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This paper discusses the physical processes that determine the aspects of generation and
energy exchange of charge states, which arise in molecular organic media by an action of
ionizing radiations of different types. The semi-empirical description of the primary processes
of energy exchange in the track of ionizing particles is analyzed. This description takes into
account the primary influence of the polarization processes on the charge states energy
exchange and quenching processes. The process of quenching is determined by the very fast
initial recombination of the molecular polaron pair. This process, at least, is an order of
magnitude faster than the process of diffusion expanding of the track, and its efficiency
increases with the density of the recombining pairs. The analysis is based on the results of the
measurements of the light yield of stilbene and p-terphenyl scintillation detectors as the
function of energy for the cases of alpha-, neutron- and gamma excitations. We have studied
structurally perfect organic single crystals, hot-pressed polycrystals and composite scintilla-
tors. The obtained results testify about the primary influence of the type of ionizing radiation
in comparison with the influence of the matter structure.This paper discusses the physical
processes that determine the aspects of generation and energy exchange of charge states,
which arise in molecular organic media by an action of ionizing radiations. The primary
energy loss of a charged ionizing particle in the regions of high density of excitation and the
possible causes of this effect are considered.

B paGore obGcy:kgarorcss (pusmuecKue IIPOIECChI, OIIPEAEsION[re OCOOEHHOCTH I'eHepaluy I
pasMeHa 9HEPruu 3apsAAOBBIX COCTOSHUM, BOBHUKAIOIIUX B MOJEKYJIAPHBIX OPraHUYECKHUX Cperax
o JeMCTBUEM MOHUBUPYIOIINX MBJIYUEHUU PasJHMYHBIX TUIIOB. AHAJIUSUPYETCHA IIOJYIMIIUPUUIEC-
KOe OIIMCAHHE IIPOIECCOB IIEPBUYHOI'0 PasMEHa 9HEPrUM B TPEeKe MOHUBUPYIOIleil yacTuibl. [laH-
HOe OIIMCAHWE YUYUTHIBAET OIIPEJEJISIONIee BIUSHHUE IIOJAPUBAIMOHHBIX IIPOIECCOB HA Pas3MeH
9HEPruM 3apsAAOBBIX COCTOSHUM U IIPOIlECCHI TyIIeHHs. IIpoiece epBUYHOrO TYIIEHUS OIPeHess-
eTcsi OUeHb OBICTPOII PeKOMOMHAIIME MOJIEKYJISIPHO-IIOJSAPOHHOI Iapbl. OTOT IIPOIECC KAK MUHU-
MyM Ha IIOPSAZOK ObIcTpee Iporiecca Au(PysHOHOro paciIupeHus Tpeka, a ero 3G(PeKTUBHOCTH
pacreT ¢ POCTOM ILIOTHOCTM PEKOMOMHUPYIOIIMX Hap. AHAJIU3 OCHOBLIBAETCA HA Pe3yJIbTaTax
UBMepeHUil BEeJMYMHBLI CBETOBOI'O BBIXOJA OPraHMYECKHUX CIHUHTUJLIAIMOHHBIX [IE€TEKTOPOB HAa
OCHOBe CTIJIL0EHA U n-TepdeHnsna Kak (GPyHKINY 9HEePruu IIpu aabda-, HeHTPOHHOM- 1 raMMa-BO3-
Oy:xkmeHuu. lcciemoBasuCh CTPYKTYPHO COBEPIIIEHHBLIE OPraHUYECKHe MOHOKPUCTAJIBI, IIOJIH-
KPUCTAJLJIBI, IIOJYYEHHbIE METOAOM I'OPSYEro IIPECCOBAHUS, KOMIIOBUIIMOHHbBIE CIIMHTUJLISATOPHI.
ITonyuennbie pe3yabTATHI CBUAETEJIBCTBYIOT B IIOJIB3Y OIIPENEJISIONIEr0 BIMSHUA HA U3ydaeMble
IPOIECCHl TUIIA MOHUBUPYIOIIEr0 MSJIYyUYEHUS IO CPABHEHUIO C BIUSHUEM CTPYKTYPhI BelllecTBa.

1. Introduction determined by the initial conditions of gen-

In contrast to the photoluminescence eration of excited states. They, in turn, de-

that occurs under photoexcitation, the pend on the conditions of interaction of ra-
mechanism of the radioluminescence is largely diation with matter and the conditions of
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formation and exchange of charge states in it
[1, 2]. For the same objects excited by light
(photoluminescence) or by a particle, the en-
ergy of the emitted photons is 102-10% times
less in the case of the radioluminescence. For
example, approximately 12 000 photons are
created per 1 MeV of the energy of gamma
radiation and approximately 965 photons
are created per 1 MeV of the energy of an
alpha particle (5 MeV) in the scintillation
pulse of a 50 mmx5 mm stilbene single
crystal [3]. Really, the ratio of the energy
of scintillation photons in a pulse to the
energy of a primary photon of gamma ra-
diation or an alpha particle is approxi-
mately equal to 3.81.1072 or 3.07-1073, cor-
respondingly. The process of the energy
loss, which is specific for the radiolumines-
cence, is known as the "specific” quenching
[4]. This effect is stronger for heavier par-
ticles and particles of low energies, i.e. the
specific energy loss dE/dx of a particle in-
crease with energy E. The process, which
reduces the efficiency of the radiolumines-
cence with increasing dE/dx, is sometimes
called the "ionization quenching™ [5].

The theory of the scintillation process,
which existed in the 60-70s of the XX cen-
tury, in fact, only declared that the proc-
esses of generation, transfer and recombina-
tion of charge carriers are an important
stage of the scintillation process in organic
molecular scintillators. To describe the scin-
tillation process it used the theory of the
photoluminescence of molecular compounds
[6, 7], which was well developed previously. To
take into account the particularity of the radi-
oluminescence process the following assumed.
The conversion efficiency of excitation energy
in the light signal is lower for ionizing excita-
tion than for photoexcitation [4, 8-10].

An improved edition of the radiolumines-
cence theory of organic condensed media
was developed in the 80-90s of the XX cen-
tury [11]. For the first time this theory
gave serious attention to the description of
generation, transfer and recombination of
charge carriers. It showed that above the
Debye temperature the process of charge
transfer occurs in accordance with the
mechanism of the molecular polaron and
therefore differs fundamentally from the
mechanism of generation and charge trans-
port in inorganic scintillators, which are
ionic or covalent systems. At the beginning
of the XXI century, it was proved that the
charge transport in molecular scintillation
crystals is described by the mechanism of
the lattice-molecular nearly small polaron
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[12, 13]. It means that the transfer occurs
through the mixed mechanism of thermally-
activated hops of the lattice small polaron
and intermolecular tunneling of a charge in
accordance with the mechanism of the
nearly small polaron [14].

Despite a substantial progress in the the-
ory of the radioluminescence of organic con-
densed media, which has been achieved by
the end of the XX century, a situation with
the description of the specific quenching, as
before, remained a mystery [14]. A large
amount of the results, accumulated in the
radiation chemistry and physics of track de-
tectors, are practically not used [11, 15-17].
It was not only due to the different re-
search purposes of the radioluminescence,
radiation chemistry and track detector stud-
ies, but also due to necessity to harmonize
the interpretations of the different experi-
ments. The situation was similar to that
which occurred when one try to explain the
results of a molecular crystal study as an
organic semiconductor. Really, for the scin-
tillation process the recombination of sur-
plus electrical charges is the source of crea-
tion of molecular excitation and lumines-
cence. It is the way to produce the
radioluminescence signal. For the physics of
organic semiconductors the recombination
of surplus electrical charges is a parasitic
phenomenon that reduces the output cur-
rent of a sample. Similarly, the rapid re-
combination following the excitation of a
matter is a serious complication for the
tasks of radiation chemistry. It decreases
the accuracy of calculation of the energy
required to create a chemical radical and
makes uncertain the balance of primary
chemicals that occur after the passage of a
particle. The study of the reaction products
is possible only when these products are sta-
ble over time that is longer than the time of
the measurements. The rapid process of the
primary recombination usually does not
leave imprints in track detectors. In this
field of investigation, the accurate experi-
ment is that for which the recombination
effect becomes minimal. However, the phe-
nomenon of the rapid initial recombination
exists, and therefore a careful analysis,
based on the experiments with chemical
scavengers, is able to distinguish informa-
tion about this phenomenon [15].

Why is it necessary to study the proc-
esses of a track formation, especially, in
organic scintillators?

Firstly, it can be associated with the pe-
culiarities of the use of organic scintillators
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as detectors of ionizing radiations. For ex-
ample, the ion-covalent inorganic systems
are excellent detectors of gamma radiation
[18]. In this case, as well as in the case of
excitation by fast electrons when the spe-
cific energy loss dE/dx are too low, the
influence of the features of formation of
the primary radiation track on the charac-
teristics of the scintillation pulse is ne-
glected. When dE/dx is low the tracks are
not formed, and the scintillation process
can be studied within the so-called "optical”
approximation [11] using well-known de-
scription, which was developed for the pho-
toluminescence [6, 7]. Organic molecular
scintillation systems are mainly used to de-
tect those types of ionizing radiation, for
which the formation of the track regions is
determinative. Really, organic scintillators
have the low effective atomic number.
Therefore they, in contrast to inorganic
ones, demonstrate a negligible back scatter-
ing when detecting charged particles [11,
19, 20]. A fast neutron produces recoil pro-
tons in such organic materials with its
highest energy equal to the energy of this
neutron. This physical process is the basis
for fast neutron spectrometry [11, 20, 21].
Therefore organic scintillators are very ef-
fective detectors of the above-mentioned
types of radiations. Alpha particles, pro-
tons, electrons of the low energy, etc. form
the track. So, the knowledge of the charac-
teristics of the processes occurring in the
tracks of ionizing particles is the key for
understanding the results of the studies of
the radioluminescence of organic molecular
scintillators [1, 4, 8-11, 14].

Secondly, it is the set of properties that
defines the fundamental difference between
organic and inorganic scintillators. The den-
sity as well as the effective nuclear charge
is very close for different organic condensed
media. It is the result of a predominance of
the light atoms of hydrogen and carbon in
their molecules [11]. A comparison of the
results of studies of various organic scintil-
lators excited by different types of ionizing
radiation gives a good possibility to select
the results, which are caused by the type of
irradiation, rather than the peculiarities of the
composition or the structure of the object.

In addition, organic molecular systems
have two interesting features related to the
problem discussed here. Detectors based on
organic scintillators are the most effective
for detecting alpha particles and fast neu-
trons [11, 19-21], that is the ionizing ra-
diations, which are the most hazardous to
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Fig. 1 [8-11]. Schematic representation of the
primary processes of excitation induced by a
charged particle with the high specific energy
loss (1 is the high activation density region,
2 is the low activation density region).

humans. Thus, the radiation-weighting fac-
tor for photons of gamma radiation is equal
to 1, while for fast neutrons with energies
up to 2 MeV and for alpha particles the
value of the radiation-weighting factor in-
creases to 20 [22]. Therefore, the results of
such measurements, individually, are of
great interest for radiation medicine, biol-
ogy and ecology. The number of scintilla-
tion photons emitted by the organic scintil-
lator proportionally grows with the excita-
tion energy and decreases by the coefficient
of the energy loss, including those, which
are related to the process of excitation of
the scintillator. This allows us to consider
organic scintillators as an alternative class
of model systems for studying the interac-
tion of ionizing radiation with organic con-
densed media [1, 11, 14].

2. Theory

2.1. Primary particle energy

exchange in an organic medium

The interaction of an ionizing particle
with a matter can be described in terms of
successive "collisions” of the particle with
molecules of the matter. These collisions are
divided into glancing collisions and knock-
on ones. They are, correspondingly, lead to
glancing and knockon activations of the
molecules of a matter. In the case of the
glancing activation for a separate act of en-
ergy transfer the resulting energy loss are
small and are comparable with the ioniza-
tion potential of a substance. If the unit
energy loss is much greater than the ioniza-
tion potential, then it is the knock-on acti-
vation [15, 16].

Secondary low-energy electrons lose their
energy in close vicinity to the path of the
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Fig. 2 [25]. A typical fission fragment track
in water, showing dense overlap of secondary
electrons in the core shell region (shaded).

primary particle. The electrons of higher
energies or d-electrons form their own sepa-
rate tracks, creating "a halo” of the pri-
mary particle track [11, 15, 23, 24].

A value of the specific energy loss, or
the linear energy transfer varies from
1072 MeV/em for photons of gamma radia-
tion up to 103 MeV/em for alpha particles
and can reach higher values for heavy ions
[15]. In the case of particles with the high
specific energy loss, the local regions of ex-
citation overlap and create the high activa-
tion density regions. The primary particle
with the high specific energy loss creates
the high activation density regions with a
quasi-cylindrical symmetry that is the pri-
mary track (Fig. 1). The tracks of &-elec-
trons are separate local regions of the high
activation density, called spurs and blobs
(Fig. 1). The glancing collisions generate
spurs each of which contains one or more
pairs of the charge states. High-energy elec-
trons and photons of gamma radiation do not
form the high activation density regions.

The knock-out collision of an ionizing
particle with a molecule results in direct
knock-out of a molecule electron. Usually
such the electron has a kinetic energy ap-
preciably different from zero; while in a
case of the glancing collision the separate
acts of ionization occurs through the inter-
mediate stage of formation of short-lived
localized states such as plasmons and super-
excited states [H, 11]. Further recombina-
tion of uncompensated positive and negative
electric charges can lead to molecular exci-
tation, and then, to luminescence.

2.2. Track structure

Knowledge of the regions in which the
recombination process takes place is very
important to make the correct analysis of
the features of energy exchange of the
charge states in the track regions and the
influence of the polarization mechanisms on
this process. It means that not only the in-
formation about the size of such the region
is necessary, but also a correct interpreta-
tion of the track structure produced by an
ionizing particle is essential. The track
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Fig. 3 [28]. Schematic representation of the
distribution of atoms H and ion-radicals A~ in
a track.

structure means the spatial distribution of
acts of the energy loss of an ionizing parti-
cle. The complexity of the situation is
caused by the difference both in terminol-
ogy, which different authors use, and in
criteria, which are introduced to describe
the different types of radiations and materi-
als. In addition, the lack of reliable experi-
mental data concerning the ranges of the
secondary electrons with the energies less
than 6.5 keV (the average energy of elec-
trons in the reaction of tritium decay)
makes the estimations of the external sizes
of the track regions more difficult.
Radiation chemistry in most cases con-
siders the track core (see Fig. 2), but not
the entire track, as the region of heavily
damaged substance with the maximum en-
ergy loss of ionizing radiation [15]. This is
the region of a latent track, which is partial
or complete etched [28-26]. Various models
of formation of the track estimate the size
of the track core from 3 to 10 nm [15, 28,
25]. The physical core size can be defined as
the distance at which the transported en-
ergy deposition by secondary electrons just
exceeds those due to every other channel.
The mean range of secondary electrons de-
termines [15] the size of the core shell of
the track. Authors [15, 17] described in de-
tail the results of investigations of the en-
ergy distribution of the primary charged
particle between track objects (spurs, blobs
and short tracks) in a condensed medium.

Functional materials, 19, 1, 2012
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The process of radiolysis provides addi-
tional opportunities to study the track
structure in a condensed matter. The track
of an ionizing particle is a precursor of the
radical track. It is the region where short-
lived intermediate products of radiolysis in-
teract with each other and with the environ-
ment. Methods of electron paramagnetic
resonance [27, 28] can be used to investi-
gate the structure of radical tracks that is
to determine the relative spatial distribu-
tion of active particles. Such studies can
directly demonstrate the inhomogeneous
spatial distribution of intermediate prod-
ucts of radiolysis in a condensed matter.
Fig. 8, as an example, shows the structure
of the radical tracks of beta particles of
tritium in a frozen at 77°K 8M sulfuric acid
solution. Fig. 38 shows the characteristic size
of stabilization of radicals. The size of the
region of stabilization of atoms H are deter-
mined by a path length of secondary electrons
before their thermalization, and the size of
stabilization of ion-radicals SO,~ (A7) are de-
termined by the Coulomb repulsion of posi-
tive charges, up to their stabilization [28].

The study of the delayed radiolumines-
cence pulse shape of organic scintillators is
another indirect method for studying the
structure of a particle track [11]. This
method is based on the assumption that a
slow component of the radioluminescence
pulse is formed in the process of the diffu-
sion-controlled triplet-triplet annihilation.
This approach is valid if the concentration
of the triplet states is low [2, 11]. The trip-
let states occur during the recombination of
the charge states in the core shell of the
track, and in the peripheral part of the par-
ticle track, called the track halo [11, 23].

The description of the process of triplet-
triplet annihilation by the prescribed diffu-
sion approach [11, 15] allows us to represent
the radioluminescence pulse slow component
of organic scintillators in the form [11, 29]:

Z)
D (1)
P(t) ~ (1 + t/tp) /2 ~[1 + 4—2th :
o

In (1) tp is a time parameter which is de-
fined by the approximation of experimental
curves of the radioluminescence pulse slow
component, Dy is the diffusion coefficient
of triplet states (T';-states), and ry is the pa-
rameter, often called as the "initial radius” of
the particle track (for time £y, = 0) [8, 9, 11].
Parameter I in (1) gives the number of dimen-
sion of the T';-states diffusion.
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The results of the studies [2, 11, 29-31]
of the slow component of the scintillation
pulse in organic scintillators have shown
that [ in (1) is close to 2 for excitation by
alpha particles or fast neutrons. It means
that the energy exchange of T-states is
quasi-two-dimensional. In other words, an
excitation by ionizing radiation with the
high values of dE/dx mainly causes the for-
mation of tracks whose symmetry is close to
a cylindrical one. The value of I =38, ob-
tained for the excitation by photons of
gamma radiation, testifies that in this case
the symmetry is close to spherical one and
the separate spurs are mainly formed. These
results are in a good agreement with the
results of the radiation-chemical studies
[15-17, 25, 27], the results of the studies
of track structures in solid-state track de-
tectors [28, 24, 26], and agree with the dis-
tribution functions of radicals obtained by
electron paramagnetic resonance [28].

Despite the lack of real physical meaning
the experimental, effective parameter r
gives reproducible results in the formal cal-
culation of the diffusion coefficients of T;-
states [11, 30—32], which agree with the
analogous values of the diffusion coeffi-
cients of Ti-states obtained by the direct
measurements under photoexcitation [33].

The results of the measurements of the
scintillation pulse shape, as well as knowl-
edge of the diffusion coefficients of triplet
excitons from the photoluminescent experi-
ments allowed estimating the initial radius
of the track for different types of excita-
tion. In [2, 11, 29-32] were obtained values
ro = 50, 65 and 100 nm for alpha (2*'Am),
neutron (252Cf) and gamma (®9Co) excita-
tions, correspondingly.

2.3. Polarization effects and theirs in-
fluence on the energy exchange of
charge states

The polarization energy that is necessary
to create a molecular polaron is about
0.1 eV for a molecular organic scintillation
crystal, which consists of initially neutral
molecules. This value is by a factor of 102
more than the energy of intermolecular in-
teraction that holds molecules together in a
crystals lattice [34]. A specific time of the
electronie, molecular, and in some cases, the
lattice polarization, is shorter than a spe-
cific time of electronic excitation energy
transfer and relaxation processes.

The relaxation time that is necessary for
the electron polarization of neighbouring
molecules of an organic crystal can be esti-
mated as 1, ~10716-10715 5. The average

9
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Fig. 4 [35]. Schematic representation of a
formation of the electron polarization
"shells” around charge states in a hypotheti-
cal molecular crystal consisting of benzene
molecules.

time 71, that is necessary for a charge car-
rier to hop from one molecule to other in
organic crystals, usually, is about 10712 s,
The necessary and sufficient condition for
the electronic polarization to appear in the
surrounding of surplus molecule charge in
such a crystal is 1, > 1,. A charge carrier
moves along with its polarization surround-
ing. The relaxation time 7, that is required
for intramolecular (vibronic) oscillations is
about 10714 ¢. The condition of a formation
of the molecular polaron is 1, > 1,. The rep-
resentative value of lattice polarization
time 1; is more than 10713 ¢. Therefore the
formation of the lattice polaron is not al-
ways possible for these systems, since, in
particular, the condition 1,<t1; is often real-

ized only along the crystallographic axis ¢’
[34]. Our preliminary analysis shows that
the polarization interaction has a signifi-
cant or even preponderant effect on the pro-
gress of the scintillation process in a mo-
lecular condensed medium [14].

Previously proposed theories of the scin-
tillation process in organic condensed media
[4, 5, 11], in fact, ignored the effect of po-
larization interaction on the recombination
of charge states, which precedes the forma-
tion of excited states and their subsequent
radioluminescence. Therefore it is necessary
to study this point more carefully.

10

There are no free electrons of low ener-
gies in molecular crystals. If a molecule loses
an electron and becomes the positively ionized
quasi-ion M,, then this electron localizes on
some other molecule. The negatively ionized
quasi-ion M_ appears. Fig. 4(a) schematically
shows this situation for a hypothetical crys-
tal of benzene. The molecular n-orbitals of
the neighboring molecules have a negative
charge, so they attract to the positive quasi-
ion M,, but their skeletons repel from it.
The polaron Mp+ is formed. In the case of
the negatively ionized quasi-ion M_ the mo-
lecular m-orbitals of the neighboring ionized
molecules repel from it, and the skeletons
of these molecules attract to it. The polaron
Mp‘ is formed. Fig. 4(b) schematically repre-
sents the situation where the polarons Mp‘
and M_* are formed on a certain initial dis-
tance %O- The polarization surrounding r, in
diameter is formed around the molecular
quasi-ion. For example, for the organic
crystals of polyacenes the distance of the
stable polarization surrounding r, around
the surplus charge is equal to 13-16 nm,
and such the polarization surrounding can
include about 7000 molecules [34]. In the
case when the distance R between the po-
larons M,* and M;~ is less than this value
(Ry <r.) these polarons form the molecular-
polaron pair with one joint polarization sur-
rounding.

Hot (that is still unrelaxed) electrons
[33, 34] can be easily created in a molecular
scintillator by an ionizing radiation. After
that the electron rapidly loses its excess en-
ergy in inelastic collisions and generates
Frenkel excitons or lattice phonons. Inelas-
tic collisions of an electron lead to its local-
ization and for the case when 1, > 1, the
subsequent behavior of an electron is deter-
mined by the electronic polarization. The
thermalization time of such electron is not
less than 10713 s [36]. Thus, the processes
occurring after generation of charge carri-
ers in a time comparable or shorter than
10713 s are the processes involving hot
charge states. For a very strong electro-
static field E ~ 106 V/em that reaches the
values of the local field strength inside the
polaron pairs [34], the scattering time 1 of
charge carriers becomes very small value,
estimated as 10714 s. For example, accord-
ing to the results of the direct calculations
of the drift velocity of charge carriers in an
anthracene crystal based on the experimen-
tal data, it has been obtained 1 = 810714 g
[37]. From this a very important conclusion

Functional materials, 19, 1, 2012
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follows. A fast primary (<10713 s) recombi-
nation of polaron pairs can be initiated by
the polarization interactions. It may have
its own specifies [12].

3. Experimental

We used organic scintillation detectors
based on stilbene and p-terphenyl to study
the generation and energy exchange of
charge states in the track regions. There
were structurally perfect organic single
crystals [11, 20, 31, 38, 39], polycrystals
obtained by the hot pressing [20, 39, 40],
composite scintillation materials [3, 21, 39].
The detectors were irradiated by ionizing
radiations of the following radionuclide
sources: 239Pu-Be (fast neutrons) [21, 41—
441, 239Pu and 24'Am (alpha particles), 22Na,
60Co, 137Cs, 192Eu, and 24'Am (photons of
gamma radiation). We used the effect of an
attenuation of alpha particles in air to ob-
tain the energy range E_, from =1 to
5.3 MeV [45]. To obtain the spectra of re-
coil protons for the combined source of fast
neutrons and photons of gamma radiation
239py—Be we used the method of the selec-
tive detection of different types of ionizing
particles based on the pulse shape discrimi-
nation [46]. For the reconstruction of the
neutron spectrum from the measured spec-
trum of recoil protons, we used the proce-
dure described in [29, 44].

The most promising way to study the
processes of the primary quenching in the
track is the following [1, 14, 29, 41]. In the
case of irradiation of an organic scintillator
by ionizing radiation with a low specific
energy loss dE/dx (for example, photons of
gamma radiation) the track is not formed
and hence the additional energy loss, associ-
ated with the “specific” quenching, are ab-
sent. If nonlinearity of a scintillation re-
sponse is caused only by the specific
quenching in the particle track then in this
case the light yield must depend linearly on
the energy of ionizing radiation. Such a
scintillation response will carry information
concerning: i) the loss, associated with the
efficiency of energy conversion of ionizing
radiation into light photons collection, ii)
the efficiency of light collection in a scintil-
lator, iii) the loss in a scintillator caused by
reabsorption and so on. To put it otherwise
it is the specific own losses for a given
scintillator. If the same scintillator, under
the same conditions as before, is irradiated
by the ionizing radiation with a high spe-
cific energy losses dE/dx (for example, pro-
tons or alpha particles), then in such case
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Fig. 5. The Ca’ - and Cn’y—values (lower and
upper family of curves) as a function of the
energy of excitation for stilbene detectors.
Squares, triangles and circles represent the
Ca o and C, -values for a single crystal, a
hot-pressed polycrystal and a composite scin-
tillator (grain size from 1.7 to 2.0 mm), cor-
respondingly. Half-filled symbols are from
alpha excitation while open symbols are from
neutron excitation.

the track is formed. A scintillation response
will carry information concerning: i) the cu-
mulative effect of loss for a given scintilla-
tor (as in the previous case) and ii) the
additional loss caused by the quenching
process in the track.

We can use the value of "i/gamma’-
ratio, Cly, as a quantitative estimation of the
quenching processes occurring in the track
of the particle of i-type [1, 14, 29, 41]:

P, (P (2)
— | X Y
(5 e

where P; and P, are the number of scintilla-
tion photons generated by radiation of i-type
and by gamma radiation, correspondingly.
In (2) E; is the energy of radiation of i-type
of and Eg,,, is the energy of the edge of
the Compton distribution of gamma radia-
tion with energy Ey.

4. Results and discussion

Values of (;ly (2) for organic scintillators
were calculated in [1, 11, 14, 29, 32, 41,
47]. Fig. 5 demonstrates the Cl -values (2)
as the function of the energy of neutron
((;n’y) and alpha (CW/) excitation for a
50 mmx5 mm stilbene single crystal, a
30 mmx5 mm hot-pressed stilbene poly-
crystal and a @30 mmx20 mm composite

11
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scintillator on the base of crystalline grains
of stilbene (grain size from 1.7 to 2.0 mm).

Fig. 5 shows that the difference of ;.-
values for the organic single crystal, the
polyerystal and the composite scintillator is
negligible in comparison with the difference
between Qa’y- and Qniy-values those were ob-
tained for the same one scintillator. A fun-
damental change of the structure of a scin-
tillator can vary the value of the scintilla-
tion signal not more than on 20-25 %, but
the type of excitation changes the value of
the scintillation signal by an order of mag-
nitude.

Thus, the results give the evidence of the
formative influence of a type of ionizing
radiation as compared with the influence of
the structure of a matter. The structure
should determine a character of the trans-
port of relaxed charge carriers from mole-
cule to molecule.

4.1. The "one step” model

The above experimental data, with the
theoretical estimates (see Section 2.3) be-
came the basis of the "one-step model™, pro-
posed in [41]. This model defines as the
"step” the expansion of the primary particle
track on one average intermolecular dis-
tance. The case is considered when the time
t,, which is necessary for such a step, has
to be at least by an order of magnitude
greater than the duration of the primary
quenching ¢,. It means that the ratio be-
tween the number of acts of the primary
("hot”) and the secondary (after track cool-
ing) recombination has to grow with in-
creasing the concentration vy of the primary
states, i.e. with growing of the specific en-
ergy loss dE/dx.

According to this model, the concentra-
tion of charge states vy denote the primary
value of dimensionless concentration v,
which is equal to the number of polaron
pairs per one molecule. The total concentra-
tion of all molecules and quasi-ions is desig-
nated as one. All molecules in the track are
considered as polarized, i.e. the concentra-
tion of polarized molecules is 1 — v. During
the time t, <t the primary concentration of
polaron pairs vy suddenly diminishes to the
values v <<vg. Therefore it is the process in
a "frozen” track area. All changes in v that
last a time ¢ < ¢, are not studied versus
time. Their total result is only taking into
account as a sudden change of v in the end
of a step.

12

The process of the fast quenching in the
"frozen" (non-expansive) track of the ioniz-
ing particle with very high dE/dx in the
general case can be described in a form [41]:

%} = DAV(I",t) - Q(V)V(r,t), (3)

where D is the diffusion coefficient of a track
expansion and g(v) describes the recombina-
tion probability of j pairs (j =1, 2,...) of po-
larons as a joint action. In the "frozen"
track, the first term in (8) is equal to zero.

In accordance to definition of ¢(v) the
term q(v)v in (3) can be represented by the
following expression:

gv)v = {clv + py[l = VIv + cov2 +

+ poll = VIVZ + ¢33 + pg[l — vIV3 + ...} =

D.(Pji1 + €1 — D)

=(py + ¢7) 1+ 5L vifv,

b1+

(4)
where we take into account the possibility
both the direct fast recombination between
adjacent polarons (a rate constant p]-), and a
random path of polarons, which can forerun
their recombination (a rate constant ¢;).

A sudden change of v,y (the time of
quenching ty < t,) means that g(v) changes
discontinuously from a step to a step, but
q(v) does not vary during a single step, i.e.
during the first step q(v) = g(vg), then:

B g =

~ —A(1 + Bvy + Cv% + Fv(3) + o )v(d).

(5)

It was obtained [41] the semi-empirical
description of the light yield (or, strictly
speaking, the number of photons P) versus
the value of the primary concentration of
polaron pairs v, (see (6)). Description (6)
takes into account that the right side of Eqg.
(3) is described by (5):

Svg (6)
1+ Bvy+Cvi+Fv+...

For the same scintillator excited by i-type
of radiation S; = const/A;. The "constant” in
S;-value describes the luminescent proper-
ties of a concrete scintillator, namely the
influence of the excitation energy transfer,

Functional materials, 19, 1, 2012
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Fig. 6 [41]. Quenching parameter (B/S)xv,
obtained from the measurements of the light
yield of organic single crystals and composite
scintillators (with grain size L) of stilbene
(open symbols) and doped p-terphenyl (half-
closed symbols).

the luminescence of molecules, the processes
of light collection and reabsorption. The A-
value (5) describes the mean quenching ef-
fect in recombination of one polaron pair,
whereas the values B,v;,/S;, CiviOZ/Si, ete.
describe the effect of the joint recombina-
tion of two, three, etc. polaron pairs on the
primary quenching for a concrete scintilla-
tor and a type of excitation. According to
(4) if the polarization effect is of primary
importance then the values B, C, etc. can be
negative. To calculate the vy-values we used
an average energy of a plasmon Q ~ 20 eV
[5, 11, 14, 41]. To calculate a volume V; of
the track of i-type of excitation we took the
estimations of the initial track radius ry
based on the analysis of the delayed radiolu-
minescence pulse shape of organic scintilla-
tors (see Section 2.2). The track length was
taken as the particle range [45].

Figs. 6 and 7 demonstrate the typical ex-
amples of the dependence of Bvy/S and
CVOZ/S values versus the value of the pri-

mary concentration of polaron pairs v, [14,
41]. Figs. 6 and 7 show that the primary
quenching in the track is a concentration-
controlled process. The negative B-values
agree with the statement that the polariza-
tion effects have a strong influence of on
the recombination of charge states.

The study of the recombination processes
in particle tracks requires amplification. An
in crease of the concentration of charge
pairs in the track regions with increasing
the specific energy loss of a particle should
lead to a rise of fast and efficient recombi-
nation of charge states. However, the inten-
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Fig. 7 [41]. Quenching parameter (C/S)><VO2
versus v, obtained from the measurements of

the light yield of the same scintillators as on
Fig. 6.

sity of the radioluminescence does not in-
crease, but decreases. Apparent loss in-
crease with growing the density of the
states generated in the track of an ionizing
particle [14, 41]. The question arises why
the effect of quenching increases with in-
creasing the concentration of charge states,
or in other words with increasing the prob-
ability of their primary recombination.

To try to explain this effect it is neces-
sary to consider in detail the aspects of gen-
eration and energy exchange of charge
states and excited states in the track of an
ionizing particle.

4.2. Aspects of generation and
energy exchange of charge states
and excited states

It is known [48] that both the maximum
energy and the number of secondary elec-
trons, emitted after a collision of the pri-
mary particle with a molecule of a matter at
the same angle, decreases with increasing
the mass of the primary particle of a con-
stant velocity. In the context of the dis-
cussed problem, it means that an increasing
portion of the energy will be stored in the
track. Decreasing of the average velocity of
low-energy secondary electrons can promote
a rise of the probability of their recombina-
tion with the parent ion. An increase of the
density of the charge states M, and M_, which
create during the time rez10’16—10’15 s the
polarization surrounding in the region with
the characteristic size of 13—-16 nm, should
lead to a sharp increase of the probability of
the recombination of the charge states,
which are within this region. This effect
will be more sensible when the most part of

13
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Fig. 8 [41, 49]. The calculated values of the
average distance d between the centres of
charge pairs (M,, M_) in the track of an alpha
particle with energy E, for a stilbene single crys-
tal(I —ry=10nm, 2 —ry=20nm, 3 —ry=
30 nm, 4 — ry = 40 nm, 5 — ry = 50 nm).

the track volume will be overlapped by such
polarization zones, which accelerate the re-
combination of charge states of opposite
sign.

According to [41, 49], we have estimated
this effect for the most applicable scintilla-
tion crystals of stilbene and p-terphenyl.
Figs. 8 and 9 show the results of such cal-
culations for the stilbene single crystal. The
average distance d between the centres of
charge pairs was estimated as a cube root of
the volume occupied by the single pair. This
value have been directly compared with the
distance of the stable polarization surround-
ing r, =13 nm [34]. For d >r, polarons do
not react upon each other, and the simulta-
neous recombination of two or more pairs is
the event of rare occurrence.

Fig. 8 shows that the average distance
between pairs is always less than 13 nm for
all considered energies of alpha particles
and the cross-section radii of the track. It
means that the polarization surrounding not
only the polarons in a pair, but neighbour-
ing pairs will overlap and polarization ef-
fects will initiate a very fast recombination
of the charge states throughout the whole
of the track area.

Fig. 9 shows that in most cases under
consideration the average distance between
pairs is comparable or more than 13 nm in
the case of excitation by protons. It means
that the polarization surrounding of the
neighbouring pairs do not overlap, and
charge states in the pair are far enough
from each other both not to interact, and
not to be involved in the polarization sur-
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Fig. 9 [41, 49]. The calculated values of the
average distance d between the centres of
charge pairs (M,, M_) in the track for the
case of excitation of a stilbene single crystal
by protons of the following boundary ener-
gies: I — 0.85 MeV, II — 2 MeV, III —
3.1 MeV, IV — 4.2 MeV, V — 4.9 MeV,
VI — 6.4 MeV, VII — 6.7 MeV, VIII —
7.3 MeV, IX — 7.9 MeV, X — 8.6 MeV, XI
— 9.7 MeV I — rp=15nm, 2 — ry=
25 nm, 3 — ry=35 nm, 4 — ry=45nm,
5 —ry=55nm, 6 — ry =65 nm).

Table 1. The total spin of two doublets
after their exchange interaction [11]

Spin +1/2 -1/2
+1/2 1 0
-1/2 0 -1

rounding of another pair. In this case, the
influence of polarization effects on the fast
recombination of charge states will not be
as strong as in the case of the excitation by
alpha particles.

In the context of a question under dis-
cussion it is clear that the specific energy
loss will increase sequentially with the en-
ergy decrease of the recoil protons, nextly
by the transition from the tracks those are
generated by protons to the tracks those are
generated by alpha particles and then with
decreasing the energy of alpha particles. In
the same sequence will decrease the calcu-
lated value of the average distance d be-
tween charge pairs, and hence will increase
the probability that the major portion of
the particle energy will be used for genera-
tion of charge states with simultaneous in-
creasing the probability of their rapid pri-
mary recombination.

The recombination of doublet states M,
and M_ will proceed by the exchange mecha-
nism in the particle track. Table 1 shows the

Functional materials, 19, 1, 2012
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Table 2. Rate constants y for the mutual quenching of excites states in some organic single

crystals

Single crystal Rate constants
Ve em3s7! Yrads em®s7! Yops em®s7! Yoss em®s7!
Naphthalene - 3.5.10712 b), d) 5.10711 b), d) 1-10710 b), d)
Anthracene | "negligible” & 2.10711 a), b) (5£3)-10-9 #: b4 1(1+0.5).10-8 2 D) o) d
(7+4)-1079 ©
Tetracene 1.5:10712 ) | (2.2+0.5)-1079 ) ) 210772, d) 110772, d)
Pyrene - (7.5+4.0)-10712 9 - -

a) Ref. [560], b) ref. [51], c¢) ref. [62], d) ref. [33].

possible results of such interaction. Three
T,-states eventually are generated per one S;-
state rather than 1076 as it occurs in the low
activation density regions [11, 32].

4.3. Possible reasons of "the
specific quenching”

The density of S;-states occurring in the
track immediately after it formation is very
high. It can be a source of huge loss of the
energy in the track regions. Thus, S;-states
have a high probability of disappearing in
the process of mutual S—S annihilation, in
the process of S—T annihilation, in the proc-
ess of fission of singlet excitons [50].

S+ Slyﬁ> 87 + Sy = S+ Sy+ phonons (7
S;+ Ty Sy+Ty, ®

So+ Sy +AE 5 T 4T, )

Table 2 shows the rate constants of the
above processes.

Naturally, such processes will reduce the
output of radioluminescence photons in the
reaction S;=8; + Av, which can contribute
to formation of the radioliminescence pulse
fast component.

An annihilation of singlet excitons at
high excitation densities can lead to
autoionization (10), which causes the gen-
eration of charge states. This mechanism
seems reverts the process of the energy ex-
change in the particle track from the stage
of electronic excitation energy exchange
back to an earlier stage of the charge states
energy exchange [50].

S;+8, 8 St+Sy—»e+h 10
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At high excitation densities, the prob-
ability of the S-S annihilation (10) that
generates charge carriers is 103 times
higher than the probability of the T-T anni-
hilation that generates charge carriers. The
probability of the T—T annihilation with the
formation of charge carriers is still low be-
cause the energy of two T-states, in most
cases, is insufficient to form a charge pair.
This suggests that in the regions of the
"unfrozen” track there will be the predomi-
nant generation of T-states due to both the
peculiarities of doublet states recombina-
tion, and a high probability of the S—S an-
nihilation leading to a formation of charge
carriers and to a loss of S-states. There will
be processes that lead to decreasing of the
concentration of S;-states. According to
[50], a huge concentration of triplet exci-
tons, until the time of 1079 after excitation,
is the most likely source of quenching of
singlet states. In addition to the processes
(7)—(10), the processes of quenching of Si-
states by charge states will also contribute
to decreasing of S;-states [560]. It is should
be noted that the T-T annihilation (11) pro-
ceeds efficiently after decreasing the con-
centration of excited states in the track.

Traa =T g g o hy 4 28,
T1+T1_y_ti T1+SO .
Q+ S, (11)

A yield of the singlet channel of the dif-
fusion-controlled T—-T annihilation (11) is
low (f~0.4) [11, 29]. Therefore, for the T-T
annihilation (11) in the track region the
ratio of the number of light photons to the
number of excited molecules that generate
these photons is substantially less than for
the process of usual luminescent deactiva-
tion of S;-states outside the track. Each of
S;-states located in the low activation den-
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sity region with the probability close to a
unit can transfer to Sj-state by emitting a
light photon. In the case of the low concen-
trations of triplet states, the process of
their loss is unimolecular and the shape of
a scintillation pulse can be described by an
exponential function of time [2, 11, 29, 32].

5. Conclusions

Thus, the recombination of charge states
generated by an ionizing radiation may re-
sult in either a luminescence or the energy
loss (the quenching).

The preliminary analysis has shown that
such a recombination of hot states acceler-
ated by strong polarization interactions
must occur in time less than 10713 ¢. There
is the difference between the processes of
energy exchange of an ionizing particle
which take place in: i) the track halo, ii) the
shell of the track core and iii) the track
core. In the shell of the track core and in
the track core there are additional nonradia-
tive losses due to the primary recombina-
tion of hot charge states, which are at small
distances from each other. The probability
of such loss in the shell of the track core
can be significantly lower than in the track
core. However, the mechanism of this proc-
ess is not clear and requires a careful study.
It is required a more profound both qualita-
tive and quantitative analysis of the energy
balance between: i) the particle energy
stored in a molecular scintillation matrix, ii)
its distribution in the different regions of the
particle track, iii) the energy transfer proc-
esses of charge states into the energy of ex-
cited states and further into the energy of
scintillation photons taking into account all
possible channels of the energy loss.
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I'enepamia Ta po3MiH eHepril 3apAd0BUX CTaHIB B
OPraHivYHHUX MOJIEKYJSAPHUX KPHCTAJIYHUX
CHMHTHUJIATOPAX

O.A.Tapacenko

Y poboti obrosopioroThca (hiswyHi Ipollecw, IO BU3HAYAIOTH OCOOJMBOCTI reHepallii Ta
po3MiHy eHeprii 3apsAlOBUX CTaHIB, AKi BUHMKAIOTH Y MOJEKYJIAPHUX OPTaHIUYHUX cepeLoBUIAX
nix pgiero ioHisyrouMX BUIPOMiHIOBaHb PIBHUX TUIIB. AHAJIIByeThCd HAIIBEeMIIIPpUYHUM oIuC
IPOIleCciB IEePBUHHOTO PO3MiHY eHeprili y TpeKy ioHisyiouoi uacTuHKU. [aHuil omnmuc ypaxoBye
BUBHAYAILHUI BIJIUB ITOJAPUBAIIHNX IIpOlleciB Ha PO3MiH eHeprii 3apA0BUX CTaHIB i mpoilecu
racinad. Ilpoliec mepBUHHOTO raciHHA BU3HAUAETHCA MYsKe NIBUAKOI0 PEKOMOIHAII€I0 MOJIEKY-
JngpHo-TIongponHHol napu. [le# mporec Ak MiHIMyM Ha NMOPAAOK HMIBUAIIE IIpoliecy AudysifiHOTO
pOBIIUpPEHHA TPEKYy, a 1oro e(peKTUBHICTH pocTe 3i 301AbIIEHHAM TIyCTHHU Iap, AKi pe-
KOMOiHyIOTh. AHaji3 TPpYHTYeThCS Ha pesyJbTaTaX BUMIpDIB BEJWYWHU CBITJIOBOTO BUXOLY
OPTaHIYHUX CHUHTWIAIIMHUX JEeTEKTOPiB HA OCHOBI cTUILOEHY Ta n-repdeHLTy AK QYHKILL
eHeprii mpu anbda-, HeITPOHHOMY- Ta ramMMma-soy sKeHHi. [OCHifKyBasIncsa CTPYKTYPHO TOCKO-
HaJIi OpraHiuHi MOHOKPHCTaJIU, MOJIKPUCTAIU, OTPUMAHI METOJOM Tapfadyoro IpecyBaHHS, KOM-
nosuriiiai cuuHETHAATOPU. OTpuUMaHi pes3ynbTaTH CBigUaTh PO BUBHAUAJLHUI BIJIUB TUILY
ioHiByIOUOro BUIIPOMiHIOBaHHA y MOPiBHAHHI i3 BIJNBOM CTPYKTYPU PEUOBHHU Ha IIPOIlecH,
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