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Abstract: As one of the most abundant elements in the Universe, silicon plays a key
role in a wide variety of applications in industry, electronics, nuclear engineering or space
exploration. These applications require precise, reliable and extended cross section data
sets on the neutron-induced inelastic channel on ?®Si from threshold up to several tens
of MeV. Following up on recent efforts on the development of LaBr3(Ce) detectors for
studying high neutron energy-induced reactions by means of y-ray spectroscopy, we are
confident that these kind of neutron energies are achievable at n_ TOF. To that end, the
current proposal aims to measure high-resolution, time of flight data for the neutron
inelastic channel on ?8Si from threshold up to 50 MeV, where no data exist.

Requested protons: 2:10'® protons on target
Experimental Area: EAR1



1 Physics Motivation

The proposal aims to measure the inelastic neutron scattering cross section of 28Si
using LaBr3(Ce) detectors. Particularly at neutron energies above 15-20 MeV this cross
section is poorly known, even if it is essential for several applications and possibly for
understanding certain collective phenomena in light nuclei. Our endeavour has therefore
multiple motivations. First, the purpose of this measurement is highly practical as silicon
is abundantly used both within the electrical circuits and as a detection material.
Perhaps the most interesting use of the high energy 28Si cross sections is linked to space
exploration techniques used to characterize the elemental composition of celestial
bodies. Finally, as an exploratory motivation we aim to probe the dipole collective
response in 2Si using (n,n’) reactions for the first time.

Silicon is an important material in various technological applications, particularly in
the semiconductor industry and nuclear engineering. Inelastic cross sections for neutron
interactions with silicon are relevant for specific applications like reactor modeling,
radiation shielding and semiconductor radiation damage analysis. Moreover, fast neutron
nuclear data are crucial for designing materials and systems exposed to high energy
neutron environments which therefore need low uncertainty, reliable and extended cross
section libraries, particularly for E,, >15 MeV where previous data sets present significant
discrepancies.

In a silicon lattice, bulk damage arises from interactions where energetic particles, such
as neutrons, protons, or electrons, collide with the nuclei of the lattice atoms (i.e., silicon
atoms). This type of damage typically leads to displacement of atoms from their original
positions, creating defects such as vacancies or interstitials in the crystal structure.
These defects alter the material properties, particularly in semiconductors like silicon or
its newest alternative: SiC [1]. Unlike ionization damage, where electrons are excited
but the overall lattice structure remains intact, damage caused by nuclear reactions
is often irreversible. For example, protons and neutrons require less kinetic energy to
impart the same recoil energy as compared with electrons (for neutrons only 190 eV
is needed to displace a silicon atom). Fast neutrons produce damage via elastic and
inelastic scattering thereby creating (charged) recoil atoms which are displaced from the
crystal lattice. Up to 5 MeV the elastic scattering is the main process responsible for
the damage, after this energy, the inelastic scattering becomes dominant (see Figure 2 in

Ref. [2]).

This dependence on the incident neutron energy is particularly important for detection
systems used in electronic devices in space shuttles or satellites or even airborne equip-
ment in planes or weather balloons that are exposed to a high flux of fast neutrons. For
sea level equipment, it is commonly accepted nowadays that one of the primary causes of
soft errors in electronic devices are high-energy neutrons fluxes produced following cosmic
ray showers (consisting mostly of extremely high energy protons and heavy ions) high in
Earth’s atmosphere [3]. Due to the neutron’s lack of charge, they can penetrate all the
way to sea level and interact with semiconductor devices leading to charge disturbance



in memory cells and/or logic circuits hence flipping bits and creating data errors [4].
Soft Errors are a significant concern for the reliability and dependability of modern
electronics. Unlike hardware errors, which result in permanent damage to electronic
components, soft errors are temporary changes in data or logic states caused by external
environmental factors. Although they do not permanently damage the hardware, soft
errors can lead to incorrect data processing, system crashes or malfunctions, which is
particularly concerning in critical applications like aerospace, medical devices and data
centers. Albeit, neutron inelastic scattering measurements using ~-ray decay do not
provide direct information about the energy of Si recoils, they offer valuable insight into
the magnitude of the inelastic scattering processes, by giving access to the total inelastic
cross section values. Still, if performed with HPGe detectors and for states with lifetimes
smaller than 1 ps that exhibit a Doppler broadening (such as the low lying states in
28Si), the line shape analysis method (i.e. Doppler-shift attenuation method [5]) could
be applied to extract also the energy distribution of the recoils. For this particular
application we plan to use a HPGe detector equipped with a gated preamplifier, that
has already been tested and showed a promising behavior up to 5 MeV neutron energies [6].

Another application of neutron inelastic cross section on 28Si beyond 15 MeV refers
to planet explorations. Planetary geochemists have successfully utilized y-rays and
neutron emissions to analyze and characterize the chemical composition of planetary
surfaces such as the Moon ( Lunar Prospector [7]), Mars (Mars Odyssey [8,9]), Mercury
(MESSENGER [10]) and other asteroids [11]. This technique is widely used in planetary
exploration to gather information about the elements present on the surfaces of planets
and other celestial bodies, and plays a key role in understanding their geological history,
composition, and potential for supporting life. Most planetary nuclear spectroscopy
experiments depend on galactic cosmic rays to induce neutron and gamma-ray emissions
from planetary surfaces. In this process, high-energy cosmic-ray particles—mainly
protons with energies exceeding 50 MeV-—penetrate the surface and trigger nuclear
spallation reactions. These reactions occur to depths of a few meters below the surface.
The neutrons generated by spallation can escape the surface, and the energy-dependent
shape of the escaping neutron spectrum provides insights into the bulk composition
and hydrogen content of the subsurface material. Additionally, these neutrons interact
with subsurface elements, causing inelastic scattering and neutron capture reactions,
which result in the emission of gamma rays. As the energy of these gamma rays is
characteristic for specific elements, the elemental analysis of the surface to depths of
tens of centimeters can be achieved. This method helps identify key elements and offers
a detailed understanding of the planet’s surface composition. In this context, scientists
have proposed a high-priority list for nuclear data improvements, on which Si as the 7%
most abundant element in the Universe is featured, specifying that the (n,n’) reactions
cross section should be well known for energies from ~50 MeV down to the reaction
threshold [12]. To reach their targeted sensitivity, such applications require extremely
precise nuclear data (uncertainty as low as 1%). This need is completely justified if we
look at the energy distribution of the neutrons and gamma ray measured by the Apollo
16 returned sample presented in Figure 1 [13] .
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Figure 1: The calculated neutron and gamma-ray energy spectra for the Apollo 16 returned
sample composition, adopted from [13].

Neutron inelastic cross section data at neutron energies higher than 15 MeV are very
scarce for 28Si. The neutron flux of n_.TOF that extends well beyond this energy,
combined with the fast response of LaBr3(Ce), can produce high quality data for such
applications. Moreover, such data could also prove important for fundamental physics
research, this representing the last motivation of this proposal, having however a more
exploratory nature and should be seen as a by-product of the proposed experiment.
Recently, neutrons have been proposed as a new probe to study the collective nature of
highly excited states in nuclei [14,15]. Over the years, giant resonances (GR) were
studied routinely using charged-particle beams by detecting the energy of the emergent
particle and constructing excitation spectra [16]. For example, proton beams are able to
probe both the isoscalar and isovector components of the giant dipole resonance while «
beams probe only the isocalar one, with neither being a purely nuclear projectile, at the
same time, (,7’) reactions are considered purely electromagnetic probes. In contrast, a
neutron projectile offers a unique and complementary approach as this is a purely nuclear
probe - no Coulomb interaction involved. Coulomb excitation or electron scattering
probe the entire volume of the nucleus while proton/neutron inelastic scattering probes
mainly the surface. This shows why it is important to use complementary experimental
approaches to further refine the theoretical models. Currently, the intensities and energy
spectrum of the neutron beam delivered by n_TOF make this facility uniquely positioned
for the study of very high energy excited states. We plan to explore the possibility of
using the (n,n’) reaction to study the dipole response in 2®Si. The damping mechanism
of giant resonances is generally poorly understood and considerable efforts are done for
developing advanced detections system to map out its vy decay [17,18]. The low efficiency
of the LaBr3(Ce) crystals we plan to use and the small branching ratio for the v decay
make impossible to observe the direct transition from GDR states to the g.s. in the
present experiment. However, it was recently pointed out that the + decay of GRs to



low-lying vibrational states is an effective approach to access directly the microscopic
structure of the GRs [19]. More precisely, in the case of 2°Pb, recent calculations have
shown that the decay GDR—2] is isospin enhanced while the decay GQR—3] is isospin
suppressed. Thus, an additional signature of populating these collective states by (n,n’)
reaction could be considered the existence of resonant structure appearing in the level
cross section of the low-lying states, in particular at high E,,. If such an enhancement
will be observed in the y-production cross section of the 2{ —g.s. transition (1779 keV)
at very high neutron energies, one could consider in the future a dedicated setup for
measuring neutron-gamma coincidences with a higher v-ray efficiency to probe such
collective phenomena.

Figure 2 displays the ?Si(n,n’) cross section for the main transition at 1779 keV of this
isotope extracted in two experimental campaigns at GELINA [20,21]. Negret et al.
used a "*Si sample in the 200-m measurement cabin while Boromiza et al. used a SiO,
compound at 100 m. Both experiments employed the GAINS spectrometer (gamma
spectroscopy with HPGe detectors) [22]. As can be observed in Figure 2, even though
both data sets and the work of Sullivan et al. [23] are in a very good agreement at small
neutron energies below 14 MeV, a not fully clarified difference above this energy is clearly
visible. This difference is indeed puzzling as it is larger than the error bars of the cross
section points in that region and thus can not be explained by fluctuations due to the
lack of statistics (the GELINA neutron flux drops significantly above 5-10 MeV). The
authors of Refs. [21,24] argue that this difference may come, at least in part, from a 2*Si
polluting line present in their measurement. For this reason we plan to use an enriched
2GSi sample. Taking advantage of the much larger high-energy neutron flux specific to
n_TOF as compared to GELINA, we wish therefore to measure very precisely this high-
energy tail of the 1779 keV transition’s excitation function to clarify the disagreement
between the two data sets reported from GELINA experiments.

2 Experimental setup and beam time request

We aim to measure the neutron-induced inelastic channel on 2®Si by means of gamma
spectroscopy techniques with LaBrs(Ce) up to very high incident energies (at least up to
40-50 MeV). LaBrs (Ce) detectors are chosen for this application because of their good
energy resolution and fast response, which are essential for high-precision cross-section
measurements at n_TOF given its particular environmental conditions (i.e. the strong
v-flash). The use of these detectors will enable accurate identification and quantification
of gamma rays emitted during inelastic scattering, ensuring reliable cross-section data
for ?8Si.  First, the gamma-production cross section of all the observed transitions
following neutron inelastic scattering on the target nucleus will be measured. By adding
the cross section of all observed transitions that decay directly to the g.s., the total
inelastic cross sections can also be determined. The detection array will consist in three
rings of LaBrs(Ce) detectors. The angle-integrated cross sections can be determined
by positioning the detectors at suitable angles - 110, 125 and 90 degrees - the first two
rings for the two nodes integration procedure (see details in [25]), while the detectors at
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Figure 2: The vy-production cross section for the 1779-keV transition in ?8Si reported in the
Refs. [20,21] with its associated total relative uncertainty measured at GELINA.

90° will be used to check the spectra contamination in the absence the Doppler shifted
component. In what concerns the background induced by fast neutrons interacting with
the LaBr3(Ce) crystal, previous studies have shown that these kinds of interactions will
most likely populate states with E, <1 MeV, corresponding to the first excited states
in 13¥La and ™®Br isotopes [26,27]. Indeed, in our recent experiment while measuring
the inelastic channel on ?*Mg such lines could be observed in the low energy part of
the spectra, nonetheless the background conditions for higher lying states allows a clear
identification of the peaks of interest [28].

A usual concern for neutron inelastic measurements in the MeV region is the (n,p)
channel polluting contribution. This channel usually produces a S unstable residual
which can decay back to the target nucleus populating the same excited states as the
inelastic reaction. For the 2®Si(n,p)?®Al reaction - though relatively intense according
to TALYS 2.0 estimations [29] - this channel will generate a negligible contribution due
its fairly long half life (2.25 minutes), while the prompt gammas emitted by 2Al do not
have energies close to the ones of interest in 2®Si. Another relatively intense channel
could be (n,a) which forms Mg (stable isotope). This reaction mostly populates
lower-lying states in 2°Mg which de-excite to several intense lines with energies close
to those of ?8Si. Depending on the cross section, for the 1779 keV line one could
thus expect potential polluting contributions from the 1763 and 1793 keV gamma
rays in 2°Mg while the 2838 keV transition in ?®Si may be polluted by the decay of
the 2828 keV ~-rays emitted by ?Mg. Nonetheless, the expected energy resolution for
a LaBr;(Ce) crystal at these energies is ~2% which should be enough to resolve these lines.

To estimate the inelastic neutron-induced ~-production cross section for the 1779, 2838,



3201 and 4497 keV lines in 2¥Si in the 50 MeV down to the threshold region, we employed
the prediction of TALYS-2.0 theoretical calculations [29] using default optical model pa-
rameters for the neutron-target nuclear potential. We note that the reaction code is able
to describe relatively well the cross sections for the main 28Si transitions, especially at
higher neutron energies above 10-15 MeV of interest for the present proposal- see Figure 2.
Therefore we used the TALYS-based cross section values, especially in 20-50 MeV range
where no experimental data are available, to estimate the expected count rates shown
in Figure 3 for 2-10'® protons on lead target. As can be observed, in the 15-20 MeV
region, were the discrepancies between the two GELINA experiments exist, we expect to
extract the cross section with a statistical uncertainty of ~7%, considerably lower than
the 15-20% difference reported by the two conflicting measurements. Moreover, the data
collected for ~ 3 weeks of beam time will allow us to measure for the first time the cross
section of the 1779 keV transition (which takes most of the inelastic strength) up to 50
MeV with a statistical error of ~10%.
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Figure 3: Expected number of counts for 60 bpd and 2-10'® protons in EAR1, considering
5 LaBr3(Ce) detectors placed at 17 cm distance with respect to the 2®Si sample (1 mm
thickness).

Summary of requested protons: 2-10'® in EAR1
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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

If relevant,

name of the

tion you will

fixed /present n_TOF installation:

write

here the | X To be
fixed installa- | O To be modified
be wusing [Name

e.g.

TAC, C6D6, SIMON, uMegas,
HPGe, GEAR-HPGe]

used without

any modification

If relevant, describe here the name
of the flexible/transported equipment

you will bring to CERN from your In-

stitute

[Part 1 of experiment/ equipment)]

O Standard equipment supplied by a manufacturer
O CERN/collaboration responsible for the design
and/or manufacturing

[Part 2 of experiment/ equipment]

O Standard equipment supplied by a manufacturer
O CERN/collaboration responsible for the design
and/or manufacturing

[insert lines if needed]

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

Domain

Hazards/Hazardous Activities

Description

Pressure O | [pressure| [bar|, [volume][l]
Vacuum O
Mechanical Safety | Machine tools O
Mechanical energy (moving parts) O
Hot/Cold surfaces O
Cryogenic Safety | Cryogenic fluid O | [Auid] [m3]

. Electrical equipment and installations O | [voltage] [V], [current] [A
Electrical Safety High Voltage equipment O {Voltage} {V} [ -
CMR (carcinogens, mutagens and toxic .

to repr<oduction) 0 | [fiuid], [quantity]

Toxic/Irritant O | [fuid], [quantity]
Chemical Safety Corrosive O | [fluid], [quantity]

Oxidizing O | [fluid], [quantity]

i‘tlzlrgsngi}ii /S Potentially explosive O | [fiuid], [quantity]

Dangerous for the environment O | [fluid], [quantity]

Laser O | [laser], [class]

O

Non-ionizing
radiation Safety

UV light
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Magnetic field [magnetic field] [T]

Excessive noise

Workplace Working outside normal working hours

Working at height (climbing platforms,
etc.)

Outdoor activities

Ignition sources

Fire Safety Combustible Materials

g gyoigl o (gglg

Hot Work (e.g. welding, grinding)

Other hazards
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