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1. INTRODUCTION

The purpose of ¢this work is to present and review the
available data and information on the absorption coefficient of
alkaline earth halides, to critically evaluate, analyze the data,
and to recommend the most probable values. The analysis covers
the widest possible range of the transparent wavelength region
and is for the purest form of each alkaline earth halide on which

measurements have been made.

In order to utilize any dispersive medium, spectroscopists
must have a knowledge of the index of refraction and dn/d\ for
all wavelengths transmitted by the medium. Laser technology
concerns itself with the absorption coefficient and its
temperature dependence. Suych data are also useful to physicists
for evaluating theoretical dispersion equations and for studying

the mechanism of the interaction between radiation and matter.

The dispersion in an optical material is intimately related
to the microscopic structure of the material. On the short
wavelength side transmission is limited by electronic excitation,
and for long wavelengths by molecular vibrations and rotations.
The width of the transparent spectral region increases as the
energy for electronic excitation is increased and that for
molecular vibrations is decreased. Theoretical and experimental
studies on ionic crystals indicate that crystals having small
ions with strong bonding have a wide spectral region of

transparency. This is true for alkali halides and alkaline earth
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halides.

Unlike the alkali halides, which form only cubic crystals,
the alkaline earth halides form crystals with a variety of
structures. The four types of structure that are found in the
alkaline earth halides are indicated in table 1. It should be
noted that, with the exception of MgF,, only crystals of cubic
structure have been investigated for optical properties and for

practical applications.

Calcium fluoride in its naturally-occuring form is known as
fluorite. It is conventional to describe a crystal as having the
fluorite structure 1if its lattice is similar to that of calcium
fluoride. In a fluorite-structure crystal of a compound AB, each
ion of species A is surrounded by eight equivalent nearest-
neighbour ions of species B lorming the corners of a cube with A
at its center. Each ion of species B 1is surrounded by a
tetrahedron of four equivalent A ions. More fundamentally, the
structure has a face—-centered-cubic translational group and a
space lattice of symmetry Oﬁ. If the structure is interpreted in
terms of a primitive cube of side a, it comprises three inter-
penetrating face—-centered-cubic lattices. The first is a lattice
of species A with its origin at the point (0,0,0) and with
primitive translational vectors, (0,a/2,a/2), (a/2,0,a/2), and
(a/ 2,a/2,0) in the cube of side a. The B species are located on
two further lattices with similar translational vectors but with
origins at (a/4,a/4,a/4) and at (3a/4,3a/4,3a/4). The site of

the A ion has 0® symmetry and the site of the B ion has T
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TABLE 1. CRYSTAL STRUCTURE OF ALKALINE EARTH HALIDES

j Material Structure
BeF, Orthorrhombic, Hexagonal, Tetragonal.
BeCl, Orthorrhombic
BeBr, Orthorrhombic
! Bel, Orthorrhombic, Tetragonal
: MgF, Tetragonal
MgCl, Hexagonal
MgBr, Hexagonal
MgI, Hexagonal ' J
CaF, Cubic
CaCl, Othorrhombic:
CaBr, Othorrhombic
Cal, Hexagonal
SrF, Cubic
SrCl, Cubic
SrBr, Tetragonal
Srl, Hexagonal
BaF, Cubic
BaCl, Cubic, Orthorrhombic:
BaBr, Orthorhombic

Bal, Orthorhombic




symmetry. The interstitial site again has O: symmetry, being at
the center of a cube of eight B ions. The crystal is not

piezoelectric.

It is apparent that the fluorite structure provides close
contact between the different species of atom or ion.
Furthermore if ¢the ions of species A are sufficiently large,
close contact between the ions of species B is prevented. If the
constituent species are regarded as hard spheres with radii r(A)
and r(B), contact occurs between the A and B ions to the
exclusion of B-B contact and of A-A contact [1] when the radii
satisfy the condition

4.45 > r(A)/r(B) > 0.73. (1)

The energetic advantages of close contact between dissimilar
ions suggest that the fluorite structure will be favoured by
those strongly ioniec c¢ompounds with formula AB, which possess
large ions of type A. A self-consistent set of ionic radii, such
as that of Zachariasen [2] summarized in Table 2, shows that one

is unlikely to find a hypothetical compound in which. contact

SEA AR e 2

between A ions could occur. This would require that the A ions
be exceptionally large, with

r(A) > 4.45r(B) (2)
In fact, the A ions are normally relatively small and it is
possible to find several series of compounds in which the lower
limiting value is passed, and contact between B ions can occur.

For example, among the halides of barium one finds that the

fluorite lattice structure occurs for the smaller halide B ions
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; while the iodides possess orthorhombic or sheet~like structures.

Among the compounds of alkaline earth halides those which
possess the fluorite structure are, according to Wyckoff {1],

CaF,, SrF,, BaF,;, CaCl,, SrCl,, BaCl,. The absence of bromides

and of iodides may be interpreted in terms of a violation of the
radius requirement, the anions being relatively too large. It is
apparent on inspection of table 2 that close contact between A

and B ions cannot occur for the light cations.

There are twé major reasons why only crystals of cubic
structure have been investigated. The first is that cubic
crysﬁals'are optically isotropic. It is true that optical
anisotropy is highly desirable in a number of special uses , but
for the fabrication of optical components in general, anisotropy

of dispersion may become objectionable. It 1is therefore

understandable that early investigations were limited to the

4 cubic ecrystals, but it is surprising that even at the present

R

stage of modern technology our knowledge of optical properties is
still 1limited to that of cubic crystals. With regard to the
optical properties of the non—cubic crystals, little work has

been reported.

The second reason for the lack of attention to non—cubic

alkaline earth halide crystals is the unavailability of the
crystals or their undesirable chemical and physical properties,

such as hygroscopy and softness. With advances in the technique

of crystal growth, crystals which do not occur naturally are now

made available in workable sizes. Examples are BeF, [3], NgCl,
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[4], and BaBr, [5]. However, measurements on the optical
properties of these crystals are not available in the open

literature.

The applications of high—-power infrared lasers are partly

limited by the lack of suitable transparent optical materials.

As a result, much of the high~power laser research is directed

toward finding adequate high-temperature window and dome

i materials in the wavelength regions from 2 to 6 m and near 10.6
#m. The alkaline earth halides have large transmission ranging 4

from the wultraviolet to the infrared and are available in large

sizes and high purity. They are considered as good window

materials and are among the serious candidates for laser

materials. Efforts are being made to improve their mechanical

strength and thermal endurance without altering their optical

properties,

R RO

Among the various optical properties, those of practical
importance are the refractive index and absorption coefficient.
The latter is especially important in the application of high-
energy lasers because many unfavorable effects, which are not
observed at low energy level, are developed at high power levels.
No matter how low the absorption is, the effect is objectionable
at high—energy levels. As a natural consequence, the magnitude
of the absorption coefficient is the key parameter in selecting

laser window materials.

i Over the past years extensive theoretical and experimental

f investigations have been conducted in an effort to determine the




absorption property for optical materials and to identify the
mechanisms influencing the absorption. As a result, numerous
measurenents and calculations have been reported. However, the
available information is dispersed throughout the literature. A
comprehensive literature survey, data compilation, and analysis
is needed, yet on overall topography of the data and predictions
of most probable values are not available for scientific research
and engineering applications. Because of these reasons, the
present work was initiated. Inherent in the character of this
work i§ the fact that we have drawn most heavily upon the

scientific literature and feel a debt of gratitude to the authors

whose results have been used.
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2.

FUNDAMENTAL ABSORPTION MECHANISNS AND THEORIES

In figure 1, a schematic view of the absorption spectrum of
a typical alkaline earth halide crystal is shown.
at about 30 um,

At the left,
are seen the absorption peaks associated with
optical phonons, while toward the right, at
seen

about 0.1
the absorption peaks associated with excitons.

#m, are
The regions
at the edges of ghe fundamental transparent region are termed as
the Urbach tail and the multiphonon regions.

region, the transparency of the

In the transparent
material is
factors which constitute extrinsic absorption.

limited by many

In this section we will give a brief review of what is known
about the physical mechanisms that are résponsible for the small
residual absorption in the transparent infrared wavelength
regions and a brief discussion on the multiphonon absorption
theories. It is convenient to separate the origins that give
rise to residual absorption into two classes, the
intrinsie. Extrinsic

extrinsic
absorptions
impurity atoms

and
are those

and molecules,
lattice

associated with
defects

deviations from stoichiometry,
and surface The intrinsic
absorption are those electronic and

contanminations.

due to the

absorptions in an

vibrational
ideal crystal of some specified composition.
In practice, extrinsic absorptions appear to be more
in the best of
appropriate

troublesome
means

currently available materials and there are no
to completely eliminate the
absorptions in optical materials.

objectionable
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In a given crystal, the total absorption can be considered
as simply a superposition of the absorption from various origins.
The total absorption coefficient, aa(v), at frequency v is well i
approximated. by

a(V)=IN, 0, (¥), (3) !
where the sum is over the various modes and types of

imperfection. N; is the number density of the i-th mode or type

and o; is the corresponding absorption cross—section.

In both of the extrinsic and intrinsic absorptions, the
processes that give rise to 0;(v) may be of three general types:
(1) lattice vibration, (2) free-=carrier absorption, and (3)

electronic excitation. i

2.1. Lattice Vibration Absorption

There have been a number of recent studies on how the
infrared absorption drops off as the frequency becomes much !
greater than the fundamental lattice frequencies. These studies

have been mainly on the alkali halides and alkaline earth

e 49 . o2
-

fluorides. In the highly purified samples, the absorption

coefficient exhibits an exponential fall—-off over two to four

decades to the lowest values of o that can be measured. Whether
this exponential absorption tail is characteristic of all other

classes of materials is not known.

‘ ' Presence of impurities can complicate the exponential tail,

i particularly at low absorption levels. The impurities may enter
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i the lattice singly or multiply in various types of
'} configurations. Unfortumately, the impurity atoms or molecules,
which appear to produce troublesome absorpticons near 10.68 and 2-8

#m, have not yet been studied adequately. These iﬁpurities are

primarily the oxygen and hydroxyl radicals whose absorptions are

centered at about 3, 9 and 13 um. The absorption cross sections

due to these impurities are in the range of 10-!% to 10-29 cm2,

! : 2.2. Free-Carrier Absorption

Free carriers either intrinsic or caused by impuritiés
contribute a term, o, to the absorption which can be correlated

roughly with the dec¢ resistivity. Except in the very pure

nonpolar crystals, the free—carrier collision time, 7, is on the
order of an infrared period (i.e., vr = 1). Under this

condition, the resistivity at that frequency 1is not much

2 different from the dc resistivity and can be approximated by the

Y
3
o

Drude formula

ae(v)=[30/p n(v)1/(14v2712) cm~!, (4)
where p is the dc resistivity in units of ohm-cm and n(¥) is the
refractive index at frequency V. Although free-carrier
absorption is negligible for alkali halides and alkaline earth
halides, high intensities of laser beam may increase the free-

carrier concentration by photo-excitation.
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| 2.3. Electronic Absorption

In the consideration of infrared transparency of the
materials, only those with band gap much higher than the infrared
frequencies are considered. 1In the case of alkali halides and
alkaline earth halides, electronic excitation contributes little
to the infrared absorption. Those which do affect the infrared

absorption have their origins due to heavy impurities.

Heavy impurities generally have so low vibration frequencies
! that the wing of their vibrational absorption contributes

negligibly at laser wavelengths. However, heavy impurities may

contribute to infrared absorption via their electronic absorption

tail. Assuming the profile of impurity electronic absorption is

a Lorentzian line at ¥ and of half width Ay, then the absorption

cross section is given by

o e (¥)=0.50recAV[(y-ve)~2=(v+Ve)~2] cm? (8)
3 where re 1is the classical electron radius, ¢ is the velocity of
% light and f~1 is the f-number of the transition. 1In the infrared

where y<<yy eq. (B) is simplified to

ge(V)=2frecvAv/ve?. (8)
It is well known that the half width, Ay, of heavy impurities is
generally very large and consequently contributes noticeably ¢to

absorption in the infrared.

2.4. Surface Absorption

Surface absorption can affect high-power Ilaser window

materials in many ways. The heat due to absorption can cause
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distortions of the optical phase front. In the case of fragile

surfaces, the surface may develop cracks which subsequently
propagate or enlarge, or become hygroscopic. When anti-
reflection coatings are used, surface absorption may tend to
dislodge or evaporate the coatings. The theory of surface
absorption may be thought of in terms of the same mechanisms that
were discussed for bulk absorption. The most commonly observed
surface absorptions are those associated with oxygen and hydroxyl
radicals whose absorptions are centered respectively at 2.8 and

9.3 um in various crystals.

The fractional power ‘-of radiation,  wg, absorbed at the

surface, is expressed in the same form as eq. (3):
dg(v)=SM;0;(v), «n

where M; is the number of imperfections of i-th type per surface,
and 0; carries the same meaning as those in eq. (3). In many
cases, Og is estimated to be in the order of 10-2 per surface.
Although this is a significant figure in high-power Ilaser
operations, it is very difficult to eliminate with the existing
technology. Moderate reduction of g can be achieved through

improved crystal growing techniques and surface polishing.

2.5. Urbach's Rule

A central question for the development of ultra-transparent
optical materials is: "In an impurity-free solid, what is. the
ideal or maximum transmission?” 1In the case of linear optics,

this question can be partially solved by observing the absorption
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edge at low wavelength end of transparent region, the Urbach

tail.

Investigation of the Urbach tail region may serve as an
indicator to show the extent of impurity and/or defect contents.
As generally observed, the purer the sample is, the greater the
validity of Urbach rule is extended to the transparent region.
By comparing the absorption spectrum at %the Urbach tail, the
purer sample is self-revealed. Studies on the Urbach rule for
alkaline earth halides and alkali halides have been carried out

by many workers, notably Haupt [8], Martienssen [7], Kobayashi

and Tomiki [8], Miyata and Tomiki [9], Tomiki and Miyata [10],
Sano [11), Tomiki [12], and Tomiki et al. [13]. Result of these
works is an expression for the intrinsic absorption coefficient
in the tail region, of t"he form:

a(E,T)=cgexp[-ag(T) (Ey—E)/KkT], (8)

7

Us(T)=U°A-ltanhA. ﬁ

where
= photon energy in uits of eV

temperature in units of K

the Boltzmann constant

Y = «2 (i
[

= the Plank constant

A

hfo/2kT.

The parameters oy, 05 . Ep, and fy for various alkaline earth

halides are given in Table 3.
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2.8. Theories on the Multiphonon Absorption

Ever since the advent of high-power infrared lasers, the
numerical values of absorption coefficient of window materials
attracted much attention and have been receiving serious
consideration in the wavelength regions where absorption is low.
Because the wavelength regions of laser interest are located at
the tails of the fundamental absorption bands, a number of
theoretical and experimental investigations in the multiphonon
absorption region have been carried out ip order to define the

intrinsic limits on the absorption.

-

The exponential frequency dependence of absorption
coefficient on the high frequency side of the fundamental
absorption band has been interpreted by a multiphonon absorption
theory, in which the fundamental process which contributes to the
absorption is that a photon is absorbed by the c¢rystal through
the virtual excitation of the fundamental (TO mode) phonon which
in turn emits n phonons. The bulk of the theories concerning
multiphonon absorption were developed during the years 1972 to
1874. Significant simplification, modification and- improvement
of these theories were also made during these years. The
intrinsic absorption may be due to two possible mechanisms: the
anharmonic coupling of phonons to the fundamental phonon and the
displacement—induced electric moment of the ions, which may
couple directly to the radiation. The former is termed as
anharmonicity and the latter as higher—order moment. Although

these two mechanisms are not totally distinect, as both result
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physically from charge overlap, traditionally, they have been
treated differently. For the highly ionic crystals,. the
constituent molecules are less polarizable and therefore the
effect of the higher—order moment is expected to be less
important. As a consequence, the bulk of investigations on ionic

crystals was centered on the anharmonically induced absorption.

There are two fundamentally different approaches in the
calculation of the anharmonic absorption in ionic crystals. Each
of them requires_ the solution of the harmonic lattice problems
followed by a perturbation treatment of the anharmonicity. Spark
and Sham [14,15] and McGill et al. [16,17] employed diagrammatic
techniques for evaluation of the Green's function, while Bendow
and Bendow et al. [18-22] used the equation—of-motion method.
As detailed discussion on the theories is beyond the scope of the
present work, the interested reader is referred to additional
references [23-31]. Expressions for «, as obtained in the
literature, are rather complicated. All of the theories indicate

that corresponding to a given n there is an n-phonon absorption

centered at the frequency of the excited phonon and that the

observed absorption spectrum actually corresponds to the

convolution of all possible n's. It is therefore expected to see

structure features in the spectrum. In practice, however, the
structure is observable only at low temperatures. At room
temperature, the spectrum is well represented by an exponential
law of the form

a=0tgexp(-v/vy). (9)

|
|
!
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Deutsch [32] found. that the exponential dependence of the
absorption coefficient on frequency holds for alkaline earth
fluorides at room <temperature. The parameters oy and vy of

various crystals are given in Table 4.
2.7. Temperature Dependence of Multiphonon Absorption

With regard to the temperature dependence of absorption in

the multiphonon absorption region, theories treat the phonons ;s
Bosons and thus lead to the following expression:

a~(n+1)"-(H)", (10)

where n is the usual Bose-Eistein population factor. The

transition matrix ‘ elements are assumed to be essentially

temperature independent. After rearrangement of eq. (10), the

coefficient ® can be expressed as a function of temperature given

by
a~[1-exp(-nhf/xT)])/[1-exp(-hf/k)]" (11)

where ' is the phonon frequency and nf=y the photon frequency.

In the limit where kT>>hf, we have
a~n(kT/hf)n-1, (12)
or
a~TR-1, (13)
Application and discussion of the multiphonon theory can be found

in Ref. [33-37].




20

[2e] uosanaQg

Aq pejJaoday 0002-0s2T 8'evi »0TXETIZT T 43N
[2e] udsan2Q
Aq psjaoday 0821-008 6°8L »0TXIVOB°V tqed
[2e] uosaneQ
Aq pe3d0day osb1-0s8 06 p0TX8FGS "2 td4as
[2e] ussaneQ
£q pejaoday 0091-~0001 9°E6 g01X8980°1 taep
syJIewudy ;-WO ‘A Jo eduey (-u0 ‘On -uWo % 1e3sia)
(6) uotjenby jo sasjeweded Syl ‘p srqel




21

3. PRINCIPLES AND TECHNIQUES OF EXPERIMENTAL METHODS

The response of a nonmagnetic solid with isotropic or cubic
symmetry to incident electromagnetic radiation can be generally
described in terms of two optical constants which are related to
each other through dispersion relations. These two optical
constants can consist of either the refractive index n and the
extinction coefficient Kk, or €; and €,, the real and imaginary
part of the complex dielectric constant €. These two pairs of
constants are related as follows:

e=€,+i€y~(n+in)2=(n?2-x2)+2ink (14)
It is clear that measurements can be made either for n and Kk or
for €; and €,. In practice, the former pair 1is readily
accessible for direct observation and is widely used. There are
a number of techniques available for determination of the optical
constants. Given below are a few of the methods currently used
for measuring the absorption coefficient. For general
applications where extremely accurate absorption is not required,
the ordinary transmission and reflection spectrum observation are

adequate for optical constants determination. Precise

determination for small absorption coefficients, in the order of 7
10-3% cm~! or lower, was considered impossible until the laser
source became available. As the bulk absorption becomes smaller
than surface losses, uncovering the former requires amplification
of the absorption effect which in turn requires high—~level energy
input to the sample. The two commonly used methods are laser

calorimetry [38] and the differential technique [32]. Among
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i techniques developed for small absorption determination, the
emittance method and interferometric calorimetry have the

potential to detect absorption coefficient as low as 10-¢ cm-!,

3.1 Transmission Method

Let R, be the reflectivity at normal incidence of a solid of
sufficient thickness so that there is negligible reflection from
the rear surface of the solid and T, be the corresponding
transmission at normal incidence. Then R, can be expressed in
terms of n and Kk as follows: E
(n-n')2+x?2

Re= (15)
(n+n')24x?

Generally, the solid is either in air or in a vacuum, where n'~1,
Therefore, Eq. (18) becomes
: (n—-1)2+x?2
,; Ryg=————— (18)
i (n+1)24x2

Similarly, 7, can be expressed as

7.=[(1-R.) 2+4R_ sin?y]exp(—at) (17)
where

= absorption coefficient = 4nk/\

o
A wavelength of incident radiation
t = thickness of the sample

v = tan~! [2x/(n2+4x2-1)]
If n > &, Eq. (17) becomes

To=(1-R,)2exp(—at) (18)

Equation (18) is commonly used to determine the absorption

coefficient directly by observing the decay of incident light
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along the thickness of the sample.

As mentioned earlier, the above equations are valid only if
the reflection from the rear surface of the solid is negligible.
For thin samples, where the reflection from the rear surface 1
cannot be neglected, then the expressions for apparent
reflectivity and transmission are:

Ro{[1-exp(—at)]?2+4exp(—at)sin2vy}

R (19)
i [1~-Riexp(-at)]2+4R exp(—at)sin2(y+v)

and

[(1-R,)2+4R_ sin2y]exp(—-at)
T ' (20)
[1-R exp(-at)]2+4R exp(-at)sin2(y+v) -

where

= 2mnt/\ (n is an integer),

= thickness of a thin sample,

P LR

= apparent reflectivity,

i 7 = apparent transmission.

The second term in the denominator in Egs. (19) and (20) is

an interference term. If no interference fringes are observed

gl

because of thickness variation, we then average over ¥ and
obtain:
Ry [1-exp(-2at)]

R (21)
1-R,2exp(-2at)

R and

(1-R,)2exp(—at)
re= (22)

1-R,2exp(-2at)

—
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It appears that if we know R, and either n or &, the
remaining one can be calculated from this relation. But this
usage is only limited to the transparent region where direct
measurement of n can be made. It is obvious that the key roles
in this method rest on 7 and R which are usually difficult to
measure accurately because of influencing surface conditions,
such as flatness, aging, oxide layers, adsorbed gas, etc. Errors
of 1 to 5% in the resulting absorption coefficient are typical.
However, this method is self-contained at a given wavelength, and
it does not require additional data at other wavelengths or other

properties.
3.2 Reflection Spectrum Analysis

Beyond the trénsparent region, in the high absorption
regions, where neither n nor Kk are observable, one has to rely on
the reflection spectrum from which the optical constants can be
derived by the Kramers—Kronig analysis or by the multiple-

oscillator fit based on the Lorentz theory [39].

P 2

The Kramers—Kronig relations are derived from the dispersion

s

relation in that the phase angle o(w) of the complex

reflectivity, R(w), is evaluated based on the observed reflection

spectrum
R(w)=R(w)explio(w)] (23)
and
‘ w I”[lnR(w')-nnR(w)]
‘ 6(w)=—P dw '
o w’-w"

i i
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where w is the frequency of radiation and P is the principal
value of the Cauchy integral. Based on the amplitude R(w), and
phase angle of the reflectivity, the refractive index and
absorption index can be calculated according to the following
equations:

1-R(w)

n(w)= (258)
1+R(w)-2J/R{w)cosO(w)

and
! 2JR(wYsind(w)
k(w) (28)
1+R(w)-2J/R(w)cos8(w) :

In principle, the calculation of & requires a complete reflection
spectrum with frequency ranging from zero to infinity. In
practice, however, since R is measured only in a limited range of
frequencies, errors are inevitable in the calculation of 6 and
hence in n and k. These errors arise from the extrapolation of
R(w) beyond the range of measurements. The typical errors in the

resulting n and X are 5 to 10%, or more.

In the Lorentz theory, the refractive index and absorption

index are related to the oscillator frequencies, w;, the

oscillator strengths, S;, and the damping factors, v, by the
expressions
Sil[1-(w/wg)?)
n2-x2=g +% (27)
[1-((0)/(0)‘)2]2'9“7(2((0/(0!)2
and

S;v; (W/Wg)
2nk=% (28)
[1-(w/wg)2]2+4y;,3(w/w;g)?

wvhere €, is the optical dielectric constant. The resulting n and
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Kk have to satisfy the observed reflectivity by the relation

[n(w)—-1+ik(w)]2
R(w)= (29)
[n(w)+1+ik(w) ]2

It is clear that this approach requires the knowledge of the
oscillator frequencies which in general is not complete because
of experimental difficulties. This leaves us no choice but to
use only the observed predominant ones. Nevertheless, this
method, similar to the Kramers—Kronig analysis, yields good

approximations to the properties under consideration.
3.3 Differential Technique

In the differential technique, a aual-beam spectrometer is
the basic apparatus and the transmissions and thicknesses of a
thick sample (7T; and d;) and a reference sample (7, and d,;) are
measured. An optical wedge is added to the reference\ beam and
its transverse position is so adjusted as to balance the
transmitted intensity of the sample beam. The transmission of
the wedge, T3, 1is then measured. The relation of the three

measured transmissions is, therefore

TaXTa™=T, (30)
hence, by using Eq. (22)
1-R2exp(~20dj;)
Ty=exp{(-0Ad) (31)
1-R?exp(~2ad,)
where Ad = d; - d,, and
R=(n-1)2/(n+1)2 (32)

The accuracy of this method depends on the accuracies of the

refractive index and transmission, respectively. While the




former can be determined with high accuracy, accuracies of the
latter depend on the instrument utilized. An uncertainty of 1%
or greater is in general expected. This imposes a limit, on the
order of 1 x 10-% cm~!, to the lowest absorption coefficient that

can be measured by this method.

3.4 Laser Calorimetry

In the laser calorimetric method, the absorbed energy is

! measured in the form.of heat. It can be shown that ¢the total
absorption is related to the absorbed'energy; E,, by

aL+20=(E,/E;)[2n/(1+n?)] (33)

provided oaL < 1. Here, L is the sample length through which a

laser beam passes and 0 is the 1loss per sufrface. E, can be

calculated using the specific heat and mass of the sample and the

measured temperature rise. The transmitted energy, E;, c¢an be
determined using a black body and its temperature rise. In order
to separate the bulk and surface absorptions, the total

absorption of a series of samples of different thickness, cut
from the same piece of material and polished in the same way must
be measured. A plot of total absorption versus sample thickness
will give a straight line with s{ope & and intercept 2o. This
method yields very accurate results and is wused to measure

absorption as low as 10-5% cm-!.

3.9 Emittance Method

Kirchhoff‘s law states that, at thermal equili.rium, the

absorptance, A, is equal to emittance, E,
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E=A=1-R_-T,. (34)

Using Eqs. (21) and (22) the above equation becomes

(1-R,)[1-exp(~at)]
E (38)
1-R exp(—at)

where the gquantities E, R,, a are functions of wavelength and
temperature, t is the thickness of the sample. At very low
absorption, the quantity at is neglegibly small for ordinary
sample thickness and equation (35) is reduced to

E=at. (38)

Thus, by measuring the emittance as a function of wavelength, the

spectral dependence of abscrption coefficient can be obtained.

The technique is potentially very sensitive, and it has been
predicted that a<10-7 ecm~! could be measurable. But so far o
lower than about 105 em-! have been found very difficult to
measure because of stray radiation and temperature fluctuations
in the background. The sensitivity is also heavily dependent on
wavelength, since what is being measured is the thermal emission
from the sample. For a sample at room temperature the
sensitivity is at best in the infrared region arcund 10 um, but

it falls off rapidly toward Lhe visible.

The observed emission will have contributions from both bulk
and surface. In principle, one could distinguish between bulk
and surface losses by making measurements on several samples of
different thicknesses, provided bulk and surface absorption

coefficients did not change from sample to sample. But this is

often difficult to accomplish.
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3.8 Interferometric Calorimetry

In interferometric calorimetry the sample is made part of an
interferometer, and the temperature increase is determined by
measuring the change in optical path in the material. No sensor
of any kind needs to be attached to the sample, and the scatter
problem is eliminated. By moving the probe beam the temperature
can be measured at any point in the sample including the position
of the heating beam. Several approaches have been suggested to
utilize interferometry, but none have gained wide usage, since
the equipment is generally more cumbersome than the other

calorimetric methods:
3.7 Photoacoustic Calorimetry

When a periodically interrupted light beam is incident on an
absorbing medium, heating and subsequent expansion take place
with the consequence of generating an elastic or acoustic wave.
This. phenomenon is called the photoacoustic effect. Hordvik [40,
41, 42) used this effect in the determination of both bulk and
surface absorption in solids. The experimental set up consists
of a cow laser. a light chopper, a sample with transponder
attached, a power meter, and an amplifier. The transponder

material i{s a piezoelectric ceramic.

For bulk absorption, o, the strain € at a distance r from
the center of the laser beam is given by [40]

de|(1+U)t

€ (37)

2ﬂCp(1-d)r’.
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where P is the incident power, o; the thermal linear expansion
coefficient of the sample, 0 the Poisson's ratio, t the half of
the chopping period, C the specific heat of the sample, and p the
density of the sample. This method allows the separation of the
surface and bulk contributions to the total absorption. By
choosing a transponder with appropriate piezoelectric constants
one finds that the output signal due to surface absorption is
180° out of phase with the output signal due to bulk absorption.
Both surface and bulk losses in the range of 10~% have been

determined using laser of a few hundred milliwatts [41, 42].
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4. AVAILABLE NUMERICAL DATA

Absorption data in the open literature are reported in many
equivalent forms. They are given in units of c¢m~!, or as
extinction index, optical density, or normalized values. Energy
is presented in terms of wavelength, wavenumber, frequency, or
electron volt. In the present work, the absorption coefficient
is consistently reported in units of cm~!, the energy in terms of
wavenumber, c¢m~!, and in wavelength, um. When necessary, all of

absorption data were converted to these uniform set of units.

The data and related information are summarized in a number
of figures and tables. The conventions used 1in this
presentation, and specific comments on the interpretation and use
of data are given below. Each sub-section in this section gives
all the information and data for a given material. The sub-—-
sections are arranged in the following order:

4.1 Caleium Fluoride, CaF,

4.2 Strontium Fluoride, SrF,

4.3 Barium Fluoride, BaF,

4.4 Magnesium Fluoride, MgF,

4.5 Color Centers of Alkaline Earth Fluorides

4.8 Impurities Contributing to Extrinsic Absorption

4.7 Refractive Index of Alkaline Earth Halides
Presented in each sub-section are information and data arranged
in the following order:

a. A text describing and discussing the data on a given

...... I AR ¥ tid [+ s Aa A B b L it -
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material, with the thought that in general a reader will
concern himself with a specific substance. For the sake
of self—containment, each sub-section incorporates
important information even if it should constitute a
repetition of some of the same subject matter found in
other sections or sub—-sections.
b. Figures of experimental absorption coefficient
(wavenumber dependence). For the purpose of showing the
. overall spectral distribution as well as the details in
each of the multiphonon and Ufbach tail regions, three
figures are included for clarity.

c. A summary table of experimental data on the absorption

coefficient (wavelength dependence). An extract of

pertinent information for each data set is given in this

table along with the numerical data. The original data
reported in this table are converted to the adopted set
of units. The order of magnitude of absorption
coefficient. varies over a wide range, from 10-% em-! to
.. 10*7 em~?', and that of wavenumber varies from 10 cm~! to
10% em-!. Therefore, it is convenient to present the
data in powers of ten. In this table, the numerical
value 1.259E+n stands for 1.259x10%7",
d. A figure of experimental absorption coefficients
(temperature dependence).

e. A summary table of measurements on the absorption

‘ coefficient (temperature dependence).

i In figures containing experimental data, if data sets are
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distinguishable, the data sets are labeled by appropriate legends
and denoted by the numbers corresponding to those assigned in the
corresponding tables on the experimental data. The tables of the
experimental data give for each set of data the following
information: the reference number, author's name (or names), year
of publication, the description and characterization of the
specimen, and information on measurement conditions contained in
the original paper. Furthermore, the collected data sets in the
tables are appropriately ordered chronologically, first for the
infrared wavelength region followed by the data sets in the

ultraviolet region.

Errors in observed data on the absorption coefficient
usually amount to 5-10% for high absorption levels, inaccuracies
progressively increasing with decreasing absorption level, a
natural consequence of decreasing in instrumental sensitivity.
There is no <clear cut demarcation separating the high and low
absorption levels. A reasonable criterion may be based on the
type of measuring technique used. In general, absorption
coefficients, which. can be measured with high degree of
reliability by directly observing the decay of light through the
crystal or indirectly deduced from reflectivity and/or
transmission measurements, are considered as high absorption with
the lower limit approaching 0.1 cm~! or higher. Lower absorption
has to be determined by a high sensitivity method, such as laser

calorimetry.
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Non—experimental errors are added to the data when these are
reported only graphically with no accompanying tabulation
reporting all relevant significant figures. Additionally,
inadequate scales used in graphic data presentation further

contribute significantly to data uncertainties to a point which

may make the data unacceptable.

Investigations of absorption coefficient for practical
applications are generally classified into three wavelength

regions: the ultraviolet and the infrared edges of transparency,

and the transparent regions. In the ultraviolet region, the
purposes of the studies were to investigate the exciton states in
i the crystal and to determine the Urbach-rule parameters.

Measurements of absorption coefficient in the infrared were made

for the purpose of studying the optically active lattice
vibrations. On the short wavelength side of the reststrahlen
band, where a photon is absorbed and two or more phonons are
generated, multiphonon absorption can occur and lead ¢to

absorption coefficients that range from 10-% cm-! to 100 cm~1!,

depending on the number of phonons generated.

Measurements of the absorption coefficient in the

transparent region are relatively recent events as the
development of high—-power IR lasers has led to a need for better
characterization of IR window materials. Among other things, the
absorption coefficient plays a decisive role in determining

whether a material is adequate for laser optical components. For

this reason, absorption coefficients of a number of selected
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materials were investigated at wavelengths of laser interest. It
is a coincidence that the wavelengths of laser interest are
located in the region where the absorption coefficient is
influenced by the multiphonon absorption. Therefore,
investigation of multiphonon absorption becomes important in the
understanding of the absorption mechanisnms. Regarding the
absorption at wavelengths other than laser interest, little
attention was paid as the needs for this information was not
felt. As a result, practically no absorption coefficient data
are available except at wavelengths of color centers where only

qualitative observations were made.
4.1 Calcium Fluoride, CaF,

Calcium fluoride is of considerable interest both from the
experimental and theoretical point of view. The compound is
ionic but, in contrast to binary NaCl~-type crystals, it has a
number of structural features associated primarily with the

presence of two equivalent F~ ions in a unit fluorite cell.

5 Single crystals of calcium fluoride, in rather pure state,
; are found in nature and are called "Fluorite” or "Fluorspar".
Calcium fluoride of similar purity, but of larger dimensions, has
been produced by controlled freezing of purified molten calcium

fluoride after an initial scavenging with lead fluoride.

Calcium fluoride has been an important optical material used
‘ in the design of optical components and systems for many years

because it occurs naturally in large sizes and many measurements
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on the optical constants are avajilable. The crystal is
transparent in the region from about 0.18 ¢to 15 um. The
transparent region may be divided into three subregions, in each
of which CaF, has useful applications. From 0.15 up to 0.3 um
and from 6.0 up to 15 um the dispersion is high and the crystal
is used for high dispersion devices in spite of low transmittance
at the limits. In the region from 0.3 up to 6.0 um where
dispersion is low and transmission is high, it is used as windows

and lenses in the optical systems.

Available spectral absorption—-coefficient data of CaF, are
given in Table 5 and plotted in Figure 2, with the details of the i
Urbach tail and multiphonon absorption regions plotted in
enlarged form in Figures 3 and 4. Comparing these figures with
Figure 1, a striking similarity is apparent. Each data set in
these regions appears as nearly a straight line in the

semilogarithmic scale,

Kaiser et al. [43] determined absorption coefficient from

analysis of reflectivity and transmission measurements using

classical dispersion theory. Their investigation covered a
spectral range from 8.1 to 17 um at two temperatures, 77 K and
300 K. Although the primary purpose of their study was to obtain
iliformation on the lattice vibrations, the resulting absorption
data are in agreement with the subsequent measurements of others.

The frequency of the longitudina) optical phonon and the static

— X 2 A e NI i b s o

and the optical dielectric constants deduced from their analysis

are also consistent with those from recent studies ([67,88].
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Whether they used pure or contaiminated sample was not known
since the absorption in the region they covered is quite high and
hence the results are not readily affected by contributions due

to minute imperfections.

Heilmann [44] determined room-temperature spectral optical
constants for ranges from 6.2 to 8.9 um and from 17 to 48 um,
using the simple transmission method for the former region and
polarized reflection spectrum analysis for the latter. The
absorption coefficients obtained for the former region can be
considered as an extension of the work of Kaiser et al. [48] in
the short-wavelength wing of the fundamental absorption peak as
shown in Figure 3. Compared with other data sets measured at

room temperature, a general consistency is observed.

Rupprecht [45] deduced optical constants of commercially
available hot—-pressed polycrystalline CaF, from spectral
transmittance measurements. The transmittance data were analyzed
according to the approximate formula 7=(1-R)2exp(~ad), where d is
the thickness of the plane parallel sample. He found the
relationship between absorption index and frequency can be
expressed as k(v)=xgexp(-v/vy,), where k=28, V,=83.5 cm-! and
aA=47KY . After converting his absorption index to absorption
coefficient and comparing with other room—temperature data, his
results show a steeper slope indicating that polycrystalline CaF,

is less absorbing at the lower level of absorption.

Bosomworth [48] was mainly interested in the optical

constants for the long wavelength wing of fundamental phonon.
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Direct transmission interference fringes were observed for thin
specimens, and the resulting interferograms were reduced to
refractive index and absorption coefficient through an iterative
data fitting process using eqs. (32), (22), (i8), and (20), under
the condition that 2wnd/\, + Y=Nn/2, where N is an integer, )\, is

the wavelength corresponding to maximum and minimum of

interference pattern. Their results indicate that the absorption
coefficient in the 1long wavelength wing varies with frequency

1 linearly when plotted on a log—-log scale as shown in Figure 2.

Using the differential technique, Deutsch [32,47] was able
‘to determine the absorption coefficient of CaF, crystal for the
spectral region between 5.3 and 10.6 um with better accuracy and
to separate the bulk and surface contributions from the total
absorption. Errors in his results were estimated based on the
observed transmittance, r. Around 7~0.9, the error in « is about

#10% while around 7~0.8, it is about +3%. Combined with the

results of Kaiser et al., Deutsch established eq. (8) to

represent the relation of room—temperature absorption coefficient
and frequency, with parameters of the equation given in Table 4.

This equation has been cited in the literature since then.

As the needs of absorption data at laser wavelengths were
Zalt, Harrington et al. [48] measured a at wavelengths 2.7 and
3.8 um, for samples of various origins, using laser calorimetry.
Variation in «o among samples was found to be about one order of

magnitude. It is not surprising to see such large variation

— it L A T LSt 4 sl o £ .

because the absorption coefficients are low, in the range of 10-*¢
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cm~!, at these wavelengths. At low absorption, surface
absorption and other undesirable contributions may become
important and in many cases predominate. They also measured
absorption coefficient in an extended wavelength region from 3.8
to 8.2 um for a polycrystalline sample wusing the emittance
method. Their results are in agreement with those reported by

others.

Subsequent measurements of o at 2.7 and 3.8 um were made by
Harrington et al. [54], Rosenstock et al. [55], and Hordvik and °
Skolnik [42). Their results are collectively plotted in Figure 2
at wavenumber 2632 cm~! (A=3.8um) and 3704 cm~! (2.7 um). Large
discrepancies, as much as 2 orders of magnitude, are clearly
seen, however, the lowest value of o at the former wavenumber is
in line with the intrinsic value. Evidently, at low absorption
levels, absorption coefficient is very sensitive to imperfections

in the sample.

Lipson et al. [52,53] utilized transmission spectroscopy
methods to measure the absorption coefficient of CaF,; in the
wavelength range from 8.7 to 10.5 um and over a temperature range
from 298 and 800 K. The fact that their room-temperature
observation was in close agreement with those of Deutsche's
measurement indicated that there were no extrinsic contributions
in the wavelength range of interest. When their results were
plotted in a semi-logarithmic scale, as in Figure 3, the
absorption curves are essentially straight lines indicating that

the exponential relation between absorption coefficient and




frequency, eq. (8), is also valid at temperatures higher than

room temperature. Errors in their results were not quoted in

their report, but can be estimated from their graphical
presentation. At the highest absorption (a=3 to 4 cm~?!), the
error bars in the graph indicate errors of 3-6% in absorption
coefficient. The percent error 1is expected to progressively
increase in the spectral region where the absorption coefficient
decreases. An error of 10% or more may be assigned to the lowest
absorptions in their results. They also used the enmittance
method in the determination of absorptioﬁ coefficient in the
wavelength region between 5 to 10 um for the same sapple at 350
K. Good agreement between the results obtained wusing the
emittance and transmission methods, as well as the exponential
behavior, is retained in the wavelength range from 6 to 10 um.
In the region between 5 to 6 um, where the absorption is low,
extrinsic absorption probably due to surface absorption starts teo

predominate and the data deviate from exponential behavior.

In order to find the intrinsic absorption at 5.3 um to
support the exponential relation, eq. (9), a number of
measurements were made by Deutsch [47], Winston et al. [49],
Kraatz and Mendosa [50], Newberg et al [57], and Allen and
Rudisill [57], with the lowest value 4.2 x 10-* cm~! which is
considered as intrinsic since the value follows the expoential
relation. In the transparent region between 0.3 to 2 um, there
is practically no observation that has been reported except at
wavelengths 1.068 and 0.515 um; where, for each case there is only

one measurement available. Hass et al. [66] measured the

-
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absorption coefficient for a forged polycrystalline sample by
calorimetry at a wavelength of 1.08 um. The result is 4.0 x 10-%
cm~! which represents the lowest absorption coefficient ever
measured for CaF,. Absorption coefficient at 0.8515 um was
determined by Hordvik and Schlossberg [40] wusing photoacoustic
calorimetry. The result is 9.3 x 10~% em-!, If there are no
other complications, absorption coefficient in the high
transparent region normally is in the range of 8 x 10-% to 1 x
10~* ecm~!. The high absorption observed at 0.515 um probably has
its origin in the presence of surface contamination and/or the

existence of color centers.

Investigation of absorption spectrum in the ultraviolet
region, 1including the absorption edge, normally has as its
purpose the identification of the electronic states and
determination of the Urbach—-rule parameters. Tomiki and Miyata
[10] carried reflectivity and absorption measurements in the
intrinsic wavelength region (the absorption edge) for cleaved

CaF, specimens at a series of temperatures from 78 to 8573 K.

Specimens were obtained from different sources and were subjected
to different treatments. It was noted that specimens with
cleaved surfaces had better transmission in the tail region than
those gone through the polishing process. Through a systematic
observation and analysis, they were able to define the parameters

of the Urbach rule, eq. (8), given in Table 3. However, whether

the absorption tail is intrinsic or extrinsic was not confirmed.

Other investigations in the ultraviolet were made by Fabre et al.

[68], Stephan et al. [59)], and Ganin et al. [80]. Details of




ey

! ultraviolet results are shown in Figure 4 where data of Fabre et

al. are highly discrepant because a thin film sample was used.

Data on the temperature dependence of absorption coefficient
are very limited. Available data shown in Figure 5 and Table 8
were obtained only from two sources. It is very fortunate that
both works covered a wide temperature range and the general
behavior of the absorption coefficient versus temperature can be
seen. It is observed that the curves in Figure 5 appear as
straight lines and tend to converge to a point located at the

upper-right outside the figure. A straight line in the log-log

plot indicates a power - law relation of the two variables.
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4.2 Strontium Fluoride, SrF,

Strontium fluoride crystal has a large electronic forbidden
gap and therefore the fundamental ‘absorption is found to be in
the vacuum ultraviolet beyond 10 eV. As a consequence,
transparency of the crystal extends into the ultraviolet region
to as low as 0.12 um. This makes strontium fluoride a material
useful in fabrication of optical components for vacuum

ultraviolet investigations.

The strontium fluoride crystal belongs to the space group 0%
and is expected to have one infrared active transverse 6ptical
mode (TO) of vibration. The corrgsponding strong resonant
absorption occurs at about 48 um. However, the long wavelength

limit of transparency for optical usages is about 20 um.

Although the crystal is transparent from 0.12 up to 20 um,
only in the region 0.3-7 um is the dispersion low and the
transmission high. Less transmission and higher dispersion are
found near the low and high limits. From the point of view of
optical applications, the crystal is a good window material for
wavelengths from 0.3 to 7.0 um, and is a preferred material for
dispersion devices, such as prisms, for regions near the

ultraviolet and infrared limits of the crystal.

Having 1low dispersion and high transmission in the spectral

region of 2-8 um, being not hygroscopic, having a high optical

figure of merit and having better mechanical properties than the
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alkali halides, the strontium fluoride crystal is among the

serious candidates for laser window materials. The widespread
use of SrF,; as a host crystal in laser applications encouraged I
attempts to grow single crystals with low impurity content.

However, difficulties were experienced in the growth of pure

crystals because of the low electronic mobility of conduction

electrons in the crystal. Synthetic material of high purity is

now commercially available or is made by reacting the purified
f oxide or chloride with gaseous HF. Single c¢rystals of SrF,; can
be grown by using the Stockbarger—-Bridgman technique if adequate
precautions are taken to eliminate oxygen and water from the
atmosphere in the growing process. The crystal cleaves readily

along [1,1,1] planes which meet to form <1,1,0> cleavage edges.

In the present work we have collected 38 data sets of
wavenumber—dependent absorption coefficient and 12 sets of
temperature—dependent data. These available data are plotted in
jﬁ. Figures 8 and 9 and given in Tables 7 and 8. To show the details

of the multiphonon absorption and Urbach tail regions of Figure
8, Figures 7 and 8 are provided. By comparing Figure 6 with
Figure 1, one will note that the absorption spectrum of SrF, is

typical among ionic crystals.

Early study on the absorption property of SrF; crystal was
performed by Kaiser et al. [43]' in 19862. Their work was
concentrated near the reststrahlen region, 10 to 19 um, at
temperatures 77 and 300 K and the absorption data wer: deduced

oy ' from the reflection spectrum by classic dispersion theory.

PR ———— - e ———————————— - P -
- - * T




Useful information related to the lattice vibration was also
obtained. Their results on the spectral position of the
fundamental absorption phonons and the static and optical
dielectric constants are in agreement with the measurements of

Andeen et al. [67] and Lowndes [68].

For the purpose of providing new absorption data to fill the
missing part in the long wavelength side of fundamental

absorption peak, Bosomworth [46] measured absorption data for all

accessible wavelengths in the region between 48 to 750 um at 4
temperatures, 5, 80, 200 and 300 K, using the direct transmission
interference method. His results are shown in Figure 6. It is
clearly seen that the relation between absorption coefficient and
frequency can be well approximated by a straight line in the log-

log scale.

As the development of high—power lasers led to a need for
better characterization of window materials, Deutsch [32]
employed an improved method, the differential technique, in the
determination of bulk absorption coefficient in the spectral
region between 8.8 to 12 um for the SrF, crystal. Errors in his
results varies from 3% at high absorption levels to 108 at low
absorption. His measurement is effectively a continuation of the
work of Kaiser et al. extended into the lower wavelength region.
Incorporated. with the data of Kaiser et al., he found that the
absorption coefficient as a function of frequency at room

temperature can be best represented by eq. (9). The parameters

he found for SrF,; are given in Table 4. While most of the data
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fit the equation well, the very last point at the low absorption
level 3.4 x 10-? cm~!, shows considerable deviation. Clearly
this disagreement can be attributed to either imperfection of the
sample or inadequate sensitivity of equipment as the 1limit of

this method is about 10-3 cm-1?.

In order to find out how far into the transparent region eq.
(9) remains valid, the absorption coefficient was carefully
me;sured at and near 5.3 um in a number of investigations by
Deutsch [47], Winston et al. [49], Newberg et al. [51], Hordvik
and Schlossberg {40], Hordvik [41], and Allen and Rudisill [57].
Their results vary over quite a wide range, from 4.1 x 10-% cm-1!
to 1.7 x 10-% cm~!, as shown in Figure 6. The lowest value

agrees with the prediction of eq. (9).

Although the wavelengths 2.7 and 3.8 um are very close to
the multiphonon absorption region and it is highly possible that
the exponential relation mentioned above may be extended to these
wavelengths, experimental evidence 1is not able to substantiate
it. Efforts focused on these two wavelengths was made by
Harrington et al. [48], Harrington et al. [54], and Hordvik and
Skolnik [42]. The resulting absorption coefficient varies from
9.0 x 10°% cm~?! to 1.7 x 10-% cm~! at 3.8 um and from 2.7 x 10-4
cm~?! to 3.3 x 10-2 em-! at 2.7 um as indicated in Figure 8, while
the values predicted by eq. (8) are resgectively about 10-% cm-!
and 10-% cm~!. Other than at wavelengths 5.3, 3.8, and 2.7 um
there is practically no absorption data available in the high

transparent region except a single value, 4.7 x 10-¢* cm-!},
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measured at 0.515 um reported by Hordvik and Schlossberg [40].
This value was determined with a photoacoustic calorimenter and
is believed to be a representative absorption value in the highly

transparent region.

The most informative experimental work was performed by
Lipson et al. [52,53] in the wavelength region between 7.8 to 12
#m at six discrete temperatures from 295 to 800 K using a simple

transmission method. The same samples examined in preliminary

£

measurements made at room temperature ‘howed no impurity bands in

the wavelength region of interest. Additional measurements were

o

made for an extended range from 12,5 um down ¢to 85 um at
temperatures 213 and 350 K using an emittance method. A strong
ibsorption band was observed in the region below 7 um. This band
was tentatively attributed to surface contamination since no bulk
impurity bands were detected by spectroscopic transmission even
in long samples of 7.5 c¢m. Aside from the troublesome band,
their results are believed to be mostly intrinsic. When plotted
in a semi—-logarithmic scale, the curves obtained at different
temperatures are straight lines, an indication that the

exponential relation, eq. (9), also holds at temperatures

LB eiitp .

considerably higher than room temperature as shown in Figure 7.

The exponential variation of the absorption coefficient with
frequency is also observed at the ultraviolet edge. For the
purpose of clarifying the excitonic transitions and determining

the Urbach parameters, Tomiki and Miyata [10] performed a series

i,

'4 of measurements in the tail region at five temperatures, 78, 195,
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299, 418, and 573 K. Through a systematic analysis, they were
able to find that the observed absorption coefficients in the
tail region can be best represented by equation (8) with
parameters given in Table 3. However, as some of the key factors
and parameters do not follow theoretical predictions, they
concluded that whether the Urbach tail observed for the specimen
is intrinsic or not remains unresolved. Additional observations
in the ultraviolet region were made by Nisar and Robin [62], and
Ganin et al. [60]. Their results are plotted in Figures 8 and 8.
Since the results at high absorption levels can only be deduced
from reflection spectrum analysis, much of the resulting values
carry high uncertainties. However, the main features of the
structure of the spectra agree with the results of others with

respect to positions of the absorption peaks.

Temperature—dependence absorption measurements were rarely
carried out systematically. We have reported in the present work
only three sources which were found to be quite informative
though their coverage is relatively limited. Chen et al. [61]
measured absorption coefficients at the wavelength 10.8 um (943.4
em~!) over a temperature range from 295 to 785 K using a simple
laser transmission method. The purpose of their work was to
provide experimental evidence to compare the predictions based on
various theories of multiphonon absorption. They found that the
Bose—-Einstein model yields the closest agreement with the
experimental data when appropriate choice of n, the number of
phonons created, is made. Lipson et al. [52,53] reported

temperature dependent absorption data over a temperature range




from 300 to 800 K at a number of fregquencies based on

spectrometer transmission measurements. Their results are shown

in Figure 8. It is interesting to note that all the curves in

this figure are nearly straight lines and tend to converge to a
point located in the high temperature and high absorption region.
When compared with the results of Chen et al., the laser
calorimetric measurements of Chen et al. are consistently higher
than spectrometric results because the actual temperature of the i

sample is higher due to laser heating. 4
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4.3 Barium Fluoride, BaF,

Barium fluoride is transparent over a wide spectral range
from 0.14 up to 15 um. The transmittance of a BaF, plate 2.3 mm
thick increases rapidly from a sharp cutoff at 0.1345 um to 885
percent at 0.4 um and continues at that level to about 10 um,
after which it falls off rapidly. The observed transmittance at
longer wavelength varys with the thickness of the sample. For a
plate 10 mm thick, the transmittance is 50 percent at 11.7 gm and
10 percent at 13.5 um, whilg a transmittance of 60 percent can be
obtained at 15 um for a 3.5 mm thick plate. Because of its
uniform transparency in the spectral region 0.4 to 10 um, barium
fluoride is wused for window and lens fabrication. As laser
technology advances, the need for optical material with high
optical figure of merit and adequate mechanical properties is
increasing. Barium fluoride, having the required advantages, is
among the serious candidates for window materials for the

spectral region between 2 to 6 um.

Unlike calcium fluoride, which occurs naturally in large
sizes of optical quality, barium fluoride crystals for optical
applications is synthesized. As a result.' early investigations
of optical properties did not include barium fluoride. Synthetic
barium fluoride crystals of optical quality were successfully
grown by Stockbarger during World War II. In the 1950's
synthetic BaF, crystals became available commercially and found
acceptance because of their favorable physical characteristics

and broad transparent range. BaF, transmits further into the
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infrared than does either CaF, or LiF.

Available data: on the absorption coefficient are given in
Tables 8 and 10 and plotted in Figures 10 and 13. Kaiser et al.
[43) investigated the reflection spectrum of BaF, in the
reststrahlen region from 10 to 80 um. Refractive and absorption
indices for wavelengths from 11.3 to 22.5 um were deduced from
the analysis of the reflection spectrum wusing the Lorentz
oscillator theory. The strong resonance at 4.3 um was
identified as the optically active TO resonance. A second
resonance about one order of magnitude weaker than the main
resonance is at 36 um. The origin of the weaker absorption was
unkown, and Kaiser proposed the possibility of a two-phonon
combination band involving the TO mode. However, this weak
absorption does not appear in Lowndes' work [68), in which the
reflection spectrum was reduced by the Kramers—Kronig analysis.
Instead of the weak resonance at 36 um, Lowndes obtained a weak
absorption at 29.07 um, which was identified as the longitudinal
optical resonance, LO mode. Since Lowndes may have used a purer
sample than that used by Kaiser, it 1is likely that the weak
absorption at 38 um is due to impurities in Kaiser's sample. 1In
the short-wavelength side of the fundamental phonon, however,
their results are in close agreement with those obtained later by

other investigators.

As the infrared transmission at elevated temperatures became
of great interest for a number applications, Oppenheim and

Goldman {83] determined the spectral absorption coefficient in
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the © to 14 um region of the spect.:um at temperatures 300, 573,
923 and 1273 K. The spectral measurements were made point by
point with an estimated error of x3%. Observation at elevated
temperatures was also made by Lipson et al. [53) in the 8.0-13.8
Mm region at six temperatures from 293 to 800 K. Their results
are collectively plotted in Figures 10 and 11, A general
agreement 1is clearly seen except for the data set measured at a
temperature of 1273 K, which is close to the melting point of
BaF, (1280 K). The mechanism of rapid increase of absorption at
1273 K was unknown, but it was observed that BaF, became less
transparent to the eye at temperatures higher than 923 K, and
after a number of hours at 1273 K it acquired a permanent milky-
white color. Harrington et al. [48] measured the absorption
coefficient of single crystal and polycrystalline specimens in
the 3.5 to 8.1 um region at temperature 373 K, using the
emittance method. Their results deviate considerably from those
reported by others as can be seen in Figure 10. The cause of

such discrepancies was attributed to the presence of impurities.

Absorption measurements in the highly transparent region are
very limited. Several measurements were made for each of ¢the

wavelength, 5.3, 3.8 and 2.7 um because they are of interest in

the wavelengths at 1.06 um and 0.515 um. At 5.3 um, values

reported by Deutsch [47], Hordvik and Schlossberg {[40] are

i
{
3
} chemical lasers. Only one measurement was reported for each of

essentially the same and are in agreement with the prediction of
; eq. (9). It should be noted that at this wavelength, surface

absorption has about the same magnitude as that of bulk. At
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wavelengths 3.8 and 2.8 um, efforts were made to establish the
controlling factors in sample growing and polishing processes
which would reduce absorption. When the resuits obtained by
Harrington et al. [48,54], Hass et al. [58)], and Hordvik and
Skolnic [42] are brought together as shown in Figure 10, one can
see that even the lowest available absorption coefficient is
largely extrinsic which is attributed to surface contamination.
The only available absorption data at 1.06 um was reported by
Hass et al. [56]. The value is 3.0 x 10-% em~1. Since they
found little or no indication of surface absorption in the
inspection of the thermal rise curves, it 1is believed ¢that
absorption data measured at 1.08 um may provide an indication of
the lower limit that can be obtained in a particular sample and
that the cause of the limiting factor is likely to be the
scattering effect. The absorption coefficient at 0.8515 um was
found to be 1.9 x 10~* em-! as reported by Hordvik and
Schlossberg [40]. At this wavelength, an additional limiting

factor arises from the presence of color centers.

At the long wavelength side of the reststrahlen region,
absorption data were determined by Bosomworth [48] for the
wavelength range from 55 to 1000 um at four temperatures, 5, 80,
200 and 300 K. It is clearly seen in Figure 10 that aside from
the structure of the spectrum below 200 um, the behavior of the

absorption coefficient in the region above 200 um is quite

predictable,




P e Tt VEeY Y WV S SO

128

In vacuum ultraviolet, Fabre.et al. [58] investigated the
spectral region from'0.1 to 0.17 um by Kramers—Kronig analysis of
the reflection spectrum, and found a strong absorption peak at
0.122 um which is the lower limit of the transparency of BaF,.
Nisar et al. [62] studied the reflection spectrum in the energy
range 8-35 eV and analyzed the absorption spectrum beyond the
lower transparent limit. Similar observations were carried out
by Ganin et al. [60]. Absorption spectrum in the tail region was
studied by Tomiki and Miyata [10]. They performed a series of
spectral measureménts at five temperatures from 78 to 573 K. A
systematic data analysis was made to define the parameters of eq.
(8). In spite of the fact that the observed absorption
coefficient can indeed be described by eq. (8), with the best fit
parameters listed in Table 3, the fact that the parameter values
do not conform with the theoretically predicted trend has led
them to conclude that whether the tail is intrinsic or extrinsic

remains unresolved.

The temperature dependence of the multiphonon absorption of
BaF, at 10.6 um over temperatures from 300 to 800 K was obtained
by Chen et al. [B1] using a laser transmission experiment.
Although there is no experiment error reported along with the
data, the error bar given in their graphic presentation indicates
a S0% error for an absorption coefficient of 0.2 em~!, and about
a 10% error for an absorption of 1.0 em~!. In the data analysis
they found that the experimental results were best represented by

the 4-phonon absorption in the Bose-Einstein model. Absorption

data covering both wide spectral and wide temperature ranges were
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generated by Lipson et al. [53] wusing the spectrometer

transmission method. Experimental errors of their data were not
1 reported but can be roughly estimated from their graphs. Errors
; ranging from 5% at high absorption levels to more than 10% at low
absorption are estimated. The available data are collectively
plotted in Figure 13 and all the curves appear to be straight
lines ‘and. if extended, tend to converge at a point in the upper
right corner outside the figure. 1Indeed, we did find such a j

point as will be discussed in Section 5. 1
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4.4 Magnesium Fluoride, MgF,

Magnesium fluoride is an anisotropic ionic crystal having a
rutile structure. It has a large forbidden gap and hence it is

transparent in the UV and is used as an optical material in this

spectral region. It is of particular interest in vacuum UV

spectroscopy because of its use as a reflective coating for

mirrors and gratings. It has been found that a MgF, layer of
suitable thickness, evaporated onto aluminum, retards oxidation
of the aluminum and greatly increases the reflectance in the
i vacuum UV, The application of MgF, to an aluminum-surfaced !
replica grating results in a much improved efficiency down ¢to

0.11 um.

The crystal c¢an be grown in vacuum using the Stockbarger
technique. Large specimens with weight over 2 kg and diameter of
about 10 cm are available. MgF, is a uniaxial positive crystal
and is transparent from ©0.11 to 7.5 um. When used as a
reflector, it is highly polarizing for wavelengths less than

0.124 um. The absorption coefficient in the high~transparent

s .

infraired region 0.3-5 um was found to be in the order of 10-4
cem~!, compatible with the other alkaline earth fluorides. It is
therefore considered among the window materials for chemical

lasers. Available data on the absorption coefficient of MgF, are

sM-ﬁL‘uM &z

rather scanty and mostly were measured at 300 K as shown in

4

Figures 14, 15, and 18 and in Table 11.

aimdi

Stierwalt et al. [B89) determined the absorption coefficient

[y

for a polycrystalline sample (Irtran 1) at three temperatures,




d!E!!!llI---!-g-.-....-.....-..'
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333, 393 and 453 K. The transmission method was used with an
infrared spectrophotometer. In two spectral regions, 5.5-8.5 um

and 7.2-7.7 um, the absorption coefficient values at different

temperatures do not show any difference: in their graphical
presentation as shown in Figures 14 and 15. 1t appears that the
sample they used is either quite impure or that a large number of
defects were introduced in the manufacturing process. Only in

the region between 7.2 and 7.7 um, the spectrum shows some

intrinsic features.

Rupprecht [45] reported optical constants for commercially
available, hot-pressed, polycrystalline MgF,; using spectral
transmittance measurements. Motivated by the large discrepancies
between the measured results and predictions from classical i
dispersion theory, he found that only by replacing the constant
damping term in the <classical equation by an exponentially
varying frequency—dependent term, can reasonable agreement be

obtained with dispersion theory. He found that the absorption

index of MgF, varies with frequency according to the relation
k(v)=xo exp (-v/vy), where «ky=30.8 and V¢=103.9 cm-!. After
converting his absorption indices to absorption coefficients and
plotting them together with those of other measurements, his data

set exhibits a steeper slope as shown in Figure 15.

Similar to other fluorides, MgF, is highly transparent in

the visible and near infrared regions and has low refractive

indices at the chemical laser wavelengths. Deutsch [32)], wusing

the differential technique, measured absorption coefficients in
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the wavelength region from 5 to 8 um, for radiation propagating
along the c-axis. Although MgF, has a different crystal
structure from that of other fluorides, the observed absorption
coefficients decrease exponentially with increasing wavenumber as
in the case of all the other fluorides. Absorption at several
wavelengths in this region was also measured by Hordvik and
Schlossberg [40] and Hordvik and Skolnik [42]. Their results
show close agreement with those of Deutsch though the orientation
of the samples they studied was not specified. It is noted from
Figure 15 that the collective data can be best described with an
exponential expression estabiished by Deutsch [32], eq. (9) using

the parameters given in Table 4.

Absorption coefficients at laser wavelengths 3.8 and 2.7 um
were given by Harrington et al. [48]), Hordvik and Schlossler [40]
and Hordvik and Skolnik [42]. It should be noted that in Figure
15, what is plotted at 3.8 and 2.7 um are the total absorption of
Harrington et al., as well as the separated bulk and surface
absorptions from [40,42]. Clearly, the bulk absoption at 3.8 um
is intrinsic as predicted from the exponential re'ation, eq. (9).
Hordvik and Skolnik also reported the absorption at 0.488 um as
indicated in Figure 14. The magnitude of value, 10-% cm~?%, is

the typical absorption observed in the transparent region.

In the ultraviolet region, the absorption spectrum was
studied by Fabre et al. [58), Williams et al. [685)], Stephan et

al. [59], Hanson et al. [84], and Thomas et al. [68), whose

results are plotted in Figures 14 and 18 and tabulated in Table
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11. Their main concern was to investigate the spectral
structures and the factors that give rise to these structures in
the spectrum. Thus all the available data are for the
ultraviolet wavelength region below 0.2 um. Unlike the other
fluorides, the absorption edge of MgF, was not systematically
studied. Neither the Urbach rule was established nor the
available data were adequate to carry out such analysis.
Presently, reliable data in the absorption edge are still in

need.

N
}
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4.8. Color Centers in Alkaline Earth Fluorides

For a perfect and pure crystal its open windows are in
principle clear and faultless but in practice there rarely exists
a substance without impurities and defects. Imperfections reveal
themselves as various absorptions, complicating the absorption
spectrum of the pure host substance. Some of the absorptions are
located in the open windows of the host substance thus degrading
the applicabilities of the substance. Unfortunately, defects
responsible for these undesirable absorptions are easily created
simply by irradiation of photons of low energies such as visible
light of appropriate frequencies, x-rays, and <Y-rays. High
energy particles such as electron, neutron and proton produce the
same damages as X-rays. Exposure to these radiations are in
general unavoidable in an ordinary operation of optical devices.
For absorption in the visible wavelength region, the result is
the coloration of the substance and thus the name "color center”.
Various absorption centers are assigned to designate various
imperfections. Each of the centers of a given host substance has
its unique spectral location thus a unique signature of the

imperfection.

Color centers in the alkaline earth fluorides have been the
object for extensive research for many years. It has been found
that the most commonly observed ones are F and M bands which are
located in the wavelength region between 0.178 and 0.8 um.

Furthermore, the color centers of alkaline earth fluorides are




far more stable than those of alkali halides. Once the centers

are formed, neither thermal nor photochemical bleaching can
effectively remove the coloration. Although the subject of color
centers is beyond the scope of present work it is briefly
included here because the centers may significantly contribute to
the extrinsic absorption in that portion of the transparent
region. Among a handful published material, we selected the work
of Messner and Smakula [85] and depicted their graphic
presentation in Appendix A. Of the five bands in CaF,; and SrF,,
and the nine in BaF,, three bands (marked with arabic numerals in
the graphs) could be correlated to an Ivey relation [88]): )\, =
const.d®, where Am is the spectral position of absorption peak, d

is the inter ionic distance, and n=3.85.
4.8. Impurities Contributing Extrinsic Absorption

After reviewing the existing data, we now have a clear
picture of the absorption spectra of alkaline earth halides in
the <transparent region. They are-all similar to that given in
Figure 1. In the transparent region, absorption due to traces of
impurities and imperfections may be of critical importance in
laser applications. The question "What are the impurities that
contribute most significantly to the absorption coefficient
observed at the wavelengths of interest?” Search for the
important impurities was motivated since the development of high-

power lasers, as a result most of the studies were concentrated

at wavelengths 2.7, 3.8, 8.3 and 10.68 um.
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Nominally pure:commercial crystals are commonly observed to
contain molecular—anion impurities, such as the metaborate ion
(BO2) and the carbonate ion (CO%), using conventional absorption
spectroscopy. The hydroxyl ion (OH ) is especially difficult ¢to
remove during purification, and may account for the higher
absorption observed at 2.7 um compared to that at 3.8 and 5.3 um.
These anion impurities, along with divalent metal cation
impurities, are most likely present in small concentrations even

in specially purified laser window materials since less than one

part per million of certain anions can result in the presently

observed extrinsic absorption. Flannery and Spark [87] performed
a thorough study of possible impurities and displayed their
results in correlation charts to allow either the identification
of impurities to avoid at a given wavelength or the selection of
a wavelength at which impurity absorption is ljkely to be small.

These charts are given in Appendix B.
4.7 Refractive Index

Measurement on  the refractive index of alkaline earth
halides dates back: to 1871, when Stefan [70] determined the
refractive indices of a fluorite prism for solar lines B, D, and
F. Since then, a large amount of data for CaF, in the
transparent region has been contributed by a number of
investigators, among them are Martens [71], Paschen [72], and
Malitson [73]. They used either the deviation method or
interferometry in their experiments. Refractive index data of

strontium fluoride did not appear in the literature until 1827

S




when Thilo [74] reported the refractive index of SrF, for a

single wavelength 0.589 um. Subsequent measurements were
reported by Smakula [78]), Kaiser [43], and Dickinson [76]. The
story for BaF, is similar to that for SrF,. The ma jor
contributor to the data is Malitson [77]. The reason for such
late attention was simply the difficulties of crystal growing.
Refractive index data for MgF, came even later than that of SrF,
and BaF,. The first reported data set was that of Rood [78] in
1949. Subsequent measurement were reported by Hall ([79],

Duncanson [80], and by Eastman Kodak Co. [81].

Li [82], in 1978, reduced the then available experimental
data on the refractive index to a common temperature, 293 K, and
after careful evaluation and analysis adopted the Sellmeier type
dispersion equation to represent the refractive index of alkaline
earth halides at 293 K in addition to the proposed equations for
the temperature coefficient. Tables 12 and 13, and Figures 17
and 18 summarize equations and the corresponding plots. Values
of n and dn/dt in the transparent wavelength region have been

calculated based on ‘these equations and tables are presented in

Ref. [82].
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”" 8. DATA ANALYSIS

Absorption in the infrared region is of current interast
because of its application in windows for high-power infrared
lasers. The total absorption at a given frequency can be
attributed to processes involving phonons, defect modes due to
impurities, vacancies, and surface contaminations. A number of
observations have been made to investigate the frequency and
temperature dependence of the intrinsic multiphonon absprption;
It has been found that the exponential dependence of the
absorption coefficient on frequency holds for a number of optical

materials at room temperature [32].

Although considerable efforts ware made in finding

expressions to relate the absorption coefficient with frequency

and temperature, the results were not quite satisfactory. The
% . main reasons of such discordance are: (i) inadequacy in the 1
’ characterization of the specimen under investigation, (ii)

inability of elimination of the unwanted extrinsic contributions,
(iii) wunavailability of equipment for determination of low
absorption, (iv) insufficiency of reliable data over wide

frequency and temperature ranges. It is well known that

g

impurities, heat treatment, surface polishing are the major
factors that contribute to the total observed absorption.

However, these very important pieces of information are generally

missing or vaguely mentioned partly due to unawareness on the

part of investigators and partly due to the inadequacy of the

e+ e _ia—
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facilities used., As a result, correct assignment of errors is

not possible.

Surface contamination 4is known to contribute to absorption
and is usually in the range from 10~-% to 10-2 cm~! per surface.
At high absorption levels, the effect of surface absorption is
insignificant. At low absorption levels, o < 10-? em~!, surface
absorption and absorption due to stubborn impurities, hydroxyl
and oxygen containing radicals, mnay predominate the bulk
absorption, resulting in difficulties in the determination of the
instrinsics. Additional errors are introduced into the data when

they must be read off from inadequate graphs.

As a result of the combination of the above considerations,
the errors in data are estimated in general at 3 to 10%¥ in the
high absorption range for o > 0.1 cm-?. At low absorptions,
errors increase with decreasing absorption. At very low
absorption (10-¢% cm-! or lower) errors may exceed 100%. As a
consequence, intrinsic behavior is only revealed in the high

absorption range, while at low levels, the extrinsics usually

predominate and mask the intrinsics. Only by utilizing
appropriate method, can the intrinsics and extrinsics be
separated.

In special applications, particularly in the area of lasers,
high temperature (> 300) absorption coefficients are usually
needed. It 1is unfortunate that absorption coefficients are
rarely measured at elevated temperatures. In the case of

alkaline earth halides, the only known systematic measurement of
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absorption coefficient as a function of frequency and temperature
was made by Lipson et al. [B3)] for CaF,, SrF; and BaF,. As
their values are mostly in the high absorption range (see Figures
38, 7 and 11) and are well behaved, it is likely that their
results do represent the intrinsic absorptions in the

corresponding frequency regions.
5.1. Typical Trends in Data

Typical trends in experimental data (room temperature or
higher) can be clearly seen in the figures of Section 4 where

frequency—dependent absorption coefficients are plotted in semi-

log scale and temperature dependent absorption coefficients are
plotted in log-log scale. Data sets in both figures appear as
straight 1lines in corresponding plots. The implication of this
straight—-line behavior is that the absorption coefficient is
related to frequency and temperature, respectively, in the form
of a(v) ~ exp(-Av) at a given temperature and a(T) ~ TA' at a
given frequency where A and A’ are constants for each of the

lines.

The exponential dependence of absorption coefficient on
frequency is not only observed in the multiphonon region, but is

also observed in the Urbach tail region.

5.2. Formulation of Model

A straight line in a semi-log plot of log o vs. ¥ indicates 7

an exponential relation of the form




log ¢ = log ag — 0.43429A(y+B) (38)
where A is related to the slope of the line in the semi-log plot

at a given temperature, and a¢g and B are arbitrary constants

corresponding to the corrdinates of an arbitrary reference point

on the line. Therefore three constants are required to define a

straight line in the semi-log representation.

A careful study on Figures 3, 7 and 11 will reveal that the
slopes of the lines are varying with temperature. This means
that @y and B are also varying with temperature unless there
exists a pair of values that is common to all of the lines for a
given material. This requirement places a restriction that all
the lines must converge to a common point (B, of). To see
whether this point could be found, a graphical extrapolation was
made by drawing straight lines through corresponding data sets
and extending to a region where they tend to meet. Indeed, we
did find a definite point of convergence for each of the
materials, CaF,, SrF, and BaF,. Since data are available at
various temperatures, the aexistence of such a point of
convergence provides a reliable clue that oy and B are constants
for a given material and that only the slope, A, varies with
temperature, i.e.,

log a = log ap — 0.43429(v+B)A(T). (39)

To find the functional relation of A and T, we have made use
of the fact that the plot of o versus T is a straight line in the
log—log scale. To meet this condition we are limited to the

consideration of the expression
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A(T) = C(D - log T), (40)
where C and D are constants for a given material. Combining egs.

(38) to (40) leads to the following empirical equation which

represents the absorption coefficient as a function:of frequency

and temperature:

a(v,T) = agexp[-a(v+b)(c—log T)] (41)
where 0y, a, b and ¢ are constants for a given material. At a
given temperature this equation is reduced to the well known form

of a(yv) ~ exp(-a'v) and at a given frequency, o(T) ~Tb) where a

and b' are constants.

It is interesting to point out that eq. (41) is analogous to
the Urbach rule in the ultraviolet absorption edge. Similar to i
the terms used by Tomik and Miyata for the Urbach tail, the pair
of' constants, oy and.b in eq. (41) defines the "cross over point”
where the curves of o versus Vv at various temperature converge
and the factor a(c-log T) is defined as the "steepness”" of the
lines. The physical meaning of these parameters remains to be

ascertained.

5.3. Numberical Data Fitting for CaF,;, SrF,, BaF,

Numberical values of the constants, &y, a, b and ¢ can be

determined through least—squares fitting of the experimental data
to eq. (41). Needless to say the reliability of the constants
depends upon the availability of experimental data and their

accuracies. Review of the available data as discussed in Section

4 indicated that data fitting can be made for CaF,, SrF, and

BaF3. As the errors in the data are in the range of 10%,
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therefore the uncertainty in the results of such fitting is about
10%.

The least—square calculation was performed on the equation:
log @ = log &y — 0.43428a(v+b)(c-log T) (42)
The first approximate values of a and ¢ were evaluated by holding

dp and b fixed at their graphically determined values. The final

values of the constants were then determined by allowing free
i adjustment of all four constants. The results of the best fit

are shown in Table 14.

Table 14. The Parameters of Equation (41)

Crystal log o4 a ,cm b, em~! c
CaF, 3.0834 0.005251 -383.92 4.4498
SrF, 2.9189 0.0068577 -360.568 4.3288
BaF, 2.8507 0.007349 ~-327.87 4.2873

Comparison of the experimental data and the values calculated
from eq. (41) can be seen in Figures 3, 5, 7, 9, 11, and 13 where
the calculated ones are shown as solid lines. The agreement is

convincingly good.
5.4. Prediction of Key Parameters for MgF,

! As it was noticed in Section 4, the existing data for MgF,
are insufficient for least-squares calculations in which both
frequency and temperature are treated as independent variables.

‘ ; In order to utilize the existing data of the material and yet

give some meaningful calculations for MgF,;, we have to reduce the
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number of unknown constants in eq. (41). We have observed
positive evidence that enabled us in the determination of the

constants in eq. (41).

Comparing eq. (41) with Deutsch's representation, eq. (9),
we can see that 1/v, ~ a(c=-log T). At a given temperature, say
room temperature, the factor (c—log T) is a constant and
therefore 1/vg ~ a. In the case of alkali halides we have found

; i that this is the case for LiF, NaCl, KCl and KBr for which the
values of a are obtained from data fitting calculations.
Furthermore, we found that the frequency, Vio:® of the
longitudinal optical mode of the fundamental phonon is also
proportional to vy, It was noted that the parameter Vv, is
related to the molecular weight, M, of the corresponding materijial
as discussed in Ref. [84]. This implies that both 1/a and vy,
are also individually related to M in a similar manner. Listed

j in Table 15 are the values of vy, a, 1/a, M and 1/M and v, of

the concerned materials. In this list, the values in parentheses

P A

are those predicted graphically as discussed below,

JERT N

Figure 18 shows the plots for v;,, 1/a and vy versus 1/M.
It 1is seen that all the lines are parallel to each other and the
peints for LiF, NaCl and KBr on the 1/a vs. 1/MN plot precisely
define a straight line. The value of a for KCl was thus

b predicted [84]. Since both alkali halides and alkaline earth

halides are ionic c¢rystals and have absorption spectra of same

| —

nature, it was expected that the behaviour of alkali halides in

Figure 19 may also hold for alkaline earth halides. It was
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Table 1S5. The Values of ¥y, 2, M and ¥, of the Crystals

Crystal v, a 1/a N 1/¥ Vio
; em-? cm em~? g/mole mole/g cm—?
LiF 163.2 0.002237 447.03 28 0.0388 673

NaCl 58.0 0.00891 189.20 ©8.5 0.0171 271

KC} 50.8 (0.00700) (142.88) 74.5 0.0134 212

KBr 39.1 0.00886 112.87 120 0.0083 168

MgF 5 143.8 (0.004184) (239) 62.3 0.01861 617

CaF, 3.8 0.005251 190.44 78.0 0.0128 482

SrF, 90.4 0.008877 162.05 125.8 0.0080 395

i
LI BaF, 75.8 0.007349 138.07 175.3 0.0057 344
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indeed found to be the case as shown in Figure 20. All the three
lines are parallel to each other and the value of a for MgF, is
predicted. Furthermore, Figure 20 reveals that in the case of
CaF, the value of Vv, determined by Deutsch appears to be too low.
The reason for such a discrepancy is that data available ¢to
Deutsch was limited. Lower value of Vg, means a more steep slope
of the line in the semi-log plot. The fact that the value of vy,
for CaF, should be higher is not only revealed in Figure 20, but
also is supported by the data of Hordvik and Skolnik [42] and

Lipson et al. [B53].

For MgF,;, reliable frequency—-dependent data are available
only at room temperature. Although data sets of Stierwalt et al.
[69] were measured at higher temperatures, they are not useful in
the determination of the constants of eq. (41) because the data
sets are for a polycrystalline material and the sample is
apparently impure as shown in Figures 14 and 15. As a result, we
have to rely on the room-temperature data to estimate the

constants.

From a careful examination on the constants found for CaF,,
SrF, and BaF,, we can observe some clues regarding the variation
of the constants 0g, b and ¢ from material to material. First,
we see that all three constants are either higher for lighter
compound or are approximately the same. Second we see that the
values of 1log ®y 1is roughly proportional to the values of 1/M.
From these clues we can estimate the approximate values of log 0,

and ¢ for MgF, to initiate a least-squares calculation using room
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temperature data. The initial estimated values of log ap, and ¢
were respectively 3.1868 and 4.8512. Through a trial and error
process, by alternatively holding one of the two at appropriate
fixed values, we found that log ay = 3.1877, ¢ = 4.2901, and b =
-377.29. With the previously determined value of a, the
absorption spectra of MgF, are fully described. It is
interesting to point out that log «ap is almost exactly
proportional to 1/M as shown in Figure 21. Comparing the values
of ¢ for the various materials, we can see that ¢ appears to be
approximately a constant, a situation similar to that observed

for the case of alkali halides [84].
5.5. Recommended Values of Absorption Coefficient

Equation (41) is formulated to describe the absorption
coefficient as a function of frequency and temperature in the
multiphonon absorption region and in the temperature region where
T & 300 K. Uncertainties in the calculated values are »f the
order of 10%. In the case of MgF,, this uncertainty is
applicable to room temperature only. At higher temperatures, a
higher uncertainty should be assigned and the resulting values
should be <considered as provisional because limited data were

available in the determination of the constants in eq. (41).

Recommended and provisional values were calculated using eq.
(41) and are presented in Tables 18 to 189. For visual
demonstration, Figures 22 to 29 are provided to show the

"erossover point” and the calculated absorption spectra at

various temperatures and frequencies.
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6. SUMMARY OF RESULTS AND CONCLUSIONS

The purpose of the present study is to survey and compile
the available data  on the absorption coefficient of alkaline
earth halides and to generate reacommended values on the
absorption coefficient in the infrared region through data
evaluation and analysis. 1In this study we have seen that the
absorption spectra of alkaline earth halides are of same nature

and of similar configuration as that typified in Figure 1.

Low absorption coefficients at laser wavelengths are of
particular interest in laser applications. Unfortunately laser
wavelengths are located near the multiphonon absorption region.
Factors that introduce extrinsic absorptions into this region
will therefore increase the absorption at laser wavelengths. For
this reason, numerous investigations were conducted in this

region, but the results are still less than satisfactory.

Based on the considerations stated above, the present work
is naturally focused in the multiphonon absorption region. We
have developed an equation that describes the absorption
coefficient as a function of both frequency and temperature. As
a counterpart of the Urbach rule for the uv absorption edge, we
have established an expression for the infrared absorption edge.
These expressions are of the same form and the parameters in the
corresponding equations are similar. Compared with Deutsch's
expression, we have extended the dependence of the absorption
coefficient to include the temperature in addition to frequency.

It is worthwhile to point out that the equation formulated in
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this work is of the same type as it was found for alkali halides
[84). Correlation techniques used for alkali halides are equally
applicable in the present work. Through our correlation, we have
confidence to propose that the constants in eq. (89) established

by Deutsch for CaF,; should be modified.

Many theoretical studies have attempted to provide an
understanding of the absorption mechanisms in the infrared
absorption edge. Except at very 1low temperatures, spectra
obtained in this region are featureless and have large
uncertainties. Thus little conclusion can be drawn. In order to
provide useful information for theoretical studies, high—-accuracy
measurements should be carried out over wide wavelength and

temperature ranges.

It should be emphasized that the present work does not
resolve the discrepancies between the available data sets, it
simply establishes the most probable values, of stated
uncertainty, of the absorption coefficient that a pure crystal
may have. Furthermore, the proposed predictive eq. (41) can be
considered valid only to the reported accuracy and within the
region of experimental data it is based on. In general,
extrapolation of the equation for use outside of this region is
not advised for quantitative results. Finally, the type of
analysis presented here assumes the model is an absolutely
correct representation of the data at hand, which 1is not
generally true since the model is an oversimplification of the

true behavior of matter. However, for practical purposes, based
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; upon the experimental data from several sources, and within the
usable region of the data, we believe that eq. (41) is valid for
calculation of the absorption coefficient in the given wavelength
and temperature regions. It is important to point out that the

rule established in the present work 1is for the temperature

region T Z 300 K.
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Figure B2. Correlation chart showing the absorption 1ines between 0.5 and
15 um of some chemical bonds, molecular fons, radicals, and compounds.
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