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deformation potential scattering are thus found to be
of the same order of magnitude. On the other hand
g/ f=7.4X10"2 for CdS and g®V/f=5X10"2 for
GaAs. Electron-radiation interaction is two orders of
magnitude stronger than the electron-phonon inter-
action. In the perturbation theory they should really be
treated in different orders. However, we have followed
the common practice of treating H,z and H,z in the
same order of perturbation theory.
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VI. CONCLUSION

Virtual quasiparticles play an important part in
Raman scattering as intermediate states. The Raman
tensor is found to have a pole at an incident photon
energy equal to the exciton binding energy, in agree-
ment with experimental results available at present.
We believe that the Raman scattering might be used
as a tool to probe quasiparticles in crystals.
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The initial or first-stage F-center coloring of NaCl, irradiated with x rays at room temperature, has been
carefully studied. Both Korth and Harshaw samples were used. The first-stage coloring is modified by chang-
ing the experimental conditions. These include altering the dose rate; subjecting the crystals to plastic
deformation before irradiation; and cycles of coloring, bleaching, and recoloring. The observed curves of
F-center concentration versus dose can be resolved into one linear and three additional components. Two
of these can be considered saturating exponentials. The third, which does not occur in every curve, may
also be a saturating exponential, but is too weak to characterize precisely. Changing the experimental con-
ditions alters one or two of the exponential components but leaves the others unchanged. This suggests that
each component is related to a separate process and that the resolution into components is #o¢ fortuitous.
The linear component is unaffected by all the above-mentioned changes in experimental conditions. The
exponential component which varies slowest, as a function of irradiation time, is independent of dose rate
and prior coloring and bleaching. Its saturation level is increased by plastic deformation prior to irradiation,
but only after the strain has exceeded a threshold value. Beyond this threshold strain, the saturation level
increases linearly with strain. The saturation level of the next slowest component is unaffected by strain.
However, it is increased by a coloring-bleaching-recoloring cycle and is a function of dose rate. This dose
rate dependence is given by the expression: C14-C2I? where C; and C; are constants and 7 is proportional
to x-ray intensity. The saturation level of the third and fastest-changing component is always less than 109,
of the total exponential contribution and is too small to study in detail. In the 185- to 350-mu region both
the absorption spectrum and the behavior under the various experimental conditions differ considerably
in the two types of crystals. Also, the coloring curves seem to be strongly dependent on impurity content

in a way that is also different in the two types of crystals.

INTRODUCTION

HE coloring of crystals, or more explicitly, the

formation of color centers by ionizing radiation,
has been studied for many years. The dependence of
color-center concentration on dose or irradiation time
is often called a growth curve or coloration curve. In
most materials these curves are influenced by numerous
factors. The most important of these appear to be the
impurity content,’~7 plastic deformation,** jonizing
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In the alkali halides, the F-center coloration curves
obtained at room temperature can, in almost every case,
be divided into three stages. These are schematically
shown in Fig. 1. The factors which influence the growth
curves often affect the various stages in different ways.
There is a modest amount of information on the factors
influencing stages IT and III. Some of the factors that
influence stage-I F-center formation in NaCl at room
temperature are described in this paper. These include
the dependence on radiation intensity, i.e., dose rate,
plastic deformation, and optical bleaching after prior
coloring.

EXPERIMENTAL

The NaCl samples used in these measurements were
cleaved from a single crystal obtained from Korth, and
from two crystals obtained from Harshaw. The samples
were 1X1 cm on a side and between 0.8 and 1 mm thick.
After cleaving they were used without any additional
treatment, such as heat treatment. Samples were colored
by exposing them to x rays from a tungsten target
filtered by a 1.5 mm beryllium window and 1.6 mm of
aluminum. The tube was always operated at 60 kV at
currents between 5 and 30 mA. With a tube current of
10 mA, the samples were subjected to approximately
900 R/min. Under these conditions the coloring, i.e.,
the x-ray absorption, is quite uniform as indicated by
the observation that the color-center concentration did
not depend on sample thickness for crystals between
0.6 and 1.6 mm. In order to compare coloring curves
obtained at different intensities the absorption coeffi-
cient ur has been plotted against an arbitrary dose unit.
The unit used is 1 min exposure at 10 mA tube current,
which is roughly 900 R/min.

Optical-absorption measurements were made with a
Cary 14 R spectrophotometer. Crystals were kept in
the dark throughout each series of measurements except
when they were intentionally bleached by exposure to
light. All points on the F-center coloring curves were
obtained 2 min after the irradiation was terminated.
Usually the measurements used in the coloring curves
were restricted to the F band. Occasionally, the entire
spectrum was determined. If the F-center measurement
was repeated approximately 5 min later, the same ab-
sorption was obtained. This indicates that the coloring
is stable for a period longer than required to make the
measurement. The samples were plastically deformed
along their longest dimension by slowly compressing
them by hand in a toolmakers vise. The parameter
labeled percent strain is the deformation, in percent of
the original length, measured after the compressing
stress was released.

ANALYSIS OF THE COLORING CURVES

A typical curve of F-center concentration versus
irradiation time, or total dose, is schematically shown
in Fig. 1. The analysis used, in this paper, to describe
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F1c. 1. The upper plot shows a schematic curve of F-center
concentration versus dose, or irradiation time, as usually observed
in NaCl or KCl. The stages shown are specified in the most com-
monly used way. The lower section is a schematic representation
of the method used to analyze the first-stage coloring into “ex-
ponential” components. Note that the parameter us is defined in
the upper figure and that the exponential parameters, i.e., the
@’s, are computed from the slopes of the u;.

the stage-I coloring contains several steps. First, the
linear region in stage II is extrapolated to ¢{=0. The
slope of this linear part is labeled er. The difference u;
between this extrapolated linear stage and the colora-
tion curve is then plotted, using a semilogarithmic scale,
against the irradiation time. This is schematically shown
in the upper curve of Fig. 1. The intercept of the ex-
trapolation of the curve us to =0 is called 43. This is
equivalent to assuming that us is given by us=A43;
X{1—exp(—ast)}. The constant a; is computed from
the slope of us. This procedure is repeated using the
difference between the extrapolation of u; and the
remainder to determine the parameters 4, and a, that
define the curve us, as shown in the lower part of Fig. 1.
This procedure can be repeated to generate the param-
eters describing the remaining component u;, and so
forth.

This method of analysis is equivalent to assuming
that the curve of F-center absorption pr versus irradia-
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tion time can be described by a function of the form
ﬂF=aLt+Z 41—, 1)

where # is the number of “exponential”’ components.
Clearly, one would choose an expression like (1) to
describe the first- and second-stage coloring, on a purely
empirical basis. However, arguments can be given which
indicate that there is a physical basis for the use of this
expression. First, this exponential-plus-linear growth
has been observed both in the alkali halides!!® and in
other materials such as Al;0;.° In the Al;O; case,'® the
exponential or exponential-plus-linear growth can result
from a particularly simple coloring mechanism. Namely,
at any time, the defect concentration is the number
present before irradiation plus a contribution which
increases linearly with dose, and, during any time
increment, a constant fraction of the uncolored defects
are converted to color centers by ionizing radiation. If
the coloring mechanism involves more than one process,
or if the observed absorption results from the super-
position of more than one type of color center, there will
be separate linear and/or exponential contributions
from each. Second, the number of exponential com-
ponents appears to be small. In the NaCl work de-
scribed here, there is a maximum of three. A careful
determination of the first-stage coloring of KCl can also

18 F. Agullo-Lopez and J. L. Alvarez Rivas, Phys. Letters 18,
254 (1965).
19 P, W. Levy, Phys. Rev. 123, 1226 (1961).

be resolved into three exponential components.?® Third,
some of the more plausible mechanisms proposed to
explain the coloring curves lead to expressions having
the same form as expression (1). Once it is realized that
each term in (1) may represent a separate physical
process, it is possible to state a criterion that strongly
supports the use of (1) even if it does not prove its
applicability. Namely, if a coloring curve consists of two
or more components it should be possible, by altering the
experimental conditions, to change one or more of the
components and leave the others unchanged. It would be
particularly useful, for determining which physical
process occurs during color-center formation, to find an
experimental treatment that would alter the magnitude
of one component and leave all of the other constants
unchanged.

EXPERIMENTAL RESULTS

A variety of coloring curves were obtained by varying
the experimental conditions such as dose rate and degree
of plastic deformation. It was readily determined that
the curves reflected changes in experimental conditions
and that they were, with infrequent exceptions, repro-
ducible. The changes were most easily characterized in
terms of the analysis given above.

To begin, all of the coloring curves obtained exhibited
first- and second-stage behavior. A selection of coloring
curves obtained under a variety of conditions are shown
in Fig. 2. These are typical of the coloring curves ob-

2§, Kalbitzer and P, W, Levy (to be published).



162

tained with many alkali halides at low dose rates. The
separate first and second stages are readily discernible.
The second stage was usually linear over a sufficient
range to determine ¢z within a few percent. Also, the
analysis procedure described above yielded clearly de-
fined regions labeled us and w3 on Fig. 1. The least in-
tense component u; never exceeded 109, of 41 (defined
in Fig. 1) and was usually much smaller. Consequently,
this small u; component will not be considered in the
remaining discussion. It should be pointed out that u;
is negligible for all but the smallest values of ¢ and does
not influence the determination of any of the constants
such as a3, A3, a5, or A, etc. Thus, when p, is neglected,
the curve of F-center absorption up versus irradiation
time ¢, or dose, may be expressed as

pr=As(1—e )4 A45(1—e ") tart. (2)

The experimental results obtained for the different
components of first stage will be discussed separately.

1. The Linear Component a.f

This component, which is stage II, was not intensively
studied. However, the constant ez, appears to be inde-
pendent of dose rate, or at most, the variation is ex-
tremely small; at least in the dose-rate range used in
this work. Also, differences between cleaved and strained
samples could not be detected.

2. The Slowest Exponential Component u3

The slowest exponential growth, i.e., the one requiring
the longest irradiation time to reach saturation, is
described by the parameters 4; and as. The values of
Aj varied by a factor of 2 between different blocks in
the same shipment. However, 43 was very nearly con-
stant for samples from the same block. The intercept
A3 is independent of dose rate in the range 5 to 30 mA.
Typical data indicating this is shown in Fig. 3. It is
consistent with recently reported results.'®* However,
the slopes, i.e., the a3’s, varied greatly from one crystal
to another. Also, the values of a3 obtained at different
dose rates scatter as much as values obtained from
different samples cleaved from the same block and ir-
radiated under identical conditions. The 43’s and as’s
are not affected by bleaching the sample with white
light and then recoloring it. In fact, the values of as
obtained for each sample after bleaching are exceedingly
close to those obtained for the same sample before
bleaching. This suggests that the variations in a; are
due to differences between samples. In the remainder
of this paper we will consider the 43’s and as’s to be
unaffected by changing the dose rate and coloring-
bleaching-recoloring cycles even though the as’s have
considerable scatter.

Plastic deformation produces changes in both 43 and
as as shown in Figs. 4 and 5. The slope a; appears to
decrease monotonically with increasing strain. A4j is
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F16. 3. A typical example of the exponential components ob-
served in Korth and Harshaw NaCl. The lines, extrapolated to 43,
represent the slowest varying component.

unaffected by small strains but increases linearly for
strains exceeding a threshold value. This suggests that
a small deformation does not influence the mechanisms
responsible for this component. Specifically, a small
amount of plastic deformation does not produce va-
cancies or influence whatever vacancy-producing mecha-
nism is operating. However, the larger strains cause an
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F1c. 4. The magnitude 4; of the slowest varying component us
as affected by plastic deformation prior to irradiation. All of the
points in this plot were obtained from crystals colored at a dose
rate of 30 mA.
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strain prior to irradiation in Korth crystals. The points given were
obtained from crystals at a dose rate of 30 mA.

increase in the number of vacancies, or sources of va-
cancies, to which this component is due. Again, if a
plastically deformed sample is bleached after irradiation
and it is then reirradiated the same values of 43 and a3
are obtained.

3. The Intermediate Exponential Component u,

This component is characterized by the parameters
Az and as. The effect of plastic strain, x-ray intensity,
and bleaching, were investigated. First, the saturation
level of s, i.e., 42, is not changed by plastically de-
forming the crystal. This is markedly different from the
behavior of 43, which depends on strain. However, a.,
the slope of the s component, decreased monotonically
as the strain is increased. This is shown in Fig. 5 for
Korth crystals. Similar plastic-deformation effects were
observed in Harshaw crystals, but slightly different
values of 4, and as were obtained.

The dependence of the us component on x-ray inten-
sity is shown in Fig. 6. The intercept A4, increases with
dose rate, expressed as tube current, above 5 mA.
However, again above 5 mA, it is best described as
proportional to the square of the x-ray intensity I. This
is shown in Fig. 7, where 4, is plotted as a function of
I2, 1t is apparent that both the intercept and the slope
for the two types of samples are different. This depen-
dence of A, on dose can be expressed as As= (const);
~+ (const)oI2. On the other hand the exponential param-
eter as, which has somewhat less scatter than a3, is not
dependent on dose rate and is different for Korth and
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Harshaw samples. Typical values are a,=0.36/(dose
unit) in the former and 0.46/(dose unit) in the latter.

If a sample that has been irradiated well into the
linear stage is bleached with white light until all color
is removed and then recolored @ is unchanged but 4,
is increased. This suggests that during the initial color-
ing, and/or during the second stage-I coloring, va-
cancies have been created (or rendered colorable) by
irradiation.

RELATION BETWEEN F-CENTER COLORING
AND OTHER BANDS

An effort has been made to determine if the F-center
growth curves are influenced by the presence or absence
of other centers. In particular, an effort has been made
to correlate the F-center growth with absorption bands
in the 185- or 350-my region where the Korth and
Harshaw crystals are quite different. Prior to irradia-
tion the Korth samples are free of absorption bands in
the V-band region. Irradiation produces a broad band,
extending from 200 to 270 my and one peak at 225 my,
which is, presumably, the V3 center.! Clearly, more
than one band is present since a shoulder appears on
the long-wavelength side of this peak. This is shown in
Fig. 8. After bleaching with white light, the presumed
V. center disappears and only a small broad band re-
mains in the 230-240-mu region.

10 T T T T T

8 0,0,8,0 KORTH
®,u,4,%,¢ HARSHAW

o.2f o

0.1 1 1 1 1 I
0o [ 2 3 4 5 b
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F1c. 6. The lines represent the next to slowest component. The
differences between extrapolations of these lines and the corre-
sponding points on the zero-dose axis are the third component.
Usually this is only a few percent of the total F-center concen-
tration.
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Fic. 7. Demonstration that the parameter 4, depends on the
square of the dose rate and is given by the expression
A 2= (const);+ (const)sI2

It has been shown that the equilibrium F-center
coloring in KCl and NaCl is dose-rate-dependent.!® In
other words, when a sample colored at a high rate is
subsequently exposed to less intense irradiation the F-
center absorption is decreased and when a sample
colored at a low rate is subsequently irradiated at a
high rate the absorption increases. Figure 8 shows both
the V-region and F-center coloring of a Korth crystal
during a sequence of irradiations at different dose rates.
These results show two things. First, the F-center
results are in accord with the previous observations on
NaCl and KCL.3 Second, the V-region absorption varies
with dose rate in the same manner that the F-center
concentration varies. This strongly suggests that the
growth of the bands in both regions are interdependent.
And, if this is the case, the observed I? dependence of
4, could result from a kinetic process proportional to
the product of the electron and hole-trap concentrations.

In Harshaw crystals irradiation increases the absorp-
tion throughout the V-band region; clearly identifiable
peaks are not observed. Specifically, the peaks observed
in Korth crystals are absent. However, in the Harshaw
samples the absorption at 185 mpu decreases rapidly
with irradiation until a certain value is reached. Simul-
taneously, a band appears to be forming at 189 my.
After it has increased to the point that its presence
cannot be doubted both it and the 185-mu band con-
tinue to increase. However, the two bands merge into
a single band. After bleaching with white light the F
center disappears and the band at 189 myu increases.
This is shown in Fig. 9. It would be very difficult to
resolve these two bands sufficiently to describe this
behavior quantitatively.

Since the F-center and ultraviolet bands had been
shown to be dose-rate-dependent in Korth crystals,
similar effects were searched for in Harshaw crystals.
A typical sequence, showing the effect of decreasing the
dose rate after initially coloring at a high rate is shown
in Fig. 10. In this case the F band decreases while the
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TasLe I. Modifications of the parameters in Eq. (2) by varying
the experimental conditions. (1) The a3’s scatter by approximately
25% in a nonsystematic manner. However, they are unaffected
by coloring-bleaching-recoloring cycles. (2) The ay’s differ by
approximately 209, at different dose rates. (3) 43 is unaffected by
smlall strains but increases linearly with strains above a threshold
value.

Crystal Experimental Parameters
source variable ar As  as(1) A, as
Dose rate U= U U Ib U@?)
Korth Strain U I(3) D U D
Bleaching U U U I U
Dose rate U U U I U(2)
Harshaw Strain U I(3) D U D
Bleaching U U U I U

a U =Unchanged. b I =Increased. ¢ D =Decreased.
189 mu absorption increases. The changes in the 185-
and 190-mp regions appear to be related to the OH
content. In NaCl the peak of the OH absorption has
been reported at both 185 mu?! and 190 mu.?? Also, it
has been shown that the OH band decreases as the F
band increases and that simultaneously a band, at-
tributed to U centers, develops on the long-wavelength
side of the OH band.? If the F-center formation mecha-
nism depends on both the U-center and F-center con-
centrations the formation rate could vary as the square
of the dose rate.

SUMMARY OF FACTORS AFFECTING
THE STAGE-I COLORING

To reiterate, the first-stage coloring curves obtained
by exposing NaCl to x-ray irradiation were analyzed
by assuming they are composed of a linear part, i.e.,
the second stage, plus three additional nonlinear com-
ponents. Two of these components are accurately de-
scribed by the expression 4{1—exp(—at)}. The third
component is too small to conclusively characterize, but
it may be describable by the same expression. The
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Fic. 8. The absorption of Korth crystals in the F- and V-band
regions after x-ray irradiation at different dose rates.

21 H, W, Etzel and D. A. Patterson, Phys. Rev. 112, 1112 (1958).
22 J, Rolfe, Phys. Rev. Letters 1, 56 (1958).
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linear part was unaffected or, at most, was changed very
little by changing the experimental conditions.

Three experimental variations of the coloring condi-
tions were applied to the samples. The observed changes
in coloring behavior are summarized in Table I and
additional data are given below:

Dose rate: The parameters as, @3, and A; remain
constant as the dose rate is changed. However, 4, does
depend on the dose rate. This dependence is described
by the expression 4,= (const);+ (const).I?, where I is
proportional to the x-ray intensity; actually it is the
tube current and was varied between 5 and 30 mA.

Optical bleaching: When a colored sample is bleached
with white light until all absorption bands have been
removed, and then recolored, @s, 43, @3 remain constant
but 4, increases.

Plastic deformation: When samples are colored after
being strained, and the parameters compared with those
obtained from unstrained samples, 4, is unchanged, a,
and a; both decrease, but the ratio a;/a; remains nearly
constant. However, 4 ; changes in a somewhat surprising
manner. It is unchanged by small strains, but above a
certain threshold strain it increases linearly with in-
creasing strain.

It would be interesting to determine if any correla-
tions exist between the parameters describing the three
components ui, us, and uz. Of the three, y; is too small
to be considered. Only one correlation having any
degree of certainty can be found. This is described
immediately above and states that the ratio as/as is
unaffected by plastic deformation.

DISCUSSION

The data, reported above, describe the first-stage
coloring of NaCl in samples from two sources subjected
to three different experimental conditions: (1) as cleaved
but colored at a variety of x-ray intensities, (2) plasti-
cally deformed before coloring, and (3) colored, bleached,
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and then recolored. The results obtained by changing
these conditions are summarized in Table I. The crys-
tals from the different sources differ in impurity content.
Spectrochemical analysis indicates that the Korth ma-
terial contained Cu, Ti, Fe, and Al impurities, whereas
the same analytical procedures did not detect any
impurities in the Harshaw crystals. Furthermore, the
two materials differed greatly in far ultraviolet absorp-
tion both before and after coloring. In the 185- to
200-mp region, the Korth material is unchanged by
irradiation. In contrast, in Harshaw crystals the “OH”
band is decreased by radiation and an adjacent band,
presumed to be a U band, increases. In the V-band
region, the Korth material forms two or more individual
bands during irradiation while the Harshaw material
shows a small absorption increase not resolvable into
bands. The relation between the far-ultraviolet coloring
and F-center formation will be considered below.
There is an important point to be emphasized re-
garding the methods of analysis. The resolution of the
data into a linear second stage and a first stage con-
sisting of three “exponential”’ components would have
to be considered fortuitous if it were not for the follow-
ing: Namely, variations which were introduced by
changing the experimental conditions affected only cer-
tain constants. In two cases, when the dose rate was
varied or the samples bleached and recolored, only one
of the parameters changed and the other parameters
remained constant. In the other case, when strained and
unstrained samples are compared, three parameters
changed but two remained constant. Specifically, 4, is
dependent on the dose rate and is altered by the bleach-
ing sequence while @, a3, and A4 ; all remain unchanged.
It was noted above that a; appears to fluctuate in a
nonsystematic manner with dose rate. Also, the as’s
varied greatly between crystals from the same block.
However, in the bleaching and recoloring experiments
the value of as, for each crystal, obtained before and
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F1c. 10. The absorption of Harshaw crystals in the F-band
and U-band regions after the x-ray irradiation at different dose
rates.
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after bleaching, was almost exactly the same. This
observation supports the conclusion that the coloring-
bleaching-recoloring cycle leaves all of the constants
unchanged except 4. :

The dependence of 4, on bleaching and dose rate is
consistent with the recently reported®? formation of
vacancies during state-I coloring in KCl. Also, it would
appear that two different vacancy-formation mecha-
nisms contribute to stage-I coloring. This follows from
the observation that 4sand 4 ; behave differently under
the different experimental conditions and that a, is 7
to 9 times as.

The separation of the first-stage coloring into three
components appears to be consistent with both the
first-stage coloring results and annealing studies on
KCl irradiated at room temperature.’*?% It was shown
that the first-stage coloring could be separated into
three exponential components. Also, the annealing was
describable by bimolecular kinetics and could be sepa-
rated into three distinct stages. Each stage could be
characterized by a well-defined activation energy and
pre-exponential factor.

It can be assumed, in accordance with the spectro-
scopic data, that the Korth material contains more
and/or different impurities than the Harshaw material.
From this assumption one could conclude that the de-
pendence of 4, on the square of the dose (I2), shown in
Fig. 7, is related to impurity content. This follows from
the observation that (const), in the expression A,
= (const);+ (const)l? is five or six times larger for
Korth than for Harshaw crystals.

In addition to the discussion above, which was pri-
marily concerned with bleaching and impurities, some
conclusions can be made about the strain-related effects.
First, plastic deformation does not introduce additional
exponential components. Second, the constants 43 and
A,, which can be regarded as the magnitude of the
exponential components, are not immediately related
to dislocation motion. 4, is not affected at all by de-

formation and 43 is altered only by strains well above’

the minimum strains known to increase the dislocation

( BF. Frolich and P. Grau, Phys. Status Solidi 12, 421
1965).

24 A, Bleckmann and K. Thommen, Z. Physik 191, (1966).

% S. Kalbitzer and P. W. Levy, Bull. Am. Phys. Soc. 9, 262
(1964), (to be published).
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concentration.?® Furthermore, the behavior of 43, shown
in Fig. 4, is similar to the dependence of M-center
formation on strain.?” These observations suggest that
the first-stage strain-related processes occur only after
a certain minimum strain is exceeded. It is conceivable
that prior to irradiation, the crystals have been strained
to the extent that a considerable amount of strain-
related processes have already occurred. This might
happen during crystal growth or cleaving, or both. Thus,
the effects produced by purposeful straining do not
occur until the applied strain exceeds the observed
minima.

The absorption-spectrum measurements indicate two
things. First, that the F-center coloring is related to the
centers responsible for far-ultraviolet absorption. And
second, they support the contention that the coloring
mechanisms are impurity related. The Harshaw and
Korth material have different ultraviolet absorption
spectra, and change in different ways during irradiation.
In Korth crystals, the F and V bands decrease or in-
crease simultaneously as the dose rate is changed. In
Harshaw crystals, the U band decreases and the F band
increases as the dose rate is changed.

The current data suggest an interesting division be-
tween electronic and mechanical effects. The parameter
4, is altered during bleaching and recoloring, and is
also dose-rate-dependent. Both of these processes may
be regarded as electronic. In contrast, the other con-
stants, a@s, @3, and A4j, (a3 could conceivably be an
exception) are modified by plastic deformation but not
by the “electronic’ processes. Thus, one could speculate
that 43 is dependent on some mechanical property and
that 4, is controlled by an electronic process.

The preceding discussion has been purposely re-
stricted to a few comments on the process of resolving
the first-stage coloring into separate components. This
work is being extended to include coloring at liquid-
nitrogen temperature®® and at temperatures between
78 and 300°K. Consequently, the possibility that the
various components can be attributed to one or more
mechanisms will not be discussed here.

( 2% R. W. Davidge and P. L. Pratt, Phys. Status Solidi 6, 759
1964).
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12, 410 (1967).



