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Advances in neutron-based radiation therapies such as Boron Neutron Capture Therapy (BNCT) pushes towards
the development of new neutron spectrometers, whose key features are to be their practicability, reliability,
energy resolution and detection range. The ACSpect is a novel neutron spectrometer based on a two-stages
monolithic silicon telescope detector coupled to an organic scintillator working as an active neutron converter.

This paper reports the latest developments of the ACSpect and the results of the measurements of an
accelerator-based neutron beam moderated by AlFs;. The AlF; is a moderator material optimised to obtain an
epithermal neutron beam for accelerator-based BNCT of deep seated tumours. The experiments carried out are
the first neutron spectrometry of a neutron beam moderated by AlFs.

The performances of the ACSpect have been compared against Monte Carlo simulations, literature data and the
gold-standard neutron spectrometer DIAMON. While the agreement between experiments and simulations
allowed to validate the Monte Carlo model used to simulate the new moderator material, the agreement between
literature data, ACSpect and DIAMON results confirmed the ACSpect as a compact and relatively easy-to-use

high-resolution neutron spectrometer, capable of reliably operating in the energy range 250 keV - 4 MeV.

1. Introduction

Neutron spectrometry is not trivial since these particles ionise matter
indirectly and their energy distribution may extend from thermal en-
ergies up to hundreds MeV. There are various techniques and devices
employed for neutron spectrometry: moderation detectors (e.g. the
Bonner Sphere Spectrometer, BSS), recoil-proton detectors, proportional
counters, activation techniques, time of flight detectors (ToF), etc. This
work describes the use of two different devices to measure the spectrum
of an accelerator-based neutron beam.

One is an innovative moreation detector implemented by the nuclear
measurements group of Politecnico di Milano in collaboration with
Raylab, an Italian start-up spin off of Politecnico di Milano, the
Direction-aware Isotropic and Active MONitor with spectrometric

capabilities (DIAMON), (Pola et al., 2020). DIAMON employs a single
block of moderator containing several position-sensitive thermal
neutron detectors. The response matrix is constituted by the different
positions of the thermal neutron detectors, instead of the diameter of the
spheres composing a typical BSS. In this way all measurements can be
made simultaneously. DIAMON innovative design leads to an isotropic
response and to an optimised energy dependence. The embedded pro-
prietary unfolding code UNCLE allows a real-time assessment of the
neutron spectrum and a subsequent derivation of the spectrum from
thermal neutron energies to 20 MeV the low energy version, and to 5
GeV the high energy version.

The other device employed is the ACSpect (Active Converter Spec-
trometer), a recoil proton detector designed and improved at the Poli-
tecnico di Milano (Stefano Agosteo et al., 2007, 2016). This high energy
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resolution spectrometer is based on a two-stages Monolithic Silicon
Telescope (MST) coupled, through a collimator, to an organic scintil-
lator that works as an active converter as well.

The ACSpect was further improved in the framework of this work by
modifying its configuration and the whole elaboration process. The
result is a much more compact instrument set-up, with better portability
and higher adaptability to different experimental environments, being
much less sensitive to external disturbances. Notably, the energy reso-
lution achieved by this spectrometer down to 200 keV has otherwise
been achieved only by time of flight systems, which are more complex
and impossible to transport.

This paper describes the improvement implemented to the ACSpect,
comprehensively describing its working principles, and it reports of an
experimental campaign carried out at Legnaro National Laboratories. A
neutron field obtained by irradiating a beryllium target with 5 MeV
protons was characterised by means of the improved ACSpect, both in
the free-beam configuration and after crossing some layers of a new
moderator material consisting of densified powder of aluminium fluo-
ride (AlF3). Results were compared with literature data and with mea-
surements carried out with the DIAMON to prove the ACSpect
reliability. The spectra measured moderating the beam with the AlF3
layers are the first test of the new moderator material and they were
used to validate Monte Carlo simulations performed with MCNP6.

2. Materials & methods
2.1. The ACSpect and its improvement

The ACSpect is a recoil-proton neutron spectrometer based on a sil-
icon telescope coupled with a plastic active converter. Fig. 1 shows a
scheme of the whole ACSpect. The active converter has the double
function of converting impinging neutrons to recoil-protons and
measuring their energy distribution. It is a 2 mm thick BC-404 scintil-
lator, based on polyvinyl-toluene, fabricated by Saint-Gobain Crystals
(Saint-Gobain Crystalsa; Saint-Gobain Crystalsb), with an overall area of
7.3 x 9.5 mm?2. The scintillator energy-response is non-linear against
LET, thus decreasing the light conversion yield. This non-linearity is
resolved by an analytical linearization procedure developed by Lor-
enzoli (Stefano Agosteo et al., 2016), considering the Birk’s law to ex-
press the non-linearity (John Bettely Birks, 1951; John Bettely Birks
et al, 1964). The scintillator is coupled to the H10720-110
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photo-multiplier tube fabricated by Hamamatsu (url: http, 1072). This
first part of the spectrometer, consisting of the scintillator coupled to the
photo-multiplier, is referred to as PM from here on.

In order to narrow the detectable recoil-proton emission angle span,
a cylindrical aluminium collimator, connecting the active converter to
the telescope, was designed with a length of 21 mm and a diameter of 4
mm. Using the collimator, only the scintillator area facing the collimator
is actually sensitive. Therefore, the scintillator sensitive area is 12.57
mm? leading to a recoil-proton maximum detectable emission angle of ¢
= 7.35° (Stefano Agosteo et al., 2016).

The monolithic silicon telescope (MST) is a semiconductor silicon
wafer aligned to the scintillator and placed into a sealed aluminium box
put under vacuum (together with the collimator). It is characterised by
two stages, commonly referred to as AE and E. They are 1.9 ym and 500
um thick respectively, with a square area of 1 mm? The two stages
behave like two biased p-n junction diodes collecting charges via drift
driven separation of electron-hole pairs in the polarised depletion re-
gion. More details about the MST can be found in (Rosenfeld et al.,
1999).

By coupling telescope and scintillator events through a time coinci-
dence algorithm, detected neutrons are wholly characterised in energy.
Their fluence rate is eventually retrieved through calculations based on
cross-section data of the (n,p) reaction in polyvinyl-toluene.

Additional details about the ACSpect components design and its
optimisation can be found in (Stefano Agosteo et al., 2007, 2016).

The ACSpect has been improved by innovating its front-end elec-
tronics and the data processing program. The spectrometer has even-
tually been calibrated in its new configuration.

2.1.1. Front-end electronics

The objective of innovating the spectrometer front-end electronics
was to decrease its exposure to external disturbances (e.g. electro-
magnetic disturbances from the particle accelerator) and electronic-
noise.

Two equal electronic boards were used. Each of them can handle two
channels to which test-line and voltage-bias are coupled. One electronic
board is used for the AE - stage only while the other board is connected to
the PM and to the E -stage. The two silicon telescope channels are
equipped with analogous amplification systems made up with a Cremat
CR-110-R2 pre-amplifier and a Cremat CR-200-2 ps Gaussian shaping
amplifier. The silicon telescope is connected in the so called AE-Etot
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Fig. 1. Scheme of the ACSpect with electronics and acquisition chain. The scheme is not in scale. The dark and light red boxes represent the scintillator/converter
and the photo-multiplier tube, respectively; the orange and yellow boxes represent the AE and E stage of the MST, respectively; the dark and light green triangles
represent shaping amplifier and pre-amplifier, respectively; the blue box labelled “Pico” represents the acquisition device.
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configuration. Hence, the signals coming from its two channels are
proportional, respectively, to the charge collected in the thin AE -stage
and to the whole charge deposited in both the first and second stages.
The photomultiplier output is directly connected to the amplifier input,
since it does not require pre-amplification. In order to accommodate the
fast-response and the high count rate of the PM, the small-shaping-time
amplifier Cremat CR-200-250ns Gaussian shaping was chosen.

The whole assembly is placed inside a 122 mm x 172 mm x 54 mm
aluminium box. Fig. 2 shows the final ACSpect set-up.

It should be stressed that the system is stand-alone and does not need
any further equipment other than a multi-channel analyser, bias and
power sources. Hence, all external disturbances and noise arising from
the use of a classical external amplification chain are reduced strongly.

2.1.2. Calibration

An accurate energy calibration of the detector will be performed in
the future with quasi-monoenergetic neutrons. An alternative method
was used for the time being. Nevertheless, it should be mentioned that
the comparison of the measured spectra with literature data and Monte
Carlo simulations give confidence with the results discussed herein.

The telescope calibration was performed by using an Am-241 source.
Obviously, during the telescope calibration the scintillator had to be
removed since otherwise it would have stopped all the alpha particles
form the source. Calibration coefficients for AE and Etot were assessed
found by matching their experimental scatter-plot curve with the theo-
retical ones, which were calculated with an analytical model (Stefano
Agosteo et al., 2016).

Once the telescope has been calibrated with a particles, the PM “self-
calibration” was carried out by comparing the PM and Etot spectra,
Fig. 3. Since the energy deposited in the scintillator and in the telescope
is complementary (the sum is the total recoil-proton energy) they must
have the same edge, corresponding to those recoil-protons releasing all
their energy within the PM or within the telescope. The two edges
should superimpose and correspond to the maximum recoil-proton en-
ergy. It should be remembered that this calibration method is not as
accurate as the use of a calibrated source of quasi-monoenergetic neu-
trons. The uncertainty of the PM calibration coefficient was estimated to
be 7.5%, lead by the Etot calibration uncertainty, by the low statistics at
the spectra edge leading to uncertainties in the identification and
matching of the PM and Etot edges and, eventually, by the uncertainty
brought by the linearization of the scintillator response.

Fig. 2. Upper-view of the final ACSpect set up. The separation between the
detectors region (left) and the front-end electronics region (right) is neat
and visible.
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Fig. 3. Energy deposited by recoil-protons in the scintillator (grey spectrum)
and in the E,,, stage of the telescope (red spectrum).

2.1.3. Data processing

A new elaboration program was implemented with LabVIEW™
(LabVIEWTM.url), using a more appropriate algorithm for the
recoil-proton selection and analysis.

In (n,p) scattering reactions, the neutron transfers its energy, En, to
the recoil-proton according to the equation:

E, = E,cos*9 1)

where Ep is the recoil-proton energy, En is the neutron energy and 0 is
the angle between the proton emission-direction and the neutron di-
rection before the collision. Thanks to the collimator, all measured
protons are directed within an angle 6 = 7.35° with respect to the
impinging neutrons. This allows to consider En ~ Ep with an uncertainty
of about 1.63% (Stefano Agosteo et al., 2016). Hence, unfolding tech-
niques are not required. This allows to compute on-line neutron spec-
trum while performing measurements. Once neutrons enter the
converter, they can produce (n, p) scattering reactions with H atoms.
Neglecting the nuclear reactions with '2C nuclei (which is a good
approximation for neutron energies below 8 MeV), if ng is the number of
neutrons entering the converter and Z, is the (n, p) reaction cross sec-
tion in polyvinyl-toluene, assuming the (n, p) scattering is the only
interaction, the number of neutrons surviving a certain thickness t of the
converter is ng,(t) = npe *»t. The number of recoil protons p generated
in a certain distance dx is pgn = noZppdx. To reach the MST, the
recoil-proton has to get out of the scintillator without being
auto-absorbed. This means that it has to be generated within its range
from the scintillator end. If tyi, is the polyvinyl-toluene scintillator
thickness, R, the proton range in polyvinyl-toluene, assuming X, uni-
form within the scintillator but still depending on neutron energy, the
number of detected protons Pgetected iS:

—Zp ( tscint —R,
Ddetected = 1| € ot ”)anRpE.scmx—Msr] (2)

where e pst is the efficiency with which a recoil-proton getting out
of the scintillator reaches the MST through the collimator. &sine—psT Was
calculated by considering the geometry and the probability distribution
of the recoil angle (Stefano Agosteo et al., 2016).

In order to couple the three output signals and discriminate proton
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events from others, a scatter plot selection firstly picks out all those MST
events within a proper range around the theoretical curve, Fig. 4. Dis-
tinguishing recoil-protons from secondary electrons generated in the
silicon telescope by background photons is increasingly difficult for
lower energies. In the ACSpect case, electrons are further discriminated
from same-energy protons because electron events have not any corre-
sponding PM signal. However, it could happen that some PM y event or
disturbance randomly occurs in time coincidence with the electron. An
energy threshold of 40 keV is therefore set on both AE and Etot. To
support the scatter plot selection, a time coincidence selection is per-
formed on the two MST channels. The aim of this time coincidence is to
further clean the signal from possible random disturbances or fake
events.

A second, more important, time coincidence is performed between
the AE and PM signals. This allows to couple scintillator and MST events,
discriminating recoil-protons in the PM at the same time. Fig. 5 shows
the PM -AE time coincidence plot. The curve shape can be explained
considering that PM signals have very narrow shapes as they are very
fast signals. The trigger point (the point where the signal exceeds the
trigger level) which determines the signal time-reference will not change
much with the signal amplitude in the PM. For what concerns the AE
instead, which has a broader signal shape as it is slower, for lower am-
plitudes the signal slope is lower, and the trigger threshold is reached
farther leading to a bigger delay between the two signals.

The linearization of the scintillator signal is performed using the
algorithm described in (Stefano Agosteo et al., 2016), and the
recoil-proton energy is finally achieved summing up the energies of the
coupled events measured by scintillator and MST.

A data-acquisition program, based on the elaboration algorithm, was
developed as well. It communicates with a Picoscope multi-channel
analyser and it can provide a first on-line fast elaboration while saving
all triggered signals. It prints out the measured neutron spectrum and
allows to monitor each channel waveform and acquired spectrum. These
on-line monitoring features are extremely useful in experimental con-
texts as they allow any problem to be identified and troubleshot while
performing the measurement.

2.1.4. Uncertainty analysis

The uncertainty of the neutron spectrum is calculated through a
Monte Carlo calculation considering the counting statistics (uncertainty
of type A) and the calibration factors uncertainties (type B). The input

5.3E+5,
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quantity is the non-calibrated proton spectrum. A high enough number
of proton spectra are randomly generated by sampling the yield in each
energy bin from a Poisson function, whose mean value is the measured
number of counts. For each of those spectra, the calibration coefficients
are randomly generated too, by considering a uniform distribution.
Related neutron spectra are calculated. Eventually, for each energy bin,
the mean of all yield values generated, and the standard deviation are
computed, providing the final neutron spectrum and associated
uncertainties.

Additional type B uncertainties are finally added according to Tay-
lor’s error propagation (Taylor and McGuire. Second, 1997). These
include:

e ACSpect distance from the source;

e integral accelerator charge used for the measurement or measure-
ment time;

e sensitive detection area, ¢ = 2%j;

o distance between ACSpect box and the scintillator, ¢ = 0.02 mm.

While the first two items depend on how they are measured during
the experiment, the last two have been assessed, being part of the in-
strument assembly, and their uncertainty values are indeed reported.

2.2. Experimental campaign

The ACSpect was used for characterising the neutron field emerging
from a beryllium target irradiated with protons. Measurements were
carried out at the National Laboratories of Legnaro (LNL-INFN), Padua,
Italy. The Van de Graaff CN accelerator was set-up to provide a 5 MeV
proton beam impinging on a thick beryllium target. Both ACSpect and
DIAMON were employed. Measurements were carried out with free-
beam and with elements of neutron moderator. This was made of
bricks of AlF; added with lithium (3% in weight), a material that was
proven as the best moderator to obtain an epithermal neutron beam for
Boron Neutron Capture Therapy of deep-seated tumours (lan Postuma
et al., 2021).

The AlFj; tiles, shown in Fig. 6a, were produced by an innovative
sintering process at the mechanical workshop of the INFN, Unit of Pavia,
Italy.

Fig. 6b shows a picture of the experimental set-up used for mea-
surements carried out using the ACSpect. The spectrometer and its

5E+5 | ‘!
4.5E+5
4E+5]
3.5E+5
3E+5]
25E+5
2E+5]
1.5E+5
1E+5]

SE+4

0E+

Thae e 8+ & o0 = e e = R

0E+0 2.5E+5

5E+57.5E+5 1E+6 1.25E+6 1.5E+6 1.75E+6 2E+6 2.25E+6]2.5E+6 2.75E+6 3E+6 3.2E+6
Etot[eV]

Fig. 4. Scatter plot of the events measured from an accelerator based neutron fluence at INFN LNL (the red and the green curves are the scatter plot selection curves).

The AE stage is referred to as DE in the figure.
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PM-DE dt [s]

Fig. 5. Time coincidence plot between the PM and the AE (DE in the figure) signals.

Fig. 6. a) AlF; tiles used in the experiments at LNL.b) Picture of the ACSpect experimental set-up at LNL. From left to right, the beam exit and beryllium target, two

AlF; tiles and the ACSpect can be observed.

acquisition equipment were placed in the experimental room and
remotely controlled from the control room. The beryllium target was
equipped with a Faraday cup connected to an integral charge counter in
order to monitor the quantity of protons delivered by the accelerator to
the target.

The average proton current from the accelerator was about 40 nA.

2.2.1. DIAMON measurements

The DIAMON was placed at 130 cm from the beryllium target and
centered at the 0° direction with respect to the beam-line, while the
moderator was placed 2 cm downstream of the beryllium target. Mea-
surements were carried out without and with three different AlF3
thicknesses: 2.16 mm, 4.47 mm and 6.63 mm. Three sets of measure-
ments were performed for each configuration.

2.2.2. ACSpect experiments

The ACSpect was placed as close as possible to the beryllium target to
have the highest achievable counting rate. The spectrometer was aligned
with the beam-line and placed at 2.16 cm downstream of the beryllium
target, thus allowing to position the 2.16 cm thick moderator in between
during the second irradiation. The experiment and the ACSpect set-up
are summarized in Table 1. A stabilized voltage generator was used to
provide the +12 V supply and two different series of batteries provided
the two bias-voltages. The acquisition device (PicoScope-4424) was
connected to a PC running the acquisition program. A vacuum-pump

Table 1
ACSpect set-up and experiment set-up.
Power supply +12V
p + bias -56V
E bias 142V
Vacuum pressure 1.60 * 10! mbar
AlF; thickness None 1.15 cm 2.16 cm
Betarger AlF3 distance - 0 0
Besarger ACSpect distance 2.16 cm 2.16 cm 2.16 cm

was used to put the MST and the collimator under vacuum.

2.3. Monte Carlo simulations

Monte Carlo simulations were carried out to be validated against the
experimental measurements, so to obtain a reliable model for future
calculations. Simulations were performed with the MCNP6 code.

Both the ACSpect and DIAMON experimental set-up were simulated.
For what concern the ACSpect simulations, the contribution of the
scattered neutrons can be neglected due to the short distance between
the beryllium target and the detector and to the small sensitive area.
Hence, a simplified geometry was implemented. The scoring region re-
produces the shape and dimensions of the ACSpect sensitive volume and
the moderator tiles are modelled as well. To save computational time,
however, only a truncated-conical region filled with air and including
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the scoring volume is left as the surrounding environment, as shown in
Fig. 7. Air and lithiated AlFs, which properties are listed in Table 2, are
the only simulated materials.

For DIAMON set-up, the distance between the beryllium target and
the detector is significantly higher (130 cm) and the scattered neutrons
contribution is no longer negligible. However, since the scattered
component was excluded from measurements results by performing
twin-measurements with a shadow-cone during the experiments, a
similar simplification of the simulation geometry was applied.

Variance reduction techniques were used in order to further improve
calculation times. The neutron source was simulated using the double
differential neutron spectra produced by the same reaction on beryllium,
measured by Agosteo et al. (Stefano Agosteo et al., 2011) with the
previous version of the ACSpect, at several angles with respect to the
beam direction. Since the sensitive area of the ACSpect is small
compared to the target, the simulation of a point-like source could be
questionable. However, a further simulation demonstrated that the
spectra obtained by sampling the neutron in a 1 cm diameter disk were
not significantly different than those obtained with point-like approxi-
mation. The scoring quantity was the neutron fluence (MCNP f4 tally
type) averaged over the sensitive volume and divided into uniformly
distributed energy bins.

3. Results and discussion

The neutron energy spectra and the related integrals for different
moderation thicknesses are presented below. These results are the first
experimental neutron spectra obtained by moderation with solid AlFs.

3.1. Neutron energy spectra

The ACSpect demonstrated to be able to reconstruct neutron spectra
with a satisfactory accuracy. Due to beam source instability and the
related current limitations during the experimental campaign, the un-
certainty due to the counting statistics was limited to about 10%. Un-
certainties values of 0.1 pC and 1 mm were assumed for the integral

-4 -3 =2 =1 0 1 2 3 4

Fig. 7. Geometry configurations with two moderator tiles. The AlF; is colored
in grey, air is colored in light blue and tallies are yellow. The red dot at the
beginning of the moderator is the point-like source position. Scale units are
in cm.
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Table 2
Compositions and density of the AlF; tiles used in the experiments.
Lithiated AlF3
Element Weight fraction [%]
27A1 30.88
19F 66.6
SLi 0.189
Li 2.331
density [g/cm®] 2.5

beam charge and the distance between the spectrometer and the
beryllium target respectively. The minimum detectable neutron energy
was about 100 keV. Energy resolution (in terms of bins width) was 60
keV for energies lower than 400 keV and 40 keV for higher energies.
However, results for energy below 200 keV have to be taken with care
since at these low energies any non-idealities of the different stages of
the spectrometer, in particular the scintillator interface, could affect the
assessment of the proton energy because of its very high stopping power.
Moreover, the system capability of discriminating between recoil pro-
tons and secondary electrons due to gammas could not be 100% effec-
tive. Nevertheless, below 250 keV there are no published experimental
data for comparison.

Fig. 8 shows the comparison between the measurement performed
without any moderator and the two other results reported in literature
for the same irradiation field: Howard et al. (2001) by means of a time of
flight system and by Agosteo et al. (Stefano Agosteo et al., 2011) by
means of the first version of the ACSpect. Spectra well agree within
uncertainties for energies higher than 600 keV. However, the region
below 600 keV shows some discrepancies with both ToF and measure-
ments from Agosteo et al. (Stefano Agosteo et al., 2011) with the same
detector. This behaviour has to be investigated by further measurements
and will be matter of future work.

Fig. 9 shows, instead, the three experimental spectra measured by
the ACSpect. As expected, the spectrum undergoes an overall decrease
with a slight shift towards lower energies. However, an appreciable peak
shift cannot be observed from this first set of measurements, since only
small moderator thicknesses could be used because of the low detection
efficiency and low beam current. Further measurements to better
investigate the new material moderation properties are planned for the
future.

1le8
54 = Howard et al. [14]
- Agosteo et al. [13]
= ACSpect

(MeV* sr* pum)™

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy [MeV]

Fig. 8. Comparison between the neutron spectrum measured without moder-
ator by the ACSpect, by Howard et al. (Howard et al., 2001) (Time Of Light) and
by Agosteo et al. (Stefano Agosteo et al., 2011).
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Fig. 9. Neutron spectra measured with the ACSpect at the CN accelerator of
INFN’s LNL. Solid line represents experimental measurements while dashed
lines represent related simulations.

3.2. Neutron integral fluence

The total neutron fluence was also calculated by integrating the
spectral distributions from the different detectors and simulated data for
comparison. The spectra derived by DIAMON spectrometer are shown in
Fig. 10. The spectra refer to the direct component of the neutron fields
derived by adopting the ISO shadow cone method for the removal of the
scattered components. It can be observed that for increasing moderator
thicknesses, the spectrum shifts towards epithermal energy as expected.
Table 3 lists the integral fluences measured by the two different detec-
tion systems, DIAMON and ACSpect, together with the results of simu-
lations. All results are in good agreement and integral values resulted to
be within uncertainties at each position and with every AIF3 moderator
thickness, thus proving the ACSpect reliability. A systematic over-
estimation of the integral fluence calculated by simulations is observed
with respect of measured fluence. The reason behind this systematic
overestimation could be the use of neutron energy spectra measured in a
previous experiment, (Stefano Agosteo et al., 2011), to simulate the
neutron beam delivered by the accelerator. Despite the same neutron

10000 . —
e \\Vithout moderator
gopQ - | ™= 2.16cm moderator B
4.47cm moderator
8000 - | === 6.63cm moderator 4
G 7000 1
o
§ so00
8
2 5000 - 1
0]
=
- 4000 7
o
£ 3000 .
]
-
2000 7
1000 - 7
PR L

1010 105 10° 105
E [MeV)

Fig. 10. Neutron spectra measured by DIAMON. All measurements are per-
formed at 130 cm from the beryllium target. Neutron yields is in lethargy flu-
ence units [pC’l cm’z].
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Table 3
Neutron integral fluence measured at LNL and calculated by means of Monte
Carlo simulations, using different moderator thickness.

Integral fluence [10® pC~! sr™!]

AlF3 DIAMON ACSpect

thickness [cm] Experiments  Simulations Experiments  Simulations
0 3.93 +0.16 419 +0.23 3.94+0.12 4.19 £ 0.23
1.15 3.51 £0.10 3.83 £0.21
2.16 2.73 £0.11 3.18 £0.11 2.6 + 0.07 3.35+0.18
4.47 1.66 + 0.07 1.87 + 0.07

6.63 1.15 + 0.05 1.10 £+ 0.04

field in the same facility was measured during the experiment described
in this work and by (Stefano Agosteo et al., 2011), indeed, the fluence
today is expected to be lower than in the past, since the beryllium target
had been used and thus deteriorated. This fluence discrepancy would
then reflect on all the simulations carried out, giving rise to the sys-
tematic overestimation observed. Fig. 11 shows the integral fluence as a
function of the AIF3 moderator thickness. The overall attenuation co-
efficient X can be estimated by fitting measured values with an expo-

nential function, hence assuming that the neutron fluence ® attenuates
D0 _
o T

moderator and @ is the neutron fluence without moderator. The ob-
tained values, reported in Table 4, further highlight the good agreement
between the two spectrometers and with the simulations.

according to: e >*, where x is the path-length flown in the

4. Conclusions

The ACSpect is an innovative high-resolution neutron spectrometer
first implemented by the Nuclear Measurements group of the Energy
department of Politecnico di Milano (Stefano Agosteo et al., 2007,
2016). This work presented the improvements performed by changing
its technological configuration and the elaboration process: the spec-
trometer is now more compact, thus very easily transportable, and much
less sensitive to external noise.

Experiments and Monte Carlo simulations were carried out to test the
new-ACSpect characteristics in the frame of a wider experiment in which
the properties of AlF3 mixed with LiF are being characterised for BNCT
applications. The densified material was produced in Pavia through an
innovative sintering process and in-beam measurements had never been
carried out before this work.
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Fig. 11. Fluence rate attenuation plotted versus the AlF; thickness. Dashed
curves are the respective exponential fits, whose related equations are reported
on the legend together with the R? of the fit.
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Table 4
Neutron fluence attenuation coefficient of AlFs, in the energy range from about
200 keV to 3.2 MeV.

Attenuation coefficient [cm ']

DIAMON 0.1864 =+ 0.0099(5.3%)
ACSpect 0.1772 £ 0.0143(8.1%)
Simulations 0.1833 =+ 0.0118(6.4%)

Monte Carlo simulations were performed using the MCNP6 Monte
Carlo radiation transport code, which is considered the gold standard
among the Monte Carlo codes concerning coupled neutron-photon-
electron transport.

Experiments were carried out at the CN accelerator facility at the
LNL of INFN. The neutron beam was obtained through the nuclear re-
action 9Be(p,n)gB by delivering a 5 MeV proton beam on a beryllium
target. Neutron spectra were measured by means of the ACSpect without
any moderator, with 1.15 cm and with 2.16 cm-thick AlF3 bricks and
compared to the Monte Carlo model for its validation. From the spectra,
the integral neutron fluence was calculated and compared with the in-
tegral fluence measured by the DIAMON spectrometer. Results are in
good agreement within their uncertainties. Eventually, the AlF3 neutron
fluence attenuation coefficient was derived and found to be 0.186 +
0.008 cm ™.

The optimised ACSpect proved to be a reliable, easy-to-use and
compact system and allowed the reconstruction of neutron spectra with
a good energy resolution. The energy resolution is 40 keV in the energy
range between 250 keV and 4 MeV. Despite its promising results, before
the ACSpect could be reliably applied to a clinical BNCT beam, two main
challenges have to be overcome. A high fluence of about 10°9cm=2s71 is
to be expected for a therapy intense neutron beam. Even though the
scintillator is characterised by a very fast time response and its detection
efficiency could be customised by properly sizing the scintillator, an
improved and faster front-end electronics needs to be implemented for
the scintillator to reliably operate at therapeutic fluence conditions.
Further, the spectral distribution of a neutron beam suitable for BNCT of
deep-seated tumours is peaked below the energy range measured by the
ACSpect, whose low energy threshold should ideally be lowered to few
keV. Nevertheless, the ACSpect proved to be a valuable instrument when
designing and tailoring a neutron beam for BNCT, allowing a precise
evaluation of the spectral changes due to the insertion of a moderator
between the neutron source and the beam port.

The measurements are also the first experimental neutron spectra
obtained with densified AlF3 added with LiF as moderator and offered a
first validation of the Monte Carlo calculations involving this novel
moderator material. However, Monte Carlo results showed a general
overestimation of the experimental results. While the systematic over-
estimation can be attributed to an inaccurate (out of date) normalisation
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of the neutron source modelled, the higher discrepancy found with 2.16
cm of moderator could be linked to inaccuracies in the cross sections
employed by MCNP6 and pushed to further investigations.

Further work concerns new experimental measurements with
different configurations of the moderator. The experimental results ob-
tained with ACSpect and DIAMON will be used to validate the simula-
tion of the neutron spectra which will be finally used for treatment
planning computation.
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