow circles.

the partial channel-capture cross sections feeding the first
four bound states, the total compound-nucleus capture
cross sections, as well as the neutron-scattering cross sec-
tions at neutron energies from thermal to 30 keV. The
results are shown in Table I and in Figs. 1 and 2, along
with the available measured data. Our main results and
conclusions may be summarized as follows.

(1) The measured partial capture cross sections of '2C
at thermal energy and 30 keV are well understood in the

o (n,7)(ub)

100.0

En(keV)

FIG. 2. The same convention as in Fig. 1, but for the transi-
tions feeding the first excited state (3.09 MeV, %*: solid curve
and solid circle), and the third excited state (3.85 MeV, %J':
dashed curve and hollow circle) in 13C.
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framework of the channel-capture model for the E1 tran-
sition. The optical potential used in the calculations can
also reproduce the neutron-scattering data at the energy
region. The compound-nucleus capture cross sections are
negligibly small at the energies concerned.

(2) The radiative capture transitions feeding the ground
state in '3C (0.0 MeV, 1) are governed by the channel
capture from the s-wave scattering state to the bound
single-particle 1p,,, orbit. A comparison is shown in
Fig. 1. The destructive interference between the
potential-scattering wave and the resonance-scattering
wave keeps to work as the neutron energy varies from
thermal to 30 keV. Therefore, the channel-capture cross
section maintains much lower than the corresponding
potential-capture cross section in this energy region. Fig-
ure 3 gives the radial integrands for both the potential
capture [r Re{ U {/3(r))U, | ,(r)] and the channel cap-
ture [ ReUafll//zz(r)Ul,l/z(r)] at 30 keV. The nearby neg-
ative s-wave resonance at —1.92 MeV plays a major role
in causing the drastic cancellation for the radial integral
of channel capture. The magnitude of this partial cap-
ture cross section follows the 1/v law quite well with neu-
tron energy.

(3) The measured partial capture cross section feeding
the first excited state in 13C (3.09 MeV, %Jr) can be attri-
buted to the channel capture from the p-wave scattering
state to the bound single-particle 2s,,, orbit. Figure 2
plots a comparison of the calculated channel-capture
cross sections with measured data. In this calculation, an
approximate single-particle wave function obtained with
modified potential parameters is needed for the physical
final state. The contribution from the p, ,-wave scatter-
ing is almost twice of that from the p, ,-wave scattering.
In contrast to the transition to the ground state, the reso-
nance contribution is negligibly small. This is because
the nearby p;,, negative resonance has a small reduced
neutron width (S,=0.1), and the nearby p,,, resonance,

RADIAL INTEGRAND (RELATIVE UNIT)

FIG. 3. Radial integrands for radiative capture of a scatter-
ing s-wave neutron into the bound 1p,,, orbit in '2C at 30 keV.
The dashed line is the integrand for potential capture, whereas
the solid line is for channel capture.
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FIG. 4. The same convention as in Fig. 3, but for radiative
capture of a scattering p;,,-wave neutron into the bound 2s,,,
orbit.

the ground state in '3C, is too far away in the energy
space (—4.95 MeV) to make a significant contribution.
Thus, the channel-capture cross section is almost the
same as the potential-capture cross section. Figure 4
shows the radial integrands for both the potential capture
[rRe<U{3/3(r)>Uy,,(r)] and the channel capture
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[r ReUfff//zz(r)Uo,l/z(r)] at 30 keV. It can be seen that
there is no notable difference between the two processes.

(4) The partial capture cross sections to the second ex-
cited state in 1’C (3.68 MeV, 27) mainly result from the
channel capture of the scattering s-wave neutron into the
bound single-particle 1p;,, orbit. The results are
displayed in Fig. 1. A destructive interference, which is
similar to that for the ground-state transition, is also ob-
served, but with a relatively weak effect: the channel-
capture cross section is about half of the potential-
capture cross section. The channel-capture contribution
from the d wave is negligibly small even at 30 keV.

(5) Figure 2 also contains a plot for the radiative transi-
tion feeding the third excited state in 1*C (3.85 MeV, 37),
which stems chiefly from the channel capture of the
scattering p;,,-wave neutron into the bound single-
particle 1ds,, orbit. Analogous to the transition to the
first excited state, no obvious destructive interference be-
tween the potential-scattering wave and resonance-
scattering wave appears in this process.
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