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The manuscript clarifies the issues concerning the effective miniaturization of readout of the
plastic scintillators while maintaining their high detection efficiency and sensitivity. Values
obtained from the measurements of the chosen gamma emitters (°°Co, 137Cs, 241Am), at vari-
ous distances, were used to compare the detection efficiencies. The organic plastic scintilla-
tors, with the ternary system of different shapes and volumes, were chosen for the measure-
ment. The detection parameters for the examined 1" PMT, with variable photocathode
geometry, were experimentally found and compared to the normally used 2" PMT, with the
circular type of photocathode. The primary aim of this work was to verify whether, in the case
of mobile applications, such as UAYV, it is possible to replace the currently bulky and quite
heavy electronics with a miniature version and simultaneously preserve their detection pa-

rameters.
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INTRODUCTION

Scintillation detectors, together with semicon-
ductor detectors, belong to the most used detectors for
spectrometry of ionizing radiation, especially for
low-resolution gamma spectrometry. In addition, the
detection of radioactive contamination is mostly per-
formed using gas, semiconductor, or just scintillation
detectors. The wide variety of scintillation detectors is
due to different properties of the scintillation materials
and read-out electronics (e. g. photomultiplier (PMT),
avalanche photodiode (AVPD), and silicon photomul-
tiplier (SiPM)). These properties determine their ap-
plication usage, such as their use in nuclear physics for
detection of different types of radiation [1-5]. Further
use is inradiochemistry [5-7], radiology [8-10], metal-
lurgy [11-13] and in the industry for discharging static
charge, thickness gauge, level meter, etc. The high
sensitive scintillation detectors are commonly used for
uranium and thorium ore prospecting [14-16].

Another area, where scintillation detectors are
widely used, are security and safeguard applications
[17-19]. Among the special cases of security applica-
tions are detection systems for long-range mapping of
radiation field using a robot or UAV. One of the many
examples is the detection system Androne (project
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MOSTAR funded by Ministry of Interior of Czech Re-
public) designed for dose rate measurement. It can be
mounted on a robot, or drone; in this case on Orpheus
platform (Brno University of Technology, CZ) and
Kingfisher (Robodrone Industries Inc.). This solution
can dramatically enhance the ability to measure at lo-
cations that may be highly contaminated, or where a
helicopter can not be deployed. Another possible use
lies in searching for lost or hidden sources or illegal
transportation. The system consists of 9 cm x 9 cm cy-
lindrical plastic scintillation detector (Nuvia, CZ) with
readout electronics, high voltage (HV) module,
multichanel analyzer (MCA), global positioning sys-
tem (GPS), control and data transfer module (fig. 1)
[20].

Figure 1. Mobile detection system ANDRONE
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All the above-mentioned applications have one
thing in common — the best detection characteristics of
scintillators and the dimension and weight of the sys-
tem. The aim of the work is to compare the detection
efficiencies of 2" standard PMT with a circular
photocathode, with 1" PMT with different types of
photocathodes, in connection with plastic scintillators
with different detection volumes. As far as we know,
this comparison has never been done before.

EXPERIMENTAL
Device and equipment

The following sizes and shapes of plastic detec-
tors (Nuvia, CZ) were chosen: 9 cm x 9 cm cylindrical
and board types with dimensions of 15 cm x 10 cm x
x 5cm, 80 cmx 10 cmx 5cmand 100 cm x 50 cm x
x 5 cm. The composition of all the detectors was done
as — polystyrene matrix with p-terphenyl (PPO) as a
primary fluor and 1,4-bis(5-phenyl oxazole-2-yl)ben-
zene (POPOP) as a wavelength shifter.

The 2" PMT with circular photocathode type
9266KB50 (ET Enterprises, GB) was used as an etalon
for all plastic scintillators. The digiBase (Ortec, USA)
was used as read-out electronics. The spectra evalua-
tions were performed using GammaVision v. 6.07
(Ortec, USA). The 3 x 3" Nal: Tl detector (Harshaw,
USA), as a representative of the inorganic scintillator,
was used for comparison the measurements. The
read-out electronics, as well as software, were the
same. In order to use 1" PMT, the new active divider
and preamplifier were developed (Nuvia, CZ, fig. 2).

The comparison measurements were performed
for 1" PMT with different photocathodes: circular
photocathode (9107B), 21t photocathode (9900B), and
hemispherical photocathode (9114B). The gain of all
PMT was the same (10°). The active areas of used PMT
are stated in tab. 1. The MCA NuNa was used as readout
electronics and the spectra evaluations were performed
using NuSOFT GAMWIN (both Nuvia, CZ).

The settings (tab. 2) differed depending on the type
of the detector used. All the detectors were calibrated at

Figure 2. Active divider (left) and active divider in
connection with a preamplifier (right)

Table 1. Active areas of the used photomultipliers

PMT Designation ['2 Irl:zaj 9 621(agzl(?slgMT
9266KB50 2" circular 20.83 -

9107B 1" circular 6.25 3.3x smaller

9900B 1" 27 23.96 1.2x bigger

9114B 1" hemispherical | 10.13 2.1x smaller

Table 2. Used settings of the selected PMT in connection
with different plastic scintillators

Dimensions on "
of the detector| Parameters | . lar| circular| 1" 2™ 1" hem
[cm] circular| circular
HV [V] 970 818 | 818 | 803
9%x9 :
"eylinder” Co?rse g.aln 1 2 8 1
Fine gain 0.5 1.5 1.5 1.5
HV [V] 920 880 | 810 | 806
15x10x5 :
"block" Co.arse g.aln 1 2 8 1
Fine gain 1.2 1.5 1.5 1.5
HV [V] 1095 | 950 | 855 | 880
80 ?fb;(r)”x 5 Coarse gain 1 8 16 2
Fine gain 1.2 1.5 1.5 1.5
HV [V] 1100 | 950 | 855 | 880
100 x 50 x 5 :
"board" Co.arse g'aln 3 8 16 2
Fine gain 1.2 1.5 1.5 1.5

the Compton edge of the '*’Cs radionuclide so that the
resulting spectrum ranged from 0-2000 keV.

DOW Corning grease was used as an optical
coupling. The radionuclide sources °°Co (3.44 MBq),
137Cs (7.73 MBq), and ?*' Am (50.44 MBq) with the
activity related to the date of June 10, 2017, were used
for comparative measurements.

Method of the measurement

The detector was fastened to the stand at height
of 1 m. In addition, the center was marked for all the
detectors. The measurements were carried out accord-
ing to the same procedure for all the radionuclides.
The source was placed at a different distance which
varied from 0.5 m up to 5 m directly opposite to the
marked center of the detector. The distance varied for
detectors with volumes less than 1000 cm? and for de-
tectors with volumes greater than 1000 cm?. For a pair
of smaller detectors, these distances were 0.5-3 m, for
the two larger detectors this distance was from 1 m to
5 m with the meter spacing. Subsequently, measure-
ments were made twice at each distance to a preset
time (live time) of 600 s. The background was mea-
sured before and after the pair of measurements of the
emitter, at each distance. The net spectrum was calcu-
lated subtracting the first background from the first
measurement and the second background (after the
measurement) from the second measurement, at each
distance. After that, these two spectra were averaged.
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The procedure was the same for all the radionuclides,
types of detectors and PMT.

RESULTS AND DISCUSSION

To compare the efficiency of plastic scintillators
in connection with 2" PMT, a 3" Nal:T1 scintillation
detector was selected, as a standard. Due to the ab-
sence of full energy peak (FEP) in plastic scintillators,
itis impossible to calibrate plastic detectors in a classi-
cal way. The most commonly used method to perform
energy calibration for those types of detectors is to uti-
lize the Compton edge. The quality (slope) of the
Compton edge determines the quality of energy cali-
bration and semi-spectrometric determination of
radionuclides, or dose/dose rate calculation.

As can be seen in tab. 3, the large-volume detec-
tors in connection with 2" PMT achieved at least 4
times better efficiency than an inorganic 3" Nal: T1 de-
tector at 3 m distance, for all the radionuclides. The
highest efficiency was achieved using detector with
25 Lofdetection volume followed by 4 L detector. The
lowest detection efficiency exhibited the cylindrical
detector. Considering the very similar shape, but al-
most 2 times bigger detection volume (573 cm? vs.
348 cm?), the detection efficiency was more than 4
times worse than the efficiency achieved using Nal: T1.
The results indicated the irreplaceable role of
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°
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connection with different types of
PMT
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large-volume detectors, which are widely used in radi-
ation monitoring and portal monitors.

The first detector which was tested was a cylin-
drical detector with a similar shape as the standard
Nal:Tl crystal. The highest detection efficiency (fig. 3)
was achieved using 2" PMT, especially when low en-
ergy radiation was measured (59.5 keV), where the ef-
ficiency was more than 2 times higher than when 1"
PMT were used. The difference between detection ef-
ficiency of 2" and 1" PMT is approximately 30 % in fa-
vor of 2" when high energy photons were measured.
The variance among 1" PMT with different types of
the photocathodes, is almost negligible.

Due to the larger volume (750 cm?) the detection
efficiency is higher, but still followed the previous
trend, at least in terms of low energy detection. The
difference was still more than 2 times higher. When
measuring medium and high-energy photons, the dif-
ference among all PMT was not uniform, as in the pre-
vious case. As can be seen in fig. 4, the type of the
photocathode exhibited greater importance than in the
previous case. Because the detection efficiencies of 1"
PMT and 2" PMT were close to each other, it can be
presumed that the use of 1" PMT in block type detec-
tors is possible without significant loss of detection ef-
ficiency.

Figure 5 shows a graph of the efficiency of the
bar detector. Results clearly confirm that the best de-
tection efficiency was undoubtedly achieved using 2"

" 2n Cs-137
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1
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o
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Table 3. Absolute detection efficiency of selected Nal:T1 and plastic scintillators in connection with 2" PMT

Absolute efficiency [x107 %]

T S ST, Lt o oo {fem < em 2
Am | “'Cs Co Am| "'Cs | "Co Am | "'Cs Co Am| "'Cs | "Co Am Cs Co

0.5 133 | 344 | 708 32 103 | 215 45 134 | 279 - - - - - -

1 36 101 | 216 8 30 61 15 47 94 258 | 1039 | 2186 | 215 | 1654 | 3638

1.5 17 54 110 4 15 33 6 21 43 - - - - - -

10 35 75 2 9 21 4 14 27 70 293 | 654 54 443 | 981

5 19 42 1 5 11 2 7 15 33 151 313 25 225 | 479

12 26 - - - -

- - 19 89 201 14 136 | 306

(S RN RS S}

2 8 19 - - - -

- - 8 46 98 10 92 199
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PMT, with very low efficiency for 1" measurement results. Another possibility is that the

photomultipliers. The results obtained from this type
of detector were burdened by a considerable error,
which, even after repeated measurements, showed a
very poor linearity of the results. This behavior is
probably caused by a damage of the detector structure,
a crack or a scratch on the surface, or in the volume of
the detector, resulting in variation in behavior and
scintillation reflection. This could result in distorted

detector could have been poorly grounded, resulting in
accidental charging and discharging of the detector,
consequently resulting in unclear results or low effi-
ciency.

Due to the interaction of ionizing radiation in the
volume of the detector, when there is no photoelectric
effect for higher photon energies, but only Compton
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Figure 7. A visualization showing the tracks of twenty
~662 keV photons incident on a polyvinyl toluene
detector; (a) oblique view, (b) side view [21]

scattering takes place, thus no photopeak arises in the
spectrum, it was very difficult to properly adjust the
settings. Even the Compton edge was not clearly visi-
ble, thus the settings were taken from the bar detector.
The reason can be found in multiple reflections and a
relatively small area of the photocathode, in compari-
son with the volume of the detector (25 L). The highest
detection efficiency (fig. 6), when dealing with low
energy (59.5 keV), was observed using 2" PMT. Un-
like the other detectors, the 1" PMT with 2n
photocathode reached the highest detection efficiency
for middle and high energies. Although the settings
were indicative, results indicated the better use of 27
photocathode for a given type of detector. The simula-
tion of reflection is given in fig. 7. As shown in the fig-
ure, there are countless reflections in the volume of the
detector affecting the resulting spectrum.

A summary of the obtained data is given in tab. 4,
where the calculated detection efficiencies of the investi-
gated detectors in connection with different types of
photomultipliers, normalized to the detection efficiency
of Harshaw, at a dose rate of 1 uSvh!, are listed. The
stated results were computed based on regression lines
equation, obtained using data from figs. 3-6.

CONCLUSIONS

The plastic scintillation detectors with different
shapes and volumes were selected for this work, for
which the detection parameters were measured. The
main attention was paid to 1" photomultipliers type
9900B, 9107B, and 9114B, which were measured at
different distances, along with the selected detectors.
The comparison was performed using an inorganic
Nal:T1 Harshaw scintillation detector, which was pri-
marily used as a standard for comparison with detec-
tion efficiencies of 2" photomultiplier (ET Enter-
prises, GB), specifically the type 9266KB50, as a
standard type of PMT, which is widely used today. The
detection efficiency of 1" photomultiplier was related
to the detection efficiency of 2" PMT, in conjunction
with the respective types of plastic detectors.

It has been confirmed that approximately similar
volumes of plastic scintillation detectors have lower
detection efficiency, up to 80 % on average. On the
other hand, plastic detectors are significantly lighter.
In the following overview, the efficiency of the com-
pared 1" photomultiplier normalized to the efficiency
of 2" PMT, is numerically expressed. The average of
the detection efficiencies at the measured distances,
normalized to the detection efficiency of 2" PMT, at
given distances, is shown in tab. 5.

The detection efficiencies of the cylindrical and
the block type detector were relatively high, ranging
from 77 up to 81% of the 2" PMT detection efficiency
for the energy of 661.62 keV. The biggest difference
was observed when low energy photons (59.5 keV)
were measured, where the detection efficiency
dropped to 40 %. On the other hand, using bulky detec-
tors together with 1" photomultipliers, did not come
close to the efficiency achieved by low-volume detec-
tors. The only exception was the configuration of 1"
PMT with 2r photocathode, where the detection effi-
ciency was particularly high for cobalt and HV corre-
sponded to the bar detector. This result should be taken

Table 4. Relative detection efficiencies [%] of the selected plastic scintillators and PMT, normalized to detection efficiency

of Nal: Tl at a dose rate of 1 uSvh™

Detector - 2" circu]1f17r Aetr [%] 1" circular Agg [%] 1" 27 Aetr [%0] 1" hemi Aesr[%]
Am R 0o | 2Am | PCs 0Co | *'Am 1370 0Co MAm 1370 0Co
Cylinder 24 30 31 11 22 21 9 23 22 9 21 21
Block 34 41 43 20 33 29 16 39 37 16 35 33
Bar 776 1156 1162 62 162 116 109 220 163 85 196 163
Board 647 1839 1933 123 956 1218 362 2096 2996 26 1287 1411

Table 5. Average detection efficiencies of 1" PMT normalized to detection efficiency of 2" PMT

Detector type |51 1" circularl 3I;MT (9107]33 - 1" 21 PII\;I7T (9900B) - - 1" hemi I;I;/IT 91 14B)60
Am Cs Co Am Cs Co Am Cs Co
Cylinder | 472+1.5|774+64 | 662+42 | 434+33 | 81.4+74 | 688+41 | 41+28 | 77.6+72 | 64.8+3.3
Block 506+54 | 744+74 | 65+3.5 |398+4.1 |852+87|794+6.1 | 402+4.1 | 80+52 | 71.6+3.4
Bar 8.8+1.8 17+35 | 124433 | 194+54 | 202+27 | 19+£5.7 128+3 | 19.6+3.6 | 15.8+2.7
Board 224413 | 464+32 | 51+6.7 | 38.8+£10 | 57.8+54 |87.4+286| 41+1 61.6+45 | 568+7
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very indicatively, because the gain and HV correspond
to the bar detector settings.

Due to the measurement results, it is possible to
consider the miniaturization of the system and the use
ofthese diminished devices in applications that are un-
able to displace or use often heavy systems. The differ-
ence in the weight of 2" PMT with a circular
photocathode and 1" PMT with a hemispherical
photocathode, all with active divider, preamplifier and
BNC type of connectors, is threefold in favor of 1"
PMT. In addition, the outer dimensions play in favor of
1 "PMT. The length of 1" hemi PMT is two and a half
times smaller than 2" circular PMT.Due to the low
weight and small dimensions, it would be possible to
incorporate plastic detectors utilizing 1" PMT into the
detecting means of first responders, such as robots,
UAVY, etc.
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Jupxu JAHIA, Caouna XOXHOBA

INOPEBEILE ITAPAMETAPA JETEKHMWIE ®OTOMYJITUIIIUKATOPA
Y 3ABUCHOCTUA O OBJINKA CIHUMHTHMIATOPA

OsBaj pajg pacBeT/baBa MNuTama e(QUKaCHE MUHHUjaTypu3alyje OYMTaBama IIACTUYHUX
CHUHTUIATOpPA Y3 Ofp3KaBale HIHXOBE BHCOKE e(PUKACHOCTH AeTeKkluje U oceTibuBocTH. I[lopebeme
ehMKacHOCTH fieTeKIHja 006aB/bEHO je Ha OCHOBY BPETHOCTH Mepeha 3a n3adpane rama emutepe (“Co, ¥7Cs,
241 Am) Ha pa3IMYUTHM Ya/beHOCTUMA. 3a Mepeha Cy O1abpaHn OPTraHCKU IUIACTHYHY CUMHTHIATOPY Ca
TPOjHAM CHCTEMOM pa3NMYUTHX OONWMKa W 3anpemuHa. EKcnepuMeHTanHO cy yTBpbeHM mapameTpu
feTeKIMje jeTHOMHYHUX (POTOMYITHIUIMKATOPCKUX L[EBU ca MPOMEHIBUBOM IFeOMETPHjoM (POTOKATOAE U
ynopebeHn ca craHAapAHO KOPUIThEHWM JBOMHYHUM (POTOMYJITHIUIMKATOPCKUM I[EBAMA Ca KPYsKHUM
tunoM (porokarope. [Ipnmapan b OBOT paja je BepuduKanyja MOTyhHOCTH 3aMeHe TIIOMa3He U BeoMa
TelIKe eJIeKTPOHWKE Ca MWHHjaTypHOM BEp3HMjOM Y3 Ofip>KaBame INapameTapa AeTeKIuje Yy MOOWIHUM
IpUMeHaMa Kao LITO Cy OECHUIOTHE JIETEHIIE.

Kwyune peuu: e¢puxacnocit oeitiekyuje, poitiomyAUUTAUKATUOPCKA Ue8, POTUOMYATUUTAUKATLOD,
CYUHIIUAAUUOHU OeIUeKIop, HAACTHUYHU OellleKIop




