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Doubly activated alkaline-earth phosphors are known to present luminescent and charge-storage
properties. In this work, we investigate the photoluminescence (PL) and the optically stimulated
luminescence (OSL) of the SrS:Ce,Sm phosphor by means of time-resolved spectroscopy with
excitation laser pulses of 2 ps duration. By comparing the PL. measurements obtained with direct
UV excitation and the OSL experiments performed using infrared wavelength, it was possible to
measure a charge conversion lifetime of about 2.5+ 1 ns. A luminescence lifetime of 36+ 1 ns has
also been found. These measurements are presented and discussed in connection with applications
where the speed of the SrS:Ce,Sm luminescence is a crucial parameter. © 2007 American Institute

of Physics. [DOL: 10.1063/1.2822474]

I. INTRODUCTION

Doubly activated alkaline-earth sulfides present interest-
ing luminescent and charge-storage properties that have been
known for a number of years. Activators are rare-earth ele-
ments, which have ground and excited states in the forbidden
wide band gap of the sulfide host (3—6 eV). Upon exposure
to ionizing radiation, photoluminescent emission in the vis-
ible wavelength range occurs due to electronic transitions
involving one of the two dopants (properly called “activa-
tor”); however, some excited electrons are trapped by the
other dopant (“coactivator”) that is thought to be an electron
trapping site. Releasing those trapped electrons requires en-
ergy that is provided by stimulating the material with infra-
red (IR) light. The so created free electrons can therefore
recombine with the previously ionized activator, emitting
visible photons (A=400-700 nm). This second mechanism,
being promoted by the infrared light, is referred to as the
optically stimulated luminescence (OSL).

Several sulfides (SrS, MgS, and CaS) activated with eu-
ropium (Eu) or cerium (Ce) and coactivated by samarium
(Sm) have been investigated in literature as OSL
materials.' The choice of sulfides as host materials resides
in their relatively simple synthesizing procedure. They are
suitable for infrared detection, near-IR-to-visible converters,4
and radiation dose measurement,” and they are expected to
be developed as erasable and rewritable optical memories.*’

The University Montpellier II in France, developed a
sulfide optimized for radiation dosimetry.8 The SrS:Ce,Sm
synthesized in Montpellier is now used for dose mapping in
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medical applications9 and for in-flight dosimetry in space
applications,10 and it has been recently proposed also for the
radiation monitoring in high-energy physics (HEP)
facilities."" For this last application, the possibility to build
probes based on SrS:Ce,Sm crystals coupled to the extremity
of optical fibers has been experimented on with success. '

Such fibered monitoring devices present the advantage
of reduced dimensions, high radiation hardness, and immu-
nity to the electronic noise since the photoluminescence (PL)
and OSL signals, as well as the IR stimulation light, are
transmitted by optical ways.

Apart from charge-storage properties, rare-earth acti-
vated alkaline-earth sulfides have short luminescence life-
times and fast charge conversion that have been rarely ex-
plored in literature. The natural extension of the radiation
monitoring with fibered SrS:Ce,Sm crystals in hostile radia-
tion environments is therefore the simultaneous application
in the detection of very high speed phenomena. Examples of
those are the pp collisions at the interaction points of the
ATLAS and CMS experiments of the CERN Large Hadron
Collider (LHC)." There, the 7 TeV proton bunch interac-
tions, spaced by 25 ns, generate a harsh radiation field of
10" p/cm?, composed mostly of pions, over ten years of
operation. Radiation hard detectors able to monitor the cross-
ing beams on a bunch-by-bunch basis are being developed to
detect anomalous beam events that would cause a back-
ground to the normal events of colliding protons (for ex-
ample, beam gas interactions) or, even more drastically,
cause a danger to the detectors of the experiments them-
selves.

For detecting fast phenomena, the time response charac-
teristics of the SrS:Ce,Sm needs to be evaluated in detail. For

© 2007 American Institute of Physics
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this purpose, time-resolved measurements at PL and OSL
excitation wavelengths were performed. With this technique,
a SrS:Ce,Sm sample is excited by a series of optical pulses
that generate a repetition of emission/relaxation phases that
are subsequently recorded by a streak camera."*

Similar studies have been reported in literature for SrS
and CaS activated with Eu and Sm using excitation sources
on the nanosecond" and picosecond16 scales. In those ex-
periments, the excitation light had a minimum pulse duration
of 20 ps. Time-resolved PL and OSL experiments of Sr-
S:Ce,Sm, excited by 2 ps laser pulses, are reported and dis-
cussed here. The results are analyzed by using the existing
models for the SrS:Ce,Sm phosphor and discussed in con-
nection with its potential applications where the lumines-
cence lifetime has to be considered as a crucial parameter,
namely, “bunch-by-bunch” particle detection in HEP and the
readout speed in charge-storage applications.

Il. MATERIAL AND EXPERIMENTAL DETAILS

The SrS host sulfide has been obtained following the
procedure described elsewhere.'” The final material presents
concentrations in Ce and Sm on the order of 0.1 wt % and
0.05 wt %, respectively.8 For time-resolved experiments, a
SrS:Ce,Sm crystal of a few mm? has been selected according
to the intensity of its UV-excited luminescence. This crystal
was polished on one side in order to minimize the diffusion
of the excition photons provided by the laser light.

The experiments have been carried out with a time-
resolved spectroscopy setup consisting in a continuous-mode
Ar** laser, pumping a Al,O5:Ti cavity that delivers laser
pulses with duration of 2 ps and fundamental frequency (wy)
in the near IR. Before reaching the sample, nonlinear crystals
were used to generate photons with increased frequency until
the UV range, while a pulse picker allows the selection of the
repetition rate of the laser pulses. For the experiments pre-
sented in this article, OSL measurements have been per-
formed with A=805 nm with an energy of 5 nJ per pulse,
while PL excitations were provided with photons at 3w, (i.e.,
A=260 nm) and energy of about 5 pJ per pulse. The repeti-
tion rate has been set to 80 kHz, which corresponds to the
delivery of one laser pulse every 12.5 us. The choice of such
a repetition period has been adapted to the luminescence
phenomenon under observation.

The PL and OSL signals emitted at RT (21 °C) by the
excited SrS:Ce,Sm crystal were analyzed by a spectrometer
(focal length of 500 mm with 150 g/mm grating) and time
resolved by means of a Hamamatsu C4334 streak camera. In
order to suppress the photons diffused by the sample at the
UV (A<400 nm) and IR (A>700 nm) excitation wave-
lengths, a series of complementary filters has been installed
in front of the spectrometer slit. The streak camera was used,
in our experiment, to produce images of the luminescent sig-
nal (640X480 pixels) over a spectroscopic window of
60 nm centered on a selectable wavelength (\,.), for the hori-
zontal scale, and with a minimum time sweep range of 50 ns,
for the vertical scale.

For PL measurements, 2 ps UV-pulse trains are sent on
the SrS:Ce,Sm, and the corresponding luminescence, emitted
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FIG. 1. Photoluminescent (PL) spectra from the SrS:Ce,Sm phosphor fol-
lowing a 260 nm excitation. The curves a, b, and c refer to different inte-
gration time windows over the streak camera images. The intensities of the
different spectra (in arbitrary units) have not been normalized.

after each pulse, is integrated in order to obtain a proper
statistics. The same approach has been used for the OSL
measurements. In this case, the trapped charge has been first
generated at RT by exposing the material for 5 min to a
constant flux of UV light with 254 nm wavelength from a
6 W lamp. The 2 ps IR-pulse train was then started immedi-
ately after the UV exposure since no afterglow phenomena
were observed in the SrS:Ce,Sm under test. The trapped
electrons freed during stimulation generate an OSL signal
that decreases with increasing stimulation time. The IR
stimulation was therefore run until the material was com-
pletely depleted by the laser pulse train. In order to improve
the signal-to-noise-ratio of the OSL, the above procedure has
been repeated 20 times and the different OSL images have
been averaged during data analysis.

lll. RESULTS
A. Spectral analysis

Figure 1 shows the time-resolved PL spectra measured
upon laser excitation at 260 nm. The three curves (labeled
a—c) refer to PL spectra integrated over different time inter-
vals following the UV excitation. The a curve shows the
fast-luminescent spectrum recorded in the first 50 ns after
excitation, which presents an intense peak at 486 nm and a
shoulder at 536 nm. This spectrum remains essentially un-
changed, when the integration time is extended to 500 ns
(curve b of Fig. 1). The PL spectrum recorded after 500 ns
from the stimulation and integrated over a longer time range
(until 10 us) presents a completely different behavior, as
shown in curve c of Fig. 1. Two new weak emission lines
appear at 566 and 601 nm, while the previous fast spectrum
is completely extinguished.

An update on the optical proprieties of the Montpellier’s
SrS:Ce,Sm phosphor has been recently published by Lapraz
et al."® and reprinted here in Fig. 2. According to this work
and other independent sources'” investigating Ce-doped SrS
phosphors, the intense fast emissions observed at 486 and
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FIG. 2. OSL mechanisms as reviewed in Ref. 18 following the Keller
model. During exposure to UV light, electrons and holes are produced in the
conduction and in the valence band of the SrS. Part of this energy is stored
in metastable levels modifying the valence states of the two activators, ini-
tially in the trivalent (+3) state: Ce** become Ce**, while Sm** become
Sm”* acting as an electron trap. Under IR stimulation, the trapped electron is
ejected via the conduction band, then is recombined with Ce** becoming an
excited state of Ce*". The return to the ground state of Ce>* gives the
observed characteristic Ce** emissions. In the same way, at much lower rate,
electrons can directly recombine within the Sm3* levels, emitting a series of
weak characteristic lines.

536 nm are due to transitions from the 5d state to the 4f
(*Fs5)5,7F,,) state of the Ce>* activator ion. Since the 4f state
of the activator is shielded from the influence of the sur-
rounding, the crystal field of the host material causes only a
small perturbation to the 4f state. The energy separation be-
tween the *F 52> and the ’F 22 levels of the 4f state in sulfides
remains, therefore, approximately the same as in the free ion
generating these two typical emission bands. On the other
hand, the 5d state is sensitive to the crystal field and strongly
couples with the SrS lattice vibrations, as shown in Fig. 2.

The long-lasting weak emissions rather arise from the
transitions 4f (*Gsj,) —4f (°Hs;,,°Hs,,) of the Sm>* coacti-
vator ion (see the right-hand side of Fig. 2). Following Ref.
20, this long-lived luminescence is due to the particular local
environment of the Sm>* ion, formed by charge compensa-
tion, in the lattice position of the SrS host. This characteristic
luminescence is the evidence that Sm** ion induces defects
in the crystal lattice that are thought to be involved in elec-
tron trapping and, in turn, responsible for the storability pro-
prieties of this particular SrS phosphor.21 The characteristic
PL spectrum of the Sm*" ion extends above 600 nm with
other characteristic lines'® that have not been measured in
this study.

B. Photoluminescence measurements

In order to measure the characteristic times of the fast
Ce’* PL emissions, Fig. 3 shows the decay curve of the
luminescence signal following 2 ps UV-laser excitation re-
corded over a 500 ns time window. Although it has been
observed that all wavelengths of the fast-luminescent spec-
trum have similar time behaviors, the quantitative analysis
has been done by integrating only the PL signal correspond-
ing to the main Ce** emission (spectroscopy windows cen-
tered at \,=490+30 nm). The Ce*" light-emitting mecha-
nism can be summarized with the following classical first-
order reaction scheme for the production of luminescence:**
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FIG. 3. Photoluminescent (PL) decay curve from the SrS:Ce,Sm phosphor
following a 260 nm excitation over a 500 ns time base. The curve has been
recorded in the spectral range 490+30 nm corresponding to the main Ce**
emission. The dotted curve represents the temporal behavior of the 260 nm,
2 ps laser pulse as recorded by the streak scope.

fast T
k
Ce** + hv,—Ce*™ —Ce* + hv,, (1)

where v; and v, are the frequencies of the exciting and emit-
ted photons, respectively, when the excitation rate, indicated
by “fast” in Eq. (1), is higher than the emission rates (7;).
Following this scheme, the luminescence rise and decay
curves can be fitted with the sum of exponential functions.
For all data presented in this work, the fitting functions have
been convoluted with the whole apparatus response that is a
Gaussian function of a given standard deviation (see dotted
lines in the presented figures).

As shown in Fig. 3, upon excitation at A=260 nm, the
initial stage of the luminescence follows a pure exponential
decay characterized by a time constant (7;) of 36+1 ns. This
value is typical for the lifetime of the Ce** 5d— 4f transi-
tions, as measured in different scintillating materials.”>
Bibliographic values for 7; in Ce-doped inorganic materials
lie in the 20—30 ns range. Although the luminescence is al-
ways emitted by transitions between electronic levels of the
activator ion, the variations in 7; for different scintillating
materials can be explained with the strong coupling of the
Ce3* 5d state with the crystal field of the host compound, as
already mentioned in the previous section. Even if the decay
curve quickly reaches the noise level, the exponential PL
decay also presents a slower exponential tail that can be
characterized with a second time constant (7,) of 165+20 ns.

In order to measure the rise time of the Ce** photolumi-
nescence, a second image has been taken on a 50 ns time
scale, as shown in Fig. 5. From the picture, it is clear that the
luminescence rises with a finite time after the excitation by
the sharp laser pulse (dotted Gaussian shape in Fig. 5 with
full width at half maximum of 0.42 ns). Fitting this new data
set with a double-exponential curve, using the previously
measured decay time (7;) as parameter, is then possible to
obtain a luminescent rise time constant (7, p;) of 2.5+0.5 ns.
This measurement shows that the energy transfers from the
excitons to Ce’* ions are fast and efficient.
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FIG. 4. Optically stimulated luminescence (OSL) decay curve from the
SrS:Ce,Sm phosphor following an 805 nm excitation over a 500 ns time
base. The curve has been recorded in the spectral range 490+30 nm corre-
sponding to the main Ce** emission. The trapped charge was previously
generated in the material by exposing it for 5 min to a constant flux of
254 nm UV light. The fist stage of the exponential luminescent decay is here
again well fitted with a lifetime (7;) of 36 ns. The tail of the OSL is not
measurable (n.m.) here since the weak OSL emission falls quickly down to
the noise level.

C. Optically stimulated luminescence measurements

The measurements presented in the previous section
have been repeated in the OSL regime stimulating with IR-
laser pulses the charges stored in the SrS:Ce,Sm phosphor by
a previous UV-light exposure. As shown in Fig. 4, OSL mea-
surements over a 500 ns scale revealed the same emission
spectrum with an equal characteristic lifetime 7 to that for
the luminescence decay obtained in the PL experiment (Fig.
3). Due to the low intensity of the recorded OSL signal, it
was not possible, in this case, the measurement of a second
characteristic lifetime. Nevertheless, this result confirms the
predominant role of the activator ion in the fast-luminescent
emission process in both OSL and PL phenomena.

Figure 5 also shows the OSL time-resolved measurement
over a 50 ns time scale. The best fit of the OSL gives a rise
time constant (7, og1) of 5.0x1 ns. The error affecting the
measurement is here increased due to the lower statistic of
the OSL signal as visible looking at the scattering of the
points in the luminescent curve decay. This is due to the
experimental difficulty in measuring a luminescent signal
that quickly depletes over time in the OSL experiment.

The luminescence rise time in OSL turns out to be
5.0£1 ns, that is, 2.5 ns longer with respect the one mea-
sured in the PL experiments. The origin of this delay in the
OSL signal buildup can be here interpreted by using the ex-
isting OSL models. Under IR stimulation, the trapped elec-
trons are ejected from the Sm>* centers and raised to the
conduction band of the host material, as shown in Fig. 2. The
following recombination of the electrons with the Ce** acti-
vator ion brings it to an excited state. The final return to its
ground state gives the observed characteristic emission mea-
sured in the OSL experiments. This model was first proposed
by Keller et al*® in 1958. Nowadays, the real nature of the
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FIG. 5. PL and OSL rise/decay curves from the SrS:Ce,Sm phosphor fol-
lowing 260 and 805 nm laser excitations over a 50 ns time base. The dotted
curve represents the temporal behavior of the 2 ps laser pulses as recorded
by the streak scope.

trapping Sm*? states is still under discussion,”’ and some
authors also believe that electron transfer does not involve
the conduction band* but that it can take place directly within
the defect complexes formed by the rare earths with the sul-
fide ions.”’

The experimental data presented here do not bring any
element in favor of or against the different OSL microscopic
models for the SrS:Ce,Sm. However, it is important to re-
member that the charge detrapping step is the key element
that makes the difference between the OSL and the PL ex-
periments. In fact, the PL signal is generated by direct exci-
tation of the Ce* activator ion following the absorption of
the energetic UV-laser photons (4.8 eV) and without involv-
ing the charge trapped in the coactivator states (Sm*?).

The difference in the rise time of the two luminescent
curves measured in this work can therefore be considered as
a valuable indication of the rapidity of the charge conversion
of the investigated SrS:Ce,Sm material.

IV. DISCUSSION AND CONCLUSION

Time-resolved measurements have been carried out on
the SrS:Ce,Sm OSL material synthetized at the University
Montpellier II in France. The lifetime of the luminescent
decay (7,), in both OSL and PL experiments, has been found
to be equal to 36+ 1 ns. This value, determined by the acti-
vator ion species, agrees with the typical luminescence life-
time of Ce-activated fast inorganic scintillating crystals and
extends a previous work of Gasiot et al.’ on doubly activated
SrS phosphors. A slower lifetime tail (=165 ns) in the PL
decay has also been measured. A detailed discussion of this
second luminescent stage has not been possible since the
luminescent signal fell quickly down to the noise level.

The measured decay time shows that the investigated
material is not adapted for the detection of very fast phenom-
ena (7225 ns) in harsh radiation fields, as in the case of the
next generation of HEP experiments like the ones at the
CERN LHC. For this latter application, organic scintillators
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and chemical vapor deposition diamond detectors remain
still the best compromise joining a faster response time
(about one order of magnitude lower than the one measured
here for our SrS phosphor) and good radiation hardness.

On the other hand, this work provides a direct measure-
ment on the charge conversion time in the SrS:Ce,Sm by
comparing the results of the PL and OSL measurements. The
characteristic time for the charge detrapping has been mea-
sured here to be 2.5+ 1 ns. This time is of importance, con-
sidering the possibility to use this stimulable phosphor in
optical memory applications. Details on these applications
are available in Refs. 6 and 7. Although the following radia-
tive transition takes several tens of nanoseconds, the possi-
bility to perform the “read” process of the stored information
(e.g., trapped electrons) on a nanosecond time scale is an
interesting prospect. Moreover, it should be pointed out that
this detrapping time might be strongly affected by the degree
of filling of the trapping states and by the power of the
stimulating IR-laser light. These possible dependences sug-
gest further investigations on this phosphor with repeated
time-resolved experiments.
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