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Abstract

This note proposed a model to describe the kinetics of the irradiation damage in PWO crystal and apply it to two
well-known measurement methods of the optical transmission damaged by irradiation.



1. Introduction

It is known that in some PWO crystals damage to their optical properties appears under ionizing
radiation. A decrease of the optical transmission and then of light yield has been detected. We have determined
that the level of damage strongly depends on the peculiarities of the crystal growth technology. However, the
magnitude varies from crystal to crystal even for crystals grown from purified raw materials. This suggests the
existence of several contributors to the damage process which are mainly structural defects. The amount of such
defects is influenced by even small technological changes. Although the origin of these defects may differ, they
can be characterized by some universal set of parameters which describes their kinetics under irradiation. Thus
motivated, we have analysed within a phenomenological model the transmission radiation damage in the PWO
crystals. The model does not include detailed background about peculiarities of free carriers capture under
irradiation and recovery mechanisms of the damage centres. However, the model describes well the kinetics of
the damage and gives the values of the parameters needed to estimate the level and the relative influence of
different damage centres in the crystals. Using this model we describe and analyse here two well-known
measurement methods of the transmission damage by irradiation. A similar approach has already been used by
others [1] to analyse optical bleaching in Badfystals, but in this case transmission and light output damage

were not dependent on dose rate.

2. The model

Radiation damage in the crystals appears to be due to a charge-state change of the existing point structure
defects. This means that creation of new defects due to inelastic scattering of damaging particles is negligible
and that the concentration of impurities is considerably smaller than the amount of host defects. The radiation
damage process is therefore driven by the change of the defects' electronic states which is at the origin of
production of colour centres and the creation or suppression of their associated absorption bands. Let us suppose
that the defects are randomly distributed in the crystal, that the interaction between them is negligible, and that
the amount of each type of deféds limited and considerably smaller than the amount of the lattice atoms. In
this case the radiation damage will reach a saturation level after a certain time which is determined by the amount
of pre-existing defects. Thus, the amount of damaged centres afisygescribed by the following differential
equation:
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whereN; is the amount of damaged centres of typethe timd, ¢j is the recovery rate of damaged centres of
typei, Sis the rate of irradiationNi* is the amount of pre-existing defects of type i , and di is the damage

constant of the mentioned centres which depends on the capture cross-section of free carriers by the centres of
typei. Summing all types of centres we get the following equation:
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where N = 3 N; is the total amount of different types of damaged centres. Precise processing of the equation
i

requires the values of the constanis Ni*, d but the simultaneous determination is rather difficult and a

practical solution can only be reached through approximations.



First, we can suppose that all centres have very similar parameters so that they can be characterized by
average constants and by the total amount of ceNtreBhus, Eq. (2) can be simplified as
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This approximation is acceptable in the rare situation where one sort of damaged centre dominates.

In most of the cases of PWO, we observe two recovery time constants, which suggest two types of
damaged centres. This is what we callfd®t-slowapproximation.
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Equation(4) can be separated into two equations:
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The fast-slowapproximation is valid when the amount of each type of damaged centre is limited and if
their recovery times differ by at least one order of magnitude. This corresponds to the observed situation of the
recovery of damaged centres in PWO as described in Ref. [2]. From this approximation one can understand the
influence of the fast and slow saturating centres on the kinetics of the PWO damage induced absorption.

Equations (3), (5), and (6) have similar solutions. For averaged parameters
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If irradiation is stoped the recovery of damaged centres ofi igpdescribed by the following equation:
dNi

where N, (to) is the amount of the damaged centres of tye the timeg (irradiation time) at the end of the
irradiation period.

The solution of this simple equation is, in the case of averaged parameters,
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or in that case dhst-slowapproximation:
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3. Variable dose rate method

The induced absorption coefficiekproduced by irradiatiois proportional to the amount of absorbing
centresN throughk = oN, wherea is the cross-section of the absorbing centre. Expressions (7 and 8) can be
rewritten for the induced absorption as
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where kgt = N * 0 is the saturated induced absorption coefficient when all centres are damaged.
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Therefore, the parametekdatsow, Wiast,sow- d fast,sow Which characterize the radiation damage can be
determined by the measurement of the induced absorption at diferaioes.

4. Transmission recovery method

In the two above-mentioned approximations the recovery of the transmission after the end of irradiation at
timetg is described by the following equations:
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This method also gives access to the required constants. However, in this case the crystal under
investigation has to be irradiated several times with different accumulated irradiation doses.

5. Discussion

The two above methods for the measurement of radiation damage are equivalent. However, the first one is
faster especially in the case of slow recovery. To make numerical calculations of the induced absorption in PWO
crystals we have used tfast-slowapproximation in case of variable dose rate. Let us estimate the values of the
constants. The value of tidgparameter depends on the absorption wavelengths of the defect and varies from
1500 to 100 rad [2]. For the numerical calculation we will use the average value of 800 rad for slow and fast
recovery centres. Measurements on several crystal give recovery time constants of 3 h (180 min) for medium
slow, 31 days (44 640 min) for very slow components [3]. A very fast recovery time constant of about 1 min is
added in the analysis to study the influence of very shallow traps. To model the induced absorption, a saturation
coefficient of k=5 n1l at 500 nm was chosen for all centres and dose rates of 0.01 rad/min, 0.3 rad/min and
300 rad/min were selected to match the dose rates at X1, and H4 test beam lines and the GeneWGospital
source, respectively.

Figures 1-3 show the induced absorption at different rates of irradiation for a crystal having fast, medium
slow and very slowly recovering centres. At a low irradiation rate (0.01 rad/min) fast recovering centres do not



contribute practically to the induced absorption, however, medium slow recovering centres reach a plateau and the
main contribution to the induced absorption appears to be due to very slowly recovering centres which also
saturated at longer times. At an irradiation rate of 0.3 rad/min the level of induced absorption increases for all
centres, but the shape of the curves looks the same. At high irradiation rate (300 rad/min) all curves show
saturation, but their values are different. Only the medium slow and the very slowly recovering centres reach the
saturation leveksat This can be understood by the analysis of the amplitude in Eq. (13) which depends on the

ratio of Sandw in the following way:k = kw%. If S>>cud, in the case of a high rate of irradiation or

very slow recoveryk =kgagt On the contrary, i< wd, kbecomes smaller thakg,{2 and falls with the

increase of the recovery time or thevalue. Thus, the value of the detected damage in the crystals depends
mainly on the ratio of the irradiation rate and recovery time of the damaged centres. The main contributors to the
induced absorption are the slowly recovering centres.

This conclusion is clearly illustrated by the correlation of the detected damage in H4 for the crystals
N1266, 1283, 1318 and their transmission damage recovery times afffiCtheource irradiation. Fig. 4
presents the recovery curves of these crystals after Co irradiation. The crystal N1318, which showed only 5%
damage in the beam, contains faster recovering centres, however N1266 and 1283 with 20% and 8% damage level
have considerably slower recovering centres [4].

Let us estimate now the influence of the defects on the induced absorption of PWO crystals with a damage
constant of about 800 rad and a total density of defects leading to an absorptiort af fulhsaturation. If we
assume that the acceptable level of the induced absorption coefficient is b, @isieads to a change of the
transmission of 0.5% through a scintillator length of 0.23 m with an initial absorption length of 2 m. At the
dose rate of 5 rad/min which is close to the real situation in the CMS ECAL, after 1000 min of irradiation fast
recovering centres contribute according to Eq. (13) to the induced absorption for ‘®,08edium slow
recovering centres produced an absorption of 217amd slowly recovering centres are saturated at a level of
5 ntl. This indicates that even fast recovering centres contribute too much and have to be suppressed.

However, very fast recovering centres do not contribute significantly to the induced absorption under
irradiation. Figure 5 shows the comparison of the contributions of defects with recovery times of 1 minute, 1
second and 1 millisecond at the dose rate 5 rad/min. One can see that compared to the minute's recovery, the
second and millisecond defects do not contribute to a measurable absorption. It also means that very fast
recovering centres which are the source of slow components in scintillation and afterglow do not contribute to
the radiation damage.

The temperature also plays an important role in the radiation damage and the recovery kinetics.
Decreasing the crystal temperature reduces the relaxation probability of the traps following aB-e#d §;
whereET is trap activation energy and T the absolute temperature. It therefore reduces the recovery probability
of the damaged centres. This process is shown in Fig. 6 for crystal N1119 which has been irradiated at room
temperature as well as &t@with a dose rate of 300 rad/min. Usually different types of damaged centres have
different concentrations in the crystals and kgt parameters are also not the same. Thus the curve of the
transmission damage shows a fast saturating regime followed by a long growing tail due to slowly recovering
centres.

The proposed model leads to the following conclusions.

a) Very fast recovering centres withadl1 seconds or less do not contribute practically to the induced
absorption at the irradiation rate up to a few rad/min. It means that in the PWO scintillators to be used in
the CMS ECAL their suppression is not required.



b) Recovering centres witha/Jminutes already contribute to the induced absorption at the irradiation rate of
a few rad/min. Moreover their saturation level is very much dependent on the irradiation dose rate, which
makes the crystal unstable under variable beam conditions. They have to be suppressed.

¢) The main contributors to the induced absorption are the centres with slow recovery time and their presence in
the PWO scintillators has to be minimized as much as possible. They are responsible for the accumulation
of the damage and for the permanent degradation of the crystal transparency.
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Figure captions

Fig. 1 Induced absorption in PWO crystals due to different centre recovery at a low rate of irradiation, 0.01
rad/min. Change of the 0.23 m scintillator's transmission with initial absorption length of 2 m, after
1000 min of irradiation is 0.004% due to fast; 0.5% due to medium slow; 3% due to very slowly
recovering centres.

Fig. 2 Induced absorption in PWO crystals due to different centre recovery at an irradiation rate of 0.3 rad/min.
Change of the 0.23 m scintillator transmission with initial absorption length of 2 m, after 2000 min of
irradiation is 0.1% due to fast; 17% due to medium slow; 55% due to very slow recovering centres.

Fig. 3 Induced absorption in PWO crystals due to different recovering centres at an irradiation rate of 300
rad/min full damage of transmission.

Fig. 4 Induced absorption recovery kinetics (500 nm) of different PWO crystals at room temperature after 500
Gy irradiation at a rate of 300 rad/min.

Fig. 5 Induced absorption in PWO crystals due to very fast recovering centres at a dose rate of 5 rad/min.

Fig. 6 Kinetics of the induced absorption recovery (500 nm) of the PWO crystal at 293 K and 273 K.
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