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Simulation of the Scintillation Detector Degradation Process
In this paper, a comprehensive investigation will be carried out with the main focus directed at the understanding of the relationships between characteristics of scintillators such as structure, composition and microstructure defects, and material properties related to diffusion processes and deformation as well as at the understanding on how these material characteristics, gradients of temperature, oxygen and water, radiation and creep affect degradation and lifetime reduction of scintillators. Furthermore, focus is put on how the material characteristics, diffusion processes, thermal gradients, radiation and creep as well as damage increasing due to the creep following with  microstructuctural changes of scintillators in time may be controlled using the induced stress analysis in order to reduce degradation and optimize the design, and extend lifetime of scintillators. 

Introduction
The scintillation method, based on scintillation in phosphors, is one of the fundamental methods used for registration and ionizing radiation spectrometry in different fields of high energy physics, nuclear medicine, geophysics, biological object and environment monitoring. This technique is widely used in elements of ionizing radiation detecting systems [1-3].
The scintillation detector is a system in form of a scintillator, jointed to a photosensitive element (a photodiode or a photomultiplier tube). The detector is enclosed with a light-reflecting covering and, as a rule, sealed in a container. Thus, practically several different-type optical and constructive materials are combined in the detector. While materials matching, some technical contradictions occur due to the deference in physical properties, depending on the operational requirements, imposed on the detector. The elimination of these contradictions results in new solutions in other fields of science and technology as well as new material production.
Solid scintillators, used in the elements of ionizing radiation detecting systems, are inorganic single- and polycrystals, as well as amorphous (plastic) scintillators [1-3]. Depending on an application, scintillators are shaped in form of plates, rods, cylinders, films, grains and fibers.
Inorganic scintillators have the sufficient cross-section of total gamma-ray photon absorption and high transparency in the range of the fluorescence band. It gives the opportunity to use large-dimension crystals that provides the high detecting sensitivity and wide energy range of applications [1]. 
Organic scintillators show the high response speed and transparency. They are rather effective for neutron registration. Also they are used successfully to identify the ionizing radiation according to the pulse shape. Due to their small effective atomic number they have some advantages comparing with inorganic crystals when charged light particles are registrated that is of great importance for radioecology.
Pressed polycrystalline organic scintillators (polyscines), which have thermal and mechanical stability with the similar light yield, are widely used together with single crystals. The increased mechanical strength of polyscines is connected with the fact that usually the thermal and mechanical influences are limited with the small volume in the polycrystal, and on the contrary, in the single crystal the crack is spread easily along the whole volume. Polyscines can be configured easily into any complex shape and dimensions.
Plastic scintillators as elements of complex detecting systems of contemporary accelerators should work under intense radiation loading for a long time (up to 10 years). To function satisfactorily under such conditions they should have not only high resistance to ionizing radiations, but high long-term stability, too. The problem of the plastic scintillator radiation resistance is the subject of numerous researches. Moreover, a significant experimental data bank has been collected recently. However, not enough attention has been paid to the long-term parameter stability of plastic scintillators during the process of storage and operation [2].
The main scintillator characteristics are the light yield (the ratio of the quantity of photons, emitted just after ionizing particle or γ-quant absorption, to the absorbed doze), energy resolution, effective atomic number and luminescence time, maximum of the radiation spectrum, afterglow level and transparency to the intrinsic emission.
Different changes take place unavoidably during the scintillator operation for some time due to the thermal and mechanical influences as well as the environmental one. Therefore, the influence of the destabilizing factors on the scintillator lifetime and changes in time of the radiation resistance and stability, thermal stability, mechanical strength, hygroscopicity of scintillation materials are as important features as scintillation characteristics [3]. So, for instance, in the polymeric matrix the processes, followed with the degradation of its chemical and physical structure, occur. Point defects, microvoids, cracks of silver and microcracks appear on the surface and in the bulk in time. The surface becomes matt color, the scintillator looses its transparency and its light yield decreases. The reasons of the observed changes can be the tension, appeared in the polymeric matrix during the synthesis (due to the fixed molecule location, which is not equilibrium), low-molecular compound migration toward the surface and thermal-oxidative processes, occurred at high temperatures.
The radiation resistance problem, related to the especial conditions of scintillator functioning, is the subject of many studies and recently, a significant experimental data bank has been collected.  For crystals the intrinsic defects creation can result in some coloration under irradiation and, hence, their transparency loss. At the same time the radiation-induced change of the luminescence center can take place and, as a result, the light yield decrease can occur.
However, in spite of rather large quantity of experimental studies, related to radiation-induced changes of scintillation properties of alkali halide crystals, the mechanism of light yield radiation changes has not been studied enough due to the large range of doze dependences of the light yield of researched samples. This range depends on the high structural sensitivity of the radiation resistance [1, 3].
Crystal growth methods for scintillator production are far from perfection and do not allow to obtain the samples with well reproducible physical properties. It gives the variety of experimental data in literature about the fluorescence characteristics affected with structural defects and impurities. So experimental data about radiation changes of scintillation crystals can be quite different even for ‘good’ samples depending on a dislocation density and seed pore concentration. This circumstance complicates the research of mechanisms of crystal radiation damages. The study of these mechanisms needs special experiments, for example, the experiments with dislocation density increasing due to the mechanical tension, e.g. under the conditions of the uniaxial tension[1].  
The requirements made to scintillators are so various, that according to the analysis there is no such material that would be optimal for all applications simultaneously. Some stability of the characteristics (such as, for instance, spatial and chemical homogeneity, resistance and mechanical strength, light yield change dependence on time and temperature) should be known and controlled a fortiori. The insensitivity to the environment, moisture and light is also a desired feature.
In what follows, we will treat the scintillation detector degradation as a multiple complex of chemical and physical processes, which take place under the influence of the environment, during its storing and operation, planed lifetime revision, that results in irreversible changing and worsening of registrating abilities during the detector functioning.
The degradation process of the scintillator or detector,based on it, can be researched in two ways.
The first one is connected with evaluating of the significance of the possible scintillation detector reliability. In such way the problem is not only in the necessity of great many long-term and expensive tests but also in the fact that the developed statistical methods of such product evaluating could not be applied due to their restricted serial production (hundreds, in some cases thousand pieces).
The second way is based on constructing of the mathematical model of the scintillation detector degradation.
1. The goals of the study

 The fundamental goals of this paper are the following:

· Studying of mechanisms of thermal, chemical, mechanical, radiative and structural degradation of scintillation detectors
· Developing of approaches to the simulation of thermal, chemical, mechanical, radiative and structural degradation of scintillation crystals
· Developing of generalized  micro-mezo-macro determining relations, which can be used for calculating  the kinetics of scintillator stress changes in time as well as the scintillator material ability to fractures in detectors, which are in the unstable or stable operation mode under the influence of moisture, oxygen, air, temperature and ionizing radiation
· Estimating the relationships between shrinkage, swelling, thermal expansion, radiative swelling, creep phenomenon, stress redistribution and the development of scintillation detector degradation in time
· Software designing in form of computer structural models for the detector stressed state analysis in time, strength and long-term strength analysis, for safety control and lifetime predictions
· Formulating of practical recommendations, based on the results of detector computer simulation for scintillation material and construction developing, decreasing of the detector degradation and their lifetime increasing.

2. Degradation mechanisms
It is rather difficult to provide the combination of the high strength and long-term stability at the high light yield in a certain scintillation material.
As the detector tends to be damaged under the influence of high thermal, mechanical, diffusion and radiative stresses [1-3], the main problem of the detector construction with the plane geometry is the necessity of stable mechanical structure providing. The stresses appeared in the detector depend on the material properties, operating conditions and construction geometry. Thus, the detector can be half-supported or supported with the porous substrate; also, it can be mounted rigidly or sealed peripherally.
Therefore, stresses in scintillation detectors can appear due to spatial and time temperature gradients as well as environmental stresses. The stresses due to temperature gradients as well as the difference between coefficients of thermal expansion and Young moduli for the materials of the system in form of the scintillator, joined to the photosensitive element, will increase together with the system area. Moreover, in tern, this will restrict the wish to maximize detector operation results with the help of increasing its area. Thus, the long-term strength and detector lifetime depend substantially on the influence of the temperature because the heat supply and cooling can cause high thermal stresses. In addition, it should be taken into account that the systems in form of the scintillator, jointed with the photosensitive element, are loaded mechanically with their dead load and also can be under the stresses appeared during the operation with the necessary system equalization.
Equally with the sealing material required for the detector periphery these factors can be the cause of high mechanical stresses, which can be passed to brittle parts of the system. Therefore, the study of thermoelastic deformations and thermal stresses in systems is very important for the structural analysis of the system in form of scintillator, jointed with the photosensitive element. However, it is not enough for complete understanding of degradation mechanisms in time for scintillation detectors and reasons of their lifetime decreasing. Therefore, in addition to the above mentioned it is necessary to identify the phenomenon, which depends on time and connected with the chemical, radiative and structural degradation of scintillation crystals in time. This phenomenon can be studied experimentally.
The first. As a rule, the moisture activity in the detector occurs in those places, where the scintillation material contacts with the environment. Therefore, the moisture diffusion in some scintillation materials has great importance for practical purposes. The speed of the chemical moisture diffusion depends on the structure, composition and microstructural defects of the scintillation material.
Moreover, it should be accounted that in plastic scintillators the chemical expansion, caused with scintillator swelling due to the moisture diffusion, exists along with thermal one. As it was cleared out before [2] this expansion gives additional contribution into the total expansion of the scintillator material.
Thus, during the operation mode the detector is under the influence of the moisture gradient and subjected to the chemically induced deformation along its thickness. This causes diffusion stresses, which at least result in the detector damage. These chemically induced stresses in plastic scintillators depend on the degree of material swelling and system geometry. Therefore, the scintillator swelling due to the moisture diffusion can be the cause of the detector degradation and its lifetime decrease. And with it, the question as for the relationships between diffusion stresses and the moisture concentration in plastic scintillators has been still undecided in the literature [2].
The second. In the case when the scintillation material contacts with the environment the air oxygen activity can take place in the detector.
For instance, the oxygen diffusion into the plastic scintillator can result in chemically induced additional stresses [2]. This phenomenon can be explained if we take into account the oxygen concentration gradient along the detector thickness.
Hence, during the operation mode the detector can be under the influence of oxygen concentration gradient and subjected to the shrinkage. This causes the diffusion stress formation and its redistribution. In turn, it depends on the scintillation material shrinkage and geometry of the 
system in form of the scintillator, jointed to the photosensitive element. Thus, the plastic scintillator shrinkage because of the oxygen diffusion can be the reason of the detector degradation and its lifetime decrease [2].
The third. The thermal creep of the scintillation material also can cause the detector degradation in time and influence its lifetime decrease. The thermal creep is noticeable for crystal scintillators at high temperatures, but it is noticeable for plastic scintillators even at room temperature. It is known, [3] that the creep deformation of polycrystalline scintillators is connected with the atom diffusion of different impurities and defects in the crystal. As a rule, defects exist on the material grain boundaries. Speeds of different migration processes, creep and defect growth on the grain boundaries can be controlled with the diffusion coefficient of the slowest impurity or its concentration.
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Fig.1. The thermal creep curve under the condition of the uniaxial tension at the constant stress and temperature.
Usually results of the experimental study of scintillation material thermal creep are performed in form of diagrams (Fig.1) representing the time dependence for the thermal creep at constant stresses and temperature. These diagrams are called the creep curves. The type of creep curves depends on the stress and temperature which the scintillation material sample were tested at. As a rule, tests are carried out under the conditions of sample uniaxial tension. The deformation rather quickly increases from 0 up to some value under the sample loading. When the loading increase stops the total sample deformation increases only due to the creep deformation that rises in time according to the principle represented with OABC curve in Fig.1. The ordinates of this curve are the creep deformation values for the defined time value at fixed stress and temperature values. The slope of the tangent to OABC curve and X-axis represents the deformation speed on a scale and it is equal to the creep deformation speed.
The process of the scintillation material thermal creep can be divided into the three stages related to the three zones in Fig.1 (I, II, III).

On the first stage (OA zone) the creep deformation speed reduces gradually. This speed decreasing can be explained with the mechanical hardening and thermal softening interaction. At the first stage the mechanical hardening dominates due to the creep deformation increase.
The equilibrium of the mechanical hardening and thermal softening is reached at the second stage (AB zone). The creep process flows with minimal speed that is constant in time.

At the third stage (BC zone) the creep deformation speed increases constantly until the damage occurs at the C point (Fig.1).
We would note that the simplest approximation of OABC creep curve corresponds to AD straight line. In this case instead of three stages of the scintillation material creep process only the steady-state stage is considered.
Thus, the thermal creep of the scintillator can be the cause of the detector degradation and lifetime decrease. And with it, in the literature there are no publications as for the analysis of the stressed state in scintillation detectors, operating under the thermal creep.
The forth. Consequently, systems in form of the scintillator, jointed to the photosensitive element, often operate at high chemical gradients of oxygen and moisture together with the high temperature and irreversible creep deformation depending on time. Even at the initial stage of the creep process in crystal scintillators the dislocations and impurity atoms concentrate on grain boundaries in form of cavities. The microscopic cavities increase in size and coalesce on grain boundaries but dislocations, impurities and pores move toward these boundaries. During such process microcrack formation begins. The growth of such microcracks and their coalescence result in the crystal scintillator damage at the final stage of the thermal creep process. We would note that microcracks are formed with the preferred orientation often directed perpendicularly to the direction of the maximal principal stress. Thus, thermal creep deformations change the crystal scintillator microstructure due to dislocations, impurities and pores at the initial stage, the structure of microscopic cavities under the further deformation and due to the microcracks with the preferred orientation at the final stage of the creep process. At the same time the growth speed of the existed microscopic cavities and microcracks on the grain boundaries and the new microdefect growth speed depend considerably on creep process intensity. On the other hand, the growth of microscopic cavities and microcracks influences the thermal creep development in crystal scintillators. This influence begins at the initial and steady-state stages of creep and becomes noticeable at the third stage which precedes the fracture. And with it we would note that at the third stage of creep the creep deformation speed increases up to the damage (the plastic fracture type).  The damage due to the creep without deformation speed increase (the brittle fracture type) also can be observed in crystal scintillators.
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Fig.2. Submicrocrack accumulation under the constant tension stress influence for butyral resin samples [4].
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Fig. 3. Submicrocrack accumulation in the caprone sample under the different stresses (in MPa): 1-125, 2- 140, 3- 155 [4].
Fracture accumulation in the plastic scintillator under the thermal creep is very similar to such process in the crystal scintillator. For instance, in Fig.2 the submicrocrack quantity increase is shown in time t and under the uniaxial tension of the polymeric material sample [4]. Fracture accumulation in the polymer occurs more intensively when the value of applied stress increases (Fig.3).
Hence, thermal creep and degradation of the scintillator due to the material damage probability increase occur simultaneously and codetermine each other. Unfortunately, in literature there no data about theoretical and numerical studies of the damage probability due to thermal creep in systems in form of the scintillator jointed to the photosensitive element.
The fifth. The ionizing radiation operating for a long time induces substantial lattice disturbance of crystal scintillators as well as noticeable changes in the polymeric matrix of plastic scintillators. It changes physical and chemical properties of scintillation materials considerably. As a result of such changes radiative swelling of scintillators occurs which results in radiative stresses and consequently the radiation degradation of scintillation detectors.

For example, the submicrostrucure quantity increase in time under uniaxial tension of the polymeric material sample without additional UV irradiation (1) and with UV irradiation (2) is shown in 

Fig. 4. It is seen that UV irradiation results in increasing of the damage accumulation process intensity in the polymer.
It is evident that radiative swelling and damage accumulation take place simultaneously under ionizing radiation in scintillation crystal. Unfortunately, in literature there are no papers devoted to mathematical simulation of scintillation crystal radiative swelling and damage probability of the scintillator under ionizing radiation.
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Fig, 4. Submicrocrack accumulation in the mode of only constant tension stress operating in 

80 MPa (1), and under simultaneous operation of stress in 80 MPa and UV irradiation (2) in polypropylene samples [4]. 
The sixth. During the operation scintillation detectors are subjected to ionizing irradiation cycling which, in turn, in combine with mechanical stresses cause cyclic radiative creep of materials and damage due to radiative fatigue. And with it speeds of cyclic creep and damage accumulation depend on cycle characteristics, stressed state, radiant flux density and the temperature of the material. The processes of cyclic radiative creep of materials and damageability due to radiative fatigue can be identified basing on data of fundamental experiments under cyclic symmetrical loading at constant peak voltage and radiant flux density (Fig.5) in form of the relation between the cyclic creep deformation 
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with the number of cycles N [4].
It is evident that cyclic radiative creep and fracture accumulation due to radiative fatigue influence each other in scintillation material. At the same time in literature there are no studies devoted to mathematical simulation of cyclic radiative creep of scintillation detectors and damageability of scintillators due to radiative fatigue.
a)[image: image7.emf]0.4

0.3

0.2

200         400

N 

.

10 

-3

1 2 3 4

ε

c

  b)[image: image8.emf]0.3

0.2

0.1

200              400

N 

.

10 

-3

1 2 3 4


Fig. 5. Curves of  cyclic radiative creep(a) and damage accumulation due to radiative fatigue (b) under cyclic symmetrical loading at constant peak voltage 
[image: image9.wmf]1

s

(1),
[image: image10.wmf]2

s

 (2),
[image: image11.wmf]3

s

(3),
[image: image12.wmf]4

s

(4) and radiant flux density
[image: image13.wmf]1

s

>
[image: image14.wmf]2

s

>
[image: image15.wmf]3

s

>
[image: image16.wmf]4

s

.
3. The new generalized approach

We would turn to the consideration of determining relationships which can be used for calculations of stress kinetics changes in time in scintillators and damageability of scintillation materials in detectors under the influence of moisture, temperature and ionizing radiation.
The deformation tensor
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 in scintillators includes the elastic component
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Elastic deformations follow the generalized Hooke law. The thermal expansion law is of the form:
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and the radiative swelling law is
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where T  and Ф- the temperature and fluence of ionizing radiation. Material swelling 
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and shrinkage is 
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are the constant tensors of scintillators. The moisture concentration C1 and air oxygen concentration C2 can be found by integration of the Fick differential equation of second kind supplemented with initial and boundary conditions [5]. Tensor components of thermal creep deformation including the appropriate parameter of material damage are given in [6-8], tensor components of cyclic radiative creep deformation including the parameter of damageability due to radiative fatigue are given in [9-12].
The analysis of stress redistribution in time in scintillation detectors based on above mentioned determining equations is connected with the necessity of solving of physically nonlinear three-, two- and one-dimensional initial and boundary-value problems. The latter can be considered applying terms, numerical techniques and software given in [13-17]. Examples of numerical studies of stressed state in scintillation detectors will be considered in the next paper.
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