RESEARCH ARTICLE | OCTOBER 22 2025

Thermal neutron cross sections of aluminum and
magnesium fluorides and quantum kinetic energy of fluorine
@

Margherita Simoni © ; Setareh Fatemi & © ; Lorenzo Airoldi © ; Silva Bortolussi ©© ; Mattia Gaboardi & © ;
Matthew Krzystyniak ©© ; Anna Marsicano 2 ; Triestino Minniti 2 ; Ignacio Porras @ ; lan Postuma © ;
Ricardo Ramos @ ; Roberto Senesi ©© ; Umberto Anselmi Tamburini 2 ; Valerio Vercesi  ;

Giovanni Romanelli

’ '.) Check for updates

J. Chem. Phys. 163, 164503 (2025)
https://doi.org/10.1063/5.0294270

@ B

View Export
Online  Citation

Chemical Physics

T
o
4]
c
-
=)
O

ﬂ
Q

L

-

Articles You May Be Interested In

Driven by Brownian motion Cox—Ingersoll-Ross and squared Bessel processes: Interaction and phase
transition

Physics of Fluids (January 2025)
The new effect of oscillations of the total angular momentum vector of viscous fluid

Physics of Fluids (August 2022)

Webinar From Noise to Knowledge

May 13th — Register now I )\‘M w‘ “I‘l |
M | I

I
| VV\‘H\LW ﬂ“\.“u“‘
TR

N\ A/ Zurich Universitat
AIP N\ Instruments  Konstanz

é/:. Publishing

2€'01:01 5202 1890100 22


https://pubs.aip.org/aip/jcp/article/163/16/164503/3368845/Thermal-neutron-cross-sections-of-aluminum-and
https://pubs.aip.org/aip/jcp/article/163/16/164503/3368845/Thermal-neutron-cross-sections-of-aluminum-and?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0009-0008-4297-5259
javascript:;
https://orcid.org/0000-0002-3883-3847
javascript:;
https://orcid.org/0000-0003-4864-0341
javascript:;
https://orcid.org/0000-0003-0452-2255
javascript:;
https://orcid.org/0000-0003-3340-4469
javascript:;
https://orcid.org/0000-0003-0307-6871
javascript:;
https://orcid.org/0000-0002-5923-8641
javascript:;
https://orcid.org/0000-0002-9416-4510
javascript:;
https://orcid.org/0000-0003-0754-8717
javascript:;
https://orcid.org/0000-0001-9678-9277
javascript:;
https://orcid.org/0000-0002-1624-7425
javascript:;
https://orcid.org/0000-0002-5620-1165
javascript:;
https://orcid.org/0000-0002-8936-0170
javascript:;
https://orcid.org/0000-0001-7670-4563
javascript:;
https://orcid.org/0000-0001-5963-4647
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0294270&domain=pdf&date_stamp=2025-10-22
https://doi.org/10.1063/5.0294270
https://pubs.aip.org/aip/pof/article/37/1/017115/3329492/Driven-by-Brownian-motion-Cox-Ingersoll-Ross-and
https://pubs.aip.org/aip/pof/article/34/8/083108/2846977/The-new-effect-of-oscillations-of-the-total
https://e-11492.adzerk.net/r?e=&s=aDcxqAkBA0Xom6IdX2Mr1ri2ELo

The Journal

of Chemical Physics ARTICLE pubs.aip.org/aipljcp

Thermal neutron cross sections of aluminum
and magnesium fluorides and quantum
kinetic energy of fluorine

Cite as: J. Chem. Phys. 163, 164503 (2025); doi: 10.1063/5.0294270 @ Lk @
Submitted: 2 August 2025 « Accepted: 27 September 2025 « :
Published Online: 22 October 2025

Margherita Simoni,’ Setareh Fatemi,”® ' Lorenzo Airoldi,” "' Silva Bortolussi,”* '/ Mattia Gaboardi,"*
Matthew Krzystyniak,” '“/ Anna Marsicano,” "/ Triestino Minniti,' Ignacio Porras,’ lan Postuma,”
Ricardo Ramos,” " Roberto Senesi,"” '©/ Umberto Anselmi Tamburini,”* "=/ Valerio Vercesi,’

and Giovanni Romanelli'®

AFFILIATIONS

T Physics Department and NAST Centre, Universita degli Studi di Roma Tor Vergata, via della Ricerca Scientifica T,
00133 Roma, Italy

?National Institute of Nuclear Physics (INFN), Unit of Pavia, via A. Bassi 6, Pavia 27100, Italy
*Department of Chemistry, University of Pavia, V.le Taramelli 12, Pavia 127100, Italy

“Department of Physics, University of Pavia, via A. Bassi 6, Pavia 27100, Italy

51SIS Neutron and Muon Source, Rutherford Appleton Laboratory, Chilton OX110QX, United Kingdom

¢Department of Atomic, Molecular and Nuclear Physics, University of Granada, Avenida de Fuentenueva S/N,
CP:18071 Granada, Spain

7|stituto di Struttura della Materia (ISM), Consiglio Nazionale delle Ricerche, Via del Fosso del Cavaliere, 100, Rome 00133, Italy

2 Authors to whom correspondence should be addressed: sctareh fatemi@pv.infn.it and mattia.gaboardi@uniroma?z.it

ABSTRACT

We provide the modeling and experimental validation of thermal neutron cross sections, including scattering and absorption contribu-
tions, of aluminum fluoride and magnesium fluoride, as well as MgF,-AlF; and AlF;-LiF mixtures, in the neutron energy range between
0.6 meV and 1 keV. The neutron scattering properties have been investigated as a function of temperature, between 10 and 370 K, and sample
microscopic structure, focusing in particular on differences between powder and sintered samples. Concurrent measurements of neutron
transmission, neutron diffraction, neutron resonance capture analysis, and neutron Compton scattering provide a comprehensive picture of
scattering and transport properties of these materials. We provide crystallographic information at the atomic scale, the effect of sintering on
the grain size at the nanometer scale, the related occurrence of small angle scattering, and the impact of fluorine zero-point nuclear energy
at different temperatures, requiring the use of an effective temperature to model its scattering within the impulse approximation. Finally,
combining this self-consistent experimental information, we discuss the application of the uncertainty principle to the fluorine single-particle
potential.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0294270

l. INTRODUCTION high cross section of thermal neutron capture in 198, which releases
two high-LET (Linear Energy Transfer), low-range charged par-

Boron Neutron Capture Therapy (BNCT) is a non-invasive ticles. These particles cause lethal damage to the cells where the
form of binary radiotherapy that combines low-energy neutron reaction takes place. The overall effect of the irradiation is thus the
irradiation with a boron-enriched drug, which preferentially accu- selective inactivation of the tumor, while sparing the surrounding
mulates in cancer cells.! The rationale of the treatment lies in the healthy tissues. A new BNCT facility is being built in Italy, based on a
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5 MeV, 30 mA radio frequency quadrupole proton accelerator, in the
framework of the PNC-PNRR-ANTHEM project.” The interaction
of protons with a beryllium target produces a high flux of neu-
trons, which are then filtered, moderated, and collimated within the
Beam Shaping Assembly (BSA) to ensure the desired clinical beam.
A beam with the appropriate energy spectrum for the treatment of
deep-seated tumors is obtained by means of a BSA, having solid
lithium-containing aluminum fluoride as a main constituent. Since
aluminum fluoride (AlF;3) exists only in powder form, a novel sinter-
ing process was developed to densify a mixture of AlF; and lithium
fluoride (LiF).”* Moreover, to improve the mechanical properties
of sintered-containing AlF; mixtures, a combination with MgF,
has been considered, which also provides additional options for the
design of BSA in BNCT facilities. Indeed, the construction of the
BSA cannot only rely on thermalization properties, but it must also
consider mechanical constraints and the ability to obtain elements
with high-density and stable properties.

The robust design and efficacy of the BSA rely on the purity
of the materials used and their characterization to validate neutron
transport modeling in simulation codes. The activation of trace ele-
ments in the materials used for the BSA, following high-fluence
neutron irradiation in the BNCT facility, may constitute a problem
concerning their activation and the associated radiation-protection
procedures. The presence of impurities was investigated using Neu-
tron Activation Analysis (NAA) in the research reactor Triga Mark
II at L.E.N.A. (Laboratorio Energia Nucleare Applicata) of the Uni-
versity of Pavia, indicating the suitability of industrial-grade samples
for the BNCT facility.”~ Moreover, the energy spectrum of the
neutron beam depends on the epithermal and thermal scattering
cross sections, which, in turn, depend on the presence of reso-
nances (epithermal region) and on the atom structure and dynamics
within the condensed phases of a given material. Therefore, the
amount of LiF in the BSA required to absorb the unwanted ther-
mal component of the neutron beam can be optimized through
Monte Carlo simulations based on accurate thermal scattering cross
section libraries, i.e., material-dependent models that benefit from
experimental validations.

Here, we present a self-consistent experimental approach for
the determination of the total scattering cross section of AlFz-
, MgF-, and LiF-based compounds, through neutron diffraction
and spectroscopy investigation of powder and sintered samples, as
a function of temperature. Combining structural and dynamical
information, we also discuss the fluorine single-particle quantum
motion and the application of the uncertainty principle in this
system.

Il. MATERIALS AND METHODS
A. Sample preparation

Samples were prepared using the TT_SINTER machine devel-
oped by the INFN Unit of Pavia in collaboration with the Univer-
sity of Pavia.® Each sample powder is weighed and then used to
fill a graphite mold that is used to shape the sintered materials.
The graphite mold is then inserted into the TT_SINTER machine,
where a cycle of heat and pressure gradients is applied to den-
sify the powders. The specifics of such a cycle are subject to a
non-disclosure agreement and, therefore, will not be included in

ARTICLE pubs.aip.org/aipl/jcp

TABLE 1. Maximum temperature (Tmax) and pressure (Pmax) of the sintering
process for each material.

Sample Tmax (K) Prax (MPa)
MgF, 1058.15 30.6
MgF, + AlF3 1023.15 30.6
AlF; 1173.15 35.7
AlF;+LiF 918.15 30.6

this work. Nonetheless, the maximum temperature and pressure
applied by the machine to obtain the sintered samples of AlF3, MgF,,
MgF,-AlF;, and AlF3;-LiF are presented in Table I.

Experiments were performed on AlF; and MgF, samples, in
both the sintered and powder forms. In addition, sintered samples
of MgF,-AlF; and AlF;-LiF were investigated.

B. Neutron experiments

Experimental measurements’ were performed at the VESUVIO
beamline at the ISIS Neutron and Muon Source (UK).'"!! Exper-
iments were performed concurrently combining neutron trans-
mission, neutron diffraction, neutron resonance capture analysis
(NRCA), and neutron Compton scattering (NCS) (also referred to
as deep inelastic neutron scattering).'” Experiments were performed
within the VESUVIO closed-circuit refrigerator, in the temperature
region between 10 and 370 K.

Neutron transmission measurements were performed under
white beam conditions in time-of-flight (TOF) mode. The pulsed
operation of the ISIS facility allows the collection of data on
VESUVIO in two TOF windows,'! between 0.5 us and 20 ms, corre-
sponding to the energy range between hundreds of keV and 2.7 meV
and between 20 and 40 ms, corresponding to the energy range
between 2.7 and 0.6 meV. The measurement in the latter interval
is not optimized, and the neutron flux is much lower, resulting in
worse statistics in the collected spectra.

Neutron powder diffraction patterns were collected on VESU-
VIO, and data were analyzed in the TOF domain. A silicon standard
(SRM-640c from NIST'’) was employed to refine the instrument
parameters, including the profile function for TOF data.'* Rietveld
refinements were carried out using the GSAS-II suite v5.5."" We
refined atomic positions and isotropic displacement parameters for
the MgF, (s.g. P4;/mnm) and AlF; (s.g. R3c) phases,’”'” as well
as microstrain and grain size parameters. A suitable Chebyshev
polynomial was used to fit the incoherent background.

Neutron Resonance Capture Analysis (NRCA) was performed
in TOF using the yttrium aluminum perovskite detectors at the
instrument, with a lower-level discrimination threshold at 600 keV
to suppress the environmental background within the instrument
blockhouse.'

Neutron Compton Scattering (NCS) measurements were per-
formed both in forward and in backward scattering regimes, the
former to detect the presence of hydrogen in the samples'” and the
latter to measure the momentum distribution of fluorine within the
samples, obtaining the value of its nuclear kinetic energy.”” Within
the impulse approximation””” at epithermal energies, the double
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scattering cross section, in the solid angle dQ) and at the final energy
dE’, can be related to the dynamic structure factor,

d’o E 0j
m = EZ NjESIA,j(Q’AE% (1)
J

modeled as the sum of single-nucleus neutron Compton profiles
(NCPs), J(»),

S14;(Q AE) = %‘J(y,-), @)

where E is the neutron initial energy, Q and AE are the neutron
wavenumber and energy transfers, respectively, M; is the mass of
the isotope j, N; is the number of such isotopes per formula unit,
0j is their bound scattering cross section,

MA
yj = % (AE - Eyj) 3)

22
is the West-scaling variable for each isotope j, and E;; = };TQ is the
)
nucleus recoil energy. The second moment of the NCP, which can
be approximated at a first order as a Gaussian function, is related to
the average nuclear mean kinetic energy through the following

relation:
3R e,
(Ex)j = 7f YiI(vi)dy;. 4)
J ZMJ —00 1 4 J

The values of the fluorine (Ex) were fitted from the NCS data from
the backward-scattering VESUVIO detectors.

C. Cross section modeling

Modeling of thermal neutron scattering was obtained within
the NCrystal environment.”” This library, with its associated tools,
allows for the computation of thermal neutron cross sections using
crystallographic data as an input. Here, Bragg edges were modeled
using the CIF files obtained within the analysis of the concurrent
diffraction measurements.

Small angle neutron scattering (SANS) was approximated
by representing the crystals as homogeneous spheres of radius
R and assuming the related scattering processes as both elastic and
coherent. The differential scattering cross section can be generally
written as”*

do ) 2
A = N(|A Q > (5)
(%) =Nlar)
where N is the number of grains in the sample and A(Q) is the
scattering form factor, defined as

LR 5 R .
AQ) =Y be?H = fo e’ dr, 6)
1

where the latter equality holds for a homogeneous sphere of radius

R. The scattering length density is defined as n;, = ZL b where v is the

volume of the unit cell and [ runs over all the atoms that compose a
unit cell.
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The analytical integration over 7 and the scattering angle
0 yields an overall SANS cross section, which can be written as

9nNH?

el 7
8mnE R? @)

4 5\
OSANS ® gﬂR np

The contribution per unit cell can be obtained, for N = 1, by con-

3
sidering that the number of unit cells inside a grain is n = %. One
obtains the characteristic 1/E SANS scattering cross section,”’

37°v n KR

ZmNE (8)

Ouc. = fR

As the real sample is expected to contain a distribution of grain sizes,

the above-mentioned formula needs to be weighted by a factor f,
representing the fraction of such spheres within the sample.

Finally, absorption cross sections, particularly important in the

case of Li-containing compounds through the °Li isotope, were

included as
[ E
Gubs(E) = Jahs(EO) fo (9)

using the reference absorption values at Eg = 25.3 meV from Ref. 26.

I1l. RESULTS AND DISCUSSION
A. Thermal cross section

Neutron powder diffraction refinement was performed on sin-
tered and powder samples of AlF; and MgF,. In general, diffraction
data showed broader Bragg peaks for the powders and narrower ones
for the sintered samples. Profile analysis provided an estimate of the
average effective crystalline size of the AlF3 powder of the order of
14 nm and of several micrometers for the sintered sample. A larger
domain size in the sintered samples is expected, as in the sintering
process, the powder is subject to high pressure and temperature,
which facilitates the crystal growth process. The sintering process,
however, did not show significant changes in the position of the
Bragg peaks, suggesting that procedure-related stress/strain effects
on the total cross section can be neglected. It is important to notice
that nanometer-size crystals, in completely coherent scattering sys-
tems like these, are expected to result in a strong SANS component
of the total neutron cross section, as discussed later.

Additional measurements were performed on the sintered
AlF3-MgF, physical mixtures as a function of temperature. The
results of the in situ experiment are reported in Figs. 1 and 2. For
both phases, the average domain size parameters converged to a high
value and were then fixed to 10 ym. Uniaxial microstrain parameters

Ad

(7)1 and (%d)”, on the other hand, showed some level of lattice

disorder and were refined to 0.6(7) - 10~ and 1.8(1) - 10~ for MgF,
and 6.6(3)- 107 and 4.4(1)- 10> for AIFs. Overall, the diffraction
results suggest that one can effectively treat the MgF,-AlF; sintered
composite as a simple sum of the two components, as no signifi-
cant change in the positions of the Bragg peaks was observed. Lattice
parameters from the neutron diffraction analysis are summarized
in Table II, while Table IIT reports the fractional coordinates of all
atoms within the unit cells of the sintered AlF3 and MgF, com-
pounds. These positions, in the case of AlF;-MgF,, change on the
last significant digit.
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FIG. 1. In situ lattice expansion of the MgF,—AlF; sintered sample. a-, c-lattice parameters and volume are reported (in red for AlF5 and in black for MgF5), respectively, in
a, b, and c. Solid lines are fit to second-order polynomials. (d) Detail of the TOF pattern upon temperature evolution (indexed peaks for the two phases are highlighted by

vertical tick marks and labeled).
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FIG. 2. In situ Rietveld refinement of the AlF3-MgF; sintered sample. The data
(lobs), calculated pattern (I¢), and difference plot (lo5s—lc) are reported, respectively,
as black circles and orange and gray solid lines (average R.,p = 2.74%, 56(3)-
44.0(3) average wt. %).

TABLE II. Unit cell parameters (a = b and ¢; & = § = 90° and y = 90° for tetragonal
and 120° for rhombohedral), cell volume (v), and space group information from the
analysis of neutron diffraction experiments on sintered samples at room temperature.

Material a(A) c(A) v (A%) Space group
MgF, 4.6389(4) 3.0420(4) 65.463(8) P4;/mnm
AlF; 4.9602(7) 12.396(2) 264.13(4) R3¢

MgF; in MgF,-AlF; 4.6061(2) 3.0442(2) 64.585(4) P4,/mnm
AlF; in MgF,-AlF; 4.9342(4) 12.380(1) 261.03(3) R3¢

TABLE IIl. Fractional atomic coordinates of AlF3 and MgF, as obtained from the
crystallographic structures of the MgF, + AlF3 compound at room temperature.

AlF;
Element x/a y/b z/c
Al 0 0 0
F 0.4252 0 1/4
Mng
Element x/a y/b z/c
Mg 0 0 0
F 0.3024 0.3024 0

Transmission in the energy range between 0.6 meV and 1 keV
for the sintered MgF,-AlF; sample is reported in Fig. 3, as an
example of the quality of the data collected. Transmissions for all
samples considered showed a constant and featureless spectrum for
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FIG. 3. Neutron transmission of the AIF3MgF; sintered sample at 300 K.

epithermal neutrons. In particular, no neutron resonances were
found, both in neutron transmission and in NRCA measurements,
over the explored epithermal energy range. This result shows that
any impurities within the samples can be neglected in relation to the
neutron transport properties.

Experimental neutron transmission spectra were converted
into energy-dependent total cross section spectra, provided on an
absolute scale as a barn/formula unit, based on the possibility to nor-
malize the data in the sum of the free scattering cross sections in the
epithermal region, as discussed in Ref. 27. The application of this
procedure was based on the following two experimental conditions:
(i) there are no nuclear resonances on a broad energy range (here we
considered 10 eV-1 keV) and (ii) the stoichiometry of the sample is
well known. The stoichiometry of the MgF,-AlF3 sample was tested
against the results of the neutron diffraction refinements, which pro-
vided a stoichiometric ratio of Al:Mg = 0.939, in good agreement
with the expected preparation ratio of 1. Moreover, the presence
of water or other hydrogen-containing molecules in the samples,
which would have an important effect on their neutron transport
and moderation properties, was tested through NCS measurements,
which showed no hydrogen signal within the limit of detection of
the instrument'’ for all sintered samples and for the AlF; powder.
Some hydrogen, likely from water, was observed in the MgF, pow-
der, which was also observed as an incoherent background during
the refinement of the neutron diffraction data.

Thermal neutron cross sections, presented below as a function
of the incident neutron energy, include contributions from the crys-
tal structure (evaluated in NCrystal), SANS [Eq. (8)], and neutron
absorption [Eq. (9)]. Inelastic scattering contributions and temper-
ature dependence are also included using NCrystal. It is useful to
note that, with the exception of LiF-AlFs, the samples have neg-
ligible contributions from neutron absorption, and the total cross
sections are hence dominated by the scattering contributions.

Figure 4 shows the experimental total scattering cross section
of AlF3; powder and sintered samples, as green and blue error bars,
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FIG. 4. Experimental total neutron cross section, per formula unit, of AIF; samples
in the powder form (green error bars) and sintered disk (blue error bars). Models
combining SANS and Bragg-edge scattering are reported as blue and green lines
and are compared with the Bragg-edge scattering component, reported as a black
solid line.

respectively, focusing on the thermal energy region. The experi-
mental spectra are modeled by combining a 1/E SANS component,
fitted to the experimental data, with a sawtooth-like contribution
due to coherent Bragg scattering, resulting in sharp Bragg edges.
Based on the unit-cell parameters, the values of #;, for AlF; and
MgF; are 4.69 x 10™° A~% and 1.55 x 107> A™2, respectively. A com-
parison with a contribution from Bragg-scattering only is provided
by the black solid line. As anticipated by the diffraction refine-
ment, AlF; features a strong SANS contribution in the powder form,
which is partially attenuated after the sintering procedure, although
not at all negligible. The amount of SANS to be expected in these
samples, however, is strongly dependent on the pristine powder
used and on the sintering process, which can hardly be estimated
without a direct neutron experiment. Moreover, from the transmis-
sion experimental data, one cannot directly access the grain radius,
R, but rather the product frR weighted by the fraction of R-sized
grains within the samples, allowing only for a qualitative comparison
with the diffraction results.

Figure 5 shows a comparison of the experimental total neutron
scattering cross section of the sintered disks, specifically AlF; (blue
error bars), MgF, (red error bars), and the mixture of the two. The
SANS contribution was found to be higher in AlF; than in MgF,,
for both powder and sintered samples. In the case of the composite
sample, the intensity of the SANS contribution is found to be larger
than that of MgF, and smaller than that of AlF3, as one could expect.
It is interesting to notice that the trend in the SANS intensities of
the three samples seems to correlate with the trend of their densi-
ties relative to the bulk materials, as reported in Table I'V. In fact, in
a sample with an important component of nanometer-sized spher-
ical grains, the packing fraction would be significantly lower than
one. As a qualitative comparison, the packing fraction for a system of
spheres of constant dimensions is about 74%. Figure 5 also shows a

J. Chem. Phys. 163, 164503 (2025); doi: 10.1063/5.0294270
© Author(s) 2025

163, 164503-5

2€:0%:01 G20T 48900 22


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

—
(@)

—_
=

ju—y
[N}

oo

MgFgo model

AlF3 exp
AlF3 model
MgF2AIlF3 exp
MgF2AIlF3 model

D
T
|

Cross section (barn/formula unit)
=
IS

1111 L I 11
10 102
Energy (meV)

N

W~

FIG. 5. Experimental total neutron cross section, per formula unit, for the sintered
samples of AlF (blue error bars), MgF; (red error bars), and AIFsMgF; (black error
bars), together with the corresponding modeling (solid lines) combining coherent
SANS and Bragg-edge contributions. The dashed lines correspond to the eval-
uated total cross sections using nuclear libraries (ENDF.B/VIII?), not including
structural or dynamical effects at the atomic scale.

comparison with typical nuclear cross sections not including struc-
tural and dynamical effects at the atomic scale. The reported eval-
uated cross sections are printed as dashed lines for AlFs;, MgF,,
and the mixture of the two. They are taken from ENDF.B/VIIL*
combining the nuclear cross section for each isotope in the com-
pounds, and have the typical behavior of a gas of non-interacting
nuclei at a given temperature, used in any Monte Carlo code not
using material-specific thermal neutron cross sections. For the mate-
rials investigated here, whose scattering properties are dominated by
coherent and elastic neutron scattering, the most evident difference
is the absence of the Bragg-related interference effects, which require
interaction on the atomic scale to hold atoms at their average crystal
positions.

Finally, Fig. 6 shows the comparison of the total cross section
of the AlF; samples, with and without the addition of LiF. The
lithium-containing sample is well reproduced by a model includ-
ing the thermal Bragg scattering and the dominant contribution
from the °Li absorption cross section, which has a characteristic
dependence on 1/ VE. The marked SANS contribution from AlF;,

TABLE IV. Physical properties of different samples.

ARTICLE

pubs.aip.org/aip/jcp

TTTTTI]

T T TTTTTI]

T T TTTTTT] T T TTTTTT]

60 —— AIF3 +3%Li model ||
AlF3+4+3%Li exp
AlF3 exp
AIF3 model b
40 =

DO
o

Cross Section (barn/formula unit)

Lol

Ll Lol Lol Ll

10t 102 103 10% 10°
Energy (meV)

FIG. 6. Total cross section of the AlF; sintered samples, with (black error bars) and
without (blue error bars) 3 wt. % of LiF.

clearly visible in the sintered disk without lithium, does not seem
to be present in the cross section of the lithium-containing sample.
One should note that the two contributions have different neutron-
energy dependencies, with the SANS cross section, dependent on
1/E, increasing more rapidly as the neutron energy decreases.

B. Epithermal cross section

At epithermal energies, the neutron scattering is dominated
by incoherent and inelastic processes, and the double-differential
cross section can be expressed as in Eq. (2). However, the shape of
the NCP still depends upon the interatomic interactions of the sys-
tem. The main effect is that the nuclear kinetic energy of each atom
increased with respect to the Maxwell-Boltzmann (M.B.) prediction
within a perfect-gas framework, namely 3/2kgT. The main reason
for an increased value of (Ex) is the existence of zero-point vibra-
tional energies, which are often neglected in computer simulations
for isotopes heavier than protium.

Figure 7 (top) shows the raw experimental NCS data within the
fluorine y,, scaling variable. The NCP has the physical interpretation
of the distribution of the nuclear momenta p probed along the scat-
tering wave vector transfer, yr = p - Q. We note that, in the current
notation, nuclear momenta are expressed in terms of wave vectors

Rietveld
Mass Thickness Meas. density density Rel. density
Sample (g (mm) (g/ cm?) (g/ cm?) (%)
MgF, 37.992 6.35 3.05 3.17 96
MgF, + AlF;3 54.857 9.85 2.86 3.20 84
AlF; 49.488 11.25 2.42 3.19 76

J. Chem. Phys. 163, 164503 (2025); doi: 10.1063/5.0294270

© Author(s) 2025

163, 164503-6

2€:0%:01 G20T 48900 22


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

1072
6F 7 T T T -
— _— 10 K
| "
—_ N ——— 50K
T I [ 100 K
oet! \ —— 150K
~— 4 [ 200 K —
E? 250 K
‘B 280 K
5 320 K
+~
= — 370K
:_; 2 [ Resolution
9]
g
S
=
—
o
Z 0 s
| | | | |
—100 —50 0 50 100
—1
YF(A )
1073
T T T T T
51 |
i
|
'_(T\
=
n 0
o)
o
=i
ot 50 K
E.é: 100 K
el 150 K
n, -5 200 K |
@) 250 K
Z 280 K
320 K
| | | | |
—100 —50 0 50 100

yr(AT1)

FIG. 7. Top: Raw NCS data from the MgF,—AlF3; composite in the fluorine y-space
domain, at several experimental temperatures, together with the NCS resolu-
tion function (black dashed line). Bottom: Differences of NCS spectra at different
temperatures with respect to the 370 K spectrum.

with units of A™'. Therefore, the profile needs to be a symmetric
function of y,., dynamically centered along the recoil line AE = E,. As
the scattering of epithermal neutrons is dominated by fluorine, the
raw data provide a peak profile well centered around y, = 0. How-
ever, additional scattering contributions, such as multiple scattering,
scattering from Mg, and scattering from Al, in order of magni-
tude, amount to about 43% of the overall intensity. The spectral
changes observed in Fig. 7 are expected to be solely related to the
change in the fluorine NCP, while the other contributions provide
(in the y, domain) a temperature-independent background. This
is because only the single-scattering from fluorine, i.e., the fluorine

ARTICLE pubs.aip.org/aipl/jcp

NCP, scales according to the y, variable, preserving the tempera-
ture dependence of the momentum distribution when the spectra
from all the detectors are summed together. Meanwhile, multi-
ple scattering and single scattering from other masses do not scale
according to yp, and any temperature-induced change in their con-
tribution becomes negligible when spectra from different detectors
are summed together. This behavior, originally discussed in Ref. 29,
was also checked against Monte Carlo simulations during data anal-
ysis. For this reason, and following the discussion in Ref. 29, one can
extract the mean kinetic energy directly from the difference spectra,
featuring characteristic oscillations that can be appreciated in Fig. 7
(bottom).

The experimental values of the fluorine (Ex) in the MgF,-AlF;
mixture are reported in Fig. 8 and Table V. Any comparison with the
classical M.B. prediction is due to fail, as the fluorine (Ex) is about
20% higher than the classical value still at 370 K, and the difference
clearly increases as one goes to lower temperatures, where quantum
zero-point vibrational energies dominate. To obtain more suitable
comparisons,’’ one can use the virial theorem and the knowledge of
a Vibrational Density of States (VDOS), g(w). In particular, one has

(Ex) = %[000 wg(w) coth (%)dm. (10)

A VDOS for MgF, was provided within the NCrystal data library,”
which contains data reported in Refs. 16 and 30, and the result of
numerical integrations of Eq. (10) provides the results (labeled as
VDOS) in Fig. 8 and Table V. In addition, we provide a prediction
from a simplified Debye-like VDOS of the following form:

3R 0?

7(kBTD)3 (11)

gp(w) =

with an ad hoc Debye temperature of Tp =590 K. A similar
approach was presented, for example, in Ref. 31, where a Debye

‘ ‘ - 500
60| ® = }
-emss M.B.
...... Debye } 224400
- - - VDOS e - R
= a0l %$ R TP
@ - ‘i
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FIG. 8. Experimental (black error bars) nuclear mean kinetic energy of fluorine in
the MgF,—AlF3 composite, together with the Maxwell-Boltzmann free-gas predic-
tion (blue dotted-dashed line), a Debye model with a characteristic temperature of
590 K, and calculated from the vibrational density of states provided in Refs. 16
and 30.
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TABLE V. Fluorine nuclear mean kinetic energy, (Ex ), in meV, from the NCS mea-
surements (Expt.) on the MgF,—AIF3 mixture, within a classical Maxwell-Boltzmann
(M.B.) framework, for a Debye solid with a characteristic temperature of 590 K
(Debye), and from the vibrational density of states calculated in Refs. 16 and 30
(VDOS).

T (K) Expt. M.B. Debye VDOS
10 28+4 1.3 28.5 28.6
50 27+4 6.5 28.6 28.7
100 27+ 4 12.9 29.5 30
150 30+ 4 19.4 31.1 32.9
200 36 +4 25.9 36.0 37.0
250 42 +4 32.3 40.6 41.7
280 44 +5 36.2 43.7 44.8
320 52+5 41.4 48.0 49.2
370 57 +5 47.8 53.6 55.0

model was favorably compared to path-integral molecular dynam-
ics simulations in the case of Li dynamics. One can notice how both
predictions, corresponding to different levels of theory, provide con-
sistent results with the experimental values, as well as a much more
suitable description than the classical one. It is useful to note that the
experimental mean kinetic energy can be converted into an effective
temperature of the following form:

2(Exk)
Ty =—>T, 12
eff 3kB > ( )

always larger than the thermodynamic temperature of the system,
T. Therefore, when modeling the neutron scattering at epither-
mal energies, one can obtain more accurate results by imposing
T, as the system temperature, which has the effect of broadening
the scattering kernel response function,

(AE—E,)Z

d*o _ EIE exp (7 AE, kp To ) (13)
d0dE’ "V E 4n \[anEksTy
In recent years, several NCS investigations have provided exper-
imental evidence of the quantum motion of nuclei heavier than
hydrogen, e.g., oxygen in water and BaZrOs, as presented in
Refs. 32-34. More specifically, experimental and theoretical val-
ues for the fluorine nuclear mean kinetic energy were provided in

Ref. 35, which are qualitatively similar and have the same tempera-
ture behavior as those reported here.

C. The uncertainty principle on fluorine dynamics

A final remark should be spent on the application of the
uncertainty principle on the single-particle dynamics of fluorine,

2

wpt > S, (14)

N

with u? being the mean square displacement and p? being the mean
square momentum, representing the spatial and momentum uncer-
tainties on the nuclear dynamics in a solid. As the uncertainty
principle should be minimized for a harmonic potential, any devi-
ation from such a picture can be related to deviations from such an
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TABLE VI. Experimental values for the isotropic mean square displacement (12, from
the Rietveld refinement) and mean square momentum p? = (y,z_.), together with the
predictions from the Debye model with a characteristic temperature of 590 K and from
the VDOS of bulk MgF.

T(K) uﬁxp (1074 AZ) pﬁxp (A72) 4(u2p2)exp 4(L12p2)D 4(u2p2)vo1)s

10 56+2 703 1.6+0.1 1.1 1.2
50 5242 70+£3 1.5+0.1 1.2 1.2
100 56+2 73+£3  1.6+0.1 1.4 1.5
150 64+2 79+4 2.0+0.2 1.8 1.9
200 7242 86+4 2.5+0.2 2.3 2.6
250 81+2 102+4 3.3+0.2 3.1 34
280 89+2 109+4 39+0.2 3.6 4.0
320 96 +2 123+4 4.8+0.3 4.5 4.9
370 108 +2 142+5 6.1+0.3 5.6 6.2

assumption. Interestingly, the experimental results presented pro-
vide experimental values for both observables. A determination of
the isotropic mean square displacement is obtained by the Rietveld
refinement of the diffraction data. At the same time, a determination
of the isotropic mean square momentum is obtained from NCS, as
p* = (y). The experimental values for both observables, as a func-
tion of temperature, are provided in Table V1. For an ideal Einstein
solid of characteristic energy hwg, corresponding to an isotropic and
a harmonic potential, the uncertainty principle could be rewritten,
as a function of temperature, as

(*p*); = i(coth(zhk(zET))z, (15)

which provides the familiar result of 1/4 at low temperatures, when
the system is found in its fundamental state. Any other potential
is bound to provide higher values, as one can appreciate from the
Debye predictions, for a characteristic temperature of Tp = 590 K,
and based on the VDOS of MgF,, provided in the same table. All
models and experiments provide the same behavior of 4u°p* as a
function of temperature. While both the Debye and VDOS models
feature a low-temperature limit (1.1 and 1.2, respectively), higher
than an Einstein model, the experimental result is significantly
higher (1.6 + 0.1). One should note that a very similar value (1.5)
could be obtained in the case of oxygen in BaZrOs at low tempera-
tures based on the results in Ref. 33. There, it was commented that,
especially at low temperatures, the value of 1 is likely to be overesti-
mated because of other contributions to the Bragg-peak broadening
due to disorder. However, as temperature increases and the real
mean-square displacement contribution dominates any other con-
tribution, the experimental value of 4u°p” and the predictions from
the two models are in quantitative agreement.

IV. CONCLUSIONS

We have provided an experimental validation of the scat-
tering properties of MgF, and AlF3 compounds for thermal and
epithermal neutrons up to 1 keV. In particular, we have shown
that MgF,-AlF3; mixtures retain similar structures as the composing
crystal, which simplifies the modeling of coherent Bragg scattering.
Moreover, we have found that the sintering process, which does
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not show significant changes in the Bragg peak positions, has the
effect of increasing the average crystal sizes with respect to those in
the powder ingredients, thus decreasing small-angle scattering con-
tributions, particularly relevant for AlFs. We have confirmed that
any impurities in the samples are in negligible amounts, specifi-
cally in relation to the presence of epithermal neutron resonances,
and we have found that any hydrogen content is below the exper-
imental limits of detection. Finally, we have measured the fluorine
nuclear mean kinetic energy, showing that still at 370 K, its value
is about 20% higher than the classical Maxwell-Boltzmann predic-
tion. Kinetic energy values at different temperatures, between 10 and
370 K, were modeled from vibrational densities of states, showing
that a simplified Debye model with a characteristic temperature of
590 K is suitable, at least compared with the present error bars.

In conclusion, we have shown that material-specific and
preparation-specific measurements of thermal neutron cross sec-
tions are a crucial step for the benchmarking of computer sim-
ulations and that experiments at the VESUVIO spectrometer can
provide a self-consistent picture of the structural and dynami-
cal properties of the samples that characterize thermal scattering
kernels.
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