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A system of equations, describing the formation of F centers and their complements in irradi-
ated alkali halides doped with divalent impurities, has been developed. These incorporate the
stabilization of 0 centers and di-interstitial halogen defects at impurity-vacancy dipoles or aggre-
gates of such dipoles, as well as radiation-induced interstitial detrapping mechanisms. Numerical
and approximate analytical solutions of the equations reproduce the dynamic, temperature-
dependent features of F-center growth found in experimental studies. They provide a new ex-
planation of the experimentally observed relations between the growth of defects and the
divalent-cation-impurity concentration; i.e., the square-root relation between first-stage F centers
and such impurities, and the relation between the saturation concentration of HD centers and

these impurities.

I. INTRODUCTION

The rate of production of stable damage in irradiat-
ed alkali halides is considerably affected by the nature
of the secondary reactions which occur after the pri-

mary production of F and 0 centers, the latter being
chemically equivalent to interstitial halogen atoms.
Impurities of various types play an important role in
these reactions by acting as traps for the 0 centers
which are mobile at quite low temperatures. ' '

Much attention has been given to the mechanisms
by which impurities affect F-center production rates
for irradiations performed near room temperature. It
was recognized from early studies that substitutional
divalent cation impurities have a striking effect on F-
center growth curves. They result in an enhance-
ment of the first, rapid stage of defect. growth, while
the late stage, corresponding to higher doses, is
changed in a complicated manner. ' It is now ac-
cepted from optical, ' thermal-conductivity, ' and elec-
tron-microscope studies6 7 that clusters of halogen in-

terstitials are a major product of high-dose irradia-
tions. The presence of divalent cation impurities sig-

nificantly alters the size and number of the clusters,
suggesting a heterogeneous nucleation process. A
mechanism of this type has been used recently by
Aguilar et al. to explain several features present in
F-center growth curves. In order to understand these
nucleation processes in detail, one must know the de-
fect structures and mechanisms operative in the very
early stages of their development, i.e., in the first
stage of defect growth which has been the subject of
considerable controversy. '

We note at the outset that there are undoubtedly
several processes operative in the first stage as
shown by the detailed studies of Hodgson and co-

workers. ' We shall concentrate on the dominant
first-stage mechanisms in crystals doped with
substitutional divalent impurities such as Ca'+ or
Sr'+. These systems have been extensively studied.
Most of the early models have attributed the first
stage to the exhaustion of preexisting defects. ' It
was supposed that such defects could be converted to
F centers or could act as saturable traps for H
centers. Isolated cation vacancies were assigned a
major role as a result of the experimentally observed
relation

ny nD

no (no

—Ea

2kT

where no is the concentration of cation lattice sites, (
is the number of equivalent orientations of the I~ di-
poles and E, is the association energy. Since nD)) ny, it follows that nD = nI Hence rela. tion (I)
appears to follow directly if the first-stage mechanism
involves the exhaustion of isolated cation vacancies

Here fo is the concentration of F centers produced in
the first stage and nj is the concentration of divalent
cation impurities. A relation of this form may be ob-
tained by considering the association reaction
between isolated cation vacancies (n~) and isolated
divalent cation impurities, This association process
results in the formation of complexes known as
impurity-vacancy (IV) -dipoles, each consisting of a
divalent cation impurity and a neighboring cation va-
cancy. Near room temperature the IV dipoles (no)
exist in much greater numbers than the isolated ca-
tion vacancies. ' In this approximation, it is simple
to show that
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but not the considerably, more numerous IV dipoles.
A mechanism of this type which gained wide accep-
tance assumed the exclusive trapping of H centers by
isolated cation vacancies. "

More recent work has, however, produced consid-
erable evidence to show that IV dipoles are a major
trap for halogen interstitials over a wide range of
temperature. Hoshi et al. ' demonstrated that H
centers and di-interstitial halogen centers could be
trapped by IV dipoles at temperatures at least as high
as 195 K. ESR studies by Schoemaker" carried out
at low temperatures revealed H centers near IV di-

poles in various configurations. The measurements
by Marat-Mendes and Comins' "of ionic thermo-
currents (ITC) and optical absorption bands in

KCl(Sr) and KBr(Sr) irradiated near room tempera-
ture yielded a proportional relation between the
growth of F centers and the destruction of IV dipoles.
This relation held in both the first and the late stage
of defect growth with numerical agreement within a
factor of 2. F-center growth and IV dipole destruc-
tion were associated with the growth of ultraviolet ab-
sorption bands; for example in KC1(Sr) a prominent
absorption band at 216 nm grew in proportion to the
F band and as the square of a band at 316 nm until
the latter saturated at low absorption. Annealing ex-
periments' provided direct evidence that the ultra-
violet bands are associated with trapped interstitial
halogens. A mechanism similar to that of Hoshi
et al. ' in which an H center is trapped at an IV di-

pole followed by the trapping of a second H center to
form a di-interstitial halogen provides a satisfactory
explanation of these results.

Interstitial halogens may also be trapped by aggre-
gates of IV dipoles. It is known that the state of ag-

gregation determines the exact position and width of
the absorption band near 220 nm in KCl(Ca) which
is attributable to trapped di-interstitials. " The ITC
measurements mentioned above" show that fewer IV
dipoles are destroyed per F center created in crystals
containing a larger proportion of dipole aggregates.
Thermoluminescence and ESR studies"" on crystals
irradiated near room temperature yield effects which
result from interstitial trapping at both IV dipoles and
aggregates.

A further important point concerns the transition
from the first to the late stage. In the ITC work of
Marat-Mendes and Comins, " " it was observed that
this transition occurred when a large fraction of IV
dipoles remained unaffected by the irradiation pro-
cess.

These more recent results are incompatible with
models of the first stage which involve the exhaus-
tion of preexisting defects and also with the isolated
cation vacancy model as an explanation for relation
(I).

In the present paper we develop a model which ac-
counts for relation (I) in a new way and in which the

II. MODEL OF DEFECT GROWTH

We shall adopt a general approach applicable to
crystals containing a variety of interstitial traps relat-
ed to IV dipoles and their aggregates. This treatment
can explain experimental observations with such crys-
tals and can be easily restricted to simple special
cases.

We assume that the ionizing radiation creates F
and H centers at a rate p. The H centers (denoted by
i) are mobile or free. They may be trapped singly at
IV dipoles or dipole aggregates in j possible config-
urations to form HD type centers (-denoted by ntj) or
in the form of trapped di-interstitial halogen defects
(denoted by nqj). We shall use the Sonder-Sibley no-
tation' for defects which have known structures. It is

supposed that j such trapped di-interstitial configura-
tions exist, since following Hoshi et al. ,

' the forma-
tion of the di-interstitial halogen proceeds by the
trapping of a second interstitial at an HD-type center.
The success of this mechanism in explaining the ori-
gin of the square-law relation between the n~ and n2

centers before the saturation of the former, over a

wide range of temperature, has been described in the
literature, ""We include interstitial detrapping
processes initiated by the radiation, the presence of
which we shall show experimentally, It is to be noted
that the concept of interstitial detrapping has been
used by other authors in their kinetic schemes. ' '
The kinetic equations are

—=p —~if,df
dt

(3)

di—=p —oif — [a)ji (nDj —n,j —n„)
J

+ cxQjin&j
—Ktjn j —2K/in/i]

(4)

dn)J
cx]ji (noj ngj n]j) cx/jin/j E/jn]j

dn 2J
2JI 1J +2jn2J

dt
(6)

f =I + $( &nj+2p n)j
J

first stage is shown to be a dynamic saturation process
where both trapping and detrapping of halogen inter-
stitials occurs. The model incorporates the present
understanding of the nature of the trapped intersti-
tials and successfully reproduces the reversible
changes in defect concentration which result from
changes in temperature during irradiation. '4 A pre-
liminary report of this work has been given recent-
ly
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Equation (3) gives the growth of F centers (f) which
is limited by recombinations with free interstitial
halogens (i). Equation (4) expresses the production,
recombination, and trapping of free interstitials. It
also includes the detrapping terms K~Jn~J and K~&npJ,
The Kj have the form B;,exp( Ej/—kT), where the

B/J are expected to depend on the radiation intensity.
The nDJ are the initial concentrations of possible in-

terstitial traps introduced by the divalent impurities.
The sets of equations (5) and (6) describe the growth
of the F-center complements n~, and n». Equation
(7) expresses the production of vacancy and intersti-
tial defects in equal numbers and ignores F-aggregate
centers which are in a negligibly small concentration.
The rate constants a-, n», and n» may be estimated
using (Zv/N;) N, is th. e concentration of interstitial
sites and Z is the number of sites surrounding a de-
fect for certain annihilation or trapping of an' intersti-
tial. v has the form voexp( —E /kT), where E is

the migration energy of the H center and vo is an at-
tempt frequency.

We now proceed to obtain approximate analytical
solutions of the kinetic equations in two situations,
using the relative concentrations of the HD centers
and the trapped di-interstitials to distinguish these.
Experimentally observed results and direct numerical
solutions of the kinetic equations are used as a check
on the validity of the assumptions and approxima-
tions used.

A. Growth of defects near room temperature

(n„» n„)

Near room temperature, except for irradiation
times which are very small compared with the full
development of the first stage, the trapped di-
interstitial centers (n») greatly exceed the HD
centers ( n, j) in concentration. "

Under irradiation, the interstitial halogens are sta-
bilized rapidly. ' For these conditions we assume that
the concentration of free interstitials attains a small
quasistationary concentration j, obtained by setting
di/dt =0 in Eq. (4). (For a discussion of the station-
ary state hypothesis see, e.g. , Benson. '4) Thus

p+ X(Kljnlj+2K2jn2J)
J

trf + $~ +1j(nDj n» n1j) + ~2jn 1j~

From the experimental results of Marat-Mendes
and Comins on KCI(Sr) irradiated near room tem-
perature, "it is seen that the HD centers rapidly attain
a very small maximum value and then decrease slow-
ly. This behavior, as we shall see in Sec. V, is dupli-
cated by the direct numerical solutions of the rate
equations for appropriate values of the parameters.
The quasistationary values of the n~J are obtained

d =p trf
dt

p + /2K, jn,j
J

2n)Jn»
trf + g (nD —n»)

J nlJ+n2J J

(10)

where

QK»nl j «/2K»n»
J J

when

n)) « np) .

We now examine Eq. (10) in the light of the ob-
served relation (I). In the simplest case of a dom-
inant interstitial trap of concentration nD Eq. (10)
reduces to

df p +Kerf—=p —~f
dt crf + n ( nD f/2)—

Here n = 2alol/(al + nl) and, using Eq. (7), f = 2nl
for j, p~ (( gp.

A saturation in F-center production, corresponding
to the termination of the first stage, occurs when
(df/dt)& r =0. This yields a quadratic equation in

fo which has a physically meaningful solution

t 1/2
p nllD

Bye

F.g

2kT
(12)

for ( po;/2)' «4p DltrKlnD.
Thus for irradiations at constant temperature and

intensity, f0~ Jn~ This lea.ds directly to relation
(1), i.e., fo ~ ~nq since near room temperature
n~

—nD in heat-treated crystals containing single IV
dipoles and n~ ~ nD for crystals containing a dominant
dipole aggregate, e.g. , a trimer. " In the more corn-
plicated case of crystals containing both IV dipoles
and their aggregates, relation (I) can be obtained
only if the trapping and detrapping rate constants are
essentially independent of the type of trap, i.e.,

from the set of equations (5) by setting dn, ,/dt =0.
Hence

alj(nDj —n»)
(nlj), =

n)J + n»

where we assume (nlj+upj)i, » K» is an appropri-
ate condition for the efficient creation of the trapped
di-interstitial centers (n»). We use the values for
(nl j), as being representative of the concentration of
these centers throughout the F-center growth curve
without introducing serious error.

Substitution of the (nlj), and i, into Eq. (3) gives
the rate of growth of F centers as
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o'&j=o'&, o.2j=o.2, and K2J=K2. Thus Eq. (7) is n]= $&n]j=f for i„XJ2n,j « f. Thus

p +K] $2nIJ
df-- =p —nf 0f+n X(nDJ —nIJ)

J

(13)

B. Growth of defects when n~j & n2J.

This condition applies in general for short irradia-
tion times and for longer times at low temperatures. "

Approximate analytical solutions of the kinetic
equations can be obtained in the special case
n~j )& n2J. More general numerical solutions of the
rate equations for the condition n~j & n2J will be
described later.

The quasistationary free interstitial concentration,
using Eq. (8), is

p+ XK„n„
J

0f + Xn ']J ( n17J ll ']J )
J

(14)

which reduces to Eq. (11) since f = XJ2nlj for i,

Xj n]j « f, nD= Xj nDJ, and nl = Xjnpj.
Thus relation (I) may be obtained provided a di-

pole aggregate of n dipoles behaves as n isolated di-
poles in trapping interstitials. Experimental results
are consistent with this interpretation since F-center
growth curves in the first stage in, e.g. , KCl(Sr) (Ref.
13) and KCl(Pb) (Ref. 26) are virtually independent
of the state of aggregation of the IV dipoles. The
breakdown of relation (I) in NaCl(Mn) (Ref. 17) ap-
pears to result from the variety of Mn charge states
present leading to the conditions discussed above be-
ing invalid.

dtl ~

dt

dna J
dt

p x n]j( nDJ ll ]J) CT XK]jll ]J Xtl]J
J J J

n Xll ]j+ gn]J(IIDJ tl ]J)
J J

In the simplest case of a dominant trap with concen-
tration nD,

p n]( nD —n]) —oK, n. ]'

dr (0 n])tl]+n]np
(17)

The Hp type cen-ters will grow according to Eq. (17)
and will attain a saturation value n~, when

t

dn)

dt
)

n
1

~ ls

Hence

=0

t ' 1jr2
patina E)

2kT
(18)

for (p n])' « 4p n, K, o.nD

Thus we see that n], ~ Jn~ for irradiations at con-
stant temperature and intensity provided we are
working in the extreme condition n» )) n2J.

In the case of several interstitial traps (as discussed
in Sec. II A), relation (18) is obtained if the rate con-
stants are essentially independent of the type of trap,
i.e., o.~j= a~ and KI,J = K~. Here

dn]
X

dn]j

ck J ch

dnjj

dt

p + QK]jtl ]J
J= n]j(llpj ll]j)

nf + gn]j(nDJ n„)—
J

provided n ~j )) N2J K]jN /j ))K2J 02J and
n]j(nDJ —n]j) ))nIjn]j These con. ditions will arise
from a relatively small value for the n2J.

Substitution of i, into the set of equations (5)
yields

pn] $(npj —n]j) —nK] Xn]J
J J

(19)

III. EXPERIMENTAL PROCEDURE

] i

( cr —n]) Xn]j + n] XnDJ
J J

which reduces to the form of Eq. (17) if nD = Xj nDJ

and n] = Xj n]j Relation . (18) follows provided a di-

pole aggregate of n dipoles behaves as n isolated IV
dipoles in trapping interstitials.

—K)jn)j (15)

In crystals doped with a particular divalent impurity,
HD centers will be of two basic types: H centers at
isolated IV dipoles and at various aggregates of di-
poles. The total concentration of HD centers from

Single crystals of KC1 of nominal purity were ob-
tained from Karl Korth, Kiel, Germany and cleaved
to an approximate size (10 x 10 XI) mme. The sam-
ples were attached using GE4027 varnish to the
copper cold finger of a temperature-controlled optical
cryostat.

Irradiations were performed at various tempera-
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tures using x-rays from a Philips tungsten target tube
operated at 80 kV and 16 mA. The x-ray beam was
filtered through 0.5-mm Al, 0.4-mm Fe, and 1.0-mm
amorphous silica before striking the crystal placed 7.5
cm from the target. Calculations using a Kramers
distribution for the bremsstrahlung radiation and al-

lowing for attenuation by the filters indicate a nearly
uniform energy deposition and hence defect concen-
tration throughout the crystal.

Optical-absorption measurements were carried out
with a Cary 17 spectrophotometer. The crystals were
rapidly cooled to 77 K for all absorption measure-
ments, using a consistent procedure with an average
cooling rate of —0.5 Ks '. This procedure minim-
izes thermally activated post-irradiation decay
processes and bleaching effects of the measuring
light.

F-center concentrations were calculated from the
Gaussian form of the Smakula equation' using an
oscillator strength of 0.55. Absorption coefficients
for other defects were measured at the peak of the
respective bands after subtraction of background ab-
sorption.

IV. EXPERIMENTAL RESULTS

Certain of the theoretical predictions can be com-
pared directly with existing data in the literature and

will be discussed in a later section. Other conclusions
require direct experimental verification. We have in-
vestigated the predicted dynamic, temperature-
dependent, saturation behavior in the growth of de-
fects as well as the effect of radiation-induced inter-
stitial detrapping. Both of these aspects of the theory
have not been previously studied in detail.

In our studies of the temperature-dependent defect
growth it was necessary to be able to observe the sat-
uration concentration of F centers in cases where the
irradiations were performed at low temperature.
These saturation levels are considerably larger than
those produced at room temperature and correspond
to relatively high absorbance values. For this reason
we have carried out our studies iri KC1 which was not
deliberately doped, but contained sufficient residual
divalent cation impurities to yield an obvious first-
stage defect growth. The absorption bands formed in
the neighborhood of 230 nm in the crystal resulting
from the trapped di-interstitial halogen defects
behave in the same manner as absorption bands
formed in this wavelength region in deliberately
doped crystals.

Figures 1 and 2 show the experimental growth
curves for F centers and the trapped di-interstitial
defects ( V2 centers). We use this latter notation for
consistency with previously published work. '

Three crystals were used in this group of studies.
Crystal A was irradiated at sequentially lower tem-
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FIG. 1. Experimental and theoretical growth curves for F centers in KC1 crystals. Open circles: F-center growth and decay in
crystal A irradiated sequentially at 293, 273, 253, 233, and 293 K. Open squares: F-center growth for crystal B irradiated at 273
K. Crosses: F-center growth for crystal C irradiated at 253 K, Open triangles: F-center growth for crystal D irradiated at 233
K. The dashed, full, dot-dash, and dotted curves are the corresponding theoretical growth curves for F centers for crystals 3, B,
C, and D, respectively. Values of the theoretical parameters: p =6.3 && 10' crn s ', nD =1.4 & 10' cm, E~ =0.075 eV (Ref.
3), o. =8.6 &&10 exp( —E~/kT) cm s ', n& =0.03o-, n2=1.Scan, K2=-K& =50.1exp( —E2/kT) s ', E2=0.32 eV.

I



288 J. D. COMINS AND B. .O. CARRAGHER 24

I '7
E
V

6-
Z
IJJ

U
IJ
4
ld 40
V
Z 3—0
l-

2
0
tn
6)

0-
0

r

x-
Xo~ g

0 0
0

0 0
a

r

&0
0

10 15
IRRADIATION TIME ( h)

20

8
E0

(o
O

—6
0

-5
K

-4
O

3 0
IX
Ld

Z
uJ
U

~c
0

25

FIG. 2. Experimental and theoretical growth curves for 4'2 centers in KC1 crystals. The growth curves correspond to those
shown in Fig. 1 for F centers and are produced in the same crystals and using the same theoretical parameters.

peratures between 293 and 233 K and showed signifi-
cant increases in the quasisaturation level of F-center
growth (fo) as the temperature of irradiation was re-
duced. After the irradiation at 233 K, the tempera-
ture of irradiation was restored to 293 K. This result-
ed in a rapid reduction in the F-center concentration
and the growth curve finally followed an extrapola-
tion of the original growth curve at 293 K. As we
shall verify, the rate of reduction is considerably fas-
ter than that produced by thermal bleaching alone,
confirming the presence of a radiation-induced back
reaction. Crystal B was irradiated at 273 K, followed
by a further irradiation at 233 K, crystal C was
irradiated at 253 K, and crystal D at 233 K. In each
case it is seen that the quasisaturation F-center con-
centration attained is characteristic of the temperature
of irradiation as predicted by the model. The results
for the V2 centers (Fig. 2) show a similar pattern as
would be expected for defects which are the major
complements of the F centers. Although HD-center
concentrations were too low to be measured in the
present experiments, the experimental results on
KCI(Sr) obtained by Marat-Mendes and Comins"
(see Sec. II A) can be compared with theory and will

be discussed in the following section.
A further experiment was performed on crystal D

to compare the effects of thermal and radiation-
induced detrapping of the interstitials. The crystal
was irradiated at 233 K such that a suitable defect
concentration within the first stage but approaching
the quasisaturation level was attained, as already
shown in Figs. 1 and 2. The irradiation was then
stopped and the temperature raised rapidly to 293 K.

The crystal was thermally bleached at this tempera-
ture, the bleaching being interrupted at appropriate
intervals for rapid recooling to 77 K and optical mea-
surements. The thermal-bleaching program was con-
tinued until the rate of change in defect concentra-
tion was very small. At this stage the crystal was
reirradiated with x rays also at 293 K. The results
are shown in Fig. 3. It. is clear that the effect of ther-
mal bleaching is quite small over the time scale corre-
sponding to the irradiations. Furthermore the F- and
V2 -center concentrations attained after a considerable
period of thermal bleaching at 293 K bear no obvious
relation to the concentration resulting from an irradi-
ation at this temperature. On the other hand, the ef-
fect of the radiation-induced bleaching is substantial
and is much more rapid than the thermal bleaching.
The final concentrations attained correspond to an
extrapolation of the defect growth curves produced at
293 K as seen by comparison with Figs. 1 and 2.

V. NUMERICAL SOLUTIONS OF THE
KINETIC EQUATIONS

These solutions permit a direct comparison with
experimental data and a check on the validity of the
approximations and restrictions used in the analytic
treatment.

We have solved Eqs. (3)—(7) numerically subject
to the attainment of a small quasistationary concen-
tration in the free interstitital concentration, i.e., us-
ing Eq. (8). As we have shown by Eq. (13), relation
(1) is obtained for the conditions a~i cl] R2J cx2,
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FIG. 3. Effects of thermal and radiation-induced bleaching on F and &2~ centers in crystal D. Open triangles: growth and de-
cay of F centers'during sequential processes consisting of an x irradiation at 233 K, thermal bleaching at 293 K, and radiation-
induced bleaching during x irradiation at 293 K. Closed triangles: growth and decay of V2 centers during the same sequence.

K]j =E~, E2J = A'2, and nD = gj nD~ We ha. ve incor-

porated these conditions into our numerical treat-
rnent.

The primary defect production rate p was deter-
mined from the initial slope of the growth curve at
293 K in Fig. 1. The rate coefficient cr was estimated
using the relation (Zvo//V;) exp( —E /kT), where

Z =4rrr'(b) N, is the number of sites surrounding an
F center leading to certain interstitial capture. " Here
r is the capture radius, (b ) is the average change in

F-center —interstitial separation during a jump, 1V; is
the interstitial site concentration, vo is the attempt
frequency, and E is the migration energy of an 0
center. These quantities were estimated or deter-
mined as follows: p =6.3 X10' cm s ', E =0.075
eV (Ref. 3), o.=8.6 && 10 9exp( E /kT) cm~s ', —
with r =6.7 A, (b ) =4.4 A, and vo =3.5 & 10'2 Hz. ~2

The rate coefficients o.j and o.2 were suppose'd to
have a form similar to that of 0-, but with values of Z
appropriate to the respective processes of interstitial
stabilization. %e estimate nD as 1.4X10' cm ~,

which is a realistic concentration of divalent
impurity-associated traps in a relatively pure crystal.

As discussed in Sec. IV, F- and V2-center concen-
trations were measured but the exact behavior of the
HD-center concentration is uncertain in our experi-
ments. According to the approximate Eq. (11) which
leads to relation (1), the behavior of F-center growth
is largely controlled by K2 provided K~ lies within an
appropriate range of values. 'We have adopted the
simplest procedure by setting K& = K2 = B2
x exp( —E2/kT), where E2 was directly determined

from the temperature dependence of fo as 0.32 eV.
Kith these prior estimates and determinations, o.~,

0.2, and 82 were adjusted to fit the experimental
growth curves. Good fits were obtained with
0.~

=0.030-, o.2=1.5a-, and 82=50.1 s '. e note
that the general behavior for both Fand V2 centers
is quite well reproduced by the calculated growth
curves in Figs. 1 and 2. In particular the dynamic
temperature dependence of the saturation of the first
stage is clearly evident. There are deviations at
higher doses between the calculated and experimental
curves. Since in the present work we are interested
in first-stage behavior, we have not included terms
describing clustering of interstitials beyond the di-

interstitial stage in the kinetic equations. Terms of
this type, when included, are able to account for
late-stage behavior rather well. As expected, for
small HD-center concentrations, the F-center growth
curves are not sensitively dependent on K~. Indeed
computations using Eq. (11) directly lead to growth
curves very similar to those with the full solutions.
Thus although this simpler equation is satisfactory as
a description of F-center production near room tem-

perature, a more detailed understanding of the inter-
relationships between F centers and their comple-
.ments, the HD and V2 centers, requires the full solu-
tions.

%e have thus extended our calculations to other
aspects of the growth of defects which have a direct
bearing on published experimental data. Calculations
of the early growth of F, HD, and V2 centers using
the same parameters as before are shown in Fig. 4.
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FIG. 4. Early growth of F, V2~, and HD centers calculated using the theoretical parameters reported in the text and in the cap-
tion for Fig. l. The temperature used was 293 K. The upper (shorter) time scale refers to the solid curves, while the lower
(longer} time scale.applies to the dashed curves.

The calculated growth curves are in good qualitative
agreement with results obtained by Marat-Mendes
and Comins" on KGI(Sr) (see Fig. 3 of their paper).
The important features which are reproduced are the
initial suppression at low doses of the V~~-center

growth while the HD centers grow as important com-
plements of the F centers, the subsequent faster
growth of the V2 centers which eventually grow as
the major complements of the F centers, and the sat-
uration behavior of the HD centers, which, with the
chosen parameters, undergo a distinct decrease in
concentration after reaching a maximum. This type
of behavior is typical of intermediate products in
growth processes and provides strong support for the
basic concepts of the model. A further aspect of
these results is shown in Fig. 5 where we have plot-
ted logarithmically the V2-center concentration
against the HD-center concentration. it is clear that
the square of the HD-center concentration is propor-
tional to the t 2-center concentration until saturation
of the former defects occurs. These results are
directly comparable with experimental data, especially
that in Fig. 4 of Hoshi et al. ' We note that the con-
stant of proportionality for the relation (HD)' ~ ( V2 )
is temperature dependent. ' This behavior can be
reproduced theoretically by a relatively slow reduction
in the ratio n2/at corresponding to a different tem-
perature variation in the interstitial trapping cross
sections. The required variation makes little differ-
ence to the growth curves for F and Vz centers near
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FIG. 5. Logarithmic plots of &2 -center concentration
against HD-center concentration calculated for various dorn-
inant interstitial trap concentrations nD. The temperature
used was 293 K. Other parameters are the same as for Fig. l.
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room temperature since under these circumstances
the HD centers are in low concentration.

In Fig. 6 we have plotted logarithmically the
quasisaturation level of the F-center concentration
(fo) against the concentration of the dominant inter-
stitial trap (nD) over a wide range. Here we have
used two different primary defect production rates

(p) corresponding in practice to relatively high and

low intensities, respectively. As is seen, relation (I),
i.e., fo ~ ~no holds well over several orders of con-
centration and can be compared with experi-
ment. ' ' " It is interesting to note that for high
values of p, corresponding to large radiation intensi-
ties, some curvature in the plot is found, particularly
for the lower impurity concentrations. This corre-
sponds to a situation where the inequality (pn/2)'((4pnrrE2nD in Eq. (12) does not hold. In the
range of impurity concentrations, usually used for
studies of this type (5 x 10'7 to 5 x 10'9 cm 3) little

curvature is observed.
In Sec. II B we studied the saturation concentration

of the HD centers (n~, ) as a function of the dom-
inant trap concentration nD, finding that n ~, ~ jn~
holds strictly in the case where n~& )& n~&, i.e., the
HD center concentration greatly exceeds that of the
V~ centers. By adjustment of the parameters we can
duplicate a range of conditions. As seen in Fig. 7 we
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FIG. 7. Logarithmic plots of the dominant interstitial trap
concentration (nD) against the saturation concentration of
the HD centers (n~, ) for different values of the parameters,

Parameters common to all plots: p =6.3 x10' cm s ',
Em =0.075 eV (Ref. 3), T = 195 K, o- = 8.6 x 10 9

xexp( —E~/kT) cm s ', K& =50.1exp( —0.20/kT) s ',
K2 =50.1exp( —0.32/kT) s ', a& =0.03o-, Crosses:
o.2 =50o.&, open squares: u2 =10a&, closed circles: o2 = o.&.

The results indicate a relation of the form n» ~ nD. The
respective values of q for the three plots are crosses q =1.0,
open squares q =0.62, closed circles q =0.54.
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FIG. 6. Logarithmic plots of the quasisaturation level of
the F-center concentration (fo) against the concentration of
the dominant interstitial trap (nD) calculated for two values

of the primary defect production rate (p) at T =293 K. Cir-

cles: p &

=6.3 x 10 cm s ', crosses: p2 = 50p ~. Other

parameters are as for Fig. 1. The dashed lines correspond to

a strictly square-root relation.

find that n j, ~ nD, where 0.5 ~ q ~ 1.0.
In comparing the calculated results-with those ob-

tained experimentally, we refer to the papers by
Hoshi et al. ' and by Itoh and Ikeya in which this
relation was studied in KBr(Ca) for irradiations at
195 K. We have reexamined their results in the light
of the predictions of the model. In Fig. 4 of Hoshi
et al. "the concentration of HD centers is plotted as a

function of the concentration of trapped di-interstitial
centers (known as D3 centers in KBr) for three dif-

ferent concentrations of Ca'+ impurity. From these
results it may be seen that the concentration of HD

centers at saturation (n~, ) is comparable to that of
the trapped di-interstitials or D3 centers (n~, & n2).
On the basis of our model, we would expect the rela-
tion n~, ~ nD~ with q )0.5. In fact we calculate

q -0.6 for the Hoshi et al. data. On the other hand
the data in Fig. 6 of Itoh and Ikeya yields q -0.5.
We note, however, that these results include data for
crystals from varied origins; those with the two

highest impurity concentrations are different from
the samples with lower impurity levels. Moreover, in

heavily doped specimens, precipitation of the impuri-

ty may take place to some degree. " For these
reasons it would seem reasonable to recalculate q
from the published data excluding that where the use
of crystals from different origins and high impurity
contents occur simultaneously. In this case we also
find q -0.6.
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As far as the intensity dependence of the quasisa-
turation level fo is concerned, we need to examine
Eq. (12). The overall intensity dependence will

depend on two terms, p and B2, which are both ex-
pected to be intensity dependent. Since f0~ Qp/B2
for constant nD and T, we see that a measured inten-
sity dependence of fo in an experiment will not give
the separate intensity dependences of p and B2, but
only their ratio. The experimental results on KCl
(Ref. 34) and NaCl (Ref. 35) show that f0= kI04

where I is the radiation intensity. The intensity
dependence of the primary defect production rate p
can be estimated in principle from the initial portion
of the F-center growth curves. However it is by no
means certain that this dependence is maintained
throughout the growth curve; in fact Pooley' has
suggested that the relation between p and I may vary
depending on the intensity and the concentration of
electron trapping defects and under certain conditions
one might expect p ~ I . The relation between B2
and I is more obscure and will obviously depend on
the nature of the interstitial detrapping process. If
for example the process involves electron capture by
the trapped di-interstitial defects as suggested previ-
ously by Marat-Mendes and Comins, " then an esti-
mate of the intensity dependence of the electron den-
sity n, in the conduction band would be relevant.
Very simple arguments, ' modified to consider elec-
tron trapping dominated by V2 centers, give n, —I'
where 0.5 ~ r ~1. On such a model B2 would also

have this. intensity dependence. The result fo ~104
would require p —I and B2 & I' . On the other
hand if p —I, then B2 would have to be virtually in-
dependent of radiation intensity, which would appear
unlikely considering the obvious effects of the radi-
ation-induced bleaching observed.

For the sake of illustration, we have used the in-
tensity dependences p ~ I ' and B2 ~ I' to calculate
growth curves of F and V2 centers for various values
of the intensity. These results are shown in Fig. 8.
We note that the effects observed by Harrison" in
which the quasisaturation F-center concentration (fo)
is characteristic of the intensity of irradiation are
reproduced at least qualitatively.

VI. DISCUSSION

The theoretical model for first-stage F-center pro-
duction provides a very different explanation for the
origin of the observed experimental effects than that
given by most models suggested in the past (see the
Introduction). In particular, the total exhaustion of
preexisting defects cannot provide an explanation of
the dynamic and reversible changes in the quasisa-
turation level of the F centers and their major com-
plements. These effects are satisfactorily explained
by the new model. Furthermore the square-root rela-
tion between first-stage F centers and the concentra-
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FIG. 8. Growth curves for F and V2 centers calculated for various relative intensities of irradiation. In the simulations, the
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tion of divalent impurities, relation (1), follows
directly from the solution of the kinetic equations.
The relation between the saturation concentration of
the HD centers and the concentration of impurities
has been examined and the model gives a power-law
relation n~, ~ nD where the exponent q lies between
0.5 and unity. These conclusions appear to be sup-
ported by available experimental data' although
further experiments would be valuable.

Other observed experimental results, such as the
square-law relation between the V2 centers and the
HD centers before the saturation of the latter, ' ' are
well reproduced, as is the decay of the HD centers
after reaching a maximum concentration. " The ex-
tent of decay, depends on the parameters chosen and
can be made negligible with an appropriate choice.
This latter condition is evident in the results of Itoh
and Ikeya~' on KBr(Ca).

!t is seen that the detrapping of interstitial halogens
is an essential feature of the mechanism and we em-
phasize that the dominant process is radiation induced,
rather than being purely thermally activated. Thermal
activation is, of course, involved as part of the pro-
cess. These conclusions arise from the experiment
with crystal D, This shows that pure thermal bleach-
ing results in a defect concentration bearing no obvi-
ous relation to that produced during irradiation at the
same temperature. However radiation-induced
bleaching and thermal activation together result in a
dynamic saturation level characteristic of the tem-
peratuare of irradiation. The rapid reduction of the
defect concentration produced during an irradiation
at 233 K by subsequent irradiation at 293 K shows
the efficiency of the radiation-induced process which
occurs in a time scale consistent with the period of
the experiments.

The precise details of the radiation-induced detrap-
ping process are not clear, but may involve electron
capture by the trapped di-intersititial defects. This
point of view was expressed in a previous paper. "
There are distinct analogies between the rapid decay
of defects during irradiation in which recombinations
between interstitials and vacancy centers occur and
similar overall effects which occur during optical
bleaching experiments with light within the F band.
Here, the F centers release electrons which are
predominantly captured by the V2 centers and a mutu-
al decay of these complementary defects occurs.

As far as the intensity dependence of the quasisa-
turation of the F centers is concerned, the model is
able to reproduce the reversible changes in saturation
concentration with changes in irradiation intensity. '
The near-square-root-relation dependence on radia-
tion intensity observed experimentally' ' can also be
obtained provided appropriate intensity dependences
for the primary defect production rate and the
radiation-induced interstitial detrapping rate are as-
sumed. However these assumptions are by no means

firmly established and further experimental work in

this area is needed.
We should comment on the nature of the defects

formed as complements to the F centers. The HD

center, being paramagnetic, has been thoroughly in-

vestigated. '" However the &2 center (or D3 center)
is less well understood. Schoemaker and co-
workers ' have observed defects consisting of di-H
centers trapped near divalent impurities and IV di-

poles at low temperatures by ESR and remark that
similar nonparamagnetic centers are also possible.
These would presumably correspond to the trapped
di-halogen defects observed in the present experi-
ments.

The somewhat controversial point as to the charge
state of the trapped di-interstitial defect, i.e., Clo2 or
C13 has not as yet been satisfactorily resolved. '6 "
Raman scattering experiments" appear to offer the
most promising approach to this question and we

have such experiments in progress.
It should be noted that the present work has cer-

tain features in common (and certain differences in

detail) with the model of Aguilar et al. ,
s both having

been presented at a recent conference. The Aguilar
et al. paper concentrates largely on the large-dose
stage-III region in F-center production and this com-
plements the present studies on first-stage produc-
tion. We observe that both models calculate defect
concentrations under steady-irradiation conditions
which are appropriate to in situ measurements. Com-
plex post-irradiation effects have been observed in
KC1 (Ref. 39) and NaCI(Refs. 40 and 41) which lead
to differences between steady-state concentrations of
defects and those measured subsequent to an irradia-

tion period. These processes appear to be thermally
activated and in NaCl have an activation energy of
-0.4 eV. ' Our experimental procedures minimize
these effects. With the cooling procedure adopted
the sample. will attain temperatures sufficient1y low as
to assure negligible decay in 1 —2 min. Using the
published data, this would indicate a difference
between the in situ values and ours by a few percent.
It would appear that such mechanisms, while being
important in a detailed understanding of the defect-
production process, do not obscure the dominant re-
lationships between defects and the overall functional
forms of their growth behavior as predicted by the
rate models and found in typical experimental stud-
1es.

Finally we note that reversible changes in the ulti-
mate saturation level of defect production with

changes in dose rate and temperature in very heavily
irradiated KC1 have been studied by Sonder and Tem-
pleton. 4' These effects appear similar to those ob-
served in the present experiments and indeed the
dominant activation energy determined (0.4 eV) lies
fairly close to the 0.32 eV found here for the first
stage. The basic concept of interstitial detrapping
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featured in both our model and that of Aguilar et al. '
appears to account for these effects in a consistent
manner. Indeed it is encouraging to see that models
employing the same basic concepts are able to ac-
count for many of the outstanding features of
defect-growth curves.
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