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ce nonlinearity and picosecond
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excited by a 266 nm ultraviolet laser
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Lutetium–yttrium oxyorthosilicate doped with cerium (LYSO:Ce) is a widely used scintillator, and the study

of its nonlinear behavior under high excitation density is very significant owing to its direct influence on

radiation measurements. Using a 266 nm ultraviolet laser to excite an LYSO:Ce crystal, the relationship

between the photoluminescence (PL) light yield and excitation density was studied by Z scan

experiments. The excitation threshold of the LYSO:Ce was obtained, which is about 2.3 J cm�3.

Picosecond transient absorption of LYSO:Ce at 800 nm was obtained and used to analyze the dynamic

process of carriers. The physical mechanism behind the nonlinearity was discussed and analyzed using

the Förster dipole–dipole interaction model, and the interaction characteristic radius was obtained by

fitting. This work can help us understand the nonlinearity phenomenon in scintillators and provide

references for related radiation detection applications.
1. Introduction

Scintillators are widely used to detect g/X-rays and charged
particles. It is known that the light yield of scintillators is not
always completely proportional to the absorbed energy, and the
deviation between light yield and absorbed energy is called
nonlinearity or nonproportionality.1–3 Recently, high peak
brightness sources such as free electron lasers (FELs) and laser
Compton scattering sources (LCSs) have been developed and
applied in different elds. The nonlinearity of scintillators
under high excitation density brings new challenges to accurate
radiation measurements. Studying this effect is helpful for the
accurate diagnosis of source parameters and relevant applica-
tions.4–6 As an ideal means, ultraviolet laser photoexcitation can
be used to quantitatively study the nonlinearity of scintillator
crystals.7–9 In this paper, the nonlinearity of an LYSO:Ce scin-
tillator excited by an ultraviolet laser at high excitation uence
was studied. In addition, picosecond transient absorption of
LYSO:Ce at 800 nm was obtained by pump–probe experiments
and used to analyze the dynamic process of carriers.

In 1990, Melcher invented lutetium oxyorthosilicate doped
with cerium (LSO:Ce).10 It has fast time response, high lumi-
nescence yield, strong radiation resistance and no deliques-
cence, which is particularly suited to high energy physics and
nuclear medicine imaging. However, its disadvantage is that
hua University, 100084, Beijing, China.

logy, 710024, Xi'an, China. E-mail:

024
lutetium has natural radioactivity, which can cause strong
background. The performance of LYSO is similar to that of LSO,
but with the addition of yttrium element, the difficulty of crystal
growth and manufacturing process is reduced. Therefore, it is
considered as one of the inorganic scintillation materials with
best comprehensive performance, which can be widely used in
different application scenarios. This work can help us to
understand the properties of LYSO crystal and guide related
application, such as high-energy physics experiments and
improved medical imaging devices.

2. Experiments

The experiment was set as shown in the Fig. 1. The laser used in
the experiment was a 800 nm Ti:sapphire laser. Aer third
harmonic generation and longitudinal shaping, a 266 nm laser
Fig. 1 Schematic diagram of Z scan experiment settings.
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Fig. 2 Schematic diagram of pump–probe experiment settings.

Fig. 3 PL decay curves at different distances from focal spot.
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with pulse width 10 ps and repetition rate 10 Hz was obtained as
the excitation source. The focusing lens (f ¼ 300 mm) was
placed on an optical translation stage, and the LYSO crystal was
xed perpendicularly to the direction of the laser beam. The
photoluminescence (PL) light pulses were detected and recor-
ded by a phototube and a digital oscilloscope. The phototube we
used was a GD40 with rise time about 0.5 ns and linear current
about 10 A. And the laser power and spot size were obtained by
a laser power meter and a M2 beam quality analyzer (Thorlabs
BC106-UV). The laser energy was about 160.4 mJ, the diameter of
the focal spot was about 80 mm, and the M2 was about 4.24.
Then, interband laser Z-scan experiment technology was used,
which is oen used to measure the optical nonlinear charac-
teristics of crystals. By changing the distance between the
sample and the laser beam focus, the number of photons on the
crystal was same but the uence was different because the size
of the laser spot on the crystal was different. Therefore, the PL
decay curves of LYSO:Ce under different uence were obtained.
Some of the experimental results have been presented in ref. 11.
The LYSO:Ce crystal sample used in the experiment was 5 cm in
diameter and 3 mm in thickness, which was Lu1.9Y0.1SiO5 with
0.5 mol% Ce doping concentration (4 � 1020 cm�3) and was
fabricated by Shanghai Epic Crystal Co., Ltd. (China).

In addition, a pump–probe system has been set up to study
the dynamic process of carriers in LYSO:Ce excited by 266 nm
laser. The optical path diagram are shown in Fig. 2. The 800 nm
laser beam was divided into two laser beams by a beam splitter.
One of them was used to form 266 nm ultraviolet laser through
third harmonic generation and as pump laser to excite sample
aer through a delay line and a chopper. The other 800 nm laser
beam was divided into two beams by a beam splitter again, one
beam through the sample unexcited region and the other
through the excited region. Then the 800 nm laser beam
through the sample were received by the two photocathodes of
balanced photodetectors respectively, and the difference signal
was input into the lock-in amplier. The carrier dynamic
process can be studied by the change of LYSO:Ce crystal
absorption optical density (OD) at 800 nm. The pulse width of
800 nm laser was about 100 fs, so the time resolution of the
experiment was less than 200 fs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3. Results

In the experiment, PL decay curves of LYSO:Ce scintillator
excited at different distances from focal spot were obtained,
some of which are shown in Fig. 3. We used the intensity of
time-integrated PL decay curve as PL yield, and normalized PL
yield at different distance from focal spot are shown in Fig. 4. It can
be seen from Fig. 4 that the normalized PL yield of LYSO scintil-
lator gradually decreases with the decrease of distance from focal
spot, namely the increase of laser uence. And the relation curves
between PL yield and laser uence were plotted in Fig. 5. The PL
yield remains nearly constant from 0 to about 10�1 J cm�2 and
then drops abruptly to about 20% before the uence reaches 1 J
cm�2, and some points in Fig. 5 higher than 1 may be from
experimental error which can also be seen in Fig. 4.

In order to analyze the effect of excitation density on pho-
toluminescence decay behavior, normalized PL decay curves in
two different distance have been plotted in Fig. 6. From Fig. 6,
we can see that PL decay behavior is almost unaffected by the
excitation density which is decided by the distance between the
sample and the laser beam focus (Z) in our experiment. It is
usually assumed that luminescence in LYSO:Ce is from radia-
tive recombination of the Ce3+ state 5d1, and the luminescence
decay time is determined by the rate of this radiative
RSC Adv., 2021, 11, 17020–17024 | 17021
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Fig. 4 Normalized PL yield at different distances from focal spot.

Fig. 5 Normalized PL yield with laser fluence.

Fig. 7 OD decay curve of LYSO:Ce crystal at 800 nm.
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recombination. Therefore, we believe that the quenching
process is faster than the radiation recombination, which may
exceed the temporal resolution of the detection system.
However, the pump–probe experiment can realize the detection
of this ultra-fast process.

In pump–probe experiments, the normalized OD value of
LYSO:Ce crystal at 800 nm within about 60 ps aer excitation
has been obtained. In order to study the time characteristics of
Fig. 6 PL decay curves at two different distances.

17022 | RSC Adv., 2021, 11, 17020–17024
carrier dynamics process within picosecond scale, the decay
curve was tted by double exponential function as eqn (1).

y ¼ A1 exp(�x/t1) + A2(�x/t2) + y0 (1)

The experimental results and the corresponding tting
results are shown in Fig. 7. The tting parameters are shown in
Table 1, from which we can see that there are fast process (�2
ps) and slow process (�20 ps) in LYSO:Ce excited by 266 nm
laser.

In order to study the effect of excitation density on carrier
dynamics process, the OD decay curves of LYSO crystal at
800 nm excited by different intensity laser pulses were obtained.
The normalized OD decay curves are shown in Fig. 8. It can be
seen that the decay of OD curves is affected by the laser pulse
energy namely excitation density. The OD curve is basically
consistent within a certain range, but when the excitation
density is low, the fast process is reduced while the slow process
is basically constant. From this, we can draw one conclusion
that the fast process comes from high density carriers, which
will be weakened as the decrease of the carrier concentration
due to low excitation density.
4. Discussion

It is necessary to know the luminescence mechanism of scin-
tillators to study scintillator nonlinearity.12–14 For different
scintillators, the luminescence mechanism is different.
According to previous study, the luminescence center of
LYSO:Ce scintillator is Ce3+ ion, which is used as activators. In
our experiments, the excitation laser photon energy is 4.66 eV,
which is lower than the energy gap 6.2 eV of LYSO.15 However,
from the absorption spectra of LYSO(Ce) shown in Fig. 9, the
laser photo can excite the Ce3+ from the ground state to the
third excited state. And there will existence a Frenkel exciton
Table 1 Fitting parameters of the double exponential function given in
eqn (1) for LYSO:Ce scintillator

Fitting parameters y0 A1 t1 (ps) A2 t2 (ps)
LYSO 0.404 0.330 20.8 0.280 2.56

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1RA00347J


Fig. 8 Normalized OD decay curves of LYSO:Ce excited by different
energy laser pulses.

Fig. 10 Fit of PL efficiency with laser fluence.
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based on excited state of Ce3+ with 4f hole component and 5d
electron component.16 And in pump–probe experiments, pump
photon is used to excite the Ce3+, and the probe photon can be
absorbed by the excited Ce3+ to higher excited state.23

The decrease of PL yield under high excitation density shown
in Fig. 4 and 5 means that quenching process occurs. The
results of picosecond transient absorption of LYSO:Ce at
800 nm by means of pump–probe experiments shows there is
fast quenching process which is more obvious at high excitation
density. In our experiments, high density Frenkel excitons are
created by photo-excited, whose quenching process can be
explained by Förster dipole–dipole interaction.17–19 Therefore,
this allows us to use an approach developed for excitonic
emission given by20–22 to obtain a rough estimate of the Ce3+

activators emission under high excitation density, from which
we can obtain the relationship between the total PL yield Itot
with laser pulse energy I0 as eqn (2).

Itot ¼
ðN
0

�
sI0

sr
e�t=sr

�Li2ð�xn0Þ
xn0

�
dt; x ¼ 2p2

3
Rded

3 erf

� ffiffiffiffi
t

sr

r �
(2)

In eqn (2), I0 is the number of photons in a laser pulse which
is the same in our experiments, s is the excitation efficiency
Fig. 9 Absorption spectra of LYSO(Ce).

© 2021 The Author(s). Published by the Royal Society of Chemistry
which stands for the number of excitons created by one photon,

sr is the radiation decay time, Li2ðxÞ ¼
PN
k¼1

xk=k2 is dilogarthmic

function, Rd–d is characteristic radius of Förster interaction, and
n0 ¼ sI0a/pa

2 is the initial exciton density where a is the Gauss
radius of laser beam and a is the absorption coefficient of
LYSO:Ce crystal at 266 nm.

The above model was used to t the data obtained from our
experiments, and the relation curves of PL yield with laser pulse
uence (Z) was tted in Fig. 10. In Fig. 10, we used eqn (2) to t
the relationship between PL yield Itot and laser uence F ¼ I0/
pa2 ¼ n0/sa, where the tting parameters obtained is the
characteristic radius Rd–d ¼ 5.2 nm, and the value of Rd–d is
approximate with that obtained from other scintillator mate-
rials in ref. 20–22. From the tting result, we can see that the
model used here roughly agrees with the experiment data.
However, there is also the possibility of the Auger process that is
well-known interaction for high-density carriers in semi-
conductors, which may be one of the reasons for the difference
between the tting curve and the experimental data.

From Fig. 4 and 5, we can see that the PL luminous efficiency
remains constant in a certain range of low excitation uence, so
we dene the excitation density corresponding to a 10%
reduction in luminous efficiency as the nonlinear threshold of
the scintillator. The laser uence threshold F and the deposi-
tion energy density threshold D corresponding to 10% PL effi-
ciency nonlinearity of the scintillator LYSO:Ce have been shown
in Table 2, where D ¼ Fa, and a is the measured absorption
coefficient of LYSO:Ce crystal at 266 nm. From Table 2, we can
see that the nonlinearity of LYSO:Ce crystal exceeds 10% when
the energy density threshold is above 2.3 J cm�3. However, the
accuracy in determination of the real excitation energy density
at optical excitation is really a problem, so the error obtained
here may be more than 10%.
Table 2 Laser fluence F and energy density threshold D corre-
sponding to 10% nonlinearity of LYSO(Ce)

Scintillator F (J cm�2) a (cm�1)
D
(J cm�3)

LYSO(Ce) 0.024 95 � 5 2.3

RSC Adv., 2021, 11, 17020–17024 | 17023
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5. Conclusion

We studied the relationship between photoluminescence yield
of LYSO:Ce and excitation uence with 266 nm ultraviolet laser
excitation by Z scan experiments. The experiment results show
that the nonlinear response of LYSO:Ce crystal increases with
laser excitation uence. When the deposition energy density is
greater than 2.3 J cm�3, the PL yield nonlinearity of LYSO:Ce
crystal exceeds 10%. Picosecond transient absorption of
LYSO:Ce at 800 nm by means of pump–probe experiments has
been used to analyze dynamic process of carriers. And the
nonlinearity can been explained and calculated by Förster
interaction at high excitation density. The radiative recombi-
nation process in a similar way aer both radiation and optical
excitation in LYSO:Ce.23 Therefore, the experimental results of
optical excitation can also be used for reference in the case of
radiation excitation. This work provides a reference for related
radiation detection applications based on LYSO:Ce crystal to
avoid exceeding the energy threshold, and it is also helpful for
us to understand nonlinearity of different scintillators. Further
experiments will be done with different types of scintillators,
and the physical mechanisms behind the phenomenon worth
more in-depth research.
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