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The paper analyzes the reasons of a distinction in the values of the light output and
the light yield obtained by different authors for organic scintillators. The comparison
method was used to determinate update values of the light output and the light yield for
organic single crystals of anthracene, stilbene, p-terphenyl and plastic scimtillator on the
base on polystyrene. These data correspond to characteristics of similar objects created in
the Institute for Scintillation Materials, National Academy of Sciences of Ukraine, that
are cited in the works of our foreign colleagues. By an example of stilbene crystals
obtained by the same technology, it was shown that the spread in the light output values
did not exceed 10 %.

ITpoBemen aHaMM3 IPUYNH PA3JINUYKULA B 3HAUEHUAX TEXHUUECKOTO U AOCOIOTHOTO CBETOBO-
ro BBIXO/4 OPraHMYECKHX CIUHTHUJIIATOPOB, IOJYYAaeMBIX DPasHbBIMH apBropamu. Meromom
CPABHEHMSA IIOJNYYEHBI YTOUHEHHBbIC NAHHLIE II0 BEJMYMHE TEXHUUYECKOTO u abBCOJNIOTHOTO
CHUHTAJIAIMOHHOrO BBIXOJA OPraHMUYECKHX MOHOKPHCTAJJIOB aHTpalleHa, CTUJALOeHA, N-Tep-
heHMIa U IIACTMACCOBOrO CIUHTHUILIATOPA HA OCHOBE IOJHCTHUPOJA. OTHU JAHHBIE COOTBETCT-
BYIOT XapaKTepPHCTHUKAM aHAJOTMYHBLIX OO'BEKTOB, CO3JAHHBIX B VHCTHUTYTE CIUHTUJLISIMOH-
HpIXx MaTepuasoB HAH Vipawubl, KoTopble IPUBOAATCA B paboTax HAIIUX 3apPyO0eXHBIX
Kosurer. Ha mpumepe MOHOKPHCTAJJIOB CTUJIALOEHA, MOJYYEHHBIX II0 OJHON TEXHOJOIHUU, IIO-
KasaHo, YTO pasbpoc BeJHMYMHBLI TEXHUUYECKOI'0 CBETOBOTO BhIXOHa He mpesbiman 10 %.

Busnaienna a6coniomnozo c6imno602z0 6uxody OP2aHIYHUX CUUHMUAAMOPIE.
M.3.I'arynos, O.A.Tapacenro, B.O.Tapacos.

Ilporemerno amanisz mpuumMH BigAMiHHOCTEH y BHAUEHHAX TEeXHIUHOTO Ta abCOJTIOTHOTO
CBITJIOBOTO BUXOAY OPTaHIUYHUX CHUHTHUJISATOPIB, K1 OTPMMaHO pisHUMU aBTOopamMu. MeTogom
MOPIiBHAHHSA OTPUMAHO YTOUHEHi AaHi BeJIUYMH TeXHIUHOTO Ta a6COMIOTHOTO CIIMHTHIAIIHTHO-
TO BUXOMIY OPTaHIUHMX MOHOKPUCTAJIB aHTpalleHy, cCTUALOeHy, n-TepdheHiny Ta mIacTMacoBo-
ro CIHMHTUJIATOPA Ha OCHOBI mosictupoay. Lli mani BignmoBisaioTh XapakTepUCTUKaM aHa-
JorivauX 00’€KTiB, cTBopenux B IHcTUTYTI cniuHTHAANiliHNX Marepianis HAH Ykpainu, axi
HABOAATHCA y poboTax HAITUX 3aKOPAOHHUX Kojer. Ha mpukaagi MOHOKPUCTAiB CTUALOEHY,
OTPUMAaHUX 34 OTHICI0 TEXHOJIOTiEI0, TOKA3aHO, 110 POBKU/A BEJUUNHU TEeXHIUHOTO CBiTJIOBOTO
BUXOJy He mepepuiryBas 10 %.
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1. Introduction
The light yield (LY) is an important
characteristic of scintillators, i.e. materials
those under an action of ionizing radiations
generate light pulses which after that are
converted by a photodetector an electrical
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charge. Usually, this value is given in the
number of photons, which are produced
when a scintillator absorb 1 MeV of energy.
The value of a pulse of electric current ob-
tained on the photodetector output load is
due to absorption of some energy by a scin-
tillator. It is the light output (LO), the
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value that is experimentally measured.
Then, by the reverse conversion the value of
LY, which characterizes a scintillation ma-
terial, is "restored”. These procedures were
described in some articles in detail [1, 2].

It is necessary to take into complete ac-
count the material, size, shape, surface
treatment and packing of scintillator sam-
ples for correct determination of the LY.
These characteristics determine the effi-
ciency of light collection (light collection
coefficient) on a photodetector. It should be
also taken into account the adapting of the
luminescence spectrum of a scintillator and
the photosensitivity spectrum of a photom-
ultiplier tube (PMT), as well as the quan-
tum efficiency of PMT. It should be noted a
large difference in approaches and results
in characterizing the same scintillators that
is observed for different authors. Back in
1987 E.Sakai emphasized [3] this situation.

At the present day this problem remains
the same. Different groups of researchers
report a success in obtaining new scintilla-
tors with the record values of the LY. Typi-
cally, the difference in light collection for
different samples is ignored, i.e., in fact,
the value, which is proportional to the LO
(that is, the amount of light that reaches a
PMT, but not originate in a scintillator) is
used [4-6]. In some cases, the difference in
a degree of spectral adapting of samples and
PMT is not taken into account. In other
words, some value, proportional to the pho-
toelectron yield, is given [7].

Scintillators based on organic single
crystals are characterized by the anisotropy
of optical properties and a large block struc-
ture, with varying degrees of block disor-
der. These characteristics may be substan-
tially different for the samples obtained by
various methods. This fact leads to addi-
tional difficulties in determining the LY
and, as the result, often, in the large vari-
ation of the LY-values obtained by various
authors for the samples that are identical in
their chemical composition.

The paper analyzes the reasons that
cause the distinction in the LY-values of
organic scintillators, obtained by different
authors. For this purpose, we compared the
values of the LY for different samples of
the same types of scintillators reported in
various publications, performed the com-
parative determination of the LY for the
same samples basing of the results of vari-
ous authors, including the results of the
present work.
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2. Data review and analysis

Tables 1 and 2 show the review data of, re-
spectively, the LO and the LY of organic single
crystals of anthracene, stilbene, p-terphenyl
(both pure, and grown from a melt contain-
ing 0.1 % of 1,4-diphenyl-1,3-butadiene),
polystyrene plastic scintillators (1.5 % of
p-terphenyl +0.02 % of POPOP), plastic
scintillator BC-408 and liquid scintillator
BC-501A. Tables 1 and 2 demonstrate that
the differences in the LO- and the LY-val-
ues reported by different authors for the
same scintillators are significant.

The reasons for the large differences in
the determination of the LY are the differ-
ences in the technology of production, treat-
ment and packing of scintillators, aspects of
the experimental instrumentation and meth-
ods of measurements, as well as the neces-
sity of consideration of wvarious factors
when calculating the LY.

The development of the original methods
of deep cleaning of raw materials and grow-
ing allowed us to produce structurally per-
fect organic single ecrystals with high LY
[18]. This caused to appreciable difference
between the values of the LY of organic
scintillators presented in the catalogues of
the leading manufacturers [14, 16, 20] as
well obtained in our studies (see [13], the
review [21]). For example, according to
[16], the LY of plastic scintillator BC-408
(EJ-200) is equal to 128 %, and liquid scin-
tillator BC-501A (EJ-301/NE-2138) is equal
to 156 % relatively to stilbene single crys-
tal developed by the western companies. On
the other hand, the results of our studies
[21] shows that the LY of the plastic scintil-
lator and the liquid scintillator of the of the
same compositions is, respectively, 45 %
and 55 % in comparison with structurally
perfect stilbene single crystal produced in
the Institute for Scintillation Materials
NAS of Ukraine [13, 21]. The results of re-
cent studies also indicate higher values of
the LY of organic single crystals [10, 11, 13,
15, 18] compared to earlier data [8, 9, 16]
and the data presented in the catalogues [14,
20] of the companies which specialize in pro-
duction of plastic and liquid scintillators.

The differences in measurement tech-
niques can also significantly effect on the
LY-value. The analysis of methods of LY
measurements of organic single crystals
shows that, as in the case of inorganic scin-
tillators [1-7], there is no the general ap-
proach to the measurement procedure, de-
spite the IEC International Standard for the
LO measurements of packed scintillators,
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Table 1. LO data (in photons per MeV) of organic scintillators

Anthracene Trans- p- p- Polystyrene |BC-408 (EJ-| BC-501A | Ref. #
stilbene |Terphenyl|Terphenyl 200) (EJ-301)
(pure) (doped)

~9720! - - - - - - [8]
(12480+14220)2 - - - - - - [9]
15860 - - - - 11570 5086 [10]

- 10500 - - - - - [11]

11560 6720 6750 9780 4580 - - [12]

Notes to Table 1:

1 _ Qur estimation is based on the data obtained in [8], according to which the scintillation yield of
anthracene under electron irradiation is of about one photon per 60 eV deposited in the crystal.

2 __ For this estimation we used the values of the energy yield of anthracene single crystal
(0.06240.004) [9] irradiated by electrons of 13Cs. The mean energy of a photon in anthracene
luminescence spectrum (2.71 eV [12]) was used.

Table 2. LY data (in photons per MeV) of organic scintillators

Anthracene Trans-stilbene - p-Terphenyl Polystyrene BC-408 Ref. #
Ferphenyl (doped) (EJ-200)
(pure)
166721 - - - - - [8]
21607+243912 - - - - - [9]
19399 10200 11727 15904 6313 - [12]
20000 14000 - 27000 - - [13]
- - - - - ~10000 [14]
- - - 350002000 - ~10000 [15]
156253 78123 - - - ~10000 [16]
- 17800 - 28300 - - [17]
195504 195524 - - - - [18]
15000 - - - - [19]

Notes to Table 2:

1 _ See the notes to Table 1. The value of light collection coefficient T, = 0.583 was taken from [12].

3

2 _ See the notes to Table 1. The value of light collection coefficient 7, = 0.583 was used.
— The calculation is based on the data [16] of the relative LY for anthracene, stilbene and plastic

scintillator BC-408 (EJ-200). According to [14], the LY of BC-408 is equal to 10000 photons per

1 MeV.
4

accepted in 2006 [22]. Attempts to univer-
salize the results obtained by various
authors using the same conversion coeffi-
cients may be incorrect because of the un-
certainty of some conversion coefficients
for the real samples.

3. The method of LY measuring

The relationship between a pulse height (PH),
generated at the output of the measuring circuit,
and the LY of a scintillator is the following:

PH =LY X K;, x K x K36, x K, (1)
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— The samples obtained from a solution were studied in [18].

where K. is the light collection coefficient,
K, /™% is the maximum average quantum
efficiency of a photocathode, KpmtsC is the
coefficient of spectral matching of the
photodetector and the scintillator, K is a
certain efficient coefficient of amplification
of the measuring circuit including a PMT
dynode. The product of the first two fac-
tors on the right side of Eq.(1) defines the
LO, and the product of the first four fac-
tors defines the photoelectric yield (L)
L,je is the number of photoelectrons emit-
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ted from a photocathode during the scintil-
lator absorbs 1 MeV.

In the present work we used the method
of determining the LY based on a compari-
son of pulse heights of the sample under
investigation (HPX) and the reference sam-
ple (HPEN. Hereafter the upper indices X
and Rf refer to the sample under investiga-
tion and the reference sample, respectively.
Comparing the positions of peaks or Comp-
ton edges of these samples (PHX/PHEf) for
the specific energies and finding the values
of LYRf, K X, K max X’ Kpmtsc X’ chRf
K, mex Rf, K Sc Rf one can obtain the
value of LYX

KRf scR{ PHX Kmafo (2)

X
K K3, PHEI KRaxX”

LYX = LYR/x

The value of K, m* Rf/Kan“x X is close
to one in the case of a small difference in
cross-section dimensions of the samples. In
this context Eq.(2) can be simplified as:

fx KscR[ y PHX 3
K = KX~ PHEM

LYX = LYRf x

Light collection coefficients K;. were cal-
culated using Monte Carlo simulation for
certain values of transparency, surface
treatment and packing of the scintillator.
The coefﬁcients K, /™% and data for calcu-
lation of K were taken from the catalog
[23]. To cafculate K ~¢ luminescence spec-
tra of the samples were also measured.

4. Comparative results

In [12] using the comparison method we
calculated the LO and the LY for a series of
organic scintillators (see Tables 1 and 2).
The sample of @30x5 mm?2 stilbene single
crystal was used the reference detector. The
value of the LY assumed for this reference
sample has been determined in [2] for a
standard sample of stilbene.

The authors of the works [11, 19] run
the measurements of LY for the samples of
stilbene single crystals of our production.
The higher values of the LY were obtained.
To adjust this disagreement we carried out
the comparative measurements of
@40x40 mm? stilbene detector used by the
authors in [2] and the single crystal of stil-
bene, studied in [12] as well as a series of
other stilbene single crystals. It was found
that their wvalues of the LY are 1.4-
1.5 times higher than the light LY of
@40x40 mm?2 stilbene detector. In our opin-
ion, this result may be explained by incor-
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Fig. 1. Amplitude spectra of scintillators ir-
radiated by photons of gamma radiation of
187Cs.  Single erystalss 1 —  Nal(Tl)
(T40x40 mm?), 2 — anthracene (@20x5 mm?),
3 — stilbene (@30x5 mm?2), 4 — pure p-ter-
phenyl (@30x5 mm?), 5 — p-terphenyl doped
with 0.1 % of 1,4-diphenyl-1,3-butadiene
(220x5 mm?). Plastic scintillator: 6 — poly-
styrene (1.5 % of p-terphenyl + 0.02 % of
POPOP) (30x5 mm?2).

rect determination of the LY for the stil-
bene detector in [2], where the value of
light collection coefficient K;. = 0.7 was
used. This value was obtained before for
Nal(Tl) detector of the similar shape [24].
Thus, the LY-values for the scintillator ma-
terial on the base of stilbene, currently pro-
duced in the Institute for Scintillation Ma-
terials, are 1.4—1.5 times higher than the
value reported in [2]. Therefore the LY-val-
ues of the other scintillators obtained in
[12] were also underrated.

In this paper the comparison method was
also used for determination the LY-values
of organic single crystals and plastic scintil-
lator on the base on polystyrene. All sam-
ples had a height of 5 mm and were packed
in the diffuse reflector (Tetratek).
@40x40 mm? Nal(Tl) detector with the value
LY = 4-10% photons per MeV was used as
the reference detector. According to [24],
light collection coefficient K;. for this de-
tector with a matt surface and packed in a
diffuse reflector was taken equal to 0.7.

A 9954A PMT [23] was used as a pho-
todetector. The amplitude scintillation spec-
tra of the samples were measured by a
multi-channel amplitude analyzer AMA-OF.
Calibration of the channel width in MeV of
gamma radiation was performed by sources
of 22Na, 60Co, 137Cs and '92Eu. Fig. 1 shows
the results of measurements of amplitude
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Table 3. Values of K

le?

LO and LY (in photons per MeV) of organic scintillators

Sample Anthracene Trans-stilbene
LO 17330 9670
K, 0.596 0.659
LY 29080 14700

p-Terphenyl p-Terphenyl Polystyrene
(pure) (doped)
9745 15345 6660
0.576 0.615 0.725
16920 24950 9190

scintillation spectra of the samples excited
by gamma radiation photons of 137Cs.

The LO- and LY-values were determined
by the method described in Section 3 of the
present article by comparing the position of
the maximum in the amplitude spectrum of
Nal(Tl) (0.662 MeV) and the positions of the
Compton edges (0.480 MeV) in the spectra
of the organic scintillators under investiga-
tion. The results are shown in Table 3.

The results of measurements of the LY
of stilbene single crystals grown in the In-
stitute for Scintillation Materials was re-
cently reported in [11, 19]. This allows a
correct comparison of our results and the
results of other authors. Comparison of the
LO-value for the stilbene single crystal
(Table 8) with the same value obtained in
[11] (Table 1), as well as the LY-value
(Table 3) with its analogue in [19] (see
Table 2) indicates that the deviation in the
results of measurements is not more than
10 %.

The wvalidity of such an error in the
measurements of various researchers is con-
firmed by the results of our studies of the
relative LO of the samples of stilbene single
crystals with the same size (@35x10 mm?)
and produced by the same technology. Dur-
ing the measure scintillation pulses detected
alternately from one of the opposite cylin-
drical bases (irradiation was performed
from the side of the other base). As a result
of such the measurements two different val-
ues of the relative LO were obtained for
each sample. As an example Table 4 pre-
sents the results of such the measurements
run for three samples of stilbene single
crystal (# # 1, 2, 3). The maximum value
of the LO is taken as 100 %. The minor
value of LO for each the sample is given in
parenthesis.

The spread in the experimental data shown
in Table 4 does not exceed 10 % and may be
determined both by the spread in technologi-
cal parameters of production of each specific
sample of a detector and by irreducible meth-
odological error of measurements.
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Table 4. The relative LO of stilbene single
crystals @85x10 mm? (details are in the
text)

Sample # Relative LO, %
1 100 (98.8)
2 90.4 (89.9)
3 95.8 (94.6)

5. Conclusions

There is a wide variety of approaches in
determining the LY-value, which is the
main characteristic of the scintillation ma-
terials [25]. As a result, the various data
often are difficult to interpret in terms of
their comparison. This problem unfortu-
nately is not to be easy for organic scintil-
lators. The obtained results and their analy-
sis showed that the spread in the LY data
for the specific type of a scintillator is de-
termined not only by the aspects of design
and performance of the experiment, but
also by the details of the production tech-
nology. It will correctly to determine the
LY for the specific sample of a scintillator.
In addition, for each sample we need to de-
termine the radioluminescence spectrum,
the absorbtion coefficients of scintillation
light, to provide a surface treatment, to use
the reflectors with specific characteristics.

In this paper we presented updated data
on the LO and LY (Table 38) for the major
types of organic single crystals and stand-
ard plastic scintillator. These data are con-
sistent with those obtained for similar sys-
tems developed in the Institute for Scintil-
lation Materials by our foreign colleagues
[11, 19]. The important result is determina-
tion of the spread in the LO-values, which
did not exceed 10 % (Table 4). The results
obtained in this work expand the database
needed to develop the reference samples of
organic scintillators for the LY certification.
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