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Abstract—We report picosecond time-resolved measurements of
optical absorption induced by a sub-picosecond pulse of light pro-
ducing two-photon bandgap excitation of CsI and CsI:TI at room
temperature. The transient spectrum of undoped Csl reveals for
the first time strong infrared absorption rising through the 0.8-eV
limit of present measurements. We suggest that this infrared
band is due to transitions of the bound electron in the off-center
self-trapped exciton (STE), implying that there should be a band
deeper in the infrared associated with the known on-center
STE in Csl. Previously reported visible and ultraviolet transient
absorption bands at 1.7, 2.5, and 3.4 eV are confirmed in these
measurements as attributable to hole excitations of STE. In 0.3%
thallium doped Csl, infrared absorption possibly attributable to
STEs is observed for approximately the first 5 ps after excitation
at room temperature, but decays quickly. The absorption bands
of T1° (electron trapped at TIt activator) and of self-trapped
holes are the main species seen at longer times after excitation,
during which most of a scintillation pulse would occur. This is in
accord with a recently published report of nanosecond induced
absorption in CsI:TL

Index Terms—Csl, scintillators, self-trapped exciton, transient
absorption.

1. INTRODUCTION

OTH pure Csl and thallium-doped CsI:Tl are useful
B scintillators for radiation detection and y-spectroscopy.
The 4.1-eV scintillation luminescence band in pure CsI at room
temperature is generally understood to result from radiative
decay of self-trapped excitons (STE) [1]. The 15-ns lifetime
of its room-temperature luminescence makes undoped CsI
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useful for fast timing applications. Two spectrally distinct
luminescence bands are seen at low temperature at 4.3 and
3.7 eV. Nishimura et al. ascribed these bands to on-center and
off-center STEs, respectively [1]. The on-center configuration
they proposed is the Vi-like di-iodide halogen core with a
loosely bound electron, as attributed in works on other alkali
halides [2]-[4]. At room temperature, the 4.3- and 3.7-eV lu-
minescence bands have merged or given way to a single broad
band at 4.1 eV. Nishimura et al. proposed that the room-tem-
perature 4.1-eV luminescence comes from radiative decay of
the on-center STE, spectrally shifted from 4.3 eV by occupa-
tion of higher vibrational states and populated by thermally
activated transfer from the off-center STEs accounting for
the 3.7-eV luminescence. The contribution of the equilibrated
STEs spending time in the on-center configuration dominates
the luminescence spectrum because of the higher radiative
transition rate of on-center STEs [3], [4].

In 1998, Gafiatulina et al. published the first spectra of
transient absorption in undoped Csl over the spectral range
320 to 1130 nm, time range 15-500 ns, and temperature range
80 to 550 K [5]. The absorption was induced by a pulse of
250-keV electrons of duration 10 ns. They found that the
main features of induced absorption at room temperature and
below could be tied by shared decay time to self-trapped ex-
citon luminescence. They proposed a model of on-center and
off-center STE configurations to account for the absorption
spectra at room temperature and below. However, some of
their band assignments differ significantly from the model of
Nishimura et al. [1]. The appearance of a 3.4-eV ultraviolet
absorption band in the transient spectrum led Gafiatulina et al.
to suggest a tri-iodide on-center STE as an additional lattice
configuration, and this further led them to attribute the 3.7-eV
low-temperature luminescence and the 4.1-eV room-tempera-
ture luminescence to different STE configurations than those
assigned by Nishimura et al. Despite differences in details of
the assignments, it can be summarized that all three of the vis-
ible-uv transient absorption bands seen in [5] can be reasonably
attributed to hole transitions on the STE core. However, it is
difficult to distinguish on-center or off-center STE configura-
tions just from looking at the broad and fairly unstructured hole
excitation bands.

The electron excitations of the STE in CsI have not previ-
ously been identified. Based on transient absorption spectra of
off-center STEs in many alkali halides, including the alkali io-
dides KI and Rbl, the main electron transition of the off-center
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STE occurs a few tenths of an eV lower energy than the F-center
defect band in each crystal [4], [6], [7]. This is reasonable since
the bound electron of the off-center STE can be approximately
described as occupying a partially formed anion vacancy site.
The electron transition absorption band of the STE typically
has two or three times higher peak optical density than the hole
transitions, partly because the electron band is narrower [4], [6],
[7]. Likewise, based on studies of on-center STE transient ab-
sorption in Nal and NaBr [2], [8], the transitions of the loosely-
bound Rydberg-like electron in the potential of the on-center
hole can be expected to produce an intense and fairly narrow
infrared absorption band farther in the infrared, e.g., around
0.16 eV (7.75 pm) in Nal [8]. The bound electron transitions
provide a more distinct signature of whether an STE is on- or
off-center than do the hole transition spectra. Furthermore the
existence of the distinctive bound electron transitions are the
spectral distinguisher of whether the ultraviolet hole transitions
come from self-trapped holes or self-trapped excitons. Finding
the infrared absorption bands of one or both STE configura-
tions would supply an important piece to the STE model for
Csl and set the stage for experimental probing of energy- and
charge-carrier populations during a scintillator’s excited phase.
The transient absorption spectrum reported by Gafiatulina et al.
was starting to rise as they approached their long-wavelength
detector limit at 1130 nm [5]. They remarked that infrared ab-
sorption could be expected in the STE model and that the ob-
served start of a rise could indicate it.

With regard to undoped Csl, the experiment which is the sub-
ject of our report has been able to use a laser-generated infrared
continuum pulse to probe wavelengths out to 1600 nm in tran-
sient absorption. The use of a pump-probe laser technique also
gives the present work a view of dynamics of absorbing states
from 0.5 ps to 300 ps after bandgap excitation.

In thallium-activated Csl, transient absorption is interesting
and useful for additional reasons. One of these can be broadly
tied to the problem of nonproportionality between light yield
and particle energy, and its role in limiting energy resolution.
Current attempts to understand and model the dependence of
light yield on excitation density along the ionizing particle track
motivate a need to verify experimentally how much of the en-
ergy is transported as bound electron—hole pairs (excitons) and
how much is transported as independent electrons and holes (ei-
ther free or hopping among traps) which subsequently recom-
bine [9], [10]. One needs to know whether the excitons exist
free, self-trapped, or as excited activators (with mobility by res-
onant transfer or thermal transfer), and similarly for the inde-
pendent charge carriers. Parts of the answers to these questions
can be supplied by observing induced transient absorption under
excitation conditions similar to those in the particle excitation of
a scintillator.

In CsL:TL, the first measurements of transient absorption in-
duced by an electron pulse were reported in 2009 by Yakovlev
et al. [11]. They used the same experimental set-up as for their
work on undoped Csl [5]. The transient absorption data, prin-
cipally acquired at 80 K, led them to conclude that the holes
produced in CsI:TI exist predominantly as self-trapped holes
(possibly near T1* or T1° activators) and that the majority of
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excited electrons exist as the T1° charge state of the activator on
the nanosecond to microsecond time scale.

Because our pump-probe laser experiment can look farther
into the infrared and shorter in time, we undertook measure-
ments of CsI: Tl to add corroboration and some extension of the
spectral and time ranges to the data of Yakovlev et al. [11]

II. EXPERIMENT

The excitation pulse is the second harmonic of an amplified
Ti:Sapphire mode-locked laser operating at 820 nm. The exci-
tation pulse has wavelength 410 nm, photon energy 3.02 eV,
and a pulsewidth of ~300 fs. To cross the 6-eV bandgap of CsI
and produce electron-hole pairs throughout the interior of the
sample, we depend on two-photon absorption of the 3.02-eV
blue light. This method was chosen over one-photon excitation
to avoid concentration of the deposited energy near the sample
surface and to achieve sufficient total number of carriers spread
nearly uniformly through the 3-mm sample thickness. It is esti-
mated that free-carrier densities of roughly 10'® cm—2 were pro-
duced in these experiments. The excitation spot diameter was
about 2 mm, chosen to be significantly larger than the 1-mm
continuum probe spot. The pulse energy at 410 nm was about
400 pJ, corresponding to peak power density of 40 GW/cm?,

For infrared measurements, the probe continuum was gener-
ated by focusing part of the 820-nm pulse in benzene, yielding
areasonably smooth light spectrum from visible out to 1600 nm
in the infrared. After passing through the excitation spot on the
sample and then through a monochromator, the probe pulse was
detected by an InGaAs photodetector. The photodetector output
for laser pulses at 10-Hz repetition rate was integrated by a Stan-
ford Research Systems SR200 boxcar integrator. Thirty laser
shots were averaged for each time step of the probe pulse delay
line. The reference transmitted light level in absence of excita-
tion (Ip) was taken as the average of measurements at 5- to 20-ps
negative delay (probe pulse arriving before the excitation pulse).
Since excitation and probe pulses repeated at 10 Hz, this method
of measuring I defines transient absorption in this experiment
as that part of induced absorption which recovers within 0.1 s.
That is, the absorption data and spectra reported here do not in-
clude induced permanent or long-term defect absorption.

For visible and ultraviolet absorption measurements in the
range 730 to 300 nm, a water cell was used for continuum gener-
ation from the 820-nm fundamental, and a channel-plate-inten-
sified optical multichannel analyzer was used to detect single-
shot spectra of transmitted light. For doped CslI samples, 400
such spectra were averaged at each probe-pulse delay time. Sim-
ilarly, for undoped samples, 100 laser shots were averaged. The
visible spectra for all samples were the average of 10 shots. The
reference spectrum, Iy, of transmitted light without sample exci-
tation was recorded as an average with the 410-nm pump beam
blocked. Unlike the infrared measurement of Iy, the method
used for visible-uv measurements allows induced steady-state
absorption to contribute. The spectrum of such absorption was
measured with the probe continuum alone before and after a se-
ries of pump-pulse exposures equivalent to a run and was found
to be negligible in these room-temperature measurements. In
parts of the spectrum where luminescence was detectable in the
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Fig. 1. Absorption induced by two-photon bandgap excitation of undoped CsI
at room temperature, for probe delays of 3 ps (dashed curve) and 110 ps (solid
curve) after excitation.
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Fig. 2. Time dependences of the induced optical density in undoped CsI at
wavelengths of 1000 nm (solid curve), 1400 nm (dashed line), and 1600 nm
(dotted curve).

transmitted light, the luminescence spectrum was measured in
a series of pump-only exposures and subtracted from the trans-
mitted-light signal. In all measurements, it was necessary to use
an optical filter to block the 820-nm pulse used in continuum
generation from reaching the detector. This prevented acquiring
data in the interval 900 to 730 nm. Likewise, a filter had to be
used to block the 410-nm pump pulse from the detector, with
the result that data in the interval 440 to 385 nm could not be
acquired. All measurements for this report were made at room
temperature

The Csl and CsI:Tl samples were grown at the Institute
for Scintillation Materials in Kharkov, Ukraine, by the Stock-
barger method in inert atmosphere. Concentrations of Tl were
0.3 mole % and 0.01 mole %. Doped and undoped samples were
4 mm and 3 mm thick, respectively, with polished surfaces.

III. RESULTS

Fig. 1 shows the spectra of transient infrared absorption
induced by two-photon bandgap excitation of undoped CsI
at room temperature, for probe delays of 3 and 110 ps after
excitation. Time dependences of the induced optical density at
1000, 1400, and 1600 nm are shown in Fig. 2.

Fig. 3 shows the spectrum of infrared to ultraviolet transient
absorption in undoped CsI at 110 ps after excitation at room
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Fig. 3. Three segments showing infrared, visible, and ultraviolet transient ab-
sorption in undoped CsI at 110 ps after bandgap excitation at room temperature
are plotted in the lighter line segments. The 15-ns transient absorption spectrum
from [5] is overlaid in the heavier curve.
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Fig.4. Spectra of transient infrared absorption induced by two-photon bandgap
excitation of 0.3 mole % TI-doped CsI at room temperature, for probe delays of
3 ps (solid curve) and 94 ps (dashed curve) after excitation.

temperature. As discussed above, the spectra have gaps sur-
rounding the 820-nm laser fundamental and the 410-nm pump
pulse. Overlaid on the data from this experiment is the spec-
trum measured at 15 ns after electron pulse excitation by Gafiat-
ulina et al. [5].

Fig. 4 shows the spectra of transient infrared absorption
induced by two-photon bandgap excitation of 0.3 mole %
Tl-doped Csl at room temperature, for probe delays of 3 and
94 ps after excitation. Time dependence of the induced optical
density at 950, 1000, 1300, and 1400 nm are shown in Fig. 5.

The transient infrared absorption spectrum and time depen-
dences for CsI: 0.01% TI are given in Figs. 6 and 7.

IV. DISCUSSION

In Fig. 3, the 110-picosecond induced absorption spectra of
undoped CsI from the present measurement have been over-
laid on the 15-ns spectra published by Gafiatulina et al. [5].
The onset of infrared absorption suggested by the turn-up at
the long-wavelength limit of [5] does indeed continue rising
strongly out to the 1600-nm limit of the present experiment. The
qualitative appearance of the composite Csl spectrum is strik-
ingly like the IR-UV spectrum of self-trapped excitons in Nal
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Fig.5. Time dependence of the induced optical density in CsI(0.3%TI) at wave-
lengths (top to bottom) of 950, 1000, 1300, and 1400 nm.
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Fig. 6. Absorption induced by two-photon bandgap excitation of CsI:(0.01%
TI) at room temperature, for probe delays of 3 ps (solid curve) and 110 ps
(dashed curve) after excitation

at 11 K measured by Edamatsu et al. [2]. The induced IR ab-
sorption in Nal was shown by Edamatsu er al. to be due to the
on-center STE electron transition, i.e., excitation of the Ryd-
berg-like outer electron around a V-like core. The peak of the
IR absorptionin Nal at 11 Kis at0.16 eV [8], and its rising edge
at 0.35 eV was seen in [2] as dominating the smaller hole-exci-
tation bands of the STE. In Csl, we have not yet found the peak
of the infrared absorption, but the rising edge is near 0.8 eV
rather than 0.35 eV. Part of this difference can be due to the fact
that the present measurements are at room temperature and [2]
reported measurements at 11 K. However, the difference is suf-
ficiently large that we believe different STE configurations are
being observed. Only the on-center STE has been seen in Nal,
whereas Nishimura et al. found both on-center and off-center
STEs in equilibrium in CsI at room temperature.

We suggest that the 0.8 eV rising edge in Csl is associated
with the electron excitation band of the off-center STE. The
F-center defect absorption band in Csl is at 1.4 eV. It is typ-
ical in other alkali halides that the strong transient absorption
band associated with excitation of the bound electron in the par-
tially-formed anion vacancy of the off-center STE occurs a few
tenths of an eV lower energy than the F band.[6]. In RbI, for ex-
ample, the electron transitions of the STE are at 1.2 and 1.4 eV,
compared to the F band at 1.75 eV. If the transient absorption
band at or below 0.8 eV in Csl is correctly assigned as the elec-
tron band of the off-center STE, then the 1.7-eV transient ab-
sorption band should be assigned to the o, — m, hole transi-
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Fig. 7. Time dependences of the induced optical density at 950 nm (solid
curve), 1000 nm (dashed curve—showing least decay), 1300 nm (circles), and
1500 nm (dotted curve).

tion of the STE. Furthermore, since the on-center STE has al-
ready been identified in Csl from the luminescence data [1], the
identification made above should lead us to expect yet another
strong absorption band farther in the infrared corresponding to
the on-center STE in Nal, i.e., with peak around 0.16 eV. In fu-
ture work, we intend to use an optical paramatric amplifier for
deeper infrared probe pulses to reveal the full spectrum of the
infrared absorption band rising at 0.8 eV and to search for an-
other one at lower energy.

The infrared absorption might be simply free-carrier absorp-
tion. However, since Csl is known already to exhibit self-trapped
excitons, the STE remains the leading candidate to explain in-
frared transient absorption. Lifetime, spectrum, and temperature
dependence data from future work can give positive identifica-
tion.

The 2.5-eV transient absorption was assigned by Gafiatulina
et al. [5] to o, — 0, hole transitions of the H- or Vi-like
halogen core of off-center and on-center STEs respectively.
They regarded the 3.4 eV UV transient absorption peak of pure
Csl as being at an energy different from usual H- and V-like
hole transitions of the STE, and so suggested that it may be
associated with a tri-iodide configuration of the STE. The
3.4-eV and 2.5-eV transient absorption bands decay at the same
rate from 15 to 500 ns at 80 K. If the bands are due to different
STE lattice configurations, it requires either coincidence or
thermal equilibrium at 80 K to have the same shared decay
time. Incidentally, the STE spectrum of Rbl exhibits a similar
pair of ultraviolet hole-transition bands at 3 eV and 3.5 eV. In
RbI also, all these transitions share the same decay time at 9 K,
in which case thermal equilibrium of two configurations is very
unlikely to account for the two bands with identical lifetime.

Instead, we want to look again at how the STE absorption
band energies line up with Vy transition energies. This was
plotted for 9 alkali halides including 3 fcc alkali iodides in Fig. 8
of [6]. In the majority of cases, the STE ultraviolet band is found
at slightly higher energy than the corresponding V band, in fact
moving close to the H band in the same crystal. The ultraviolet
Vi band in KI and RbI [6] and CsI [11], [12] is at 3 eV. Antici-
pating the typical case of finding the ultraviolet STE band about
0.3 eV higher than the Vi band [6], we should regard the 3.4-eV
absorption band in Csl as the expected 0, — o, hole band of
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the STE. It does not require appealing to a new tri-iodide con-
figuration, although the halogen crowdion core of an off-center
STE does have a tri-halide sharing of the hole. It seems to us
to be the lower-energy 2.5-eV hole band in CslI that is harder to
assign.

If the hole transitions of the STE in CsI were to be modeled on
the I; molecule ion with inversion symmetry and axial rotation
symmetry (Doop,), there would be only two allowed transitions
within the manifold derived from iodine p-states: the o, — o
transition (argued above to be at 3.4 eV) and the o, — 7,
transition (observed 1.7-eV band in good agreement with the
oy — mg Vi band). The observed 2.5-eV transient absorption
band in CsI lies between these two, as does the energy of the
third “possible” transition from a o, hole within the p-derived
molecular orbitals in D: 0y — my. But this dipole transi-
tion is parity-forbidden in the presence of inversion symmetry
as possessed by the Vi center or on-center STE. In a moder-
ately off-center STE such as occurs in Csl, the inversion sym-
metry and hence the parity-forbiddeness is lost, but one may
still expect molecular orbitals corresponding approximately in
energy to what had been 7, 7, and o, excited orbitals of the
Vi center. This is speculative until verified by electronic struc-
ture calculations for the off-center STE in Csl, but it points to
a possible origin for three hole transitions within moderately
off-center STEs.

The relevance of these proposed identifications of transient
absorption in pure Csl for our interest in activated CsI:T1 scin-
tillators is that 0.8-eV induced absorption is likely to be a dis-
tinctive signature of self-trapped excitons (particularly in fu-
ture work when spectrum extension allows identification of the
entire band). Any one of the three visible-uv transient absorp-
tion bands is a signature of the sum of self-trapped hole and
self-trapped exciton populations. Careful measurement of the
spectral shapes and peak positions of the UV bands might be
able to distinguish between STE and STH populations, but the
consideration of infrared and ultraviolet absorption together can
best sort out the STE and STH contributions.

In Fig. 4, the transient infrared absorption spectra of
CsI:(0.3% T1) are plotted at 3 and 94 ps after excitation. The
94-ps spectrum contrasts sharply with what we saw in undoped
Csl. In Csl:0.3%T], the induced absorption decreases from
950 nm toward 1400 nm. Whether the induced infrared absorp-
tion in undoped Csl is ascribed to STEs or to free carriers, Fig. 4
would indicate that neither of them are present in significant
number at 94 ps (or even 5 ps) after bandgap excitation of
Csl:0.3% TI. Instead, the one feature attributable to electrons
resulting from bandgap excitation is the T1° peak at 1.35 eV,
as seen clearly by Yakovlev et al. [11]. We interpret the rising
absorption from 1400 nm toward 950 nm as consistent with
the long wavelength edge of the T1° band having its peak at
920 nm. Thus, our infrared measurements at delays longer than
5 ps are in agreement with the conclusion by Yakovlev et al.
that bandgap excitation of CsI:T1 produces mainly self-trapped
holes, and electrons trapped on T1" to produce T1° [11].

However, the first 5 ps is a different story. As shown in Figs. 4
and 5, the infrared spectrum in Csl:(0.3% TIl) can be consid-
ered consistent with STE population similar to undoped CsI
for the first ~5 ps, thereafter transforming to the Vy and T1°
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populations discussed above and in [11]. This raises interesting
questions for theoretical study of how much energy transport
might occur by self-trapped exciton diffusion in the first 5 ps at
room temperature, and of how initially-formed STEs can ionize
so quickly at room temperature to yield holes and electrons
that are self-trapped and captured by T1*, respectively. The
shallow binding energy of the on-center STE and room-temper-
ature equilibration of on- and off-center STEs in CsI may be
important for the latter question.

Fig. 6 for lightly-doped CsI:(0.01% T1) shows the long-wave-
length part of the infrared absorption decaying more than the
shorter-wavelength part. This is qualitatively a weaker version
of the trend seen in Fig. 4 for CsI:(0.3% T1). Fig. 7 shows that
the absorption partly decays on a time scale of about 100 ps in
Csl:(0.01% TI), compared to 5 ps in the more heavily doped
sample (Fig. 5). According to the interpretation we have given
to the infrared absorption, the behavior in Figs. 4—7 suggests
that the rate of conversion and ultimate degree of conversion of
initially produced self-trapped excitons to independent trapped
carriers scales with increasing thallium concentration.

It is interesting that Nal:Tl, CsI:T1, and Csl:Na are the only
three scintillator materials found by Valentine et al. [13] and
more recently confirmed along with Srl:Eu®* in [14] to ex-
hibit strong nonlinearity of light yield versus electron energy
at both low and high dE/dx, i.e., characteristically sloping sig-
nificantly upward from low dE/dx, reaching a peak, and then
falling at high dE/dx characteristic of track ends. All other mea-
sured scintillators either exhibit only the roll-off at high dE/dx,
or exhibit it in combination with a much weaker rising slope
at low dE/dx. A phenomenological model [9], [10] based on
Ist- and second-order radiative decay in the presence of first-
through third-order nonradiative decay shows that the “hump”
in nonlinearity of light yield will always result unless the co-
efficient of second-order radiative decay, as, is negligible com-
pared to the monomolecular radiative coefficient a1, or unless
a1/as = 1/asz, where as is the coefficient of third-order nonra-
diative decay.

Thus it is significant for understanding and modeling nonpro-
portional scintillator response to have an experimental measure
of the relative roles of independent charge carriers recombining
by second-order kinetics and of excitons or other first-order
transport mechanisms in producing luminescence. This report
has provided an illustration of the utility of transient optical ab-
sorption in achieving such data, and along with [11] concludes
that in CsI:(0.3% T1) after the first 5 ps, the excitation energy is
contained mainly in the form of independent electrons trapped
as T1" and of holes self-trapped.

Electron pulse induced transient absorption and lumines-
cence in Nal:T1 and KI:TI were studied by Dietrich et al. [15].
They concluded that ... nearly all [~ 95%] of the energy
transport in KI(Tl) occurs by [independent] electron—hole
diffusion. . ..” It was more difficult to do complete transient ab-
sorption studies on Nal: Tl because the luminescence tended to
overwhelm the probe flash lamp, but from available absorption
data and luminescence decay kinetics, they reached a similar
conclusion regarding Nal:TI [15]. The Nal:Tl luminescence
decay at room temperature under electron pulse excitation to a
density of 10'8e—h pairs/cm® was plotted on a log-log scale and
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can be seen to obey second-order kinetics over five decades of
intensity after exponential decay in the first decade [15]. This
is consistent with binary electron and hole diffusion in the form
of T1° and TI™ trapped charges accounting for the major
recombination luminescence route. The present study and [11]
have suggested a similar conclusion in regard to CsL: Tl
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