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Neut,ron capture of short-lived isotopes can be important within several astrophysical 
environments. The laboratory investigation of these reactions can be difficult since these 
isotopes cannot form a target. We used radioactive beams and measured the inverse 
reaction instead. Particularly we used 15C and ’Li beams to measure the 14C(n,y)15C, 
and ’L i (n ,  Y ) ~ L Z  reactions. We determined the reaction rates within the astrophysically 
interesting temperature range. Our data for the 14C capture rises quickly up to 8pb and 
then it decreases by a factor of two at 1 MeV. We investigated neutron capture by ’Li 
which is one possible leak of the bridging reaction ’L i (a ,  n) l lB of the A=8 gap. We found 
that this leak is lower than the theoretical expectations. 

1. INTRODUCTION 

Neutron capture cross sections are important in the nucleosynthesis within several as- 
trophysical environments. The inhomogeneous model of Big Bang Nucleosynthesis (BBN) 
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provides one of those environments. There are proton rich and neutron rich zones caused 
by baryon density fluctuations due to the difference in diffusion times of the neutrons 
and protons. In the neutron rich areas the network of nucleosynthesis can be significantly 
different from that in standard BBN. This theory can be consistent with the deuterium 
and helium abundances and can lead to the syn5hesis of nuclei heavier than 7Li. Neutron 
captures can help to bridge the A=8 mass gap and can produce elements as heavy as 
the oxygen isotopes. Another such environment occurs in AGB stars where the 13C(cu, n) 
reaction becomes important at  a certain temperature and can be a source of neutrons for 
capture reactions in the hot CNO cycle. In this process the neutron rich isotopes of C, 
N and 0 are the participants and 14C(n, y) is the key reaction. In the neutrino reheated 
ejecta of Type I1 supernovae a large number of neutrons are available and i t  increases the 
importance of the neutron capture processes. 

The cross sections for radiative neutron captures of astrophysical interest are estimated 
by theoretical models, but there is a need to compare the theory with experimental 
dat,a. Most captures of interest are on radioactive nuclei. Laboratory measurement of the 
capture on short-lived isotopes cannot be performed in the traditional way. Radioactive 
beams of short-lived isotopes, on the other hand, are available and, therefore, they become 
the beams instead of the targets, and the virtual photons around a heavy nucleus, such as 
around Pb, become the target. Fortunately, the idea of the disintegration after a virtual 
photon absorption is well developed theoretically [l]. Although this type of measurement 
puts up some experimental challenges it has some advantages. For example, the cross 
section for photodisintegration is generally much higher than that for neutron capture. 
Another point is that  a wide range of photon energy is used simply in one experiment. 
From the measured excitation function for the (7, n)  reaction the detailed balance theorem 
gives the corresponding excitation function for the neutron capture reaction. This paper 
reports on two astrophysically important radiative neutron capture reactions on light 
nuclei, capture by the 14C and the ’Li. 

2. EXPERIMENTAL METHOD 

The experiments were carried out at the National Superconducting Cyclotron Labo- 
ratory. Radioactive beams of 15C and ’Li a t  E/A=35 MeV and 40 MeV, respectively, 
were used. The detection system consisted of the NSCL 2m x 2m, position sensitive 
Neutron Walls (NW) [a] and the fragment detection system [ 3 ] .  The latter consisted 
of a silicon strip AE detector for Z identification and a set of plastic scintillator bars 
for E measurement with a bending magnet between the AE and the E detectors. The 
NW, which were a t  0" 5 m from the target determined neutron velocity by neutron flight 
time with respect to the fragment pulse. Pulse-shape discrimination was used to distin- 
guish neutron-induced pulses from those produced by gamma rays and cosmic rays [2J. 
By deflecting the fragments (by - 20’) the magnet reduced the background of neutrons 
reaching the NW. Coincidences of neutrons with the reacted fragments were collected and 
the decay energy of each event in the C.M. system was computed. We applied four gates: 
i) pulse-shape properties selected the neutrons, ii) a time-of-flight gate was set to reduce 
accidental and scattered neutrons, iii) a AE gate on the silicon detector was used to se- 
lect the desired Z,  and iv) isotope separation was carried out using the E-detector pulse 
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height. The details of the analysis are described in [4,5]. The yields of the dissociation 
were split into Coulomb and nuclear parts by using data from targets of C, Al, Cu, Sn, 
Pb. Applying the detailed balance theorem to the Coulomb part gave us the neutron 
capture cross sections. 

Table 1. I o4 
h 

e e, . i ture reaction. 

% Reference Reaction Rate - 10’ 
3 ~m~s- lmo1e- l  

c Descouvemont [6] 5,300 
2 
.- u Rauscher et al. [7] 4,500 

a’ lo2 

Reaction rates for the ’Li neutron cap- 

3 Bertulani [S] 2,200 
0.2 0.4 0.6 0.8 I 3 Zecher et al. [9] <7,200 

Temperature ( 10 K) Present experiment <790 

Figure 1. 
neutron capture. 

The reaction rates for the 14C 

3. REACTION RATES OF THE I4C(n, y) and ’Lz(n,  y) REACTIONS 

Neutron capture by 14C is important in 1-3 11, AGB stars when the (cr,n) reaction 
starts to  produce neutrons. Moreover, inhomogeneous BBN also involves this reaction. 
Since I4C has Oi spin-parity, an s-wave neutron capture cannot make an E l  transition 
to the 1/2+ ground state of the 15C. The process instead proceeds by p-wave capture, 
which gives the excitation function an El/’ dependence for low energies. The excitation 
function was calculated by Wiescher et a1 [lo] and by Descouvemont [6], and measurement 
of the cross section was a t  23 keV neutron energy [ll]. In our experiment we determined 
the neutron capture cross section up to 1.2 MeV. The results show a behavior somewhat 
similar to the theory. -4 maximum of 8 pb is reached at about 250 keV, and then it falls 
by a factor of two a t  1 MeV. The reaction rate is expressed in terms of the cross section 

by 

We evaluated this formula up to 1.2 MeV for temperatures Tg=0.1-5 and obtained the 
solid curve on figure 1 which follows the formula:. 

R,,y(T) = 2340T9/(1 + Tg/6.18)5/2. (2) 

The enclosing gray curves represent the limits due to the experimental uncertainties. The 
two dashed curves on the upper part are theoretical expectations [10,12]. The dashed line 
below our result is an extrapolation from the point measured by Beer et al .[ l l]  assuming 
the Ell2 behavior for the entire energy range. Our result gives a greater rate than was 
previously demonstrated in the helium burning region (Tg = 0.1 - 0.2) and in the BBN 
temperature range (around Tg M l), too. 



12c A. Horvath et al./Nuclear Physics A719 (2003) 9c-12c 

The other reaction that we measured using the inverse reaction is the ’Li neutron 
capture, which is important in inhomogeneous BBN. The A=8 mass gap can be bridged 
via the 7Li (n ,  y)’Li(a,  n) or 7Li(n,  y)’Li(n,  y ) g L i ( a ,  n)12B reaction chains. The cross 
section of the ’Li(n,  y) reaction determines (together with the neutron density) the flow 
’to ,4>8 isotopes and also whether a particles are effectively converted to ’Li or whether 
they remain available for further a-particle capture reactions through the decay sequence 
*Li(P)’Be(a)a. The flow also specifies the abundances of Li, Be, B, C. These abundance 
values are used to confine the parameter space for the inhomogeneous BBN calculations. 

The ’Lz(n,  y) is a pure s-wave capture, so the energy dependence follows the 1/v rule. 
In the experiment we determined an upper limit for the counts of yLi Coulomb breakup 
into neutron and ’Li [5]. But since the energy dependence is known: on,?(E) = kE-1/2 < 
ICmazE-’/’, executing the detailed balance and using the known virtual photon numbers 
the upper limit for the yield represents an upper limit for the constant k .  Since the reaction 
rate of the s-wave capture is temperature independent: Rn,?(T) = N ~ ( k E - l / * w )  = Cok < 
C0kmaz, the k,,, upper limit for k means a COkmaz upper limit for the reaction rate (Co 
is a constant). We found it is 790 ~ r n ~ s - ~ r n o l - l .  This limit is less then the calculations 
that have been published and less than the previous experimental upper limit as shown 
in t,able 1. 
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