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ABSTRACT

Radiation damage studies are being made on synthetic N'aCl and natural

rock salt crystals from various localities, including potential repository

sites. Measurements are being made with equipment for recording the radiation

induced F-center and colloid particle absorption bands during irradiation

with l.S MeV electrons at various temperatures. A technique has been

developed to resolve the overlapping F-center and colloid bands. The resulting

spectra and curves of absorption vs. dose provide information on colloid par-

ticle size and concentration, activation energies for processes occurring during

colloid formation, and additional data suggesting that both strain and radiation

induced dislocations contribute to the colloid formation process.

INTRODUCTION

As part of the program to dispose of radioactive waste in underground

repositories radiation damage studies are being made on natural rock salt.

The radiation levels from the waste are expected to produce con-

siderable radiation damage in the salt. Radiation damage considerations

will enter into repository site selection, engineering and risk assessment.

It is expected that radiation damage effects will be particularly imp*, tant in

assessing any physical and chemical interactions that might occur between the

encapsulated waste and the surrounding rock. For example, the chemical reactions

between canisters, under either wet or dry conditions, and normal rock salt

could differ appreciably from chemical reactions with irradiated rock salt

containing colloid sodium particles and an equivalent amount of chlorine in
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undetermined form. Furthermore, these interactions will take place in a gamma-

ray radiation field as long as the canister integrity is maintained but alpha

particle and beta ray irradiation will be involved if the canister opens and

mixing occurs. Since the surrounding rock will be continuously irradiated it

is prudent to make measurements under conditions where it is possible to study

effects occurring during irradiation which might not be detected if measurements

are made only after irradiation. Such studies can be conveniently made with the

unique equipment at Brookhaven National Laboratory for making optical measure-

ments on samples while they are irradiated with electrons.

Until recently a large part of the radiation damage information on rock

salt was obtained with synthetic crystals. This work showed that irradiation

at temperatures expected in rock adjacent to canisters would produce F-centers

(electrons trapped on chlorine atom vacancies), colloidal sodium metal particles,

interstitial dislocation loops and presumably chlorine atom clusters. The

F-centers and colloid particles can be conveniently studied by optical absorption

techniques since they produce absorption bands at approximately 2.6 eV (472 nm)

and 2.1 eV (585 nm). Appreciable information on radiation effects in both

natural and synthetic NaCl, particularly stored energy effects, is contained

in a publication by Jenks and Bopp.0

A thorough characterization of radiation damage in both synthetic N'aCl

crystals and natural rock salt from various localities, including some under

consideration as repository sites, was initiated recently. The apparatus for

making optical absorption measurements during electron irradiation is used to

record absorption spectra, as often as every 40 sec, on samples contained in a

temperature controlled chamber during and after irradiation with 1.5 MeV

electrons. Measurements are made at different tempe.-atures, dose rates, on

"unstrained" samples, and on samples plastically deformed prior to irradiation.

At temperatures where colloid formation is observed the F-center absorption



grows to a saturation level and at this point the colloid formation rate

increases from a very low to a rapidly increasing value. The F-center saturation

level varies strongly with temperature and dose rate but is only slightly depen-

dent on plastic deformation or the geological origin of the natural samples. The

dose required for F-center saturation and rapid colloid growth decreases with

increasing deformation. The colloid formation rate is strongly temperature

dependent; it is low at 125 C, increases to a maximum at roughly 175 C, and is

negligible at 300 C.

The radiation induced F-center and colloid absorption bands strongly over-

lap. To obtain reliable growth kinetics the bands must be resolved well enough

to obtain precise absorption vs. dose curves. A technique for making this

resolution is described below. This leads to a number of useful results. The

average colloid particle concentration and radius is obtained by fitting the

classical Mie theory expression for colloid particle extinction coefficients to

the resolved colloid band. Accurate F-center saturation levels are obtained

from which one may determine activation energies that can be used to test the

Jain-Lidiard theory for radiation induced colloid growth. Finally it will be

shown that cycles of irradiation, annealing and reirradiation produce a reduction

in the dose required for the onset of rapid colloid growth that is similar to that

produced by plastic deformation. This observation suggests that radiation and

strain induced dislocations play equivalent roles in colloid formation.

COLLOID ABSORPTION BAND ANALYSIS

The numerical procedure for resolving recorded spectra into separate

F-center and colloid absorption bands proceeds in w o steps. First, the shape

of the F-band--and the combined F and M bands if the latter is present—is

determined from spectra recorded as the F-centsr band is approaching saturation

and rapid colloid band growth is commencing. The spectrum chosen is subtracted



from spectra recorded at later times. If this choice is satisfactory the

resulting spectra contain only the colloid absorption introduced by additional

irradiation. However, if the resulting spectra contains detectable F-band

contributions another trial spectrum is chosen and the procedure repeated. At

doses where this subtraction can be made the resolved colloid band and the

chosen F-band (shape) are fitted to the measured spectra by a procedure which

adjusts the F and colloid band intensities until a least squares best fit is

obtained. Fig. 1 shows the separate F and colloid bands obtained for a synthetic

NaCl crystal subjected to a 250 M rad dose at 153 C. The solid line through the

data points (upper curve) is the sum of the two components.

The resolved colloid bands, such as shown in Fig. 2, have been analysed to

obtain data on the average particle diameter and colloid particle concentration.

The Kreibig and Fragstein modification of the Mie theory for small particles

(less than 10 ran radius) was used with an appropriately adjusted plasma frequency.

An adequate fit was obtained using only the electric dipole term in the extinction

coefficient expansion. Fig. 2 shows the fit obtained for the resolved colloid

band shown in Fig. 1. The Fig. 2 analysis yields 1.44 nm for the average colloid

particle radius and 7.2* 10 cm"0 for the colloid particle concentration. In

future studies this analysis will be used to determine the average colloid particle

radius and concentration during irradiation at different temperatures.

TEMPERATURE DEPENDENCE ON THE F-CENTER SATURATION LEVEL

The resolution procedure described above provides curves of F-center concen-

tration vs. dose which increase monotonically to a well-defined plateau or satura-

tion level (Fig. 3). At a given temperature, the colloid formation is low until

the F-centers reach saturation and increases at a much greater rate at higher doses.

In the Jain-Lidiard theory of radiation-induced colloid formation the F-center

saturation level plays an important role. The theory assumes that the F-center



diffusion is controlled by a single thermally activated process during irradiation

at a given dose rate. Also, the temperature dependence of the F-center saturation

level is determined by the F-center diffusion process. In this case an Arrhenius

plot of log saturation level vs. 1/T should contain a single linear component.

The theory also predicts that the activation energy would be h of the thermal dif-

fusion energy and, since Jain and Lidiard used 0.8 eV, the value obtained from the

Arrhenius plot should be 0.4 eV.

An Arrhenius plot obtained from measured F-center saturation levels is shown

in Fig. 4. The saturation levels were obtained from growth curves made by resol-

ving recorded spectra into F-center and colloid bands. The data have not been

corrected for temperature dependent changes in F-center bandwidth; but this would

introduce very small changes. Clearly, there are too linear regions in Fig. 4.

This could occur if there were two thermally activated processes controlling the

F-center saturation levels. The activation energies are approximately 0.2 eV for

the low temperature region and approximately 0.9 eV for the high temperature one.

Neither of these values are close to the 0.4 eV expected by Jain and Lidiard. The

low temperature region corresponds to the temperature range where colloid forma-

tion is most rapid, namely the ISO-18S C region. These observations, together

with previous results or. dose rate effects and annealing measurements, indicate

that a number of processes may be involved in radiation damage formation.

For example, the low temperature process may involve a transient radiation-induced

species such as an ionized F-center while the high temperature process may repre-

sent the annealing of radiation induced F-centers. Finally, the existence of

these two processes must be reconciled with the occurrence of the maximum in the

colloid formation rate observed in the 150-185 C region.

DISLOCATION RELATED EFFECTS IN NATURAL AND SYNTHETIC ROCK SALT

As described above, in both natural and synthetic salt crystals, and at

temperatures where colloid formation is observed, the dose required to achieve



F-center saturation roughly corresponds to the dose at which the colloid forma-

tion rate increases from a low to a relatively high value. The magnitude of

this "induction period dose" is decreased by plastically deforming the samples

prior to irradiation. A remarkably similar reduction is effected by a cycle of

irradiation, annealing arid then xeirradiation to establish the modified induction

period. These observations suggest that an increase in dislocation density

decreases the induction period dose. To test this hypothesis, yield point mea-

surements were made on synthetic NaCl samples subjected to irradiation and

annealing cycles. From these data, Fig. 5 was made which provides a measure of

the (presumed) dislocations introduced by irradiation. Several results are

illustrated by Fig. 5. First, the points obtained from both sequences lie close

to the same line. Second, if the yield point is a valid measure of dislocation

density, this plot ijnplies that strain induced ar^ radiation induced dislocations

play equivalent roles in the radiation induced colloid formation process.

The induction period dose required to produce rapid colloid growth has been

studied in a variety of natural rock salt crystals irradiated at 150 C. Yield

point measurements were made on corresponding samples to determine if the induc-

tion period doses were related to the dislocation density. A number of results

are summarized in Table I. First, the saturation levels are nearly the same for

all samples. Second, the induction period doses for natural samples are signi-

ficancly lower than for synthetic crystals. Third, the yield stresses for natural

samples are clearly higher than the synthetic samples. However, the induction

period doses for AEC 8 and Alt Aussee samples are not proportional to yield

stress, as one might expect.

Part of the differences in induction period and yield point data for natural

samples can be attributed to the dislocation density present when the measurements

are started. This is consistent with current information indicating that most

bedded salt has been plastically deformed. Some of the differences between



natural and synthetic salt and samples from different locations can probably be

attributed to other factors. For example, the colloid formation kinetics in

natural salt differs from that in synthetic NaCl in some respects. Also, impurities

may be important, the Alt Aussee salt contains a relatively high level of bromine.

Additional studies on impurity and dislocation related properties are underway.
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TABLE I |

F-Center Saturation Level, Induction Period Dose and! Yield

Stress in Natural and Synthetic NaCl Samples Irradiated at

1.2*108 rad/hr and 150 C.

f
Natural Rock*Salt

Sample Synthetic NaCl 1
AEC 8 Alt Aussee

(
1

F- center Saturation , n n ,,, -700
Level (cm-1) • 5°' 0 32'5 I 28'9

Induction Period 170-240 74 28 0
Dose (Mrad) 170 Z40 74 iS'°

Yield Stress ,n „ „ IA n
(kg/cm2) 2 ° - 2 2 32 34>0



FIGURE CAPTIONS

Fig. 1. Typical radiation induced absorption spectrum for synthetic NaCl

resolved into F-center-(2.6 eV) and Na metal colloid (2.1 eV) bands

using the resolution procedure described in the text.

Fig. 2. Measured sodium metal colloid absorption band (data points) and a

best-fit theoretical extinction curve (solid line) computed from

Mie theory modified for small particles. The numerical values

obtained from the theoretical curve are: average colloid radius =

1.44 nm; plasma frequency3 7.96 * 10 Hz; number of colloid particles/

cmJ =7.2 x lCr ; and the colloid volume fraction = 9.0 * 10" .

Fig. 3. Growth of F-center (dashed line) and colloid (solid line) absorption

bands during irradiation with l.S MeV electrons at 120 Mrad/h. in

synthetic NaCl (a) and natural rock salt (b) (from reference 4).

Fig. 4. F-center saturation levels vs. reciprocal temperature for synthetic

NaCl crystals irradiated with l.S MeV electrons at 120 and 340

Mrad/hr. The high and low temperature regions correspond to

activation energies of 0.9 and 0.2 eV, respectively.

Fig. 5. Yield stress vs. dose required to produce rapid colloid growth.

This curve demonstrates that strain and radiation induced dislocations

play equivalent roles in the colloid formation process.
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