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Abstract

The results of certification and experimental measurements of optical trans-
mission and light yield of the mass production of PWO crystals are analyzed.
These crystals will be installed in the CMS electromagnetic calorimeter barrel
(CERN). The results of a statistic analysis of PWO radiation hardness allows
to evaluate the photoelectric term present in the expression of the energy res-
olution of electromagnetic calorimeters working in radiation environment.
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1 Introduction

The large-scale mass production of PbWO4 (PWO) crystals for the CMS electromag-
netic calorimeter (ECAL) at the European Laboratory for Particle Physics (CERN)
was organized at the Bogoroditsk Techno-Chemical Plant (BTCP), Russia. The total
amount of PWO crystals in the ECAL is about 83000. In this paper we present a
statistical analysis of the radiation hardness characteristics of the PWO scintillating
crystals which will be installed in the CMS ECAL barrel [1]-[2]. The ECAL barrel
will sit in a region of high level radiation environment. For this reason, an evaluation
of the radiation influence on the photoelectric term in the ECAL energy resolution,
is important. The ECAL contains a large number of total absorption detectors which
make use of PWO crystals optically linked to avalanche photodiodes (APD) as pho-
todetectors. Gamma radiation entering a crystal initiate an electromagnetic shower.
Electrons and positrons loose their energy by ionization in the bulk of the crystal
which cause an emission of scintillation light. Scintillation photons collected on the
photodetector generate an electric signal registered through the read-out electron-
ics. The energy resolution for gamma quanta energy region up to 103 GeV can be
parameterized as follows :

(
σ

E
)2 = (

σ1

√
E

)2 + (
σn

E
)2 + σ2

const (1)

In this expression E is the initial gamma energy, and the second and the third
terms reflect the contributions of the APD and read-out noise σn, and of the intercal-
ibration errors and shower leak σc. The first term in equation (1) is of statistic origin
and is determined by:

• The fluctuations of the electromagnetic shower and of the energy losses in pas-
sive material in front and around crystals.

• The statistics of scintillation photons collection and of electrons emission in the
detector (photoelectric term).

In the 1 GeV region σ1 maybe parametrized as follows [3]:

σ1 =
6.5

Nphe

(2)

We performed a research on the influence of irradiation on the photoelectric term
which contributes to equation ( 1), i.e. on the energy resolution σ1, the results of this
study could be used as a criterium to define the minimum acceptable crystal radiation
hardness.
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As was shown in [4]-[5] the radiation-induced optical absorption in PWO crystals
in wide ranges of radiation doses is not caused by damage of radiation centers but
mainly as a result of electron and hole color centers formation on the point structure
defects. The thermoactivation energy spectrum of these color centers is in the range
0.05 to 0.70 eV. The appearence of color centers results in a reduction of the crystal
transparency and so of the light collection efficiency which reduce the photon yield
and worsen the energy resolution σ1 so that the crystal radiation hardness can be
evaluated through measurements of the crystal transparency T after irradiation:

δT (%) = (T0 − T ) (3)

Where T0 and T are the optical transmissions measured before and after irradia-
tion. The transmission is measured relatively to a reference channel (level of signal in
spectrophotometer in absence of any sample), which is accepted as 100 % at 460 nm
wavelength. For the studied crystals the average level of optical transmission before
irradiation T0 is about 65% at 460 nm. Three series of measurements where carried
out in order to evaluate all crystals radiation hardness:

• Measurements of the intrinsic energy resolution σ1 of all crystals before irradi-
ations;

• Measurements of the energy resolution σ1

s and of the transmission TS of a sample
of crystals after irradiation with a saturation dose (i.e. a dose which cause an
excitation of all color centers existing in the crystal).

• Measurements of the intrinsic energy resolution and of the transmission TW of
a sample of crystals after their irradiation with a working dose (a dose, which
corresponds to the radiation environment inside the ECAL).

To set a tolerance in the radiation hardness of all crystals it is necessary to find a
correspondance between the original and final (after working dose irradiation) en-
ergy resolution σ1 of a crystal . This task can be solved by statistical analysis of
the crystals parameters distributions before and after irradiation and by analysis of
correlations between these parameters.
An improvement of the PWO crystals production technology caused a significant in-
crease of their radiation hardness since 2002. For this reason, crystals under study
were separated into two lots: first technological lot of 6594 crystals produced from
1999 to 2002, and a second one of 8754 crystals produced from 2002 to 2004. Here-
inafter the lower index (1 or 2) of the crystals parameters refers to the first or second
technological lot. Statistical data of crystals and their measured parameters (see [6]
to [10]) are listed in Table 1.
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2 Analysis

The first and the second series of measurements with saturation dose irradiations
were done at the BTCP irradiation facility (60Co γ − source, Eγ ≃ 1.2MeV , dose
rate > 100Gy/h, absorption dose 40 Gy) [9]- [10]. The intrinsic energy resolution
σ1 and the change in optical transmission after irradiation δTS were measured. (Fig.
1 and 2). These distributions are fitted, using the ORIGIN software package) by
Gaussian functions.

Figure 1: Distribution of σ1(%) for the 1st technological lot (left) and 2nd one (right).

Figure 2: Distribution of the transmission loss δTs of PWO crystals control sample
( saturation dose rate 100 Gy/h)(absolute values) for the 1st technological lot (left)
and 2nd one (right).

The mean values of the energy resolution σ1 and of the optical transmission
change TS were calculated from experimental data and obtained from the Gaussian fit.
The results are shown in Table 1 These results show that σ1 and TS are well described
by normal distributions. This fact will be used in further analysis. The light yield
was measured and the corresponding energy resolutions were calculated for the control
sample of crystals before irradiation. The mean values and deviations for the first and
second lots of crystals are < σ1

c1
>= 2.1%, σ(σ1

c1
) = 0.11%, < σ1

c2
>= 2.0%, σ(σ1

c2
) =
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0.14% We calculated the correlations between energy resolutions before irradiation
and the optical transmission change δTS after irradiation for these control samples
crystals. The results of the linear regressions are:

δTS1 = 2.95 · σ1

c1 + 2.62 (4)

δTS2 = 3.50 · σ1

c2 − 1.36 (5)

Table 1: Mean values of energy resolution σ1 and transmission change δTS, from
measurements and from a Gaussian fit for both technological lots.

Measured Lot Number Results Gaussian fit
parameter number of crystal of measurements parameters

Mean Sigma Mean Sigma Pearson
value % % value % % coefficient

Resolution 1 6594 2.096 0.108 2.126 0.108 0.99
σ1 ±0.004 ±0.004

2 8754 2.010 0.133 2.038 0.144 0.98
±0.005 ±0.001

Optical 1 3042 8.8 3.2 9.50 3.10 0.97
transmission ±0.13 ±0.13

change 2 2476 5.7 3.1 5.42 2.96 0.97
δTs ±0.14 ±0.15

Because both lots are statistically significant ( 3042 and 2476 crystals respec-
tively) and in what follows, these equations will be used for the full statistic. The
analysis of the correlations between σ1

c and Ts allowed us to calculate the following
parameters:

• Sample correlation coefficients r1 = 0.1 for the first lot and r2 = 0.16 for the
second lot;

• upper (h) and lower (l) confidence limits of the correlation coefficient ρh
S1

= 0.14
and ρl

s1 = 0.07 for the first lot and ρh
S2

= 0.20 and ρl
s2 = 0.12 for the second lot.

Measurements of δTW were performed at the General Irradiation Facility (GIF)
at CERN (137Csγ − source, E ≃ 0.66MeV , dose rate 0.15 Gy/h, absorption dose 6
Gy). In total 31 crystals of the first lot and 20 crystals of the second lot were studied at
GIF. All these crystals were produced according to the approved technology for PWO
mass production [8]-[9].The results of these measurements where compared with the
ones at saturation dose δTS. The parameters of the gaussian approximations are the
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following: δTW1 = 3.4%, σ(δTW1) = 0.82% and δTW2 = 2.2%, σ(δTW2) = 1.04%. .
The dependency between the average parameters of the gaussian distribution of the
PWO on δTS and δTW was determined as:

δTW1 = 0.26 · δTS1 + 0.89 (6)

δTW2 = 0.35 · δTS2 + 0.26 (7)

These parameters are in a good agreement with the experimental parameters of
the linear regressions of Fig 3 which were obtained from six crystals of 1st lot and 20
of the 2nd lot. These crystals were the only ones measured both at BTCP (saturation
dose) and at CERN (working dose) [10]. The equations of linear regressions presented
in Fig. 3 are:

δTW1 = 0.15 · δTS1 + 1.78 (8)

δTW2 = 0.26 · δTS2 + 0.26 (9)

The agreement of equations (8) and (9) with equations (6) and (7) confirms the
validity of our assumptions.

Figure 3: Correlation between value of optical transmission loss at 460 nm at sat-
uration doserate 100 Gy/h δTS and value of optical transmission loss at 460 nm
at working doserate 0.15 Gy/h δTW for the 1st technological lot (left) and 2nd one
(right).

Upper and lower confidence limits on the correlation coefficients between relative
change of optical transmission at saturation and working doses are: ρl

1
= 0.12, ρh

1
=

0.98 for the first lot and ρl
2

= 0.72, ρh
2

= 0.95. Sample correlation coefficients r1 = 0.86
for the first lot and r2 = 0.89 for the second lot, which is close to 1. In this case
it is possible to use parameters of the correlation between σ1

c and δTS measured at
saturation dose as parameters of the non-measured correlation between σl and the
relative change of optical transmission at working dose δTW . So, we can use the upper
and lower confidence bounds ρh

S and ρl
S and the sampling correlation coefficient rS

instead of ρh
W , ρl

W , and rW respectively. The dependency between the relative change
of optical transmission δTW and the relative change of resolution δσ1

W at working dose
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was determined on the basis of the tests of 15 PWO crystals from 31 experimental
crystals of 1st lot and 10 PWO crystals from 20 experimental crystals of 2nd lot (see
fig. 4).

Figure 4: Correlation between value of optical transmission loss δTW at 460 nm at
working doserate 0.15 Gy/h and relative shift of photoelectric term σ1

W in energy res-
olution at working doserate 0.15 Gy/h (measured with APD) for the 1st technological
lot (left) and 2nd one (right).

The regression equations are:

δσ1

w1 = 0.92 · δTW1 (10)

δσ1

w2 = 0.89 · δTW2 (11)

The following parameters of the correlations between δTW and σ1

W were found
for the two lots:

• correlation coefficients r1 = 0.84, r2 = 0.96 ;

• confidence limits ρl
1

= 0.55, ρh
1

= 0.94, ρl
2

= 0.85, ρh
2

= 0.99

• Pearson coefficient R2 = 0.7 for the first lot and R2 = 0.93 for the second lot.

Because, according to the radioluminescence mechanism in PWO, the relative change
in measured light yield and in optical transmission, are proportionnal, the value
and dispersion of the linear regression coefficient κW between σ1

W and δTW could be
evaluated from experimental data, assuming a correlation coefficient equal to 1 for
both lots of PWO [4]. Taking into account the data, the assumptions made above,
and the correlation between σ1

W and σ1 one can evaluate the parameters of the PWO
crystals σ1

W distribution:
σ1

W = (1 − κW .δTW )σ1 (12)

Under the condition that:
r(δTS, σ1) = r(δTW , σ1) (13)
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Where κW is a numeric coefficient and all other values are measured in percents.
The parameters of PWO radiation hardness at radiation environment corresponding
to the ECAL for both technological lots were calculated from ( 12) taking into account
( 13). The results are presented in mean 2. Taking into account that the reliability
of the calculated values of σ1

W and W (σ(1

W1
) depends on the statistics of the optical

transmission measurements at working dose, we evaluated low and upper limits for
the mean values and for distribution widths with a 0.68 confidence level, these limits
are as well presented in 2.

Table 2: Distribution of σ1

Wn and W (σ1

Wn) for technological lots n=1 and 2, and
estimated lower and upper limits at 68 % confidence level.

σ1

Wn σ(σ1

Wn) W (σ1

Wn) σ(σ1

Wn)
lower limit 2.188 0.213
tech. lot 1 2.192 0.0039 0.22 0.008
upper limit 2.196 0.227

lower limit 2.073 0.290
tech. lot 2 2.077 0.004 0.311 0.021
upper limit 2.081 0.332

Table 3: Distribution of σ1 and W (σ1) for technological lots n=1 and 2, from BTCP
certification measurements.

σ1

n σ(σ1

n) W (σ1

n) σ(W ((σ1

n)
tech. lot 1 2.126 0.0035 0.216 0.007

tech. lot 2 2.038 0.005 0.287 0.01

These results may be compared with the results obtained from results of certifi-
cation measurements of technological lots of crystals at the BTCP shown in table 3.

It can be interesting to evaluate in the various technologic lots the proportion of
crystals which have a σ1 larger that acceptable (compared to the specification value
of 2.3%, see [1]). Table 4 shows number of crystal outside acceptable range both
for original sample and working dose. It show also the impressive improvement in
production between lot 1 and 2.

The calculations show that under irradiation with a dose rate corresponding
to the average CMS-ECAL working conditions, the initial values of σ1 and W (σ1)
(displayed in table 3) will shift to the values of table 5 with a P=0.68 probability.
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Table 4: Fraction of crystals above the certification value (2.3%).

σ1 σ1l
W σ1

W σ1h
W

tech. lot 1 3.09 9.72 11.14 12.6

tech. lot 2 0.25 3.22 1.62 4.97

Table 5: Distribution of σ1 and W (σ1) for technological lots n=1 and 2, from BTCP
certification measurements.

σ1

n σ(σ1

n) W (σ1

n) σ(W ((σ1

n)
tech. lot 1 2.192 0.004 0.220 0.008

tech. lot 2 2.077 0.004 0.311 0.02

Probability functions of the first and second lots distributions of mass production
PWO crystals and calculated PWO crystals distribution at 6 Gr working dose irra-
diation with the upper and lower confidence limits are presented in Fig.5.

Figure 5: Shift of the probability of the ECAL photostatistic term σ1 to be of a given
value during irradiation of PWO crystals of the 1st technological lot (left) and 2nd
one (right).

3 Conclusions

We propose an approach to estimate an influence of radiation induced change of crys-
tals individual characteristics on the photoelectric term of the ECAL. This method
can be used for decision making about accepting or rejecting of PWO elements for
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construction of ECAL. The results obtained up to date shows that taking into ac-
count an obtained level of PWO crystals mass production technology a photoelectric
term will remain within required limit in spite of crystals radiation damage. As a
next step we plan to implement the kinetics of PWO damage and recovery in order
to take into account the accelerator operation schedule.
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