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ARTICLE INFO ABSTRACT

Keywords: Nested Neutron Spectrometers”™ (NNS) can be used to measure neutron fluence rate spectra under diverse
NeuFrons circumstances with a working principle similar to Bonner sphere systems. Conventionally, the NNS consists
Radiotherapy of an active-readout He-3 detector core and concentric moderator shells. In environments where the neutron

Nested Neutron Spectrometer
Passive Spectrometer
Gold foil

fluence rate exceeds -~10* neutrons/s, these spectrometers may be operated in a current-mode to avoid the
effects of pulse pile-up and deadtime. A current-to-pulse conversion factor is used to convert current-mode
measurements to pulse-mode. However, the conversion factor can only be directly calibrated under low-flux
conditions due to the pulse pile-up in high-flux situations. In order to have confidence in the use of the
conversion factor in high neutron fluence rate environments such as in high-energy radiotherapy, its use
must be experimentally validated. To perform this validation, we developed a passive-readout NNS with gold
activation foils. Our work included the generation of system response functions using the Monte Carlo toolkit,
GEANT4, and an experimental workflow. The passive NNS and the active NNS were then used to measure
the secondary neutron fluence rate spectra produced by a Varian TrueBeam”™ STx linac under identical
experimental conditions. We found that the spectrum obtained using the active NNS agreed well with that
obtained using the passive NNS within uncertainties. This serves as validation of the use of the current-mode

of the active NNS in the high neutron fluence rate conditions encountered in radiotherapy.

1. Introduction

Modern radiotherapy techniques utilize various types of ionizing
radiation spanning a wide energy range [1]. High-energy radiation is
often necessary to treat deeply-seated tumours in order to adequately
deliver the prescribed dose. In high-energy photon radiotherapy (>
10 MV), secondary neutrons are generated as an unwanted byprod-
uct through photonuclear reactions in the materials that the photon
beam encounters [2-5]. These neutrons contribute to the out-of-field
dose received by the patient and thereby pose an iatrogenic risk for
carcinogenesis [6-8]. Since the neutron’s carcinogenic potential has
been shown to vary with energy [9,10], it is essential to determine the
neutron fluence rate spectrum experienced by the patient inside the
radiotherapy bunker in order to properly assess the carcinogenic risk
involved.

The Nested Neutron Spectrometer™ (NNS, Detec Inc., Gatineau, QC,
Canada) [11] is one of many types of neutron spectrometers [12-14]
that are used to measure neutron spectra, including in the high-energy
radiotherapy environment. The NNS comprises a He-3 thermal neutron
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detector embedded in concentric cylindrical-moderator shells (Fig. 1)
that can be assembled in multiple configurations of various moderator
thicknesses. By varying the thickness of the moderator, the user can
selectively moderate the incoming neutron energy to the sensitive range
of the He-3 detector. This spectrometer with the He-3 detector core,
which gives an immediate electronic readout, is henceforth referred to
as the active NNS.

The He-3 detector of the active NNS can be operated in either
pulse-mode or current-mode. In pulse-mode, the He-3 detector works
as a proportional counter and is connected to a multi-channel analyzer
(MCA) that counts the number of ionization events (pulses) originating
in the detector’s sensitive volume [15]. However, when the count-rate
exceeds 10,000 counts/s, pulse-mode breaks down due to pulse-pileup
and increased dead-time [11]. Hence, in radiotherapy environments,
where the neutron count-rate typically exceeds 10,000 counts/s, the
active NNS must be operated in current-mode [15], similar to the
method described by Hagiwara et al. in 2011 [16]. In current-mode,
the He-3 detector acts as an ionization chamber and neutron-induced
current is measured using an electrometer.
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Fig. 1. Top-view of the Nested Neutron Spectrometer’s cylindrical moderator shells
and lids.

The current measurement may be converted to an equivalent pulse-
rate using a conversion factor provided by the vendor and previously
confirmed experimentally by our group [15]. This conversion factor is
the ratio of the pulse-rate and the current for the same measurement
conditions and was obtained by calibrating the detector using the low
neutron fluence rate Am-Be reference source [17,18] at the Ionizing
Radiation Standards Laboratory of the National Research Council of
Canada. However, it is not possible to demonstrate directly that this
conversion factor, which was determined in a low flux environment, is
applicable in the high flux environment encountered in radiotherapy.
Previously we performed a coarse validation of the NNS at high neutron
fluence rate through comparison of measured spectra with Monte Carlo
simulated spectra [15]. While we observed relatively good agreement,
this in-silico approach could not completely substitute experimental
validation at high flux due to the limitations of modelling such a
complex system (physics models, linac geometry, bunker geometry,
etc.).

In the work reported on here, we performed the validation indi-
rectly, by developing a passive NNS system wherein the active He-3
detector was replaced with gold activation foils, which do not suffer
from pulse-pile up or dead-time complications [19]. Activation foil-
based spectrometry is widely reported in the literature and the use
of various foil materials has also been well assessed [20-24]. Indeed,
gold foils have been used extensively for neutron studies with other
spectrometers, including the well-known Bonner Sphere Spectrome-
ter [19,25-28]. This manuscript describes how we developed a passive
NNS and used it to experimentally validate the current-mode of an
active NNS in the high flux radiotherapy environment.

2. Materials and methods
2.1. Operation of the active NNS

The basic operational details of the active NNS can be found in
our previously-published work [15,29]. Only the experimental details
specific to this work are included in this manuscript.

The current-mode operation of the active NNS requires an elec-
trometer to read out the neutron-induced current produced in the He-3
detector during an irradiation procedure. Note that the He-3 detector is
sensitive to both neutrons and photons and, thus, the photon contribu-
tion to the measurement must be removed. As described in our previous
work [15], this is done by acquiring analogous NNS measurements with
a neutron-insensitive He-4 detector and subtracting the resulting charge
or current from the He-3 result. The neutron current thus obtained
can then be converted to an equivalent neutron pulse-rate using the
vendor-provided conversion factor.

In order to determine the neutron fluence rate spectrum using the
neutron pulse-rate data, one must have prior knowledge about the
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response of the spectrometer system used. For the active NNS, these
response functions were generated and provided by the vendor [11].
Together with the response functions and an initial guess spectrum,
the measured current values can be unfolded to produce the neutron
fluence rate spectrum.

To obtain an active NNS spectrum, we irradiated an active NNS,
obtained a set of neutron pulse-rates by converting the measured set
of neutron currents using the conversion factor, and unfolded the
neutron fluence rate spectrum using our previously-published unfolding
algorithm [30].

2.2. Development of the passive NNS

To build a novel passive NNS we replaced the active He-3 detector
core of an active NNS with passive gold foils. We opted to use gold
foils after considering our experimental requirements, particularly (i)
high thermal neutron sensitivity to detect thermalized neutrons at the
centre of the moderators, and (ii) moderate half-life (~2.7 days) that
is neither too short nor too long. A 99.9% pure gold-foil (1°7Au) disc
(8 mm radius, 0.1 mm thick and 19.3 g cm~3 density) was placed
perpendicular to the cylindrical axis of the NNS at the geometric
centre of the moderator shells, and sandwiched by two cylindrical
polyoxymethylene inserts custom-machined for the passive NNS. A
side-by-side comparison of the active and passive systems for a single
moderator configuration is shown in Fig. 2.

2.3. Generation of the passive NNS response functions

The response function of a system is essentially a map that connects
the output of the system to its input parameters. In the context of the
NNS, the response functions relate the neutron-induced measurements
to the neutron fluence rate at the point of measurement. We generated
the response functions of the passive NNS using Monte Carlo simula-
tions built in GEANT4 (version 10.4, patch-2) [31-34]. Our passive
NNS was modelled according to its physical dimensions and materials
for all moderator configurations and therefore the model takes into
account the neutron self-shielding and other geometry dependencies of
the gold foil. In our simulations, neutron transport was nominally han-
dled by the QGSP_BIC_HP high-precision neutron physics model, which
includes the G4NDL neutron cross-section library (i.e standard ENDF-6
data [35] in GEANT4 compatible format) up to 20 MeV [36]. However,
in 2014, Mendoza et al. demonstrated the necessity of using an accurate
model for the thermal neutron scattering [37] and its significance on
the simulation’s outcome. Hence, we modified the QGSP_BIC_HP model
to include the thermal neutron elastic scattering data below 4 eV.

With the General Particle Source (GPS) tool, neutron sources were
randomly distributed on a cylindrical surface that encapsulated the
biggest moderator of the passive NNS configuration in each simulation.
From this source surface, 10’ monoenergetic neutron tracks were made
to originate from random directions to ensure an isotropic neutron field
at the spectrometer surface.

The passive NNS response was defined as the number of neutron
capture interactions per unit neutron fluence [38] and per unit mass of
the gold foil. For each moderator configuration, the number of neutron
capture interactions in the gold foil was scored with the spectrometer
materials in place. A separate set of simulations was used to score the
neutron fluence at the location of the gold foil with all the spectrometer
materials replaced by air.

Consistent with the active NNS, the response of the passive NNS was
determined for 52 discrete energies, logarithmically spaced from 1 meV
to 16 MeV, for each detector configuration. Two variance reduction
techniques, Geometric Splitting and Russian Roulette [39], were im-
plemented in the simulation using the Importance Sampling technique
of GEANT4 to increase the simulation efficiency [40]. The complete set
of simulations required to generate all eight response functions of the
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(c)

Fig. 2. (a) Single-shell configuration of the active NNS; (b) Photo of the He-3 detector (left) and the cylindrical inserts that sandwich the gold foil (right); (c) Single-shell

configuration of the passive NNS.

passive NNS took a total of 12 days on our departmental computing
cluster, which had 5 nodes contributing a total of 123 cores.

Our GEANT4 application for generating the response functions of
the passive NNS with gold-foils is provided as open-source software on
GitHub [41].

2.4. Irradiation specifications

Neutron spectral measurements were performed in a radiotherapy
bunker equipped with a Varian TrueBeam™ STx linac. To obtain the
highest achievable neutron fluence rate, we used the 15 MV photon
beam at a dose rate of 600 MU/min with the collimator jaws completely
closed. The point of measurement was required to be out-of-field, to
reduce photon contamination and to ensure field isotropy, but close
enough to get high neutron fluence rate. Therefore, we chose our
location of interest to be 1 m away from the isocenter along the
treatment couch axis as shown in Fig. 3. Both the active NNS and
the passive NNS were used for spectral measurements under identical
experimental conditions. As the moderator configuration was altered
by adding or removing moderator shells, the location of the sensitive
volume was kept constant by adjusting the size of the foam platform
placed underneath the NNS (an example is shown in Fig. 3). We
repeated the neutron spectrum measurement three times, with both the
active and passive spectrometers, to improve precision.

The measurements involving the passive NNS comprised two steps:
(i) activation of the gold foils and (ii) activation analysis of the radioac-
tive gold foils. The only stable isotope of gold (*°”Au) may become
radioactive through photon interaction (17 Au(y,n)'°¢Au), or through
neutron capture reactions (1% Au(n, y)'°8Au), during irradiation in our
mixed field [42]. The radioactive isotopes thus created (1°°Au and
198 A1) gradually decay away according to their respective half-lives,
radiating characteristic photons. In the activation analysis step, these
photons can be identified and distinguished using a suitable gamma-
ray spectrometer, thereby enabling assessment of the neutron-induced
activity.

2.5. Radioactive gold-foil analysis

We used a high-purity germanium (HPGe) detector (ORTEC DSPEC
Pro; AMETEK ORTEC, Oak Ridge, TN, USA) at the SLOWPOKE reactor
of Polytechnique Montréal [43] to perform spectral analysis of the
radioactive gold foils within one day of foil activation. The half-life of
the 198Au isotope (2.7 days) was long enough to do the analysis the
next day and was short enough to obtain statistically stable activity
measurements within a reasonable time duration.

In order to determine the counting efficiency of the HPGe detec-
tor for gamma-rays with an energy of interest, the detector must be
calibrated with a reference material. We used an Al-0.1% Au CRM (Cer-
tified Reference Material) foil certified by the Institute for Reference
Materials and Measurements. The CRM-foil, with the same geometry

as our gold-foils, was irradiated for 5 min using the SLOWPOKE re-
actor with a known neutron fluence rate spectrum. Using the known
spectrum and Au content of the CRM-foil, and correcting for neutron
self-shielding using the method described by Chilian et al. (2008) [44],
we analytically determined the activity of the CRM-foil. The activated
CRM foil was analysed by using the HPGe detector with MAESTRO
Multichannel Analyzer Emulation Software to measure the 412 keV
characteristic photons from the radioactive decay spectrum of the 198 Au
isotope. The efficiency of the detector was thus determined for the
corresponding photon energy, foil geometry and detector setting as the
ratio of the number of photons counted and the calculated number of
decay photons.

Our irradiated gold foils were analysed using the now-calibrated
detector to count the number of characteristic photons with an uncer-
tainty less than 1%. The activity of the gold foil saturates when the
activation rate becomes equal to the decay rate of the sample [45].
Therefore, saturation activity is essentially equal to the neutron-capture
rate of the gold-foil. In order to obtain the neutron-capture rate experi-
enced by the gold foils during irradiation, the measured photon count
was used to calculate the specific saturation activity (saturation activity
per unit foil mass) of the gold-foil using the following equation [19,26]:

A® = A C eMw )
mqe(l—e M) (l—e 4n)

Here A% is the specific saturation activity; m is the mass of the gold
in the activated gold-foil; g is the branching ratio of the gamma-ray
considered (0.955); ¢ is the detection efficiency for the corresponding
gamma-ray (0.082, for our HPGe detector); A is the decay constant of
198 Au isotope (2.975 x 107 s71); C is the net count after background
and deadtime corrections. The parameters ¢;, ¢, & t,, are the duration
of foil irradiation, the time elapsed between the end of irradiation and
the start of spectral analysis, and the duration of spectral measurement,
respectively.

2.6. Neutron spectral unfolding

The response functions of the passive NNS relate the calculated
specific saturation activity (neutron-capture rate) of the foil to the
neutron fluence rate at the location of irradiation through an integral
equation of the form:

A® = / R,(E) ®(E) dE )

where Af;:’ is the specific saturation activity of the gold-foil used with
the ith configuration of the passive NNS, R;(E) is the response function
of the corresponding configuration and @(E) is the neutron fluence rate
spectrum experienced by the gold-foil during activation.

Both the active and passive NNS have eight unique moderator
configurations and hence, a set of measurements with either of these
spectrometers forms a system of eight integral equations that need
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Fig. 3. The passive NNS positioned at the location of measurement in our radiotherapy bunker. The black material underneath the NNS is a foam base used to maintain the

central He-3 detector at a constant height.
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Fig. 4. Response functions of the passive NNS with gold foils, for all eight spectrometer
configurations, generated through Monte Carlo simulations in GEANT4. The base
configuration corresponds to the passive NNS in which no moderator shells are present
and the gold foil is placed on top of the smallest insert, whereas all other configurations
are represented with the number of nested shells used in the model. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.).

to be solved to obtain the neutron fluence rate spectrum. Our open-
source MLEM-STOP algorithm [30] was used to deconvolve (unfold)
the measured data with the corresponding NNS response functions.
This iterative algorithm is capable of determining an optimal iteration
number for which the given data set yields the optimal neutron fluence
rate spectrum with the lowest noise levels achievable. We used a step
function as the input guess spectrum to the algorithm, as described in
our previous work [15].

Using the MLEM-STOP algorithm [30], unfolding is performed on
the average of three sets of independent repeated measurements per-
formed with each of the spectrometers. The uncertainty of the neutron
fluence rate spectra for each energy bin was obtained as follows:
we first defined a Gaussian distribution with the mean and standard
deviation of three repeated measurements. These distributions were
then sampled 100 times to obtain 100 pseudo-measurement sets, and
unfolded individually. The root-mean-square (RMS) deviation of each
of these unfolded spectra from the mean spectrum was then defined as
the uncertainty in the corresponding energy bin, providing upper and
lower uncertainty limits on the active and passive NNS spectra.

Table 1
The values of total neutron fluence rate and the ambient dose equivalent calculated
from the active and passive NNS spectra.

Spectrometer Total neutron fluence Ambient dose

rate (cm™2 s71) equivalent (mSv h™1)
Active NNS (3.831 + 0.007) x 10° 189.3 + 0.4
Passive NNS (42 £ 0.2) x 10° 212.5 + 8.7

3. Results
3.1. Response functions of the passive NNS

The set of eight response functions that were generated for our
passive NNS using Monte Carlo simulations is shown in Fig. 4. It can
be seen that by using all eight moderator configurations, the passive
NNS sensitivity spans a sufficiently large energy range suitable for ap-
plications in radiotherapy. As anticipated, the sensitivity profile shifts
to higher neutron energies with the addition of moderating material
around the thermal neutron detector (gold-foil). A similar trend can be
observed in the response functions of the active NNS [11].

3.2. Neutron fluence rate spectra measured using the active and passive
NNS

The neutron fluence rate spectra obtained from the MLEM-STOP
algorithm are shown in Fig. 5. The total neutron fluence rate and the
ambient dose equivalent values were calculated from the spectra and
are tabulated in Table 1. The neutron fluence rate spectrum obtained
at the measurement location using the active NNS in current-mode
had two predominant peaks: a large fast neutron peak around 1 MeV
and a small thermal neutron peak at around 0.025 eV. The spectrum
generated with the passive NNS produced peaks at the same energy
bins. However, the fast neutron peak was slightly higher and the
thermal peak was somewhat smaller and flatter compared to the active
spectrum.

4. Discussion

The unfolded spectra from the active NNS in current-mode and the
passive NNS, measured at the same location under identical experi-
mental conditions, agree well within their uncertainties. The standard
deviation of the repeated measurements for the passive NNS was rel-
atively higher (refer Table A.2 in the Appendix), and on unfolding,
this translated into a larger uncertainty for the passive NNS spectrum
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The mean of three repeated measurements, standard deviation, and the relative standard deviation of the active and passive NNS measurements for all eight moderator

configurations.

Number of moderators Active NNS

used in the configuration

Passive NNS

Mean of three Standard deviation

Relative standard

Mean of three specific Standard deviation Relative standard

neutron current (nA) deviation (%) saturation activity s1tgh deviation (%)
measurements (nA) measurements (s~ g~1)
7 0.7375 0.0004 0.06 39405 987 2.51
6 1.334 0.002 0.17 75038 1165 1.55
5 1.912 0.001 0.05 115027 1996 1.74
4 1.949 0.001 0.05 125285 3458 2.76
3 1.684 0.001 0.06 118062 2269 1.92
2 1.4283 0.0001 0.01 108746 2110 1.94
1 1.1024 0.0004 0.03 91328 787 0.86
0 0.2322 0.0003 0.11 18493 804 4.35
702405 i i . i . . i . i to correct for deviations of the system from ideal behaviour factors into
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(=] 4 . . .
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1ok 1 with the passive NNS was 8 times longer than that with the active
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Fig. 5. Comparison of the neutron fluence rate spectra measured by the active NNS in
current-mode and the passive NNS under identical experimental conditions (15 MV
beam, 1 metre from the isocentre along the treatment couch). The shaded region
corresponds to the uncertainty in each energy bin. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).

compared to that of the active NNS. It is important to note that the
reported uncertainties only take into account the statistical (type A)
uncertainty, but there are other sources of potential systematic (type B)
uncertainty including foil non-uniformity, foil purity, foil positioning
and foil-to-foil variations. Below, we discuss some of the factors that
may have contributed to the type B uncertainties of the active and
passive NNS spectra.

The He-3 detector of the active NNS occupies 500 times more
volume than the gold foil disc inside the nested moderators. Therefore,
the volume averaging effect for the He-3 detector is much higher and
hence it is less susceptible to random variations in the neutron field
between irradiations and to the effects of small positional changes
of the detector. This partially explains why the active NNS has more
precision compared to the passive system with gold foils. The response
functions for the active system were generated using detailed mod-
elling of the detector and moderators, although small deviations in its
response from the simulation model may exist due to manufacturing
variabilities. However, the vendor provides a normalization factor ob-
tained during calibration for every active NNS to account for these
deviations. Similarly, in the case of a passive NNS with gold foils, the
foils themselves may have non-uniformities in thickness, density and
other defects that may have caused system responses different to those
described by our model. Obtaining a normalization factor, to account
for the gold foil variabilities, with a similar approach to that of He-3
is not feasible as the low flux of a calibration neutron source would
require prohibitively-long measurement durations. Hence, this inability

detectable foil activity. It was hence not feasible to perform all three
repeated measurements on the same day with the passive NNS, whereas
the active NNS was able to achieve three repeated measurements in
under an hour. Similarly, it is not practical to obtain measurements
at locations more distant from the linac due to the inverse-square
dependency of fluence on distance.

Additionally, the user must generate new response functions for
the passive NNS every time the foil characteristics (thickness, density,
purity etc.) are changed whereas with the active NNS, normalizing a
new He-3 detector eliminates the need to generate new system response
functions. For these reasons, we only recommend our passive NNS for
validation of similar active neutron spectrometers, not for routine use.

5. Conclusion

We have developed a passive NNS incorporating gold foils and used
it to validate the accuracy of an active NNS in current-mode under
the high neutron fluence rate conditions of a high-energy radiotherapy
linac. This included the development of a modelling and experimen-
tal workflow for using the passive NNS for spectral measurements.
Comparison of the spectra measured with the active NNS and the
passive NNS showed good agreement, which serves as validation of
the use of the active NNS in current-mode in high neutron fluence rate
environments.
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Appendix

Table A.2 shows the mean value of three repeated measurements
obtained using the active NNS in current-mode and the passive NNS for
each of their eight moderator configurations. The mean neutron current
and the mean saturation activity were used to unfold the neutron
fluence rate spectra. The standard deviation and the relative standard
deviation of the measurements are also tabulated.
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