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In this paper we compare the energy yields both for the case of excitation by light
photons of the visible range and for the excitation by gamma radiation for some organic
scintillation crystals and polystyrene plastic scintillator. In the first case the energy of
excitation is lower than the ionization potential of molecules, and in the second one the
energy of excitation is higher than the ionization potential of molecules. It has been
obtained that the energy yield in the case of excitation by photons of gamma radiation
Y, is in the range from 0.018 to 0.056. These values are an order of magnitude smaller
than the energy yield Yf obtained for photoexcitation.

ITpoBeneno cpaBHeHMEe 3HAUYEHUN SHEPreTUUYECKOI0 BBIXOJA Hpu BO30yKIeHUU (POTOHAMU
cBeTa B BHIMMOM [UAIIA30HE IJIUH BOJH U IIPHU BO30OYKIeHNN (POTOHAMM raMMa-U3JIyUeHHs
oA PALA COUHTUIIAINOHHBIX OPraHMYECKHUX MOHOKPHCTAJJIOB W HOJUCTHPOJLHOTO ILIACT-
MACCOBOI'0 CIMHTHIIATOPA. I[0OKasamo, UTO B IIEPBOM CJIiydae SHePrus Bos3OYKIeHUA HIMKE
MIOTEHITHAJIA WOHMWSAIMK MOJIEKYJ BeEI[eCTBA, TOrJa KaK BO BTOPOM - dHEPrus BO30YKICHUS
[IPEBBIMIAET MOTEHIINA] HOHU3AIUN MOJEKYJ. IlolyueHOo, YTO SHEPreTHUYECKUN BBIXOMX IIPH BO3-
OyaaeHnY (POTOHAMU IaMMAa-U3JIyYeHUs (YY) aexur B quanasone 0,018—0,056, uro Ha mopAmoK
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MEHbIIIE BEJINYNHBLI 9HEPreTUUYECKOr'0 BBIXOJA Yf upu GoToBO3OYIKICHUM.

1. Introduction

Energy yield in organic scintillation ma-
terials decreases with increase of specific
energy loss dE/dx of an ionizing particle
that moves along the direction x and has
the energy E [1]. It means that the effect of
such a decrease of the scintillation light en-
ergy yield has to grow in going from the
excitation by photons of gamma radiation,
from gamma radiation to protons, from pro-
tons to alpha particles and from alpha par-
ticles to heavy ions. It accompanied with
growth of non-linear relation between the
energy of light photons and energy of ioniz-
ing radiation. For excitation by photons of
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gamma radiation or electrons of middle en-
ergies, such relation is linear. With dE/dx-
value growth the effect of non-linearity in-
creases. The physical mechanism of this ef-
fect was not yet revealed, and an effect of
the similar loss was called "the specific
quenching” [1].

According to the basic concept developed
in 60s—70s years of the twentieth century
ionizing radiations transfer their energy in
a series of acts of collective excitations of
molecules groups, but not in excitation of
single molecules, i.e. in a form of plasmons
or super-excited states. In a single act of
such interaction, it becomes possible for
ionizing particle to transfer to substance a
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portion of energy, which is much higher
than the ionization potential of molecules of
the substance [2-6]. It was verified by ex-
periment and it was obtained that the aver-
age energy E_ of plasmons in organic crys-
tals and plastic scintillators could be esti-
mated as 20-22 eV [2-4], whereas the
ionization potential of molecules of organic
scintillators does not exceed 7-8 eV [5]. So-
called "spur” is created in the point where a
single act of transferring of a portion of the
energy to the substance takes place. A spur
is the local area, which contains one or
more pairs of charge states and one or more
excited states arising from the decay of
short-lived plasmons or super-excited
states. Recent studies have only confirmed
and expanded the description of the mecha-
nism of substance excitation by ionizing
particle (see the review of these studies in
[4, 7, 8.

In contrast to photoluminescence, the as-
pects of generation, transport and recombi-
nation of the charge states [9, 10] deter-
mine the process of radioluminescence of
organic condensed matter. Growth of the
energy loss with increasing of dE/dx ex-
plains the fact that individual spurs created
by ionizing radiations with high wvalues of
dE/dx (protons, alpha particles, heavy ions)
overlap in a unit region — the particle
track. It causes the additional energy loss
of ionizing particle determinated by the
quenching effects in the track regions [8—
10]. Therefore, the conversion efficiency of
organic scintillators is sharply reduces, and
the value of the radioluminescence energy
yield becomes the non-linear function of
ionizing particle energy E.

This paper is devoted to the least ex-
plored problem, which, it seems, is very im-
portant to study the mechanism of the spe-
cific quenching. Let us consider the primary
excitation by gamma radiation photons of
the medium energies (105-106 eV), which
create secondary recoil electrons. In this
case, as it is known, the non-linearity of the
scintillation yield as the function of ioniz-
ing radiation energy E is not observed. For-
mally, the effect of the specific quenching
should disappear, because tracks don’t form
[1, 8, 9]. However, if we consider that the
above-described conventional explanations
of the specific quenching are correct, then
this effect should show tendency for this
"boundary” case, because the energy trans-
ferred in a single act of excitation is much
higher than the ionization potential of sub-
stance molecules [4—-8]. To study this effect
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we have compared the quantum and energy
yields of photofluorescence and radiolumi-
nescence for widely used scintillation crys-
tals, namely, anthracene, stilbene and p-ter-
phenyl (both pure and activated by 1,4-
diphenyl-1,3-butadiene), as well as for a
polystyrene plastic scintillator.

2. Theory

The absolute photofluorescence quantum
yield @, is a very important parameter of a
fluorophor. It is a ratio of the number of
emitted photofluorescence photons to the
number of absorbed photons:

photons,,, 1)
I~ photonsy,,’

The measurement of the absolute quan-
tum yield @, is quite a difficult task, and
therefore the value of the relative photo-
fluorescence quantum yield is often meas-
ured by comparing with the reference mate-
rial with a known value of the absolute
quantum yield ;.

According to [11] the absolute energy
yield of photofluorescence is defined as the
ratio of the total energy of emitted photons
to the total energy absorbed by a fluoro-
phor. It is assumed that there is no reab-
sorption of the fluorescence photons within
a fluorophor, i.e. the ratio of the energies
should be calculated for an infinitesimal
volume. In this formulation, taking into ac-
count Eq.(1), the absolute photofluorescence
energy yield Y, can be written as:

= @)

= f'}hav’
em

Yy

where A, is an excitation wavelength and

ex
A%, is an average value of a wavelength of
the emission spectrum. In the case of bulk
samples one can use the technical photofluores-
cence quantum yield a5 which takes into ac-
count the process of reabsorption of light [1].

Wright [12] measured the absolute pho-
tofluorescence quantum yields ®; of p-ter-
phenyl and ¢rans-stilbene crystals and com-
pared these values with anthracene which
quantum yield was 0.80+£0.05. At tempera-
ture of 290°K ®;-values for p-terphenyl and
trans-stilbene crystals were equal to 0.52
and 0.65, respectively [12]. Katoh et al.
[13] measured ®; of several aromatic hydro-
carbon crystals: p-terphenyl, ¢rans-stilbene,
anthracene, pyrene and o-perylene. The
authors of [13] estimated the lower limit
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values of @, to be 0.80 for p-terphenyl, >
0.65 for trans-stilbene, > 0.64 for anthracene,
0.68 for pyrene, and 0.31 for o-perylene.

The energy yield of radioluminescence Y,
for an ionizing particle of the energy E,
according to [11], one can define as:

dL 3
Yr=am @

where dE is the energy that a particle lost
passing the distance dx, and dL is the en-
ergy of radioluminescence photons emitted
due to absorption of the energy dE. Accord-
ing to (8), for the case of a particle with the
initial energy E; crossing the maximum
range in scintillator the average value of the
radioluminescence energy yield is equal to:

Eq 4
y -1 [ Y (E)dE = £
T E, o r Ey
where L is the total energy of radiolumines-
cence photons. The radioluminescence en-
ergy yield Y, is often called the scintillation
efficiency [1].

According to [11, 14, 15] in the case of
excitation by gamma radiation photons of a
radionuclide source 80Co, the value of the
energy yield Y, =Y, varies in the range

from 0.056 to 0.097.

3. Experimental

Photofluorescence spectra were measured
by a spectrofluorimeter Varian Cary
Eclipse. Fluorescence was excited at wave-
lengths corresponding to the maximum of
absorption for each of the investigated scin-
tillation material. The slits for the excita-
tion and emission channels were 2.5 and
5 nm, correspondingly. To measure the pho-
tofluorescence an attachment for solid sam-
ples was used. The obtained spectra were
corrected using the calibration file. It al-
lowed us to make a correction for sensitiv-
ity of the light detector.

The amplitude scintillation spectra were
measured by a multichannel amplitude ana-
lyzer AMA-03F. The light yield values for
the scintillators were calculated using the
value of the absolute light yield C (10,200
photons per 1 MeV of gamma radiation) of
a g 30 mmx5 mm reference stilbene single
crystal. The measurements of the light yield
as well as the correction procedure for light
collection were carried out according to
[16]. To calibrate the scale of the analyzer
in the energy scale the following sources of
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gamma radiation photons were used: 22Na,
60Co, 137Cs and '92Eu. The measurements of
the relative photofluorescence quantum yield
and the light yield of organic solid materials
were obtained for room temperature.

4. Measurements and estimations

We have studied organic single crystals
of stilbene, anthracene, p-terphenyl (both
pure, and grown from the melt containing
0.1 % of 1,4-diphenyl-1,3-butadiene), as
well as a plastic scintillator on the base of
polystyrene doped with 1.5 % of p-ter-
phenyl and 0.02 % of POPOP. All samples
were 5 mm thick.

Analysis of the results obtained by dif-
ferent authors (see, for example, [12, 13])
has shown that the most stable value of the
absolute photofluorescence quantum yield
<I)f= 0.65 was obtained for stilbene single
crystals. Therefore, we used this crystal as
the reference one. Fig. 1 demonstrates the
fluorescence spectra for the organic materi-
als under investigation, measured by a spec-
trofluorimeter Varian Cary Eclipse. The
ratio of areas under the curves of the fluo-
rescence spectra allows estimating the pho-
tofluorescence quantum yield using the ab-
solute value @, for the reference material.
In that manner, we estimated CI)f-value for
other organic materials. The value ®;=
0.55 that we obtained for anthracene crystal
is closer to the results obtained in [13],
whereas @, = 0.48 for pure p-terphenyl single
is closer to the results of measurements re-
ported in [12]. The difference in ®,values re-
ported by different authors is due to both the
technology used to obtain a specific sample,
and the experimental error of measurements.

The measurements of emission spectra (see
Fig. 1) allow us to obtain the values of aver-
age wavelengths A%V, for each sample under
investigation. After that, we have calculated
the values of the photofluorescence energy
yield Y according to (2) and the mean energy
Sf, which is necessary to generate a light pho-
ton with energy Eph (i.e. the energy that cor-
responds to wavelength A%V, ). Table 1 pre-
sents the values of A, and A%, , the corre-
sponding values of light photon energies
Eph(}“ex) and Eph(ka"em), as well as the calcu-
lated values Y; and 6.

Measurement of the amplitude scintilla-
tion spectra of investigated organic materials
allowed checking the linearity of the scintilla-
tor response and calibrating the scale of the
analyzer. The measurements run with refer-
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Table 1. The values of A

exr MY o Eph(?\,ex), Eph(}\,‘wem), Y, and Sf for the case of photoexcitation

Organic material Apypr ML Eph()\,ex), )\,a\’em, Eph()\,a\’em), Yf Sf, eV
eV nm eV
Stilbene single crystal 340 3.65 402 3.08 0.55+0.08 5.60
p-Terphenyl single crystal (pure) 340 3.65 396 3.13 0.41+0.02 7.63
p-Terphenyl single crystal (0.1 % of 340 3.65 430 2.88 0.77+0.04 3.74
1,4-diphenyl-1,3-butadiene in a melt)
Anthracene single crystal 420 2.95 458 2.71 0.50+0.08 5.42
Polystyrene (1.5 % of p-terphenyl + 280 4.48 437 2.84 0.49+0.03 5.80
0.02 % of POPOP)
I, a.u.
g au F:“/ P
3
400 - 5 4 20000 [ 3
300k 5 15000 |- 2
1
4 10000
200 5
5000
100 0 L& 1 1 1 1
00 02 04 06 0.8 Ey, MeV
0 1 1 L . | Fig. 2. The values of the number of scintilla-
350 400 450 500 550 A, nm

Fig. 1. Photofluorescence spectra of organic sin-
gle crystals: 1 - stilbene (A, = 340 nm), 2 - pure
p-terphenyl ( 2,, = 340 nm), 3 - p-terphenyl
doped with 0.1% of 1,4-diphenyl-1,3-butadi-
ene ( A,, = 340 nm), 4 - anthracene ( A,, =
420 nm), 5 - plastic scintillator on the base of
polystyrene (A, = 280 nm).

ence stilbene single crystal (with known ab-
solute light yield) gave a possibility to re-
calculate the results of the calibration in
the number of photons in scintillation pulse
for the organic solid scintillators. Fig. 2
shows the results of these measurements
(points) as well as the approximations ob-
tained by the least squares method (lines).
In the investigated range of energies of
gamma radiation photons, the light re-
sponse of organic scintillators is a linear
function of the excitation energy. The lin-
ear dependence of the number of photons
P, against gamma radiation energy EY (see
Fig. 2) confirms this well-known statement.
According to (4), the energy yield of radio-
luminescence for the case of gamma excita-
tion (YY) is the product of the slope of ap-
proximation line (Fig. 2) and the average en-
ergy Eph of a light photon (that is, light with
a wavelength A%V, ). Table 2 shows both the
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tion photons P, for organic solid scintillators
excited by gamma radiation. Opened symbols
are the calculated experimental values of P,
versus the energy of gamma radiation EY'
Solid lines present the approximation linear
dependences of P, versus EY' The symbols 1,
2, 3, 4 and 5 are the same as in Fig. 1.

calculated values of Y, and the mean energy
SY that is necessary to produce radiolumines-
cence photon with energy Eph()»‘”em) in the
case of gamma radiation excitation.

It is interesting to answer the following
question: What is the range of tempera-
tures, in which the results shown in Tables
1 and 2 are true? It is known that the
yields of the both photoluminescence and
radioluminescence are temperature depend-
ent [1, 17, 18]. The calculation results of
the relative light yield (gamma excitation
by 137Cs [18]) and the relative technical
quantum yield (photoexcitation [1, 17]) as a
function of temperature for the bulk single
crystal of anthracene, presented in Fig. 3,
indicate the following.

According to [1] a similar dependence of
the quantum yield of photofluorescence is
observed for organic single crystals of stil-
bene and p-terphenyl as well, whereas the
value of the light yield of radiolumines-
cence photons weakly depends on tempera-
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Table 2. The values of YY and 6Y for the case of gamma radiation excitation

Organic material Y, 8y, eV
Stilbene single crystal 0.031+0.001 99.35
p-Terphenyl single crystal (pure) 0.039+0.001 80.26
p-Terphenyl single crystal 0.046+0.001 62.61

(0.1 % of 1,4-diphenyl-1,3-butadiene in a melt)
Anthracene single crystal 0.056+0.002 48.39
Polystyrene (1.5 % of p-terphenyl + 0.02 % of POPOP) 0.018+0.001 157.78

Table 3. Temperature dependences of the relative light yield C,,, for single crystals of stilbene,
p-terphenyl and anthracene, and for a plastic scintillator on the base of polystyrene

Organic material T, K Ty K a, rel.un. Aa, rel.un. b, K1 Ab, K1
Stilbene 180 350 1.20 +2.0-1072 -7.5-1074 17.8.107°
p—Terphenyl 160 370 1.02 £1.9.102 -1.1.107% +6.8-107°
Anthracene 160 300 1.30 +1.8.10°2 -1.0-10°3 +7.9.107°
Polystyrene 145 375 0.93 +4.0102 | +2.610* | +1.610*
Light yield,a.u. Fluorescence quantum yield,a.u. temperature dependence of the light yield is
[ observed in some temperature range from
14 J1.4 T, to Ty. This range is individual for each
scintillation material. If we approximate the
1.2 112 dependence of relative light yield C,, on
1.0 110 temperature in the temperature range from
T, to Ty by the least squares method as:
0.8 =08
C.,=a+bT, 5
06 {06 rel (%)
04 . {04 then the approximation parameters a and b
02 S P will be determined with an accuracy of Aa and
' = Ab, correspondingly. One can find the values
oL 1 1 1 1 1 1 10.0

0. 1
100 150 200 250 300 350 400 T,K

Fig. 3 [1, 17, 18]. The calculated values of
the relative quantum yield of the photofluores-
cence (1) and the relative light yield of the radio-
luminescence (2) versus a temperature T for a
bulk anthracene single crystal. Solid line is a
linear approximation of the values of the relative
light yield in the range from 160 to 300 K (see
Table 3). For T = 300 K the values of the light
yield and the quantum yield are taken as a
unit.

ture over a wide temperature range. The
physical mechanisms that cause this behav-
ior of the scintillation response have been
discussed in [18]. In the context of this
work it is important that, in accordance
with the results of [18] for organic scintil-
lation crystals and plastics excited by ioniz-
ing radiations (photons of gamma radiation,
fast neutrons, alpha particles) a very weak
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of these parameters in Table 6.5 of Ref. [8].
Table 3 cites this information as well.

So, one can use the values of Y, from
Table 2 in the temperature range from T'; to
T,. Table 38 presents this range for every
individual scintillation material. It should
be note that the values Aa and Ab determi-
nate the measurement error of the relative
light yield C,,; versus temperature.

5. Conclusions

In this paper we compared the energy
yield of photoluminescence and radiolumi-
nescence for scintillation crystals of stil-
bene, anthracene, and p-terphenyl (pure and
activated by 1,4-diphenyl-1,3-butadiene), as
well as for polystyrene plastic scintillator.
The radioluminescence was excited by pho-
tons of gamma radiation of medium ener-
gies (E,~ 105-106 eV). The radiolumines-
cence light yield varied linearly with the
energy EY of gamma radiation photons. The
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radioluminescence energy yield for organic
condensed media excited by photons of
gamma radiation (YY) is in the range from
0.018 to 0.056. These values are in a good
agreement with the results of the earlier
studies [11, 14, 15]. These values are an
order of magnitude smaller than the energy
yield (Y;) obtained under photoexcitation.

We investigated excitations that did not
cause the track formation, and therefore
the additional energy loss as the result of
the quenching process in the track was not
observed. However, in this case the the ra-
dioluminescence energy yield is much lower
than for the photoexcitation. This result
confirms the fact that, in comparison with
the photoluminescence, the scintillation
process in organic molecular condensed
media proceeds through a number of addi-
tional stages characterized by the additional
energy loss. The values of the energy yields
obtained in this work allow us to estimate
the magnitude of this loss.

In the case of track formation, the loss
of two groups arises. A spur formation
causes the first group of loss and the other
group of loss is the result of spurs overlap
[4, 7-10]. One can use the values obtained
in this work to estimate the contribution of
the first group. Therefore, the results ob-
tained give the possibility to estimate the
influence of the processes of the first and
second groups of the loss that occurs during
a track formation for the particles with
high specific energy loss dE/dx.

. N.Swanson,
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EHeprernuHM# BHXiJ JIOMiHEeCHEHI[il OpraHidYHHUX
TBEPJAOTIIBHUX MaTepiajiB nmpu 30yaskeHHI poToHAMM
cBiTJIa a00 raMMa-BMIIPOMiHIOBAHHSA

O.A.Tapacenxo, M.3.I'anynoe, B./].Ilanikapcovka,
€.B.Canin, B.0O.Tapacos, B.JI.Borkoé

ITIpoBeseno moOpiBHAHHA 3HAUEeHb EHEPTETHUYHOTO BUXOAY Tpu 30ymAKeHHI (doToHaMU
cBiT/Ia Y BUAUMOMY fiamasoHi JOBKWH XBWJL i mpu 30yAKeHHI (oTOHAMU raMMa-BUIIPOMi-
HIOBAHHA JAJS HUBKM CHUHTHUJIAIINHMX OPraHivHUX MOHOKPHCTAIIB Ta IMOJiCTUPOJBLHOTO
MJacTMACOBOTO CIHUHTUIATOPA. IloKasaHo, IO y TePIIOMY BUOAAKY €Hepria s6yaiKeHHS
HUKUe TOTeHIliany ioHisallii MOJIeKyJ PeUOBMHU, TOAiI AK y APYTOMY - €Hepris s36yasKeHHS
epeBUIlye ToTeHIian iomiszarii Moseryn. OTpuMamHo, 110 €HEPTreTWUHUE BUXiZ mpu 30yx-
JKeHHI (oToHaMM raMMa-BUIPOMIHIOBaAHHS (YY) aexuTs, 'y giamasoni 0,018-0,056, mo nHa
TOPAJIOK MeHIIle BeJMYMHN eHePreTHIHOTO BUXOAY Y mMpH doTo30yAKeHHI.
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