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The work is devoted to the study of fluctuations in ionizing particle track to the energy
resolution deterioration. Reasons of deterioration of energy resolution of scintillators due
to relatively rare events of production of high-energy Auger and delta-electrons are
discussed in terms of different decay from regions with different concentration of excita-
tions in track region. The model allows to assume that decay time changes reflect track
non-uniformity and following energy resolution changes. The shallow traps which change
the mobility of charge carriers could influence the long components of the decay and
therefore modify the input to scintillation signal from regions with low concentration of
excitations. This effect could be significant in deterioration of energy resolution of
scintillators.
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Pabota mocBaAmMena M3yyeHU0 BAUAHUA QIYKTyanuil B TPeKe MOHUBUPYIOMIEH YaCTHIIHI
Ha U3MeHeHUe DHePreTUYeCKOTo paspelleHUus CHUHTHJIAAATOpa. I[Ipuumubl yXyAllleHUs 9Hep-
TeTUUECKOTr0 pPaspelieHns CIUHTUIATOPOB 13-3a OTHOCUTENBHO PeIKNX T'eHepaluil BBICOKO-
suepreTnuecKknxX OKe M JeIbTa-9JIE€KTPOHOB OOCY:KIAIOTCA B TEPMHHAX Pa3NUYNIl KUHETUKH
3aTyXaHuWil U3 obJyiacTell ¢ pasHOI KOHIleHTparueil Bo30y:KIeHWi# B objactu Tpeka. Mogennb
OpPeJIoaraeT, YTO M3MeHeHUsA BPEeMeHU 3aTyXaHUs CBABAHBI C QIYKTYyaAUAMHN pacupejee-
HUA TJIOTHOCTYU BO3OYIK/IEHUII OT TpeKa K TPeKy, UTO MPUBOAUT K YXYAUIEHUIO SHepTeTHyec-
KOTo paspelnieHns. Meakue JOBYIIKM, KOTOPble N3MEHAIOT TMOABUIKHOCTh HOCUTENEN 3aps/a,
MOT'YT BJIUATH Ha JJIWHHBIE KOMIIOHEHTHI BpeMeHU 3aTyXaHUS U, CJeJoBaTeJbHO, U3MEHATH
CIUHTUIANAIMOHHBIE OTKJUK B 00JacTAX ¢ HU3KOH KOHIeHTpaIuedl BoO3Oy:KAeHUHE. OTOT
a(pderT MOKeT OBITH CYNIECTBEHHBIM /I YXY/AIIEHUA SHEPTETUUECKOTO pPasperteHus CI[MH-
TUJIAATOPOB.

daykryanii cTpyKTypH TpeKy ioHi3yI0uO0l YACTMHKH i eHepreTnyHe pPO3aiJIeHHS CIMHTH-
aaropis. O.B.I'ekmin, A.M.Bacuaves.

PobGora npucesauena BuBueHHIO QIYKTyallili y TpeKy 10HiI3yoouol YacTMHKHN Ha IOTipIIeH-
HfA €HEePreTUYHOr'0 POSAIIEHHS CHUHTUIATOPA. [IpUYNHN HOripIieHHd eHePreTUUYHOIr'0 PO3MIi-
JIEHHA CHHUHTHUJIATOPIB uepes BigHOocHO pimkicui remeparii O:xe i menbra-eseKTpoHiB 06roBO-
poOTLECH B TepMiHax BigminzocTeil posmaxiB iz obisacreil 3 pisHOIO KoOHIeHTpallicr 30yi-
JKeHb y oOumacti Tpeky. Mogenr [g03BOJIsi€ NOPUIIYCTUTH, III0 3MiHM dYacy 3aracaHHsa
Bimo0pamamoTh HEOJHOPiIZHOCTL TpeKy i momasbpuri sMiHM eHepreTmyHoro posainenHsa. [pidui
HACTKM, SKi SMIiHIOIOTE PYXJMBiCTH, MOMKYTDH BILIMBATH HA OOBri KOMIIOHEHTH 4YaciB saracas-
HA i, oTiKe, 3MiHIOBATH CHMHTUAAIINHNNA BiAryk B 00JacTAX 3 HMU3bKOK KOHIIEHTPAIi€IO
30ymxenb. Ileit ederT MoKe OyTU CyTTEBUM y HOTIPIIEHHI €eHEPreTUYHOTO PO3JiJIeHHA CIH-
TUJIATOPIB.
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1. Introduction

Non proportionality (NP) of scintillation
response is usually used as an explanation
of intrinsic resolution change, nevertheless
there are no direct links between definitions
of these scintillation parameters. At [1] the
wide spread between light yield (LY) and
energy resolution (ER) was pointed for the
same scintillator (Nal:Tl). The literature
data are between 5 and 12 % resolution
that is out of the LY spread! It is important
to note that NP significantly depends on
crystal purity, co-doping, integration time
and so on [2, 3]. In other words it is neces-
sary to assume that ER depends on the scin-
tillator structure as well nevertheless there
are no any ' structure parameters” in ER
definition (only statistical parameters).

These experimental data allow to assume
that not all scintillation events have the
same contribution to the PMT registered
statistics, and it is necessary to find the
core for such difference. Moreover, the
decay kinetics also fluctuates significantly.
These two factors approve the supposition
that the main reason for such effects is the
fluctuation of spatial distribution of elec-
trons, holes and activators in the track re-
gion. In order to demonstrate this link we
analyze the distribution of electron and hole
concentrations just after the production of
themalized excitations. The account for en-
ergetic Auger- and delta-electrons result in
the change of this distribution. The struec-
ture of the concentration distribution func-
tions determines different scintillation
decay kinetics and corresponding yield at
different stages of the scintillation and
from different parts of the track.

Source of strong fluctuations of spatial
distribution of excitations in track region.

Classical estimations of different terms
in energy resolution formula are based on
statistical approach, which means that all
terms are the result of large amount of
events in each track. If we speak about en-
ergy resolution for energies of ionizing par-
ticle about tens and hundreds of electron-
volts, one have to pay attention on rela-
tively rare events in track which
significantly change the track structure,
the decay kinetics and the number of emit-
ted photons. There are at least two exam-
ples of such significant events. The track
topology is changed seriously if energetic
Auger electrons with energies in keV region
are emitted after ionization of deep core
levels. Let us look in Fig. 1 where partial
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Fig. 1. Partial mean free paths for produc-
tion of deep core holes (solid lines) at differ-
ent core levels and energetic J-electrons
(dashed lines) as functions on energy of pri-
mary electron. The range of electron in the
media is shown by solid green (1) curve.

mean free paths for ionization of different
core levels in Nal are plotted as function of
energy of ionizing particle together with
the total range dependence on the primary
energy of ionizing electron. The events
below this line occur several times along the
track length, whereas events above this line
occur once per few tracks.

The same effect occurs when energetic
d-electrons are produced. Figure 1 shows
the mean free path for production of d-elec-
trons with energy above certain energy.
Again, the events below the range curve
occur several times along the track length,
whereas events above this line occur once
per few tracks. In order to estimate the
role of such rare events, we take two differ-
ent topologies of the track and compare the
response of the scintillator on these two
events. One track is the track of 100 keV
electron without branching, i.e. without
emission of energetic secondaries. Another
one is the track of three branches, each of
which has initial energy about 30 keV.

Distribution of concentration of excita-
tions in track regions.

The excitation density distribution can
be calculated according to [4]. The main
idea of this calculation is to calculate 1D
distribution of secondary excitations along
the track according to —dE/dx stopping
power with account for 3D thermalization
of excitations. Thermalization stage de-
scribes the spread of secondary excitations
due to diffusion accomplished with phonon
emission, and the thermalization length de-
pends on initial kinetic energy of secondary
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Fig. 2. Histogram of distribution of concen-
trations w(log n) in track region for 100 keV
electron track in YAG without branching (red
curve (1)) and with three branches (green curve
(2)) for logarithmically distributed bins (left
axis). Efficiencies of photon emission and detec-
tion F(n) for two shaping times At (blue curve
(3) — 10 ps, violet curve (4) — 800 ns) for the

model expressed by Eq.(1) for b
1
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electrons, phonon frequencies and parame-
ters of carriers such as their mass (more
exactly group velocity versus kinetic en-
ergy), density of states and electron-phonon
interaction rate. After the convolution of
1D distribution of excitations along the
track with 38D distribution after thermaliza-
tion one can calculate the histogram of the
local concentration of excitations around
each excitation. This histogram calculated
for logarithmically distributed bins w(log n)
is shown by red (I) curve in Fig. 2 for pa-
rameters typical for YAG (stopping power is
taken for YAG, energy of longitudinal pho-
non equal to 0.1 eV). The curve shows, for
example, that the number of excitations
surrounded by excitations with concentra-
tion from 1016 to 2.1016 ¢m=3 is more than
two times exceeds the number of excitations
with concentration from 1015 to 2.101% e¢m™3
or from 1019 to 2.1019 cm 3. The peak of

this distribution corresponds to 4-1016 ¢m™3,
Only about 5 % of excitations are sur-
rounded by high concentration above
1020 ¢m™3 or by low concentration below
1014 ¢m~3,

If the track consist of say three
branches, the distribution of the density
of excitations w(log n) changes. We analyze
the case when the track is branched at the
very Dbeginning, and the thermalization
length is much less than the lengths of each
branch. In this case the distribution is sim-
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ply triple of the distribution for 33 keV
track. This distribution is shown by green
curve (1017) in Fig. 3. We see that w(log n)
is shifted by to higher densities in compari-
son with single branch track. The maximum
of the distribution is at 1017 e¢m™3 instead
of 41016 ¢m~3.

Nevertheless, the total number of excita-

tions  Nyeirations = Jwlog(n)d(logn) is the

same for both track topologies, so the num-
ber of emitted and detected photons Nphotons
and therefore statistical term in energy
resolution could be expected as the same.
This conclusion is correct if we suppose that
each excitation result in photon emission
and all photons are detected.

Unfortunately this is not the case. The
excitations in the region with high concen-
tration could decay nonradiatively. This
phenomenon is well-known and is accounted
in most models of scintillation starting
from the paper of Birks [5] and Murray [6]
and in more recent papers (see, e.g. [7]).
For charged carriers Auger processes in-
volving neighbor electrons and holes could
result in the disappearing of carriers (this
process is 3'd order process on the concen-
tration of electrons or holes). Neutral exci-
tations like excitons, either free or self-
trapped, can interact with each other and
disappear in this process. The latter process
is the 27d order process on concentration of
excitons. Therefore region of high concen-
tration of excitations is characterized by
partial transformation of excitations into
scintillation photons, and the photon emis-
sion yield decreases rapidly with increase of
concentration of excitations. The decay of
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Fig. 4. Overlapping of w(log n) and F(n) for two shaping times 800 ns (left panel) and 10 us (right
panel) for two topologies of electron track shown in Fig. 2: without branching (red) and with
branching (green). Dashed curves show histograms of distribution of concentrations w(log n) for

these topologies.

emission from these regions also modified
and is characterized by accelerating at in-
itial stages.

The regions with low concentration of
electrons and holes are characterized by de-
layed recombination. The photon emission
in this region results from bi-molecular re-
combination of carriers, and is charac-
terized by long hyperbolic decay of emis-
sion. The decay becomes much longer with
decrease of concentration. Photons emitted
after the gate (shaping) time for registra-
tion of scintillation have no chance to be
detected. Therefore again not all excitations
from this region result in detected photons.

Some qualitative results can be found for
rather simple analytically solvable set of
equations studied in [8]. This model pre-
serves the most important features of more
complicated case, such as appearance of
raise time for the response, fast initial
stage of response and long emission compo-
nents. The uniform distribution of excita-
tions (excitons with concentration n,, and
holes and electrons with equal concentra-
tions n, = n,) is considered. No Auger re-
combination terms are included. The set of
equations includes only second order terms
and can be written as:

dn,,(t) B
dt
= _aexnex(t) - bex—exngx(t) + gehne(t)n'h(t)’ @

dn,(t)
S = gDy (t),

The equation for excitons describes ra-

diative recombination with coefficient
-1, 1,, is the exciton radiation time,

quadratic term corresponding to exciton-ex-

aexET
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citon annihilation with rate coefficient b,,.
ex» and bi-linear term describing the recom-
bination of electrons and holes into excitons
with rate coefficient g,,. For electrons and
holes we take into account only bi-linear
process, part of which result in production
of excitons. Therefore this model includes
one radiative channel (for excitons) and one
quenching process due to exciton-exciton
non-radiative quenching. The equations
should be accomplished by initial conditions
for total concentration of excitations cre-
ated after thermalization n0. Here we sup-
pose that all excitations are created as elec-
tron-hole pairs and no excitons are directly
created. We use here term “excitons” but
all other neutral excitations can be treated
in the same manner.

This equation can be solved in terms of
modified Bessel functions similar to the so-
lution presented in [8]. We can introduce
the critical concentration n;,;,. as the con-
centration of excitons at which the rate of
the exciton-exciton interaction equals to the
radiative time: b,, .. 7,10 = Qo Here we
choose 1,, = 60 ns, n;,;,, = 1016 ecm™3. The
electron-hole recombination constant is cho-
sen equal to g,, = 20b,,,,. The parameters
taken for this example give satisfactory
agreement with YAG:Ce3* decay kinetics for
excitation by 622 keV y-quanta and 30 keV
X-ray excitation [9]. The radiation time is
taken not for excitons but for Ce3* decay.
We believe that we can use the proposed
model in this case, since excitons are the
intermediate excitations which pass the en-
ergy to Ce3* impurity center.
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Decay curves from regions with different
concentration.

Decay curves for excitonic emission rep-
resenting typical cases are shown below in
Fig. 8 for different concentrations n°. Decay
curves for low concentrations n® < Nipter ar€
characterized by relatively long raise time and
long hyperbolic decay tail. Both these parame-
ters are sensitive to the initial concentration
n9, especially length of the decay tail. For
higher concentrations n® > n,,,,. there is no
detectable raise time, and decay becomes
much faster than exponential one charac-
terized by radiation time t,,. The acceleration
of the decay increases with increase of local
concentration of excitations n0.

Fluctuations of phonon emission and de-
tection efficiency and decays due to track
branching.

The efficiency of emission and detecting
scintillation photons F(n) can be calculated
using this model for different shaping time,
800 ns and 10 pus. These two curves are
plotted as functions of local concentration
of excitations n® in Fig. 2 (blue and violet
curves, right axis). The efficiency of emis-
sion of photons drops with increase of n°
when n0 > N;,ter iNdependently on shaping
time. On contrary, for n0 < Ninier the de-
crease of efficiency of detecting of phonons
depends strongly on the shaping time, for
shorter shaping time the decrease starts at
higher concentrations.

Figure 4 shows the result of multiplying
of F(n) by the plotted in Fig. 2 histograms
w log(n) of concentrations for two topolo-
gies of track without branching (red curves)
and with triple branching (green curves).
The sum of these products over histogram

bins N, — [w(ogn)F(n)d(logn) gives the

total efficiency of registration of scintillat-
ing photons. The histograms w(log n) are
shown by dashed curves. The comparison of
figures for 800 ns shaping time (left panel)
with 10 ps shaping time shows that for
gates of 10 us about all photons from re-
gions of concentration between 101% and
1017 ¢cm™3 are registered, whereas for gates
of 800 ns significant fraction of photons
from regions with concentration less than
1016 cm=3 are missed.

The calculation of the number of emitted
and detected photons in our example for
800 ns gate gives about the same result for
both track topologies: N
0.653 for track without

hotons

hotons/Nexcitations -

ranches and 0.654
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Fig. 5. Decay curves for emission from re-
gions with different initial concentrations
(shown in labels) with account for the frac-
tion of corresponding concentration and total
decay curves (black curves) for track without
branching (dashed) and with branching
(solid).

for track with branches, the difference is
0.1 %. In this particular case the shift of
density distribution to higher concentra-
tions for track with branches result in
lower efficiency of emission of photons
from high density regions and higher detec-
tion probability of photons from low density
regions due to shortening of decay. The re-
sulting difference between two tracks is
small. The result for 10 us shaping time is
more surprising: N hotons/Nexcitations =
0.796 for track without branches and 0.754
for track with branches, the difference is
5 %. In this case the shaping time is long
enough to detect more photons from low
concentration region, and the decrease of
efficiency of emission of photons from high
density regions is not compensated. There-
fore we can conclude that this difference
could result in significant deterioration of
energy resolution. The result that the pho-
ton yield fluctuate more for 10 us shaping
time in comparison with 800 ns one is not
general and depends on how functions w(log n)
and F(n) are overlapped.

The analysis of curves presented in Fig. 2
shows that the compensation of fluctuations
of track branching is possible if the middle
points of low-concentration slopes of w(log n)
and F(n) correspond to similar concentra-
tions.

The decay curves for the discussed two
topologies of tracks are plotted in Fig. 5
(black solid and dashed curves for track
with branching and without branching, cor-
respondingly) together with inputs to these
curves from regions with different concen-
trations weighted with w(log n) functions.
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The track without branching is charac-
terized by larger contribution of slow com-
ponents, slower decay at initial stages and
even appearance of some raising time.

The dependence of the decay on the track
topology could serve as a physical back-
ground for the method of improving of en-
ergy resolution proposed in [10]. In this in-
vestigation the way to improve the energy
resolution using digital pulse shape analysis
and weighting of signals for three time win-
dows is proposed. Our study shows that the
regions with different density of excitations
give the specific input to overall decay profile.

Role of shallow traps in fluctuations of
phonon emission and detection efficiency

The rate of exciton-exciton interaction
resulting in quenching in regions with high
concentration of excitations seems to be in-
trinsically property of the host material.
Therefore high-density slope of the effi-
ciency curve F(n) could not be changed. On
contrary, the low-density slope of F(n)
could be modified. This slope is connected
with long component of the decay, and
therefore on the rate of electron-hole recom-
bination. The bi-molecular rate of the ek
recombination is controlled mainly by the
diffusion coefficients of charge carriers,
which in turn depend on shallow traps for
electrons and holes. The concentration of
shallow traps can be changed by growth
conditions and by incontrollable impurities,
which modify long components of the decay.
In the previous example we use the value
8ep, = 20b,, .- Figure 6 shows the influence
of emission and detection efficiency curve
F(n) on the value g,. In case of higher
concentration of shallow traps (and there-
fore lower recombination rate and lower mo-
bility of carriers, g,, = 5b,,..,) the curves
F(n) for two shaping times are shown as
dashed curves. In case of lower concentra-
tion of shallow traps (and therefore higher
recombination rate and higher mobility of
carriers, g,, = 80b,,,,) the curves F(n) are
shown as dash-dotted curves. We see that
the low-concentration slope of the emission
and detection efficiency curve F(n) strongly
depends on the recombination rate. Energy
resolution deterioration due to branching of
tracks depends on the position of the middle
of this slope relative to the middle of the
slope of w(log n) function, as we mention
above. The compensation of fluctuations of
track branching is possible if the middle
points of low-concentration slopes of w(log
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n) and F(n) correspond to similar concentra-
tions. Therefore the proper control of the
mobility of charge carriers due to the pres-
ence of shallow traps could minimize the
additional terms in energy resolution esti-
mations arisen by different track topolo-
gies.

4. Conclusions

We discuss the role of relatively rare
scattering events, namely creation of high
energy Auger electrons after excitation
from L- and K-levels and creation of high
energy O-electrons, in the change of track
branching and therefore the modification of
distribution of concentrations of excitations
in the track region. This distribution is
shifted toward higher concentrations in case
of track branching, and therefore the num-
ber of emitted and detected photons devi-
ates significantly depending of the shaping
time of the signal detection. This can be a
reason for deterioration of energy distribu-
tion. Simultaneously with the change of dis-
tribution of excitation the inputs to the
decay curve also changed. Therefore the
digital pulse shape analysis for each scintil-
lation event together with weighting of sig-
nals from different time windows can pro-
vide a way to correct scintillation signal
and improve the energy resolution, as it is
proposed in [10]. It is also demonstrated
that the deterioration of energy resolution
due to the effect of track branching depends
on the transport properties of electrons and
holes before recombination. Therefore the
shallow traps which change the mobility of

Functional materials, 24, 4, 2017
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charge carriers could influence the long
components of the decay and therefore mod-
ify the input to scintillation signal from
regions with low concentration of excitations.
This effect could be significant in deteriora-
tion of energy resolution of scintillators.
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