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In this paper, we have discussed the technique for selective detection of different types
of ionizing radiations. This technique is based on the discrimination procedure of particles
by their scintillation pulse shape. We have studied the ability of organic crystalline and
liquid scintillators to selective detection of neutron and y-radiation. The results we have
been obtained in this work give initial information for the quantitative analysis of the
processes proceeding in side a particle track in contrast to earlier works when such a
study, in fact, had qualitative character.

B paGOTe paccMaTpuBaeTcda MeTo[ ceJIeK TUBHOM perucrpainunuu pa3jindYHbIX THUIIOB MOHU3U-
pyrommux HSJIy‘IeHHfI. Aror MeTOoJ OCHOBBIBaeTCA Ha OJUCKPUMHWHAIIUMU YacCTHUI[ IIO (popMe
COUHTUWIJIAIUOHHOIO UMIIyJIbCA. I/ICCJIeHyeTCﬂ CIIOCOOHOCTh OpraHndyeCKuX KPUCTAJIJIUYUYECKUX
U KUOAKUX CIIUHTUIIATOPOB K pasaeanoﬁ perucrpamnunumn HefITpOHOB n (1)OTOHOB raMMa-uaJjniay-
yeHuA. B oTamuume oT pe3yjabTaToOB PaHHUX I/ICCJIeﬂoBaHI/IfI, HOCAIIIUX KauyecTBeHHBI I XapakK-
Tep, IIOJIYyYeHHbI€ B pa60Te pe3yJabTaThl AT UCXOJHYIO I/IH(I)OpMaIlI/IIO AJIsd KOJINYEeCTBEHHOTI'O
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aHaJiu3a IIPOIlecCoB, IIPOTEKAIIIUX B TPEKe I/IOHI/ISI/IpyIOHIefl YaCTHUILbI.

In real nuclear physics experiments, the
detection of ionizing radiation always takes
place in the presence of some background
because the ionizing sources of only certain
type of radiation, practically, do not exist.
High-accuracy detection systems that
mainly use scintillators are very sensitive to
different types of ionizing radiations. As an
example, in neutron measurements a scintil-
lator detects both neutrons and accompany-
ing background y-radiation because the neu-
tron detectors on the base of solid and lig-
uid scintillators have a high efficiency of
y-radiation photon detection. Therefore, a
highly accurate experiment is impossible
without a technique of identification of ion-
izing radiations aimed at selective detection
of different types of radiations.

The problem of selective detection of ion-
izing radiation, especially the problem of
separation of the neutron spectrum and
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gamma background is very important in nu-
clear experiments. The most effective
method for detection of fast neutrons is
based on production in material the recoil
protons. Therefore, the organic detectors
with high containment of hydrogen are the
most useful for fast neutrons spectroscopy.
A selective ability of the scintillator used
for detection of ionizing radiations is one of
its major characteristics. Under conditions
of mass production of scintillation crystals
and detectors on their base, the method al-
lowing during the short time to determine a
selective ability of scintillation materials is
required. This work is devoted to discussion
of the methodical aspects of certification of
organic scintillation detectors for applica-
tions in measurements with scintillation
pulse-shape discrimination of radiations of
different types.
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Ionizing radiations generate in an or-
ganic scintillator two types of a lumines-
cence referred to the prompt radiolumines-
cence and the delayed radioluminescence. A
formation of the fast component of the ra-
dioluminescence pulse essentially takes
place outside the regions of particle tracks.
It has an exponential decay with time con-
stant about 1079-1078 s. The process of
scintillation pulse fast component formation
proceeds within "the optical approximation”™
and practically does not depend on specific
energy losses dE/dx of a particle. The slow
component of the scintillation pulse arises
due to of triplet-triplet annihilation process
that results in the delayed radiolumines-
cence of a scintillator. These processes take
place only in the regions of high activation
density (e.g. a track of a particle) where the
concentration of ionized and exited mole-
cules is high and therefore the influence of
dE/dx on the slow component of scintilla-
tion pulse formation is of primary impor-
tance. Due to annihilation nature of such a
process, hyperbolical functions describe the
shape of slow component and it intensity
depends on dE/dx. It is the physical base of
the technique of particle identification by
the radioluminescence pulse shape [1-5].

There are two ways to study the ability
of organic scintillators to discriminate the
ionizing radiation with different dE/dx.
Firstly, it is the direct analysis of the radio-
luminescence pulse shape of organic scintilla-
tors, and secondly, it is the method of selec-
tive detection of events in real time [3-6].

The single-photon technique, proposed by
L.M.Bollinger and G.E.Thomas, allows ob-
taining the precise shape of scintillation
pulse and therefore to compare pulse shape
parameters obtained in the measurements
with radiations with different dE/dx. Ac-
cording to this technique, within some time
interval the probability of a photon appear-
ance in a scintillation pulse after excitation
is measured. This technique possesses a se-
ries of unambiguous advantages. Among
them an optimal the signal-to-noise ratio, a
possibility to carry out the measurements
both the fast component of a scintillation
pulse, and the slow one, ete. Figure 1 pre-
sents the block diagram of the set-up for
studying the time parameters of the radio-
luminescence pulse by the single-photon
technique [3, 5, 6].

Let us describe the selective ability of a
scintillator measured by the single-photon
technique in as following [4, 5]:
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Fig. 1. Block diagrams of the set-up for
measuring of time parameters of radiolumi-
nescence pulse by single-photon technique.
Blocks of optical part of the set-up are fol-
lowing: S is a sample; PMT 1 and PMT 2 are
photomultipliers; SIR is a source of ionizing
radiation; D is a diaphragm, F is an optical
filter. The units of electronics part of the
set-up are the following: SAA is a single-
channel amplitude analyzer; CFD — constant
fraction discriminator; DL is a delay line;
T-A is a time-to-amplitude converter; MAA is
multichannel amplitude analyzer; CS is a co-
incidence circuit; a is the anode output of
photomultiplier tubes; 13d is the output from
the 13th dynode of PMT 1.

On (1)

where o, and o, are the ratios between the
number of events in slow and fast compo-
nent of a radioluminescence pulse for neu-
tron and y-excitation, respectively. The
analysis of a scintillation pulse shape, ob-
tained by the single-photon technique, pro-
vides the determination of the contribution
of the radioluminescence pulse slow compo-
nent with high degree of accuracy. How-
ever, the accumulation of the necessary sta-
tistics in single-photon measurements of a
scintillation pulse shape, and especially its
slow component may be a long procedure. It
may continue from a few hours to a few
days. It is the reason why the single-photon
technique is not quite acceptable for a certi-
fication of scintillators. Besides that, it
does not allow to obtain the information
concerning the energy spectrum of scintilla-
tions [4].

Another way for studying the selective
ability of scintillators is an identification of
particles by their pulse shape. We used the
method of selective detection of particles
based on an immediate comparison of
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Fig. 2. Block-diagram of set-up for selective
detection the ionizing radiations with different
dE/dx. SIR is a source of ionizing radiation;
1 is a scintillator; 2 is a photomultiplier; 3 —
the discrimination circuit that separates "fast”
and “slow” signals; 4 is an integrator; 5 is an
inverter; 6, 7 are amplifiers with adjusted
gain; 8 is a summer; 9 is a charge sensitive
amplifier; 10 is a pulse former amplifier; a is a
photomultiplier anode output; d is the output
of the next to the last dynode of a photomulti-
plier; n-output is the neutron spectrum control
output; y-output is y spectrum control output;
spectral output is the spectrometric output.

charges in slow and fast component of the
scintillation pulse taken with different sta-
tistical weights [5]. Figure 2 demonstrates
the set-up that realizes this method. The
signal from anode output of the photomulti-
plier is transmitted to the electronic scheme
that separates a charge in time intervals
from 0 to 50 ns after an excitation and
from 50 to 2 ps, i.e. the time of fast and
the slow signals, respectively. Electronics
integrates the charge accumulated in the in-
terval from 0 to 50 ns and obtains the oJ;
value, as well as integrates the charge accu-
mulated in the interval from 50 ns to 2 us
and inverts to obtain J, value. The signals
proportioned to J; and J, are summed in
such a way that a detection of scintillation
pulses initiated by neutrons results in a for-
mation of the positive pulse on the summer
output, whereas a detection of photons of
gamma radiation results in a formation of
the negative pulse. The digital signal ap-
pears on separate "neutron” or "gamma”
output according to polarity of the previous
signal. The charge sensitive amplifier and
then the pulse former amplifier form the
signal from the next to the last dynode of a
photomultiplier for amplitude analysis. This
instrument may works in measurements
with separation of combined spectra of a- and

B-scintillations, a- and y-scintillations, etc.
using the same principle of discrimination
analysis.
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According to [3], a quality of the dis-
crimination procedure based on the above-
mentioned technique depends on time inter-
val ¢, of "complete” decay of the fast com-
ponent of the radioluminescence pulse.
Single-photon measurements of the radiolu-
minescence pulse shape give the tf-value [4]-

To describe the selective ability of scin-
tillators measured by the discrimination
procedure introduce the coefficient:

K,=6,/6, (2)

where 6,,.,) is the number of pulses formed
on neutron (gamma) control output of the
set-up (excluding noise and false operation
pulses) normalized by the neutron (gamma)
flux for certain radiative source [3].

The digital frequency meter of Ch3-33
type measures the number of pulses formed
on neutron (gamma) control output of the
set-up. The spectrometric signal goes to
analogue-to-digital converter (ADC), and
loads in a memory file if the control signal
(neutron or gamma) allows writing.

Let us introduce, according to [4] pa-
rameter &; ; which characterizes integral ef-
fect of a quenching as a function of dE/dx
of ionizing radiation, i.e. the total energy
losses for both the fast component and for
the slow component of the radioclumines-

cence pulse:
L) 1 3
LI E; E; ’

where N; and Nj are the number of scintil-
lation photons for i- and j-types of the exci-
tation with energy E; and E;, respectively,
i.e. the relation between the light signals
intensities normalized to the correspondent
energy of the excitation. The calculation of
the parameters ‘E:n,y and ‘E:(x,y provides the in-
formation about the processes of scintilla-
tion pulse formation under irradiations with
different dE/dx.

We have used the radionuclide sources of
252Cf and 2%9Pu-Be in our measurements.
They are the sources both of photons of
y-radiation and of fast neutrons. Therefore,
the relation between the y-radiation photon
flux and the neutron flux is equal to the
relation between the corresponding activi-
ties of y-radiation and neutron of these
sources. The ratio between the number of
y-radiation photons and the number of fast
neutrons is equal to 8.46 for the act of
spontaneous fission 2%2Cf radionuclide
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Table 1. Comparative values of coefficients ¥ (1) and K, (2) for organic scintillators irradiated

by 239Pu—-Be source.

Scintillator L % K, %
1 Liquid scintillator on the base of 14.7 14.4
a vaseline/a-methylnaphthalene mixture
2 Stilbene single crystal 24.0 24.0

Table 2. Results of the measurements of
parameter K, (2) for organic single crys-
tals

Table 3. Results of the measurements of pa-
rameter K, (2) for a series of organic liquid
scintillators irradiated by 23°Pu-Be source

Scintillator base K, %
Diisopropylnaphthalene 6.0
2 Benzyl benzoate/naphthalene 13.0
mixture
3 | Vaseline/o-methylnaphthalene 11.2
mixture

Scintillator D@men— K,, %
sions, | zace | py_pe
1 Stilbene 80x50 34.8 42.6
single crystal
2 -//- 80x50 | 38.0 42.9
3 -//- 50x50 | 48.6 48.9
4 -//- 50x50 25.4 32.4
5 -//- 50x40 | 20.8 31.8
6 -//- 50x40 15.2 27.0
7 -//- 40x40 23.0 34.8
8 -//- 30x30 | 16.1 22.5
9 -//- 25%20 15.2 22.2
10 -//- 25%20 16.4 21.6
11 -//- 25x18 9.6 22.8
12 -//- 40x14 41.1 46.8
13 -//- 40x14 25.9 35.4
14 -//- 40x14 19.6 32.4
15 -//- 40x14 46.7 42.3
16 | p-Terphenyl | 50x50 39.9 34.5
single crystal
17 -//- 50x40 19.6 21.3
18 -//- 40x14 15.9 12.0
19 | p-Terphenyl 40x3 4.7 6.3
polycrystal

source. For the Pu-Be source the proportion
between the number of y-radiation photons
and the number of fast neutrons is equal to
3 [7, 8]. These characteristics of the sources
have been considered in calculations by
Eq.(2).

The results of the measurements with
the radionuclide source of 24'Am allow to
calculate the ia, -value (3). It is the source
of alpha (E,= 5.4 MeV) and gamma
(EY= 59.5 keV) radiations. To separate o-
and 7y-scintillations the following measure-
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ments were run. Firstly, we have measured
the scintillation spectrum when the source
of 24TAm placed directly on the sample.
Then, we run the same measurements but
with a sheet of paper between the sample
and the source. The high-energy peak disap-
peared. At last, we have irradiated the sam-
ple by the source of y-radiation on the base
of 24TAm (it had the special film that ab-
sorbs a-radiation). In this case, we observed
the peak in the region of amplitude spec-
trum that corresponded to the previous
measurement with a sheet of paper. It has
allowed us to identify the high-energy
peak as a-scintillations, and the low-energy
peak as y-scintillations.

We calculated the values of y (1) and K,
(2) for stilbene single crystal and for liquid
scintillator on the base of the mixture of
vaseline and a-methylnaphthalene. Table 1
gives the results of these calculations and
illustrates the correlation between the val-
ues ¥ and K,. It shows that the discussed
technique is quite correct for selective spec-
tral measurements of an ionizing radiation
in the presence of background.

We studied the ability of organic scintil-
lators to selective detection of ionizing ra-
diations. Table 2 presents the values of co-
efficient K, for stilbene and p-terpenyl or-
ganic scintillators and detectors on their
base. Scintillators were of different diame-
ters (from 25 to 80 mm) and thickness
(from 3 to 50 mm). Table 8 shows the re-
sults of a studying of the selective ability
for the series of liquid scintillators. These
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Fig. 3. Amplitude spectra of 50x50 mm stil-
bene detector irradiated by the sources of
ionizing radiation: 23°Pu-Be (curves 1 and 2),
232Th (curves 3 and 4) and %%Co (curves 5 and 6).
Curves 1, 3 and 5 have been measured with-
out the neutron control signal, curves 2, 4
and 6 with the neutron control signal.

liquid scintillators filled the 30x40 mm?2
glass cells. They were bubbled by argon dur-
ing 10 minutes. After that, the cells were
sealed. The side surface of cells had light-
reflective enamel V1-548.

We measured the amplitude spectra of
50x50 mm? stilbene detector, and used the

data obtained to calculate the parameter &n!y.

A 239Py—Be fast neutron source gave gamma
radiation as well. Radionuclides of 60Co and
232Th gave set of gamma lines in referent
experiments. Fig. 3 shows these spectra ob-
tained on the set up (see Fig. 2). Curve I
presents the total neutron and gamma spec-
trum of 239Pu-Be (discrimination is not
used). Curve 2 presents the neutron spec-
trum of 23%Pu-Be (control from neutron
output). Curves 3 and 5 show the amplitude
gamma-spectra of the sources 80Co and
232Th measured without the neutron control
signal, and curves 4 and 6 show amplitude
gamma-spectra of the sources 80Co and
232Th with the neutron control signal, re-
spectively. A negligible number of pulses
for curves 4 and 6 confirm that discussed
discrimination procedure is enough effec-
tive. Using the number of channel in which
generated by the neutron of energy E, the
recoil protons form the "step” [2, 4, 6], we
calibrated the measured spectrum in the
scale of neutron energies. Fig. 4 demon-
strates the relation between the number of
such a channel of the multichannel analyzer
and the neutron energy for measured stil-
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Fig. 4. The number of a channel of the ana-

lyzer versus the neutron energy for measured

amplitude spectrum of 50x50 mm stilbene

single crystal irradiated by 23°Pu-Be. The

solid circles are experimental data, the solid

line is a linear approximation Y =A + B-X,
where A = 0.2 MeV; B = 0.023 MeV/channel.

Table 4. Results of the calculations of pa-
rameter &n’y (3) for 50x50 mm stilbene single
crystal

E'y, MeV Eﬁoén\?’ ?lﬁ:rirrllgleel} E,, MeV én’y
1.173 0.963 83 2.125 0.453
1.332 1.117 97 2.447 0.456
2.614 2.381 202 4.846 0.491

bene single crystal irradiated by 239Pu-Be
source [2, 7, 8]. To obtained the neutron
and gamma energies those correspond to the
same amplitude in scintillation spectra we
selected the channel number of Compton
edge in the amplitude spectra obtained for
80Co and 232Th sources of gamma-radiation
(see Fig. 3), and the neutron energy, which
according to calibration curve for neutron
energies (see Fig. 4), corresponds to the
same channel. After that, we calculated pa-
rameter &n!}, in accord with Equation (3).
Compton edge energies Ecomp for sources
with energies E, obtained according to well-
known relations (see [2]). Table 4 shows
these results.

The calculated value of &, ., for stilbene
single crystal irradiated by 2*'Am is equal
to 0.05. The En’y values (see Table 4) are
about 0.4-0.5. So, the values obtained, i.e.
€,y and ‘E:(x,w differ by an order of magni-
tude. This result shows the difference in
influence of particle energy E and dE/dx on
the quenching processes in it track [4—6].
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Thus, designed set-up and technique
gives a possibility to obtain the energy spec-
tra of recoil protons generated by fast neu-
trons excluding the influence of accompa-
nied gamma-radiation. The maximum en-
ergy of recoil protons gives information
about neutron energies, and the ratio be-
tween the number of pulses on the neutron
and gamma control outputs allows estimat-
ing the ability of scintillators to selective
determination of neutron and gamma-radia-
tion. The K, -value increases with growth
of sample dimensions (Table 2). It means
that for energy range discussed a depend-
ence of scintillation efficiency from sam-
ple dimensions is stronger for neutrons
than for photons of gamma radiation. The
comparison of the results obtained for
stilbene and p-terphenyl single crystals in-
dicates that detectors on the base of stil-
bene scintillators more effective for the
modern tasks of neutron spectrometry.
Notwithstanding that, it is necessary to
take into account for practical use, that
scintillators on the base of p-terphenyl
have better strength and operating charac-
teristics. The values of parameter &n,y have
been obtained for different energies of ion-
izing radiation. It gives very important in-
itial information for the quantitative analy-
sis of the processes proceeding inside a par-
ticle track in contrast to earlier works when
such a study, practically, had qualitative
character [4-6].
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MeToauuHi aceKTH Ta amapaTtypa AJs JOCHiI:KeHHS
3MAaTHOCTI OPraHiYHHUX CIUHTHUJIATOPIB A0 CEJEKTHBHOI
peecTpanii pi3HHX THIOIB 10HI3yIOUMX BMIIPOMiHIOBAHb

M.3.'anynos, €.B.Mapmunenrxo, O.A.Tapacenko

Y po6oTi po3riAzacThCAo METOJ CeJeKTHUBHOI peecTpallili pisHHUX TUIIB ioHi8yHOUWX BU-
npoMiHIOBaHb. MeTosx I'PYHTY€EThCS Ha AUCKPUMiHAIIl YacTUHOK 3a (DOPMOIO CIIMHTUJIAIIAHO-
ro iMmmyabcy. JocaifKyeTbed 3TaTHICTh OPTaHIYHUX KPUCTAJNIUHUX 1 PIAKUX CHUHTUJIATOPIB
o posxinbHOI peectpallii HeHTpoHiB Ta (oToHIB rama-unpoMinioBanHa. Ha Bigminmy Bif
pesyJbTaTiB IoIlepefHiX [MOCHilKeHb, AKi MaloTh fAKicHUil xapaxkTep, OoTpuUMaHi y pobori
pesyJbTaTH HaJAIOTh BUXiAHY im(popmamiio aasa KigbkicHoro amajisy mporecis, mo Bix6GyBa-

I0ThCA Yy TPeKy ioHiBy0UOI YacTUHKU.
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