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Abstract

The capability to measure neutron dose rate with an 
accuracy of +/- 20% is demonstrated for the helium-4 fast 
neutron scintil lation detector model s670 by Arktis 
Radiation Detectors. Measurements were performed 
utilizing quasi-monoenergetic neutron fluxes in an energy 
range between 0.144 and 14.8 MeV as well as using 
calibrated Cf-252 and Americium-Beryllium (Am-Be) 
sources.

The elastic scattering reaction between neutrons and 
(_^4)He enables detection of neutrons whilst preserving 
the information about their energy. This measurement 
technique does not require neutron moderators, resulting 
in a remarkably lighter configuration. The readings from 
the detector were plotted against neutron energy to 
obtain energy calibration curves. Neutron fluence rates 
measured by certified laboratory detectors were used to 
calculate intrinsic efficiency values for various irradiation 
energies.

Fluence per unit dose equivalent factors were used to 
derive the ambient dose equivalent rate values from the 
measured neutron energy spectra. The results are used 
to implement a dose rate calculation in the system 
software, capable of providing neutron ambient dose 
equivalent rate values. The accuracy of the computed 
values is validated with calibrated Cf-252 and Am-Be 
sources. This work highlights the versatility of such a 
system, which extends to applications where not only 
simple neutron counting is required but neutron energy 
information is also of interest to assess the radiological 
risk caused by a neutron flux. This system can be used in 
a variety of applications ranging from dose monitoring in 
nuclear power plants to risk-assessment of nuclear waste 
drums coming from the decommissioning of nuclear 
facilities.
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1. Introduction

Fast neutrons fluxes are generally coming from sealed ra-
dionuclide sources, nuclear power plants, fuel enrichment 
facilities and particles accelerators. Neutron sources are 
also used for various industrial purposes.

The major difficulties in detecting fast neutron and meas-
uring their energy arise from the wide energy range a neu-
tron flux can present, the important dependence of the 
medium cross section with neutron energy and the possi-
ble presence of different types of radiation in the same en-
vironment, especially gamma rays. The system described 
in this work, a high-pressure 4He gas scintillation detector 
model s670 by Arktis Radiation Detectors Ltd, was irradi-
ated with quasi-monoenergetic neutron fluxes ranging 
from 0.144 to 14.8 MeV. In this region, the most probable 
interaction of neutrons with light nuclei such as helium is 
elastic scattering.

He-4-based neutron detection technologies, characterized 
by higher availability and lower cost of the scintillation gas 
medium compared to 3He, have been gaining increasing 
interest as a reliable and affordable neutron detection 
technology. Moreover, unlike 3He detectors which rely on 
the absorption of a thermal neutron, 4He detectors exploit 
excellent fast neutron elastic scattering properties of the 
gas. This enables the manufacturing of detection systems 
without utilizing moderators, thus preserving neutron ener-
gy information. Using helium-4 as a detection medium, a 
fast neutron can lose up to around 64% of its initial kinetic 
energy in a single elastic scattering interaction. This infor-
mation was used to characterize the detector response at 
different irradiation energies, allowing to obtain accurate 
energy calibration curves.

Moreover, helium’s low atomic number (Z = 2) results in a 
low electron density, which reduces the probability of 
gamma interaction. Additionally, gamma interactions in the 
active volume generate recoil electrons, which are charac-
terised by low rate of energy deposition. These electrons 
will be more likely to hit the detector wall before depositing 
all of its energy. Gamma rays are also characterised by 
lower light yield in helium scintillation if compared to neu-
tron interactions, which makes this detection technique 
more advantageous than liquid scintillation detection sys-
tems when operating in intense gamma field. In gaseous 
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helium, these combined effects result in the slow compo-
nent of the scintillation pulse of a gamma event being up to 
8 times smaller than that of a neutron event [1], allowing 
pulse shape discrimination (PSD).

For neutron spectrometry applications, 4He scintillation 
techniques have the additional advantage of having an 
elastic scattering cross section of the scintillation medium 
which is characterized by a peak for the scattering angle 
resulting in the maximum energy deposit. This behaviour is 
not visible for other neutron detection techniques which 
relies on proton-recoil interactions, being characterized by 
an elastic scattering cross-section that is almost constant 
for increasing scattering angles [3].

In this work, pressurized 4He fast neutron scintillation de-
tector model s670 by Arktis Radiation Detectors Ltd is 
used to implement an ambient dose equivalent rate calcu-
lation for dose monitoring purposes, highlighting the possi-
bility to exploit this technology in every environment that is 
characterized by a high fast neutron radiation component, 
improving radiological safety of workers.

2. The detection system

Arktis Radiation Detectors model s670 fast neutron detec-
tor, shown in figure 1, consists of a stainless-steel tube 
filled with pressurized 4He, divided into three optically de-
coupled and identical segments, each containing 8 Silicon 
Photomultipliers (SiPM) for light collection. The electronic 
board for signal processing is mounted on one end of the 
tube, where the TTL output is visible as well.

2.1 Working principle and operational parameters

When fast neutrons interact with helium nuclei through 
elastic scattering, kinetic energy is transferred from the 
neutron to the target helium nucleus. The nucleus slows 
down in the pressurized gas, producing excited and ion-
ized species that de-excite emitting scintillation light. 

The 24 SiPMs operating in the s670 fast neutron detector 
convert the light pulse into an electric signal, which is sub-
sequently processed by the electronic board.

Figure 1: High-pressure He-4 scintillation detector model s670 by Arktis Radiation Detectors Ltd.
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The output information of the detector is a Time-over-
Threshold (ToT), i.e. the time duration during which the re-
sponse amplitude of the signal coming from the SiPMs is 
above a tunable threshold. This electronic threshold is 
called offset, and it can be adjusted separately for each 
segment to tailor the sensitivity to the specific application. 
The offset value is set such that only signals of a certain 

height are accepted as valid and hence are stored for post 

analysis. Depending on the value of the ToT signal generat-

ed by one event inside the tube, a different TTL signal is 

produced.

A schematic description of these parameters is shown in 

Figure 2.

Figure 2: Definition of the parameters “Time-over-Threshold” and “offset”.

Figure 3: Output histogram showing background count rate versus ToT channel for the three segments of the s670 neutron detector. 
Different ToT regions are identified by the low-cut (red), mid-cut (green) and high-cut (coinciding with the right end of the x-axis).
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Another parameter of importance acting on the ToT histo-
grams is the cut. Applying a “low-cut”, “mid-cut”, and 
“high-cut” on the ToT signal width, it is possible to define 
an optimal gamma-rejection ToT region for the detector 
and to focus on well-defined regions of interest based on 
the width of the signals that generate counts in those 
regions.

A typical output of a background measurement reporting 
count rate versus ToT channel is shown in Figure 3 for 
each of the three optically decoupled segments. The de-
sired gamma-rejection is set by the low-cut (red), while 
mid-cut (green) and high-cut (here coinciding with the right 
end of the x-axis) can be set to focus on a particular ToT 
region of interest.

3. Measurement campaign

3.1 Irradiation tests with monoenergetic neutron 
fields

To assess the detector performance for various neutron 
energies, an extensive experimental campaign was  
conducted at the neutron irradiation facility (PIAF) at  
Physikalisch-Technische Bundesanstalt (PTB) in Berlin, 
Germany [5].

Quasi-monoenergetic neutron fields were utilized to irradi-
ate an array of s670 neutron detectors and acquire data 
for neutron energies of 0.144, 0.565, 1.2, 2.5, 5, 14.8 MeV.

The measurements took place in a low-scattering meas-
urement hall, where two s670 detectors were positioned at 

Figure 4: Picture of the experimental set-up in the low-scattering measurement hall at PTB. Target-to-detector distance is indicated by the 
red line.

reaction target θn En [MeV] ΔEn [keV] φsc/φdir
7Li(p,n)7Be LiF 75 µg/cm2 0° 0.144 12 0.020(5)
7Li(p,n)7Be LiF 75 µg/cm2 0° 0.565 8 0.016(4)
3H(p,n)3He Ti(T) 0.955 mg/cm2 0° 1.2 74 0.034(8)
3H(p,n)3He Ti(T) 0.955 mg/cm3 0° 2.5 52 0.015(4)
3H(d,n)4He Ti(T) 1.076 mg/cm4 0° 14.8 434 0.015(4)

Table 1. Informational data on the monoenergetic neutron fields at PTB.

a distance of 300 cm from the neutron generator. The de-
tectors were supported and enclosed by foamed material, 
and the distance from the detectors to the neutron pro-
duction target was measured along the direction of the ion 
beam between the plane containing the axis of the detec-
tor housings and the neutron production target. The direc-
tion of the ion beam hits this plane in the middle between 
the centers of the sensitive volumes. The experimental set-
up is shown in Figure 4.

Table 1 shows informational data on the monoenergetic 
neutron fields, such as the type of nuclear reaction 

exploited to generate the neutron field, nominal values of 
neutron energies and FWHMs of the irradiation fields.

In Table 1, the neutron emission angle θn, the neutron field 
energy En, and the width ΔEn (FWHM) of the direct neutron 
distribution are nominal values. Standard measurement 
uncer ta int ies  (k  = 1)  a re  g iven fo r  the rat io  
(∅sc/∅dir) of the fluence values of scattered and direct neu-
trons.  As for the measured neutron fluence values that 
were used as a reference for each irradiation field, the re-
lated uncertainties are expanded measurement uncertain-
ties obtained by multiplying the standard measurement 
uncertainties by a coverage factor (k = 2). They have been 

Detectors numbers MS number t (s) φdir (105 cm-2

#100413 / #100497 4 299.6 0.80(4)

#100413 / #100497 5 308.6 0.84(4)

#100413 / #100497 6 316.7 0.86(4)

#100413 / #100497 7 298.3 0.80(3)

#100508 / #100520 8 896.7 2.41(10)

#100508 / #100520 9 630.7 1.70(7)

#100508 / #100520 10 51.8 0.140(6)

#100508 / #100520 11 601.0 1.62(7)

#100508 / #100520 12 410.9 1.11(5)

#100508 / #100520 13 522.1 1.41(6)

Table 2. Measurement time duration and direct neutron fluence rate for irradiation tests with a monoenergetic 2.5 MeV neutron field.

Figure 5: Intrinsic efficiency values calculated for 1.2, 2.5, 14.8 MeV neutron energies, together with the analytical fit.
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determined in accordance with the Guide to the Expres-
sion of Uncertainty in Measurement (GUM) [7]. The value 
of the measurand then normally lies, with a probability of 
95%, within the attributed coverage interval.

These neutron fluence measured values, together with the 
time duration of the test and the generator-to-detector dis-
tance, were used to calculate the neutron fluence rate at 
the detector surface in units of cm-2s-1.

For each measurement performed with the s670 neutron 
detector, the detector output is a histogram in which for 
every event generating a signal that is above the offset, a 
count is stored in a histogram and distributed over 255 ToT 
channels depending on the amplitude of the light pulse 
generated by that event. By summing over all the counts 
above the low-cut (set to achieve the desired gamma-im-
munity) and dividing by the measurement time duration, 
the measurement count rate is calculated for each irradia-
tion energy. By subtraction of the background count rate, 
the net neutron count rate has been calculated for all the 
irradiation tests.

Moreover, by multiplying the neutron fluence rate at the 
detector surface by the sensitive cross-sectional area of 

the tube, the number of neutrons hitting the detector per 
unit time was calculated.

From the ratio between the net neutron count rate and the 
number of neutrons hitting the detector per unit time, the 
intrinsic efficiency of the detector was calculated for all the 
irradiation energies.

In Table 2 the reference neutron fluence values and irradia-
tion time for the 2.5 MeV irradiation tests are shown as an 
example.

3.2 Intrinsic efficiency assessment and energy 
calibration

The intrinsic efficiency values calculated for energies of 
1.2, 2.5 and 14.8 MeV are plotted in figure 5, where the an-
alytical fit is shown as well. 

This analytical fit was then used when implementing the 
dose rate calibration in the system software, in order to 
calculate the neutron fluence rate from the detector count 
rate for neutron energies in this range.

In Figure 6, the response of the s670 detector to irradiation 
energies of 1.2, 2.5, 5.0 and 14.8 MeV are shown in terms 
of the cumulative count rate versus ToT channel.

The response curves are clearly characterised by an in-
creasing cut-off ToT channel number with increasing irradi-
ation energy. The positions of these cut-off points were 
then used to calibrate in energy the ToT histograms in or-
der to have direct information about the neutron field ener-
gy out of a measurement histogram.

From the physics of the elastic scattering interaction be-
tween a neutron and a helium nucleus, it is easily calculat-
ed that a neutron can deposit up to 64% of its initial kinetic 
energy to the target nucleus [3].

Thus, it is straightforward to associate the maximum de-
posited energy (and then the initial neutron energy) to the 
ToT channel where the irradiation of the detector with a 
field of that energy would show a cut-off. The energy cali-
bration points, and the related analytical fit implemented 
into the system software are shown in the graph in figure 7.

Neutrons effective dose per fluence factors (in units of pSv 
cm-2) from ICRP Publication 116 (Table A.5, mono-energet-
ic particles incident in various geometries) were used to 
implement the dose rate calculation in the system software 
[4]. For each energy region resulting from the ToT histo-
grams calibration, a set of neutron effective dose per flu-
ence factors was used to estimate the dose rate delivered 
by neutrons belonging to that region. 

After the implementation of this dose-rate calculation in the 
detector software, the final tests were performed at Paul 
Scherrer Institut (PSI) Calibration Laboratory [6]. A 

Figure 6: Detector response to various monoenergetic neutron 
fields in terms of cumulative count rate versus ToT channel.

spontaneous fission 252Cf and an alpha-neutron 241Am—Be 
source were used.

Characteristics of these neutron sources are shown in Ta-
ble 3.

The PSI Calibration Lab uses a Berthold LB6411 neutron 
detector with an UMO LB 123 neutron dosimeter as a sec-
ondary standard. The expanded combined uncertainty  
(k = 2) of the dose rate values used as reference was esti-
mated by PSI to be 6% for 252Cf and 7-8% for 241Am-Be for 
distances larger than 50 cm. Higher uncertainty for 241Am-
Be is due to the uncertainty of a field-specific correction 
factor to the calibration of the secondary standard LB6411, 
which was calibrated in a direct neutron field from a  252Cf 
source.

4. Results

Defining the Response Factor (RF) as the ratio between 
the measured ambient dose rate value at distance d from 
the source and the reference ambient dose rate value at 
the same distance certified by PSI for each source, the de-
tector performance was evaluated for both sources at var-
ious source-to-detector distances and for various meas-
urement duration. Two s670 detectors were irradiated 
(serial numbers 100488 and 100509, as shown in Table 4).

The acceptance range for the Response Factor is set as to 
have a maximum error of +/- 20% with respect to the dose 
rate value declared by PSI. Results of the ambient dose 
equivalent rate measurements for these two sources are 
shown in Table 3 for source-to-detector distances of 1 m 
and 3 m and measurement duration of 60 s and 10 s. The 
measurement at 3 m with duration of 10 s is shown to rep-
resent the worst-case scenario for this fixed source activi-
ties and measurement setup.

5. Conclusions 

The results presented in Table 4 show that the accuracy of 
the dose rate calculation is inside the defined acceptance 
range for both sources and for different source-to-detector 
distances and durations of the measurements, giving an 
overall average accuracy of 92.5% calculated over all the 

Figure 7: Energy Calibration points and analytical fit in the energy range 1.2 – 14.8 MeV..

Nuclide 241Am-Be 252Cf

Nominal Activity [GBq] 185 19.68

Neutron source strength [n/s] 9.15E+06 2.29E+09

Reference Date 10.10.59 05.12.01

Table 3. Characteristics of the neutron  
sources used at PSI Calibration Laboratory [5].
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measurements shown in Table 4. This clearly shows how 
this fast neutron detection system can serve as a neutron 
dose meter for radiological safety purposes in environ-
ments where neutron dose rate of neutron fluxes in the fis-
sion energy range must be constantly monitored, such as 
nuclear power plants, fuel reprocessing facilities and nu-
clear waste analysis laboratories. The National Institute of 
Metrology of China (NIM) certified the first s670 fast neu-
tron detector as a neutron dose meter in China in 2020. 
Avoiding the use of helium-3 and the employment of large 
volumes of moderating material, the s670 fast neutron de-
tector can represent a robust, compact and versatile alter-
native to these detectors, with the additional feature of 
providing an accurate dose rate calculation for fast neu-
trons in the fission energy range.
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distance = 1m; 
duration 60s

Reference 
H*(10) 
[uSv/h]
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[uSv/h]

100488 RF 
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[uSv/h]

100509 RF 
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Abstract

Research subject to dual-use trade controls may play an 
important role in proliferation programmes because the 
exchanges among research entities are traditionally open 
and prone to be exploited by third countries’ il l icit 
developments. 

For these reasons, apart from information “in the public 
domain” or “basic scientific research”, transfers of nuclear 
technology are subject to expor t author isat ion 
requirements and government-to-government assurances 
like the export of tangible goods, as specified by the 
Nuclear Suppliers Group’s guidelines and national export 
control laws.

Also the requirements of the Model Additional Protocol to 
the Agreement(s) between States and the International 
Atomic Energy Agency for the Application of Safeguards 
include declarations about national research and 
development activities related to the nuclear fuel cycle, 
but do not require declarations of technology transfers to 
third countries. 

The European Commission JRC, in collaboration with 
Liege University, has developed the Tools for Innovation 
Monitoring Dual-use (TIM DU) platform that can facilitate 
the identification of entities publishing research with a 
dual-use potential in the various countries. Together with 
many dual-use goods and emerging technologies, TIM 
DU maps nuclear-fuel cycle activities’ results included in 
scientific abstracts, patents, and EU-funded projects, 
a l lowing analysts to gather l ists of documents, 
geographical distributions, collaborations, and authors 
related to these activities. 

These results can help the national authorities submitting 
declarations to IAEA in accordance with Additional 
Protocol’s Article 2.a, both to identify also previously 
unknown national research actors and their collaboration 
networks, as well as to raise the awareness of national 
research entities about potential sensitivities with external 
collaborators. The IAEA could also use TIM DU to support 
the verification of the completeness and correctness of 
the declarations concerning nuclear fuel cycle research.

Keywords: export control; nuclear safeguards; non-prolif-
eration; dual-use; research; strategic trade; intangible 
technology transfers.

1. Research and technology

Research is essential to support technological develop-
ment as well as education. It is usually divided into funda-
mental - more typical of the academic sphere - and ap-
plied, in support to industry. This distinction is however not 
so clear-cut, especially considering the increasing collabo-
rations between academia and industry, which will be dis-
cussed when analysing the TIM DU results in the second 
part of this article [1, 4].

Various actors are involved in research, ranging from uni-
versities to research and development organisations, as 
well as governmental agencies, industries, consulting 
companies, and even hospitals.

Research can share technological developments in multi-
ple ways, primarily involving intangible technology transfers 
(ITT) through international projects and collaborations, ex-
changes of researchers, training, technical assistance, and 
scientific publications [5].

Transfers of sensitive dual-use technology are subject to 
export controls, both from the civil and the military side, 
respectively represented in the EU by the so-called “EU 
Dual-use Regulation” (i.e. EC Regulation 428/2009, about 
to be Recast in 2021 [6,7]) and the EU Common Military 
List. 

Export control of ITT is particularly challenging because 
they are difficult to monitor and stop, as there is no cross-
ing of borders of physical goods. 

The EU Dual-use Regulation contains in its Annex I the du-
al-use items, definitions, and various decontrol notes de-
riving from the Nuclear Suppliers Group - as well as the 
Wassenaar Arrangement, Missile Technology Control Re-
gime, Australia Group, and the Chemical Weapons Con-
vention [8-12], integrated into the annually amended Com-
mission Delegated Regulation [13]. 




