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In this paper we studied the influence of ionization loss of a heavy charged particle on
change in the distance between the charge pairs, which are generated in an organic solid
scintillator, and on recombination processes between them. The specific energy loss dE/dx
and the ranges of alpha particles and protons were calculated by computer simulation
using SRIM-2011 program. The values of a correction factor for the revised calculation of
the distance between the charge pairs were obtained. In contrast to the previous studies,
we took into account the change of dE/dx-value of a charged particle passing through an
organic medium.

B pabore mayuaercsa BIMAHNE MOHUBANMMOHHBIX IIOTEPDL TAMKEJIOH 3apPSAKEHHON YaCTHUILBI
HA H3MEHEHHEe DPACCTOSHUSA MEXAYy 3apANOBBIMH I1apaMi, KOTOPBIe T'E€HEePUPYIOTCS B OPraHU-
YeCKOM TBEPAOTEJNbHOM CIMHTHUIIATOPE, XU HA PEKOMOMHAIMOHHBIE IIPOIECCHI MEMKILY HUMU.
Pacuer ynenpHBIX 9HepreruuecKux motepb dE/dx m npobero anabda-dyacTUL, X IPOTOHOB
HIPOBEIeH METONAMM KOMIIBIOTEPHOI'O MOIEJHPOBAHNS C MCIIOJb30BaHumeM mporpamMmbl SRIM-
2011. ITonyuyeHsbl 3HAUEHMA IIOIPABOYHBLIX KO2(P(PUIIMEHTOB JJd YTOUHEHHOI'O pacuera pac-
CTOSHUSA MEXKIY 3apANOBbIMHU IapaMu. laHHbIe KOd(DOUIUEHTH, B OTIUYNE OT IPEAbIAYIIAX
HCCJeLOBAaHUY, YUYUTBHLIBAIOT M3MeHeHMe dFE/dx sapdaKeHHONW YaCTHUIBI, IIPOXOIAINEeld uepes
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CJIOIl BeIlleCTBA.

1. Introduction

In [1-4] we studied recombination proc-
esses of the charge states, generated in an
organic solid scintillator by ionizing radia-
tions of various types, as well as the influ-
ence of the polarization mechanisms on this
process. Organic single crystals of stilbene,
p-terphenyl, anthracene, and the polysty-
rene plastic scintillator were used as the
objects of the research. Comparative analy-
sis of the estimated value of an average
distance d between the centers of charge
pairs (M, M_) with the estimated value of
a radius of the stable polarization environ-
ment r, [2, 5], created by an excess charge
carrier in an organic condensed medium,
was carried out. It was shown that in the
case of excitation by an alpha particle with
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the energy E, in a range from 0.4 to
10 MeV (it corresponds to the specific en-
ergy loss dE/dx =103 MeV/em [2]) the
value of the average distance d between
pairs is always less than r.. This fact testi-
fied to the mechanism of rapid recombina-
tion of the charge states, accelerated by the
polarization interactions in organic con-
densed media. In the case of excitation by
protons with energies E, from 0.1 to
10 MeV (dE/dx = 101-102 MeV/cm [2]), the
d-value could be less, equal or even greater
than r.. In the last case, the slower process
of charge state transport follows the process
of their recombination [1, 2].

The calculations of the distance d be-
tween the centers of charge pairs (M, M)
were performed in [1-4] for the case when
their density in the whole track volume is
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assumed to be the same. However, it is well
known that a value of the specific energy
loss dE/dx of a heavy charged particle in-
creases as its velocity decreases. Hence, the
number of ionization events per unit inter-
val of the way increases and the Bragg’s
curve describes the ionization loss of a par-
ticle [6]. This paper examines the possible
influence of change in the specific energy
loss dE/dx of a particle on an average dis-
tance d between the charge pairs, and there-
fore, on the recombination processes in the
track of a heavy charged particle.

2. Objects and parameters for
estimations

As in our previous paper [1], organic sin-
gle crystals of trans-stilbene (Cq4Hq5, density
p=1.22 g/cm3), p-terphenyl (CqigH 145
p=1.23 g/cm3), anthracene (Cq4H405
p = 1.25 g/em3), and plastic scintillator on
the base of polystyrene ([-CH,—C(CgHg)H-],,
p =1.05 g/cm3) became the objects of in-
vestigation. The results of previous studies
have shown that process of the charge state
energy exchange in the track of an ionizing
particle is general for all solid organic scin-
tillators under investigation [1-4]. There-
fore, this paper clearly presents the results
of the calculations only for the single crys-
tal of stilbene, but for other organic scintil-
lation materials it gives such information
only in a finite form to preserve generality.

According to [2, 5], a radius of the stable
polarization environment r,, created by an
excess charge carrier in an organic con-
densed medium will define as:

o€ @)
¢ Am(e)e kT’

where (€) is an average relative permittiv-
ity of a material, £ is the Boltzmann con-
stant, T is a temperature, £, is a dielectric
constant. The value of r. (1) is determined
by equality of the energy of thermal motion
in a medium and the energy of Coulomb
field which holds the charges [2, 5]. The
mechanism of creation of a molecular polaron
pair and subsequent recombination of such
pair has been described in detail in [1, 2]. It
should be only mentioned, that the process
of ionizing radiation exchange energy in or-
ganic molecular systems proceeds through
the stage of rapid (10713 s) primary recom-
bination of charge pairs accelerated by the
polarization interactions. Features of this
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process depend both on the initial concen-
tration of the charge pairs (and hence, on
the specific energy loss dE/dx of a parti-
cle), and on the dielectric properties of a
substance (see (1)). Review of the data on
relative permittivity ¢ of organic materials
which are widely used in scintillation tech-
nique was presented in [1].

The values of ranges of alpha particles
R, and protons R, with the energies E, and
Ep, correspondingly, as well as the values of
the specific energy loss dE/dx of these par-
ticles were simulated by SRIM-2011 pro-
gram (The Stopping and Range of Ions in
Matter) [7]. The particle range R is deter-
mined by the value of the specific energy
loss dE/dx (or by the stopping power of a
medium) as [2]:

Ey -1 (2)
R=| (—‘;—fj) dE.
EO

The particle range R is obtained by (nu-
merical) integration with respect to dE/dx.
Integration is limited in the lower limit,
since the description of the stopping power
is not reliable at low energies and, in any
case, nuclear collisions take place of the
electronic stopping at low velocities [2]. The
specific lower limit is not so important if
the energy of the incident particle is large.
The value of E( corresponds to the energy
of 1 keV in SRIM-2011 program [7].

3. Estimations

As in [1-4], let us assume that the most
probable energy Q to create a single pair of
charge states (M., M_) is about 20 eV for
organic crystals and plastics (see the review
of the papers in [2]). Then the average num-
ber of pairs N,,, appearing on the unit in-
terval of a path Ax in the unit area perpen-
dicular to a movement of an ionizing parti-
cle, can be presented as:

_(dE/dx), _ _E (3)

N = Ax,
RxQ

av Q

where E is the particle energy in eV, R is

the particle range, an (dE/dx) range is
the specific energy loss which is averaged
over the maximum particle range.

A single pair in the track occupies some
volume V. Its average value can be esti-
mated as the result of division of the track
volume by the number of pairs. Then an
average distance d between the centers of
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pairs on the unit interval of path Ax is
equal to:

1/8
P nrg x Ax 4)
= = » =
1/3
g x R x Q
==

where ry is a value of the cylindrical track
radius. This approach [1-4] ignores changes
in the ionization loss of a charged particle
which penetrates a medium. To take into
account this factor let us describe the num-
ber of the charge state pairs N, which
appear in the layer with number i along the
particle path (all the layers are Ax in thick),
as follows:

(dE\ _ Ax (5)
Npain: = [al -
In this approach we use the value of
(dE/dx); for i-layer of the ionizing particle
path.
Let us introduce a correction factor:

_ (N (dE/dx); (dE/dx), (6)
M="N, T (dE/dx) E/R

The correction factor w; (6) shows a de-
viation of the estimated value of the num-
ber of charge state pairs (N,,;,); (6) on the
penetration depth of a pargicle from [; to
I; + Ax. It takes into account real changes in
the specific energy loss (dE/dx); of the par-
ticle from the value of the number of
charge state pairs N,, (3), obtained for the
case when their density throughout the
track volume is averaged. Using (6), one
can obtain correction for Eq.(4) in a form:

9 1/3 9 1/3
nroAx TrgAx %
(dcorr)i = N. . = N .
pair avthi

Using SRIM-2011 program [7], we calcu-
lated values of the specific energy loss
dE/dx and ranges R for alpha particles and
protons. The calculations were performed
for alpha particles of the following energies
E,: 0.39, 0.67, 0.9, 1.17, 1.66, 2.04, 2.58,
3.08, 3.57, 4.07, 4.56, 5.03, 6.5 and
7.56 MeV and for protons of the following
energies E_: 0.85, 2.0, 3.1, 4.2, 4.9, 6.4,
6.7, 7.3, 7.9, 8.6 and 9.7 MeV. Such a
choice of the energies is not accidental. It
allows adapting the obtained estimations to
the results of light yield measurements in
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Fig. 1. Values of the correction factor u (6)
versus the target depth [ of an alpha particle
with the energy E for stilbene single crystal.
The energies of alpha particles used for cal-
culation are shown in MeV. The dashed line
corresponds to the case when Npal.r(5) =

Ngy(3) (= 1).

the real experimental conditions (for more
details see [1]).

To improve an accuracy of the calcula-
tions we used the following approach. The
range of analysis (plot window) r is used for
calculations of the specific energy loss of a
particle. It was varied depending on the en-
ergy and the type of an ionizing particle. In
each case it value was chosen to satisfy the
inequality r >R. Using SRIM-2011 program
we calculated the set of the discrete values
(dE/dx); for the penetration depths of a
particle /; = iAx for i from 1 to m with the

step Ax (mAx = r). For the chosen value of
m = 100 an error in determining the values
l; and (dE/dx); was equal about 1 % . Thus,
the parameters y; (6) and d,,,, (7) also rep-
resent the sets of m discrete values with the
step of Ax. Hereinafter, the subscript i will
be omitted, bearing in mind that both wval-
ues of [, and the functions of this argument
(w, d.,) are determined discretely.

Using values of the specific energy loss
(dE/dx) and ranges R we calculated values
of the correction factor pu (6) for alpha par-
ticles and protons of the above-mentioned
energies. The results of these calculations
for the organic single crystal of stilbene are
shown in Fig. 1 and 2, correspondingly.

According to calculation of the correc-
tion factor w (6) a value of the distance d,,.,
(7) between the centers of charge pairs (M,
M_) was obtained. The d,,,,-value takes into
account change in the charge pair density
across the path of a charged particle.
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Fig. 2. Values of the correction factor u (6)
versus the target depth [ of a proton with the
energy Ep for stilbene single crystal. The en-
ergies of protons used for calculation are
shown in MeV. The dashed line corresponds
to the case when Npal.r(5) =N, (3) (n=1).
Figs. 8 and 4 show the results of such cal-
culations for alpha particle with the energy
E, = 5.08 MeV and for proton with the en-
ergy E, = 4.9 MeV, correspondingly. Here,
as in [1-4], the calculations are carried out
for several values of the cylindrical track
radius ry, namely, 10, 20, 30, 40 and 50 nm
for alpha particles; 15, 25, 35, 45, 55 and
65 nm for protons. The value of d_,,.. (7) is
compared with the radius of stable polariza-
tion environment r, = 15.4 nm, which has
been calculated in [1] according to [8].

For all values of the cylindrical track
radius ry the distance d,,,.. (7) between the
centers of charge pairs varies depending on
the target depth [ as follows: up to 17 % of
its average value (W= 1) for the case of
alpha particle with the energy E =
5.03 MeV, up to 32 % for the case of pro-
ton with the energy E = 4.9 MeV. This de-
viation is practically dIZ)es not depend on the
ro-value.

In the case of alpha particle with the
energy E, = 5.03 MeV a value of the dis-
tance d,,,, (7) between the centers of charge
pairs is always less than the radius of stable
polarization environment r, (1) for all val-
ues of ! (see Fig. 3). Thus, d,,.. < r, for any
one of the values of target depth [, and
hence recombination process of the gener-
ated charge states is speeded up by strong
polarization interactions.

Fig. 4 shows that for proton excitation
the situation is more complicated than for
alpha excitation (Fig. 3). The ratio between
the values d,,,, and r, depends both on the
value of a radius of the cylindrical track ry,
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Fig. 8. Values d,,, (7) versus the target
depth ! of an alpha particle with the energy
E,=5.03 MeV for stilbene single crystal.
Values of the cylindrical track radius r used
for calculation are the following: I — 10 nm,
2 —20nm, 3 — 30 nm, 4 — 40 nm and 5§ —
50 nm. The horizontal dashed line shows the
value r, = 15.4 nm [1], the cross-points of the
vertical dashed line with calculated curves

demonstrate the values of d (7) for u=1.

corr

that we choose for the calculations, and on
the penetration depth [ of a proton in the
medium. This fact is more illustrative for
ro = 25 nm. In this situation, d,,,. > r, for
proton with the initial energy Ep = 4.9 MeV
and for the values of /<100 um. The d,,,.-

value becomes less than r, (for I > 100 pum)
as the proton energy is reduced and its spe-
cific energy loss is increased. Thus, for the
case of proton excitation the recombination
of the charge states is more intricate: when
deorr < Te, as in the case of alpha excitation,
recombination of the charge state pairs is
initiated by strong polarization interactions
in an organic condensed medium, but when
deorr > Te» the process of charge state trans-
port may precede the process of their fast
recombination. In this context, the analysis
of changes in the ionization loss of a particle
that we consider in this work is more impor-
tant for the case of proton excitation than for
the case of alpha particle excitation.

The above-mentioned results have been
confirmed by calculating the values of the
distance d,,,. between the charge state pairs
generated in the tracks of alpha particles
and protons for other organic solid scintilla-
tors. So, both for anthracene and p-ter-
phenyl single crystals, and for the polysty-
rene plastic scintillator irradiated by alpha
particle with the energy E = 5.08 MeV, the
maximum deviation of the distance d_,,,. (7)

Functional materials, 20, 2, 2013



O.A.Tarasenko /| Features of charge pairs recombination...

35

0 1 1 1 1 1
0 50 100 150 200 250

Target depth /, um

Fig. 4. Values d,,.. (7) versus the target
depth [ of a proton with the energy Ep =
4.9 MeV for stilbene single crystal. Values of

the cylindrical track radius ry used for calcu-

lation are the following: 1 — 15 nm, 2 —
25 nm, 3 — 35 nm, 4 — 45 nm, 5 — 55 nm
and 6 — 65 nm. The other designations are

the same as in Fig. 4.

between the centers of charge pairs from its
average value (i.e. for u = 1) did not exceed
17 %. For the case of proton with the en-
ergy E, = 4.9 MeV the maximum deviation
of the d,,,-value (7), as for the single crys-
tal of stilbene, did not exceed 32 %. This
result is explained by the negligible differ-
ence in the values of ranges and the specific
energy loss of alpha particles and protons
for the group of organic scintillation mate-
rials under investigation.

The highest values of d,,,. (7) for alpha
particle with the energy E, = 5.08 MeV cor-
respond to the highest value of parameter
ro (see Fig. 3). Therefore, in the case of
alpha excitation we carried out the addi-
tional calculation of d,,,. (7) for the value
of the cylindrical track radius ry = 50 nm.
Alpha particle energy E, was varied. Fig. 5
shows the results of these calculations. As
in the case of E, = 5.03 MeV (see Fig. 3),
the value of d,,,,. is always less than r, for
the whole energy range under investigation.
The deviation of d,,., from the average
value (for pu = 1) slightly increases with in-
creasing E,, reaching 283 % for E =
7.56 MeV. The dashed lines in Fig. 5 corre-
spond to the end of the particle path, or to
the range of the low-energy particles. An
accurate calculation of the density of charge
pairs, and hence the parameter d,,,, is lim-
ited by an ambiguity of the description of
the specific energy loss for low-energy ion-
izing particles (see the comments to formula
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Fig. 5. Values d, ., (7) versus the target
depth [ of an alpha particle with the energy
E, for stilbene single crystal. The value of
the cylindrical track radius ry =50 nm is
used. The energies E_ of alpha particles used
for the calculation are the following: I —
039, 2 — 0.67, 3 — 0.9, 4 — 1.17, 5 —
1.66, 6 — 2.04, 7 — 2.58, 8 — 3.08, 9 —
3.67, 10 — 4.07, 11 — 4.56, 12 — 5.03,
13 — 6.5 and 14 — 7.56 MeV.

(2)). It should be noted that in the case
when the initial energy of a particle is large
(that is corresponds to the energy range
under consideration) the volume occupied by
this area is very small in comparison with
the total volume of the particle track.
Therefore, the total number of charge state
pairs generated in this area is too small,
and theirs effect on the processes of charge
state energy exchange at high excitation
densities have to be neglected.

4. Conclusions

The influence of ionization loss of a
heavy charged particle on change in the dis-
tance between the charge pairs, generated in
organic solid scintillators, and on recombina-
tion processes between them was studied.

The specific energy loss dE/dx and
ranges of alpha particles and protons were
calculated by computer simulation using
SRIM-2011 program. The values of correc-
tion factor p (6) for the revised calculation
of the distance between the charge pairs
were obtained. In contrast to the previous
studies [1-4], the change in dE/dx-value of
a charged particle passing through an or-
ganic medium was taken into account.

The distance d,,,, (7) between the centers
of the charge pairs varies depending on the
target depth [ as follows: up to 17 % of its
average value (uW = 1) for the case of alpha
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particle with the energy E = 5.03 MeV,
and up to 82 % for the case of proton with
the energy Ep = 4.9 MeV. This deviation is
practically does not depend on the value of
the cylindrical track radius rg.

The analysis of the results obtained for
alpha particles in the energy range E, from
0.4 to 7.5 MeV and for the ry-values from
10 to 50 nm shows that the distance d,,,,
(7) between the centers of the charge pairs
is always less than the radius of stable po-
larization environment r.(1). It is true for
any one of the values of target depth (.
Therefore, strong polarization interactions
always have to make recombination process
of the charge states pairs in the alpha par-
ticle track more effective and fast.

Such situation seems not to be so univo-
cal for the case of proton excitation. The
ratio between the values d.,., and r. de-
pends both on the value of the cylindrical
track radius ry, that we choose for the cal-
culations, and on the penetration depth [ of
a proton in an organic medium. When d,,,,
<r,, as in the case of alpha excitation, the
recombination of the charge state pairs is
initiated by strong polarization interactions
in an organic condensed medium, but when
doorr > Te» the slowly process of charge state
transport may precede the process of their
fast recombination. In this context, the

analysis of changes in the ionization loss of
an ionizing particle that we considered in
this work is more important for the case of
proton excitation than for alpha particle ex-
citation.
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Ocob6auBocTi pekoMOiHAIIl 3apAMOBUX IMap Y TPEKOBUX
TIITHKAX OPraHivYHUX TBEPHOTIIBHUX CIHMHTHUJISATOPIB.
Yacruna 11

0O.A.Tapacenko

Bupueno BnsmB ioHizamifiHux BTPaT BayKKOl 3apapKeHoOl YacTMHKM Ha 3MiHy Bigcrani
MK 3apsAJOBUMU ITapaMu, AKi reHepyIOThHCA B OPTaHiYHOMY TBEPAOTIIBLHOMY CIUHTUJISATOPI,
Ta Ha peKoMOiHarifini mporecm MiK HuUMU. PoO3paXyHOK THTOMHUX €HEPTeTHUUYHUX BTPAT
dE/dx i mpobirie anbda-yacTUHOK i TPOTOHIB MTPOBEEHO METOAAMU KOMII IOTEPHOTO MOJENI0-
BaHHA 3 BUKopucTanuaM uporpamu SRIM-2011. Otpumano 3HaUeHHS IOMPAaBOYHUX KO-
edinienTiB AJMA YyTOUHEHOTO PO3PaAXyYHKY Bizmcrami Mixk sapsamgoBuMu napamu. MHani Ko-
edimienTn, ma BiAMiHY Big momepeaHixX moCHaigKeHb, BpaXoBYOTb 3Miny dE/dx sapsamxenoi
YaCcTUHKU, AKA NPOXOAUTL Uepes Iap PeHOBUHMU.
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