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Abstract: Fluorine is a critical component of the molten salt Li;BeF4 (FLiBe), which
has been widely proposed as a moderator and coolant material in nuclear applications. In
fusion applications, FLiBe is attractive for its superior tritium breeding performance and
low electrical conductivity. Advanced (GEN-1V) fission systems such as Fluoride-salt-
cooled high-temperature reactors (FHRs) use FLiBe as coolant and molten salt reactors
(MSRs) use FLiBe both as a solvent for fissile material and coolant.

This proposal aims to measure the YF(n,n’) reaction cross section, whose current un-
certainty due to scarce experimental data and discrepant model calculations has been
found to propagate significantly on key aspects of fusion reactors modeling such as tri-
tium breeding ratio and neutron flux. In FHR and MSR reactors it impacts reactivity
calculations.

We propose to conduct the measurement at the EAR1 experimental area using an array



of LaBrj3 detectors which was recently commissioned at n_ TOF. Using these detectors we
will detect ~-rays following the de-excitation of F* states excited by the inelastic scatter-
ing of neutrons. The use of the n_ TOF beam will allow to drastically reduce the existing
uncertainty by collecting high neutron energy resolution data and in a much wider energy
range than previously measured. This would provide a full set of experimental informa-
tion to cover fission reactor applications and resolve main discrepancies between nuclear
data libraries needed for fusion application.

Requested protons: 2 x 10*® protons on target
Experimental Area: EAR1



1 Scientific motivation

Tritium breeding blankets are a crucial component of fusion reactor designs, converting
neutron energy into heat, shielding the magnets against radiation, cooling the first wall
that separates the plasma from the blanket, and most importantly, to produce the *H fuel
required to sustaine reactor operation. The only element capable of producing enough
3H via interaction with neutrons is Li (in particular Li), but its reactivity with water,
air and even reactor structural materials poses critical safety issues. The low melting
point (180.5 °C) would force its use in a liquid form, bringing the additional problems
of pressure losses due to magnetohydrodynamic (MHD) phenomena in the liquid metal
while flowing in the high magnetic fields of the tokamak. For these reasons, Li compounds
must be used instead, resulting in a decrease of Li atomic density that imposes additional
constraints on breeding materials, such as low neutron parasitic absorption and capability
of neutron multiplication.

Examples of promising Li compounds that have been selected based on the criteria
of safety, low activation, availability, *H breeding and extraction efficiency are: (lig-
uid) Li;7Pbgs and LiBisPby, the salts LisBeF, (FLiBe) and LiF-NaF-BeF, (FLiNaBe),
the (solid) intermetallic alloy Li;Pby, the Li ceramics Li,O, LiAlOg, LipSiOs, LiySiOy,
LisZrOgs, Li;TiO3 and non-ceramic binary compounds such as LizN and LiF.

This proposal, by measuring the neutron inelastic-scattering cross section of “F,
addresses a specific nuclear data need for the molten-salt class of breeder material such as
FLiBe. This is the best liquid salt for breeding tritium; beryllium multiplies neutrons via
the Be(n, 2n) reactions, and T production can be maximised using isotopically enriched
6Li. The isotope 7Li is also of interest, for example for its capability to produce T via
the (n,n'a)?H reaction without consuming neutrons. Therefore, a mixture of °Li/"Li in
FLiBe salts can be envisaged.

The FLiBe is also the best salt coolant in terms of thermal hydraulics and neutronic
performance. For these reasons, FLiBe is the coolant of choice for liquid blankets in
reactor designs with very high-magnetic-field where due to the much higher power
density, it is difficult to cool solid blankets. In addition, the large magnetic field favours
coolant in the blanket that have low electrical conductivity relative to Li-Pb to reduce
interaction between flowing coolant and magnetic field.

Fluorine is also a critical element for a class of GEN-IV nuclear reactors known as molten
salt reactor (MSRs). In this case the fuel is in solution of a molten salt (e.g., LiF-BeFo-
UF,) which also serves as coolant, flowing through holes of a graphite moderator. A
more recent concept is Fluoride salt-cooled High-temperature Reactors (FHRs), which
feature high temperature fuel and fluoride salt coolant. The system uses pebble bed fuel
and LisBeF, coolant enriched in "Li to minimize *H production. This concept is similar
to high temperature gas reactors (HTGRs) but operates at near atmospheric pressure
and with a power density 4-10 times higher.

Inelastic neutron scattering in fusion reactor components create high energy ~7-rays
that contributes to heat deposited and radiation damage. Furthermore, in both fu-
sion/fission systems it affects the neutron energy spectrum, whose shape is critical to *H
breeding. Sensitivity studies detailed in the following, show that the F(n,n’) uncertainty



propagates significantly in fusion/fission designs that use fluorine salt fuel/coolant.

Fig. 1 shows a comparison between the only three existing measurements of the F(n,n’)
reaction that observed the total inelastic cross section, along with available nuclear data
libraries that in general show three trends. In the range 0.2-2.5 MeV there are two
measurements performed with acceptable energy resolution and uncertainties of ~15%
[1, 2, 3]. Three other measurements exists at higher energies but were not sensitive to the
total cross section.

Fig. 1 shows a good agreement between Ref. [1] and the JENDL-5.0 library and there
is in general a reasonable agreement between the three measurements. However, in the
energy range 0.5-0.8 MeV, Ref. [2] reports a lower cross section that supports the JEFF-
3.3/ENDF /B-VIII/TENDL2023 libraries. As a consequence, there is not enough evidence
to recommend one of the two set of libraries. This situation causes a significant uncertainty
in reactor calculations as described in the following. The Fusion Evaluated Nuclear Data
Library (FENDL), specially aimed at fusion studies despite being the least supported by
experimental data resembles more the JEFF-3.3 trend.
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Figure 1: Three existing measurements of the total cross section of F(n,n’) compared
to five nuclear data libraries.

A sensitivity study on the impact of this cross section for fusion application was conducted
by the University of Wisconsin-Medison group, focused on the impact of the new FENDL-
3.2¢ library in the case of a FLiBe liquid blanket reactor design [4]. The use of this library
results in a 20-70% higher neutron flux behind the FLiBe breeder region (see Fig. 2). Also,
the tritium breeding ratio increased by 1.4%. Considering the very low tolerances allowed
in fusion design, this is considered a significant difference.

Ref. [5] reports a sensitivity studies on "F(n,n’) for molten salt reactors focussed on
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Figure 2: Ratio of neutron flux calculated using the FENDL and INDEN library. The
vertical lines indicate the border between several parts of the fusion reactor surrounding
the plasma (VV=vacuum vessel, SR=structural ring, BW=back wall, FW=first wall).

criticality uncertainty propagating from nuclear data. The system studied was a Thorium-
TRU (TRans Uranium) fuel, explicitly, LiF-ThF,-TRU-F3 salt. The study focused on
the difference between JENDL-4.0, JEFF-3.3 and ENDF/B-VIIL.0. The results of the
investigation illustrated in Fig. 3, were surprising, with the uncertainty of the °F(n,n’)
cross section being the dominant one, and accounts for up to 2000 pcm.
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Figure 3: Reactivity difference due to different libraries to several key reactions for (left)
JENDL/JEFF ad JENDL/ENDF, showing the uncertainty in the inelastic scattering of
YF being a large effect.

A second study focused on a Fluorine based molten salt reactor, reported the contribution
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Table 1: Reactivity uncertainty contributions in terms of absolute uncertainties and rel-
ative variances for the thermal and epithermal systems, when different reaction channels
are perturbed individually.

of various 'F reaction channels [6, 7]. The contribution of the uncertainty of the (n,n’)
channel was found to depend on the type of reactor regime: thermal, semi-epithermal,
and epithermal. In the case of epithermal the contribution is grater because F plays a
larger role in slowing down neutrons. The results of the study is summarised in Table 1
below where the (n,n’) channel contribution was 30% of the total and up to 114 pcm.
To summarise, there is clear motivation to perform a new measurement of the 'YF(n,n’)
cross section. Sensitivity studies have been performed showing the large impact an im-
provement of the data would have for nuclear fission systems and the lack of data and
prominence of F in many fusion designs motivate an improvement of the data up to
neutron energies relevant for both technologies (<14.1 MeV).

1.1 Experimental setup and targets

The experimental setup consists of five LaBrs detectors 1.5”7x2” in size, mounted 15
cm away and at 125° degrees with respect to the beam as shown in Figure 4. This
experimental setup was recently used to measure the **Mg(n, n’) cross section and the
detectors were able to resolve v-rays originating from up to 100 MeV incident neutron
energy. A LiF target of 2.5 g will be measured, providing a good compromise between
sample mass and self-shielding. This has the advantage that it may also be possible to
measure the cross section for the production of the 478 keV ~-ray in “Li which is an
important measurement in itself.

1.2 Measurement details

Inelastic cross sections are typically measured by detecting y-rays with HPGe detectors.
However, the presence of a strong ~-flash, together with the intrinsically slow response



Figure 4: A photo of the experimental setup that will be used, shown here in use for the
Mg experimental campaign.

of such detectors, has hindered up to now the possibility to measure such reactions
at n_TOF above 4-5 MeV neutron energy. To overcome this problem, the n_TOF
Collaboration has recently proposed to use the much faster LaBrs detectors to extend
the accessible neutron energy range in specific cases (mostly light isotopes), for which
the line separation is larger than the 2-3% resolution of the detector. In these cases, tests
performed with the neutron beam in EAR1@n_TOF have demonstrated the capability of
a setup based on LaBrs detectors to measure inelastic reactions up to at least 100 MeV
neutron energy. It should be noted, however, that for low-energy ~-rays, the neutron
sensitivity of the detector may represent a limitation.

A difficulty of neutron inelastic measurements in the MeV region is the (n,p) channel
polluting contribution which can generate a S~ unstable residual which can then decay
back to the target nucleus populating the same excited states as the inelastic reaction.
The F(n, p)'?O reaction produces a residual which is long-lived enough (26 s) so that its
B decay back to F and subsequent excited states will be negligible. Also, even though
Y0 is populated in several excited states which can decay through two intense lines with
energies of 96 and 1375 keV, close to those of interest from '°F, the (n,p) channel on
YF is relatively weak compared to inelastic. Another relatively intense channel is (n, «)
which forms 1°N (5~ unstable, decays mostly to second excited state in 0O which decays
through a 6128 keV line). This reaction mostly populates lower-lying states in N that
decay through the emission of 120, 298 and 276 keV y-rays. These, however, should be
fairly well separated from those of F (109 and 197 keV). Similar arguments can be put
forward also for the F(n,d)'®0.

The F(n,2n)'8F channel has a reasonable cross section above 10 MeV and '®F has



intense lines around 1 MeV where the LaBrs have good efficiency. It therefore possible
also to measure the (n,2n) channel on this target nucleus taking advantage of the high
neutron flux above 10 MeV specific to n_ TOF. Since the the (n,2n) channel impacts the
neutron multiplicity, this cross section is also relevant in fusion and fission applications.
Moreover, data reported by previous measurements display a rather divergent behaviour
and thus a new data set for this reaction channel may help in improving its evaluation.

The primary motivation of this measurement remains to measure the (n,n’) cross section
and thus MCNP6 simulations were carried out in order to understand the limits of the
LaBrs setup at n_TOF. Fig. 5 shows that the contribution of F ~-rays is well above
any background contributions. This visible contamination to the °F spectrum primarily
comes from neutron inelastic excitation of ™8!Br, therefore is intrinsic to the use of these
detectors and depends on the neutron scattering cross section of the sample.

Although LaBrs exhibit reasonable v-ray resolution, it is still limited and often makes
it difficult to measure cross sections up to high energies due to the increased number of
excited states involved, and thus emitted ~v-rays. Figures 5 and 6 show this limitation, i.e.,
y-rays from YF* states above 4 MeV (higher than the 7*") are not resolved. However, -
rays stemming from the first 6 excited states can be detected up to neutron energies of at
least 20 MeV. As we will show later, these states dominate the cross section in the energy
of interest (up to ~14 MeV), hence the proposed measurement will be an important step
forward for nuclear applications.

Furthermore, despite the limitation above, the LaBrs spectrum is still sensitive to the
neutron energy, and considering that all branching ratios of F are very well known
for each state, it may be possible to use a simulated response to measure cross sections
for higher excitation energies by combining simulated and experimental spectra. This
technique, however, would have to be developed, but we are not aware of any isotope that
can be used as a reference for this case. This proposed measurement is a good case to
investigate the potential of this novel technique. In a recent test using 2*Mg data collected
in the detector commissioning runs, a good agreement between cross sections measured at
n_TOF and data collected at GELINA up to 14 MeV neutron energy, demonstrated the
capability of the proposed setup. Further development may be required on in the analysis
of data at higher energy, where there are no reference data.

1.3 Beam time request

The aim of this measurement is to accurately measure the (n,n’) cross section in the
keV - 1 MeV region where discrepant data sets exist, and also to extend the neutron
energy range up to several tens of MeV, in a region where the cross section is expected
to drop significantly. In order to do this, the partial cross sections to populate as many
energy levels as possible at higher neutron energies must be measured. The evaluated
nuclear data library ENDF /B-VIIL.0 [8] provides partial cross sections for the population
of each excited state and these are shown in Figure 7. It is noted that although the
situation is complex with many excited levels, the cross section is dominated initially by
the population of the first two excited states and thus emission of their corresponding
~-rays (109.9 and 197.1 keV) and at higher energies is dominated by the same second
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Figure 5: Simulated response of LaBr3 detector to 4 and 5 MeV neutrons. The v-rays
labeled with ordinal numbers are from the respective excited state in F*. Any others
originate from inelastic scattering in 3*La and ™®'Br isotopes.
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Figure 6: Level scheme of *F up to the first 10 excited states. According to our simula-
tions, the circled v-rays are accessible to our measurement and are sufficient to characterise
the full cross section up to ~4 MeV incident neutron energy.

excited state combined with the fifth excited state, which emits a 1356.9 keV ~-ray.
Therefore, in order to make an estimate of the required counting statistics to perform an
accurate measurement, the population of these three states alone provides a reasonable
approximation.

A Geant4 simulation of a single detector’s response to mononergetic y-ray sources has
been performed to calculate a photopeak total efficiency curve. When the efficiency,



branching ratios, predicted partial cross sections and EAR1 flux are taken into account,
the expected total detected photopeak ~v-rays, summed for the five detectors and for these
three key ~-rays are given in Figure 8 for 2 x 10'® protons on target. Also included is
an upper estimate for the counts detected from the (n,2n) reaction; all (n,2n) reactions
have been assumed to result in the emission of a ~1 MeV ~-ray however this will not be
the case. The '8F may be left in its ground state after the reaction, however currently
no calculations have been performed to estimate the probability of this happening. The
counting rate estimate has been included primarily for interest here.

Particular focus is put on the 1356.9 keV ~-ray from the fifth excited state, which when
combined with the 197.1 keV v-ray from the second excited is responsible for the majority
of the n, n’ cross section above 10 MeV. This cannot be resolved from the 1348.8 keV ~-ray
however the contribution from this transition is minimal, particularly at higher neutron
energies. Using the 1356.9 keV v-ray as reference, with the suggested 2 x 108 protons, a
minimum of 1000 counts per bin at 25 bins per decade should be detected in the targeted
energy region up to 14.1 MeV which would allow the cross section to be determined with
an improved accuracy. The binning can be reduced in the high cross section area below
1 MeV, allowing the fine structure present in the cross section to be resolved here.

It is noted that the prominent 197.1 keV ~-ray originates from an isomeric state with a
lifetime 7 of 89.3 ns, therefore a correction this must be applied which will affect the data,
particularly at high neutron energies (low times-of-flight).

In order to measure the seven identified y-rays with sufficient precision to extract the
total (n,n’) cross section in the energy range of interest, 2 x 10'® protons are requested.
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Figure 7: Partial cross section for the population of each excited state in F* as taken

from ENDF /B-VIIL.0.

Summary of requested protons: 2x10%
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Figure 8: Estimation of the total photopeak detected ~-rays, summed for five detectors,
for the three most important transitions of F and also the (n,2n) reaction.
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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, write  here  the
name of the fixed installa-
tion you will be wusing [Name

fixed /present n_TOF installation:
e.g. TAC, C6D6, SIMON, uMegas,
HPGe, GEAR-HPGe]

X To be wused without
0 To be modified

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:

Flammable/Potentially explosive
atmospheres

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 | [fluid] [m3]
. Electrical equipment and installations | O | [voltage] [V], [current] [A]
Electrical Safety High Voltage equipment O | [voltage| [V]
CMR (carcmogens, mutagens and toxic O | [fuid], [quantity
to reproduction)
Toxic/Irritant O | [fluid], [quantity
Chemical Safety Corrosive O | [fui
Oxidizing O | [fluid], [quantity
O | [Aui
O | [Aui

Dangerous for the environment
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Non-ionizing
radiation Safety

Laser

[laser], [class]

UV light

Magnetic field

[magnetic field] [T]

Workplace

Excessive noise

Working outside normal working hours

Working at height (climbing platforms,
etc.)

Outdoor activities

Fire Safety

Ignition sources

Combustible Materials

Hot Work (e.g. welding, grinding)

og|jgo|igy o (ggjgg|o

Other hazards
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