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The interaction of ionizing radiation with organic, polymer-based scintillators results in the
discoloration of the material, which reduces the scintillation efficiency, This phenomenon can be
described in terms of two types of color centers: annealable and nonannealable. For many
common materials, at doses of a few Mrad, the annealable color centers account for a large
fraction of the observed radiation-induced absorption. We are conducting studies to understand
the mechanisms and kinetics of the annealing process. By conducting experiments on polystyrene
in which polymerization of the monomer, 7-irradiation, and post-irradiation annealing were ali
carried out in a sealed, degassed tube, we have been able to resolve the question of whether
annealing can occur in the absence of oxygen. We find that annealing does indeed occur under
inert conditions, The rate of inert annealing at room temperature is drastically slower than
oxygen-mediated annealing, whereas the rates for the two processes is only slightly different at
80°C. We have measured the annealing rate of color centers in -r-irradiated polystyrene in air over
the temperature range of 30 to 90oC, and find a large increase in annealing rate with increasing
temperature. Arrhenius plots of the annealing data show strong non-llnearity, which can be
ascribed to two different annealing mechanisms of very different activation energy: presumably
oxidative and nonoxidative. Ongoing work involves deeonvolution of the two annealing processes,
and construction of a model for long-term annealing kinetics in these materials.

Introduction

Scope of Sandia Program

We have initiated a program to dddress the radiation stability of optical polymers and luminescent
dyes used in scintillator fabrication. Primary goals include: identification of radiation-degradation
mechanisms in scintillators, development of radiation-re_'istant systems, implementation of
effective annealing schemes for scintillator recovery, and demonstration of predictive aging
techniques for evaluating material lifetimes under low-level radiation conditions. Work carried out
to date includes: 1) A survey of the radiation-induced color center formation in 21 different
optical polymers, 2) an evaluation of radiation effects on the major classes of scintillator dyes,
both in terms of their decomposition and their discoloration in a polystyrene matrix, 3) evaluation
and synthesis of new red-shifted scintillator dyes, and 4) a detailed investigation of temperature
and oxygen effects in the annealing of color centers in irradiated polystyrene. This report covers
the results and conclusions to date on the annealing studies in polystyrene (number 4 above).
Results on the other topics al; involve extensive tables and discussion, and will be published
elsewhere.

Ma]or Issues in Color Center Annealing

There have been conflicting reports circulating on whether oxygen plays a beneficial or
detrimental role in the radlation-induced changes in polymer-based scintillators [1], The answer to
this question can be expected to be complex, and will likely be affected by the particular
pelymers, dyes, environmental conditions and timescales involved. This issue is fundamental to
the choice of the gaseous environment which will surround the scintillator media in future
detectors, and is also crucial in the design of rad-hard scintillator materials. Another important
materials issue is the ability to model the kinetics of color center annealing, for the purpose of
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predicting long-term effects of radiation exposure. This implies understanding the
interrelationship of time and temperature in the annealing phenomenon. To address these primary
annealing issues, we have conducted post-irradiation annealing experiments over a range of
temperatures in vacuum and under air.

Results and Discussion

Annealing in the Absence of Oxygen

"['he concentration of annealable color centers which gives rise to the radiation-induced absorption
is unknown; they may be very small in number. If so, then a tiny amount of oxygen
contamination could votentially cause significant anneali,kg. Thus, an "inert atmosphere" study
which had even minimal oxygen exposure, and which revealed annealing at a rate slower than that
found in air, would be open to the question: would the results actually represent oxygen annealing
at a partial pressure lower than that of air? Because of this concern, we carried out experiments
in which styrene monomer was subjected to repeated freeze-thaw degassing, and the glass tube in
which it was contained was gealed under vacuum using a torch. This allowed for efficient and
rapid deoxygenation, compared to what would be possible using polystyrene polymer_, due to the
extremely slow rate for gaseous permeation in the solid matrix [2]. Ali of the following operations
were carried on the sealed-tube sample: polymerization of the styrene monomer, 3,-irradiation, and
postirradiation anneat, "g. Each absorption spectrum run was obtained using a separate sample
which was open to the air immediately prior to t,e measurement.

Figure 1 presents data for the time-dependent change in absorbance, at 400 nra, for 7-irradiated
polystyrene samples (15 Mrad dose under vacuum) which were subsequently annealed near room
temperature under inert and air atmospheres. The samples held under vacuum do exhibit a slow,
steady decrease in absorbance. 'This amounts to less than 10% after 40 days, and occurs more than
an order of magnitude slower than annealing in the presence of air. Figure 2 presents data for
annealing at 800C under vacuum and air atmospheres. Substantial annealing is seen under both
atmospheres, with the vacuum annealing occurring only moderately slower. In ali cases, the
annealing asymptotically approaches a lower residual value, corresponding to color centers which
are permanent, and/or which a,t least have much long,_, annealing times.

From these data, it is clear that color center annealing does occur in the absence of oxygen. The
difference in oxygen-mediated annealing and non-oxygen-mediated annealing is further apparent
upon visual examination of su.naples. In the case of oxygen annealing, a distinct bleaching front
moves through the sampies with time, corresponding to the _armeatiot, of oxygen through the
material. Thus, in a partially annealed sample, distinct colored regions remain in the interior of
the specimen, while the edge regions appear nearly colc._'iess. In the case of inert-atmosphere
annealing, the sample coloratior, appears homogeneous throughout the annealing process.

lt is likely that the annealable ,:plot centers involve reactive species (such as radicals, radical ions,
trapped electrons, or similar) which are immobilized in the glassy polymer matrix. (A strong ESR
signal is in fact observed for polystyrene samples subjected to 3,-irradiation, and we are using the
ESR technique to study the annealing phenomenon. This will not be discussed further in this
report). The annealing mechanism in air must cor_'espond to reaction with molecular oxygen to
yield colorless (or less colored) products. Rapid reaction of oxygen with ali of the species listed
above would be expected. The _anealing mechanism under inert atmosphere must correspond to
mobility of the reactive species themselves within the matrix, leading to recombination reactions
with other reactive species (i.e., radical-radical recombination; rac_ical cation-radical anion
recombination). 3oth the diffusion of oxygen anu the diffusion of reactive species (including
reactive sites on the macromolecules) e- J be expected to increase with increasing temperature, as
is seen with the data. Thus, as the polys_,,_ne is heated toward its glass transition temperature
(~105oC), the mob.;.!_ty of species within "be matrix is greatly increased. Under these conditions of



low matrix rigidity, the g._l¢ color centers have very short lifetimes.

An implication of these data is that elevated temperature may be useful for eliminating annealable
color centers. Since oxygen may have an undesirable degrading effect on polymers [3] (possibly
leading to higher concentrations of permanent color centers) and also on dyes (leading to oxidative
degradation) [4], it may be desirable to utilize inert annealing processes. Clearly, even at room
temperature, color centers diminish with time. Further kinetic studies should lead to predictions
of decay time of the color centers under a given set of operating conditions (temperature,
atmosphere, etc.), and should allow estimation of steady-_tate concentrations of annealable color
centers under particular long-term operating conditic.'n_s(dose rate, temperature) as irradiation is in
progress.

Temperature- Dependence Plots

Figure 3 presents time-dependent decay curves for the radiation-induced absorbance of
polystyrene at 400 nra, obtained in air atmosphere a_ temperatures ranging from 30 to 90°C.
Progressively more rapid decay is seen at higher experinaental temperatures. Figure 4 presents an
Arrhenius plot for the data of Fig. 3, showing the time for recovery to three different extents of
annealing as a function of reciprocal temperature. 'The three curves follow very much the same
trend, and exhibit a strong non-linearity. Linearity in such a plot would be characteristic of a
process having a single rate-determining step [5]. The curvature observed indicates the occurrence
of two or more rate-limiting processes having substantially different activation energies. Such
behavior would result from the competition of the two annealing mechanisms described earlier
(oxygen-diffusion annealing, and inert-atmosphere recombination annealing), if these two process
made propo,'tionately different contributions at different temperatures. Comparison of the data in
Figs. 1 and 2 would indicate that this is so. We are presently carrying out annealing experiments
under both vacuum and air at a number of additional temperatures, from which we will construct
Arrhenius plots for both annealing process. Deconvolution of the the two annealing processes will
be carried out with the goal of utilizing the Arrhenius approach for modeling time-dependent
annealing under both atmospheres. In addition, extensive experiments are currently being initiated
to irradiate samples under various combinations of temperatures and low dose rates for
construction of further long-term aging models utilizing the time-temperature,dose rate
superposition approach which has been applied previously to the radiation-degradation of
mechanical properties of polymers [5,6].

DISCLAIMER

This report was prepared as an acca)unt of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or as3umes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ene.e herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any a_,,encythereof.
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FIGURE CAPTIONS

Figure 1. Air and vacuum annealing at 30"C of color centers in polystyrene after "r=irradiation in
vacuum to 15 Mrad, Samples were polished disks 0.25 in (0.635 eta) thick and 0.612 in (1.55 eta)
in diameter.

Figure 2. Air and v_cuum annealing of radiation-induced color centers in polystyrene at 30* C.
Irradiation and sample size as in Figure 1.

Figure 3. Temperature dependence of air annealed color centers. Irradiation and sample size as in
Figure 1.

Figure 4. Arrhenius plot of the decrease in the initial post-irradiation concentration of color
centers as a function of I/T. Concentration decreases shown are 25%, 50%, and 75%.
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