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Abstract
The reaction rate of the stellar reaction 3C(a,n)!60, which is currently considered to be the
main neutron source for the slow(s)-process at low energies, has been re-derived using the direct
o-transfer reaction 13C(GLi,d)”O leading to the sub-threshold state at 6.356 MeV in 0. The
contribution of the sub-threshold state is found to be much smaller than the currently accepted
predictions for the main neutron source of the s-process, suggesting a considerable change for the

s-process scenario in low-mass stars at the Asymptotic Giant Branch(AGB).

PACS numbers: 25.70.Hi, 26.20.+f, 27.20.4+n



Roughly a half of heavy elements in the universe is considered to have been produced
through a process, called the slow (s) - process[1, 2], which basically includes neutron-induced
capture reactions and beta decays in relatively quiescent sites in the universe. Recent astro-
nomical observations have reported a new class of very metal-poor stars that have almost
pure s-process elements[3]. These require better understanding of the s-process including
the neutron source that drives the process. The neutron source for this process is not well
identified yet, and is one of the crucial issues in nuclear astrophysics. In low-mass stars
at asymptotic giant branch (AGB), the *C(q,n)*0 reaction is considered to be the main
source of neutron production for the s-process [2] at low temperatures.

The major astrophysical site for the s-process is now considered to be deep layers of low-
mass stars at AGB in the late phase of the evolution[4, 5]. According to the models[4, 5], a
BB pocket will be produced by a thermal pulse in the He shell and the successive dredge-up,
where 3C will be synthesized by the CNO cycle, 22C(p,y)'3N(3")*3C. Then, '*C burns by
the (a,n) reaction in the He shell for a long time duration, providing the neutrons for the s-
process. One of the most critical problems here for nuclear physics is the reaction rate of the
neutron producing reactions. The s-process models[4-7] critically depend on the neutron
flux from the 3C(a,n) reaction. They all use quite large reaction rates at low energies,
following some predictions for the 3C(a,n) reaction by experiments[8] and theories[9-11],
as discussed below.

However, the astrophysical S-factor of the *C(a,n) reaction was determined only down
to 270 keV by measuring the neutrons from the reaction [8], and there is no data below 270

keV, where this reaction burns predominantly. Here, the S-factor is defined as follows;

o(8) = 22 exp(—2m) 0

where 7 is the Coulomb parameter. Since the cross section becomes extremely small very
rapidly as the incident energy decreases, the direct measurement at lower energies seems very
difficult. The experimental data points at the lowest energies marginally suggest a possible
rapid increase of the S-factor toward zero energy. This would imply a large contribution [9]
of the sub-threshold state at 6.356 MeV, 3 keV below the « threshold in 7O [12]. The recent
data compilation, NACRE [10], is also adopting a very large S-factor, although there is no
other experiments. Since the experimental uncertainties are very large, it is also consistent

with no enhancement(8].



The S-factor at lower energies can be better investigated through an indirect method,
a direct alpha transfer reaction in the present case. One can deduce the a-spectroscopic
factor S, from the direct a-transfer reaction and the finite-range Distorted Wave Born
Approximation (DWBA) analysis, and hence one may easily obtain the a-reduced width
from it. Since the total width of the sub-threshold state at 6.356-MeV is known to be 124 +
12 keV from the ®0O(n,n) resonance study [12], the most critical parameter that determines
the reaction rate of the stellar reaction *C(a,n) is the a-width.

The sub-threshold contribution can be expressed using S, of the state, as explained in
the following paragraph. The s-process models mentioned above use about S, = 0.3 - 0.7,
which implies that the state should have a well developed a-cluster structure. Therefore, it
is of critical importance to check experimentally the property of the subthreshold state for
the problem here.

The a-reduced width ~2 is related to the a-spectroscopic factor S, as follows;

Yo = 31%/(2uR*) S (2)

The a-width for the state can be obtained as

Iy = 2kaRPl’YZa (3)

where R = 1y (A}/ 4 Aé/ %), and P, is the penetrability. Then, the cross section of the
13C(a,n)*0 reaction through the tail of the sub-threshold resonance can be calculated using

the Breit-Wigner single-level formula[13};

Lo (E)TR(E + Q) (1)
(E — Ep)? + (Tw(E)/2)%,
where w is (2J,+1)/(2J,+1)(2J,+1) with J, being the resonance spin, J; the projectile spin

o(E) = mx%w

and Jy the target spin, and @ is the Q-value of the reaction. Therefore, one should be able
to determine, using eq. (1), the astrophysical S-factor due to this sub-threshold resonance
from measurement of the spectroscopic factor of the direct a-transfer reaction *C(°Li,d)'"O
leading to the state at 6.356 MeV.

We report here the first experimental determination of the astrophysical S-factor of the
13C(e,n) 80 stellar reaction at low energies (< 270 keV), using the direct a-transfer reaction

13C(5Li,d)!7O.



An experiment was performed using a 60-MeV °Li beam from the SF-cyclotron of the Cen-
ter for Nuclear Study (CNS), University of Tokyo. Isotopically enriched *3C self-supporting
targets(enriched to about 99.9 %) of thicknesses of 140, 300 and 520 pg/cm? and a mylar foil
of 3 ym were bombarded. The reaction products were momentum analyzed by a QDD type
magnetic spectrograph[14], and detected by a position-sensitive gas proportional counter[15]
together with a plastic scintillator on the focal plane. The time-of-flight(TOF) was measured
using the scintillator signal and the RF signal of the accelerator. Particle identification was
made unambiguously using AE, E, and TOF. The overall energy resolution was about 170
keV with an aperture of 5 msr for the spectrograph.

Figure 1 shows a typical deuteron spectrum from the *C(°Li,d)*O reaction obtained at
30°. The peak for the 6.356 MeV state in 17O was separated at large scattering angles 6 >
25°. The contribution from the carbon contamination in the target was subtracted at small
angles by measuring the cross sections of 2C(6Li,d)'®0(6.917 MeV) with the same setup
using the mylar foil mentioned above. The amount of subtraction was determined with the
yield ratio to the transition to the ground state in ®O which was clearly separated at all
angles. The differential cross sections for elastic scattering of 1*C + °Li were also measured
to determine the amount of the contamination as well as to check the optical potential
parameters for the incident channel.

Figure 2 displays the *C(®Li,d) angular distributions measured for the 6.356-MeV state
together with the ones for other states including the 0.87-MeV 1/2% state and the 3.055-

Iuﬁ| -
5% o "c(°Li,d)"0
$ 78 g5, ¥ Ew(L)=60Mev
- g i “0 e H O = 30°
100} 7 ~ \ e & 7
HHEN .
3 o By B
[S]8 Q‘D © 5 o
LR Lt
o A AN

500 1000
Channe]l Number(Momentum)

g

FIG. 1: Momentum spectrum of deuterons from the 3C(6Li,d)!7O reaction, measured at Orq =

30° with a 60-MeV SLi beam.



MeV 1/27 state in '7O. The uncertainties in the experimental data are mainly due to the
subtraction of the contamination contributions for the 6.356-MeV state. The two transitions
for the 1/2% states have similar shapes because both have the same transferred angular
momentum of I = 1. The curves are the results of the exact finite-range DWBA calculations
made by a computer code, TWOFNR [16], where the optical potential sets were obtained
from fitting the elastic scattering data for the incident channel, and the ones for the exit
channel were taken from refs. [17, 18]. They are summarized in Table I, where a typical
set is listed for the incident channel. The bound state parameters were set to ro = 1.25 fm
and a = 0.65 fm, and the depth was searched to reproduce the separation energy as is often
adopted.

The experimental shapes of the angular distributions in Fig. 2 were reasonably well
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FIG. 2: Angular distributions of the *C(®Li,d)!7O reaction leading to the states denoted. The

solid lines are the DWBA calculations with the potentail sets SET1+SET?2, and the dashed lines

with SET1+SETS3.



TABLE I: Optical potential parameters for the analysis of the 1*C(®Li,d)'"O reaction. The pa-
rameters for the incident channel of *C+5Li were obtained by fitting the elastic scattering cross
section data obtained in the present experiment. The exit channel parameter SET2 was obtained
from ref. [17], and the SET3 from ref. [18]. Here, the optical potential uses the Woods-Saxon form
factor f(z). The surface absorption term and the spin-orbit term are defined as 4Wpdf(z)/dz and

(h/mrc)?Vso1/rdf (z)/drl - s, respectively. Here, the radius R is defined by rp AL/3

target”

set channel V Ty ar Wy Wp r; a; Vso Tso Gso  TC

(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

SET1 13C+8Li 135.1 1.428 0.750 11.0 2.161 0.680 1.3
SET2 "O+d 682 1.250 0.693 122 125 0.750 6.0 1.25 0.693 1.3
SET3 "O+d 83.1  1.050 0.782 8.8 1.29 0.776 4.4 1.05 0.782 1.3

reproduced by the DWBA calculations. Here, the optical potential sets SET1 and SET?2
were chosen since the DWBA calculation gives an overall fit to the transitions. However, the
behavior at very forward angles is sensitive to the choice of optical potential parameters, as
can be seen by the solid and dashed lines. The DWBA curve for the 6.356-MeV 1/27 state is
different from that for the 0.87-MeV 1/27 state at very forward angles, which is considered to
be due to the Q-value dependence of the calculations, although the experimental data shows
less energy dependence. Here, the same deuteron potential was used for the two calculations.
The bumps, at around 20 - 30° are relatively stable against the potential parameters. Thus,
we fitted the data at this angular range.

It is known that the absolute cross sections of a-transfer reactions are not fully explained
yet within the DWBA framework, mainly because of the difficulty of exact treatment of
the cluster structure for the DWBA calculations[19]. Therefore, a normalization factor has
been obtained so that the DWBA cross sections for the transition to the 3.055-MeV 1/2~
state, which is known to be a good « cluster state, has S,=0.25. This was derived by a
microscopic cluster-model calculation[20] that explains reasonably well the cluster structures
in the light mass region . The normalized a-spectroscopic factor for the 6.356-MeV state
is S, = 0.011. This S, value changes about 5 % or less due to a different combination of
the optical potential sets, which can be seen partly by the dashed line in Fig. 2. From the

present experimental result, it can be concluded that the 6.356-MeV state is not a state that



has a large S, amplitude. Note that even if the measured S is as large as 1.0 for the 3.055
MeV state, the normalized S, for the 6.356 MeV state can be 0.044 at most. Thus, we can
conclude that the S, for the 6.356 MeV state is much smaller than predicted before.

The reduced width for the 6.356-MeV state was obtained, using eq. (2), to be 75 =
7.4 keV, where 1o = 1.4 fm was used. Then, I', was derived using eq. (3). By taking the
experimental value of T';,; = 124 keV, the S-factor of the BC(ar,n)*00 reaction was calculated
by egs. (1) and (4). Figure 3 displays the energy dependence of the S-factor, which is the
sum of the non-resonant contribution and the tail contributions of the sub-threshold state
as well as the resonant states at higher energies. Here, the non-resonant term was obtained
from ref. [10]. The present S-factor is much smaller than the one in [9, 10] which is shown
by the line A, and that suggested in [8] by the line B. The higher energy part was obtained
by fitting the data of the direct measurement|8] that includes the resonances above the «
threshold.

The reaction rate of the 3C(a,n)*%0 reaction was calculated using the S-factor derived
above, and has been parameterized by fitting the rate with using the following formula;
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FIG. 3: The astrophysical S-factors of the 3C(c,n)'®0 stellar reaction together with the exper-
imental data taken from ref. [8]. The thick solid line is the result derived here, including the
sub-threshold resonance contribution. The curves A, B, and C are the results with Se = 0.7, 0.3

and 0.0, respectively. See text for detail.



Here, N, is the Avogadro’s number. The coefficients a; are listed in Table II. Here, the
reaction rate can be valid at Ty = 0.01 - 4.0. The uncertainty is estimated to be 26 % at
0.01 < Ty < 0.3 and 20 % at 0.3 < Ty < 4.0, which is discussed next in detail.

The contribution of the sub-threshold state to the present reaction rate is much smaller
than suggested before, roughly 1.6 % at low temperatures. The present reaction rate, thus, is
smaller than the NACRE recommendation[10] roughly by a factor of 4 at Ty = 0.1, indicating
that the sub-threshold state contribution is very minor even at low-temperatures. Since the
possible maximum S, factor is 0.044 as discussed before, the maximum uncertainty due
to the sub-threshold contribution is about 17 % at Ty < 0.3. The total uncertainty at low
temperatures includes mainly two components, one from this sub-threshold contribution and
the other from the uncertainty of the direct measurement and the extrapolation procedure,
which totally amount to about 20 %[8, 10] below Ty = 0.3. Altogether, these will give
the uncertainties provided in the last paragraph. Therefore, the reaction rate in eq. (5)
represents the experimental data at high energies measured by the direct method[8] and
the sub-threshold contribution of the 6.356 MeV state derived here as well. Note that the
old rate [21] is not applicable at any temperature region because it was obtained before
the direct measurement[8] and it did not included any of the sub-threshold contribution at
low temperatures. The s-process models that used the reaction rate of large sub-threshold
enhancement need to be checked carefully since the neutron flux changes considerably. They
might need more 13C to have the same neutron densities by thermal pulses, or need to have
longer time period between the thermal pulses, for example.

In summary, the reaction rate of the possible main neutron-source stellar reaction,
13C(q,n)!%0, was investigated by the direct « transfer reaction, and it is found that there
would be no such large enhancement of neutron productions due to the sub-threshold state
at 6.356 MeV at low temperatures for the s-process. It should be of great interest to check
the effect of the new reaction rate in the s-process analysis.

This work is supported partly by the Grant-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science, and Technology under the contract No.
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TABLE II: Reaction rate parameters obtained for the 1*C(c;,n)*0O stellar reaction. The parameters

were optimized at Ty = 0.01 - 4.0.

parameter value

a1 -3.690392E+-01
a 7.784191E-02
as -4.815691E+01
n 1.093879E+-02
as -2.195909E+01
ag 3.161556E+00
ar -2.592545E4-01
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