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Extended y irradiation of KCl near room temperature causes the F-center concentration to saturate
between 10' and 10"cm . The saturation concentration is a function of the dose rate and the temperature,
and is the same whether approached by production of defects in a fresh sample or by destruction of an
excess number of defects in a sample that had been preirradiated under different conditions of temperature
or dose rate. The temperature dependence of the saturation level can be described by an empirical activation
energy of 0.4 eV between 10 and 50'C. The approach to saturation is approximately 50 times slower than
the approach to the aggregation steady state, suggesting that mobile vacancies must travel much further
to annihilate than to form J -aggregate centers. Observations that the approach to saturation cannot be
described by simple kinetics and that the shape of decay curves depends upon previous irradiation con-
ditions support the suggestion that the size of the centers with which vacancies annihilate depends upon
previous irradiation conditions.

INTRODUCTIOÃ

IGNIFICANT progress has been made during recent

~ ~

years toward understanding the complex mecha-
nisms involved in radiation defect production in alkali
halides. In particular, the discovery by spin resonance
of the H center' and other interstitial defects, ' ' and
the analyses of radiation hardening'' and expansion
data' ' have shown that Frenkel pairs are produced at
all temperatures. These results suggest that it is not
necessary in most alkali halides to postualte additional
mechanisms by which Schottky defects' would be
produced. Of comparable significance has been the
proposal that Frenkel defects can be produced with
great e%ciency by an excitonic mechanism. ""The
production rate predicted by this model is appreciably
larger than the measured stable P-center production
rate at temperatures above the liquid-helium range, " "
suggesting that secondary reactions, e.g. , interstitial-
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vacancy recombination and defect aggregation and
trapping, occur at the same time that defects are pro-
duced. It is such secondary reactions, moreover, which

permit accounting for the observed trace impurity"
variation of color-center production in a fairly straight-
forward and consistent manner.

Even though the above point of view is not yet
universally accepted, it is important to examine the
secondary reactions that occur at temperatures above
the liquid-helium range. There are three obvious
methods by which one might hope to separate the
secondary reactions from the primary production
process: One can (a) study defect behavior at very
short times after pulsed irradiation" "; (b) produce
defects at low temperatures where secondary reactions
are frozen and then observe the thermally activated
processes upon warming" "; and (c) study defect
production during lengthy irradiation at temperatures
where secondary reactions do take place. From a number
of studies on KC1 using the first two approaches, we can
conclude that interstitial ions and atoms begin to move
below 50'K, that self-trapped holes become mobile

above ].50'K, and that negative ion vacancies appear
to become mobile above 200'K. The results reported
here were obtained by using the third approach of
observing the approach to saturation of the color-
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center concentration in KCl in the vicinity of room
temperature.

EXPERIMENTAL

In order to observe actual saturation of defects
produced at room temperature rather than the apparent
saturation of the extrinsic (impurity determined) first
stage, long periods of irradiation at rather high dose
rates were necessary. Therefore, we used a "Co y-ray
source which was ideal for such a study since its use
did not require an operator and its intensity did not
Quctuate, as would that of an x-ray machine or electron
accelerator. In calculating the energy absorbed by the
samples, we took into consideration the change in dose
rate due to decay of the source. These measurements
were performed during one and one-half years; thus the
dose rate differed by approximately +10%from average
value of 1.85X10s R/h. Typically, three to four weeks
of irradiation were necessary for each sample before
saturation was approached; during that time, heights
of color-center bands were measured every few days.

%e quickly found that the saturation defect con-
centration was strongly dependent upon the tempera-
ture of the sample during irradiation. ' Consequently,
temperature control equipment was installed which per-
mitted long-time control of the sample temperature to
within 0.2'C during irradiation. Figure 1 is a schematic
diagram of a typical controlled-temperature sample
irradiation facility. The seonsor is an immersion thermo-
couple, the calibration of which is not affected by y
irradiation. The actual sample temperature was deter-
mined periodically with a calibrated thermocouple in-
serted into the sample holder. The range of operation
of these facilities is from the freezing point of the cooling
water to about 60'C; however, condensation of at-
mospheric moisture on the sample limited irradiations
to temperature above 10'C. We found that warming
samples from 10'C to room temperature of 22'C ie
the absettce of ioeising radiation had no effect on the
defect concentration. Thus, no error was introduced by
bringing the samples to room temperature for measure-
ment as long as they were returned to the experimental
temperature before reinsertion into the source.

The F-center concentration, determined from the
height of the Ii band at room temperature, was used as
a measure of the total number of vacancies. "The height
of the P band was either measured directly or was
determined by curve fitting to better than 5% in

"The total number of vacancies includes F-aggregate centers,
and is approximately 25 jo greater than the F-center concentra-
tion obtained from the Ii band. Also, it should be pointed out that
a part of the F-aggregate center absorption appears under the Ii
band (F. Okamoto, Phys. Rev. 124, 1090 l1961lj.We attempted
to analyze the kinetic behavior of only F centers, obtained hy
subtracting the aggregate center contribution from the F-band
absorption as well as the total vacancy concentration, as obtained
from the sum of the F hand and F-aggregate band areas. Neither
of these more laborious approaches yielded results essentially
different from those described herein.

Pro. 1. Diagram of temperature-controlled sample irradiation
facility. A, removable sample holder that also fits into spectro-
photorneter. 3, sample holder slides to permit keeping the sample
(C) in the dark at all times except when spectra are being mea-
sured. D, water-ulled constant-temperature chamber with water
input tube (E), immersion thermocouple (F), and water exhaust
tube (G). H, "Co source located 8 ft below ground level. I,
Refrigerated water bath and pump (J).K, temperature controller
made up of ice reference junction, reference voltage source, and
magnetic amplifier controller with rate action, Series 1000,
Electronic Control Systems, Inc. L, Flexible hoses and leads to
make possible raising of the constant-temperature facility from the
vicinity of the y source to ground level. M, Immersion heater,
Conax ~'~-in. -diam, inserted in water supply tube.

cases where the optical density at the F-band peak was
greater than could conveniently be measured with the
Cary 14R spectrophotometer (o.d.~5).

In order to assess whether the saturation of F-center
growth was indeed due to an equilibrium between
production and annihilation reactions, it was necessary
to discover if the same saturation concentrations could
be approached by annihilating an excess of defects, as
could be reached by production. This was accomplished
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by making use of the intensity dependence2~ or the
teInperature dependence of the production and annihila-
tion processes. By using an electron accelerator, a much
higher energy deposition rate, 5X 10"MeV/sec cm' as
compared to 6X10" MeV/sec cm' for the y source,
could be achieved. This made it possible to attain an
J -center concentration in excess of the saturation con-
centration that could be produced with the y source.
Inserting a sample thus preirradiated into the normal
sample position of our y source permitted the observa-
tion of radiation-induced annihilation of defects.
Similarly, preirradiating a sample at a lower tempera-
ture produced an excess defect concentration whose
decay could be observed by subsequent irradiation at a
higher temperature.

RESULTS

Defect Saturation

In Fig. 2 is shown a typical set of data obtained
from alternate irradiations and J"-band absorption
measurements. We have labeled regions I—U and have
drawn inserts to facilitate this description. Regions I
and V depict the approach to saturation from below
(lower concentrations) and above (higher concentra-
tions) when the sample is irradiated with y rays. In
regions II—III an excess defect concentration has been
produced by irradiation at a higher dose rate, using the
electron accelerator. The apparently discontinuous

jumps, labeled II and IV, which are shown expanded in
the inserts, reQect changes in the vacancy aggregation
(Ii center —M center) equilibrium that have been re-

ported previously. "" In region II this equilibrium
shifts to favor F centers at the expense of M and other

aggregate centers. Conversely, in region IV the aggrega-
tion equilibrium appropriate for the lower dose rate
is reestablished. We will say little more about this

aggregation since we are concerned here with the proc-
esses connected with defect production and annihila-

tion, which, as can be seen from Fig. 2, are about two

orders of magnitude slower than the processes leading

to the aggregation steady state, Needless to say, on

the time scale of our figures (with the exception of the

expanded inserts) the aggregation steady-state con-

dition exists at all times. This is confirmed by our
measurements where (again with the exception of times

immediately after changing of intensity or temperature
as in regions II and IV) every increase or decrease in

P-center concentration is accompanied by a correspond-

ing increase or decrease in the concentration of aggre-

gate centers.
A series of growth and decay curves for samples from

two different crystals are depicted in Figs. 3(a) and

3 (b). The diAerent curves are for samples whose

temperatures differed during irradiation. Excess defect
concentrations in this figure were produced by irradiat-

ing at higher dose rates. Clearly the saturation levels

attained from above are the same as those approached
from below for the same conditions.

In Fig. 4 are shown results of an experiment in

which the excess defect concentration was obtained by
irradiation at a lower temperature. In this experiment

the temperatures of two samples were interchanged.
The results are similar to those depicted in Fig. 3:
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FIG. 2. Typical Ii-
center saturation
curve for KCl being

irradiated at
19.9'C at a dose rate
&f 6X10" MeV/sec
cm' (regions I, IV,
and V) and 5X10"
MeV/sec cm' (re-
gions II and III).
In the inserts of F-
and M-center optical
density is repro-
duced on an ex-
panded time scale
for the rapidly
changing portions of
the curve obtained
after changing the
dose rate (regions II
and IV).
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FIG. 3. Saturation behavior
of Ii centers produced by p
irradiation. Figure 3(a) is for
samples from crystal H410
purchased from Harshaw.
Figure 3 (b) is for samples from
crystal 1223 grown at Oak
Ridge National Laboratory.
The left half of the curves
depicts the approach to satura-
tion during E-center growth at
a dose rate of 6&(10' MeV/cm'
sec at temperatures given on
the figures in 'C. The right
half depicts the decay of an
excess F-center concentration
produced by preirradiation at a
higher dose rate.
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The saturation level is the same whether attained from
below or above.

It is evident from Figs. 3 and 4 that the defect
concentration attained after long irradiation of nom-
inally pure KCl is a function principally of the dose
rate used and of the radiation temperature. It might
also be expected to depend on trace impurities. '~ How-
ever, since the same results are obtained for a sample
grown at this laboratory t Fig. 3(b)] and one purchased
from Harshaw /Fig. 3(a)j and since, as shown. in
Table I, these samples contain different amounts of
trace impurities, it follows that for the dose rate used the

impurities indicated in Table I have little effect upon
the defect saturation level. It should be pointed out
that as little as —',—1 ppm lead or silver will depress the
saturation level and that large amounts of impurities
will, as has been shown previously, '~ suppress late-stage
coloration almost completely.

The temperature dependence of the saturation level
can be plotted semilogarithmically as shown in Fig. 5
to yield an apparent activation energy of 0.4 eV. This
is an empirical value and should not be taken blindly
as an activation energy for any particular process.
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FIG. 4. Change in saturation level
upon changing irradiation tempera-
ture. The curves show the growth and
decay of the P-center concentration
when the temperatures at which two
samples are irradiated are changed.
Temperatures are given in 'C.
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Approach to Saturation

In Fig. 6 is shown the approach to saturation from
below and from above on a semilogarithmic scale for
a number of temperatures. If the equilibrium were

simply the result of a constant rate of production of
defects 3 and of a rate of annihilation Bm which is

proportional to the defect concentration e, then a rate
equation of the form

dec/dt = A Bn—
would be as suitable description. The solution of Eq. (1),
cc=A/BL1 —exp( —BC)] would yield straight lines in

Fig. 6. Moreover, this description would predict that the
slope 8 be independent of whether saturation is ap-
proached from above or below. Clearly the curves are
not straight lines; nor is there any similarity between
corresponding approach curves from above and below.
It might be argued that deviation of the curves from
straight lines might be due to aggregation side reactions.
However, plotting the data using the total concentra-
tion (including aggregate centers) of negative-ion
vacancies, still resulted in curves similar to those
shown in Fig. 6, and not in straight lines.

In analyses of approach to saturation it is often the
practice when a single exponential function does not
suffice to attempt to fit a sum of exponential functions.
Almost any saturating curve can be fitted in this
manner; our curves yielded to such analysis using two
exponentials. However, no consistent trend appeared in
the parameters, indicating that such treatment was

TABLE I. Impurities in KC1 samples.

Crystal
designation Br'

Impurity pg jg (KCl)

Ib Na' Rb' OH~

Net
polyvalent'

positive
Pb~ ions (ppm}

2x)0
3.0 3.2 3.3

000
3.4 3.5

H410 95
1223 0.9

&1 3 7 0.01 &0.01 0.08
& 1 6 19 0.001 &0.01 0.5

FIG. 5. Semilogarithmic plot of saturation F-center concentra-
tion versus reciprocal temperature. The circles are for the crystal
H410; the squares are for samples from crystal 1223.

a Activation analysis.
b Wet chemistry.
o Flame photometry.
d Optical absorption.
B Ionic conductivity.



not signi6cant. In particular, the slopes for long times
in Fig. 6, which should reAect the temperature de-
pendence of the saturation levels, do not do so."We
concluded therefore that a simple rate equation of the
form given [Eq. (1)j was not adequate. Moreover, a
generalization of Eq. (1) whose solution would yield
two exponentials which would imply that two simul-
taneous annihilation processes are operating, was un-
satisfactory. It appears that factors other than the
temperature and dose rate (the determining factors for
the saturation level itself) influence the details of the
approach to saturation.

A hint to the identity of these factors is contained
in Fig. 4 in the rapid decay of Ii centers apparent in
the curve for the sample raised from j.7.5 to 41,7'C.
A careful look at that decay curve will reveal that the
8-center concentration passes through a minimum, after
which it approaches the saturation level from below.
This behavior suggests that previous history, in parti-
cular the temperature during previous irradiation,
influences subsequent growth and decay of the vacancy
concentration.
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FIG. j. Decay of I centers produced by preirradiating at dif-
ferent temperatures. The decay is produced by irradiating at
47'C in a y source. The temperatures given on the curves refer
to the temperature in 'C during preirradiation with an electron
accelerator.
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3' From the solution of the simple rate equation it is clear that
if A and B are temperature activated, A =20 exp —Eg/kT,
B=B0exp—Eg/kT, then the saturation level, n(t= ~) =2/8,
is Gxed by an energy parameter I g —I' g, analogous to a chemical
reaction energy, while the slope of the exponential approach
curves of the type plotted in Fig. 6 exhibits an activation energy
EB.Since Eg cannot be negative, the slope of approach curves has
to have a stronger temperature dependence than the saturation
level. Similar reasoning can be applied to the long-time limiting
slope in a treatment in which a number of exponential terms are
treated, i.e., dn/dt =2 —QB;n; where n= gn;,

Fn. 6. Approach curves plotted to compare with a solu-
tion to Eq. (2). The ordinate of the curves on the left is
the logLn~(~) —ny j; that of the curves on the right is
logLns —nr(~)], where Nrp is the F-center concentration pro-
duced by the absorbed energy given on the abscissa scale, and
where ny(~) is the saturation F-center concentration. Radiation
temperatures are given on each curve in 'C.

Effect of Previous Temperature

In order to conhrm this surprising observation, we
preirradiated three samples with the electron ac-
celerator. Conditions were identical except for the
temperatures; these were —78, —39, and 27'C obtained
by using dry ice, Freon 22, and air for cooling. Sub-
sequent y irradiation at 47'C (for all three samples)
resulted in the curves shown in Fig. 7. Just as for the
sample shown in Fig. 4, the F-center concentrations go
through a minimum. The decay is clearly much slower
for the sample preirradiated at room temperature than
for the samples that had been irradiated at lower tem-
perature. This effect is not related to the E-center
concentration, since the J -center concentrations after
prelllad1atlon were 5, 6, and 3X10 cm (r.e., not
monotonic) for —78, —39, and 27'C, whereas, the
decrease of the decay rate was monotonic with radia-
tion temperature. As was the case for the other samples,
the decay and approach to the base curve were not
simply exponential in time.

%e can summarize the experimental results by the
following three statements:

1. After long irradiation in the vicinity of room tern-
perature, the color-center concentration in KCl sat-
urates at a level that depends upon dose rate and tem-
perature. The temperature dependence in undoped
material can be described by an activation energy of
0.4 eV between 10 and 50'C.

2. The approach to saturation cannot be descrihed
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by a single exponential approach function. Moreover,
there is no apparent relation between the temperature
dependence of the approach rate and that of the satura-
tion E-center concentration.

3. The decay rate and approach to equilibrium after
preirradiation are strongly dependent upon the tem-

perature during preirradiation.

Even though these results cannot be described by a
simple rate equation, statement j. nevertheless requires
that a process for annihilation of P centers exists during

irradiation, in addition to a process for production of
Ii centers. This is not too surprising since we now are
aware of the fact that one of the forms of the negative-
ion vacancy (the a center according to Liity") is

mobile during bleaching and irradiation, permitting
Ii~33 and F-aggregate center formation. This mobile

vacancy would be expected to recombine with its anti-
center during irradiation, causing defect annihilation.

Although these data in themselves can be accounted
for in other ways, we shall examine them in terms of a
diffusion-limited annihilation reaction between mobile
vacancies and interstitial clusters acting as sinks. The
rate law for such a process has been derived. "Using

such a rate law, Eq. (I) can be replaced by

der/dt= A 47rr1VDrty—,

where r is the radius of an average interstitial cluster,
D is the diffusion coefficient of the mobile vacancy, X
is the interstitial cluster (sink) concentration, and rly

is the concentration of negative-ion vacancies. Equa-
tion (2) is not soluble without a great deal more in-

formation than we have now; there are really three
relations involved since e~, ny, X, and I, are all variables.
The difhculty lies in rdating the variables g and e~
of this equa, tion to the F-center behavior of the data.
The mobile vacancy concentration ey may be propor-
tional to Ng but probably varies with it more slowly

than linearly and probably depends also upon the
radiation dose rate and the concentration of electron

tlapplIlg trace iIDpurities. The sink conceQtration can
be written as 1V =nr/cx, where n represents the average
number of interstitials per cluster. n probably increases

slowly as the J -center concentration increases. Thus, the
annihilation term of Eq. (2) which would vary as fast
as eg', if both ny and E were strictly proportional to
np, probably varies much more slowly, suggesting that
a second-order rate equation of the form (de/dt)A '—8'rI2

is no better description than is a first-order equation.
In this connection we have attempted to 6t some of
the data of Fig. 6 to a second-order rate equation; the
fit was cvell poorcl 'thall lt was to Eq. (I).

g2F. Liity, in I'hysks of Color Centers, edited by W. Beall
Fowler (Academic Press Inc. , New York, to be published}, Chap. 3.

83 H. Hartel and F. Liity, Z. Physik 177, 369 (j.964); 182, j.ij
(1964).

"See, for instance, A. C. Damask and G. J. Dienes, Point
Defects in 3fetals (Gordon apQ Breach, Science Publishers, Inc. ,
New York), 1963, Ch, 2,

The preirradiation effect (conclusion 3) can be ac-
counted for in a rather straightforward fashion within
this framework. Previously reported experimental
work" suggests that the defect structure, in particular
the size of the interstitial cluster produced by radiation,
depends upon the temperature during radiation, and is
larger for higher radiation temperatures. It is fairly
easy to reason from this that for the case of a sample
that has been preirradiated at a low temperature the
parameter n is small initially, yielding a large an-
nihilation rate. The lower the preirradiation tempera-
ture is the smaller will be n and the faster will be the
initial annihilation rate. Eventually the average cluster
size approaches that appropriate for the conditions of
the 6na, l irradiation and the decay term decreases
enough to permit approaching the saturation level from
below. The fact that the cluster size n is a function of
the condition under which previous irradiation has oc-
curred also accounts for the different shape of cor-
responding production and decay curves in I'"ig. 6.

The experimentally determined reaction energy of
0.4 eV, contains not only the diffusion energy, which
according to Luty ls 0.6 eV, but contains also any
exponential temperature dependences that may be
present in the production term A, in the constant relat-
ing ny to the J -center concentration e~, and in the
lollg-tlIIlc llllll'tlllg clustcl s1zc a (t= ~ ).

Although as the a,bove discussion shows it is not
possible to evaluate any parameters by fitting the
results to a rate equation, we can make an estimate of
the parameter 0. by comparing the characteristic ap-
proach time for two processes; the F-center interstitial
cluster annihilation, and the F-aggregation reaction
which determines the rate of M-center growth when
the temperature or dose rate is changed. On the assump-
tion that these two reactions are both controlled by
diffusion of the negative-ion vacancy„we can write,
for instance, for the initial M-center production
(aggregation) rate in region IV of Fig. 2,

dight/dt i
I=a= 4IrrogriDrly, (3)

where ro is the trapping radius of an Ii center for a
mobile vacancy to form an M center. The initial ap-
proach rate to J -center saturation is, according to
Eq. (2) A, but if we assume A to be dependent only
upon external conditions, then at long times (satura-
tion) A =4mrXDny, so that the ratio

~«Ir/dt~ I o 4~ronr'Dnv 3ro
0

~dmr/dt~ I o 4%rfFDrty 2f
(4)

The factor —,
' is included since er'(region IV, Fig. 2)

~~up ——~oE. There are two assumptions we can make
about r and ro. Ke can assume that either the inter-
action radii of I' centers and interstitial clusters are
comparable, in which case the ratio of approach rates
yields u, or the sink volumes are goemetric, in which
case 4Irr' 4Irro'n or r/ra~a"3. The latter assumption
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appears to be more reasonable. Table II gives the values
for the size of the interstitial clusters for irradiation
in the vicinity of room temperature obtained using
these assumptions. Clearly even for comparable inter-
action radii the results imply rather large clusters. "

35 These estimates are based on the assumption that random
diffusion controls both the annihilation and aggregation of nega-
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The interaction potential energy of a gas atom with a solid is obtained by summing the 6-12 gas-atorn-
solid-atom pairwise potential over all atoms of a perfect, monatomic, cubic, semi-infinite lattice model.
Study is made of relations among (i) heats of adsorption, surface diBusion, and sublimation; (ii) lattice
spacing, lattice type Lbody-centered and face-centered cubicj, and exposed lattice face L(100) and (110)g;
and (iii) the pairwise interaction parameters. Possibilities of obtaining one or more of these quantities from
knowledge of the others are considered. The theory is applied to an analysis of experimental data, and a
somewhat unsuccessful attempt is made to assess the validity of the 6-12 pairwise model in gas-surface
interactions. Tables, correct to five significant figures, of sums of inverse sixth and twelfth powers of gas-
atom-solid-atom distances are presented as functions of distance of the gas atom from the surface of a simple
cubic lattice which has either its (100) or its (110) face exposed.

I. BrxRODUnxom
' ~XAMINATION is made of the assumption that the

~ interaction of a gas atom with a solid may be
described by means of a potential energy obtained by a
summation over all atoms of the solid of the Lennard-
Jones 6-12 gas-atom —solid-atom pairwise interaction
potential':

V;; is the potential energy of interaction of atoms i and

j p t d by d't;;; d th 6-12
gas-atom —solid-atom parameters, the physical signi6-
cance of which is we/l known. The solid is represented

by a perfect, monatomic, cubic, semi-indnite lattice
model, and the interaction potential of a gas atom near
the surface is assumed to be obtained by summing (1)

' J. E. Lennard-Jones, Physica 4, 94j. (1937).

over all atoms j of the semi-infinite lattice with i= gas
atom.

The lattice type is denoted by L, and a notation of
Born' is used: L=s, b, and f denote, respectively, the
simple, body-centered and face-centered cubic lattices.
The lattice spacing is a (the nearest-neighbor distances
are qua/2, where q=4, 3, and 2, respectively, for s, b,
and f lattices). The exposed face F of the lattice must
be specified LF= (110), for example] and the notation
used is that FL means the F face of the L lattice; the
conventional round brackets in the face specihcation
are omitted hereafter (for example, F=110).

Questions to which we attempt partial answers are
the following:

(1) What is the atomic heat EI of adsorption at zero
coverage and the corresponding "heat" (act'ivation

' M. Born, Proc. Cambridge Phil. Soc. 36, 160 (1940).


