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Summary

Scintillating materials are used in a variety oplagations imposing
specific requirements on their performance. A nunab@pplications
requires fast response of materials making anye®ssf fast
scintillation light detrimental. Such losses are do the presence of
trapping centers localized in the material band. §fdp address the
processes contributing to the losses of fast dlaitidin light, focusing,
in particular, on thermal ionization of the actimés$ (luminescent
center) excited state and quantum tunneling betweeactivator and
the trap. We present both experimental and thealetiudies of these
processes in currently investigated scintillatirgtenials.



Souhrn

Scintilatni materialy jsou vyuZitelné v Siroké Skale aplikakteré
kladou specifické poZzadavky na jejich technickéapaatry. Mnoho
aplikaci vyZaduje zejména rychlou odezvu materi@ita, kterou jsou
jakékoliv ztraty rychlého scintitmiho sétla velmi nepiznivé.

K takovym ztrdtdm dochazi vigledku zychytnych stdv (pasti)
lokalizovanych v zakdzaném pasu materiélu. Popifeowesy, které
prispivaji ke ztratam rychlého scintiliho sétla se zarmenim

zejména na termalni ionizaci excitovaného stavuivaikiru

(luminiscertniho centra) a kvantového tunelovani mezi aktiétoa
pasti. UkdZeme jak experimentélni, tak teoretidkéie zmirknych

jeva v sowasreé zkoumanych scintitich materiélech.
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Introduction

A scintillator is a material that converts the abgal ionizing energy
of a high energy photon (X- ray grray), an accelerated charged
particle or neutron into a number of ultravioletvisible (UV/VIS)
photons. The scintillation detector consists ohtitating material
coupled to a photodetector (photomultiplier tubglootodiode). The
latter transforms the created UV/VIS photons imcebectrical pulse
[1,2]. Suitable scintillating materials are found withiretcategory of
wide band-gap semiconductors or dielectrics.

Scintillation is the process of luminescence exkibg ionizing
radiation. The scintillation mechanism and efficgrcriteria were
already addressed in [3], with later refinemer@in The scintillation

mechanism can be divided

into three consecutivecgsses:

conversion, transport and luminescence; see Fig. 1.
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Fig. 1. Scheme of scintillation mechanism in a solid state crystalline material.

After [2].



Depending on the particle energy, its initial mstép interaction
with the scintillator host lattice progresses pred@antly via the
photoelectric effect, Compton scattering and pesdpction. The hot
electrons and deep holes that are created areajiathermalized at
the conduction and valence band edges, respectiviaé/conversion
process typically lasts a few picoseconds. In ithesport process the
separated electrons and holes migrate throughasiddttice to reach
the emission centers. During their migration chacggiers can be
(repeatedly) trapped or even nonradiatively recombat trapping
levels occurring in the host band gap. Due to téeping process the
delivery of charge carriers to luminescent centarsbe substantially
delayed. Therefore, the presence of localized greteges in the host
band gap acting as trapping centers may consideiddderiorate
scintillator performance. During the final stagbe ttrapping and
radiative recombination of the electron and holéhat luminescent
center generates the desired luminescence.

In the last two decades there has been vivid oggaitivity in the
scintillator research field to meet the demandsaofariety of
applications requiring detection of ionizing radat The fields of
interest include high energy physics [5,6], imagisgstems for
medical diagnosis [7], medical therapy [8], homelaacurity [9] and
others. Different applications put different reguirents on the
specific parameters characterizing the scintillatonaterial
performance. In a number of applications, fastoasp of the material
becomes crucial.

New scintillating materials currently reported aredominantly
based on Cé& and P# activated materials, due to the short decay time
(typically 10-60 ns) and high quantum efficiency thle 5d- 4f
radiative transitions of these centers at room tzatpre [10].

Prompt or fast scintillation light is due to thecoenbination of
charge carriers that were after thermalization- “immediately”
delivered to the luminescence center, i.e. thosdeiog trapped. As
mentioned above, trapping at localized states sawaseadelayed
delivery to the luminescence centers and generaifothe slow
scintillation light on the expense of the fast tigBesides trapping
during the transport process, the trapping statgsatso contribute to



the slow light after delivery of charge carrierdutminescence centers.
This would be due to processes of thermal ionipatad the
luminescence center excited state and tunnelingvdsst the
luminescence centers and (nearby) traps.

2 Thermal ionization

Conversion of excitation energy into mobile chargas occur as a
result of thermally stimulated ionization of theieator ions excited
state. Studying this process helps with the plac¢fehe interacting
energy levels within the band gap of the host. fitadly stimulated
ionization of impurity ions in ionic hosts can bwdied via the
“contact” method, namely classical photocondugtiniteasurements
using blocking electrodes [11]. This method is tedito the study of
bulk crystalline materials. “Contactless” methodsjch as the
microwave resonator cavity technique [1&)r purely optical
techniques involving thermally stimulated luminesoe (TSL)
excitation spectroscopy [13] TSL after UV excitatid4] ordelayed
recombination decay measurements can also be used for
microcrystalline or nanocrystalline powders.

2.1 Delayed recombination decay technique

The principle of the method was first described amplemented in
[15]. The activator center is selectively excited ingooivn absorption
band. When, after the photoluminescence (PL) eb@itathe excited
state of the luminescent center is thermally iamhizgharge carriers
that do not decay promptly can migrate throughdtweduction (or
valence) band. During that process they can b@#&apnd therefore
delayed in their recapture at the luminescent ceBteape from a trap
is often thermally assisted and if the charge earreaches the
luminescent center, its time spent in the trap edllise it to be part of
the observed slow tail of the PL decay. Consequemibnitoring the
temperature dependence of the slow tail of the &ag, or the so
called delayed recombination decay, supplies information about the
thermal ionization of the activator’s excited state



The delayed recombination signal is monitored byeational
equipment for measurements of slow PL decay on niero-
millisecond time scale. The sample is irradiatetd iime absorption
band of an activator by an intense low-repetitiaterpulsed light
source (e.g., 10 Hz). The luminescence decay isnschuntil the
arrival of the next excitation pulse. The systensé$ so that each
excitation pulse (and corresponding measurementawnopening)
occurs immediately after the previous one. The mehef the
measurement sequence is shown in Fig. 2. The adatiomutime for
each measurement is typically about 10 minutes.dEway is scaled
within about 10-50 ms (light blue window in Fig. 2he decay curve
is then integrated after the background is sulgchand the first few
channels that may contain the prompt nanosecoraydsmmponent
are excluded. The integrated decay curve provigeexerall intensity
of the delayed recombination processes at an &ativalhe
measurement is performed at different temperatstegting from the
highest one. From the plot of temperature deper@ehthe delayed
recombination intensity the thermal ionization lod tactivator can be
assessed (see the next subsection). The technapeegsently used
for luminescence centers in a variety of materis¢®, for example
[16,17] to provide more insight into the processesuring in the
excited state of the luminescence center.

Excitation pulses
3-4 s

Time window
10 ms

PL Intensity

Time (min)

Fig. 2. The scheme of the delayed recombination measurement.



2.2The model of temperature dependence of delayed
recombination decay intensity

The theoretical model considering the role of trapshaping the
temperature dependence of the delayed recombinatiensity was
first proposed for the case of discrete traps Hi] then generalized
for any trap distribution function [18].

The intensity of delayed recombination light isgodional to
the fraction of thermally ionized charge carriéig(T) that can be
expressed as:

E;

N(T) =we ®kr | @)
where T is the excitation temperaturgy is a dimensionless pre-
exponential factorEin is the thermal ionization energy (the energy
separation between the excited state of the lumémgsenter and the
bottom of the conduction band) ands Boltzmann’s constant.
However, not all of the thermally ionized carrigvdl contribute to
the overall delayed recombination signal. In patéic, only those that
get trapped and subsequently released from the (wédth a particular
trap depth) whose detrapping time falls into theetiinterval of
delayed recombination measurement will contribste (above). In
general, the number of traps with a certain traptllecan be
determined from the distribution function of trapéwus the intensity
of delayed recombination decay can be expressed as:

Ipr(T) = we™ kT de p(E)f dt —e T(E) 2)
th

wherep(E) is the dlstrlbutlon function of traps with trappdie E and
17(E) is the detrapping time of the trap with deptt, andt. are times
corresponding to the beginning and end of the @elagcombination-
decay signal recording, respectively. In the cdsksorete traps, asin
the crystalline hosts, formula (2) reduces to:

te
IDR(T) =we kT 2 Ak [e T(Ek) —e T(Ek)] (3)

with A, being the amplltude of the trap with defghandn the number
of traps of various kinds participating in the gges. The amplitude
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A, is proportional to the number of traps of the s&md contributing

to the delayed recombination signal. The numbempafameters
entering formula (3) is relatively high, howevegst of them namely
the trap depth& and detrapping times, can be determined from an
independent experiment using the TSL technique. mbeel was
tested on a Prdoped LuSiO7 (LPS) single crystal [14], Ce&-doped
SrHfO; microcrystalline powder [18] andsXIsO12:Eu powder [P19],
see Figs. 3-5.

Delayed recombination Intensity

200 250 300 350 400 450 500
Temperature (K)

Fig. 3. Temperature dependence of the delayed recombination light emitted

by LPS:Pr. The solid circles are experimental data, the line is the numerical

fit of formula (3) to the data with Eion = 0.54 eV (see also [14]).

3  Quantum tunneling
Tunneling can significantly affect the dynamics lafninescence
center excited states and become a source of dentillation light

losses. Delayed recombination decay measuremerdaeppo be
suitable to detect the presence of quantum turgnaknwell.

11
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Fig. 4. Normalized (to minimum) delayed recombination intensity of
SrHfOs:Ce**as a function of temperature. Solid circles are experimental data.
Solid line is the fit of Eq. (3) to the data, dashed lines are contributions of
each single trap to the overall signal (see also [18]).
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Fig. 5. Delayed recombination decay intensity of Y3AlsO12:Eu as a function of

temperature. Solid circles are experimental data. Solid curve is the fit of

function (3) (in the text) to the data (see also [P19]).
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The low temperature limit of delayed recombinatidacay
intensity given by formula (2) is zero. Therefoet, low enough
temperatures one would not expect to obtain a taikec delayed
recombination signal due to thermal ionization leé tuminescence
center. However, this is not the case [18]. Ther low temperature
contribution to the signal that iwt due to thermal ionization of the
luminescence center. A good candidate to explanptrenomenon
appears to be quantum tunneling between the recatntm center
and a nearby trap(s). The idea has been pursubdekperimentally
and theoretically.
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Fig. 6. In (a) is shown delayed recombination intensity of Y.SiOs:Pri*as a
function of temperature. In (b) is shown delayed recombination decay at 8
K. Empty circles are experimental data, solid line is the fit of function I(t),
given in the figure, to the data (see also [21]).

Since quantum tunneling is independent of temperatane
expects detectable signal at fairly low temperatwigich should stay
constant within certain temperature range. An esttenexperimental
support was obtained by several studies. The fgiport was
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obtained for LPS:Pr single crystal [20], later faarious complex
oxide scintillating crystals grown by different bkeéques and doped
with different activators [21], variety of scintling C&" and P¥ -
doped simple garnets [22]. An example in Fig. 6wshthe delayed
recombination intensity of X8i0s:Pr** staying constant in the
temperature interval 8-220 K. The delayed recontlinadecay at 8
K is approximated by a single exponential and regmés a nice
example of quantum tunneling between the activatdra single trap
(the trap occurring at a single distance from tttevator center.)

3.1 Models of quantum tunneling between the trap ah
recombination center

Delayed recombination decay measurements provelde¢bay times
of the slow light on the order of microseconds ftilliseconds. This
corresponds to the decay slowdown by several omfensagnitude
compared to prompt decay times of an activator. admress
theoretically, whether quantum effects could begoesible forsuch
slowdown, a simple one-dimensional model has beens[P20]. A
scenario of the underlying process is reflectethbyscheme in Fig.7a.
The electron tunnels from the activator into a hgdrap. In principle
the trap energy isearly resonant with that of the excited activator
state (reflected by a small energy separatignThe one-dimensional
model is of the fornH=p%2m + V(x), with m the electron mass and
V(x) a potential:

V(x) = =p&x) = Vo£ — |x]) — ad (x = £ = 1), (4)
with Vo, a, B, A being positive constants. The form of potential
together with the definition of the parametershisvgn in Fig.7b. The
parameters determine the trap energy, the grouthéxsited states of
the activator and the distance between trap anbémt. The time-
independent Schrodinger equation is solved nunibridsy
discretizing on the line. Fig. 8 presents the wéwections
calculated for parameter values representing rngstesis and
decay time delayed by six orders of magnitude. édsence of
the trap wave function in the activator region supp the
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hypothesis that quantum tunneling is responsibiette low
temperature delayed recombination decay.

a) b)
activator activator ,
e | — R 3 T% _I .
o | AE 5 | trap "
trap V, "
AE
g—t— '

Fig. 7. (a) Simple scheme for a tunneling process between the activator, with
the ground state g and excited state e, and the trap located nearby. The
energy separation between the ground and excited state of the activator is
AE while that of the excited state of the activator and the trap state is A€.
(b) The one-dimensional potential used in numerical calculations (see the
text). The activator is placed at the origin (0) and Vo,®, A are the depth and
half-width of the square as well as the strength of delta function
representing the region of attraction of the activator, while o is the strength
of delta function representing the region of attraction of the trap; A+ € is
thus the distance of the trap from the center of the activator. See also [20].

To allow a more stringent test of the tunnelingdtyesis we set up a
two dimensional model [23]. Both the trap and #xivator’ are taken
to be isotropic, Gaussian wells. Specifically, p@tential has the
following form:
Vip2) = —ae P+ 4 p/2 (0 + 22) -
—ye~(P+E=D?)/rf (5)

wherep is the 2D polar coordinate (along the line conmertihe
centers of the trap and activator) andhe orthogonal coordinate
whose origin is the activator. The quantitieandy are the depths of
the activator and trap potential wells, respectivéd models the
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Fig. 8. Wave functions. A rescaled version of the potential is also shown. The
solid (red) is the trap wave function, the dashed (blue) the even state
(activator’s ground state) and the dotted (green), the odd (activator’s
excited state). In the inset is the detail of the trap wave function in the region
of the activator (see also [20]).

centrifugal potential and, andr . are effective activator and trap radii,

respectively.

Solution of the Schrddinger equation was achieveihguthe
program ‘WavePacket’ [24]. In Fig. 9 we presenteample of the
trap wave function obtained from our numerical gkdtion. The right
hand panel illustrates the presence of the trapeviamction in the
activator region.
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Fig. 9. Example of a calculated trap wave function shown from two different
perspectives. The trap-activator distance A is 23 Bohr radii (about 12 A). The
view in the second panel better displays the portion of the wave function in
the area of the activator. The small asymmetry that can be seen as white
spots on the dark background is an artifact of the solution method (see also

[P23]).
4 General discussion and conclusion

An increasing number of applications of lumines@amd scintillating
materials in many fields of modern life imposesuiegments on their
performance. To meet the application-specific deinathere is a
continuous search for either new materials or waysnprove the
existing ones. This task can only be handled bgnisg study of
material characteristics and understanding thenlyidg mechanism
of luminescence and scintillation as well as preessaffecting light
production. Indispensable tools that helps throughoe the methods
of optical spectroscopy. They can, in particuldfeatively monitor
the excited state of the luminescence center tarkethat has a crucial
role in assessing the scintillating material perfance. Routine use of
classical methods can be supplemented by novelnitpods
employing standard instruments in a specific inwenivay.

A number of scintillating material applications vags the fast
response of the material, i.e. production of fagitl Therefore, any
losses of fast light are highly undesirable. Swdsés originate due to
the presence of traps in the material band gap.adéressed two
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processes that can contribute to fast scintilldigi losses. These are
thermal ionization of the activator's excited state a temperature
dependent process and quantum tunneling between the actieaish
nearby trap(s), which is temperatimeependent.

We presented a delayed recombination decay technilyat can
help to study both these processes. There are mitthiods available.
However, the delayed recombination decay measurtsmare
applicable to both crystalline and powder materifsen combined
with TSL measurements the data obtained allow detation of the
thermal ionization energy and of the position & #ttivator’'s excited
state within the host’'s forbidden gap. The techaiglso makes it
possible to assess the presence of quantum tugn€lie combination
of the delayed recombination data with the datanfindependent
experiments can get handle on the trap-activatstadces. In this
context the technique helps to understand theroogitemperature
independent losses of fast scintillation light aingillating materials.
Although temperature independent losses are sontdeggintuitive
than those that re temperature dependent, theyotdsaem to be
infrequent. It is, therefore, of high importancettthey be addressed
and studied, for the ultimate goal would be to prenthem.
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