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Measurement of the 3C(a, ng)'® O differential cross section from 0.8 to 6.5 MeV

I
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The cross section of the **C(a, 10)'®0 reaction is needed for nuclear astrophysics and applications to a
precision of 10% or better. Yet inconsistencies among 50 years of experimental studies currently lead to
an uncertainty of ~15%. Using a tate-of-the-art neutron detector array, we have performed a high
resolution differential cross section study covering a broad energy range. These measurements result in a
dramatic improvement in the extrapolation of the cross section to stellar energies potentially reducing
the uncertainty to 5% and resolving long standing discrepancies in higher energy data.

I. INTRODUCTION

The '3C(a,n0)'®O reaction, or its time reverse
160 (n, ap)!3C reaction, is an important quantity for
many different aspects and applications in nuclear
physics. Namely in the field of nuclear astrophysics, the
low-energy cross section of the 13C(a, n)'%0 reaction de-
termines the neutron production in a variety of stellar
environments and is therefore a critical parameter for
modeling the chemical evolution of our universe.

In Asymptotic Giant Branch (AGB) stars, the mix-
ing of hydrogen into the helium burning shell of the star
triggers the 12C(p,~v)3N(B1v)3C reaction sequence to-
wards the production of '*C, which by subsequent a-
capture feeds the 13C(a, n)'60 reaction. The strength of
the neutron source mechanism depends on the hydrody-
namic intershell mixing conditions, the so-called carbon
bubble - and the strength of the reaction, which is de-
termined by the complex nature of the low energy reac-
tion cross section. This neutron source determines the
neutron flux for the slow-neutron-capture or s-process,
which is responsible for approximately half of the heavy,
naturally occurring, elements up to the lead-bismuth re-
gion [I]. The low energy cross section is not only impor-
tant for determining the strength, but is also essential
for providing a critical parameter for a reliable modeling
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of the neutron production site in the AGB star environ-
ment through the analysis of the abundance distribution
of s-process elements [2]. The experimental study and
extrapolation of the reaction cross section over a wide
stellar energy range has therefore been one of the flag-
ship studies for underground accelerator facilities [3] 4].

The cross section towards higher energies plays an im-
portant role at the on-set of chemical evolution in the
early phase of our universe. The reaction cross section
determines the neutron flux for the intermediate neu-
tron capture or ¢-process in very old stars, the Carbon
Enhanced Metal Poor (CEMP) stars [5], where the neu-
tron production occurs in a deep, convective, hot, envi-
ronment in which '3N is mixed into the hotter regions
of the hydrogen burning shell before its decay, and the
subsequent 13C(a, n)'80 reaction occurs at much higher
temperatures [6l [7]. The enhanced neutron production
generates a substantially higher neutron flux, that drives
the neutron capture reaction path away from stability,
generating a unique abundance distribution pattern, as
observed in CEMP stars [8]. Again a reliable set of re-
action cross section data is essential in order to compare
the observed with predicted i-process abundance pattern
as well as study the deep convection conditions in such
environments.

In large scale neutrino detectors such as the Kamioka
Liquid Scintillator Antineutrino Detector (KamLAND),
the 13C(a, n)'%0 reaction has been identified as the main
background source, competing with signals from geo-
neutrinos, in the determination of the neutrino mix-
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ing v1 — vy [9, [10]. The reaction is induced by higher
energy «-particles released through the natural decay
chains in impurities in the liquid scintillator material.
The background therefore depends critically not only
on the actinide impurities, but also on the neutron
branching in the decay channel. There are two ways
the 3C(a, n)'%0 reaction can mimic these interactions.
First, through the production of high energy neutrons
from the 3C(a,n0)'%0 that elastically scatter on 2C
producing a prompt y-ray followed by a neutron capture.
The second way is through the '3C(a, n1)'%0 reaction to
the 6050 keV final bound state [1I, 12]. In that case,
the EO decay, e + /e— followed by neutron capture, is in-
distinguishable from inverse 5-decay. Therefore, probing
the reaction over a wide energy range is essential in or-
der to characterize the contributions of the various decay
channels.

Additionally, neutron transport simulations play an
important role in the nuclear energy sector. These
simulations are based on cross section evaluations like
ENDF/B, where the 60(n, a)!3C reaction is placed at
high priority [13, 14]. These transport simulations are
necessary to estimate the flux of neutrons traversing from
reactor or other neutron environments, to determine the
energy distribution and calculate the shielding and mod-
erator requirements. Monte-Carlo simulations of neutron
transport are critical in studying the response of neutron
detectors employed in low-, intermediate-, and high- en-
ergy physics, as well as for estimating the activity in-
duced in different detectors by intense neutron fields.
The latter is an important aspect for neutron dosimetry.

For all these purposes this experimental study and
analysis of the low energy 3C(a,n()'%0 reaction is es-
sential. This paper presents new, comprehensive, differ-
ential cross section measurements, made using a state-of-
the-art detector array and analyzed using a comprehen-
sive R-matrix analysis with Bayesian uncertainty estima-
tion. Nearly all past experimental studies have been mea-
surements of the angle integrated neutron cross section
through detection of thermalized neutrons using “4n”
moderator counters [I5HI8]. This type of measurement
technique can be advantageous because of the high neu-
tron detection efficiency, and, in principle, insensitivity
to the underlying angular distributions of the outgoing
neutrons. However, these types of measurements must be
done with great care, as the above advantages can also
be drawbacks. With no sensitivity to the energy of the
outgoing neutrons, yields from background reactions are
more difficult to identify. If the detector does not have
an efficiency that is independent of neutron energy, con-
version of the observed yield to cross section also requires
the branching ratio to different final states, which is often
not available. Finally, modern detector simulations have
revealed that the moderator sizes of many “4n” detectors
are insufficiently large to result in detection yields that
are independent of the underlying angular distributions,
especially when used for the measurement of higher en-
ergy neutrons. The underlying angular distributions are
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often unknown, and thus the yields can not be accurately
corrected. In addition, all of these types of detectors suf-
fer from some loss of efficiency at very forward and back-
ward angles where the beam pipe must pass through the
moderator. These issues have been discussed in detail in
the recent works of Peters [19] and Mohr [20].

Further, the measurements of Harissopulos et al. [18]
significantly underestimated their uncertainties due to
the above effects, causing inconsistencies to develop
between ENDF/B-VIL.1 and ENDF/B-VIII.0 evalua-
tions [14] 21] for the O(n,a)'3C reaction. First, and
most significant, the absolute scale of the cross section
was underestimated by =30%, yet the total systematic
uncertainty was quoted as 3%. Taken at face value,
this very small systematic uncertainty resulted in a large
weighting of this data set in the global R-matrix evalu-
ation. Second, the compact design of the detector was
insufficient to achieve a uniform neutron detection effi-
ciency relative to the beam energy and neutron emit-
tance angle. This resulted in inconsistent yields between
resonances with differing underlying angular distribu-
tions, leading to energy dependent inconsistencies in the
shape of the cross section as well. Again, relative un-
certainty was vastly underestimated at 2%, while later
investigations have shown the effect to be as large as
20%. Further, at energies above the threshold, where ex-
cited states can be populated in the 60 final state, the
assumption that the ground state transition dominates
the total reaction cross section has proven to be incor-
rect [111 [12] 22], again resulting in an up to 20% error in
the calculation of the total reaction cross section [19, 20].

In order to resolve these discrepancies, the experimen-
tal measurements presented here were performed at the
University of Notre Dame (UND) Nuclear Science Lab-
oratory (NSL) using the 5 MV Stable ion Accelerator
for Nuclear Astrophysics (St. ANA) [23]. Singly and
doubly ionized He beams were produced over a labo-
ratory energy range from FE, = 0.8 to 6.5 MeV with
typical beam intensities of ~10 euA on target. Tar-
gets were fabricated at the Institute for Nuclear Research
(ATOMKI) in Debrecen, Hungary. Enriched (99%) 3C
powder was evaporated onto a 0.5 mm Ta backing, which
also served as a beam stop, creating a thin layered tar-
get of 10.3(6) pug/cm?. The target thickness was deter-
mined precisely by measuring the thick target energy loss
over the narrow resonance in the *C(a,n)10 reaction
at £, = 1.05 MeV. To mitigate deterioration from beam
heating, the target backing was water cooled through-
out the experiment and the beam was rastered over the
target area. A liquid-nitrogen cooled and electrically iso-
lated copper pipe, that was biased to —300 V, was placed
in the target chamber to serve as both a cold trap and
electron suppressor.

This reference target was used to perform the major-
ity of the measurements and no difference in yield was
observed after ~0.8 C of accumulated charge. A target
of half this thickness was utilized to scan over narrow
resonances in order to reduce the distortion to the cross



186 section from energy averaging effects. After ~0.46 C of
157 accumulated charge, the target’s yield was found to de-
s grade by ~15%. At the lowest energies, two additional
189 targets of the same thickness were used for measurements
100 below ~1 MeV. For these targets, beam intensities up
101 to 50 puA were utilized resulting in up to 1.7 C of ac-
cumulated charge with no observable degradation. The
targets were very similar to those used by the recent mea-
surements of 13C(a, n)10 at LUNA as reported in Ciani
et al. [24].

Differential cross sections were measured using the Oak
Ridge national laboratory Deuterated Spectroscopic Ar-
ray (ODeSA) [25], which has been used for several pre-
vious studies [I1l 26l 27]. The array consisted of nine
deuterated scintillators mounted on a swing arm. For
most energies, the swing arm was rotated to two differ-
ent positions, with an offset of 7.5°, in order to obtain 18
point angular distributions between 0 and 157.5°. The
response matrix for ODeSA [25] was measured at the
Edwards Accelerator Laboratory at Ohio University us-
ing time-of-flight and the well known ?Be(d, n)'°B thick-
target neutron yield [28], which was determined relative
to measurements with a 23°U fission chamber [29]. The
13C(a, n) %0 measurements at the UND NSL could thus
be made using a direct current beam, substantially de-
creasing run times through the use of higher beam inten-
sities and simplified beam preparation without bunching.
Neutron spectroscopy was then accomplished using the
calibrated detector response matrix and a light response
unfolding algorithm [30, [3T].

Because of the positive Q-value of the 13C(a, ng)!60
(+2.2 MeV) reaction, this method was especially
well suited, able to achieve better spectral resolution
than time-of-flight for the target-to-detector distance of
30 cm [31]. The Ta backing produced very little yield
from other background reactions with no measurable
background at the neutron energies of the 13C(a, ng)1%0
reaction. The only background peaks observed came
from the "F(a,n)*Ne reaction at energies in excess
of F, ~ 3 MeV, but owing to its negative @-value
(Q = —1.95 MeV), neutrons from this reaction were well
separated from those of the 3C(a,n()'%O reaction by
~5 MeV, easily distinguishable with the ~4% energy res-
olution achieved through the spectrum unfolding. Above
E, ~ 5 MeV, excited states can be accessed in the 0
final state, these are again very well separated from those
of the ground state. However, because the excited states
are closely spaced in energy and overlap with yields from
the F (o, n)?2Ne background, the yields of these excited
state reactions were not extracted.
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The most significant corrections to the experimental
yields in the conversion to absolute differential cross
sections came from the neutron scattering on the tar-
get backing, holder, and other beam components very
close to the target. These in and out scattering cor-
rections were simulated using MCNP6 [32], where a de-
2 tailed model of the setup was created. These corrections
23 were most significant around 0 and 90°, where correc-
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TABLE I. Summary of systematic uncertainty estimates.

Systematic Uncertainty Contribution %
Charge Collection 3
Target Thickness 5
Intrinsic Efficiency 5
MCNP /Geometric Efficiency 10
Total 13

FIG. 1. The comprehensive differential cross section measure-
ment of the **C(a, no)'®O reaction of the present work.

tions to the yield of up to 30% were required. How-
ever, for the other angles of measurements, the correc-
tions were less than 10%. The simulation corrections
were verified through comparison to previously measured
neutron angular distributions on the thick target plateau
of the E, = 1.05 MeV resonance [33] and by measure-
ments of the “Li(p, n)"Be reaction [34, 35 from E, = 2.5
to 4 MeV using the same setup. The significant sources
of uncertainty are summarized in Table [[} These domi-
nate over the statistical uncertainties, which were only
significant for the few lowest energy measurements. The
present data set is shown in Fig. and represents by
far the most comprehensive experimental study of the
differential cross section of the *C(«a,n¢)1%0 reaction.
The main reaction framework used for interpreting
13C+a and *O+n data over the resolved resonance re-
260 gion has been phenomenological R-matrix theory [36],[37].
»1 The most comprehensive analysis has been developed by
%2 the group at Los Alamos National Laboratory using the
263 Energy Dependent Analysis (EDA) code [38]. The EDA
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FIG. 2. Comparison of the present measurements with the
R-matrix cross section at 0°, calculated from the parameters
of the EDA fit used in the ENDF/B VIIL.O evaluation. The
R-matrix cross section has been convoluted with the experi-
mental resolution, which is quite significant over the narrow
resonance (I' & 1.4 keV) at Ecm. ~ 0.80 MeV.

R-matrix analysis has been used for the ENDF/B evalu-
ations of *°O+n reactions [13} [14] and it includes a large
subset of all relevant experiment data available for these
reactions. The R-matrix parameters from that work were
transformed into the Brune parameterization [39] and
used as initial fit parameters for the AZURE2 [40} 41] R-
matrix analysis described here. These parameter conver-
sions have been tested previously in Thompson et al. [42]
for the "Be system.
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Up to ~2.6 MeV, the EDA R-matrix parameters give a
good reproduction of the present measurements, but at
higher energies the agreement worsens considerably. This
is a direct result of the very limited availability of differ-
ential cross section data over this higher energy range.
While at lower energies the EDA fit is constrained by the
data of Walton et al. [33], at higher energies the only data
are the far less comprehensive data of Refs. [43H45] and
the very recent measurement of Prusachenko et al. [46],
which has not been incorporated into the fit yet. This is
demonstrated in the comparison of the 0° cross section
shown in Fig. 2|
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284

25 In Febbraro et al. [I1] it was confirmed that above

~5 MeV the transitions to the excited states in 160
quickly become the dominant contributors to the reac-
tion cross section. The present data now provide a much
more complete mapping of the high energy *C(a, n9)1¢0
cross section. To be compared with the recent reaction
cross section data of Brandenburg et al. [47], which is
considerably more accurate than the data of Harissop-
ulos et al. [18], the angular distributions of the present
data were fit with a Legendre polynomial expansion to
25 obtain an angle integrated *C(a,n)®O cross section.
206 Over the region where only the ground state transition
207 is energetically possible, the present data are in excellent
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FIG. 3. Comparison of the present *C(c,n0)'®O data and
that of Refs. [I1] [46] to the total cross section data of Bran-
denburg et al. [47]. The data above E, ~ 5 MeV indicate
strong contributions from excited state transitions.

208 agreement with those of Brandenburg et al. [47] and with
200 those of Febbraro et al. [I1], when they are scaled by a
00 factor of 1.1, which is within their 15% systematic uncer-
s tainty. The present data are somewhat lower in absolute
s02 cross section than those of Prusachenko et al. [46], but
303 agree in their energy dependence when that data is scaled
s by 0.8, which is, however, significantly larger than their
05 quoted systematic uncertainty of 6.8%.

Recently, measurements of the *C(a,n)%0 reaction
sr have been extended to lower energies [3, [4], now di-
as rectly overlapping a portion of the Gamow window for
309 helium burning temperatures. Even with these lower en-
ergy measurements, an R-matrix extrapolation of the low
energy cross section is still needed to extrapolate over
the entire range of astrophysical interest. In addition,
a comprehensive R-matrix analysis is a critical compo-
s nent in determining the best estimate of the S-factor,
as it provides a framework for combining the several di-
rect measurements, as well as asymptotic normalization
coefficients (ANC) from a-transfer measurements, into a
comprehensive evaluation. This is particularly important
as there have also been several recent determinations of
the near threshold state ANC [48H51] as well as investi-
a1 gations using the Trojan Horse Method [52].

3 To demonstrate the dramatic improvement that the
33 present data set has on the low energy extrapolation of
24 the S-factor, the uncertainty range of ~30% based on
»s data prior to 2020, as estimated in deBoer et al. [53], is
26 shown in Fig. [l As detailed in that work, this uncer-
37 tainty stems from the large systematic difference in the
28 different absolute cross section scales of Bair and Haas
2o [I5] and Harissopulos et al. [18] and the discrepancies be-
30 tween direct experimental data transfer measurements.
In 2021 and 2022, new very low energy experimen-
s tal measurements were reported from the LUNA [3] and
33 JUNA [4] underground facilities, respectively. While the
s data of [3] does not particularly favor one absolute cross
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FIG. 4. S-factor plot for the "*C(a,n)'®0 reaction at low energies. The shaded grey region indicates the large systematic
uncertainty previously present [53]. The black and and red regions represent the 16 and 84% confidence limits obtained from
the BRICK analysis. The percentages following each data set is the systematic uncertainty from that work. The arrow indicates

the Gamow energy range for 0.2 GK.

section scale over another because it is limited to a small
energy range at very low energies, the new experimen-
tal data of the present work and that of Gao et al. [4]
strongly favor the larger absolute cross section scale con-
sistent with Bair and Haas [I5]. We thus assert that this
source of systematic uncertainty has been greatly reduced
in strong favor of the larger cross section solution.

As a first step for comparison, an R-matrix fit was
performed that utilized the consistent '*C(a, n)'%O an-
gle integrated cross section data of Refs. [3 [ [T5HI7]
up to Eem, = 2.6 MeV as well as the O(n,total)
data of Refs. [54] [55] at overlapping excitation energy. A
Bayesian uncertainty analysis was then performed using
the code BRICK [56]. In addition to providing more de-
tailed information about the parameter and cross section
uncertainties through the calculated posterior probabil-
ity distributions, this methodology provided a natural
way for the sub-Coulomb ANC and its uncertainty for
the near threshold state from Ref. [5I] to be included di-
rectly in the analysis as a prior. The resulting best fit
and uncertainty band is indicated in Fig. [d which indi-
cates a ~10% uncertainty over the Gamow energy range.
This fit and uncertainty analysis is similar to that per-
sss formed in Ciani et al. [3], except without the systematic
30 uncertainty of the absolute scale of the cross section.
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w0 The new differential cross section data were then added
31 to the fit described above, resulting in a further reduc-
32 tion in the cross section uncertainty of a factor of two,
363 t0 25% over the Gamow energy range. The two fits are
36 largely consistent with one another, indicating the con-
s sistency of the new data sets with previous ones, but

w6 the reduced uncertainty demonstrates the significantly
s7 greater constraint that the differential cross section data
s place on the R-matrix model. The added constraint from
w9 the differential cross section data is especially significant
here given the presence of broad overlapping resonances
of different spin-parity that produce complex and unique
interference patterns.

370
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372

sz The ¥C(a,n)®0 reaction is one of the main sources
of neutrons for s-process nucleosynthesis, it is a sig-
nificant background in many large-volume, low-event-
rate, neutrino and dark matter detectors, and its inverse
160 (n, a)3C reaction is needed to model a-particle pro-
duction in a variety of high neutron flux applications.
The recent realization of additional sources of uncertainty
in past *C(a, n)'*0 measurements using “47” modera-
tor type detectors has prompted new measurements of
partial cross sections and their angular distributions us-
ing new experimental techniques. In this work, we report
new high angular and energy resolution measurements of
the 13C(a, )80 cross section, using the state-of-the-art
ODeSA array, that encompasses the energy range from
E, = 0.8 to 6.5 MeV, covering critical energy ranges
for all of the above applications. The measurements
have been made with unprecedented energy coverage in
~10 keV energy steps resulting in over 700 distinct angu-
lar distributions. To compare these new data with past
measurements and to demonstrate the effect of these new
differential cross section measurements on the low energy
a0a cross section and extrapolated S-factor, several R-matrix
s0s fits were performed. Finally, by applying state-of-the-art
1 Bayesian analysis to the R-matrix fits, using the newly
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so7 developed BRICK routine, it has been shown that the
308 present measurements, when combined with the new low
300 energy LUNA and JUNA measurements, further reduce
w0 the uncertainty in the low energy *C(a, n)'®0O extrapo-
s lated S-factor by a factor of two, reaching an uncertainty
w2 of =5% over the Gamow energy range.
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