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Effect of Polarization on Recombination of Charge
States in an Ionizing Particle Track in Organic
Molecular Crystals

NIKOLAIZ. GALUNOV AND OLEG A. TARASENKO*

Institute for Scintillation Materials of NAS of Ukraine, Kharkov, Ukraine

The effect of polarization on the energy exchange of charge states in molecular media is
studied for the case when no external electric field exists. Measurements of the light yield
of organic molecular crystals excited by ionizing radiations are used to verify theoretical
hypotheses. This allows us to carry out experiments for a wide range of the initial density
of charge states. The polarization process initiates the primary recombination of hot
carriers those are generated in the particle track. This reduces the radioluminescence
(RL) energy yield of organic molecular crystals with increasing the specific energy loss
of an ionizing particle.

Keywords Charge state; energy yield; organic crystal; polarization; radioluminescence

Introduction

Organic molecular crystals, as organic molecular solids in general, have unique optical
and electronic properties. Molecules in organic crystals are bonded by the van der Waals
forces [1-6]. The energy of these interactions is 10° times less than the energy of covalent
interactions between atoms in a molecule [2, 4]. Huge quantitative differences in the
energies of the lattice interactions in organic molecular and inorganic covalent (ionic)
crystals cause qualitative differences in the formation and transport of excess charge carriers.
The energy structure of molecular crystals and electronic processes in them are defined
both supramolecular and electronic structure of the molecules that make up a crystal.
Delocalized and weakly bonded -electrons of conjugation of the molecules of aromatic
hydrocarbons and n-electrons of conjugated heterocyclic compounds are a potential source
of the formation of charge carriers under the light, temperature, external field, or ionizing
radiation [1-3].

Weak intermolecular forces are responsible for a strong localization of a charge carrier.
It moves by incoherent hops in an organic molecular crystal [2]. At high temperatures,
charge carriers due to their pronounced localization on individual molecules during their
motion have time to interact strongly with the electronic and nuclear subsystems, and, in
some cases, with the lattice subsystem of the environment. It causes formation of electronic,
molecular, and lattice polarons, respectively. The electronic polaron formation results in
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increase of intermolecular energy to 10~! eV. This energy is by a factor of 107 greater than
the energy of the van der Waals interactions that hold molecules in a crystal [2, 4].

Organic molecular crystals due to the above-discussed features of their structure and
specific electronic properties are widely used as semiconductors, light-emitting diodes, ele-
ments of nonlinear optics, and detectors of ionizing radiations [1-7]. Different applications
have their own aspects. For example, a powerful external electric field is not used during
experiments in the scintillation applications. In this case, the energy exchange of charge
states is determined by the internal electric fields occurring between molecules with elec-
tron deficiency and excess. Note that the formation of particle tracks can be corresponded
to the extreme case of extra-large initial concentrations of charge states. In itself, this is a
very interesting scientific problem.

The organic single crystals used as efficient scintillators have a monoclinic structure
with close values of parameters of the unit cell, with the densities close to 1.2 g/cm3, and
the similar values of the effective atomic number and effective nuclear charge [8]. The
single crystals of anthracene, stilbene, and p-terphenyl [4, 7, 9-12] are the most applicable
organic scintillation crystals. In the latter case, the single crystals with and without a
dopant of 0.1% 1,4-diphenyl-1,3-butadiene in the melt are used [4, 10]. Organic molecular
scintillation crystals are often used for detection of the ionizing radiations, which have high
specific energy loss (dE/dx) [4, 7].

In this paper we analyze the energy exchange of charge states in the high activation
density regions of the quasi-spherical (spurs) and quasi-cylindrical (tracks) symmetry on
the hypothesis that the influence of the polarization interactions is of primary importance
[13]. It is should be noted that the influence of polarization effects was earlier discussed in
the context of the mechanisms of the fast component formation of the radioluminescence
(RL) pulse in regions of the low activation density of organic molecular solids and liquids
[9, 14-16]. Therefore, the discussion of this material is beyond the scope of this paper.

Theory

Aspects of Charge State Generation in an Organic Molecular Medium

Ionizing radiations generate excess charge carriers in an organic molecular crystal [1]. In
this case, a quasi-free electron rapidly localizes on some other molecule and produces
a negative quasi-ion M_. The molecule, which has lost an electron, becomes a positive
quasi-ion M. A displacement of m-orbitals and positively charged molecules occurs
in different directions in the surrounding of the molecular quasi-ion. The polarization
surrounding originates including about 10°> molecules. The electronic polarons M,~ and
M, " are formed around the quasi-ions M _ and M _, respectively [2]. The energy of the
electrostatic field of a quasi-ion E,,; that is necessary to create the polarization surrounding
is about 1-1.5 eV. The polarization time of the electron orbitals of the molecules of an
organic crystal is estimated as T, &~ 1071%-10~13 5. The electrostatic field of the quasi-ions
disappears as the result of a pair recombination of M and M_. Directly after this, m-
orbitals and positively charged skeletons of molecules, which had been polarized by the
electrical field of the M, and M _ pair, return to equilibrium giving off the vibrational
energy. This energy corresponds to the energy, which is spent for their initial displacement
during the formation of the polarization surrounding [2, 4]. Besides, the formation of the
molecular exciton localized at high temperatures on the molecule, which was a quasi-ion
before the recombination, becomes possible. The relation between the probabilities of the
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exciton decay with and without the emission of a light photon (the energy Ej, is about
3 eV [4]) determines the RL intensity. The ratio of the energy of the emitted light to the
energy of an ionizing radiation accumulated in a crystal, determines the energy yield of the
scintillation process. This yield can be different for different types of ionizing radiations.

If the distance d between the charge states M, and M,,~ is less than the value of the
radius of the stable polarization surrounding . (1), then a pair of molecular polarons forms
[2, 4]. The value of r, is defined as [2]:

62

47 (e) eok T’ )

Fe =

where (¢) is an average relative permittivity of a crystal, k is the Boltzmann constant, T is
a temperature, and & is the dielectric constant.

The value of the local field strength Ej that created by a pair of charge states M,,* and
M,~, localized on different lattice sites, will vary depending on the distance between M,
and M,,". It is easy to obtain the following estimates using the data [17]. For example, for
the single crystal of anthracene the values of Ey created by such a pair are in the range from
1.8 x 10%t0 3.2 x 107 V/cm when the distance d changes from r.. to the distance between the
nearest neighbor molecules. These values exceed the breakdown voltage of organic crystals
[1]. According to [2, 4] in such a case the charge carrier scattering time t becomes a very
small quantity that is less than 10~!%s. According to [18], the thermalization time of charge
carriers in these systems is by an order of magnitude greater. The strong local electric fields
inside such the pair have to increase the probability of the recombination of hot charge
states, especially, when no an external electric field is applied [1]. The contribution to the
total recombination process of the very fast initial recombination of the hot charge state
pairs should increase with their concentration.

During the excitation by an ionizing particle in each a single event of interaction with
a medium this particle mainly transmits such a portion of it energy, which exceeds the
ionization potential of molecules. The ionizing radiations with low values of dE/dx (<10'
MeV/cm), such as electrons with energies above 100 eV, photons of gamma radiation
(that generate secondary electrons in an organic medium) create separate local regions
of excitation (spurs). These regions do not overlap. The ionizing radiations with values of
dE/dx > 10" MeV/cm (protons, alpha particles, heavy ions) generate the spurs those overlap
and form a single region of high activation density, i.e. the particle track [4, 19]. Generation
of charge states in the ionizing particle track proceeds through a rapid (10~'°~10715 s [4])
initial stage of a decay of superexcited [20] and plasmon states [1, 4, 21-23]. Fano [23]
considered organic molecular systems as the most obvious example of systems in which
the generation of plasma oscillations was possible. According to the experimental data the
average energy of plasmons in organic condensed media is estimated as (Ey) ~ 20 eV
[1,4,13,21, 22].

It is known that the probability of the nonradiative decay of a molecular exciton
increases with increasing temperature, while the probability of luminescence decreases
[24]. During the simultaneous recombination of j polaron pairs the vibration energy, which
is comparable to or lower than the energy of the lowest singlet excited state S;, should
be released. It means that the probability of the nonradiative losses must increase with
increasing dE/dx, i.e. with increasing j. As aresult, the RL energy yield should decrease with
an increase in the j-value. Such a change can be correctly examined by the measurements
of the RL light yield.
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The Model Representation of Tracks and Spurs as Volumes with the Cylindrical
and Spherical Symmetry, Respectively

Despite of an evident disagreement between the real processes and the approach, which
considers tracks (spurs) as the volumes of a cylindrical (spherical) symmetry with the
“sharp” boundaries, this approach is successfully used since the time of the investigation
of particle tracks in the cloud chamber [1, 4, 7, 19]. This approach allows us to introduce
the definition of the initial radius ry of a cylindrical track or a spherical spur. It gives a
possibility to carry out not only some estimations, but to make quantitative calculations as
well. This approach means the following.

The Gaussian distribution of the initial concentration of charge pairs (in the plane
perpendicular to a cylinder axis, or in the cross-section of a sphere passing through two
of its diameter) is replaced by the truncated Gaussian distribution. This distribution ig-
nores the presence of a small number of the pairs that are on the distances larger then
a diameter of a cross-section of such the cylinder. In this case, the diffusion-controlled
process of annihilation of triplet excitons (7-states) in the region of a track (or a spur) can
lead to the generation of S-states, which results in a rise of the number of RL photons
[1, 14-16]. A time ¢ of such a photon appearance after excitation is additionally delayed
on the time required for two triplet excitons to meet each other. The delayed RL forms the
slow component of a scintillation pulse. Its shape can be described as [4, 16]:

1(t)~ (14 @/tp)7*, )

where Eq. (3) defines the time of a diffusion expansion of the track (spur) 75 in the medium
with the diffusion coefficient D of T-states. The value k is equal to 1.0 or 1.5 for the high
excitation density regions with the cylindrical or spherical symmetry, respectively:

tp =r3/4D. (3)

Experimental checking the k-values for the wide class of organic scintillators (from liquids
to single crystals) gives the following results for 7 > 50 ns. The condition k = 1.0 is satisfied
with an accuracy no greater than 5-6% in the case of the excitations by alpha particles and
fast neutrons (that create recoil protons). For the excitations by conversion electrons or
photons of gamma radiation the condition k = 1.5 is satisfied with an accuracy of 7-8% [4].
It also means that in the first case the tracks are essentially formed, while in the second case
the spurs are formed. These results explain why the application of the discussed approach
in radiation chemistry, radiation physics, and scintillation technique is so successful [1, 4,
7, 19].

The second very important result of the discussed studies is the following. Equation (2)
describes the diffusion-controlled process for ¢ > 50 ns [4]. It means that the main energy
losses in the scintillation process have to occur in the earlier times after an excitation.

The Semi-Empirical Description of the Energy Exchange Processes of Charge
States in Organic Crystals for High Excitation Densities

Recently [25], we proposed the semi-empirical description of the primary energy exchange
in the ionizing particle track with the cylindrical symmetry that takes into account the
polarization interactions in organic molecular media. It was shown that the rates, which
describe the probabilities of the primary fast recombination of hot charge state pairs in the
track, and the rates, which describe the pair recombination of those charge states that in the
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initial time are at a distance that exceeds r, (1), appear in the final equation with the opposite
signs. In the former case the hot charge states M,* and M,,~ are on very short distances.
The probability of a simultaneous recombination of more than one the pair becomes high.
In the latter case, the additional time is necessary to the charge states to approach each other
within the distance less than r, (1). They have a time to relax to the molecular polarons.
The probability of a simultaneous recombination of more then one of such the pairs in a
very small volume is negligible.

In [13, 26] the detailed analysis of this description was performed. In particular, it
was obtained the following results. The influence of the type and structure perfection of a
scintillator on losses in the light yield is not as important as the influence of the processes
of the primary quenching inside the ionizing particle track. With increase of the initial
concentration of charge states the quenching effect grows. It is the primary quenching
that has to be the concentration-controlled process [13]. With an increase of the initial
concentration of charge states, the fraction of polarons, which take part in the primary
recombination, grows. This has to cause the increase of the quenching effect, i.e. the
decrease of the number of RL photons [26].

The Recombination of Charge State FPairs for the Case of Excitation with High dE/dx

If the above-mentioned analysis is correct, then the probability of the primary recombination
of hot charge states should depend on the relation between r. (1) and the average initial
distance d between charge states. This distance will be determined by dE/dx, and hence
by the type of an excitation. Therefore, to revise the results of the analysis it is necessary
to calculate the values of r. and d for different types of crystals and irradiations. The
calculations of r, (1) for a number of organic single crystals were carried out in [27]. The
r.-values were in the range from 15.4 nm for the single crystal of stilbene to 19.5 nm
for the single crystal of p-terphenyl. We calculated the d-values for the single crystals of
anthracene, stilbene, and p-terphenyl excited by alpha particles, fast neutrons and electrons.
The results obtained for different single crystals had no a qualitative difference. For alpha
particles, it was obtained that d < r,, for electrons and photons of gamma radiation of the
medium energies the relation d > r. was correct. For the case of the excitation by fast
neutrons of different energies, both cases could be observed. For d > r., in contrast to
d < r., the polarization surroundings of neighbor pairs do not overlap. It means that in the
case of the excitation by a fast neutron the influence of the polarization effects on the fast
recombination of hot charge states should not be as strong as in the case of the excitation
by an alpha particle.

The Experimental Studies of the Recombination Process of Charge State Pairs
Jor a High Excitation Density

The data that were discussed in the section “Theory” are in a good agreement with the
hypothesis that the fast initial quenching effect is caused by the primary recombination of
hot charge states and increases with these states concentration. If this hypothesis is correct,
then the energy yield of the scintillation process has to decrease with increasing the initial
concentration of charge pairs, or with increasing dE/dx of a particle. In this formulation,
the problem can be directly solved on a base of the measurements of the scintillation light
yield for a wide range of dE/dx values.
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Experimental

Radionuclide Sources

To obtain a wide range of dE/dx we used medium energy photons of gamma radiation with
energies E, ~ 10°-10° eV (**Na, ®°Co, 1¥’Cs, and *Eu radionuclide sources), conversion
electrons with the energy E, = 0.622 MeV (the '3’Cs source), alpha particles in the energy
range from 0.7 to 7.5 MeV, fast neutrons from a >**Pu-Be source.

The alpha particles for such the energy range were obtained by attenuation of alpha
particles from 2**Pu (5.15 MeV) and 2*’Ra (7.68 MeV) isotopes in a layer of air. The actual
energies of the alpha particles were estimated from their residual range [4].

To separate the spectrum of recoil protons generated by fast neutrons of a >**Pu-Be
radionuclide source in organic crystal, we used the method of discrimination of an ionizing
radiation by a scintillation pulse shape. The set-up that provided such the selection we
described earlier [4, 28]. The discrimination scheme allowed reducing the probability of
detecting the gamma radiation photons of a >**Pu-Be source in 10* times. The characteristics
of a 2°Pu-Be source and the method of reconstruction of the neutron spectrum from the
measured recoil proton spectrum was described in detail in previous papers [4, 10].

Experimental Samples

We investigated the light yield of single crystals of stilbene (Cj4Hj,, density p =
1.22 g/cm?), anthracene (C14H,9, p = 1.25 g/cm?), and p-terphenyl (CgH 4, p = 1.23 g/cm?)
[4]. The single crystals of the p-terphenyl containing 1,4-diphenyl-1,3-butadiene (0.1% in
the melt) as an addition agent were studied as well. All samples had a thickness of 5 mm.

Comparison between Characteristics of the Photoluminescence
and the Radioluminescence

Photofluorescence Quantum Yield. Fluorescence spectra were measured by a Varian Cary
Eclipse spectrofluoremeter. Basing on these measurements the absolute photofluorescence
quantum yield ®p, of the organic single crystals was calculated. It was obtained that
@, = 0.65 for stilbene, &, = 0.48 for p-terphenyl, ®,, = 0.97 for p-terphenyl that
contains 1,4-diphenyl-1,3-butadiene, and ®,, = 0.55 for anthracene.

Radioluminescence Light Yield. The light yield is the total number of photons, which are
produced in a scintillator per 1 MeV of particle energy. The light output is that fraction of
the light yield of a scintillator which is detected by a photodetector. It is experimentally
measured value [4]. The ratio between these values is called the light collection coefficient.
Let us denote it as t; for excitation of i-type. The light collection coefficientt takes into
account geometry of a sample and type of excitation [29].

The light output of organic single crystals we calculated by comparison with the value
of the light output for the reference stilbene single crystal. It light yield C was equal to
14,700 photons per 1 MeV of gamma radiation. Table 1 shows the values of the light yield
C for the organic single crystals, as well as the values of the light collection coefficients 7,,,
7., and 7, for the cases of excitation by photons of gamma radiation, conversion electrons
and alpha particles, respectively. For the case of the excitation by fast neutrons we used
the light collection coefficient identical to that for gamma radiation (7, -value), because for
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Table 1. Light yield C and light collection coefficients 7., 7., and 7, of organic molecular

crystals
Organic crystal C, photon/MeV 7, T, Ty
Stilbene 14,700 0.659 0.649 0.635
p-Terphenyl (undoped) 17,000 0.576 0.563 0.551
p-Terphenyl (0.1% 1,4-diphenyl-1,3-butadiene) 24,900 0.615 0.608 0.597
Anthracene 29,000 0.596 0.583 0.570

these types of excitation the secondary particle would originate actually in any point of a
sample with equal probability.

Energy Yield of the Photo- and Radioluminescence. The photoluminescence energy yield
Yo is defined as:

)\'EX
Yph = @pi X S 4)
em
where A, and A%, are the excitation wavelength and the average wavelength of an
emission spectrum, respectively; @, is the absolute photofluorescence quantum yield.
The average value of the RL energy yield for a particle with the initial energy E
crossing the maximum range in a scintillator is equal to:

Ey

Y—l YEdE—L 5
<r>—E—0/r<) -z 5)

0

where L is the total energy of the RL photons.

Let us use the following notations: E,n(A®,,) is the average energy of a luminescence
photon, E; is the excitation energy, P; is the total number of photons in a scintillation pulse,
and Y; is the energy yield. The suffix i means the excitation of i type. Below by ph, y, e,
n, and o« we denote the following types of excitation i: light photons, photons of gamma
radiation, conversion electrons, neutrons and alpha particles, respectively The symbol of
averaging will be omitted. Hence, it is necessary to measure the total number of photons in
a scintillation pulse P; to obtain the value of Y; for i type of excitation with the energy E;.

The Number of Scintillation Photons

The following procedure was used to obtain the total number of photons P; in the RL pulse
for i type of excitation. Firstly, we measured amplitude scintillation spectra of organic
single crystals obtained for the excitation with the energy E;. The amplitude scintillation
spectra of the samples were measured by a multichannel amplitude analyzer AMA-03F.
The analyzer scale was calibrated by the energy lines, which correspond to the edges of the
Compton spectra obtained during the excitation by radionuclide sources *Na, °Co, '3’Cs,
and '>?Eu. The light output of the scintillators was calculated by the comparison method
[29] using the reference stilbene single crystal. After that we recalculated the light yield
of the single crystals taking into account the light collection coefficientst,, 7., and 7,
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Figure 1. The total number of photons P, (closed symbols) and P, (open symbols) in a scintillation
pulse for organic single crystals. The solid lines are the calculated linear dependences of P, against
E, . The arrow indicates the energy E, = 0.613 MeV of the conversion electrons.

(see Table 1). This allowed us to calculate the number of scintillation photons P;, which
are generated in an organic single crystal by the energy E;.

Figure 1 shows the results of such calculations for the ionizing radiations with low
dE/dx. Within the discussed energy range the plot of P, as a function of E,, yields a straight
line. For conversion electrons the calculation was performed only for a specific value,
which corresponded to the energy of the incident electron E,. The energy E, = 0.613 MeV
corresponds to the experimental conditions. To calculate this value we take into account
that before the electron with the initial energy E, = 0.622 MeV strikes a sample it has to
pass through a layer of air about 4 cm thick.
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r A
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| A
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=~ 60000k A [ ] ] ]
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5
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Figure 2. The total number of photons P, in a scintillation pulse for organic single crystals excited
by fast neutrons with the energy E,. The symbols are the same as in Fig. 1.



Downloaded by [University Town Library of Shenzhen] at 04:03 02 January 2016

184 N. Z. Galunov and O. A. Tarasenko

Table 2. Values of Eyp(A”,,), @pn, and Ypp of organic molecular crystals

Organic crystal Epn(A"ep), €V Dy Yon
Stilbene 3.08 0.65 0.55
p-Terphenyl (undoped) 3.13 0.48 0.41
p-Terphenyl (0.1% 1,4-diphenyl-1,3-butadiene) 2.88 0.97 0.77
Anthracene 2.71 0.55 0.50

Figures 2 and 3 demonstrate the calculated values of the total number of scintillation
photons for molecular single crystals excited by fast neutrons of a 2*’Pu-Be radionuclide
source (values of P,) and by alpha particles in the energy range from 0.7 to 7.5 MeV
(values of P,), respectively. These dependences obtained for the excitation by the ionizing
radiations with high dE/dx values are non-linear.

Discussion

Low Values of dE/dx

Table 2 presents the values of Epn(A%), Ppn, and Yo for the photoexcitation, while
Table 3 presents the values of Y, and Y., obtained for the ionizing radiations with low
dE/dx. The Y, -value, according to (5), is equal to the product of a slope of the curve (see
Fig. 1) by Epp(A*,,). The value Y, is obtained as P, X Epy(A®e)/E,. In Fig. 1 the values
of P,, practically, are on the corresponding linear dependencies of P, against E,,. Within
the energy range of the measurements the interactions of gamma radiation photons with an
organic medium are well fitted by Compton effect, which results in generation of secondary
electrons [4]. It causes an extremely small difference in parameters Y,, and Y, (see Table 3).

The comparison of the data presented by Tables 2 and 3 shows a significant difference
between the values of the corresponding parameters obtained for the photoexcitation and the

30.000 . : . . 7 . T T
25.000 F A ]
20.000 F 3
i A o
. = 15.000 F .
—
i A
10.000 A e m
[ A o
[ A ]
5.000 F A - .
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e de 0t
U 1 1 | 1 L M 1 1
0 1 2 3 4 5 6 7 8
E (MeV)

Figure 3. The total number of photons P, in a scintillation pulse for organic single crystals excited
by alpha particles versus the energy E,. The symbols are the same as in Fig. 1.
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Table 3. Values of ¥,, and Y, of organic molecular crystals

Organic crystal Y, Y,

Stilbene 0.045 0.042
p-Terphenyl (undoped) 0.053 0.052
p-Terphenyl (0.1% 1,4-diphenyl-1,3-butadiene) 0.072 0.066
Anthracene 0.079 0.073

excitation by the ionizing radiations with low values of dE/dx. In the case of the excitation
by the ionizing radiations with low dE/dx the values of the RL energy yields (Y, and Y,)
are by an order of magnitude smaller than in the case of the excitation by light photons of
the visible range (Yn). The question arises “Why?”

In contrast to photoexcitation the generation of molecular excitons in organic crystals
by ionizing radiation has a many-stage nature [1, 4, 13, 20, 23]. The decay of a plasmon
may lead to generation of a single charge pair. The average energy of a plasmon (Ey) is
approximately equal to 20 eV [1, 4, 13, 21, 22]. This value determines the average energy
required to generate a single pair of charge carriers. There are at least two other possible
reasons those can cause the difference between Yy, and Y,, or Y.

Geminate recombination when an electron recombines with its parent ion results in
generation of a singlet exciton [4, 22]. This situation is the most expectable for the spur
with one pair. For spurs containing more than one pair the spins of the combining charge
states are uncorrelated and random recombination dominates over geminate one [30]. In
this case, according to the spin selection rule, S- and 7T-states occur in the ratio 1 to 3
[4, 7, 19, 30, 31]. Even if we take into account the probability of generation of S-states
in the annihilation of T-states then it results in the yield of S-states equal to their yield
in the process of geminate recombination taken with the factor ~ 0.4 [31]. Therefore the
luminescence yield of the pair recombination decreases. The probability of generation of
the spurs with the number of pairs j > 2 decreases with increasing j [19].

An escape of an electron from a spur may be the second reason for the energy losses.
For the ionizing radiations with low dE/dx the distance between two neighbor spurs is much
larger than the size of a single spur, and the possibility of an overlap of spurs is extremely
small [4, 19]. Therefore, if an electron escapes from it spur then the probability this electron
returns to the parent spur or reaches to a neighbor spur is also extremely small.

So, the RL energy yield for the ionizing radiations with low dE/dx will define by the
features of generation and recombination of charge states in separate spurs. These spurs do
not overlap. Increasing the particle energy only leads to an increase in the number of such
spurs [4, 19]. This explains the linearity of P, as a function of E,, i.e. the constancy of the
light yield as a function of E,, for the ionizing radiation with low dE/dx (see Fig. 1).

High Values of dE/dx

For fast neutrons and alpha particles we calculated the values Y, = P, X Epp(A” e )/E,
and Y, = Py x Epn(A”en)/Ey, respectively, according to Eq. (5). The Y,-values for the
investigated range of energies E, and samples of organic single crystals are in the range
from 0.012 to 0.040, while in the case of alpha excitation the calculation gives the values
of Y, from 0.0012 to 0.0095. A spread of the values Y, and Y, is defined by both a type of
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Figure 4. The RL energy yield Y; of organic single crystals as a function of dE/dx of the ionizing
radiation. The symbols are the same as in Fig. 1.

a crystal, and a non-linearity of the scintillation response for the ionizing radiations with
high dE/dx.

Figure 4 summarizes the RL energy yields for organic single crystals excited by the
ionizing radiations in a wide range of dE/dx. Values of dE/dx were calculated using the
online programs ESTAR, PSTAR, and ASTAR of the National Institute of Standards and
Technology (NIST) [32]. The range of the Y p-values (see Table 2), and the range of the
Y, -values (see Table 3) is only indicated in Fig. 4 because the determination of the dE/dx-
value is incorrect for these both cases. In the case of neutron excitation we calculated the
values of dE/dx for the maximum energy of recoil protons, which were generated by the
corresponding fast neutrons with a set of energies E,.

The complicated dependence of Y, versus dE/dx is caused by a nonlinearity of the
light yield as a function dE/dx for high values of dE/dx. With decrease of the energy of
an alpha particle, the dE/dx-value increases and reaches a maximum. After that in the end
of an alpha particle path Y, grows. The effect of an ion recharge can be the reason of this
dependence [4, 33]. According to [33], this effect takes place for alpha particles with the
energies about 1 MeV. The same result we have obtained in our measurements.

Figure 4 shows a precipitate drop in the RL energy yield for high dE/dx. For the case
of alpha excitation, the Y,-values are 15-30 times less than in the case of the excitations
with low dE/dx (the values of Y, and Y,). For the ionizing radiations with high dE/dx
the overlapping spurs will create the single region of high activation density of the quasi-
cylindrical symmetry. This will increase the density of charge state pairs M,™ and M,,~
located at the distances smaller than the radius of the stable polarization surrounding r,
(1) of an excess charge carrier. Therefore, the polarization process will accelerate fast
random recombination of hot charge states having an excess energy. The probability of a
simultaneous recombination of several pairs of hot charge states becomes very high within
the small local region of a medium, determined by the value of r.. This will increase
the probability of the above-discussed process of a local heating of the track region. The
last process will promote an increase in the probability of a non-radiative deactivation
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of excitation. Such the quenching mechanism, when the light intensity of a single crystal
decreases with increasing it heating, is well known as the “temperature” quenching from the
photoluminescence investigations [24]. For high dE/dx this effect is significantly stronger
and can be a cause of the efficient primary quenching which results in decrease of the RL
energy yield Y.

The “concentration” quenching in the particle track is also possible in addition to the
“temperature” one. If the concentration of hot charge states drastically decreases during the
initial recombination, but still remains high enough, than the secondary stage of quenching
is possible. The concentration of S;-states, which are the source of the fluorescence in the
S1 — So + hv transition, could be reduced in the processes of the mutual S-S annihilation,
S-T annihilation, singlet exciton fission, quenching by doublet states etc. [30].

Conclusion

In contrast to photoexcitation the generation of molecular excitons in organic crystals by
ionizing radiations has a many-stage nature. It causes the additional energy losses even for
the ionizing radiations with low dE/dx. The main reasons for these losses are caused by: 1)
random recombination of charge states in a separate spur, ii) an escape of electrons from a
separate spur.

The energy losses significantly increase for the ionizing radiations with high dE/dx.
Random recombination of hot charge states accelerated by the polarization interaction pre-
vails at high excitation densities. The energy released in the local region, where several
pairs of hot charge states recombine, may exceed significantly the energy of S;-state. This
should lead to the mechanism of a radiationless energy deactivation. An efficiency of such
energy losses has to grow with increasing dE/dx. The secondary “concentration” quenching
of singlet and triplet excitons may increase the quenching effect. Both the processes essen-
tially depend on the concentration of the corresponding states. The secondary quenching
takes place after the primary one when the concentration of the states becomes appreciably
lower. Therefore the secondary quenching could not have the effect comparable with the
effect of the primary quenching.
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