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ABSTRACT

The dissertation work described here pertains mostly to the 

development of instruments for measuring some of the properties of 

infrared transmitting optical materials over a temperature range of 

77°K to 5239K and covering the 8 to 14 micrometer spectral region.

. Accepted techniques for measuring the refractive index of 

infrared transmitting materials are presented- The most common tech

niques are usually called "minimum deviation" and "Littrow-" A new 

technique was developed which allowed measurements to be taken easily 

and refractive index differences to be recorded rapidly. The refrac

tive index of a sample prism of T! 20 glass was measured over the spec-* 

tral region and temperature ranges described above. An error analysis 

is presented that shows that the peak-to-peak and rms error values are 

Q . 000393 arid 0.000178, respectively. The equipment and experimental 

procedure are described in detail.

Various methods for measuring or monitoring the homogeneity of 

the refractive index of infrared transmitting optical materials are 

presented along with the description of two new techniques. One tech

nique is similar to the Schllereh technique and the knife edge test.

The other involves the design of a new type of scanning interferometer 

which makes use of several fundamental principles of geometrical optics 

and interferometry. The interferometer is both economical and easy to

ix

use.



Finally, the problems associated with measuring the transmis

sion and reflection of heated samples are presented. The relationships

among emissivity, reflectivity, transmissivity, and apparent transmis*
.

sivity are given. Procedures for correcting the chart reading in 

laboratory spectrophotometers by compensating for the radiation emitted 

from the sample are given. Methods of eliminating the sample emittance 

from the system signals are also presented.



CHAPTER 1

INTRODUCTION

The visible spectrum to which the human eye is sensitive is 

only a tiny part of the vast electromagnetic spectrum. The visual 

response ranges from 0.4 to 0.7 micrometer, where one micrometer is one 

millionth of a meter. Radio broadcasting uses wavelengths measuring 

200 to 545 meters or one billion times longer than the visible wave

lengths. Gamma rays, waves emitted by radium, are on the other end of 

the electromagnetic spectrum and they are only one-half millionth as 

long as the. visible light waves.

At wavelengths immediately adjacent to the visible spectrum, 

the propagation and sensing concepts are similar to the region in 

which our vision is sensitive. On the long side of the visible spec

trum is the infrared spectrum and on the short Side is the ultraviolet 

spectrum. The infrared spectrum extends from 0.7 to 1000 micrometers. 

This infrared spectrum is often divided into three regions. The near 

infrared region, nearest to the visible region, covers from 0 .7 to 2 

micrometers. The middle infrared region was once considered to be from 

1.2 to 7 micrometers but a more popular concept is from 2 to 14 microm

eters* The far infrared spectrum is from the middle infrared to 1000 

micrometers.

In most 1iterature numerous terms are used interchangeably for 

"in the infrared." Examples are infrared energy, infrared radiation,

1
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infrared spectrum, or the infrared region. The word infrared is often 

symbolized by the initials IR.

Even though we cannot see infrared radiation, it obeys the same 

physical laws as visible light. It travels through the atmosphere or 

space in- the same manner, is bent or refracted through transmitting 

mediums, and the same formulas are used for optical design.

In a broad sense the optical materials for the infrared may be 

treated in a manner similar to that for materials used for the visible 

spectrum. There are, however, distinct differences between the 

available materials and their properties.

There are many uses for optical materials. The most common use 

is for windows. Window materials are often termed optical transmitting 

materials. The second most common use is for lenses. Since a lens 

must bend the light by refraction it is made from a refracting optical 

material. These are very loose terms, since any transmitting material 

in which the velocity of light is different from that in a vacuum has 

the ability to refract light or electromagnetic energy.

Strictly speaking, light refers only to the electromagnetic 

radiation that is detected by the human eye. It is usually measured 

in photometric units that take into account the spectral response of 

the eye. There is no standard detector for infrared radiation so it 

is always measured in radiometric units related to watts.

The atmosphere acts as a window for radiation in the visible 

spectrum. This is obvious since we can see through the atmosphere.

The atmosphere will completely block IR radiation at certain
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wavelengths while transmitting at others. The best known and most 

widely used atmospheric windows in the IR are at 3~5 pm and 8-14 pm. 

Thus, for a material to be useful as an IR optical material for view

ing through the atmosphere, it must be transparent through at least 

one of these atmospheric windows. Some of these materials do not 

transmit at all in the visible region.

Some applications of optical materials require transmission 

over a broader spectrum than one of the atmospheric windows. One of 

the first applications was the analytical technique known as IR spec

troscopy used for analysis of compounds through absorption identifica

tion.

Instruments for sensing temperatures at remote distances are 

broadly classed as radiometers. They are used in process control 

applications such as measuring the temperature of molten materials or 

to control the drying temperatures in paper manufacture. They can be 

used for surface-temperature measurements such as measuring body skin 

temperatures for determination of possible localized inflamed areas.

An IR window or lens is used in the design of most radiometers.

Infrared systems, as one might guess, have significant applica

tion to the military. Some military missiles seek hot targets that 

have a peak spectral emittance in the 3 to 5 pm window. Targets near 

ambient temperature have a peak emittance in the 8 to 14 pm region. 

Hence IR viewing systems designed to make temperature and emittance 

maps in total darkness are designed to operate in the 8 to 14 pm
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region. Many of the earth resources studies conducted by NASA utilize 

the 8 to 14 ym atmospheric window*.

Selection of a suitable material for an 1R lens or window is 

based first on the optical properties in the useful wavelength range 

and second on the environmental resistivity to pressure, heat and 

vents and third on its mechanical properties.

For most applications, the temperature of areas scanned by 

infrared viewing systems determines the spectrum that will be used. 

This is governed by two basic laws of physics. The first law is known 

as the Stefan-Boltzman Law and states that the total amount of energy 

radiated from an object is proportional to the fourth power of the 

object's absolute temperature. The second law is Wien's Displacement 

Law which states that the product of the absolute temperature of an 

emitting body times its peak emitting wavelength in microns is a con

stant. This defines the wavelength position at which peak radiation 

occurs.

The transmittance ranges published in most literature are 

based on the properties of 2-mm*thick samples and the spectral trans

mittance limits are designated as the points at which transmittance 

values have decreased to 10 percent. These limits were set forth in 

the first "bible" of infrared optical materials authored by Ballard, 

McCarthy, and Wolfe (197-1). Near the absorption limits or near an 

absorption band the transmittance will vary greatly with the thickness 

of the sample. Hence, it is wise to consider the entire transmittance 

curve for the selected material over the wavelength of interest and 

for the intended thickness.
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Another major difference between optical materials for the 

visible and those for the infrared is the range of refractive indices. 

The refractive index values of visible optical glasses range from 1.50 

to 1.55 for the most common1y used materials and as high as 1.80 for 

some special glasses. The refractive index values for infrared optical 

materials range from 1.35 to 4.0 for the most common1y used materials 

and greater than 6 for some special materials. The index-of-refraction 

value expresses the material's ability to bend or refract radiation. 

Other properties such as reflectivity also depend on the refractive 

index of the material. The refractive index of a material is different 

at each wavelength and at each temperature.

There are many properties of infrared optical materials that 

must be considered by a systems designer. Transmittance is the most 

significant property for selection of an infrared optical material. 

There are two values of transmittance that can be associated with the 

material. One is "external" transmittance and the other is "internal" 

transmittance. External transmittance, the one referred to in most 

literature, is the value representing the ratio of flux emerging 

from the final surface of an optical body to the flux impinging on 

the outside of the first surface of the same body. Internal trans

mittance is the ratio of the flux reaching the final surface interface 

to the flux starting into the material after having passed the first

surface interface. Hence, external transmittance includes evaluation
•-,V ^   ̂ ^

of reflective losses as well as intrinsic absorption losses. Internal 

transmittance values do not include reflection characteristics.
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Transmittance will often vary as a function of temperature. 

Transmittance fail-off at the high temperatures for extended times is 

chiefly due to the scatter attributed to formation of impurity coatings 

and to internal changes. In some cases the oxide film will build up in 

thickness in such a way as to act like an anti reflectance coating, 

thereby producing a series of enhancement and attenuation as the film 

builds up. If the tests are performed in a vacuum, the oxidation will 

not occur. High temperature will also cause thermal etching. (Thermal 

etching involves high-temperature outgassing at the surface thereby

quality increasing the light scattering.) For example, CdTe exhibits
' \ '

thermal etching after five minutes at 400°C in a vacuum. Moisture is 

also often a large contributor to optical deterioration and fungus will 

brow on certa1n types of infrared optical materials.

Scatter is a loss of useful energy and can occur within the 

material as well as on the surface. By the nature of the structure of 

the hot-pressed polycrystal 1ine infrared materials, there are some 

.grain faces that do not mesh tightly with adjacent grain faces. Light 

or energy deviates at these grain boundaries out of the specular beam. 

The type and amount of scattering is dependent on the grain size and 

wavelength of the energy. It is most evident near the visible and can 

be seen as a haziness for the materials that are transparent to visible 

energy. Some scatter is redirected within the material and some 

emerges from the material randomly or diffusely, thus lowering the 

specular, direct, transmittance. This loss usually becomes Insignifi

cant at about 2-3 ym and is barely measureable in the 8-14 ym window.
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Next to transmittance, the most important property of an 

optical material is its refractive index. This property determines 

geometrical optical design, appearance of polished surfaces, amount of 

transmittance through an uncoated material, requirements for thin-film 

coatings, and often the cost of the component. The index of refraction 

is the ratio of the velocity of light in a vacuum to its velocity in 

the material. Snell's Law expresses the index as a ratio of the sines 

of the angles of incidence and refraction of a ray entering an optical 

medium from a vacuum. These values can be measured in several ways. 

Most often an instrument called a refractometer is used to measure the 

angle of the refracted radiation at a particular wavelength. The 

index (n) is then computed using the refracted angle and the geometry 

of the sample, usually a prism. The index is measured at selected 

wavelengths, and the data are fit to a dispersion equation such as 

the SalImeier or Herzberger dispersion equations. Once the coeffi

cients of the equation are known, values at any wavelength within the 

data limits can be calculated.

A lens made from a material with a high refractive index will 

require less curvature for a given focal length. It will, however, 

have more energy reflected from the surface, require higher fabrica

tion tolerances, and produce more scattering for comparable types of 

scratches and digs.

Intrinsic absorption is the primary cause of loss of internal 

transmittance. Absorption becomes more important when the transmitted 

energy is high. Some materials w?11 absorb enough energy to distort
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or destroy the optical component. this has become a serious concern 

for components that are used with high energy lasers. The factor 

used to rate absorption losses is called the absorption coefficient.

It is called "Bouguer1s Exponential Law of Absorption" and is found 

in most optical textbooks.

A good absorber is also a good emitter. The energy of an 

emitting body will radiate at a peak wavelength in accordance with 

Wien's Displacement Law. The emissivity is, defined as the ratio of 

radiation emitted by a blackbody radiator at the same temperature and 

condition. A perfect blackbody is both a perfect emitter and a per

fect absorber. Thus, it is evident that the emissivity of a material 

is directly related to its absorptance.

The emissivity of an infrared optical material is important 

since the emitted energy is detected as stray energy and can blind 

an infrared detection system, can fool it into thinking it sees a 

target, or can degrade contrast severely in an infrared imaging system.

Flux impinging on an infrared window is reflected, transmitted, 

and absorbed. Emerging flux from a window likewise is that which has 

been reflected, transmitted, or absorbed.

In addition to scattering from grain boundaries or other dis

continuities, other factors which tend to deviate or dissipate directed 

IR flux from Its Intended path are: index inhomogene(ties, aggregate 

c1umpIng, striae, bubbles, surface defects, and the like. Some of
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these factors are image-spoiling properties and do not affect the 

quantity of the energy measured.

Thus, some of the properties that affect the reading on a 

transmission curve from an infrared spectrophotometer are: surface

reflections (function of refractive index), surface scatter, surface 

absorption, bulk scatter, bulk absorption, and self emittance.

Other important properties of Infrared optical materials that 

are of interest to a systems designer are listed below.

1. Strength (modulus of rupture or tensile strength).

2. Hardness.

3. Available sizes.

4. Coefficients of expansion.

5. Solubility in water and other solvents.

6. Temperature resistance.

7. Density.

8. Thermal shock resistance.

The work presented in this dissertation deal with new and 

improved methods for measuring optica1 properties of infrared trans

mitting materials over an extended temperature range of 77K to 550K 

for the 8 to 14 pm atmospheric window. Measurements were made on two 

different types of IR materials.. One type is a chalcogenide glass made 

by Texas I nstruments, Inc. The second type Is a semiconductor material 

CdTe, classed as a hot-pressed polycrystal 1ine compact. The second 

material was made by Eastman Kodak Company.



10

The fol lowing paragraiphs give a short description of each

chapter.

Chapter 2 describes a new method for measuring the refractive 

index of infrared optical materials as a function of wavelength and 

temperature. This chapter represents the majority of the dissertation 

effort.

Chapter 3 discusses various methods for measuring the refrac

tive index inhomogeneities of infrared optical material and describes 

the design of a new high-speed, high-resolution scanning interferometer 

that can be used for making inhomOgeneity measurements.

Chapter 4 deals with the problems associated with making mea

surements of the transmitted and reflected flux in the presence of 

self-emitted flux.

The additional bibliographical sources (Appendix A) contains 

a descriptive survey and a list of references which describe other 

methods for measuring the refractive index of infrared transmitting

materials.



CHAPTER 2

INDEX OF REFRACTION OF INFRARED 
TRANSMITTING MATERIAL

The index of refraction is defined as the ratio of the velocity 

of light.in a vacuum to that in a particular medium. Often it is de

scribed as the relative index, the ratio of the velocities in two 

media. One medium often used as a reference is air. One consequence 

of these differences in velocity is the refraction or bending of a 

ray of light as it passes from one medium to another. The relation

ship between the incident ray of light and the refracted ray can be

expressed by (the empirically derived) law of Snell (Jenkins and White,

1950):

n% sin6i — ng sin02 ,

where nj = index of refraction of first medium 

ng = index of refraction of second medium

01 - angle of incidence from surface normal

02 -= angle of refraction from surface normal.

Snell's Law is a geometrical description of the refraction 

of electromagnetic radiation. It can be derived from electromagnetic 

theory based on Maxwell's (1891) equations. It can be shown that the

general wave equation for the electric field is given by (Stone, 1963)

Vx(Vxl) + (l/c2) 0  = - V I E T  " I t  (2>1)

11
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where c = velocity of light

^ = electric field strength

t = time

iiQ = permeability of the vacuum

P = polarization 

J = current density

The two terms on the right-hand side of the equation are 

called source terms.IThey result from polarization charges and con

duction charges respectively within the medium. In a dielectric the 

conduction term can be neglected and in a conductor the polarization 

term can be neglected. For a semiconductor both terms must be con-. 

sidered. In a solid the charges are permanently bound to the lattice 

structure. The bound charges are considered as classical damped har

monic oscillators. The resulting wave equation reduces to (Stone, 1963)

92E (2.2)iyii) 3t

where N = number of electrons per unit volume

= permitivity of a vacuum

(0o = resonance frequency = rK/M

0) = frequency of the electromagnetic wave

y = fractional damping coefficient 

m = reduced mass of the charge centers

The homogeneous plane harmonic wave solution to the above

wave equation is
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Eo e
i(KZ - wtj

where
4  1cz meo o iyai (2.3)

The wave number is a complex number which can be used to 

express a complex refractive index,

Then

J?(C/w)

'A  = (n + ik) 2 1 + me. (o2 - u)2'o o iyto

Equating the real and imaginary parts yields

n2 - k2 = 1 + Mme
Wp - M

(m2 - co2) + y2u)2u)2 o o

(2.4)

(2.5)

2nk Ne"
me

YWpW
(cd20

j2) + y^y^^Z
(2.6)

where k = extinction coefficient

n = refractive index.

The optical constants n and k are found from the above equa

tions. The above derivation of these, relationships uses the assump

tion that all of the electrons are identically bound and hence all 

had the same resonance frequency. In order to account for different 

electrons to be differently bound, we may assume that a certain frac

tion f% have an associated resonance frequency wi, a fraction f% have 

a resonance frequency wz, and so on. The resulting formula for the 

square of the complex index of refraction is of the form
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^V 2 1 + Ne2 Z to? - to - iy.to (2.7)

The summation extends over all the various kinds of electrons indicated 

by the subscript i. The fractions f. are known as oscillator strengths. 

The damping constants associated with the various frequencies are 

denoted by y.. Figure 1 shows the general way in which n and k depend 

on frequency of the electromagnetic wave. In the limit of zero fre

quency, the square of index approaches the static dielectric constant 

which has a value of

1 + (Ne2/meo) % (f./to.2) (2.8)

In the limit as the frequency approaches infinity, the index 

approaches one.

If the damping coefficients y . are small compared to to? - to2, 

then the index of refraction is essentially real and its square given by

n2 , I + t!si I i
me _ t to? - -'2 (2.9)

'0 i . "■? o

It is possible to fit an empirical curve to match the experi

mental data which looks very similar to the above equation. When the 

empirical curve is expressed in terms of wavelength instead of frequency, 

the equation is known as SelImeier1s equation.

Similar expressions can be obtained through the use of quantum 

mechanics. Such a more advanced treatment provides essentially the

same results.
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Frequency

Fig. 1. An Example Plot of the Index of Refraction and 
Extinction Coefficient for a Hypothetical Medium 
with Four Absorption Bands.

From the above equations it is obvious that the index of refrac 

tion is a function of the wavelength of the radiation. There is also a 

temperature dependence of the index which shows up in two places. The 

first and most obvious place is in N, the number of electrons per unit 

volume. This is of course related through the linear coefficient of 

expansion. The second and less obvious dependence of temperature is 

due to the change of the polarization of the medium (Hilton and Jones, 

1967; Moss, 1959)

P Ne V m _____
- o)2 - i(joyo

(2 .10)

Measuring the optical constants of materials is a very active 

field. Numerous articles and books have been written on the subject. 

The two major parameters which govern the type of measurement are the
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conductivity and the absorptivity of the material. The most difficult 

material to handle mathematically would be the partial absorber. This 

research work deals with a simpler class of material, the almost per

fectly transparent material. The materials are highly absorbing in the 

visible but highly transparent in the infrared part of the spectral 

region. This means that the energy band gap for this material is about 

one electron volt.

The spectral region of interest has a wavelength, of 8 to 14 

micrometers. In this region most room-temperature objects are luminous. 

Everything in the laboratory, including the optical elements, is glowing 

This is equivalent to doing the experiment in the visible with all the 

lights on and no shield around the optics. The signal would be lost in 

the stray light and very difficult to detect. On the other hand, since 

one cannot see the infrared radiation, it would be similar to taking the 

measurement with one's eyes closed. Hence, the conceptual difficulties 

in the experiment are due to the fact that the eye cabnbt detect the 

infrared radiation and because everything in the lab is emitting radia

tion in the wavelength of interest.

The next section describes briefly some of the other techniques 

used for obtaining the optical constants of various materials.

Previous Measuring Technique3

The equations described above are for a wave refracted into a 

material. Using the wave equation and the proper boundary conditions, 

it is possible to express the reflected ray in terms of the Opt?cal con

stants. Thus, if the incident wave (i) has the form
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Eo exp k . - d : H exp o r [,“(t • t).
(2 .1 1)

there results a reflected wave (r) and a transmitted wave (t), which are 

written, respectively, as

Er = - exp iwj^t + ^ , Hr = H^ exp + §)_

Et = E^ exp £iti) t̂ - n , H1" = H^ exp I a) - n --

Here n = n - iK is the complex refractive index in the medium. The 

reflectivity or reflection coefficient is defined as (Garbuny, 1965, 

and Bell, 1969)

ES
2

Ho
2

n - u
E'
O

=
n - u

(2.12)

Hence, the optical constants may be obtained by measuring the transmitt 

ted, the reflected, or both the transmitted and the reflected radiation. 

Reflection measurements are usually made on absorbing materials and 

transmission measurements are usually made on transparent materials.

For partially absorbing materials a combination measurement of reflec

tion and transmission is Sometimes made. Various combinations of 

polarized light are also used in determining the optical constants of 

materials. If absorption is assumed equal to zero, then one measure

ment will determine the refractive index. If"both the index and the 

absorption are unknown, then two measurements are required at each wave

length. This is usually performed at two angles of incidence or two 

sample thicknesses. Two equations are needed to solve for two unknowns.
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Fresnel's formulas and Snell's law are applied to relate the optical 

constants to the angle of incidence or the thicknesses. A single angle 

of incidence can be used if the reflectance is measured for all Wave

lengths. this measurement and an analysis procedure is called the 

Kramers-Kronig technique.

there is almost an infinite number of variations in the litera

ture for measuring reflected and/or transmitted radiation and calcula

ting the optical constants. Appendix A contains a brief list of 

references and notes concerning some of the techniques. Other tech

niques are also covered in the appendix. Principles of interference 

and interferometers are also widely used. Of all the various techniques 

tried to date, gonIometrie measurement of a refracted beam passing 

through a prism is considered to be the most accurate method of measur

ing the refractive index of a transparent material. Of all the gonio- 

metric measurements, the method of minimum deviation is accepted to be 

the most sensitive. This technique had the disadvantages that a 

p recis ion optical prism must be fabricated from the sample, and the 

sample must not absorb too much of the radiation. Most optical mate

rials are easily made into a prism and are not highly absorbing in the 

spectral regiOn of interest. Hence, for measuring the refractive index 

of optical materials goniometric measurements are preferred.

The new technique developed for th1s dissertation uses a gonio- 

metric type instrument. However, the angle of minimum deviation or the 

angle of autocol1imation from a Littrow prism is not measured. The 

advantages of both techniques have been imp1emented and applied to



19

measurements for calculating the refractive index of infrared transmit

ting material over the 8 to 14 micrometer spectral band and over a 

temperature range from 100K to 525K. The advantages and procedures for 

using this new technique are discussed in the next section.

New Measuring Technique

The most accurate data for refractive index measurements are 

claimed by those who measure the angle of minimum deviation (Malitson, 

1964). The National Bureau of Standards and the optical glass manufac

turers often claim sixth-place accuracy (+ 0 .000001) using this method. 

Authors often claim fifth-place accuracy using other methods, i. e., 

McAlister, Vi lie, and Salzberg (1956). The most common method for fifth- 

place accuracy is the autocol1imation method using the Littrow prism.

The new technique developed here uses some of the advantages of both tech 

niques and potentially has the accuracy of the autocolTimation technique.

This method was developed out of a need to track rapidly the 

change in refractive index as a function of temperature and to avoid 

having to rotate the material sample and its bulky temperature control

ling chamber.

An optical schematic of the method is shown in Fig. 2. The 

prism is placed over the center of rotation of a precision, calibrated 

rotation table such as a spectrometer base. (This rotation table is 

hereafter referred to as an indexing head). An autocollimator and 

radiation source are aligned with the indexing head such that the opti

cal axis is perpendicular to the axis of rotation. The autocollimator
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Autocollimator
Imaging Optics

Detector SourceStationary Prism 
Indexing Head

Fig. 2. Optical Schematic of Littrow Technique.

and source are located off the indexing head. An imaging optical sys

tem is attached to the indexing head and aligned with its optical axis 

parallel to the optical axis of the autocollimator. The optical axis 

of both optical systems passes through the axis of rotation of the 

indexing head. The apertures are made larger than the prism and so is 

the beam. Therefore, some of the radiation passes through the system 

without passing through the prism. The prism is aligned by autocol11- 

mating the source collimator off the front face of the prism and auto- 

collimating the imaging optics off the back face of the prism. The 

front is defined as the face towards the source and the back as the 

face towards the detector. The monochromator is set at a given wave

length and the index table is rotated until the detector is centered 

on the image of the source produced by the radiation passing next to 

the prism sample. The index head is then rotated until the detector
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is centered on the refracted image of the source produced by the radia

tion passing through the prism sample. The angle between the two posi

tions is the angle of deviation or the angle of refraction by the prism.

The two main advantages are: the incident angle is known accu

rately (by autocol1imat ion from the front face), and the prism does not 

have to be rotated during measurement. Since the radiation is normal 

to the front surface, all of the refraction occurs at the back surface 

where the angle of incidence on the back surface is equal to the apex 

angle (A) of the prism and the refracted angle is equal to the angle 

of deviation (O) plus the apex angle (A). Since this is a geometrical 

optics calculation, the refractive index may be obtained using Snell's 

formula

ni sinQi r>2 sin02 (2,13)

where n% = index of medium

n2 = index of air or vacuum 

- incident angle (A)

02 = refracted angle (A+D).

Then

n2 sin (A+D) 
sin A

(2.14)

• Description of Experiment

The equipment for performing the experiments was fabricated 

and obtained primarily from the Optical Sciences Center. Figure 3 is
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Fig. 3• Schematic of Refractive Index Measuring Equipment.

a. Monochromator on stationary platform with prism,
b. Detector and translation stage on stationary platform.
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a schematic of the instrument that was fabricated for making the mea- 

surements. The dashed line indicates the optical axis or the path of 

the measured radiation. The principal parts of the system are: the 

collimator, monochromator* imaging optics, detector, indexing head, 

translating stage, prism holder, and temperature chamber. Figure 3a 

shows a configuration with the monochromator on a stationary platform 

with the prism; the detector and translating stage rotate with the 

index head. Figure. 3b shows a configuration with the detector and 

translation stage on the stationary platform; the prism and monochrome* 

tor rotate with the index head. Each of these parts is described below.

Optical Components

The windows in the temperature chamber were made from NaCl crys

tal blanks 50 millimeters in diameter by 6 millimeters thick. The faces 

were flat to better than 2 micrometers. A wedge was polished into the 

windows and the windows were tilted about a horizontal axis with the 

wedge oriented in the vertical direction. The wedge was to eliminate 

interference effects due to multiple reflections inside the window.

The tilt was to make sure that Fresnel reflections from the window sur

faces did not reach the detector to cause false signal readings. NaCl 

was used for the windows because it is transparent to both the visible 

and the infrared. This allows visible alignment.

The rest of the optical system consisted of aluminized mirrors 

with a SiOx overcoat. The col 1imating mirror and imaging mirror were 

off-axis parabolas. Off-axis parabolas produce mini mum aberrations



with no central obscuration. The focal lengths of the mirrors were 

chosen to magnify the monochromator slit to match the detector element 

and to produce adequate angular sensitivity from the translation of the 

detector. Hence, the collimating mirror had a short focal length 

(177.8 millimeters) and the imaging mirror had a long focal length 

(685.8 millimeters).. The folding mirrors were flat to X/4 over the 

suable surface. The only optical component in the system that was 

opaque to the visible was the prism sample. This worked out to be advan

tageous because alignment of the prism was accomplished by reflecting 

visible light off both faces through the rest of the optical system.

Index Head

The goniometer used was a Swedish built machine shop index head 

that was guaranteed to be accurate to one second of arc and readable to 

1/2 second of arc. The index head was originally purchased for the 

grinding and polishing of large precision optical prisms.

Monochromator and Source

The source was a resistive heater element embedded in a ceramic 

rod. The element was purchased from Perk in-Elmer. It reached a tempera

ture of about 1100°C with 30 amp of ac current at about 3 volt. The 

monochromator was a 0.25-meter Ebert grating monochromator manufactured 

by Jarre 11-Ash. The grating used was blazed at 10.0 micrometers and had 

50 grooves per millimeter. The seventh-order diffraction angle of a 

mercury line source was used for a visual check on the calibration of the

24
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grating setting. The source was imaged with a spherical mirror onto the 

entrance slit .of the monochromator. The desired wavelength was selected 

by rotating the grating and reading the numbers on the top of the mono

chromator, which indicated the angular position of the grating. The 

conversion from wave number to wavelength was different for each type of 

grating. Because everything in the room is "glowing" in the infrared, 

it is necessary to chop the radiation source and use synchronous detec

tion. The chopper was a Bulova tuning fork chopper operating at 25 Hz. 

The case was removed and the chopper blades were attached as close as 

possible to the exit slit of the monochromator; The power supply for 

the chopper was also purchased from Bulova.

Electronics

A PAR lock-in amplifier was used for synchronous detection. A 

signal from the chopper power supply was fed into the PAR for adjusting 

the proper frequency for detection. The signal from the detector was 

also fed into the PAR. The phase selector was adjusted until the signal 

output from the PAR was a maximum. At this setting the PAR would only 

amplify those signals at the phase and frequency of the signal from the 

chopped source. This greatly enhances the signal-to-noise ratio.

Detector

The infrared detector was a tri-metal detector made of mercury 

cadmium and telluride (HgCdTe). The detector was from Honeywel1 Radia- 

tion Center. The sensitivity of the detector was from about 2.5 microm- 

eters to 13.5 micrometers with its peak sensitivity at about 10 

micrometers. For optimum operation, the detector must be at about 1 iquid
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nitrogen temperatures (77K). The detector Dewar flask shown in Fig. 4 

was made in the Optical Sciences Center's instrument shop, University 

of Arizona. The Dewar flask consisted of a stainless steel can inserted 

into a brass can with an Irtran I I window. The stainless steel can had 

a copper bottom for mounting the detector and a small stainless steel 

tube at the top for passing through the brass can. A small stainless 

steel thin wall tube was used to fill the inside can with liquid nitrogen 

and to reduce the thermal loading on the liquid. The inside can was 

also wrapped with shiny aluminum foil to reduce Its emissivity and func

tion as a radiation shield. The top of the brass can was attached to 

the rest of the can be screws and was sealed with an 0-rihg. The cover 

also contained a valve and hose for pulling a vacuum on the inside of 

the Dewar. All metal-to-metal interfaces were formed by silver solder

ing. The Irtran II window was sealed with wax. The detector leads were 

two fine copper wires with shellac insulation. The detector wire passed 

through the lid of the brass can by a ceramic vacuum electrical feed

through soldered in a hole in the lid.

The detector was epoxied to a copper mount with a low out-gas 

epoxy ca11ed Torr Seal. The detector mount was attached with screws to 

the bottom of the liquid nitrogen container. Copper grease was used to 

insure good thermal contact.

Temperature Chamber

The temperature chamber was a Dewar flask fabricated in the 

Optical Sciences instrument shop. It was similar in construction to the 

detector Dewar flask, incorporating a stainless steel inside container
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Fig. 4. Detector Dewar.

with a copper bottom and thin wall stainless steel tube on top, with a 

brass can outside. The top was attached with screws and vacuum-sealed 

with an 0-ring. The sample flask was much larger than the detector 

Dewar and had two large windows, one on each side, measuring 51 milli

meters diameter by 6 millimeters thick. The window material was NaC1 

crystal blanks polished to a plane figure with a deviation less than 

A/4 at 8 micrometers on each side. The windows were recessed into sides 

and placed with a small angle between them to prevent vignetting of the 

deviated beam and the beam not passing through the sample prism. The 

windows were also tilted slightly about a horizontal axis to prevent 

surface reflections from reaching the infrared detector. For room temper

ature, dry ice temperature, and liquid nitrogen temperature, the prism 

sample was supported by a copper mount attached to the stainless steel
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inner container. A schematic of the cold temperature sample holder is 

shown in Fig. 5*

The sublimation temperature of dry ice and the boiling temperature 

of liquid nitrogen were chosen because they are economical to obtain, they 

cover the temperature region of interest, and they remain stable for an 

extended period without additional temperature controllers. One thermo- 

coup 1e was placed in the liquid container and one thermocouple was placed 

in contact with the lower part of the prism sample. Refractive index 

measurements were not taken until a thermal equilibrium was obtained.

The high-temperature measurements were also performed in the 

Dewar flask with a vacuum drawn. The heater element was insulated from 

the lid with a radiation shield placed a round the heater element and the 

prism sample to prevent heat losses and to prevent the outside from 

becoming overheated. Figure 6 shows a schematic of the heater sample 

holder. Control 1ing the high temperature of the sample was more time con

suming because a temperature control 1er was not used. The heater element 

was a commercial heater 0.25 inches in diameter by 6 inches long. A 

Variac connected to 60 Hz, 115 volts was used as the power supply. Two 

thermocouples, one attached to the bottom and the other to the top of the 

sample, were used to monitor the sample temperature. The voltage 1evel 

on the Variac was adjusted up and down unti1 a setting was found such that 

the added heat was equa1 to the heat losses in the system for the desired 

temperature. At this setting the temperature remained constant without 

the need for a temperature control 1er. 11 often took over an hour to find

the correct setting of the Variac. Temperatures remained stable to one 

degree over the period of time of the refractive index measurements.
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Fig. 5. Low-temperature Sample Holder.

Heater and 
Thermocouple LeadsInsulator

Radiation Shield

Prism Sample

Spring Loaded 
Copper Mount

Fig. 6. High-temperature Sample Holder.
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Prism Sample

The critical angle of incidence of the prism material was about 

24°. An angle of deviation of 30° or less was desirable because of vi

gnetting of the radiation passing through the chamber windows. The 

Fresnel reflection losses were also larger for larger angles of incidence 

Hence a prism angle of about 12° was chosen due to the larger refractive 

index of the material. The exact angle was not critical as long as It 

was known very accurately. The flatness tolerances oh the prism faces 

were A/2 in the visible over 90% of the face area. This is equivalent 

to a A/40 flatness at 10 micrometers. The polish was specified as stan

dard commercial quality. This quality was not necessary for the infrared, 

region but it made visual measurements and alignment easier. The base 

and top of the prism were perpendicular to the faces within 1°. This 

specification made alignment of the dihedral edge of the prism easier.

The prism sample was made in the Optical Sciences Center optical shop. 

During fabrication of the prism, the angle was measured with a machine 

tool compass. After fabrication, the exact angle of the prism apex 

angle was measured on a Wild Spectrometer to an accuracy of 0.5 seconds 

of arc.
' ■

Additional Hardware

Some of the adjustable mirror mounts were made using a kinematic 

design with orthogonal adjusting screws and a spring. The rest of the 

adjustable mirror mounts were purchased from John Unertl, Inc., and used 

orthogonal tangent arms for their adjustments.
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An important part of the experiment was an X, Z translating stage 

used to focus the detector and to make lateral adjustments of the detec

tor, The translating stage was from Beck-Ealing and the micrometer cal

iper screws used to translate the stage were from Starrett with divisions 

of 0.0001 inches.

Construction

The experimental system was constructed as economically as pos

sible. Scrap metal, materials left oyer from other experiments, and 

cement blocks were used in the initial construction. Later, the instru

ment shown in Fig. 3 was constructed in the machine shop. Accuracy, 

rigidity, and stability were not sacrificed. The imaging mirror was 

cantilevered on an extruded aluminum U-channel. This was a very rigid 

support beam for lateral deflections and the experiment was insensitive 

to vertical deflections of the beam.

In the early experiments the collimator and source were on 

separate supports. The collimator and source were mounted on a sturdy 

lab table and the index head was mounted on a, stack of cement blocks 

with wood interfaces at the floor and index head. The floor was a single 

reinforced concrete slab and the building was not subject to an intoler~ 

able amount of vibration. The only time the collimator and source were 

touched was to change the wavelength on the monochromator. This was 

done without touch?ng the table; hence no relative motion was observed. 

The index head was rotated and the translating stage was adjusted to 

maximize the signal. This portion of the system was sturdy because the 

index head weighed 325 pounds and the cement blocks were plastered
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together making them very stable. Care was taken to prevent this adjust 

ment from producing any relative motion between the detector and the 

source.

Experimental Procedure

The experimental procedure consists of two separate experiments. 

One experiment is for measuring the index of refraction as a function of 

the wavelength of the transmitted radiation n(A), and the other experi

ment is for measuring the index as a function of temperature, n(T) . A 

function which describes the refractive index in terms of both variables 

is written as n(X,T).

This work deals with measuring the properties of a chalcogenide 

material made from germanium, arsenic, and selenium (Ge^, As^, Se^g) . 

It is classified as a glass and is manufactured by Texas Instruments,

Inc. Continuing research is being performed on this material and the 

properties will change with each variation. The material measured for 

this work was classified as Tl 20. The samples tested here were also 

tempered for increasing surface hardness and strength. The tempering 

extended only about 1 millimeter into the surface. The refractive index 

of the tempered section changed slightly by an unknown amount. The 

samples were treated as if they were a homogeneous material.

Index of Refraction vs. Wavelength, n(X)

The refractive index of Tl 20 was measured at six different tem

peratures over the 8 to 1k micrometer spectral region at 0.5 micrometer 

wavelength increments. The temperatures were listed as liquid nitrogen,
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dry ice, room, 150°C, 200°C, and 250°C. The control of these tempera

tures and the methods for selecting the wavelengths were described in 

the sections entitled "Monochromator and Source" and "Temperature 

Chamber."

Pr?sm Angle. At each wavelength and temperature, it is necessary 

to measure only the apex angle of the prism and. the angle of deviation 

of the radiation to calculate the refractive index.

The first measurement was the apex angle of the prism. This was 

measured to an accuracy of 0,5 seconds of arc by taking the average of 

10 measurements on a Wild Spectrometer.

Optical Alignment. The optical alignment was similar to the 

optical alignment of an ordinary prism spectrometer. Wood (1934) and 

Palmer (1962) have good write-ups on the alignment of a spectrometer.

A visible light source was placed behind the slit of the mono

chromator. A flat, plane, parallel two-sided mirror on an adjustable 

stand was placed oh the index head. The index head was rotated to auto- 

col limate the slit from one face of the mirror. The head was rotated 

and the slit was autocollumated off the other face of the slit. By 

several iterations and adjusting the mirror each time, the mirror could 

be adjusted such that the image of the slit was reflected to the same 

point in the image plane for each side of the mirror. Hence, the nor

mals to the mirror surfaces were perpendicular to the axis of rotation 

of the index head. The collimator and monochromator were then adjusted 

such that the image of the slit was aligned to cover the slit source.

This placed the optical axis of the collimator perpendicular to the spin
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axis of the index head. Care was taken to make sure that the beam passed 

over the center of the index head. The centering adjustment was not 

critical and a visual check was sufficient. The mirror was then removed 

from the index head.

The index head was rotated until the imaging optics were facing 

the collimator optics. Adjustments were then made to align the center of 

the slit image onto the detector element. This assured that the optical 

axis of the imaging mirror was also perpendicular to the spin axis of the 

indent head and parallel to the optical axis of the collimator mirror.

The prism was mounted in the Dewar flask and the windows were 

installed. The base contained three leveling screws and a set cf clamp

ing bolts. The Dewar flask was placed on a structure mounted over the 

center of the index head. The chamber and prism did not rotate with the 

index head; only the imaging mirror and detector did. The prism was 

rotated and the leveling screws were adjusted until the monochromator 

slit was autocol1imated off the front face of the prism. This placed 

the normal to the front face parallel to the optical axis of the collima

tor. The index head was rotated until the imaging optics were facing the 

back face of the prism. A small light source was placed next to the 

detector element at the same level as the detector and a piece of white 

paper was placed on the opposite side of the detector. The prism was 

adjusted such that the light source was imaged at the Same level as the 

detector element and the monochromator slit was imaged on top of the 

slit. This adjustment placed the dihedral edge of the prism parallel to 

the axis of rotation of the index head and perpendicular to the optical
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axis of the collimator and imaging mirror. This completed the adjustment 

of the optical system.

Trans1 at 1ng Stage. The translating stage was set with one axis 

perpendicular to the optical axis and one axis parallel to the optical 

axis. The axis parallel to the optical axis was used for adjusting the 

focus of the detector. The axis perpendicular to the optical axis was 

used to measure lateral displacements of the deviated beam when the wave

length or temperature was changed. The stage was calibrated by rotating 

the index head a known amount and recording the displacement required to 

recenter the detector on the radiation that passed around the prism 

sample. The detector was cooled by placing liquid nitrogen in the detect 

tor Dewar flask. The power supply to the detector preamplifier was 

turned on and the chopper to the monochromator source was turned on. The 

detector preamplifier output and the chopper synchronizing signal were 

connected to the PAR lock-in amplifier. The PAR frequency and phase- 

adjust and the X, Z position of the translating stage were adjusted to 

optimize the output signal from the PAR. Once the signal peak was found, 

the index head was advanced 6 seconds of arc and the lateral position of 

the stage adjusted until a new peak was obtained on the PAR output. This 

position was recorded and the index head was advanced another 6 seconds. 

The translating stage was again adjusted laterally and the process was 

repeated until the comp1ete ±0.5 inch travel of the translating stage 

was calibrated. These data were then plotted on a large graph paper such 

that deviations as small as 0.5 seconds of arc could be determined from 

the reading on the micrometer drum. A straight line fitted the



calibration curve to better than 0.5 seconds of arc. Hence, the microm

eter readings could be multiplied by a constant to convert the linear 

readings to angular readings.

Measurements at Room temperature. The index head carrying the 

imaging mirror and detector on the translating stage was rotated to maxi

mize the output signal on the PAR from the radiation passing around the 

prism sample. The index head had some backlash and the worm gears were 

rather stiff. To eliminate backlash problems the readings were only 

taken after the index head had been rotated at least 2 degrees in the 

clockwise direction. This insured that the backlash did not enter into 

the readings. Due to the stiffness of the worm gear the crank on the 

index head had to be tapped to reach a maximum reading. When the reading 

was close to maximum, the translating stage was adjusted lateral 1y to 

peak the signal. The micrometer screw was adjusted smoothly, with neg

ligible backlash. Therefore, optimum settings were easily and rap idly 

achieved. The reading on the micrometer screw was recorded as R% and 

the reading on the index head was recorded as . The calibration of 

the translating stage was written as K. The angular reading of the index 

head when the imaging mirror was observing the straight-through radiation 

was recorded as B %, where * Aj + K R^,

The monochromator was set at 8 micrometers and the index head 

was rotated unti1 the signal from the radiation whioh was deviated by 

the prism was maximized on the detector. Several passes were made to 

make sure that there was only one sIgnal and that it was approximately 

in the correct location. The signal was then easily maximized by a
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small adjustment of the translating stage. The corresponding readings 

at this setting are recorded as B2 - A2 + K R2. The angle of deviation 

D is equal to the difference between the two settings.

D = Bi - B2

or D “ Aj - A2 + K(Rj-R2)

or D = AA + K AR . (2.15)

While the index head was at, the deviated angle setting, the monochromator 

was set to 8.5 micrometers and the translating stage was adjusted to maxi

mize the signal. The new micrometer reading was then taken (Rg). The 

change in the deviation angle (AD) was equal to

AD. - K (R2-R3) (2.16)

and the new deviation angle at 8.5 micrometers was

D = Aj - A2 + K (Ri~R3) . (2.17)

The monochromator was set at 9,0 micrometers and the micrometer adjust

ment was repeated. This process was repeated every 0.5 micrometer up 

to T4 micrometers. All readings except the first were taken by moving 

only the micrometer screw. At each monochromator setting a total of five 

readings were recorded. This improved the accuracy of the data and 

allowed a statistical study of the readings. Each reading required less 

than 10 seconds to read and record.

Index of Refraction vs. Temperature, n(T)

Index of refraction vs. temperature measurements were extremely 

easy using this new technique.

37
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Low Temperature Measurements. The system was aligned at room 

temperature and the Dewar flask was cooled using dry ice or liquid nitro

gen. With the monochromator set at 8,0 micrometers the translating 

stage was adjusted to maximize the signal from the PAR. The Dewar flask 

was then allowed to reach room temperature by not replenishing the cool

ant. The translating stage was adjusted continuously to track the devi

ated beam as the index Changed due to a temperature change. Care had to 

be taken to assure that there was no significant thermal gradient across 

the sample and that sufficient time was allowed to measure the deviation 

angle before the temperature of the sample changed significantly.

For the dry-ice temperature measurement, small pieces of dry ice 

were placed in the flask through the small tubing (0.5 inches) in the 

top. Methanol was precooled in a large-mouthed Styrofoam container of 

dry ice. the methanol was then poured into the flask. Precooling the 

methanol prevented it from spewing out of the Dewar when it came in con

tact with the dry ice. This reduced the fire hazards from using methanol 

as a coolant. One to two hours were required for the prism sample to 

reach equilibrium. The thermocouple attached to the bottom side of the 

prism was used to determine when the readings should be taken. Once 

equilibrium was achieved the temperature remained constant for several 

hours, which was adequate to perform the procedure described above. The 

process was repeated with liquid nitrogen in the 'container.

Great care had to be taken so as not to crack the sample due to 

thermal shock. This was done, when using dry ice, by letting the system 

cool gradual1y before adding the cooled methanol. The dry ice alone
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caused slow cooling because of the poor thermal contact between dry ice 

and the container. When using liquid nitrogen, the cooling was slowed 

down by putting only a small amount of liquid in at a time. At first 

the liquid evaporates very rapidly without producing much cooling effect. 

The cooling was also slowed down by using a large-mass copper sample 

holder that extended about two inches from the bottom of the Dewar. The 

sample was held in its mount with spring-loaded screws so that differen

tial expansion would not cause the sample to crack or become loose in 

its mount when the system was heated or cooled. By placing aluminum 

pieces in the liquid container part of the Dewar, the thermal capacity 

could be adjusted. By running several experiments, the proper amount 

of aluminum was found which produced the desired conditions. The rate 

of change of temperature is proportional to the temperature. Hence, the 

temperature of the sample approached room temperature exponentially from 

both hot and cold temperatures. For low temperature measurements the 

heating rate could be increased by blowing air into the liquid container.

High Temperature Measurements. For the high temperature read

ings, the lid which held the liquid container was replaced with a lid 

which had a heater element and radiation shield. The heater element 

used was not designed for placing in a vacuum and the insulation out- 

gassed when heated. This problem was overcome by leaving the vacuum 

pump attached during the experiment. A rubber hose was used from the 

pump to the Dewar f1 ask in order to isolate the pump vibrations from the 

samp!e area. As indicated earlier, the heater element was control 1ed 

with a Variac and a setting was experimental 1y found such that the heat



input matched the heat losses in the system for a given temperature.
. x *

This took from one to two hours but it produced a stable system that did 

not have the oscillations of most temperature-controlled systems.

The alignment and measurements were the same as for the room' 

temperature measurements. Once the prism was aligned to autoco}1imate 

the monochromator source and the dihedral edge of the prism was adjusted 

parallel to the rotation axis of the index head, the prism was never 

rotated again. Only one positioning of the index head was required. All 

other measurements were made using the translating stage. This is the 

biggest advantage Of the system: fast and accurate readings of the change

in the angle of deviation vs. wavelength or temperature. For high temper^ 

atufas, the heater and mount already had sufficient thermal capacity and 

the heat losses were small enough such that the cooling rate was suffi

ciently slow. All that was necessary was to heat the prism to 260°C, 

turn the heat off, and allow the prism to cool.

The cooling rate could be increased by admitting a small amount 

of air into the vacuum chamber. This could not be done for cold tempera

ture measurements since the sample prism would frost over.

Other advantages of this technique were that for each experiment, 

the prism had to be aligned only once, rotation of the prism was not 

required, and there was only one setting of the index head at the devi

ated angle. This is especially useful for tracking refractive index 

changes as a function of wavelength or temperature.
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Data Reduction

The equation used for calculating the index of refraction is

n = sin(A + D) /sin A , (2.18)

where A = apex angle of the prism

D = angle of deviation at a given wavelength and temperature 

n = index of refraction.

The apex angle was 13.74027°, the wavelength varied from 8.0 

micrometers to 14.0 micrometers, and the temperature was from liquid 

nitrogen to 250°C. The deviation angle was measured as described above, 

using the index head and the micrometer translating stage. Five readings 

of each setting were made and averaged. The method used to record and 

reduce the data is illustrated in Table 1.

The calibration curve on the micrometer readings was linear and 

equal to 0.001 inches (7.812 seconds of arc),

The rest of the data at the six temperature settings was tabulated 

and calculated similarly. The results are shown in Table 2. The trans

mission of a 0.25 inch thick sample is shown in Fig. 7.

There is an absorption band at about 12.5 micrometers. The absorp? 

tion affects the refractive index as shown in Figure 1. Figure 8 shows 

the effect for Tl 20 at the 12.5 micrometers absorption band. Since the 

shape of the dispersion curve vs. wavelength is related to the transmis

sion curve, and the shape of the transmission curve vs. temperature (Fig. 

42) is relatively constant, it is safe to assume that the shape of the 

dispersion curve is also relatively constant as a function of temperature. 

Thus, if one dispersion curve can be determined for refractive index vs.
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Table 1. Typical Data for a Room-temperature Reading.

Undeviated Radiation at 8.0 micrometers

Angle of Index Head - 175° 39' 40" 
Translating Stage Reading = 1.7567" (average)

Deviated Radiation at 8.0 micrometers

Angle of Index Head = 190° 451 19" 
Translating Stage Reading = 1.7756" (average)

Wavelength 
(micro
meters) -

.. Trans 1 ating Stage Readings ,(inches)
1 2 . .. 3 , 4 5 . ■ Average

8.0 1<3233 1.9231 1.9244 1.9233 I.9252 1.9240

8.5 1.9193 1.9170 I.9175 1.9156 1.9156 1.9170

9.0 1.9044 1.9032 1.9061 1.9065 1.9051 1.9051

Index Head Rotation: 190^ 45' 19"
-175° 39' 40"

21b 5 ' 39'

Translating Stage 
Corrections: 1.7756

-1.7567
0.0189 inches __
x7.812 sec/inches x 10  ̂
2 1 27'

Angle of Deviation
at 8.0 micrometers: 21 5' 39"

+ 21 27"
2T° 8' 06''
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Table 2. Refractive Index of TI 20 Tempered Glass 

at Six Temperatures

X*
-169 -70

Temperature,
24 150

°C
200 250

8.0 2.3307 2.4016 2.4073 2 4191 2.4233 2.4867

8.5 2.3289 2.4005 2.4064 2.4188 2.4213 2.4856

9.0 2.3275 2.3989 2.4049 2.4174 2.4199 2.4841

9.5 2.3264 2.3977 2.4034 2.4160 2.4187 2.4828

10.0 2.3246 2.3959 2.4019 2.4141 2.4177 2.4813

10.5 2.3233 2.3944 2.4005 2.4127 2.4157 2.4794

11.0 2.3214 2.3923 2.3986 2.4109 2.4109 2.4772

11.5 2.3189 2.3911 2.3965 2.4089 2.4120 2.4756

12.0 2.3180 2.3895 2.3951 2.4070 2.4110 2.4738

12.5 2.3170 2.3878 2.3946 2.4055 2.4101 2.4728

13.0 2.3145 2.3851 2.3914 2.4040 2.4070 2.4700

13.5 2.3119 2.3831 2.3882 2.4011 2.4062 2.4681

14.0 2.3103 2.3805 2.3860 2.3992 2.4022 2.4651

*micrometers

3 4 5 6 7 8 9 10 11 12 13 14 15
Wavelength, fim

Fig. 7. Transmission of Tl 20 Tempered Glass.
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wavelength and one dispersion curve for refractive index versus tempera

ture, then all that is needed to give the optical engineers the ability 

to determine the refractive index at any wavelength and any temperature 

is a starting point and two dispersion curves. In an effort to generate 

a single dispersion curve vs. wavelength, the data at each wavelength 

was averaged over the six different temperatures. The result is shown In 

Fig. 8. Various attempts were made to fit a polynomial equation to the 

experimental curve . Figures 9 through 12 show the results of the poly

nomial fit from th e  5th order to the 9th order. Where BB = wavelength 

in micrometers, AA (actual) = input refractive index data, AA(Caleulated) 

- refractive index as calculated from the polyfit equation, DIFF = AA 

(Actual) - AA(Ca1culated), PCT DIFF - percent difference. The 7th-order 

polynomial fit the data best, with the greatest deviation at 12 micromet

ers of -O.OOO35. Other types of curves were tried as shown in Fig. 13, 

Type 2 of Fig. 13 had the highest index of fit. The results of that 

equation are shown in Fig. 14, where the estimated values are compared 

to the actual values. As seen from the estimated values, the errors are 

worse than those in Fig. 10. Another attempt to calculate a dispersion 

equation was to separate the data into two curves. One curve would 

cover the data in the absorption area from 11.5 micrometers to 13 microm

eters. The other curve would cover all of the other data. Hence, the 

data in the absorption band were separated. The coefficients of the two 

curves are shown in Fig. 15 and the two curves are plotted in Fig. 16.

The refractive index va1ues were multiplied by 100 to prevent the HP 9830 

from giving erroneous results. These two curves fit the data points to 

about ±0.0001. The discontinuity at 11.5 micrometers and 13 micrometers
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Fig. 8. Change in Refractive Index vs. Wavelength.



P0LYF1T OF UEUREE 5
INDEX 0F DETERMINATION = 0<998312E+00
WHAT NEXT ?2

TERM C0EFFICl ENT
0 2.349552E+00
1 4» 8.6037 4E-03
2 -2«432564E-03
3 3»169252E-04
A - I = 784034£-05
5 ' 3o622592E-07

AA AA
B8 ACTUAL CALCULATED DIFF PCT DIFF

8 ■> 0000G0E+00 2. 3307008+00 2.3306138+00 8.7082398-05 - 0.004
8 » 500000E+00 2.3289008+00 2.3290778+00 - 1.7741328-04 -0.008
9 * G0OO0QE+OO 2.3275008+00 2.327587E+00 -8.6575758-05 -0.004
9 o 50GO00E+O0. 2.3264008+00 2.3261188+00 2.8198968-04 0.012
1» 000000E+01 2.3246008+00 2.3246478+00 -4.6933668-05 -0.002
1»050000E+01 2.3233008+00 2.3231438+00 1.522899E-04 0.007
I o. 1G0000E+ 01 .2.3214008+00 2.3215958+00 - 1.9 49.9 66E- 04 -0.008

•1.150000E+01 2.3198008+00 2 . 319965E+00 - 1.6534338-04 -0.007
1 » 200000E-V01 2.3180008+00 2.3182388+00 -2.3332928-04 -0.010
1 -250000E+01 2.3170008+00 2.3163988+00 6.0138778-04 0.026
1 »300000E+01 2.3145008+00 2.3144358+00 6.5445908-05 0.003
1.350000E+01 2.3119008+00 2.3123458+00 -4.4479978-04 - 0.0 19
1.400000E+0.1 2» 3103008+00 2.310135E+00 1.6537318-04 0.007

STD ERROR OF ESTIMATE = 3.5160408-04

Fig. 9. Polynomial Fit of 5th Order to Dispersion of T! 20.



POLYFIT OF DEGREE 7
INDEX OF DETERMINATION =

WHAT NEXT ?2
TERM COEFFICIENT

0 -6.0083528+01
1 4.2915298+01
2 - 1.2544388+01
3 2.0212722+00
4 - i.938897E-01
5 1.1073522-02
6 -3.48635 IE-04

. 7 4.670261E-06

AA
BB ACTUAL

8 . OOOGOOE+CO 2o 330700E+00 
8 o 500000E+00 3289 00E+00
9 . 0 GGO00£+GO 2<» 327500E+GO 
9 » 50G0G0E+00 2.326AOOE+OO
1 «• GOGOOGE + 0 1 2.3246G0E+00
1.G50000E+01 2>323300E+G0
1 * 100 0 0 OE+ 01 2»32M0OE-)-OO
1 a 130000E>01 2.319800E+GO
1»200000E+0! 2» 318 00C£+ GO
1 ■» 250G00E+G1 2.317000E+00
1o 3 G 0 GG0E+G1 . 2 .314500E+0Q 
1 -3500G0E+0T 2.31 19 00E+00
1 o A GOO GO ETC 1 2 <, 31 0300E+ 0 0

0.989252E+00

A A
CALCULATED DIFF
2.33071OE + CO - 1.043031E-05 
2» 3289 51E+GO -5.G84276E-05 
2.327328E+00 -2. 759 69 5E- 05, 
2.326296E+OG 1.0395058-04 
2.324901E+00 -3.005266E-04 
2.323210£4-00 8.9 49 637E- 05
2.32142684-00 -2.646446E-05 
2.3 198 0484-00 -3.9 041048-06 
2.3183478 + 00 -3.474653E-04 
2.316822E+00 1.781285E-04
2.314704E+00 -2.042651E-04 
2.3119872+00 -8.714199E-05 
2.3104308+00 - 1.298189E-04

P C T  DIFF 
-0.000 
- 0.002 
-0.001 
0.004 

-0.013 
0.004 

- 0.001 
-0.000 
-0.015 
' 0.0.08 
-0.009 
-0.004 
-0.006

STD ERROR 0F ESTIMATE = 2. 576569E-04

Fig. 10. Polynomial Fit of 7th Order to Dispersion of Ti 20.
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PGLYFIT 0F DEGREE 8
INDEX SF OETERmNATION = 0.9960662+00
WHAT NEXT ?2

TERM . COEFFICIENT
• 0 1.5357642+02

I -1 .2220752+022 4.1703332+01
. 3 . “8.1090142+00

4 9 .3190542-01 ,

5 -7i579S17E_02
6 3.6414632-03
7 -9 i9503052+05

; 8 i. 1333442-06
AA AA

88 ACTUAL CALCULATED DIFF PCX DIFF
80OOOOOOE+OO 2.3307002+00 2.3306472+00 5.3465372-05 0.002
8 » 500000E+00 2.3239002+00 2.3233332+00 6.6637992-05 Q. 003
9.0000002+00 2.3275002+00 •2.3274452+00 5.5193902-05 0=002
9.500000E+ 0 0 2.3264002+00 2.3261032+00 2.9176472-04 0.013
i.OOOOOCE+Ol 2 - 3246002+00 2.3246142+00 -1.4066702-05 -0.002
1.050000E+01 2.3233002+00 2.3229132+00 3.8740042-04 0.017

. 1. lOObOOE+Ol 2 « 3214002+00 2.3211332+00 2.6203162-04 0.011
I.150000E+01 2.3193002+00 2.3194532+00 3.4156442-04 0-015

. 1,2000002+01 2.3130002+00 2.3173312+00 1.6394942-04 0.007
1.2500002+01 2.3170002+00 2.3162052+00 7.9524522-04 0.034
1.300000E+0I 2.3145002+00 2.3141782+00 3.2210352-04 0-01 4
1.350000E+01 ' 2.3119002+00 2.3113322+00 5.6776402-04 0.025
1.4000002+01 2.3I03002+00 2.3095952+00 7.0464612-04 0.031

STD ERROR OF ESTIMATE = 7.0969952-04

Fig. 11. Polynomial Fit of 8th Order to Dispersion of TI 20.
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PSLYFIT 0F DEGREE 9
INDEX BF DETERMINATION = 0.6556772+00
WHAT NEXT ?2

TERM COEFFICIENT
0 2. 1369 49 2+03
1 -1.8011712+03
2 6.7201622+02
3 -1.4549792+02
A 2.0144232+01
5 -1.8493342+00
6 1.12530IE-01
7 -4.3316322-03
8 . 9.8935652-05
9 -9.8739202-07

B8
8 .0000002+00 
8.500000E+00 
9.0000002+00 
9.5000002+00 
1.0000.002+0! 
1.0500002+01
n  loooooE+oi
1= 1500002+01 
1.2000002+01 
1.2500002+01 
1.3000002+01 
1.3500002+01 
1.4000002+01

AA
ACTUAL

2.3307002+00 
2.3239002+00 
2.3275002+00 
2.3264002+00 
2.3246002+00 
2.3233002+00 
2.3214002+00 
2.3193002+00 
2.3ISOOO2+00 
2.3170002+00 
2.3145002+00 
2.31T9OO2+0O 
2.3103002+00

. A A
CALCULATED
2.3320922+00
2.3300432+00
2.3299242+00
2.3290532+00
2.3271792+00
2;3265392+00
2.3257412+00
2.3235322+00
2.3230292+00
2.32 18342+00
2.3210332+00
2.315229 2+00
2.3129812+00

BIFF
- 1.3923052s-03 
-1.1423592-03 
-2.4236442-03 
-2.6577!22-03 
-2.5789742-03 
-3.2390652-03 
-4.3403272-03 
-3.7321152-03 
-5.0235762-03 
-4.3336392-03 
-6.5330952-03 
-3.3294262-03 
-2.6806592-03

PCX DIFF 
-0.060 
-0.049 
-0.104 
-0.114 
-0. 1 1 1 
-0.139 
-0. 187 
-0.161 
-0.216 
-0.203 
-0.234 
”0 O 1AA
“O p 116

STD ERROR OF ESTIMATE S 7.6671382-03

Fig. 12. Polynomial Fit of 9th Order to Dispersion of T| 20.
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V VARIABLE: Y 
X VARIABLE: X
X MEAN: 1. 100000E+01 YMEA.N: 2.321 100E+00
NUMBER CURVE INDEX A 8

1
2
3
4
5

\ 6

Y=A*B*X
Y=A*EXP(B*X)
Y=A*(XtB>
Y=A+CB/X)
Y^I/CA+B*X)
Y=X/CA*X+B)

0.99456 
0.99524 
0.97931 
0.95132 
0.99020 
0.9 4634

2« 3S783E+00 
2.353138+00 
2.407368+00 
2.2S637E+00 
4.240038-01 
4» 37279 E-01

-3.343858-03 
.- 1.440978-03 
• - I.54012E-02 

3. 70699E-01 
6.209298-04 

-6.880678-02
FOR WHICH CURVE ARE DETAILS DESIRED <■ NUMBER 0R D0NE> 72

COEFFICIENTS: .

•EXPECTED VALUE 95 PCT CONFIDENCE LIMITS •*
As
Bs

2« 3531SE+00 
-lo 4409 7E-03

2.35643E+0P 2.35992E+00
-1.50724E-03 - 1.3i7470E-03

TYPE 1 F0R 
0 R 2 FDR

CONFIDENCE LIMITS 3N ESTIMATED Y> • 
PREDICTION LIMITS SiN 08SERVATI3NS SF Y-

. J

Fig. 13• Various Types of Curve Fitting to Dispersion of Ti 20.

X-ACTUAL Y-ACTUAL Y-ESTIM 95 PCT CONFIDENCE LIMITS
So OOOOOE+OO 
So 50000E+GO
9 o 00000E+00 
9» 50000E+00 
1oOOOOOE+Ol 
1 o 05000E+01 
I.1OQOOE+O1
10 ISOOOE-i-Ol 
1 o'20000E+01 
1o 25000E+01 
1 -30000E+01 
loasOOOE-f-Ol 
Io 40000E+01

.2«33070E-:-00 
2.32S9QE+00 
2o 327S0E+00 
2«32640E+00 
2.324608+00 
2.323308+00 
2.32140E+00 
2» 319S 0E+O0 
2.31300E+00 
2.317 00E+00 
2«31 '4S0E+0Q 
2.311902+00 
2» 31030E+U0

2.33115E+00 
2.329478+00 
2.32779£+00 
2.32611£+00 
2.32444E+0 0 
2.322768+00 
2.-32109 E+OO 
2.31942E+00 
2.31775E+00 
2.31603E+00 
2. 3 14.41 £+00 
2.3 1275£+00 
2. 3 1 1 038+00

2.33060E+00 
2.32899E+00 
2.327372+00 
2.325748+00 
2.324118+00 
2.322478+00 
2-320808+00 
2.319128+00 
2.31742E+00 
2.31571E+00 
2.313998+00 
2.312278+00 
2.31054E+00

2.33169E+00 
2-329958+DO 
2.328218+00 
2.32648E+00 
2.32477E+00 
2.323068+00: 
2.32138E+00 
2.319728+00 
2.315038+00 
2.316458+00 
.2.314838+00 
2.313228+00 
2.311628+00

Fig. 14, Estimated Values Using Type Two Curve of Fig. 13•
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Ft. No. X Y
8.0000 
8.5000 
9.0000 
-9.5000 
10.0000
10.5000 
11.0000
13.5000 
14.0000

241.1450
241,0250
240.8780
240.7500
240.5910
240.4330
240.2480
239.3100
239.0550

COEFFICIENTS
B< 0)= 323.1587 
B( 1)= -39.4276 
B( 2>=s 7.5809
B( 3)=* -0.7242
B( 4)= 0.0342
B( 5>= -0.0006

R SQUARE = 0.999958729
(a) First curve omitting absorption band

Ft. No, X Y

1
2
3
4

11.5000
12.0000
12.5000 
13,0000

240.0650 
239.9070 
239.7970 
239.5330

COEFFICIENTS
B( 0)= 722.5214
B( 1)= -119.0958 
B( 2)= 9.3115
B( 3)= -0.2699

R SQUARE *'l.000026754
(b) Second curve including only the absorption band

Fig. 15. Two Curves to Represent the Dispersion of tI 20.
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240.20
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Fig. 16 . A Plot of the Two Dispersion Curves Calculated in Fig. 15.
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indicates that the extrapolated values will have a larger error than

±0.0001.
In the first few paragraphs of this chapter, an-equation for the 

refractive index was derived by considering the bound electrons as classi

cal damped harmonic oscillators and finding the homogeneous plane harmonic 

wave solution to the resulting equation. if the damping coefficient is 

set to zero, then the refractive index is real and its square is given 

by:

(2.19)

The SelImeier dispersion equation was patterned from the above 

equation and is given by

k. X2
n2 " 1 = I ^2 : y j  • (2 .20)

i

This equation fits the experimental data very well except for wavelengths 

near the long-wavelength absorption band. The National Bureau of Stan

dards uses a two-, three-, and five-term SelImeier equation to fit to 

their experimental data (Sutton and Stavroudis, 1961). They determined 

that the two-term equation did not yield as good a fit as the three- 

term, and the five-term equation gave the same degree of fit as the 

three-term equation. Thus, they chose to fit most of their data to the 

three-term SelImeier equation.

It turns out that although the equation was patterned after the 

theoretical derivation of the refractive index, the coefficients to the 

equations have no physical significance.
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The refractive index data for Tl 20 at 24®C was fit to a three- 

and a five-term SelImeier equation by a minimization technique which 

minimized

F = - Y n - n  2 , (2.21)^ m c

where n = measured value of refractive index m
n = calculated value of refractive index, c.

The coefficients for the three-term SelImeier equation are:

Kl 0.248732E + 01, X!2 = - 0.368619E - 01

K2 0.234832E + 01, x 22 - 0.597990E - 01

k3 = 0.145640E + 0 1, *32 0.468161E + 02

F = - 0 .807236E - 04 .

coefficients for the; five-term SelImeier equation1 are

Kl 0 .189736E + 0 1, *12 = 0.201559E - 03

k2 = 0 .192026E + 0 1, x 22 0.214447E - 01

k 3 0.881505E + 00, X32 = 0.103371E + 00

K4 0.128195E + 00, ^42 0.199315E + 00

k5 0.381710E + 00 X52 = 0.750001E + 03

F = - 0.306961E - 05 .

The Herzberger dispersion equation takes on a different form 

and has no physical significance to its derivation. Even though it has 

five terms, it has only half as many variables as the five-term Sel1- 

meier equation. Eastman Kodak chose to use the Hertzberger equation
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to fit to their measured values of refractive index for their line of 

irtran materials. The Herzberger dispersion equation is given as

A + (x^ — 0 .028) (x^ - 0 .028)2
+ DX2 + EX4.

The data for TJ 20 at 24°C were fit to the Herzberger equation 

using the same minimization technique mentioned earlier. The coeffi

cients for the Herzberger equation-are 

A  = 0.241326

B = 0.557200

C = 0.617700

D = -0.937076

E = -0.235081

where

F = -0.306120

It is seen from the figure of merit number that the Herzberger 

dispersion equation fit the data as well as the five-term Sellmeier 

equation. The advantage of the Herzberger equation was that is used 

only one third as much computer time as the five-term Sellmeier equation.

The standard error of estimate for the seventh order polynomial 

fit was only about 4xl0~6 better than for the Herzberger equation. This 

is less than the experimental error and should be considered insignifi

cant.

Both of these equations were intended to fit refractive index 

data between absorption bands. Since this refractive index data includes 

a weak absorption band, the above fits are better than might be expected.
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The last effort to fit a curve to the measured data was to use 

spline functions. The disadvantages of this type of fit are that it does 

not smooth out the experimental errors and the resulting equations are

usually too many to list. Figure 17 is a plot of the dispersion curve
/

averaged over all temperatures using a spline function routine. Table 3 

gives the calculated values of the refractive index every 0.1 millimeter 

using the spline functions. The spline functions give an exact fit at 

the data points with continuous first and second derivatives. The spline 

functions are then used to extrapolate between data points. Therefore, 

this calculated data is as accurate as the experimental data. The dis

advantages of using spline functions are that you do not have a single 

dispersion equation and you do not get any smoothing of the experimental 

data.

Examination of the refractive index data as a function of tempera

ture indicates that it also needs additional smoothing by averaging.

This can be accomplished by averaging over the wavelength spectral region 

at each temperature. The result is shown in Fig. 18. Third, fourth, 

and fifth-order polonomial curves were fit to the data. The fifth-order 

curve fit the data points almost exactly but produced oscillations that 

seem unnatural, the third-order equation appeared to fit the overall 

shape more accurately but still contained too many inflection points.

A hand-fit curve as shown in Fig. 13 fits the data to about ±0.0003 and 

is a monotonically increasing function, which is more representative of 

other similar curves. Between -70°C and 200°.C a straight line is an 

almost perfect fit with a positive slope of d.000l669/°C. The sudden
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Table 3. Dispersion of Tl 20 Averaged over AT 1 Temperatures.

Wave1ength....
Refract 1ve 

Index... Wavelength
Refract?ve

Index

8 2.41145 , 11.1 2,40212
8.1 2.41122 1 11.2 2.40175
8.2 . 2.4099 IT. 3 2.40138
8 .3 2.41076 11.4 2.40101
8.4 2.41051 11.5 2.40065
8.5 2.41024 11.6 2.40028
8.6 2.40996 11.7 2.39993
8.7 2.40966 11.8 2.3996
8.8 2,40936 11.9 2.39931
8.9 2.40906 12 2.39906
9 2.40878 12.1 2.39887
9.1 .2,40851 12.2 2.3987
9.2 2.40826 12,3 2,39851
9.3 2.40802 12.4 2.39828
9.4 2.40777 , ■12.5 2.39796
9.5 2.4075 12.6 2,39753
9.6 2.4072 12,7 2,39702
9.7 2.40689 12.8 2,39645
9.8 2.40656 12.9 2.39588
9.9 2.40624 13 2.39533
10 2.40591 13.1 2.39483
10.1 2.4056 13.2 2.39438
10.2 2.40529 13.3 2.39395
10,3 2.40498 13.4 2,39353
10.4 2.40466 13.5 2.3931
10.5 2.40433 13.6 2,39263
10.6 2.40398 13.7 2.39213
10.7 2 .40362 13.8 2.39161
10.8 2.40325 13,9 2.39108
10.9 2.40287 14 2.39055
11 2.4025
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Fig. 18. Refractive Index vs. Temperature of Tl 20.
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Fig. 19• Average Change in Refractive Index vs. Temperature.

Curve fit using a French curve.

change at the low and high temperatures is very dramatic. A data point 

at about -120°C and +225°C is needed to predict the shape of the curve 

at the end points.

Since no convenient expression could be found to represent the 

dispersion vs. temperature, it is best to represent the data by a curve 

drawn using French curves and human judgment. Both curves can be pre

sented with only index differences given. The index could then be writ

ten as

n(X,T) = n(11pm, 0°C) + An(X) + An(T) 

or . n(X,T) = 2.3946 + An(x) + An(T) ± 4xl0"4, (2.22)

where An(x) and An(T) are obtained from Figs. 18 and 19- The term An(x) 

could also be obtained from one of the dispersion equations.



Tolerance Analysis

The equation for calculating the refractive index contains only 

two variables:

n = $in(A+D)/s inA (2.23)

where A = apex angle of the prism 

D = deviation of radiation

The tolerance study will involve error sources for determining, 

these two variables. The following values will be used as initial values 

in the tolerance study.

A = 13.74027°

n (11 micrometers, 0°C) =2.3946

D (11 micrometers, 0°C) = 20.92406°

The sensitivity of the equation to the two variables can be 

determined by calculating the value of the equations and varying the 

parameter and/or by taking the derivative of the equation over the range 

of maximum possible error. Table 4 shows the sensitivity of the refrac

tive index to A and Table 5 shows the sensitivity of n to 0 over a range 

of about 1°.

Apex Angle. The apex angle was measured on a Wild Spectrometer 

with an accuracy of at least 0.5 seconds of arc (0.000139°). The deriva

tive with respect to A at 13.74° is about -0.105/degree. Hence, the 

error would be

dn = HA ‘ dA
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or dn = 0.000014 . (2.24)
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Table 4 Sensitivity of n as a Function of A

Apex Angle 
(degrees)

X

13,50000000 
13.60000000 
13.70000000 
13.80000000 
13.90000000
14,00000000 
14.10000000 
14.20000000 
14.30000000 
14.4OOOO0OO 
14.50000000

1

13,50000000 
13.60000000 
13.70000000 
13.80000000 
13.90000000 
14.00000000 
14,10000000 
14.20000000 
14.30000000 
14.40000000
14.50000000

Refract 1ve 
1 ndex 

Function

2.42160920 
2.41025417 2.39906181
2.38802858
2.37715103
2.36642585
2.35584977
2.34541965
2.33513243
2.32498514
2,31497486

Derivative

-0.11437590 
-0.11273074
-0.11112239
-0.10954836
-0.10800831
-0.10650103
-0 .10502574,
-0.10358167
-0.10216789
- 0.10078296
-0.09942713
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Table 5. Sensitivity of n as a Function of D.

Deviation
Angle

(degrees)

20.50000000 
20.60000000 
20.70000000 
20.80000000 
20.90000000
21.00000000 
21.10000000 
21.20000000 
21.30000000 
21.40000000
21.50000000

X

20.50000000 
20.60000000 
20.700Q0000 
20.80000000 
20.90000000
2.1.00000000 
21.10000000 
21.20000000 
21.30000000 
21.40000000
21.50000000

Refractive
Index

Function

2.36670299
2.37277657
2.37884292
2.38490202
2.39095386
2.39699842
2.40303567
2.40906561
2.41508820
2.42110344
2 .427III3 I

Deriyative 

0.06077190
0.06069964
0.06062730
0.06055478
0.06048200
0.06040905
0.060335,93
0.06026266
0.06018930
0.06011559
0.06004174
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Devja11on Ang1e . The derivative of n with respect to deviation 

angle is 0.060482 per degree, which is about half as sensitive as the 

change with respect to apex angle. There are many factors which can con

tribute to the. error in measuring D. Below is a list of possible 

sources of error.

Alignment of telescopes 

Alignment of prism 

Autocol1 imation
. ' ' >

SI it curvature

Index table 

Translation stage 

Windows

Wavelength determination 

Vacuum in temperature chamber 

Tempering of sample 

Mechanical stability

The magnitude of each of these errors is discussed in the follow

ing paragraphs.

Alignment pf Telescopes. Before placing the prism in the system, 

the optical system Can be aligned visually to at about 0.010 inches in 

the image plane, an angle of about 0.02 degrees. If the telescope optics 

are not aligned perpendicular to the axis of rotation of the index head, 

the imaging optics will scan in a plane that is tilted with respect to 

the plane of Incidence, The image of the monochromator slit through the 

prism is curved. When the imaging optics are rotated to place the
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detector on the image of the slit, an error will occur if the detector 

is not located on the center of the image. This angular error will be 

accounted for under "slit curvature."

Autocol1imat ion. A col 1imation error off the f ront face of the 

prism will produce a small angle of incidence (X) on that face. The 

angle of incidence on the other face of the prism is then x/n, where x 

is in radians and the small angle approximation is used (sin x=x). The 

equation for n is then,

n - sin(A + D)/sin(A±x/n) (2.25)

When autocol1(mating the system with the prism, the image is superimposed 

onto the object. This alignment can easily be made to 0.002 inches, 

which converts into an angle of 0.00007577 radians (0.0043*). When this 

error is substituted into the above equation, the resulting error in n 

is ± 0.0003. This is a significant error. Therefore, a sensitivity 

analysis should be performed where the error of alignment of images is 

varied over the range of 0 to +0.010 inches in increments of 0.0005 

inches. This is shown in Table 6. Hence, the error in n is very sensi

tive to errors in autocol1imation. With this knowledge it is necessary 

to use a microscope to align the image with the slit to better than 

0.001 inch. The derivative of the function above is -0.1487 per Inch at 

the origin. The desired alignment accuracy is then at least 0.0005 

inch, which is certainly possible with a microscope. The resulting error 

in n is then 0.00007, '
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Table 6 Sensitivity of n as a Function of Autocol1imation Error.

Displacement in 
Focal Plane (in)

0.00000000
0.00050000 . 
0.00100000
0.00150000 
0.00200000 
0.00250000 
0.00300000 
0.00350000
0.00400000
0.00450000 

. 0.00500000 
0.00550000 
0.00600000 
0.00650000
0.00700000 
0.00750000 
0.00800000 
0.00850000 
0.00900000 . 

0.00950000 
0.01000000 .

Refraction 
Index Function

2.39460000 
2.39452564 
2.39445129 
2.39437695 
2.39430261 
2 ..39422827 
2.39415394 
2.39407961 
2.39400529
2.39393097
2.39385666
2.39378235
2.39370805
2.39363375
2.39355946
2.39348517
2.39341089
2.39333661
2.39326233 2 39318806 
2.39311380
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SIit Curvature. The derivation for the equation of the radius 

of curvature of the image of a slit through a prism is found in many 

text books on spectroscopy (Meehan, 1966). The radius r is given by

r = f rt cos (A+D)
(n2-1) sin A

where f is the focal length of the telescope, 

f = 27 .5 inches

n = 2.3946 

A + D = 34.664330 

A = 13.74027°,

then r = 48.168 inches.

For a given vertical shift of the slit there is a corresponding 

horizontal shift of the image at the detector level due to the sagittal 

of the curved image. The corresponding shift of the detector causes an 

error in the reading of the deviation angle and is given by .

X y2
= 2r » (2.27)

where r =? radius of the slit

y = vertical shift of the image or detector.

The errors in alignment of the telescope and the prism are esti

mated above to be 0.010 inches each for a total error in y of 0.020 

inches. Thus, the resulting error in X is 1.7 x 10"? inches. This 

represents an angular error of 0 .006 yrad. When this is used with the 

derivative value at 20.90° in Table 5> the resultant error in n is found 

to be negligible.

(2.26)
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index Head, The accuracy of the index head is better than 6 arc 

seconds (0.00166°). This results in d corresponding error in D. Table 5 

can be used to determine the error inn, which is 0,0001.

Sample Cel 1 Windows and Vacuum Effects. The sample cell is 

evacuated and enclosed by two transparent windows, which can affect the 

readings. If the windows are all plane and in perfect alignment normal 

to the col 1imated reference beam, there will no effect of the windows 

on the reference beam. The deviated beam D will not travel in a straight’* 

line path through the window, however. The correction for this is not a 

simple multiplication. The governing equation is

s ? n (A+D1) 
sin A

sin(A + are sin (n sin D 1)). .. .... 3
(2.28)sin A

An estimate of the effect can be made from the following values 

A s= 7°, D1 = 22°. Then we can choose a nominal value of the index of 

air, Na = 1.0003. As a result, the change in n is

An = 2.40754 - 2.40739

= 4 x 10"4 . (2 .29) •

For the larger prism angles, the effect will be sma11er. (The same 

effect arises in minimum deviation arrangements that use vacuum sample 

spaces). This is, however, a systematic error, so it can be corrected 

to an accuracy that corresponds to the accuracy of Ng, the index of air 

at the wavelength and temperature of measurement (that of our laboratory).
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From 1 micrometer to 20 micrometers at room temperature, the refractive 

index of air is 1.00027 ± 0.000004.

There is an additional error if an unknown amount of wedge 

exists in the windows which enclose the vacuum. The effects of both 

wedge and vacuum can be calculated at the same time. Figure 20 11lui- 

trates the rays and angles. The prism marked with refractive index n 

is the sample under test. The windows have index n^ and angles a and g. 

In the experimental procedure, autoco]1imation on the first surface of 

the test prism was done. The reference ray may be either like ray 0, 

if neither window is wedged, or inclined to ray 0. It will be like ray 

2 if there is a wedge in both windows or even if the second window is 

inclined to the ray. Therefore, the reference ray is assumed to be ray 

0, when in truth it is ray 2. Similarly, the deviated ray is thought to 

be ray 4 when in truth it is ray 3. Thus, the error will be given by the 

difference between the assumed relationship

n = sin(A+D)/si.n A , . (2.30)

and the solution for n obtained by the real ray deviation is

d = sin-'*’ {——  sin
K

jn-p'-sin ^A * s

This is not an easy comparison to make. Certain values for <j>, a, £3,

that relate to the uncertainties for A, n and n that relate to thew p
experimental setup, and for n the values from Penndorf (1957) are used. 

Then the error is calculated as

6 - s in™1 ^ s i n  j <j> - A + sin™1
(2.31)t '1 ”  sin a)_ })



1 sin(A+d)
sIn(A+D) • (2.32)

These are all deterministic errors that can be corrected if one knows the

wedge angles of the windows and their orientations. The remaining errors

are due to the uncertainty of these measurements. The results for this

apparatus amount to less than about 1 part in the fourth decimal.

Wavelength Determination. The dispersion curve is a plot of n

vs. A. An error in determining the wavelength at which the angle of

deviation was measured can cause an error in the calculated value of the

refractive index at the specified wavelength. The derivative of this

Curve gives the sensitivity of the refractive index to wavelength. The

largest value of the derivative is dn/dA - 0.00335912/micrometer. Based

on the slit width and the specifications of the monochromator furnished

by the vendor, it was determined that the wavelength was known to an

accuracy of 0.01 micrometer. The error in refractive index is given by 
1 dn ,,
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dn = (0.00335912)(0.01) .

dn = 0.00003359 . (2.33)

Temperjng,of Samp1e. Tempering is often called thermal tough

ening. Tempering is used to strengthen glass and to improve its resis

tance to thermal shock. The principle of this method has been known 

since the 17th Century (Phillips, 1941). One result is a refractive 

index gradient near the faces of the sample. The index is higher at the 

surface where there are compressive forces, and lower inside the sample

where the material is in tens ion.
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In tempering, the glass object is heated to a temperature close 

to its softening point and then it is removed from the furnace and the 

surfaces are cooled quickly with a gas or a liquid. The surface layers 

rapidly become rigid, but the initial thermal contraction of the surface 

causes viscous flow in the central layers which are still close to the 

softening point of the glass. When the central layers eventually cool 

below the temperatures at which significant viscous relaxation can 

occur, a temperature gradient will exist through the thickness of the 

glass. During the process of reaching thermal equilibrium, the hotter 

centra 1 layers must contract more than those near the surface. This 

differential contraction Introduces Internal stresses, which are cOmpres 

sive near the surface and tensile in the central layers. The variation 

of the stress across the thickness of a toughened plate of glass is 

roughly parabolic, Fig. 21, thus the maximum compression in the surface 

is about twice the maximum tension in the center, and the layer under

zero stress occurs at a distance from the surface approximately 1/5 of

the thickness. There is no net force on the plate, so that in Fig. 21

the area A must equal the area of (Bi + Bg).

. The effect of the stress gradient on the refractive index of the 

glass is a function of the relative stress-optical coefficient (C) Or 

the birefringence of the glass. C is a constant, Or nearly so within 

the elastic limit for a given glass, but varies considerably from glass 

to glass. For the simple case of a single compressive stress (Fig. 22) 

in the OY axis, the refractive indexes of the glass for light waves in 

the planes of vibration OZ and OY may be defined as fo11ows,
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Fig. 20. Schematic Showing the Exaggerated Wedge in the 
Temperature Chamber Windows.

Fig. 21. Stresses Across a Plate of Tempered Glass.
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Fig. 22. Birefringence Effects in Glass.

and

where

nz - n C2 ay
n - n = Ci ay 1 y

ay (2.3*0

n

ny

C1 > C2

refractive index of unstressed glass

refractive index in plane of compressive stress,

refractive index in plane at right angles to 
stress,

corresponding stress - optical coefficients 
in these two axes

C is the relative stress - optical coefficient 
or the birefringence factor of the glass.



Tl 20 glass is known to have a small stress-optical coefficient. 

The compression zone is also known to be only about 0.060 inch thick.

Thus, the compression zone is very thin, and consequently the balancing 

tensile stress is very small and the tensile zone comes very close to 

the free surfaces. A plot of stress vs. thickness resembles that of 

chemically toughened glass rather than, thermally toughened glass. The 

two disadvantages of this are that the critical load is only increased 

by about 20% and the low internal tension does not insure fragmentation 

when fracture does occur. Fragmentation is often desired because larger 

pieces of the broken sample can be more harmful to personnel and other 

components. On the other hand, the glass with its low internal tension 

can be worked by sawing or drilling without risk of fracture and there 

are few restrictions on the shape of a tempered object.

An experiment was performed to determine the approximate refrac

tive index change caused by tempering. A sample 50 millimeters x 12 

millimeters x 6 millimeters was placed in a traditional three-point bend

ing fixture. A polariscope operating at a wavelength•of 0.9 micrometer 

was used to observe the fringes as pressure was applied to the center 

point. The optical path length was 12 millimeters and the first fringe 

barely became visible before the sample broke. Hence, the change in 

refractive index was less than 0.0375. Assuming that the surface 

stresses are half that caused to break the sample, and the depth of the 

tempering is about 0.060 inch (as stated by the supplier), the effect of 

tempering the prism surfaces can be estimated.
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Figure 23 shows a schematic of the tempered sample. Assume that 

ni = 2.4000, n2 = 2.4187, and n0 " 1. There is no refraction at the 

first two interfaces because the incident angle is zero. At the third 

and fourth interfaces the refraction is given by

nisin(A) = n2sin(A+AD) = sin(A+D) , (2.35)

where AD is a small deviation angle due to the small change in refractive 

index.

t

13.74027°

Fig. 23. Schematic of Tempered Sample.
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At this point, it is possible to calculate AD but there is no 

need to. By setting the first term equal to the third term, we get the 

same equation as for an untempered sample. Thus a plate whose surfaces 

are parallel will not cause the deviation angle to change. Any index gra

dient which is uniform over the entire surface can be simulated by a stack 

of plates with parallel faces where the refractive index of each plate is 

constant over the plate and varies only slightly from the previous plate.

Mechanical Stab?1ity. The resolution and sensitivity of the 

System are easy to determine by the va1ue of the output signal compared 

to a reading on the micrometer stage. By observing the s igna1 output, 

it was possible to see a difference in the output s ?gna1 for a microm

eter displacement of 0.0001 inch. The micrometer setting over a series 

of readings at one wave!ength and one temperature sometimes changed by 

as much as 0.004 inch, which is equivalent to about 3 seconds of are 

error in the deviation angle which produces an error in refractive index 

of 0.000525• Averaging over five settings reduces the error or uncer

tainty of about 0.000075 due to mechanIca1 stability of equipment. Later 

measurements on other materials were measured on a fugged instrument 

designed with much greater mechanical stability.

Summary of Errors. All of the errors discussed above affect the 

accuracy Of the absolute value of the refractive index. Table 7 is a 

summary of all the error sources. The root mean square (rms) va1ue of 

the errors is 0.000178. Sinee the probabIIity density function of these 

errors is not known, the rms va1ue is only an approximation of the most 

probable error in the determination of the refractive index. The sum of
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Table 1. Summary of Error Sources in Measuring Refractive Index.

Error Source
Magnitude of 

Refractive index Error

Apex Angle 0.0000146

Autoco11imat ion 0.0000700

Slit Curvature 0.00000017

index Head 0.000100

Mechanical Stability 
(Settab!1ity)

0.0000750

Window and Vacuum 0.000100

Wavelength Determination 0.00003359

Sum of Errors 0.000393

rms Value 0.000178
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the errors Is 0.000393. Hence, the refractive index is known to an 

accuracy of ±0.000393 with a good change of being accurate to ±0.000178.

The accuracy in measuring the change in the refractive index as 

a function of wavelength or temperature is dependent only on the settabi1 - 

ity of the translating stage. This is an a 11-emcompassing error which 

includes electrical, mechanical, and geometrical factors involved in 

maximizing the signal output on the PAR. This error is listed under 

mechanical stability and has a maximum error of 0.000525. This error 

can be assumed to have a normal probability distribution function. 

Statistically the error can be divided by seven when an average is taken 

over five readings. This was verified experimentally. A large number 

of readings was taken in sets of five readings each. The average value 

of each set gave consistent values of the refractive index to within 

0.000075.

The same equipment developed for this dissertation was used to 

measure dh/dT and dn/dX for silicon and germanium. The data were gen

erated for Aerojet General Corp., Azusa, California. An error analysis 

showed that the uncertainty in the absolute value of the refractive 

index was 0.002 and the uncertainties of the refractive index differences 

were 0.00023 for silicon and 0.00033 for germanium. The accuracy of the 

index differences agrees very well with the accuracies calculated for 

this work. The accuracy of the absolute value is much better for this 

work because greater care was taken in the alignment and collection of 

the data. Although the maximum uncertainty in the absolute value of 

the refractive index for germaniurn and silicon was large, the measured
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values agrees with published values to better than ±0.0005 (Ballard, 

McCarthy, and Wolfe, 1959).

the Air Force Materials Laboratory at Wright-Patterson Air Force 

Base measured dri/dT of TI 20 using a technique which utilized a fringe 

pattern from a laser beam reflecting off the front and back surface of 

the sample, and counting fringes as the sample was heated. Their mea

surements were for a temperature range of 259C to 65°C and a wavelength 

of 10.6 micrometers. Their measured value of dn/dT was 7-19 ± 0,39 

x 10~5/°C (Kepple et al., in press).

Average values reported for dn/dT in this dissertation are 

6.49 x 10"5/°C for a temperature range of -70°C to + 24°C and 9*68 

x 10”5/°C for a temperature range of 24°C to 150°C. This is considered 

to be in good agreement since dn/dT is a strong function of temperature. 

Figure 19 illustrates how the refractive index changes with temperature. 

The curve and its first derivative (dn/dT) appear to be a strong func

tion of temperature between 25°C and 65°C.



CHAPTER 3

HOMOGENEITY

The homogeneity of the refractive index of infrared-trans

mitting material is difficult to measure with the same ease and 

accuracy as visible-transmitting materials. Due to the difficulty 

and expense of equipment for making the measurement, most often the 

material is tested according to its performance in an optical 

system. Some of the more common techniques which will be discussed 

here are:

1. Sample Prisms.

2. Imaging Performance•

3. Schliefen Method.

4. Interferometric.

Sample Prisms

A common technique used by material manufacturers is to cut 

samples from various portions of one slab. Prisms are made from the 

samples which represent different areas of the slab. The refractive 

index of each prism is measured using either the minimum deviation 

or the Littrow technique. The refractive index of each prism can then 

be tabulated or plotted on a drawing which represents the original 

slab. The variation of refractive index over the slab is then related 

to the hoiogeneity of the siab.
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Following are some of the disadvantages of this technique.

The homogeneity accuracies cannot be better than the bulk measurements 

of the refractive index, which are often only fourth-place accuracy. 

Only the average refractive index of the prism can be measured. Small 

areas of large refractive index differences can go unnoticed. The 

measurements are often very time consuming.

The biggest advantage of this technique is that most material 

manufacturers already have this equipment and they generally already 

know the approximate sizes of the areas of inhomogeneity.

I mag ? ng Performance

Most image performance measurements are made using a window 

made out of the infrared-transmitting material being measured. Windows 

are handy to use because it is easy to evaluate the imaging system 

with the window and then without the window. Prisms and lenses are 

more difficult to calibrate. The most common parameters to measure 

are the width of the line spread function and the Modu1 at ion T ransfer 

Function, MTF, of the imaging system.

Line Spread Function

A collimator and imaging system is set up as shown in Fig. 2k. 

For infrared windows, an infra red detector and source a r e  required. 

Off-axis parabolas make convenient components since they are easily 

a l ig ne d  in the visible. Chopping the source and using synchronous
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detection greatly increases the signal-to-noise ratio. If a linear 

transducer is attached to the translating stage, then the output of the 

transducer and the synchronous amplifier can be connected to the X-Y 

inputs to one X-Y recorder. The resulting plot will be a convolution 

of the source slit and the line spread function of the optical system. 

In most applications, the size of the source can be neglected if it 

is one-tenth of the line spread function, or smaller. One can either 

compare the width of the line spread function with and without the 

window or take the Fourier transform of the two plots and compare 

the respective MTFs.

Infrared Slit Source

Col 1imating 
Mirror

Window Sample

Detector on
Translating Stage

Imaging
Mirror

Fig. 24. Line Spread Function Setup.
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Fig. 25 shows two resulting line scans of a slit source 

with and without a four-inch-^aperture infrared window. Usually the 

widths at the signals rise and fall to 50% of the maximum value are 

compared. The total intensity of the signal is expected to be less 

with the window due to reflection and absorption losses. The gain 

should be adjusted to equalize the plotted peaks to avoid errors 

from visual inspection.

With TI 20 Without TI 20WindowWindow

Fig. 25. 25 p Slit Image Scanned with a 500 y Detector in the
8 to 14y Spectral Region.

F/7 Collimator gives = 190 y Diffraction Pattern.



Modulation Transfer Function

Often specifications are written around a given modulation 

degradation at a given spatial frequency. This can be measured easily 

using the same optical system as shown in Fig. 25. The slit source 

could be replaced by stationary bar targets of the given spatial 

frequency (or angular frequency) and the results plotted on an X-Y 

recorder or the detector could be stationary and the targets could be 

moved, as on a rapidly rotating disk. The Output would then be best 

read on an osci1loscope. With the latter technique» one could not use 

synchronous detection. The former technique would yield a better 

signaT-to-noise ratio.

This technique is often used when specifying windows for 

mi 11 ta ty, infra red, 1 i ne^scaon i ng imaging systems. The MTF i s cal cul a- 

ted from the following equation.

MTp _ Maximum Signal Minimum Signal 
Maximum Signal + Minimum Signal

Schlieren Method

Most Schlieren methods use an optical setup similar to the 

one shown in Fig. 24. This type of system will only indicate 

refractive index gradients and will not yield absolute values of the

84
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Monochromator

Col 1 imator

Rotating Table 

Prism

Camera Q jc j | ----- --^ ^ ^ Im a g in g  Mirror

\  Knife Edge
'Image Converter

Fig. 26. Schematic of Focal Gram Measurement.

A system set up as shown in Fig. 26 will yield absolute 

values for both the index and the index variations. The results are 

easily interpreted and the areas of inhomogeneity are easily located. 

The setup was the same as was used for measuring refractive index as 

was described in Chapter 1. The detector was replaced with a knife 

edge and an infrared image converter tube. The image converter was 

focused on the prism so that as the receiving optics were rotated or 

the knife was moved with the translating stage, the shadows on the 

prism could be detected. The deviation angle at which the area from 

a certain part of the prism started to turn dark was then used to 

calculate that part of the prism (as illustrated in Chapter 2). The 

image converter tube was designed to work over the wavelength range 

of 0.85 to 1.1 micrometers. A HeNe laser operating at 1.15 micro

meter also produced bright images.



The words "focal gram" for describing the photograph of the 

Schiieren test is a carry-over from optical testing. The photograph 

or sketch of the knife edge test of an optical system is called a 

focal gram.

A focal gram of a measurement made of a sample of infrared 

transmitting material was a "factory reject," Normally a sample 1 ike 

this would never leave the manufacturing house. The sample was made 

from stacking two prisms made from a 0 . 2 5 - in e h * th i c k  slab. The stack

ing was necessary in order to increase the optical aperture for a high 

signal-to-noise ratio at the longer wavelengths. Attempts were made 

for about two weeks to measure the refractive index of this prism 

before the focal gram was made. This Schl ieren method was developed 

in order to determine the spatial location of the source of error in 

the sample. The general appearance is that of a green Schlieren 

photograph. This sample had considerable structure.

Interferometric Method

The interferometric method is the most popular method for 

measuring the homogeneity of visual optica1 transmitting materials. 

Visual interferometers are easy to construct and almost every optical 

laboratory has at 1 east one.
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For the visible spectral region, filtered mercury arc sources 

and HeNe gas lasers make inexpensive sources. A photographic camera 

with ordinary photographic film makes economical records of the fringe 

pattern.

For the infrared part of the spectral region, the most common 

sources are the CO^ laser at 10.6 micrometers and the HeNe gas 1aser 

at 1.15 micrometers. The viewing devices are liquid crystal screens 

and infrared image converters, respectively. Phosphor screens are 

usable at 1.15 micrometers and sometimes at 3.39 micrometers (HeNe 

laser) but they require more intensity than the image converter.

HeNe Interferometer at 1.15 Micrometers

Fig. 2y shows an interferometer using an image converter and 

a HeNe laser at 1.15 micrometers. Fig. 28 shows a photograph of the 

fringes, taken of the phosphor output of the image converter. The 

interferometer was a standard Michel son interferometer originally 

designed for the visible (mercury arc on HeNe laser at 0.6228 micro

meter). The only modification made was to replace the beamsplitter 

with one that was good for all wavelengths out to about 3-5 micro

meters. The substrate was optical grade quartz. The coating was a 

specially designed multilayer stack of dielectric coatings.



Fig. 27. Twyman-Green Interferometer Using an Infrared 
Image Converter for a Viewing Device.

CO00
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F i g . 28. Homogeneity Pattern for a 4-inch Diameter Tl 20 
Tempered Infrared Window at 1.15 Micrometer.



CC>2 Interferometer at 10.6 Micrometers

The most popular infrared interferometer consists of a CO^ 

gas laser operating at 10.6 micrometers in a Twyman-Green configura

tion with a heat sensitive liquid crystal screen to view the fringes. 

A good example is the commercial instrument built by Tropel, Inc., 

Fairport, N.Y. Fig. 29 is a schematic of their model IRI-10 inter

ferometer.

Test Mirror

Diffraction
Grating Liquid Crystal 

DetectorCollimator Mirror

Imaging Mirror

Fig. 29. Schematic of Infrared Interferometer Model IRI-10, 
Tropel, Inc.
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The system uses a grating for a beamsplitter, which solves a lot of 

the problems involved in fabricating transmitting and reflecting beam* 

splitters at 10.6 micrometers, fig. 30 shows the fringes which repre

sent the inhomogeneity of a sample of zinc selenide. The index varia

tions in this figure were calculated to be 0»001.

Higher resolution is obtained by placing a small detector on 

a translating stage and plotting intensity versus displacement as the 

detector is Scanned across the fringe field.

The interferometer using the infrared image converter and 

HeMe laser operating at 1.15 micrometers is the most economical, since 

an Army surplus sniper scope can be used to view the fr!ngers. The 

disadvantage is that many Infrared transmitting materials are not 

transparent at 1.15 micrometers.

The interferometer using the C0_ 1aser and liquid crystal 

screen is expensive because of the cost of the CO^ laser, and the 

resolution is poor because of the diffusion of heat on the liquid 

crystal screen. Some infrared transmitting materials are also opaque 

at 10.6 micrometers.

More recently EGSG has used an infrared raster scanner to 

scan the fringe patterns of a Twyman-Green infrared interferometer.

The raster scanner uses a Nipkow disk with a scanning Speed of 1000 

frames per second.
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Fig. 30. Photograph of Infrared Fringes on Liquid Crystal Screen.
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There are many raster scanners on the market which can be used 

to scan an infrared fringe pattern. These systems are very expensive 

and do not help much during the initial alignment of the fringes.

The special scanner and alignment technique which makes build
ing and using an infrared interferometer easier and more economical is 

described below.

New In f ra red Interferometer

Some infrared transmitting materials are not transparent at 

1.15 micrometers or 10,6 micrometers. The homogeneity of these materials 

cannot be tested in an interferometer using an infrared image converter 

or a liquid crystal screen. As an example, silicon (1.12 micrometers 

to 15 micrometers) and germanium (1.8 micrometers to 23 micrometers) can 

be tested with the CO^ laser but not the HeNe (1.15 micrometer) laser. 

Irtran 1 (1.0 micrometers to 8.5 micrometers) can be tested at 1.15 

micrometers but not at 10.6 micrometers. Gallium antimonide (1.8 micro

meters to 3«5 micrometers) cannot be tested at either of the two wave

lengths. There are very few materials, such as indium arsenide (3.8 

micrometers to 7.0 micrometers) and tellurium (3.5 micrometers to 8.0 • 

micrometers) which are not easily tested with the HeNe (3.39 micrometers) 

laser. From surveying the list of infrared transmitting materials in 

the Handbook of Military Infrared Technology (Wolfe, 1965), it appears 

that the single most useful laser is the HeNe (3.39 micrometers) laser. 

This is convenient since this laser is very economical. It is incon

venient; however, since there is no viewing device that is, economical 

and readily available.
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The interferometer developed here contains the design for an 

economical fringe plane scanner that is readily available from either 

commercial components or from components found around the optical lab. 

The scanner was designed specifically for the 3-33 micrometer HeNe 

laser but it will work with any laser by simply changing the detector. 

The system can even be used in the visible for reading fringe patterns 

directly into a computer without the need to scan a photograph.

The interferometer is basically a Twyman-Green configuration.

The layout is shown in Fig. 31• The collimating lens and imaging lens 

are designed to work at 3•39 micrometers and 10.6 micrometers. It is 

an easy matter to design a second set of lenses to work at 0.6328 

micrometers and 1.15 micrometers. The beam expander is a Cassegrainian 

type telescope. The autocoil(mating mirror is rotatable to take into 

account sample windows with large wedges, or prisms made from the 

sample material.

In the Twyman-Green interferometer the imaging lens forms two 

images of the pinhole. One image comes from the light reflected off the 

reference mirror arid the other image comes from the beam which passes 

through the test sample twice via the beam expanding optics. If these 

two images are superimposed, fringes wi11 be formed. The best location 

to observe the fringes is at the final image of the sample. The 

fringes will represent a map of the optical path differences (OPD's)



between the reference beam and the test beam. To form vertical 

fringes the two images of the pinhole have to be shifted relative to 

each other in the horizontal direction. To form horizontal fringes, 

the two images must have a relative shift in the vertical direction.
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Slide Rails for Ref. Optics 
Reference Optics 
Sliding Alignment Mirror 
Beam Expander (removable)

Sample
Chamber

Horizontal V Scan Driver

^  ^ S l i d e  Rails
Centering (optional) ^ Rotating 
Detector Auto-collimating

Mirror (removable)

Vertical Scan 
Horizontal Scan 
Intensity Mod.

Fig. 31. Infrared or Visible Scanning Interferometer.

Light reflected off the reference mirror and the other image comes 

from the beam which passes through the test sample twice via the beam 

expanding optics. If these two images are superimposed, fringes will
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be formed. The best location to observe the fringes is at the final 

image of the sample. The fringes will represent a map of the optical 

path differences (OPD'sj between the reference beam and the test beam. 

To form vertical fringes the two images of the pinhole have to be 

shifted relative to each other in the horizontal direction. To form 

horizontal fringes, the two images must have a relative shift in the 

ve rtica1 direction.

Initial Alignment and Focus

For the initial alignment of the interferometer it is 

necessary to match the reference wavefront with the test wavefront to 

within several fringes In order to observe the fringe pattern. This 

can be accomplished by superimposing the respective images of the laser 

beam after they have been recombined. This requires both tilt and 

focus adjust.

A position-sensitive detector placed at the focal length of 

the imaging lens is ideal for the tilt adjustments. By blocking one 

beam at a time, the two beams can be centered to 1 micrometer. Visible 

position-sensitive detectors made from silicon are available through 

United Detector Technology, Inc, Infrared position sensitive detectors 

made from thin film bismuth bolometers are available from 11-VI 

Corporation.

Focus adjustments can be monitored with a twd-detector system 

made with either concentric detectors or a large area detector placed 

behind a ring detector with a hole 1n the center the sIze of the 

focused laser image. When the signal from the center detector or the



black detector is maximized, the two beams will be in focus. This 

assumes that the beams were centered with the photopots and the focus 

detectors were conjugated to the centered images. This can be 

implemented by an indent system or a beamsplitter. Fig. 32 is a dia

gram of a simplified preamplifier and bismuth detector which is used 

for an infrared photopot.

O l V  3

Ga Gb
O i v  1

Gc Gd

O l V  4

O l V  2

Fig. 32. Simplified Electrical Diagram of Infrared Photopot.
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Fringe Scanning

With the two beams aligned, the folding mirror, is flipped out 

of the path. The two beams then pass through the scanner section 

to the detector in the fringe plane. The two-dimensional scanner scans 

the fringes in a raster pattern similar to a TV picture. The two 

scanners are small mirrors attached to galvanometer (or taut band) type 

scanners which are driven with a signal generator and a power amplifier. 

The first scanner is placed at the focal position of the two source 

images and the second scanner is placed at the relayed image of the 

two sources. Because the images are point source images, the mirrors . 

on the scanners can be on the order of 1/4-to 1/8-inch diameter.

Thus, the scanners can be driven at high scan speeds. The speed will 

be limited by the detector and the display screen. The axes of 

rotation of the two scanners are oriented at 90° to obtain ortho

gonal scan motions. The centers of the two scan mirrors should be 

located as close as possible to that the spherical relay mirror opera

ting at the radius of curvature will not introduce aberrations in the 

fringes.

The fringes will be.swept horizontally across the relay 

mirror by the first scanner. The second mirror acts as a pivot point 

and the fringes are also scanned horizontally across the detector by 

the first scan mirror. The second scan mirror shifts the field of 

fringes in the vertical direction. The size of the detector and the 

and the magnification of the fringe field will determine the resolution
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of the fringe pattern. The CRT in a TV monitor or an oscilloscope 

can be used to display the fringes. A signal monitoring the horizon* 

tal position of the first scanner is connected to the horizontal 

deflection circuit of the CRT and similarly for the vertical scanner. 

The detector signal is connected to the intensity modulator of the 

CRT beam. (In some oscilloscopes the beam intensity cannot be modu

lated.)

This scanner cannot be used in a Michelsoh interferometer or 

any other system that has a diffuse extended source. In contrast to 

image plane scanners and object plane scanners, this can be classed as 

a pupil plane scanner. It does not scan the image or the object, it 

scans the pupil. Hence, when choosing the optics and the relay mirror 

parameters, care should be taken to avoid pupil aberrations in the 

System. Pupil aberrations can cause curved fringes from "perfect11 

wavefronts.

This interferometer is unique in that it will work with all 

laser wavelengths and it contains provisions for both alignment and 

fringe scanning.

The interferometer was designed to measure the homogeneity 

of infrared transmitting windows at 3.39 micrometers but it can 

easily be used to test any type of optical component or system that 

can be tested with an ?nterferometer.
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Lens Design

Lenses for the interferometer were designed by R. A. Buchroeder, 

Optical Sciences Center, University of Arizona. All are good to eighth- 

wave simultaneously at 3•39 and 10.6 micrometers when properly focused. 

An attempt was made in each case to correct the lenses for coma, which 

desensitizes them to misalignment in the interferometer. Coma was 

reduced but not completely eliminated. Figure 33 is the diverging lens 

used to image the laser beam onto a pinhole for spatial filtering.

Figure 34 is a lens used to collimate the laser beam and to re image the 

laser beam for alignment and scanning. Figure 35 shows an extra lens 

that can be used to re image the test beam for testing spherical mirrors 

on other types of components or systems.

CAmin = 2.54
0 = 8.001 (.315")

min = 2.54 (.100")

2-MM f/4 Lens Made from KODAK IRTRAN-2 
10.6-3.39 Micron coat for N = 2.2304 nom.

Light enters N3.39 = 2,2537
convex side ^10.9 = 2*1903

R = 9.8552 (0.388")
PLANONominal focus(7 microns)

= 6.871 (.271")

Fig. 33. Beam Diverging Lens for Spatial Filtering.
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6-INCH f/4 Lenses #1 and #2 
10.6-3.39 pm

All CA's identical parallel light 
this side/41.275 91.625 convex

same convexsame
concavesame
concave

to focus (7 pm)
Both lenses made of 

KODAK IRTRAN-2

Fig. 34. Collimating and Camera Lens.
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4-INCH f/2.6667 Lens #3 
10.6-3.39 ym

parallel light this s i d e /All CA. convex
convex
concave
concave

to focus (7 pm)
Both lenses made of 

KODAK IRTRAN-2

Fig. 35. Diverging Lens for Testing Spherical Mirrors.



TRANSMISSION AND REFLECTION AT 
HIGH TEMPERATURES

When measwring the transmission or ref 1ection of optiea1 samp 1es 

in the infrared region of the spectrum, it is important to remember that 

the sample itself is a source of infrared radiation. This effect becomes 

increasingly important as the temperature and wavelength increase. If 

the sample is a gray body (constant emissivity vs. wavelength) the con

tribution of the sample.to the signal will resemble Planck's blackhody 

radiation curve for the temperature of the sample. All of the infrared 

optical materials have an emissivity curve that is strongly dependent 

on the wavelength of the radiation. The transmission of infrared opti

cal materials is most strongly affected by the absorption coefficient. 

Therefore, the general shape of the absorption curve can be determined 

by inspecting the transmission curve. Figure 36 is a curve of the 

absorption coefficient vs. wavelength, for #1173 infrared glass. This. . 

curve looks similar to a scaled transmission curve turned upside down.

The spectral intensity of the radiation also depends on the refractive 

index and some superficial characteristics such as geometry and surface 

roughness.

CHAPTER 4

Emissivity

Radiation within a semi transparent body is emitted and absorbed 

simultaneously. While passing through the material it is attenuated in
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Fig. 36. Absorption Coefficient vs. Wavelength for #1173 Glass.
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accordance with the Lambert^Bougner Law and is attenuated again at the 

surface. A fraction of it is reflected back into the interior. Many 

reflections and traversals may occur before the radiation originally 

generated becomes completely attenuated through the common effects of 

escape through the surface and absorption in the material.

In a transparent slab having parallel faces, the radiation gen

erated in a 1 cm2 area of material dx cm thick, j(X,t) dx where j(X,t) 

is the volume spectral emissive power, that is, the time rate of radiant 

energy production within a 1 cm cube in the wavelength region X to X+dX. 

For unit solid angle the emitted intensity is (l/W) j (X,t) dx, and 

for a small solid angle dw, containing radiation traveling nearly normal 

to the surface of the slab, the intensity is (l/-4ir) j(X,t) dxdw. If the 

imaginary slab lies at a depth of X cm below the surface of the body, 

only a fraction equal to e ^(X,t)X the normal radiation will arrive 

at the surface; where K(X,t) is the absorption coefficient characteris

tic of the particular wavelength and temperature. The intensity 

arriving at the surface from this layer is then

(IA tt) j(X,t) e (4.1)

The total normal radiation arriving at the surface, excluding 

residues from primary and higher order reflections, will be the summa

tion of the above expression for all layers between X=0 and X=d, the 

thickness of the slab. The total normal radiation arriving as a result 

of emission is, therefore,

(1 Air) j (X,t)dw
d

e-K(X,t)X dx (4.2)
o



which becomes on integration

[lAir K(x,t)] e-*K(X,t)d dw

1 0 6

(4.3)

The true transmissivity, T (X,t), of the slab is by definition 

exp [- K(X,t)d]. Thus the expression can be written as

[1/4 it K(X,t) ] j (X, t) [1 - T(X, t) ] dw . (4.4)

If the reflectivity is R(X,t), the radiation which penetrates the sur

face and escapes is:

[1 - R(x,t)] [1 - T(x,t)3 dw . (4.5)

In order to develop an expression for the emissivity of a sample 

in terms of transmissivity, T(X,t) and reflectivity, R(X,t), McMahon . 

(1950) showed that the ratio of volume emissive power to absorption 

coefficient is equal to twice the emissive power of a blackbody,

<!b(X,t.) , for the same conditions of wavelength and temperature. The 

factor 2 appears because the definition of blackbody emissive power is 

the energy radiated within a solid angle of 2ir' - sterad ians, whereas 

that for volume emissive power is for 4ir - sterad ians. If this substi

tution is made in the above expression, it may be written as

Jb(x,t)
[1 - R(X, t) ] [1 - T(X, t) ] dw . (4.6)

The portion reflected passes through a layer of material of thickness d, 

is again reflected from the rear surface, is then transmitted through 

another d cm, and a portion of this emerges as a second contribution.



The emerging portion will have an intensity of
Jh(X,t)

R2U,t) «. T2(x,t) [1 - R(X,t)] .' -> [1 - T(X,t)] dw .

(4.7)

107

This process of reflection will occur an infinite number of times. The 

total emerging radiation can be expressed as an infinite series of all 

even terms to infinity. Radiation.is also emitted toward the rear sur

face, partially reflected and a fraction of this escapes through the 

front surface. All components of radiation initially directed toward 

the rear surface but finally emerging from the front surface is given 

by the same infinite series but containing only the odd terms. The 

total emission from the front face is then the sum of the two series of 

odd and even values of n. The sum is equal to the spectral emissive 

power of body multiplied by the solid angle dw. This is written as

, n=“ J, (X,t)
J(X, t) ^  l Rn(X,t) • Tn(A,t)x [1 - R(X, t) ] --T ----

n=0
all values of n [1 - T(X,t)]dw

(4.8)

Since R(X,t) and T(X,t) are both less than unity, the infinite series 

may be written in analytical form giving the result

[1 - R(X,t)][l - T (A, t) ] J, (X,t)

[1 - R(X,t) • T(X,t)]

The emissivity, E(X,t), of a body is defined as the ratio of the actual 

emitted energy to that of a blackbody. The emissivity can also be 

expressed as a ratio of spectral emissive powers. Thus,



1 0 8

Therefore,

E(A,t) 4 (A,t)

E(A,t) _ n  - R(A,t)lfl - T(A,t)1 
[1 - R(A,t) • T(A,t)]

(4.9)

(4.10)

The above expression for E(A,t) is a very important relationship 

for determining expressions for apparent reflectivity R*(A,t) and 

apparent transmissivity T*(A,t) which are directly measurable quantities 

of a heated sample.

Apparent Ref 1ectiv?ty

The apparent reflectivity, R*(A,t) of a slab is always greater 

than the norma1 reflectivity of a single surface, R(A,t) because of 

multiple internal reflections which augment the primary reflections.

The irradiance of the primary reflected beam is I^R(A,t). Where

I. is the i rrad iance of the incident normal radiation,. The radiationA
contribution from multiple reflections in the slab is (McMahon, 1950):

(4.11)
n-co I [1 - R(A,t)]2
I C  —  [R2(A,t) • T2 (A, t) ]n
n=l R(A,t)

The exact va1ue of the sum is

lx [1 - R(A,t)]2 R(A,t) • T2(A,t) 

1 - R2(A,t) • T2 (A,t)
(4,12)

The apparent reflectivity is obtained by adding the two contributions 

and dividing by I :

R*(A,t) = R(A,t) !l + T2lX>t-)-.[1. " R(x>t)^2l (4.13)
1 - R2 (A,t) « T2(A,t)J
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For a perfectly transparent body, T(X,t) =1,

-■ K i(&it) • v>-'»

The apparent reflectivity in this case is approximately twice the true 

reflectivity for small values of R(X,t).

Apparen t Transm i ss i v i ty

The apparent transmissivity, T*(X,t) will be less than the true 

transmissivity because of reflection losses. Again there will be contri

butions from multiple reflections inside the slab. The result is shown 

to be (McMahon, 1950):

™ x-t) ■ T(i-t ) ^(x.t) (*-,s>

Most transmission experiments actually measure T* which will be 

in error if the result is interpreted as T.

The Thermal Radiation Chart

The relationship between the three directly measurable quanti

ties, emissivity, apparent reflectivity, and apparent transmissivity, 

is summarized in the three following equations:

E(A,t) = n - r (x »t)iri - t(x,t)i (4.16)
[1 - R(X »t) • T (X , t) ]

R*(x ,t) = R(X,t)
( '
1 + T2(x,t) ri - R(X,t)]2 1 (4.17)

t 1 - R2 (X,t) • T2 (X,t) j

T*(X,t) =' T(X,t) 1L[1
r (x , t.) ]2 

- R2 (X,t) • t 2 (x , t) ]
(4.18)



110

It can be shown algebraically that the sum of the three is identically 

unity under all Conditions, for all values of R(X,t) and T(X,t):

E(A,t) + f*(A,t) + R*(A,t) = 1 . (4.19)

The above expression may be considered to be an expression of Kirchhbff1s 

Law extended to the partially transparent body.

The chart given in Fig. 37 is a graphical representation of the 

four above equations. The complete thermal radiation properties of a 

given body at a particular wavelength and for a particular temperature 

are represented by a single point on the chart. The location of the 

point is determined experimentally by measuring any two of the three 

observables E, R*, T*. Exact values of R and T are also deduced from 

the chart. The reflectivity and transmissivity vary as a function of 

wavelength and temperature, and thus are represented by a line on the 

triangular chart. There will be a line for every temperature and/or 

every wavelength. In principle, the complete radiation properties of 

any body can be described by two families of intersecting lines, one 

representing constant temperature and the other representing constant 

wavelength.

To obtain a better feel for the meaning of the above equations, 

additional graphs and tables were generated. Figure 38 is a family of 

curves of E vs. R for various values of T. Table 8 Is a tabulation of 

calculations from the equation for E. If R and T were interchanged, the 

family of curves and tables would be identical because of the interrela- 

tionship of the three variables.
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Table 8. Emissivlty vs. Reflectance.

Brnis sivity Reflectance .

R=0.0 . R=0.1 R=0.2 . R=6.3

0.00000000 1.00000000 o.90000000 0.80000000 0.70000000
0.10000000 0. 90000000 0.81818182 0.73469388 0.64948454
0. 20000000 0. 80000000 0.73469388 0.66666667 0.59574468
0.30000000 0.70000000 0,64948454 0.59574468 0.53846154
0.40000000. 0.60000000 0.56250000 0.52173913 0.47727273
0.50000000 0.50000000 0.47368421 0.44444444 0.41176471
0.60000000 0.40000000 0.38297872 0.36363636 0. 34146341
0.70000000 0.30000000 0.29032258 0.27906977 0.26582278
0.80000000 0.20000000 0.19565217 0.19047619 0.18421053
0.90000000 0. 10000000 0.09890110 0.09756098 0.09589041
1.00000000 0.00000000 0.00000000 0.00000000 0.00000000

R=0.4 R=0.5 R=0.6 8=0.7
0.00000000 0.60000000 0. 50000000 0.40000000 0.30000000
0.10000000 0.56250000 0.47368421 0.38297872 0.29032258
0.20000000 0.52173913 0. 44444444 0.36363636 0.27906977
0.30000000 0.47727273 0.41176471 0.34146341 0.26582273
0.40000000 0.42857143 0.37500000 0.31578947 0.25000000
0.50000000 0.37500000 0.33333333 0.28571429 0.23076923
0.60000000 0.31578947 0.28571429 0.25000000 0.20689655
0.70000000 0.25000000 0.23076923 0.20689655 0.17647059
0.80000000 0.17647059 0.16666667 0.15384615 0. 13-336364
0.90000000 0.09375000 o.09090909 0.08695652 0. 08108108
1.00000000 0.00000000 0.00000000 ' 0.00000000 0. 00000000

R=0.8 R=0.9 R=1.0 .
0.00000000 0.20000000 0.10000000 0.00000000
0.10000000 0.19565217 0.09390110 0.00000000
0.20000000 0.19047619 0.09756099 0.00000000
0.30000000 0.18421053 0.09589041 0.00000000
0.40000000 0.17647059 0.09375000 0.00000000
0.50000000 0.16666667 0.09090909 0.00000000
0.60000000 0.15384615 0.09695652 0.00000000
0.70000000 0.13636364 0.08108108 0.00000000
0.80000000 0.11111111 0.07142857 0.Q0000000
o.90000000 0.07142857 0.05263158 0.00000000
1.00000000 0.00000000 0.00000000
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Figure 39 is a family of curves cf R* vs. R for different values 

of T. Not all values of T were plotted to avoid confusion of the curves. 

Table 9 is a table of R* vs. R for values of T ranging between 0.1 and 

1.0. A family of curves for T* vs. T is given in Fig. 40, and the values 

are tabulated in Table 10.

Fig. 39* Apparent Reflectivity vs. True Reflectivity.
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Table 9 - Apparent Reflectivity vs. True Reflectivity.

True |
Reflectivity Apparent Reflectivity

R=0.0 . 8=0.1 R=0.2 • R=0.3
0.00000000 0.00000000 0.00000000 0.00000000 0.00000000
0.10000000 0.10000000 0.10081008 0.10324130 0.10729657
0.20000000 0. 20000000 0.20128051 0.20512821 0.21156162
0.30000000 0. 30000000 0.30147132 0.30590124 0.32333804
0.40000000 0.40000000 0.40144231 0.40579710 0.41314935
0.50000000 0. 50000000 0.50125313 0.50505051 0.51150895
0. 60000000 0.60000000 0.60096347 0.60389610 0.60892931
0.70000000 0.70000000 0.70063310 0.70257038 0.70593158
0.80000000 0.80000000 0.80032206 0.80131363 0.80305603
0. 90000000 0.90000000 0.90009073 0.90037205 0.90087369
1.00000000 1.00000000 1.00000000 1.00000000 1.00000000

R=0.4 R=0.5 R=0.6 R=0.7
0.00000000 0.00000000 0.00000000 0.00000000 0.00000000
0. 10000000 0.11298077 0.12030075 0.12926536 0. 13938544.
0.20000000 0.22061192 0.23232323 0.24675325 0.26397389
0.30000000 0.32386364 0.33759591 0.35469202 0.37535307
0.40000000 0.42364532 0.43750000 0.45500849 0.47656250
0.50000000 0.53083333 0.53333333 0.54945055 0.56980057
0.60000000 0.61629881 0.62637363 0.63970588 0.65711510
0.70000000 0.71093750 0.71794872 0.72753764 0.74062377
0. 80000000 0.80570410 0.80952381 0.81496881 0.82284/42
o.90000000 ■ 0.90165441 0.90282132 0.90457369 0. 9073?'. :2
1.00000000 1.00000000 1.00000000 1.00000000 1. 0000= ( =0

R=0*8 R=0.9 R=1.0..

0.00000000 0.00000000 0.00000000 0. 00000000"
0.10000000 0.15217391 0.16614578 0.18181818
0.20000000 0.28407225 0.30715172 0.33333333
.0.30000000 0.39983022 0.42843275 0.46153846
0.40000000 0.50267380 0.53400735 0.57142857
0.50000000 0.59523810 0,62695925 0.66666667
0.60000000 0.67933368 0.70976849 0.75000000
0.70000000 0.75874126 0.78461283 0.82352941
0.80000000 0.83468835 0.85382060 0.88888889
o.90000000 0.91196013 0.92119802 0.94736842
I.00000000 1.00000000 1.00000000
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Table 10. Apparent Transmissivity vs. True Transmissivity.

True
Transmissivity Apparent Transmissivity

R=0.0 R=0.1 R -0 ,2 R=0.3

0 .00000000 0 .0 0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 0 .00000000 0 .0 0 0 0 0 0 0 0
0 .10000000 6 . io o o o o o o 0 .0 8 1 0 0 8 1 0 0 .06402561 0 .0 4 9 0 4 4 1 4
0 .20000000 0 .2 0 0 0 0 0 0 0 0 .1 6 2 0 6 4 8 3 0 .12820513 0 .0 9 8 3 5 4 0 7
0 .30000000 0 .3 0 0 0 0 0 0 0 0 .2 4 3 2 1 8 9 0 0 .19269370 0. 14820042
0 .40000000 0 .4 0 0 0 0 0 0 0 0 .3 2 4 5 1 9 2 3 0 .25764895 0 .1 9 8 8 6 3 6 4
0 .50000000 0 .5 0 0 0 0 0 0 0 0 .4 0 6 0 1 5 0 4 0 .32323232 0 .2 5 0 6 3 9 3 9
0 .60000000 0 .6 0 0 0 0 0 0 0 0 .4 8 7 7 5 5 9 2 0 .38961039 0 .3 0 3 8 4 4 5 6
0 .70000000 0 .7 0 0 0 0 0 0 0 0.-56979198 0. 45695634 . 0 .3 5 8 8 2 4 1 4
0 .80000000 0 .8 0 0 0 0 0 0 0 0 .6 5 2 1 7 3 9 1 0 .5 2 5 4 5 1 5 6  . 0 .4 1 5 9 5 9 2 5
0 .90000000 0 .9 0 0 0 0 0 0 0 0 .7 3 4 9 5 3 1 2  ■ 0 .59528731 0 .4 7 5 6 7 6 8 4
1 .00000000 1 .0 0 0 0 0 0 0 0 O'. 81818182 0 .6 6 6 6 6 6 6 7 0 .5 3 8 4 6 1 5 4

• R=0. h R=0.5 R=0.6 R=0.7

0 .00000000 0 .0 0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 0 .00000000 0 .0 0 0 0 0 0 0 0
o ; iooooooo 0 .0 3 6 0 5 7 6 9 0 .0 2 5 0 6 2 6 6 0 .01605781 0 .0 0 9 0 4 4 3 2
0 .20000000 0 .0 7 2 4 6 3 7 7 0 .0 5 0 5 0 5 0 5 0 .03246753 0 .0 1 8 3 5 9 8 5
0 .30000000 0 .1 0 9 5 7 7 9 2 0 .0 7 6 7 2 6 3 4 0 .04960728 0 .0 2 8 2 4 5 6 3
0 .40000000 0 .1 4 7 7 8 3 2 5 0 .1 0 4 1 6 6 6 7 0 .06791171 0 .0 3 9 0 6 2 5 0
0 .50000000 0 .1 8 7 5 0 0 0 0 0 .1 3 3 3 3 3 3 3 0 .08791209 0 .0 5 1 2 8 2 0 5
0 .60000000 0 .2 2 9 2 0 2 0 4 . 0 .1 6 4 8 3 5 1 6 0 .11029412 0 .06 5 5 6 5 8 1
0 .70000000 0 .2 7 3 4 3 7 5 0 0 .1 9 9 4 3 0 2 0 0 .1 3 5 9 8 9 3 4  ' 0 .0 8 2 9 0 5 6 5
0 .80000000 d . 32085561 0 .2 3 8 0 9 5 2 4 0 .16 6 8 2 0 1 7 0 .1 0 4 8 9 5 1 0
0 .90000000 0 .3 7 2 2 4 2 6 5 0 .2 8 2 1 3 1 6 6 0 .20 3 2 7 4 9 9 0 .1 3 4 3 0 6 0 9
1 .00000000 0 .4 2 8 5 7 1 4 3 0 .3 3 3 3 3 3 3 3 0 .25000000 0 .1 7 6 4 7 0 5 9

. R=0.8 R=0.9 f o

0 .00000000 0 .0 0 0 0 0 0 0 0 0. 00000000 0 .00000000
0 . IOOOOOOO 0 .0 0 4 0 2 5 7 6 0. 00100817 0 .00001010
0 .20000000 0 .0 0 8 2 1 0 1 8 . 0 .0 0 2 0 6 6 9 7 0 .00002082
0 .30000000 0 .0 1 2 7 3 3 4 5 0 .0 0 3 2 3 5 9 0 0 .0 0003290
0 .40000000 0 .0 1 7 8 2 5 3 1 0 .0 0 4 5 9 5 5 9 0 .0 0 0 0 4 7 4 4
0 .50000000 0 .0 2 3 8 0 9 5 2 . 0 .0 0 6 2 6 9 5 9 0. 00006623
0 .60000000 0 .0 3 1 1 8 5 0 3 0. 00846979 0. 00009271
0 .70000000 0 .0 4 0 7 9 2 5 4 0 .0 1 1 6 0 6 7 0 0 .00 0 1 3 4 6 8
0 .80 0 0 0 0 0 0 0 .0 5 4 2 0 0 5 4 0. 01661130 0 .00021463
0 .90 0 0 0 0 0 0 0 .0 7 4 7 5 0 8 3 0 .0 2 6 1 7 0 4 0 0 .0 0 0 4 3 6 6 4
1 .00000000 0. 11111111 0 .0 5 2 6 3 1 5 8 0 .00502513
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S pec t rome ter Measurements

Conventional double-beam and single-beam spectrometers can be 

used to make measurements on heated samples if the data are handled cor

rectly ̂ The method for handling data is discussed in the following sec

tions. A modulation method which can be applied to either spectrometer 

is also discussed below.

Double-beam Spectrometer

A double-beam spectrometer alternately Samples a beam passing 

through the sample and a beam passing around the sample. The two beams 

are cal led sample beam and reference, beam, respectively. The electron

ics are designed so that when the sample beam is blocked the chart will 

read zero for all va1ues of wavelength. With the sample out of the 

beam, the chart should read 100% for all values of wavelength. The 

plotted transmittance of the sample is then the ratio of the signal from 

the sample beam to the signal from the reference beam:

T' (s) = 1 ^ -  , (4.20)

where S(s) - signal from sample beam

S(r) - signal from reference beam 

T 1(s) = transmittance reading of sample.

It is very difficult to get the electronics exactly correct in 

a double-beam spectrometer. 1n a 1most al1 spectrometers the 100% line 

will not be at the 100% chart reading for all wavelengths and the zero % 

line will not be zero for all wavelengths. A chart curve should be made 

with the sample out to generate a 100% level reading and a chart curve
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should also be made to generate a zero level reading* The final curve 

from the sample run has to be scaled proportionately. Assuming that the 

chart reading is correct or properly scaled, the apparent transmissivity 

of the sample can be calculated by measuring the contribution of the 

heated sample to thb signal and subtracting it out. The signal beam, 

S(s), consists of two parts, one from the spectrometer source and one 

from the heated sample. The signal from the reference beam comes only 

from the spectrometer source:

S(s) = S(r) • T* + S(e) ,

where T* =5 apparent transmissivity of sample

S(e) s ignal due to emissivity of sample

S (s) ss s igna1 in sample beam

S(r) =? signal in reference beam.

The transmittance of the sample is then given by

= Sts) _ S(r) ' T* + S(e) 
S(r) S(r) (4.22)

or

T' (s) = T* + • (4.23)

Hence, the signal, T'(s), On the chart is larger than the apparent 

transmissivity by S(e)/S(r). Simply block the source from the sample, 

allow the source to pass through the reference and take another run.

The result will be a plot of S(e)/S(r). Thus,

T* = T 1 (s) - S(e) /S (r). (4.24)
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Figure 41 is a plot of T'(s) and S(e)/S(r) at 23°C and 150°C 

for a sample of Tl 20 glass 6 millimeters thick. The 100% curve is also 

shown.

Wavelength, gm
Fig. 41. Spectrometer Readings from Tl 20 Sample at 

High Temperatures.

If a reflectance attachment is used on the double-beam spectrom

eter, the signal from the sample is accounted for in a similar fashion.

Single-beam Spectrometer

In a single-beam spectrometer the reference beam and sample beam 

are both plotted and the ratios must be taken after the fact, usually by 

the operator on a calculator or computer. The source is usually chopped 

to eliminate background radiation and increase the signal-to-noise ratio 

by synchronous detection.
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If the Source is chopped after entering the sample, then the 

signal from the heated sample is also chopped and detected. The signal 

from the sample then has to be accounted for and subtracted copy then 

the radiation from the sample will be included in the background noise 

and will not affect the reading.

Modulation Technique

The modulation technique, as indicated above, is to chop the 

source before it enters the sample. Then the radiation from the sample 

will not be detected by synchronous detection. In a sing Ie^beam spec

trometer it may only mean moving the chopper but in a double-beam 

spectrometer it will mean modifying the internal electronics and adding 

an additional chopper. It may be easier to change detectors and use 

external electronics* If a complete spectrometer is being built it will 

be worthwhile to modulate the source prior to the sample to eliminate 

the effects of sample radiation.

Most infrared spectrometers have thermopile detectors. Beam 

comparison in two-beam spectrometers using thermopiles is performed at 

about 13 Hz since most thermopi1es lose sensitivity at modu1 at ion fre

quencies higher than kQ to 60 Hz. This should be considered when design

ing a modulation system.



APPENDIX A

ADDITIONAL BIBLIOGRAPHIC SOURCES

A truly comprehensive survey of the literature regarding the 

measurement of optical constants of materials would be overly lengthy 

for this paper. The work which is currently being done and that which 

has been done would fill several volumes.

The intention here is to list a few of the techniques^ along 

with additional references covering related material. The basic types 

of measurements fall Into the following categories:

1. Measurement of intensities of transmitted or reflected 

radiation.

2. Goniometric measurements,

3. Image displacement measurements.

4. Comparison measurements.

Some of the techniques of each category are listed below:

Measuring Intensities of Transmitted or 
Ref1ected Rad i at i on

1. Measuring reflection at one wavelength and two angles of 

incidence.

2. Measuring transmission of two samples of different thicknesses

3. Measuring the ratio of reflected and/or transmitted polarized 

radiation.
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4. Measuring the reflection at one angle over all wavelengths in 

a given spectral band.

5. Measuring the transmission at One angle and one thickness
o

over the spectral band.

Gon?ometric Measurements

1. Measuring the angle of minimum deviation through a prism.

2. Autocol1imating of the back surface of a Littrow prism.

3. Measuring the Brewster angle.

4. Measuring the critical angle of reflection.

1 mage Displacement Measurements

1. Measuring the focus shift due to the .insertion of a plane- 

parallel plate in the optical path. Measurements made with a 

microscope.

2. Measuring the focal length of a prescribed lens.

Compari son. Measurements

1. Making identical prisms of a known and an unknown material 

and measuring the difference in the angle of deviation.

2. Placing an unknown sample in an index matching fluid. Known 

samples may Or may not be placed in the fluid at the same

123

time.
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References of Various Techniques and 
Related Information

Lindquist, R. E. and A, W. Ewa1d (1963) , "Optical Constants from 
Reflectance Ratios by a Geometric Construction." J . Opt. Sac. Am. 
li, 247.

This -is a graphical technique based on a geometric construction of 
a complex electrical diagram. The complex dielectric constant (e) 
is related to the optical constants by the following equation:

e = (n-ik)^.

Simon, I. (1951), "Graphical Solutions of n and k/n." J . Opt. Soe.
Am. 4l_, 336.

Mr. Simon's graphs contain Rĵ , Rj| and 1/2 (Rj |+Rj) plotted as a 
function of n and k/n as a parameter for two angles 20° and 70°.

Tousey, R. (1939), "Graphical Method for Obtaining n and k." J . Opt. 
Soc. Am. 29, 235.

The measured quantity is the absolute reflectance for unpolarized 
radiation. His paper gives constant relfectance curves plotted in 
the n,k plans for incidence angles = 45°., 60° , 75° , and 85°.

Bell, R. J. (I969), "Generalized Laws of Refraction and Reflection."
J. Opt. Soc. Am. 59, 187.

The generalized laws of refraction and reflection for absorbing 
media are derived using only definitions of measurable parameters. 
This work was done for research projects in the infrared region.
One project is damped-harmonic oscillator analysis of reflectance 
data at non-normal incidence; another was for non-normal incidence 
reflectance data employing the Kramers-Kronig integral.

Stone, J. M. (1963), "Text for Developing Relationships Between the 
Radiation and the Complex Index of Refraction." Radi at. Opt.
New York. McG raw-Hill.

Kolb, D. M. (I972), "Determination of the Optical Constants of Solids 
by Reflectance-Ratio Measurements at Non-normal Incidence." J. Opt. 
Soc. Am. 62, 599•

This letter presents an analytically exact solution for the method 
of measuring the ratio of Rj j /Rj..
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Cleek, G. W. (1966), "The Optical Constants of Some Oxide Glasses in 

the Strong Absorption Region." App. Opt. 5, 771.

Reflectance measurements are made in the strong absorption region 
7 to 13 micrometers. Plots of the 2nkv product, which corresponds 
to the conductivity, as a function of frequency as used to determine 
the location of the resonance frequencies in the infrared, it can 
be shown that the maximum of the product, 2nkv, plotted as a func
tion of frequency, occurs at the resonance frequency, while the 
maximum reflectivity and the maximum k always occur on the high 
frequency side of the resonance frequency.

Ho11, H. B. (I967) , "Specular Reflection and Characteristies of 
Reflected Light." J. Opt. Sec. Am. 57> 683.

This paper presents tables and graphical solutions of Fresnel 
intensity reflectance equations. The data covers various values 
of n , k, and the angle of incidence.

Juenker, D. W. (1965), "Digital Evaluation of the Complex Index of 
Refraction from Reflectance Data." J . Opt. Soc. Am. 55, 295*

A description is given of a computer program for analyzing reflec
tance data from an absorbing medium in terms of the complex refrac
tive Index. The procedure is an adaptation of Tousey's graphical 
method of locating the intersection of two or more curves of con
stant reflection in the n , k plane... it can be applied to thin 
film as well as to bulk specimens.

Ruiz-Urbieta, M., E. M. Sparrow, and E. R. G. Eckert (1971), "Methods 
for Determining Film Thickness and Optical Constants of Films and 
Substrates." J. Opt. Soc. Am, j|l, 351.

Severa 1 methods are developed for reducing Optical constants and 
film thickness from measurements of the monochromatic specular 
reflectance for linearly polarized radiation at varying angles of 
incidence. Consideration is given both to the transparent films and 
to slightly absorbing films on absorbing substrates.

Hunter, W. R. (1965), "Errors in Using the Reflectance vs Angle of
Incidence Method for Measuring Optical Constants." J . Opt. Soc. Am, 
55, 1197.

The sensitivity of the reflectance vs angle of incidence method 
for using the optical constants n and k has been investigated 
using computer methods.
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Balkanski, M. and J . M. Besson (1965), "Semigraphical Method for the 

Computation of the Kramers-Kronig Investion Formula." J. Opt. Soc. 
Am,.S£7.200.

A semi graph!cal method is presented which should be useful when 
values of the optical constants are needed immediately. The experi 
mental curve R(v) is first drawn on a log-log scale: -In R vs log
v.

Bowl den, H. J. and J. K. WiImshurst (1963), "Evaluation of the On-Angle 
Reflection Technique for the Determination of Optical Constants."
J. Opt. Soc. Am. $3., 1073.

The Price-Robinson analysis of reflectivity data determined at one 
angle of incidence only has been critically examined here.

Haysman, P. J. and A, P. Lenharn (1972), "Transmittance Method to
Determine the Optical Constants of a Single Specimen." J. Opt. Soc. 
Am. 62, 333.

Absolute transmittance must be measured at a minimum of three 
angles of incidence, other than normal, for light alternately polar- 
ized parallel and perpendicular to the plane of incidence. It is 
readily applicable to double-beam spectrophotometry and measurements 
in the infrared have been much simplified by the availability of grid 
polarizers. The reduction of the measurements can be carried out on 

. a medium-sized Computer.

Zwerdling, S. (1970), "Evaluation of Refractive Index from Interference 
Fringe Transmissinn Spectra." J. Opt. Soc. Am. 60, 787.

The refractive index of a dielectric or semiconductor can be calcu
lated from interference fringe transmission spectra in'the wave
length of interest. This paper shows the fundamental relationships 
involved and presents explicitly the proper analysis and its inter
pretation.

Baak, T. (1969), "Thermal Coefficient of Refractive Index of Optical 
Glasses." J. Opt. Soc. Am. 59, 851.

The interferometric procedure consisted of determining both the 
change of optical path of each glass and the coefficient of linear 
expansion. A relationship for the thermal coefficient of the refrac
tive index was found and. it was possible to relate the chemical 
composition of the glass to the coefficient.
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Peck, E. R. and K, Reeder (1972), "Dispersion of Air." J. Opt. Soc. Am. 
62, 958.

New measurements of the infrared dispersion of air are reported 
which lie below the values calculated from Ed Ten's 1966 formula.
A two-term Sellmeier formula suffices to fit the resulting infrared 
data.

Malitson, I. H. (1965), "Interspecimen Comparison of the Refractive 
Index of Fused Silica." J . Opt. Soc. Am. 55, 1205.

The variations in index between 12 specimens were determined. 
Dispersive properties of the material and the thermal coefficient 
of index are graphically presented.

BreWster, G. F., J. F. Kung and J. L. Rood (1958), "Dispersion
of Some Optical Glasses In the Visible and Infrared." J. Opt. Soc. 
Am. 48, 534.

Indexes of refraction of a number of Bausch and Lomb optical 
Glasses are given for the wavelength region 0.4 micrometers to 2.5 
micrometers. The authors claim that infrared Indexes may be calcu
lated from -measured values of indexes-in the visible forra particu
lar glass if visible and infrared indexes are known for two or more 
other glasses.

Salzberg, C. G. and J. J. Villa (1957), "infrared Refractive Indexes 
of Silicon, Germanium and Modified Selenium Glass." J. Opt. Soc. Am.
47, 244.

Infrared index of refraction data are presented for single crystal 
germanium and silicon and a modified selenium glass. The data are 
also compared to earlier data (1950) as taken by Briggs.

Smith, L. E. and R. R. Stromberg (1966), "Measurement of Optical 
Constants: Optical Constants of Liquid Mercury at 546lA°." J.
Opt. Soc. Am. 66, 1539.

The optical constants of l iquid mercury were measured by el lip- 
sometry at a wavelength 0f 5461 A0. The measured results are ■ 
n = 1.485 and k = 3.061.

Archer, R. J, (1962), "Determination of the Properties of Films on 
Silicon by the Method of El 1ipsometry." J. Opt. Soc. Am. 52, 970.

The use of exact reflection theory to interpret d ata  allows the 
application of el 1ipsometry to the determination of the thickness 
and optical constants of surface films without the thickness limita
tions of approximate theory.
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Miller, A. (1968), "Due de Chaulnes1 Method for Refractive Index 
Determination." J. Opt. Soc. Am. 58, 428.

This method is over two hundred years old. Due de Chaulnes1 method 
determines the refractive index of a sample by comparing the actual 
.thickness of a specimen with its apparent thickness as measured by 
the displacement of focus under a microscope. The author claims 
accuracies of about ± 0.002.

Lawless, W. N. and R. C. DeVries (1964), "Refinement of the Due de 
Chau 1 liesImage Displacement Method." J . Opt. Soc. Am. 54., 1225.

This article accounts for errors introduced by assuming paraxial 
optics.

Spell, J. E. and R. D. Standley (1972), "Effect of Refractive Index , 
Gradients on Index Measurements by the Abeles Method." Appl. Opt.
11, 2502.
Abeles method measures Brewster's Angle of a thin film by comparing 
the reflectance of the substrate to the reflected radiation from the 
coated area.

Haeskaylo, M. (1964) , "Determination of the Refractive Index of the 
Dielectric Films." J. Opt. Soc. Am. 54, 198.

This is a variation of the Abeles method. The reflected light 
is analyzed and the angles of the analyzer for which the reflected 
light from both the film-coated substrate and the uncoated sub
strate are equal is plotted as a function of the angle of incidence. 
The author claims an accurace of about ± 0.002 in the index of 
refraction.

Jaffe, J. H. and W. Oppenheim (1957), "Infrared Dispersion of Liquids 
by Critical Angle Refractometry." J . Opt. Soc. Am.47, 782.

The system described and analyzed is basically an Abbe type of 
refractometer. It uses arsenic trisulfide prisms and operates in
the 1 to 6 micrometer region.

Vincent-Geisse, J . et J. Lecomte (1962), "Quelques Resultats Nouveaux 
dans la Mesure des Indices de Refraction (Liquide et Sol Ides) dans 
L'lnfraroughe." Appl. Opt. 7, 575.

The three techniques discussed are: a prism at minimum deviation,
critical angle refractometry, and reflection measurements for 
absorbing substances.
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Andermann, G., A. Caron and D. A. Dows (1965), "Kramer-Kronig

Dispersion Analysis of Infrared Reflectance Bands." J. Opt. Soc.
Am. 5£, 1210.

This paper discusses definitive methods of picking optimum upper 
and lower limits for integration over actual data and for fitting 
artificial wings.

Swindell,W. (1968), "Theory of New Ref lactometer Techniques." Appl.
Opt. 2 , 943.

This technique is closely related to el 1ipsometry. The theory is 
discussed here.

Swindell, W. (1968), "A Precision Reflectometer." Appl. Opt. 2> 1^5.

This paper describes the experimental apparatus for the new theory 
discussed in the preceeding reference.

Schmidt, E. (1969), "Simple Method for the Determination of Optical 
Constants for Absorbing Materials." Appl. Opt. 8̂, 1905.

The experimental apparatus described in this paper utilizes a 
rotating polarizer to measure the angle of incidence at which 
(R11+RI)/(R11-R1) is a maximum. Equations used to calculate the 
optical constants from the measured data are given.

Greenfield, M. A. and F. W. Brown (1950), "Calculation of Index of 
Refraction of Gases from Absorption Data." J. Opt. SoC. Am.40_, 643.

The expression for the absorption coefficient due to a single line 
is related to the intensity and half-width at half-height of the line 
and the frequency of the line. The contribution from a band is 
calculated by adding the contributions from the lines in the band.

McAlister, E. E., J. J. Vi lie and C. D. Salzberg (1956), "Rapid and 
Accuracy Measurements of Refractive Index in the Infrared." J. Opt. 
Soc. Am. 46, 485.

The prism in a Perk in-Elmer Model 12-c spectrometer was replaced 
with a prism of unknown index. The autocoilimation (Littrow) method 
was used. Methods of calibrating the system are discussed, as are 
wavelength reference.

Hilton, A. R. and C. E* Jones (1967), "The Thermal Change in the Non- 
dispersive Infrared Refractive Index of Optical Materials." Appl. 
Opt. 6, 1513.
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Experimental results were used to establish an empirical relation
ship from which the thermal changes in refractive index for any un
known material can be estimated.

Malitson, I. H. (1964), "Refractive Properties of Barium Fluoride."
J . Opt. Soc. Am. 54, 628.

Values from O .2652 micrometer to 10.346 micrometers are given along 
with the dispersion equation. A tentative average value of the 
thermal coefficient of index of refraction is given. Dispersive 
quantities which indicate the expected relative dispersion, 
chromatic aberration and the effect of the index of resolution are 
graphically presented. A review of transmittance data from the 
1 iterature is a 1 so presented.

Primak, W. (1971), "Refractive Index of Silicon." Appl. Opt. 10, 759.

The refractive index of Silicon was measured at room temperature 
over the spectral region of 1.1 to 2.0 micrometers by autocol1ima- 
tion in a wedge of approximately 12° angle. The image of the source 
was observed by sweeping it across a slit in front of a lead sulfide 
cell and displaying the resulting voltage signal on an oscilloscope.

Sutton, L. E. and 0. N. Stavroudis (1961), "Fitting Refractive Index 
Data by Least Squares." J. Opt. Soc. Am. 5]_, 901.

The paper describes a computer routine for the least-squares 
fitting of a three-term Sellmeier equation.

Randall, C. M. and R. D. Rawcliffe (1967), "Refractive Index of
Germanium, Silicon and Fused Quartz in the Infrared." Appl. Opt.
6 , 1889.

A method is presented for determining the refractive index of 
materials from channel spectrum measurements. This method in par
ticularly well-suited to inferometric measurement techniques since 
the spectrum may be written as a Fourier cosine series and the inter
ferometer gives a cosine transform of the spectrum.

Car Ion, R. (1969), "Refractive Indices of Infrared-transmitting 
Substrate Materials Calculated Using Standard Spectrophotometer 
Transmittance Curves." Appl. Opt. 8_, 1179.

Transmission measurements are made on two samples of different 
thickness and the reflectance is calculated. The refractive index 
is then calculated from the reflectance by rewriting Fresnel's 
equation.
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Herzberger, M. and C. D. Salzberg (1962) , "Refractive Indices of

Infrared Optical Materials and Color Correction of Infrared Lenses." 
J. Opt. Soc. Am. 52, 420.

The dispersion of 14 optical materials is listed. The method of 
applying, the dispersion formula is discussed and is illustrated 
through the design of two three-element superachromats corrected 
for the region of 2.0 to 5-0 micrometers.

Lowenstein, E. V., D. R. Smith, and R. L. Morgan (1973)» "Optical 
Constants of Far Infrared Materials. 2: Crystal line Sol ids."
Appl. Opt. J2_, 398.

A method of determining optical constants of far Infrared materials 
by the application of Fourier spectroscopy to the analysis of chan
neled spectra is used. Data are presented at liquid helium and 
room temperatures for crystalline quartz, sapphire, sicon and 
germanium for the region 28.6 to 333 micrometers.

Verlour, H. W. (1968), "Determination of Optical Constants from
Reflectance or Transmittance Measurements on Bulk Crystals or Thin 
Films." J. Opt. Soc. Am. 58̂ , 1356.

The author determines the optical constants by employing an 
automatic curve-fitting procedure to obtain a classical oscillator 
to fit to reflectance and or transmittance data, This procedure 
compares to the Kramers-Kronig technique. The author also gives a 
fair review of the other techniques, including numerous reference.

VasiCek, A. (I960), "Optics of Thin Films." North-Hoi land Publishing 
Co.

This is an excellent source for obtaining working equations 
relating to reflected or refracted radiation, polarized or unpolar
ized. Many theories and methods are explained here.

Greenfield, M. A. and F. W. Brown (1950), "Calculation of Index of
Refraction of Gases from Absorption Data." J. Opt. Soc. Am. 40, 643.

A method for computing the index of refraction of gases from 
absorption data (absorption coefficient, intensity of single line 
and half-width and frequency of the line) is described. The index 
of refraction of C0» over a wide range of frequencies was calculated 
and found consistent with experimental data. The index of refrac
tion of water vapor was also calculated for the frequency range 0 to 
7400 cm"1.



132
Chamberlain, J. E., F. D. Findaly and H. A. Gebbie (1965), "The 

Measurement of the Refractive Index Spectrum of HC1 Gas in the 
Near Infrared Using a Michelson interferometer." Appl. Opt.
A, 1382,

It is shown in this paper that Fourier transform methods can be 
used to obtain the refractive index of a specimen from observations 
on the interferog ram obtained from a scanning Michel son inter
ferometer .

Meggers, W. F. and C. G . Leters (1918), "Measurements on the Index 
of Refraction of Air for Wavelengths from 2218 A to 9000 A."
Bull. Natl. Bur. Stand. J_4, 697.

This is a very good report describing the applications, apparatus 
and procedures along with the reduction of the data. An excellent 
summary of work performed by others up to the date of this publica
tion is also given.

Penndorf, R. (1957), "Tables of the Refractive Index for Standard Air 
and the Rayleigh Scattering Coefficient for the. Spectral Region 
Between 0.2 and 20.0 p and Their Application to Atmospheric Optics." 
J. Opt. Soc. Am. 47, 176.

The title just about tells all. The values are based on Edlen's 
formula of 1953• This paper is used as a standard.

Owens, J. C. (1967), "Optical Refractive Index of Air: Dependence
on Pressure, Temperature and Composition." Appl. Opt. 6_, 51 •

The theoretical background and present status of formulas for the 
refractive index of air are reviewed.

Elden, B. (1953), "The Dispersion of Standard Air." J. Opt. Soc. Am.
43, 339.

The dispersion formula was derived using measured data in the visible 
and ultrariolet spectra.

Peck, E. R. and B. N. Khanna (1962) , "Dispersion of Air in the Near*- 
Infrared." J, Opt. Soc. Am. 52, 416.

The results are based on measurements made by using a corner- 
reflector Michelson interferometer. Possible errors in earlier 
reported data are discussed.



133

Several texts and.reference books which contain useful

information related to the subject of the paper are listed below:

Francon, M. (1963), Modern Applications of Physical Optics. Inter
science Publishers.

A short and simple explanation of interference spectroscopy 
using a Fabry-Perot interferometer combined with a spectrograph 
is given on page 32.

Palmer, C. Harvey (1962), Opt?cs Experiments and Demonstrations.
The Johns Hopkins Press.

The related experiments described in this book are:

a. .Refractive index by the microscope method.

b. Refractive index by Rhund's method and Brewster's angle.

c. Dispersion of light in glass and water by critical.angle.

d. Channeled spectrum.

e. Refractive index of air with Rayleigh's refractometer.

f. Spectroscopic resolving power.

g. Infrared prism spectrometer.

h. The grating Spectrometer.

Born, M. and E. Wolf (1959), PTinciples of Optics, Pergamon.

This is a comprehensive treatment of almost the whole subject of 
optics from an advanced point of view.

Ditchburn, R. W, (1953), Light. Interscience.

This is an intermediate level book in which the more usual electro
magnetic theory of light is interrelated to quantum mechanics.

Wood, R. W. (1934), Phys?ca1 Opt1cs. 3rd Edition. MacMillan.

This book is real1y a classic and contains easy-to-understand 
information on ideas, techniques, and recipes in optics. There are 
many sections related to refraction and dispersion.



Webb, R. H. (1969) , Elementary Wave Optics. Academic Press.

This is a good book for quick understanding of the theory of 
superposition and interference of electromagnetic waves.

Heavens, 0. S. (1955)> Optical Properties of Thin Solid Films.
Butterworth Scientific.

In the chapter "Measurements of Film Thickness and Optical Constants" 
almost every method found in the literature and applicable to thin 
films is discussed. Many related equations are given.
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