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Abstract—This paper presents a study of correlations between
the initial optical and scintillation properties and their radiation
damage for mass produced lead tungstate crystals. A correlation
was observed between crystal’s initial light outputs and the values
of its initial longitudinal transmittance at 360 nm. A strong corre-
lation was found between the emission weighted radiation induced
absorption coefficients and the relative losses of the longitudinal
transmittance at 440 nm. Correlations were also observed between
the relative losses of crystal’s light output and the relative losses of
its longitudinal transmittance at 440 nm, or the emission weighted
radiation induced absorption coefficients. No correlations were ob-
served between crystal’s radiation hardness and its initial longitu-
dinal transmittance or the slope of the initial longitudinal trans-
mittance across the band edge.

Index Terms—Lead tungstate, light output, radiation damage,
transmittance.

I. INTRODUCTION

L
EAD tungstate (PbWO or PWO) is a heavy crystal scin-

tillator with a high density (8.3 g/cm ), a short radiation

length (0.89 cm) and a small Molière radius (2.2 cm). Yttrium

doped PbWO crystals have an emission spectrum peaked at

420 nm with a FWHM of 120 nm [1]. After extensive R&D,

PbWO crystals are now in mass production. As of this writing

more than fifty thousands crystals have been produced at

Bogoroditsk Techno-Chemical Plant (BTCP) in Tula, Russia,

for the CMS experiment at CERN [2]. Shanghai Institute of

Ceramics (SIC) in Shanghai, China, has also produced several

thousand crystals for the PrimEx experiment at Jefferson lab-

oratory [3] as well as for the CMS experiment. Following our

previous studies [4], we present in this paper a study on cor-

relations between the initial optical and scintillation properties

and their radiation damage for mass produced lead tungstate

crystals.

A total of 53 PbWO samples were studied: 21 from BTCP

and 32 from SIC. All 21 BTCP samples are of the CMS endcap

size with a slightly tapered shape: 30 30 mm at the large end,

28.5 28.5 mm at the small end and 220 mm long. Among the

32 samples from SIC, 20 samples have a rectangular shape of

22 22 230 mm , and the other 12 are of the CMS endcap
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size. All surfaces of these samples are polished. It is interesting

to note that the BTCP PbWO crystals are triple doped with lan-

thanum, yttrium and niobium [5], and are grown along the “ ”

axis by the Czochralski method. SIC PbWO crystals, however,

are single doped with yttrium only and are grown along the “ ”

axis by the modified Bridgman method [4].

All samples were first annealed at 200 C for 4 hours to re-

move any residual radiation induced absorption and to restore

the sample to its initial state [6], [7]. The annealing temperature

was chosen to be effective in removing radiation induced effect

based upon our experience obtained in previous studies on scin-

tillating crystals [8]. After annealing, all samples were kept in

the dark at 18 C for at least 48 hours before the initial measure-

ments. It was found that PbWO crystal’s optical and scintilla-

tion properties are stabilized 8 hours after the completion of the

thermal annealing [9]. After the initial measurements, all sam-

ples went through a series of -ray irradiations at the dose rates

of 15, 100, 400 and 9 000 rad/h until reaching an equilibrium

[8]. Optical and scintillation properties were also measured after

each step of the irradiations.

II. OPTICAL AND SCINTILLATION PROPERTIES

A. Light Output

The blue scintillation of the yttrium doped PbWO crystals

have a fast decay time. The scintillation light output and decay

kinetics were measured by using a Hamamatsu PMT R2059

with a bialkali photo cathode and a quartz window. For mea-

surements of the light output the large end of the sample was

coupled to the PMT with Dow Corning 200 fluid, while all other

faces of the sample were wrapped with the Tyvek paper. A col-

limated Cs source was used to excite the sample. The -ray

peak positions were obtained by a simple Gaussian fit, and were

used to determine photoelectron numbers by using calibrations

of the single photo electron peak. The measured light output

values were corrected to that of 18 C by using corresponding

temperature coefficient. The light output of a sample is defined

as an average of 9 data points obtained by shooting the -ray

source at 9 evenly distributed locations along the long crystal

side. The systematic uncertainty of light output measurement

thus was reduced to less than 1% [1].

B. Longitudinal Transmittance

The longitudinal transmittance was measured by using a

Hitachi U-3210 UV/visible spectrophotometer with double

beam, double monochromator and a large sample compartment

equipped with a custom Halon PTFE coated integrating sphere.
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Fig. 1. The longitudinal transmittance spectra (dashed lines) for the samples
SIC-572 (top) and BTCP-2436 (bottom) are shown as function of wavelength.
Also shown in the figure are the theoretical limit (open circles), calculated ac-
cording to the (1), and the data points (solid dots) used for the linear fits to obtain
the slopes across the bank edge.

The systematic uncertainty in repeated measurements was

about 0.25%. Fig. 1 shows the measured longitudinal transmit-

tance spectra for the samples SIC-572 (top) and BTCP-2436

(bottom). The measured transmittance spectra are compared

to the theoretical limit of transmittance, (open circles in

Fig. 1), which was calculated by using corresponding refractive

indices assuming no internal absorption [10] following

(1)

where

(2)

A comparison of the measured initial longitudinal transmit-

tance and the may reveal crystal’s preexisting internal ab-

sorption and internal scattering. Fig. 2 shows a comparison of

the longitudinal transmittance values measured at 600 nm for

all SIC (top) and BTCP (bottom) samples. Also shown in this

figure are the theoretical limits of the longitudinal transmittance

calculated according to the (1). An attention was paid to the bire-

fringent nature of the PbWO crystals [11] in such comparison.

Since the BTCP and SIC samples were grown along the “ ” and

“ ” axis respectively their corresponding theoretical limit for the

longitudinal transmittance must be calculated by using the re-

fractive indices of the “extraordinary” and the “ordinary” light

respectively. The resultant theoretical transmittance limit of the

Fig. 2. The longitudinal transmittance values measured at 600 nm for all SIC
(top) and BTCP (bottom) samples are compared to the theoretical limit calcu-
lated according to the (1).

“extraordinary” light is about 3% higher than that of the “ordi-

nary” light at the PbWO emission peak: 420 nm. In this calcu-

lation and our early calculation [6] the numerical values of the

PWO refractive indices for the “extraordinary” and the “ordi-

nary” light are obtained from the [11], which was confirmed by

a later measurement [12]. As shown in Fig. 1 and 2 both BTCP

and SIC samples approach the theoretical limit at long wave-

lengths, indicating very low preexisting absorption and internal

scattering. The SIC samples show a wide distribution partly be-

cause the samples have two different lengths: 22 cm and 23 cm.

C. Slope of the Longitudinal Transmittance Across the Band

Edge

Also shown in Fig. 1 are the slope values of the longitu-

dinal transmittance across the band edge. They were obtained by

using a linear fit (straight lines) to 10 longitudinal transmittance

data points (black dots) measured between two wavelengths:

and . Because of PbWO crystal’s birefringent nature, the

values of and are also axis orientation dependent, and

thus crystal vendor dependent. They are 350 nm and 370 nm re-

spectively for the BTCP samples, and are 352 nm and 372 nm

respectively for the SIC samples.

D. Dose Rate Dependent Damage in Transmittance

PbWO crystals are known to suffer from radiation damage

caused by the formation of the radiation induced color centers

[8]. Although there is no damage to the scintillation mechanism,

these radiation induced color centers would absorb scintillation

light, and thus reduce crystal’s light output. It is also known

that radiation induced color centers may annihilate at the room

temperature. During irradiations, both annihilation and creation
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processes coexist. Assuming that the annihilation speed of the

color center is proportional to a constant and its creation

speed is proportional to a constant and the dose rate ,

the differential variation of the color center density when both

processes coexist can be written as [8]

(3)

where is the density of the color center in the crystal and

the summation goes through all centers. The solution of the (3)

is

(4)

where is the total density of the traps related to the center

and is its initial density. This solution shows that the color

center density varies as an exponential function. It reaches an

equilibrium after about 4.6 times corresponding time constants.

After that the effect caused by additional irradiation would be

less than 1% if the irradiation condition (dose rate) is kept at the

same level. The damage level thus is dose rate dependent, not

cumulated dosage dependent. The color center density in the

equilibrium depends on the dose rate applied:

(5)

Figs. 3 and 4 show longitudinal transmittance spectra as a

function of wavelength measured before and after a series of ir-

radiations for the samples BTCP-2455 and SIC-U517 respec-

tively. The curves in each plot, in order from top to bottom,

represent the longitudinal transmittance spectra measured be-

fore irradiations and after the samples reaching an equilibrium

at dose rates of 15, 400 and 9 000 rad/h respectively.

E. Emission Weighted Radiation Induced Absorption

Coefficient

The radiation induced absorption coefficient and the emission

weighted radiation induced absorption coefficient (EWRIAC)

[4] can be extracted from the longitudinal transmittance data

measured before and after irradiations. The EWRIAC is a mea-

sure of the radiation damage, which is defined as

(6)

where the is the radiation induced absorption coeffi-

cient or the overall color center density, and is the scin-

tillation emission as a function of wavelength. The inverse of the

EWRIAC can be seen as the degraded light attenuation length

(LAL). The radiation induced absorption coefficient (Riac), or

Fig. 3. The longitudinal transmittance spectra measured before irradiations and
in the equilibrium under irradiations with dose rates of 15, 400, and 9 000 rad/h
are shown as a function of wavelength for the sample BTCP-2455.

Fig. 4. The longitudinal transmittance spectra measured before irradiations and
in the equilibrium under irradiations with dose rates of 15, 400, and 9 000 rad/h
are shown as a function of wavelength for the sample SIC-U517.

the color center density, were calculated according to the fol-

lowing equation:

(7)
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Fig. 5. Radiation induced absorption coefficients (data points with error bars),
or color center densities, are shown as a function of the photon energy for the
sample BTCP-2455 in the equilibrium under irradiations with dose rate of 15,
400, and 9 000 rad/h irradiations. Also shown in the figure are the emission
spectrum (open circles), the decomposed color centers (dot-dashed lines) and
the EWRIAC values in units of m .

where the subscripts “equilibrium” and “before” refer to “in

equilibrium” and “before irradiation” respectively. The light at-

tenuation length was calculated by using the longitu-

dinal transmittance data according to

(8)

where is the transmittance measured along crystal length

and is the theoretical transmittance without internal absorp-

tion defined in the (1).

Figs. 5 and 6 show the measured radiation induced absorption

coefficients, or the color center densities, (data points with error

bars) as a function of the photon energy for the samples BTCP-

2455 and SIC-U517 respectively in the equilibrium under irra-

diations at the dose rates of 15, 400 and 9 000 rad/h. Also shown

in these two figures are the emission spectra (open circles) and

the corresponding EWRIAC values calculated according to the

(6). In these figures the radiation induced color center densities

were decomposed to a sum (solid lines) of two Gaussian shaped

color centers (dashed lines):

(9)

where and denote the energy, width and amplitude of

the color center , and is the photon energy. Attempt of fits

Fig. 6. Radiation induced absorption coefficients (data points with error bars),
or color center densities, are shown as a function of the photon energy for the
sample SIC-U517 in the equilibrium under irradiations with dose rate of 15,
400, and 9 000 rad/h irradiations. Also shown in the figure are the emission
spectrum (open circles), the decomposed color centers (dot-dashed lines) and
the EWRIAC values in units of m .

with more than two color centers yielded a poorer per degree

of freedom.

The fits with unified color center peaks and widths for crystals

from each vendor provide a good description of the data. The

peak/width of these two color centers are 2.30 eV/0.19 eV and

3.07 eV/0.70 eV for all BTCP samples, and are 2.32 eV/0.20 eV

and 3.15 eV/0.76 eV for all SIC samples. We observe that the

peaks of these two color centers are located at two sides of the

PbWO crystal’s emission peak (2.95 eV). As discussed in the

[13], this leads to the choice of 440 nm as the monitoring wave-

length for the CMS ECAL. The color centers in the SIC samples

are relatively deeper as compared to the BTCP samples. This re-

sult is consistent with the observation that the SIC samples have

a relatively longer recovery time constants and a shorter damage

time constant at high dose rates [14].

Figs. 7 and 8 show distributions of the EWRIAC values as

a function of the -ray dose rate for the BTCP and SIC sam-

ples respectively. The EWRIAC values of all samples are less

than 1 m up to 400 rad/h, indicating no damage to the light

response uniformity [8] for PbWO crystals used in the CMS

ECAL barrel, where the maximum dose rate is expected to be a

few hundreds rad/h even if the LHC luminosity is increased by

a factor of ten (SLHC). The EWRIAC values measured at 9 000

rad/h, however, are diverse. Some samples show up to 3 m ,

indicating possible damages in the light response uniformity and

thus the energy resolution [8]. Rigorous quality control on radi-

ation hardness thus is required for PbWO crystals used in the

CMS endcaps.
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Fig. 7. The EWRIAC values are shown as a function of the dose rate for all
BTCP samples in the equilibrium under irradiations with dose rate of 15, 100,
400, and 9 000 rad/h irradiations.

Fig. 8. The EWRIAC values are shown as a function of the dose rate for all
SIC samples in the equilibrium under irradiations with dose rate of 15, 400, and
9 000 rad/h irradiations.

III. CORRELATIONS

A. Initial Light Output Versus Initial Longitudinal

Transmittance

Fig. 9 shows correlations between the numerical values of

the initial light output and the initial longitudinal transmission

Fig. 9. Correlations between the initial light output versus the initial longitu-
dinal transmittance at 360 nm for all SIC (top) and BTCP (bottom) samples.

at 360 nm. Also shown in these figures are the linear fits and

corresponding linear correlation coefficients , defined as

(10)

We note that the BTCP samples have a higher longitudinal trans-

mittance values at 360 nm as compared to the SIC samples. This

is partly due to the fact that the BTCP samples were grown along

the “ ” axis, while SIC crystals along the “ ” axis. The lan-

thanum doping in the BTCP samples also enhances the optical

transmittance around the band edge [15]. The drawback of an

excessive lanthanum doping in PbWO crystals is a relative low

light output as shown in Fig. 9 The linear fit also shows different

slopes for the SIC and BTCP samples, which may be caused

by their different crystal orientations. This observed correlation

may partly be attributed to the self-absorption of the very blue

part of the emission spectrum, as evidenced by the cross-over of

the transmittance and emission spectra at 360 nm as shown in

Fig. 10. This correlation was also observed by others [16].

B. EWRIAC Versus Relative Losses of the Longitudinal

Transmittance At 440 Nm

Fig. 11 shows correlations between the EWRIAC and the rel-

ative losses of the longitudinal transmittance at 440 nm. Strong

linear correlations ( %) were observed for all samples in

the equilibrium at 15 rad/h (top left plot), 400 rad/h (top right plot)

and 9 000 rad/h (bottom left plot) irradiations. The combined data

(right bottom plot) fit well with a second order polynomial for all

samples, indicating that the longitudinal transmittance at 440 nm

is a good measure of the radiation damage. This result is consis-

tent with our previous investigation where 440 nm was chosen

for the monitoring wavelength because of its best linearity [13].



380 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 2, APRIL 2007

Fig. 10. The initial excitation (dotted lines, left scale), emission (solid line, left
scale) and longitudinal transmittance (dot-dashed lines, right scale) are shown
as a function as wavelength for the samples BTCP-2482 (top) and SIC-2570
(bottom).

Fig. 11 Correlationsbetween the EWRIAC values and the relative losses of the
longitudinal transmittance at 440 nm for all BTCP and SIC samples in the equi-
librium under irradiations of different dose rates.

C. Relative Losses of the Light Output Versus That of the

Longitudinal Transmittance At 440 Nm and the EWRIAC

Fig. 12 shows correlations between the relative losses of the

light output versus the relative losses of the longitudinal trans-

mittance at 440 nm (top plot) and the corresponding EWRIAC

values (bottom plot) for all samples in the equilibrium under 15

rad/h irradiations. Positive correlations are observed with the

linear correlation coefficient at 50% level.

Fig. 12. Correlations between the relative losses of the longitudinal transmit-
tance at 440 nm (top) and the EWRIAC values (bottom) versus the relative
losses of the light output for all BTCP and SIC samples in the equilibrium under
15 rad/h irradiations.

Fig. 13. Correlations between the EWRIAC values measured for all BTCP and
SIC samples in the equilibrium under irradiations of different dose rates.

D. EWRIAC Values in the Equilibrium At Different Dose Rates

The top plot of Fig. 13 shows correlations between the

EWRIAC values measured for all samples in the equilibrium

at 9 000 rad/h and 400 rad/h. The linear correlation coefficient

is 85%, which is larger than 69% observed between 400 rad/h

and 15 rad/h (bottom plot). The relatively weak correlations
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Fig. 14. Correlations between radiation damage (relative light output losses
and the EWRIAC values) in the equilibrium under 15 rad/h irradiations and
the initial longitudinal transmittance values at 360 nm for all BTCP and SIC
samples.

observed between low dose rates are a consequence of the pre-

existing absorptions, which is negligible for severe damages.

The strong correlation observed between damages at high dose

rates allows transferring, or comparing, the radiation damage

data measured at different laboratories at different irradiation

conditions. This correlation was also observed by others [16].

E. Radiation Damage Versus Initial Longitudinal

Transmittance At 360 Nm

We observed no correlations between crystal’s radiation

damage and its initial longitudinal transmittance. Fig. 14 shows

correlations between various radiation damage measures and

the values of the initial longitudinal transmittance at 360 nm for

all samples. The corresponding linear correlation coefficients

are 4%, 19%, % and % respectively for the relative

losses of the light output at 15 rad/h (top left plot) and the

EWRIAC values at 15 rad/h (bottom left plot), 400 rad/h (top

right plot) and 9 000 rad/h (bottom right plot). Observations

were the same for the initial longitudinal transmittance at dif-

ference wavelengths. This observation indicates that crystal’s

radiation induced color centers are not related to its preexisting

absorption.

F. Radiation Damage Versus Initial Longitudinal

Transmittance Slope Across the Band Edge

We observed also no correlations between crystal’s radiation

damage and the slope values of its initial longitudinal trans-

mittance across crystal’s band edge. Fig. 15 shows the corre-

lations between the slope values and the relative losses of the

light output (top plots) and the corresponding EWRIAC (bottom

plots) for all BTCP (left plots) and SIC (right plots) samples in

the equilibrium at 15 rad/h irradiations. The linear correlation

Fig. 15. Correlations between radiation damage (relative light output losses
and the EWRIAC values) in the equilibrium under 15 rad/h irradiations and the
initial longitudinal transmittance slopes across the band edge for all BTCP and
SIC samples.

Fig. 16. Correlations between the EWRIAC values measured in the equilib-
rium under 400 and 9 000 rad/h irradiations and the initial longitudinal trans-
mittance slopes across the band edge for all BTCP and SIC samples.

coefficients values are in the range of % to % for the

BTCP samples and % to 28% for the SIC samples. Fig. 16

shows correlations between the slopes and the EWRIAC values

measured for the BTCP (left plots) and SIC (right plots) samples

in the equilibrium at high dose rates: 400 rad/h (top plots) and

9 000 rad/h (bottom plots). The corresponding linear correlation

coefficient values are from % to 6% for the BTCP samples

and about 20% for the SIC samples. A cross check by varying

the wavelength range for the linear fit yields similar result. This

result can be compared with an early observation [17], where a
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very minor negative correlation was observed between the ra-

diation hardness and the slope of the longitudinal transmittance

across the band edge for some BTCP samples.

IV. SUMMARY

By using 53 PbWO samples, a correlation was observed be-

tween crystal’s initial longitudinal transmittance at 360 nm and

its initial light output. A strong correlation was observed be-

tween the relative losses of the longitudinal transmittance at 440

nm and EWRIAC, which follows a universal 2 order poly-

nomial for all samples. Correlations were also observed be-

tween the relative losses of PbWO crystal’s light output and

the relative loses of its longitudinal transmittance at 440 nm or

EWRIAC, indicating that the variation of the longitudinal trans-

mittance 440 nm is a good measure of the radiation damage.

A correlation between the EWRIAC values measured at dif-

ferent dose rates was observed, which was relatively weak at low

dose rates, where the consequence of the preexisting absorption

is not negligible. This correlation has a practical application.

One may measure crystals at a particular dose rate and predict

its performance at different dose rates.

No correlations were observed between crystal’s radiation

hardness and its initial longitudinal transmittance, indicating

that the radiation induced color centers are not intrinsically re-

lated to the preexisting absorptions. No correlations were ob-

served between crystal’s radiation hardness and the slopes of its

initial longitudinal transmittance across the band edge for either

BTCP or SIC samples. We conclude that predictions of PbWO

crystal’s radiation hardness by using its initial optical properties

are not reliable.
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