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Experimental determination of the 41Ca(n,α)38Ar reaction cross section up to 80 keV,
and calculation of the Maxwellian averaged cross section at stellar temperatures
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The 41Ca(n,α)38Ar reaction cross section was studied at the linear accelerator GELINA of the Institute for
Reference Materials and Measurements in Geel (Belgium) and was determined up to a neutron energy of about
80 keV using the time-of-flight technique. In this energy region, 15 resonances were observed, whereas none
were identified before. For some of them, resonance parameters such as resonance energy, total width, area, and
spin could be determined. From the obtained cross-section data, Maxwellian averaged cross sections have been
calculated at various stellar temperatures for further use in stellar models.

DOI: 10.1103/PhysRevC.85.015803 PACS number(s): 25.40.Fq, 27.40.+z, 97.10.Cv

I. INTRODUCTION

41Ca is a long-lived nucleus (half-life about 0.1 Myr)
produced via neutron capture on 40Ca in AGB stars. The
neutrons originate from the 22Ne(α,n)25Mg reaction, which
activates at about 300 MK [1]. The predominant destruction
process is the 41Ca(n,α)38Ar reaction, thus a good knowledge
of its Maxwellian averaged cross section (MACS) at about
300 MK (25 keV) is essential for the calculation of the 41Ca
production balance.

The 41Ca(n,α) reaction is also important to answer the
question about the origin of 36S, an isotope believed to be
synthesized during the s process and in particular during the
weak s process. Calculations by Beer and Penzhorn [2] adopted
a phenomenological approach in the so-called classical model.
More recently, Schatz et al. [3] and Reifarth et al. [4] performed
network calculations on the basis of increasingly realistic
stellar models of massive stars for describing the weak s

process. Here the s process occurs in two steps: core He
burning at kT = 25 keV and shell C burning at kT = 90 keV.
Both references [3,4] include a sensitivity analysis of the
most relevant cross sections in the network, demonstrating
the importance of the 41Ca(n,α)38Ar reaction. This is also
illustrated in Fig. 1, which shows the s process nucleosynthesis
network in the mass region between 28 � A � 42. It can be
seen that the reaction 41Ca(n,α)38Ar reaction recycles to 36S
via the reaction chain 41Ca(n,α)38Ar(n,γ )39Ar(n,α)36S.

The 39Ar(n,α)36S channel is included in the stellar models
and the 41Ca(n,α)38Ar reaction is considered as the most
important neutron-induced reaction on 41Ca in the temperature
range of the weak s process. Already in 1978 Woosley et al. [5]
predicted that the 41Ca(n,α) reaction strongly dominates
over the 41Ca(n,γ ) reaction in the neutron resonance region.
As a consequence, the Maxwellian averaged cross section
(MACS) at stellar temperatures of importance for s-process
nucleosynthesis in stars will be larger for the 41Ca(n,α)
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reaction than for 41Ca(n,γ ). This will cause a branching in
the nucleosynthesis path. To verify theoretical MACS values
(e.g., calculated by Goriely et al. [6] and Rauscher et al. [7]),
a dedicated measurement of the 41Ca(n,α)38Ar reaction cross
section as a function of the neutron energy was performed
from a few eV up to about 80 keV. Partial results have already
been reported in [8–10].

II. EXPERIMENTAL SETUP AND DATA REDUCTION

A. Experimental setup

The 41Ca(n,α)38Ar reaction was studied at the GELINA
neutron time-of-flight facility of the Institute for Reference
Materials and Measurements (IRMM) in Geel (Belgium).
The linear accelerator produces a pulsed electron beam. The
high-energy electrons hit a cooled and rotating uranium target,
in which they are slowed down and generate Bremsstrahlung
γ rays. The neutrons are then produced via (γ ,n) and (γ ,f )
reactions. To increase the number of slow neutrons, two
water-filled beryllium moderators are placed above and below
the uranium target. The resulting neutron energy distribution
can be characterized by a Maxwellian distribution at thermal
energy and a high energy tail with approximately a 1/E shape.
The neutron energy spectrum ranges from a few meV up
to a few MeV. The time-of-flight method (TOF) is applied
to determine the energy of the interacting neutrons. More
detailed information about the GELINA facility can be found
in Refs. [11,12].

Two different measurement campaigns were performed to
define the reaction cross section. One at a 8.5-m-long flight
path and a second one at a 30-m-long flight path to improve
the energy resolution and to extend the energy range.

The accelerator was operated at a repetition frequency of
800 Hz, and the electron bursts had a width of 1 ns. To remove
neutrons from previous bursts, a cadmium overlap filter at
8.5 m and a boron overlap filter at 30 m were permanently
used in the neutron beam. The time-dependent background
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FIG. 1. s-process synthesis path in the mass region 28 � A � 42.

was determined in a separate measurement by putting black
resonance filters such as Au, Co, Mn, Rh, W, and Al in the
neutron beam. The thickness of each filter is chosen in such a
way that all neutrons with the energy of (at least one) strong
resonance are absorbed, so the measured counting rate at that
energy is because of background.

For the detection of the α particles, a Frisch gridded
ionization chamber filled with ultrapure methane as detector
gas was used, leading to a 2π detection geometry.

For neutron-induced charged particle reactions on 41Ca,
both (n,p) and (n,α) reactions are possible, as shown in the
level scheme (Fig. 2). The presence of (n,α0), (n,α1), (n,γα),
and (n,p) transitions was clearly demonstrated with thermal
neutrons by Wagemans et al. [13]. However, the settings of
the ionization chamber were adjusted to detect only the α

particles. Figure 3 shows the anode spectrum, measured at
the 8.5-m-long flight path, for the four biggest resonances
appearing in the TOF spectrum, showing the intervals where
the α0, α1, and γα particles occur.

The signals from the anode and cathode were amplified and
sent to an analog-to-digital converter (ADC). A third signal
was sent from the amplifier on the cathode side to a timing
single channel analyzer (TSCA). If this signal lies between
some predefined levels, a fast logic signal tn is sent to a time
coder (TC) and serves as a stop signal. The start signal t0
is generated by the linear accelerator and is sent to the time
coder just before the electrons impinge on the uranium target.
The TC measures the time difference between tn and t0 for
each event and converts it into a TOF channel number. At this
point, both ADC and TOF channel numbers are handled by the
LABVIEW-based data acquisition system 2000-DAQ developed
at the IRMM [14] and are stored on a PC for off-line analysis.

Two different 41Ca samples were used for the measure-
ments, both prepared at the IRMM by suspension spraying in

methanol on an aluminum foil. Details about the two samples
can be found in Table I. The number of 41Ca atoms in the
samples was obtained after a careful new measurement of the
3.6-keV KX rays emitted by 41Ca after electron conversion,
using a dedicated detector [15]. The uncertainty is mainly
because of the uncertainty on the 41Ca half-life, for which
a value of (1.02 ± 0.07) × 105 year is adopted [16]. The
CaF2 sample has the higher enrichment in 41Ca; moreover, α

particles lose less energy in CaF2 than in CaCO3, resulting in
a better energy resolution. A perfect separation of the α0 and
α1 particles is only possible with the CaF2 sample, as shown
in Fig. 2. Unfortunately, the CaF2 sample contains about 10
times less atoms than the CaCO3 sample. Therefore this sample
could not be used at the 30-m-long flight path, because there
the counting rate is about 10 times lower than at 8.5 m. For the
neutron flux determination a 10B layer was used, containing
(8.51 ± 0.43) × 1019 atoms for the measurement at 30 m, and
(7.17 ± 0.13) × 1019 atoms for the 8.5-m measurement.

B. Data reduction

The total observed counting rate YCa(En) for the 41Ca(n,α)
reaction as a function of the neutron energy is

YCa(En) = εCaNCaσCa(En)ϕ(En) + Y BG
Ca (En),

where εCa is the detector efficiency and NCa the number of
atoms in the 41Ca sample used. σCa(En) is the differential
neutron-induced cross section to be determined and ϕ(En)
represents the neutron flux. The time-dependent background
Y BG

Ca was determined as a function of the time-of-flight t by
fitting a function,

Y BG
Ca (t) = atb + c,
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FIG. 2. Level scheme for the 41Ca(n,pi)41K and 41Ca(n,αi)38Ar reactions. The energies are in MeV.

through the counting rates in the black resonance regions.
Then, the background was subtracted from the counting rate
YCa(t) after normalization to the same integrated neutron flux.
An identical relation for the flux counting rate, in our case
the 10B(n,α) counting rate, is adopted and dividing them
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FIG. 3. (Color online) Anode spectrum, measured at the 8.5-m-
long flight path, for the four biggest resonances appearing in the
TOF spectrum. The intervals where the different α particles occur are
represented with a different color.

gives

σCa(En) = εB

εCa

YCa(En) − Y BG
Ca (En)NB

YB(En) − Y BG
B (En)NCa

σB(En).

Because the 41Ca(n,α) reaction and the 10B(n,α) reaction
have been measured in the same experimental conditions,
εB/εCa = 1 (detection geometry equals 2π ). The known
10B(n,α) reference cross section σB(En) is taken from the
ENDF/B-VII database [17].

III. RESULTS

A. Cross section

The data have been analyzed using AGS, a computer code
for data analysis and uncertainty propagation in time-of-flight
cross-section data, which was developed at IRMM [18,19].
It takes into account the different sources of uncertainty
and takes care of the uncertainty propagation during the

TABLE I. Characteristics of the 41Ca samples used.

Flight Material Enrichment (%) Effective Number
path area (cm2) of atoms

8.5 m CaF2 81.69 6 × 5 (3.23 ± 0.32) × 1017

30 m CaCo3 63.38 6 × 5 (4.08 ± 0.40) × 1018
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data reduction steps, producing an experimental covariance
matrix. The sources of uncertainties that influence the accuracy
of the data can be divided in three categories: statistical
uncertainties, overall normalization uncertainties, and neutron
energy-dependent systematic uncertainties. Statistical uncer-
tainties are depending on the cross sections of the measured
reactions, and, as a consequence, strongly vary with neutron
energy. In the analysis, the statistical uncertainties for the 41Ca
and 10B measurements have been taken into account. The
overall normalization uncertainty of the data is determined
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FIG. 4. (Color online) 41Ca(n,α) cross section between 3- and
80-keV neutron energy. The red line shows the results of the
measurement at a 30-m-long flight path; the blue curves are the data
measured at a 8.5-m-long flight path.

by the uncertainties on the number of atoms in the 41Ca
and 10B samples used. Apart from the uncertainty on the
overall normalization of the data, there is the uncertainty
on the correction for the time-dependent background which
consequently depends on the neutron energy.

Figure 4 shows the 41Ca(n,α)38Ar cross section for both
measurements. From the measurement at 30 m, results are
obtained from 3 to 80 keV, while the 8.5-m measurement gives
results from 600 to 40 keV. This figure clearly demonstrates
that the energy resolution of the measurement at a 30-m-long
flight path is better than for the results obtained at 8.5 m.
The double resonance around 19 keV shows now two well-
separated resonances, which can be fitted separately.

The 41Ca(n,α)38Ar cross-section data obtained in this work
are available in the Experimental Nuclear Reaction Data
(EXFOR) data base of the Nuclear Energy Agency in Paris.

B. Resonance analysis

1. Fitting procedure

The broadening of resonances from the experimental
resolution has a strong influence on the accuracy of the fitted
resonances. Contributions to the experimental resolution are
for example, the Doppler broadening, time resolution of the
detector, and the time distribution of the neutron source. In first
approximation this resolution can be expressed as a Gaussian
function.

For the first measurement at a 8.5-m-long flight path, this
was done by using the Voigt expression. A Voigt shape is a
convolution of a Gauss and a Breit-Wigner function, where the
Gaussian contribution represents the experimental broadening,
and the Breit-Wigner part represents the natural line width.

The parameters that could be obtained from the Voigt fits
are the resonance energy Eres and the area of the resonance
Ares. Furthermore, values for the total width � are obtained,
however, with large uncertainties. For each resonance, all these

TABLE II. Resonance parameters obtained from the Voigt fits for
the measurement at the 8.5-m-long flight path.

Energy (eV) Area (b.eV) � (eV)

1090 ± 70 30 ± 15
4490 ± 10 3400 ± 300 40 ± 20
6170 ± 60 11350 ± 950 260 ± 26
9725 ± 75 170 ± 60 125 ± 100
14725 ± 75 2500 ± 300 175 ± 140
18450 ± 300a – –
19430 ± 150 5800 ± 600 420 ± 100
23080 ± 200 400 ± 150 600 ± 200
26100 ± 800b

29700 ± 700 250 ± 100 1250 ± 1000
33700 ± 700 550 ± 220 1000 ± 600
38850 ± 1200 900 ± 300 2000 ± 1200

aThe resonance at 19.43 keV is a double resonance with a first level
at 18.45 keV.
bToo low counting statistics, so the area has not been fitted.
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FIG. 5. (Color online) Voigt fits to the 41Ca(n,α) cross-section
data for some resonances, measured at the 8.5-m-long flight path.

values are listed in Table II. The resulting Voigt fits are shown
in Fig. 5 for the resonances at 4.49 and 6.17 keV.

For the 30-m data, a different analysis method was chosen.
In this case the resonance shape analysis code SAMMY [20],
which is based on the Reich-Moore approximation of the
R- matrix theory, was employed. SAMMY code can account
accurately for the various components of the experimental
resolution. The total width �, can be reliably determined from
the experimental data, if the natural line width is of similar
magnitude as the experimental broadening. Figure 6 shows
the extracted total width (natural plus experimental) of the
resonances, in comparison to the experimental resolution level
(dashed line). Therefore it can be concluded that a resonance
shape analysis is only feasible for the case of the first two res-
onances (the resonance at about 40 keV has too low statistics).
For all other resonances only the area can be deduced.

Furthermore the resonance strength ωα can be calculated
from the resonance area using the formula,

ωα = k2
res

2π2
Ares,
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FIG. 6. The total broadened width for the most prominent
resonances. The dashed line represents the experimental broadening.

with

k2
res

[
1

b

]
= 4.826 × 10−6Eres(eV)

Ref. [21]. All these results are listed in the left part of Table III.
Figure 7 shows the fits performed with SAMMY for the first
two resonances at 4.5 and 6.2 keV, for which also � could be
determined, as well as the fits for two resonances at higher
energies, namely 19.5 and 56.5 keV.

2. Spin assignment

The spin assignments mentioned here are done based on
the measurement at the 8.5-m-long flight path, where the thin
41Ca sample could be used. s-wave (l = 0) neutrons impinging
on 41Ca, ground state Iπ = 7/2−, will populate the Jπ = 3−
and Jπ = 4− states of the compound nucleus 42Ca, whereas
p-wave (l = 1) neutrons can populate states from Jπ = 2+
through Jπ = 5+. The formed states decay to the ground

TABLE III. (Left part) Resonance parameters obtained with SAMMY for the measurement at the 30-m-long flight path. (Right part) �n/�p

values for the resonances observed in this work which correspond to resonances observed by Meijer and Van Gasteren [22].

Energy (eV) � (eV) Area (b.eV) ωα (eV) ωp (eV) [20] �n

�p

4500 ± 2 36 ± 4 3573 ± 165 3.93 ± 0.18 7.4 8.50 ± 0.39
6183 ± 5 245 ± 13 11709 ± 367 17.70 ± 0.56 – –
9753 ± 65 – 170 ± 125 0.41 ± 0.30 9.2 0.71 ± 0.52
14730 ± 14 – 2898 ± 328 10.44 ± 1.18 – –
18363 ± 74 – 523 ± 235 2.35 ± 1.06 – –
19467 ± 15 – 5906 ± 389 28.11 ± 1.85 1.6 281.1 ± 18.49
23011 ± 92 – 224 ± 129 1.26 ± 0.73 2.8 7.2 ± 4.14
26408 ± 119 – 184 ± 113 1.19 ± 0.73 – –
29659 ± 144 – 185 ± 98 1.34 ± 0.71 7.1 3.02 ± 1.60
33676 ± 135 – 664 ± 263 5.47 ± 2.17 5.7 15.35 ± 6.08
38941 ± 301 – 1211 ± 497 11.53 ± 4.73 2.9 63.61 ± 26.09
42598 ± 237 – 264 ± 154 2.74 ± 1.60 1.1 39.85 ± 23.30
50028 ± 297 – 299 ± 156 3.66 ± 1.91 6.9 8.49 ± 4.42
56444 ± 241 – 1177 ± 366 16.24 ± 5.05 – –
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(Jπ = 0+) or first excited state (Jπ = 2+) of 38Ar by emitting
α0 or α1 particles, respectively. The smallest allowed angular
momenta of the emitted α particles are tabulated in Table IV.

Wagemans et al. [13] measured the 41Ca(nth,αi) reaction
cross section with thermal neutrons at the ILL in Grenoble.
This thermal cross section is the sum of the tails of all s-wave
resonances. From the fitted total natural line width and from
the fitted area, the contribution from each resonance to the
thermal cross section can be calculated with the formula:

σ (Eth) = 1

2π
√

Eth

�resAres

E
2/2
res

.

If this calculated value is higher than the measured thermal
cross section, the resonance is taken as a p wave. On the basis
of this calculation it is concluded that only the resonances
around 1.1 and 10 keV may be s wave. Although the natural
line width could not be determined for the resonance at 1.1 keV,
it can be deduced from the resonance area that its thermal
contribution in case of an s wave will not exceed the measured
thermal cross section. The pulse height spectra (anode and
cathode) for the resonance at 1.1 keV reveal that only α1

particles are observed, so this is a transition only to the first

excited state of 38Ar. Taking into account the spin assignments
for s-wave neutrons, the only possibility is that this resonance
corresponds to a 4− state of 42Ca. On the contrary, the 10-keV
resonance consists of (n,α0) as well as (n,α1) transitions. With
the help of Table IV, it is concluded that the 10-keV resonance
is a 3− state in 42Ca. All the other resonances are considered to
be p wave. Because (n,α0) and (n,α1) transitions are observed
in all of them, these resonances are most probable 2+ states as
3+ and 5+ states are ruled out by parity constraints and the 4+
state is less probable because the higher orbital momentum of
the α particle reduces the penetrability through the centrifugal
barrier.

3. Determination of the partial level widths

The only additional information on 42Ca compound levels
in the covered energy range was obtained in a proton-induced
reaction on 41K by Meijer and Van Gasteren [22]. They
reported a list of ωp = (2J + 1)�p�α0/� values for the
measured 41K(p,α0)38Ar reaction. The �P value from their
work corresponds with p0 decay in the case of neutron-induced
reactions on 41Ca. In the case of a neutron-induced reaction on
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TABLE IV. Smallest allowed angular momenta of the emitted
α particles from the formed compound nucleus 42Ca in the case of
impinging s- or p-wave neutrons.

J π38Ar J π42Ca compound nucleus

s wave p wave

3− 4− 2+ 3+ 4+ 5+

0+ (α0) 3 p.f. 2 p.f. 4 p.f.
2+ (α1) 1 3 0 2 2 4

41Ca only p0 and p1 decay to 41K is possible (see Fig. 2), so
�p = �po + �p1. However, the probability that the p1 particles
penetrate the Coulomb barrier is very low because their energy
is only 0.21 MeV. Therefore, it can be assumed that �p =�p0 in
a neutron-induced measurement. Consequently, the �p from
the measurement of Meijer and Van Gasteren [22] is equal
to the �p from this work. By dividing the fitted resonance
strength ωα obtained in this work (ωα = g�n�α/� with g

= (2J + 1)/16), by the reported ωp value of Meijer and Van
Gasteren, a value for �n/�p is obtained. The values for �n/�p

for the resonances obtained in this work which correspond
to resonances observed by Meijer and Van Gasteren [22] are
listed in Table III.

The partial widths may be calculated through combining the
expressions for ωp and ωα mentioned above, and the expression
for the total width � = �n + �γ + �p + �α . Five parameters
(J , �n, �γ , �p, and �α) have to be fixed with only three
equations at our disposal. This means that it is not possible
to solve this system of equations unambiguously. For this
reason no partial level widths could be determined. Additional
measurements leading to the same compound nucleus 42Ca are
necessary to determine the partial widths.

IV. ASTROPHYSICAL IMPLICATIONS

A. Determination of the MACS

Numerical integration of the obtained (n,α) cross-section
data of the two measurements using

〈σ 〉 = 2√
π

1

(kT)2

∫ +∞

0
σ (Eμ)Eμe− Eμ

kT dEμ,

with Eμ the center-of-mass neutron energy, leads to the
41Ca(n,α) MACS values.

In this work, the (n,α) cross section determination reached
an energy Ef ≈ 45 keV for the measurement at 8.5 m and
80 keV for the measurement at 30 m, which means that the
integration upper limit of +∞ in the previous formula is
replaced by 45 and 80 keV, respectively.

Figure 8 shows the MACS values calculated this way, with
the data obtained from the measurement at 8.5 m in blue and
the 30-m data in red. Both results are in perfect agreement up to
about 20 keV; above this value, the 30-m results are somewhat
higher. This is in accordance with expectations, because a
resonance at an energy Eres has its maximum contribution to
the MACS at kT = Eres/2. This means that, if the cross section
is known up to an energy Ef , MACS values above Ef /2 are

FIG. 8. (Color online) The 41Ca(n,α)38Ar MACS values obtained
by numerical integration of the obtained cross-section data. A
comparison is made with theoretical values.

mainly originating from resonances at energies higher than Ef .
Therefore, the calculated MACS values should be regarded
as lower limits above Ef /2, that is, above 22 keV for the
measurement at 8.5 m and above 40 keV for the measurement
at 30 m.

In Fig. 8 a comparison is also made between the exper-
imental values obtained in our two measurements and the
theoretical values from the MOST [6] and NON-SMOKER [7]
codes. Furthermore, in Table V numerical MACS values are
given for a series of relevant thermal energies. From these data
it is clear that the MACS values at lower energies obtained in
this work are larger than both theoretical values. At 25 and
30 keV, however, the MOST values perfectly agree with our
experimental result obtained at 30 m.

The MACS values up to 30 keV calculated from our
experimental data can be used in stellar model calculations
to calculate the 41Ca production balance and to trace the
origin of 36S. In the latter case, for s-process calculations in
massive stars, we only obtained a lower limit for the MACS at
kT = 90 keV.

TABLE V. Numerical MACS values for a series of relevant
thermal energies.

kT (keV) This work (b) MOST (b) NON-SMOKER (b)

5 1.46 1.06 –
8 1.08 0.74 –
10 0.90 0.62 0.32
15 0.61 0.45 0.26
20 0.45 0.36 0.22
23 0.39 0.33 0.20
25 0.35 0.31 0.19
30 0.28 0.28 0.17
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V. CONCLUSION

In the present work the 41Ca(n,α)38Ar reaction cross section
was determined from a few eV up to approximately 80 keV.
Fifteen resonances were identified. For each of them the reso-
nance position and the area have been determined. For two of

them the total level width could be obtained. Additionally, for
some resonances the spin could be determined. The calculated
MACS values can be used in stellar model calculations to
trace the origin of 36S and to calculate the 41Ca production
balance.
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