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Exciton-exciton interactions in CdWQ, irradiated by intense femtosecond vacuum
ultraviolet pulses
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Exciton-exciton interaction is experimentally revealed and quantitatively analyzed in a wide band-gap scin-
tillator material CdAWQO,. Under high-intensity femtosecond vacuum ultraviolet excitation, the CdWO, lumi-
nescence is quenched, while its decay becomes essentially nonexponential. We propose an analytical model,
which successfully reproduces the decay kinetics recorded in a wide range of excitation densities. The dipole-
dipole interaction between excitons leading to their nonradiative decay is shown to be the main cause of a
nonproportional response common for many scintillators.

DOI: 10.1103/PhysRevB.79.233103

The interaction of electronic excitations is widely studied
for semiconductors in the form of bulk crystals, quantum
wells, or quantum dots. Exciton-exciton interaction is less
investigated in insulators, where the excitonic radius is much
smaller (Frenkel excitons) and very high-excitation density
must be achieved to reveal the phenomenon. Recently, how-
ever, new sources, free electron, and plasma x-ray lasers, or
those based on high-order harmonics generation, have ex-
tended the availability of ultrashort and intense light pulses
into the vacuum ultraviolet (VUV) domain. This allows cre-
ation of high-density electronic excitations in wide band-gap
dielectrics within a time range shorter than most of the re-
laxation processes. The spatial and temporal beam properties
offer the possibility of studying densely excited matter under
extreme but well-controlled experimental conditions.

It has been commonly accepted that the interaction of
electronic excitations is a key factor responsible for nonpro-
portional response of scintillators, one of the most important
limitations in scintillator operation (see, e.g., Refs. 1 and 2).
So far, high-energy photon and particle beams have been
applied in the studies of the relevant phenomena, which pro-
hibited the detailed understanding of the underlying mecha-
nisms due to the diversity of the relaxation processes
involved.?

In this Brief Report, we present the results of the experi-
mental and theoretical studies of the elementary processes of
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PACS number(s): 78.55.Hx, 42.88.+h, 71.35.Gg, 78.47.Cd

the interaction of Frenkel excitons created in a CAWO, scin-
tillator using short and intense VUV pulses provided by the
generation of high-order harmonics of a titanium-sapphire
laser in a rare gas. The method for the determination of mi-
croscopic interaction parameters of self-trapped excitons
(STEs) in wide-gap materials is proposed for nonhomoge-
neous excitation conditions. The luminescence decay kinet-
ics is shown to be a direct and sensitive probe of exciton-
exciton interactions under high-density excitation.

CdWO, is widely used as a scintillating material in com-
puted tomography and industrial testing due to its radiation
hardness and intense intrinsic luminescence at 300 K.? The
luminescence centered at 500 nm is due to the radiative de-
cay of Frenkel-type self-trapped molecular excitons localized
at oxyanion complexes.* The main decay component of the
triplet STE is 15 us at room temperature,> but under differ-
ent irradiation conditions also much shorter decay compo-
nents, 1.1,° 2,7 and 5 us,® have been reported. The differ-
ences observed in the decay kinetics could imply different
densities of electronic excitations created by x ray or 7y
quanta of different energies used in the studies of scintilla-
tion response. Thus, small STE radius, long decay time, ex-
perimental hints about probable excitation density effects
motivated us to choose CdAWO, for the present study.

The experiments were performed at the Saclay laser facil-
ity PLFA. The setup allows generating VUV pulses and fo-
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cusing them onto the sample at intensities up to 2
% 10'° W/cm?, which induces a peak electron-hole pair
density N§™ as high as 2.5%x10% cm™. An amplified
titanium-sapphire laser system delivers 35 fs pulses at 800
nm with pulse energy of up to 12 mJ at 1 kHz repetition rate.
In the first vacuum chamber, the beam is focused into a gas
cell with Xe flow at a pressure of 3—4 mbar. The nonlinear
interaction of intense infrared beam with Xe atoms leads to
the generation of coherent VUV light, which consists of the
odd harmonics of the fundamental, extending up to orders
21-23. From 35 fs laser pulse the expected VUV pulse du-
ration is 10-15 fs.? In the next two chambers, the collinear
VUV and remaining infrared beams are separated using
silica plates and a 100-nm-thick Al foil, and the VUV beam
is focused onto the sample with a platinum mirror. The VUV
light is mainly composed of the four harmonics 15-21, i.e.,
photons with energies from 23 to 32 eV. The number of VUV
photons per pulse is estimated to be 5X 107 in agreement
with the expected conversion efficiency of 107.1° The inci-
dent photon flux is varied within 2 orders of magnitude by
moving the sample along the beam axis and thus changing
the spot size instead of the number of VUV photons per
pulse. Luminescence spectra are recorded with a charge-
coupled device (CCD) camera. The decay kinetics at a se-
lected wavelength is studied with a fast photomultiplier us-
ing the time-correlated single photon counting technique
with a 100 ps resolution.

The experimental results clearly show the dependence of
luminescence properties of CdWO, on excitation density
(Fig. 1). The decay curves increasingly deviate from the ex-
ponential law at higher intensities. The decay is much faster
at the initial stages, and then gradually slows down ap-
proaching exponential decay with a typical time of 15 us
observed under optical excitation.’ Along with the higher
decay rate, a decrease in the total STE emission is observed
at higher excitation densities (inset of Fig. 1), whereas the
spectral shape of the emission band remains unchanged. The
decrease in the steady-state luminescence is well correlated
with the integrals of decay curves taken over the first 60 us
[Fig. 3(b)]. These data indicate the existence of a nonradia-
tive recombination process with an efficiency depending on
the excitation density, which competes with the lumines-
cence.

To perform a quantitative analysis of the dependences of
the luminescence yield and decay kinetics on excitation den-
sity, we propose the following hypothesis. The relaxation of
VU V-induced electronic excitations ends rapidly with forma-
tion of self-trapped excitons in CdWO,. If the density of
STEs is high enough, the dipole-dipole interaction leads to a
kind of the Auger process, STE+STE—STE". In other
words one STE decays emitting a longitudinal virtual pho-
ton, whereas after its absorption the second one is excited
and subsequently ionized, creating an electron-hole pair. The
rate of such process can be written in terms of the theory of
dipole-dipole energy transfer,

Rd—d>6

Wa_a(R) = %( R

I

(1)

where 7, is the STE radiative lifetime and R,_, is the dipole-
dipole transfer radius, which can be expressed in terms of
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FIG. 1. Normalized decay curves of CdAWO, emission, recorded
at the same intensity but different densities of VUV excitation
(circles). Curve (2) corresponds to the focal position with the high-
est excitation density (spot diameter 10 um), curve (1) corresponds
to 64 times lower density (spot diameter 80 wm). Solid lines show
the best fit applying the proposed model. The inset represents the
luminescence spectra recorded at the lowest (curve 1) and the high-
est excitation density (curve 2), and the transient absorption spec-
trum (curve 3) (Ref. 5).

emission and absorption line shapes.!! The absorption and
emission bands of the STE almost completely overlap in the
case of CAWO, (Ref. 5) (inset of Fig. 1), thus maximizing
the range of the dipole-dipole interaction.

Models describing the time evolution of emitting centers
have been derived for the case of homogeneous excitation
density and constant concentration of acceptors.’ In our case,
the donor and acceptor concentrations (both STEs) are time
dependent and their initial distribution is inhomogeneous.
This gives rise to complex decay kinetics, and a more gen-
eral formalism has to be developed. The evolution of STEs
concentration n(r,?) must take into account their annihilation
due to Forster dipole-dipole interaction (see, e.g., Refs.
11-13). In the simplest form the equation for the concentra-
tion 1s

an(r,1)
a

L T @)

r

where the bimolecular rate of reaction y(z,r) is time depen-
dent. If the initial distribution is noncorrelated, and the exci-
ton diffusion is negligible; this bimolecular rate is inversely
proportional to the square root of time,

Wt,v) = w 1) = R H3)R_(t7,) 712, 3)

but does not depend on initial concentration, thus eliminating
dependence on r. This approximation is valid for R,_, larger
than both the exciton radius and the diffusion length over
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FIG. 2. Values of the interaction parameter W (filled circles)
obtained from the fitting of the experimental decay curves using Eq.
(4). Inset: density of excitons Ny in the spot center (open circles),
Lorentz fitting of this density (solid curve), and corrected interac-
tion parameter W’ (filled circles).

time 7,, and for low initial concentration (no more than two
STEs in a sphere of radius R;_,).
Equation (2) can be easily solved,

-1
n(r,1) =n(r,0)e™™| 1+ ?n(r,O)Rz-d erf( \/z)} )
T,

(4)

where erf(x) is the error function. For the laser beam with
Gaussian intensity distribution over its cross section, the ini-
tial concentration of excitations is n(p,z,0)
=Iy(aa/ waz)e“’z/“z‘“z, where a is the radius of light spot on
the crystal surface, p is the two-dimensional coordinate in
the surface plane, the z axis is directed into the crystal, « is
the absorption coefficient, /; is the total number of photons
per pulse, and o is the mean number of STEs produced by a
VUV photon. From the excitation spectra'* o can be esti-
mated as 2-3 for photons in the range from 23 to 31 eV. The
peak density of STEs equals to Nj**=1y(ao/ ma?). To obtain
the emission intensity one has to integrate Eq. (4) over the
spatial coordinate r={p,z}, resulting in

)2 Pl Lio[- 2N R3_, erf(1/7,)/3] .
u =—¢"r —
fum T, 2w NG R, erf(\1/7,)/3

where Li,(x) =3;_,z5/k? is the dilogarithmic function. Thus,
the shape of the decay curve depends only on the dimension-
less interaction parameter W=Nj™R;,_, which is propor-
tional to the number of excitons at the spot center within the
sphere of the dipole-dipole transfer radius. For small argu-
ment of the dilogarithmic function the last fraction in Eq. (4)
equals to 1—(72/6)NS™R>_, erf(\t/7,) and shows a square
root decay behavior at the initial stage (r<<7,). At longer
times (1> 7,) the decay becomes single exponential with the
radiative decay time 7,. The decay curves calculated using
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FIG. 3. (a) The dipole-dipole energy transfer radius R,_, calcu-
lated from measurement of exciton density and corrected interaction
parameter W’ presented in Fig. 2. (b) Luminescence quenching fac-
tor versus position on the sample relative to the focal point: the
integral of the decay curves for the first 60 ws (filled circles) and
the total yield of luminescence, calculated by the integration of
luminescence spectra (open circles). Solid line: deduced from the
model [Eq. (4)] quenching factor Q(W) = (a1y)~! [§ lum(1)dt calcu-
lated using the Lorentz fitting of the exciton density from the inset
of Fig. 2.

formula (5) by adjusting the only fitting parameter W are
drawn in Fig. 1 for the highest and lowest excitation densi-
ties. The corresponding W values are shown in Fig. 2. One
can see that even at low-excitation densities, the interaction
parameter is nonzero. Indeed the decay curves measured
even far from the smallest focal spot still display a nonexpo-
nential behavior at short times. This effect is assigned to the
impact ionization (see, e.g., Ref. 15), where primary elec-
trons relax rapidly due to the inelastic scattering, producing
the primary and secondary electron-hole pairs, and finally
excitons, at the distances smaller or comparable to R,;_;. The
fraction of the interaction parameter induced by the impact
interaction is constant at a fixed photon energy and estimates
to Wy=0.6 in our conditions. The corrected values W'=W
—W, are shown in the inset of Fig. 2. From this, since the
maximum density at the center of spot Ny™* is determined
from our measurement of pulse energy and size, we calculate
the parameter R,_, [Fig. 3(a)]. The values of R,_,; found from
the fitting of the decay curves remain constant over the
whole range of excitation densities applied, giving us confi-
dence concerning the hypothesis of a competition between
radiative recombination and dipole-dipole interaction under-
lying the present model. The mean value of dipole-dipole
interaction parameter 2.10*=0.15 nm corresponds to the
separation of interacting excitons roughly by four lattice con-
stants [a=5.029 A, b=5.859 A, and ¢=5.074 A (Ref. 16)].
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Beside Forster interaction characteristics, the diffusion pa-
rameters have also been estimated from the deviation of ex-
citonic emission decay from the exponential law in wide-gap
semiconductors (see, e.g., Ref. 17). In the case of CAWOQ,,
however, the intensity of the emission of small radius Fren-
kel excitons remains practically constant up to room tem-
perature, where its stability is estimated to be —0.3%°C.” For
that reason in first approximation, one can neglect the effect
of exciton diffusion on exciton-exciton annihilation in this
crystal. High-excitation densities may also result in the for-
mation of trions and other multiexciton complexes, which
are possible but uncommon in wide-gap crystals.'® The con-
tribution of charged Frenkel excitons (trions) in exciton-
exciton annihilation can be obviously disregarded due to the
Coulomb repulsion of charged excitations.'”

To conclude, we have shown that a dramatic modification
of the luminescence emitted by a CdWQO, scintillator occurs
both in decay shape and intensity when high-excitation den-
sities are reached. The observed changes are interpreted as a
result of competition of the STE radiative decay with their
nonradiative recombination due to the dipole-dipole interac-
tion. Exiton-exciton interaction explains the appearance of
short decay components in CdAWOQO, exposed to various kinds
of ionizing radiation. Such a modification of decay kinetics
due to bimolecular interactions has already been reported for
semiconductors.2>-22 However, exciton-exciton interaction is
so far a nontrivial phenomenon in tungstates, considering the
small radius of the Frenkel excitons, and consequently ex-
tremely high-excitation densities necessary. To our knowl-
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edge, such a process have never been analyzed earlier in
wide-gap materials, although experimental indications to the
possibility of an Auger-like process in STE recombination
has been mentioned for PbWO, and ZnWO, crystals.?>** A
similar behavior is observed in other scintillators as well
(CaWO, and BaF,), implying a more general character of the
above-described phenomenon. The coherence of the pro-
posed model with experimental data confirms the leading
role of the dipole-dipole interaction in exciton annihilation
responsible for the nonproportional response of scintillators.
The quantitative handling of another important issue, the im-
pact ionization, becomes possible on the basis of the present
study. Valuable information about the efficiency of impact
ionization, its energy dependence, or the average distance
between primary and secondary electrons can be obtained by
monitoring the decay time of the luminescence under differ-
ent excitation conditions. Derived from general principles
the proposed theoretical model is applicable in the analysis
of time-dependent relaxation phenomena in various wide-
gap materials exposed to nonhomogeneous high-energy
and/or high-density radiation.
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