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Abstract. Because of their high stopping power (X0 = 1.14 cm) and fast (t = 40 ns) and
bright (4 times of BGO) scintillation cerium doped silicate based heavy crystal scintillators
(LSO and LYSO) have attracted a broad interest in the high energy physics community pursuing
precision electromagnetic calorimeter for future high energy physics experiments. Their excellent
radiation hardness against γ-rays, neutrons and charged hadrons also makes them a preferred
material for calorimeters to be operated in a severe radiation environment, such as the HL-LHC.
The optical and scintillation properties and its radiation hardness against γ-ray irradiations up
to 1 Mrad are presented for the first 2.5 × 2.5 × 28 cm LYSO sample. An absorption band was
found at the seed end of this sample and three other long samples, which was traced back to
a bad seed crystal used in the corresponding crystal growth process. Significant progresses in
optical and scintillation properties were achieved for large size LYSO crystals after eliminating
this absorption band. Their application in future HEP experiments at HL-LHC are discussed.

1. Introduction
In the last two decades, cerium doped silicate based heavy crystal scintillators have been
developed for the medical industry. As of today, mass production capabilities of lutetium
oxyorthosilicate (LSO) [1] and lutetium-yttrium oxyorthosilicate (LYSO) [2, 3] are established.
Because of their high stopping power (ρ = 7.4 g/cm3, X0 = 1.14 cm and RMoliere = 2.07
cm), high light yield (about 4 times of BGO) and fast decay time (τ = ∼40 ns) these crystals
have also attracted a broad interest in the physics community for future high energy physics
experiments [4], such as the proposed SuperB forward endcap calorimeter [5], the KLOE
experiment [6] and the Mu2e experiment [7]. Investigations on large size (2.5 × 2.5 × 20 cm)
LSO/LYSO crystals also show that this new generation of inorganic crystal scintillators has
excellent radiation hardness against γ-rays [8], neutrons [9] and charged hadrons [10]. This
material thus may also be considered for calorimeters to be operated in a severe radiation
environment, such as the HL-LHC, and seems the only suitable scintillator for which mass-
production capability is presently available.

The main obstacles of using this material in the experimental physics are two fold: the
availability of high quality crystals in sufficiently large size and the high cost associated with
their raw material cost and high melting point (>2,000oC). An effort has been made at Sichuan
Institute of Piezoelectric and Acousto-optic Technology (SIPAT), Chongqing, China, to grow
large size (up to 28 cm or 25 X0 long) LSO and LYSO crystals for high energy physics
applications. In this work, the first 2.5 × 2.5 × 28 cm LYSO sample from SIPAT is evaluated,
including its optical and scintillation properties and its radiation hardness against γ-rays up to
1 Mrad. Poor longitudinal transmittance was observed in this sample, which was found to be
caused by an absorption band at the seed end. After removing this absorption band both the
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optical and scintillation properties are improved significantly for large size samples. This report
is a part of an on-going R&D program to further develop this material to be of practical use at
the HL-LHC.

2. 20 cm long LSO/LYSO Crystal Crystals
Large size LSO and LYSO crystals are routinely grown in industry [11]. Figure 1 shows four long
crystal samples of 2.5 × 2.5 × 20 cm3 from CTI Molecular Imaging (CTI), Crystal Photonics,
Inc. (CPI), Saint-Gobain Ceramics & Plastics, Inc. (Saint-Gobain) and Sichuan Institute of
Piezoelectric and Acousto-optic Technology (SIPAT). Figure 2 shows the spectra of 0.51 MeV
γ-rays from a 22Na source observed with coincidence triggers [11]. The readout devices used are
a Hamamatsu R1306 PMT (Left) and two Hamamatsu S8664-55 APDs (Right). The FWHM
resolution for the 0.51 MeV γ-ray is about 12% for the PMT readout, which can be compared
to 15% for the BGO sample. With the APD readout, the γ-ray peaks are clearly visible. The
energy equivalent readout noise was less than 40 keV for these long LSO and LYSO samples.

Figure 1. A photo shows four long crystal samples with dimension of 2.5× 2.5× 20 cm3.

LSO/LYSO crystals is also found to be much more radiation hard than other crystals
commonly used in high energy and nuclear physics experiment, such as BGO, CsI(Tl) and
PbWO4 [12]. Their scintillation mechanism is not damaged by γ-ray irradiation. Radiation
damage in LSO and LYSO crystals recovers very slow under room temperature but can be
completely cured by thermal annealing at 300◦C for ten hours. The energy equivalent γ-
ray induced readout noise was estimated to be about 0.2 MeV and 1 MeV respectively in a
radiation environment of 15 rad/h and 500 rad/h for LSO and LYSO samples of 2.5× 2.5× 20
cm3 [8]. Figure 3 (Left) shows an expanded view of the longitudinal transmittance spectra
for three samples before and after several steps of the γ-ray irradiation with integrated dose
of 102, 104 and 106 rad. Also shown in the figure is the corresponding numerical values of
the photo-luminescence weighted longitudinal transmittance (EWLT ). Figure 3 (Right) shows
the normalized average light output as a function of integrated dose for five long samples from
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Figure 2. The spectra of 0.511 MeV γ-rays from a 22Na source, measured by a Hamamatsu
R1306 PMT (Left) and two Hamamatsu S8664-55 APDs (Right), with a coincidence trigger for
four long LSO and LYSO samples from CTI, CPI, Saint-Gobain and SIPAT.
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Figure 3. Left: The longitudinal transmittance spectra are shown as a function of wavelength
in an expanded scale together with the photo-luminescence spectra for four LSO and LYSO
samples before and after the irradiation with integrated doses of 102, 104 and 106 rad. Right:
The normalized light output is shown as a function of the integration dose for four long LSO
and LYSO samples with PMT (top) and APD (bottom) as the readout devices.
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various vendors. It is interesting to note that all samples show consistent radiation resistance
with degradations of both the light output and transmittance at 10 to 15% level after γ-ray
irradiation with an integrated dose of 1 Mrad.

3. The First 28 cm long LYSO Sample
Figure 4 is a photo showing a LYSO ingot (top) and the first 2.5 × 2.5 × 28 cm LYSO sample
(bottom) grown at SIPAT. The diameter of the ingot is about 60 mm and the length of the
constant diameter is about 310 mm. From this ingot the first 28 cm long LYSO sample (SIPAT-
LYSO-L7) was obtained.

Figure 4. Top: A LYSO ingot grown by SIPAT with constant diameter of 60 mm and 310 mm
long (top). Bottom: The first 25 X0 long LYSO sample of 25 × 25 × 280 mm cut from the
ingot.

All six surfaces of the sample are polished. Its dimension is found to be within 100 µm
tolerance to the nominal values. The sample is colorless, crack free, without any visible
inclusion. No thermal treatment was applied before the initial measurements. According to
the manufacturer, the yttrium concentration is about 7%. The nominal cerium doping level is
about 0.2%. The actual cerium concentration in the sample, however, would be less than the
nominal value because of the cerium segregation. The distribution of the cerium concentration
along the long sample’s axis is not uniform.

The UV excited photo-luminescence spectra at two ends of the sample were measured by
a Hitachi F-4500 fluorescence spectrophotometer. The angle between the sample normal and
the excitation beam is set to be 10o to avoid internal absorption of the crystal [13]. The Left
plot of Figure 5 shows the excitation (dashed lines) and photo-luminescence (solid lines) spectra
measured at the seed (top) and tail (bottom) end of SIPAT-LYSO-L7. Both the excitation and
emission spectra are consistent between these two ends, indicating no deviation of scintillation
along the crystal.

The longitudinal and transverse transmittance spectra were measured using a Perkin Elmer
Lambda 950 spectrophotometer equipped with double beam, double monochromator and a
general purpose optical bench (GPOB) with light path up to 40 cm. The systematic uncertainty
in repeated measurements is about 0.15%.

The right plot of Figure 5 shows the longitudinal transmittance spectrum (black line) for
SIPAT-LYSO-L7. Also shown in this figure are the theoretical limits of the transmittance
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Figure 5. Left: The excitation (dashes lines) and photo-luminescence (solid lines) spectra are
shown as a function of wavelength for SIPAT-LYSO-L7. Right: The longitudinal transmittance
spectrum (black lines) is shown as a function of wavelength for SIPAT-LYSO-L7 together with
the theoretical limits (black dots).

(black dots) calculated by using the refractive index of LYSO [13]. Taking into account multiple
bouncing between two end surfaces the theoretical limits of the transmittance without internal
absorption can be calculated as [14]

Ts = (1− R)2 + R2(1 − R)2 + ...

= (1− R)/(1 + R), (1)

where

R =
(ncrystal − nair)

2

(ncrystal + nair)2
, (2)

where ncrystal and nair are the refractive index of crystal and air respectively, which is a function
of wavelength.

A comparison of the measured optical transmittance and its theoretical limit reveals sample’s
overall optical quality. Poor transmittance was found between 400 nm and 600 nm. The left
plot of Figure 6 shows the transverse transmittance spectra measured every 2 cm from the
seed (curve-1) to the tail (curve-13) end. A large divergence of the transverse transmittance
spectra between 400 and 600 nm is observed. The insert shows an expanded view between 420
nm and 450 nm, illustrating clearly the degradation of transmittance from the tail end to the
seed end. While the transverse transmittance measured at 2 cm from the tail end (curve-13)
is very good, that measured at 2 cm from the seed end is rather poor. From these spectra
alone one can not judge if the poor transmittance observed at the seed end is caused by internal
absorption or scattering. Also shown in this figure is the cut-off wavelength for the transverse
transmittance. It is defined as the wavelength at which the transmittance value is 50% of the
theoretical value at 600 nm. From the numerical values of the cut-off wavelength one may
extract the cerium concentration by using an established correlation. This will be discussed in
our future publication.
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Figure 6. Left: The transverse transmittance spectra measured every 2 cm from the seed
(curve-1) to the tail (curve-13) end are shown as a function of wavelength for SIPAT-LYSO-L7.
The inset is an expanded view between 420 nm and 450 nm. Right:The pulse height spectra of
0.511 MeV γ-ray peaks (solid lines) and corresponding Gaussian fits measured by a Hamamatsu
R1306 PMT are shown at seven points evenly distributed along SIPAT-LYSO-L7. Also shown
are the numerical values of the FWHM energy resolutions (E.R.).

Despite the poor transmittance observed at the seed end this 28 cm long LYSO sample
provides adequate light output and energy resolution. Two photodetectors, a Hamamatsu
R1306 PMT and a Hamamatsu S8664-1010 APD with 1 cm2 area, were used in the light output
measurement. In these measurements the seed end of the sample was coupled to the PMT
via Dow Corning 200 fluid, while all other faces of the sample were wrapped with two layers of
Tyvek paper. To reduce the effect of the intrinsic natural radioactivity, a collimated 22Na source
was used with a coincidence trigger provided by a BaF2 crystal. The detail of the setup used
in these measurements is discussed in reference [4]. The γ-ray peak position was determined by
a simple Gaussian fit. The right plot of Figure 6 shows the pulse height spectra measured by
the Hamamatsu R1306 PMT at seven points evenly distributed along SIPAT-LYSO-L7. The
FWHM resolutions obtained for 0.511 MeV γ-rays from the 22Na source are about 12.5%, which
is quite good for crystals of such length.

The γ-ray peak positions obtained by sending a collimated beam of γ-ray at seven points
evenly distributed along the crystal were used to extract the light response uniformity of the
crystal. A linear fit is used to fit the normalized response

LO

LOmid

= 1 + δ
x

xmid − 1
, (3)

where LOmid represents the average light output at the middle of the sample, x is the distance
from the end coupled to the readout device and δ represents the deviation of the light response
uniformity.

This sample was measured with both PMT and APD readout. The average light output
is 1,380 p.e./MeV and 1,510 p.e./MeV for the PMT and APD readout respectively. The
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corresponding light response uniformities (δ values) are 0.7 ± 1% and 2.8 ± 1.5%. Despite
its poor transmittance observed at the seed end this 28 cm long LYSO sample shows rather
good longitudinal light response uniformity.

4. Radiation Resistance of the First 28 cm long sample against γ-ray Irradiations
Radiation damage of this sample against γ-rays was investigated. A 137Cs source was used for
the irradiations with a dose rate of 7,500 rad/h. The irradiation was carried out step by step
to integrated doses of 102, 104 and 106 rad. Since radiation damage in LYSO crystals does not
recover, and is not dose rate dependent [8], the total integrated dose is used to represent the
level of the radiation applied to this sample in this study.
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Figure 7. Left: An expanded view of the longitudinal transmittance spectra measured before
and after γ-ray irradiations in several steps up to 1 Mrad is shown for SIPAT-LYSO-L7. Also
shown is the emission spectrum and the values of EWLT defined in the text. Right: Normalized
light output and light response uniformity measured by Hamamatsu S8664-1010 APD before
and after γ-ray irradiations in several steps up to 1 Mrad are shown for SIPAT-LYSO-L7.

The left plot of Figure 7 shows an expanded view of the longitudinal transmittance spectra
before and after the γ-ray irradiations with an integrated dose of 102, 104 and 106 rad. Also
shown in the figure is the emission spectrum and the values of the emission weighted longitudinal
transmittance (EWLT), which is defined as

EWLT =

∫
LT (λ)Em(λ)dλ
∫

Em(λ)dλ
(4)

The numerical value of EWLT represents how transparent the crystal is to the scintillation light
so is a good measure of its transparency. Its degradation represents the radiation damage effect
on transparency. For SIPAT-LYSO-L7 its radiation damage in EWLT is 9.6% after 1 Mrad
irradiations.

The right plot of Figure 7 shows the normalized light output and response uniformity
measured by the Hamamatsu APD before and after γ-ray irradiations with an integrated dose of
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102, 104 and 106 rad. The damage on the light output was found to be about 13% after 1 Mrad
irradiations. This is much better than 26% light output loss measured for typical lead tungstate
(PWO) crystals after 10 krad with a dose rate of 400 rad/h [15]. We also note that the light
response uniformity of SIPAT-LYSO-L7 does not change, indicating that its energy resolution
may be maintained even after 1 Mrad irradiations. Despite the poor transmittance at the seed
end the radiation resistance of this 28 cm long LYSO sample SIPAT-LYSO-L7 is quite good.

5. Progress on Optical and Scintillation Properties in Long LYSO Crystals
Since the poor transmittance between 400 nm and 600 nm observed in SIPAT-LYSO-L7 reduces
its light output it therefore should be eliminated. Similar poor transmittance was also found
in other three LYSO samples of 20 cm long grown at SIPAT for a SuperB beam test: SIPAT-
LYSO-L8, L9 and L10. Their longitudinal and transverse spectra were found to be similar to
that shown in figures 5 and 6 respectively with poor transmittance located at the seed end. Poor

Figure 8. A picture showing scattering centers exists at the tail end of SIPAT-LYSO-L8 and
SIPAT-LYSO-L9.

transmittance may be caused by point defects which absorb light in the crystal. It may also be
caused by scattering centers introduced by macroscopic defects, such as cracking and inclusions
etc. Scattering centers in a crystal may be observed by shooting a He-Ne red laser beam through
the crystal. Figure 8 shows two photos for SIPAT-LYSO-L8 and SIPAT-LYSO-L9 with the laser
beam entering longitudinally from the seed end (right) of the crystals. Scattering centers are
clearly visible at the tail end of these crystals. Observations also show scattering centers at the
tail end for other crystals with poor longitudinal transmittance. Since the poor transmittance
was found at the seed end this observation ruled out macroscopic defects at the seed end. We
thus conclude that the poor transmittance in these samples are caused by point defects at the
seed end which absorb light.

This issue of the absorption band at the seed end found in SIPAT-LYSO-L7, L8, L9 and L10
was brought to the attention of SIPAT, and was discussed in a site visit. The problem was traced
back to a bad seed crystal used in the growth process. After a rigorous quality control for the
seed crystals the absorption band at the seed end was eliminated. Figure 9 show the longitudinal
transmittance spectra for eleven LYSO crystals: ten from SIPAT and one from Saint-Gobain.
No absorption was found between 400 nm and 800 nm for SIPAT-LYSO-L11 to L16, which were
grown with seed crystals of high quality, and the Saint-Gobain sample. A specification of 75%
at 420 nm was introduced to reject crystals with poor longitudinal transmittance. Because of
the improvement in optical transmittance the light output of 20 cm long LYSO crystals from
SIPAT is 30% higher than that with the absorption problem as shown in Table 1. The average
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Figure 9. Longitudinal transmittance spectra are shown as a function of wavelength for eleven
LYSO crystals: ten from SIPAT and one from Saint-Gobain.

FWHM resolution measured by the Hamamatsu R1306 PMT with 0.511 MeV γ-rays from a
22Na source for long LYSO samples have also been improved from >12% to better than 11% as
shown in Table 1.

Table 1. Light Output Measured with Hamamatsu R1306 PMT for SIPAT LYSO Samples

ID Light Output Energy Resolution
(p.e./MeV) FWHM (%)

SIPAT-7 1380 12.2
SIPAT-8 1330 13.1
SIPAT-9 1450 12.3
SIPAT-10 1490 12.3
SIPAT-11 2010 10.7
SIPAT-12 1970 10.4
SIPAT-13 2050 11.5
SIPAT-14 2100 10.9
SIPAT-15 2040 10.5
SIPAT-16 2050 10.1
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6. Summary
In a brief summary, LSO/LYSO crystals are an excellent material for a total absorption
electromagnetic calorimeter for a future high-energy physics experiment in a severe radiation
environment. The first 2.5×2.5×28 cm (25 X0) LYSO sample was successfully grown at SIPAT. It
has consistent emission, adequate light response uniformity and good radiation resistance against
γ-rays up to 1 Mrad. This sample and three other large size samples from SIPAT, however,
showed poor longitudinal transmittance between 400 nm and 600 nm as well as poor transverse
transmittance at the seed end. This poor transmittance at the seed end was understood as being
caused by point defects which absorb light, and was traced back to a bad seed crystal used in
their growth. With rigorous quality control on seed crystals recently grown LYSO crystals show
no absorption band at the seed end and have a light output of 30% more than those with this
problem. The corresponding average FWHM resolution measured by using 0.511 MeV γ-rays
from a 22Na source is also improved from >12% to better than 11%. Because of the crystals
excellent radiation hardness, a LSO/LYSO crystal calorimeter is capable of making precision
measurement for electrons, photons and jets and thus provides a great physics discovery potential
in a severe radiation environment, like the HL-LHC.
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