
Measurement of the 35Cl(n, p)35S cross-section at the CERN n TOF facility
from subthermal energy to 120 keV
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39Istituto Nazionale di Fisica Nucleare, Sezione di Legnaro, Italy
40Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy

41Dipartimento di Astronomia, Università di Trieste, Italy
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Background: The 35Cl(n, p)35S reaction is of special interest in three different applications. First,
in Boron Neutron Capture Therapy due to the presence of 35Cl in brain and skin tissue. Second,
it is involved in the creation of 36S, whose astrophysical origin remains unresolved. Third, in the
designing of fast nuclear reactors of new generation based on molten salts.
Purpose: To measure the 35Cl(n, p)35S cross-section from thermal energy to 120 keV, determine
the resonance parameters in this range and Maxwellian Averaged Cross-Section (MACS).
Method: We made use of the Time-of-Flight technique with microMEGAS detectors at Experi-
mental Area 2 (EAR-2) of n TOF facility at CERN. The 10B(n, α)7Li and 235U(n, f) reactions were
used as references. Rutherford Back-scattering Spectrometry technique was performed at Centro
Nacional de Aceleradores (CNA) in Sevilla, in order to accurately determine the masses of the irra-
diated samples.
Results: We obtain a thermal cross-section of 0.470± 0.009 barns. The 1/v energy dependence of
the cross-section is observed up to the first resonance at 0.398 keV, the resonances up to 120 keV
are analyzed and MACS calculated for kBT from 1 to 100 keV.
Conclusions: The 35Cl(n, p)35S cross-section has been obtained over a wide energy range for the
first time, with high accuracy across the aforementioned range. The thermal cross-section and first
two resonances are in agreement with latest evaluation in ENDF/B-VIII.1, while lower resonance
strength was found for high energy resonances. These data are used to calculate the MACS for
different kBT .

I. INTRODUCTION

A. Motivations

There are several applications for the cross-section of
35Cl(n, p)35S reaction: radiotherapy, astrophysics and
nuclear energy production.

In Boron Neutron Capture Therapy (BNCT), the
dose delivered in 10B-loaded tumor tissue due to the
10B(n, α)7Li reaction is more than four times higher than
the contribution of all the others reactions [1], however,
the limiting dose is given by the dose received in healthy
tissue, where the reactions with other nuclei are more
dominant. The International Commission on Radiation
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Units and Measurements (ICRU) recommends that the
delivered dose should always have less than 5% deviation
from the prescribed one [2]. An accurate cross-section of
the involved isotopes is one of the most important data to
be taken into account in such calculations. Even though
the concentration of 35Cl in brain tissue (one of the main
indications of BNCT) is lower than that of other elements
(0.2%), its contribution to the dose is non-negligible,
particularly due to the strong resonances at 0.397 and
4.25 keV [3].

In stellar environments, the 35Cl(n, p)35S reaction
takes part in the synthesis of the rare isotope 36S, whose
origin remains unresolved [4]. Recent observations of the
circumstellar envelope of carbon-rich AGB stars show ev-
idence of an important deviation from solar isotopic ratio
of heavier elements than those involved in the Carbon-
Nitrogen-Oxygen cycle, including (35Cl/37Cl) [5]. Cur-
rent discrepancies in the 35Cl MACS [6] and gaps at cer-
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tain stellar energies preclude from reliably determining
the role of the 35Cl(n, p)35S reaction on 36S abundances
and in the aforementioned deviation of the solar isotopic
ratio.

The designing of generation IV fast nuclear reactors
considers the usage of molten chloride salts in order to use
spent fuel from light-water reactors, which would reduce
environmental consequences [7]. However, there is a large
uncertainty in reactivity for such reactors mainly due to
the uncertainty in the cross-section of 35Cl(n, p)35S reac-
tion in the resonances region and higher energies (0.4 keV
onwards), which propagates to other crucial safety pa-
rameters like reactivity coefficients. Production of 35S
via this reaction is also important for corrosion. This
cross-section is present in the NEA Nuclear Data High
Priority Request List (HPRL) [8, 9]. Any uncertainty re-
duction with respect to current data would be valuable,
and our measurement covers the HPRL range of interest.
Furthermore, our data at energies below resonances are
very valuable for future evaluations of this reaction.

B. Previous measurements

Several measurements have been performed at the
thermal energy (25.3 meV) [6, 10–15]. Contrary to this,
experimental data covering the resonance region is more
scarce.

Specifically, Popov et al. [16] measured the cross-
section in 1961 using a lead slowing-down spectrometer
from 10 eV to 8 keV with a poor resolution (from 35 to
70%) and normalized their data to thermal cross-section
of 0.19 b. They also reported a resonance at 1 keV which
has not been observed in any later experiment.

Koehler et al. [17] measured the cross-section from
25 meV to 100 keV in 1991 at the LANSCE facility, and
normalized their data to 0.489 b [18]. Data from Koehler
et al. had better energy resolution compared to Popov
et al.. However, later studies have suggested [6] that po-
tential anisotropic proton emission may have introduced
systematic uncertainties due to the limited solid angle
coverage in the setup.

Druyts et al. [6] provided in 1994 a value of cross-
section at thermal energy (measured at ILL) and re-
stricted energy ranges around a few resonances (mea-
sured at GELINA). Gledenov et al. [15] later identified
(in their own words) ‘the poor knowledge of the neutron
flux’ as a potential issue on the data from Druyts et al.

As for Gledenov et al. [15], the experiment was per-
formed at the IBR-30 pulsed reactor of JINR in 1989 but
remained unpublished until 1999. In practice, Gledenov
et al. themselves were aware of some technical difficul-
ties present in their measurement. Specifically, they had
doubts about the accuracy of the weighting technique
that was performed and contamination from 14N(n,p)
present in the gas filling of their ionization chamber.

The evaluation in ENDF/B-VIII.1 (unchanged since
release of ENDF/B-VII [19], grounded on [20]) is based

on three experimental data sets from Koehler et al.,
Druyts et al. and Gledenov et al. Some concerns were
expressed in this evaluation: the resonances of Druyts et
al. could be fitted only when using the thermal value
taken by Koehler et al.: 0.489 b. This value was taken
from [10] and after being re-calculated by et al. consider-
ing more recent values of 59Co thermal cross-section and
35Cl abundance in natural chlorine, it becomes 0.483 b.
However, it is still 12% higher than the thermal value
reported by Druyts et al. (0.440 ± 0.010 b). The ENDF
evaluation claimed that it was not possible to obtain a
simultaneous fitting of all data with a thermal value sig-
nificantly below 0.483 b. Further, there are unexplained
significant discrepancies between resonance strengths of
Druyts et al. and Koehler et al., and consequently in the
MACS; above 14 keV, the evaluation [20] is based only on
Druyts. Other databases such as JEFF or JENDL use
the same evaluation as ENDF-VIII.1 below 1 MeV.

In this work we provide a measurement avoiding the
deficiencies listed by previous works, i.e., coverage of en-
tire 4π in angular distribution from two back-to-back
samples, a proper knowledge of neutron flux, an accu-
rate determination of the mass of the samples, and a
good characterization and correction of the background.

II. EXPERIMENTAL SETUP

A. The n TOF facility

The experiment was performed at the Experimental
Area 2 (EAR-2) of the n TOF facility at CERN. EAR-
2 is located about 19.5 meters away from the neutron
production target in the vertical direction. Neutrons are
generated by the 20 GeV/c proton pulse beam from the
CERN Proton Synchrotron impinging onto a lead target.
In-depth technical features of the facility and the charac-
teristics of the neutron beam produced are described in
detail in Refs. [21, 22].

B. Detectors and Data Acquisition System

The experimental setup was based on a set of mi-
cromesh gaseous structure detectors (microMEGAS).
The microMEGAS detectors are based on microbulk
technology, for which the low mass, robustness and trans-
parency to γ radiation allow the use of several detectors
along the beam with minimal perturbation and atten-
uation of the beam. If at least one product from the
reaction is detectable, a geometrical efficiency close to
50% is ensured [23]. This type of detectors has been
extensively used in n TOF fission and charged-particle
emission measurements [21, 22, 24, 25].

A full description of the experimental setup can be
found in Ref. [25]. Here only necessary information is
provided. Fig. 1 shows a schematic representation of
the detectors in the chamber. The chamber was filled



4

                             

14 mm90% Ar 
10% CF4 

μMegas
 KCl deposit

Al substrate

90% Ar 
10% CF4 

μMegas 14 mm

 C5H5N5 deposit

Al substrate

90% Ar 
10% CF4 

10 mm

90% Ar 
10% CF4 

μMegas 14 mm

 KCl deposit

Al substrate

90% Ar 
10% CF4 μMegas 14 mm  C5H5N5 deposit

Al substrate

10 mm90% Ar 
10% CF4 

90% Ar 
10% CF4 

μMegas 12 mm Mylar 
substrate

10B4C deposit

90% Ar 
10% CF4 

12 mm

90% Ar 
10% CF4 

μMegas Mylar 
substrate

10 mm UO2 deposit

FIG. 1. Schematic representation and dimensions of the mi-
croMEGAS detectors in the chamber. The setup consisted of
six different samples with a dedicated microMEGAS detector
associated to each one. Detectors, deposit thicknesses and
substrates were chosen to ensure that all emitted charged par-
ticles left their energy in the regions of interest with minimum
probability to produce a signal in a detector not associated
with the sample.

with a mixture of 90% Ar and 10% CF4, containing six
samples: UO2 (enriched in 235U), 10B4C, two C5H5N5,
and two KCl, with a detector adjacent to each of them. U
and B samples were placed in the forward direction (with
respect to the beam-line direction), while Cl and N sam-
ples were placed in back-to-back pairs, one microMEGAS
facing backwards and the other one forwards, in order to
detect possible anisotropies. Results for N samples have
already been published in Ref. [25].

Additional measurements, substituting the N and Cl
samples with dummy ones (only Al foils), were also per-
formed in order to determine the background and reduce
systematic uncertainties.

The experimental setup was aligned to the nominal
beam position. The real position and spatial profile of the
beam were checked by the use of Gafchromic foils. These
are radiosensitive films that contain a dye that changes
color when exposed to ionizing radiation, providing high
resolution of the beam profile distribution. The size of
the beam-spot at the position of the first sample is 1.9
cm (FWHM). After irradiation, the foils were processed
through digital scanning. The information from the digi-
tal scanning was adopted for corrections in the efficiency
related to the beam-to-sample intersection.

The detector signals are acquired by the standard
n TOF data acquisition system based on SPDevices
ADQ412DC-3G cards of 2 GS/s maximum sampling rate,

12 bits resolution, and 175 MB on-board memory [26].
The special features of these cards ensure the collection
of data for a Time of Flight corresponding to neutron en-
ergies well below the thermal energy. The signal induced
by the prompt γ-flash generated in the interaction of the
20 GeV/c proton beam with the lead target is used as the
reference signal for the Time of Flight determination.

C. Samples characterization

All the samples were manufactured as a deposit onto
a substrate. The deposits in the samples cover 9 cm in
diameter, enough to cover the entire neutron beam.

The UO2 deposit is enriched with 235U to 99.934%
and prepared using the electrodeposition method. Its
thickness is (123.2±0.5) nm and its areal density (3.047±
0.013) · 1017 atoms/cm2 onto 30 µm of Al.

The 10B4C (enrichment >99.9%) deposit is prepared
by the sputtering method. The 10B4C areal density is
(1.69 ± 0.09) · 1017 atoms/cm2 onto 100 µm of Mylar.

The KCl deposits contain natural potassium chloride
of purity >99.5%, and were deposited by thermal evap-
oration onto 100 µm Al foils. No enrichment process
was needed for 35Cl: 35Cl has an abundance of 75.5%
in natural chlorine and no charged particles are emitted
after neutron interaction with 37Cl at relevant neutron
energies. In addition, α particles from 39K(n,α) have
higher energies so they can be filtered by applying cuts
in the energy deposited inside the detector, Edep, be-
sides having a cross-section around 70 times lower; and
α particles from 41K(n, α) are only emitted at neutron
energies above 120 keV. The KCl samples were character-
ized via Rutherford backscattering spectrometry (RBS)
of He++ at 4.0 MeV at the Centro Nacional de Aceler-
adores (Spain), where previous works had shown excel-
lent possibilities for sample characterization [27]. The
RBS spectra were analyzed using the SIMNRA package
[28].
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FIG. 2. Example of a spectrum from a RBS from one KCl
sample. The results of the SIMNRA fit with detailed contri-
butions from each isotope are shown with dashed lines.
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TABLE I. Characteristics of the deposits: effective areal den-
sities and thickness at center.

Sample Effective areal density Thickness at center
Backward 219 ± 2 µg/cm2 1.105 ± 0.010 µm
Forward 198 ± 3 µg/cm2 0.998 ± 0.015 µm

Given the dimension of the samples (diameter of 9 cm
for the KCl deposits and 10 cm for the Al substrates) and
of the He++ beam spot (3 mm), several points across the
samples were studied to exactly determine the profile of
the thickness. The samples were scanned from the edges
to the center in three different radial directions. In order
to perform an accurate and precise determination of the
number of atoms of 35Cl, a few points outside the area
coated with KCl were also analyzed by RBS. This allowed
the determination of any possible contamination present
in the Al backings, reducing the free parameters of the
SIMNRA fit of the data. Fig. 2 shows an example of
SIMNRA fit to the data for one sample.

We find a smooth reduction of the KCl mass density
from the center to the edges. Within uncertainties, the
same mass density is found for points at the same dis-
tance from the center, implying that a radial distribution
with no angular dependence is a safe assumption. Figure
3 reveals a parabolic pattern in the mass density, which
is attained through the equation m(r) = m0 − a · r2.
Parameter a describes mass distribution throughout the
deposit, quantified as the curvature of the quadratic fit,
while m0 is the mass density at the center of the deposit.
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FIG. 3. Measured distribution and parabolic fits of the de-
posits areal density as a function of the radial distance r (from
the sample centre). Cl forward sample had already been char-
acterized in the past, thus requiring only two measurement
points to check whether it had lost or gained mass over time.

The total mass is computed as the integral of the mass
density given by the formula mentioned above, and an
effective areal density can be computed in the same way
convoluting the sample thickness profile with the 2D-
profile of neutron beam, see Sec. II.D. The effective areal
density of each sample is determined with an uncertainty
below 1.5% and is summarized in Table I.
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FIG. 5. Ratio between the neutron flux at the position of each
sample and the incoming neutron flux (evaluated flux from the
n TOF Transport Code), obtained using Monte Carlo Simu-
lations.

D. Attenuation and flux corrections

Even if the perturbation of the flux introduced by the
microMEGAS presence in the beam is small, it is still
not negligible. Besides, scattering of neutrons from one
sample towards the next one slightly distorts the neutron
spectrum at downstream samples. These corrections are
taken into account by simulating the experimental setup
in the Monte Carlo simulation code MCNP6 [29].

The 2D flux profile is well characterized at n TOF fa-
cility [30], and it is shown in Fig. 4 at the position of
U sample. The profile is needed not only for determina-
tion of above-discussed intensity corrections, but also for
determination of effective areal density of the samples.
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We found that the simulated flux profile is compatible
with the results from analysis of the Gafchromic foils.
The change in flux for each sample as a function of the
neutron energy En is shown in Fig. 5.

E. Efficiency calculation

For reactions where at least one of the particles emit-
ted is detectable, an efficiency of around 50% is ensured
for microMEGAS detectors. However, exact efficiency
slightly depends on the type of particle itself, the deposit
from which it is emitted, the thickness it has to traverse
before reaching the detector, and more importantly the
energy of the particle. At the thermal point, angular
spectrum of emission is isotropic but for more energetic
neutrons, produced particles tend to move downstream,
which slightly affects the detection efficiency. To accu-
rately determine the efficiency as a function of the inci-
dent neutron energy for B and Cl microMEGAS detec-
tors, a series of MCNP simulations are done, in which the
angular emission and the energy of the emitted particles
are modified accordingly for several neutron energies. As
for the efficiency of the microMEGAS associated to the
U sample, it is described in [31].

III. DATA ANALYSIS

The digitized signals are processed offline by means of
a pulse shape analysis routine [32], from which informa-
tion is extracted on the amplitude, area, time, and other
features of the signals. The analysis is done separately for
high intensity (HI) and low intensity (LI) proton pulses
from the Proton Synchrotron accelerator complex. HI
pulses (corresponding to ∼ 7 · 1012 protons per bunch)
allow larger statistics, but suffer from a very intense γ-
flash. On the other hand, LI pulses (corresponding to
∼ 3.5 ·1012 protons per bunch) allow a better signal iden-
tification for higher neutron energy since their γ-flashes
are less intense.

A. TOF-to-Energy conversion and mass calibration

The experimental TOF yield for U and B samples
is compared to simulations from the n TOF Transport
Code [30], which includes ENDF/B-VIII.1 cross-section
evaluation combined with the effect of the n TOF EAR-
2 Resolution Function (phase 3) [33]. This comparison
permits not only a precise determination of the flight
path but also an exact determination of the boron de-
posit mass, while uranium mass was precisely calculated
by measuring activity from 235U. The n TOF EAR-2 Res-
olution Function is dependent on the type of pulses (HI or
LI), so the corresponding type is used accordingly. The
extracted effective flight path is 19.35 m for the U sample

position. This value corresponds to the geometrical dis-
tance of the experimental U sample from the surface of
the Pb spallation target. This flight path is adjusted for
the subsequent samples according to their position inside
the detection chamber.

B. Dead-time corrections
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FIG. 6. Distributions of registered signals in the B mi-
croMEGAS as a function of their deposited energy Edep at
thermal neutron energy En. Fits of the main possible de-
tection events are also plotted. Neutrons on 10B produce α
particles and 7Li (both detectable) which can be in the ground
or in the first excited state (channels α0 and α1, respectively).
Fittings of pile-up events are done only with α and 7Li par-
ticles coming from the α1 channel, since the contribution of
pile-ups with particles from α0 channel is notably lower. In
the same way, triple (and quadruple, quintuple...) coinci-
dences may also occur but are neglected. Structures formed
around Edep = 3400 keV and Edep = 4200 keV, as well as
some mismatches between black and purple line (around 600,
1500, 2600 keV) are explained by those neglected contribu-
tions (pile-ups with of α0 channel, and triple coincidences) in
conjunction with a background that is also neglected since it
is much lower than the main detection peaks.
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Dead-time corrections are determined following the
non-paralyzable response model [34] assuming different
dead-time for each detector. These dead-times are esti-
mated in two different ways: as the maximum of the Full
Width At Half Maximum (FWHM) distribution of all the
signals, and as the minimum time difference between con-
secutive measured pulses. The results from both methods
are very similar and the average of them is taken as the
estimated dead-time of each detector.

The validity of this correction is verified using two
methods. The first one consists on checking that there is
a good match between total yields for HI and LI pulses
after the correction. The second one is based on checking
that the pile-up counts match the dead-time correction.
7Li emitted from neutron capture on 10B can be either
in the ground state (channel α0 with a 6%) or in the
first excited state (channel α1 with a 94%), creating four
peaks in deposited energy inside the detector (see Fig.
6). Particles originated in different reactions that enter
the detector within its dead time will generate pile-up
events. By extracting pile-up contributions and compar-
ing them with those from the dead-time corrections we
can verify that they are appropriate.

Dead-time corrections applied on the TOF histograms
are displayed in Fig. 7. For the Cl samples the highest
value of the dead-time correction fDT,Cl is at the first
resonance (≤ 1.004) and the correction is almost negli-
gible (1.00001) around thermal energy, due to a much
lower count rate.

C. Background and electronic noise corrections

There is a background in the measured spectra com-
ing from different sources: ambient, related to the back-
ing material and related to other reactions in the sample.
Measurements with dummy samples (aluminum backings
without KCl deposited) were performed to characterize

the ambient and backing background. A contribution
from the own sample is present, as shown in Fig. 8, as a
second peak around deposited energy Edep ≈ 1300 keV,
due to the α particles emitted from 39K(n, α) reaction,
while the protons emitted from 35Cl(n, p)35S reaction are
expected to appear around Edep ≈ 600 keV. These ad-
ditional events of sample background are removed by a
Edep cut, with negligible contribution outside the cut.
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FIG. 8. Distributions of registered events as function of their
deposited energy, at several neutron energy ranges from mi-
croMEGAS associated to backward Cl sample (HI pulses).
Background has been normalized to the total current of
sample-on runs.

Further, there are counts at low deposited energy
(Edep < 150 − 200 keV) due to electronic noise. Elec-
tronic noise can be filtered by applying another thresh-
old in deposited energy, now at lower values. The cut
is not fixed for all neutron energies and becomes larger
the closer it is to the γ−flash, see Fig. 8. In practice,
some counts from 35Cl(n, p) reaction are lost outside the
cut, which are estimated by fitting the proton peak to
the convolution of an inverse Landau distribution with
a gaussian one. The fraction of missing events (due to
applied Edep cut) is then characterized by a factor fCut.

D. Uncertainties

Different binnings are used at different neutron energy
ranges: 500 bins per decade (bpd) below 100 meV; 500,
250 or 125 bpd for resonances; 50 or 25 bpd between
resonances. The statistical uncertainty of the raw spec-
tra ranges from 3% for HI and 5% for LI pulses around
the thermal point, to 5% (HI) and 8% (LI) around reso-
nances. Uncertainties above 20% are reached in the val-
leys between resonances, where the cross-section is con-
siderably lower. Uncertainty from background subtrac-
tion becomes the most important source of uncertainty
in valleys between resonances, due to the fact that the
total amount of counts is comparable to the background
contribution.
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As for systematic uncertainties, conservative estimates
are adopted. The mass of the Cl samples is determined
with uncertainty below 1.5%. The uncertainty contribu-
tion from the correction of the selection cuts ranges from
2% at thermal energy to 10% in the keV range.

The uncertainty contribution due to the detection ef-
ficiency, 1%, includes the statistical uncertainty in the
simulations of the charged particles transport and also,
indirectly, the systematic mass uncertainty, since the de-
posits are simulated as well. The uncertainty contribu-
tion due to the presence of the samples (absorption, pro-
duction of new neutrons in uranium and scattering, rep-
resented in Fig. 5) also includes a statistical contribution
from Monte Carlo calculations and a systematic one by
the mass of the samples included in the simulation. It is
less than 1.2% and is also dominated by the mass uncer-
tainty. Uncertainty in the dead-time correction is very
low and neglected in the analysis below.

These contributions are summarized in Table II and
total final uncertainty is shown in the lower part of Fig.
9, where several rebinnings have been made to further
reduce statistical uncertainty.

TABLE II. Major sources of uncertainty (in %). Statistical
uncertainties vary depending on the binning, the energy range
and on the sample. MicroMEGAS statistics corresponds to
background-substracted spectra and when no specification is
given, minimum-maximum values are reported.

Component Uncertainty (%)
MicroMegas statistics 4 (1/v) - 20 (reson.) - 50 (valleys)
Deposit mass 0.5 - 1.5
Neutron beam attenuation 0.6 - 1.2
Efficiency 0.5 - 1
Selection cuts 2 - 10

IV. RESULTS

A. Cross-section

1. Yield calculation

Our measurement covers seven orders of magnitude of
neutron energy, providing a common consistent dataset
for the thermal, 1/v range, and the resonance region.
The yield over areal density Y/n is calculated relative to
the well-known 10B(n, α) cross-section, following

Y/n(En) = σ10B(En) · [CCl(En) · fDT,Cl(En) − CBG(En) · fDT,BG(En)] · fCut,Cl(En) · ΦB(En) · nB · εB(En)

[CB(En) · fDT,B(En) − CBG(En) · fDT,BG(En)] · fCut,B(En) · ΦCl(En) · nCl · εCl(En)
, (1)

where CX (X being Cl for the chlorine sample, B for the
boron sample or BG for background measurements) is
the number of counts inside the chosen Edep cuts; fDT,X

is the dead-time correction factor (see Section III.B);
fCut,X is the correction for the energy-cut factor (see
Section III.C and Fig. 8); ΦX is neutron flux at sample
position; nX is the areal density of atoms; and εX is the
detection efficiency of the assigned detector.

Relative measurement with respect to B was chosen as
calculation of the absolute value of ΦCl is not a trivial
task and can only be done with a significant uncertainty.
By performing a relative measurement to boron, the ratio
ΦB / ΦCl in Eq. (1) reduces to ratio of factors shown in
Fig. 5 and can be determined with a high precision. The
boron cross-section is taken from [35].

Fig. 9 shows the yield (calculated with equation 1) di-

vided by sample areal density for the two chlorine sam-
ples and LI and HI separately, alongside the relative un-
certainty of each point. In order to verify whether the
four data sets are statistically compatible and that the
correction of systematic effects are well attained, a test
is performed and is shown in Fig. 10. Distributions of
standardized deviations are calculated from two sets A

and B as ηi =
y
(A)
i

−y
(B)
i√

(∆
(A)
i

)2+(∆
(B)
i

)2
for all points i in the

set, where yi is the value and ∆i the total uncertainty of
point i. As the uncorrelated uncertainty strongly domi-
nates the total uncertainty, individual ηi are expected to
follow a Normal distribution with a zero mean and unit
standard deviation N(0, 1). As evident from fits in Fig.
10, distribution of ηi of all possible combinations of sets
A and B are nicely consistent with this distribution. This
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test validates the statistical compatibility of the individ-
ual data sets, allowing an uncertainty-weighted-average
of the four data sets to be used for the cross-section de-
termination, thus reducing statistical uncertainties.
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FIG. 10. Distributions of standardized deviations between
different experimental sets. Labels B and F stand for Back-
ward and Forward samples, respectively. Parameters of fits
with Normal distribution N(µ, σ).

2. R-matrix analysis

The resonance parameters are obtained from fitting the
yields divided by the sample areal density Y/n obtained
from Eq. (1) with the R-matrix based SAMMY code [36],

applying the Reich-Moore approximation. SAMMY is
capable of introducing multiple interaction and self-
shielding effects but those are negligible in our experi-
ment given the small thickness of the deposits.

Fig. 11 shows the experimental and fitted Y/n, the
cross-section calculated by SAMMY after optimization of
the resonance parameters, and ENDF/B-VIII.1[20] cross-
section. The bottom part of the figure shows residuals
between experimental and fitted yields. The yield over
sample areal density from SAMMY corresponds to tem-
perature of 300 K. A good agreement is reached between
fitted (blue area) and experimental (black points) values,
specially at 1/v region where uncertainties are smaller.
A bound state was included in the analysis in order to re-
produce the 1/v behavior, initial values were taken from
[18] and fitted.

The results of the analysis of individual resonances are
discussed in the following section. The cross-section is
very low between resonances so the background matches
the counting rate of sample-on spectrum between isolated
resonances, which explains the larger uncertainty bars in
Fig. 9. It shows up that a small residual background re-
mains (more notable especially at higher energies), since
a low count rate during sample-out measurements pre-
vents its precise determination. This small background is
expected to have a smooth energy dependence and is as-
sessed with the SAMMY code fitting. This background,
however, has little impact on resonance parameters since
the cross-section at resonances is generally one order of
magnitude greater than such residual background.
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cross-section from our resonance parameters (red) and from ENDF-VIII.1 evaluation (green). Lower panels of the figure zoom
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TABLE III. Resonance parameters obtained from fitting and resonance strengths ω. Resonance strengths from other authors
and previous evaluations [6, 15, 17, 18, 20] have been included for comparison. Only values marked with asterisk ∗ have been
varied.

E (eV) Jπ
r

Γ (meV) ω (meV)

Γγ Γn Γp This work Druyts Koehler Gledenov ATLAS ENDF

397.36± 0.20 2- 1030± 50∗ 61± 5∗ 414± 20∗ 10.5± 0.9 9± 1 10 11.2± 2.6 7.2± 1.2 9.79

4250.8± 1.0 1- 472± 25 630± 40 212± 25∗ 38± 4 42± 2 35 40± 8 41± 4 40.72

14802.0± 1.0 2+ 346± 24 32600± 2300 13.5± 2.5∗ 8.3± 1.5 18± 5 12± 5 17.30

16356.1± 1.0 3- 387± 15 5980± 740 80± 16∗ 65± 13 131± 16 64 112± 14 131.4

17134.0± 1.0 3- 800± 30 14100± 1300 0.45± 0.20∗ 0.38± 0.15 26± 9 24± 8 26.43

27346.0± 1.0 2- 460± 30 6000± 1100 70± 18∗ 40± 10 82± 22 69 73± 20 83.61

51608± 5 3- 45± 9 2400± 600 10± 5∗ 9± 4 80± 40 70± 40 79.38

57812± 5 2- 540± 80 (107± 14) · 103 700± 140∗ 430± 80 620± 120 860 560± 110 614.98

90526± 22 2- 130± 70 4200± 2000 60± 19∗ 35± 11 160± 70 70± 30 163.8

103520± 10 1- 390± 130 (382± 57) · 103 2000± 400∗ 740± 130 700± 300 700± 300 735.3
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FIG. 12. Comparison of our thermal cross-section with previ-
ous measurements and evaluations. As for evaluations, only
ENDF [20] is considered since the majority of the rest coincide
with it. Mughabghab recommended value is also represented
with a band of one standard deviation uncertainty. Berthet
value is re-normalized to a modern 14N(n, p) value.

At thermal energy, the obtained cross-section is 0.470±
0.009 barns. Fig. 12 compares our value with results
from previous measurements and values available in eval-
uations. Our measurement coincides within one stan-
dard deviation with all of them except for Druyts et
al., Berthet and Gledenov et al.. Value from Berthet
is remarkably distant. Berthet used 14N as reference,
whose cross-section was not precisely known in 1955,
as posterior modifications prove [25], but even after re-
normalization to 1.809 barns (value given in [25]) the re-
sult is several standard deviations away. Gledenov et al.
is the most recent measurement but still differs by 22%
from our data. Problems with determination of their
sample masses in conjunction with contamination from
the 14N(n,p)14C reaction, occurring in residual nitrogen
present in their ionization chamber could explain this dif-
ference.

B. Resonance analysis

In the lower part of Fig. 11, a zoom to the measured
and fitted resonances is included. The region beyond
120 keV in our measurements is not only very affected
by the γ−flash effects, but also suffers from low statis-
tics, making it impossible to further extend the analysis.
For the same reason, higher energy resonances require a
wider binning in practice (as mentioned above, 500 bpd

for resonances at 0.397 and 4.250 keV, 250 bpd for the
following ones below 30 keV, and 125 bpd for those at
higher energies).

The resonance parameters of observed resonances are
given in table III (fitted parameters for the bound state
are ER = −100 ± 16 eV, Jπ

r =(2+), Γγ = 0.55 ± 0.11 eV,
Γn = 6.3 ± 1.3 eV, Γp = 0.0027 ± 0.0005 eV). The ini-
tial values of all the parameters (energy, spin, parity and
partial widths) used in SAMMY fittings were taken from
[20]. Parameters marked with an asterisk have then been
fitted, while all others fixed. The uncertainties in Table
III for fixed parameters are taken from the same evalu-
ation Ref. [20] and for fitted parameters from SAMMY.
Strengths from previous (n,p) measurements are also in-
cluded.

The resonance energies reported in the evaluation [20]
suited well our measurements in general. As for the par-
tial widths, only the proton width has been varied for
every resonance except for the first one. Different values
of Γn and Γγ affect our results, but in practice the value of
Γp dominates the fitting of the experimental yield. Ide-
ally, all parameters should be varied in all resonances,
but as statistics get scarcer at higher energies, we have
opted to rely on previous dedicated measurements of the
other channels and only vary the proton channel.

Let us note that the most significant deviation of ex-
perimental data from the fit is visible at the low-energy
tail of the 397 eV resonance, near 340 eV. This results
from a rather poor knowledge of the Resolution function
in this region, consequence of notable reduction of the
flux at this energy due to presence of Mn in the shielding
of the spallation target, which increases the uncertainty
in the Resolution Function and propagates to the yield
reconstruction,. In any case, the impact of this uncer-
tainty itself on the fitted parameters is very low.

Resonance strengths from table III are calculated as

ω = g
Γn·Γp

Γγ+Γn+Γp
, where g is the spin factor, g = 2Jr+1

2·(2Ji+1) ,

Jr is the spin of the resonance (second column of Table
III), and Ji = 3

2 is the spin of (the ground state of) 35Cl.
Values from other works are also included in table III.

For the first resonance, correlations between partial
widths have also been analyzed in determining the res-
onance strength. The quality of the fit, particularly
around the tails of the resonance, is improved by vary-
ing all parameters, compared to only varying the proton
channel.

For the second resonance, the partial widths are also
compatible with all authors and so is its strength. As
for the following resonances, lower strengths are system-
atically found with respect to previous measurements.
In particular, notably lower values are found for reso-
nances at 17 keV and 51 keV. Values of 0.45 ± 0.20 meV
and 10± 5 meV are given for the Γp of those resonances,
which means that the strength of these resonances is at
the level of two to three standard deviations consistent
with zero and the resonances are barely observed. This
suggests that their strengths are indeed much lower than
those estimated in [20]. For the last two resonances, only
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Druyts et al. (and [20], based on the results from Druyts
et al.) had previously estimated partial widths, and a
lower value is found for the resonance at 90.526 keV while
the last resonance is well compatible with ENDF and
Druyts et al.

No sign of any additional resonance, aside from those
listed in Table III, was observed in the experimental data.

C. Maxwellian averaged cross-section

The Maxwellian averaged cross-section (MACS) for
35Cl(n, p) is calculated in the range of temperatures of
astrophysical interest, from kBT = 1 keV to 100 keV us-
ing (i) the n TOF cross-section presented in the previ-
ous section and (ii) using ENDF/B-VIII.1 evaluation,
see Tab. IV and Fig. 13. The ENDF cross-section
for En > 120 keV was adopted also in (i). Fig. 13 il-
lustrates the contribution of different resonances (energy
regions) to MACS. At low temperatures (kBT < 5 keV),
where the first and second resonances contribute the
most, agreement within one standard deviation is found
between our data and ENDF. The discrepancy grows as
the rest of resonances start to contribute more.

V. CONCLUSIONS

A new measurement of the 35Cl(n, p) 35S reaction
was performed at the EAR-2 of the n TOF facility at
CERN. The measurement provides data from subther-
mal to the resonance region for the first time, covering the
energy range from 8 meV to 120 keV. The cross-section

TABLE IV. MACS calculated from our results (this work)
and using ENDF evaluation.

kB · T (keV) This work (mb) ENDF (mb)
1 3.6 ± 0.4 3.4
5 5.6 ± 0.6 6.4
8 3.3 ± 0.3 4.4
10 2.6 ± 0.3 3.7
15 1.8 ± 0.3 2.8
20 1.38 ± 0.24 2.2
25 1.21 ± 0.22 1.9
30 1.07 ± 0.20 1.7
40 0.86 ± 0.17 1.3
50 0.72 ± 0.15 1.1
60 0.61 ± 0.12 0.93
80 0.47 ± 0.09 0.69
100 0.38 ± 0.07 0.54

is obtained via fitting of experimental yields using the
SAMMY code.

The obtained thermal cross-section is (0.470 ± 0.009)
barns, in good agreement with ENDF/B-VIII.1 evalua-
tion and many previous measurements. Significant de-
viation is found only when comparing to Berthet et al.
and Gledenov et al. Our resonance strengths for the first
two resonances are well consistent with the values previ-
ously reported, while usually smaller values are found for
resonances at higher energies. Specifically, the strength
adopted by ENDF/B-VIII.1 are for the majority of res-
onances larger by more than three standard deviations.
This propagates into the MACS calculation done with
our cross-section data, which shows a lower value at stel-
lar temperatures from kBT ≈ 5 to kBT ≈ 100 keV than
predictions using ENDF evaluation.

Nuclear data from this work will be submitted to the
EXFOR repository. All these data could promote new
evaluations of the cross-section of the 35Cl(n, p) reaction.
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Española Contra el Cáncer (INNOV223579PORR), La
Caixa Foundation (CC21-10047), Health Institute Car-
los III (DTS22-00147) and the funding agencies of the
n TOF participating institutes. This project has received
funding from the European Union’s Horizon Europe Re-
search and Innovation programme under Grant Agree-
ment No 101057511 (EURO-LABS project). M.M. ac-
knowledges support from the Spanish Ministry of Sci-
ence, Innovation and Universities under the FPU Grant
No. FPU21/02919. Authors thank Mr. Wilhelmus Vol-
lenberg for the preparation of the samples.



13

[1] L. Kankaanranta, T. Seppälä, H. Koivunoro,
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Gonçalves, E. González, A. Goverdovski, E. Griesmayer,
H. Harada, T. Heftrich, S. Heinitz, A. Hernández-Prieto,
J. Heyse, D. G. Jenkins, E. Jericha, F. Käppeler, Y. Kadi,
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S. Ganesan, A. R. Garćıa, G. Giubrone, M. B.
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M. Krtička, J. Kroll, C. Lampoudis, C. Langer, E. Leal-
Cidoncha, C. Lederer, H. Leeb, L. S. Leong, R. Losito,
A. Mallick, A. Manousos, J. Marganiec, T. Mart́ınez,
C. Massimi, P. F. Mastinu, M. Mastromarco, M. Meaze,
E. Mendoza, A. Mengoni, P. M. Milazzo, F. Mingrone,
M. Mirea, W. Mondalaers, C. Paradela, A. Pavlik,
J. Perkowski, A. Plompen, J. Praena, J. M. Quesada,
T. Rauscher, R. Reifarth, A. Riego, M. S. Robles,
F. Roman, C. Rubbia, M. Sabaté-Gilarte, R. Sarmento,
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