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30
National Technical University of Athens, Greece

PHYSICAL REVIEW LETTERS 132, 122701 (2024)
Editors' Suggestion Featured in Physics

0031-9007=24=132(12)=122701(8) 122701-1 Published by the American Physical Society

https://orcid.org/0000-0003-4294-7510


31
School of Physics and Astronomy, University of Edinburgh, United Kingdom

32
Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany

33
University of Ioannina, Greece

34
Affiliated with an institute or an international laboratory covered by a cooperation agreement with CERN

35
Goethe University Frankfurt, Germany

36
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140Ceðn; γÞ is a key reaction for slow neutron-capture (s-process) nucleosynthesis due to being a
bottleneck in the reaction flow. For this reason, it was measured with high accuracy (uncertainty ≈5%) at
the n_TOF facility, with an unprecedented combination of a high purity sample and low neutron-sensitivity
detectors. The measured Maxwellian averaged cross section is up to 40% higher than previously accepted
values. Stellar model calculations indicate a reduction around 20% of the s-process contribution to the
Galactic cerium abundance and smaller sizeable differences for most of the heavier elements. No variations
are found in the nucleosynthesis from massive stars.

DOI: 10.1103/PhysRevLett.132.122701

Introduction.—In the Universe, roughly half of the
atomic nuclei heavier than iron are synthesized by the
slow (s) neutron-capture process [1,2]. The main compo-
nent of this process occurs in the interiors of low-
mass stars, during their asymptotic giant branch (AGB)
phase [3–6]. In this context, nuclei with closed neutron
shells play a crucial role due to their low neutron-capture
cross sections, which impact heavy element yields from
s-process enriched stars. In particular, the low neutron-
capture cross section of the neutron-magic nucleus 140

58
Ce

represents a bottleneck for the neutron-capture path. As a
consequence, its abundance is significantly higher when
compared to heavier nuclei. This is evident in the Solar
System abundance distribution, where the three peaks
corresponding to the neutron-magic numbers N ¼ 50,
82, and 126 are well pronounced. The 140Ceðn; γÞ reaction

represents the main destruction process of this element,
since 140Ce is the most abundant cerium isotope (89%). The
other stable isotope (142Ce) is almost bypassed by the s

process due to the presence of the unstable 141Ce (which
decays to 141Pr with t1=2 ¼ 32.5 d).
Among the neutron-magic nuclei, cerium is particularly

intriguing because of a significant discrepancy (as high
as 30%) between abundance predictions from nucleosyn-
thesis calculations and spectroscopic observations of
s-process enriched stars belonging to the Galactic globular
cluster M22 [7]. In contrast, an excellent agreement is
observed for the abundances of the nearby elements
belonging to the second s-process peak, i.e., Ba, La,
Nd, and Sm (Fig. 1), which makes it unlikely that the
cerium discrepancy could be ascribed to shortcomings in
the stellar models [7]. We note that the abundances are
derived from high resolution spectra, characterized by
extremely small observational errors [8].
A possible solution to this disagreement might be

ascribed to an overestimation of the 140Ce Maxwellian
averaged neutron-capture cross section (MACS) at
stellar temperatures, corresponding to kT values from
∼8 to ∼35 keV. The 140Ce MACS values available in
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the Karlsruhe Astrophysical Database of Nucleosynthesis
in Stars (KADoNiS) [9] strongly relied on the activation
measurement at kT ¼ 25 keV performed by Käppeler
et al. [10], who obtained a value of 12.0� 0.4 mb. The
values at lower and higher kT were extrapolated according
to statistical models based on Hauser-Feshbach theory.
Other activation measurements present in literature (see [9]
for more details) provide inconsistent values of the MACS
at kT ¼ 25 keV, ranging from 7.3� 4.0 to 13.9� 1.0 mb.
Note that the calculations presented in Fig. 1 were obtained
using KADoNiS v0.3.
The only 140Ceðn; γÞ cross section measurement per-

formed with the time-of-flight technique and a highly
enriched sample is from Harnhood et al. [11] in the energy
range between 10 and 100 keV and with a very coarse
binning (7 bins). Furthermore, this interval did not include
the first resonances, which provides a significant contri-
bution to the MACS for low kT. In particular the first
resonance at 2.5 keV contributes to about 18% of the
MACS for kT ¼ 5 keV. A time-of-flight measurement
in a wider energy range was performed by Musgrove
et al. [12], but with a natural cerium sample containing
11% of 142Ce and C6F6 detectors. These are well-known
for their high sensitivity to the neutron background;
therefore, these results can suffer of possible systematic
effects. Also the total cross section measurements reported
in the literature were often measured using natural

samples (e.g., [13]), with 142Ce providing a significant
contribution due to its much higher cross section and
affecting the measurement when resonance overlapped.
With the aim of clarifying the astrophysical discrepancies
and to provide new and high precision 140Ceðn; γÞ cross
section data in the energy range of interest for s-process
nucleosynthesis, the n_TOF Collaboration performed an
accurate neutron-capture measurement using a highly
enriched (99.4%) 140Ce sample and γ-ray detectors with
very low neutron background.
Measurement and analysis.—The cross section meas-

urement of the 140Ceðn; γÞ reaction was performed at the
neutron beam time-of-flight facility (n_TOF) at CERN,
characterized by a high energy resolution, a wide energy
range, and a high instantaneous [14] flux. Neutrons are
produced via spallation reactions by a pulsed (7 ns RMS)
proton beam of 20 GeV=c hitting a water-cooled lead
target. The measurement was carried out in the exper-
imental area EAR1, at a distance of 185 m from the
neutron source. The neutron beam of intensity 5.5 × 105

neutrons/pulse from thermal (25.3 meV) to about 1 GeV
is available at n_TOF with an energy resolution ΔEn=En

up to 10−4. This makes EAR1 extremely suitable for
high precision measurements where very narrow struc-
tures need to be resolved. The 140Ce sample was produced
at the Paul Scherrer Institut by sintering of CeO2 powder
(total mass 12.318 g) enclosed in a polyether ether
ketone case 1-mm thick, with a cylindrical shape and a
diameter of 2 cm. Total areal density of 140Ce was
1.291 × 10−2 atoms=barn. The large quantity of 140Ce
in combination with the extremely low presence of
contaminants (0.6% of 142Ce), allowed one to perform
a high precision 140Ceðn; γÞ cross section measurement up
to 65 keV.
The experimental setup for the detection of the prompt

γ-ray cascade emitted by the excited compound nucleus
consists of four liquid scintillators coupled to photo-
multipliers. The detectors were placed at 125o with
respect to the beam direction, in order to minimize the
sensitivity to the anisotropic γ-ray emission and to the
background produced by the in-beam γ rays scattered by
the sample [15]. The use of deuterated benzene (C6D6) as
scintillator material, and of carbon fiber for the detector
housing and the supports, minimizes the background
induced by scattered neutrons. The experimental setup
was complemented by a silicon neutron flux monitor
(referred to as SiMon detector [16]). Finally, a gold
sample was used to normalize the neutron-capture data
and to calibrate the flight-path length, exploiting the
197Auðn; γÞ reaction.
The well-established pulse height weighting technique

[17] was applied to extract the experimental yield as a
function of the neutron energy. The application of this
technique required detailed Monte Carlo simulations of the
detection system, performed using the simulation package

FIG. 1. Comparison between theoretical predictions and aver-
age observed abundances in s-process enhanced second-
generation stars of the globular cluster M22. The red squares
represent the average s-process overabundance with respect to
iron (we adopt the standard spectroscopic notation: f½A=B� ¼
log½NðAÞStar=NðAÞSun� − log½NðBÞStar=NðBÞSun�g. The solid and
the dashed lines show the results of the nucleosynthesis models
obtained by adopting the KADoNiS0.3 and the new n_TOF
140Ceðn; γÞ reaction rate, respectively. See Straniero et al. [7]
for more details.
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Geant4 [18]. The experimental yield is obtained by the
expression:

YexpðEnÞ ¼ N
CwðEnÞ − BwðEnÞ

εðEnÞϕðEnÞ
; ð1Þ

where Cw are the weighted counts and Bw the weighted
background. The other quantities depending on the neutron
energy are the neutron flux on the target, ϕ, and the cascade
detection efficiency εðEnÞ, that is proportional to the
excitation energy Sn þ En. Finally, N represents the nor-
malization factor, which includes geometrical quantities not
depending on En, such as the sample area and the beam
interception factor. The value of N was determined
by means of the saturated resonance at 4.9 eV in the Au
capture cross section [19].
The flight-path length was measured from the resonan-

ces of the 197Auðn; γÞ reaction below 2 keV, as provided by
the ENDF/B-VIII.0 library [20]. Because of the combina-
tion of the massive sample and the extremely low capture
cross section of 140Ce, the background is dominated by
scattered neutrons. This was initially deduced by compar-
ing the total yield in the valley between resonances with
that predicted by the JENDL-5 library [21] and a dummy
sample. Then, it was further verified by studying the effect
of black resonances using neutron absorbers. The back-
ground was estimated by a first order polynomial fit of the
experimental yield in the valleys between the 140Ce reso-
nances, where the background is about 3 orders of
magnitude higher compared to the 140Ce capture events.
The resonance analysis was performed using the

R-matrix code SAMMY. The n_TOF capture data were
combined with the transmission data set measured by
Guber and collaborators [22] in order to provide additional
constraints on the scattering width. In total, 81 of the 102
resonances in the library JENDL-5 below En ¼ 65 keV
were fitted. Above this value the resonances are very small
and the statistics is not sufficient to produce reliable fits.
Four resonances not included in the libraries were identi-
fied in the analyzed energy interval.
Adopting the Reich-Moore formalism, each resonance is

described in terms of the neutron energy En and of the two
reaction width. The most relevant quantity for the MACS is
the resonance strength, usually expressed in the form of the
capture kernel

K ¼ g
ΓγΓn

Γγ þ Γn

; ð2Þ

where g is the spin statistical factor and Γγ and Γn the
capture and scattering widths, respectively. The resonance
parameters are given in the Supplemental Material [23].
The simultaneous analysis of capture and transmission

data allowed for resonances with Γn ≫ Γγ to determine
the individual reaction width with high accuracy. For

resonances with Γn ∼ Γγ , the fitted parameters present a
strong (generally negative) correlation, allowing one to
determine only their capture kernels as defined in Eq. (2).
Nevertheless, these are the relevant quantities needed to
calculate the MACS. In addition to the kernel determina-
tion, the shape of the absorption dips in the transmission
data allowed to confirm the spin-parity assignments in the
JENDL-5 library. This is particularly effective for the
parity, which produces a strongly asymmetrical (þ) or
nearly symmetrical (−) structure, whilst the shape is less
dependent on the spin. The three possible spin-parity
hypotheses (namely 1=2þ, 1=2−, and 3=2−) were evaluated
on the basis of the χ2=NDF (where NDF indicates the
number of degrees of freedom) between the transmission
data and the resulting SAMMY fit. This allowed us to assign
the parity of 17 resonances; in three of them the parity
assignment was modified. As an example, Fig. 2 shows the
transmission data together with the fit calculated for the
first resonance, reported as 1=2þ in the nuclear libraries and
modified into 1=2− in this work.
For the resonances not fitted in this work, the energy

and Γn of JENDL-5 were adopted, using the average Γγ

derived from the basis of the n_TOF data (52, 42, and
51 meV for spin 1=2þ, 1=2−, and 3=2−, respectively). To
meet the experimental thermal cross section value
(510� 20 mb [24]) and produce the usual 1=v behavior
of the cross section, a s-wave direct radiative capture
process was invoked. The alternative approach of adding
a contribution from a negative resonance was also tested,
providing the same results. In both cases this contribution
was small for all kT relevant for the nucleosynthesis
(always below 4% of the total MACS).
The n_TOF MACS values were then obtained using the

experimentally derived capture kernels for all resonances,
complemented by JENDL-5 library up to 200 keV.
Above 200 keV, the nonresonant contribution from the
evaluated nuclear data library JENDL-5 has been adopted.

FIG. 2. Fit of the transmission data [22] with the three different
spin parities. The resulting χ2=NDF for the 1=2þ, 1=2−, and 3=2−

are, respectively, 16.8, 1.6, and 3.8.
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Figure 3 shows that for lower kT, the MACS from
KADoNiS show large differences relative to the n_TOF
data as high as 40% for kT ¼ 5 keV and 20% at
kT ¼ 10 keV. The n_TOF MACS and the contribution
of the resonances below 65 keV are reported in Table I,
together with the ratio n_TOF/KADoNiS0.3. Note that
below 30 keV the contribution provided by the resonances
studied in this work is always higher than 80%.
The systematic uncertainty on the MACS is dominated

by those on the neutron flux in the keV energy region
(2%–5%), on the pulse height weighting technique (2%)
and on the flux normalization (1%).
Astrophysical impact.—The effects induced by the new

measured MACS on the Galactic chemical evolution of
cerium was explored by means of stellar models of low-
mass AGB stars computed with the FUNS code [4,26,27].
The nuclear network adopted in FUNS includes all isotopes
of interest to s-process nucleosynthesis (from hydrogen to
lead, at the termination point of the s process). Moreover, it
is directly coupled to the physical evolution of the stellar

structure. The most recent improvements made to the FUNS

code are illustrated in [28–30].
The new MACS values lead, in general, to a lower

cerium production in AGB stars; see Fig. 4, showing the
percentage variations of heavy-isotope mass fractions for
the model computed with the new MACS as compared to
the reference model using KADoNiS0.3. Two models with
mass equal to 2M⊙ and metallicities representative of the
Galactic disk and halo AGB stars were considered. Both
models predict a significantly smaller 140Ce production,
on average, by 20%. This has important consequences on
the Galactic chemical evolution of cerium, for which an
s-process contribution of about 85% to the Solar System
budget was previously estimated [31]. In particular, we
expect to possibly increasing its rapid (r) process compo-
nent to ∼30%: a more precise estimate will be determined
when Galactic chemical evolutionary models, including a
full set of AGB models with the new neutron capture cross
section, are computed. Our result is also relevant in relation
to comparison to the currently expanding number of
available cerium data from spectra of Ba stars [32] and
more metal-poor disk and halo stars [33]. More impor-
tantly, our new measurement will help in interpreting data
provided by large spectroscopic surveys such as the GSP-
Spec of Gaia DR3 (see, e.g., [34]), APOGEE DR17 [35],
and GALAH DR3 [36]. As a matter of fact, the presence of
systematic differences (in particular different reference
scales) does not provide strong constraints on the chemical
evolution of cerium. For this reason, theoretical studies
aiming at reproducing the evolution of cerium abundance
along the stellar disk (and thus over the temporal evolution

FIG. 3. Top: MACS calculated by n_TOF compared with the
values available in KADoNiS0.3 and the MACS calculated on the
basis of JENDL-5 library. Bottom: ratio n_TOF/KADoNiS0.3
and n_TOF/JENDL-5. The values of KADoNiS0.3 have been
scaled by a factor 1.0785, corresponding to the recent increase in
the standard 197Auðn; γÞ cross section [25].

TABLE I. n_TOF MACS for temperatures [5,100] keV and
contribution of the fitted resonance. The last column reports the
ratio between n_TOF and KADoNiS0.3.

T (keV) n_TOF (mb) n_TOF res. n_TOF/KADoNiS0.3

5 34.37(0.24) 96.7% 1.39(0.01)
8 28.18(0.24) 96.7% � � �
10 25.26(0.25) 96.5% 1.2(0.01)
15 20.24(0.27) 94.6% 1.17(0.02)
20 17.04(0.29) 90.7% 1.17(0.02)
23 15.61(0.32) 87.7% � � �
25 14.8(0.34) 85.6% 1.14(0.03)
30 13.15(0.39) 80.2% 1.11(0.05)
35 11.88(0.45) 74.7% � � �
40 10.88(0.5) 69.5% 1.06(0.05)
45 10.1(0.55) 64.5% � � �
50 9.47(0.59) 59.7% 1.01(0.06)
55 8.97(0.62) 55.2% � � �
60 8.55(0.66) 51.1% 0.98(0.08)
70 7.92(0.72) 43.9% � � �
80 7.47(0.76) 37.9% 0.96(0.10)
90 7.15(0.81) 32.7% � � �
100 6.91(0.84) 28.5% 0.97(0.10)
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of the Milky Way) are essential to validate observed trends,
possibly stressing the presence of potential observational
biases. Another interesting feature emerging from Fig. 4 is
the increased production of isotopes heavier than 140Ce.
This fact clearly derives from the fact that 140Ce is a
bottleneck for the production of heavier nuclei. As a result,
the higher 140Ce MACS translates into an enhanced neutron
flux through the following (heavier) isotopes. This behav-
ior is most evident in the bottom plot of Fig. 4, where two
separate distributions are present above A ¼ 140, while in
the high-metallicity model, the p-only are blended with the
other isotopes. Negligible variations are found for lighter
nuclei. We also evaluated the effects induced by the new
MACS values on the cerium production in fast-rotating
massive stars at low metallicity [37,38] by using Nu-Grid
simulations [39]. We did not find sizable differences from
these calculations because the old and new MACS values
well agree at energies relevant for these stars.

Finally, we analyzed the problem connected to the
cerium abundance measured in globular clusters. The
dashed curve in Fig. 1 marks the calculated chemical
distribution obtained with the new 140Ce MACS values.
As expected, we found a slight worsening (by a few
percent) of the comparison between theory and observa-
tions. As a consequence, the present data allow one to
unambiguously rule out the 140Ceðn; γÞ cross section as the
origin of this discrepancy. It is hard to hypothesize the
presence of observational biases explaining such a differ-
ence, since the abundance pattern shown in Fig. 1 results
from a differential analysis of several stars with similar
parameters. Additionally, lines of neighboring elements
(as La or Nd) form under similar conditions and respond
similarly to changes in the adopted model atmosphere.
Moreover, the Ce II lines used to derive the abundances in
metal-poor stars are unsaturated and corresponding atomic
data are known to high precision. A fascinating, but rather
uncertain, alternative hypothesis may be ascribed to the
intervention of the so-called intermediate neutron capture
process (i process [40]), in which unstable isotopes far from
the β stability valley may be produced. In this case, a larger
production of 140Ba (potentially caused by a lower neutron
capture cross section) may lead to an increase of the 140Ce
surface abundance (and eventually explain the low Pb
abundances measured in these stars; see, e.g., [41]). The
neutron capture of the 140Ba has never been measured and,
thus, is extremely uncertain. Although very challenging,
a measurement of this cross section would be of outmost
importance, and we are currently investigating this pos-
sibility at n_TOF.
Conclusions.—By combining the high resolution of

the n_TOF facility and a highly enriched sample, the
140Ceðn; γÞ cross section was measured for the first time
with high accuracy in the energy range of interest for the
s-process nucleosynthesis. The new data highlighted high
discrepancies with respect to main nuclear data libraries,
providing a fundamental contribution to improve the
knowledge of this cross section. The MACS calculated
on the basis on the n_TOF data is larger than that provided
by the astrophysics repository KADoNiS at low kT, leading
to a reduction in the cerium abundance predicted by
the FUNS stellar model, regardless of the star metallicity.
This measurement will help in identifying potential obser-
vational biases in current Galactic disk surveys. The high
cerium abundance in globular clusters remains a mystery.
A possible solution comes from the intermediate neutron
capture process, but it requires additional theoretical work
and the measurement of the neutron capture cross section of
the unstable 140Ba, which are outside the scope of this work.

The cerium oxide material for this measurement has
been provided by Professor T. Katabuchi of the Tokyo
Institute of Technology. The authors thank M. Pignatari
for massive star calculations and useful discussions.

FIG. 4. Percentage differences between models computed with
the new 140Ce MACS and the KADoNiS0.3 one. Computed models
are representative of disk (upper panel) and halo (lower panel)
AGB stars. As expected, the abundance of the stable p-only
nuclei is unchanged. We adopted the iron abundance relative to
hydrogen, [Fe=H], as a tracer of stellar metallicity.
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