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Abstract. The use of the Average Functional Group Approximation for self-shielding corrections at inelastic
neutron spectrometers is discussed. By taking triptindane as a case study, we use the above-mentioned approx-
imation to simulate a synthetic dynamic structure factor as measured on an indirect-geometry spectrometer, as
well as the related total scattering cross section as a function of incident neutron energy and sample temperature,
and the transmission spectra depending on the sample thickness. These quantities, obtained in a consistent way
from the Average Functional Group Approximation, are used to calculate the energy-dependent self-shielding
correction affecting the sample under investigation. The impact on the intensities of low-energy vibrational
modes is discussed, showing that at typical experimental conditions the sample-dependent attenuation factor is
about 15% higher compared to the correction at higher energies.

1 Introduction

Inelastic Neutron Scattering (INS) and Quasi-Elastic Neu-
tron Scattering (QENS) are well-established experimen-
tal techniques allowing to study the atomic-scale dynam-
ics of condensed-matter systems [1-3]. The investigation
of hydrogenous compounds through these techniques has
found a naturally successful application, since hydrogen
("H) has the largest bound scattering cross section (82.03
barn) among the elements of the periodic table [4].

Neutron data from hydrogen-containing organic sys-
tems collected in INS and, to a lesser extent, QENS exper-
iments, can be subject to non-trivial and sample-dependent
attenuation corrections related to the total scattering cross
section at thermal neutron energy, also referred to as Ther-
mal neutron Cross Section (TCS). These act as attenuation
functions whose intensity can change up to a factor of 4
in the neutron energy range between units and hundreds
of meV. As the TCS depends upon temperature as well as
upon the structure and dynamics of the system — i.e., the
ultimate objectives of the experiment itself - the correction
of the experimental spectra becomes, in principle, a very
challenging task. The significant change of the TCS af-
fects the INS peak intensities in an energy-dependent way,
therefore complicating the accurate comparison with state-
of-the-art computer simulations as well as other experi-
ments at different experimental conditions.

Knowing TCSs of the materials of interest is a chal-
lenging task, following the dependencies on the molecu-
lar structure, dynamics, and temperature. In addition, it
is quite uncommon to have the possibility to obtain them
from experimental measurements over a broad range of
neutron energies, since specific instrumentation (e.g. the
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VESUVIO beamline at ISIS Neutron and Muon Source,
UK [5]) is required. For this reason, experimentally ob-
tained and tabulated TCS are available for just few sys-
tems. In order to overcome the impossibility of direct mea-
surements, it is possible to retrieve TCS by calculations
from simplified models [6, 7], from molecular dynamics
[8], as well as from ab initio calculations [9-13].

In this context, a wide experimental campaign of mea-
surements has been started at the VESUVIO spectrome-
ter [14-16] to investigate TCS of alcohols [17], organic
systems [18], water [18, 19] or neutron moderators [20-
23]. In particular, in Ref.[24], a new approach for the
modelling of TCSs was developed, referred to the Av-
erage Functional Group Approximation (AFGA), specif-
ically designed for organic hydrogen-containing systems
and based on the incoherent approximation. Within this
model, the TCS of large macromolecules and polymers
can be estimated, for which a rigorous phonon-based cal-
culation would be prohibitive.

TCS information can be used to correct INS measure-
ments, as presented in [25, 26], via a post-processing pro-
cedure referred to as InsCorNorm. This procedure, re-
quiring the knowledge of the energy-dependent TCS of
the sample under investigation, allows the correction of
the measurements for the experimental conditions, so as
to make easier the comparison of the INS experimental
spectra with single-molecule or periodic DFT calculations.
Moreover, the INSCorNorm algorithm allows to express
the experimental INS data on an absolute intensity scale,
removing any arbitrary procedure, once the value of the
average kinetic energy is known.

Here, we show how the INSCorNorm algorithm in
Ref. [25] can be easily adapted so as to take as an in-
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Figure 1. Workflow highlighting the addition of the AFGA
method in the INSCorNorm algorithm. Adapted from [25].

put an AFGA-simulated TCS [24] when the direct mea-
surement of the experimental one is not possible. In Fig-
ure 1 the workflow of the InsCorNorm algorithm is inte-
grated with the AFGA method that allows to obtain TCSs
of compounds when transmission measurements are not
available. With respect to the other methods integrated
in the standard INSCorNorm algorithm (namely, Free Hy-
drogen Gas Model and the model by Capelli and Ro-
manelli [18], see Figure 1), the addition of AFGA Model
provides a sample-specific TCS for organic and biological
compounds. We take as an example of application triptin-
dane, a molecule at the base of a series of compounds of
interest for the industry of hydrogen storage and catalysis
[27, 28].

2 Materials and Methods

The triptindane molecule (C,3Hg) was rationalised as
composed of 3 CH, aliphatic groups and 12 aromatic CH
groups. The average hydrogen-projected Vibrational Den-
sities of States (VDoSs), gy, of a given hydrogen atom in
the molecule was calculated as

1
JgH = E (6 gcH2 t+ 12 - gCH,aru) (1)

where gcmp» and gcpar, correspond to the average
hydrogen-projected VDoS of a single hydrogen atom in
a CH; group or aromatic CH group, respectively. The
VDoS of specific functional groups as calculated within
the AFGA were taken from Ref.[24] (see Supplementary
Information therein), and gy was used to calculate the TCS
of the molecule according to the AFGA model. Moreover,
we pushed the model a step forward to calculate the dou-
ble differential scattering cross section as follows. Using
such VDoSs as an input and using the multi-phonon ex-
pansion (in particular Eqs. 3-7 in Ref.[24]), we calculated
the synthetic dynamic scattering function S(Q, AE), as a
function of the neutron momentum and energy transfers,
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Figure 2. INS spectra of triptindane from Ref[30] (red dashed
line) and synthetic spectrum obtained using the AFGA model
(green solid line) as a function of the neutron energy transfer.
The latter is vertically shifted for the sake of clarity. The figure
also shows the structure of the molecule, from [33].

QO and AE, at a sample temperature of 20 K. We consid-
ered an indirect-geometry neutron spectrometer, as well as
a scattering angle and final energy equal to those available
for the forward-scattering detectors on the TOSCA spec-
trometer at ISIS [29]. The results, reported in Figure 2,
is compared to the experimental data recently measured
on TOSCA [30] obtained form the INS TOSCA database
[31]. The comparison shows an overall qualitative agree-
ment of the two spectra — a very good result from a model
aimed at accurately reproducing total cross sections rather
than double-differential ones. However, an interesting fea-
ture of the synthetic spectrum is that the low-energy modes
seem to be clearly more intense compared to the experi-
mental ones. At the end of our discussion we will relate
such difference, at least partially, to the effect of sample
self-shielding. It should be noted that a difference in the
vibrational intensities, especially at low frequencies, can
have an impact on the calculation of the Mean Square Dis-
placement (MSD) and, consequently, on the estimation of
the Debye Waller factor that is used in the calculation of
the TCS within the multi-phonon expansion. In the present
case, at a temperature of 20K, the average MSD from Eq.
1 and the AFGA model is 0.0647 A2 for hydrogen atoms.
While we could not find an experimental value to compare
this result with, we note that in the case of biphenyl inves-
tigated in Ref.[32] at room temperature, the relative differ-
ence between the calculated and experimental MSDs was
found lower than 20%, and the difference should decrease
significantly at base temperatures.

Similarly, as anticipated, the total scattering cross sec-
tion, o(E) for triptindane per formula unit was calcu-
lated using the AFGA approximation included within the
NCrystal module [34], and it is reported in Figure 3 for
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Figure 3. Total cross section per formula unit of triptindane ob-
tained from the AFGA model, corresponding to a sample tem-
perature of 20 K (solid blue line) and 300 K (dashed blue line) as

a function of the incident neutron energy.

sample temperatures of both 20 K, similar to the one
used for experiments on TOSCA, and 300 K. The low-
temperature cross section is a clear example of how such
function changes drastically as a function of the incident
neutron energy, moving from the sum of free scattering
cross sections, of hydrogens and carbons in the molecule,
at epithermal neutron energies, to the (approximate) sum
of bound scattering cross sections, of the same elements,
in the cold-neutron energy limit. In the case of the room-
temperature sample, it is also worth noting how the low-
energy limit of o-(E) deviates significantly from the sum of
bound scattering cross sections, showing the temperature
dependence of the total cross section at enegies below tens

of meV.

Finally, sample transmission spectra, T'(E), as a func-
tion of the incident neutron energy, E, were obtained from
the AFGA total cross sections assuming values of the sam-
ple thickness, d, of I mm and 2 mm, and a bulk sample
density of 1.2 g/ml. The results were computed via the

Beer-Lambert law,
T(E) = exp (—ndo(E)),

with n the number density, and are shown in Figure 4.

3 Results

Once the AFGA-based synthetic values of o(E),
S(Q,AE), and T(E) were generated, they could be used
as trial input files for the INSCorNorm algorithm, so as to
calculate the self-shielding correction, f(6, E, E). As dis-
cussed in detail in Ref.[25], the self-shielding correction
for a flat-geometry sample and a forward-scattering angle

0y can be approximated as [35]
T(@ = O, E,) - T(g = Hf, Ef)

0,E,E;) = ,
K 7 log T(0 = 0, E;) +10g T(6 = 0y, E )

Figure 4. Sample transmission of a sample of triptindane, as
obtained from the AFGA model, corresponding to a sample tem-
perature of 20 K (solid lines) and 300 K (dashed lines), and to a
sample thickness of 1 mm (blue lines) and 2 mm (gray lines) as
a function of the incident neutron energy.

with

“4)

log T(E)
TO,E) = exp( o0 )
The computed self-shielding corrections for a sample at 20
K and thickness values of 1 mm (blue line) and 2 mm (gray
line) are reported in Figure 5. In both cases, the correction
causes a marked attenuation of the INS data, enhanced as
the sample thickness increases and as the transmission de-
creases, as one can expect. As a function of the neutron-
energy transfer on an indirect-geometry spectrometer, the
correction is relatively flat above ca. 200 meV, while it
decreases quickly as the energy decreases below ca. 150
meV. Therefore, one should take into consideration two
main effects from the sample self-shielding. On the one
hand, there is a significant - yet constant - contribution to
the attenuation of the INS spectra related to the value of
T(0 = 0y, Ey). As the final energy on indirect-geometry in-
struments is generally around few meV, one can appreciate
that the transmission (total cross section) will be approx-
imately at its minimum (maximum) within the dynamic
range probed by the instrument. However, being constant
in nature, such contribution does not spoil the comparison
of the intensities of the experimental VDoS spectra with
the ones from computer simulations and models. On the
other hand, there is a contribution related to 7(6 = 0, E),
related to the incident neutron energy, that may change
drastically over the dynamic range available on indirect-
geometry INS spectrometers and that is responsible for the
drop in the self-shielding correction below ca. 150 meV.
In order to visualise the effect of the self-shielding
correction on INS spectra, Figure 6 shows the same syn-
thetic spectrum reported in Figure 2 (dashed green line)
together with the same spectrum multiplied by the self-
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4 Conclusions
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In this work we have provided a worked example on how
to implement the Average Functional Group Approxima-
tion within the INSCorNorm algorithm to obtain an accu-
rate self-shielding correction of organic samples for which
an experimental transmission spectrum is not available.
We have quantified the effects of self-shielding in the case
of tripdindane at 20 K, corresponding, in the case of 1-
mm-thick sample, to an additional 15% suppression of the
low-energy vibrations to be added to the ca. 30% suppres-
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shielding corrections for organic samples, as those avail-

AFE [me\/] able within the AFGA model, is a simple-yet-needed step
for the comparison of experimental and theoretical vibra-

tional densities of states, beyond the already successful in-

Figure 5. Self shielding correction, as a function of the neutron terpretation of the vibrational energies, towards a quanti-
energy transfer, corresponding to a sample of triptindane, as ob- tative assessment of the vibrational intensities as well.
tained from the AFGA model, at a temperature of 20 K and for a
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