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THE RADIOLUMINESCENCE EXCITATION MECHANISM FOR
ORGANIC BULK MATERIALS

NIKOLAI Z. GALUNOV, NIKOLAI I. SHISHOV
Institute for Single Crystals, Kharkov, Ukraine.

Abstract  The radioluminescence excitation mechanism
of organic bulk materials is discussed. The study is
based on the experimental results obtained for radio-
luminescence intensity and kinetics of organic
crystals, for the cases of o- and y- excitation.
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INTRODUCTION

The radioluminescence of organic crystals can be
attributed to phenomena which take place in unconventional
photoactive solids, Really, in <contrast to the
photoluminescence, the radioluminescence is caused not
only by optical properties of the object, but by
semiconducting ones as well. The radioluminescence
excitation process is going through the stage of charge
carrier generation and recombination.'® It is precisely
that stage which causes the specific character of the
radioluminescence process and defines its low fluorescence
yield as well. For the systems which have the fluorescence
yield about 0.9 for the case of photoexcitation, such a
value does not exceed 0.1-0.03 for the <case of
radioexcitation and decreases with specific energy loss
(dE/ dx) increase.3 In order to look into this problem the
analysis of the radioluminescence excitation process will
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be performed. It has a sense to study the radiolumines-
cence process, when the ionizing radiation loses the main
portion of its energy in the material. Therefore, the
radioluminescence study is wusually performed for bulk
materials.

THEORY

Losses of the ionizing radiation energy E 1in an organic
material result in generation of secondary electrons both
of high (6-electrons) and low energies.3 The electrons of
low energies create high activation density regions
(Figure 1), 1.e. the regions which contain ionized,
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FIGURE 1  Schematic representation of the spatial
distribution of excitations induced by charged
particle in an organic solid.

excited and chemically activated centers as well as
products of their interaction. For an ionizing radiation
with high specific energy losses (dE/ dx 2 101 MeV/em
such regions are cylindrically symmetrical (tracks), and
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for the one with low specific energy losses (dE/ dx < 1071
MeV-/cm) they are spherically symmetrical (spurs).4 Into
those regions, according to the spin statistics, the ratio
of generation probabilities of a singlet (S) and triplet
(Td) - excited molecule is equal 1:3 during the
recombination process of charge states.~'™ Outside them
this ratio is about 1:1070 because the S » T transition
for a single molecule is unfavourable one. Owing to such a
difference in T-state concentration the probability of T-
states exchange interaction is high only inside tracks or
spurs. The exchanged interactions of T- states result in
T-T- annihilation process (Eq. (1)). When the probability
of the singlet channel of the T-T-annihilation is high,
the slow component of the radioluminescence pulse arises.

Sl"'SO:’hU"'aSO
T + T1 > 1

.................

In such a case, the energy hv of the delayed radiolumines-
cence photons is the same one as for prompt radiolumines-
cence, but the moments of their emission are delayed due
to the transport of the lowest T-excited states (T1) to
one another. In Eq.(1) Sq is the lowest excited singlet
state and S, is the ground state. Nevertheless, it was
considered® that the ratio of probabilities of T- and S-
state generation into tracks and spurs is less then 3:1.
This statement, which contradicts with the spin statistics
conditions and with results of electroluminescent experi-
ments,3 was based on the fact of low light yield in the
tracks. Really, after excitation the concentration of ions
in such regions 1is high. Owing to ion field action
Sl—states have a high probability of the nonradiative 81 >
Sg transition. The Ty » §p transition is unfavourable due
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to the different multiplicity of the states. Therefore,
when the probability of the T-state generation is not high
the quenching of luminescence is simply explained by a
monomolecular process.5 Thus, the calculation of the
concentration of the states generated by ionizing
radiation, the definition of tracks and spurs dimensions,
as well as the study of the conditions of a charge carrier
recombination and nonradiative energy losses in them are
needed to ascertain the physics of radioluminescence
excitation process.

The ratio of the radioluminescence yield in the
regions of low and high activation density can be obtained
by measuring the shape of the radioluminescence pulse, and
especially the shape of its slow component. The radio-
luminescence slow component pulse - shape can be described
in the following form?

ICL) ~ ML) (1 +trtpX @

where t 1is the time after excitation, k =m 2, m= 3, 2
and 1 for tree-, two- and one- dimensional diffusion of
T-states, respectively. The m-value 1is determined by a
symmetry of high activation density regions as well as an
anisotropy of the diffusion coefficients DT of T-excitons
in organic crystals. For the time t 250 ns ML) is a
constant. The time constant

I
tD = ro / 4DT (3D

is determined during experimental data processing. The
initial radius rg (Figure 1) of a track (or spur) cross-
section can be obtained by the method described in the
previous papers.4'6 It is possible to calculate the track
volume and the density of generated states using the
rg-value and the reference data for the track length. The
study of the luminescent emission intensity allows to
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calculate the portion of states which results in a photon
emission.® The difference in the results of aforementioned
two types of calculations should be caused by the
nonradiative energy losses, which distinguish the
radioluminescence process. Measurements of the 1light
output N for the cases of different types of excitation
(a-particles, photons of y-radiation, protons, electrons
etc.) give the opportunity to verify the previous
calculation by using the values

=( —) /70— (4)

where E,, Ej are the energies of i-, and j- type of
excitation.

EXPERIMENT

The investigation of the radioluminescence pulse slow
component, was performed for organic single crystals (SC)
of anthracene, stilbene and p-terphenyl (doping with
diphenylbutadiene moleculesl). Samples were in the shape
of cub (20x20x20 mm>). Their sides were paralleled to the
cr¥stallographic axes a, b, ¢'. The radionuclide source
241pm Co-excitation with energy E, ~ 5.49 MeV, dE/ dx ~
104 MeV/cn as well as y-excitation with main energy E, 6 ~
59,5 keV, dE/ dx ~ 10" MeV/cm) was used. The scale of
analyzing device (multichannel amplitude analyzer) had
been calibrated in energies of y-scintillations of NaJ(Tl)
single crystal, Dbefore the measurements of SC
radioluminescence amplitude spectra were performed.
Amplitude spectra of SC radioluminescence were
studied for the cases when the source of a-particles (and
y- ray photons) was mounted on the sample and when there
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FIGURE 2 The radiocluminescence amplitude spectra of
the anthracene SC irradiated along ¢’ axis by a-
particles and y- ray photons as well (curve 1) and by
Y- ray photons only (curve 2).

N is the number of counts, E is the energy (the scale
of y- scintillations of NaJ(Tl) single crystal).

was a sheet of paper between them . The measurements with
radionuclide 24lam v— source, in which a- particles were
absorbed by special film, have been performed too. In all
the cases the low energy peak appeared in the same place
of analyzer scale (Figure 2). It allows to identify this
peak with registration of SC y-scintillations (E, ~ 59.5
keV). The high energy peak was only observed in {he first
case. It gives the information about a- scintillations (E
~ 5.49 MeV). The values fa, of 0.04; 0.05 and 0.07 have
been obtained for the anthracene, stilbene and p-terphenyl
SC, respectively. The Ea value increase with the rise of
SC light yield. For the é{ilbene and anthracene SCalight

yield anisotropy about 20% was observed. The highest light
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output were achieved for irradiation along ¢’ axis, the
lowest one for irradiation along b axis.

The study of a radioluminescence light-pulse shape
(in the time range 0 - 2.0 wus after excitation) was
performed using the single photon method.1 The difference
in the slow component relative intensity for ao- and r-
excitation were observed. The Table I shows DT-values
(see Eq.(3)). The ryp-values are about 50 and 100 nm for o-
and y- excitation, respectively.4

TABLE I  Results of radicluminescence kinetics study
for SC of anthracence (A), stilbene (S) and
p-terphenyl (T)

Excita- Axes A S T
tion U 6 £ i I1 I I1
a 1.8 016 0.4 023 0.6 0.20
o b 1.5 0.15 0.1 0.21 0.4 0.19
¢’ 2.1 0.18 0.4 0.24 0.8 0.20
¥ a,b,c’ 2.1 003 0.4 002 0.8 0.03

' I is the Dy, 10% en s7! (Eq. (31
¥ II is a relative intensity of the slow component of
the radioluminescence pulse.

DISCUSSION

The generation of plasmons with the energy € ~ 20 eV is
the most probable result of ionizing radiation influence
on SC.3 Taking into account that the length of the
a-particle track is about 30 um, one can obtain the
initial track volume V = 2.4x10713cm3. In such a volume n
= 2.7x10° plasmons can appear (n’ = 5x10% plasmons/MeV),
and therefore the concentration of the states which are
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formed in track is about 1018 em™3. It is known,® that for
an anthracene SC excited by the a - particles from 24l pn
radionuclide source (4-5)x10~ photons form a radiolumines-
cence pulse and 600-800 photons form its slow component.
These data are in a good agreement with ones from Table I.
The Table II shows the values Na, Nos' NaF on per - energy
unit (1 MeV) basis for the case of a- excitation. Taking
into account obtained fa,y— values, one can calculate the
mean number of photons on per- energy unit basis in SC
radioluminescence pulse N for the case of y- excitation
as well as the rest of parameters (see Table II) by using
values of the relative intensity of radioluminescence
pulse slow component (Table I).

Table II = The number of photons on per-energy unit
(1 MeV) basis (N;) in the radioluminescence pulse,
its slow (N;g) and fast (N;p) components for the
anthracene (A), stilbene (S) and p- terphenyl (T) SC
in the case of i- type of excitation.

SC

[N

Nj Nig Nip

(7 - Dx10® (1 - 1.5)x10° (5.5-7.3)x10°
(1.8 -=2.x10% (58 - 7THx1o® (1.8-2 2x10*

o

v

a (5.3 -6.8)x10° (1.3-1.86)x10° (4 - 7)x10°
Sy - 1oxet 72 2x0 - 1 ox10d

a

%

(8.4-10.8)x10% (1.7-2.2)x10° (6.7-8.6)x10°
(1.2 -1.5x10%  (3.6-4.5)x10% (1.2-1.0)x10%

The density of charge and excited states in spurs is low.3
Therefore, it is possible to neglect quenching inside
them, and hence to obtain for anthracene SC N~ (1.8 -
2.3)x104 photons/MeV (Table II). This value is right for
the unreal, theoretical case of oa- excitation with no
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quenching too. For such a case N:S > N- Ngp > (1.7 -
2. 2)xtot photons/MeV, and, consequently, the o- particle
must dissipate in track about 94% - 898% of it energy E. In
the real situation the number of photons NaS is smaller by
a factor of 102 and their concentration in track is about
(2.5-3.3)x 10%%n"3. Using D~ values (Table 1) it is not
difficult to show that the mean time needed for two T-
states to draw to one another is about 107!s and 1078s
when the T- states concentration is about 1018n™3 and
1Oiecm—3, respectively. Thus, in the case of the last
concentration the process (1) becomes the diffusion -
controlled one.

The ratio between the values N ~ 2x104photons/MeV and
n'~ 5x104plasmonS/MeV shows that in the case when a nonra-
diative decay of the states in the high activation density
regions is negligible n'~ N . For the case of a-excitation
n'~ (N2 Such a ratio (square dependence) is possible
only for bimolecular process of interaction of charge as
well as excited states, which are generated during a plas-
mon or superexcited state decay. The nonradiative decay of
excited S- states, which are generated in the process (11,
in the field of ions results in decrease of the
radioluminescence yield. The same quenching mechanism of
excited S- states, which are generated immediately in
decay process of superexcited states, hardly can substan-
tially influence on the process of the radioluminescence
pulse formation. Using the results of the measurements of
the SC radioluminescence amplitude spectra, the N;- values
for another SC were obtained. Using the results of the
radioluminescence pulse - shape investigation, 1t is
possible to calculate NiS and NiF values. The results,
which have been got for stilbene and p- terphenyl SC, are
in a good agreement with those, which have been obtained
for the anthracene SC (Table II). Corresponding NZS values
for the stilbene and p- terphenyl SC are equal to
(1-1. )x10% and ¢1.1-1. £)x104 photonsMeV.
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CONCLUSIONS

Low radiocluminescence yield of organic crystals is caused
by the nonradiative decay process of excited states
generated in bimolecular exchange interactions between
charge states as well as between T-excited ones. These
processes mainly take place during the time ~ 1075 after
excitation in the high activation density regions. The
effect of these processes becomes stronger when dE/ dx
value increases because an energy portion accumulated in
the high activation density regions grows. For recoil
electrons, which are generated by y- ray photons (dE/ dx <
107! MeV/em), and for o-particles (dE/ dx = 104 MeV/em
the portion of the energy accumulated in these regions is
about 1072 and more than 0.8, respectively. Anisotiropy of
SC radioluminescence light yield is caused by anisotropy
of Dp - values (Eq.(3)).

REFERENCES

1. Galunov N.Z. Mol. Cryst. Lig. Cryst., 236, 121(1993).

2. Galunov N.Z JETP Lett. 57, BETISE =~

3. Pope M., Swenberg C.E. Electronic ﬁrocesses in organic
crystals. Clarendon Press, Oxford, New York, p. 821

4. Galunov N.Z., Shishov N.I. Molecular Materials, 3,
(1993) to be publish,

5. King T.A,, Volts R. Proc. Roy. Soc., A289, 424(1966).

6. Galunov N.Z2., Tzirlin Yu. Ak Necotorie osobennosti

protsessa formirovania imgulsov radiolumineszenisil v
organitcheskikh monokristalla 1 khimitcheski chistih
Jidkih scintill atsionnih rastvorah 1 ih sposobnost” k

%N?is ratsii jonizirujutshih izIutchnij. [in Russian]
[TEKHIM, Moscow, 1987) p. 43.






