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The present and future developments of time-resolved prompt-gamma activation analysis (T-PGAA) at pulsed
neutron sources is discussed in the framework of the successful history of neutron-activation techniques. A brief
description of the state of the art and the most important user facilities using standard prompt-gamma activation
analysis (PGAA) is provided. Then, we discuss the challenges and the opportunities for T-PGAA at pulsed neutron
sources, and the potential impact for applications to cultural heritage, radiation protection, and security. We
notice some inversions of trend needed for the further development of T-PGAA with epithermal and fast neutrons,
such as the possibility to use fast and high-efficiency y-ray scintillators with lower energy resolution (compared to
usual high-purity germanium detectors) when the signal from neutron capture resonance is selected. We also
suggest how detection systems often used in other fields, such as medical physics, can be of interest and inspi-
ration also in the case of neutron-based investigations. Finally, we present new data of T-PGAA measurements on
VESUVIO using neutron energies up to the keV using the scintillators available on the instrument, for samples of
gold (of interest in cultural heritage), cadmium (for environmental safety), and tantalum (a material used in

biomedical implants).

1. Introduction

Already 15 years after the discovery of the neutron and artificial
radioactivity, the analytical procedures for elemental analysis based on
neutron activation were clearly established [1,2]. At first, the technique
obtained increasing interest for the capability to discriminate rare-earth
concentrations [3,4], a task much harder using chemical-separation
techniques. Moreover, as the samples could be measured without any
chemical preparation, the technique avoided contamination of the ma-
terial prior to its characterization. For this reason, early articles referred
to the neutron activation technique as instrumental [5], as opposed to
other techniques involving chemical separation. In the following years,
neutron activation analysis was employed to tackle a variety of problems,
e.g., detecting traces of toxic compounds to protect the environment [6,
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71, or obtaining the elemental composition of human body samples [8] as
well as in vivo [9]. Amongst the earliest studies, neutron activation
analysis found an important application in the field of cultural heritage,
with pioneering applications to ancient Mediterranean [10] and Roman
[11] potsherds (the latter at Bepo at Harwell, UK). Over the past 20 years,
a large interest in applying neutron techniques to cultural heritage in-
vestigations was expressed, e.g., by the International Atomic Energy
Agency [12] and through the Ancient Charm project [13,14]. As an
example, the detection of corrosion compounds, such as copper chlo-
rides, below the gilded bronze surface of the doors of the Baptistery in
Florence, following the flood of Arno river in 1966, was presented in
Ref. [15]. The results presented by those Authors clearly revealed the
presence of chlorine in the unpolished surface of the bronze artefact, as
opposed to the region treated with the traditional method of the Rochelle
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salts (see Fig. 1, further discussed later). Other recent examples of
traditional neutron activation techniques include the investigation of
Egyptian artefacts [16-18] and chipped stone tools [19]. The application
of PGAA to cultural heritage and other topics has been reviewed in a
number of publications, e.g., Refs. [20-23].

Neutron activation techniques are based on the transformation of a
stable isotope of an element, upon bombardment of neutrons, into a
radioactive one, and measuring the decaying products. These can be
either prompt y-rays, following a nuclear de-excitation within few fem-
toseconds after the capture of the neutron by the mother isotope, or
delayed y-rays, possibly following a $ decay to the daughter isotope. In
the former case, one talks of Prompt Gamma Activation Analysis [8,24,
25], PGAA, while in the latter case one refers to the technique as Neutron
Activation Analysis, NAA, or Instrumental NAA, INAA. The two tech-
niques allow the detection of different elements in a given sample and,
therefore, provide complementary pieces of information. For instance,
PGAA is more suitable to detect the amount of light-weight elements like
hydrogen and carbon in materials, while NAA allows very precise
determination of heavy-weight elements, such as rare-earth isotopes.
Finally, there are elements like gold, silver, and copper, of particular
interest in cultural-heritage investigations, that can be detected, in
principle, by both techniques. In PGAA, when the energy of the decaying
y-ray is completely released within a detector, a peak can be observed
(generally referred to as full-energy peak) that is a fingerprint of the
isotope that captured the irradiation neutron. Looking again at Fig. 1 as
an example, the two prompt y-rays from 3°Cl, at 788.4 keV and 517.1 keV
[25], are pictorially labelled in the PGAA spectra from Ref. [15]. Despite
being the two most-intense prompt y-ray lines of chlorine in this energy
region, they are barely detectable in the experimental spectra shown
because of the little amount of chlorine compounds underneath the
artefact surface, yet enough to deteriorate it if not carefully cleaned.

Both PGAA and NAA were employed, historically, taking advantage
of cold and thermal neutron beams at continuous sources, with the
capture reaction being driven by the absorption cross section, propor-
tional to the inverse of the neutron velocity. More recently, the advent of
spallation neutron sources allowed the use of epithermal neutron beams
in the energy range 1 eV-1 keV. In this region, several elements,
particularly of interest for cultural heritage, display intense and narrow
peaks in the neutron cross section driven by resonant capture processes.
An example is provided in Fig. 2, where the capture cross sections of
natural copper, tin, and chlorine [26] are shown in the neutron energy
range between 1 meV and 1 keV, with the vertical dashed line corre-
sponding to the reference thermal neutron energy of 25.3 meV.

Moreover, as opposed to what happens at continuous neutron sour-
ces, pulsed spallation neutron facilities using the Time-Of-Flight (TOF)
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Fig. 2. Capture cross section of natural copper, tin, and chlorine from the ENDF-
VIIIb library [26].

technique, allow to collect spectra where the signal from epithermal
neutron resonances can be separated and analysed independently. In
particular, if an instrument is equipped with a y-ray detector, by col-
lecting the neutron-induced prompt y-rays from a sample, one can use the
technique generally referred to as Neutron Resonance Capture Analysis,
NRCA [27]. In this article, we describe some recent developments in
combining the two techniques of PGAA and NRCA, thus measuring, for a
given sample, the prompt y-rays emitted as a function of both the energy
of the neutron resonantly captured, and the energy of the y-ray [28]. This
technique is referred to as Time-resolved PGAA, or T-PGAA [29].
Moreover, we summarise the requirements of future instruments where
T-PGAA can be concurrently applied to other neutron techniques, and we
suggest some possible applications including cultural heritage, security,
and radiation protection investigations.

2. The state of the art

Neutron activation techniques require two main ingredients: a
neutron source for the irradiation and activation of a given sample, and

Fig. 1. Traditional PGAA spectra (left, arbitrary
units) from two different regions of the bronze
artefact (right) from the Baptistery of Florence. In
particular, the uncleaned region (red) and the one
cleaned using the Rochelle salts (blue) are shown.
Data are adapted from Ref. [15]. In particular, the
prompt-gamma lines from 3°Cl at 788.428 keV and
517.073 keV, discussed later, are marked with red
arrows. Also, the prompt y-rays from Ge isotopes
[25], discussed in Sec. 2.3, are reported as green
pulses with intensities in units of 1072 b. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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the detection equipment and environment to measure the decaying
y-rays. Moreover, following the increasing use of PGAA in recent decades,
more attention has been paid to the design of dedicated sample envi-
ronment and low-background blockhouses. These components are briefly
summarised in the following paragraphs.

2.1. Neutron sources

Very first examples of experiments based on neutron activation
include the bombardment of Be targets with deuterium accelerated in a
cyclotron [4] or Van de Graaf accelerators [30]. Starting from the 1952,
an open service for industrial and academic users was available at the
graphite-uranium nuclear reactor of the Oak Ridge National Laboratory
[31], as a “new service to analysts”. At the same time, attempts were also
made to export this methodology, using natural neutron sources, into
commercial and industrial laboratories [32]. These initiatives suggested
the high potential impact of neutron-irradiation techniques for a variety
of uses, both industrial and academic.

The first examples of dedicated user facilities for PGAA studies
include the NIST Centre for Neutron Research [24,42,43] using both cold
and thermal neutron beams in the 1990°, quickly followed by facilities at
Julich [33], Budapest [35], Tokai [34] and FRM-II [36,44]. Cold neu-
trons are often preferred to thermal ones because the absorption cross
section o4(E) has an inverse dependence upon the incident neutron en-
ergy E, of the form [45].

0u(E) = ou(Eo)y [, &)

with Eg = 25.3 meV and the parameter o, (Ep) available in standard li-
braries such as Ref. [46]. For this reason, cold neutrons provide a higher
capture rate than thermal neutrons, thus a larger decaying signal.
While reactor-based facilities, using cold and thermal neutrons, are
generally continuous sources, the advent of accelerator-driven spallation
neutron sources provided two novel opportunities. First, when slowing
down fast neutrons generated in a spallation process, a significant flux of
under-moderated epithermal neutrons is available. This is evident from
Fig. 3, where we report the neutron flux at the sample position of the
VESUVIO instrument at the ISIS spallation source (UK). Epithermal
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Fig. 3. The neutron beam flux at the sample position of the VESUVIO spec-
trometer at ISIS. Data adapted from Ref. [47].
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neutrons have an additional probability to be captured by a given nucleus
and emitting a y-ray, through Breit-Wigner-like resonances of the form
[271:

" r,T
o,(E) = E ’ L ,
"E) = S E - SHE—E,) +T/4

2

with E, the central energy of the u-th resonance, g, the related multi-
plicity factor, the parameters I'; and T', are the full width at half
maximum related to the probability of capturing a neutron and emitting a
photon, respectively, and I' = I'; + T',. Finally, h is the Plank's constant
and my the neutron mass. As already shown in Fig. 2, these resonances
provide intense and well-localised peaks in the capture cross section, and
their positions are “fingerprints” of different isotopes.

The second opportunity at spallation sources is that their pulsed na-
ture allows TOF measurements whereby the time t when a neutron is
captured by the sample at a given distance Ly from the neutron moderator
is related to the time ty when the spallation process takes place in the
source via the neutron energy as

t—ty = 1/;’—2% 3

One should notice that neutron choppers can be used to transform a
continuous thermal or cold neutron beam into a pulsed one, as one can
appreciate in the case of PGAA studies using pulsed cold neutron beams
at NIST [48] and Budapest [49]. However, their effectiveness for epi-
thermal neutrons quickly worsens with the increasing neutron energy.
Some examples of neutron energy selection using choppers are provided
in Refs. [50,51].

Table 1 reports a list of neutron instruments and facilities where
PGAA is available at present for users, also mentioning if the neutron
source is operated in a continuous or pulsed way. Ref. [20] reports a
longer list of facilities operating in the periods 1966-2000. A more recent
review, with particular attention to compact neutron sources, was pre-
sented in Ref. [52]. It is also worth noting that, in a 2015 list of PGAA
instruments and facilities provided by one of the IAEA working groups
[53], only the ANNRI instrument at J-PARC [40] was mentioned amongst
the spallation sources, although its main application is aimed to the
determination of capture cross sections for nuclear databases [54]. One
can notice how reactor sources generally provide neutron beams that are
continuous in nature, while spallation sources provide pulsed neutron
beams. Two important exceptions are presented by the SINQ continuous
spallation facility [37], and the reactor at the Frank Laboratory of
Neutron Physics at Dubna working as a pulsed source [38]. It is also
worth noting that, in the latter case, epithermal neutrons are used at the
Regata instrument to enhance the NAA signal from some trace elements.
Finally, PGAA capabilities are also reported at the Centro Atomico Bar-
iloche (CAB), where a Linear Accelerator (LINAC) is used to accelerate
electrons and obtain a pulsed source of fast neutrons following the
interaction of bremsstrahlung photons on a target [39].

Table 1
Some examples of instruments and user facilities where PGAA is available,
underlining the distinction between continuous (cont.) or pulsed sources.

Instrument; Facility Source Ref.
CN/TN-PGAA; NIST Reactor (cont.) [24]
ELLA; KFA, Julich Reactor (cont.) [33]
JAERI; Tokai Reactor (cont.) [34]
PGAA/NIPS; Budapest Reactor (cont.) [35]
FRM-II; MLZ Reactor (cont.) [36]
PGA; SINQ, PSI Spallation (cont.) [371
REGATA; FLNP, Dubna Reactor (pulsed) [38]
CNAB; Bariloche LINAC (pulsed) [39]
ANNRI; J-PARC Spallation (pulsed) [40]
INES; ISIS Spallation (pulsed) [29]
VESUVIO; ISIS Spallation (pulsed) [41]
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2.2. Neutron guides and blockhouses

Early applications of PGAA explored the possibility to perform the
experiment either placing the sample within a reactor [55] or outside [8],
irradiating it through a beam port. The main advantages in having the
sample within the reactor, i.e., the high neutron flux bombarding the
material under investigation, was completely overcome by the advent of
neutron guides, as discussed in the next paragraph. However, it is
interesting to notice that at pulsed neutron sources, where the TOF
technique is employed, the resolution on the incident neutron energy
improves with increasing primary flight length, Lo, between the source
and the sample position, as one can appreciate from Eq. (3). Therefore,
the development of T-PGAA requires the choice of a suitable value of Ly,
long enough to provide a reasonable neutron-energy resolution between
epithermal neutron energies, yet not too long so as to provide a decent
neutron flux at the sample position.

Neutron guides are generally used for thermal and cold sources. In
fact, neutrons with wavelengths larger than ca. 1 A can be redirected
towards the sample position following a full reflection on a properly
treated and polished guide wall. Neutron guides allow, amongst other
advantages, to obtain a high-intensity and uniform beam profile at the
sample position. Moreover, curved guides can be used to separate cold
and thermal neutrons from the epithermal-neutron component as well as
y-rays from the neutron source contributing to the background in stan-
dard PGAA measurements. On the other hand, neutron guides are not
efficient for epithermal neutrons, for the particle's wavelength is shorter
than any interatomic distance of the coating material, not allowing an
efficient redirection of the neutron. For this reason, higher backgrounds
are generally present at epithermal-neutron instruments, mainly related
to the y-rays generated within the target and moderator. For the same
reason, the epithermal flux at the sample position cannot be boosted
using a guide, as opposed to what happens for thermal and cold neutrons
where typical gains are of the order of 10-100 (see, e.g., Refs. [49,56]).

For the reasons mentioned above, PGAA experiments at spallation
neutron sources require additional background characterization
[57-59]. However, some tricks can be applied to all instrument block-
houses. For example, at NIST the sample environment is developped with
hydrogen-free materials, so as to minimise the background for quanti-
tative determination of hydrogen in samples using the 2223 keV prompt
y-ray emission line. In some cases, boron-free materials are used to avoid
the emission of the prompt y-rays at 478 keV following the neutron
capture or, if not possible, additional layers of pure lead are used to
absorb them. When neutrons need to be captured, °Li or equivalent
absorbing materials are used, for example in the beam stop to avoid
neutrons bouncing back into the blockhouse. Finally, the environmental
radiation from scattered neutrons captured by the blockhouse walls can
be minimised by, when possible, increasing the dimensions of the room
and, more easily, by coating construction materials and walls with LiF
tiles, as in the case of JAERI [34] and NIST [42].

It is worth mentioning the direct comparison of standard PGAA ca-
pabilities using thermal neutrons at the Rotax spectrometer at ISIS and at
the Budapest reactor presented in Ref. [60]. The comparison was clearly
favourable in the case of the reactor source for two main reasons. Firstly,
reactor sources do not suffer from additional backgrounds from epi-
thermal and fast neutrons. Secondly, and most importantly in our
opinion, reactor sources have been investing on dedicated PGAA in-
struments for a number of years, while, at pulsed spallation sources, one
has witnessed only a limited number of investigations on beamlines
generally designed for other applications. However, again in Ref. [60] it
was noted that the possibility to provide concurrent measurements using
PGAA and other neutron techniques corresponded to an exciting scenario
that, in our mind, needs the further development and use of T-PGAA, as
opposed to standard PGAA, to succeed and become a concrete reality.
This point will be further discussed later.

Physics Open 7 (2021) 100073
2.3. y-ray detectors

Some early procedures, especially with low-intensity neutron sources
[32] used Geiger-Muller flow counters, thus measuring the overall decay
of the induced radioactivity of the sample, mainly related to the f-ray
emission, rather than the energy spectrum of y-rays. In those experiments
and laboratories where the y-ray energy was detected, first set-ups were
equipped with fast Nal scintillator detectors. However, as these detector
have a poor resolution of photon energies, one often needed to perform
some chemical-separation processing of the irradiated sample so as to
allow the interpretation of the collected spectra. This obstacle was
overcome with the advent of Ge-based detectors [6], as they manifest a
higher energy resolution, allowing the interpretation of spectra where
the peaks from many isotopes are present at the same time.

In order to obtain good-quality PGAA spectra of the sample, it is
important to keep the radiation background as low as possible, and one
should have the capability to reject signals arising from incomplete en-
ergy deposition of y-rays from the sample within the detector. In the
latter case, y-rays undergoing Compton scattering in the detector deposit
only a variable fraction of their total energy, producing an undesirable
continuum in the spectrum, worsening the detector sensitivity to full-
energy peaks and the signal-to-noise ratio. For this reason, PGAA
detection systems are often equipped with Compton suppression com-
ponents. The usual approach is to surround the main detection unit
dedicated to high resolution y-ray spectroscopy, generally High-Purity Ge
(HPGe) detectors, with an annular or quasi-annular Compton-suppres-
sion unit based on an array of high-efficiency scintillation crystal, often
Bismuth Germanate (Bi4Ge3012, commonly referred as BGO), coupled to
Photomultiplier Tubes (PMT). Different variations on this geometry are
reported in the literature: a hollow cylinder of BGO surrounding the
semiconductor detector [36,37]; a similar geometry but with an addi-
tional detection element to avoid additional background from back-
scattered y-rays [14,61]; other designs in which the HPGe detector is not
coaxial but perpendicular to the suppression system [43]; or PGAA de-
tectors combining both the first and the latter configurations [36,37]. In
these Compton suppressed detectors, the BGO components surrounding
the HPGe detector operate in anti-coincidence mode, meaning that if a
y-ray interacting with the HPGe detectors undergoes Compton scattering
inside it and then interacts in the BGO detector within a specified time
window, the event is rejected. The opposite is also valid: y-rays inter-
acting in the suppression system and then revealed by the high-resolution
detector will be rejected as well. In this way, unwanted signals, not
contributing to a full-energy peak but providing a continuous back-
ground, will be rejected, thus improving the peak-to-background ratio
and allowing a better sensitivity.

It is worth noting that anti-coincidence with BGO is only based on the
occurrence of events in the same time window, but the BGO detectors are
not used for Pulse-Height Analysis (PHA), for which they are not
adequate due to their low light yield and slow decay time, at least
compared with other scintillators. In fact, BGO is mainly used in these
systems due to its high stopping-power and its low sensibility to neutron
activation and capture. At the same time, HPGe detectors have low
stopping-power compared to scintillation crystals and they need a cool-
ing system and particular electronics. For this reason, designs in which
the HPGe is replaced with scintillation crystal can be found in the liter-
ature [62]. We also note that some modifications of the HPGe-BGO
standard design could provide additional benefit to the detection sys-
tem. For example, the HPGe could be replaced with higher-efficiency and
high light-yield scintillators (e.g., LaBrs). Replacing the BGO in the sur-
rounding detectors with higher light-yield and faster decay-time scintil-
lation crystals (e.g, LYSO) could allow to make PHA also in the
suppression detector, recovering events that deposit the overall energy
between the spectrometer and the guard detector or to shrink the time
windows for better Compton rejection, respectively. Table 2 provides a
list of scintillation materials and their main properties, that could be of
interest for future developments of T-PGAA, as discussed later.
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Table 2

Comparison between HPGe, CZT and scintillation materials in terms of main
properties. Data retrieved and averaged among multiple sources [63] and man-
ufacturers’ sites.

Density Light Yield Energy Resolution Decay time

Detector Zeft [g/cm3] [ph/keV] [@ 662 keV] [ns]
HPGe 32 5.36 - - -
CZT 42 5.78 - - -
LaBr3 45 5.08 71.6 2.8 22
CeBr3 45 5.18 58.0 3.2 20
Srl2 48 4.59 101.0 2.9 498
Nal(Tl) 51 3.67 44.2 6.3 240
LuYAP 60 7.2 10.0 7.9 30
LYSO 64 7.1 34.0 85 41
BGO 74 7.12 8.3 8.0 300

It is interesting to note how some of the peaks in PGAA spectra could
be related to prompt y-rays generated by neutrons scattered by the
sample towards the detector and captured by elements within the de-
tector. Some of these elements, e.g., germanium in HPGe detectors, can
participate with several lines to the background in a PGAA measurement.
In the y-ray energy range in Fig. 1 the main lines from a neutron capture
correspond to the 73Ge (1n,7)”*Ge prompt emissions at 595.9 keV and
608.3 keV, while the main lines from an inelastic scattering correspond to
the reactions 74Ge (n,n’ y)74Ge at 595.9 keV and to "%Ge (n,n’ 7)72Ge at
693.0 keV [25]. The PGAA lines from all the isotopes of Ge are reported
in Fig. 1 and green pulses (with intensities in units of 1072 b).

Regarding the design of the Compton suppression system, it is
important to stress that Compton scattering cross section depends both
on energy of the incoming y-rays and the effective atomic number of the
detector. For this reason, depending on the range of energies of interest,
different choices could be made for the scintillation crystals. Moreover,
the scattering angle strictly depends on the energy, following the Klein-
Nishina formula, with forward scattering characterizing photons with
energies above 1 MeV [64]. Again, depending on the range of energies of
interest, the design of the suppression system could be optimized, as also
discussed in Ref. [65].

As a final remark, since the choices related to geometry of both the
primary detector and the shielding detector determine the performance
in terms of sensitivity and background rejection, one should note that
Monte Carlo simulations are fundamental for the optimization of the
design of the overall detection system. Different simulations tools like
MCNP [66,67], Geant4 [68-70] and FLUKA [71,72] have been used. It is
important to stress that, especially in the production of prompt y-rays, the
most suitable Monte Carlo code and its libraries must be thoroughly
selected, since evident differences in y-rays yield are reported in the
literature [73].

2.4. Detection methods from other fields of research

Prompt y-ray detection is also of interest in other fields of research
such as Medical Physics, especially for hadrontherapy [74,75], and
environmental applications bib76[65,76]. In hadrontherapy, the prompt
y-rays, produced by protons and light ions used for radiotherapy, are
fundamental to infer the range of the particles and the dose deposition
inside the patient. Many solutions come from this sector, mainly focused
on imaging but also focused on spectrometry, with several different de-
signs that can be divided in four groups:

@ Prompt y-ray Imaging: by means of passive collimation through spe-
cifically designed components (e.g, pinhole or knife-edge collima-
tors) and position-sensitive detectors, the position from which prompt
y-rays is generated in the sample can be reconstructed [77,78];

@ Compton Camera: using electronic collimation taking advantage of
the energy deposition due to Compton interactions in subsequent

Physics Open 7 (2021) 100073

detectors and the angle between the interactions themselves, it is
possible to reconstruct the position of the incoming y-rays [79,80];

@ Prompt y-ray Timing: taking into account the time between the gen-
eration of the particle and the arrival of the y-ray in the detector, it is
possible to reconstruct the hadron transit time which can be corre-
lated with the position of interaction inside the body of the patient
from which the y-ray was emitted [79,81];

@ Prompt y-ray Spectroscopy: is mainly devoted to reconstruct the
composition of the interaction volume in the target depending on the
different ratios of carbon and oxygen (from their specific lines in the
spectrum) and it is possible to infer the type of tissue in which the
interaction occurred [78,82-84].

Range verification could also be of interest in cultural heritage in the
case of non-homogeneous artefacts. In addition to position detection,
these approaches can suggest different geometries of detection suitable
for T-PGAA experiments.

3. Development of time-resolved PGAA

Given the above discussion, the development of T-PGAA at spallation
neutron sources represents an exciting opportunity as well as a chal-
lenging project. In this section, we will first review some past benchmark
tests of T-PGAA investigations, then we will show some new T-PGAA data
collected on the VESUVIO spectrometer at ISIS, and finally we will pro-
pose some suggestions for the further development of the technique over
the coming years, e.g., in the framework of a future ISIS-II facility [85]).

3.1. Benchmark tests

Over the last decade, a number of experimental investigations were
performed at ISIS for the development of instrumentation for epithermal
neutron spectrometers [86], which combined the TOF technique with the
detection of y-ray emission spectra. In particular, in the case of the
VESUVIO spectrometer [47], T-PGAA based acquisition set-ups were
used for the development of the resonance-detector technique [87,88] in
the case of YAP scintillators bib89[41,89] and CdZnTe detectors [90].

Over the past 5 years, T-PGAA has been used as a self-standing
technique [28,29]. In particular, Toh et al. [28] applied the concurrent
measurement of PGAA and NRCA at the ANNRI instrument at J-PARC.
They explicitly noted how the two techniques require relatively different
detector systems. On the one hand, NRCA using the TOF technique re-
quires fast scintillators with generally lower y-ray energy resolution. On
the other hand, PGAA requires high-resolution (generally Ge) detectors,
yet slow in nature. The Authors presented T-PGAA spectra from an array
of HPGe detectors combined in anti-coincidence for background sup-
pression. Shortly after, Festa et al. [29] showed the increase in elemental
sensitivity of T-PGAA over standard PGAA at the INES spectrometer [91]
at ISIS on a bronze standard. It was noted that a combined detection of
both TOF and y-ray energy provided a twofold advantage. On the one
side, by analysing the PGAA spectra corresponding to the resonance
energy of a given isotope, one could reduce the interference of y-ray
contributions at similar energies but from different elements. This was
observed, for example, in the case of the y-ray lines at ca. 163 keV from
107 Ag and 121Sb, both typical trace elements in bronze, yet with the latter
also often present in Pb shielding blocks. On the other hand, the T-PGAA
acquisition also provided an advantage for NRCA, for the relative in-
tensities of neighbouring resonances from different elements could be
tuned by analysing the most advantageous portion of the biparametric
(En, E,) plane. More recently [92], such apparatus and data treatment
were upgraded in such a way to provide a quantitative analysis of the
elemental composition of Cu-based certified standards, in preparation for
applications to further cultural heritage investigations. This work pro-
vided an exquisite example of how neutron techniques can provide
quantitative and accurate information in relation to bulk samples,
whereas techniques such as X-ray fluorescence would be mainly sensitive
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to the surface of materials investigated. Finally, PGAA experiments on
1151n making use of epithermal neutrons were reported by Granada et al.
[39] at the CNAB facility. In particular, after positioning a thick cadmium
foil between the neutron moderator and the sample, thus having the
latter only irradiated with epithermal neutrons, the PGAA electronics
was set-up so as to have the acquisition gate coinciding with the TOF of a
given capture resonance of indium.

Recent investigations using T-PGAA at the VESUVIO beamline at ISIS
where presented in Ref. [93] in the case of ancient Roman coins.
VESUVIO has developed over the last decade from an instrument dedi-
cated mainly to the measurement of nuclear quantum effects in materials
[94], to an Epithermal and Thermal Neutron Analysis (ETNA) station
[95,96] where the hydrogen quantitation using deep inelastic neutron
scattering [97], neutron diffraction [47], NRCA [98] and
energy-selective neutron transmission [99] can be applied at the same
time on a given sample. In this framework, by mitigating the limitations
at pulsed neutron sources already mentioned above [60], the addition of
routinely available T-PGAA capabilities at the instrument will be an
important addition.

3.2. T-PGAA on VESUVIO

In order to provide some examples of the T-PGAA capabilities at the
VESUVIO instrument, we present below some newly collected spectra
from samples of cadmium and tantalum, two materials of interest for a
number of applications. In particular, cadmium is a pollutant material
whose release in the environment can be toxic for life, and its quantita-
tive detection represents a challenging and timely task [100]. Tantalum,
on the other hand, is considered not to react with body fluids and, for this
reason it is used in orthopaedic for manufacturing in hip and knee re-
placements, amongst other medical applications [101].

T-PGAA spectra were acquired using the same YAP detector and
electronics previously employed in Refs. [102,103]. For each event
detected by the YAP scintillator, a CAEN DT5730 digitizer was used to
record the pulse height of the signal as well as the time stamp. The latter
was combined together with the timing of the ISIS synchrotron so as to
reconstruct the neutron TOF corresponding that event, and the TOF was
then converted to the neutron energy. Fig. 4 shows the T-PGAA spectra
acquired with this set-up from a 0.5-mm-thick cadmium sample (left) a
0.9-um-thick tantalum sample (right). Spectra were acquired for about
10 min each when a current of about 180 xA was flowing in the ISIS
synchrotron. The signal from the several capture resonances in cadmium
and tantalum are quite evident as vertical lines. It is interesting to note
how the T-PGAA spectra can be acquired down to TOF values of a fraction
of us with the fast YAP scintillators, corresponding to values of the
neutron energy up to the MeV. As mentioned, as opposed to the case of
cold and thermal neutron facilities, it is not possible at epithermal
spectrometers to use curved guides to get rid of the y-ray flash within the
source and moderator. For this reason, at pulsed sources such as ISIS, the
count rate during the first tens-to-hundreds of us of the TOF measurement
is extremely high. This is quite evident when looking at Fig. 4, where the
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number of counts greatly increases for high neutron energies and low
y-ray energies.

Unfortunately, such high count rate is such that a standard HPGe
detector is likely to saturate at short TOF values, then requiring ca.
50-100 ps of dead time before being operational again (see, e.g.,
Ref. [92]). This saturation of the detector allowed measurements up to
ca. 5 eV in the case of VESUVIO (L ~ 11 m; TOF ~ 340 ps) and ca. 60 eV
in the case of INES (Lo ~ 22 m; TOF ~ 200 ps). A similar situation is
expected at ANNRI at J-PARC, where the sample position is at Ly ~ 21.5
m and NRCA measurements with Ge detectors were reported up to 300
eV [40]. Clearly, a shorter path length corresponds to an increase of the
intensity of both neutron flux and background in the blockhouse, as well
as reducing the peak resolution in NRCA spectra. However, increasing
the value of Ly one observes a quick decrease of the epithermal flux as,
without an efficient guide, it is proportional to Ly2. This decrease is likely
to affect, more than the T-PGAA technique, the DINS count rate. How-
ever, as already shown in Fig. 4, no saturation is expected for faster de-
tectors such as the YAP scintillator used in this work. Fig. 5 shows the
T-PGAA spectra using the HPGe detector on INES (left, reproduced from
Ref. [104]) and the spectra from the same sample acquired on VESUVIO
using the YAP scintillator described above. The capability to avoid
saturation at low TOF values of the YAP has, as a counterpart, the
inability to discriminate the many peaks from the gold y-ray lines, as
opposed to the measurement using the HPGe. It is also interesting to note
that, though not completely saturating, the NRCA signal from the HPGe
detector appears quite asymmetric, as if the signal following an intense
resonance is spoiled by a partial saturation of the detector. This is quite
evident in the case of the 4.9 eV neutron resonance of gold, appearing at
ca. 360 ps on VESUVIO and 720 ps on INES.

3.3. Future developments

As previously mentioned, while the PGAA instrument blockhouses at
reactor sources are bespoken so as to provide a low background, this is
generally not the case at spallation neutron sources. The main reason,
especially in the case of the VESUVIO and INES beamlines at ISIS, is
related to the attempt to apply several techniques concurrently during
the in-beam investigation of a given sample. The straightforward
consequence of this attempt is that the sample is closely surrounded by
several pieces of sample environment and detector banks, each with their
shielding and electronics (see, e.g., Ref. [47]).

In this scenario, at present a tailored shielding is being manufactured
at ISIS to be used on the HPGe detector available at the VESUVIO in-
strument [92]. The shielding is composed of an external layer of
5-cm-thick borated polyethylene (outer layer), followed by a 5-cm-thick
pure lead, then a 1-mm-thick copper layer and, finally, a 1-mm-thick
aluminium layer (inner layer). This design, pictorially shown in Fig. 6,
is aimed at suppressing several sources of environmental background
present at the instrument by shielding the HPGe detector against the
direct radiation from the beam stop, the moderator, and the gold foils
used for the resonance detector technique above-mentioned. In
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Fig. 4. T-PGAA spectra from cadmium (left) and tantalum (right) obtained at the VESUVIO spectrometer using a YAP detector.
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Fig. 5. T-PGAA spectra from Au obtained at the INES beamline using a HPGe detector (left), and at the VESUVIO spectrometer using a YAP detector (right).
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Fig. 6. A schematic drawing of the PGAA shielding being assembled at the VESUVIO spectrometer.

particular, given the mixed thermal/epithermal and y-ray background in
the blockhouse, the several layers have the following scope: 1) the
external borated polyethylene is needed to slow-down and capture epi-
thermal neutrons; 2) the pure lead is needed to shield against the y-rays at
478 keV generated in the boron capture, as well as the several y-rays from
the gold foils, especially at energies between 200 and 300 keV bib102
[41,102], and other environmental radiation; and 3) the copper layer is
needed to shield against the X-rays generated in the lead shielding, and
the aluminium layer to stop the analogous X-rays from copper.

While, at dedicated beamlines, the shielding walls around the PGAA
detector are generally thicker, this was not possible in the case of the
VESUVIO instrument. In fact, the detector-plus-shielding system
described above was designed so as to be mounted on a movable trolley.
In this way, in the case of experiments where the T-PGAA capabilities are
needed, or in the case of low-emitting samples, the detector can be
moved closer to the sample position. However, as the additional shield-
ing material around the HPGe detector is likely to cause additional
background for the other detectors on the instrument, whenever the T-
PGAA technique is not needed, the trolley can be moved further away
from the sample position. It is also worth noting that, while this is not
possible for the existing INES and VESUVIO instruments, future ETNA-
like instruments can be designed so as to have larger blockhouses: this
will decrease the environmental backgrounds from beam-stop and walls;
it will allow several pieces of equipment, such as the PGAA trolley, to be
moved freely towards and away from the sample area; and they will
facilitate the handling of cultural-heritage samples that, in general, can
be relatively large and bulky.

A possible way to have, at the same time, a higher epithermal flux and
a long primary flight path, requires a suitable neutron source. In the case

of ISIS, proton pulses generated in the synchrotron with a repetition rate
of 50 Hz allow TOF measurements every 20 ms. One should notice that,
both at the INES and VESUVIO beamlines, epithermal neutrons only
populate the first ca. 1 ms of this period, while the rest is populated by
thermal neutrons used for neutron diffraction. Therefore, in a future
spallation neutron source, one can envisage a synchrotron working at a
higher frequency, and three Target Stations (TSs), each with instruments
dedicated to either cold (CTS), thermal (TTS), or epithermal (ETS)
neutron techniques. Fig. 7 shows an example of how such source could
work. The case suggested is clearly inspired by the current operations of
the ISIS facility, where the TOF measurements in the TS1 and TS2 are 20-
ms (40 Hz) and 100-ms long (10 Hz), respectively, and the epithermal
instruments (such as VESUVIO and INES) are located in TS1. In partic-
ular, TS2 receives 1 proton pulse every 4 pulses directed to TS1. One can
bring this model one step forward, and imagine a third TS where the
frequency is further multiplied by a factor 4-5, or higher if possible, thus
making the TOF acquisition periods shorter. In this way, epithermal
neutrons could take advantage of a tailored repetition rate and TOF
range. In order to avoid frame-overlap backgrounds, i.e., to have slower
neutrons being recorded at the same TOF value as faster neutrons from
the following proton pulse, thermal filters, such as thick cadmium foils,
could be inserted between the ETS moderator and the sample position of
each of the epithermal instruments. Alternatively, neutron guides could
be used to redirect the thermal component of the beam to another in-
strument, thus separating it from epithermal neutrons that would not be
affected by the guide optics. While such high repetition rate represents a
challenging project, compared to the more standard sources with 50-Hz
repetition rates, it is interesting to notice how, already 20 years ago, a
high repetition rate proton synchrotron was investigated by a JAERI-KEK
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Fig. 7. The representation of possible TOF ranges at an imaginary 3-target-station spallation source with a proton synchrotron working at f = 250 Hz (5 times the

ISIS frequency).

collaboration [105] to be used as a muon source. In this sense, a possible
ETS could serve muon instruments as well. Moreover, high repetition
rates are nowadays achieved at neutron sources based on electron linear
accelerators (see, e.g., Ref. [52] for a recent review).

4. Applications
4.1. Applications to cultural heritage

Several successful T-PGAA experiments and investigations have been
possible over the past years (for further details on the experimental data,
se Refs. [28,29,92]). Here, we would like to provide some synthetic ex-
amples of the most-likely applications of T-PGAA experiments on
cultural-heritage artefacts.

In Fig. 2 we introduced the capture cross sections of copper and tin,
the two main components of bronze, as well as the one for chlorine, an
element that was found, using traditional PGAA, in Ref. [15] in the
bronze panels of the Baptistery of Florence. Chloride components are
responsible for the deterioration of bronze artefacts and, if present un-
derneath gilded surface, they are relatively difficult to be detected using
traditional surface probes. Also, from Fig. 1, it is evident that enhanced
capabilities and detection limits compared to traditional PGAA would be
of great importance for similar samples. Fig. 8 shows the macroscopic
capture cross sections of the same elements from Fig. 2, and with a special
focus in the region of epithermal neutron resonances. One can appreciate
how, for slightly different values of the incident neutron energy, the
capture cross section of each of the three elements can be orders of
magnitude larger than the other two. From the inspection of this figure,
one can clearly envisage the potentiality of the T-PGAA technique so as to
enhance the signal from chlorine and allow a more accurate quantitative
determination. Moreover, at an ETNA-like instrument, the T-PGAA re-
sults could be concurrently supported by neutron diffraction, to detect
possible effects of the chlorides on the crystalline structure, or with
neutron resonance transmission analysis [27] and energy-selective
neutron imaging, so as to obtain a detailed 2D map of the chlorine dis-
tribution in the sample.

Based on the cross-section values reported in Figs. 2 and 8, one can
estimate the count rate in a T-PGAA experiment based on the following
equation

C(AE,, E,) = B(E,)AE, Ad py(E,) AQAI (Z %) @
7 imy

10 -

— Sn

— Cu

So(E) lem™]

2

10 2 ’

10

(]

E [eV]

Fig. 8. Macroscopic cross section of bronze considering 88 %wt of natural
copper, 0.12 %wt of natural tin, and 1 %wt of *’CL.

where A is the sample area perpendicular to the neutron beam, p its
density and d its thickness; C (AEy, E,) is the number of counts in a de-
tector covering a solid angle AQ with respect to the sample position, after
an acquisition time At for a y-ray energy E, and having selected the
neutron energy range E, +AE,/2. Moreover, 7n(E,) is the energy-
dependent efficiency of the PGAA detector, o; (Ep, E,) the microscopic
capture cross section, multiplied by the emission probability of a y-ray
with energy E,, of the isotope i in the sample, with nuclear mass is m; and
weight percentage w;. Finally, ®(E,) is the neutron flux at the sample
position. Taking into considerations typical values in the case of the
VESUVIO spectrometer, and the sample composition from Fig. 8, one
obtains the parameters reported in Table 3.

Using the parameters from Table 3 and Equation (4), one can obtain
the synthetic spectra in Fig. 9, in the special case of a HPGe and LaBrs
detectors. The macroscopic capture cross section in Table 3 is
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Table 3

Average values of the macroscopic capture cross section, ¥,,(AE,) for natural
chlorine, copper, and tin, for several neutron energy ranges, AE,, corresponding
to the thermal energy region (0.003-0.04 eV), to the first neutron resonance in
tin isotopes (38.6-39.0 eV), and the first neutron resonance in chlorine isotopes
(396-399 eV). The value of the integrated VESUVIO flux over the same energy
ranges, ®(AE,)AE,, is also reported.

AE, [eV] natc] Zny (AE,) [em™!] natgn ®(AE,)AE, [n/cm?/
nazCu S]

0.003-0.04  0.077  0.320 0.0004 8.5 x 10*

38.6-39.0 0.001  0.006 0.025 8.2 x 10°

396-399 0.075  0.001 0.00001 7.3 x 10°

proportional to the probability of capturing a neutron of a given energy
and emitting a y-ray of any energy, and it was multiplied by the proba-
bilities to emit a particular y-ray line in order to obtain the spectra in
Fig. 9. For the sake of clarity, we have avoided to include any experi-
mental backgrounds, for this topic has already been addressed elsewhere
[28,29,92]. The first thing to notice is that, within an order of magnitude,
the expected count rates from thermal and epithermal neutrons are
comparable. This is an indication of the substantial amount of epithermal
neutrons available, here in the specific case of the VESUVIO spectrom-
eter, even in a narrow energy range within the full width at half
maximum of a given resonance. Secondly, one can appreciate how the
thermal-neutron spectrum, presenting many prompt-y-ray peaks, can be
largely simplified in the case of a T-PGAA measurement centred at a
given neutron resonance. Moreover, as a lower number of peaks are
present in the spectrum, one can relax the usual PGAA requirement of
having a high-resolution (yet slow) detector, like a HPGe, and use a fast
scintillating detector instead. In particular, as one can appreciate from
Fig. 9, the two y-ray lines from chlorine are likely to be easily analysable
even with the lower resolution of the LaBrj scintillator, for the y-ray lines
from copper and tin at similar energies are completely negligible. Finally,
the use of a fast scintillator, as opposed to a HPGe standard PGAA de-
tector, is likely to allow T-PGAA measurements to energies much higher
than those achieved in Refs. [28,29,92], possibly up to the MeV-neutron
energies, available at the VESUVIO spectrometer within the first 5 us in a
TOF measurement.

4.2. Applications to security
The qualitative separation between the prompt y-ray signal from fast

and thermal neutrons, generally referred to Pulsed Fast and Thermal
Neutron Activation (PFTNA), has found in recent decades several
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applications in security and industrial topics bib106[23,106,107], such
as the detection of explosives and narcotics. The technique is based on
compact pulsed neutron sources of fast neutrons. A short pulse, of the
order of 100 ps, is followed by a longer pause, of the order of 900 ps. The
idea is to detect, during the short pulse, the prompt y-rays resulting from
the interaction of the fast neutrons, especially the nuclear inelastic in-
teractions, then, during the longer pause, the signal from the prompt
y-rays following the capture of the lower-energy neutrons that were
moderated and thermalized by the sample. The technique is particularly
sensitive to the high-energy photons from the (n, ny) reactions in carbon
(4439 keV), nitrogen (5106 keV) and oxygen (6130 keV), and makes use
of the specific average ratios of carbon-to-nitrogen and carbon-to-oxigen
content in explosives and narcotics, markedly different than from other
organic materials.

In this framework, PFTNA apparatuses could be tested at T-PGAA
instruments to further optimise their design and detection limits. In fact,
one could take advantage of the neutron transmission technique at ETNA-
like instruments for the measurement of the total cross section of a given
sample, then of its moderation capabilities (see, e.g, Refs. [108,109]).
Moreover, the punctual measurement of the PGAA signal for each TOF
value, ideally up to the MeV neutron energies, would allow a more
detailed characterization of the apparatus response, so as to go beyond
the instrumental separation between fast and thermal neutrons based on
a short irradiation pulse and a long thermalization pause.

4.3. Applications to radiation protection

Recently, a multi-technique investigation of the radiation-protection
capabilities of barite-enriched concrete for radiation protection shield-
ing was performed at VESUVIO [110]. Barium-containing compounds are
generally included in concrete to increase the capture cross section for
fast neutrons as well as to attenuate y-rays [111]. The resulting shielding
material is particularly suitable for applications at medical and research
facilities with mixed neutron/y-ray backgrounds. However, as the cap-
ture of fast neutrons by barium is accompanied by the emission of sec-
ondary y-rays, the radiation-shielding capabilities of barite-enriched
concrete need to be finely tuned over the amount of barium and the
overall concrete geometry [112]. In the investigation above-mentioned
[110], a number of pieces of information were collected at the same
time, including the amount of hydrogen (as a neutron moderating agent)
using deep-inelastic neutron scattering; the amount of barium using
NRCA, the total macroscopic cross section using energy-resolved neutron
transmission; and the atomic-scale structure using neutron diffraction.

However, one can imagine what an important piece of information
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Fig. 9. Calculated T-PGAA spectra from a chlorine-containing bronze sample for the different neutron energy ranges introduced in Table 3. The calculated spectra are

presented in the case of a HPGe (left) and detector and a LaBrs detector (right).
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would be, in future investigations, the T-PGAA signal from the secondary
y-rays produced in the concrete sample. By making use of a trolley-like
apparatus, as the one described above, one could investigate the in-
tensities of prompt y-rays as a function of the distance from the sample as
well as the self-attenuation contribution of the shielding material to its
own-generated y-rays. One should note that, especially for fast neutrons,
Monte Carlo investigations often rely on unresolved neutron capture
cross section libraries, i.e., libraries where the neutron capture cross
section is not known in detail as a function of the incident neutron en-
ergy. Therefore, the use of a fast detector, such as a LaBrj scintillator,
could allow measurements with a higher level of detail than the available
predictions from Monte Carlo simulations. Moreover, as the required self-
attenuation capabilities are dependent upon the sample geometry, a
detailed experimental characterization using T-PGAA would be quite
useful to benchmark computer simulations.

5. Outlook

Nowadays neutron-activation techniques, and especially traditional
PGAA, are routinely used in two different scenarios. On the one side at
reactor sources, where thermal and cold neutron energies are mainly
employed. On the other side, at compact or portable neutron sources,
where fast neutrons are employed and, for pulsed sources, they are
discriminated against the signal from thermalized neutrons within the
sample and surroundings. However, a gap has not been filled yet, that is
the broad energy range between thermal and fast neutrons, ie., epi-
thermal neutron energies from hundreds of meV to hundreds of keV,
available using the TOF technique at spallation neutron sources.

The first steps to fill this gap have been walked over the last decade,
so as to develop T-PGAA as a self-standing technique, especially at J-
PARC and ISIS spallation neutron sources. However, based on the dis-
cussion presented here, additional capabilities, lower backgrounds, and
optimized set-ups can be achieved. The development we suggest is
twofold: on the one side, by decreasing the environmental background,
more difficult to control at spallation sources with respect to reactor
sources. On the other side, by accompanying standard HPGe detector,
nowadays used for thermal and cold neutrons, with faster scintillators,
such as LaBr3 detectors. In the latter case, T-PGAA experiments will be
available whereby the signal-to-background ratio to detect a given
element is maximised by detecting the prompt y-rays emitted after a
resonantly captured neutron.

However, a new strategy in the y-ray detection needs to be accom-
panied by a suitable design of the instrument blockhouse and of the fa-
cility in general. In particular, future spallation neutron sources
interested to include T-PGAA capabilities in their scientific programmes,
should consider a dedicated high-frequency under-moderated neutron
target where beamlines using epithermal neutrons, as well as other
techniques such as muon spectroscopy, could take advantage of a higher
flux. This could be of interest both for ongoing projects, such as the Eu-
ropean Spallation Source (at present under construction), as well as for
future facilities, e.g., in the framework of a future ISIS-II. Moreover, we
have discussed how the technique could be employed on general-purpose
instruments for materials characterization, as it is the case at present on
the VESUVIO spectrometer at ISIS.

Our discussion shows that T-PGAA capabilities could support a
number of scientific user programmes, from investigations of cultural-
heritage artefacts, to materials for radiation-protections applications,
including the test of security protocols and apparatuses for the detection
of explosives. The continued interest in the technique and its develop-
ment in the last years, both at ISIS and J-PARC, are the best proof that T-
PGAA at spallation neutron sources will significantly contribute to
neutron-based investigations over the next decades.
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