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ABSTRACT 

PHILBRICK, CHARLES RUSSELL. Studies of Centers Produced in Sapphire 

and Ruby by Gamma Radiation. (Under the direction of WILLIAM ROBERT 

DAVIS and MARVIN KENT MOSS.) 

The centers produced by gamma radiation in sapphire and ruby 

crystals have been studied using several experimental techniques, The 

optical absorption of gamma-radiation-induced center bands has been 

studied using plane polarized light to investigate the optical proper­

ties along axes perpendicular and parallel to the C-axis. This tech­

nique allows determination of the anisotropy of the radiation-produced 

centers. Optical absorption bands were produced by gamma irradiation 

in the sapphire samples at approximately 6.0, 5.5, 4.2 and 3,0 ev for 

absorption measurements with the plane of polarization parallel to the 

C-axis. For absorption measurements with the plane of polarization 

perpendicular to the C-axis, the gamma-radiation-produced bands were 

found at approximately 6.0, 5.6, 4.55 and 3.1 ev. The optical absorp­

tion spectra were resolved into Gaussian curves using a computer 

reduction. The 6 ev absorption band, which has not previously been 

reported in gamma-irradiated sapphire, is associated with an electron 

bound at an interstitial aluminum ion. The band at 3 ev together with 

its anisotropy were found to correspond well with the predic~ion of 

Bartram et al. (1965) based on ESR studies of a center which was 

attributed to an 0 adjacent to a charge deficient cation site. The 

optical absorption studies of the irradiated ruby samples showed that 

prominent center bands occur at 2.64, 4.30, 5.84 and 6.1 ev. The 

center bands at 2.64 and 4.3 ev possess negative anisotropy and the 

5.84 ev band exhibits positive anisotropy. In addition, the results 

of studies of glow curve measurements, thermoluminescent emission, 
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electrical conduction and step annealing experiments are reported and 

discussed for the centers produced in ruby and sapphire crystals by 

gamma radiation. Also, the thermal activation energies of the sapphire 

centers have been calculated by three different methods and were 

found to be in agreement. 
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GENERAL INTRODUCTION 

Crystalline Defects and Impurities 

! 

The periodic nature of crystalline structures was fir~t noted in 

x-raydiffraction studies early in the twentieth century. The extreme 

importance of a relatively small number of deviations from the natural 

periodicity (extended defects), localized defects and impurity ions 

which occur in the actual crystals has been clearly realized in recent 

years. In particular it is now clear that an understanding of the 

defects and deviations from the ideal crystalline structure is neces-

sary to explain many of the physical properties of crystals. 

Very few crystals can be obtained which do not have a large number 

of .natural defects in their crystalline structure. For example, dislo-

cations of crystalline planes, faults, vacant lattice points, intersti-

tial ions and impurity ioris constitute some of the defects which occur 

in natural and synthetic crystals. High energy radiations of many 

types, including electromagnetic radiation as well as particle radia-

tion ·«!:!.·, x-rays, gamma rays, neutrons, and alpha and beta particles) 

are capable of producing additional defects in the crystalline lattice 

as well as changing the valance state of existing center defects. 

Mechanism of Radiation Damage and Defect Production 

Irradiation with high energy particles such as are present in 

nuclear reactors produce complicated disruptions of lattice bonds and 

c'rystal symmetry structures, together with a large number of vacancies 

and intersti.tials. Attention will be focused in this paper on defects 

produced by gamma radiationo X-rays and gamma rays interact with the 

electrons of the crystal with essentially all of the interactions 

-------- ----- ----------------
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occuring in the energy region where Compton scattering and photoelectric 

effects are predominent (the energy of gamma radiation used in these 

experiments is below 1.5 Mev). 

In the process of defect production by ionizing radiation, the im­

pinging gamma ray may interact with a large number of electrons and 

deliver varying amounts of energy by a series of collision events. 

Many holes and conduction band electrons are produced. The electrons 

which are stripped from atoms or ions in the interaction are free to 

move through the crystal and they may have secondary interactions with 

other electrons or with nuclei of lattice atoms. 

Direct interaction of gamma radiation with lattice atoms through 

the (y - n) reaction, or with high energy electrons produced by 

Compton scattering, can also produce vacancies and interstitials. 

Other mechanisms have been propose~ which may also result in displac•­

ment of lattice ions, even when there is insufficient energy for direct 

interaction. For example, the possibility of multiple ionization of 

negative ions followed by ejection of a positive ion to an interstitial 

site has been proposed by Varley (1954) (see discussion of Chadderton, 

1965)~ 

Two of the most important ways in which ionizing radiation pro­

duces centers in crystalline materials are: (1) filling electron traps 

which are initially present in the defect structure with electrons 

which result from the ionization process; (2) changing the valence 

states of impurity ions which are initially pr.esent. The amount of 

energy given to an atom by interaction with Compton electrons is rela­

tively small compared with the energy needed to displace the atom from 

its lattice site.' Compton and Arnold (1961) have de\tzermined that 



approximately 90 ~ 5 ev is necessary to displace an oxygen ion and 

50 + 5 ev is necessary to displace an aluminum ion in sapphire. Dis­

cussions of defect production and displacement of atoms are given by 

Chadderton (1965) and Dienes and Vineyard (1957). 

Radiation-Produced Centers 

The simple point defects which involve localized distu~bances 

of the symmetry of the crystalline lattice may be classified into three 

main types. The Schottky effect consists of a pair of vacancies, one 

associated with a cation site and the other associated with an anion 

site, thus preserving the macroscopic charge neutrality of the crystal 

(see Figure la). The Frenkel defect consists of an interstitial and 

vacancy pair in which either a cation or anion is removed from its 

normal lattice point and resides at some interstitial site in the 

lattice (Figure lb). A third important. type of point defect is ari im­

purity atom in an ionized state. This third type of defect occurs in 

all crystals. Impurity atoms may reside substitotionally in normal 

lattice sites or they may occupy interstitial sites and produce some 

degree of lattice distortion. Any of the various types of point de­

fects produce a localized distortion of the crystalline lattice, and 

of the potential field associated with the defect. These distortions 

can significantly influence the surrounding otherwise periodic 

potential field of the normal lattice over distances efxseveral 

atomic dimensions. Cation and anii.on· .vacancies formed in the lattice 

may act as traps for holes and electrons, respectively. The sdmplest 

type of center which has been studied and the one most thoroughly 

understood is the F-center. An F-center may be described as an 

3 
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Figure _la. Representation of a Schottky defect 
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Figure lb. Representation of a Frenkel defect 
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electron bound in an anion vacancyo Most of the work in the field of 

radiation damage has been performed on the alkali halide and alkali­

earth halide crystals. Schulman and Compton (1962), Garlick (1958) 

and Billington and Crawford (1961) have discussed experimental in­

vestigations of some radiation-produced centers. 

Point defects either initially present in the lattice or pro­

duced by radiation have associated potential fields. These potential 

fields can trap electrons or holes and form color centers. The 

color centers may be observed under a number of experimental condi­

tions. The emission, absorption and other physical characteristics 

associated with this type of radiation-produced centers have been 

discussed by Bube (1960), Leverenz (1950), Billington (1962), Curie 

(1963), and Mott and Gurney (1964). 

A way of visualizing a radiation-produced center has been 

described by Crawford (1965) (see Figure 2.) The point defect is 

located at position I and may represent either a center defect or an 

impurity ion; H represents the host lattice ions; E1 , E2 , ••• ,En 

represent excited states of the center; and T1 , T2 , ••• , Tn repre­

sent electron traps. This simple diagram presents a crude model for 

visualizing center defects; however, it is of little use in de­

scribing physical phenomena associated with centers. A more useful 

representation of a center is obtained by using the conf igurational 

coordinate system. The configurational coordinate scheme, although 

often difficult to characterize for a particular center, yields a 

suitable model for describing optical absorption, thermoluminescent 

emission, photoconductivity, photoemission and symmetry properties 

associated with a center. Figure 3 presents a general diagram of 

5 
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CONDUCTION 
BAND 

H I H 

VALENCE 
BAND 

Figure 2. Diagram of the energy bands associated with a center 
illustrating the influence of a center trap on the 
periodic potential of the lattice (after Crawford, 1965) 



Ug 

11 
·~e 

Distance 

Ug: potential associated with the ground state 

U : potential of a shallow excited state 
e 

hv: optical activation energy 

E : thermal activation energy at low temperatures 
0 

ET: thermal activation energy at high temperatures 
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Figure 3. Configurational coordinate curves indicating the thermal and 
optical activation energies of a center (after Curie, 1963) 



a configurational coordin,aJte scheme which can be represented precisely 

for some centers when sufficient experimental data over suitable 

temperature ranges has been obtainedo The essential assumption upon 

which the configurational co~rdinate scheme is based is the Franck­

Condon principle, which assumes that optical emission and absorption 

occur without a change in the position of the ions involved. The 

configurational coordinate system reconciles the disparity of other 

methods of visualizing a center which results from the large difference 

between the thermal and optical activation energies associated with a 

center. 

Very few radiation-produced centers in crystals are understood in 

great detail, even in cases where considerable experimental data is 

available on various physical properties associated with the center. 

A large number of experimental techniques for studying radiation-pro­

duced defects are available at the present time, and a considerable 

amount of investigation is being conducted as evidenced by the in­

creasing number of publications treating various centers in a great 

variety of crystalline lattices. In order to understand the details 

of any radiation-produced center, a large number of different types 

of measurements on various physical properties must be performed. 

Some of the more useful experimental investigations include optical 

absorption measurements, absorption and emission characteristics 

under polarized excitation, thermoluminescence, electrical cond~ction, 

paramagnetic resonance measurements, photoconduction measurements, 

optical bleaching and thermal annealing studies of the center together 

with measurements of all of these properties over various temperature 

ranges. 

8 



The Program of Experimental Study of Sapphire and Ruby 

The physical properties of sapphire (Al203) and ruby (Al203 :cr3+) 

have made them important materials in engineering applications, partic-

ularly in the last decade, The importance of ruby as a laser material 

would be a sufficient reason for undertaking a detail study of its 

physical properties and characteristics under ionizing radiation. 1 

Also, sapphire is an important material in engineering application in-

valving space research where various types of ionizing radiation are 

encountered. Some studies of the radiation-produced centers in ruby 

and sapphire, the host lattice of ruby, have been performed previously 

and will be discussed in later sections; however, the results found in 

the literature are incompleteo The purpose of this research has been 

9 

to carry out a detailed study of the physical properties associated with 

the centers produced by ionizing radiation in ruby and sapphire. The 

study should offer a better approach to understanding the nature of the 

centers and the energy transfer mechanisms occuring in the irradiated 

material. The experimental measurements which have been performed on 

radiation-produced centers include investigations of the optical ab-

sorption and associated anisotropy of the centers using linearly polar-

ized light, thermoluminescence and associated electrical conduction, 

emission studies and other investigations correlating the optical 

absorption and thermoluminescence spectra through step annealing 

1 The effect of the radiation-produced centers in ruby lasers has 
been studied previously, Philbrick, et al. (1964a; 1964b; 1964c; 1965a; 
1965b) and Moss et.!.!_. (1964a; 1964b). In these studies it was shown 
that the energy output of the ruby laser could at times be significant­
ly increased by the formation of center defects produced by gamma 
radiation. (Davis et al., 1965). 



10 

experiments (see Appendix A regarding some details of measurements 

and apparatus). 

Samples 

The structure of the sapphire lattice may be viewed in terms of 

bipyramids forming the Al2o3 molecule which indicate its rhombohedral 

symmetry (Gamble~ al. 1965). Another way of considering the sapphire 

lattice is to view the lattice as a slightly distorted hexagonal 

structure resulting in a close packing of the oxygen ions with 

aluminum ions at some of the interstices (Wyckoff, 1964). This view 

more clearly indicates the local symmetry properties associated with 

the C-axis. The bands of the Al2o3 lattice have been postulated to 

have a 20% covalent character (Laurance~ al., 1962). Ruby is 

formed by doping a small amount of cr2o3 into the Al203 at the time the 

crystal is grown. The cr3+ ion substitutes directly for the Al3+ ion 

in the sapphire lattice, distorting the lattice slightly. 

The ruby and sapphire samples used in these experiments were ob-

tained from the Linde Company, and were fabricated in cylindrical 

discs approximately 10 mm diameter and 2, 4 and 10 mm thick. Crystals 

were used in which the C-axis was oriented both perpendicular and 

parallel to the axis of the disc. An impurity analysis of samples 

obtained from the same supplier has been given by other authors 

(Gabrysh et al., 1963; Tallan and Graham, 1965; Dasgupta, 1966; Gibbs 

~al., 1957). The sapphire samples were nominally pure and the ruby 

samples contained 0.005%, 0.05%, and 0.5% by weight of cr2o3 • The 

disc samples were used for optical absorption measurements, thermo-

luminescence and electrical conductivity studies, and emission spectral 



studies. The powdered samples for the thermoluminescence studies were 

prepared as 10 + Ool mg samples, powdered to pass through number 200 

mesh and bonded uniformally on sample holders by evaporating cc14 • 

The samples were kept in darkness between the irradiation and 

the time the measurements were performed. Light bleaching effects 

have been observed in the optical spectra of the sapphire samples dur-

ing our measurements and have also been noted by Rieke and Daniels 

(1957). 

Apparatus 

11 

A Cary 14 Spectrophotometer was used to obtain the optical absorp-

tion data. The spectrophotometer was flushed with dry N2 in many of 

the experiments in order to extend the ultraviolet capability of the in-

strument to approximately 6.7 ev. The anisotropy of the center bands 

produced in sapphire by ionizing radiation was studied using a patr of 

2 special ultraviolet transmitting calcite prisms. The prisms were 

mounted for convenient use in the Cary 14 Spectrophotometer. The 

samples used in the experiments for the polarization measurements were 

oriented to within + 3° with the C-axis in the plane of the disc. The 

angular position of the C-axis in the plane of the disc was determined 

by observing the optical center absorption as a'function of angle, and 

comparing the absorption data to that obtained for crystals in which 

the C-axis was known to be parallel to the axis of the sapphire disc. 

2 The polarizing prisms obtained from Karl Lambrecht-Crystal 
Optics are of the 'Clan-Thompson type with special ultraviolet trans­
mitting interface material. 
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The angular position of the ,C-axis relative to the plane of polariza-

tion is only accurate to within about ! 5° for the sapphire sample 

due to the small absorption associated with the sapphire centers. 

The relative angle of the C-axis and the plane of polarization could 

be determined to within + 2~ for the ruby sample" The anisotropy is 

only studied to approximately 5,9 ev because of absorption in the 

calcite prisms" The vacuum ultraviolet measurements were obtained from 

a McPhereson Model 225 Spectrometer, 

Figure 4 presents a block diagram of the experimental apparatus 

used for the thermoluminescence and electrical conduction measurements. 

Approximately linear heating rates of about 0.37°C/sec were used for 

the thermoluminescent glow curves and electrical conduction measure-

mentso The temperature associated with a glow peak reproduces from 

sample to sample to within better than 5°C for the same orientation. 

Dry nitrogen was used to flush the sample compartment during the thermo-

luminescence and conductivity measurements in order to minimize the 

effects of water vapor on the surface (Rieke and Daniels, 1957; 

Cohen, 1960), 

Two gamma radiation facilities were used in these exper::iments. 

The co60 gamma radiation facility had a dose rate of approximately 

137 200,000 R/hr, and the Cs gamma facility had a dose rate of 5,700 R/hr. 

The calibration is for air as determined using ionization chambers and 

ferric sulfate dosimetry, (Andrews, 1961). 

The experimental results have been separated into two major 

divisions, one for studies of sapphire and the other for studies of 

ruby. Each of these major divisions is subdivided into several 

sections according to the type of experiment being reported, A 



Iron-Cons tan tan 
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Figure 4. Block diagram of the experimental apparatus used for 
the thermoluminescence and electrical conductivity 
experiments 
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discussion and analysis of these results will be presented which 

correlates the studies of ruby and sapphire, describes the signifi­

cance of the experimental investigations, and discusses the conclu­

sions which may be drawn" A further discussion of the measurements 

and experimental apparatus is presented in Appendix A. 
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RADIATION-PRODUCED DEFECTS IN SAPPHIRE 

Introduction to Sapphire Studies 

Several authors have studied the properties of radiation-produced 

defects. The optical absorption centers have been studied by Hunt and 

Schuler (1953), Levy and Dienes (1955), Arnold and Compton (1960), 

Mitchell et alo (1960), Levy (1961 a and b), Compton and Arnold (1961), 

Lehmann and Gunthard (1964)0 The thermoluminescent characteristics of 

sapphire have been studied by Rieke and Daniels (1957) and Gabrysh 

15 

et alo (1962), and the symmetry properties of radiation-produced defects 

were report~d using ESR techniques by Gamble et al. (1964), Gamble et al. 

(1965) and Bartram~ alo (1965). The studies that have been made pre­

viously have led to at least tentative assignment of models for some 

radiation-produced centers which are important not only from the stand­

point of defect structure studies but also in damage mechanism studies. 

Also, the recent ESR studies have contributed significantly to the 

identification of the center structure of sapphire. In order to better 

understand the properties of the centers produced by ionizing radiation, 

a detailed study and comparison of the optical absorption and thermo­

luminescent emission associated with the centers has been performed. 

Some qualitative studies of electrical conduction have also been made. 

This paper describes and correlates these studies and also considers 

other investigations which led to understanding of some of the prop­

erties of the centers in gamma-irradiated Al2o3 crystals. 

Because thermoluminescence is only observed in irradiated sap­

phire crystals and sapphire also exhibits characteristic radiation 



induced absorption bands, there is reason to expect a correlation 

between the thermoluminescence and the absorption associated with the 

optical absorption bands. It will be seen that this correlation 

does exist, and that a study of the close association between thermal 

glow peaks and the optical absorption spectrum contributes significant­

ly to an understanding of the detail nature of the radiation-produced 

centers. This approach can aid considerably in the identification of 

the radiation induced centers. 

The configurational coordinate system may be used as a model 

to explain the connection between the optical and thermal activation 

energies in a consistent manner for many centers which have been pre­

viously studied in other simpler cyrstals (see the discussions given 

by Curie, 1963 and Leverenz, 1950). Using the ideas of the configura­

tional coordinate system, Leverenz (1950) described the disparity 

between the optical and thermal activation energies measured for the 

same electron traps as representing the difference between the 

mechanism of excitation, Upon optical excitation, the occasional 

stimulating photon is absorbed by a trapped electron and the electron 

is either raised to a higher energy level or released to the conduction 

band. On the other hand, the phonons have a high probability of 

releasing an electron and have the opportunity to act at the most 

propitious times, in order to release a trapped electron with a much 

smaller energy than the optical activation energy of the center. 

Reike and Daniels (1957) have studied the thermoluminescence 

from several different types of sapphire samples with various impuri­

ties and report four prominent glow peaks occuring at approximately 

16 
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0 0 103, 123, 164 and 236 C. They find the 123 C peak occurs in most 

aluminum oxide samples but vanishes with a high degree of calcination 

and is therefore taken to be connected with the moisture content of 

the crystal. 0 The 103 C peak occurs in most samples which do not 

0 0 show the 123 C peak. The 103, 123 and 164 C peaks are attributed to 

lattice imperfection rather than impurity centers. The 103 and 

0 123 C trapping centers are in regions which should be positively 

charged on the basis of their experiments. 

The anistropy associated with centers in neutron-irradiated 

sapphire has been discussed by Mitchell et al. (196) and further 

results were discussed by Bartram et al. (1965). The anistropy has 

been defined to be positive when plane polarized light with the plane 

of polarization (the plane of the electric field vector) parallel: 

to the C-axis is absorbed more strongly than light polarized perpendicular 

to the C-axis. We will adhere to this convention throughout the dis-

cussion. 

Gamble~ al. (1964, 1965) have proposed that defects initially 

present in sapphire include cation sites which are deficient in positive 

charge. The deficiency is caused by virtue of the cation site being 

vacant or containing monovalent or divalent substitutional impurities 

in their highest oxidation states. At least some of the cation defects 

are compensated by anion vacancies. Gamma irradiation of these crystals 

creates electron and hole pairs and some of the electrons are trapped at 

anion vacancies with the corresponding holes trapped at charge deficient 

cation sites. One of the paramagnetic absorption centers has been 

attributed to initially present interstitial oxygen atoms which are 
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ionized by the gamma irradiation producing absorption corresponding to 

interstitial O+. Bartram et alo (1965) have extended the interpretation 

of these centers and associate the interstitial oxygen atom (0°) with an 

optical absorption band at 2 ev which is predicted to have negative 

anisotropy. The ESR absorption center associated with the interstitial 

o+ is predicted to have no optical absorption associated with it. The 

ESR spectrum attributed to the 0- adjacent to a charge deficient cation 

site has been correlated with an optical absorption band at 3.08 ev. 

This band is predicted to have positive anisotropy. Tentative assign­

ment of an additional ESR center by Gamble et al. (1965) suggests the 

formation of (Al0) 3- molecule which would occupy an adjacent pair of 

anion sites within the same Al2o3 molecule. However, this center has 

not been correlated with optical absorptiono Gamble et al. (1964) have 

observed that the intensity of the ESR spectrum corresponding to this 

center saturates with a dose of approximately 3 x 104 R of co60 gamma 

rays at liquid nitrogen temperatures corresponding to a saturation 

of about 4 x 1015 spins/cm3 • The measurements show that heating to 250°C 

anneals essentially all of the ESR absorption (a knee is observed in 

the anneal curve in the vacinity of 100°C). Also, Gamble et al. (1964) 

noted that the number of holes greatly exceeds the number of electrons 

indicating that some of the anion vacancies can trap two electrons and 

form a center with 0 spin, 
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Experimental Measurements and Studies 

Absorption Data 

The center defects produced by reactor irradiation, and also the 

centers produced by ionizing radiation alone, can result in optical 

absQrption bands which occur in the visible and ultraviolet spectral 

regions. The optical absorption bands due to the radiation-produced 

centers in sapphire have been discussed by several authors (these 

studies were previously indicated). A study of the radiation-induced 

optical absorption bands of sapphire for both orientations of the 

optic axis, perpend:i,.cular and parallel to the monochromatic beam· of the 

spectrometer, has been performed and the results are p.resented in 

Figures 5(a) and (b) and in Figures 6(a) and (b). 

The prominent center band absorption maxima for linearly polar-

ized light parallel to the C-axis occur at approximately 5.5 ev and 

3 ev. Smaller center bands occur in the vacinity of 6.0, 4.2 and 2 ev. 

' The results of the energies and absorption values for the larger center 

bands agree well with studies of Levy (196lb) of gamma-irradiation-

produced center bands of sapphire where the orientation of the 

c-axis is 90° to the spectrophotometer beam. Levy (196lb) 

found that the center bands of sapphire could be closely fit by 

Gaussian curves and an approximate Gaussian curve fit for the center 

bands is shown. The·qaussian curves were fit through the use of a 

suitable computer program (see Appendix B). 

The gamma-radiation-produced center absorption spectrum for the 

case of linearly polarized light with the plane of polarization 

perpendicular to the C-axis consists of unresolved peaks at approxi-

mately 6.0, 5.6, 4.55 and 3.1 ev. The small absorption associated 
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with each of these centers and their strong overlap makes resolution 

into Gaussian peaks difficulto The parameters associated with the 

optical center bands are used later in the calculations. 

The weak center band in the vacinity of 6 ev was observed alo~g 

both crystalline axes of the gannna-irradiated samples. This center 

band has not been previously reported as a result of gamma irradiation, 

Close examination of Levy's (196lb) published spectrum indicates a 

possible center in this region, although it is not reported. This 

center band is easily discernable in these studies using the Cary 14 

Spectrophotometer. The anisotropy and Gaussian resolution of this 

center could not be determined because of the limited transmission of 

the polorizing prisms. 

The growth of radiation-produced absorption bands as a function 

60 137 of gamma radiation dose has been studied under Co and Cs radiation 

and some of the results are presented in Figure 7. The center band 

absorption saturates at different dosages for different centers. Levy 

(196lb) reported that the optical absorption produced by co60 

irradiation saturates by 3 x 104 R and does not further increase with 

9 doses to 10 R. The results concur with the observation of Levy that 

the center band absorption of sapphire has reached saturation with a 

dose of 3 x 104 R. However, the center band occuring at 3 ev reaches 

its saturation level with a dose of 5 x 103 R. The large center band 

occuring in the ultraviolet region saturates at a dose on the order of 

104 R. The growth curves shown in Figure 7 correspondes to the absorption 

of the unresolved center band peaks. The comparison of growth rates 

and saturation levels of the optical center bands with similar results 
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for the ESR absorption of a particular center could give an additional 

means of correlating and identifying radiation-produced centers. 
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The weak absorption of a small center band indicated in the vicinity· 

of 2 ev makes it difficult to assign an anisotropy to this center. 

Bartram~ al. (1965) predicted a negative anisotropy for this center, 

based on their assignment of a center at this energy associated with an 

interstitial oxygen atom (O"). The large center band formed in the 

visible in the vicinity of 3o08 ev was found to possess positive 

anisotropy. The energy and anisotropy observed for this center are in 

agr~ement with the prediction of Bartram et al. (1965) for their calcu­

lation based on ESR measurements of a center which was predicted to 

correspond to an optical center band at 2.93 ev. The two major center 

bands occuring in the ultraviolet region were found to possess negative 

anisotropy. 

The vacuum ultraviolet absorption spectrum for a O" sapphire 

sample is shown in Figure 8. A small decrease in· the absorption on the 

high energy absorption edge is noted after gamma irradiation. This 

effect could be indicative of a valance change of an impurity ion. 

No additional detectable absorption bands are formed in the vacuum 

ultraviolet region by gamma irradiation (also see other recent results 

of Heath and Sacher, 1966). 

The vacuum ultraviolet spectrum of unirradiated sapphire possesses 

a peak in the vacinity of 7.0 ev,, This peak has also been reported by 

Loh (1966) in sapphire samples which contain very dilute concentrations 

of chromium. Consequently, chromium is probably a minor impurity ion in 

the nominally pure sapphire samples used in these experiments. 
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Thermoluminescence and Comments on Qualitative Electrical Conductivity 

Studies 

28 

Thermoluminescent glow curves and corresponding electrical conducr 

tion current measurements have been obtained for sapphire samples along 

axes both parallel and perpendicular to the C-axis of the cyrstal. 

Irradiation of the samples was made at room temperature and the samples 

were then heated at a uniform rate to approximately 400°C. The inset 

of figure 9 gives a typical heating curve and indicates thethermal 

gradient across the 4 mm samples used in these experiments. All of the 

temperature values given in the figures are for a thermocouple inserted 

at the bottom of the sample. The temperature associated with the glow 

peak reproduces on samples of the same orientation and dose to better 

than 5°C. A strong correlation is apparent between the peaks seen in 

the thermoluminescent glow curves and the peaks in the corresponding 

current measurement 

Each of the thermoluminescent glow peaks can be related to a 

corresponding peak in electrical conduction except for one high tempera­

ture peak. This particular peak exhibits electrical current but 

apparently does not have a corresponding thermoluminescent peak. 

The relative intensity of the luminescence as a function of 

temperature for a powdered sapphire sample is presented inFigure 9. 

The glow curve appears as a composition of several unresolved glow 

peaks. The study of the polarization of the luminescence of a par".'" 

ticular center has been recognized as a useful way to study a par~ 

ticular emission center (Garlick, 1958). Although the polarization 

of the emission was not studied, the emission intensity was observed 

preferentially along axes parallel and perpendicular to the C-axis. 
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This study leads to a similar and interesting result for the center 

which is being detrapped, since the detrapping was in this case the 

rate determining process. 

The asynnnetry of the emission intensity for the data presented 

here indicates the anisotropy of the potential field associated with 

the centers in sapphire. Figures 10 (a) and (b) show the thermo­

luminescence with the indicated preferential directions along which 

the measurement of the emission was made. A large difference is 

seen in the emission intensity and the number of discernable peaks 

for emission along the optical axis as compared with that perpendicu­

lar to the optical C-axis. Since cylindrical discs were used in 

these experiments, some difficulty arises in comparing the emission 

intensities parallel and perpendicular to the C-axis; however, the 

~esults do lead to some understanding of the symmetry of the center. 

Assuming that the symmetry axis of the crystals is also one of 

the symmetry axes of the center, then the glow curves for the 0° 

crystal (C-axis parallel to the axis of the disc) in the case in 

which the luminescence is observed preferentially along the C-axis 

are more easily interpretable. This result may then be discussed in 

terms of the field synnnetries of the center. The results presented 

for the other orientations of the C-axis are not easily interpretable 

since the luminescence observed in each of these other cases is due 

to emission components both perpendicular and parallel to the C-axis. 

The results point out the complications that can arise in studies of 

trapping centers and emission centers in anisot~opic crystals. 
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