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Abstract: The neutron capture cross section of 56Fe, the seed of the slow (s) process of
nucleosynthesis, is of particular interest for the impact it has on all the weak s process
nuclei production in Massive Stars . In addition, The cross section is also fundamental
for nuclear technology, We propose a new high-resolution measurement of the 56Fe(n, γ)
reaction at the n TOF EAR1 experimental station, using a setup of four C6D6 gamma
ray detectors, in order to reduce the current uncertainty in the Maxwellian-averaged
cross section at the temperatures relevant for the weak s process, and to solve the

present discrepancies between the most recent nuclear data evaluations.

Requested protons: 3× 1018

Experimental Area: EAR1
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1 Introduction and motivations

1.1 Nuclear Astrophysics

The nucleus 56Fe, the most abundant iron isotope (91.75%), is arguably one of the most
important nuclei in the study of the slow (s) process of stellar nucleosynthesis, the mech-
anism responsible of approximately half of the abundances of elements heavier than iron
[1–3]. 56Fe is the sixth most abundant isotope of the Universe and the heaviest stable
isotope produced as a result of fusion reactions in the cores of stars. As such, 56Fe is the
seed isotope from which the s-process chain of consecutive neutron capture and β−-decay
reactions starts. At the same time, its high abundance makes it act as a potential neutron
”poison”, absorbing free neutrons that could be otherwise captured by heavier, much less
abundant, nuclei.
The impact of the 56Fe(n, γ) cross section is particularly important for the weak component
of the s process (hereafter the ws process), which is the major responsible for much of the
abundances of lighter elements up to Sr [3]. It occurs in stars with a minimum mass of
around ≳ 8 M⊙(hereafter referred as Massive Stars or MS). In these stars, the required
neutron source is created by the activation of the 22Ne(α, n) reaction during the He-
burning stage at the stellar core, at temperatures corresponding to a thermal energy of
kT ∼ 30 keV, and during shell carbon-burning, at temperatures corresponding to kT ∼ 90
keV [3, 4].
A very important feature of the weak component is that the neutron fluence is too low to
achieve local reaction equilibrium [3]. As a consequence a particular maxwellian-averaged
cross section (MACS) –the cross section averaged by the energy of the neutron at stellar
temperatures– not only determines the abundance of the capturing isotope, but has a
strong propagation effect than can influence considerably the abundance of all heavier
species [4]. This is effect is particularly strong for the cross section of nuclei close to the
56Fe seed.
In a recent sensitivity study of the ws-process in a 25 M⊙ star by Pignatari et al. [5],
it was clearly highlighted that 56Fe(n, γ) was the reaction with the largest impact in the
abundance distribution at the end of both the He-core and C-shell nucleosynthesis stages.
Further discussion on the astrophysical motivations for a neutron capture measurement
of the Fe stable isotopes can be found original proposal for the measurement of the iron
and nickel stable isotopes at the n TOF experiment [6]. Indeed, the measurement of the
capture cross section of the iron isotopes 54,56,57Fe was conducted at n TOF between 2008
and 2011, during the Phase2 of the experiment. Whereas the 54Fe(n, γ) and 57Fe(n, γ)
measurements were successful in providing new high resolution data [7], the 56Fe(n, γ)
measurement did not, for different reasons that will be explained later in this proposal.

1.2 Nuclear Technology

As the major constituent of steel, 56Fe is a fundamental structural material in nuclear
technology. Accurate data on all neutron-induced reactions on iron is of paramount
importance for safety criticality studies on current nuclear reactors, for the design of new
generation thermal and fast reactors,
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This importance is reflected on the fact the 56Fe has been included in every recent major
re-evaluation of nuclear cross sections important for nuclear technologies, such as those
produced by the CIELO Project of the NEA [8], or more recently, by the INDEN network
of the IAEA [9].

2 Status of the data

2.1 Experimental data

Despite all the recent efforts in producing better nuclear data evaluations on the 56Fe(n, γ)
reaction, all of them rely ultimately on a few experimental time-of-flight (TOF) measure-
ments. With the exception of the 2010 low-resolution measurement by Wang et al.[10],
which reported new cross section values from 15 to 90 keV in 10 to 45 keV neutron energy
bins, and a 20% MACS uncertainty at 30 keV, all high-resolution experiments had been
performed decades earlier than the first proposal at n TOF.
The first listed measurement by Allen et al. [11] was conducted at the 40 m beam line of
the ORELA accelerator. To detect the capture prompt gamma rays C6F6 detectors were
employed, which nowadays have been universally replaced by C6D6 liquid scintillation
detectors for (n, γ) experiments, owing to their considerably lower neutron sensitivity.
Additionally, they measured the reaction on two enriched thick samples, the thinnest of
which was thicker than the one that we propose to use at n TOF. It can be assumed that
prompt background and multiple scattering corrections were generally relevant, and were
of such magnitude for the high scattering cross section resonances such as the one at 27.7
keV, that the authors could not even provide a radiative width (Γγ) for it.
The most recent (n, γ) experimental data was published in 1992 by Corvi et al. [12].
This consisted in a re-analysis of older data from a measurement in 1983 at the GELINA
facility [13] using total energy detectors in combination with the Pulse Height Weighting
Technique (PHWT) [14]. In the re-analysis, the PHWT was re-applied using a weighting
function (WF) calculated from experimentally-obtained detector response functions [15].
Although at the time this newWF was useful to solve some discrepancies, the uncertainties
at high gamma ray energies were important. Nowadays, the WF is calculated by using
MC simulations of the detection setup, which produces much more accurate results [16].
Additionally, a very thick sample of 0.015 at/b was employed for the measurement, and
the neutron sensitivity of the detection setup was estimated to be 1.50±0.75 ·10−4, higher
than the generally reported value of the n TOF C6D6 capture setup of ∼ 5 · 10−5 [17].
The resulting dataset reported information of the Resolved Resonance Region (RRR) up
to 300 keV.
Concerning total cross section data obtained from transmission experiments, the most
recent measurement was performed by Perey et al. at ORELA [18], and reported neutron
width (Γn) and spin assignments for resonances up to 850 keV. Γγwas deduced using ra-
diative kernel information form the Corvi data of 1983. In addition, the EXFOR database
[19, 20] features an entry from a measurement in GELINA, which contains total cross sec-
tion data, with no resonance parameters, for the range from 500 keV to 19 MeV. Directly
quoting EXFOR, there is little information given on the experiment.
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Therefore, we consider that with no recent high-resolution capture measurements, a new
measurement with state-of-the-art detectors and analysis techniques is necessary now as
it was back at the time of the first proposal.
At this point, it is convenient to discuss the outcome of the original measurement of
56Fe(n, γ) at n TOF. The measurement was the first of the iron isotopes, and it was
performed at the EAR1 measuring station in 2009. This was prior to the use of borated
water as neutron moderator in 2010, which offered the important advantage of reducing
considerably the amount of high energy gamma rays in the beam, thus diminishing the
unwanted background signals affecting the capture detectors [21]. In addition, the two
C6D6 detectors employed showed considerable grain drifts of around 14-20% along the
measurement. However, a very stable detector performance is fundamental for a reliable
application of the PHWT [22].
Another important issue was that the preliminary analysis revealed inconsistencies when
applying the standard saturated resonance normalization technique for absolute yield
normalization [23, 24], which were not found in the posterior analysis of 54,57Fe(n, γ).
Finally, the usable collected data amounted to 1.2× 1018 protons, considerably less than
the requested 2× 1018 in the 2006 proposal. As it will be shown later, that amount is not
enough to achieve the statistical uncertainty level necessary to meet the needed accuracy
in the 56Fe(n, γ) cross section [22].

2.2 MACS

In the KADoNiS v1.0 MACS compilation [25], commonly used as reference by the nuclear
astrophysics community for nucleosynthesis calculations, the recommended MACS at 30
keV for the 56Fe(n, γ) reaction is 11.7±1.2 mb. A ∼ ±10% uncertainty is also assumed for
all other MACS from 5 to 90 keV. Nevertheless, in light of the discrepancies between the
MACS obtained with the different experimental data, we consider that a 20% uncertainty
in the full MACS range is a more reasonable figure.
We have performed new calculations using the same post-processing code, NuGrid-PPN
[26], and employing as input the same thermodynamic trajectory in a star of 25 M⊙

Figure 1: ws-process abundance calculations in which the reference 56Fe(n, γ) rate recom-
mended by the KADoNiS database has been scaled by ±20% and ±5% in all the energy
range from 5 to 100 keV.
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and solar metallicity [27]; results are shown in Figure 1. Using the ±20% uncertainty
these simulations confirm that the current uncertainty in the MACS of 56Fe(n, γ) results
indeed in a relevant uncertainty in the ws-process production of all species up to 88Sr.
In addition, a further reduction of the MACS uncertainty to ±5% would lead to an
important reduction in the abundance uncertainty of those nuclei. Therefore, we have
targeted achieving a ≤ ±5% final uncertainty in the MACS as the goal for this proposal.

2.3 Nuclear data evaluations

As stated in the first section, in recent years there has been two major re-evaluations
of the 56Fe(n, γ) cross section, the CIELO project (2017)[8] –which was later adopted
directly by ENDF/B-VIII.0– and the INDEN network (2023) [9]. In both of them, it is
explicitly mentioned in the 56Fe ENDF file that the RRR data up to 850 keV is based
on JENDL-4.0, which in turn adopted the results from the evaluation by F. Fröhner for
JEF-2.2. Still, as stated in the INDEN website, the RRR was directly adopted from
JEFF-3.1 (which remains unchanged in the updated JEFF-3.3).
A direct comparison of both reevaluations can be observed in Figure 2, which shows
that few but relevant differences exist between them. The most important is that the
radiative width, Γγ of the 27.7 keV broad resonance was increased by 30% respect to
JEFF-3.x, a modification that was reversed again in INDEN. Note also the differences in
the background cross section between resonances. Apart from these, the RRR is identical
up to 150 keV. Between 170 and 260 keV, however, INDEN features few (seven) more
resonances than CIELO.
One can calculate the MACS to check the impact of these discrepancies. The MACS at
30 keV of INDEN is 4.5% smaller than CIELO, a difference which can be attributed to a
large extent to the discrepancies in the 27.7 keV resonance. On the other hand, the few
more resonances between 150 and 300 keV in INDEN yield aMACS at 90 keV which is
about 3% higher than CIELO. To conclude, we consider that a new measurement is still
necessary to resolve this discrepancies.

Figure 2: The energy differential cross section of 56Fe(n, γ) for different evaluations. Note
that ENDF/B-VIII.0 adopted the CIELO reevaluation.
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3 New measurement at n TOF-EAR1

The relatively low capture cross section of 56Fe is similar to other even-even nuclide in this
mass region, which is near the neutron shell closure at N=28. The capture cross section
presents a low number of resonances, with average resonance spacing D for s-waves and
p-waves of D0 and D1 of 22 and 8 keV, respectively [28]. As a result, few resonances below
100 keV contribute sizeably to the MACS at 30 keV, as can be seen by looking at the
cumulative MACS distribution (Figure 3, left plot). The most interesting result of this
study, however, is the fact that 90% of the MACS is due to contribution from resonances
below 100 keV, and 99% under 200 keV. Consequently, a precise determination of the
capture integrals of resonances below 100 keV, and if possible up to 200 keV, is crucial to
attain the needed accuracy in the final 30 keV MACS.
The maxwellian spectrum at kT = 90 keV has a much more flatter distribution, and
hence the size of the individual contribution of resonances to the MACS is lower, with
no resonance contributing more than 5% alone, as can be observed in the right plot in
Figure 3. In this case, 80% of the MACS is achieved by 200 keV, and 90% by 300 keV.
To summarize, a high-resolution TOF measurement of the RRR up to 400 keV in neutron
energy is necessary and should be sufficient for an precise calculation of the MACS at
both 30 and 90 keV.

3.1 Experimental setup

Therefore, we propose to measure again the 56Fe(n, γ) cross section in n TOF EAR1,
which provides the necessary neutron energy resolution to allow us to measure individual
resonances up to hundreds of keV in energy [21]. For the measurement we will employ
the standard EAR1 capture setup of 4 C6D6 carbon fiber detectors, specifically designed
to minimize their sensitivity to neutrons [29]. The reaction will be measured on the
same highly enriched 56Fe sample of the 2009 measurement. It has dimensions of 20 mm
diameter and an atomic thickness of 0.0072 atoms/barn.

Figure 3: Cumulative MACS distribution, normalized to the total, for kT = 30 keV (left)
and kT = 90 keV (right).
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Figure 4: Left: Counting rate estimations, for 2 × 1018 protons, in the neutron energy
range between 20 and 120 keV (top), and 100 and 380 keV (bottom). Right: σstat in the
resonances shown in blue in the left plot for different beam times, with the x-axis values
indicating their resonance energy .

3.2 Counting rate estimates, beam time request

The feasibility of a new measurement has been studied by performing detailed counting
rate estimations. To justify our beam demands we have used as observable the statistical
uncertainty σstat in the clean (i.e. after background subtraction) capture resonance inte-
grals. The resonance integral is proportional to the resonance kernels and thus directly
related to the resonance parameters [30].
The background included in this estimation has been carefully evaluated to take into
account the two main components which dominate the background from a few eV: the
in-beam gamma rays component (Bgs), which reach the detectors after being scattered by
the sample; and the background originating from neutrons scattered by the sample and
captured elsewhere in the experimental hall after being thermalized (Bns).
The estimations, together with the clean resonance integrals for some selected resonances,
are depicted in Figure 4, which correspond, respectively, to the energy ranges between 20
and 120 keV, and between 100 and 380 keV. The first conclusion is that a proton beam
time of 1× 1018 protons is definitely not enough to achieve a statistical uncertainty ≲ 5%
in resonances between 100 and 400 keV.
On the other hand, by doubling the beam time to 2×1018 protons the uncertainty in σstat

between 20 and 120 keV is well below 3% for most resonances, and generally less than 5%
for most of the chosen resonances between 120 and 380 keV. Increasing the beam time
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an additional 50% to 3 × 1018 protons (equivalent to approximately ten days of beam),
however, does not provide a proportional improvement. In addition, it must be noted that
the systematic uncertainty quoted for n TOF EAR1 in recent measurements is typically
of 3-4% up to 10 keV, and ≳ 5% beyond that [31–33], and therefore we consider that such
an extra investment in beam time is not worth the potential small improvement in the
total uncertainty.

3.3 Summary of requested protons

For all the explained above, we request to the INTC committee 3×1018 protons distributed
as listed in the following table.

Sample Purpose Protons

56Fe 56Fe(n, γ) 2 · 1018
197Au 197Au(n, γ) normalization 1 · 1017

Pb, C, Empty Background 4 · 1017
56Fe, Pb, C, Empty + filters Background 5 · 1017

Total 3 · 1018
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
Please describe here below the main parts of your experimental set-up:

Part of the experiment Design and manufacturing

Fixed installation: C6D6 standard
setup

⊠ To be used without any modification
2 To be modified

HAZARDS GENERATED BY THE EXPERIMENT
Additional hazard from flexible or transported equipment to the CERN site:

Domain Hazards/Hazardous Activities Description

Mechanical Safety

Pressure 2 [pressure] [bar], [volume][l]
Vacuum 2

Machine tools 2

Mechanical energy (moving parts) 2

Hot/Cold surfaces 2

Cryogenic Safety Cryogenic fluid 2 [fluid] [m3]

Electrical Safety
Electrical equipment and installations 2 [voltage] [V], [current] [A]
High Voltage equipment 2 [voltage] [V]

Chemical Safety

CMR (carcinogens, mutagens and toxic
to reproduction)

2 [fluid], [quantity]

Toxic/Irritant 2 [fluid], [quantity]
Corrosive 2 [fluid], [quantity]
Oxidizing 2 [fluid], [quantity]
Flammable/Potentially explosive
atmospheres

2 [fluid], [quantity]

Dangerous for the environment 2 [fluid], [quantity]

Non-ionizing
radiation Safety

Laser 2 [laser], [class]
UV light 2

Magnetic field 2 [magnetic field] [T]

Workplace

Excessive noise 2

Working outside normal working hours 2

Working at height (climbing platforms,
etc.)

2

Outdoor activities 2

Fire Safety
Ignition sources 2

Combustible Materials 2

Hot Work (e.g. welding, grinding) 2

Other hazards
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