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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 praduced 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 perpéndicular 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 prediction 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 firét noted in
x-raytﬂiﬁraction 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 ioms
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 ions 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‘(g:g:, 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
crystal symmetry structures, together with a large number of vacancies
and interstitials. Attention will be focused in this paper on defects
produced by gamma radiation. 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 proposed which may also result in displace-
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 present. 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 determined 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 distupbances
of the symmetry of the crystalline lattice may be classified into three
main types. The Schottky effect consists of a pair of wacancies, 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 1lb). A third important type of point defect is an im-
purity atom in an ionized state. This third type of defect occurs in
all crystals. Impurity atoms may reside substittitionally 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 ef:'several
atomic dimensions. Cation and anfioa vacancies formed in the lattice
may act as traps for holes and electrons, respectively. The sfimplest
type of center which has been studied and the one most thoroughly

undérstood is the F-center. An F-center may be described as an
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electron bound in an anion vacancy. 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 ionsj; El’ E ooy E

2? n

represeht excited states of the center; and Tl’ T2’ oy 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 configurational
coordinate system. The configurational coordinate scheme, althcugh
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
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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)




Energy

Distance

Ug: potential associated with the ground state

U : potential of a shallow excited state

hy: optical activation energy

: thermal activation energy at low temperatures

thermal activation energy at high temperatures

Figure 3. Configurational coordinate curves indicating the thermal and
optical activation energies of a center (after Curie, 1963)




a configurational coordingte scheme which can be represented precisely
for some centers when sufficient experimental data o&er suitable
temperature ranges has been obtained. The essential assumption upon
which the configurational cobrdinate 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 éenters 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 condpction,
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.



The Program of Experimental Studv of Sapphire and Ruby

The physical properties of sapphire (A1703) and ruby (A1203: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.l
Also, sapphire is an important material in engineering application in-
volving 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 incomplete. The purpose of this research has been
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
radiafion—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

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 al. (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).
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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 A1203 molecule which indicate its rhombohedral
symmetry (Gamble et 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
alumin;m 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 A1203 lattice have been postulated to
have a 20% covalent character (Laurance et al., 1962). Ruby is
formed by doping a small amount of Cr203 into the Al1,0, at the time the

273

crystal is grown. The Cr3+ ion substitutes directly for the Al3+ io

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

samples contained 0,005%, 0.05%, and 0.5% by weight of Cr The

2%:
disc samples were used for optical absorption measurements, thermo-

luminescence and electrical conductivity studies, and emission spectral
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studies. The powdered samples for the thermoluminescence studies were
prepared as 10 + 0.1l 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

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 ewv. The anisotropy of the center bands
produced in sapphire by ionizing radiation was studied using a pair of
special ultraviolet transmitting calcite prisms.2 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 4 :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.

L

2 The polarizing prisms obtained from Karl Lambrecht-Crystal
Optics are of the :Glan-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-
ments. The tempefature 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 experdments.

The 0060 gamma radiation facility had a dose rate of approximately

200,000 R/hr, and the Cs >’

gamma facility had a dose rate of 5,700 R/hr.
The calibfation 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
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discussion and analysis of these results will be presented which

correlates the studies of ruby and sapphire, describes thg 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.

14
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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 al. (1960), Levy (1961 a and b), Compton and Arnold (1961),
Lehmann and Gunthard (1964). The therﬁoluminescent characteristics of
sapphire have been studied by Rieke and Daniels (1957) and Gabrysh
et al. (1962), and the symmetry properties of radiation-produced defects
were reported using ESR techniques by Gamble et al. (1964), Gamble et al.
(1965) and Bartram et al. (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 A1203 crystals.

Because thermoluminescence is only observed in irradiated sap-

phire crystals and sapphire also exhibits characteristic radiation
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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 opticai 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
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103, 123, 164 and 236°C. They find the 123% 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. The 103°¢ peak occurs in most samples which do not

show the 123°C peak., The 103, 123 and 164°¢ peaks are attributed to
lattice imperfection rather than impurity centers. The 103 and

123°¢ 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 et 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 0. Bartram et al. (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
anidotropy. 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 (A10)3_ molecule which would occupy an adjacent pair of
anion sites within the same A1203 molecule. However, this center has
not been correlated with optical absorption. 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 lO4 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,



19

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
absorption 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, perpendicular amd parallel to the monochromatic beam of the
spectrometer, has been performed and the results are presented in
Figures 5(a) and (b) and in Figures 6(a) and (b).

The prominent center band absorption maxima fér 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.

4
The results of the energies and absorption values for the larger center

bands agree well with studies of Levy (1961b) of gamma-irradiation-
produced center bands of sapphire where the orientation of the

C-axis is 90° to the spectrophotometer beam. Levy (1961b)

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-'Gaussian 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 difficult. The parameters associated with the
optical center bands are used later in the calculationms.

The weak center band in the vacinity of 6 ev was observed along
both crystalline axes of the gamma—irradiated samples. This center
band has not been previously reported as a result of gamma irradiationm,
Close examination of Levy's (1961b) 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
of gamma radiation dose has been studied under Co60 and Cs137 radiation
and some of the results are presented in Figure 7. The center band
absorption saturates at different dosages for different centers. Levy
(1961b) reported that the optical absorption produced by Co60
irradiation saturates by 3 x lO4 R and does not further increase with
doses to 109 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

lO4 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.

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 et 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 (0°). The lérge center band formed in the
visible in the vicinity of 3.08 ev was found to possess positive
anisotropy. The energy and anisotropy observed for this center are in
agreement 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
aniso£r0py.

The vacuum ultraviolet absorption spectrum for a 0° 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 (alsoc 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 -

Thermoluminescent glow curves and corresponding electrical conducs’
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 the thermal
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 in Figure 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 asymmetry 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
results 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 interpretableo‘ This result may then be discussed in
terms of the field symmetries 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 anisotropic crystals.
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For emission predominantly perpendicular to the C-axis, glow peaks
were found at approximately 70, 126, 188, 256, 300 and 350°C. Glow
peaks occur at 154, 260 and 300°C for emission predominantly parallel to
the C-axis. The temperatures corresponding to the glow peaks are the
rasults of an average obtained from measurements made in a number of
experiments. The glow peaks observed in the vicinity of 260 and 300°C
are probably associated with the same center for each orientation of the
sapphire crystal. The 154°C glow peak observed with emission pre-
dominantly parallel to the C-axis may be an unresolved peak associated
with the 126 and 188°C glow peaks in the other orientation. The glow
peaks observed at approximately 126 and 350°C agree well with those re-
ported by Rieke and Daniels (1957).

Figures 11 (a) and 12 (a) show the typical thermal glow curves
for several gamma doses for each orientation of the sapphire crystal.
Figures 11 (b) and 12 (b) show the electrical conduction current cor-
responding to the thermolumineécent glow curve of Figure 11(a) and 12(a).
The electrical conduction current correlates well with the thermo-
luminescent emission. Thus, the thermal release of the trapped elec-
trons or holes is the rate determining step in the thermoluminescent
process. The results shown for the thermoluminescent and electrical
glow are essentially the same for five samples investigated in these
experiments. The thermoluminescent peaks generally have a correspond-
ing electrical glow peak indicating that the thermoluminescent
emigssion is associated with a nonlocalized process (Crawford, 1966).
The dashed curve for electrical conduction current in Figure 11(b) and

12 (b) is for the annealed sample. Comparison of the conduction
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current for the irradiated and annealed sample indicates that a large
number of charge carriers (holes or electrons) are released from their
traps and spend a significant amount of time in the conduction band as
free carriers. Gamma exposures to 10,000 R of 0513? on the same
samples used for Figures 11 and 12 did not produce any significant change
in the thermoluminescence or electrical conduction from that obtained

for a 5,000 R exposure. This fact correlates with the saturation of

optical absorption shown in Figure 7.

Thermoluminescent Emission

The thermoluminescent emission spectrum was obtained3 for one of
the 0° sapphire samples used in these experiments. The emission peaks
at 154 and 300°C were found to yield broad band luminescence at 4.3 ew.
The 260°C peak did not show detectable emission at this wavelength.

The broad band thermoluminescent emission observed in sapphire at

t.3 ev probably corresponds to the cathodoluminescent peak reported by
Leverenz (1950) in sapphire at 4.1 ev. All three of the glow peaks

were found to contribute to emiséion in the red region of the spectrum
and the results are shown in Figure 13. The line emission corresponds to
the R lines of the chromium ion and the broad band emission in this
region could be associated with chromium (Krishnan, 1947; Deutschbein,
1932), demonstrating that these samples contain chromium impurity even
though the concentration is not sufficient to be detected by the

optical absorption measurements (see reference to chromium impurity

3 In emission spectra for one of these samples was obtained
using instruments of the Oak Ridge National Laboratory.
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in discussion of vacuum ultraviolet measurements). The intensity of
the thermoluminescent emission associated with the chromium ion
indicates that it possesses a high probability of being the site for

recombination or de-excitation to occur,

Step Annealing

An attempt has been made to correlate a particular thermolumi-
nescent glow peak with a corresponding optical absorption band by
making use of a method of step annealing. In employing this method,
a sample is heated over each individual thermoluminescent peak and
then returned to room temperature and an optical absorption spectrum
is obtained. This method has been employed by several other
authors in studying F and other centers associated with ionic
crystals, However, previous investigations have not yielded a
correlation between the thermal glow peaks and the optical absorption
bands. This result can be explained in terms of the mobility of the
centers resulting in the formation of aggregates or clusters as well
as to the fact that in recombination processe€s two or more centérs may
be simultaneously bleached.

The experiments performed on 0° and 90° sapphire samples do not
show a clear correlation between a particular thermoluminescent and
optical absorption peak when the crystal is step annealed. Figure 14
shows the results of the optical absorption measurements parallel to
the C-axis: (1) after irradiation, (2) after annealing over the 154°C
peak, and (3) after annealing over the 260°C glow peak. Annealing
over the last glow peak to 350°C removes all of the irradiation-

induced absorption in the spectral region investigated. Annealing over

40
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the 154°C thermal glow peak causes a large decrease in absorption through
the visible and ultraviolet with the largest decrease in absorption
occurring in the vicinity of 5.9 ev. Annealing over the 260°C peak
causes a decrease in the ultraviolet absorption below 3.5 ev. The
260°C thermoluminescent glow peak can be tentatively associated with
the optical center band in the vicinity of 5.6 ev. The connection
which exists between the release of electrons (or holes) from some
centers and recombination with holes (electrons) at other centers
leads to more than one optical absorption band being influenced by
the annealing of a particular defect. The difference in oscillator
strengths and the number of charges associated with the various
centers, together with the fact that recombination can remove more
than one optical center band, leads to difficulty in directly

associating a particular center band with a thermal glow peak.



43

CENTERS PRODUCED IN RUBY BY IONIZING RADIATION

Introduction to Ruby Studies

The fact that ruby exhibits strong fluprescent characteristics
under excitation with visible light, ultraviolet radiation, x-rays and
other high energy radiation has long been known (e.g. Deutschbein, 1936;
Przibram, 1956). However, a detailed study of the physical characteris-
tics associated with centers produced by radiation damage, particularly
the absorption and emission properties, has not been made. Some
studies of the center absorption in the visible spectrum and thermo-
luminescence of irradiated ruby have been reported by Maruyama et al.
(1936) and Vereshchagin et al. (1965). The low temperature thermal
glow curve of ruby has been studied by Gabrysh et al. (1962). The
pressure dependence of thermoluminescence of ruby has also been
studied by Gabrysh et al. (1963).

Maruyama et al. (1963) have reported studies of center band ab-
sorption in the visible region at 2.66 ev and have pointed out a
strong dependence between chromium concentration and the saturation of
the center band absorption after gamma irradiation. Reports on the
optical absorption of ruby after 0060 gamma irradiation has been
given by Vereshchagin et al. (1965), and an increase in absorption in
the region from 2.3 ev to 2.9 ev was reported. This region exhibited a
saturation effect at doses on the order of 106 R. Also, Vereshchagin
et al. (1965) have observed a single thermoluminescent emission peak
at 300°C.

The paramagnetic resonance and visible absorption spectrum of

sapphire containing chromium and grown under conditions which favor
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the stablization of Cr+4 was considered by Hoskins and Soffer (1964).
A large optical absorption band was reported at 2.66 ev; however the
researchers concluded that the optical absorption was not associated
with Cr+4. The primary reasons for the conclusion was that the strength
of the absorption band would imply an unusually large oscillator
strength, and that this band had also been observed in sapphire crys-
tals grown under charge compensation conditions not containing
chromium. Hoskins and Soffer attributed the absorption to an anisotropic
color center associated with anionic charge compensation. The possible
existence of other valance states of chromium after gamma irradiation

was also studied by Mason and Thorp (1966).

Experimental Measurements and Studies

Absorption Studies

The spectrum of the absorption of unirradiated ruby (Cr3+ in

Al,0,) is presented in Figure 15. Results of absorption studies on
ruby have been previously discussed by several authors (for example
see the results given by McClure, 1959 and Loh, 1966) and therefore
will not be discussed here. The results of the absorption studies of
centers produced in gamma-irradiated ruby using the Cary 14 Spectro-
photometer are presented in Figure 16 and 17. The original absorption
of the unirradiated crystal has been subtracted.

The center absorption bands produced by irradiation in ruby are
fit quite well with Gaussian curves (as in the case of sapphire, the
center bands are symmetric about their peak energy). The results
presented here have been resolved into Gaussian components by the

computer program discussed in Appendix B. The center band which has
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also been observed by Maruyama et al. (1963) and Vereshchagin et al.
(1965) occurs in the visible at approximately 2.64 ev and has a full
width at half maximum of 0.56 ev. The strongest optical absorption
band that was observed occurs in the vicinity of 5.84 ev and has a full
width at half maximum of approximately 1.82 ev. Additional center
bands occur at approximately 6.1 ev, at 4.30 ev with a width of 0.60 ev,
and at 3.26 ev with a width of 0.64 ev. Other smaller bands also exist
in the visible and ultraviolet region. The spectrum shown imn Figure 16
was taken after a 800,000 R dose of 0060 gamma irradiation and at this
large dose the absorption of the center bands of the aluminum oxide
host lattice are indistinguishable (saturation of the absorption of
sapphire is small and occurs at low irradiation doses). Figure 17
shows the two polarized components of absorption in ruby (see earlier
discussion of the apparatus and technique for measuring the absorption),
indicating the anisotropy of the radiation-produced center band
structure. The center bands occur at the same energy in both cases

and the anisotropy of the radiation-produced centers might have been
anticipated based on the dependence of the chromium ion on the
crystalline symmetry.

The anisotropy of the gamma radiation-produced center bands of
ruby was observed for the two orientations (perpendicular and parallel
to the C-axis) using linearly polarized light. The radiation-produced
center band at 5.84 ev exhibits positive anisotropy and the other
prominent center bands in the visible and ultraviolet region at 4.3
and 3.26 ev exhibit negative anisotropy. The transmission characteris-

tics of the prisms used to obtain the linearly polarized light did not

allow a determination of the anisotropy of the center band at 6.1 ev.
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Thermoluminescence Studies

The thermoluminescent emission of irradiated ruby has been studied
in the region from room temperature to approximately 400°C. The results
of these studies are presented in Figure 18. The ruby samples used in ob-
taining the results of Figure 18 were 10 + 0.1 mg ruby samples powdered
from crystals obtained from the Linde Corporation. The thermolumines~
cence measurements were performed on the apparatus described earlier.
The glow curve of ruby shows a very intense peak at a temperature of
approximately 350°C. The peak temperature is dependent upon both dose
and dose rate} The peak shifts toward lower temperatures with both
increasing dose and with larger dose rate. A small peak is apparent at
lower temperatures in the vacinity of 160°C. The range of temperature
variation is more than 80°C. When an irradiated sample is annealed to
a temperature slightly above the knee in the glow curve, the observed
optical absorption spectrum shows a small decrease with a peak in the
visible in the vacinity of 3 ev. A small general decrease is observed
in the ultraviolet region. Because of the large absorption of the
radiation-produced centers in ruby samples in this region, an accurate
spectrum of the bleached centers is difficult to determine. Any de-
crease in the center band absorption found during the step anneal
experiments is associated with annealing of the radiation-produced de-
fects. The optical absorption studies indicate that the centers
annealed in this experiment are those associated with the A1203 host
lattice (the thermoluminescent glow curve and step annealing measure-
ments for sapphire were discussed earlier). To the accuracy of the
spectrophotometer used, all of the radiation-produced coloring in the

visible and ultraviolet is removed when the sample is further annealed
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over the large glow peak occuring at higher temperatures. The large
intense glow peak is apparently associated with all of the optical center
bands. However, the results of Maruyama et al. (1963) indicated three
high temperature glow peaks associated with radiation-produced centers
in ruby. The distinct peaks are only apparent when various chromium
concentrations are studied. The shift in the peak temperature could
be due to the composite effect of several glow peaks with nearly the
same activatien energies and having different growth rates under ioniz-
ing radiation. Decreasing the heating rate by nearly an order of
magnitude did not add any resolution to the glow peak structure.

The thermoluminescent emission spectra of ruby are presented for
both the low temperature peak at approximately 160°C and for the larger
high temperature emission peak in Figure 194. The smaller peak in the
vicinity of 160°C is characterized mainly by luminescence associated
with the luminescent lines of the trivalent chromium ion with a small
component of broad band emission around 1.78 ev. The large thermal
glow peak 1s characterized by an intense broad band luminescence
throughout the red region of the spectrum as well as a strong compo-
nent of R line luminescence. No thermoluminescent emission was de-
tectable in the 4.28 ev region where the thermoluminescent emission of
sapphire was observed. The 160°C peak (or peaks which may make up
this knee in the glow curve) is apparently due to thermal emptying of

the traps associated with defects in the host lattice and the

4 Part of the thermoluminescent emission results were obtained
at the Oak Ridge National Laboratory with the help of Mr. Charles
Butler and Mr. William G. Buckman.
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retrapping of the released holes or electrons at the site of the chromium
ion. Recombination and the de-excitation result in excitation of the
Cr3+ ion. The broad band and R line luminescence associated with the
large glow peak at higher temperatures is evidemtly due to recombina-
tion in the presence of the chromium, which results in the excitation of
the Cr3+ ion. The long-lived phosphorescent afterglow from high energy
irradiation was found to be associated mainly with R line luminescence.

A triboluminescent glow peak was found in powdered ruby samples.
This glow peak is attributed to the process of crushing the samples to
a fine powder. The peak, which occurred at 240°C for all ruby samples
until they were annealed, appears to be due to a triboluminescence
center that could not be reactivated with ionizing radiation. The
presence of the triboluminescent center is associated with the chromium
ion since no triboluminescent peak was observed in powdered sapphire.
The peak temperature associated with this center agrees well with the
glow peak at 230°C observed by Gabrysh et al. (1963) in ruby samples
pressured to 40 kbar.

The electrical conduction arising from thermal detrapping of
bound holes and electrons has been studied for cylindrical ruby discs
like those used in the absorption measurements. The equipment and
experimental procedure used in these investigations was described
earlier. Figure 20 illustrates typical results of electrical con-
duction measurements in gamma-irradiated ruby. The long-term
polarization effects, which have been noted for sapphire, also play
an important role in the electrical conductivity associated with
ruby. Depending upon the radiation dose and the chromium concentration

of the ruby, a small increase may be seen in the electrical
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conduction current around 150°C. This increased conductivity occurs in
the same temperature region where the maximum conductivity was observed
in irradiated sapphire samples. The conductivity increase is probably
associated with the release of trapped charges in the defect structure
of the sapphire lattice. The small increase in electrical conduction
current in ruby as compared to sapphire indicates that the chromium
ion strongly influences the trapping of the charge carriers. The
electrical conductivity in the region of the large glow peak in ruby

is essentially the same as the conduction of the unirradiated sample.
The recombination luminescence giving rise to the large thermolumines-
cent glow peak is therefore likely to be associated with a localized
recombination process and the center (or centers) cortesponding to

this glow peak can be characterized by a quasiatomic model.
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CALCULATIONS BASED ON THE EXPERIMENTAL RESULTS

Optical Studies

The optical absorption studies have provided the most direct
approach to the study of centers formed in crystals by gamma irradia-
tion. The increased optical absorption, after irradiation of the
sample, is proportional to the number of centers produced in the lattice,
The energies corresponding to the center band maxima are directly
interpretable as the optical activation or excitation energy of the
centers. The energies corresponding to the center band maxima of ruby
and sapphire have been given earlier in this discussion. From the
optical absorption data which has been presented, the product of the
number/cm3 and oscillator strength of the radiation-produced centers can
be estimated. Also, the optical absorption data can be used to obtain

estimates of the concentration of an impurity ion (g.g., the chromium

ion concentration in the case of ruby).

Estimates of Radiation-Produced Center Concentration

The method which will be followed in obtaining the estimate of
the number of gamma-radiation-produced centers in sapphire and ruby
is based on the results first obtained by Smakula (1929, 1930) which
were later generalized by Dexter (1956)5. In the case of anisotropic
crystals, such as ruby and sapphire, application of this method is not
strictly correct. However, the method will be used to estimate the

number of centers produced using the corresponding indices of refraction

- See the discussion of Curie (1963) regarding the assumption made
in development and applying the Smakula formula.
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and absorption measurements for the two orientations of the crystalline

lattice which have been studied,

The Smakula (1929, 1930) formula as generalized by Dexter (1956)

48 N = 9“2“3 g % fk(E)dE. (1)
me"h (o +.2)

In this expression, N represents the number of absorbing centers per
cubic centimeter, n is the index of refraction, f is the oscillator
strength, and k(E) cm-l is the measured absorption coefficient. When
the center band is of Gaussian shape, as is the case in these studies,

then the absorption coefficient can be represented by the expression

2
k(E) = k exp |- Gl o= hvo)
max I
20. . (2)

Substituting (2) into (1) and integrating yields the result

Nf = 0.87 x 1017 n k (cm_l)Y (ev), (3)
———— Az
(n” + 2)

where y is the full width at half maximum. The results obtained by
applying the previous equation to the data presented in this paper

are listed in Table 1 and 2. Since the oscillator strength associated
with the center bands has not been determined, the results are pre-
sented in terms of the product of the oscillator strength and the

number of absorbing centers per cubic centimeter.

Growth Characteristics of the Center Bands

The growth of the radiation-produced center bands in sapphire
and ruby can be represented approximately by a saturating exponential
curve. The equation for a combination of a saturating exponential

and a linear increase given by Levy (1961b), was found to represent
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6
Table 1. Parameters and calculations resulting from. the computer
reduction of the sapphire center bands

Absorption Full
Energy Wavelength  Optical Coefficient  Width Nf 3
(ev) (my) Density (cm'l) (ev) (centers/cm™)

Perpendicular to the C-axis

5.58 222 0.353 0.814 1.00 4.5 x 10%°
4.56 272 0.088 0.203 0.84 0.96 x 107
3.96 313 0.018 0.041 0.28 0.066 x 10
3.14 395 0.100 0.230 1.48 2.0 x 107
Parallel to the C-axis 15
5.50 225 0.110 0.254 0.60 0.71 x 10
5.10 243 0.075 0.173 0.32 0.27 x 10%°
4.20 295 0.056 0.129 0.84 0.39 x 10%°
2.94 422 0.110 0.254 164 ‘2.4 g 10%

6 Values for the index of refraction used in the calculations for
sapphire were obtained from Malitson et al. (1957) and unpublished
bulletins of Linde Company.
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Table 2. Parameters and calculations? resulting from the computer
reduction of the ruby center bands

Absorption Full
Energy Wavelength  Optical Coefgicient Width Nf 3
(ev) (my) Density (cm™) (ev) (centers/cm”™)

Perpendicular to C-axis

5.85 212 4.71 10.87 1.82 1.9 x 10%7
4.30 288 0.830 1.91 0.64  6.5% 10
3.26 380 0.569 1.31 0.48 3.7 x 107
2.68 463 0.873 2.01 0.64 7.6 % 10%°
Parallel to C-axis

5.76 215 5.33 12.28 1.70 1.1 x 10%7
4.20 295 0.59% 1.37 0.72 5.6 X 10*°
3.32 373 0.521 1.20 0.80 5.5 % 10%°
2.62 473 0.535 1.23 0.56 4.0 X 10°°

’ Values of the index of refraction of ruby used in the calcula-
tions were from the results of Olt and Rautiola (1962).



the growth of the reactor-produced centers in samples. The linear
increase accounts for the new defects which are continuously being
formed under neutron irradiation. In the case studied in this paper,
the ionizing radiation does not produce an appreciable number of
additional defects in sapphire or ruby and therefore the growth can

be approximately represented by a saturating exponential of the form,

N = No (1-e y) (4)
No represents the number of defects initially present and F represents
the fraction of uncolored (or unfilled) defects which are colored per
unit of radiation exposure, R. The growth curves presented in this
paper represent the growth of the unresolved center band spectra.
Equation (4) applies strictly to the growth of the individual resolved
center bands; however, the growth curves of the prominent center bands

can be adequately represented by this equationm.

Estimate of the Chromium Concentration

The chromium concentration of the samples investigated in these
experiments can be estimated using the molar extinction coefficient.
The extinction coefficient of chromium in A1203 was given by McClure
(1959). The molar extinction coefficient, €, is related to the con-
centration (moles/liter) through the optical density and the thickness

of the sample by the relation

E - OCD.
ce . (5)

A value of the concentration of 0.04% by weight Cr203 was calculated
for the samples used in the experiments reported (the nominal doping
specified by the manufacturer was 0.05% Cr203). The calculated per—

centage of Cr203 would correspond to approximately 9.7 x 1018 ions/cm3.

62
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Thermoluminescence Studies

Thermal annealing of samples which have been subjected to high
energy radiation often results in light emission. The thermal energy
can release trapped electrons or holes from defects. Recombination of
the electrons and holes produces an excited state which eventually
results in the emission of photons and/or phonons. Measurement of the
thermoluminescent glow curve provides data which can be interpreted
to find the thermal activation energy of a center. A number of ways of
interpreting and analyzing the results of thermoluminescence experi-
ments have been presented (Garlick and Gibson, 1948; Randall and
Wilkins, 1945; Bonfiglioli et al., 1959; Curie, 1963). Three different
methods will be used to calculate the thermal activation energy of the

gamma radiation produced centers,

Description of the Methods to be Applied to the Glow Curves

A simple numerical relation discussed by Urbach (1948) gives the
correct order of magnitude for the thermal activation energy for a
number of phosphors. The activation energy was found to be approximated

by the relation

%* o
E(eq) = -T?é-O—K)— ~  25KT*, (6)

where T* is the temperature corresponding to the glow peak. The re-
lation given by this equation is based on experimental results. Randall
and Wilkins (1945) gave a model which can be applied to a large number
of phosphors. The theory assumes that a monomolecular mechanism

(first order kenetics - see Curie, 1963) is operative. The number of

excited electrons at each instant follows the relation
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dn = - q
dt 1 , @))

where T is the mean lifetime of the trapped electron. If a linear
heating rate is used and the retrapping of the escaped electrons during
annealing is neglected, then the thermoluminescence emission intensity

as a function of temperature may be described by the expression

T
I(T) = n s exp (-E/KT) exp [—fB exp (—EfkT)%] (8)

N
1
where B is the warming rate in degrees per second and s is the attempt

to escape frequency (the escape frequency is assumed to be constant
over the temperature range). Garlick and Gibson (1948) have given a
similar relation for the case in which retrapping was considered. The

thermoluminescent intensity then takes the form
2 o I E/k 2
I(T) = n = s exp (-—E/kt)/N [1 +Fq-f§£1’_é‘_LE)_ d'l}(g)
T

i
The quantity s is difficult to accurately determine, although several
different methods for its determination are available (see Curie, 1963).
In using the method of initial rise, one takes advantage of the fact

that the glow curve is initially governed by an equation of the form

I = n s exp (=E/kt). (10)
Using (10), a value of E can be obtained by plotting log I versus
1/T. The value of s for a particular center can then be determined.
In order to make use of equation (8) in interpreting experimental
results, dI/dT is set to zero. Thus, the only temperature of interest
is that corresponding to the given glow peak. Setting dI/dT = 0

in equation (8) results in the expression
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E

kT*z

Equation (11) can be evaluated numerically in the form

= s exp (-E/kT*). (11)

E(ev) = T*(°K)- Tn (.8/s) (12)
K(B/8)

where T* is the temperature corresponding to the individual glow curve
maxima and the values of TO and K can be evaluated graphically. These
values have been tabulated by Curie (1963). Once a value for E has

been determined by some other technique, substitution into (11) will
provide a value for s. Equation (12) is very convenient for estimating
the thermal activation energy if a value of s can be estimated by any
other technique.

The disadvantage of attempting to apply the initial rise techique
to determine the activation energy is that well resolved glow peaks of
a simple monomolecular nature are required. Assuming a first order
process, Grossweiner (1953) has given a way of estimating the trap

depth independent of the frequency factor. In the expression
E = 1.51 KkT*T,/(T*-T,), (13)

the activation energy depends on the temperature corresponding to the
glow maximum, T*, and the temperature, Tl’ corresponding to the lead-
ing edge of the glow curve at one half the maximum intensity.

A further method for arriving at the thermal activation energy was
suggested by Urbach (1948) and modified by Lushchik (1956). The
activation energy is given by the expression

2
E = kT*" / (T,-T,), (14)
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where T2 is the temperature on the trailing edge of the glow peak at

one half the maximum intensity.

Calculation of the Thermal Activation Energies

The thermal activation energies of the gamma-radiation-produced
centers in sapphire and ruby have been calculated three ways. In
Table III the results of calculations based on the sapphire glow
curve measurements are shownq8 The thermal activation energies ob-
tained using equations (13) and (14) agree quite well with one another
and are in general agreement with the results using the initial rise
technique. The results of Gabrysh et al. (1962) indicated that the
sapphire center structure was comﬁlex since luminescent decay curves
could not be fit with either exponential curves (first-order kinetics)
or hyperbolic curves (second-order kinetics). Therefore, the initial
rise technique would not be expected to yield accurate results because
the theory assumes that only a first-order process is involved. The
initial rise method was used to determine s (the escape frequency)
for the 154°C sapphire peak. A value for s of approximately
0.3 x 1012 per second was obtained. The heating rate was approximately
0.4°C/sec. Thus the value of B/s was on the order of lO_lzoK.
Assuming this order of magnitude holds for the value of RB/s for the
sapphire centers, the thermal activation energies are estimated in

Table 3.

8
The measurements of the peak temperatures and the thermal

activation energies represent the average of the results of several
experiments. Typical glow curves for sapphire were presented in
Figs. 11 (a) and 12 (a).
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Table 3. Thermal activation energies of sapphire centers
Emission predom-
Temperature inantly parallel Equation (13) Equation (14) Initial
or perpendicular E; (ev) E, (ev) Rise
°c °K to the C-axis E3 (ev)
70 343 perpendicular .60 - .89
126 399 perpendicular .92 - 1.04
154 427 parallel 1.12 1.24 1 1958 1 B
188 461 perpendicular 1.07 1.05 1.20
260 533 parallel 1.44 1.40 1.38
300 573 parallel 1.80 1.74 1.49
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Although the value for the escape frequency was assumed to be
the same for each of the glow peaks, the results compare favorably
with the calculations using equations (13) and (14). The initial
rise technique was also used to obtain a value for the activation
energy of another well resolved glow peak (the 260°C peak). The
calculation of the thermal activation energy agreed with that ob-
tained using the 154°C glow peak. The values calculated from the
glow curve measurements for the 188°C peak are lower than reason-
able when compared to the other results. This is probably due to the
fact that this glow peak was not step annealed and the glow structure
is unresolved. Careful annealing, of the glow structure on the low
temperature side of the glow peak under consideration, is the primary
reason for the agreement in the results for the 154, 260 and 300°C
glow peaks.

The results of the thermoluminescence studies on gamma-irradiated
sapphire compare closely with the results of Gabrysh et al. (1963).
Their studies were made using sapphire samples which had been ir-
radiated two years previously and subjected to pressures of 40 kbar.
The reason the thermoluminescent peak temperatures are generally
higher for their results is probably due to the fact that their heat-
ing rate was approximately twice that used in the experiments dis-

cussed in this paper.
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DISCUSSION OF RESULTS

Optical Studies

Optical absorption measurements of radiation-induced center
bands lead directly to the optical activation energies associated
with the various centers. The maxima of the resolved spectral ab-
sorption peaks correspond to the optical activation energies. In
Tables 1 and 2  the optical activation energies for the more.promi—
nent center bands produced by gamma radiation in sapphire and ruby
are listed. Some of the center bands of ruby and sapphire have a
different activation energy along the various crystal axes. In
such cases one is particularly interested in results reported for
measurements made along axes perpendicular and parallel to the crys-
tal line optic axis (which is the axis of symmetry in the uniaxial
case). The relatively large differences in the optical activation
energies of some of the centers observed for these two orientations
of sapphire have not been often encountered in past studies of radi-
ation-induced center bands. Differences in optical activation
energy along the various axes of the crystal show that an asym-
metric potential field is associated with the center. Thus, fepre-
sentation of this center would lead to a complicated configuration-
al coordinate model in three dimensions. The anisotropy exhibited
by centers in both ruby and sapphire can be described in terms of
the anisotropic character of the oscillator strength associated

with these centers.
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’Sagphire

Gamma irradiation was found to produce center bands in sapphire
around 3.0, 4.2, 5.5 and 6.0 ev. A large difference in strength of
the center bands was noted for meaéurements made perpendicular and
parallel to the optic axis., A shift in the energy associated with
the center band maxima of several of the ceﬁfersdwas observed for
the two orientations.

Although the 6.1 ev center band that was observed in gamma-ir-
radiated sapphire has not been previously reported, a 6.1 ev band
is known to be the prominent absorption band produced in neutron
and high energy electron irradiated sapphire (Mitchell et al., 1960;
Levy, 1961b). This band has been associated with an electron trapped
at an interstitial aluminum ion displaced by the fast neutron flux
(Mitchell et al., 1960). In terms of the results presented in this
paper, the small center band found at 6.1 ev is believed to be due
to the same center defect that was reported by Mitchell et al. (1960)
and Levy (1961b). In the case reported here, the defects were
initially present in the lattice and the ionizing radiation led to
their occupation and, thus, the formation of the center. Under
neutron irradiation Mitchell et al. (1960) found that this high
energy band was isotropic. The results of the studies presented in
this paper also indicate that the 6.1 ev center is isotropic under

gamma irradiation. This given further evidence for concluding that
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the observed center produced by gamma irradiation is the same type
center formed by mneutron irradiation as previously reported.

The unresolved center band maximum at 5.5 ev for the case in
which the planme of polarization was parallel to the C-axis, was found
to shift significantly for the two orientations of the crystal. The
optical absorption measurements together with the resolution of ab-
sorption band data into Gaussian curves indicate that the difference
in peak energy for the two orientations is not due to unresolved
centers, but is due to a difference in optical activation energy.

The optical absorption center occuring in the visible region
around 3 ev possesses positive anisotropy. The energy and the aniso-
tropy which were observed for this center tend to verify the predic-
tion of a center at 2.94 ev with positive anisotropy based on calcu-
lations from ESR data by Bartram et al. (1965). The other center
bands which were observed in gamma-irradiated sapphire are small
and no assignment of these centers is possible until further studies

are made.

Ruby

The optical absorption measurements of the gamma-radiation-in-
duced centers in ruby (A1203:0.05% Cr203) show that the prominent
center bands are produced at 6.1, 5.84, 3.26 and 2.64 ev. The center

bands saturate with a gamma radiation dose of about 500,000R and

9 Formation of Al28 in the sapphire crystal by thermal neutrons
from Egactor irradiation could be expected to produce a large number
of 81" ions in the lattice forming Si0,. Thus, after long reactor
irradiation Si is a major impurity which could play a significant role
in center formatiom.
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no further change is seen in the optical absorptiom with additional
radiation exposure to 5 x 106 R. The center band occurring in the
visible region at 2.64 ev was previously noted by Maruyama et al.
(1963) and Vereshchagin et al. (1965). The results show that each
of the radiation-produced center bands in ruby saturate at the same
radiation 1evel}i} The correlation which exists concerning the
growth of the center bands indicates that the center bands may be
associated with the same defect. At low exposure levels the center
bands associated with the aluminum oxide lattice were distinguish-
able, however, the host lattice center bands were not detectable
in the spectrum obtained at high radiation levels primarily because
of the weak absorption and low saturation value for the sapphire
centers. The anisotropy of the ruby center bands was found to be
positive for the 5.8 ev center and negative for the 2.65, 3.3
and 4.3 ev center bands.

If a valence change of the chromium ion were producing the
center bands associated with irradiated ruby, then a decrease in the
Cr3+ absorption bands would be anticipated. However, irradiation
with gamma doses to 5 x 106 R did not noticeably reduce the absorp-
tion associated with the Cr3+ ion. The centers are definitely associ-
ated with the presence of the Cr3+ ion because of the correlations

pointed out by both the optical absorption studies and the thermal

annealing studies (see earlier description of these results in this

DOther studies, to be published later, show the correlation
which exists between the saturation level of the radiation-induced
centers and the chromium concentration. The number of centers pro-
duced by gamma irradiation was only found to increase with an in-
crease in the number of chromium ions up to an optimum concentration.
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paper). Also, the results of Figure 20 show that no significant peak in

electrical conduction corresponds to the large glow peak of ruby.

Thermal Detrapping of the Radiation-Produced Centers

Sapphire

The radiation-produced absorption bands found in the visible and
ultraviolet spectral regions in irradiated sapphire can be removed by
heating the crystal to 400°C. The thermoluminescent glow curves of
sapphire consists of several maxima which are strongly dependent on
the orientation of the crystalline lattice which shows that the
centers produced in sapphire are anisotropic in character, which is
in agreement with the optical absorption studies of the centers.

The thermoluminescent emission of sapphire was found to occur
in broad bands centered around 4.29 and 1.77 ev. The thermolumines-
cence resulting in broad band emission around 4.29 ev is probably
associated with transition observed for the cathodoluminescent
emission which was reported by Leverenz (1950).

The thermoluminescent emission spectrum of the glow peaks of
sapphire showed that at least part of the thermoluminescent emission
of each glow peak resulted in R line emission and broad band emission
around 1.77 ev (indicating the presence of chromium impurities). One
of the thermal glow peaks (around 260°C) exhibited only emission
associated with the chromium ion was comparable with the emission in
the ultraviolet band, it appears that the chromium ion has a high
probability of acting as the site for recombination to occur.

Qualitative electrical conduction measurements which were made

simultaneously with the thermoluminescent glow curve measurements
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showed that the process by which thermoluminescent emission occurs in
sapphire involves a transition through the conduction band. Therefore,
the process of thermoluminescent emission in sapphire is nonlocalized.
The charge carrier (electron or hole) is thermally detrapped from the
center and released to the conduction band of the crystal. After spend-
ing some time in the conduction band, it is retrapped at a lattice site
(an impurity ion or another defect) where recombination occurs. The
process results in light quanta emission from the de-excitation.

The close agreement between the temperature of the conduction
current peak and thermal glow peak demonstrates that the rates of re-
combination and retrapping are much faster than the rate of detrapping.
Thus, the rate of thermal detrapping of centers is the step in
the thermoluminescent process which most strongly influences the
shape of the glow curve in this case. The dip seen in the initial
part of the electrical glow curve is associated with long term
polarizing effects (Tallan and Graham, 1965; Dasgupta, 1966; Cohen,
1960; Cohen, 1959). The other possibilities are rulled out since
electronic and atomic polarizations would occur in much shorter
times than those observed and dipole polarization is not likely in
sapphire (Cohen, 1960). Thus, the long term polarizing effects ob-
served in sapphire are probably associated with space charge polar-
ization in the sample. The polarizétion effect in the electrical
conduction of sapphire is thought to be attributable to the in-

11
fluence of shallow traps on the conduction band. These shallow

1
A shallow trap in sapphire which is thermally depopulated at
room temperature was discussed by Gabrysh et al. (1962). Also, a
similar effect was observed by Matthews and Warter (1966) in CdS.
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traps influence the motion of charge carriers in the crystal suffi-
ciently that the polarizing process occurs over a considerably long
time (on the order of hours).

An attempt was made to correlate directly the optical absorp-
tion bands with the thermal detrapping of the related centers through
step annealing techniques. The results showed that all of the prom-—
inent center bands are influenced by annealing the sample over each
of the thermal glow peaks, therefore, a direct correlation of the
optical absorption centers and the thermal glow peaks is difficult,

The reason for the general decrease in the optical absorption
spectra is understandable since some of the centers are associated
with holes and others with electrons. The recombination process
would result in a decrease of the number of centers associated with
holes when electrons were released and vice versa. A correlation
appears to exist between the number of optical absorption bands and
the number of thermal glow peaks. Thus, a correlation between ther-
mal and optical activation energies may be expected. The main re-
sult that can be drawn from the step annealing experiments is that
the high energy optical absorption peaks are more noticeably
annealed by heating over the low temperature glow peaks. Based on
the step annealing experiments, the 260°C thermoluminescent glow
peak is tentatively associated with the center band in the vicinity
of 5.6 ev. Because of the large optical excitation energy associ-
ated with these ultraviolet peaks, the recombination event which

results in the decrease of absorption could be due to the release
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of the charge trapped at another site which migrates to the center

and enters into a recombination process.

Ruby

The thermoluminescent glow curve of ruby consists of one prom-
inent peak with a shoulder on the low temperature side (Figure 18).
Step annealing just over the shoulder of the glow curve resulted in
a decrease in the optical absorption spectrum of the radiation-pro-
duced centers which corresponds well to sapphire center bands (the
larger center bands associated with the chromium ions were unaffect-
ed). The unresolved low temperature shoulder occurring in the glow
curve is thought to be associated with the thermal release of
electrons (or holes) from the sapphire defects which recombine in
the vicinity of the chromium ion resulting in R line luminescence
from the excited Cr3+. All of the thermoluminescent emission re-—
sulting from annealing gamma-irradiated ruby samples occurs in
either Cr3+ R line emission or in broad band emission around 1.77 ev,
The low temperature shoulder of the ruby glow curve was found to be
associated with a small increase in the electrical conductivity.
This result would be expected since the release of charge carriers
from centers associated with the host lattice defects would result
in an increase in electrical conduction. With sufficiently low
chromium concentrations, the carriers released from the sapphire
defects would spend sufficient time in the conduction band to result
in a conduction current. However, the increase in the electrical
conduction in ruby is small compared to the increase in electrical

conduction of irradiated sapphire. The chromium ion site is,
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therefore, thought to strongly influence the conduction band charge
carriers.

The prominent glow peak of ruby shifts toward lower temperatures
with increasing radiation dose. This fact may be explained by two
interesting possibilities: (1) the thermoluminescent glow peak may
not be a single peak but rather a combination of two or three peaks
corresponding to centers with nearly the same thermal activation
energy; (2) the shift in the glow peak could be related to the result
predicted by Garlick and Gibson (1948) in the case in which retrap-
ping effects are considered in the thermoluminescent process. Three
distinct optical absorption centers are seen in the spectral results
which have been presented. All of the absorption centers are removed
when the crystal is annealed over this larger glow peak. Step an-
nealing techniques used on this glow peak failed to resolve it into
components, however, this prominent glow peak is not symmetric about
the temperature corresponding to its maximum and data taken at cer-
tain of the radiation exposures indicate shoulders on each side of
the main peak. Based on these results, the most likely explanation
appears to be that the glow peak is due to unresolved components
with nearly the same thermal activation energies. Step annealing
into the shoulder of the glow curve did not decrease the optical
absorption of the ruby center, however, the small center band occur-
ring around 3 ev (associated with the host lattice) was removed. A
decrease of the absorption in the ultraviolet region indicated that
the majority of the centers associated with defects associated with

the sapphire host lattice were removed,
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The fact that the coloration and thermoluminescence are directly
associated with the chromium ion and that the glow peak is closely
associated with all of the optical center bands in ruby strongly
indicate that the structure seen in the visible and ultraviolet re-
glon is associated with the perturbation produced by the chromium ion
on the potential field. The center absorption is at least indirectly
connected with the chromium ion through the distortion (Artman and
Murphy, 1964) that the chromium ion produces. The center bands may
be thought of as being associated with a molecular configuration in-
volving the chromium ion and surrounding oxygen ionslz. Also, in
this regard, it is generally true that crystals with an appreciable
component of covalent binding made up of divalent and trivalent ions
have a greater resistance to radiation coloring by ionizing radia-
tion. If the concentration of defects or vacancies is small, then
coloration is mainly attributable to either changes in the valance
state of the impurity ion or coloration associated with intersti-

tial host lattice ions (see the discussions of Mitchell, 19€2).

Thermal Activation Energies

The thermal activation energies associated with radiation-pro-
duced centers in sapphire have been calculated and were presented
in Table 3. The thermal activation energies were found to agree
well for the three different calculational techniques used. The

results also compare favorably with those of Gabrysh et al. (1963)

a2 The role of the oxygen atom in most oxide materials is

extremely important in luminescence and emission processes associ-
ated with radiation coloring (Leverenz, 1950).
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for the case of pressure-induced thermoluminescence in sapphire. Re-
sults of these studies contribute to the determination of configura-
tional coordinate curves for the center defects.

As expected, the thermal activation energies are considerably
smaller than the optical activation energies of the centers. This
result can, of course, be qualitatively described in terms of the

configurational coordinate models discussed earlier.
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SUMMARY AND CONCLUSIONS

The optical center bands produced by gamma radiation in sapphire
and ruby have been presented for both orientations, perpendicular and
parallel to the C-axis. The results of these absorption studies rep-
resent the first complete investigation of the optical properties of
the center bands produced by ionizing radiation in sapphire and ruby.
The optical activation energies and band widths of the sapphire
centers have been obtained for measurements along axes perpendicular
and parallel to the C-axis. A center band was observed at 6.1 ev
which has not been previously reported in gamma-irradiated sapphire.
Also, this center has been identified as being formed by an electron
trapped at an interstitial aluminum ion. The identification results
from a comparison to the data reported for neutron-irradiated sap-
phire (Levy, 1961b; Mitchell et al., 1960). A center band at 3 ev
in sapphire was observed which was found to possess the same aniso-
tropy as that predicted for a center at 2.93 ev based on ESR measure-
ments of Bartram et al. (1965). In terms of this result and the con-
siderations of Bartram et al. (1965), the 3 ev center band is identi-
fied with an 0 ion adjacent to a charge deficient cation site. The
optical activation energies and anisotropy of the center bands pro-
duced by gamma irradiation in ruby are reported in this paper. Only
one of the ruby center bands, the prominent ome in the visible re~
gion, was previously noted (Maruyama et al., 1963; Hoskins and

Soffer, 1964).
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The growth of the optical center bands as a function of radia-
tion dose could be closely approximated by a saturating exponential
curve for both ruby and sapphire. The saturation of the optical ab-
sorption of the radiation-induced centers indicates that the centers
are associated with defects initially present in the lattice rather
than with the production of new defects by the irradiation. If new
center defects were continuously formed, a linear component should
be observed in the growth curve. The center band spectra were re-
solved into Gaussian components and the results were used to estimate
the product of the number of centers present at saturation and their
oscillator strength in gamma-irradiated ruby and sapphire. The
properties of the center defects were studied under annealing in an
effort to correlate the radiation-produced absorption bands with
thermal glow maxima. Essentially all of the gamma-radiation-induced
centers in ruby and sapphire are removed by heating the crystals to
400°C.

The thermoluminescent glow curves, emission spectra and the as-
sociated qualitative electrical conduction properties were reported
and correlations of the data have been discussed in this paper. The
qualitative electrical conduction measurements correlate closely with
the thermoluminescent glow curve of the sapphire crystals which indi-
cates that the thermoluminescent process in sapphire is nonlocalized.
The trapped electrons or holes in irradiated sapphire are thermally
released and contribute to a significant increase in the electrical
conductivity before recombination occurs. The thermal activation

energies of the sapphire centers were calculated and compared using
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three techniques (see Table 3). The agreement between these-calcu- .
lated values is quite satisfactory.

The prominent centers produced by gamma irradiation in ruby are
not thought to be due to a change in the valence state of the Cr3+
ion because of the unusually large oscillator strength that must then
be associated with the centers and because the optical absorption
spectrum of the Cr3+ ion was not changed detectably by gamma irradi-
ation (i.e., if a small undectectable fraction of the chromium ions
were changed in valence state an extraordinarily large oscillator
strength would be necessary to explain the strong absorption associ-
ated with the ruby center bands). In particular, the ruby centers
are associated with an anisotropic defect produced in the A1203
lattice by the presence of the Cr3+ ion and the resulting distortion
of the lattice. The prominent centers produced in ruby are probably
related because of the agreement in the growth rate and saturation
properties of the center bands.

Further studies of the centers produced in ruby and sapphire
must be performed before additional centers can be identified. ESR
measurements of the gamma-radiation-induced centers in sapphire
should lead to identification of the prominent optical center band
in the ultraviolet region (in the vicinity of 5.6 ev). Also, ESR
measurements of the centers produced in ruby are needed before defi-
nite assignment can be made of the lattice site in which these centers
are formed. Comparison of the growth of the optical absorption
associated with the radiation-induced centers and the growth of the
paramagnetic resonance of the centers could help in identifying the

center defects of sapphire. This type of investigation would not be
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useful for ruby since the growth of the optical absorption appears to
be related for each of the prominent center bands. In addition,
further studies over a large range of concentrations of Cr3+ ions
in ruby should be made in order to fully treat the connection that
exists between the presence of chromium ions and the formation of

centers by ionizing radiation.
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APPENDIX A

Further Details Regarding the Measurements and the Experimental

Apparatus

The measurements and experimental apparatus described in this paper
will be discussed in more detail in order to give further significance
to observations. The majority of the measurements were performed on
either the Cary 14 Spectrophotometer or the apparatus which was assem-
bled for the thermoluminescence and conductivity experiments. Other
measurements were made on the McPherson Model 225 Vacuum Ultraviolet
Spectrometer and on an emission spectrograph of the Oak Ridge National
Laboratory used to obtain thermoluminescent emission spectra.

The Cary 14 Spectrophotometer used for the visible and ultra-
violet absorption studies exhibits a high degree of accuracy and repro-
ducibility. The spectrophotometer is a dual-beam instrument which
allows direct measruement of optical density (log10 (1/transmittance)).
Shown in Figure 21 is a diagram of the optical arrangement of the in-
strument. The samples were placed at the exit slit of the monochrometer
in the sample compartment. In most cases the cross sectional area of
the sample was smaller than the spectrometer beam. Thus, the area of
the monochromatic beam had to be limited to a cross sectional area less
than that of the sample by using appropriate apertures in both sample
and reference beams. Use of the apertures required slight readjust-
ments in the spectrometer null settings to balance sample and reference
beam signals. In all of the measurements, the sample was in monochro-
matic light and was not subject to possible bleaching effects which

could occur in the white light of the source. Dry nitrogen was used
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to flush the monochrometer and other compartments of the spectrometer
when measurements were made below 2000 A. In cases where polarizing
prisms were not used, the measurements reflect to some extent polariza-
tion effects inherent in the monochrometer. No corrections for instru-
mental polarization have been applied to these curves. When polarizing
prisms were used in the measurements, they were placed in the sample
and reference beams between the monochrometer and the sample position.
The absorbance (absorbance = loglo(lftransmittance)) measurements
reported in this paper, were made using two slide wires which correspond
to full sclae deflection for 0-1, 1-2 absorbance and 0-.1, .1-.2 absor-
bance units; these are easily interchangable in the Cary 14 Spectrophoto-
meter. Several checks of the Cary 14 Spectrophotometer showed that the
instrument was operating within the manufacturer's specifications which
are listed below.

(1) Photometric accuracy is within .002 absorbance unit
in the 0-1 absorbance range and within .005 near an
absorbance of 2. Recorded accuracy may be as poor
as .008 because of paper shrinkage and slippage.

On the expanded range which was used for the sap-
phire samples, the photometric accuracy is .0005
in the range 0-.1 absorbance units.

(2) The photometric reproducability is .002 absorbance
units on the standard 0-1 range and .0005 absorb-
ance units on the 0-.l scale.

(3) Wavelength accuracy is better than 4 R in the range
1860 & - 7000 & which was the region of interest

in these measurements.
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(4) Eight scan speeds from .5 to 500 A/sec can be used.

(5) The resolving power is better than 1 A in the visible

and ultraviolet region.

The thermoluminescence and conductivity measurements were made
using the apparatus which was previously shown in Figure 4. The
thermoluminescent yield was measured directly with a 1P21 photo-
multiplier. Above 400°C the black body radiation component became
significant and the results in the vicinity of 400°C were corrected for
this effect. The reproducibility of the photomultiplier current was
within about 10% for the same radiation exposure and the temperature
corresponding to the thermoluminescent glow peak was reproducible to
within 5°C except where large shifts in the glow structure were observ-
ed for different radiation exposures. The main sources for errors in
the thermoluminescence measurements were the uniformity to which the
powdered samples could be placed on the sample holders and the accuracy
of the placement of the thermocouple. The conductivity measurements
should be only considered as qualitative. The reproducibility of the
measurements of the conduction current was within approximately 20%
for measurements made on the same sample and under the same experi-
mental conditions. If contact of the electrode were broken and re-
placed, then results for the two cases would only agree in order of
magnitude (the electrode material was General Chemical Co. Silver Print).
The electrical conduction current was measured on a Keithley Electro-
meter. Electric field strengths between 15 and 225 volts/cm were used
during these measurements and the results reported in this paper are
for 4 mm samples with 45 volts applied from a battery across the

electrodes. In order to obtain reproducible measurements of the
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magnitude of the electrical current, it was necessary to maintain equal
intervals between the time the electric field was applied and the time
of the measurement. Polarization effects having a long time constant
occur upon application of an electric field and cause the apparent
electrical conduction current to decrease by more than an order of magni-
tude. This time constant is of the order of five minutes. The electric-
al conduction (from change of the polarization current) decayed as a func-
tion of time, and is governed by a power law as evidenced by the fact
that the conduction current plotted versus time on log log paper yields a
straight line relation over several hours of observation. This effect,
which was also discussed in the text, is probably related to that dis-
cussed by Matthews and Warter (1966) in the case of cadium sulfide.
Because of this polarizing effect, the values of the conduction current
should be considered accurate to no better than an order of magnitude.
However, the relative accuracy and reproducibility, with the above
precautions, yield results that are within 20% of each other. The
electric field must be removed at a high temperature to prevent polari-

zation of the sample when it returns to room temperature.
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APPENDIX B

Computer Reduction of Spectral Data

Optical absorption measurements of the center band structure have
been obtained for the gamma-irradiated ruby and sapphire samples obtain-
ed from the Linde Company. The center band structure has been fit using
Gaussian curves. The resolution of the sapphire center band structure
into Gaussian curves was used previously by Levy (1961b) to analyze the
data of neutron-irradiated crystals. Resolution of the center band
structure into component bands is necessary to accurately find the
activation energies and to estimate the number of centers produced by
the irradiation.

A computer program was written in Fortran language which was in-
itially used on the IBM 1620 computer and later on the IBM 360. Since
this particular program is relatively short and in order to have it
easily available for future work, the program statements will be listed
together with appropriate identification of the variables.

DOUBLE PRECISION C,Z,Y,D(202,A(202)
DIMENSION E(200)
102 FORMAT (53H /1
106 FORMAT (14,2X,12,2X,F§.4)
100 FORMAT (1H ,1&,2x,12,éx,F?n&)
103 FORMAT (F7.3,2X,F4.2,2X,F4.2)
107 FORMAT (1H ,F8.3,2X,F5.2,2X,F5.2)
104 FORMAT (26H ABSORPTION COEF ENERGY/)
101 FORMAT (6X,F7.3,2X,F4.2)
105 FORMAT (1H ,3X,F8.3,8X,F5.2)

205 FORMAT (47H ENERGY GAUSSIAN ABS COEF SUB SPECTRA/)




204 FORMAT (1H ,5X,F5.2,10X,F8.3,9X,F8.3)
201 FORMAT (49H MAXIMUM ABSORPTION COEF CORRESPONDING ENERGY)
200 FORMAT (1H ,7X,F8.3,20X,F5.2/)
202 FORMAT (27H FULL WIDTH AT HALF MAXIMUM)
203 FORMAT (1H ,10X,F5.2/)
READ (1,102)
WRITE (3,102)
J=0
READ (1,106)N,M,T
WRITE (3,100)N,M,T
READ (1,103)C,F,G
WRITE (3,107)C,F,G
WRITE (3,104)
C=C/T
DO 1 I=1,N
READ (1,101) D(I),E(I)
D(I)=D(I)/T
1 WRITE (3,105) D(I),E(IL)
WRITE (3,205)
DO 2 I=1,N
A(I)=(C)*(EXP((-2.7726) *(E(I)-F) *(E(I)-F)/(G*G)))
D(I)=D(I)-A(I)
2 WRITE (3,204) E(I),A(I),D(I)
11 Y=0.0
X=6.00
DO 10 I=1,N

IF(D(I)-Y)10,10,12




12

10

22

23

20

43

44

45

42

33
31

Y=D(I)
MI=I

CONTINUE

WRITE (3,201)

WRITE (3,200) D(MI),E(MI)
Y=Y/2.0

DO 20 I=1,N
IF(D(I)-Y)22,22,20
XAB=ABS (E (MI)-E(I))
IF(X-XAB) 20, 20,23

X=XAB

CONTINUE

X=X%2,0

WRITE (3,202)

WRITE (3,203)X
Z1=E(MI)-(X*2.0)

T=MI

IF(I-1)44,44,45

Z1=E(1)

GO TO 42

I=I-1
IF(Z1-E(I))43,42,43

Z2=E (MI)+(X*2.0)

WRITE (3,205)
IF(21-22)31,31,32
Z=(¥*2.0)* (EXP ((-2.7726) *(Z1-E(MI) ) *(Z1-E(MI)) / (X*X)))

D(I)=D(I)-Z

97



98
WRITE (3,204) 21,Z,D(I)
IF(I-N)35,32,32
35 I=I+1
Z1=21+0,02
GO TO 33
32 J=J+1
IF(J-M)11,99,99
99 STOP
END

The program is designed to resolve the band structure in the region
from 2 to 6 ev with 0.02 ev increments between the data points. The
program was written to allow for the substitution of the parameters
estimated from the original data for one of the bands. This provision
is included in order to obtain a reduction for center bands which do
not completely lie in the region from 2 to 6 ev. Fer example, the
high energy ultraviolet center band in both the case of ruby and sap-
phire have only one side of the center band in the region where data
points could be obtained.

The order in which the program proceeds is as follows: (1) the
parameters for a center band are stored in the computer (or the com~
puter is allowed to select the parameters for the largest center band);
(2) the parameters are used in the formula for a Gaussian curve to
calculate a corresponding theoretical center band curve; (3) the values
calculated for the component band are then subtracted from the original
data stored matrix, and; (4) the parameters of the next largest un-
resolved peak are selected by the computer and the calculation proceeds.

The input data determine how many times the computer should repeat this
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99

process. The main limitation of the use of this program is that the
parameters which are picked by the computer may result in inaccurate
values for energy, absorption, and full width of the component bands for
the cases in which strongly overlapping centers exist. Thus, the com-
puter fit of the Gaussian curves to the center band structure is not
unique. The accuracy of the fit depends to a large degree on the
initial form of the data. In the case of ruby, the fit should be

quite good because the prominent center bands were sufficiently dis~

tinct.




