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The de vel op ment, prep a ra tion, and prop er ties of new plas tic scin til la tors, based on poly vi nyl
to lu ene ma trix EJ-290 and only one luminophore with a large Stokes shift, are ad dressed. The 
pri mary luminophores tested were 2-(1-naphthyl)-5-phenyloxazole, 1-phenyl-3-mesityl-2-
-pyrazoline, and 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene. These were sub se quently
com pared with the com mer cially used luminophores 2,5-diphenyloxazole and p-terphenyl in
com bi na tion with wave length shift ers (sec ond ary luminophores) 1,4-bis(2-methylstyryl)
ben zene and 1,4-bis(5-phenyl-2- oxazolyl)ben zene made from the same poly vi nyl to lu ene
ma trix in the same di men sions. For plas tic scin til la tors pro duced in this way, their de tec tion
prop er ties, such as Compton edge and de tec tion ef fi ciency, were char ac ter ized.
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IN TRO DUC TION

Scin til la tion de tec tors are among the most widely
used de tec tors for ion iz ing ra di a tion spec trom e try, es -
pe cially low-res o lu tion gamma spec trom e try [1]. The
ap pli ca tions of plas tic scin til la tors (PS) in the de tec tion
and mea sure ment of radionuclides are count less, be -
cause of the dif fer ent prop er ties of scin til la tion ma te ri -
als and read-out elec tron ics e. g. photomultipliers
(PMT), av a lanche photodiodes (AVPD), and sil i con
photomultipliers (SiPM). These prop er ties de ter mine
their wide spread ap pli ca tion in nu clear phys ics for the
de tec tion of var i ous types of ra di a tion [2, 3], in
radiochemistry [4], ra dio ther apy [5, 6], met al lurgy [7,
8], and in the in dus try [9, 10], thick ness gauges [11],
level gauges [12], ra di a tion por tal mon i tors [13] etc.
Highly sen si tive scin til la tion de tec tors are com monly
used for ura nium and tho rium de tec tion [14]. The stan -
dard com po si tion of PS con tains p-terphenyl and
1,4-bis(5-phenyloxazol-2-yl) ben zene (POPOP) in
con cen tra tions be tween 0.6-3 wt.% and 0.02-0.05
wt.%, re spec tively, dis solved in poly sty rene or poly vi -
nyl to lu ene ma trix. De pend ing on the ap pli ca tion, PS
ex hib its both ad van tages and dis ad van tages. On one
hand, they are cheap, avail able in large sizes and
morphologies, doped with var i ous el e ments, and have a
fast re sponse. On the other hand, their light re sponse is

av er age, the typ i cal light yield is about 10.000 pho tons
per MeV of de pos ited en ergy. Fur ther more, they have
low den sity and ef fec tive atomic num ber, there fore they 
are not ef fec tive for gamma spec tros copy and show
poor res o lu tion un less math e mat i cally treated [2, 15].

The PS can be viewed as a solid so lu tion of one
or more or ganic scin til la tion luminophores in trans lu -
cent plas tic. The solid plas tic me dium plays a sim i lar
role as the liq uid sol vent in liq uid scin til la tion [16].
Many types of PS are used to day, mainly to mea sure
less pen e trat ing ra di a tion, such as par ti cle ra di a tion,
X-rays, and low-en ergy gamma rays. The PS are also
used to mea sure neu trons through neu tron-in duced
nu clear re ac tions in a plas tic me dium [17, 18]. There
are two main types of PS con struc tions. First of all,
these are in te grated PS, which are con structed from
one whole piece of plas tic poly mer con tain ing the
scintillator. They vary in size from microspheres (100
to 1000 µm in di am e ter) to large de tec tors (a me ter or
more) in di am e ter. In the sec ond case, there are sys -
tems of PS op ti cal fi bers con sist ing of sev eral thou -
sand plas tic scin til la tion fi bers, each with a di am e ter of 
25 µm to 60 µm, rep re sent ing in di vid ual light guides
con nected with a di am e ter of only a few mil li me ters.
Al most any shape of plas tic scin til la tion poly mer can
be made to suit the re quire ments of any par tic u lar ap -
pli ca tion. This ver sa til ity opens the door to a wide
range of ap pli ca tions and is there fore one of the main
ad van tages of plas tic scin til la tors [16, 19].
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The PS are di vided into bi nary, ter tiary, or even
higher-or der scin til la tors. A bi nary scintillator con sists of
two com po nents, namely a sol vent (plas tic or or ganic liq -
uid) and a sol ute (or ganic luminophore or dop ant). The
sol vent ab sorbs most of the en ergy scat tered by the in ci -
dent ra di a tion. This ab sorbed en ergy is, among other
things, con verted into ex ci ta tion en ergy of the sol vent
mol e cules and is then passed to the sol ute mol e cules
mostly via non-ra di a tive en ergy trans fer. The tran si tion
from the ex cited state to the ground state of the sol ute mol -
e cules re sults in flu o res cence or the emis sion of vis i ble
light. The ad di tion of a wave length shifter, or sec ond ary
sol ute, forms a ter tiary sys tem. In such a sys tem, the en -
ergy trans fer pro cess is ex tended by a third com po nent,
called a sec ond ary luminophore, i. e. the ex cited pri mary
luminophore trans fers its ex ci ta tion en ergy both
radiatively and non-radiatively to the sec ond ary
luminophore. The whole en ergy trans fer the ory is rather
too com pli cated to be fully de scribed here and can be
found in [19]. Sec ond ary luminophores are used pri mar ily 
to pro vide flu o res cence with a max i mum emis sion wave -
length that can be better matched to the sen si tiv ity of the
PMT. High con cen tra tions of naph tha lene (10-15%) are
used in some plas tic scin til la tors, which serves as a sec -
ond ary sol vent [16, 20, 21]. The role of the sec ond ary sol -
vent is to fa cil i tate the trans fer of en ergy from the pri mary
sol vent (plas tic) to the pri mary luminophore. The sec ond -
ary sol vent ef fect is par tic u larly im por tant for en ergy
trans fer be tween the -elec tron trip let en ergy state of sol -
vent and sol ute and for ap pli ca tions such as pulse height
dis crim i na tion that rely on the as so ci ated de layed scin til la -
tion com po nent. How ever, in gen eral, sec ond ary sol vents
and sec ond ary sol utes de grade the time res o lu tion of the
scin til la tion sys tem [16, 19, 22].

EX PER I MEN TAL

De vices and equip ment

To de ter mine the po si tions of Compton edges of
the new plas tic scin til la tors, a light-tight cham ber was
used, which housed a 2" PMT type 9266 KB (ET En -
ter prises, Great Brit ain), MCA InSpektor 2000 with
Ge nie 2000 Gamma Ac qui si tion and Anal y ses ver sion 
3.4 eval u a tion soft ware (both Mirion, USA).

A 2" PMT model digiBASE (Ortec, USA) con -
trolled by the spec trom e try soft ware GammaVision for
Win dows Model A66-B32 ver sion 6.07 (Ortec, USA)
was used for the de tec tion ef fi ciency mea sure ments.

Cal cu la tions for Compton edge de ter mi na tion
were per formed in MATLAB soft ware ver sion
R2022b (MathWorks, USA).

Chem i cals

The pri mary luminophores used were 2,5-
-diphenyloxazole (here af ter PPO, 99%, Sigma

Aldrich, USA), 1-phenyl-3-mesityl-2-pyrazoline
(here af ter PYR, 98%, TCI Chem i cals, USA),
2-(1-naphthyl)-5-phenyloxazole (here in af ter NPO,
99%, abcr GmbH, Ger many), 2,5-bis(5-tert-
-butylbenzoxazol-2-yl)thiophene (here in af ter THIO,
99%, Alchimica, Czech Re pub lic) and p-terphenyl
(here in af ter re ferred to as pTP, 99%, Sigma Aldrich,
USA).

The sec ond ary luminophores se lected were
1,4-bis(2-methylstyryl)ben zene (here af ter MSB,
98%, Sigma Aldritch, USA) and 1,4-bis(5-phenyl-
-2-oxazolyl)ben zene (here af ter POPOP, 99%, Sigma
Aldritch, USA), act ing as a wave length shifter.

For the pro duc tion of the plas tic ma trix, a mod i -
fied kit EJ-290 (Eljen Tech nol ogy, USA) with out
luminophore was used, con tain ing par tially poly mer -
ized vinyltoluene (here af ter Resin), lauroyl per ox ide
(97%) act ing as a poly mer iza tion cat a lyst and
vinyltoluene mono mer (here af ter VT) for cat a lyst dis -
so lu tion. De min er al ized (DEMI) wa ter was ob tained
us ing the DEMIWA 5 ROSA™ wa ter pu ri fi ca tion sys -
tem (Watek).

The PPO+POPOP plas tic scintillator with a PPO 
con cen tra tion of 30 wt.% in sty rene ma trix (Tesla,
Czecho slo va kia) was used. Such high per cent age
plas tic scin til la tors are mainly used in gamma/neu tron
spec trom e try. Usu ally, the high luminophore con cen -
tra tion causes self-quench ing re sult ing in lower light
yield, thus are not suit able for stan dard mea sure ment.
To clar ify this is sue, it was mea sured to gether with
other pre pared scin til la tors.

The used radionuclides are listed in tab. 1.

Pro ce dures

Pro duc tion of scin til la tors

The fol low ing pro ce dure was car ried out to pro -
duce 50  g of the new plas tic scintillator. The 75 ml of
Resin was  mea sured  into a suit able glass beaker.
Next, 0.375 g of lauroyl per ox ide was mixed with 3.75
ml of VT to form a 10% so lu tion of lauroyl per ox ide in
VT. This was poured into 75 ml of Resin with con stant
stir ring un til ho mo ge ne ity was achieved. At this stage
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Ta ble 1. Used radionuclides

Radionuclide Type Sup plier Ac tiv ity

241Am ER X K –
open source

Czech Me trol ogy
In sti tute 50.98 MBq

60Co CO1HK –
sealed emit ter Eckert and Ziegler 12 MBq

137Cs Cs7.P03 –
sealed emit ter Eckert and Ziegler 9.62 MBq

241Am EG-3 Czech Me trol ogy
In sti tute 470.2 kBq

60Co EG-3 Czech Me trol ogy
In sti tute 222.4 kBq

137Cs EG-3 Czech Me trol ogy
In sti tute 316.0 kBq



de sired luminophore(s) were dis solved in the mix ture
un der vig or ous stir ring  at  a con cen tra tion cor re -
spond ing to 5 gL–1 and 0.05 gL–1, re spec tively, which
is the luminophore con cen tra tion com monly used in
plas tic scin til la tors. The so lu tion was then trans ferred
to a des ic ca tor where the air pres sure was grad u ally re -
duced up to 10 kPa to re move the bub bles. Sub se -
quently, the so lu tion was placed in a glyc er ine bath
tem pered to 47 °C, which was placed in a ni tro gen at -
mo sphere and left for 14 days. The plas tic scintillator
was  then  trans ferred  to a  hot  air  oven  tem pered  to
80 °C for 8 hours. The glass mold was re moved and the 
plas tic scintillator was ma chined and pol ished into a
cyl in der shape with di men sions of 45 mm in di am e ter
and 45 mm in height.

Light yield mea sure ment

The light yield (LY) was de ter mined based on
the po si tion of the Compton edges for the in di vid ual
scin til la tors. The LY de ter mi na tion was per formed in a 
light-tight cham ber equipped with a 2" PMT op ti cally
cou pled with the plas tic scintillator. The mea sure ment
setup was: num ber of chan nels 1024, gain 1x, HV =
=.648 V, and the mea sure ment time was set to 7200
sec onds to col lect a suf fi cient amount of counts. The
LY was in ves ti gated for 241Am, 60Co, and 137Cs (all
EG-3), placed at a dis tance of 25 cm from the plas tic
scintillator. The Compton edge was then de ter mined
us ing MATLAB soft ware for all in di vid ual mea sure -
ments by us ing non-para met ric es ti ma tion (lo cal re -
gres sion). The es ti ma tion was cal cu lated only at one
point, x, and only from the part of the data that lie in the
in ter val [x – h, x + h], where h is called the smooth ing
pa ram e ter or the width of the smooth ing win dow
(band width). The point x was moved along the area of
in ter est. Fur ther more, a re gres sion line was used, spe -
cif i cally its value at the point x, which is then an es ti -
mate of the un known re gres sion func tion f at the point
x. The first de riv a tive can also be es ti mated from the
re gres sion line – the co ef fi cient of x in the ex pres sion
of the line [23].

De tec tion ef fi ciency

A light-en cap su lated de tec tion sys tem, con sist -
ing of the plas tic scintillator and a 2" PMT with a
digiBASE an a lyzer at tached, was placed at a height of
1.2 m. The radionuclides 241Am (ER X K), 60Co
(CO1HK), and 137Cs (Cs7.P03) were placed at dis -
tances of 0.5, 1.0, 2.0, and 3.0 m in a hor i zon tal line
with the de tec tion sys tem at the same height (1.2 m).
The mea sure ment setup was: num ber of chan nels
1024, gain 1x, HV = 915 V, and mea sure ment time
3600 s. The back ground of the scintillator was sub -
tracted from the to tal sum of pulses and then the de tec -
tion ef fi ciency was cal cu lated ac cord ing to eq. (1)





I I

A

smp bcg
100 [%] (1)

where  is the de tec tion ef fi ciency, Ismp – the sum of
pulses with radionuclide, Ibcg – the sum of back ground
pulses, and A – the ac tiv ity [Bq] cal cu lated to the date
of mea sure ment ac cord ing to the cer tif i cate.

RE SULTS AND DIS CUS SION

Pro duc tion of scin til la tors

Sev eral fac tors had to be taken into ac count in
the pro duc tion of plas tic scin til la tors. The for ma tion
of bub bles dur ing the poly mer iza tion pro cess it self
proved to be a ma jor prob lem, es pe cially for the THIO
scintillator. Since this phe nom e non was ob served only 
at this luminophore, it is be lieved that it may be due to
the ef fect of the luminophore it self, since it was op ti cal 
grade pu rity. The fi nal cur ing of the plas tic scintillator
was changed from 80 °C to 70 °C af ter sev eral ex per i -
ments in which the plas tic ma trix was cracked or
fogged and the tem per ing time was ex tended to 24
hours. These prob lem atic fac tors were avoided in the
re sult ing plas tic scin til la tors, with only a slight fog -
ging oc cur ring in the case of the NPO scintillator.

Light yield

The po si tion of the Compton edge of a given
radionuclide was used to mea sure the LY of in di vid ual
scin til la tors. The com mer cially used plas tic scintillator
pTP+POPOP was cho sen as the stan dard. The LY of the
other scin til la tors was nor mal ized to its light yield val ues. 
It can be seen in tab. 2 that the low est light yields were
achieved for the plas tic scintillator con tain ing the PYR
luminophore, which is less than half of the stan dard. The
ex cep tion is 241Am, but this may be due to an in cor rectly
cho sen po si tion of the Compton edge. The other pos si bil -
ity could be noise due to im per fect poly mer iza tion re sult -
ing in pulses gen er a tion orig i nat ing from chemilu-
minescence. The sec ond and third plas tic scin til la tors
show ing the low est light yield were NPO and THIO with
light yields of 80 4 % and 85 2 % of the stan dard, re -
spec tively. For the NPO and PYR scin til la tors, both
Compton edges could not be re li ably de ter mined for
60Co. For this rea son, only one av er age was de ter mined
for both en er gies of 60Co. This may in di cate their in fe rior
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Ta ble 2. Light yields of pre pared plas tic scin til la tors
nor mal ized to pTP+POPOP val ues

Luminophore
Nor mal ised LY to pTP+POPOP [%] Av er age 

LY [%]241Am 137Cs 60Co 60Co

NPO 85 74 80 80 4

PPO+POPOP 104 109 103 102 105 3

PPO+MSB 111 108 110 112 110 1

PYR 111 42 44 66 32

THIO 89 83 84 84 85 2



scin til la tion prop er ties (res o lu tion) in this ap pli ca tion.
The plas tic scintillator con tain ing the PPO+MSB
luminophores achieved the best re sults with an av er age
light yield of 110 1% of the stan dard. De spite the very
high PPO dop ant (30%), no sig nif i cant re duc tion in light
yield due to self-ab sorp tion as with liq uid scin til la tors
was ob served, as dem on strated by the av er age light yield
PPO+POPOP of 105 3% of the stan dard value.

De tec tion ef fi ciency

Mea sure ment of de tec tion ef fi ciency was per -
formed for low-, mid-, and high-en ergy radionuclides. In 
the case of low en ergy 241Am radionuclide was used. The 
de tec tion ef fi ciency of all mea sured PS achieved val ues
that rather cor re spond to the de tec tion ef fi ciency of the
stan dard ex cept for PYR. It can be said that in terms of
de tec tion ef fi ciency, the pTP+POPOP stan dard achieved 
the best re sults fol lowed closely by PPO+MSB, THIO,
and PPO+POPOP, as can be seen in fig. 1.

Mid dle and high en er gies rep re sented by 137Cs
and 60Co did not ex hibit such large dif fer ences in de -
tec tion ef fi cien cies, figs. 2 and 3. As in the case of
241Am the pTP+POPOP stan dard out per formed all
other luminophores. For the 137Cs the or der in de tec -
tion ef fi ciency was as fol lows – PPO+MSB,
PPO+POPOP, and THIO. Slightly worse re sults were
then achieved by NPO and the last one was again PYR.

When deal ing with 60Co the dif fer ences in de tec -
tion ef fi cien cies of all pre pared PS from stan dard
pTP+POPOP were even smaller than in the case of 137Cs. 
The re sults ob tained when the pTP+POPOP stan dard
was mea sured were closely fol lowed by THIO and
PPO+MSB. Not very sig nif i cant dif fer ences were then
achieved by PPO+POPOP and NPO and lastly by PYR.

The PYR per formed the worst, which can be ex -
plained by the fact that the ab sorp tion spec trum of
PYR does not fully match the emis sion spec trum of
poly sty rene, and en ergy trans fer is worse. More over,
the self-ab sorp tion ef fect of emit ted ra di a tion by the
ma trix is pos si ble due to a smaller shift be tween ab -
sorp tion and emis sion spec tra. The ad di tion of a spec -
trum shifter could im prove the LY, but this was not the
goal of the pa per, which dealt with the use and com par -

i son of only one luminophore with a large Stokes shift.
An in ter est ing fact is that PYR ex cels as a pri mary
luminophore in liq uid scin til la tion cock tails [24, 25],
but does not con firm its unique prop er ties in plas tic
scin til la tors. This prob lem may be due to the in ter ac -
tion or the pres ence of a dif fer ent sol vent, which is the
main com po nent that dif fers when us ing PYR in plas -
tic and liq uid scin til la tors. It also shows very good re -
sults in terms of neu tron/gamma dis crim i na tion prop -
er ties in liq uid scin til la tion cock tails, pre sent ing even
better prop er ties than PPO [26, 27].

CON CLU SIONS

Any chem i cal com pound con tain ing -elec trons 
could be a po ten tial scintillator or part of a scin til la tion 
sys tem. Its use ful ness as a scintillator then de pends on
many prop er ties based on the in tended use. These
could be flu o res cence de cay mode and time, sol u bil ity, 
tox ic ity, tem per a ture and chem i cal sta bil ity, abil ity to
with stand the poly mer iza tion pro cess, etc. Bi nary
scin til la tion sys tems will prob a bly never out per form
multicomponent scin til la tion sys tems in plas tics, as
the shared ra di a tion en ergy is self-ab sorbed dur ing the
scin til la tion pro cess, thus re duc ing the scin til la tion ef -
fi ciency.

Con cen tra tion quench ing when com par ing
PPO+POPOP and PPO+MSB is not as sig nif i cant as it
was be lieved to be based on the lit er a ture and mea sure -
ments of liq uid scin til la tion cock tails. That is likely
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Fig ure 1. De pend ence of de tec tion ef fi ciency on dis tance
of radionuclide from PMT+plas tic scintillator for 241Am

Fig ure 2. De pend ence of de tec tion ef fi ciency on dis tance
of radionuclide from PMT+plas tic scintillator for 137Cs

Fig ure 3. De pend ence of de tec tion ef fi ciency on dis tance
of radionuclide from PMT+plas tic scintillator for 60Co



due to the ma trix ef fect, as both PVT and sty rene be -
have dif fer ently from other ar o matic sol vents in terms
of con cen tra tion quench ing, i. e. the light yield in -
creases with in creas ing con cen tra tion un til the for ma -
tion of a pla teau which is con sis tent with the re sults
ob tained for these two plas tic scin til la tors [27].

In terms of de tec tion ef fi ciency, it could be ex -
pected that for the low en er gies, rep re sented by 241Am, 
the NPO and PYR, scin til la tors would per form worst
due to the ab sence of a wave length shifter, but this was
not con firmed for THIO, which per formed com pa ra -
ble to the stan dard. The stan dard pTP+POPOP,
PPO+MSB, and THIO per formed the best over all. In
par tic u lar, it should be noted that THIO achieved com -
pa ra ble re sults to the stan dard in all cases, even with -
out the wave length shifter.

Ac cord ing to the tested prop er ties, over all
PPO+MSB and PPO+POPOP can be eval u ated as suit -
able the o ret i cal sub sti tutes for the pTP+POPOP sys tem.
As a sub ject of fur ther re search, it might be pos si ble to
ver ify the prop er ties of a THIO luminophore with a
wave length shifter (MSB or POPOP), whereby the o ret i -
cally good light yield re sults could also be achieved.
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Erik RAJHL, Jir`i JANDA, Jir`i ZELINKA

KARAKTERIZACIJA  MODERNIH  PLASTI^NIH  SCINTILATORA
KOJI  SADR@E  LUMINOFORE  SA  VELIKIM  STOKSOVIM  POMAKOM

Obra|eni su razvoj, priprema i svojstva novih plasti~nih scintilatora, zasnovanih na
polivinil toluenskoj matrici EJ-290 i samo jednim luminoforom sa velikim Stoksovim pomakom.
Primarni testirani luminofori su 2-(1-naftil)-5-feniloksazol, 1-fenil-3-mezitil-2-pirazolin i
2,5-bis(5-terc-butil-benzoksazol-2-il)tiofen. Oni su zatim upore|eni sa komercijalno kori{}enim
luminoforima 2,5-difeniloksazolom i p-terfenilom u kombinaciji sa pomera~ima talasne du`ine
(sekundarnim luminoforima) 1,4-bis(2-metilstiril)benzenom i 1,4-bis(5-fenil-2-oksazolil)benzenom
napravqenim od iste polivinil toluenske matrice u istim dimenzijama. Za plasti~ne scintilatore
proizvedene na ovaj na~in, okarakterisana su wihova svojstva detekcije, kao {to su Komptonova ivica i
efikasnost detekcije.

Kqu~ne re~i: plasti~ni scintilator, luminofora, pomera~ talasne du`ine, polivinil
..........................toluenska matrica, Komptonova ivica


