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FORNATION AND OPTICAL BLEACHING OF COLOR CENTERS 
IN X-RAYED POTASSITJN CHLORIDE CRYSTALS 

I. GENERAL INTRODUCTION 

Potassium chloride crystals are transparent to 

light over a wide range of wavelengths. Light in the 

infrared region is absorbed when the wavelength of the 

light becomes so long that vibration of the ions is 

excited by the incident light. For crystals a few 

millimeters thick, the absorption is clearly apparent 

at about 2Op(4l p. l7). The electronic fundamental 

absorption starts in the ultraviolet at about 180 mjL 

(27, p. 816). The crystal is transparent to light having 

wavelengths between these limits. If a potassium chloride 

crystal is irradiated with ionizing radiation, such as 

x-rays, ')' -rays, cathode rays, or alpha particles, the 

crystal takes on a violet color. 3everal other absorption 

bands appear in its spectrum, which depends on the temper- 

ature at which the irradiation is performed. As a result 

of room temperature irradiation, the so-called "F-band" 

appears at 560 mj and is responsible for the violet 

coloration. V2 and V3 bands also appear at 230 mj and 

215 ,a , respectively (4, p. 1564; 8, p. 168; and 9, p. 

321). When the colored crystal is exposed to light ab- 

sorbed by the F band (F-light) at room temperature, the 

F band. decreases. At the same time, the V bands decrease 
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in the lightly x-rayed crystals (60, p. 3k-36 and p. 68- 

71), whereas in the heavily x-rayed crystals a number of 

new absorption bands which are called R1, R2, N, and N 

bands develop on the long wavelength side of the F band 

(2, p. 1853-1863; 38, p. 622). 

de Boer (6, p. 301-309) proposed that an F center 

is an electron trapped at a negative-ion vacancy. This 

model was further developed by Gurney and Nott (20, p. 

506-511), and is generally accepted in accordance with 

other experimental evidence (30, p. 493-k9k). The models 

of the V centers are not well established but are con- 

sidered as a certain number of holes trapped at a 

positive-ion vacancy or at a vacancy cluster (60, p. 57). 

A real crystal is in some respects imperfect, that 

is, there exist some deviations from a perfect regular 

lattice or structure, which are considered to furnish 

the vacancies necessary to form color centers upon ir- 

radiation by ionizing radiation. The simplest type of 

lattice imperfection in potassium chloride or other 

alkali halide crystals is the so-called 3chottky defect 

(44, p. 26-29), which is a vacant lattice site, or in 

other words, a lattice site from which the corresponding 

ion is missing. A certain number of the Schottky de- 

fects always exist in a real crystal in thermodynamic 

equilibrium above 0°K. In addition to the Schottky 
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defects present in thermodynamic equilibrium, additional 

single vacancies, pairs of vacancies, or larger aggre- 

gates of vacancies, and dislocations are introduced into 

the crystal during crystal growth, by quenching from high 

temperature, by mechanical strain or through incorpora- 

tion of impurities. 

The mechanism of the formation and. the optical 

bleaching of color centers is considered to be as follows: 

Negative-ion vacancies introduce new localized energy 

levels just below the conduction band. When the crystal 

is irradiated with ionizing radiation, some electrons 

are excited into the conduction band, leaving behind an 

equal number of holes in the valence band. The excited 

electrons and holes can move through the crystal and the 

electrons may drop into these new levels and so become 

trapped to form F centers. Holes may become trapped by 

the new localized levels originating at the positive-ion 

vacancies to form V-type centers. Irradiation of a 

crystal containing F centers with F-light results in the 

excitation of the trapped electrons back into the con- 

duction band. Some of' the freed electrons will be re- 

trapped and others will recombine with holes associated 

with V-type centers. In addition to these processes, 

some electrons are trapped at other imperfections, such 

as a cluster of vacancies, forming secondary centers, 



such as the R1, R2, N, and N centers. Although models 

for these secondary centers have been proposed by Seitz 

(60, p. 9), they are not well established and extensive 

researches are in progress at present, especially on the 

dichroic properties and the excited states of these cen- 

ters in connection with their proposed models and sym- 

metries (29; 31; 32; 36; k6; k7; 65; 70; 71; 72). 

It has been known for a long time that the rate 

of coloration by irradiation with ionizing radiation 

(darkenability or colorability) and. the rate of bleaching 

of P centers by irradiation with F-light depend greatly 

on the preparation and the history of the crystal. The 

major imperfections in alkali halide crystals are lattice 

vacancies, impurities, and dislocations. These imper- 

fections are associated with each other in varying de- 

grees depending on the preparation and the history of 

the crystal. A number of important properties of the 

crystal, such as ionic conductivity, optical absorption, 

luminescence, and diffusion as well as color center 

phenomena are controlled by the imperfections. A trace 

of impurities, even when present in concentrations below 

the limit of chemical analysis, changes these properties 

of the crystal. 

Schulman (55, p. 749-752) has summarized the in- 

fluence of impurities on darkenability and suggested that 
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the ideally pure crystal may not darken under the action 

of ionizing radiation since the impurities are essential 

catalysts for the process. Seltz (60, p. 63), on the 

other hand, put more emphasis on the role of the dis- 

locations on darkenability and proposed that dislocations 

alone should be adequate catalysts for coloration. 

The alkali halide single crystals for optical and 

electrical work are usually grown from the melt by 

Kyropoulos' (34, p. 308-313; 35, p. 849-852) or Stock- 

barger's (63, p. 133-136; 64, p. 299-306) method. Since 

the salts are held at high temperatures for a long time, 

there are several possibilities that impurities are in- 

corporated into the crystal during its growth. In 

addition to the impurities present in the starting 

material, it is recently recognized that the atmospheric 

oxygen and moisture which are in contact with the melt 

during crystal growth have a great influence on the 

ultraviolet absorption and the darkenability of the 

crystal (14, p. 1112-1116; 53, p. 56-57). Such atmos- 

pheric contamination can be largely eliminated by grow- 

ing the crystal under a controlled atmosphere, e.g., an 

argon atmosphere (19). A serious difficulty, however, 

comes from the container in which the molten salt is held 

during crystal growth. Either platinum, porcelain, 

quartz, or praphite is most widely used as a container. 



Although some of them are not corroded appreciably by 

the molten salt, crystals grown in such containers are 

expected to contain traces of impurities originating in 

the container material or in the impurities present in 

the container material. In fact, the optical absorption 

spectrum of such a crystal sometimes shows absorption in 

the wavelength range where the pure crystal should be 

perfectly transparent. Since the impurities, even if 

they are present only as a trace, affect the observed 

optical and electrical properties, it is most desirable 

to prepare crystals of higher purity than any now avail- 

able. If single crystals of sufficient size for optical 

work could be grown from aqueous solution, all the con- 

taxninations which arise from crystal growth at high tem- 

perature would be eliminated although there might be sorne 

inclusion of water or growing solution in such crystals 

(3, p. 433-443). 

The present investigation, in connection with 

other investigations on the purity of potassium chloride 

crystals in progress in this laboratory, was undertaken 

with the purpose of preparing highly pure potassium 

chloride single crystals from aqueous solution and of 

studying their properties, such as x-ray darkenability 

and optical bleaching rate in comparison with those of 

various melt-grown and water-grown crystals containing 
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impurities. In order to account for the difference of 

the properties observed among various crystals, analyses 

were attempted for the coloration and bleaching processes 

in terms of the crystal quality. The present investi- 

gation was limited entirely to room temperature color- 

ation and bleaching processes since the process Involved 

in the coloration at low temperatures is different from 

the room temperature process and the structure-sensi- 

tivity of the crystal disappears at these temperatures 

(51, p. 1007). 
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II. PREPARATION 0F SINGLE CRYSTALS 
FRON AQUEOUS SOLUTION 

A. Introduction 

There are two common methods of growing crystals 

from aqueous solution, i.e., (1) spontaneous evaporation 

at constant temperature, and (2) gradual cooling of the 

saturated solution. In each case, crystals can be grown 

with or without a seed crystal. Although these methods 

are applicable in principle for the case of potassium 

chloride, preliminary experiments have shown a great 

difficulty in growing transparent crystals of sufficient 

size for optical work by either method. Usually small 

polycrystals grew on the seed crystal. Wnithout a seed 

crystal, the crystals grown were transparent and cubic 

until the cube edges became 2 mm, but the larger crystals 

were opaque. When a shallow container was used for 

spontaneous evaporation, very thin crystals of about 1 cm 

square grew on the bottom of the container, but the 

crystals were so thin that they were easily bent by 

handling. Crystal growth was tried in the temperature 

range from room temperature to 80°C, but no improvement 

was obtained. 

It is known that if a sodium chloride solution 

contains a trace of lead ions, transparent single 



crystals can be grown fairly easily by spontaneous 

evaporation (17, p. k92-493). Therefore, trials were 

made for the growth of potassium chloride in the presence 

of the trace of lead ions. Transparent crystals up to 

5 mm cube edge were obtained without difficulty by either 

method mentioned above, and it was found that the best 

crystals were grown with a reasonable rate at slightly 

above room temperature. The crystal grown in the 

presence of lead ions was of cubic shape in the beginning 

of the growth, but as the crystal grew it showed pre- 

dominant [11lj planes and finally the cubic habit of 

the crystal was changed to octahedral (52, p. 309; 57, 

p. 980-981). 

Now, let us consider the nature of the saturated 

and supersaturated solutions (3, p. 7-10). The solu- 

bility of a salt is defined as the equilibrium concen- 

tration of the salt in contact with solvent at a speci- 

fled temperature. Crystals, therefore, do not develop 

in a just-saturated solution. Theoretically any cooling 

below the saturation tempei'ature or evaporation of sol- 

vent ought to result in the separation of solid, i.e., 

crystallization, but this does not occur although growth 

will take place on crystals already in the solution. 

Further cooling or evaporation brings the solution to a 

point of supersolubility where spontaneous crystallization 
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occurs suddenly by slight shock or disturbance. The 

supersolubility, however, depends on the experimental 

conditions as well as the kind of solution. The solu- 

tion in the concentration range between the equilibrium 

solubility and the supersolubility is metastable and is 

called the supersaturated solution. 

It is a preliminary requirement for the growth 

of a good crystal that the crystallization is carried 

out in the metastable region if other factors :re favor- 

able for the crystal growth. The simplest way to keep a 

solution in the metastable state is to lower the temper- 

ature of the solution or to evaporate the solution very 

slowly as a crystal grows. The conditions, however, are 

not easily achieved experimentally. 

With these considerations, another method of 

crystal growth was tried, in which the solution was kept 

at a constant temperature gradient and the density con- 

vection current was utilized. In this way the diffi- 

culties arising from the control of temperature lowering 

or of evaporation rate were eliminated and transparent 

crystals of sufficient size were obtained. The details 

of the method are described in the next section. 

B. irocedure 

Water used for recrystallization and crystal 
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growth was triply dstilled using pyrex glassware. The 

warm solution of potassium chloride was always kept in 

a polyethylene container and never brought in contact 

with any glassware since the ordinary pyrex glass was 

extremely etched by boiling with a saturated solution of 

potassium chloride. 

Reagent grade potassium chloride (Baker's analyzed 

quality) was recrystallized three times in a polyethylene 

container. At first, a saturated solution was prepared 

at about 60°C and cooled to near room temperature. The 

crystals formed were filtered and discarded since it is 

known that most of the heavy metal impurities are carried 

down in the first part of the crystallization ('-i-8, p. 

133). Four crops of crystals were then recovered by 

evaporating the solution to the saturation point at about 

6000 and cooling to 0°C. Crystals formed were filtered 

on a sintered. glass filter and the solution remaining 

after the fourth crop was discarded. The crystals were 

partially dried in the air at room temperature and sub- 

nutted to further recrystallization by an identical pro- 

cess. After the third recrystallization, the crystals 

were dried in the oven at 110°C and. used for the follow- 

ing crystal growth. 

Approximately 2I-O ml of potassium chloride solu- 

tion saturated at 60°C was placed in each polyethylene 
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bottle (5 cm diameter and 15 era height) and sealed with 

a polyethylene stopper. The bottom of the bottle was 

kept at 50°C, the surrounding room temperature being kept 

at 25°C. In this way, a temperature difference of 25°C 

was held between the top and the bottom of the bottle. 

After two weeks when thermal equilibrium was reached and 

excess salts crystallized out on the bottom of the 

bottle, 10 mole of PbC12, CuCl2, and KOH dissolved in 

20 ml of warm water were added to the solutions, 

respectively, except for a solution in which a pure 

crystal was to be grown. From the average temperature 

of the solution at equilibrium, it was estimated that 

each bottle contains approximately i mole of dissolved 

potassium chloride. Accordingly, the nominal concen- 

tration of the impurities in each solution was about 

io2 mole % in the beginning of the crystal growth. After 

four day standing, four seed crystals were suspended in 

each solution using nylon string. The seed crystal whose 

dimensions were about i x i x 2 mm was cleaved from a 

pure KC1 single crystal obtained from the Harshaw Chemi- 

cal Company. iixcept in the solution containing lead 

ions, crystals grown were not single. Usually a crystal 

grown on a seed crystal was composed of several smaller 

single crystals grown on each other, and water inclusion 

was observed in the region where two crystals grew in 
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contact. After two months of crystal growth several 

transparent single crystal sections up to 8 x 8 x 5 mm 

were obtained. In the case of the solution containing 

lead ions, the crystals grown were transparent through- 

out the crystal volume and no water inclusion was ob- 

served. Crystals larger than 10 mm in cube edge were 

easily grown. Although the presence of lead ions favors 

the octahedral crystal habit, as previously mentloned, 

these crystals exhibited good cleavage on l0O planes. 

The crystals thus obtained were used in the color- 

ation and bleaching experiments. 

The processes of crystal growth occurring in the 

solution are considered as follows. A density convection 

current due to the temperature çradient brings warm sat- 

urated solution from the bottom to the cooler upper por- 

tion of the bottle. Thereby the warm saturated solution 

becomes supersaturated. As seed crystals grow, the cool 

solution at the top of the bottle becomes less saturated 

and is brought down to the bottom, where the solution is 

warmed again and. dissolves more salts present on the 

bottom. Thus the solution is again saturated at high 

temperature and then the identical processes will follow 

for a continuous growth of the crystal. 
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III. X-RAY COLORATION A1D OPTICAL BLEACHING 

A. Introduction 

A typical room temperature growth curve of F 

centers by the irradiation with ionizing radiation shows 

an early rapid rise to lO - centers per cni3, 

followed by a relatively slow rise until saturation at 

about lO io19 centers per cm3. it has been observed 

recently that the growth of F centers again becomes rapid 

after prolonged irradiation with high intensity ionizing 

radiation (15, p. 453; k3, p. L;43). In the present in- 

vestigation, interest was limited to the initial two 

stases since the later stage of coloration is not 

structure-sensitive (15, p. 45f). Gordon and Nowick 

(18, p. 977-983; , p. 16-25) have proposed a two stage 

coloration process: (1) The rapid part of the growth 

curve (first stage) is due to the capture of electrons 

by the vacancies which are present initially in the crys- 

tal, and (2) the slow part of the growth curve (second 

stage) is due to the capture of electrons by vacancies 

newly created during x-ray irradiation. The primary 

necessity of the creation of' vacancies during x-ray irra- 

diation arises from the facts that F-center concentrations 

of the order of iol8 - io19 per cm3 can be attained by 

x-ray irradiation whereas comparison of the mass density 
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of a crystal with that calculated from x-ray data shows 

that the concentration of vacancies present in an anneal- 

ed crystal probably does not exceed about iol7 per cm3 

(58, p. 4-O5-kO6). The facts that x-ray irradiation de- 

creases the density (11, p. 627-63) and increases the 

length of the crystal (5k, p. 177-183), support the 

supposition of creation of vacancies during x-ray irra- 

diation. Furthermore, Rabin (50, p. 1386-1387) has 

recently shown that the expansion of the crystal during 

the first stage of coloration is much less than that ex- 

peced from the concentration of F centers produced. 

This result supports the proposal that during the first 

stage of coloration, a larße fraction of F centers are 

formed from vacancies present initially in the crystal. 

Since the x-rays which produce the F centers do not have 

sufficient energy to cause atomic displacements, the 

vacancies responsible for the second stage of coloration 

must be created in some indirect way. The process is 

not well understood at present. Varley (68, p. 886-887; 

69, p. 13L1-l35) has suggested that the negative-ion 

vacancies are produced through the multiple ionization 

of halogen ions. Discussions on the Varley's mechanism 

are not settled (7, p. 934-935; 28, p. 314-315; '4-3, p. 

'+43). On the other hand, Seitz (59, p. 239-241) and. 

Markham (39, p. 505-507) have proposed that defects are 
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produced by the interaction of raaiation with disloca- 

tions. Gordon and Nowick (18, p. 977-983; n-5, p. 16-25) 

have demonstrated that during the second stase of color- 

ation plastically deformed crystals which contain many 

dislocations are colored to a much greater extent than 

undeforrned crystals containing fewer dislocations. This 

fact suggests an important role of dislocations for the 

second stage of coloration. There are several experi- 

ments which show the effect of impurities on the darken- 

ability of the crystal (12, p. 906-907; '49, p. 6; 60, 

p. 63). It has been known that a trace of CaC12, SrC12, 

or KOH enhances the darkenability of sodium and potassium 

chloride crystals at room temperature, especially for the 

first stage of coloration. Jtzel and Allard (15, p. 453) 

and Rolf (53, p. 56-57) have recently demonstrated that 

the darkenability of a crystal is proportional to the 

amount of hydroxyl impurities which are introduced in- 

advertently into the crystal during crystal growth under 

ordinary atmosphere. 

A qualitative feature of bleaching of F centers 

when irradiated with F-light at room temperature is that 

the bleaching occurs rapidly at first and then becomes 

increasingly difficult (67, p. 1591-1595). The existence 

of the fast and the slow bleaching rates has been 

ascribed to the different environments of the two groups 



17 

of F centers, one localized near dislocations and one 

distributed through the crystal, on the basis of the two 

stage process of x-ray coloration (43, p. 443). Bron 

(2, p. l853-186) has recently demonstrated the inter- 

relation between the two stages which are observed in 

coloration and bleaching. The rate of the bleaching is 

strongly structure-sensitive and, therefore, dependent 

upon the particular specimen under observation. It has 

been known (2, p. 1855-1859; 9, p. 39 and p. ¿4.2; 66, 

p. 1390; 67, p. 1591) that the F centers in deformed or 

impure crystals are less stable and tend to bleach opti- 

cally and thermally more rapidly than those in undeformed 

or pure crystals. À quantitative treatment for the 

bleaching rate is not available yet except for a few 

special cases (23, p. 435-442; 24., p. 114-125; 38, p. 

623-626) since the bleaching process involves several 

possibilities for the fate of the electrons released from 

F centers into the conduction band by F-light: (1) They 

may be trapped by negative-ion vacancies to reform F 

centers, (2) they may recombine with holes in V-type 

centers, and (3) they may be trapped by crystal imper- 

fections other than negative-ion vacancies, such as pairs 

of vacancies, larger clusters of vacancies or the 

vacancies associated with impurities, to form secondary 

centers. 



B. Experimental Procedure 

The single crystals of potassium chloride used 

in this investigation are tabulated below: 

crystal additive crucible 
- 

designation 

melt-grown 

KC1 

none 
(ilarshaw) 

none 

none 

Ca 
(O. OOlmole%) 

Ca 
(O. lmole%) 

H-KC1 

graphite argon N-KC1(G20) 

graphite argon N_KC1(G.23)* 

platinum air M-KCl 
(O. OOlCa) 

platinum air N-KC1(O.lCa) 

none ---- ---- W-KC1 

water-grown OH(O.Olmole%) --- ---- W-KC1(OH) 

KC1 Cu(O.Olmole%) --- ---- W-KC1(Cu) 

Pb(O.Olmole%) ---- ---- W-KC1(Fb) 

gro by Gruzensky (19) 

Crystals were usually cleaved into specimens 7 mm x 8 mm 

X O.4O-O.-2 mm thick with a single edge razor blade. The 

crystal holders were designed to fit the cell holders of 

Beckman DU and DK1 Spectrophotometers and the x-ray unit. 

All crystals were irradiated with the same incident x-ray 

flux from a copper target operated at 35 KVp and. 15 ma 

through a beryllium window and a thin black paper which 

forms a part of a light-tight container. During x-ray 
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irradiation the crystal was mounted at a distance of 

about 4.5 cm from the beryllium window. 

Optical absorption measurements were made in a 

Beckman model DK1 recording spectrophotometer over the 

wavelength range from 200 mjL to 1500 m)A. For most of 

the F band peak height measurements, a Beckman model DU 

spectrophotometer was used with the wavelength set at 

560 in,u and the slit set at 0.04 mm. Optical bleaching 

of the x-ray colored crystals was performed in the Beck- 

man DU spectrophotometer with the wavelength set at 560 ny 

and the slit set at 2.0 mm, the li ht being incident on 

the crystal face opposite to that of x-ray irradiation. 

The experimental data were taKen successively in 

the following order: (1) F-center growth curve for in- 

itial x-ray irradiation, (2) F-center bleaching curve 

for F-light irradiation, and (3) F-center growth curve 

for re-x-ray irradiation, followed by experiments (2) 

and (3) repeatedly in some cases. X-ray irradiation, 

optical bleaching and optical absorption measurements 

were carried out at room temperature. In order to obtain 

the F-center growth or bleaching curve as a function of 

irradiation time, the irradiation by x-rays or F-light 

was interrupted periodically for optical absorption 

measurements. The transfer of the crystals from the 

x-ray unit to the spectrophotometer was performed in 



total darkness. 

The concentration of F centers was calculated by 

using Smakula's equation (62, p. 603-614) which reduces 

to (58, p. 386) 

= 1.06 x 10 a H 

where is the concentration of F centers per cm3, f is 

the oscillator strength for the F center, am is the ab- 

sorption coefficient per cm at the peak of F band, and H 

is the half-width of the F band expressed ïn eV. Using 

0.35 eV for H at room temperature (32, p. 850) and since 

OEm is equal to the optical density per cm at the maximum 

of the F band multiplied by 2.303, the equation reduces 

further to 

nf = 8.5 x io15 
(0D 
\cm) 

where ()iS the optical density per cm at the maximum of 

the F band. The actual value of the oscillator strength 

is not well established. The experimental value ranges 

from 0.66 to 1.17 (10, p. 1077). If the oscillator 

strength is assumed to be equal to 0.85 for simplicity, 

the concentration of F centers per cm3 at room temper- 

ature can be expressed conveniently as follows: 

16(OD n = 10 t- 
F cni 
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Since the incident x-rays are attenuated more on the 

front part of the crystal and accordingly coloration of 

the crystal is not uniform, the front surface being 

colored most heavily, the F-center concentrations cal- 

culated using the above equation are averages over the 

crystal thickness of O.kO-O.'4-2 mm. Problems arising from 

nonuniformity of the coloration will be discussed in a 

later section. 

C. Experimental Results 
and. Discussion 

As mentioned in the previous sections, the darken- 

ability and the bleaching rate of potassium chloride crys- 

tais are strongly structure-sensitive and differ from 

crystal to crystal depending on the preparation and the 

history of the crystal. In the present investigation, 

pure potassium chloride crystals obtained from the llar- 

shaw Chemical Company were used as a standard because of 

their comparatively good quality and fairly uniform pro- 

perties as have been recognized by other investigators. 

The experimental results obtained for a variety of other 

crystals were compared with the results obtained for 

Harshaw KC1. 
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1. Harshaw KC1 

Experimental results 

A typical experimental result obtained for a 

Harshaw KC1 (H-KC1-ll) is shown in Figure 1, in which 

OA is the F-center growth curve for initial x-ray irra- 

diation, B'C and D'E are the F-center growth curves for 

re-x-ray irradiation after the corresponding optical 

bleaching, and AB, CD, and EF are the F-center bleaching 

curves for F-light irradiation. 

The F band was the most prominent of the various 

absorption bands which were observed in the crystals 

irradiated with x-rays. In the ultraviolet region, the 

V3 band appeared with a maximum at 215 m,,tc . The V2 band 

was not resolved from the nearby large V band. On the 

long wavelength side of the F band, the R1, R2, M, and N 

bands were formed in a later stage of the x-ray irradi- 

ation although these bands were very small compared with 

the F band. As seen in curve GA in Figure 1, the F-center 

growth curve for the initial x-ray irradiation shows an 

initial rapid increase followed by a slow linear growth. 

There have been a number of attempts to fit the experi- 

mental growth curve of F centers into a theoretical ex- 

pression (49, p. 93-98). Ltzel and Allard (15, p. 453) 

have shown for a variety of sodium chloride crystals that 
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for the early stage of coloration the F-center growth 

curve at room temperature is represented by the following 

equation (using the notation adopted in the present 

paper), 

flH v) 
(1) 

where flp is the F-center concentration per cm3, W is the 

total energy absorbed per cm3, E0 is the energy required 

to form an initial F center, and n is a constant whose 

value depends on the individual crystal. It should be 

noted that in the case of the calcium-doped NaOl the 

equation is applicable to an F-center concentration 

greater than 2 x io18 cm. In general the applicable 

range is smaller for the pure crystal. The growth curve 

for natural rock salt, for example, cannot be fitted to 

equation (1) over the entire range of F-center concen- 

tration. These facts suggest that equation (1) might be 

applicable only for the first stage of coloration where 

impurities are most effective for the darkenability of 

the crystal. In order to test the applicability of 

equation (1) for the F-center growth for pure Harshaw 

KC1, the equation was expressed conveniently In the 

following form, 



t/flF = t/n + E°/-y J (2) 

2 

where the substitution W = (Jt has been made. Here J 

is the intensity of x-raye per cm2 per sec, '( is the 

linear x-ray absorption coefficient per cm, t is the 

x-ray irradiation time, and (J is the efficiency of 

x-ray energy absorption by crystal per cm3. For the 

moment, uniform x-ray absorption, and accordingly uni- 

form coloration throughout crystal volume, will be as- 

sumed. As shown in Fiure 2, the plot, t/n, versus t, 

does not give the straight line which is expected from 

equation (2). The curvature was concave downwards simi- 

lar to those observed by Etzel and Allard (15, p. '4.53) 

for natural rock salt and Harshaw NaC1. If the F-center 

growth consists of two processes corresponding to the 

so-called first and second stages and the second stage 

growth is asswned to be linear with irradiation time as 

seen in Figure 1, the growth curve for the first stage 

can be obtained by the subtraction of the second stage 

growth. The F-center concentrations thus obtained for 

the first and the second stages of coloration will be 

designated as 4 and n, respectively, F 
being the 

total F-center concentration, i.e., 
F = 4 + n or 

n + a t where a is the slope of the second stage growth 

curve. As shown in Figure 2, the plot, t/n versus t, 
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gives a straight line except at the very beginning of 

the irradiation. From this result, it may be concluded 

that equation (2) is applicable only for the first stage 

of coloration. If the first stage growth is fairly large 

relative to the second stage growth as observed for 

calcium-doped NaC1, however, flp may be used instead of 4 
without any appreciable error. 

The general features of the absorption spectrum 

during the bleaching of F centers corresponding to the 

bleaching curves, B, CD, and EF in Figure 1 were essen- 

tially the same in each case. During the bleaching of F 

centers the absorption at the short wavelength tail of 

the F band, which is called the K band, increased con- 

tinuously. N band grew during the early stage of F-light 

irradiation and decreased after reaching a maximum. R1, 

R2, and N bands grew continuously, approaching saturation 

values. The absorption in the region of the V2 and V 

bands remained constant or decreased very slightly. As 

a whole, the bleaching process observed in the present 

experiment is very similar to those of additively colored 

crystals. This kind of bleaching process is usually 

observed in heavily x-rayed crystals (2, p. 1855; 38, p. 

622). In ana1or to the F-center growth curve, t/(4-n) 

was plotted as a function of the F-light irradiation time 

for the bleaching curves, where 4 is the initial 
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F-center concentration. As shown in Figures 3 and k, a 

straight line was obtained over the entire range of the 

bleaching curve for each of the three cases. The differ- 

ence in the slopes of the three lines will be discussed 

in a later section. 

As shown in curves B'C and D'E in Figure 1, the 

concentration of F centers increased very rapidly at the 

beginning of the re-x-ray irradiation, followed by slow 

linear growth with the same slope as the linear part of 

the F-center growth curve for the initial x-ray irradi- 

ation. During the re-x-ray irradiation, the R1, R2, N 

and K bands decreased very rapidly whereas the M band 

grew slightly during the very early stage of the irracli- 

ation and then decreased after reaching a maximum. When 

the F-center growth curve resumed the slow linear growth, 

the R1, R2, N, N, and K bands attained their pre-bleach- 

ing magnitude and then started to grow with the same 

rates as those observed in the initial x-ray irradiation. 

The V3 band continued its growth without any observable 

decrease at the beginning of the irradiation. From these 

results, it may be concluded that in the early stae of 

the re-x-ray irradiation F centers are converted from 

secondary centers by x-rays, and the linear part of the 

growth curve is due to the same process as the second 

stage for the initial x-ray irradiation. The two stages 
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will be called the first and the second stages, respec- 

tively, as before. It is interesting to note that the 

F-center formation in the first stage is similar to the 

conversion of U centers to F centers by the x-ray irra- 

diation observed by Liartienssen and Pick ('4-O, p. 309- 

317), which will be discussed in the following section. 

In analogy to the F-center growth curve for the initial 

x-ray irradiation, t/flF as well as t/4 were plotted as 

a function of the re-x-ray irradiation time, where flp 

and. 4 are the actual increments of the F-center concen- 
tration due to the re-x-ray irradiation. As shown in 

Figure 5, only the plot, t/4 versus t, gives a straight 

lino. 

Discussion of the x-ray coloration 

From the results obtained for Harshaw pure KC1, 

the F-center growth curves for both initial and re-x-ray 

irradiations are well represented. by the following 

equation, 

4 + 
41 

(3) 

where 4 - 
(4) 

+ 
111 'íJ 
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II 
and flp at (5) 

The differential form of equation (4) takes the form 

dn =j (- n)2 (6) 

dt 

Now let us consider the significance of the un- 

known constant, n, whose value is equal to the recipro- 

cal of the slope in the plot, ti4 versus t. For the 

initial x-ray irraciation, n for ifarshaw KC1 (H-KC1-ll) 

was found to be 2.5 x iO'6 cm3 from Figure 2. The re- 

suits obtained by Etzel and Allard (15, p. 453) for NaC1 

crystals show that the value of is larger for the less 

pure crystal. This is also true for the case of KC1 

crystals as seen in the later section. For example, n 

for the KC1 crystal doped wIth 0.1 mole % of calcium ions 

is 1.7 x cm3. Rabin (50, p. 1387) has estimated 

the initial concentration of negative-ion vacancies in 

NaC1 crystals from the expansion of the crystal during 

x-ray Irradiation and shown that the concentration is 

i X iO'6 cm for Harshaw puie NaC1 and 6 x iol7 cm3 for 

NaCÌ doped with 0.5 mole calcium ions. From this evi- 

dence, it is plausible to correlate r4 to the initial 

concentration of negative-ion vacancies. 

On the other hand, the values of n were found to 
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be 4.2 x iO16 and 4.5 x io16 cm3 for the first and the 

second re-x-ray irradiations shown in Figure 5. These 

values are closely related to the concentration of F 

centers destroyed during the preceding optical bleaching, 

that is, the corresponding values are 4.1 x io16 

and 4.6 x io16 cin, respectively (see H-KC1-ll in Table 

II). If the negative-ion vacancies created by the pre- 

ceding optical bleaching remain and act as traps for 

electrons released by the subsequent x-ray irradiation 

to reform F centers (5, p. 353; 13, p. 1643-16145; 16, p. 

885-887), n will be the concentration of negative-ion 

vacancies readily available to form F centers at the 

beginning of the re-x-ray irradiation. Thus the signi- 

ficance of 4 is just the saine as expected previously, 

i.e., the initial concentration of negative-ion vacancies. 

It is interesting to compare the experiment on F- 

center growth by re-x-ray irradiation in the optically 

bleached crystals with the experiment on the conversion 

of U centers to F centers by x-ray irradiation in KBr 

crystals. Martienssen and. Pick (40, p. 314) have found 

the following relation to hold: 

=---E:e (7) u 
cflF 
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where Eu is the energy required to convert a U center to 

an F center, E is the initial value of E, W is the 

total absorbed x-ray energy per cm3, n is the initial 

concentration of U centers and is a constant which is 

equal to 14.6. E was found to be about 35 eV for all 

crystals independent of the magnitude of 4. Although 

there are several possibilities for the mechanism of the 

conversion of U to F centers (60, p. 90), the negative- 

ion vacancies used to form P centers are considered to be 

furnished by U centers from which hydrogen atoms diffused 

away while the U centers were excited or ionized by 

excitons or x-rays. Therefore, n can be regarded as the 

initial concentration of' negative-ion vacancies avail- 

able to form F centers as well as the initial concentra- 

tion of electrons readily ionizable. On the other hand, 

in the case of F-center formation during re-x-ray irra- 

diation in an optically bleached crystal, the electrons 

to form F centers are substantially furnished by the 

secondary centers which were formed during the preceding 

optical bleaching of F centers. Therefore, this process 

may be called the conversion of secondary centers to P 

centers by x-ray irradiation. í1ectrons released from 

F centers to form secondary centers during optical bleach- 

ing leave the same number of negative-ion vacancies be- 

hind if the formed vacancies do not diffuse away, and 
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the concentration of the negative-ion vacancies thus 

formed will be equal to the concentration of the bleached 

F centers, Ìxn. Therefore it is expected that 4 plays 
a role similar to 4, in the respective experiments. 

First compare the expression for the energy required to 

form an F center in both cases. From equation (6), the 

energy, E, for the conversion of a secondary center to an 

F center will be given as 

ckI E° 
E = 

( 

(8) 

klH) 

where the substitution W - YJt has been ¡nade. If L is 

plotted as a function of 4i4, all curves for different 

4 can be brought into coincidence just as found by 
Ma.rtienssen and. Pick in plotting E as a function of 

ni4 as seen in equation (7). Further, the integrated 

form of equation (7), 

--(( 
¿J f\ 

_a ± E ) (9) 

indicates that the plot, n/$ versus t/4, can be 
brought into coincidence for different 4. The saine kind 

of coincidence can be obtained by plotting 4i4 as a 
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function of t/n as seen in equation (4) for the con- 

version of secondary centers to F centers. It is also 

interesting to compare equation (8) with (7) or (4) with 

(9) for small t where n/n and nF/4 are small compared 

with one. Je obtain the following equations for small t; 

E E0( ±2 

and ïJt 

( E° 
- oO 

E ¡Lu) 

for the conversion of secondary centers to F centers, and 

o( 

and EJ1\ 
o (1--i- EÖflbi 

u uJ 

for the conversion of U centers to F centers. From a 

comparison of these ecuations, the correspondance of 

to 4 is obviously seen except for a constant factor. 
From tnis evidence and that found in the experi- 

ments on the initial and re-x-ray irradiation, it seems 

reasonable to assume that 4 is the initial concentration 
of negative-ion vacancies or vacancy clusters which can 

form F centers upon trapping the electrons released by 

x-rays. 

Mitchell et al. (42, p. 5-20; 43, p. 442) have 

proposed the following rate expression for the first and 
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the second stases of coloration; 

- i (: -n) (b) 
d't - 

d =(t -) (11) and 
dt 

where k1 and k2 are the rate parameters for the capture 

of' electrons in the first and the second stages of color- 

ation, respectively, 4 is the initial concentration of 

vacancies, and a is the rate constant for generation of 

new vacancies by x-rays. }quation (10) is of a form 

similar to equation (6) except for the order of the re- 

action. If the initial vacancies and those generated by 

irradiation are indistinguishable from each other (42, 

p. 5), k1 is equal to k2 and equations (10) and (11) can 

be combined in the following form; 

where n - 4 + 41 and 
the empirical equation, 

term of equation (12) s 

and k is expected to be 

(12) 

k k2. On the basis of 

equation (6), the concentration 

iould enter as the second power 

equal to rJ/E°/2. There- 

fore, the rate expression for the F-center growth can 
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be expressed in the following form: 

d.ÌÌF_ 1J (î± ctt 
)2 

(13) 
ct - E°fl2 

with the solution, 

-- 
(_a)(e nI EO 

- i,) 

flft 

J 
_2 

fïj& ( 
_2 

+ i) e iE° 4E° 

(14) 

The solution (14) reduces to 

n an0+at (15) 
F E 

for large t, and 

t 

t E° 
-i-at 

(16) 

for small t, if H0a/TJ 1. The experimental values 

of °a/i J are of the order of io2 for re-x-ray irradi- 

ation and a little larger for initial x-ray irradiation. 

Equation (16) is of exactly the same form as the combined 

form of equations (4) and (5). Furthermore, equation (15) 
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is included in equation (16) since the latter equation 

reduces to equation (15) for larpe t. In conclusion, 

therefore, equation (13) is considered as a rate expres- 

sion for F-center formation by x-rays, both for initial 

and. re-x-ray irradiations, with approximate solution (16), 

assuming that the second stage coloration is linear with 

irradiation time. It is seen in equation (16) that the 

first nd the second terrs correspond to the so-called 

first and second stage coloration, respectively, as ex- 

pected in equations (4) and (5), and the rate of the 

second stage coloration is equal to the rate of gener- 

ation of vacancies by x-rays. 

F-center growth curves obtained by other investi- 

gators (2, p. 1856; 42, p. 46 and 48) were also well 

fitted to equation (16) as shown in Figures 6 and 7. The 

ratio of the reciprocals of the intercepts on the axis 

for crystals 14 and 17 in Figure 6 is roughly equal to 

the ratio of the x-ray intensities as expected from 

equation (16). 

Now let us consider the problem arising from non- 

uniform coloration. In equation (16), y is dependent 

on the wavelength of x-raya, and J and a are functions 

of the wavelength of x-rays and the position in the crys- 

tal along the direction of the x-ray beam. E0 and n are 

constant throughout the crystal volume assuming 
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uniformity of the crystal before x-ray irradiation. If 

a crystal is composed of m thin sections perpendicular 

to the direction of x-ray beam in which the coloration 

is uniform and equation (16) is applicable, the average 

concentration of color centers over the crystal thickness 

will be given as "t 
t E° 

¿ 

J 

where - indicates the average value. This equation can 

be reduced to 

t___ 
t 

¡ 'H 

if E°fl/'iJt(1. Since the individual values of E0/J. 

were not obtained in the present experiment, the validity 

of the above restriction for Lhe approximation is un- 

known. It is expected, however, from the linear relation 

in the plot, t/n versus t, that for re-x-ray irradiation 

the relation, E7l/Jt«l, holds for an irradiation time 

less than one minute for most crystals including impurity 

doped and water-grown crystals. For initial x-ray irra- 

diation, the restriction seems to be valid for an irradi- 

ation time a little larger than those in the case of re- 

x-ray irradiation, at least for Harshaw KC1. The values 
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of n obtained for the same crystal should be independent 

of the crystal thickness used although the average F- 

center concentration, 
F' 

is smaller for the thick crys- 

tal since the front portions of the crystal are colored 

more heavily. To confirm the expectation, two specimens 

of different thickness cleaved from the same single crys- 

tal block were colored with x-rays. They are designated 

as H-KC1-9 and -7 in Table I. Values of n found in the 

plot, t/4 versus t, agreed with each other within ex- 

perimental error. Furthermore, the growth curve obtained 

by subtracting the growth curve for the thinner crystal 

from the thicker crystal gave approximately the same 

value of 4 as the original crystal, which is designated 
as H-KC1-7(9) in Table I (see also Figure 19a). The 

growth curve obtained by the above subtraction corres- 

ponds to that for the back portion of the thick crystal. 

Since in this portion the second stage coloration is ex- 

pected to be small, t/fl instead of t/4 was plotted as 

a function of t. 

Nador et al. (38, p. 621) obtained a set of F- 

center growth carves for Harshaw NaCl which were 

measured from the direction perpendicular to the x-ray 

beam with a narrow slit setting. In this way, the growth 

curves were obtained as a function of the depth from the 

irradiated surface. Their data were plotted according 



to equation (16) and it was found that the values of 

obtained from the different depths were approximately the 

same in each case as expected on the basis of the uni- 

formity of the crystal before x-ray irradiation. In 

Figure 8, t/flF instead of t/n was plotted as a function 

of t since the second stage coloration is expected to be 

small in these sections of the crystal. 

Discussion of optical bleaching of F centers 

As shown in Figures 3 and k, the plot, t/(i4 -n) 
versus t, gives a straight line over the entire range of 

the bleaching curve studied. In ana1oy to the case of 

x-ray coloration, it might be expected that the recipro- 

cal of the slope in this plot is the initial concentra- 

tion of traps for electrons released from F centers by 

F-light. Thus, the rate expression for the optical 

bleaching of F centers may be written in the following 

form: 

- 
-s-- 

d_t_ o2 

with the solution, 

(17) 

-t: -: +_L (18) 
nl K 
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where 4 and 4 are the initial concentration of F cen- 
ters and electron traps, respectively, and K is a con- 

stant. In equation(17), (4-ni) means the concentration 

of F centers bleached and Ç4- ($-F)J 
the concentra- 

tion of electron traps present in the crystal at time t. 

Two kinds of electron traps must be considered in equa- 

tion (17); one is the holes associated with the V-type cen- 

ters which annihilate electrons, and one is the vacancy 

clusters which form secondary centers upon trapping 

electrons. 

Mador et al. (38, p. 623-626) have derived theoret- 

ically the following rate expression for the optical 

bleaching of F centers, assuning that the bleaching of F 

centers occurs only through the recornbination of electrons 

and holes; 

dflF_GI 
n2 (19) LtN F 

with the solution, 

72;= /±--cîIt (20) 
71F N 

where I is the intensity of the bleaching F-light, 
II 

the cross section for the optical decomposition of F cen- 

ters and N is the sum of the initial concentrations of the 

negative-ion vacancies and the F centers, i.e., N = 

+ 4. They used equation (20) 



to test the validity of their rate expression (19), and 

found that 
°F'p is linear with t only for the initial 

part of the bleaching. They ascribed the deviatïon from 

linearity for large t to the nonuniform bleaching of F 

centers along the light path due to the attenuation of 

the incident F-light (23, p. k35-L142). 

If holes are the only electron traps for the 

bleaching of F centers as assumed by Nador et al., the 

initial concentration of electron traps will be equal 

to that of holes, and the latter is also equal to that 

of F centers since x-rays produce the same number of 

electrons and holes in the crystal. Thus the rate ex- 

pression (17) reduces to 

dlRF K 1z 

ct7l°2 F 
(21) 

This equation is equivalent to equation (19) proposed 

by Nador et al., if 

N 
(22) 

The solution of equation (21) can be expressed in the 

following two forms, 

=i±t (23) 
F 77F 
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t t_ 
77-flF - K 

(214.) 

4-1 

Since equation (20) can also be expressed in the form 

of equation (24), the reciprocal of the slope in the 

plot, t/(4 -n) versus t, should be equal to the in- 

itial concentration of F centers if the assumption made 

by Mador et al. is correct. Figures 9 to 12 show their 

results (23, p. 435-442) plotted according to equation 

(24). Although their data give straight lines for the 

entire range of the bleaching curve, the reciprocal of 

the slopes is slightly different from 4 as given in 
Tables III and IV. This means that either all holes are 

not readily available for trapping electrons or some 

vacancy clusters also act as electron traps. In other 

words, it is not correct to assume that the bleaching of 

F centers occurs only through the recombination of 

electrons and holes or that 4 is equal to 4 in equation 
(17). If 4 is different from 4 by equation (18) 

will take the following form, 

n; (+fl)Kt 
F (+) -t (25) 

where ¿n 4 - 4. If An is zero, equation (25) 
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reduces to equation (23) and the linear relation between 

and t will be obtained. The observed curvature in 

the plot, 4/ni versus t (23, p. 438-439), is consistent 

with the sign of Lfl given in Tables III and IV. For 

small t, however, equation (25) can be approximated by 

K 

(n+) 
Thus, the plot, 4'F versus t, will give a straight line 

as observed by Nador et al. 

The explicit form of the constant K is unknown 

from the present experiment. In the crystals which were 

cleaved from the same large single crystal block and 

colored to the same initial F-center concentration, the 

values of 4 are expected to be same in each and K in 
equation (1'?) wil]. be only a function of the intensity 

of the bleaching F-light. The values of 4 and K for 
such crystals were obtained by plotting t/(n - as a 

function of t using the data taken from Herman and Wallis' 

paper (23, p. 438-439). As seen in Table IV, a rough 

constancy of 4 and the approximate proportionality be- 

tween the intensity of the bleaching F-light and K were 

obtained (see also Figures 11 and 12). 

Next, consider the case in which electrons re- 

leased from F centers are trapped by vacancy clusters to 
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form secondary centers. This process is the one observed 

in the present experiment as described previously and is 

usually found for heavily x-rayed crystals as well as for 

additively colored crystals. Thus, n in equations (17) 

and (18) is expected to be the initial concentration of 

vacancy clusters if the secondary centers are formed by 

the capture of electrons by pre-existing vacancy clusters 

in the crystal. Although it is necessary to consider 

that the different k1nIs of vacancy clusters have differ- 

ent cross sections for electron capture, these were re- 

garded as the same in the present argument (21, p. 545). 

The values of n for Harshaw KC1 (H-KG1-1l) obtained from 

Figures 3 and 4 are given in Table V together with the 

corresponding values of 4. Data obtained by other in- 

vestigators (2, p. 1856 and 1859; 23, p. '440; 67, p. 

1591) were also plotted according to equation (18). As 

seen in Figures 13 to 16, the experimental results are 

well represented by the equation. If 4 is the initial 
concentration of electron traps in the crystal, the 

values of 4 obtained for the same crystal should be in- 
dependent of the initial concentration of F centers. 

Contrary to expectation, n was dependent on 4 as shown 
in Table V. In general, for the same crystal n was 

larger for large 4 but the ratio n/n was smaller for 

large 4. 



Since the initial concentration of F centers is 

not uniform throughout the crystal volume, the initial 

concentration of electron traps is also nonuniform if 4 
is dependent on n as shown above. Furthermore, because 

the intensity of the bleaching F-light decreases along 

the light path due to the attenuation of the light by 

the F centers present in the crystal, it is necessary to 

consider the nonuniform bleaching process for the crystal 

which has a nonuniform initial concentration of electron 

traps. As considered in the case of nonuniform color- 

ation of crystals by x-rays, the average concentration of 

F centers bleached is expressed by the following equation 

if 

t 

__ (no2 

2 
bc/i 

Therefore the reciprocal of the slope In the plot, 

t/( - versus t, will be the average value of 4 in 
the crystal. If 4 is uniform throughout the crystal, 
the equation reduces to 

fl-Th) = 
t 

t (I 
K 



45 

Because there are several possibilities for the optical 

bleaching process (8, p. 623-626; 58, p. 406-407; 60, 

p. k-36 and 69-71; 67, p. 1591-1595), and because the 

nature of the secondary centers is not well understood, 

further information on n cannot be obtained from the 

present experiment. Among many difficulties, the possi- 

bility of the overlapping of the absorption due to 

excited states of the secondary centers with F band ab- 

sorption must be taken into consideration as mentioned 

previously. If the excited states of the secondary 

centers absorb in the same wavelength range as the F 

band, the F-light bleaches the secondary centers as well 

as F centers, especially during the later stage of 

bleaching when the absorption due to secondary centers is 

large, and finally an equilibrium state will be reached 

between F centers and the secondary centers. Another 

difficulty which has to be taken into consideration is 

the interaction of various centers during bleaching (29, 

p. 1063-1068; 36, p. 684-693). In spite of the ambiguity 

of the significance of n, some correlations between the 

niaiitude of n and crystal quality will be discussed in 

the next section. 

2. Comparison of the results obtained for various kinds 
of crystals 

Optical absorption spectra were measured before 
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x-ray irradiation in the wavelength range from 200 mp& to 

1500 . All crystals except those grown from aqueous 

solution in the presence of lead ions were transparent to 

light having a wavelength larger then 210 m,u . The 

optical absorption increased from about 210 ¡ towards 

200 ìyz . The absorption in this region was small for 

the crystals 0.014 cm thick used in this experiment so 

that quantitative comjar1son of the absorptions was not 

made. Potassium chloride crystals grown from aqueous 

solution in the presence of Pb ions showed two prominent 

absorption bands in the ultraviolet region. Both ab- 

sorptions were so strong that the band maxima were well 

beyond 2.0 in absorbance for a crystal 0.0k cm thick. 

The location of the band maxima agreed with those ob- 

served in melt-grown crystals containing Pb ions (25, 

p. 868-869; 26, p. 42; 56, p. 855). The fact that the 

crystals grown from aqueous solution in the presence of 

++ - . . . 

Cu or OH ions showed no optical absorption in the 

ultraviolet region indicates that the incorporation of 

these ions in the lattice is probably very slight, since 

it is known that melt-grown KC1 crystals containing these 

ions show absorptions in this region (1, p. L43; 14, p. 

1113; 26, p. 42; 37, p. 336-341; 53, p. 56-58; 61, p. 

1-12). 

P-center growth curves for initial and re-x-ray 
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irradiation are shown in Figures 17a and b. Figure 18 

shows initial stages of the F-center growth in various 

crystals for the initial x-ray irradiation. The energy 

required to form an F center is defined as d.I/dn, where 

W is the total energy absorbed per cm. Under the given 

x-ray intensity and crystal thickness, W will be propor- 

tional to the total irradiation time if the linear ab- 

sorption coefficient for x-rays is not affected by the 

small amount of impurities present in the crystal. 

Therefore, the reciprocal of the slope of F-center growth 

curve at t = O will be proportional to the energy re- 

quired to form an initial F center, i.e., 

___ (t 

The experimental results show that E0 for various crys- 

tais decreases in the following order: 

(1) W-KC1, W-KCl(OH), W-KC1(Cu), and W-KC1(Pb) 

(2) N-KCÌ(020) and N-KC1(G23) 

(3) H-KC1 

(24.) N-KC1(Q.00lCa) 

(5) N-KC1 (O.lCa) 

Second stase growth curves for N-KC1 (020) and (023) and 

for water-grown crystals were not linear with irradiation 

time in the range of the irradiation time studied, and 



the rates of growth In this stage were higher than those 

for Harshaw KC1 and. melt-grown KC1 containing calcium 

ions. In order to estimate 4 for a crystal which showed 

nonlinear second stage growth, a linear second stage 

growth was approximated from the observed growth curve 

at large t. In analogy to the Harshaw KC1, t/4 was 

plotted as a function of t. Melt-grown KC1 containing 

calcium ions gave a straight lino whereas N-KC1(G20) and 

(G23) and water-grown crystals showed deviation for small 

t from the expected linear relation as shown in Figures 

19a and b. The deviation from the linear relation be- 

tween ti4 and t might be partly due to the character- 

istics oí' these crystals and partly due to the improper 

selection of the second stage growth curve. The F-center 

growth in the second stage might not be linear with ir- 

radiation time. For further understanding of F-center 

growth, especially in the second stage, it must be taken 

into consideration that x-raya produce bleaching as well 

as coloration and that the F-center growth is determined 

by these two effects (22, p. 62k-631). The values, a and 

4, 
obtained from the above plots for Harshaw and calcium- 

doped crystals are given in Table I. 

F-center growth curves for re-x-ray irradiation in 

the crystals containing secondary centers are shown in 

Figures l7a and b. In Figures 20a and b, ti4 was 
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plotted as a function of t. The figures show a linear 

relation with the exception of water-grown KC1 containing 
++ 

Pb ions. The reciprocal of the slope in the plots is 

as expected from equation (4-). The values of 4 ob- 
tamed. are given in Table II together with the concen- 

tration of F-centers bleached, during the pre- 

ceding F-light irradiation. The values of 4 for Harshaw 
KC1 and melt-grown KC1 containing calcium ions with an 

exception of N-KC1(O.lCa)-I were nearly equal to the 

corresponding values of A4. This means as mentioned 

previously that the vacancies created during the pre- 

ceding optical bleaching of' F centers remained and were 

refilled with the electrons released during subsequent 

re-x-ray irradiation. In the case of' N-KC1(O.lCa)-I, 

the concentration of' P centers produced by the initial 

x-ray irradiation (11.08 x crn3) was less than that 

of vacancies present in the original crystal (17.24-x1016 

cm3). Accordingly, the concentration of available 

vacancies upon re-x-ray irradiation, 4, will be much 

higher than that of F centers bleached, ì$, during the 
preceding F-light irradiation. This is consistent with 

the experimental result as seen in Table II. On the 

other hand, in the case of water-grown crystals, n was 

always smaller than ¿n and the growth curve for the 

re-x-ray irradiation failed to resume the extrapolation 



of the growth curve for the initial x-ray irradiation as 

seen in Figures l7a and b. This might indicate that sorne 

of the vacancies created by the ionization of F centers 

during the preceding optical bleaching do not remain and 

diffuse away before they are refilled with electrons. 

The intercept of the plot on the ti4 axis is E°/1 J 

according to equation (4), and therefore, is a measure 

of the energy required to form an initial F center by 

re-x-ray irradiation if the x-ray intensity and the crys- 

tal thickness are kept constant. £LS given in Table II, 

the values are about 0.3 x io6 for all crystals studied. 
This means that the mechanism of F-center formation due 

to re-x-ray irradiation is the same for all crystals and 

is independent of the impurity content of the crystal. 

In the case of optical bleaching of F centers by 

F-light, the plot, t/(4 - versus t, gave a straight 

line over the entire range of bleaching in accordance 

with equation (18). $orae of the results are shown in 

Figures 2la to h. In the case of water-grown KC1, a 

slight deviation from the linear relation was observed 

for an irradiation time less than 2 minutes (see Figures 

21d and e). The direction of the deviation indicates 

that the initial bleaching rate is too small to fit the 

equation. The values, n and K, obtained in the plots 

are given in Table V. n was not constant for a given 
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kind of crystal but depended on the initial concentration 

of F centers similar to the case of ilarshaw KC1. In gen- 

eral, n was larger for the crystals which contain large 

The ratios, 4/4, were approximately constant for a 

given kind of crystal, however. On the average, the ratio 

was largest for calcium-doped crystals and smallest for 

water-grown crystals except those containing Fb ions. 

This means that if' the crystals which contain the same 

initial F-center concentration are compared, 4 for the 
calcium-doped crystal is larger than that for the water- 

grown crystal. The value of K also depended on the kind 

of crystals and the initial concentration of F centers. 

In general, ; was larger for impure crystals, such as 

calcium-doped crystals. In a given kind of crystal, K 

was larger for the crystal containing large 4. There- 

fore if crystals contain the same initial concentration 

of F centers, the bleaching rate is higher for impure 

crystals. It is interesting to note that K/4 is 

approximately constant for a given kind of crystal and 

largest for the calcium-doped crystals. From the above 

arguments, the magnitude of 4/4 and K/4 may be used 
as a measure of crystal quality. From the values given 

in Table V, the following order will be assigned for 

crystal quality: 
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(1) W-KC1, W-KC1(OH), and W-KC1(Cu) 

(2) N-KC1(G20) and M-KC1(G2) 

(3) H-KC1 

(k) W-KC1(Pb) 

(5) N-KC1(O,OOlCa) 

(6) M-KC1(O.lCa) 

The above order of crysa1 quality agiees with that ob- 

tamed on the basis of the energy required to form an 

initial F center except in the case of J-KCl(Pb). The 

properties of W-KCl(OH) and W-KC1(Cu) observed in the 

experiments on x-ray coloration and optical bleaching of 

F centers were very similar to those of W-KC1. This fact 

and the optical absorption in ultraviolet region indicate 

++ - . 

that Cu and OH ions are not incorporated appreciably 

into the potassium chloride lattice when the crystals 

are grown from aqueous solution. 
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IV. SUNI"IARY OF CONCLUSIONS 

The following conclusions can be made from the 

results of the present investigation: 

1. Potassium chloride crystals of sufficient size 

for optical work can be grown from aqueous solution by 

utilizing the density convection current due to a tern- 

perature gradient. 

2. Pb ions not only promote the growth of 

potassium chloride crystals from aqueous solution but 

also modify the crystal habit due to the incorporation 

++ - ++ 
of Pb ions in the lattice. OH and Cu ions do not 

affect appreciably the growth and the habit of potassium 

chloride crystal. The incorporation of these ions into 

the lattice is expected to be negligible, as shown by 

optical absorption and the x-ray colorin and optical 

bleaching rates. 

3. F-center growth curves for x-ray irradiation 

consist of two stages as proposed by Nowick. The initial 

rapid part of the growth curve (the first stage) is due 

to the capture of electrons by vacancies which are 

present Initially in the crystals. The slow part of the 

growth curve (the second stage) is due to the capture of 

electrons by vacancies newly created during x-ray irradi- 

ation. 
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LI.. The second stage growth is approximately 

linear with irradiation time for Harshaw KC1 and melt- 

grown KC1 containing calcium ions, but not for N-KC1(G20) 

and N-KC1(G23) and water-grown crystals. 

5. The energy required to form an initial F cen- 

ter is largest for water-grown crystals and smallest for 

melt-grown crystals containing calcium ions. 

6. The rate expression for F-center growth by 

x-ray irradiation in crystals which show a linear second 

stage growth is given in the following form: 

F J (+t -F) 
cL E011°2 

with the approximate solution, 

+t 
n 

in which the first and the second terms correspond to 4 
and n, respectively. For crystals which show nonlinear 

second stage growth, the above equations are not appli- 

cable. 

7. When crystals containing secondary centers 

produced during the preceding optical bleaching of F 

centers are irradiated with x-rays, that is re-x-ray 

irradiation, the secondary centers disappear and F 
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centers are reforned. The process may conveniently be 

called the conversion of secondary centers to F centers 

by x-rays and forms a system analogous to the conversion 

of U centers to F centers by x-rays. 

8. The saine rate expression as that given for 

the initial x-ray irraaiation is applicable to F-center 

growth by re-x-ray irradiation. 

9. The energy required to form an initial F cen- 

ter in a crystal which contains secondary centers is in- 

dependent from the impurity content of the crystal. 

10. ?lost of the vacancies produced by the ioni- 

zation of F centers seem to remain in the crystal and to 

act as traps for electrons released by subsequent x-ray 

irradiation. 

li. The F-center bleaching curve for F-light 

irradiation can be represented by the following equation 

over the entire range of bleaching studied: 

- 
ILT 

with the solution 

t _ìL I 

FT K 



For lightly x-rayed crystals, 4 is nearly equal to n 
and for heavily x-rayed crystals, 4 and K are dependent 
on the magnitude of 4. 4/4 and K/4, however, are 

approximately constant for a given kind of crystal and 

can be used as a measure of crystal quality. 

12. The results of the present investigation 

permit the following conclusion on crystal quality: The 

crystal quality decreases in the following order: 

(i) W-KC1, W-KOl(OH), and J-KCl(Cu) 

(2) N-KC1(G20) and N-KC1(G23) 

(3) H-KC1 

(k) 4-KC1(Pb) 

(5) N-KC1(O.00lCa) 

(6) N-KOl(O.lCa) 
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V. SUGGESTIONS FOR FURTHER WORK 

In reviewing the course of the present investi- 

gation, some modifications in experimental technique as 

well as new experiments are suggested. 

1. In order to eliminate nonuniform coloration 

by x-rays and nonuniform bleaching of F centers by F- 

light, it is desirable to measure the absorption spectrum 

of a thin section of the crystal from the direction per- 

pendicular to that of irradiation. Another approach to 

the problem is the use of '-rays which are more pene- 

trating than x-rays. 

2. Although heavily x-rayed crystals behave like 

additively colored crystals under F-light irradiation, 

it is recommended that additively colored crystals be 

used for experiments on the optical bleaching of F cen- 

ters and on the conversion of secondary centers to F-cen- 

ters by x-rays since this eliminates the factor which 

arises from the recoxabination of electrons and holes. 

3. Before any further work is done on the kinet- 

ics of the optical bleaching of F centers, it is highly 

desirable to examine the properties of the secondary cen- 

ters which are formed during the optical bleaching of F 

centers, especially on the models, the mechanism of for- 

mation, and the optical absorptions arising from excited 



states of the secondary centers. If the optical ab- 

sorptions due to excited states overlap with the F band 

absorption as expected from experiments on the dichroic 

properties of the secondary centers, the so-called F 

band will not be a true F band when secondary centers 

are present in the crystal, and will be composed of the 

F band and the absorption bands due to the excited states 

of various secondary centers. 



TABLE I. Values of a, x4, and E°/r J for F-center growth during initial x-ray 
irradiation in Harshaw and calcium-doped KC1 crystals. 

Crystal Thickness a x lO6 o x io6 E 
x io]6 

(cm) (cni3 min) (cxn3) (cm3 mm) 

H-KOl-9 0.040 0.032 2.6k < 0.5 
H-K0l-ll 0.OkO 0.031 2.49 K 0.5 
H-KCl-7 0.058 0.025 2.39 < 0.5 
H-KCl-7(9) 0.018 2.2 <0.5 
H-KC1-9a 0.040 0.033 1.85 <0.5 

N-KC1(0.00lCa) 0.040 0.033 5.53 <0.5 
N-KC1(0.lOa) 0.040 0.016 17.24 <0.5 



TABLE II. Values of a, ¿4, n, and E°/1 J for F-center growth during re-x-ray 
irradiation in various KOl crystals. 

Crystal Thickness a x 4 x io6 n x io16 x io16 

(cm) (cm3 min) (cm3) (cm) (cm3 mm) 

H-Rd-h I 0.040 0.031 4.05 4.20 0.35 

II 0.040 0.031 4.60 '4.47 0.26 

H-KC1-9a I 0.040 0.033 3.58 3.83 0.29 

II 0.040 0.033 4.20 4.35 0.24 

N-ROi 
II 0.040 0.033 6.57 6.88 0.34 

(O. OOlCa) 

N-ROi 
I 0.040 0.016 10.35 18.80 '--0.3 

(0 i Ca) 
II 0.040 0.016 17.85 19.09 -0.3 

W-KC1-2 I 0.040 0.040 4.35 3.32 0.31 

II 0.040 0.028 '1.48 4.21 0.24 

W-KC1-3 I 0.042 0.045 4.16 3-54 0.31 

W-KOi(OH) I 0.040 0.049 14.53 2.95 0.22 

W-KC1(Ou) I 0.040 0.04-8 '4.38 3.30 0.28 

J-KCi(Pb) I 0.046 ---0.061 6.11 ---- -0.3 



TABL1 III. Values of 4, 4, K, and £14 for optical bleaching of F cen- 
ters in lightly x-rayed Harshaw NaUl crystals for initial F-center 

concentrations in the ranges - and io16 lQl7 cm. 
Data from Figures 6 and 7 in reference 23 (pages 38 and 439). 

Bleaching light intensity 0.87 x l0 quanta/cm2 sec. 

Curve Thickness 4 4 t 4 K 

(cm) (cm3) (cm3) (cm3) (cm3 min) (min) 

I 0.635 0.314x1016 O.35x 1016 +0.Olx 1016 O.08x 1016 0.24 

II 0.635 0.63 0.62 -0.01 0.13 0.21 

III 0.635 1.42 1.39 -0.03 0.22 0.15 

I 0.064 0.32xl017 0.33x1017 +0.Qlx 1017 0,06x1017 0.19 

II 0.064 0.67 0.69 +0.02 0.13 0.19 

III 0.064 1.44 1.48 +0.04- 0.38 0.26 

C' 



TABLE IV. Values of' n, 4, and K for optical bleaching of F centers in 

lightly x-rayed. Harshaw NaO]. crystals for various bleaching light in- 

tensities at initial F-center concentrations of 3.1 x lolo and 

1.4 x io17 cin3. Data from Figures 8 and 9 in reference 23 (page 439). 

= 0.87 x l0 quanta/cm2 sec. 

Curve Thickness Bleaching 4 4 4 K Relative 
light 

(cm) intensity 3 (cm ) (cm ) 
-1 

value of 
(cm ) (cm min ) K 

1 0.064 1.00 3.1x1016 3.24x1016 +0.14x1016 0,56x1016 100 

II 0.064 0.734 I 3.1 3.37 +0.27 0.37 0.66 

III 0.064 0.305 I 3.1 3.05 -0.05 0.23 0.41 

I 0.064 1.00 I 1,4x1017 1,45x1017 +0,05x1017 0,33x1017 1.00 

II 0.064 0.734 I 1.4 1.60 +0.20 0.20 0.61 

III 0.064 0.305 I, 1.4 1.61 +0.21 0.12 0.36 



TABLE V. Values of 4, n, K, K/4, and 4/4 for optical bleaching of F centers 
in various x-rayed KC1 crystals 

Crystal Exptl. Thickness 

(cm) 

4xiO6 
(cm ) 

nxlO6 
(cm ) 

KxlO6 

(cm min ) 

K/4 

(xnln ) 

4/4 

H-KC1-l1 I O.Ol.O '4.68 3.75 9.3 1.98 0.80 

II o.oqo 6.50 k.61 11.1 1.71 0.71 

III 0.040 8.00 5.13 13.9 1.7L1 0.64 

H-KC1-9a I 0.040 k.25 3.L40 7.5 1.77 0.80 

II 0.040 6.23 4.10 133 2.14 0.66 
III 0.040 8.23 4.98 15.2 1.84- 0.61 

N-KCÌ 
(0.00lCa) I 0.04-0 7.68 6.41 24.4 3.18 0.84 

II 0.04-0 4.10 3.22 12.5 3.05 0.79 
III 0.040 9.55 7.51 27.0 2.83 0.79 

Zf-KC1 
(Q.lCa) I 0.040 10.55 9.21 ----100 9.5 0.87 

II 0.04-0 18.58 16.34 ----100 ---5.4 0.88 
III 0.040 20.25 16.78 -S-100 --'k.9 0.83 

N-KOl(G20) I 0.042 6.67 4.81 5.2 0.77 0.72 

M-KC1(G23) I 0.040 7.83 5.15 5.0 04 0.66 



Table V - Continued 

Crystal Exptl. Thickness 4xlO6 4xlO6 KxlO6 £14 n/4 
order 

(cm) (cni (cnÇ3) (cm3min) (rnin) 

W-KC1-2 I 0.040 6.80 4.08 --2.5 --0.37 0.60 

II 0.040 8.05 4.52 ---2.5 ---0.31 0.56 

III 0.040 9.40 4.77 -2.5 --0.27 0.51 

W-KC1-3 I 0.042 7.10 4.35 "- 2.7 '- 0.38 0.61 

II 0.042 9.12 '4.95 '-3.3 '---0.36 0.54 

W-KC1(OH) I 0.040 6.75 4.20 2.9 0.43 0.62 

II 0.040 8.08 4.56 3.4 0.42 0.56 

W-KC1(Cu) I 0.040 7.08 4.38 3.3 0.47 02 
II 0.040 8.15 4.62 4.0 0.49 0.57 

w-KO1(Pb) 1 0.046 8.02 5.79 17 2.1 0.72 
II 0.046 8.98 5.84 17 1.9 0.65 
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