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The manu script clar i fies the is sues con cern ing the ef fec tive min ia tur iza tion of read out of the
plas tic scin til la tors while main tain ing their high de tec tion ef fi ciency and sen si tiv ity. Val ues
ob tained from the mea sure ments of the cho sen gamma emit ters (60Co, 137Cs, 241Am), at var i -
ous dis tances, were used to com pare the de tec tion ef fi cien cies. The or ganic plas tic scin til la -
tors, with the ter nary sys tem of dif fer ent shapes and vol umes, were cho sen for the mea sure -
ment. The de tec tion pa ram e ters for the ex am ined 1" PMT, with vari able photocathode
ge om e try, were ex per i men tally found and com pared to the nor mally used 2" PMT, with the
cir cu lar type of photocathode. The pri mary aim of this work was to ver ify whether, in the case
of mo bile ap pli ca tions, such as UAV, it is pos si ble to re place the cur rently bulky and quite
heavy elec tron ics with a min ia ture ver sion and si mul ta neously pre serve their de tec tion pa -
ram e ters.
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INTRODUCTION

Scin til la tion de tec tors, to gether with semi con -
duc tor de tec tors, be long to the most used de tec tors for
spec trom e try of ion iz ing ra di a tion, es pe cially for
low-res o lu tion gamma spec trom e try. In ad di tion, the
de tec tion of ra dio ac tive con tam i na tion is mostly per -
formed us ing gas, semi con duc tor, or just scin til la tion
de tec tors. The wide va ri ety of scin til la tion de tec tors is
due to dif fer ent prop er ties of the scin til la tion ma te ri als 
and read-out elec tron ics (e. g. photomultiplier (PMT),
av a lanche photodiode (AVPD), and sil i con photomul -
ti plier (SiPM)). These prop er ties de ter mine their ap -
pli ca tion us age, such as their use in nu clear phys ics for
de tec tion of dif fer ent types of ra di a tion [1-5]. Fur ther
use is in radiochemistry [5-7], ra di ol ogy [8-10], met al -
lurgy [11-13] and in the in dus try for dis charg ing static
charge, thick ness gauge, level me ter, etc. The high
sen si tive scin til la tion de tec tors are com monly used for 
ura nium and tho rium ore pros pect ing [14-16].

An other area, where scin til la tion de tec tors are
widely used, are se cu rity and safe guard ap pli ca tions
[17-19]. Among the spe cial cases of se cu rity ap pli ca -
tions are de tec tion sys tems for long-range map ping of
ra di a tion field us ing a ro bot or UAV. One of the many
ex am ples is the de tec tion sys tem Androne (pro ject

MOSTAR funded by Min is try of In te rior of Czech Re -
pub lic) de signed for dose rate mea sure ment. It can be
mounted on a ro bot, or drone; in this case on Or pheus
plat form (Brno Uni ver sity of Tech nol ogy, CZ) and
King fisher (Robodrone In dus tries Inc.). This so lu tion
can dra mat i cally en hance the abil ity to mea sure at lo -
ca tions that may be highly con tam i nated, or where a
he li cop ter can not be de ployed. An other pos si ble use
lies in search ing for lost or hid den sources or il le gal
trans por ta tion. The sys tem con sists of 9 cm ́  9 cm cy -
lin dri cal plas tic scin til la tion de tec tor (Nuvia, CZ) with 
read out elec tron ics, high volt age (HV) mod ule,
multichanel an a lyzer (MCA), global po si tion ing sys -
tem (GPS), con trol and data trans fer mod ule (fig. 1)
[20].
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* Cor re spond ing au thor; e-mail: jiri.janda@unob.cz Figure 1. Mo bile de tec tion sys tem ANDRONE



All the above-men tioned ap pli ca tions have one
thing in com mon – the best de tec tion char ac ter is tics of
scin til la tors and the di men sion and weight of the sys -
tem. The aim of the work is to com pare the de tec tion
ef fi cien cies of 2" stan dard PMT with a cir cu lar
photocathode, with 1" PMT with dif fer ent types of
photocathodes, in con nec tion with plas tic scin til la tors
with dif fer ent de tec tion vol umes. As far as we know,
this com par i son has never been done be fore.

EXPERIMENTAL

Device and equipment

The fol low ing sizes and shapes of plas tic de tec -
tors (Nuvia, CZ) were cho sen: 9 cm ́  9 cm cy lin dri cal
and  board  types  with di men sions of 15 cm ́  10 cm ́
´.5 cm,  80  cm ́   10  cm ́   5 cm and 100 cm ́  50 cm ́
´.5 cm. The com po si tion of all the de tec tors was done
as – poly sty rene ma trix with p-terphenyl (PPO) as a
pri mary fluor and 1,4-bis(5-phenyl oxazole-2-yl)ben -
zene (POPOP) as a wave length shifter.

The 2" PMT with cir cu lar photocathode type
9266KB50 (ET En ter prises, GB) was used as an etalon 
for all plas tic scin til la tors. The digiBase (Ortec, USA)
was used as read-out elec tron ics. The spec tra eval u a -
tions were per formed us ing GammaVision v. 6.07
(Ortec, USA). The 3 ´ 3" NaI:Tl de tec tor (Harshaw,
USA), as a rep re sen ta tive of the in or ganic scintillator,
was used for com par i son the mea sure ments. The
read-out elec tron ics, as well as soft ware, were the
same. In or der to use 1" PMT, the new ac tive di vider
and preamplifier were de vel oped (Nuvia, CZ, fig. 2). 

The com par i son mea sure ments were per formed
for 1" PMT with dif fer ent photocathodes: cir cu lar
photocathode (9107B), 2p photocathode (9900B), and
hemi spher i cal photocathode (9114B). The gain of all
PMT was the same (106). The ac tive ar eas of used PMT
are stated in tab. 1. The MCA NuNa was used as read out
elec tron ics and the spec tra eval u a tions were per formed
us ing NuSOFT GAMWIN (both Nuvia, CZ).

The set tings (tab. 2) dif fered de pend ing on the type 
of the de tec tor used. All the de tec tors were cal i brated at

the Compton edge of the 137Cs radionuclide so that the
re sult ing spec trum ranged from 0-2000 keV.

DOW Corn ing grease was used as an op ti cal
cou pling. The radionuclide sources 60Co (3.44 MBq),
137Cs (7.73 MBq), and 241Am (50.44 MBq) with the
ac tiv ity re lated to the date of June 10, 2017, were used
for com par a tive mea sure ments.

Method of the measurement

The de tec tor was fas tened to the stand at height
of 1 m. In ad di tion, the cen ter was marked for all the
de tec tors. The mea sure ments were car ried out ac cord -
ing to the same pro ce dure for all the radionuclides.
The source was placed at a dif fer ent dis tance which
var ied from 0.5 m up to 5 m di rectly op po site to the
marked cen ter of the de tec tor. The dis tance var ied for
de tec tors with vol umes less than 1000 cm3 and for de -
tec tors with vol umes greater than 1000 cm3. For a pair
of smaller de tec tors, these dis tances were 0.5-3 m, for
the  two  larger de tec tors this dis tance was from 1 m to
5 m with the me ter spac ing. Sub se quently, mea sure -
ments were made twice at each dis tance to a pre set
time (live time) of 600 s. The back ground was mea -
sured be fore and af ter the pair of mea sure ments of the
emit ter, at each dis tance. The net spec trum was cal cu -
lated sub tract ing the first back ground from the first
mea sure ment and the sec ond back ground (af ter the
mea sure ment) from the sec ond mea sure ment, at each
dis tance. Af ter that, these two spec tra were av er aged.
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Figure 2. Ac tive di vider (left) and ac tive di vider in
con nec tion with a preamplifier (right)

Table 1. Active areas of the used photomultipliers

PMT Designation Area
[cm2]

D against
9266KB50 PMT

9266KB50 2" circular 20.83 –

9107B 1" circular 6.25 3.3x smaller

9900B 1" 2p 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
of the detector

[cm]
Parameters 2"

circular
1"

circular 1" 2p 1" hem

9 ´ 9
"cylinder"

HV [V] 970 818 818 803

Coarse gain 1 2 8 1

Fine gain 0.5 1.5 1.5 1.5

15 ´ 10 ´ 5
"block"

HV [V] 920 880 810 806

Coarse gain 1 2 8 1

Fine gain 1.2 1.5 1.5 1.5

80 ´ 10 ´ 5
"bar"

HV [V] 1095 950 855 880

Coarse gain 1 8 16 2

Fine gain 1.2 1.5 1.5 1.5

100 ´ 50 ´ 5
"board"

HV [V] 1100 950 855 880

Coarse gain 3 8 16 2

Fine gain 1.2 1.5 1.5 1.5



The pro ce dure was the same for all the radionuclides,
types of de tec tors and PMT.

RESULTS AND DISCUSSION

To com pare the ef fi ciency of plas tic scin til la tors
in con nec tion with 2" PMT, a 3" NaI:T1 scin til la tion
de tec tor was se lected, as a stan dard. Due to the ab -
sence of full en ergy peak (FEP) in plas tic scin til la tors,
it is im pos si ble to cal i brate plas tic de tec tors in a clas si -
cal way. The most com monly used method to per form
en ergy cal i bra tion for those types of de tec tors is to uti -
lize the Compton edge. The qual ity (slope) of the
Compton edge de ter mines the qual ity of en ergy cal i -
bra tion and semi-spec tro met ric de ter mi na tion of
radionuclides, or dose/dose rate cal cu la tion. 

As can be seen in tab. 3, the large-vol ume de tec -
tors in con nec tion with 2" PMT achieved at least 4
times better ef fi ciency than an in or ganic 3" NaI:T1 de -
tec tor at 3 m dis tance, for all the radionuclides. The
high est  ef fi ciency was achieved us ing de tec tor with
25 L of de tec tion vol ume fol lowed by 4 L de tec tor. The 
low est de tec tion ef fi ciency ex hib ited the cy lin dri cal
de tec tor. Con sid er ing the very sim i lar shape, but al -
most  2 times big ger de tec tion vol ume (573 cm3 vs.
348 cm3), the de tec tion ef fi ciency was more than 4
times worse than the ef fi ciency achieved us ing NaI:Tl. 
The re sults in di cated the ir re place able role of

large-vol ume de tec tors, which are widely used in ra di -
a tion mon i tor ing and por tal mon i tors.

The first de tec tor which was tested was a cy lin -
dri cal de tec tor with a sim i lar shape as the stan dard
NaI:Tl crys tal. The high est de tec tion ef fi ciency (fig. 3) 
was achieved us ing 2" PMT, es pe cially when low en -
ergy ra di a tion was mea sured (59.5 keV), where the ef -
fi ciency was more than 2 times higher than when 1"
PMT were used. The dif fer ence be tween de tec tion ef -
fi ciency of 2" and 1" PMT is ap prox i mately 30 % in fa -
vor of 2" when high en ergy pho tons were mea sured.
The vari ance among 1" PMT with dif fer ent types of
the photocathodes, is al most neg li gi ble.

Due to the larger vol ume (750 cm3) the de tec tion
ef fi ciency is higher, but still fol lowed the pre vi ous
trend, at least in terms of low en ergy de tec tion. The
dif fer ence was still more than 2 times higher. When
mea sur ing me dium and high-en ergy pho tons, the dif -
fer ence among all PMT was not uni form, as in the pre -
vi ous case. As can be seen in fig. 4, the type of the
photocathode ex hib ited greater im por tance than in the
pre vi ous case. Be cause the de tec tion ef fi cien cies of 1"
PMT and 2" PMT were close to each other, it can be
pre sumed that the use of 1" PMT in block type de tec -
tors is pos si ble with out sig nif i cant loss of de tec tion ef -
fi ciency. 

Fig ure 5 shows a graph of the ef fi ciency of the
bar de tec tor. Re sults clearly con firm that the best de -
tec tion ef fi ciency was un doubt edly achieved us ing 2"
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Table 3. Absolute detection efficiency of selected NaI:Tl and plastic scintillators in connection with 2" PMT

Distance 
[m]

Absolute efficiency [´10–3 %]

Harshaw 9 cm ´ 9 cm 15 cm ´ 10 cm ´ 5 cm 80 cm ´ 10 cm ´ 5 cm 100 cm ´ 50 cm ´ 5 cm
241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co

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 – – – – – –

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

3 5 19 42 1 5 11 2 7 15 33 151 313 25 225 479

4 3 12 26 – – – – – – 19 89 201 14 136 306

5 2 8 19 – – – – – – 8 46 98 10 92 199

Fig ure 3. De tec tion ef fi ciency of the
cy lin dri cal de tec tor (9 cm ´ 9 cm) in
con nec tion with dif fer ent types of
PMT



PMT, with very low ef fi ciency for 1"
photomultipliers. The re sults ob tained from this type
of de tec tor were bur dened by a con sid er able er ror,
which, even af ter re peated mea sure ments, showed a
very poor lin ear ity of the re sults. This be hav ior is
prob a bly caused by a dam age of the de tec tor struc ture,
a crack or a scratch on the sur face, or in the vol ume of
the de tec tor, re sult ing in vari a tion in be hav ior and
scin til la tion re flec tion. This could re sult in dis torted

mea sure ment re sults. An other pos si bil ity is that the
de tec tor could have been poorly grounded, re sult ing in 
ac ci den tal charg ing and dis charg ing of the de tec tor,
con se quently re sult ing in un clear re sults or low ef fi -
ciency.

Due to the in ter ac tion of ion iz ing ra di a tion in the

vol ume of the de tec tor, when there is no pho to elec tric

ef fect for higher pho ton en er gies, but only Compton
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Fig ure 5. De tec tion ef fi ciency of the
bar de tec tor (80 cm ́  10 cm ́  5 cm) in 
con nec tion with dif fer ent types of
PMT

Fig ure 6. De tec tion ef fi ciency of the
board de tec tor (100 cm ́  50 cm ́  5 cm)
in con nec tion with dif fer ent types of
PMT

Fig ure 4. De tec tion ef fi ciency of block
de tec tor (15 cm ´ 10 cm ´ 5 cm) in
con nec tion with dif fer ent types of
PMT



scat ter ing takes place, thus no photopeak arises in the

spec trum, it was very dif fi cult to prop erly ad just the

set tings. Even the Compton edge was not clearly vis i -

ble, thus the set tings were taken from the bar de tec tor.

The rea son can be found in mul ti ple re flec tions and a

rel a tively small area of the photocathode, in com par i -

son with the vol ume of the de tec tor (25 L). The high est 

de tec tion ef fi ciency (fig. 6), when deal ing with low

en ergy (59.5 keV), was ob served us ing 2" PMT. Un -

like the other de tec tors, the 1" PMT with 2p

photocathode reached the high est de tec tion ef fi ciency

for mid dle and high en er gies. Al though the set tings

were in dic a tive, re sults in di cated the better use of 2p

photocathode for a given type of de tec tor. The sim u la -

tion of re flec tion is given in fig. 7. As shown in the fig -

ure, there are count less re flec tions in the vol ume of the

de tec tor af fect ing the re sult ing spec trum.
A sum mary of the ob tained data is given in tab. 4,

where the cal cu lated de tec tion ef fi cien cies of the in ves ti -
gated de tec tors in con nec tion with dif fer ent types of
photomultipliers, nor mal ized to the de tec tion ef fi ciency
of Harshaw, at a dose rate of 1 mSvh–1, are listed. The
stated re sults were com puted based on re gres sion lines
equa tion, ob tained us ing data from figs. 3-6. 

CONCLUSIONS

The plas tic scin til la tion de tec tors with dif fer ent
shapes and vol umes were se lected for this work, for
which the de tec tion pa ram e ters were mea sured. The
main at ten tion was paid to 1" photomultipliers type
9900B, 9107B, and 9114B, which were mea sured at
dif fer ent dis tances, along with the se lected de tec tors.
The com par i son was per formed us ing an in or ganic
NaI:Tl Harshaw scin til la tion de tec tor, which was pri -
mar ily used as a stan dard for com par i son with de tec -
tion ef fi cien cies of 2" photomultiplier (ET En ter -
prises, GB), spe cif i cally the type 9266KB50, as a
stan dard type of PMT, which is widely used to day. The 
de tec tion ef fi ciency of 1" photomultiplier was re lated
to the de tec tion ef fi ciency of 2" PMT, in con junc tion
with the re spec tive types of plas tic de tec tors.

It has been con firmed that ap prox i mately sim i lar 
vol umes of plas tic scin til la tion de tec tors have lower
de tec tion ef fi ciency, up to 80 % on av er age. On the
other hand, plas tic de tec tors are sig nif i cantly lighter.
In the fol low ing over view, the ef fi ciency of the com -
pared 1" photomultiplier nor mal ized to the ef fi ciency
of 2" PMT, is nu mer i cally ex pressed. The av er age of
the de tec tion ef fi cien cies at the mea sured dis tances,
nor mal ized to the de tec tion ef fi ciency of 2" PMT, at
given dis tances, is shown in tab. 5.

The de tec tion ef fi cien cies of the cy lin dri cal and
the block type de tec tor were rel a tively high, rang ing
from 77 up to 81% of the 2" PMT de tec tion ef fi ciency
for the en ergy of 661.62 keV. The big gest dif fer ence
was ob served when low en ergy pho tons (59.5 keV)
were mea sured, where the de tec tion ef fi ciency
dropped to 40 %. On the other hand, us ing bulky de tec -
tors to gether with 1" photomultipliers, did not come
close to the ef fi ciency achieved by low-vol ume de tec -
tors. The only ex cep tion was the con fig u ra tion of 1"
PMT with 2p photocathode, where the de tec tion ef fi -
ciency was par tic u larly high for co balt and HV cor re -
sponded to the bar de tec tor. This re sult should be taken 
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Table 5. Average detection efficiencies of 1" PMT normalized to detection efficiency of 2" PMT

Detector type
1" circular PMT (9107B) 1" 2p PMT (9900B) 1" hemi PMT (9114B)

241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co

Cylinder 47.2 ± 1.5 77.4 ± 6.4 66.2 ± 4.2 43.4 ± 3.3 81.4 ± 7.4 68.8 ± 4.1 41 ± 2.8 77.6 ± 7.2 64.8 ± 3.3

Block 50.6 ± 5.4 74.4 ± 7.4 65 ± 3.5 39.8 ± 4.1 85.2 ± 8.7 79.4 ± 6.1 40.2 ± 4.1 80 ± 5.2 71.6 ± 3.4

Bar 8.8 ± 1.8 17 ± 3.5 12.4 ± 3.3 19.4 ± 5.4 20.2 ± 2.7 19 ± 5.7 12.8 ± 3 19.6 ± 3.6 15.8 ± 2.7

Board 22.4 ± 1.3 46.4 ± 3.2 51 ± 6.7 38.8 ± 10 57.8 ± 5.4 87.4 ± 28.6 41 ± 1 61.6 ± 4.5 56.8 ± 7

Table 4. Relative detection efficiencies [%] of the selected plastic scintillators and PMT, normalized to detection efficiency
of NaI:Tl , at a dose rate of 1 mSvh–1 

Detector
2" circular Deff [%] 1" circular Deff [%] 1" 2p Deff [%] 1" hemi Deff [%]

241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co 241Am 137Cs 60Co

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

Fig ure 7. A vi su al iza tion show ing the tracks of twenty
»662 keV pho tons in ci dent on a poly vi nyl to lu ene
de tec tor; (a) oblique view, (b) side view [21]



very in dic a tively, be cause the gain and HV cor re spond 
to the bar de tec tor set tings.

Due to the mea sure ment re sults, it is pos si ble to
con sider the min ia tur iza tion of the sys tem and the use
of these di min ished de vices in ap pli ca tions that are un -
able to dis place or use of ten heavy sys tems. The dif fer -
ence in the weight of 2" PMT with a cir cu lar
photocathode and 1" PMT with a hemi spher i cal
photocathode, all with ac tive di vider, preamplifier and 
BNC type of con nec tors, is three fold in fa vor of 1"
PMT. In ad di tion, the outer di men sions play in fa vor of 
1 "PMT. The length of 1" hemi PMT is two and a half
times smaller than 2" cir cu lar PMT.Due to the low
weight and small di men sions, it would be pos si ble to
in cor po rate plas tic de tec tors uti liz ing 1" PMT into the
de tect ing means of first re spond ers, such as ro bots,
UAV, etc. 
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Jir`i JANDA, Sabina HOHNOVA

PORE\EWE  PARAMETARA  DETEKCIJE  FOTOMULTIPLIKATORA
 U  ZAVISNOSTI  OD  OBLIKA  SCINTILATORA

Ovaj rad rasvetqava pitawa efikasne minijaturizacije o~itavawa plasti~nih
scintilatora uz odr`avawe wihove visoke efikasnosti detekcije i osetqivosti. Pore|ewe
efikasnosti detekcija obavqeno je na osnovu vrednosti merewa za izabrane gama emitere (60Co, 137Cs,
241Am) na razli~itim udaqenostima. Za merewa su odabrani organski plasti~ni scintilatori sa
trojnim sistemom razli~itih oblika i zapremina. Eksperimentalno su utvr|eni parametri
detekcije jednoin~nih fotomultiplikatorskih cevi sa promenqivom geometrijom fotokatode i
upore|eni sa standardno kori{}enim dvoin~nim fotomultiplikatorskim cevima sa kru`nim
tipom fotokatode. Primarni ciq ovog rada je verifikacija mogu}nosti zamene glomazne i veoma
te{ke elektronike sa minijaturnom verzijom uz odr`avawe parametara detekcije u mobilnim
primenama kao {to su bespilotne letelice.

Kqu~ne re~i: efikasnost detekcije, fotomultiplikatorska cev, fotomultiplikator,
.........................scintilacioni detektor, plasti~ni detektor


