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The processes of primary energy exchange of ionizing radiation in track regions of organic molecular scintillation

crystalline materials are reviewed. The semi-empirical description of the processes of primary energy exchange of

ionizing radiation, which takes into account quenching in a track for organic crystalline scintillators, is discussed.

Parameters of this description characterize the primary quenching effect in a track. The revised model of the

scintillation process was obtained due to taking into account the influence of polarization interaction between excess

charge states and molecules of a substance in the track area.

PACS: 29.40.Mc, 72.20.Jv, 77.22.Ej

1. INTRODUCTION

It is generally known that organic scintillators and
detectors based on these scintillators are the most ef-
fective for detecting of short-range ionizing radiation
(alpha and beta particles), as well as for spectrom-
etry of fast neutrons [1-3]. It means that organic
scintillators are the most widely used for detecting
the ionizing radiations those produce tracks in such
a scintillation material. So, the study of the processes
of energy exchange in the track regions, which cause
energy loss and determine eventually the scintillation
response, is a topical task.

As far back as fifties of the XX century it was
known that the energy conversion efficiency of an or-
ganic scintillator decreases with specific energy loss
dE/dr increase. It is considerably lower under exci-
tation by ionizing radiations with high dE/dr (e.g.
10%...10® MeV /cm, for fast neutrons or alpha parti-
cles) than under excitation by radiations with low
dE/dr (for photons of gamma radiation of middle
energies dE/dr < 107! MeV/em) [1, 3]. The na-
ture of the process causing such loss was not clear
and this effect had been called the ”specific quench-
ing” [1, 4, 5]. It was considered that the main part
of this loss (quenching) has to take place in a track
area (regions of high activation density) at the ini-
tial stage of scintillation processes (is less than 50 ns
after excitation) [1-7]. This statement was based on
the results of the measurements of kinetics of the slow
component of scintillation pulse. It was shown that
if the time after excitation is larger than 50 ns then

the fast component of scintillation pulse does not dis-
tort it slow component kinetics, and it is described by
a diffusion approximation. It was observed the very
slow time variation of the concentration of triplet-
excited molecules, determined by diffusion expansion
of a track but not by quenching [3, 6, 7]. Therefore
the existence of energy loss indicates that some effec-
tive quenching has to forego the stage of molecular
excitation energy exchange, when the diffusion ap-
proximation is applicable. Besides, the existence of
appreciable additional energy loss (”specific quench-
ing”) have to be the result of primary processes of the
energy exchange in the ionizing particle track area,
but not in surrounding regions of low activation den-
sity [1, 3-5, 8, 9].

It was observed that for ionizing radiations with
high dFE/dr the dependence of the scintillation re-
sponse of an organic scintillator versus ionizing ra-
diation energy is non-linear [1, 3-5, 8, 9]. Many re-
searchers studied quenching in a track and the de-
pendence of the scintillation response of an organic
scintillator versus specific energy loss dF/dr [1-6, 10-
12]. The hypotheses of monomolecular quenching in a
track of an ionizing particle [10], bimolecular quench-
ing [6, 11], quenching resulting from interaction of m
molecules (m > 1) [12] and corresponding relation-
ships of the scintillation response and specific energy
loss dE/dr were studied. One can find the review of
early works on the subject in [1] and the review of
this material before 1997 in [3]. The semi-empirical
relationship giving the dependence of specific fluores-
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cence dL/dr versus specific energy loss dE/dr pro-
posed by Birks [1, 10] is most widely used in scien-
tific literature. It was based on the assumption of
”unimolecular” quenching in a track of an ionizing
particle. According to Birks [1]:

AL/ dr — SdE/dr

= — 1
14+ kdE/dr’ (1)

S is absolute scintillation efficiency, k is a quenching
parameter, B dFE/dr is the specific density of ionized
and excited molecules along the particle track, B is a
constant. For small dE/dr (fast electrons) equation
(1) gives [1]:

dL/dr ~ SdE/dr.

At large dE/dr (e.g. alpha particles with energies
less than 6 MeV') equation (1) becomes [1]:

dL/dr =~ S/kB = const .

Unfortunately, the experimental data contradict this
theory. Let P denote the scintillation response caused
by alpha particle excitation and R denote the range
of an alpha particle with energy F, in corresponding
scintillation substance. Using the data of calculated
R-values cited in [13, 14] and the P-values measured
in [13-16] we can obtain P/R values versus alpha
particle energy FE,. Such a result was obtained for
a number of stilbene and p-terphenyl single crystals.
Fig. 1 demonstrates the typical example of the depen-
dence of P/R values versus E,. One can see that the
P/R-ratio is not a constant. Thus, the description of
the quenching in a track proposed by Birks is easy
to use, but it does not fit experimental data well.
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Fig.1. P/R-values versus alpha particle energy E,
for a @40 mm x 10 mm stilbene single crystal

Another weak point of all known descriptions of the
quenching in a track was that they did not take into
account the influence of electronic polarization of
molecules of a scintillator by charge states. Really,
the charge states generation is one the main stages
of the radioluminescence pulse formation [1-5, 17-
19]. All effective organic scintillators can be referred
to dielectrics or wide-gap semiconductors. The po-
larization primarily influences on the processes of

charge state formation, transport and recombination
in them [2, 3, 20-24]. It becomes evident even from
the fact that for organic molecular crystals the en-
ergy of polarization interactions is by two orders of
magnitude greater than the energy of Van der Waals’
interactions, that holds molecules in the lattice of a
molecular crystal [2, 3, 21, 22, 24]. The average time
that is necessary for a random hop of a charge car-
rier from one molecule to other in organic crystals is
about 107'2s. The time that is necessary for elec-
tronic polarization of neighbouring molecules varies
from 10716 to 10715 s [21, 22, 24]. If a molecule loses
an electron and becomes a positive molecular quasi-
ion Mpy, it means that this electron has to localize
on some other molecule and a negative molecular
quasi-ion M,_ arises. The My, and M,_ molecular
quasi-ions are surrounded with unionized molecules.
Molecular m-orbitals of neighbouring molecules have
negative charge; therefore they are attracted to the
M,+ and are repelled from the M,_. So, the gen-
eration of charge states by an ionizing radiation is
accompanied by polarization interactions between a
surplus charge carrier localized on a molecule and its
surroundings. The polarons arises. According to the
calculations cited in [21, 24], about 7000 molecules
around such the quasi-ion are polarized and the di-
ameter of polarization surrounding rc varies from
13 to 16 nm for different organic crystals. If M,
and M,_ are on a some distance r < r¢ then a po-
laron pair is formed. The polaron pair formation is
accompanied with appearance of the strong electro-
static field between M, and M,_ states (can reach
107 V/em). This field will promote the recombination
of My and M,_ states, which results in molecular
excitation and therefore in the radioluminescence or
in non-radiative recombination (quenching) [21, 22,
24]. According to [23], in a very strong field when
electric field strength E ~ 10 V/em, which is compa-
rable with the local field strength inside the polaron
pair, the time of charge carrier scattering 7 becomes
an extremely small value and can be estimated as
10~ 5. For instance, the direct calculation of drift
velocity for anthracene made on the base of experi-
mental data gives 7 = 8 x 107 s [23]. In [25] it was
shown that the time, which is necessary to a charge
state to thermalize, exceeds 107'3s. The 7-value
gives the estimation of an average transport time of
a charge carrier in the process of ordered motion of
electron and hole (belongs to the same polaron pair)
to recombine. It is the transport of charge carriers
with no additional relaxation on each a molecule on
their way to each other. Of cause if M, and M,_ are
on a distance r > r¢, the random walk of polarons
have to forego the polaron pair formation.

Thus, the polarization effect can dramatically
change the speed of the processes of recombination
of charge states in a particle track. The comparison
of the radius of track cross-section r0 for a 5.5 MeV
alpha particle (50 nm) [3] with the diameter of polar-
ization surrounding r¢ (from 13 to 16 nm) had shown
that we have to estimate the r¢ as a large value [13].
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It means that recombination of polarons arising on a
distance r < rer and forming polaron pairs without
random walk can be an appreciable fraction of the
process of charge states recombination in a track.

The above-mentioned analysis substantiated a ne-
cessity of a complete revision of the results obtained
in works of the 50th...90th years, where the ”specific
quenching” was studied ignoring the influence of the
polarization of scintillator molecules by charge states
in a particle track.

2. EXPERIMENTAL

In our experiments [7, 13, 14, 16, 26-29] we used a
239 Py — Be radionuclide source of fast neutrons and
gamma radiation, 23? Pu and 24! Am sources of alpha
particles, as well as 22Na, °"Co, %0Co, 37Cs, and
152 By sources of gamma radiation. To obtain the
different energies F,, of alpha excitation we used the
effect of moderation of alpha particles in air [13]. The
method of selective detection of fast neutron in pres-
ence of gamma-background has been reported in [28,
30, 31] and the method of reconstruction of a neu-
tron spectrum from the corresponding recoil proton
spectrum was presented in [16, 26-28, 31].

In our experiments we used organic single crys-
tals, polycrystals and composite scintillators. Poly-
crystals and composite scintillators are rather new
type of organic materials that we have recently stud-
ied [13, 14, 16, 27, 29]. They were prepared from
different grain size fractions obtained by grinding a
single crystal at low temperatures followed by siev-
ing. It should be noted that the structure ordering
of organic single crystals, polycrystals and composite
scintillators based on the same scintillation material
differs dramatically [3, 14, 27].

There were studied ©25mm x 20mm and
@50mm x 5mm stilbene single crystals (unary sys-
tem); a @25mm x 15mm p-terphenyl single crys-
tal doped by 0.1 wt.% 1,4-diphenyl-1,3-butadiene (bi-
nary system); ©@20mm x 5mm p-terphenyl single
crystals doped by 0.05, 0.1, 0.3, 0.5% wt. % of 1,4-
diphenyl-1,3-butadiene (binary system); 7 polycrys-
tals obtained from grains of stilbene (unary system);
10 composite scintillators obtained from grains of stil-
bene (unary system); 10 composite scintillators ob-
tained from grains of doped p-terphenyl (binary sys-
tem). The grain size values L changed in the follow-
ing ten ranges: between i) 1 and 1.3, ii) 1.3 and 1.5,
iii) 1.5 and 1.7, iv) 1.7 and 2.0, v) 2.0 and 2.2, vi) 2.2
and 2.5, vii) 2.5 and 3, viii) 3 and 3.5, ix) 3.5 and 4.0,
x) 4.0 and 4.5 mm. In the case of the polycrystals, the
crystalline grains with the size values L of ranges i)
- vil) were used. To compare the properties of unary
and binary p-terphenyl scintillators we used the com-
posite scintillators based on scintillation grains with
size L changed in the following three ranges: between
i) 0.5 and 1, ii) 1 and 2, iii) more than 2mm. All the
composite scintillators were @30mm x 20mm. All
the polycrystals were @30 mm x 5 mm.
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3. RESULTS AND DISCUSSION

Unfortunately, measuring the shape of the scintilla-
tion pulse could not give enough information to in-
vestigate of the processes of primary energy exchange
in track those cause the energy loss. Really, the fast
component of the scintillation pulse, which is gener-
ated in the regions of low activation density (beyond
the track), masks the initial part of the slow com-
ponent i.e. that part, which contain the information
about quenching in a track, during 50 ns after exci-
tation [1, 3-5]. In the same time, the intensity of the
slow component of a scintillation pulse is a several
orders of magnitude less than the fast component in-
tensity for these early moments after excitation [3].
For time ¢ > 50ns the influence of the processes of
primary energy exchange and quenching in a track
is negligible. The investigations of a scintillation re-
sponse were more promising way. It was mentioned
in Section I that the non-linear dependence of the
scintillation response of an organic scintillator ver-
sus the energy of ionizing radiations with the high
dE/dr values is caused by the losses on a quenching
in a track. So, the dependence of the scintillation re-
sponse versus ionizing radiation energy can give the
initial information for investigation of the processes
occurring in a track. The comparison of scintillation
responses of one the same scintillator for the case of
excitation when track is formed (high dE/dr) and for
the case of excitation when track is not formed (low
dE/dr) allows to make the direct estimation of the
influence of quenching in a track on the scintillation
response and to separate the information concerning
the quenching in a track.

The following value was used to estimate the effect
of additional loss (quenching) in the track of i-type
ionizing radiation [3, 13, 14, 26]:

_ (P P\ _E,
- (5)/(2)-%

where P; and P, are measured amplitudes of the scin-
tillation response generated by i-type of radiation and
by gamma radiation with energies F; and E., respec-
tively. The (;4-value (2) gives the ratio between the
energy F., which is necessary to produce P scintil-
lation photons in a given scintillator, and the energy
FE;, which is necessary not only to produce the same
number P of scintillation photons in the same scintil-
lator but also to compensate the energy loss in a track
of the particle of i-type with energy E;. Therefore,
value (2) has to be always less then one and decreases
with quenching effect increase [14].

We had obtained the ¢;,-values (2) for alpha
and neutron excitations (i = «,n) for the above-
mentioned experimental samples. The obtained re-
sults were typical for all scintillators and for some ex-
perimental samples they are presented in [13, 14, 16,
26]. Table presents the ¢,-- values obtained for single
crystals of p-terphenyl doped with different concen-
tration of the 1,4-diphenyl-1,3-butadiene.

)
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The Say-values obtained for single crystals
of p-terphenyl doped with different
concentrations C of
1,4-diphenyl-1,3-butadiene
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Fig.2. The say- and spy-values (lower and upper family
of curves) as a function of the energy of alpha (Eo) and
neutron (Er) excitation, respectively, for a @25mm X
20mm stilbene single crystal, a stilbene polycrystal (L is
from 1.7 to 2.0 mm) and for composite scintillators on
the base of: stilbene grains (L is from 1.5 to 1.7mm),
doped p-terphenyl grains (L is from 1.0 to 2.0mm), and
pure p-terphenyl grains (L is from 1.0 to 2.0mm)

Fig. 2 shows ¢,- and ¢,y-values obtained for stilbene
and p-terphenyl based scintillators. The ¢,- values
are always lower than ¢,,-values, so the quenching
effect for alpha excitation is higher than for neutron
excitation. The selection of experimental samples,
that we had made, allowed us to compare the influ-
ence on the quenching in a track of: i) the type of
a scintillation material; ii ) structure ordering of a
scintillator; iii) a presence of molecules of the addi-
tion agent and it concentration C; and iv ) the type
of ionizing radiation (i.e. density of excitation in a
particle track). The obtained that ¢;,- values for all
concentrations C' of 1,4-diphenyl-1,3-butadiene are
very close (Table). It denotes that the influence of
the concentration of the molecules of the addition
agent on the ”specific quenching” is negligible. Thus,
in our early researches we used scintillators based
on p-terphenyl doped by 1,4-diphenyl-1,3-butadiene
only with C'= 0.1 wt. % as the binary system.

As one can see (Fig. 2), the difference in ¢;,-values
for the same type of excitation for different scintilla-
tors (the single crystal, the polycrystal and the com-
posite scintillators based on stilbene, pure and doped

p-terphenyl) is negligible in comparison with differ-
ence in Go- and ¢,-values for the same scintillator.
It means that the influence on the ”specific quench-
ing” of the type of scintillation material, it structural
ordering and presence of luminescent addition agents
is negligible in comparison with the influence of the
type of excitation [13, 14].

3.1. Semi-empirical Description of the
Process of Primary Energy Exchange in a
Particle Track

Recently [13], we have obtained the semi-empirical
description of the processes of primary energy ex-
change of ionizing radiation and quenching in a track
for organic crystalline scintillators, which takes into
account the influence of polarization interaction. The
basic points of this description are presented below.

An action of ionizing radiation on organic molec-
ular solid scintillators results in formation of the pri-
mary states, plasmons [2, 3]. The energy of such
plasmon for organic crystals is Q ~ 20eV [2, 3]. The
concentration of plasmons per 1 molecule v;y for ex-
citation of i type is [13]:

E;, 1

— X — X —,
Vi

¥ q 3)

Vi(t)l =g = vio =
where N is the number of molecules in a cubic cen-
timetre, E is an energy of the particle of i type, V'
is the volume of a track. Equation (3) gives some
value v;o averaged over a track volume and does not
contain the information about the space distribution
of the primary states in a track. It was mentioned
above, that the scintillation response is the experi-
mental data that we used as the initial information
for investigation of the processes in a track. The
value of the scintillation response is obtained as an
averaged characteristic of accumulated signals from
single measurements (each of which is caused by a
single particle). For a single measurement the signal
is obtained as the result of summation of the signals
from photons those emitted in scintillation pulse and
originate in different points of the scintillator. The
information about the coordinate of a single scintil-
lation photon is not saved. Therefore such approach,
when we used average n0-value, which does not con-
tain the information about the space distribution of
charged states, is reasonable.

The calculation of v;p-values versus E; for stilbene
and p-terphenyl single crystals excited by protons and
alpha particles was made in [13]. The results showed
that the v;g-value decreases with F; increase because
the ratio between E; and the range of particle (and
therefore the value F;/V;) decreases with F; increase.

The primary states (plasmons) dissociate on,
practically, the same number of the pairs of charge
states [2, 3, 18]. In (3) v(t) is normalized value
and the total relative concentration of all molecules
(ionized and unionized) is equal to one. According
to (3), the average relative concentration of pairs of
molecular ions in a track v(t) is dimensionless quan-
tity that for zero time (¢ = 0) is equal to the initial
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concentration of the primary states n0. Thus, the
average relative concentration of unionized molecules
in a track is 1 — v(¢) and 1 — vy for time ¢ > 0 and
t = 0, respectively. The decrease of concentration of
pairs of charged states (or pairs of polarons) vy can
be a result of i) the recombination of charge states,
ii) diffusion expansion of a particle track [13, 14].
If q(v,t) defines the recombination of charged states
(polarons) in a track and D is the diffusion coeffi-
cient of the charged states, then in the general case:

dv(r,t)
o (4)

The second term in (4) defines a change of v because
of recombination of polarons. It can be simultaneous
recombination of j > [ polaron pairs when:

i) polarons are on a distance r < r¢ (rate para-
meter p;);

ii) polarons are on a distance r > r¢ and have to
come near each other at first (rate parameter ¢;). It
means that the second term in (4) can be presented
as:

= DVu(r,t) — {q(v,t)} v(r,t).

—{qv,t)}v(r,t) = — {clz/(r, t) +p1[L—v(r, )] v(rt) + cov?(r, t)+
+p2 [1 = v(r, )] V2 (r, t) + cs®(r,t) + p3 [1 —v(r, )] VP (r,t) + ...} =

dis1 (Pjvr +cjyr —pj) v (1,1)

—(c1+p1) {1+

~
~

So, ¢q(v,t) is represented as some expansion into
a power series in terms of v(t). The charge state
transport between molecules of an organic crystal can
be described as the intermolecular barrier tunnelling
[2, 20-24]. For a single uncompensated charge car-
rier the polarization interactions in the opposite di-
rections are the same. If the single uncompensated
charge carrier is trapped by the trap E’ in depth then
due to the effect of polarization the real depth of such
trap becomes equal to:

E=FE+AE, (6)
where for the systems under consideration AFE is
about 0.1eV [3, 24]. Therefore, if dynamic trap for-
mation is initiated even by lattice oscillation modes
(E' = kT = 0.026 €V) then the average time that is
necessary for a single uncompensated charge carrier
to make a random “hop” on a neighbouring molecule
tp > 107125 [24]. This value gives the lower bound
of the average time that is necessary for a particle
track to expand on one molecular layer (i.e. to make
one ”step” in the process of it expansion) [13].
According to data cited in Section I, the primary
recombination of polaron pairs (rate parameter p;)
has to be a very effective and rapid process. It has
to proceed at time interval of 10714...10713 s after
excitation, i.e. faster than a particle track expansion
on a distance equal to mean distance between neigh-
boring molecules of a scintillator (on one molecular
layer) (> 107'2s). Thus, during such rapid recom-
bination of the main part of polaron pairs the track
cross-section and the space distribution of n-value
practically will not change. So, the primary recombi-
nation of polaron pairs, which result in the primary
quenching in a track, seems to be a rapid and almost
”one-step” process that determines mainly the chang-
ing of the concentration of pairs n of charged states.
Experimental data as well does not contradict this.
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—ap(v) {1 + ay (V)v(r, t) + as (V)2 (r,t) + } v(rt).

} v(rt) =

c1+p1

(5)

As it was mentioned above, the dependences of the
Giy-value (2) versus E; (i = «, n) obtained by the
experiments for the scintillators with dramatically
different structure ordering had shown, that the in-
fluence of the structural ordering of a scintillator on
the total energy loss (quenching) in the track is neg-
ligible in comparison with the influence of the type
of excitation (i.e. the primary concentration of pairs
of charged states vy in a track). This result did not
prove the assumption, that the primary recombina-
tion is much more effective than diffusion and causes
the main losses, but it agreed with it.

”One step model” was formulated to simulate the
primary recombination of polaron pairs in a track
[13]. In this model time At of track expansion at
the mean distance between neighbouring molecules
is taken as a ”one step”. The average relative con-
centration of pairs of charged states at the moment
to = 0 is equal to vy. During such the ”one step” the
primary concentration of pairs of charge states in a
track undergoes a ”sudden change” (time 0t < At)
and to the next moment t; = tg + At it practi-
cally falls to zero. Changing of the concentration of
polarons pairs and, in consequence, the mean dis-
tance between polarons over the time range shorter
than At is not examined in the model. That is why
such recombination process we have named a ”sud-
den change” [13]. If this process is connected with
the recombination probability as a function of the
mean distance between polarons, than with vy- value
growth the fraction of polarons, which recombination
can be described within the ”one step model”, has to
increase. It should be noted, that in real situation the
relative concentration of pairs of polarons v(t) that
remains after this primary recombination is not equal
to zero. It is determined by the number of charged
states that leaves a track during its formation and



by the number of charged states in a track that are
far enough from the points of primary recombination
and therefore does not take part in it.

For the case of the ”one step” model instead of (4)
is used (7), which gives expansion into power series
not for the function ¢(v,t) but for qo(vp) = const:

P < faolwo)) i) ~

—A {1 + By + Cv%g + F1/30...} v(t).

(7)

The constants A, B, C, F, etc. in (7) are effective
values that can be obtained only from the approxi-
mation of experimental data. They are obtained as
a result of averaging of a;(v)-values (5) over the vy
range, corresponding to different energies of excita-
tion of certain type for the concrete scintillator. From
(5) it follows that due to polarization effect all these
constants (B, C, F, etc.) except A > 0 can be both
positive and negative.

It was considered the solid crystalline substitution
solution that contains the base molecules of X-type
(donors of excitation energy) and the dope molecules
of Y-type (acceptors of excitation energy) with low
concentration of Y molecules. Solving the simulta-
neous equations, which describe the time variation of
the number of excited molecules of donors and accep-
tors, we obtained the expression of the scintillation
response for such binary system in a form [13]:

_ Sxy o
14+ BZ/Q + CV20 + Fl/30...

: (8)

Pxy

Ax
Sxy = +
Y {TZX + (K +0xy)Cy
N Ay (k4 0xy)Cy }w
ny(nx +0xyCy) | A’

(9)

where A-value is taking from (7); w is the probability
of X molecules to be excited in the result of recombi-
nation of charge states; 0xy (t) and k are the proba-
bilities of non-radiative and radiative transport of ex-
citation energy from X to Y molecules, respectively;
Ax (Ay) is the number of detected photons of the ra-
dioluminescence of X (Y')-type molecules per one ex-
cited X (Y)-type molecule; Cx(yy is the molecular
concentration; 7y (y) is the probability of transition
of an excited X (Y)-type molecule in the ground state.

3.2. Comparison with the Results of the
Experiments

The constants in (8) can be obtained as a result
of approximation the experimental values of the
scintillation response versus calculated n0 (3) for
alpha and neutron excitation. Such approxima-
tion was made for all scintillators mentioned in
Section 2. Fig.3 shows an example of the approxi-
mation procedure for a stilbene single crystal. For
all scintillators the accuracy of approximation for
considered ranges of vy was satisfactory when only
the coefficients S, B and C in (8) were nonzero.

v » plasmon/molecule
2.5x10™ 3.0x10™ 3.5x10™ 4.0x10™
e e L L

1.0x10°F ox10°
45 15x10°
=t 8.0x10° 1 =)
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.g 6.0 ns ] ; va
A 6.0x10°F P3x10° =
= L ] A
= 4.0x10'F 12x10°
h % 11x10°
20xt0p, R=REN
2.0x107 3.0x107 4.0x107

v, plasmon/molecule
no

Fig.3. The approximations (lines) by (8) of exper-
imental values of the scintillation response P for
alpha (stars) and neutron (squares) excitation versus
calculated vo-values (3) for a @25mm x 20mm
stilbene single crystal

The combination of the values Svg, Bry and
Cvp? (8) can provide the information about non-
proportionality of the scintillation response con-
nected with quenching effect [13, 29]. The obtained
values of Byg and Cry? versus energy of excitation F
for some scintillators are cited in [13]. The result had
shown that values Svgy, Bry and Cvy? are comparable
for stilbene and p-terphenyl based scintillators [13].
The results had also shown that Bry and Cry? val-
ues are close. It indicates that square component of
quenching is approximately equal to its linear com-
ponent and can not be neglected while describing the
quenching process in a track. We have determined
the average volume, which falls at one pair of po-
larons as Vpqeir = V/Ny, where V is the track volume,
Ny = E;/Q is the primary number of pairs of polaron
(E; and Q are the same as in (3)). The cube root
of Vpair-value gives the estimation of the mean dis-
tance between polarons. Taking into account that a
polaron pair is formed on a distances no longer than
ro ~ 13nm, the value D,.; was calculated as:

Drel = Vpair/'r‘c .

For D,.; < 1 charge states arise at an average dis-
tance required for their prompt effective recombina-
tion. For D¢ > 1 the random walk of polarons has
to forego the polaron pair formation and recombi-
nation. Figs.4 and 5 demonstrate calculated values
of D, versus vg for stilbene and p-terphenyl scin-
tillators, correspondingly. The range of vg-values
corresponding to the energies E, of monochromatic
alpha excitation, those were used in our experiments
(from 0.96 to 5.32 MeV), is indicated by vertical
solid lines. The excitation by the neutron with en-
ergy En results in generation of recoil protons with
energies F, in the range from 0 to E,,. For E, < E,
with FE, decrease the 1p-values increase, according
to the above-mentioned. In our studies we used the
well-known and verified energies of the neutron spec-

(10)
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trum of 239 Pu — Be radionuclide source, namely,
3.1, 42, 4.9, 64, 6.7, 7.3, 7.9, 8.6 and 9.7 MeV.
The vertical dotted lines indicate the lowest vg-value
for excitation with E,, = 3.1, 4.2, 4.9 and 9.7 MeV'.
In the case of neutron excitation the possible D,.;
values are in the hatched areas (Figs.4 and 5).

2.5 C ' —
-9.7 MeV Stilbene C14H12)
200 4.9 MeV ]
4.2 MeV
© [[@3.1 MeV
Q 1.5H ) ]
Recoil protons
[ Alpha particles
1.0 0 *
: P

0 1x10"  2x10"  3x10"  4x10™
v, plasmon/molecule

Fig.4. Values of Dyep (10) versus n0 for stilbene

= 97Mev  p-Terphenyl (C H,)
20

2.5

4.9 MeV ]

2 _[[43.1 MeV
Q15 ]
&, Recoil protons
10 e Alpha particles

0 1x10™" 2x10™ 3x10™ 4x10™ 5x10™
v, plasmon/molecule

Fig.5. Values of D¢ (10) versus vg for p-terphenyl

The results of D,.; calculation (Figs.4 and 5) demon-
strate that for alpha excitation in the considered
energy range the instant recombination of polaron
pairs have to take place (Do < 1). For neutron
excitation situation is mixed: for a fraction of po-
larons the instant recombination also takes place
(Dret < 1) and for another fraction random walk
of polarons foregoes the recombination (D, > 1).
So, the different mechanisms of recombination of po-
laron pairs can be realised for neutron and alpha
excitation. It means that A, B, C-values have to
be different for alpha and neutron excitation. Ac-
cording to (7), the denominator of (8) multiplied on
A characterizes the primary recombination of po-
larons and the quenching effect connected with it.
For the same scintillator excited by i-type of ionizing
radiation Sxy; = const/A; (see (9)). The values
BiVO/SXYi and CZ‘I/OZ/SXYiCiHOQ/SXYi take into
account the different nature of the processes those
for alpha and neutron excitation condition the A,
B, C-values and characterize the primary quench-
ing effect in the track. The values Bry/Sxy and
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Cvy?/Sxy versus vy are presented in Figs.6 and 7,
respectively. One can see that for alpha excitation
values Bry/Sxy and Cvy?/Sxy is higher than for
neutron excitation; it means that quenching for al-
pha excitation is higher. It is in a good agreement
with obtained (yy-and (,,-values (Fig.2). With 1
growth Burg/Sxy and Cvg?/Sxy increase and, con-
sequently, the quenching effect intensifies. It proves
that quenching in a track of an ionizing particle is
the concentration-controlled process for organic scin-
tillators. Fig.6 and Fig.7 demonstrates that with
vp-value increase by an order of magnitude values
By /Sxy and Cry?/Sxy become by two or three
orders of magnitude greater. It evidences the nonlin-
ear quenching effect in track with vy-value growth.

T

10F O m B Single crystal E
Y¢ ¥ Polycrystal L: 1.7 t0 2.0 mm - ]
S 10,5 Composite scintillators: Y ]
s E ~ |
o V V V ¥V L10tol.3mm 4
= O ® O ® 1:221025mm % ]
= 1 0'(‘ S P O P L40t045mm B = i
P Stilbene p-Terphenyl E
X Alpha
5 107 art‘i)cles 3
$ Neutrons P ]
&
107 F X E
% E
%‘] hice E
- 1 1
107 10" 10°

v, plasmon/molecule

Fig.6. Values Bvy/Sxy for stilbene (black symbols)
and p-terphenyl (grey symbols) scintillators. Half
filled symbols correspond to neutron excitation, while
open symbols correspond to alpha excitation

T H
O M [ [® Singlecrystal
10° k Y¢ Y Polycrystal L: 1.7 to 2.0 mm ]
=) Composite scintillators: >
% [ V V V V¥V L10tol.3mm
< 10°EO ® O ® L:22t025mm : 4
& EO @ O P L40tssmm :
s 107 [ Stilbene p-Terphenyl Alpha ]
X .
12} Neutrons particles
-3
ST *E ]
E (]
F ﬁgﬂ‘; LL
F R
-9 L~ . .

-5 -4 3

10 10 10
v, plasmon/molecule

Fig.7. Values Cvo?/Sxy for stilbene and p-
terphenyl scintillators. The symbols are the same as
m Fig.6

The obtained results also testify that during the time
no longer than 107'3s the probability of instant
(”one step”) primary recombination of polaron pairs
increases with growing vy. In [14] we have obtained
that for the energy ranges that we used in our ex-
periments the times of track formation along its full
length t are about 107'2s for alpha particles and
10~ s for protons. It means that track formation
along its full length is considerably longer process
than the primary recombination and thermalization



of charge states in the track. The analysis which we
carried out has shown that it is reasonable to divide
the quenching in a track into primary and secondary
one [14]. The process of the primary quenching is
determined by the recombination of charges, which
arise on a distance r < rg after plasmon dissocia-
tion. This primary recombination occurs during the
time no longer than 107! s, i.e. faster than diffusion
expansion of a track at the distance comparable with
the mean distance between neighbouring molecules
and than track formation along its full length. Thus,
the primary recombination of "hot” charge pairs,
which cause the primary quenching, accompanies the
process of track formation and runs in a track with
practically constant cross-section. It promotes equal-
ization of charge concentration in the track because
it is more effective with the concentration increas-
ing. Simultaneously, it determines the number of
high-energy secondary electrons (d-electrons) those
can leave the track volume and form the region of
low activation density around it because the proba-
bility of d-electron recombination in the track area
increases with growing 1y. So, it defines the fu-
ture processes of formation both the fast and the
slow component of a scintillation pulse [14]. The
results we obtained have shown that the primary
quenching is the concentration-controlled process for
organic scintillators [13, 14]. The recombination of
polarons, which arise on a distance r > r¢ after plas-
mon dissociation and have to approach each other at
first by random walk, makes the contribution in the
secondary quenching. It occurs when the primary
quenching is over. As it follows from the data pre-
sented in scientific literature, the secondary quench-
ing is the diffusion-controlled process and runs in
the expanding track that has cooled. Experimental
results have shown that it is essentially less effective
than the primary quenching in the context of the
energy loss [14].

4. CONCLUSIONS

We have reviewed the process of primary energy ex-
change and quenching occurring in an ionizing par-
ticle track in early moments after excitation, taking
into account the influence of polarization interaction
[13, 14, 29]. On the base of data presented in sci-
entific literature and summarising the results of our
studies we have formulated the improved model de-
scription of the scintillation process in organic con-
densed media that presented in diagram form in [14].
The fundamental points of the model description are
the following. Under interaction of ionizing radiation
with a matter of an organic molecular solid scintilla-
tor the primary states - plasmons - are generated [2,
3]. For time intervals of 10717...10716 s the pairs of
charge states result from plasmons dissociation [2, 3,
18]. The polarization surrounding is formed around
each charged state for 10716...1071% s as a result of
electronic polarization of neighbouring molecules, i.e.
polarons arise [21, 22, 24]. The recombination of
polarons that are formed around the charged states

of opposite signs can bring both to molecular exci-
tation (that can give a quantum of luminescence)
or to quenching (energy loss for heat, radiochem-
ical reactions, etc.). The results of our investiga-
tions have shown that the ”specific quenching” has
two stages: the primary (concentration-controlled)
quenching, occurring faster than diffusion expansion
of a track and its formation along the full length,
and the secondary (diffusion-controlled) quenching.
With the initial concentration of the primary states
Vg increase, the fraction of polarons, which take part
in the primary recombination, becomes higher and
cause more intensive the quenching effect. It re-
mains uncleared why the quenching effect increase
with growth of vy, i.e. with growth of the fraction
of polarons, which take part in the primary recom-
bination. It is going to be the subject of our future
investigations.
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OPTAHNYECKUNE KPUCTAJINIMYECKNE CONHTNJ/IJIAIINOHHBIE JETEKTOPHI:
IMPOIECCHI TYVIIEHUA B TPEKE YACTUIIBI

H.3. I'aaynos, B.II. Cemunooicenxo, E.B. Mapmunenrxo, O.A. Tapacenxo

Jlan kpaTkuit 0030p IPOIECCOB MEPBUIHOIO PA3MEHAa SHEPTUU NOHUIUPYIOIIET0 U3J/Iy9€HUsT B TPEKOBBIX 0018~
CTSIX JIJIsT OPTAHUIECKUX MOJIEKYJISIPHBIX CIUHTUJIISAIIMOHHBIX KPUCTAJUIMIECKUX MaTepuasoB. Obcyxaercs
IIOJIySMIINPUYECKOe OIICaHNe IIPOIEeCCOB IIEPBUYHOIO Pa3MeHa IHEPIUU NHOHU3UPYIOIIEro U3/1yYeHUsd, YIUThI-
BaloIIlee IIPOIECC TEPBUYHOIO TYIleHnsl B Tpeke. [lapaMerpsl 9TOT0 onucaHusi XapakTepusyiT 3ddekT nep-
BUYHOT'O TYIIEHUs. Y TOUYHEHHAs] MOJIEJIb CIUHTUJLISITMOHHOIO MPOIECCa TPUHUMAET BO BHUMAHWE BJIUSHUE
MMOJITPU3AIIMOHHOTO B3aNMOEHCTBUST MK Ty N30BITOYHBIMU HOCUTEJISIMU 3apsijia U MOJIEKYJIaMU BEIECTBa B
TpeKe.

OPTAHIYHI KPUCTAJITYHI CIIMHTUJIAIINHI JETEKTOPU: IIPOIIECU TACIHHSI
B TPEKY YACTUVHKU

M. 3. I'anynos, B.II. Cemunootcenro, €.B. Mapmunenxo, O.A. Tapacenxo

IIpencraBiieHO KOPOTKUIA OIJISIJT TPOIIECIB IEPBUHHOTO PO3MIHY €Heprii i0Hi3yI04oro BUIPOMiHIOBAHHS B Tpe-
KOBUX JIIISTHKAX JIJTsT OPTaHI YHUX MOJIEKYJISPHIX CIMHTUIAIINHIX KPACTATIIHIX MaTepiaaiB. OGroBoproeTbes
HAITIBEMITIPUYHUI OIUC IIPOIECIB TEPBUHHOIO PO3MIHY eHepril i0HI3yI049oro BUIPOMIHIOBAHHS, IO BPaXOBYE
IIPOIIeC IIEPBUHHOIO racinus B Tpeky. [lapamerpu 11p0ro onucy xapakTepusyioTh epeKT HEPBUHHOTO TaciHHS.
YTouHeHa MOJE/b CHUHTHUISIIHHOTO Tpotiecy Oepe JI0 yBaru BILIUB ITOJISIPU3AIIAHOT B3a€MOJIiT MiK Ha/JTAII-
KOBUMU HOCISIMU 3apsjly Ta MOJIEKYJIAMH PEYOBUHU B TPEKY.
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