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Abstract

New perspectives for epithermal neutron spectroscopy are opened up by the recent developments of Resonance

Detectors (RD) for inverse geometry time-of-flight spectrometers at pulsed neutron sources. The RD is based on the

combination of an analyser foil used as neutron-to-gamma converter and a suitable photon detector. Here, we report on

the state of the RD which is based on a YAP scintillator viewing a natural uranium analyser foil. The response of the

YAP detector to the radiative capture g emission from the uranium analyser foil has been characterized with a bi-

parametric measurement of a reference Pb sample, which allowed simultaneous measurements of both neutron time-of-

flight and g pulse height (energy) spectra. The analysis of the g pulse height and neutron time-of-flight spectra permitted

to identify the signal and background components. These measurements showed that a significant improvement in the

signal-to-background ratio can be achieved by setting a lower level discrimination on the photon energy at about

600 keV. The first application of RD is the Very Low Angle Detector Bank (VLAD) which is planned to be installed in

the next three years as an upgrade of the VESUVIO spectrometer, at the ISIS pulsed neutron source. VLAD will extend

the (q,o) kinematical to low wave vector transfers (qo10 (A
�1
) coupled to high-energy transfers (_o41 eV), which is

still unexplored by neutron scattering experiments. The first measurements obtained on an ice sample with a VLAD

prototype consisting of four RD units are presented here.
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1. Introduction

The recent developments of new instrumentation
for inverse geometry time-of-flight spectrometers
d.
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Fig. 1. Schematics of the experimental set-up of the measure-

ment performed on the VESUVIO spectrometer. The figure

shows the detector positions used for these measurements.
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at pulsed neutron sources are motivated by the
need to extend the kinematical region covered by
neutron scattering experiments. In particular, new
experimental studies in condensed matter systems,
such as, for instance, high-energy excitations in
magnetic systems and semiconductors [1] become
possible by accessing the kinematical region of
low wave vector transfer (qo10 (A

�1
) coupled to

high-energy transfer (_o41 eV). Experiments in
this kinematical region require the detection of
epithermal neutrons in the 1–100 eV energy range
at scattering angles below 51 [2].

Epithermal neutrons are routinely measured on
the inverse geometry neutron spectrometer VE-
SUVIO [3], installed at the ISIS pulsed neutron
source. The neutron detection technique em-
ployed, namely the Resonance Filter (RF) techni-
que, is based on 6Li glass scintillators for detection
of the scattered neutrons that are transmitted
through an analyser foil [4]. The scattering time-
of-flight spectrum at the final neutron energy
specified by the capture resonance is obtained
through the difference of the measurements with
and without the analyser foil. The RF technique is
effective for neutron energies in the eV range but it
becomes inadequate above 10 eV due to the 1/OEn

dependence of the neutron capture cross-section of
6Li. For this reason, the Resonance Detector (RD)
has been developed as an alternative detector. The
RD consists of an analyser foil and a photon
detector. Neutron detection is performed in a two-
step process: (i) resonant neutron capture by an
analyser foil (AX) which strongly absorbs the
scattered neutrons over a narrow energy interval;
(ii) detection of the prompt radiative capture g-
rays following the radiative decay of the com-
pound nucleus (A+1X) to the ground state. The
photon detector tags the arrival time of the
absorbed neutron by detecting the photon cascade.
The kinematics of the scattering event can thus be
reconstructed through the time-of-flight technique.

In this work, we report on the state-of-the-art of
the RD which, after few years of prototype
development, has been brought to a satisfactory
performance level. Results are presented on the
characterization of the RD, as well as on the
first RD measurements at very low scattering
angles.
2. The resonance detector

The instrument developments and prototype
tests have been performed on the VESUVIO
neutron spectrometer [3] which operates at the
ISIS spallation neutron source. In this instrument
(Fig. 1), the incident neutron beam (n) impinges on
the sample, placed inside an aluminium vacuum
chamber, located at a distance L0 ¼ 11:055m from
the moderator. The neutron beam is partly
transmitted towards the beam dump, placed 5m
beyond the sample position, and partly scattered.
Scattered neutrons of specific energies are detected
by RD units placed at different locations around
the sample. In the first example reported here, the
sample was a 1mm thick Pb metallic slab
(2.5� 3.5 cm2) and the RD was located at a
distance of 0.30m from the sample, at a scatter-
ing angle of 901. In a more recent experiment,
four RDs were positioned in the forward direc-
tion to measure neutrons scattered from an ice
sample.
The present choice of the analyser foil and

photon detector combination for the RD is the
result of a few years of development. The ideal
analyser foil should have widely separated reso-
nances in the 1–100 eV energy range, with high
intensity and narrow energy widths. 238U is the
best choice [5]; its radiative capture g-ray emission
consists of many peaks ranging from 11 keV to
4.060MeV [6]. The ideal photon detector should
have good efficiency to the prompt radiative
capture g-rays while being insensitive to other
background radiations. The first promising results
were obtained with Cadmium–Zinc–Telluride
(CZT) semiconductor detectors, which allows
room temperature operation with good photon
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Fig. 2. Time-of-flight spectrum from the Pb sample obtained

projecting the biparametric data along the time axis for g
energies above 600 keV. The expected positions of the 238U

resonances are indicated by the dashed vertical lines and their

energies (in eV) by the labels above the lines.
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detection efficiency in the range 20–200 keV. The
results indicated that, even without any energy
selection, the signal-to-background ratio exceeded
the conventional 6Li-glass detectors [7,8].

The RD performance was further improved
with the use of YAlO3 (YAP) scintillators. YAP is
an inorganic scintillator, non-hygroscopic, glass-
like, with a high density (5.55 g/cm3) but relatively
low effective atomic number (Z ¼ 36). The main
characteristics of this scintillation material are a
good light yield (E18,000 photons/MeV) and a
short decay time (t ¼ 27 ns) [9]. Its chemical
composition is such that no neutron resonances
are present in the energy range of interest
(1–200 eV). The detector was set-up to operate
without any neutron or g shielding. The YAP
crystal used was of cylindrical shape (35mm
diameter by 6mm thickness) and was coupled
directly to a photomultiplier tube with bialkali
photocathode. The thickness of the crystal was
somewhat arbitrary but represents a compromise
between the need for good efficiency to the g
emission following neutron capture in the analyser
foil and low neutron scattering in the crystal.
Below 100 keV, the photoelectric interaction is the
dominant process for energy deposition in the
crystal and ensures 100% total absorption prob-
ability; Compton scattering provides a significant
absorption probability (about 10%) up to energies
of several MeV [10].

The performance of a RD prototype composed
of a YAP detector attached to a natural uranium
analyser foil was assessed in biparametric mea-
surements of a Pb polycrystalline sample [10]. The
experiment allowed simultaneous measurements of
both neutron time-of-flight (TOF) and g pulse
height (energy) spectra. The TOF spectrum
obtained projecting the biparametric data along
the TOF axis for g energies above 600 keV (Fig. 2)
shows that Pb recoil peaks can be successfully
distinguished form the background up to neutron
energies of 190 eV. The comparison of the photon
energy spectra corresponding to narrow TOF
intervals around each neutron resonance and to
wide off-resonance intervals has allowed to identi-
fy the main signal and background sources. The
results indicate that the signal is predominantly
made up of Compton events induced by radiative
capture g rays which are not fully stopped in the
detector. These signal events are superimposed on
a background made of X-rays induced by non-
resonant neutron absorption in 238U, 10B radiative
capture photons (Eg ¼ 478 keV) and radioactivity
of the analyser foil. The first two components are
related in time to the neutron beam while the third
one gives a flat contribution at all times. Boron is
present in the wall of the experimental hall and in
the beam dump.
The quality of the TOF measurements depends

mainly on the intensity of the signal peaks
relative to the background, i.e., the signal-to-
background ratio S/B. A significant improve-
ment in the signal-to-background ratio has been
achieved by selecting photon events with energies
above 600 keV. This is shown in Fig. 3 for the
resonance at 6.67 eV where one observes an
improvement in S/B by about a factor 5 when
the lower-level discrimination of the pulse height
is raised from an equivalent g energy of about
60 keV to 800 keV. The improvement is due
to the discrimination of the background sources.
Similar improvements have been observed
for the other resonances. The results achieved
with RD based on YAP detectors and uranium
analyser foils have exceeded the conventional
RF detectors even at neutron energies below
10 eV.
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Fig. 4. Picture of the VLAD RD. The YAP detector is enclosed

in an aluminium case attached to the photomultiplier tube.
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Fig. 5. Time-of-flight spectrum recorded from an ice sample in

an Al cell in the time region 50–500ms. The dashed lines indicate

the H recoil peaks corresponding to the 238U resonances.
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Fig. 3. Signal-to-background ratio (S/B) versus the lower level

discrimination on the g energy for the 238U resonance located at

6.671 eV.
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3. Applications

The first application of RD is the Very Low
Angle Detector (VLAD) bank of the VESUVIO
spectrometer which will cover the 1–51 angular
range at a distance of about 2m from the
scattering sample. The first step of the upgrade
was the installation of a new vacuum tank,
designed in order not to intercept the neutrons
scattered at very low angles (see Fig. 1). The tank
has a thin (1mm) aluminium flange at the detector
side. A detector bank prototype was built which
consisted of four RD detectors. Each RD unit was
made of two YAP crystals of trapezoidal shape
(6mm thick) enclosed in an aluminium case which
acts as a light guide (Fig. 4). A 25 mm 238U analyser
foil was attached to each RD unit. Two detectors
were positioned at fixed angular positions (51)
while the other two were placed on a movable
frame adjustable between 21 and 51.

Measurements were taken from an ice sample at
270K. The four VLAD detectors covered the
energy transfer range of 0.2–20 eV and the wave
vector transfer range of 3–10 Å�1. The TOF
spectrum, shown in Fig. 5 for the scattering angle
of 21, shows the hydrogen recoil peaks up to
neutron energies of 117 eV. A preliminary analysis
of the resonance at 6.67 eV has indicated that one
can derive quantitative values for the dynamical
structure factor, S(q,o), and the density of states,
g(o), of hydrogen in the sample using the same
method for data analysis of previous experiments
performed on a different spectrometer [11]. These
measurements are the first of its kind on an inverse
geometry instrument.
4. Conclusions

New perspectives for epithermal neutron spec-
troscopy are opened up by the recent develop-
ments of RD at the VESUVIO inverse geometry
neutron spectrometer. The RD performance
achieved with the combination of a YAP scintil-
lator and a natural uranium analyser foil has



ARTICLE IN PRESS

M. Tardocchi et al. / Nuclear Instruments and Methods in Physics Research A 535 (2004) 121–125 125
exceeded the conventional Li glass neutron detec-
tor. Characterization of the YAP response to the
different signal and neutron sources has indicated
that energy discrimination is an effective method
to reduce the background interference and thus to
improve the signal-to-background ratio in the
TOF spectra. The first RD application is the Very
Low Angle Detector Bank (VLAD) which will
extend the kinematical region for neutron scatter-
ing to low wave vector transfers (qo10 (A

�1
)

coupled to high-energy transfers (_o41 eV).
Accessing such kinematical regions will allow
new experimental studies in condensed matter
systems.
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