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ABSTRACT
In this work, we discuss an improved detection procedure for the photon-sensitive yttrium-aluminum-perovskite detectors installed on the
VESUVIO spectrometer at the ISIS pulsed neutron and muon source. By decreasing the low-level energy threshold of detected photons,
we observe an increased count rate up to a factor ∼3, and a decrease of relative error bars and noise of ∼40% and 35%, respectively, for
deep inelastic neutron scattering measurements. In addition, we demonstrate how the reported optimization may increase the accuracy in
the line shape analysis of neutron Compton profiles, as well as in the application of the mean-force approach to detect the anisotropy and
anharmonicity in the single-particle local potential. We envisage that such an upgrade of the detection procedure would have a substantial
impact on the VESUVIO scientific programme based on deep inelastic neutron scattering investigations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091084., s

I. INTRODUCTION

Nuclear quantum effects (NQEs), such as zero-point ener-
gies, tunneling, and dynamic changes due to isotopic substitution,
are attracting increasing attention in the context of aqueous and
complex systems,1–7 materials in extreme conditions,8 and quan-
tum crystals.9 Recent studies have shown how hydrogen transfer
in enzyme systems is increased by nuclear tunneling10 and that
NQEs enhance, by orders of magnitude, the exciton diffusion length
in organic semiconductors.11 Furthermore, the interpretation of
anisotropic displacement parameters, both in X-ray and neutron

diffraction, relies on the correct modeling of the anisotropy and
anharmonicity of the local potentials affecting nuclei, with the
resulting necessity to include NQEs in calculations based on both
lattice and molecular dynamics.12,13

Deep Inelastic Neutron Scattering (DINS) is an experimental
technique providing unique information about NQEs, as it probes
the local potential affecting nuclei in materials.1,14 For instance, the
anisotropic nature of the local potential affecting hydrogen in amor-
phous ices was experimentally accessed in recent investigations,15,16

and DINS results provided an essential benchmark for state-of-the-
art path-integral molecular dynamics simulations of light water3,17
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and ice,18 and heavy water.19 DINS makes use of epithermal neu-
trons readily available at spallation neutron sources such as the ISIS
pulsed neutron and muon source in the UK.20 Epithermal neutrons
allow for high values of the energy and momentum transfers, thus
making it possible to exploit the regime of the Impulse Approxima-
tion (IA)21 to access the Nuclear Momentum Distributions (NMDs)
of atoms in a given sample. VESUVIO22,23 at ISIS is the flag-
ship instrument for DINS experiments. VESUVIO is an inverted-
geometry spectrometer,24 whereby the energy of scattered neutrons
is selected at 4.9 eV using a nuclear resonance in 197Au, and the
Time Of Flight (TOF) technique is used to determine the wave vec-
tor and energy transfers for each scattering event.25 Photon-sensitive
detectors count the prompt radiation following the resonant capture
of the neutron, together with the additional background radiation
arising from the neutron interaction with blockhouse elements.25–31

Figure 1 shows the photon spectrum as recently measured with a
high-purity germanium detector on the INES beamline32 from a
gold sample in correspondence of the resonance at 4.9 eV, in red,
and outside the resonance, in black. The insert indicates the presence
of the main gamma lines from gold after the background correction
of the red plot. On VESUVIO, the use of gold foils was preferred
to the previous 238U because of safety reasons. Moreover, 238U has
less-separated neutron-induced resonances, leading to inconvenient
overlap effects on the measured TOF spectra. In the current configu-
ration of the photon-sensitive detectors, a Lower-Level Discrimina-
tion Threshold (LLDT) was set at ∼600 keV,33 as pictorially shown
in Fig. 1, so as to exclude background photons from boron, present
in the instrument blockhouse, (peak A at ∼480 keV), and annihila-
tion (peak B at 511 keV).34 Preliminary results presented in Ref. 35
suggest that the instrument sensitivity can be improved by setting
the LLDT to a lower value, so as to detect intense photon peaks in
the energy region from 60 keV to 300 keV, as evidenced in the insert
of the same figure.

Here, we report measurements on polyethylene and gold ref-
erence samples on the VESUVIO spectrometer, using the pro-
posed setup on a subset of detectors, showing the improvement of

FIG. 1. Photons from gold in correspondence of the resonance at 4.9 eV, in red,
and outside the resonance, in black, measured on the INES beamline,32 using
a high-purity germanium detector. The insert indicates the presence of the main
gamma lines from gold after the background correction of the red plot.

counting statistics and noise reduction on DINS data. Moreover, in
Secs. III C and III D, we report estimates on the improvement in
the analysis of NMD and Mean Force (MF)16 for model systems
with anisotropic local potentials, paving the way toward a broader
scientific programme of the VESUVIO spectrometer.

II. MATERIALS AND METHODS
A. Materials

DINS measurements were performed on the VESUVIO spec-
trometer22,23 at ISIS on a low-density polyethylene foil and a com-
mercially available Au foil.36 The polyethylene sample had a thick-
ness of 250 µm along the beam direction, while the Au foil had a
thickness of 10 µm. Both samples were cut so as to have a surface
of ∼50 cm2 and attached to aluminum frames. The polyethylene foil
was inserted in the VESUVIO tank at the sample position, with a
vacuum level of ∼10−5 mbar, while the Au foil was placed within the
VESUVIO closed-circuit refrigerator, with 60 mbar of He pressure.

B. DINS measurements
The energy of scattered neutrons was selected by means of a

12.5-µm-thick gold foil; the prompt-gamma radiation was detected
by cerium-activated Yttrium-Aluminum-Perovskite (YAP) scintilla-
tors; then, the signal was amplified by photomultiplier tubes and dis-
criminated in a Nuclear Instrument Module whenever the deposited
energy of the detected photon exceeded the LLDT. Full details of
the detection setup are given in Ref. 37. The spectra were recorded
using the TOF technique,1 whereby the neutron energy transfer is
inferred from the time a neutron takes to travel from the source
to the detector and, in order to get rid of the large photon back-
ground at pulsed neutron sources,38,39 the Foil Cycling Technique
(FCT)25,40 was exploited. In this configuration, an additional gold
foil was cycled in and out of the path of scattered neutrons from the
sample to the detector. By taking the difference of the two measure-
ments, the sample-independent background was largely suppressed.
During the experiment, spectra from 5 forward-scattering detectors,
hereafter named from A to E, were recorded both with the origi-
nal LLDT value of 600 keV, and with modified values, reported in
Table I and discussed in Sec. III B, for a total proton charge in the
ISIS synchrotron of ∼1500 µAh.41

C. Biparametric measurements
Following the example of Refs. 33 and 42, an additional YAP

detector was placed within the VESUVIO blockhouse, at ∼90 cm
from the sample position. The scintillator dimensions were 1 in. in
thickness and 1 in. in diameter. The detector was shielded with a
5-cm-thick wall of Pb bricks toward the beam stop, and we noticed
that such shielding, not available at present for the other YAP
detectors, reduced significantly the background radiation from low-
energy photons. The detector was connected to a negative high-
voltage supply of 850 V, and the data were acquired using a pulse-
shape digitizer CAEN DT5730. This and the above-mentioned YAP
detectors were calibrated using 137Cs and 60Co sources33 avail-
able at ISIS. For each signal from the YAP detector, the digi-
tizer saved the deposited-energy value and a time-stamp value,
in the so-called “list mode.” By acquiring also the time stamp of
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TABLE I. The setup parameters for the detectors A–E: the value of the LLDT; their position with respect to the sample in polar coordinates r, θ, and 𝜙; the average count rate
increase; and the drop of noise and error-bar with respect to the values for the original LLDT.

Detectors LLDT (keV) r (m) θ (deg) 𝜙 (deg) Count-rate increase (%) Error decrease (%) Noise (range 1) (%) Noise (range 2) (%)

A ∼60 0.51 52 131 +200 −40 −32 −35
B ∼170 0.50 47 140 +150 −22 +4 −18
C ∼280 0.50 44 151 +100 −12 −23 −8
D ∼380 0.51 41 163 +20 −13 −24 −6
E ∼490 0.52 52 −132 +0 −18 −20 −18

the proton-on-target signal of the ISIS accelerator, it was possi-
ble to calculate, by difference, the TOF. Using both energy and
TOF values, one could populate the biparametric histograms, as
in the case of the 10-µm-thick Au foil shown in Fig. 2 and

FIG. 2. (Top) Biparametric data from 197Au measured on the VESUVIO spectrom-
eter, as a function of the neutron TOF and photon energy. The color map shows
the counts in arbitrary units. (Bottom) The projection on the photon-energy axis
of the above data integrated between 340 µs and 380 µs (red line), and 240 µs
and 280 µs (black line), corresponding to the on- and off-resonance signal from
the gold resonance at 4.9 eV, respectively. In the insert, the integration of the on-
resonance signal as a function of the lower limit of integration [keV] (black line),
compared to the prediction from Ref. 34 in arbitrary units (blue-dashed line).

discussed later. The electronic threshold for the YAP detector
used to acquire biparametric spectra was set at 50 channels, cor-
responding to photon energies of ∼200 keV in this particular
case.

D. Neutron Compton profiles
In DINS experiments, the energy of the incident neutron

exceeds the atomic binding energies in the system under investi-
gation, and the process is well described within the framework of
the IA. Here, the neutron-scattering intensity is maximized for the
values of the energy transfer E = Er , with Er = ̵h2Q2/2M as the
recoil energy, ̵hQ the momentum transfer, and M the mass of the
struck nucleus. Because of the dependence upon M of the recoil
energy, DINS spectra are composed of a collection of mass-resolved
recoil peaks, each of them associated with a neutron Compton pro-
file (NCP) that contains the information about the atomic dynam-
ics. The NCP, J(y, Q̂), is related to the atomic NMD, n(p), by the
relation

J(y, Q̂) = ̵h∫ n(p)δ(̵hy − p ⋅ Q̂)dp, (1)

where y is the West-scaling variable ̵hy = p⋅Q̂,43 and p is the momen-
tum vector of the nucleus before the scattering event. The width of
the NMD is directly related to the nuclear mean kinetic energy, ⟨Ek⟩,
and its shape is determined by the curvature, anisotropy, and anhar-
monicity of the local potential affecting a given nucleus. In the case
of a harmonic and anisotropic potential, one can model the NMD
using a multivariate Gaussian function of the form

n(p) = ⟨Πi
̵h

√

4πM⟨Ek⟩i
exp[−

̵h2p2
i

4M⟨Ek⟩i
]⟩, (2)

where i = x, y, z runs over the molecular axes, and a spherical average
⟨. . .⟩ is required for amorphous or polycrystalline samples, where
the information about Q̂ is lost. The mean kinetic energy, in this
case, can be expressed as a sum of its directional contributions,
⟨Ek⟩ = ∑i⟨Ek⟩i.

The analysis of DINS data is carried out with a simultaneous fit
for each individual ith detector of the experimental NCP, Fi(y, Q),
where the asymptotic IA profile of Eq. (1), valid only for infi-
nite values of Q, includes corrections due to the finite value of Q,
∆Ji(y, Q), known as Final State Effects (FSEs), and it is broadened by
the instrument resolution function Ri(y, Q)44,45

Fi(y,Q) = [J(y) + ∆Ji(y,Q)]⊗ Ri(y,Q), (3)
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with Ri(y, Q) determined using standard Monte Carlo routines avail-
able on VESUVIO.46 Finally, the experimental NCP is usually rep-
resented using the function F(y), corresponding to the average over
all detectors.

III. RESULTS
A. Biparametric spectra

Figure 2 (top) shows the biparametric spectrum from the Au
sample in the TOF range typical of DINS measurements on VESU-
VIO and for photon energies below 2 MeV. Vertical lines corre-
spond to neutron-induced resonances at 4.9 eV and 61 eV. The
horizontal line at ∼480 keV represents the main component to the
gamma background from the prompt photons emitted by boron
in several instrument components. At lower photon energies, the
detector efficiency and the background increase, corresponding to
a steep increase in the count rate, with an apparent maximum at the
detection threshold of 200 keV chosen for this particular case. In
Fig. 2 (bottom), the black line corresponds to the biparametric spec-
trum projected onto the photon-energy axis by integration between
240 µs and 280 µs (off resonance), and one can recognize the boron
peak at ∼480 keV. In the same figure, the red line is the result of
a similar procedure as before with the TOF integration between
340 µs and 380 µs, i.e., corresponding to the prompt cascade from
the resonance at 4.9 eV (on resonance). One can notice a huge
increase between 200 keV and 300 keV in the signal with respect to
the off-resonance background. This on-resonance increase is related
to the many peaks in the photon emission spectrum of Au already
showed in the insert of Fig. 1. One can notice that YAPs, as opposed
to the high-purity Ge detector, have lower energy resolution and one
cannot distinguish between neighboring photon peaks. On VESU-
VIO, the DINS signal is proportional to the integral of the on-
resonance spectrum integrated between the detectable upper limit
(around 6 MeV for gold34), and the lower limit at the value of the
LLDT. The blue dashed line in the insert of Fig. 2 (bottom) corre-
sponds to such a numerical integration of the tabulated Au reso-
nance from Ref. 34, and it is compared to the numerical integration
of our on-resonance experimental signal (black line) down to the
set threshold at ∼200 keV. The shape of the steplike prediction curve
compares very favorably with the experimental one, considering that
the latter (i) was obtained with a low-resolution YAP detector not
enabling the discrimination of neighbor peaks, and (ii) the measured
intensity is partially redistributed between photon peaks and Comp-
ton edges. Both curves suggest that the measured signal from Au
can increase up to 2–3 times when the LLDT is lowered between
60 keV and 200 keV, as discussed later. One should notice that
the LLDT used at present was established when DINS spectra on
VESUVIO were collected using a 238U foil. Uranium has less intense
photon peaks below 600 keV, and they are mainly centered around
the background peaks from boron and annihilation, thus explaining
the decision to set the LLDT at 600 keV in the first place.33

B. Counting error and noise reduction
Figure 3 shows an example of TOF spectra for detector A with

scattering angle θ ≃ 52○, in the case of the original LLDT (green
squares), and for the lowest value of the LLDT (red circles) used,
E0 ∼ 60 keV. In the top figure, both the original and changed

FIG. 3. Spectra from detector A for a polyethylene sample, hydrogen, and carbon
DINS peaks are evident at lower and higher TOF, respectively. In the top figure,
spectra in both the configurations normalized to the proton charge accumulated in
the synchrotron; the blue arrow indicates the increase in the counting statistics of a
factor ∼3. Unit-area normalized spectra from detector A recorded with the original
(bottom) and modified (middle) LLDT; here, the TOF ranges 1 and 2, where the
noise levels have been evaluated, are indicated as blue lines, and the average
count rate in the range as yellow line.

configurations are normalized to the proton charge accumulated in
the synchrotron, so as to show the increase in the count rate of a
factor ∼3. The green spectrum in the bottom and the red one in the
middle panel are, instead, unit-area normalized so as to stress the
reduction of ∼40% of the error bars when the LLDT is lowered,35 and
prompt-gamma rays from the gold resonance in the range between
E0 and 600 keV are also included. Smaller count-rate increases were
observed for the other detectors with modified LLDTs, as reported
in Table I. In order to quantify the reduction of the noise level in
DINS spectra, two TOF ranges were studied where the DINS signal
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is expected to be vanishing. The ranges chosen are to the right of the
carbon peak, range 1 (390 µs < TOF < 450 µs), and to the left of the
hydrogen peak, range 2 (100 µs < TOF < 160 µs).

The standard deviation, ∆c, of the distribution of counts in
these ranges was calculated for the original and changed LLDTs, and
it was used to give a measure of the noise and scatter of the data. The
noise in the TOF spectra is related to the difference of two count
rates in the foil-in and foil-out configurations,25 thus being sensitive
to the LLDT value. The standard deviation ∆c is calculated using

∆c2
=

1
N − 1

N
∑

i
(c(ti) − c̄)2, (4)

where i runs over the N bins in the TOF range {ti}, c(ti) is the count
rate in the time interval between ti and ti+1, and c̄ is the average count
rate over the range considered. The values of c̄ ± ∆c are shown in
Fig. 3 for detector A for both TOF ranges considered.

Detector A shows the largest noise reduction of about 35% on
both TOF ranges. On the other hand, detectors B–D show differ-
ent reductions on the two ranges as listed in Table I. Such behavior
can be linked, in first approximation, to the photons emitted by
113Cd in the LLDT energy range investigated, of which the most
intense is at 558 keV.34 Indeed, at present, the forward-scattering
VESUVIO detectors are equipped with 1-mm-thick cadmium foils
for calibration purposes. In addition to the E−1/2-dependent absorp-
tion cross section, 113Cd has neutron-induced capture resonances
in the neutron-energy range between 10 and 70 eV, which roughly
corresponds to the TOF values in range 1 for scattered epithermal
neutrons. These photons provide counts from the background only,
and the present study suggests that the calibration-related cadmium
foils should be generally removed during experiments and for any
value of the LLDT.

C. Line shape analysis with optimized setup
The reduction of noise level and error bars are crucial factors

in the analysis of NCPs. Indeed, a more precise line shape analy-
sis of Compton profiles allows for a more detailed determination of
the local potential affecting nuclei in a given system. The extent of
the benefits from an optimization of the LLDT is discussed below,
taking as an example the case of hydrogen in a molecular system
with local potential and NMD similar to that of the condensed
phases of water. To this aim, we have calculated two hydrogen
experimental NCPs for isotropic and anisotropic harmonic poten-
tials, F(y), shown in Fig. 4, both of which would result in the same
mean kinetic energy. The two F(y) functions are calculated using
Eq. (3), considering J(y) as the spherically averaged NCP. In particu-
lar, the isotropic function is characterized by the mean kinetic energy
⟨Ek⟩ = 143.1 meV, while the multivariate function corresponds to
⟨Ek⟩x = 8.3 meV, ⟨Ek⟩y = 33.2 meV, and ⟨Ek⟩z = 101.6 meV. Both
isotropic and anisotropic NCPs are reported in Fig. 4, together with
their difference. The aim of this calculation is to relate the optimiza-
tion of the LLDT values to an improved experimental sensitivity
able to distinguish two NCP line shapes with the same variance,
i.e., the same second moment, but with different fourth and sixth
moments.6,47

The anisotropic profile in Fig. 4 is transformed into simulated
experimental data by adding typical experimental error bars from
VESUVIO measurements,4,48 and numerically generated random

FIG. 4. Calculated isotropic (blue) and anisotropic (red) NCPs as defined in the
text, together with their difference (green).

noise. The simulated data are reported in Figs. 5(a) and 5(b). The
difference between the calculated isotropic and anisotropic systems
(Fig. 4) is also shown for comparison. The right panels of Fig. 5
show enlarged views of the NCP differences between the simulated
anisotropic data and the calculated isotropic model. The error bars
and noise in Fig. 5(a) are representative of a VESUVIO measure-
ment from a 10% scattering-power sample measured for ∼3600 µAh
of the integrated ISIS proton current and acquired with the origi-
nal LLDT at 600 keV. For the same sample, Fig. 5(b) corresponds to
the same acquisition time (3600 µAh), but with the error bars and
noise as if all detectors had the same modified LLDT as detector A.
In particular, the error bars and noise of Fig. 5(a) are reduced by 40%
and 35%, respectively, as indicated by the results shown in Table I.
The random noise is generated using a ROOT script that exploits
the TRandom3 function that produces a random number in a given
range.49

The single-detector simulated experimental spectra, whose
detector average is reported in Fig. 5 in red, were thus fitted using
a global fitting procedure using a multivariate Gaussian profile
to model the anisotropic momentum distribution as described in
Ref. 3. The results are compared to the input parameters for ⟨Ek⟩i
in the calculated anisotropic profile and are reported for the two
cases in Table II. Results from Fig. 5(a) (case 1) are consistent with
the input values, and the associated error bars are of the same order
as those reported in recent investigations.4,48 The fitted parameters
from Fig. 5(b) (case 2), corresponding to the configuration proposed
in the present work, are associated with error bars about half of those
in the previous case. Such a level of accuracy in the determination
of the directional contributions to the mean kinetic energy would
represent a valuable benchmark, for example, for computer simula-
tions tackling competing quantum effects from subtle changes in the
hydrogen-bonding network in water and ice.3,17

D. Mean-force analysis with optimized setup
Recently, the MF approach has been used to analyze DINS

data16,18,50 as it provides a model-independent and nonparametric
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FIG. 5. (a) and (b) Simulated experimental anisotropic F(y) profile with error bars and noise in red, the difference with the calculated isotropic F(y) in blue, and the difference
reported in Fig. 4 in green. On the right of each profile, an enlarged view of the Compton profile differences between the simulated anisotropic data and the calculated isotropic
model is shown. Case 1 is representative of a VESUVIO measurement from a 10% scattering-power sample measured for ∼3600 µAh of the integrated ISIS proton current
and acquired with the original LLDT at 600 keV, while case 2 corresponds to the same acquisition time but with the error bars and noise as if all detectors had the same
modified LLDT as detector A.

tool to highlight differences in systems with various degrees of
anharmonicity and anisotropy. The experimental MF function is
defined for amorphous or polycrystalline samples as

f (x∣∣) = −
Mx∣∣
β2̵h2 +

1
β
∫

∞
0 y sin(x∣∣y)F(y)dy

∫

∞
0 cos(x∣∣y)F(y)dy

, (5)

where x|| is the projection of the spatial coordinate (displacement)
along the direction of the momentum transfer, β = 1/kBT, T is the
thermodynamic temperature, and kB the Boltzmann’s constant.16

TABLE II: ⟨Ek⟩i values of the calculated anisotropic F(y) and of the simulated
experimental F(y) in the two cases obtained from the fitting procedure.

⟨Ek⟩i Input parameters (meV) Case 1 (meV) Case 2 (meV)

⟨Ek⟩x 8.3 7.9 ± 2.4 8.1 ± 1.5
⟨Ek⟩y 33.2 35.7 ± 4.3 34.7 ± 2.7
⟨Ek⟩z 101.6 98.4 ± 4.9 99.7 ± 2.9
⟨Ek⟩tot 143.1 142.0 ± 6.9 142.5 ± 4.2

The MF is an extension of the Hooke’s law applied to atomic
displacements in the subnanometer scale, representing the force
exerted on an atom in a molecular system, as a function of the dis-
placement from the equilibrium position, and averaged along the
Cartesian directions. In fact, a linear relation between the force
and the displacement holds for harmonic and isotropic poten-
tials for which one can write f (x∣∣) = (− 1

β + 2⟨Ek⟩
3 )

M
βh̵2 x∣∣. The

DINS technique allows an experimental determination of the mean
force and, in the present case, deviations from linearity between
displacement and force provide quantitative information on the
anisotropy of the effective local potential exerted on hydrogen
atoms.

In particular, the MF determined from the simulated experi-
mental NCPs in Figs. 5(a) and 5(b) after the correction of the FSEs
[see Eq. (3)] are shown in Figs. 6(a) and 6(b), together with the MF
from the isotropic and harmonic system reported in blue in Fig. 4.
The anisotropic behavior, i.e., the deviation from linearity, is clearly
identified for case 1, where noise and error bars are comparable
to the present performance of VESUVIO, for x|| > 0.18 Å, while
in case 2, the optimized configuration proposed in this work, the
discrimination is already possible for x|| > 0.14 Å.
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FIG. 6. (a) and (b) MF for calculated isotropic and harmonic system in red and MF
for simulated experimental NCPs of Figs. 5(a) and 5(b) in blue. The results from
the fitting procedure are also reported for the two cases.

IV. OUTLOOK AND CONCLUSIONS
We have shown how the change of the low-level discrimina-

tion thresholds of the gamma-sensitive forward-scattering detectors
on the VESUVIO spectrometer allows a substantial increase of the
count rates, and a reduction of the experimental error bars and noise
levels. In particular, by moving the LLDT value from 600 keV to
its minimum value, we have observed a threefold increase in the
count rate, and a reduction of ∼40% and 35% of error bars and
noise, respectively. We also noticed that a Pb shielding between
the YAP detectors and the beam stop can reduce significantly the
background radiation from low-energy photons, thus providing a
further increase in the signal-to-background ratio. The impact of
such improvement on the VESUVIO capabilities, if all LLDT were
to be modified in the same way, would allow a line shape analysis
on low-scattering power samples, or enhanced parametric studies,
e.g., temperature or pressure scans. Future studies will be devoted to
the development of window discrimination, or upper-level threshold
configurations, which may allow further optimization of the setup.

In addition, the optimized thickness of the analyzer foils in the FCT
configuration is under investigation, so as to provide an increased
intensity of the analyzer transfer function, paving the way for an
increase of approximately an order of magnitude of the global count
rate, which would allow enhanced nonparametric line shape analysis
of DINS data on VESUVIO.
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