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Abstract: In the framework of the H2020 CLEANDEM project a small robotic vehicle was equipped
with a series of different sensors, developed for the preliminary inspection of areas possibly
contaminated by radiation. Such unmanned inspection allows to identify dangerous locations prior
to the possible start of human operations. One of the developed devices, named MiniRadMeter, is a
compact, low-cost sensor to perform gamma and neutron radiation field mapping of the
environment. The MiniRadMeter was successfully tested in a simulated field mission with four
“hidden” radioactive sources and a neutron generator. In this work we describe the test procedure
and the results, also supported by the outcome of dedicated Monte Carlo simulations.

Keywords: gamma detector; neutron detector; nuclear decommissioning; nuclear accident
remediation; robotic radiological inspection

1. Introduction

The present and future nuclear decommissioning activities, as well as possible accident
remediations, will certainly require to reduce the physical presence of human operators in potentially
radiologically hostile environments and the consequent risks by means of robotic equipment. The
CLEANDEM project (Cyber physical Equipment for unmAnned Nuclear DEcommissioning
Measurements), whose motto was “Safer, Cleaner, Better, Faster, Cheaper”, was funded in the
framework of the EU Horizon 2020 plan [1] and was recently concluded with the construction of the
foreseen UGV (Unmanned Ground Vehicle) and its test in a realistic environment. This UGV, perhaps
a first of a kind demonstrator, hosts several sensors and devices (Figure 1a) and can also be equipped
with a special arm to manipulate additional sensors. An onboard LIDAR (Laser Imaging Detection
and Ranging) system provides the capability of a 3D mapping of the surrounding environment which
can be associated with the radiological measurement results and the internet connection is used to
provide the universal time stamp. One of the devices permanently installed on top of the UGV front
pole is the MiniRadMeter, devoted to measurements of the gamma and neutron radiation in the
environment and whose full description of the components and expected performances were given
in [2]. It is well known that the main types of radioactivity are alpha, beta, gamma, neutron and
fission. While alpha particles and fission fragments are immediately stopped in very thin layers of
matter, with beta electrons traveling a little more but anyway stopped e.g., in a thin aluminum sheet,
neutrons and gamma rays are much more penetrating and may require thick lead, concrete and/or
water to be stopped. As a side effect they are also easier to detect, and therefore a quick and effective
radiological survey should primarily be based on gammas and neutrons, considering also that almost
any kind of radioactive decay usually implies also the emission of gamma radiation, while neutrons
indicate the presence of alpha-emitting actinides or fissile species.

In this work we describe the test of the MiniRadMeter in a simulated field mission with four
“hidden” radioactive sources and a neutron generator, along with the test procedure and the results,

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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also supported by the outcome of dedicated simulations. The mission was performed on the premises
of AiINT GmbH [3], member of the CLEANDEM consortium. The full description of the UGV and of
all its sensors is foreseen as the subject of forthcoming papers.

(b)

Figure 1. (a) The CLEANDEM UGYV. (b) The MiniRadMeter device hosting: the neutron moderator
and detector (1); the gamma detector (2); the front-end electronics and data acquisition
microcomputer (3).

2. Materials and Methods
2.1. The MiniRadMeter Sensors and the Control System

The gamma ray detector is a CsI(T1) crystal, 1x1x1 cm? size, optically coupled to a Silicon Photo
Multiplier (SiPM) MicroFC-60035-SMT [4]. It is a radiation counter that provides good detection
efficiency and medium energy resolution at very reasonable cost [2,5,6]. After a suitable calibration
the detector provides the spectrum of the energy deposited by gamma rays, whose integral is the
overall number of counts that can be rescaled to dose rate dividing by the measuring time and
multiplying by a conversion coefficient.

As for the neutron detector the SiLiF technology was chosen: a film of SLiF neutron converter is
placed in front of a silicon detector which provide a signal when hit by either a triton or an alpha
particle emitted following neutron capture in SLi [7-13]. The detector, which requires a once-only
calibration, provides the spectrum of the energy deposited by charged particles. A suitable threshold
of 1.5 MeV completely removes any significant gamma contribution, so that every count above the
threshold is to be ascribed to neutrons. The chosen configuration employs two silicon photodiodes
[14], 1x1 cm? size, installed back-to-back and each one facing a SLiF film deposited on a glass substrate
[13]. The neutron detector assembly, whose thermal neutron detection efficiency is 5%, is placed
inside a polyethylene box 6x6x6 cm? acting as a moderator.

The data acquisition system has two analog front-ends, one for each sensor, and a single ADC
with two differential input channels handled by a Raspberry Pi4 microcomputer board [15] that
collects, elaborates and stores the data. The microcomputer takes also care of connecting to the global
storage database and optionally to the user interface software, written in Python and running on a
standard PC, through the UGV wireless connection or directly via its own WiFi interface. A closer
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view of the MiniRadMeter and its components is shown in Figure 1b. A snapshot of the user interface
control screen is shown in Figure 2.
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Figure 2. A snapshot of the user interface control screen.

2.2. Gamma Detector Calibration

50000

60000

Acquistion parameters

1000 Acquisition time (5] - 1000
Show signal - 10
- 0
START MISSION
sToP PAUSE  CLOSE MISSION
[———=}

Current Progress: 37%

Quit Interface
Quit
Save

192.168.1.100 Connec t
Info Gamma  info Neutron
Parameter Value Unit
Events 63903
Satura 0
T.Time 960 s
5. Time 1] s
Rate mm M

Perso 03 s
™orto 2 u

¥ Camp 10 MHz
TBoard Q <
VSiPM 2488 v

A preliminary calibration of the gamma detector was done by means of two pointlike sources,
namely ¥Cs (282 kBq) and ©“Co (352 kBq). Each source was placed on a holder at 17 cm from the
detector (Figure 3) and a spectrum was acquired. The three energy peaks from the sources,
respectively at 662, 1173 and 1330 keV, were used to perform a linear calibration. As a cross check of
the calibration goodness we looked at the position of the 184 and 212 keV Compton backscattering
peaks in the spectra, which resulted exactly where expected. The background spectrum was also

acquired (Figure 4).

P,

17 cm

LG

Figure 3. The gamma detector calibration setup with the source holder at 17 cm distance.
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Figure 4. (a) Spectra of the '%Cs, ®Co and background in linear y scale. The Compton backscattering
peaks, located exactly where expected, testify the goodness of the linear calibration (b) Same plot in
logarithmic y scale.

The count rate to dose rate conversion was done, as indicated in [2], by referring to the usual
calibration of active dosimeters based on the 662 keV gamma radiation from '¥Cs: the equivalent
dose rate produced by such a source of 1 MBq activity at 1 m distance is 0.1 uSv/h. The interaction
probability in CsI(Tl) is about 30% [16], the subtended solid angle gives rise to a flux of about 8
gamma/cm?/s, resulting in about 2.7 counts/s in the detector as also verified experimentally. These
considerations lead to a conversion factor of about 0.037 (uSv/h)/(counts/s).

3. Results: Field Mission

A simulated field mission was arranged in order to verify the behavior of the MiniRadMeter in
a realistic environment. A shielded hall was made available at AiNT, that was perfect for a gamma
test mission. Unfortunately, a realistic neutron detection mission was unfeasible as it would require
to place an intense neutron source that (i) was not available; (ii) would have posed operational risks
for its placement and removal. However, an alternative solution was found as described in the
following.

3.1. Gamma Detection Mission

For the gamma detection mission four sources were placed in three locations inside the
measurement hall, as shown in Figure 5: 21Am (490 kBq), '*>Eu (465 kBq), ¥’Cs (282 kBq) plus ®Co
(352 kBq). The UGV was sent into the hall and teleguided from a distance of several meters by an
operator standing beyond a chain which delimited the radiation area. Even though the path included
continuous motion and pauses, we subdivided it into 53 main steps of 20 seconds duration. The
MiniRadMeter kept acquiring data throughout the mission, alternating measurements of gamma and
neutrons every 10 seconds.

Figure 6 shows a global summary of the gamma mission: the top plot shows the followed path
with the indication of the 53 positions, whereas the bottom bubble plot indicates the corresponding
measured dose rates with numbers, in uSv/h, and bubble size. The position and activity of the sources
are shown as well. The counting rate data in each position were converted into dose rate and plotted
in Figure 7 as a function of the position number, providing a useful profile along the UGV inspection
path. The full path was roughly grouped into six locations, denoted with the a-f tags on the plot, and
the corresponding measured average dose rates are reported in Table 1. In Figure 8 we show the six
spectra measured during the mission in the respective locations. Despite of the low collected statistics,
due to the short data collection time, one can appreciate differences in the shape and in the overall
counting rates. In particular, in Figure 8c, d and e we also show the position of the main peaks
expected from the employed sources (in ¢ also the position of the Compton shoulders is indicated),
which provide a hint to a possible isotope identification along with the measured counting rates
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indicated on the plots and listed in Table 1. Obviously, in order to (try to) identify the emitting
isotopes one would require the UGV to stop in front of the positions of interest for a longer time.

e B

Figure 5. The measurement hall for the gamma mission with the sources: 2! Am (490 kBq), '**Eu (465
kBq), 1¥"Cs (282 kBq), ®Co (352 kBq).

Table 1. Results from measurements and simulations in the six areas investigated. The direct dose
rate was obtained multiplying the measured count rate by the dose conversion factor of 0.037
(uSv/h)/(counts/s). For the measured and simulated dose rates see the following chapter. The quoted
uncertainties are statistical only.

. average dose rate average dose rate dose rate
run time count rate

Location tag Is] [cps] (direct) (measured)  (simulation
[uSv/h] [uSv/h] ) [uSv/h]
ambient ,in sources region  a 110 5.97 0.22 +0.009 0.13 +£0.005 -
amid *2Eu, 1%7Cs, ©Co b 40 7.23 0.27 £0.016 0.17 £0.010 -
137Cs, 0Co c 110 12.43 0.46 +0.012 0.44 +£0.012 =04
21Am d 70 7.59 0.28 +0.012 0.18 + 0.008 =0.12
152Eu e 120 7.39 0.27 +0.009 0.18 +0.006 =0.1
ambient, far from sources f 80 4.04 0.15 £ 0.008 0.07 £ 0.004 -
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Figure 6. Global summary of the gamma mission. (Top) The path followed by the UGV with the
indication of the 53 positions. (Bottom) Bubble plot with the corresponding measured dose rates with

numbers (in uSv/h) and bubble size. The indicated tags a-f correspond to the regions as listed in Table
1. The position and activity of the sources are shown as well.
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Figure 7. Measured dose rate as a function of the position number. The full path was roughly grouped
into six regions denoted with a-f as listed in Table 1.
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Figure 8. Gamma spectra collected during the mission. (a) Ambient, not far from the sources. (b) In
the region between the ¥Cs, Co and '*?Eu sources. (c) In front of the '¥Cs and “Co sources, the
position of the three gamma peak energies and their corresponding Compton shoulders are indicated.
(d) In front of the 2! Am source, the position of the gamma peak energy is indicated. (e) In front of the
152Eu source, the positions of the main gamma peak energies are indicated. (f) Ambient, far from the
sources.

3.2. Neutron Detection Mission

The overall spectrum of the energy deposited in the neutron detector during the gamma mission,
shown in Figure 9, basically indicates that there was no neutron emission in the area: one neutron
detected in 530 seconds is compatible with environmental background. Profiting by the availability
of a neutron generator inside the shielded hall at AiNT, a dedicated neutron mission was done with
the MiniRadMeter placed on a tray just facing its output window (Figure 10). The neutron flux and
spectrum in such a position and geometrical arrangement was not well known, even though it was
estimated between 1x10* and 4x104 n/cm?/s. This is why the mission was prudentially performed with
the MiniRadMeter alone in order to prevent a possible damage to the UGV and/or other equipment
onboard. An acquisition of 150 seconds was run and a rate of about 100 counts/s of thermalized
neutrons was measured. Given the 5% detection efficiency, this corresponds to = 2000 thermal
neutrons/s/cm? on the SiLiF detector. Assuming a = 10% average thermalization efficiency [2] we
roughly estimated an incoming flux of the order of 2x10* n/cm?/s, compatible with the coarse
expectation from the generator in the employed operating conditions. In Figure 11a we show the
deposited energy spectrum where the threshold of 1.5 MeV, recommended for an optimal gamma
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rejection [7,8], is highlighted. In this particular case the only gamma rays to be expected were 473 keV
and 2.2 MeV, produced by neutron capture respectively on Boron and Hydrogen in the borated
polyethylene incorporating the generator. The contribution of these gamma rays into the spectrum
comes only from Compton scattering and above 1.5 MeV it is basically null. As a check we also looked
at the spectrum recorded by the gamma detector while measuring at the neutron generator, that is
shown in Figure 11b. A prominent peak at 473 keV is visible, as expected, along with the bump at 166
keV from its Compton backscattering. The long tail at higher energy is likely due to the Compton
scattering of the 2.2 MeV gamma rays and by neutron activation of the surrounding materials.
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Figure 9. Overall spectrum of the energy deposited in the neutron detector throughout the 530
seconds of the mission.

Figure 10. The MiniRadMeter placed on a tray in front of the neutron generator output window.
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Figure 11. (a) Spectrum of the energy deposited in the SiLiF detector. The threshold at 1.5 MeV,
recommended for an optimal gamma rejection [7,8], is highlighted. (b) Spectrum recorded by the
gamma detector while measuring at the neutron generator. The expected peak at 473 keV is visible,
as well as the bump at 166 keV from its Compton backscattering.

4. Discussion

Since the gamma detector is not simply a counter, but also produces a spectrum, it makes
possible to measure the dose rate in a more appropriate fashion, i.e., by measuring the energy
effectively deposited on the crystal. Thus, the average dose rates in the a-f regions were calculated
by means of the weighted integral of each spectrum, according to Eq.1.

D=ZEE-C(E)-e

. 106 - 1
P 10° - 3600 [uSv/h] 1)
where
D = dose rate in uSv/h;
E = energy value of the spectrum bin in eV;

c= spectrum counts in the bin E;

e=1.6-10"" is the electron charge in Coulomb;

t= data collection duration in seconds;

m =mass of the crystal, i.e., 0.00451 kg;

106 is required to go from Sv to uSv, and 3600 is the number of seconds in one hour.

The obtained values, along with their statistical uncertainty, are listed in Table 1 and denoted as
measured. The agreement between direct and measured values looks fairly reasonable. However, as
a further verification of the correctness of the order of magnitude we also ran a few simulations using
the FLUKA [17] and Flair [18] software. A skeletal geometric reconstruction of the UGV in front of
the sources was reproduced and the approximate distances between the sources and the gamma
detector were estimated by means of several videos and photographs taken during the mission. Three
configurations were simulated, and the resulting expected dose rate profile was produced for the
three main positions in front of the ¥Cs + ©Co (Figure 12), 2! Am (Figure 13) and *>Eu (Figure 14)
sources, along with the corresponding pictures. Even though the exact geometry was not
implemented, the resulting simulated dose rate values, listed in Table 1, are fairly close to the values
obtained with the MiniRadMeter.

A simulation was also performed for the neutron measurement with the generator. The neutron
spectrum in the measurement position was not known, as it was outside the generator itself. We
presumed the real spectrum should have a well thermalized component, because of the massive
polyethylene moderator, and a partially moderated higher energy one exiting the access window
almost directly. The proportions were not known, therefore we simulated separately three beams of
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10

2x10* n/cm?/s, over a 6x6 cm? area, for the three impinging neutron energies 25 meV, 100 keV and 1
MeV. The resulting flux distributions are shown in Figure 15.
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Figure 12. (a) The UGV in front of the '’Cs + %Co sources. (b top). Simulated 3D dose rate profile. (b
bottom). Dose rate distribution in a vertical plane containing the gamma detector.
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Figure 13. (a) The UGV in front of the '52Eu source. (b top). Simulated 3D dose rate profile. (b bottom).
Dose rate distribution in a vertical plane containing the gamma detector.
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Figure 14. (a) The UGV in front of the ! Am source. (b top). Simulated 3D dose rate profile. (b
bottom). Dose rate distribution in a vertical plane containing the gamma detector.
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Figure 15. Neutron flux distribution in the MiniRadMeter, simulated with an initial monoenergetic
beam of 2x10* neutrons/cm?/s impinging on the moderator. (a) The simulated geometry. (b) Beam
energy 25 meV. (c) Beam energy 100 keV. (d) Beam energy 1 MeV.

By looking at the Figure 15b one can see how the thermal neutron flux is mainly localized in the
moderator, where neutrons are kept bouncing for a while and then scattered away or captured in
hydrogen, while a small fraction interacts with the SLiF converter and the produced °H and/or ‘He
are detected by the silicon diode. When the neutron beam energy is increased to 100 keV (Figure 15c)
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and to 1 MeV (Figure 15d) the flux increases more deeply in the moderator and in the electronics box.
The three corresponding spectra of the energy deposited in the silicon detector, reported in Figure
16, show that the assumptions about the real flux are reasonable by comparison with Figure 11a. The
total and the neutron counts (i.e., for E > 1.5 MeV) in the spectra of Figure 16 and Figure 11 are listed

in Table 2.
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Figure 16. (a) The deposited energy spectra in the silicon detector for the three simulated neutron
fluxes of Table 2 and Figure 15b,c,d.

Table 2. Total and neutron counts (i.e., for Edaep > 1.5 MeV) in the spectra of Figure 16 and Figure 11.

flux total counts/s neutrons/s note
2x104 n/cm?/s, 25 meV 487 330 simulation
2x10* n/cm?/s, 100 keV 125 86 simulation
2x104 n/cm?/s, 1 MeV 50 36 simulation
measured 174 101 experimental

Two important features of the MiniRadMeter to be investigated are the Minimum Detectable
Activity (MDA) and the Minimum Detectable Neutron Flux (MDNF) for the gamma and for the
neutron detectors respectively. To calculate the MDA in the described operating conditions we refer
to the 662 keV gamma rays from a pointlike ¥Cs source, knowing that the gamma interaction
probability in 1 cm of CsI(T]) is about 0.3 [16] and the geometrical efficiency is a function of the
distance between the source and the detector. Considering a data collection duration of 10 seconds,
and an average background rate of about 4.04 counts/s measured in 80 seconds as reported in Figure
8f and Table 1, the MDAus%, i.e., at 95% confidence level, can be calculated (in Becquerel) by means of

Eq.2 [19-21]
34329 Ry t;- (1+55)
L 2)
MDA95% = ts E

where

Re= background count rate;

ts= sample count time;

= background count time;
E=  detector efficiency in counts/decay, i.e., 0.3 times the geometric efficiency.

The results as a function of the source-detector distance are plotted in Figure 17, considering that
the position where the MiniRadMeter is installed on the UGV is such that the minimum distance
from a possible radiation source is about 30 cm. Just for comparison, the same calculation was done
and the results plotted for another case, where we assumed a sampling time of 60 s and a background
collection time of 300 s. The plot can be taken as a reference as it shows that even a scan of 10 s makes
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possible to successfully detect a gamma source with activity of the order of a few 105 Bq within one
meter distance. The upper limit of the system is the high-rate capability. Indeed the 20 us signal
integration time we employed can be lowered to 5 us with little influence on the energy resolution,
thus implying a counting rate limit of the order of 100000 counts/s. By means of the previous
calculation we translated this limit into an activity upper limit as a function of the distance which is
plotted in Figure 17 as well.
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©

-B-Activity upper limit
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Activity [Bal

--MDA 60s sampling

107 |
100 [

105 |
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Source-detector distance [cm]

Figure 17. Operational range of the MiniRadMeter gamma detector, between Minimum Detectable
Activity and activity upper limit, as a function of its distance from a pointlike ¥’Cs source. Shown are
two MDA cases with 10s and 60s sampling time.

A slightly modified version of Eq.2, where the efficiency E is replaced by the average intrinsic
detection efficiency, can be exploited to calculate the MDNEF. The measurement during the gamma
mission produced only one neutron count in 530 s. For our estimate we assume this as a background
rate and consider a sampling duration of 10 s. In the case of a thermal neutron flux, therefore running
without moderator, the detection efficiency is 5% and gives rise to MDNF = 6.9 neutrons/cm?/s. If
running with the moderator, thus assuming a worse average detection efficiency ¢ = 0.5% for
neutrons between thermal and 1 MeV energy, the resulting value is MDNF = 69 neutrons/cm?/s.

In the end, after validating the reliability of the numerical simulations and calculating the
detection limits of the MiniRadMeter, we set up a simplified geometry in order to see what the
detector performance could be in a realistic condition. In Figure 18 we show a presumable
environment to be inspected, that is a long tunnel with pipes, valves, cables. We assumed that a 70
cm section a vertical pipe, whose midpoint is located at 2.5 m height, is contaminated with 10 MBq
of ©Co. While the UGV moves along the corridor it reaches a position where the distance between
the pipe’s midpoint and the gamma detector is about 2 m. The calculated MDA for such a distance in
ten seconds is = 4 MBq for 1¥7Cs, that roughly scales down to 2 MBq for ©Co due to the two gamma
rays emitted per decay, meaning that the activated pipe would be easily detected. The simulated
counting rate is 20 counts/s, the deposited energy spectrum (ideal) and the corresponding one
convoluted with the typical detector resolution of 7% FWHM at 662 keV are shown in Figure 19.
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Figure 18. Simulation of a hypothetical environment to be inspected: a long tunnel with pipes, valves,
cables. A 70 cm vertical pipe section, highlighted in red for clarity (top left), was assumed as
contaminated with 10 MBq of ®Co. The dose rate scale only refers to the UGV.
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Figure 19. Simulated spectrum of the energy deposited into the gamma detector in the configuration
of Figure 18 in 10 s acquisition. (a) Ideal case with perfect energy resolution. (b) Realistic case
convoluted with the typical detector resolution.

5. Conclusions

The MiniRadMeter device, developed in the framework of the H2020 CLEANDEM project, was
installed on an unmanned ground vehicle. A simulated field mission was performed in a shielded
hall with four “hidden” radioactive sources and a neutron generator, to prove its capability as a quick
scanner for gamma and neutron radiation mapping in case of decommissioning and/or nuclear
accident remediation. The data collected during the mission were validated by numerical
simulations. Despite its low cost and compact size the MiniRadMeter showed interesting
performance in terms of reliability and sensitivity. The quantified minimum detectable gamma
activity and neutron flux make it suitable for the task it was aimed at. The overall features of this
device make it an interesting candidate for the installation onboard small flying drones to be operated
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indoor or outdoor, in environments where it can fly in hummingbird fashion for close inspection of
possibly contaminated rooms and locations.
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