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ABSTRACT

As part of a program to investigate radiation damage in geological mate-

rials of interest to the radioactive waste disposal program, radiation

damage—particularly radiation induced sodium metal colloid formation—has been

studied in 14 natural rock salt samples. All measurements we made with equip-

ment for making optical absorption and other measurements on samples, in a tem-

perature controlled irradiation chamber, during and after 0.5 to 3.0 MeV elec-

tron irradiation. Samples were chosen for practical and scientific purposes,

from localities that are potential repository sites and from different horizons

at certain localities. At room temperature and at low doses only F-centers

(Cl ion vacancies) and a variety of "V-region" absorption bands are present.

Above 100°C and at high doses intense sodium metal colloid particle absorption

bands are formed. F-center formation begins immediately after the irradiation

is initiated and increases monotonically to a well-defined plateau, reached at

doses of 10 - 10 rad. In natural rock salt samples, not purposely strained in

the laboratory, the colloid formation is well described by classical nucleation

and growth curves with the initial induction, or low growth rate nucleation re-

gion, extending to 10 - 10 rad. In all samples measured to date, the rapid

colloid growth region is well described by C(irradiation time)n or C(dose)n

relations. Aside from the temperature dependence, at least three factors modify

the colloid growth rate. 1) The induction period is shortened by straining sam-

ples prior to irradiation. For strains up to roughly 10 percent it is progres-

sively shortened. Around 10 percent strain the induction period is negliable or

zero. Strains above this value do not produce large additional effects. 2) The

colloid formations rate increases as the dose rate decreases, i.e. on a unit



• c>

dose basis, lower dose rates produce more colloids than higher dose rates. 3)

Colloid formation appears to be related to the salt impurity level. It is

suppressed in regions of crystals containing approximately 1 percent Ca and S.

Both the F-center and colloid particle formation is strongly temperature depen-

dent. The F-center formation rate and plateau level is high at 100°C and de-

creases monotonically to a low or negligible level at 300°C. The colloid forma-

tion rate is low or negligible at 100-115°C, and as the radiation temperature is

inc.eased, increases to a broad maximum at 150-175°C and then decreases to a neg-

ligible level at 250-300°C. The colloid growth curve induction period is
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greater than 10 seconds at 100 C, decreases to less than 3000 seconds at 150-

175°C, and is greater than 10 seconds at 275-300°C. Colloid formation has been

carefully studied in the 14 "naturally impure" rock salt samples at a tempera-

ture where the colloid formation rate is a maximum—namely 150°C, at a dose rate
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of 1.2 x 10 rad/hr and to total doses of 2-4 x 10 rad. Colloid formation

rates vary by a factor of 10 or more between samples from different localities,

using the C(dose) relation to estimate the colloid formed in actual

repositories indicates that in 50-400 years, a dose of 10 rad will convert be-

tween 0.1 and 10 percent, and 2 x 10 rad will convert between 1 and 50 percent

of the salt to colloidal sodium metal. The chemical and physical properties of

rock salt containing colloid sodium metal at these levels differs markedly from

that of normal rock salt and the salt is likely to interact vigorously with

canisters, backfill materials, water, etc.



I. INTRODUCTION

A survey of radiation damage in natural rock salt from widely separated

geological localities is the latest subject to be emphasized in a program to

study radiation effects in minerals, back fill materials, and waste forms of

interest to tha national radioactive waste disposal program. Under study are

samples from sites of purely scientific interest, from potential repository

locations, from repositories such as Asse in the FRG and from different horizons

at selected sites. As will be demonstrated, the principle manifestation of radi-

ation damage is the formation of sodium metal colloid particles and, as dictated

by simple material balance, an equivalent amount of chlorine. The exact disposi-

tion of the chlorine is, at the moment, one of the principal unsolved scientific

questions regarding radiation damage in rock salt. The amount of colloid formed

and the colloid formation rate varies greatly from site to site and depends

strongly on dose rate, total dose, temperature, strain, impurities and possible

undiscovered factors. This presentation can be regarded as an updated version

of a review of radiation effect studies on natural and synthetic rock salt Q )

or as an expanded version of a paper presented at the Materials Research Society

1981 Symposium on the Scientific Basis for Nuclear Waste Management (2).

II. A CURSORY VIEW OF RADIATION DAMAGE IN NATURAL ROCK SALT

Radiation damaged rock salt from the Lyons KS Radioactive Waste Demonstra-

tion Project (2) is shown in a black and white version of a color photograph in

figure 1. The salt that was farthest from the fuel element received a gamma ray

dose in the 10 - 10 rad range and is typical of normal bedded rock salt from

the horizon where the tests were made. In contrast, the salt which was closest
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to the fuel element and received a dose in the 10 - 10 rad range has several



unique characteristics. It has a very dark blue-black color, is appreciably

harder than unirradiated salt, and fractures quite readily. The bluer-black

color is attributable to the presence of sodium metal colloid particles. The

samples from intervening distances grade from blue-black to greyish-white with

the intermediate examples exhibiting the light blue to purple color often

described in the German mineralogy literature as "blau steinsalz." Note that

none of these samples exhibit the golden brown color of natural or synthetic

rock salt which contains only radiation induced F-centers. This is not surpris-

ing, both melt grown synthetic NaCl crystals—especially if they have been

strained—and natural rock salt samples are golden brown in color after expo-

sures of 10 - 10 rad at room temperature. However, such crystals develop

"steinsalz blau" blue color after being stored in the dark, at room temperature,

in three to six months. The samples shown in figure 1 were removed from the

Lyons KS mine some months after the fuel element had been removed.

The sections that follow contain a concise description of radiation

induced F-center and colloid particle formation in both natural and synthetic

melt grown rock salt, a brief summary of the current information on the various

factors that control irradiation damage formation in these materials, and brief

sketches of applications to repository site selection, engineering, etc.

III. EXPERIMENTAL DETAILS

Almost all of the measurements described below were made with equipment at

Brookhaven National Laboratory for making optical absorption, luminescence and

other measurements on samples while they are being irradiated with monoenergetic

electrons. The major portion of this apparatus is shown schematically in figure

2. Basically, it is a 13 meter long double beam spectrophotometer with all



equipment which might be sensitive to radiation outside of the radiation cham-

ber. A computer is used to control the apparatus and to record data. Typi-

cally, absorption and luminescence spectra are recorded at selected intervals,

as close together as every 50 seconds, during the entire irradiation. For the

measurements described below they cover the 350 to 750 nm wavelength range, i.e.

1.6 to 3.0 eV photon energy. Except for dose rate studies, all measurements
g

were made at a dose rate used was 1.2 x 10 rad/hr. The incident electron

energy was 1.5 meV; an energy sufficient to ensure that the bombarding electrons

completely traversed the samples. This condition must be fulfilled to prevent

the build-up of internally trap charges which would lead to electrical breakdown

in the crystals. Also, as is well known, gamma rays interact with solids by the

formation of electron recoils. Most importantly, the interaction between the re-

coil electrons and solids is precisely equivalent to that produced by bombarding

electrons. Thus, information obtained by electron bombardment is immediately ap-

plicable to the evaluation of gamma-ray induced damage. However, in evaluating

gamma-ray induced radiation damage it is essential to include the penetrability

of the gamna rays prior to the electron recoil formation event.

During each measurement a large number of absorption spectra were

recorded. As described below, at large doses overlapping F-center and colloid

absorption bands are present and were resolved into individual components using

previously described techniques W.5.J6,). For each sample studied, a sufficient

number of absorption spectra were resolved into individual F and colloid band

components to construct precise curves of F-center and colloid particle concen-

tration va. irradiation time curves, often called coloring curves.



Natural rock salt samples were obtained from the geological localities,

and from different horizons at certain locations, listed in table l^^Jteasure-

ments were made on single crystals, usually 8 x 8 x 0.75 mm, or thinner, cleaved

from individual crystallites obtained from cores or pieces of rock salt. The

samples obtained from the localities in table I contain relatively few

crystallites large enough to provide samples of this size which are free of

voids, inclusions, etc.. Consequently, often 0.5 kg, or so, of rock had to be

carefully separated before a suitable crystal is located. The samples listed in

table 1 represent roughly 2/3 of all samples received. The remaining samples do

not contain crystals large enough to measure. Because of this selection process

the results are biased towards samples that contain large crystallites. Methods

are being developed for studying samples containing only small crystallites

and/or making measurements on centimeter size samples that are representative of

unseparated rock salt.

Samples were irradiated ia a chamber, containing a few millimeters of he-

lium exchange gas, whose temperature was controlled electronically. The elec-

tronic temperature control apparatus utilizes a single thermocouple in contact

with the exchange gas. The sample temperature is measured independently with a

second thermocouple in contact with it.

The chamber contains fused silica windows for transmitting the

spectrophotometer light beams and thin Havar metal windows for transmitting the

electron beam. In principle, any irradiation induced coloring in the fused sil-

ica windows is compensated for by the dual beam nature of the spectrophotometer.

However, by using high purity fused silica windows it was possible to avoid radi-

ation induced coloring in the wavelength range used for the measurements



described here. The electron beam is sufficiently intense at the dose rate used

g

for these studies, 1.2 x 10 rad/hr, to heat the samples between 3 and 5

degrees. Consequently, prior to irradiation the temperature controlled chamber

was adjusted to 3 to 5 degrees below the desired temperature. When the irradia-

tion commences the sample temperature increases rapidly to the desired tempera-

ture and remains constant, to within a degree or so, during the remainder of the

irradiation, provided that the accelerator beam current remains reasonably con-

stant.

IV. PHENOMENOLOGY OF RADIATION DAMAGE IN NATURAL AND SYNTHETIC ROCK SALT

As described previously, radiation damage formation in both natural and

synthetic rock salt occurs in a qualitatively similar fashion (1>6,»1»8). When
a

exposed to 1.5 meV electrons, at a dose rate of 1.2 x 10 rad/hr, and with the

sample at room temperature, a prominent F-center band is introduced which is

accompanied by several "V-region" bands. Undoubtedly, the V-region bands play

a role in the F-center formation. However, they have not been studied in detail

and will not be discussed here. As a function of dose or irradiation time, the

F-center absorption increases monotonically to a well-defined plateau. At

roughly the dose where the F-band reaches the plateau M-bands are usually observed.

Colloid bands are not observed at room temperature during irradiations as large

as 2-4 x 108 rad.

At temperatures between 100 and 300 degrees C, the general features of the

radiation induced absorption and luminescence, in both natural and synthetic

rock salt are demonstrated by figure 3. At temperatures where both F-center

(negative ion vacancy) and colloid particle absorption bands are observed, be-

tween approximately 115° and 250aC, the F-center concentration vs. dose curves
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increase monotonically to well-defined plateaus, which are reached in 10 to 10

irad range. The colloidal sodium metal absorption bands are well described by

classical nucleation and growth curves with the transition from the induction pe-

riod to the rapid growth region occurring at about the dose where the F-center

concentration reaches saturation. Both the F-center growth to a plateau or satu-

ration level and the nucleation and growth character of the colloid absorption

is demonstrated clearly in figure 3. Although it will not be discussed in this

paper, this figure also shows the radiation induced luminescence typically

emitted by rock salt samples during electron irradiation. It is readily shown

that the decrease in intensity occurring after the irradiation has commenced

does not result from the absorption of luminescence by the radiation induced ab-

sorption bands. Thus, this reduction is related to the luminescence emission

processes.

In both natural and synthetic rock salt the F-center and colloid growth is

strongly temperature dependent. In both materials the F-center formation rate

and saturation level is largest at 100-115°C and with increasing temperature de-

creases monotonically until it reaches a negligible level at 250-300°C. The tem-

perature dependence of the colloid formation is qualitatively similar for both

natural and synthetic rock salt. The temperature dependence of the radiation

induced colloid formation for samples from the 810 m level of the WIPP site

(Waste Isolation Pilot Project, Los Medanos, NM) is shown in figure 4. The

heavy solid lines show the radiation induced colloid formation measured at vari-

ous temperatures. These colloid absorption vs. irradiation time, or coloring

curves, are well approximated by straight lines on log-log plots, at least

in the high dose portions of the data curves. In other words, at high doses



the colloid formation is well approximated by Ctn relations, vhere C and n are

constants, and t is irradiation time. In both natural and synthetic salt C and

n values are obtained which are appropriate for the temperature dependence shown

in figure 4 and described below. For WIPP salt the C values are around 10 at

100-115°C, decrease with increasing temperature to 2 x 10 at around l80eC, and

increase to roughly 10 at 225°C. In natural rock salt the n values are rela-

tively independent of temperature and lie between 1.7 to 2.2. The n values for

melt grown synthetic NaCl crystals depend markedly on temperature. At roughly

130°C the value of n is approximately 4, increases to approximately 6.5 at

190°C, and then decreases to approximately 1.8 at 230°C.

In figure 4 the solid line contours show how the colloid growth depends on

temperature. The colloid growth rate is low or zero at 115°C, increase rapidly

with increasing temperature to a maximum in the 150-170°C range, and as the tem-

perature increase further decreases to a negligible level at 250°C. The dashed

contour line shows that the colloid growth curve induction period is more than

10 seconds at 100°C, decreases with increasing temperature to a minimum of less

than 3000 seconds around 150°C, and increases more than 10 seconds at 250°C. To

repeat, the induction period dependence in synthetic NaCl is qualitatively simi-

lar. Two important observations about the induction period at room temperature

should be mentioned. First, samples exposed to 10 rad at room temperature do

not exhibit colloid absorption bands at the end of the irradiation. However,

they exhibit pronounced colloid absorption bands after being stored for 3 to 6

months in darkness at room temperature. There is a marked tendency for the

slowly appearing colloid coloring to lie along the <110> planes associated with

plastic deformation induced slip systems. Second, samples irradiated at room



temperature develop appreciable concentrations of colloids when heated for 1 to

2 hrs in the 150-250°C range (9.). In fact, rock salt samples irradiated at room

temperature develop M-centers as they are heated initially. Additional heating

produces colloid absorption bands. Prologed heating at 250 C removes all color

center bands but the colloid absorption bands remain.

V. RADIATION INDUCED COLLOID FOBMATION IN NATURAL ROCK SALT FROM VARIOUS GEOLOG-

ICAL LOCALITIES

To determine if radiation damage—especially radiation induced colloid for-

mation—varies in salt from different geological locations, studies are being

made on both bedded and dome rock salt samples from widely separated localities.

Some samples were chosen for purely scientific purposes while other samples are

from localities of definite interest to the National Radioactive Waste Disposal

Program. For this survey of natural samples all measurements were made at 150* C

g

and at a dose rate of 1.2 x 10 rad/hr. Samples were selected which were free

as possible from voids, discolored areas, macroscopic defects and strain induced

plastic deformation. For each sample numerous absorption spectra, such as shown

in figure 2, were recorded and resolved into F-center and colloid absorption band

components. The resulting colloid absorption band areas vs. irradiation time

curves for the first 14 samples studied are shown in figure 5. The Constance

in the Ct relation, obtained by fitting this expression to the high temperature

end of the data curves, are contained in table I. For the 14 samples listed the

n values are between 1.6 and 2.4 and the average n is 1.85 ± 0.18. However, the

C values vary by a factor of 10 or more. As discussed below, this data can be

used to estimate the amount of radiation damage, particularly colloid particle

formation, in natural rock salt near waste canisters in repositories.

8



Table I

The constants, C and n, in the relation (Mole Fraction NaCl Converted to Colloi-

dal Na) - Ctn, where t is irradiation time in seconds. The values were obtained

from the data in Figure 5 by &. best f i t procedure.

Sample

AEC-8, NM, USA (WIPP site)

ALT AUSEE, Austria

ASSE 1, FRG

ASSE 4, FRG

ASSE 6, FRG

ASSE 8, FRG

ASSE 9, FRG

Avery Island, LA, USA

ERDA-9, NM, USA

Lyons, KS, USA

Retsof, NY, USA

Rocanville, SK, Canada (above ore)

Rocanville, SK, Canada (with ore)

Rocanville, SK, Canada (recrystallized)

i.

1.

1.

1.

2.

2.

2.

1,

1,

1

1,

1

1.

2

n

87

98

84

77

08

,17

,05

.66

.73

.87

.56

.57

.83

.41

4.

3.

2.

1.

1.

1.

6.

8,

2,

7

4,

2

6,

6

50

60

71

,34

60

.86

.47

.80

.82

.43

.14

.72

.78

.14

C

X

X

X

X

X

X

X

X

X

X

X

X

X

X

10-13

10-13

io-i2

io"i2

10-13

io"14

io-14

lo"12

10"12

10-13

ID"11

lo-n

10-13

10-15



VI. FACTORS INFLUENCING RADIATION INDUCED COLLOID FORMATION IN NATURAL ROCK

SALT

At least 3 factors influence radiation induced colloid formation in natu-

ral rock salt in addition to the pronounced temperature dependence described

above.

Colloid formation in plastically deformed samples: As shown in previous

publications and illustrated in figure 5, subjecting both synthetic and natural

rock salt to plastic deformation, by uniaxial compression, prior to irradiation

markedly reduced the colloid growth curve induction period (1.J6.J2I^). For

strains between 1 and 10 percent the induction period decreases with increasing

strain. Strains of roughly 10% reduce the induction period to zero or to very

small irradiation times or doses. Strains above this value do net introduce any

large additional effects. It has been shown previously QC)) that straining KC1

crystals during irradiation markedly increases the F-center coloring rate. Pre-

sumably, plastically deforming NaCl crystals during irradiation will have simi-

lar large effects on the F-center and colloid formation rates. Equipment for

such measurements is being assembled. The reduction in induction period

associated with plastic deformation clearly indicates that there is a connection

between dislocations in the rock salt lattice and the colloid particle

nucleation rate. Also, recently completed theoretical studies indicate that

both <100> and <111> edge dislocations are likely sites for colloid particle

nucleation and that they are about equally strong nucleation sites Ql^^2). A

large number of measurements regarding colloid formation are yet to be made.

For example, it should be determined if the colloid size distribution in

strained samples is different from that in unstrained samples. In samples not

10



strained in the laboratory, colloid formation in synthetic salt differs from

that in natural salt (4,5J. The annealing of strained and unstrained samples

containing colloid particles has not been studied, etc.

Colloid formation in rock salt irradiated at different dose rates: Radia-

tion induced colloid formation at three different dose rates, in rock salt sam-

ples from the WIPP site, is shown in figure 7. This figure demonstrates that

colloid formacion increases as the dose rate decreases. In other words, on a

unit dose basis, low dose rates produce more colloids than high dose rates.

Very similar results are obtained with synthetic melt grown NaCl crystals

(̂ ,̂ ,2,,̂ ). The dose rates used in these studies are 10 to 10 times larger

than those expected in radioactive waste repositories. For repository

engineering purposes it is essential to make additional dose rate studies. It

is conceivable that the low dose rates expected in repositories will be much

more efficient in producing colloids than the high dose rates used in these

studies.

Lattice impurities and radiation induced colloid formation: As expected

from well-known color center studies (13) both the radiation induced color cen-

ter and colloid formation processes are strongly influenced by the impurity con-

tent of the sample. One, of a large number, of indications of impurity effects

in colloid formation is illustrated in the data for samples from Rocanville,

Sask., Canada, shown in figure 5 and table I. Colloid formation in samples from

a layer of bedded salt above the ore horizon is appreciably greater than that in

samples from the ore horizon "which contains intermixed rock salt and potash ore.

Almost certainly, salt from the upper horizon is purer than salt from the lower

ore horizon. Furthermore, colloid formation in samples of recrystallized rock

11



salt from the ore horizon is greater than that from the usual bedded salt

samples. It is reasonable to expect that the recrystallized salt—sometimes

referred to as "Vug" salt—would be appreciably purer frhan the salt from the

surrounding matrix.

Additional information on radiation damage in impure salt has been

obtained from proton microprobe studies en rock salt samples that do not color

uniformly. A black and white version of a color photomicrograph of natural rock

salt which was not colored uniformly after irradiation is shown in figure 8.

The dark areas are blue-black, indicating the presence of both F-centers and col-

loidal sodium metal particles. The light area is golden yellow, indicating that

only F-centers are present. The center of the white area contains a line of

voids, most of which are partially or entirely brine filled. In this crystal,

the colloid formation has been suppressed in the region surrounding the void.

Microprobe studies have not been made on samples containing light areas

surrounding voids such as shown in figure 8. However such studies have been

made on samples containing similar light and dark areas which may or may not con-

tain voids (14). Typical impurity level data for the light and dark areas,

obtained by proton microprobe, are shown in Table II.

The data in table II clearly shows that colloid formation is suppressed in

the impure regions where the sulfur and calcium content is in the 1 percent

range and additional impurities are present in the part per million range.

Thus, at the moment, it appears that the presence of both voids and/or

impurities inhibit colloid formatioc. Proton microprobe studies on samples

obtaining clear regions around voids are planned for the near future.

12
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Table II

Impurities in colloid-rich and colloid free areas in irradiated natural rock

salt, obtained by proton, microprobe techniques (14)«

Impurity Content
Colloid Level

S Ca Fe Co Cu 3r Sr

Low or zero 1.0% 1.2Z 4 ppm 4 ppm 6 ppm 40 ppm 65 ppm

High ND ND ND ND 5 ppm 36 ppm ND

ND • Not Detected

13



VI. APPLICATIONS TO RADIOACTIVE WASTE REPOSITORIES IN ROCK SALT

The information outlined above has important applications to the selection

of sites for radioactive waste repositories in natural rock salt, the design of

a repository in a specific site, the design of canisters to contain the

radioactive waste form and other aspects of site selection aid design.

The total amount of radiation induced colloidal sodium metal expected in

the rock salt surrounding any canister can be estimated from the data in table

I. More explicitly, this data can be used to extrapolate the curves in figure

5 to any irradiation time—or any total dose, subject to the following

assumptions:

1) The Ct relation is valid above the total dose—or irradiation time—

used to obtain the data in figure 4.

2) The dose rate is 1.2 x 10& rad/hr.

3) The surrounding rock has been heated to 150°C by the waste canisters.

4) The gamma-ray dose rate at the surface of the canisters is in the 2-5
4

10 rad/hr range. Actually, the dose rate data is needed only to estimate the

time required for the surrounding rock salt to reach a given dose level.

From the data in table I, subject to the assumptions listed above, one ob-

tains the colloid levels shown in table III for total doses of 10 and 2 x 10

rad, for the samples studied to date. It is worth pointing out that doubling

the total dose increases the colloid content by roughly a factor of four. Two

major conclusions are demonstrated by table 2:

1) Rock salt from certain localities and/or horizons develops appreciably

less radiation damage than salt from other localities. Thus, to minimize radia-

14



tion effects in the surrounding salt one would choose localities and/or horizons

where the damage formation rate was a minimum.

2) Appreciable amounts of colloidal sodium metal can be formed in the

surrounding rock salt. Although not discussed in detail in this paper, the phys-

ical and chemical properties of rock salt containing this degree of radiation

damage are appreciably different from normal rock salt. For example, such rock

salt reacts strongly with water to produce a number of chemical species U_5) and

readily observed hydrogen gas bubbles. Physically it is different from ordinary

rock salt; it is brittle—not plastic—friable, exceptionally susceptible to

cleaving, and when cleaved or broken emits an odor of chlorine gas.

The estimates contained in table III can be expected to be altered by a

number of known factors and possibly some that have not yet been discovered.

1) Dose rate effects may be expected to increase the colloid content of

irradiated rock salt. As demonstrated above the colloid formation increases as

the dose rate decreases. The dose rates used for these studies are approxi-

mately 10 higher than those expected in repositories. Also, the dose rates wil1

be highest in the salt nearest the canister and diminish as the distance from

the canister increases.

2) As outlined above and described in references U ) , (2) and (8), plastic

strain and/or deformation diminishes or eliminates the colloid growth induction

period. In the currently available data there is an indication, but not an

unequivocable demonstration, that the colloid formation rate is greater in

strained samples than in comparable unstrained samples.

15



3) Impurity effects may be expected to reduce the colloid formation. How-

ever, the samples studied to date can be considered as normal "impure" natural

rock salt.

4) The estimates in table 3 are for the temperature at which the colloid

formation rate is a maximum at the dose rate used in the studies. If the effec-

tive temperature of the rock salt is at a lower temperature it is quite*possible

that the total amount of colloid formed will be reduced. However, a lower effec-

tive temperature may simply extend the colloid growth induction period. As

mentioned elsewhere, colloids are formed in samples irradiated at room tempera-

ture, particularly in strained samples, but they do not appear until three or

six months after irradiation. Because of the long time periods involved, data

are not available on colloid formation betwti-sn room temperature and 100°C.

The data an radiation damage is natural rock salt outlined above, together

with any of the computer programs for calculating gamma-ray transport through

solid substances, makes it possible to calculate the radiation induced sodium

metal colloid concentration around each canister. As far as can be determined,

this calculation has not besn attempted. However, it would appear that each can-

ister will be surrounded by an ellipsoid or "foot ball" shaped region of radia-

tion damaged salt. The colloid concentration will be a maximum at the surface of

the canister and decrease with distance from the canister surface in a fashion

intermediate between a linear and exponential decrease. At. roughly a meter from

the canister surface the colloid concentration will be very roughly one percent

of that at the canister surface. The salt adjacent to the canister will be

quite brittle. Information ia not available to estimate the shear strength of

the most highly irradiated salt and how the strength will depend on dose. In

16



Table III

Percent sodium metal colloid expected in rock salt at canister interfaces for

10 and 2 x 10 rad; approximately 50 to 400 years for a dose rate at waste
4

form surface of 2 x 10 rad/hr. See notes, 1-4 below:

Percent Colloid
Sample

AEC 8-810 m level (WIPP Site), NM, USA

Alt Aussee, Austria

Asse 1, FRG

Asse 4, FRG

Asse 6, FRG

Asse 8, FRG

Asse 9, FRG

Avery Island, LA, USA

ERDA-9 (WIPP Site), NM, USA

Lyons, KS, USA

Retsof, NY, USA

Rocanville, SK, Canada (above potash ore)

Rocanville, SK, Canada (with potash ore)

Rocanville, SK, Canada (recrystallized)

1) Measurements made at 150°C. At lower temperatures the only effect may be

a lengthening of the induction period; it appears to be in the 3-6 month

range at room temperature.
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1010 rad

0.78

2.54

3.24

0.66

3.95

1.43

1.09

1.09

0.84

1.30

1.45

1.08

0.75

9.73

Dose
2 x 1010 rad

2.87

9.93

11.6

2.25

16.7

6.43

4.53

3.44

2.80

4.74

4.27

3.21

2.5*-

51.7



2) Impurities in the rock salt tend to reduce the colloid formation rate.

Except for the Rocanville recrystallized salt, these measurements were

made on "normally impure" salt.

3) Strain in the salt increases the colloid formation rate. The salt used

for these measurments was carefully selected to be free as possible of

s train.

4) The colloid formation rate increases, on a unit dose basis, as the dose rate

8
decreases. These measurements were made at a dose rate of 1.2 x 10 rad per

4hour, i.e. roughly 10 times larger than that expected in repositories.
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I fact, there are many aspects of radiation damage in rock salt which are not un-

I
I ders tood . Some of these are d i s c u s s e d in the next s e c t i o n .
| V I I I . RADIATION RELATED PROPERTIES OF NATURAL ROCK SALT YET TO BE INVESTIGATED

i
I While it can be said that many aspects of radiation damage in natural and
I synthetic rock salt are understood in a qualitative fashion, a surprisingly
[
' large number of radiation related properties have not been investigated. A few
I

; of these which have practical applications to radioactive waste repository site

: selection and engineering are listed below.

\ 1) Chlorine gas; Simple material balence requires one atom of chlorine

\ to be formed for each atom of sodium incorporated into a colloidal sodium metal

; particle. It is not known for certain if this chlorine is retained in parts of

[ the rock salt lattice which do not contain colloid particles. There is evidence

; to suggest that chlorine is incorporated in the dislocation debris accompanying

dislocation climb observed during electron microscope induced radiation damage

Q 6 ) . It is unlikely that all of the chlorine accompanying colloid formation

can be accommodated in the colloid particle free portions of the rock salt lat-

: tice when the colloid concentrations exceed 0.1 to 10 percent. As mentioned

above, chlorine odors are detected when highly irradiated rock salt is cleaved

or broken up. Inasmuch as chlorine gas it quite reactive chemically, especially

I in the presence of any moisture, it is important to determine whether or not

[ chlorine gas is released from the rock salt lattice during irradiation. Also,

j it is important to determine how chlorine gas evolution depends on such parame-
i

I ters as total dose, dose rate, sample temperature, prior strain, crystallite
I

I size, etc. A mass spectrometer type gas analyzer system, containing a tempera-

i ture controlled irradiation chamber, is under construction at Brookhaven Na-

i



tional Laboratory. To determine how any gas evolution will depend on dose rate,

this chamber can be irradiated with Co gamma-rays at a large number of dose

rates. The detection of chlorine gas is a non-trivial matter. Consequently,

carrier gas can be passed through the analyzer system. Also, measurements can

be made to determine what fraction of the chlorine gas evolved is trapped in the

irradiation chamber and the tubing connecting the chamber to the gas analyzer

system. This apparatus should be in operation during the last quarter of 1981.

2) Mechanical properties of highly irradiated natural rock salt; As far

as we can determine, the mechanical properties of highly irradiated rock salt,

such as compression and shear strength, creep, hardness, etc. have not been

investigated in detail. Measurements should be made on individual crystals and

on the multicrystallite samples (rock samples) usually used in "rcck-mechanics"

studies.

3) Chemical properties of irradiated rock salt: Information on some of

the chemical properties of irradiated natural rock salt have been described by

Jenks et al. U5.) who studied the radiolysis products formed when irradiated

sal>. was dissolved in water. However, very few studies have been carried out on

systems which include irradiated salt, water, canister material, waste forms,

etc.

4) Charge build-up in irradiated salt: Charge build-up was a serious prob-

lem in the thick glass windows incorporated into the original "hot-cells". It

is not known if natural rock salt is a sufficiently good insulator to support an

appreciable charge build-up. However, this possibility is mentioned here to il-

lustrate radiation related properties of rock salt and other minerals which

apparently have not been considered in repository site selection and design.
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5) Radiation damage modellingt To extrapolate from the high dose rates,

short irradiation times, rapidly applied stresses, etc., associated with labora-

tory radiation damage studies to the low dose rates, high total doses, low creap

rates, etc. expected in an actual repository requires a reasonably complete un-

derstanding of the radiation damage formation kinetics in natural rock salt. As

discussed elsewhere (.1,60 the only applicable theory for radiation damage forma-

tion in rock salt, that of Jain and Lidiard, ill) adequately describes some of

the data on radiation damage in salt that has been obtained to date. However,

some observed radiation damage effects, in both and natural and synthetic rock

salt, are not included in the theory. For example: the pronounced colloid for-

mations induction period was not considered. Colloid particles are observed at

doses and dose rates less than that predicted. In addition, there are other

inadequacies requiring a discussion too long to be included here. In other

words, the current understanding of radiation damage kinetics, particularly col-

loid particle formation, in rock salt is not adequate for a reasonably reliable

modelling of the radiation damage in rock salt surrounding radioactive waste

canisters.
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FIGURE CAPTIONS

Figure 1—A black and white version of a color photograph of natural rock salt

cored from the Lyons, Kansas, Radioactive Waste Disposal Demonstration project

site after the spent fuel element had been removed. The salt farthest from the

3 4

fuel element received a dose of 10 - 10 rad. It does not show any obvious ra-

diation damage and resembles normal unirradiated rock salt in most respects.

Salt from the intermediate distances show the blue-black color typical of radia-

tion induced ~olloid particle formation and is appreciably harder than

unirradiated salt. The salt closest to the fuel element received a dose of 5 x
7 8

10 - 5 x 10 rad. It differs appreciably from normal rock salt. It is brit-

tle, is readily fractured or cleaved, is very much harder than normal rock salt

and is quite reactive chemically. When dropped into water it readily dissolves

with the formation of hydrogen gas bubbles.

Figure 2—The equipment for making optical absorption and other measurements on

samples while they are being irradiated with 0.5-3.0 MeV electrons. Both the

measurement control and data recording functions are performed by a computer.

All sensitive equipment is outside of the irradiation chamber. Measurements

ibove room temperature are made in a temperature controlled chamber containing

an exchange gas, fused silica windows to transmit the spectrophotometer beams,

and thin Havar windows to transmit the electron beam.

Figure 3—Typical optical absorption and luminescence data obtained with the fa-

cility shown in figure 2. Many fewer spectra are shown than are normally

recorded. The decrease in luminescence intensity with increasing radiation time
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is typical of alkali halides and is not due Co radiation induced absorption in

the sample. The absorption data is typical of radiation induced F-center and

colloid formation in natural and synthetic rock salt. The F-centers increase

rapidly to a plateau and remain at a constant level throughout the remainder of

the irradiation period. The colloid formation contains a pronounced induction

period and follows a classical nucleation and growth curva.

Figure 4—Colloid concentration vs. irradiation time curves recorded at various

temperatures for natural rock salt from the WIPP site. The dose rate was 1.2 x

10 rad/hr. The solid line contours show that the colloid formation rate is low or

negligible at 100°C, increases with increasing temperature to a maximum in the

150-175°C range, and at higher temperatures decreases to a negligible level in

the 250-300°C range. The dashed line contours show that the colloid formation

induction period is longer than 10 seconds at 100°C, decreases to less than

3000 seconds at 1508C, and is lengfcr than 10 seconds at 250-275°C Rock salt

samples—particularly strained samples—irradiated at room temperature to doses

7 8
of 10 - 10 rad usually develop colloids after standing in the dark for 3-6

months.

Figure 5—Colloid formation in 14 natural rock salt samples irradiated at 150°C
Q

at a dose rate of 1.2 x 10 rad/hr. These curves demonstrate a number of

features: Colloid formation varies appreciably from s i te to site and between

different samples from the same s i t e . All of the colloid growth curves are well

approximated by Ctn relations at the high dose end. The doses expected at the

surface of high level radioactive waste canisters in 50-400 years will causie the
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10
colloid content in salt at the surface to reach 0.1 to 10 percent at 10 rad

and 1 to 50 percent at 2 x 10 rad.

Figure 6—Colloid growth curves for natural rock salt from the WIPP site

recorded after the crystals were strained the indicated amounts prior to ir-

radiation.

Figure 7—Colloid formation in natural rock salt from the WIPP site at three

dose rates. These curves demonstrate that, on a unit dose basis, the colloid

formation increases as the dose rate decreases. The dose rar.es used for these

measurements are approximately 10 times higher than those expected in a reposi-

tory.

Figure 8—A black and white version of a colored photomicrograph of irradiated

natural rock salt. The dark area is blue-black indicating that both F-centers

and colloid sodium metal particles are present. The light area is golden-brown

indicating that only F-centers are present. At the center of the light area is

a line of voids which are empty, partially, or entirely brine filled. Proton mi-

croprobe studies on similar crystals, which may or may not contain voids, show

that the light area containes approximately 1 percent Ca and S impurity, and ad-

ditional lower level impurities. Thus colloid formation is suppressed in re-

gions containing high impurity levels.

24



REFERENCES

(1) P.W. Levy, J.M. Loman, K.J. Swyler, and R.W. Klaffky, Radiation Damage

Studies on Synthetic NaCl Crystals and Natural Rock Salt for Radioactive

Waste Disposal Applications, to be published in: Advances in the Science

and Technology of the Management of High Level Nuclear Waste, P.L. Hofmann,

ed.

(2) J.M. Loman, P.W. Levy, and K.T. Swyler, Radiation Induced Sodium Metal Col-

loid Formation in Natural Rock Salt From Different Geological Localities,

to be published in Proc. 4th Materials Res. Soc. Synp. on the Scientific

Basis of Nuclear Waste Mgmt., Boston, MA, 1981.

(3) R.L. Bradshaw and W.C. McLain, Eds., Project Salt Vault: A Demonstration

of the Disposal of High Activity Solidified Waste in Underground Salt

Mines, Oak Ridge National Lab. Report ORNL 4555 (1971).

(4) R.W. Klaffky, K.J. Swyler, and P.Wo Levy, Radiation Damage Studies on Syn-

thetic NaCl Crystals and Natural Rock Salt for Waste Disposal Applications,

II. Ceramics in Nuclear Waste Management, DOE Conference 790420, T.D.

Chikalla and J.E. MendEl, editors (U.S. Dept. of Energy, Washington, 1979)

pp. 310-314.

(5_) R.W. Klaffky, K.J. Swyler, and P.W. Levy, Properties of Radiation Induced

Colloid Particles in Synthetic NaCl Crystals and Natural Rock Salt. (In

preparation).

(6) P.W. Levy, K.J. Swyler, and R.W. Klaffky, Radiation Induced Color Center

and Colloid Formation in Synthetic NaCl and Natural Rock Salt, Third

Europhysics Topical Conf., Lattice Defects in Ionic Crystals, J. de Phy-

sique 41, Supplement-Colloque C6, pp. 344-347 (1980).

25



(J7) K.J. Swyler, R.W. Klaffky, and P.W. Levy, Radiation Damage Studies on Syn-

thetic NaCl Crystals and Natural Rock Salt for Waste Disposal

Applications, Sc ient i f ic Basis of Nuclear Waste Management, Vol. 1, G.J.

McCarthy, editor (Plenum, New York, 1979), p. 349.

03) K.J. Swyler, R.W. Klaffky, and P.W. Levy, Recent Studies on Radiation

Induced Color Centers and Colloid Formation in Synthetic NaCl and Natural

Rock Salt for Waste Disposal Applications, In t . Sym. on the Sc i . Basis for

Nuclear Waste Management, Vol. I I , C.J.M. Northrup, editor (Plenum, New

York, 1980) p. 553.

(9_) G.E. Elgort and P.W. Levy, Thermally Induced Colloid Formation in

Previously Irradiated Natural and Synthetic Rock Salt . (In preparation).

(10) P.W. Levy, P.L. Mattern, K. Lengweiler, and M. Goldberg, The Effect of

Strain Applied during Irradiation on the Gamma-ray Induced F-center

Coloring of KCl at Room Temperature. Solid State Communications 9_, 1907

(1971).

(11) L.J. Teutonico, The Role of <100> Edge Dislocations in Nucleating Radia-

tion-Induced Colloidal Part ic les in Sodium Chloride ( in preparation)

(12) L.J. Teutonics, The Role of <111> Edge Dislocations in Nucleating Radia-

tion-Induced Colloidal Part ic les in Sodium Chloride ( in preparation).

(13) J.H. Crawford, Jr. and L.M. S l i fk in , editors , Point Defects in Sol ids ,

Vols 1 and 2 (Plenum Press, New York, 1972).

(14) C.P. Swann, J.M. Loman and P.W. Levy, Proton Microprobe Studies on Color-

Center and Colloid Particle Formation in Irradiated Rock Salt ( in

preparation).

26



(15) 6.H. Jenks, E. Sonder, C O . Bopp, J.R. Walton, S. Lindenbaum, Reaction

Products and Stored Energy Released from Irradiated Sodium Chloride Ly Dis-

solution and by Heating, J. Phys. Chea. 78, p. 871 (1975).

Q 6 ) L.W. Hobbs, Transmission Electron Microscopy of Extended Defects in Alkali

Halide Crystals, Surface and Defect Properties of Solids ^, (Chem. Soc.

Specialist Period. Reports, London, 1975) p. 152.

(17) U. Jain and A.B. Lidiard, The Growth of Colloidal Centres in Irradiated Al-

kali Halides, Phil. Mag. 35, 245 (1977).

27



30

80

70

140

APPROXIMATE DISTANCE
FROM FUEL ELEMENT, cm.

200

FIGURE 1



COMPUTER CONTROLLED
MONOCHROMATOR No. 2

REFERENCE BEAM-, (TUNABLE OPTICAL
DETECTOR \ BANDPASS FILTER)

COMPUTER CONTROLLED
MONOCHROMATOR No.1 LIGHT

SOURCE
\

SYNC-SIGNAL
PICKUP

CHOPPER

BEAM
SPLITTER

SAMPLE BEAM
DETECTOR

COMPUTER CONTROLLED
MONOCHROMATOR No. 3

(TUNABLE OPTICAL
BANDPASS FILTER)

ELECTRON
BEAM
CATCHER

TEMPERATURE
CONTROLLED

SAMPLE
OMPARTMENT

\ VERTICAL
]ELECTRON

/ACCELERATOR.
v BEAM BENDir

MAGNET

FIGURE 2



OPTICAL ABSORPTION AND LUMINESCENCE
SPECTRA OF NATURAL ROCK SALT

RECORDED DURING ELECTRON IRRADIATION

100

COLLOID
BAND

IRRADIATION TIME,
in units of I03 sec

FIGURE 3



NATURAL ROCK SALT-DRILL HOLE AEC-8,8IOm LEVEL
RADIATION INDUCED COLLOID FORMATION
AT VARIOUS TEMPERATURES

DOSE RATE'- 1.2* I08 rad/hr

150 200 250
IRRADIATION TEMPERATURE, C

300

FIGURE 4



COLLOID BAND AREA, orb.units

r i i i ITT i

o
<A
(D
O.

oo

5



c50H
e
o

©i30-

0 20-

glO
a

11% STRAIN

3.9% STRAIN

AEC-8 ROCK SALT
150 C 120 Mrad/hr

UNDEFORMED

T
62 3 4 5

IRRADIATION TIME ( 1 0 * sec)

FIGURE 6



40r
COLLOID FORMATION IN NATURAL

ROCK SALT FROM DRILL HOLE

30"

ERDA-9 AT DIFFERENT DOSE RATES
IRRADIATION TEMPERATURE: 150 C

/30Mrad/hr

UJ

o
u_u_
LJLJ
O
O

DC
O
C/>

<

20

10

120

50 100 150
DOSE , Mrad

200

FIGURE 7



FIGURE 8


