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The recovery of F' centers after bleaching at liquid nitrogen temperature was studied
in KCl and NaCl r-rayed with various doses. The study of the effect of bleaching
temperature and bleaching time on the recovery curves shows that the bleaching and
recovery at liquid nitrogen temperature were due to the transfer of electrons from
the excited state of F' centers and from F” centers respectively without ionization.
The recovery curves are also shown to be expressed by the summation of several
exponentials, In KCIl the recovery with the time constant of 2~4 min was most
prominent for lower doses, whereas for higher doses the recovery appeared with the

time constant higher than 50 min.
zation of F' centers.

It is concluded that there are two types of locali-
The first type of localization seems to occur when vacancies are
formed by radiation interacting with a point defect.

The second type localization

seems to arise from vacancies formed at dislocations, so that it can be observed only

at higher doses.
the radiation dose increases.

F centers in the first localization seem to be converted to colloids as
When the irradiation temperature is low, only the second

type of localization was observed, the time constant for which is smaller,

1. Introduction

On the formation of color centers in alkali
halides several mechanisms depending on
irradiation temperature have been propos-
ed’”. It has been cleared out that at low
temperatures color centers are formed in the
bulk not depending on impurities nor dislo-
cations®"”’. At room temperature, on the
other hand, formation of color centers can
be divided into two stages: in the first stage
F centers are formed from vacancies initial-
ly present in the crystal, and in the second
stage F centers are formed from newly
created vacancies around dislocations® ',

Mechanism of vacancy formation at low
temperature in the bulk of crystal is of
Varley type*®®. Formation mechanism
around dislocation at room temperature has
been discussed by Mitchell, Wiegand and
Smoluchowski” and also by Bauer and
Gordon™ ", Both of them assume that negative
ion vacancies are formed at the core of dis-
locations and escape from there. Mitchell
et al. analysed the formation curves and
concluded that F centers are localized around
dislocations.

Bron*’ and present authors' studied the
bleaching near room temperature of F
centers of KC1 formed by irradiation at
room temperature, and concluded that F

centers formed in the second stage of irra-
diation are much more stable to F light il-
lumination than those formed in the first
stage of irradiation. The present authors
also came to conclusion that complex centers
are formed only when F centers and other
defects are highly localized"”.

Markham, Pratt, and Mador'® have studied
low temperature bleaching of F centers in
KBr and KCl1, and found that bleaching by
illumination and subsequent recovery occur
in specimens colored at room temperature:
by irradiation, and they do not occur in
specimens colored by irradiation at liquid
nitrogen temperature nor in specimens color-
ed additively. They concluded that color
centers formed at room temperature do not
distribute uniformly, and they ascribed the
bleaching to transfer of electrons from ex-
cited state of F center to another F center
by tunneling (F" centers are formed), and the
subsequent recovery to transfer of electrons
from F’ centers to negative ion vacan-
cies'”. Although the detailed mechanism
of electron transfer is not clear, it is evident
that the bleaching and recovery at low
temperatures depend on the distribution of
F centers.

In order to clarify the detailed mechanism
of color center formation in the second stage,
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it is necessary to know more about localiza-
tion. The present investigation is under-
taken to make clear how the degree of locali-
zation changes with various conditions of
irradiation by utilizing the bleaching experi-
ment at low temperature. The effects of
radiation dose, plastic deformation and ir-
radiation temperature on bleaching at liquid
nitrogen temperature were studied. Two
types of localization were found, and the
models for each localization are presented.

2. Experimental Details

The specimens were obtained from an in-
got of KC1 and NaCl purchased from Har-
shaw Chemical Co.. They were irradiated
in the Co"™ cave of JAERI up to the dose
of 2x10° r. For the measurement of effect
of irradiation temperature specimens were
irradiated by x-rays for convenience. The
applied voltage to x-ray tube was 50 kv,
and the current was 17 ma. Plastic deform-
ation was done up to 2% by a compres-
sion machine.

SPECIMEN

LIGHT PHOTO-
MULTI- !

PLIER F
| STABILIZED ! 3
SOURCE T

Measuring circuit.

IMONOCHROMATOR]

S p——

DC AMP

SOURCE &

RECORDER

STABILIZED
SOURCE

Fig. 1.

Measurement of bleaching and recovery
was done at liquid nitrogen temperature
with the apparatus as shown in Fig. 1. The
specimen was illuminated by F light through
the monochromator with the slit width of 2
mm. After bleaching, the slit width was
changed to the normal operating width and
the change of transmitting F light was
measured. The intensity of bleaching light
10'* photons/cm®sec, and that of measuring
light was 1/100 smaller. It should be noted
that intensity of light used here both for
bleaching and measurement is considerably
smaller than that used by Costikas and
Grossweiner, whose work mainly dealt with
photo-ionization'®”. The apparatus is con-
structed to amplify only the change of
transmitting light: photomultiplier output
due to the transmitting light before bleach-
ing was compensated by current from a
battery. The power supplies for light source
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and photomultiplier were well regulated.

In order to obtain the change 4n, of F
center concentration through the change in
transmitting light, care should be taken
that the bleaching light attenuates as going
into the specimen. The change 47 in trans-
mitting light due to bleaching with incident
light J, can be expressed as

g = o b1 exp (—omtd) ;’%

where ¢, is the cross section of F centers
for photons, d is the thickness of specimens,
and 7,(d) and n,° are the transmitting light
and concentration of F centers, respectively,
before bleaching.

(L)

3. Experimental Results

As the thermal ionization energy of elec-
trons in F’ centers is 0.42ev for KCI and
that for NaCl is slightly larger, thermal
ionization from F’ centers is not expected
at liquid nitrogen temperature. Therefore,
measurement was done on the transition of
electrons from F’ centers namely, recovery
of F center after F bleaching, which seems
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Fig. 2. Recovery curves of F centers in KCI

colored by jy-ray after 2 min bleaching with F
light at 79°K.
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Fig. 3. Recovery curves of F centers in NaCl °
colored by y-ray after 30 min bleaching with F
light at 79°K.
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to be pure tunneling phenomenon. Although
a little ionization from the excited state of
F center seems to occur, it was observed
that after repeating the bleaching several
times all of the bleached I centers recover-
ed.

The typical recovery curves of F centers
after " bleaching at 79°K are shown in Figs.
2 and 3 for KCl1 and NaCl, respectively,
colored by py-rays to various doses. The
similar curves for decrease of F’ centers
were also obtained. The bleaching time is
2 min and 30 min, respectively. It should
be noted that the recovery occurs within 5
min for KCI1 y-rayed to 2x10r, but slow
recovery is observed for KC1 p-rayed to
higher doses. In NaCl, the slower com-
ponents of recovery, which appeared in KC1
at higher doses, could not be observed in
the dose range up to 2x<10°r. It is also
clear that the amount of recovery decreases
as the radiation dose increases. The re-
covery curves for additively colored KC1
were also studied, and in this case recovery
occurred only within 2 min.

In order to know if the bleaching and re-
covery observed is due to ionization or not,
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Fig. 4. Recovery curves of F centers in KCI -
rayed to 6x108r after 2min bleaching with F
light both at 79°K and 88°K.

the temperature dependence of the recovery
curves was studied. Fig. 4 shows a result
of bleaching temperature dependence of re-
covery curve for KC1 y-rayed to 6<10°r. It
is seen that the slower recovery disappears
as the bleaching temperature increases. The
recovery curves for different bleaching time
intervals were also studied. The result for
radiation dose of 6.4<10°r is shown in Fig.
5. It is seen from this result that the re-
covery process is composed of several com-

N. IToH AND T. SuITA

Io(
0.12

ta =30min

b= =2min

0.08

0.
KCl

| 6 10%r v

[ 7-RAYED

0 [
0 10 20 30 10

TIME (min

Fig. 5. Recovery curves of F centers in KCI 7-
rayed to 6x10%r after both 2 min and 30 min
bleaching with F' light at 79°K.
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Fig. 6. Recovery curves of KCl x-rayed both at
200°K and 300°K. After coloration the specimens
were bleached at 79°K for 30 min.

ponents: the slow recovery is prominently
enhanced with increasing bleaching time in-
terval.

Fig. 6 shows the effect of irradiation tem-
perature on the recovery curves. The
specimens were irradiated in this case with
x-rays for 3 hours both at 200°K and at
room temperature. After irradiation the
specimens were cooled to liquid nitrogen
temperature and illuminated by F light. The
recovery curves after illumination for both
cases are shown in the figure. In KC1 colored at
low temperature the rapid recovery was not
observed as in the case of room temperature
irradiation, and the time constant for slow
recovery increases.

4. Discussion

In discussing the bleaching experiment it
should be noted that the rate of transfer of
electrons both from excited state of I centers
to I’ centers and from F’ center to the
ground state of F center depends strongly
on the distance between F centers'’. There-
fore we assume for simplicity that the ex-
cited electron goes to the nearest F center
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Fig. 7. Cycle of electron transfer.

with the highest probability, and returns to
the original vacancy. Thus we can take a
simple cycle of electrons as shown in Fig. 7.
Relaxation time for each process is expres-
sed as shown in the figure. The change in
F center concentration can be calculated by
solving kinetic equations. The result for
recovery curve of F center concentration
after strong F light bleaching for time inter-
val ¢, is

dn b
—FO = —T"—{l—exp (—talte;) exp(—t/zy,) ,
Ny i 1+ Ta;

Fire (2)
where summation is done for F centers

having their neighbor at different distances,
and f; denotes the portion of F centers hav-
ing its neighbor at the distance giving the
relaxation time z,,. In deriving Eq. (2) ap-
proximations were used that 1/z,>1/z;, 04 /s:
the value of z, obtained by Swank and Brown*"’
is 10°° sec at liquid nitrogen temperature,
and 7,; obtained in the present experiment
is larger than 10 sec and o,/,~10 'sec .
From the obtained value of 4n,/n," and =, ,
it is easily shown that
14+ -5 ~10°.
As f;<1, the value of z,; is much smaller
than =,,. Therefore, the mechanism of
transfer from the excited state of F' center
may be of different nature from that of
transfer from I/ centers. Eq. (2) can be re-
written as
An
np°

e f,{1— exp(tafcs;)} exp (—t/zs;). (3)

It can be verified by the experimental re-
sults shown in Fig. 5 that the recovery
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curves obtained in the experiment can be
expressed by the summation of the exponen-
tial terms as shown in Eq. (3). As the mag-
nitude of each exponential term contains the
factor 1—exp(—tq/zs,), it is easily seen that
with increasing bleaching time 7, the magni-
tude of the slow time constant term in-
creases. Moreover as shown in Fig. 4, the
large ©,, components decrease as the bleach-
ing temperature increases. This result can
be explained if one considers that with in-
creasing temperature, the life time of elec-
trons at the excited state of F center
decreases due to thermal ionization, as shown
by Swank and Brown. With decreasing life
time at the excited state, the transition of
larger z,, becomes improbable.

The division of the recovery curves into
components was attempted by a trial-and-
error method to get the best fit for the
curves shown in the figures and also their
derivatives. In KC1 for smaller doses than
9x107r the distribution of =, has a maxi-
mum around 2~4 min, and as the doses be-
come higher the components of z,; around
100 min begin to increase, and this time
constant decreases with increasing dose.

It is seen from Eq. (3) that the magnitude
of each component is proportional to (zy;/z4;) /7,
and if we assume that =,,/z,;, does not
depend on the distance between [ centers,
this magnitude is proportional to f;: the
portion of F centers having its neighboring
F centers at the distance corresponding to
the recovery time 7, .

It should be noted here that in the model
discussed by several authors®**’ the vacan-
cies are assumed to be formed at the core
of dislocation and to escape from it, and F
centers are formed after these vacancies
trap electrons. In this case we can take an
effective volume in which F centers can be
formed, and it is expected that in small
doses F centers are formed in this volume
sparsely, and with increasing dose the dis-
tance between I centers decreases.

The experimental results obtained are in-
consistent with this expectation: the re-
covery with small time constant appeared in
the dose of 8<10°r, which increased till the
dose increases to 9+10" r, and above that
dose recovery with large time constant ap-
peared.
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Two explanations are possible for this re-
sult. (1) that F centers are formed at dis-
location core and radiation helps them to
diffuse from the core, or (2) that there are
two agents for vacancy formation: one is
point defect and the other is dislocation. If
we assume that two vacancies are formed
from a certain point defect by its interaction
with primary radiation effect, then vacancies
formed will be located closely to each other.
When the vacancies are formed from dislo-
cation, however, the mean distance between
vacancies decreases with increasing dose,
and this type of localization can only be
detected by bleaching experiment when the
radiation dose is large enough.

The second explanation seems to be prob-
able. The reason is as follows. (1) The
distribution curve for c,, is the same for
rapid component through the radiation dose
studied, and slower component seems to be
added independently. (2) It was observed
that plastic deformation does not affect the
rapid component appreciably. Therefore it
is tentatively assumed that in the second
stage I centers are formed in part at point
defects, which results in most concentrated
F centers, and that the other part of F
centers are formed at dislocation, which be-
come more concentrated as the radiation
dose increases.

In this connection it should be noted that
especially in NaCl colloids are formed as
the radiation dose increases more than 10°r,
as pointed out by Compton®’. In KC1 col-
loids are formed at still higher doses, and
it is interesting here to point out that the
decrease in rapid component of recovery oc-
curs more prominently in NaCl. It is
natural to consider that the concentrated F
centers are converted to colloid as the radi-
ation dose increases. As shown by Compton
colloids are formed only when crystals con-
tain OH . Therefore it may be probable
that the agent causing concentrated F cen-
ters is OH . Studies on this point are being
done.

. ITOH AND T.

SUITA

When the irradiation is done at lower
temperatures no rapid component is observed
and the time constant for the slower com-
ponent is small. This suggests that the low
diffusivity of defects at low temperature
makes I centers more concentrated around
dislocation. More study should be done in
order to get complete models.

Acknowledgement

The authors are much indebted to the
members of solid state physics group of
Suita’s laboratory for their valuable discus-
sion. Thanks are also due to Mr. H. Kamei
for his help with the experiments. The ir-
radiation by y-rays was accomplished at the
Co® cave of JAERI with Japan Ministry of
Education Funding.

References
1 F. Seitz: Rev. Mod. Phys. 26 (1954) 7.
2 J.H.O. Varley J. Nucl. Energy 1 (1954) 130.
3 C.C. Klick: Phys. Rev. 120 (1960) 760.
4 J.H. Crawford and C. M. Nelson: Phys. Rev.
Letters 5 (1960) 314.
5 P. V. Mitchell, D. A. Wiegand and

R. Smoluchowski: Phys. Rev. 122 (1961) 484.
6 R.E. Howard, S. Vosko and R. Smoluchowski:
Phys. Rev. 121 (1961) 1406.

7 C. Bauer and R. B. Gordon: J. Appl. Phys.
33 (1962) 672.
8 H. Rabin and C.C. Klick: Phys. Rev. 117

(1960) 1005.

9 H. N. Hersh and J.]J. Markham:
Chem. Solids 12 (1960) 207.

10 H. Rabin: Phys. Rev. 116 (1959) 1381.

11 R.B. Gordon and A.S. Nowick: Phys.
101 (1956) 977.

12 A.S. Nowick: Phys. Rev. 111 (1958) 16.

13 C. L. Bauer and R.B. Gordon: Phys.
126 (1962) 73.

14 W.E. Bron: Phys. Rev. 119 (1960) 1853.

15 N. Itoh and T. Suita: J. Phys. Soc. Japan 15
(1960) 2364; 17 (1962) 348,

16 J.J. Markham, R.T. Pratt and I.L. Mador:
Phys. Rev. 92 (1953) 597.

17 J.J. Markham: Defects in Crystalline Solids
Physical Soc., London (1954) p. 304.

18 A. Costikas and L.I. Grossweiner:
126 (1962) 1410.

19 D.L. Dexter: Phys. Rev. 93 (1954) 985.

20 R.K. Swank and F.C. Brown: Phys.
Letters 8 (1962) 10.

21 W.D. Compton: Phys. Rev. 167 (1957) 1271.

J. Phys.

Rev.

Rev.

Phys. Rev.

Rev.

DISCUSSION

Smoluchowski, R.: Do
larger than 3 or 4 atomic radii?
Itoh, N.:

you have evidence that F centers

interact at distances

[f we assume that most concentrated F centers are separated at the

distance of 2~3 atomic radii, in the second type of localization, the distance between

F' centers should be 4~6 atomic distances,

because the time constant for the

bleaching in the latter case is 50 times as large as that in the former case.





