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The neutron capture cross section of14C has been shown to be important for several neutron driven

nucleosynthesis scenarios. Due to the high neutron abundance it is expected that the14C(n,γ)

reaction competes strongly with other neutron-induced reactions on14C. The14C(n,γ) reaction is

also important to validate (n,γ) cross sections obtained via the inverse reaction by the Coulomb

breakup method. In principle,14C belongs to the few cases where this correspondence can be

validated in a convincingly clean way. So far, the example of14C is obscured, however, by

discrepancies between several experiments and theory. In this contribution we report on a re-

analysis of the direct measurements of the14C(n,γ) reaction presented on the last NIC conference

(Vancouver, 2004). The neutron energies used during the experiment ranged from 30 to 800 keV.

The earlier presented disagreement between the direct measurements and the Coulomb breakup

method has been resolved.
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Figure 1: Neutron spectra during the cyclic activations in arbitrary scaled units. The distribution in the left
panel can be approximated by a Maxwellian averaged distribution forkT=23.3 keV. The distributions in the
right panel are typical for a mono-energetic experiment with a wide energy uncertainty.

1. Introduction

Inhomogeneous big bang models [1] offer a possibility to bridge the mass gaps atA = 5 and 8
via the reaction sequence7Li(n,γ)8Li(α,n)11B(n,γ)12B(β−)12C [2, 3]. Subsequent neutron captures
on 12C and13C will then lead to the production of14C, which has a half-life of 5730±40 yr [4].
On the time scale of big bang nucleosynthesis14C can be considered as stable and further proton,
alpha, deuteron, and neutron capture reactions on14C will result in the production of heavier nuclei
(A > 20) [2]. Due to the high neutron abundance it is expected that the14C(n,γ)15C reaction
competes strongly with the other reactions. The14C(n,γ) reaction is also important to validate (n,γ)
cross sections obtained via the inverse reaction by the Coulomb breakup method (see e.g. [5], [6],
[7]). Other estimates are given in [8], [9].

14C is one of the few nuclei, where the (n,γ) reaction can be measured directly and compared
with results of Coulomb breakup experiments, in this case15C(γ,n)14C. Preliminary data have been
presented at the last Nuclei in the Cosmos Meeting [10]. In this article we present a re-analysis
of these data, which became necessary because of huge dead-time corrections in the Germanium
detectors used for determining the induced15C-activity. We present the data with the smallest
uncertainties.

2. Experiment

A first important step was the independent determination of the sample mass by a calorimet-
ric measurement of the decay heat. This measurement was carried out at the Tritium Labor of
Forschungszentrum Karlsruhe. The heat production was determined to be370 ± 4 µW, corre-
sponding to1.25 ± 0.01Ci or 0.282± 0.03g of 14C. This is more than a factor of 2 less than the
specified value, which had been adopted in the previous activation [11].

Neutrons of different energy distributions were produced by bombarding a metallic7Li target
with protons of different energies above the (p,n) threshold. The proton beam was provided by the
Karlsruhe 3.7 MV Van de Graaff accelerator. The different neutron energy distributions are shown
in Figure1. The corresponding neutron fluxes ranged between107 and109 cm−2s−1.
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The short half-life of15C of only 2.449± 0.005 s implied the use of the fast cyclic activa-
tion technique [12]. The induced activity during each cycle was detected via the characteristic
5.297 MeV line (intensityIγ = 0.68) in the15C decay using a HPGe detector with a relative effi-
ciency of 100%.

The detector efficiency was determined with a set of calibration sources and via the27Al(p,γ)28Si
reaction as described in Ref. [13]. The results are shown in Figure2. Simulations of theγ-ray ef-
ficiency using GEANT showed that the energy dependence is slightly different for the setup used
during the activation (6 mm distance) and during the27Al(p,γ)28Si experiment (50 cm). This effect
was considered in the analysis. The main difference to our previous analysis was the discovery
of a huge dead time effect during the experiment. Even though the detector was shielded from
the neutron production target to reduce radiation damage, enough neutrons reached the detector to
produce unstable germanium isotopes in the detector. The14C powder was previously used during
experiments with high-energy protons, which activated the thin nickel container. One of the reac-
tion products in the container is the long-lived44Ti, which decays to44Sc. During the decay of44Sc
a γ-ray of 1.15 MeV is emitted. We used the independently measured activity of44Sc to determine
the necessary dead time corrections of about a factor of 3.

Each cycle consisted of an activation time oftbeam= 10 s, theγ-ray detection timetdetector= 10 s
(during which the proton beam was switched off), and twice the time for moving the sample be-
tween detector and neutron production targettwait = 0.8 s. The sample was sandwiched between
two thin gold foils, allowing a measurement relative to the well known197Au(n,γ)198Au cross sec-
tion. At the end of each run the activity of the gold foils was determined via the 412 keVγ-ray
from the198Au decay (t1/2 = 2.7 d).

Figure 3 shows a typicalγ-ray spectrum taken during the experiment. Full energy, single
escape as well as double escape peaks of the 5.3 MeV line are clearly visible above the background.
In order to reduce systematic uncertainties, the time dependence of the15C decay during the 10 s
counting period, has been monitored. The decay curve is compared in Figure4 with a fit of a
constant background and the exponential decay law with 2.449 s half-life. Within the statistical
uncertainties the measured activity follows the expected time dependence.

3. Results

The results and a preliminary comparison with results from Coulomb-breakup experiments
are shown in Table1 and Figure5. The results of this measurement are not for mono-energetic
neutrons, but for a broad distribution of neutron energies. This holds true in particular for the
23.3 keV cross section measured, which is in fact a Maxwellian Averaged Cross Section (MACS)
at kT = 23.3 keV. The position of this point in Figure5 however is at 23.3 keV. A more realistic
comparison between the methods is done in Table1, which contains a comparison done by folding
the differential cross sections derived from the RIKEN data [7] (solid line in Figure5) with the
neutron spectra shown in Figure1.

The determining contributions to the uncertainty estimation come from counting statistics (2-
8%), theγ-ray detection efficiency (5%), and the determination of the neutron flux (2-10%). All
other uncertainties are smaller than 2%.

3



P
o
S
(
N
I
C
-
I
X
)
2
2
3

Neutron capture on14C

1000 3000 5000 7000
γ-RAY ENERGY (keV)

0

2.5

5
D

E
T

E
C

T
IO

N
 E

F
F

IC
IE

N
C

Y
 (

%
)

set of calibration sources
Al(p,γ), full energy

Figure 2: Theγ-ray efficiency of the HPGe detector used during the cyclic activation. The efficiency was
measured using calibration sources and the27Al(p,γ)28Si reaction. The red and blue solid curves correspond
to normalized efficiency simulations using GEANT with 50 cm and 6 mm distance between sample and
detector. The extrapolation from low to high energies is slightly smaller for the 6 mm case.
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Figure 3: Measuredγ-ray spectrum after 22 h of cyclic activation during the run corresponding to neutron
energies ofkT = 23.3 keV. Clearly visible above the background are the 3 peaks corresponding to the decay
of 15C at 5.3 MeV (full energy peak), 4.8 MeV (single escape peak), and 4.3 MeV (double escape). The
peak from the decay of44Sc at 1.15 MeV is also marked.
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Figure 4: Activity of the 5.297 MeV line from the decay of15C as a function of time. The solid line
corresponds to the half-life of15C. The first four points, which are below the fit, were take while the sample
was not yet in front of the detector and are not included in the actual fit.

Compared to the result of the previous activation withkT = 23.3 keV [11] we find agreement
only if if the new sample mass is taken into account and a similar dead-time problem like during our
experiment is assumed. The present values are in agreement with data from two Coulomb breakup
studies [6], [7]), while they disagree from a third study ([5]. A more comprehensive comparison
with the available data will be published in a separate paper.

Table 1: Cross sections of the14C(n,γ)15C reaction measured via activation technique. The last column
shows a preliminary comparison with the results from the Coulomb breakup method.

Energy cross section Uncertainty Ratio

(keV) (µb) (%) CD / Activation

23.3 (MACS) 7.1 7 1.01

150 10.7 11 1.05

500 17.0 9 1.01
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Figure 5: Comparison between this measurement and cross section estimates based on Coulomb dissocia-
tion experiments (CD) on15C. The results of this measurement are not for mono-energetic neutrons, hence
the quite large deviation at 23.3 keV.
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