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where
e=—3%.(Su—S1)T; Suand Si,

are the elastic compliance constants, T is the applied
stress and Z, is the shear-deformation-potential con-
stant of the conduction-band minima. Also, 64,
=chemical splitting of the ground state. The 1s(E)
and 1s(7) states are assumed to be degenerate. The
solutions to the secular equation are

e—A, (3 roots), —2e—A,, and
1L (48:— ) (9+12¢A 4364 2)V7].

The variation of the ground states with strain is shown
in Fig. 15. It is seen that the two states described by the
first two types of roots vary with strain in a manner
which is identical to that of the p states.

The following linear combinations of the effective-
mass wave functions permit the selection rules of Fig. 12
to be deduced

2_1/2(17 _1) 0: 0) 07 0)
(d,d,b,b,b,b)
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(A 1) )
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aj(s): %(0) 0,1,1, -1, "'1) (31)7
a;®: 2712(0,0,1, —1,0,0) (E)
a®: 2-12(0,0,0,0,1, —1) ,
aj(e) : (C)C’dyd)d7d) (A 1) ’

where, for X;=F;p; (see Ref. 6), the corresponding
wave functions are

6
VO3 a;0x;,
=1

and the valleys labeled j=1, ---, 6, have their major
axes along [100], [100], [010], [010], [001], and
[0017], respectively;

a?=1(1+8), B*=3(1—6), #=1(1—4) and &=%(1+p)

and
B=(3e+2A,) (924 12¢A,+436A 2172,

The letters in parentheses refer to the irreducible repre-
sentations of Dyq, the point group symmetry of the im-
purity for F||[100].
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The principal purposes of this study were to observe the effect of an x irradiation of extended duration on
the production of color centers in KCl and KBr at low temperatures and to examine the implications with
regard to possible color-center models. Growth curves were determined at 5°K for the F, K, M, and H bands
in KCl and KBr and for a new band at 245 my in KCl and at 278 my in KBr, called the H’ band. Growth
curves were determined at 80°K for the F, K, and M bands in KCl and KBr. The growth of the V, band in
KBr and of a band having its absorption maximum at 240 my in KCl, designated as the ¥ (240) band, was
also followed at 80°K. The ratio of the absorptions at the peak of the F and K bands was found to remain
constant indicating that both of these bands arise from transitions in the same center. The concentration of
M centers was found to depend quadratically on the F-center concentration. This result gives conclusive
support to the model proposed by van Doorn and Haven that the M center consists of a pair of associated
centers. The F-to-H ratio was observed to be constant for short x-ray exposures, supporting the viewpoint
that the two centers are produced as complementary defects; however, for prolonged exposures, this ratio
is no longer constant. The number of F centers is in constant ratio to the combined concentrations of H and
H' centers provided that the oscillator strength of the H’ band is suitably chosen. The linear dependence of
the generation of both V4 centers in KBr and V7 (240) centers in KCl on F-center concentration suggests that
the V,and V (240) centers, rather than V; centers, are fundamentally related to the mechanism of formation
of F centers near liquid-nitrogen temperature for a prolonged irradiation.

I. INTRODUCTION

T is well known that the types of color centers pro-
duced by ionizing radiation and the concentrations
of each are very much dependent on the temperature

* A portion of this work was submitted to the faculty of the
Catholic University of America in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

T Present address: Department of Physics, University of
Illinois, Urbana, Illinois.

of irradiation. Accordingly, a considerable effort has
been expended in studying the role of temperature in
the formation of radiation-induced defects in the alkali
halides. The major part of this research has been con-
fined to three principal temperature regions, conven-
iently defined, as follows: the liquid-helium temperature
range (at 5°K), the liquid-nitrogen range (at 80°K)
and room temperature (295° to 300°K). The principal
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features of color-center generation characteristic of each
region are presented in the following summary.

It is for the first temperature region that the defect
models are best understood. Here the basic effect of
x rays is to create an interstitial halogen atom (an H
center) leaving a vacancy in the lattice.!? The latter
is then free to trap an electron to form an F center. The
H center serves as the complement of the F center in
that the perfect lattice would be restored by a recom-
bination of the two centers. It is also known that F-
center coloration near 4°K is independent of the initial
concentration of negative ion vacancies, the concentra-
tion of chemical impurities and the degree of strain of
a crystal.® For x irradiation in the liquid-nitrogen tem-
perature range, a comparable level of knowledge has not
been attained. In this case, the prominent growth of
the F band is accompanied by a progressive coloration
due to the generation of a variety of trapped-hole or
V-type centers.4® The prominence of the V3 band during
the initial stages of irradiation has led to the suggestion
that the V' center is the dominant defect induced at
this temperature.® More recently, x-ray exposures of
KBr for longer durations have shown that the ¥; band
saturates whereas absorptions associated with the V4
and V7 continue to grow. On this basis, it has been sug-
gested that the latter are the most important hole
defects formed in KBr near 80°K.” Likewise, an ex-
tended x irradiation of KCl at 80°K has revealed the
growth of a prominent band with maximum at 240 mu
that is proportional to the intensity of the F band.8 At
room temperature, the process of coloration by x rays
is known to depend strongly on the purity of the crystal,
its dislocation density, and even on the x-ray inten-
sity.®1® Furthermore, unambiguous defect models have
not as yet been assigned to many of the centers gen-
erated at this temperature.

This investigation presents the results of prolonged
x irradiation (about 60 h) on the production of color
centers. The procedure consisted in observing the rela-
tion between F centers and other types of color centers
that are generated by x rays at liquid-helium and at
liquid-nitrogen temperatures. The experiment was re-
stricted to these temperatures in view of the strong
structure sensitivity of coloration processes at room
temperature indicated in the above summary. The ob-
servation that M centers are generated by x rays at
these low temperatures has already been reported.lt

(1; gg) Kinzig and T. O. Woodruff, J. Phys. Chem. Solids 9, 70
2 C. C. Klick, Phys. Rev. 120, 760 (1960).
3 H. Rabin and C. C. Klick, Phys. Rev. 117, 1005 (1960).
4R. Casler, P. Pringsheim, and P. H. Yuster, J. Chem. Phys.
18, 887 and 1564 (1950).
® H. Dorendorf, Z. Physik 129, 317 (1951).
¢ F. Seitz, Rev. Mod. Phys. 26, 7 (1954).
7J. D. Kingsley, J. Phys. Chem. Solids 23, 949 (1962).
8 F. E. Pretzel, Bull. Am. Phys. Soc. 8, 250 (1963).
9 F. Seitz, Rev. Mod. Phys. 23, 328 (1951).
(1;’521). W. Etzel and J. G. Allard, Phys. Rev. Letters 2, 452
1 B. J. Faraday, H. Rabin, and W. D. Compton, Phys. Rev.
Letters 7, 57, 433 (1961).
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II. EXPERIMENTAL PROCEDURE
A. Crystals

The crystals employed in the low-temperature x-ray
studies were constituted as follows: two specimens each
of pure KCIl and KBr, one of KCl doped with stron-
tium® and one of KBr doped with calcium.®® The pure
crystals were grown by the Harshaw Chemical Com-
pany. The strontium-impurity concentration in the
KCl:Sr crystal was 0.1 mole%, as determined by emis-
sion spectroscopy. The results of an analysis based on
a specific colorimetric technique* and a measurement
of the ionic conductivity of the KBr:Ca crystal were
provided by Rolfe. The excess-calcium concentration
was observed to be 3.2)X10~* mole%,; there was also
present about 1.4X 10~* mole%, of an unidentified diva-
lent negative impurity.

The single crystals were cleaved into plates approxi-
mately 1-cm square and ranging in thickness from 0.09
to 0.20 mm. The pure crystals were mounted in the
low-temperature apparatus immediately after being
cleaved. The cleaved divalent-doped crystals were
annealed at S00°C for several minutes and rapidly
quenched to room temperature in an attempt to break
up possible divalent complexes. Pure KCl and KBr
crystals were employed in connection with the M -band
half-width measurements. Some of these specimens were
additively colored at 600°C in potassium vapor,'¢ an-
nealed at 500°C, and rapidly quenched to room tem-
perature in the dark in order to disperse any aggregate
centers that might be present. Some of the pure crystals
were X irradiated briefly at room temperature to form
F centers. F centers were converted to M centers by
illumination with light absorbed by the F centers. Data
shown for the long x-ray exposures were generally taken
on a single sample but were found to be consistent with
data taken for exposures of several hours on similar
samples.

B. Apparatus

X-ray irradiations and optical-absorption measure-
ments were performed in a stainless-steel low-tempera-
ture Dewar of conventional design.!” Each crystal sam-
ple was positioned so as to cover a circular aperture in
the copper cold finger. Since the thinness of most of the
crystals in this study precluded a direct measurement
of the sample temperature, only the temperature of the
holder was determined. With liquid helium in the inner
Dewar vessel and liquid nitrogen in the outer one, the
equilibrium temperature of the holder, as measured with

22 Kindly provided by D. A. Patterson of the U. S. Naval
Research Laboratory. .

B Kindly provided by J. Rolfe of the National Research
Council, Ottawa, Canada.

14D, K. Banerjee, C. C. Budke, and F. D. Miller, Anal. Chem.
33, 418 (1961).

15 J, Rolfe (private communication).

16 Kindly provided by H. W. Etzel, National Science Founda-
tion, Washington, D. C.

17G, A. Russell and C. C. Klick, Phys. Rev. 101, 1473 (1956).
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a calibrated germanium thermometer, was 5°K; with
liquid nitrogen in both vessels, the corresponding tem-
perature was determined to be 80°K by means of a
copper-constantan thermocouple. The Dewar was pro-
vided with a beryllium x-ray entrance window (0.75
mm thick) as well as a pair of quartz windows for optical
observations. These windows were mounted in a rotata-
ble head so that optical measurements could be carried
out on a sample without any intervening warmup. Ir-
radiations were performed in the dark and periodically
interrupted for optical-absorption measurements.

All of the crystals were exposed in the dark to the
same incident x-ray flux from a Machlett OEG-60
tungsten-target tube operated at a constant potential
of 50 kV and a filament current of 37.5 mA. The flux
was measured to be 5.6)X10% eV/cm?h at the sample
position within the Dewar by means of silver-activated
metaphosphate glass dosimetry.'® A comparison of the
absorbed x-ray energy with previous workers is difficult.
If the maximum concentration of F centers is used as
an index, the prolonged irradiations (about 60 h) de-
scribed here generated F centers in concentrations three
to ten times greater than reported in the earlier experi-
ments.®71® Optical measurements were performed with
a Cary Model 14 double-beam recording spectropho-
tometer. The optical density of the samples was deter-
mined relative to an aperture before and after exposure
of the crystals to x rays. It was assumed that the sam-
ples were sufficiently thin that they were uniformly
colored and hence the absorption constant, a, was
directly proportional to the optical density. No change
in the absorption spectrum was produced by the meas-
uring light, since two consecutive absorption measure-
ments gave the same results. The usual range of optical-
density values measured by the Cary instrument from
0 to 2 (in two scales: 0-1 and 1-2) was extended to an
upper limit of 6 by inserting screens of known optical
density in the reference beam of the instrument. Accu-
racy was severely limited by scattered light within the
instrument for optical density values greater than 6.
The measurement of the extremely weak absorption of
the M band in the early phases of growth was facilitated
by the use of an auxiliary slide wire which increased the
sensitivity of the instrument by converting the 0-1
and 1-2 optical-density scales to 0-0.1 and 0.1-0.2,
respectively.

III. RESULTS AND DISCUSSION
A. Absorption Spectra

Prior to a detailed discussion of the growth of indi-
vidual color-center bands resulting from x-ray irradia-
tion at low temperatures, some representative optical-
absorption spectra will be presented. In all of these
spectra, the peak positions of the various bands were

18 J. H. Schulman, C. C. Klick, and H. Rabin, Nucleonics 13,
No. 2, 30 (1955); V. H. Ritz and C. H. Cheek (to be published).
¥ W. H. Duerig and J. J. Markham, Phys. Rev. 88, 1043 (1952).
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Fic. 1. The optical-absorption spectra of a KCl crystal meas-
ured at 5°K after x-ray exposures of (a) 15 min, (b) 14.4 h, and
(c) 59.6 h at the same temperature. The corresponding numbers
of F centers/cm? are (a) 2.1X 10", (b) 2.6XX 108, and (c) 3.2 108,
respectively. The inset shows the spectral details of the M band.

located by inspection. No account was taken of the
shift in the peaks arising from overlapping structures.
In most instances, a band which did not possess an
accepted letter designation was specified by the wave-
length at which its peak position was observed at the
conclusion of the irradiation.

Figure 1 shows absorption spectra corresponding to
three stages in the x irradiation of a pure KCl crystal
at 5°K. Curve (a), obtained after 15 min of irradiation,
gives results comparable to those observed by Duerig
and Markham?' at 5°K. After 14.4 and 59.6 h of x irra-
diation, the optical absorption is as shown in curves
(b) and (c), respectively. The spectral properties as well
as detailed growth of the prominent bands observed
at this temperature, viz., the F, K, “H”’ and the 245-mu
band, will be discussed later. A similar treatment will
be carried out for the extremely weak band having its
peak position at 799 myu and identified as the M band.
Although a short irradiation revealed the presence of
a band with a maximum at 195 my, in agreement with
Duerig and Markham, details of its growth were masked
by the rapid deepening of coloration in the spectral
region below 200 mu. The band has been studied by
Klick and Patterson® by means of vacuum uv spectro-
photometry and its presence has been ascribed to a
Frenkel defect in which an interstitial negative ion is
located extremely close to a negative-ion vacancy.

The absorption spectra of a pure KBr crystal sub-
jected to a prolonged x-ray exposure at 5°K may be
seen in Fig. 2. The result of 15 min of irradiation shown
in curve (a) is similar to data presented by Duerig and
Markham?! for KBr x irradiated at the same tempera-
ture. The absorption resulting from a 10.0-h and 64.0-h
irradiation are shown by curves (b) and (c), respec-
tively. As for KCl, the discussion of the spectral pro-
perties and growth data of the bands designated as the
F, K, M, H, as well as the 278-myu band will be post-
poned until later.

Several comments are in order regarding the other
bands which appear in Fig. 2 since they are not to be
treated in detail. A very prominent o band peaking at
202 my is known to form at liquid-helium temperature.?!

2 C, C. Klick and D. A. Patterson, Phys. Rev. 130, 2169 (1963).
21 W, Martienssen, Z. Physik 131, 488 (1952).
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Fic. 2. The optical-absorption spectra
of a KBr crystal measured at 5°K after
(o x-ray exposures of (a) 15 min, (b) 10.0 h,
and (c) 64.0 h at the same temperature
The corresponding numbers of F centers/
cmd are (a) 6.7X10v7, (b) 2.7X10, and
(c) 5.2X10, respectlvely The inset
shows the spectral details of the M band.
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However, the induced absorption is so large in this
spectral region after the 15-min irradiation that the
peak of the band is beyond the ordinary optical range
of the spectrophotometer. As a result, only the long-
wavelength side of the band is observed. The band at
230 mu, observed as a shoulder of the a band, has been
investigated by Klick and Patterson. These authors
suggest that the defect center responsible for this band
is the same as for the 195-mu band in KCL® There is
evidence of an extremely weak F’ band at the tail of
the F band in agreement with the observations of Duerig
and Markham! and this is seen to lie beneath the re-
solved M band. It is interesting that the formation of
the F’ band was not observed in KCl at 5°K.

The effect of elevating the irradiation temperature
from 5 to 80°K may be seen by comparing the absorp-
tion spectra in Figs. 3 and 4 with those of Figs. 1 and
2, respectively. Figure 3 shows three stages of coloration
observed during a prolonged x irradiation of a KCl
crystal at 80°K. In curve (a) are shown the absorptions
produced by a brief irradiation of 30 min. The results
are in agreement with previous reports by Casler,
Pringsheim, and Yuster,* Dorendorf,® and Duerig and
Markham.”® The absorption spectra corresponding to
9.5 and 52.0 h of x-ray exposure are shown in curves
(b) and (c), respectively. A detailed presentation and
discussion of the properties and growth of the F, K,
and M bands as well as some of the aspects of L;-band
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F1c. 3. The optical-absorption spectra of a KClI crystal meas-
ured at 80°K after x-ray exposures of (a) 30 min, (b) 9.5 h, and
(c) 52.0 h at the same temperature. The correspondmg numbers
of F centers/cm3 are (a) 2.4X 1017 (b) 2.5X 108, and (c) 6.6)X 108,
respectively. The inset shows the spectral details of the J/ band.
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growth will be given below. A similar treatment will be
provided for the band first observed as a composite of
the ¥, and V4 bands and later seen to develop into
a prominent absorption peaking at 240 my. This band
is designated for the present as the V(240) and is pre-
sumed to be the same band recently studied by Pretzel.?
Although the formation of Vi, and to a lesser extent
Vi centers, is of considerable interest in brief x-ray
exposures at liquid-nitrogen temperature, the early sat-
uration of the V; and Vx bands suggests that neither
center contributes significantly in defect formation in
a prolonged irradiation.

In addition to the above color-center bands, several
other absorbing regions in Fig. 3 are worthy of brief
comment. The progressive coloration noted at wave-
lengths shorter than 200 my is possibly associated with
the & band known to have its maximum near 177 mpu.?
Next, there appears to be an appreciable unresolved
contribution to the long-wavelength side of the V' (240)
absorption band which is assumed to be due to the pres-
ence of the V; band.® Finally, the continued growth of
the broad absorption on the long-wavelength side of
the F band which extends beneath the M band is iden-
tified as the well-known F’ band.

The final series of absorption spectra shown in Fig.
4 illustrate the growth of absorption induced in a KBr
crystal during the course of an extended x irradiation
at 80°K. The result of an exposure of 30 min is repre-
sented by curve (a) and corresponds to data reported
previously.51® Curves (b) and (c) exhibit the state of
coloration attained at 9.9 h and at the conclusion of the
54.5 h irradiation, respectively. As in the case of the
KCl crystal studied at 80°K, a discussion of the growth
and characteristics of the F, K, M, L1, V1, and Vg bands
will be presented later. The prominent band peaking at
a wavelength of 275 my is identified as the V4 in ac-
cordance with Kingsley’s investigation.” The band ap-
pears to be a counterpart of the V(240) band observed
in KCl and will be treated in detail below. No attempt
was made to resolve and follow the growth of the a band
in view of the extremely strong absorption band known

2 R. Onaka and I. Fujita, Phys. Rev. 119, 1597 (1960).
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to peak at 193 mu, the 8 band.® Comments similar to
those made in connection with absorbing regions due to
the V7 and F’ bands in KCl at 80°K are also applicable
to KBr at the same temperature.

B. The F Band
1. Spectral Properties (5 and §0°K)

In the subsequent treatment of the data of F-band
growth resulting from x-ray irradiation performed on
KCland KBr crystals at 5°K and 80°K ,the assumption
was made that there was no shift in the wavelength at
which the maximum absorption of the F band occurred
and furthermore that there was no change in the shape
of the F band throughout the course of the irradiation.
No significant change in either the peak position or band
shape was observed for optical densities as great as 6 at
the peak of the F band. Whenever the optical density
at the maximum of the band exceeded a value of 6,
the optical density at the half-width or third-width
wavelengths provided a means for determining the mag-
nitude of the peak absorption. The half-width and third-
width wavelengths are here defined as the wavelengths
for which the optical density or absorption constant is
a half and a third, respectively, of the maximum value
and were very carefully determined during the earlier
stages of coloration. The validity of the above assump-
tion appeared to be supported by the general consist-
ency of the data when the relation of F-band growth
with respect to the generation of other absorbing bands
was considered.

The procedure for determining the absorption at the
peak of the F band was modified for irradiations carried
out at 80°K in both KCl and KBr. The spectra pre-
sented in Figs. 3 and 4 above showed a broad F’ band
contributing significantly to the F-band absorption
constant during the early stages of irradiation. Accord-
ingly, the F’ component was estimated and subtracted
from the total measured absorption constant at the
appropriate wavelengths in accordance with the spectral
shape of the F/ band near 77°K as given by Kingsley
for KCl and by Pick? for KBr. In view of the fact that

% C. J. Delbecq, P. Pringsheim, and P. H. Yuster, J. Chem.
Phys. 20, 746 (1952).

% J, D. Kingsley, Phys. Rev. 122, 772 (1961).

26 H. Pick, Ann. Physik 31, 365 (1938).
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in the later stages of irradiation this contribution con-
stituted approximately 29, of the absorption observed
at the wavelength corresponding to the F-band peak,
the above procedure was only necessary during the early
observations.

The quantities utilized for the calculation of the
F-center concentration by means of Smakula’s formula
as recast by Dexter?® and the peak positions of the F
band are presented in Table I. All of the quantities have
been determined by direct optical measurements carried
out in connection with the present investigation except
for the values of the oscillator strength fr. The latter
represent average values based on data taken from the
literature for a Gaussian F band in KCP™® and in
KBr.28:® Values of #, the index of refraction of the
crystal at the peak position of the F band, required for
the calculation of the F-center concentration were
drawn from several sources.®

2. Growth in KCl (5°K)

A typical growth curve of the F band produced in
pure KCI by x irradiation at 5°K is shown in Fig. 5.

TasLE I. Peak positions and half-widths of the F band pro-
duced at low temperatures in KCl and KBr. Average values of
the oscillator strengths of a Gaussian F band are taken from the
literature.

Temperature of

measurement
(°K) Ar(my) Wr(eV) fr
KCl 5 537 0.169 0.53
80 540 0.194
KBr 5 599 0.158 0.48
80 603 0.190

2% D. L. Dexter, Phys. Rev. 101, 48 (1956). In this paper
Dexeter has assumed a Gaussian shape for the F band on the basis
of quantum-mechanical arguments and has modified the classical
expression derived by A. Smakula, Z. Physik 59, 603 (1930) for
a Lorentzian-shaped F band.

27 F. G. Kleinschrod, Ann. Physik 27, 97 (1936).

28 C, J. Rauch and J. C. V. Heer, Phys. Rev. 105, 914 (1957).

» R. H. Silsbee, Phys. Rev. 103, 1675 (1956).

 F, Liity, Z. Physik 160, 1 (1960).

3 Z. Gyulai, Z. Physik 46, 80 (1927); Smithsonian Physical
Tables (Smithsonian Institute, Washington, D. C. 1954), revised
ed., p. 519; R. E. Stephens, E. J. Plyler, W. S. Rodney, and R. J.
Spindler, J. Opt. Soc. Am. 43, 110 (1953).
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FiG. 5. The growth of the F band in KCl and in KCl:Sr as a
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gives the absorption constant determined at the peak position of
the F band whereas that on the right gives the F-center concen-
tration calculated by Smakula’s formula for a Gaussian F band
with oscillator strength fr=0.53.

The data are very similar in appearance to room tem-
perature growth curves for KCl reported by Mitchell,
Wiegand, and Smoluchowski®? and by Gordon and
Nowick® for NaCl. First, there is a region of rapid
coloration which is nearly linear from the origin to an
F-center concentration of approximately 210 cen-
ters/cm®. This is followed by a region of progressively
slower coloration up to a concentration of roughly
3108 centers/cm?. The extremely small value of the
slope of the growth at the time that the irradiation was
discontinued gives a strong indication that saturation
was being approached. It should be emphasized that it
is only the similarity in shape between the growth
curves for liquid-helium temperature and room tem-
perature that is being cited. The work of K#nzig and
Woodruff' and of Rabin and Klick? has indicated the
essential difference in the mechanism of F-center pro-
duction in the two temperature regions.

The growth curve for the KCl:Sr crystal is also in-
cluded in Fig. 5. A comparison of the data for the pure
and the divalent-doped KCl shows that in the region of
rapid coloration, identical results are obtained. This
observation completely corroborates the conclusion of
Rabin and Klick? that the concentration of F centers
produced by x-ray irradiation at liquid-helium tempera-
ture is independent of impurity content. This result has
particular significance since the strontium concentra-
tion in the present instance is at least an order of mag-
nitude larger than that of the KCl:Sr crystal used by
Rabin and Klick. However, in the region of slower
coloration, i.e., beyond an F-center concentration of
2X10'8/cm?, there is a gradual divergence between the
two growth curves and this becomes more pronounced
with increasing irradiation time. As a result, the doped
crystal is more intensely colored at the conclusion of the
irradiation and attains a concentration of 4X10'® F
centers/cm?. Just as was the case in the pure specimen,
it appears as though F-center saturation has begun to

2 P, V. Mitchell, D. A. Wiegand, and R. Smoluchowski, Phys.

Rev. 117, 442 (1960) and 121, 484 (1961).
3 R. B. Gordon and A. S. Nowick, Phys. Rev. 101, 997 (1956).
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set in although it is clear that a longer x-ray exposure
would be required for full saturation in the divalent-
doped crystal than in the pure specimen.

It is evident that neither the slight difference in
thickness between the two crystals nor the probable
experimental error (estimated at less than 109, for
optical-absorption measurements involving large optical
densities) can account for all of the observed difference
in F-center concentration between the pure and stron-
tium-doped crystal. First, the relative difference in
thickness was measured as 39, with the doped crystal
having the greater thickness. Second, the observed dif-
ference in F-center concentration had reached a value
approximately 179, of the total concentration after
nearly 60 h of irradiation. Finally, in the region of slow
coloration, it was the doped crystal which consistently
yielded the larger absorption constant. No satisfactory
explanation for this effect is suggested at this time.

3. Growth in KBr(5°K)

The growth curve of the F band induced in a pure
KBr crystal by x-ray irradiation at 5°K is presented
in Fig. 6. The data exhibit the same general type of
behavior shown by KCl for an irradiation conducted at
the same temperature. There is a region of relatively
fast coloration which is approximately linear, from the
origin to an F-center density of 2X10'8 centers/cm3;
this is followed by a second region of slower coloration
which is also nearly linear, up to the termination of the
irradiation at a concentration of well over 5X10'8 F
centers/cm?®. In contrast to KCl, there is much less
tendency for saturation in the coloration of KBr.

A plot of the F-band growth for a calcium-doped
crystal is also given in Fig. 6. The data for both the
pure KBr and the KBr:Ca are seen to fall on the same
curve in the initial stage of coloration in agreement with
the observation by Rabin and Klick.? In the region of
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FiG. 6. Growth curves of the F band in KBr and in KBr:Ca
following x-ray exposure at 5°K. The absorption constant meas-
ured at the peak position of the F band is shown by the scale on
the left and the corresponding number of F centers/cm? is given
on the right. The latter is computed by means of Smakula’s
formula with the oscillator strength for a Gaussian F band
fr=0.48.
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slow coloration, a larger F-center concentration was
produced in the doped KBr crystal. The presence of
divalent impurities appears to enhance the coloration
of both KCl and KBr for high coloration levels. Al-
though the effect is more marked in the crystals with
the heavier doping, as might be expected, the exact
dependence of the excess coloration upon a particular
divalent impurity concentration is not yet clear. Pre-
viously, it was pointed out that the excess absorption
represented 179, of the total F absorption after 60 h of
irradiation of the KCI:Sr crystal; a similar x-ray expo-
sure of the KBr: Ca crystal yielded a value of 5%,. While
this variation is within the experimental error related
to the optical absorption measurements (for large values
of the optical density), it is felt that this may be a true
effect. The measured values of the optical absorption
constant were consistently larger for the divalent-doped
KBr in the region of slower coloration even though the
pure KBr crystal was only 409, as thick as the KBr:Ca
specimen. A dependence upon crystal thickness, as
would occur for a nonuniform coloration, would result
in a larger absorption constant for the thinner sample
—just opposite to that observed.

4. Growth in KCl and KBr (80°K)

The principal features of F-band growth resulting
from the x-ray irradiation of KCl and KBr samples at
80°K are quite similar as many be concluded from the
data shown in Figs. 7 and 8, respectively. Accordingly,
the growth curves may be discussed together leaving
individual differences to be singled out as they occur.
All of the plotted data represent values of the F-band
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absorption constant following the subtraction of the F’
component from the total observed absorption.

The initial growth of the F band is relatively rapid in
both crystals, but there is little evidence of linear growth
as was observed for irradiations carried out in the liquid-
helium temperature range. This is in agreement with
data presented by Duerig®* which show that the non-
linear behavior of the F-band growth curves of x-irra-
diated KCl and KBr at 78°K extends to extremely
brief exposures. In fact, the rate of F-band growth ob-
served in x-irradiated KCl and KBr at 80°K may be
described as one which continuously decreases for the
entire irradiation. Thus the typical radiation-induced
growth behavior exhibited at 5°K which was charac-
terized by two rather well-defined regions of coloration
does not extend to coloration produced at 80°K. The
gradual decrease in the growth rate indicates that a
state of saturation of the F band is being approached
in both cases although a much earlier saturation is in-
dicated for the KCl crystal. It should be noted that the
concentration of color centers attained at 80°K is sig-
nificantly greater than at 5°K where a pronounced
saturation has occurred. The role of impurities in the
production of F centers at 80°K has not been investi-
gated although impurity concentration is known to have
an effect at this temperature.?

C. The K and L, Bands

1. The K-to-F Ratio in KCl (5 and 80°K)

A shoulder on the short-wavelength side of the F
band, designated as the K band, was first observed in
additively colored KCl by Kleinschrod.?” Mott and

3#W. H. Duerig, thesis, University of Maryland, 1952

(unpublished).
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Gurney?® have suggested that this band results from the
transition of an F-center electron to a higher excited
state. More recently, Liity®® conducted an exhaustive
study of the absorption spectra of additively colored
specimens of the face-centered cubic alkali halides. Evi-
dence of the presence of the K band was found in many
alkali halides in which it had not been previously re-
solved. Liity also measured the K-to-F ratio, i.e., the
ratio of the absorption coefficients measured at the peak
position of the K and F bands or the value of (ax/ar).
He found that this ratio is independent of the F-center
concentration for a given alkali halide, as would be
expected from the Mott-Gurney model.

The present investigation extends the results of
Liity’s experiments performed with additively colored
crystals to crystals colored by x irradiation at low tem-
peratures. Consequently, the data pertaining to K-band
growth is presented in its relation to the growth of the
F band.

The absorption spectra of KCl specimens x irradiated
at 5 and at 80°K which were pictured in Figs. 1 and 3
above show various stages in the growth of the K band.
The peak positions of the band are observed at wave-
lengths of 458 and 460 my for irradiations carried out
at 5 and 80°K, respectively. It is apparent that there
is considerable overlapping between the F and K bands
with the F band contributing significantly to the K-
band absorption and the latter making a somewhat
smaller contribution to the absorption of the F band.
In the subsequent presentation, the absorption coeffi-
cient measured at the peak position of the K band is
called ax despite the fact that a certain fraction of it
represents a component of the F band. It is the ratio
of this value to that of ar which is designated as the
K-to-F ratio, in accord with Liity’s presentation. Since
the shapes of the F and K bands appear to be unchanged
during irradiation, a constant value of the K-to-F ratio
throughout the course of the irradiation indicates that
the ratio of the corrected values of the K- and F-band
absorption constants at the proper peak positions also
remains constant.

The data for the KCl samples x irradiated at 5 and
at 80°K are shown in Fig. 9. In this instance, the values
of the absorption constants measured at the peak posi-
tion of the K band are plotted as ordinate against the
corresponding F-band absorption values as abscissa.
Observations of the F-band absorption at 80°K have
been corrected by the subtraction of contributions due
to the F’ band. Although the F’ band is known* to
have an extremely small component in the spectral
region of the K band, it is ignored in the present in-
stance without a significant loss of accuracy.

The straight lines shown in Fig. 9 are drawn on the
basis of a least-squares fit of all the data recorded at
the two temperatures of interest. In each case, the line

3% N. F. Mott and R. W. Gurney, Electronic Processes in Ionic
Crystals (Oxford University Press, New York, 1940), p. 114.

FARADAY AND W. D.

COMPTON

20— S
T 50K A
F+ KCl 7
SI100— & KClisr / —
Z — —80% /
2 ) e
S 80— / —]
g /
2
& 60— // o2 ]
a /
o 40 //
2 40— ]
@ e
= /

20— -]

//
P2 D R R B
0 500 2000

1000 1500 | 2500
F~BAND ABSORPTION CONSTANT (CM™')

F16. 9. The linear relationship between the peak intensity of
the K band and F band in KCl and KCl:Sr crystals x-rayed and
measured at 5 and 80°K.

appears to accommodate all of the observations made
at the appropriate temperature. Furthermore, the pres-
ence of a heavy concentration of divalent impurities, as
in the KCl1:0.1 M9, Sr sample, does not appear to have
a measurable effect on the K-to-F ratio despite the
appreciable enhancement of the formation of F centers
for long irradiation times. The slopes of the two lines
yield the values of the K-to-F ratio at 5° and at 80°K.
The value of the ratio for the 80°K data is 0.048 and
a value of 0.035 is obtained from the irradiation at
5°K. The former figure is in good agreement with Liity’s
determination of a value of 0.046 for a wide range of
additive coloration in KCl crystals measured at liquid-
nitrogen temperature. There is also good agreement
with the value of 0.047 cited by Duerig and Markham3®
for KCI crystals x irradiated and measured at 78°K.
The value obtained at 5°K is in fair agreement with the
K-to-F ratio of 0.037 which is obtained from Liity’s
data for an additively colored crystal cooled to 23°K.
The apparent variation of the K-to-F ratio with tem-
perature results from measuring the absorption con-
stant at a given wavelength instead of the area under
the resolved absorption curves.

2. K-to-F Ratio in KBr (5 and §0°K)

An examination of the absorption spectra of KBr
crystals at different stages of prolonged x irradiation
(Figs. 2 and 4) shows that the shoulder located on the
short-wavelength side of the F band, i.e., the K band,
is less well resolved in KBr than in KCl. Thus, the two
bands overlap to a greater degree and there is a larger
contribution from the F-band absorption to that ob-
served at the peak position of the K band. The wave-
length assigned to the peak position of the K band by
Liity is 525 mpu and the absorption constant measured
at this wavelength is designated as ax. The K-to-F

38 W. H. Duerig and J. J. Markham (private communication
to I. Seitz, Ref. 0).
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ratio in KBr is investigated by plotting each value of
ax as ordinate against the corresponding ar value as
abscissa. The F-band measurements at 80°K are cor-
rected by subtraction of the F’ component. The KBr
results are presented in Fig. 10 where the two straight
lines constitute a least-squares fit for the data at 5 and
80°K, respectively. The value of the ratio is determined
to be 0.097 at 80°K and 0.084 at 5°K. Each of these
values is more than twice as large as the corresponding
values in KCl. The apparent variation of the K-to-F
ratio with temperature results from taking the absorp-
tion constant at a given wavelength instead of the area
under the resolved absorption curves.

The results of the present experiments on KBr and
KCl are in good agreement with the results obtained by
Liity on additively colored crystals. It seems quite
reasonable to conclude that the K and F bands are
intimately related and arise from transitions of the
same defect, in support of the Mott and Gurney model
of the K center. It should also be noted that the con-
stancy of the K-to-F ratio provides a means of deter-
mining the absorption coefficient at the peak of the F
band in crystals having a very high absorption.

3. The Ly Band in KCI and KBr (80°K)

In the course of his experiments on the K band in
various additively colored alkali halides, Liity*® ob-
served three weaker absorption bands at wavelengths
shorter than that of the K band. They were designated
as the Ly, L,, and L3 bands in order of increasing photon
energy and were attributed to additional transitions of
an F-center electron. On the basis of the spectral prop-
erties determined by Liity, it is possible to make a
quantitative estimate of the degree of induced absorp-
tion to be expected from each of the L bands relative
to a given F-band absorption in a particular alkali
halide. Since the various L bands are located in a spec-
tral region sufficiently removed from the F band to
preclude any overlap with it, a straightforward applica-
tion of Smakula’s formula?® yields values of the F-to-L
ratio, i.e., the ratio of the absorption constant at the
peak position of the F band to the corresponding peak
value for each of the L bands. Klick and Kabler®” have
argued on this basis to show that L bands are formed in
KCIl and KBr by x rays. In particular, they were able
to resolve the L; band after x irradiation at room tem-
perature and the L; band following irradiation at liquid-
helium temperature. In each instance, resolution of the
remaining L bands was prevented by the presence of
prominent absorption bands associated with other
defects.

In the present experiment, prolonged exposure of
KCl and KBr crystals to x rays at liquid-nitrogen tem-
perature resulted in the formation of very weak absorp-
tion bands having maxima at wavelengths assigned by
Liity as peak positions of the Ly band, viz., 344 my in

% C. C. Klick and M. N. Kabler, Phys. Rev. 131, 1075 (1963).
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Fi1c. 10. The linear relationship between the absorption coeffi-
cient at the peak position of the K band and that of the F band
in KBr and KBr:Ca crystals exposed to x rays and measured at
5 and 80°K. The peak position of the X band was taken as 525 mu
as suggested by Liity Ref. 30.

KCl and 375 mu in KBr. The F-to-L; ratio in KCl at
80°K is calculated to be 230 on the basis of Liity’s
figures for the half-width and oscillator strength of the
K band and the corresponding F-band values given in
Table I. If the F-band absorption data shown in Fig. 5
are utilized, the absorption constants measured at the
L, peak position after 9.5 and 52.0 h of irradiation
should be 5 and 11 cm™, respectively.

Reference to curves (b) and (c) of Fig. 3 shows that
the observed data are in good agreement with the com-
puted values. If the results of an analogous calculation
carried out for the L; band in KBr at 80°K are compared
with the data exhibited in Fig. 4, there is also close
agreement between the observed and computed values
of the absorption constant at 375 mu. It may be as-
sumed that the L; and L3 bands are formed at 5°K and
at 80°K and are present with roughly the same intensi-
ties as the L; band but due to their unfavorable spectral
location are incapable of resolution in the present
experiment.

D. The M Band

1. Spectral Properties (5 and §0°K)

The absorption spectra, shown in Figs. 1-4, indicate
that x irradiation of KCl and KBr crystals at low tem-
peratures generates an extremely weak band on the
long-wavelength side of the F band. Resolution of the
band and the determination of its spectral properties
led to its identification as the M band. Unequivocal
identification of this band was made by comparing its
spectral properties with those of M bands produced by
the well-known techniques of heating and rapid quench-
ing of additively colored KCl and KBr, as well as the
bleaching of crystals containing F centers with light
of the F-band wavelength. Measurements of the peak
position and the half-width of the resulting M band in
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TasLE 11, Peak positions and half-widths of the M/ band pro-
duced by different methods in KCl and KBr and measured at
various temperatures. Method of production: I. X ray at RT,
bleach in F band. II. Additively color, heat to 600°C, quench to
RT. III. X ray at 5°K. IV. X ray at 80°K.

Temperature of KCl KBr
Method measurement Apr(mu) War(eV) Ayr(mp) Wi (eV)

I 5°K 799 0.055 884 0.051
80°K 802 0.065 887 0.063

RT 825 0.12 918 0.12
II 5°K 798 0.054 883 0.053
80°K 801 0.064 887 0.065

RT 823 0.12 918 0.13
III 5°K 799 0.057 884 0.051
80°K 802 0.067 887 0.062

RT 824 0.12 918 0.13
v 5°K 798 0.056 884 0.051
80°K 801 0.065 887 0.062

RT 822 0.12 917 0.12

each instance were made at room temperature, at 80
and at 5°K. The same spectral properties were also
determined at these three temperatures for KCl and
KBr crystals x irradiated for prolonged periods at 5°K
and at 80°K. A comparison of the results of the preced-
ing measurements showed complete agreement what-
ever the method of M-band production, as may be seen
by reference to Table II.

2. Growth in KCl and KBr (5°K)

The growth of the M band in pure and in strontium-
doped KCl crystals which had been exposed to x rays
at 5°K is shown by the growth curves presented in Fig.
11. The growth of the band is the most rapid during the
first few hours of irradiation; thereafter, it proceeds at
a continually decreasing rate for the balance of the x-ray
exposure time. The band appears to be approaching
a state of saturation at the time that the irradiation is
discontinued. The early growth of the band is charac-

5°K 7
o KCl s
a KCl:Sr yid

e KCl /./

ABSORPTION CONSTANT (cM™")

N2 I I R B B

10 20 30 40 50 60
X-RAY EXPOSURE TIME (HOURS)

Fic. 11. The growth of the M band in KCl and KCl:Sr crystals
x irradiated and measured at 5°K (full curves) and in KCI
exposed to x rays and observed at 80°K (dashed curve).
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terized by the fact that M-center coloration induced in
KCl at 5°K is insensitive to the presence of strontium
impurity. However, after approximately 10 h of irradia-
tion time, the KCl: Sr sample shows a larger absorption
than the pure crystal and this excess absorption con-
tinues to increase until it represents approximately 259,
of the total M-band peak absorption observed at the
conclusion of the irradiation.

The M-band growth curve resulting from the ex-
tended x irradiation of pure and calcium-doped KBr at
5°K is given in Fig. 12. The growth of the band is seen
to be most rapid at the outset of the irradiation and
continues at a progressively slower rate for approxi-
mately the first five hours of x-ray exposure. Finally,
the observed absorption constant at the band maximum
appears to increase at almost a uniform rate for the
balance of the irradiation. Unlike the results presented
for the KCl:Sr crystal, there is no measurable excess
absorption observed in the calcium-doped sample over
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Fi1c. 12. Growth curves of the M band in KBr samples follow-
ing x irradiation and measurement at the same temperature.
Results are shown for KBr and KBr:Ca at 5°K (full curve) and
for KBr at 80°K (dashed curve).

that recorded for the pure KBr. Accordingly, a single
curve is suitable for a satisfactory fit of the data for
both crystals.

3. Growth in KCl and KBr (§0°K)

The absorption spectra observed in pure KCl and
KBr crystals resulting from x irradiation at 80°K
showed a weak M band superimposed on a broad F’
band, as exhibited above in Figs. 3 and 4. Each value of
the M-band absorption constant was determined by
subtracting the component ascribed to the F’ band from
the total absorption observed at the wavelength corre-
sponding to the peak position of the M band. It is on
the basis of these data that the growth curves of the
M band in KCl and in KBr are presented in Figs. 11
and 12, respectively. The growth behavior is sufficiently
similar in each type of crystal so that only a single dis-
cussion is required.
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The initial growth is seen to be comparatively slow
and is followed by a region of more rapid M-band colora-
tion. The latter region is characterized by a nearly
uniform rate of growth during the course of which the
values of the M-band absorption constant observed at
80°K overtake the values corresponding to equal x-ray
exposure times for the same type of crystal at 5°K.
These growth curves differ from all of the other curves
observed in this investigation in that they each possess
a point of inflection. This is to be expected if the quad-
ratic relation between M- and F-band absorption (to be
discussed later) is valid. In fact, the validity of this
relation requires that the M-band growth curves at 5°K
also have points of inflection. It is suggested that they
may simply be hidden for short irradiation times. As
has been recently shown by Wallis and Faraday,?8 this
behavior of the growth curves is important in under-
standing the kinetics of the growth of the F and M
centers.

4. The F? versus M Relation

A comparison of the data relating the growth of the
M band (exhibited in Figs. 11 and 12) with the results
of F-band growth (presented in Figs. 5-8) shows that
the concentration of M centers produced by these low-
temperature irradiations is a quadratic function of the
F-center concentration. This is seen quite clearly in
Fig. 13 where the absorption constant at the peak posi-
tion of the M band is plotted against the square of the
corresponding F-band absorption constant for KCl. A
similar quadratic relation between the M- and F-band
absorption has been previously reported for KBr.t The
conclusion supported by both sets of observations is
that each M center is composed of two F centers. Fur-
thermore, the data demonstrate that the relative con-
centration of F and M centers is not altered by the
presence of divalent impurities and the accompanying
positive-ion vacancies. This suggests that the M center
does not involve a positive-ion vacancy as is proposed
by the Seitz* model and its modification.®

The quadratic dependence of the M-center concentra-
tion upon the F-center concentration agrees with the
results obtained by van Doorn# on the thermal equi-
librium of F and M centers in additively colored crys-
stals. Thus, the present observations together with those
of van Doorn support the proposal of van Doorn and
Haven®? and of Pick® that the model of the M center is
a pair of associated F centers (F2 model). The trapping
of two electrons by the two adjacent negative-ion sites
yields a model which is in accord with the requirements

# R. F. Wallis and B. J. Faraday, Phys. Rev 133, A1360 (1964).

® F. Seitz, Rev. Mod. Phys. 18, 384 (19

“OR.S. Knox, Phys. Rev. LettersZ 87 (1959)

4 C. Z. van Doorn, Phys. Rev. Letters4 236 (1960).

2 C. Z. van Doorn and Y. Haven, Phlll s Res. Rept. 11, 479
(1956) ; C. Z. van Doorn, Philips Res. Rept 12, 309 (1957).

4 H.'Pick, Z. Physik 159, 69 (1960).
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Fic. 13. Absorption constant of the M band versus absorption
constant of the F band squared for KCl crystals exposed to x rays
at 5 and 80°K and measured at the irradiation temperature.

of inversion symmetry,* the absence of dielectric loss,*
magnetic susceptibility,* and electron spin resonance?’
of the M center. In addition, the present work shows
that the presence of a large concentration of divalent
impurities (as in KC1:0.1M9, Sr) and the accompany-
ing positive-ion vacancies do not alter the relative con-
centration of F and M centers formed by irradiation at
low temperatures. This implies that the positive-ion
vacancy does not enter into the formation of M centers.
The observed dependence of the M-center concentra-
tion upon divalent impurities is just a reflection of the
F-center dependence and has no real significance for the
M -center model.

E. The H Band
1. Growth in KCI (5°K)

Before the growth data for the H band in KCl are
presented, some prior experimental work pertaining to
the spectral characteristics of this band will be reviewed.
The peak position of the H band in KCl was reported
as 345 mu by Duerig and Markham.’* Compton and
Klick*® confirmed this observation and suggested the
possibility of the band being a composite of other bands
on the basis of optical measurements; furthermore, the
fact that both H and Vx centers were present in KCl
crystals exposed to x rays near liquid-helium tempera-
ture was evident from electron-spin-resonance results!

(149‘518\). W. Overhauser and H. Riichardt, Phys. Rev. 112, 722

4 G, Jacobs, J. Chem. Phys. 27, 217 (1957).

46 E. Sonder, Bull. Am. Phys. Soc. 6, 114 (1961).

“7W. C. Holton, H. Blum, and C P. Slichter, Phys. Rev.
Letters 5, 197 (1960), H. Gross and H. C. Wolff, Naturwiss. 48,
299 (1961); H. Blum, Phys. Rev. 128, 627 (1962).

“W.D. Compton and C. C. Klick, Phys Rev. 110, 349 (1958).
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and from recent optical-absorption measurements.®
Cape and Jacobs® investigated the thermal bleaching
of the two centers and were able to show that the 345
my band resulted from the superposition of two or more
bands—the H band peaking at 335 mu,* the Vg band
peaking at 365 my,% and, possibly, the V; band with its
maximum located at a wavelength of 356 mu.? The
experiment did not establish whether the V; absorption
observed when the temperature of the KCl crystal was
raised above 56°K (the bleaching temperature of the
H center) was an original component of the 345 mu
band or whether it was formed as a product of the
thermal bleaching of the H center. The latter alternative
had been shown to be a possibility as a result of the
bleaching experiments of K#nzig and Woodruff! and of
Teegarden and Maurer.%

In the present investigation, the peak position of the
most prominent band in the near ultraviolet in KCl
after 15 min of x-ray exposure at 5°K was observed to
be at 345 my, in agreement with the Duerig and Mark-
ham?® data. This band is designated as the “H” band
in order to differentiate it from the simple H band which
peaks at 335 mu. The spectral shape of the band in the
initial stage of growth was shown previously, viz., in
curve (a) of Fig. 1. As the irradiation progressed, the
peak position of the band shifted rapidly toward shorter
wavelengths. Thus, after an hour’s exposure of the
crystal to x rays, the peak position was observed to be
at 338 mu. The wavelength of the peak shifted very
little for longer irradiations. The final value of 337 mu
was attained when saturation of the band was observed
after approximately 20 h. There was no significant
variation in the shift of the peak position for the KCI: Sr
crystal from that observed for the pure KCL The shift
in the wavelength at which the maximum optical ab-
sorption of the “H” band occurred was accepted as an
indication of the composite nature of the band. From
the ultimate peak position at 337 my, it was inferred
that the principal component of the band was the H
band (335 mu) with a smaller contribution from one or
more bands which peaked at longer wavelengths, pre-
sumably the Vg, and possibly, the V1. It is also clear
from the above data that any contributions due to the
Vx and V; centers were significant only in the early
stages of growth of the “H” band and represented a
small fraction of the observed absorption. It was esti-
mated that this contribution was less than 5%, of the
total absorption at saturation on the basis of a more
detailed study of the first half-hour of x-ray irradiation
to be described below. Accordingly, the distinction

9T, M. Srinivasan and W. D. Compton, Phys. Rev. 137,
A264 (1965).

% J, Cape and G. Jacobs, Phys. Rev. 118, 946 (1960).

8 J. D. Kingsley, Air Force Office of Scientific Research, Tech.
Notes Nos. 1 and 2, AFOSR-TN 60-634 and 60-635, University
of Illinois, May and June 1960 (unpublished).

%2 C, J. Delbecq, B. Smaller, and P. H. Yuster, Phys. Rev. 111,
1235 (1958).

8 K. J. Teegarden and R. J. Maurer, Z. Physik 138, 284 (1954).

FARADAY AND W. D. COMPTON

which has been made between the composite “H” band
and the simple H band peaking at 335 my will be dis-
continued for KCl and the data will be presented in
terms of the H-band growth without any attempt being
made to subtract off components due to bands peaking
at longer wavelengths.

The curves tracing the growth of the H band in KCl
and in KCl:Sr at 5°K are shown in Fig. 14. The curves
are quite similar to those which have been presented
to describe the growth of the F band in KCl, in Fig.
5, particularly during the early stages of coloration.
Such correlation is to be anticipated if F and H centers
are formed simultaneously in conformity with the earlier
summary of the coloration process near liquid-helium
temperature. Thus, the early growth of the H band is
relatively rapid, nearly linear, and appears to develop
independently of the divalent impurity content. The
present data indicate that the assertion of Rabin and
Klick?® concerning the insensitivity of F-center colora-
tion to the presence of impurities in this temperature
range is also applicable to at least the initial stage of
H-center coloration. The termination of the region of
fast coloration is marked by a rapid diverging of the
two growth curves until saturation takes place. At this
time, the absorption constant at the H-band maximum
measured for the KCl:Sr sample is observed to be ap-
proximately 109, larger than that of the pure crystal.
Thereafter, the curves remain reasonably parallel for
the duration of the irradiation.

In a supplementary experiment, the extremely early
growth of the “H” band was examined by exposing
a pure KCI crystal to x rays for 30 min with observa-
tions being made at approximately 2-min intervals.
During the first 10 min of irradiation, the rate of gen-
eration of the “H” band was observed to be continu-
ously variable and measureably higher (between 5 and
109,) than the constant rate assumed during the last
20 min of the exposure. It is suggested that the excess
“H”-band coloration responsible for the nonlinear early
growth was due to the formation of Vk, and possibly,
V1 centers in accordance with the discussion carried
out above.
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T1c. 14. Growth curves of the H band in KCl and KCl:Sr as a
function of the x irradiation time at 5°K. Observations were made
at the same temperature.
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2. Growth in KBr (5°K)

Prior to a consideration of the growth behavior of
the H band in KBr, the foregoing discussion pertinent
to the spectral shape of the “H” band in KClI can be
extended to include some earlier observations reported
for KBr. Duerig and Markham? first observed the “H”’
band in KBr at a wavelength of 380 my following x ir-
radiation carried out at liquid-helium temperature.
Somewhat later, the results of the thermal bleaching
experiments of Cape and Jacobs® suggested the possi-
bility that the band also possessed a composite nature
in KBr, although differently constituted than the corre-
sponding band in KCl In KBr, for example, no Vg
component of the “H”-band absorption was observed
by Cape and Jacobs to be a product of x irradiation at
liquid-helium temperature as had been the case for
KCL On the other hand, only the optical absorption
associated with the ¥V band at 410 mu was observed
when the temperature of the irradiated KBr crystal
was raised above the bleaching temperature of the H
center (30°K). In this respect, the KBr results were
comparable to those obtained from the KCl experiment
to the extent that the production of the V3 absorption
could not be unequivocally assigned to either direct
Vi-center generation by exposure of the crystal to x
rays at liquid-helium temperature or to the thermal
conversion of H centers to V; centers in accordance
with the observations of Teegarden and Maurer®® and
Kinzig.®* More recently, Srinivasan and Compton*
have employed optical-absorption measurements to
show that Vk as well as H centers are formed in KBr
by x rays near liquid-helium temperature. Thus, the
“H” band is also composite in KBr.

In the current work, the observation of the wave-
lengths corresponding to the peak position of the “H”
band in KBr as a function of the x-ray exposure time
was again utilized to provide some indication of the
relative growth of components of the band, viz., the
H band, the Vg, and, perhaps, the V; band. The initial
peak position of the band after 15 min of x irradiation
was observed to be 381 my, in satisfactory agreement
with previous observations.!?:48.55 However, in contrast
with KCl results, no evidence of any measurable change
in the wavelength of the peak position of the “H”’ band
was noted throughout the entire irradiation. Essentially
the same results were obtained from the observations of
the wavelengths at which the “H” band peaked in the
KBr: Ca specimens following x irradiation at 5°K.

The observation of the “H”-band absorption maxi-
mum at the same wavelength that Kingsley® had shown
to be the peak position of the simple # band, as well
as the absence of any measurable shift in this wave-
length throughout the course of the irradiation, sup-
ports the viewpoint that the simple A band is generated
by prolonged x irradiation at 5°K with only a small

5 W. Kinzig, Phys. Rev. 99, 1890 (1955).
5 J. A. Cape, Phys. Rev. 122, 18 (1961).
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admixture of other absorbing bands in the immediate
spectral vicinity. It is, of course, difficult to rule out
completely any contribution from the Vi or V; absorp-
tion bands, peaking at 385 and 410 muy, respectively,
due to the proximity of each to the peak of the “H”
or H band at 381 mu. However, the discussion pertain-
ing to the data presented above indicates that any con-
tribution of this type is rather insignificant and accord-
ingly, the distinction between the composite “H’’ and
simple H bands can be dropped for the balance of the
KBr remarks.

The growth of the H band resulting from the exposure
of pure and calcium-doped KBr to x rays at 5°K is
shown by the solid curve in Fig. 15. The early growth
of the band is quite similar to that observed for KCl
at the outset and can be described in the same general
terms. Furthermore, the shape of the above curve dur-
ing its early growth stage is similar to that of the F-band
growth in the region of rapid F coloration (shown earlier
in Fig. 6). The H-band growth curve levels off and
attains its maximum value at saturation within the
first four hours of x-ray exposure. Continued irradiation
for 45 h results in a gradual decrease in the absorption
constant to approximately 559, of that observed at its
maximum value. Thereafter, no further significant
in the absorption constant is noted. The same growth
curve accommodates the results for both the pure and
calcium-doped KBr for the complete irradiation. Al-
though the values of the H-band absorption constant
for the KBr:Ca specimen are consistently larger than
the corresponding values for the pure KBr after satura-
tion is reached, the differences are so small, i.e., less
than 59, of the total observed absorption, that there
is no particular advantage for the plotting of two sepa-
rate curves. The fact that an increase in the F-center
concentration is accompanied by a decrease of the H
band during the extended irradiation indicates that the
formation of defects does not simply involve the produc-
tion of stable F and H centers. This question will be
reconsidered on a more quantitative basis below.

While the previous discussion has been based almost

W oanD | l I | l

r

I
o
o
»eivo|_|
L XX
Qm
2
8
\

8

ABSORPTION CONSTANT (CM™)
3
Q

0 10 20 30 40 50 60
X-RAY EXPOSURE TIME (HOURS)

F1c. 15. The growth of the H and A’ bands in KBr and KBr:Ca
following x-ray exposure at 5°K. Measurements carried out at
the irradiation temperature are shown for the A band (full curve)
and for the H’ band at 278 mu (dashed curve).
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Fic. 16. The H-band absorption constant versus the F-band ab-
sorption constant produced by x rays at 5°K in KCl and KCl:Sr
and measured at the same temperature. The straight line is
plotted in accord with a least-squares fit of the data accumulated
during the first 10 h of irradiation.

entirely on an examination of the behavior of the ab-
sorption constant observed at the peak position of the
H band as a function of the x-ray exposure time, a more
complete description is afforded by reference to the
spectra of a KBr crystal x irradiated at 5°K. Curves
(a), (b), and (c) of Fig. 2 are the spectra of a KBr
crystal after 0.25, 10.0, and 64.0 h of x-ray exposure,
respectively. The selective character of the H-band
bleaching resulting from the extended irradiation is
aptly illustrated by a comparison of the latter two
curves. The bleaching is seen to be restricted to the
spectral region lying roughly between 360 and 430 mg,
while the absorption bands on either side, i.e., the K
band at longer wavelengths and the 278 mu band at
shorter wavelengths continue to grow as the irradiation
progresses.

3. H-to-F Ratio; the H' Band

In the earlier discussion of the H-band growth curves
for KCl and KBr, it was emphasized that during the
initial rapid stage of H coloration induced by x rays
at 5°K, the similarity in shape between the H- and
F-band growth curves supports the viewpoint that F
and H centers are produced simultaneously by the ioniz-
ing radiation. The same data may be re-examined on
a more quantitative basis by plotting the values of the
absorption constant at the peak position of the H band
against the corresponding values for the F-band absorp-
tion. Accordingly, the data for the pure and strontium-
doped KCl crystals may be taken from Figs. 5 and 14
and replotted as illustrated in Fig. 16. It is seen that
the points pertaining to the initial rapid F- and H-band
growth fall on a single straight line passing through the
origin. In the case of observations made for x-ray expo-
sures in excess of 10 h, there is a significant deviation
from a straight-line relationship as the rate of H-center
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generation falls behind the rate at which F centers are
formed. The straight line which is shown represents a
least-squares fit of the data accumulated within the
first 10 h of irradiation. The slope of this line will be
called the H-to-F ratio. For KCL then, the fact that the
H-to-F ratio is found to be reasonably constant for ir-
radiations up to approximately 10 h constitutes a quan-
titative verification of the viewpoint that F and H cen-
ters are formed by a single event. The gradual decrease
in the H-to-F ratio for longer irradiation times suggests
that some other mechanism becomes operative in the
heavily irradiated crystal.

A similar representation of the KBr data may be
carried out but is not shown since it is quite clear that
any linear relationship which may hold between the F-
and H-absorption constants is seriously impaired by the
bleaching of the H band resulting from an extended
x-ray exposure. An examination of the data included in
Figs. 6 and 15 shows that the H-to-F ratio in the pure
and calcium-doped KBr remains constant up to 4 h of
irradiation but decreases rapidly thereafter. Since the
deviation from constancy is more pronounced and oc-
curs earlier in KBr than in KCl, first consideration will
be given to a modification of the coloration mechanism
in KBr in the liquid-helium temperature region.

Reference to the absorption spectrum of a KBr crys-
tal x irradiated for 15 min at 5°K given by curve (a) of
Fig. 2 shows a weak band on the short-wavelength side
of the H band. The band has a poorly resolved peak at
approximately 281 mu and is probably the same one
reported by Duerig and Markham® at a wavelength of
285 mu. Some indication of the manner in which the
band develops may be obtained from curves (b) and
(c), the absorption spectra for an x-ray exposure of 10.0
and 64.0 h, respectively. The small shift in the wave-
length of the peak position of the band from 281 to 278
mu observed during the first few hours of irradiation
provides evidence that the band is of composite struc-
ture resulting from the superposition of two or more
simple bands. However, the spectral position of the
absorption maximum of the band remains unchanged
at 278 myu for the balance of the irradiation. Although
contributions from components peaking at wavelengths
longer than 278 my are significant in the early stages of
the growth, it is estimated that these represent less than
5% of the total observed absorption of the band and
may be ignored in the subsequent discussion. The pro-
gressive development of the 278 myu band in KBr and
KBr: Ca is provided by the broken-line curve in Fig. 15.
The 278-mu band will be called the H’ band for the
remainder of this discussion for reasons to be presented
below. Several comments pertaining to the growth be-
havior of the band are in order. First, the early rapid
growth of the H’ band should be discounted somewhat
insofar as the components of the band which peak at
longer wavelengths appear to make a significant contri-
bution during the first few hours of irradiation. Second,
no significant dependence on calcium impurity content
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was observed for the growth of the H’ band in KBr at
5°K. Finally, after about 15 h of x-ray irradiation, the
absorption constant values of the H’ band exceed the
corresponding values of the H band. Unlike most of
the other absorption bands whose growth is the subject
of this investigation, the H' band shows no evidence of
saturation after an extended irradiation.

A consideration of the growth curves of the F, H, and
H' bands in KBr suggests the possibility that the de-
crease in the H-center concentration is a result of the
formation of H’' centers from the H centers. If this is
correct, a linear combination of the H- and H’-absorp-
tion constants should exist which is directly propor-
tional to the corresponding F-band value at any time
during the irradiation. Alternatively stated, the prob-
lem resolves itself into searching for a constant k; for
which the ratio of (g kian’) to ar is equal to another
constant £.. For a value of £, equal to 1.4, a satisfactory
least-squares fit of the data of Figs. 6 and 15 is obtained
by means of the straight line shown in Fig. 17. The data
for both the pure and calcium-doped KBr appear to be
satisfactorily fitted by the same line. The value of the
slope of the line is equal to the constant k2 and is esti-
mated to be 0.23.

Although the present evidence is insufficient for the
formulation of a physical model to explain the interac-
tion among the F, H, and H’ centers, the experimental
results suggest that the concentration of F centers, np,
present in KBr at any time during the irradiation is
equal to the sum of the concentrations of H centers,
nm, and of H' centers, ng, or

nE=ng+nmg . 1)

Assuming that the H and H’ bands are Gaussian in
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TasLE III. Half-widths and oscillator strengths of H and H’
bands produced at 5°K in KCl and KBr. The bands are assumed
to be Gaussian in shape.

Wu:(eV) fr/far  far

0.40
0.38

Wx(eV) fr/fa fu

0.48 1.5 0.32 0.9 1.2
0.65 1.8 0.29 1.0 1.4

KBr
KCl

shape and that the concentrations of H and H’ centers
can be correctly calculated by means of Smakula’s
formula,? it may be shown that

(en+kom)/ar=ks, (2)
ki= (Cw/Cw)(fu/ fu) W /W n)

ka= (Cr/Cu)(fu/fr)(Wr/Wr).

Here the symbols, o, W, and f have the same meaning
as defined previously and C=n/(#?42)% n being the
index of refraction of the crystal. The indices F, H, and
H' refer to the F, H, and H’' bands, respectively. The
quantities k; and %, assume constant values for a par-
ticular crystalline substance and for the temperature at
which the irradiation and measurements are carried out.
Table IIT includes a tabulation of the measured half-
widths of the H and H’ bands in KBr as well as the
values of the oscillator strength ratios (fr/fm) and
(fr/ fur). Values of the oscillator strengths fg and fa
were calculated on the basis of average values of fr for
a Gaussian F band as given in Table I. The values relat-
ing to the H band in KBr are in fair agreement with
those reported by Compton and Klick*® on the basis of
a polarized bleaching experiment performed with crys-
tals which had been x irradiated near liquid-helium tem-
perature. They measured Wg to be 0.45 eV in KBr and
determined the (fu/fr) ratio to be >0.5, i.e., the ratio
(fr/fm) £2.0.

A similar point of view may be adopted in order to
account for the coloration in KCl in the liquid-helium
temperature range. Accordingly, the 245-mp band in
K Cl whose spectrum was included in Fig. 1 is assumed
to correspond to the 278-my band in KBr and will also
be designated as the H' band. While there was an ob-
servable shift in the wavelength at the peak position
of the band from 250 to 245 mu during the first two
hours of irradiation, signifying the presence of a com-
posite band structure, the constancy of the peak posi-
tion for the balance of the x-ray exposure time was
taken as evidence that the contribution from compo-
nents peaking on the long-wavelength side of 245 mu
could be neglected. The growth curves of the H' band
in pure and strontium-doped KCl are presented in Fig.
18. These curves show that the production of H' centers
is most rapid at the beginning of the irradiation and
that the initial formation of H’ centers appears to pro-
ceed independently of the divalent-impurity content.
After about 5 h of x-ray exposure, the growth in the

where

and
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Fic. 18. Growth of the H’ band in KCl and KCl:Sr as a func-
tion of the time of x irradiation at 5°K. Measurement were made
at the peak position of the band (245 mu) and at the irradiation
temperature.

strontium-doped sample begins to proceed at a greater
rate than in the pure crystal. However, both crystals
show a progressively decreasing growth rate as the ir-
radiation continues so that a state of saturation is being
approached at the conclusion of irradiation. The diver-
gence between the two growth curves is observed to
increase gradually until the excess H’ coloration in the
KCI:Sr sample measures about 109, of the total ob-
served absorption at 245 myu when the irradiation is
discontinued.

The data for the H' band contained in Fig. 18 are
combined with the H-band observations of Fig. 14 and
the F-band results of Fig. 5 in a manner analogous
to that utilized for KBr. Accordingly, the value of
(am+1.1ag) is plotted against ar and a fairly good
least-squares fit of the above data is obtained by the
straight line shown in Fig. 19, which has a slope of 0.15.
However, for values of ar in excess of 1500 cm™, the
corresponding data for the divalent-doped sample falls
off significantly. No explanation for this behavior is
offered at the present time. The values of %; and k,
which are equal to 1.1 and 0.15, respectively, are uti-
lized in the calculation of the oscillator strength ratios
(fr/fu) and (fr/fm). The values corresponding to
these quantities as well as the values of the oscillator
strengths fx and fg calculated on the assumption that
all of the bands are Gaussian in shape are listed in
Table III. Also included in the tabulation are the half-
width values of the H# and H’ bands. The latter values
are estimated from the absorption spectra of each band,
but the composite nature of the “H’ band discussed
above precludes a satisfactory direct measurement and
so the value of 0.65 eV is taken from Cape’s determina-
tion® for the pure H band in KCl at 15°K. A compari-
son of the (fr/ fu) value of 1.8 determined in the present
work with that measured by Compton and Klick* in
the polarized bleaching experiment shows reasonable
agreement. On the basis of a value of 0.75 eV for Wy,
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they determined the (fu/fr) ratio to be >0.3, or, the
(fr/ fu) ratio <3.3.

It will be seen later that a prolonged x irradiation at
80°K produces prominent bands in the vicinity of the
spectral region occupied by the respective H’ bands at
5°K. In KBr, for example, the V4 band with a peak
position at approximately 275 my is observed and in
KCl a band designated as the V(240) results from a
similar irradiation. A comparison of some of the other
spectral properties, i.e., the half-width and oscillator
strength, provides good evidence for the viewpoint that
the H' band cannot be identified with the V4 band in
KBr or with the V(240) band in KCl. If a Gaussian
band shape is assumed, the oscillator strength of the
V(240) is found to be 0.14 and can be compared with
Kingsley’s” value of 0.17 for the V4. These values are
significantly smaller than the corresponding values of
far, viz., 0.40 in KBr and 0.38 in KCl. Furthermore, the
half-width of both the V4 and V(240) bands at 80°K is
determined to be 0.6 eV; this value is much smaller
than the 0.9 and 1.0 eV half-widths observed for the
H' band in KBr and KCl, respectively, at 5°K. From
the above discussion, it appears that the H’ band is not
to be identified with the V4 band in XBr or the V' (240)
band in KCl. However, Duerig and Markhamshowed
that warming their x-irradiated KBr sample from 5 to
78°K resulted in the bleaching of the 285-mu band
(presumably the H’ band) and the reappearance of
another band (possibly the V4 band) at 277 my. Simi-
larly, the 255 myu band produced in KCl at 5°K (proba-
bly the H' band) bleached on warming to 78°K and
another band [possibly the ¥ (240) band] appeared at
238 mu. These observations suggest that warmup of the
crystal samples from liquid-helium temperature to
liquid-nitrogen temperature results in a thermal conver-
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Fic. 19. A plot of (eg+1.1an) versus ar for KCl crystals x
irradiated and measured at 5°K.
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sion of H' centers to V4 centers in KBr and a similar
transformation of H’ centers to V(240) centers in KCl
in analogy with the well-known conversion of H centers
to Vi centers produced by a warmup of x-irradiated
KCl and KBr crystals. A further investigation of H’
centers by thermal bleaching techniques would be
helpful.

One final observation that ought to be made is that
Duerig,* in an unpublished work, designated each of
the absorption bands at 380 and 345 my in KBr and
KCl, respectively, as the H; band. Subsequent investi-
gation showed these bands owed their origin to the H
center. In addition, each of the bands which were ob-
served to peak at 285 and 255 myu in KBr and KCl,
respectively, was called the H; band. In the published
account of this work, neither the H; nor the H, desig-
nation was employed by Duerig and Markham.?

F. Growth of the V; Band in KCl
and KBr (80°K)

Reference to the absorption spectra presented in Figs.
3 and 4 above show that a 30 min x irradiation at 80°K
results in a broad poorly resolved absorption near 360
my and at approximately 400 my in KBr. No attempt
is made to separate these absorptions into their com-
ponents which are known to include a V; band peaking
at 356 mu and a Vi band with a maximum at 365 mu
in KCl and a similar superposition of a ¥ band at 410
my and a Vg band which peaks at 385 myu in KBr. The
growth of the V; band is followed by measuring the
value of the absorption constant at 356 myu in KCl and
at 410 my in KBr as a function of the x-ray exposure
time. Observations made after 4 h of irradiation show
that no further growth in absorption due to either the
V1or Vi bands is seen. These results are in agreement
with Kingsley” who concluded that both the V; and
V k bands saturate following a prolonged irradiation (8
h). It appears evident that the V; center does not play
a decisive role in defect formation for extended x irra-
diations carried out in KCIl and KBr at liquid-nitrogen
temperature.

Previously, Duerig* showed that the growth curves
of the F and V', bands resulting from very brief x irra-
diations of KCl and KBr at 78°K were of similar shape.
A plot of his data shows that a reasonably linear relation
appears to exist between F- and Vi-center formation at
this temperature. Since the present work was primarily
concerned with the results for a prolonged irradiation
and not a verification of Duerig’s data, it suffices to state
that no such linear relation between F- and V;-center
generation was observed for long x-ray exposures.

G. Growth of the V, Band in KBr (80°K)

The absorption spectra of Fig. 4 show the prominent
role assumed by the V4 band during the course of a pro-
longed x irradiation of KBr at 80°K. This observation
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supports the viewpoint of Kingsley” who characterized
the V4 center as one of the most important hole defects
formed at 80°K since the V4 band exhibits continuing
growth while the Vi and Vk bands are observed to
saturate. Kingsley established that the V4 center has
(100) symmetry on the basis of polarized bleaching
studies and suggested that it could be a hole trapped at
a positive-ion vacancy. Before the growth behavior of
the V4 band is described, some consideration is given
to the spectral properties of the band as revealed during
the course of the irradiation.

The early growth of the V4 band is known to be ac-
companied by an appreciable V, band, peaking at
roughly 254 my, and poorly resolved from the V4 maxi-
mum at 275 mu. The peak position which was first
observed for the V,— V4 composite was seen to be ap-
proximately at 272 mu. Intermediate observations made
between the times that the spectra in curves (a) and
(b) were recorded indicate that the V, band saturates
within several hours of x-ray exposure and apparently
makes no further contribution to the growth of the V,
band. The peak position of the latter band is noted to
be 274 my after 9.9 h of irradiation and remains at this
wavelength until the irradiation is discontinued. Refer-
ence to curve (c) of Fig. 4 shows that there is some
overlapping between the long-wavelength side of the
V4 band and the absorption identified by Kingsley” as
the V; band with its peak position at approximately
310 mu.5 In addition, extremely weak x-ray induced
absorptions associated with the L, Ly, and Lz bands
extend throughout the same spectral region covered by
the V4 band. Despite the complicated situation, it is
assumed that the absorption constant measured at the
peak position of the V4 band is due primarily to the
presence of the V, center and absorptions resulting
from other defects are considered as negligible.

The growth curve of the V4 band at 80°K shown in
Fig. 20 bears a strong resemblance to the shape of the
F-band growth curve in KBr at 80°K, as shown in Fig.
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F1c. 20. The growth of the V, band in KBr following x ray
irradiation at 80°K. Observations of the absorption constant
were made at the peak position of the band (274 mu) and at the
irradiation temperature.
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F1c. 21. The linear relation between the V4-band absorption
constant and the F-band absorption constant in KBr x rayed and
measured at 80°K.

8. Accordingly, the growth rate may be characterized
as being most rapid at the outset of the irradiation and
diminishing gradually and continuously for the remain-
der of the time that the crystal is exposed to x rays. The
V4 absorption constants are plotted against the corre-
sponding F-band absorption values in Fig. 21. The re-
sulting straight line represents a least-squares fit to the
data. It is seen that the early observations lie consist-
ently above the plotted line and are presumed to contain
contributions from the V, band which is known to
saturate after a short irradiation.

The linear relation between the growth of the F and
V4 bands suggests that the defect centers responsible
for these bands are generated in equal concentrations,
i.e., np=mny, The concentration of each center at any
time during the x irradiation of KBr at 80°K may be
determined by means of Smakula’s formula.?® The quan-
tities required for the calculation are provided by the
absorption data shown in Figs. 8 and 21, the spectral
properties of the F band in KBr at 80°K given in Table
I, and the corresponding properties of the V4 band re-
ported by Kingsley.” He measured the half-width of
the V4 band to be 0.6 eV (verified in the present exper-
ment) and the oscillator strength ratio (fr/fv,) as 2.8.
The calculation shows that for an x-ray exposure in
excess of 4 h, the concentration of F centers is very
nearly that of V4 centers (within 109,). For shorter
irradiation times, the computed values of %y, exceed the
corresponding ny values by as much as 35%,. This is
ascribed to the presence of contributions from V', cen-
ters which were not subtracted off from the principal
absorption.

H. Growth of the V(240) Band in KCI (80°K)

The absorption spectra of a KCl sample x irradiated
at 80°K (Fig. 3) showed the development of a broad
weak band having a poorly resolved peak at about 235
muy into a strong well-resolved band after 52.0 h of x-ray
exposure. The spectral behavior of this band is some-
what similar to that described for the V4 band in the
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preceding section. In the early phase of the growth, the
absorbing region located approximately between 220
and 270 my appears to be composite in nature and is
constituted principally of absorptions peaking at 230
and 254 my which have been designated in KCl as the
Ve and V, bands, respectively. After four hours of
x irradiation, the peak position of the band shifts to
240 my and remains unchanged for the remainder of the
exposure. The shape of the prominent V(240) band
pictured in curves (b) and (c) of Fig. 3 suggests that
there are present within its envelope components due
to the Vs, V4, and V7 bands. The constancy of the peak
position after four hours implies that the absorptions
associated with the first two bands saturate rapidly.
Furthermore, the separation between the peak positions
of the ¥(240) band and the V; band (300 mu)® appears
to rule out a sizable contribution of the latter to the
absorption observed at 240 my. Finally, in accord with
the earlier discussion of the various L bands, it is likely
that there is also present a very small contribution from
the Ls band known to peak at 250 my in XCl. In view of
the above considerations, it is assumed that the absorp-
tion observed at 250 my is predominantly due to the
¥ (240) absorption band.

The growth of the ¥(240) band as a function of the
x-irradiation time at 80°K is pictured in Fig. 22. Its
growth behavior closely resembles that exhibited by the
V4 band in KBr. Thus the growth is most rapid at the
beginning of the irradiation and proceeds at a progres-
sively slower rate thereafter. The similarity in shape
between the growth curves of the V(240) and the F
bands at 80°K suggests that each absorption constant
value at 240 mpu be plotted against the corresponding
F-band absorption observations taken from Fig. 7. The
straight line shown in Fig. 23 represents a least-squares
fit for these data.

The linear relation between the F and 7 (240) bands
suggests that F centers and the centers responsible for
the latter band are formed in equal concentrations. Ac-
cordingly, Smakula’s formula?® may be utilized to
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Fic. 22. Growth curve of the V(240) band in KCI resulting
from x raying at 80 °K. Measurements at the irradiation tem-
perature were made at the peak position of the band.
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Fi1G. 23. The linear relation between the absorption constant
of the V(240) band and the F band in KCl x irradiated and
measured at 80°K.

specify the value of the oscillator strength of the V(240)
band, fv(au. Since the slope of the straight line in
Fig. 23 is 0.093 and the estimated value of the V' (240)
band at 80°K is 0.6 €V, the oscillator strength ratio
(fr/fr@a) is 3.8. The value of fy(uo is, therefore,
0.14 on the basis of fr=0.53.

Pretzel® has also observed a band in KCl at 240 mu
following x irradiation at 80°K, annealing at 270°K and
further x irradiation at 80°K. Although the technique
of formation is somewhat different than used in the
present experiment, the band is probably the same.
Pretzel has suggested that the defect responsible for this
band is a Cl;~ complex situated on individual lattice
sites.

The results of observations made during the course
of the prolonged x irradiation at 80°K support the view-
point of this investigation that the ¥ (240) and V4 cen-
ters are related to the fundamental mechanism of colora-
tion at 80°K. While the present experiment sheds little
light on the question of the true nature of the defects
which are involved, it does appear that the defect cen-
ters which give rise to the V4 band in KBr and to the
V(240) band in KCl are probably of the same type.

IV. SUMMARY

Growth curves of various absorption bands resulting
from the prolonged x irradiation of thin samples of KCI
and KBr at 5°K and at 80°K were determined and
studied in relation to the growth behavior of the F band.
The principal results of this investigation are summar-
ized as follows:
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(1) The initial growth stage of each of the absorption
bands studied at 5°K, viz., F, K, M, H, and H’, was
observed to be insensitive to the presence of divalent
impurities. This constituted an extension of the Rabin-
Klick?® statement which applied only to F-band forma-
tion near liquid-helium temperature.

(2) The F-to-K ratio of each material was found to
be independent of impurities, or F-center concentration,
thereby supporting the view that both bands arise from
transitions in the same center.

(3) The concentration of M centers was found to
depend quadratically on the F-center concentration in
support of the van Doorn-Haven model that the M
center consists of a pair of associated F centers.

(4) The constancy of the H-to-F ratio for irradiations
of several hours implied that H and F centers are gen-
erated in equal concentrations. For prolonged irradia-
tions, the rapid decrease of the H-to-F ratio was accom-
panied by the prominent growth of a band designated
as the H' band (at wavelengths shorter than those of the
H band in the two materials). It is suggested that the
H'’ band has a close relationship to the H center since
a suitable choice of the H’ oscillator strength indicates
that the number of F centers is in a constant ratio to
the sum of the H and H’ centers.

(5) The early saturation of the ¥y band at 80°K sug-
gested that the V; center does not play a dominant role
as the hole-trapping defect for prolonged x irradiations
at liquid-nitrogen temperature.

(6) The linear relation observed between the growth
of the F band and the growth of the V4 and V(240)
bands in KBr and KCl, respectively, suggested that the
V s center as well as the center responsible for the V' (240)
band are involved with the fundamental mechanism of
coloration at 80°K. Furthermore, it is suggested that
that it is the same defect which gives rise to each band
in the two materials.
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