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ABSTRACT

The refractive index in the infrared spectral region is often 

difficult to obtain. Experimental apparatus is developed and modified 

to make these measurements. Silicon, germanium, and lithium iodate 

refractive indices are measured as functions of wavelength and temper

ature. The data is subsequently reduced and displayed in graphic form 

with a detailed error analysis. Some of the results are not in close 

agreement with other published data. This discrepancy is discussed.

x



CHAPTER 1

REFRACTIVE INDEX AND. ITS MEASUREMENT 

Introduction

We have measured and are presenting values of the refractive 

indices of silicon, germanium, and lithium iodate as a function of tem

perature and wavelength. The temperature range is from ambient (25°C, 

300°K) to about 80°K. Wavelength ranges were different for each materi

al measured, but were about 1 pm to about 12 pm. The wavelength ranges 

were dictated by the material measured, the equipment used, and the 

transmission range of each material.

The following chapters contain treatment of the subject, start

ing with basic theory and ending with analysis of results and recommen

dations, including discussions of experimental apparatus, procedure and 

errors. .

Refractive Index

Before we proceed further, a basic understanding of refractive

index should be established. A brief excerpt from Lipson and Lipson

(1969, p. 6) is an economy of history and explanation.

It has been known from time immemorial that light appears to 
bend on passing from one medium to another. Ptolemy in the 
second century A.D. had made measurements of the angles of in
cidence and refraction for water and tried to find a mathematical 
relationship between them. The true relationship was not, how
ever, found until about 1600 by Snell (1596 - 1626) and in 1637 
by Descartes (1596 - 1650); they found that the ratio of the 
sines of these angles is constant-/ this ratio is called the re
fractive index.

1
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This relationship has become known as Snell’s law. Mathemati

cally more precise statements of Snell's law can be found, e.g., Jenkins 

and White (1957). Snell's law states that the incident and refracted 

rays of light lie in the same plane as the interface normal; the sines 

of the angles of incidence and refraction are related by the expression:

ni sin@i = n% sin^Bg (1)

The angles 9x and 8% are of incidence and refraction respectively (mea

sured between the light ray and the normal). The indices of refraction 

nj and n% are for the mediums of incidence and refraction respectively. 

This relationship is displayed in Figure 1.

Mathematical derivations of Snell's law can be found in many 

texts. For example, Corson and Lorrain (1962) present a derivation by 

means of phase matching of plane electromagnetic waves at a boundary. 

Stavroudis (1972) gives an exact and exhaustive development from Fer

mat's principle.

Method of Measurement

Over the years many methods have been developed to determine 

index of refraction experimentally. Instruments are commercially avail

able for fast and simple measurements in the visible spectral region. 

Measurement in the infrared is not as easy. Two techniques, described 

by Wahlstrom (1943), are commonly used in the infrared. These are the 

methods of minimum deviation and of perpendicular incidence.

The above two as well as other methods have been used to measure 

the indices of silicon, germanium, and lithium iodate. Schmidt (1969) 

has reported using ellipsometric methods to measure refractive indices
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of silicon and germanium in the wavelength regions where they have ap

preciable absorption. Rank, Bennett, and Cronemeyer (1954) have measur

ed the index of germanium by interference. Primak (1971) reports using 

the method of perpendicular incidence for silicon measurements. Umegaki 

et al. (1971). used the minimum deviation technique to determine the in

dices of lithium iodate. '

Many other methods are also available. These include: critical

angle, Kramers-Kronig, reflection, and possibly many other techniques 

which are unfamiliar to us. Of these all, the methods of perpendicular 

incidence (also known as autocollimation) and minimum deviation are the 

most accurate and least complicated for transparent samples. We chose 

the method of perpendicular incidence for two reasons: the apparatus

for such measurements was already at our disposal (Platt, 1972); and, 

since it was not necessary to'measure absorption coefficients, it is 

sufficiently accurate and particularly simple in the infrared. Although 

the method of minimum deviation is more accurate than that of perpendi

cular incidence, the latter offers great experimental advantages. Where 

as the minimum deviation technique involves measurement of angular 

alignment of the test material for each and every data point, the per

pendicular incidence procedure requires a similar alignment only once 

for complete sets of data from each material.



CHAPTER 2

METHOD OF PERPENDICULAR INCIDENCE

The method of perpendicular incidence employs a prism made of 

the material for which the index of refraction is to be measured. The 

prism is mounted with one face perpendicular to an incident beam of 

light (Figure 2). This means that light at the first interface is inci

dent normal to the surface. If n^ and n are designated as the re

fractive indices of the incident medium and prism respectively, then 

Snell's law for the first interface can be written:

nA sin ij = n sin r% (2)

the angle ij is the angle of incidence, which is zero for this first 

interface. Neither n^ or n is zero, so that the refraction angle r% 

is also equal to zero; light is not deviated at the first interface.

At the second surface of the prism incidence is from the inside.

The angle of incidence i2 is defined by the surface normal and the inci

dent ray, giving

n sin i2 = n^ sin r2 . (3)

Figure 2 shows that i2 is not zero. The object of our pursuit 

is the prism refractive index n. Equation (3) can be rewritten:

n = nA-;-S1-— - . (3')
sin i2

The angles r2 and i2 will be expressed in terms of more easily

5
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measured quantities. The deviation angle 6 is defined as the angle 

through which the original beam of light is deviated by the interjection

of the prism. By plane geometry as illustrated in Figure 2 we see

r2 = (a + 6) and i2 = a. (4)

In the above, a is the apex angle of the prism. Again, by Snell's law, 

the resulting equation for the refractive index of the prism is:

---A M&Y4- «
This formula has been derived for an isotropic material, i.e., 

a material with only one refractive index. Silicon and germanium are 

such materials.

Lithium iodate is birefringent. This means there are two indi

ces of refraction. These two indices are related to the axis of symme

try of the crystal. Extension of a publication by Stavroudis (1962)

(see Appendix E) shows that equation (5) is valid for both of the lithi

um iodate crystal indices if a specific condition is met: the optic

axis of the crystal from which the test prism is made must be parallel 

to the face of the prism which is perpendicular to the incident beam of 

light. Then, both the ordinary index nQ and the extraordinary index n^ 

are found by applying equation (5) to the respective deviation angles

6 and 6 . o e
This is all the basic theory which is needed to calculate re

fractive indices from the generated data. The equipment and procedure 

used in obtaining these data and the accompanying experimental accura

cies are of equal, if not greater importance.



CHAPTER 3

.EXPERIMENTAL PROCEDURE

Data for calculation of refractive indices were obtained on a 

specially designed device. This apparatus was originally designed by

B. C. Platt (1972) specifically for refractive index measurement in the 

infrared spectral region. Modifications were made to suit each material 

measured and best utilize additional equipment as it became available.

Each of the three prisms (silicon, germanium, lithium iodate) 

were subject to essentially the same test procedures: the angle of

each test prism was measured; the prism was then mounted and aligned in 

the test fixture; deviation angle measurements were taken as the temper

ature varied at several set wavelengths and as the wavelength was varied 

at different set temperatures.

Prism Geometry

Each material was fashioned into a wedge-shaped prism. The two 

large faces were polished to be flat to within 0.05 pm over the central 

eighty percent of each face.

Apex Angle of Test Prisms

The apex or wedge angle of each specimen was measured on a 

Wild No. 79 spectrometer. The method of measurement was by autocollima- 

tion from the two prism faces. Measurement of the apex angle was accu

rate to ±2 seconds of arc (5.6 x 10~4 degree). Table 1 lists the re

sults of these measurements.

■
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Table 1. Apex Angles of Test Prisms,

Material • Apex Angle
Silicon 7.9404 ± .0006°
Germanium 7.8214 + .0006°
Lithium lodate 21.0133 + .0006°

Test System Design for Silicon and Germanium Measurement 

A schematic representation of the optical system used is shown 

in figure 3. The components of the system are discussed in detail in 

later sections. During this development the relation of each component 

to the total system will be indicated. Detailed listing of equipment 

can be found in appendix J. The test system described here was used 

for measurement of silicon and germanium; modifications made for 

testing of lithium iodate are discussed in Chapter 4.

The radiant exitance from the monochromator slit was collimated 

and directed through the test prism at normal incidence. The collimated 

beam, which deviated upon exit from the prism, was then focused onto 

the detector. The rotating table was used to bring the deviated image 

into alignment with the detector. The monochromator, collimating 

mirror, and prism chamber were all mounted rigidly to the rotating 

table. The focusing mirror and detector were fixed in the laboratory 

frame.

Prism Mounting Chamber 

The temperature chamber and the prism mount were designed to 

minimize alignment changes due to temperature variations in the range 

from 300°K to 80°K. This necessitated making all dewar components as
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Fig. 3. Test System Schematic.
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radially symmetrical about the axis of rotation as practical. The comr 

plete dewar and internal prism mount are shown diagrammatically in Fig

ure 4. The outer casing is made of brass tubing and brass end plates. 

The central coolant reservoir is made of stainless steel tubing and cop

per end plates. The filling and support tube at the top is stainless 

steel. The prism mount at the bottom of the reservoir is copper.

Chamber windows consist of polished sodium chloride, 0.8 to 1.0 

cm thick with flatness to a quarter wave at 0.5 pm over the central 60 

percent. The windows are at an angle of 4.5 degrees to each other.

This arrangement was intended to allow incident and exit light beams to 

both be closer to normal at the respective windows. We found, however, 

that the deviation angles were much more practical around 20 degrees. 

Time and money limitations forced us to use the previously made dewar 

with the window angle of 4.5 degrees.

The prism holder was made of copper and secured onto the copper 

reservoir base by a copper screw. The mount was made large enough to 

accomodate the 2.5 cm by 5 cm prism. The prism was held in place with 

an additional copper clamp fastened with springs and screws. The 

springs were used to avoid thermal expansion and contraction problems. 

Thermal continuity between copper and prism was insured by Dow Corning 

340 heat sink compound.

_Temperature

Temperature of the prism mas monitored with a copper-constantan 

thermocouple. The thermocouple was inserted in a hole drilled in the 

prism holder approximately 1 mm from the prism. The hole diameter just
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cleared the thermocouple while its depth was halfway through the prism 

holder. Thermal conduction between prism holder and thermocouple was 

improved with Dow.Corning 340 heat sink compound.

The reference junction of this thermocouple was at ambient tem

perature and was continually monitored with an accurate bi-metal ther

mometer. The voltage difference between the two junctions was amplified 

1000:1 with an Analog.Devices operational amplifier (Model 233). The 

resulting voltage was monitored with a digital voltmeter. These voltages 

and reference-junction temperatures were recorded at the same time that 

the deviation angle measurements were made. At a later time the volt

ages were converted to degrees with appropriate compensations for the . 

reference readings. Standardized National Bureau of Standards thermo

couple tables were used for this reduction. The average uncertainty of 

the resulting temperatures was estimated to be approximately ±1°K with 

respect to the standard thermometer. These figures were arrived at by 

making several tests referencing the thermocouple system to a calibrated 

quartz crystal thermometer. The lowest temperature the quartz therm

ometer would register accurately was 200°K. As a result the accuracy 

of lower temperatures is inferred but not verified.

Prism temperature was stabilized at ambient, ice water, dry-ice- 

in alcohol, and boiling-nitrogen temperatures. These temperatures were 

achieved by filling the dewar with the appropriate coolant and allowing 

approximately one hour to stabilize. Care had to be taken not to cool 

too rapidly to prevent thermal shock and consequent breakage of the 

prism. Readings were taken at various wavelengths at each stabilized 

temperature.
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Temperature variation runs were also made. Wavelengths were 

selected at which to vary the temperature, while measuring the deviation 

angle. This gave the change in refractive index at those wavelengths as 

a function of temperature. Temperature variations were made by first 

cooling the dewar (and prism) to liquid-nitrogen temperature then allow

ing them to slowly rise in temperature. Records of thermocouple voltages 

were made immediately before and after each deviation angle reading.

The rate of temperature rise was controlled with a resistive heater 

wrapped on the outside of the temperature chamber and adequate thermal 

balast in the dewar. Input to the heater was controlled with a variac. 

The temperature rise from liquid-nitrogen temperature to ambient took 

about four hours. This was slow enough to allow less than 0.59K in 

temperature change between the before and after thermocouple readings 

for each deviation.angle measurement.

Prism Alignment

The whole dewar assembly was mounted on an alignment tripod over 

the center of rotation of the rotating table. After the dewar was evac

uated, the back reflection from the initial surface of the prism was 

aligned by autocollimation at the monochromator slit. The collimating 

mirror had a 75 cm focal length. The return image of the slit could be 

accurately positioned in the plane perpendicular to the axis of table 

rotation.to ±.05 mm. Therefore, this part of the alignment was accurate 

to ±13.75 seconds of arc. Because this is a two-way autocollimation 

procedure, the positioning accuracy is ±6.87 seconds of arc. The verti

cal positioning of the return image was accomplished by opening the slit
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as wide as possible, then forming a slit perpendicular to the original 

slit. The return image of this new slit was positioned to within ±2 mm. 

The prism alignment uncertainty thus obtained is ±4.6 minutes of arc.

A third angular alignment was made with the previously mentioned slit 

arrangement. The detector was positioned on the undeviated image.

The detector was then rotated to find the deviated image. Then the 

prism was rotated around the optic axis to bring the slit image into 

the plane of the deviation angle. In this manner the image could be 

positioned onto the detector to within ±2.5 mm. Since the imaging 

mirror had a focal length of 75 cm, the resulting angular deflection 

from the plane of rotation was approximately- ±0.19 degrees.

Autocollimation of the prism was checked at ambient and then at 

liquid nitrogen temperature after cool down. No detectable change of 

alignment was found. Prism alignment was monitored before and after 

each data set. Again, no detectable change was apparent.

Deviation Angle Measurement

The rotating table is a Genevoise type Pl-4. The increments on 

the scale is 1 arcsec. This table was compared with a calibrated theod

olite and found to agree as closely as our measurements would allow:

±2 arcsec.

The angular position of the deviated beam was found by rotating 

until the signal from the detector was a maximum. Several readings of 

the undeviated light beam were made before and after each test run.

The undeviated angle reading was used to determine the absolute devia

tion angle. A typical data sample is:



1.6
angle Thermocouple reading

16 50 51 -.099
16 59 08 -.095

The angles are in degrees, minutes, and seconds of arc as read from the

turntable dials. Two angle readings were taken for each deviation angle.

One on each side at about 80 percent of maximum signal was taken. The

two thermocouple voltages (in milivolts) were taken before the first

angle reading and after the second angle reading respectively. For data

reduction, the two angle readings were averaged and two thermocouple

voltages were averaged. The angle reading for an undeviated light beam

was then subtracted from this average angle. .The resultant angle was

the deviation for the corresponding temperature and wavelength. Angles

on the turntable could not be .repeated to better than ±2. arc seconds for

an average of 19 consecutive readings of the same angle.

Detection of Deviated Light 

The deviated light was focused vi-a an aluminum-coated off-axis 

parabolic mirror. Mirror diameter was 8 cm and the focal length was 

75 cm. The slit image formed was slightly larger than the mercury-cad

mium- tel luride detector placed at the mirror focuS. The difference in 

size of detector and image necessitated taking deviation angle readings 

on either side of maximum signal. The detector was cooled with liquid 

nitrogen in a dewar. A circulation fan was needed to keep condensation 

of water off. the dewar window. Detector response was poor and unusable 

below 0.6 ym and beyond 12.3 ym.

The signal from the detector was fed into a Princeton Applied 

Research model HR-8 lock-in amplifier. The meter of the lock-in
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amplifier was used as the signal indicator. The reference signal was 

. obtained by monitoring a 1000 hz. chopper in the monochromator beam.

Monochromator -

The monochromator is shown in Figure 5. The tungsten lamp and 

globar sources were used for different wavelength regions. The tungsten 

lamp was most suitable below 5 um, whereas the globar was better beyond 

5 ym. The filter used to select wavelengths was a varying bandpass type 

manufactured by Optical Coating Laboratories, Inc. The filter was de

signed for use between 2.5 ym and 15 ym. The shortest wavelength of . 

measurement was, therefore, 2.5 ym. The longest wavelength was deter

mined by the detector and.electronics at about 12.3 ym. Wavelength 

ranges were 2.5 ym to 10 ym for silicon and 2.5 ym to 12.3 ym for ger

manium.

Calibration of this monochromator was achieved using a Jarrel- 

Ash model 82-410 grating monochromator and a 10.6 ym, C02 laser. The . 

laser beam was passed through the Jarrel-Ash. The grating was adjusted 

to allow this radiation through. Signal detection was with the same 

mercury-cadmium-telluride detector. The grating monochromator and detec

tor were left in exactly the same relative positions but the C02 laser 

was replaced with the variable filter monochromator. The grating allowed

10.6 ym and the higher orders of 5.3 ym and 2.65 ym to pass. These • 

three wavelengths were detected as the variable filter was scanned over 

its wavelength range. A correction factor of 1.03 ±.01 was found neces

sary. This meant a wavelength of 2.5 ym as read off the variable filter 

was actually 2.575 ym.

/
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The total system is displayed in. Figure 6. Items not directly 

related to the optical system such as the lock-in amplifier and thermo

couple voltage detection apparatus are not shown.
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CHAPTER 4

SYSTEM FOR LITHIUM IODATE MEASUREMENT

Crystal Axis Orientation

Lithium iodate is a birefringent crystal. This necessitates 

aligning, the crystal axis parallel to the face of perpendicular inci

dence (as discussed in Chapter 2 and Appendix E). The lithium iodate 

prism was supplied and polished by Isomet Corporation. They were able 

to align the crystal axis parallel to the polished face to within ± 4 

arc minutes (± 1.17 x 10""3 rad.).

Prism Mount

The lithium iodate test prism was about 1 cm square on the 

incident face. This necessitated a different prism holder at the base 

of the dewar tank. This base was made with passages around the prism 

area to cool as uniformly as possible (Fig. 7). The prism was secured 

with General Electric silicone sealer and with Dow Corning 340 heat 

sink compound as thermal conductor between prism and mount.

Monochromator

A Perkin Elmer.model 99 monochromator became available for use 

and adapted to the system (Fig. 8). The folding and collimating mirrors 

were'coated with aluminum. The folding mirror was a flat and the colli

mating mirror was an off-axis parabola of focal length 21 cm and diameter 

8 cm. The prism alignment was again by autoco 11 imation.. This alignment
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was achieved by placing a thin glass flat just after the exit slit.

The small percentage of the light which returned from the prism face

was then reflected from the inserted glass. The exit beam and returned

beam were then aligned in the plane perpendicular to the axis of devia

tion angle rotation. This was achieved by bringing the two light beams 

into coincidence. Accuracy of alignment was to ± 0.05 mm, giving a 

prism alignment accuracy of ± 25 seconds of arc (± 1.19 x 10-£t rad) . 

Prism tilt, from the deviation angle axis was minimized by forming a slit 

perpendicular to the original slit. This was done by placing an edge at 

each end of the original slit,. The image could be positioned to within . 

± 1 mm, giving an angle of ± 0.273 degree. The prism tilt angle was one 

half of this, or, ± 0.1364 degree. The prism was further aligned by ro

tating it about the axis of the incident light beam. The detector was 

positioned at the image produced by the undeviated light, then rotated 

through the deviation angle to pick up the deviated light. The prism :

was rotated to minimize the angular deflection of the slit image from

the plane of deviation. The image was positioned on the detector to 

within ± 2.5. mm. The final imaging mirror had a focal length of 75 cm. 

The resulting angular deflection was ± 0.19 degree.

Monochromator calibration was by a method developed by Sha-Yau 

Ho (1971). A detailed discussion is given in Appendix H.

The slit image size was made approximately the size of the ent

rance slit by placing a beam-expanding Dal1-Kirkham telescope in the 

deviated light beam (Fig. 8). The small convex mirror (3 cm diameter) 

had a focal length of 15 cm. Focal length of the larger collimating
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mirror was 40 cm. By calculation, the slit image size was approximately 

1.25 times the object size, which was experimentally acceptable.

Wavelengths of interest were 5 pm.and shorter. We were to mea

sure as far into the visible as convenient. This convenience was deter

mined by the mercury-cadmium-telluride detector used. Signal to noise • 

ratio for wavelengths below 0.6 pm was not acceptable.

Temperature

Two items became available which simplified the temperature 

readings. The first, a small glass dewar, made it possible to keep the 

reference thermocouple junction submersed in ice water. This is a more 

easily controlled reference. The second device is a digital microyolt- 

meter. This microvoltmeter made it possible to determine the voltage 

output of the thermocouple circuit without recourse to a 1000:1 voltage 

amplifier.

The data recording was more involved because two deviated beams 

of light resulted from the birefringent lithium iodate crystal. The 

added complication consisted of alternating readings for the two beams. 

All other' parts of the test fixture and procedure were essentially the 

same as previously described.



CHAPTER 5

ERRORS DUE TO INACCURACIES OF MEASUREMENT

The experimental inaccuracies involved lead to two general types 

of errors. First, there are random inaccuracies which give random er

rors in each data point. The error resulting at any one data point is 

unrelated to the error at any other data point. These are truly random 

errors. Second there are systematic inaccuracies. These are inaccura

cies which are retained without change for all data points. Systematic 

inaccuracies cause functional errors in the final data sets.

Random Inaccuracies

Deviation angle and temperature are two quantities which have 

a random inaccuracy for each measurement. In addition, measurements at 

a set temperature and varying wavelength introduce inaccuracies due to 

the setting of wavelength for each data point. Each of these is dis

cussed in turn.

Deviation Angle

We found by averaging repeated measurements that the average 

absolute magnitude variation in the deviation angle measurement |A6| is 

|A6| = ± 2 arc seconds (± 9.7 x 10-6 rad.)

26



Temperature

In Chapter 3, page 13, it was established that the estimated 

temperature inaccuracy was ± 1°K.

Wavelength

The variable filter used for the silicon and germanium measure

ments could be repeated to an estimated ± 0.5 percent of the wavelength. 

It was estimated that the monochromator used for lithium iodate measure

ment can be reset to within ± 0.2 percent.

Apex Angle

The apex angle a of each test prism was measured several times 

(chapter 3, page 9). The average uncertainty for each prism was 

Aa = ± 2 arc seconds (± 9.7 x 10~6 rad).

Autocollimation and Dihedral Edge

Aligning the prisms in the test apparatus gives rise to an 

inaccuracy of autocollimation. With the setup used to test silicon and 

germanium the autocollimation error was estimated (chapter 3, page 14) 

to be

AA = ± 6.87 arc seconds (± 3.3 x 10"5 rad.)
The turning of the prism about the axis 
of deviation angle rotation.

AA = ±4. 6  arc minutes (± 1.34 x 10-3 rad.)
Tilt of the prism face from the axis of
deviation angle rotation.

The dihedral edge misalignment was indirectly measured by knowing the

deflection of the deviated light beam from the plane of the deviation

angle (Appendix I).
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AA^m = ± 0.19 degree (± 3.32 x 10-3 rad.)

The alignment errors for measurement of lithium iodate were estimated 

to be (Chapter 4, page 24):

AAg = ±25 arc second (±1.19 x 10'4 rad.)

AA^ = ±0.1364 degree (±2.38 x lO"3 rad.)

A A ^  = ±0.19 degree (±3.32 x lO"3 rad.)

Crystal Axis

The birefringence of lithium iodate introduces an additional 

error. In computing the extraordinary index one must consider the 

inaccuracy of aligning the optic axis of the crystal parallel with the 

face of incidence. This alignment uncertainty is (Chapter 4, page 21) 

given by

£ = ±4 arc minutes (±1.17 x 10'*3 rad.)

Additional Wavelength Error

When making measurements at a set wavelength but varying 

temperature, there is uncertainty in the setting of the wavelength.

The inaccuracy is, however, exactly the same for all data obtained 

at the one setting. These values are the same as those mentioned 

previously, i.e.

AX = ±0.5 % (silicon, germanium)

AX = ±0.2 % (lithium iodate)

There is another wavelength error which must be considered in silicon 

and germanium measurements. This is about one percent uncertainty 

(±0.01 for 1.03) due to the correction factor obtained from the wave

length calibration (Chapter 3, page 17).
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The wavelength is also uncertain due to the finite bandwidth of 

the light from the monochromators. The bandpass filter monochromator 

used for silicon and germanium has a spectral bandwidth (width at half 

peak transmission) of ± 4 percent. We choose to translate this into a 

wavelength uncertainty of ± 4 percent. The estimated bandwidth of the 

Perkin-Elmer monochromator is obtained from an interdependence of slit- 

width and dispersion of the wavelength selecting prism. The experimen

tal wavelengths have a AX, i.e., have width at half height, given in 

Appendix H and listed below.

Table 2. Spectral Bandwidths.

The spectral bandwidths used in lithium iodate measurements 
Model 99 Single pass Perkin-Elmer monochromator

X ±AX X ±AX X ±AXpm pm pm pm pm pm

0.6 0..014 2.2 0.073 3.6 0.130
0.8 0..017 2.4 0.079 3.8 0.129
1.0 0,,021 2.5 0.081 4.0 0.128
1.2 0,.029 2.6 0.084 4.2 0.125
1.4 0,.034 2.8 0.087 4.5 0.122
1.5 0,.040 3.0 0.090 4.6 0.230
1.6 0,.045 3.2 0.091 4.8 0.223
1.8 0,.056 3.4 0.092 5.0 0.273
2.0 0..065 3.5 0.092

Systematic Inaccuracies 

There are two systematic errors resulting from the dewar win

dows. Additional light beam deflection is possible from wedge in the 

salt (NaCl) windows. Another source of error is evacuating the prism 

chamber. This leaves air (or refractive index n . ) outside the windows
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and a vacuum (refractive index nva(J  inside. Both of these were pointed 

out by Ronald Korniski. Unfortunately, these were not considered until 

after the windows were removed and repolished. Wedge angle and orien

tation would both have to be considered. The problem of air on the out

side and vacuum inside can be treated (Appendix G) with corrections 

made in calculating the values of refractive index. This, then, is 

treated as a data correction and not an error.

Error Formulation 

We will assume all calculable errors are statistically indepen

dent. The total sum squared error is given by the sum of the squares 

of each error. The calculated error in refractive index is given by

(6)

We will now examine each term of equation (6).

Deviation Angle

The refractive index is given by equation (5) on page 7.

Simple differentiation of (5) gives

or

(7)
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When equation (7) is put in the format of equation (6) the following 

obtains:

(i£ A6) 2 = f c k  - n2}(A6)2- (8)

The form of equation (8) is easily used once the refractive in

dex is calculated from the experimental data. Table 1, page 9, gives 

the apex angles a. The tables of appendices B through D list calculated 

indices of refraction. Equation (8) is now used to calculate the ex

treme values of (An)2 for each of the test materials.
6

Silicon. Tables 1 and 3 are used to calculate error associated 

with deviation angle.

apex angle a = 7.9404° (Table 1, page 9)

A6 = ±9.7 x 10-6 rad.

maximum n = 3.436 at 23°C, 2.554pm
(Table 3, appendix B)

minimum n - 3.389 at -170°C, 10.27pm

(An)2 - (3.82 x 10-9 (min.) at 23°C, 2.554pm
Therefore

J3.
6si (3.85 x 10-9 (max.) at -170°C, 10.27pm 

Germanium. In exactly the same manner, using the apex angle 

from Table 1 and extreme values from Table 5, Appendix C, the squared 

error due to deviation angle uncertainty for germanium is given by

(3.51 x IQ"9 at 24°C, 2.554pm 
(An)6Ge = v3.62 x 10"9 at -179°C, 12.36pm

Lithium lodate. From Table 1 and Tables 8 and 11 of Appendix D 

the error associated with deviation angle can be calculated using equa

tion (8). The range of this error for each index of lithium iodate
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turns out to be

3.88 x 10-10 at -176°C, 0.6pm 
4.30 x 10-10 at 40°C, 5.0pm

Li 10 3

4.37 x 10-10 at -176°C, 0.6pm 

4.66 x 10-1° at 40°C, 5.0pm .

Temperature

The error due to temperature uncertainty is given by the second 

term on the right of equation (6) denoted by AT 2 = (An)2. The

expression 3n/8T can be most easily obtained experimentally from the 

data. Figures 12 and 13 of the results show for silicon and germanium 

W  ~ It  ' Numerically these values can be expressed for silicon and 

germanium as follows:

Germanium. —  -  4.1 x iirv "R -> lAnj" = 1.68 x 10“7 •
1 TGe

Lithium lodate. The error associated with temperature is again 

best found from experimental results. We see in Chapter 6 discussions 

and figures 17 and 18 that both the ordinary and extraordinary indices 

have almost the same change of index with respect to temperature. This 

change is approximately

^  = 7.75 X 10-5/°K .
ATLiI03

Or, since AT = ± 1°K

Silicon, = 1.5 x 10-4/°K -+ (An)2 = 2.25 x lO"8 .

6.0 x lO-8 .
LiI03
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Wavelength

Figures 10, 11, 14 and 15 of Chapter 6 show that the change in 

refractive index with wavelength is functional and not even linear. The 

dispersion data could be fit to a wavelength-dependent polynomial. This, 

however, is beyond the role of this presentation. For our present pur

poses can be found by estimating the slope of the appropriate disper

sion curve at the desired wavelength. We will again find the minimum 

and maximum values.

Silicon. From Figure 10 the approximate maximum and minimum 

values of ~  are given by

AX is calculated by using ±.5%, giving

AX = {
1.275 x 10-2 at 2.55pm
5.0 x 10-2 at 10pm.

The third term on the right in equation (6) becomes, for silicon

(
Germanium. By the same process as above. Figure 11 is used to

obtain
9n _ (3.87 x 10-2/pm at 2.55pm, AX = 1.275 x 10-2 m
9^Ge (4.55 x 10"V p m  at 12pm, AX = .06pm.
3n

The subsequent range of squared wavelength error for germanium is

3n . A 2 (2.43 x 10-7 at 2.55pm
Ge (7.45 x lO"10 at 12pm.

Lithium lodate. The two lithium iodate indices have different



wavelength dispersion, therefore the —  for each index must be determinedd A
separately. Maximum and minimum slopes from Figures 14 and 15 give

/ 3ne aA 2 _ (9.2 x 10-9 at 0.6pmV 9X /LilOs (1.34 x 10-9 at 2.5pm.

Apex Angle

From equation (5) a partial differentiation is again performed,

this time with respect to apex angle a. The differentiation is easily

carried out as follows

9n = _9_ fsin(6+a)\ = cos(6+a) /sin(6+a)\ cos (a)
9a 9a \ sin a I sin a X sin a / sin (a)

Using equations (8) and (5), (9) becomes

0.92/pm at 0.6pm 
.011/pm at 2pmLi 10

.08/pm at 0.6pm
7.33 x 10-3/pm at 2.5pm

The uncertainty of ±.2 percent in wavelength gives AX of 

/ 1.2 x 10“3pm at 0.6pm 

AX = < 4 x 10"3pm at 2pm

\5 x 10"3pm at 2.5pm.I

The resulting squared errors due to wavelength are

Li 10
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Computations done using equation (6) require that (10) be squared

o y - f c k  - - f  - " » < < « = .

Analogous to deviation angle error calculations. Tables 1, 3, 5, 

8, and 11 are used to supply values of a and n for substitution into 

equation (11). Extreme values for each material have been calculated 

and listed below.

siiissn- (An)2 =  ̂J°:88
Germanlum- (A"): = {4:76 X lo-B
UthiHlIsdate. (An0)2 = { - 3  X 10-- at

r.n ,2 _ /5.66 x 10-10 at -176°C, 0.6pm
1 6 a (4.54 x 10-10 at 40°C, 5.0pm .

Autocollimation and Dihederal Edge

There are difficulties in finding an analytical expression to 

predict error associated with prism alignment. The geometry is three 

dimensional and alignment angles are interrelated. Good approximations 

can be obtained by using angle estimates and nominal refractive index 

values. These numbers can be placed in a lens design computer program 

(see Appendix I) to obtain deviation angles. The projected two-dimen

sional angle can then be used to calculate a refractive index which is 

compared to the original input value of the index used in the calcula

tions. Nominal values are calculated in Appendix I. These values are:

Silicon. (An)2 = 1.21 x 10-8

Germanium. (An)  ̂ = 1.69 x 10-8



Lithium lodate. (An)2 = 6.98 x 10~9 .

Crystal Axis

Silicon and germanium both have only one refractive index.

There is no need of crystal-axis orientation in the measurement of sili

con and germanium. The uncertainty in crystal-axis alignment of lithium 

iodate, however, leads to possible error in the calculated values of the 

extraordinary refractive index. The crystal tested has the configura

tion shown in Figure 9. £ is the uncertainty of the crystal-axis align

ment with the face of perpendicular incidence. The error in the extra

ordinary index associated with this orientation uncertainty is a compli

cated function. A detailed treatment is given in Appendix F . It is 

sufficient here to quote the extreme values calculated in Appendix F 

for lithium iodate.

the previously developed individual squared errors. Nominal values for 

each material are obtained by applying equation (6). The range for the 

root of the sum squared error of each material is now listed.

(n^ = 1.68) 
(ne = 1.76).

Total Error

The sum squared error for each material is composed by adding

Silicon. An

Germanium. An
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Lithium lodate. in0 = * }°„4 ^

. ±2 x 10~4 at .6ym
ne “ ±1.7 x 10-4 at 2.5ym.

These calculated errors exclude the uncertainty of wavelength 

due to monochromator bandwidth. All refractive indices given in the 

results are plotted as index versus wavelength. Wavelength error esti

mates are mentioned on page 28 for silicon and germanium. Table 2 

(page 29) lists them for lithium iodate. The uncertainties are shown 

as wavelength errors in the results.



CHAPTER 6

DATA REDUCTION

The data consisting of prism apex angle, thermocouple voltages, 

deviation angle readings, and wavelength are used to obtain refractive 

index values for corresponding wavelengths and termperatures. Equation 

(5) is used in a simple computer program to reduce the data to refrac

tive index values. Appendix A gives and explains this program. Tabu

lated results are given in Appendices B through D. Compensation in the 

results for the effect of the salt windows is made by the method out

lined in Appendix G. The final refractive index values are displayed

graphically in the following.

Results

Figures 10 and 11 show wavelength dispersion of refractive in

dex at various temperatures for silicon and germanium respectively. 

Figure 12 illustrates the change of refractive index with temperature 

for silicon; figure 13 shows the same for germanium. Nominal error 

bars are shown to indicate the accuracy of the data points. In both 

cases the refractive index change with temperature is independent of 

wavelength over the range and within the errors of measurement. This

is why only one curve for each material is given.

Figures 14 and 15 show wavelength dispersion of refractive in

dex for the ordinary and extraordinary indices of lithium iodate res

pectively. There are two curves on each figure corresponding to index
39



values at temperatures of 97°K and 316°K. The wavelength dispersion of 

birefringence (n0-ne) at 97°K and 316°K is displayed in Figure 16.
Figures 17 and 18 show An/AT of lithium iodate for the ordinary 

and extraordinary indices respectively. The AT for each data point is 

approximately 20°K. Sample error bars are shown for each graph. Note 

that An/AT is negative.
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CHAPTER 7

DISCUSSION OF RESULTS

The results fall into two categories. The first is wavelength 

dispersion. The second is the variation of refractive index with tem

perature.

Refractive index values and wavelength dispersion data can be 

compared with several sets of published data for silicon and germanium. 

Published information for lithium iodate is less abundant but still 

available. Almost all comparable dispersion data for the three materials 

is given at. ambient temperature (~300°K). To compare the results of var

ious researchers all data must be normalized to a common temperature. 

Ambient temperature is the most logical choice.

Low-temperature refractive index measurements are not common in 

the literature. Data for silicon and germanium have been obtained by 

Cordona, Paul.and Brooks (1959). We have found no published data for 

low temperature refractive indices of lithium iodate.

Dispersion and Absolute Index

Silicon

Figure 19 graphically compares the indices of silicon obtained 

by four other research groups and our own data. All five data sets show 

wavelength dispersion which is almost identical. The absolute refrac

tive index varies considerably from one data set to the next. These

differences could be attributed to large systematic errors introduced
50 .
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by each researcher. Primak (1971) states that this is probably the case

He also mentions in a footnote that variations between test materials

may give rise to differences. Villa (1972) subsequently gives the data 

shown in Figure 19 to illustrate this point. There is a systematic dif

ference of 0.02 (from 1 pm to 9 pm) between the data he published in 

1957 and 1972 (Salzberg and Villa 1957, and Villa 1972). The two sili

con samples were measured on the same apparatus with an-absolute accu-- 

racy of ±2 x 10~If. Since the difference is two orders of magnitude 

greater. Villa concludes that the variation is due to sample differences 

Smaller variations bn the order of 0.005 due to the differences in the 

silicon samples would more than cover the discrepancy between our data 

and that of Salzberg and Villa (1957).

In view of the above, our data agrees fairly well with that of 

Salzberg and Villa (1975). Disagreement of silicon refractive indices 

is no more than 2 x 10~3 for these two data sets. The Salzberg and 

Villa (1957) indices are the higher valued. This could well be the dif

ference between the relatively impure material of 1957 and that which

is normally available today. Silicon index dispersion with wavelength

for the two sets of data grees to within 1 x 10-4.

Germanium

Much the same can be said for germanium. Figure 20 shows the 

experimental values of four research groups at 27°C. Again, the dis

persion is very similar but the absolute indices vary considerably.

The greatest variations are between our data and that of Salzberg and 

Villa (1957). Our data is about 0.005 higher than that of Salzberg
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and Villa in the 6.0 to 13 ym range. This difference cannot be account

ed for by the random errors of each data set. The same arguments used 

for silicon about sample differences and systematic errors apply to 

germanium. Primak (1971) has observed large differences between differ

ent samples of germanium. Data, however, have not been published as 

Villa (1972) did for silicon.

Lithium lodate

Refractive index measurements of lithium iodate have been made by 

Nath and Haussuhl (1969) and Umegaki, Tanaka, Uchiyama, and Yabumoto 

(1971), The present results are compared to theirs... Figure 21 shows 

the ordinary refractive index of lithium iodate. The extraordinary 

indices are compared in Figure 22.

The University of Arizona values systematically deviate from those 

of Umegaki, et. al. Gurski (1974) has used both sets of data. The dif

ference between the two data sets did not make a significant difference 

in his work. The dispersion relations again compare favorably.

Thermal Refractive Index Change

The change of index with temperature was measured by Cardona, et. 

al. (1959) for silicon and germanium. Subsequent attempts to use their 

data for the design of optical systems showed it to be incorrect. The 

An/AT values we obtained for silicon and germanium are being used with 

good results in the design of infrared Optical systems (S. Argyle and 

V. Olson 1972).



or
di
na
ry
 

in
de
x 

(n

1.93

1.91
17° C
Nath and Haussuhl

_  1.89
o X Umegaki et al. (1971)

University of Arizona
1.87

1.85

1.83

1.81

5.03.0 4.02.01.0
Wavelength (yin)

Fig. 21. Comparison of Three Data Sets for nQ of LilOg.
inin

I



Ex
tr
ao
rd

in
ar

y 
In
de
x 

(n

1.78 -

1.76 -

1.74 -

1.72 -

1.70 -

1.68  -

i
&a

%

T = 17°C

A Nath and Haussiihl (1969) 
o Umegaki et al. (1971) 

o University of Arizona

ix.
\\

X

Oo ' ° ~ 0 ~ o _ 0.

1.66
1.0 2.0 3.0

Wavelength (vim)

4.0 5.0

Fig. 22. Comparison of Three Data Sets for ne (LilOg).
Ono\



57

Additional low temperature data for An/AT of lithium iodate are 

not available. The lithium iodate changes of index with temperature 

have not been put to the test by others.

The average values of An/AT for each material can be extracted 

from Figures 12, 13, 17, and 18.

Systematic Errors

We must point out that our absolute refractive index results are 

not in good agreement with the data of other researchers. The wavelength 

dispersion is, however, very close in all three cases. This implies 

that either different samples of the same material have different indi

ces or the experimenters have unknown systematic errors. Primak (1971) 

has addressed a publication to this problem; He measured silicon in the 

1.2pm to 2.16pm range at 24°C to 26°C. Primak has attempted a careful 

error analysis. Figure 23 compares silicon data of various researchers 

with that of Primak. Though the wavelength ranges do not overlap, the 

University of Arizona data agree favorably with that of Primak. Primak 

mentions that Lukes' values were systematically 0.0015 lower than those 

of Salzberg and Villa (1957). The University of Arizona data is also 

0.0015 lower than Salzberg and Villa. This is in close agreement with 

Primak1s statement of Lukes' results.

The differences for germanium and lithium iodate are not as eas

ily explained away. In addition to material differences and some system

atic errors a gross error could be introduced by wedge in the dewar win

dows. This was not measured or considered in the reduction of data.
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This was an oversight on our part and should be corrected in future 

measurements.

Material Differences 

It is possible that material purity in the cases of germanium 

and silicon are very important. Salzberg and Villa (1957) state that 

the purity of their samples was unknown. Villa (1972) again used sili

con of unknown purity but states the purity of their previous germanium 

sample, (Salzberg and Villa, 1957) to be 50fi-cm. Briggs. (1950) listed 

the purity of his samples as 99.8% for silicon and 99.99% for germanium. 

The samples we measured are Exotic Materials standard optical grade 

silicon and germanium. Primak, lists his silicon purity as "ultra-high 

purity" P-type 1200fi-cm. Briggs (1952) mentions the importance of free 

carriers in dealing with refractive index. In no case is any attempt 

made to specify what the impurities are. Free carrier differences 

could easily account for the incompatible results of the various re

searchers.

Lithium iodate indices probably do not vary with impurities the 

way the indices of silicon arid germanium could. The differences are 

most likely systematic errors introduced by the experiment.



CHAPTER 8

RECOMMENDATIONS FOR FUTURE WORK

Suggestions for further work can be divided into three basic 

categories. Alterations of data analysis techniques to better present 

the results are recommended. Additional measurements should be made to 

more completely describe the test materials. Equipment modifications 

and procedure changes should be made to make measurements easier and 

more accurate.

Data Analysis Techniques 

A method should be employed to fit the An/AT values to a.thermal 

dispersion equation. This would facilitate the use of data contained in 

this thesis.

The wavelength dispersion information can be fit to a dispersion 

formula. This will give an equation for calculation of index at any 

wavelength in the experimental range. . ' f

Additional Measurements 

Significant discrepancies have arisen between the results of 

different researchers for silicon and germanium indices of refraction. 

Variations in dopants and resistivities have been hinted to be the 

cause by Briggs (1952), Primak (1971), and Villa (1972). Index varia

tions caused by these variables should be experimentally determined.
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Silicon and germanium are often used at higher temperatures than 

ambient. To make the thermal data more complete the refractive index 

Values should be obtained from boiling helium temperature up to 40.0 or 

500°C; the same is true of the refractive index of lithium iodate. More 

extensive examination of An/AT of lithium iodate should be made. There 

are possibilities of phase changes which would show up in this type of 

data.

When birefringent crystals are measured in the future, careful 

consideration should be given to the orientation of the optic axis of 

the crystal. The lithium iodate crystal measured for this report had 

its optic axis parallel to the first face of incidence and perpendicular 

to the dihedral edge of the prism.. Analysis may show that less error due 

to optic axis orientation will result if the axis is oriented parallel 

to the first face of incidence and parallel to the dihedral edge. This 

orientation was used by Umegaki, et. al., (1971) but no comment is made 

on associated error.

System Modifications

There is one major consideration when recommending any system 

modification. The ease of operation and data acquisition should, if 

possible, be retained. With the present apparatus a prism can be mea

sured in about two weeks. Additional requirements in temperature or 

wavelength ranges extend the required time considerably. Increased accur

acy at the expense of time is not practical in most cases.

Wedge in the dewar windows was not considered in the data reduc

tion or error analysis. In the future the windows should be checked for
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wedge and oriented carefully on the dewar. This will allow data correc

tion for the measured window wedge.

The inclination angle of the second window should be changed. 

Appendix G includes details. The important concept is that the exit 

light beam should be very close to normal to the exit window. Data cor

rections for the air and vacuum interfaces are dependent on the refrac

tive index of air and the angle that the window normal makes with the 

exit beam. Since neither one of these can be known exactly, there is 

error introduced. The smaller this angle is, the smaller will be the 

error. The window can be positioned normal to a nominal deviated beam.

In either case a correction must be applied. The question is whether we 

wish to make large corrections for every data-point, or just one large 

correction for the undeviated beam. If the dewar were designed with two 

separate windows, one normal to the undeviated beam and one normal to the 

nominally deviated beam, then only small corrections need be applied.

Dihedral edge alignment gave difficulty on the present apparatus. 

There is no permanent provision for such alignment. Modifications to in

clude such alignment apparatus would save much frustration and many hours 

work.

Relying on one thermocouple to supply all thermal information is 

not good procedure. Ideally, three or more thermocouples should be used 

to define the temperature of the sample.



APPENDIX A

COMPUTER PROGRAM FOR DATA REDUCTION 

. Two programs written in basic were used on a General Electric 

Time-Share Computer. These two programs are referred to as. Bidex 1 and 

Bidex 2. The two programs differ, in that Bidex 1 is used to reduce data 

for various wavelengths and constant temperature. Bidex 2 is used to re

duce data for a particular wavelength but varying temperature.

The two programs listed are for reducing data for a birefringent 

material . . The second set of calculating equations were deleted to reduce

the data for silicon and germanium.
BIDEX 1

10 INPUT A,S 
15 PRINT
20 PRINT USING. 21
21: WAVELENGTH N N
22. PRINT USING 23
23: (MICR0N) 0RDINARY EX-0RDINARY
24 PRINT •
25 PRINT
30 F0R K=1 T0 200 ,
40 READ L, El, E2, E3, E4, E5, E6, 01, 02, 03, 04, 05, 06
60 LET Al=(El+CE2.+E3/60)/60)/57. 2957795
65 LET A2=(E4+(E5+E6/60)/60)/57.2957795
70 LET A3=(01+(02+03/60)/60)/57.2957795
75 LET' A4=(04+(05+06/60)/60)/57.2957795
80 LET Sl=CAl+A2)/2
85 LET S2=(A3+A4)/2
90 LET D1=(S1-S)
95 LET D2= (S2-S)
100 LET N1=SIN(D1+A)/SIN(A)
105 LET N2=SIN(D2+A)/SIN(A)
107 LET N3=(N2-N1)
110 PRINT USING 115, L, N2, Nl, N3
115: #.# #.##### #.##### .#####
120 NEXT K
999 END . ..
REPLACE ' - '
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BIDEX 2

10 INPUT A,S 
15 PRINT
20 PRINT USING 21
21: TEMP. N TEMP. N
22 PRINT USING 23
23: (DEGREE K) 0RDINARY . (DEGREE K) EX-0RDINARY
24 PRINT
25 PRINT
30 F0R K=1 T0 200
40 READ V1,E1,E2,E3,V2,E4,E5,E6,V3,01,02,03,V4,04,05,06,
45 LET C0=7.111258E-02
46 LET Cl=2.6019010E+01
47 LET C2=-7.9103564E-01
48 LET C3=l.8768646E-02
49 LET C4=-5.1064982E-03
50 LET C5=3.647943IE-03
52 LET V5=(V1+V2)/2
53 LET V6=(V3+V4)/2
55 LET Tl=CO+Cl*V5ti+C2*V5L2+C3*V5-h3+C4*V5L4+C5*V5L5+273.16
56 LET T2=CO+Cl*V6'M+C2*V6L2+C3*V6f3+C4*V6L4+C5*V6f5+273.16 
60 LET Al=(El+(E2+E3/60)/60)/57.2957795
65 LET Al=(E4+(E5+E6/60)/60)/57.2957795 
70 LET A3= (01 + (02+03/6O)/6O)/57.2957795 
75 LET A4=(04+(05+06/6O)/6O)/57.2957795 
80 LET Sl=(Al+A2)/2 
85 LET S2=(A3+A4)/2 
90 LET Dl=(Slr.S)
95 LET D2= (S2-S) .
100 LET N1=SIN(Dl+A)/SIN(A)
105 .LET N2=SIN(D2+A)/SIN(A)
110 PRINT USING 115,T2,N2,T1,N1,
115: ###.# #.##### ###.# #.#####
120 NEXT K 
999 END

Bidex 1 ■
The inputs A and S are the prism apex angle.and the undeviated

light beam angle reading,respectively. L is the wavelength. El, E2,

etc. are angle readings in degrees, minutes and seconds for the devia-

. tion angle of the extraordinary beam. 01,02, and 03 are similar data

for the ordinary beam. A1 through A4 convert the data angles to radians.
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SI and S2 average these angles. D1 and D2 correct the angles to exact 

. deviation angle readings. N1 and N2 are the calculated extraordinary 

and Ordinary indices respectively. The value N3 is the difference be

tween N2 and N1. '

Bidex 2

The program is fundamentally the same as Bidex 1. The thermo- 

.couple voltages VI, V2, etc. are averaged to give V5 and V6. These 

averages are used to determine the temperature in degrees Kelvin by 

use of a previously determined fifth order polynomial fit of voltages 

and degrees from National Bureau of Standards Data.



APPENDIX B

SILICON INDEX OF REFRACTION TABLES 

The tables of this appendix list computed refractive index 

values of silicon. Table 3 below lists indices at various wavelengths 

at four different temperatures. Table 4 on the following page lists in

dices of refraction and corresponding temperatures at four different 

wavelengths.

Table 3. Refractive Index of Silicon at Various Wavelengths for Given 
Temperatures.

X (pm) 296 °K 275°K 202 °K 104°K

2.554 3.43681 3.43472 3.42184 . 3.41172

2.652 3.43529 3.43264 ' 3.42006 3.40896

2.732 ■ . 3.43367 3.43097 3,41843 3.40754

2.856 3.43224 3.42971 3.41776 3.40611

2.958 3.43102 3.42836 3.41587 3.40475

3.090 3.42987 3.42723 3.41483 3.40365

4.120 . 3.42304 3.42642 3.40800 3,. 39695

5.190 3.41974 3.41649 3.40496 3.39388 .

8.230 3.41629 3.41314 3.40169 3.39064

10.270 3.41551 3.41226 3.40084 3.38989
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Table 4. Refractive Index of Silicon at Various Temperatures for Given 
Wavelengths.

X = 2.,554 ym X = 2.732 ym X = 5.190 ym X = 10. 27 ym
Index Temp°K Index Temp°K Index Temp°K Index Temp°K

3.41279 103 3.40857 97 3.39330 99 3.39109 99
3.41302 110 3.40923 106 3.39388 106 3.39185 108
3.41374 120 3.40999 116 3.39441 114 3.39273 114
3.41471 131 3.41084 126 3.39497 120 3.39313 124
3.41534 137 3.41234 133 3.39554 127 3.39374 131
3.41616 144 3.41256 143 3.39608 133 3.39484 142
3.41695 152 3.41317 150 3.39679 140 3.39555 148
3.41789 160 3.41429 159 3.39757 147 3.39629 155
3.41868 167 3.41502 165 3.39838 155 3.39693 161
3.41967 175 3.41551 169 3.39898 160 3.39796 170
3.42074 182 3.41656 177 3.39981 167 3.39884 177
3.42158 189 3.41723 182 3.40037 171 3.39973 185
3.42216 193 3.41833 190 3.40144 180 3.40099 194
3.42303 200 3.41825 197 3.40213 186 3.40229 204
3.42375 205 3.42006 203 3.40288 192 3.40307 210
3.42448 210 3.42118 211 3.40382 199 3.40389 216
3.42603- 220 3.42197 217 3.40455 205 3.40516 223
3.42668 224 3.42265 . 222 3.40574 213 3.40572 230
3.42730 228 3.42422 234 3.40657 219 3.40667 236
3.42836 235 3.42523 241 3.40760 227 3.40752 242
3.42961 244 3.42600 245 3.40843 233 - 3.40838 248
3.43081 251 3.42682 251 3.40931 239 3.40905 253
3.43181 . 255 3.42762 255 . 3.41013 243 , 3.41021 260
3.41889 261 3.42863 262 3.41104 250 3.41088 281
3.43331 267 3.42949 267 3.41280 262 3.41186 271
3.43430 274 3.43037 272 3.41380 268 3.41270 276
3.43492 277 3.43112 277 3.41449 273 3.41337 280
3.43576 282 3.43182 282 3.41529 279 . 3.41380 283
3.43633 286 3.43251 286 3.41621 285 3.41427 287



APPENDIX C

GERMANIUM INDEX OF REFRACTION TABLES 

The tables of this appendix list computed refractive index val

ues of germanium. Table 5 below lists indices at various wavelengths at 

four different temperatures. Table 6 on the following page lists indi

ces of refraction and corresponding temperatures at four different wave

lengths.

Table 5. Refractive Index of Germanium,at Various Wavelengths for 
Given Temperature.

X (yra) 297°K 275 °K 204°K 94°K

2.554 4.06230 4.05659 4.02528 3.98859
2.652 4.05754 4.05201 4.01955 3.98462
2.732 4.05310 4.04725 4.01511 3.98052
2.856 4.04947 4.04338 4.01139 3.97720
2.958 4.04595 4.03957 4.00796 3.97390
3.090 4.04292 4.03649 4.00485 3.97100
4.120 4.02457 < 4.01732 3.98662 3.95334
5.190 4.01617 4.00853 3.97820 3.94536
8.230 4.00743 3.99933 3.96934 3.93720

10.270 4.00571 3.99729 ' 3.96745 3.93597
12.360. 4.00627 3.99607 3.96625 3.94026
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Table 6. Refractive Index of. Germanium at Various Temperatures for 
Given Wavelengths.

X = 2.554 ym A = 2.732 ytm X = 4.414.ym X = 10.27 urn

Index Temp ° K Index Temp0K Index Temp°K Index Temp°K

4.00541 150
4.00775 158
4.00997 165
4.01248 172
4.01479 177
4.01753 186
4.02031 192
4.02305 199
4.02492 203
4.02712 208
4.02900 212
4.03039 216
4.03287 221
4.03601 227
4.03721 231
4.03893 236
4.04096 240
4.04209 243
4.04407 247
4.04641 254
4.04832 257
4.04994 261
4.05181 266
4.05284 269
4.05429 272
4.05655 277
4.05836 281

3.98111 101
3.98237 110
3.98419 117
3.98508 120
3.98728 127
3.98888 133
3.99107 140
3.99331 146
3.99534 152
3.99774 158
4.00026 165
4.00277. 171
4.00565 178
4.00938 186
4.01293 196
4.01582 203
4.01918' 212
4.02229 221
4.02516 229
4.02893 236
4.03202 244
4.03554 252
4.03767 257
4.03937 262
4.04257 270
4.04562 276
4.04833 283

3.95198 101
3,95220 107.
3.95407 114
3.95579 121
3.95798 129
3.96026 137
3.96295 145
3.96463 ISO
3.96678 156
3.96806 165
3.97126 169
3.97422 177
3.97922 185
3.98276 195
3.98493 202
3.98699 211
3.98967 218
3.99240 224
3.99591 232
3.99920 240
4.00305 249
4.00655 259
4.00848 263
4.01095 269
4.01236 274
4.01435 278
4.01635 283

3.93562 95
3.93692 104
3.93909 112
3.94088 120
3.94335 124
3.94501 134
3.94639 140
3.94898 147
3.95075 153
3.95295 160
3.95497 166
3.95754 173
3.96090 183
3.96390 192
3.96808 204
3.97028 210
3.97296 217
3.97587 226
3.97906 234
3.98113 239
3.98387 246
3.98633 253
3.98923 260
3.99203 268
3.99458 274
3.99634 278
3.9985 284



APPENDIX D

REFRACTIVE INDEX TABLES FOR LITHIUM IQDATE 

Table 7. Lithium lodate Index at X = 1.4 ym and Various Temperatures.

TEMP. N TEMP. N
(DEGREE K) ORDINARY (DEGREE K) EX-ORDINARY
103.7 1.86601 103.5 1.72634
103.9 1.86563 103.8 1.72611
104.6 1.86574 104.0 1.72621
106.4 1.86572 105.4 1.72617
114.0 1.86547 111.5 1.72604
119.8 1.86515 116.7 1.72588
129.7 1.86459 123.5 1.72549
137.5 1.86408 133.5 1.72495
143.4 1.86372 140.3 1.72457
149.1 1.86333 146.5 1.72420
155.2 . 1.86291 152.0 1.72382
161.4 1.86238 158.2 1.72341
168.3 1.86188 164.1 1.72304
173.7 1.86147 171.2 1.72220
183.0 1.86086 . 176.9 1.72250
188.3 1.86038 185.0 1.72151
194.4 1.85997 190.4 1.72128
200.9 1.85948 198.1 1.72073
206.6 1.85909 203.5 1.72034
216.3 1.85841 210.7 1.71990
222.8 1.85802 218.5 1.71953
226.2 1.85773 224.5 1.71907
231.7 1.85741 228.0 1.71880
236.4 1.85675 234.7 1.71827
240.2 1.85644 238.6 "1.71767
247.8 1.85529 245.0 1.71712
252.1 1.85472 249.2 1.71656
256.3 • 1.85420 254.9 1.71594
259.5 2.85381 258.0 1.71564
263.0 1.85365 261.7 1.71545
267.1 1.85298 265.8 ' 1.71492
269.7 1.85269 268.2 1.71468
272.1 1.85240 270.8 1.71439
274.5 1.85217 273.2 1.71412 '
277.1 1.85193 275.8 1.71396
280.5 1.85153 278.6 1.71366
283.3 1.85134 282.2 . 1.71337
285.4 1.85111 284.4 1.71318
288.1 1.85094 286.2 1.71339
289.6 1.85073 288.8 1.71282
291.9 1.85051 290.9 1.71265
294.3 1.85027 293.2 1.71242
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Table 8. Lithium lodate Index at A = 3.4 pm and Various Temperatures.

TEMP. TEMP. N
)EGREE K) ORDINARY (DEGREE K) EX-ORDINAF

88.6 1.84817 89.2 1.71774
88.2 1.84830 88.3 1.71777
87.4 1.84816 88.0 1.71799
94.5 1.84829 87.4 1.71796
99.5 .1.84796 97.8 1.71765

107.3 1.84746 102.3 1.71738
121.6 1.84661 112.2 1.71653
128.4 1.84600 124.8 1.71452
145.1 1.84484 138.9 1.71520
165.2 1.84318 157.3 1.71369
178.3 1.84191 175.7 1.71257
184.4 1.84130 181.3 1.71195
195.0 1.84039 190.3 1.71131
200.6 1.83982 196.7 ■ 1.71082
206.7 1.84082 204.0 1.71016
212.1 . 1.84053 209.1 1.70984
219.0 1.83845 • 216.9 1.70936
224.6 1.83811 221.8 1.70908
227.5 1.83804 226.3 1.70885

228.3 1.70881
235.0 1.83753 233.1 1.70866
238.0 1.83794 236.3 1.70853
244.0 1.83720 242.3 1.70819
248.1 1.83681 246.2 1.70779
253.4 1.83623 251.5 1.70734
262.2 1.83545 256.0 1.70693
265.5 1.83504 263.5 1.70631
268.7 1.83477 • 266.8 1.70603
272.6 1.83436 270.8 1.70563
275.2 ; 1.83405 . 273.5 1.70547
279.5 1.83357 278.4 1.70502
282.3 1.83335 280.7 1.70481
287.0 1.83289 286.1 1.70435
289.7 ' • 1.83270 288.3 1.70417
292.5 1.83233 290.4 1.70392
295.6 1.83209 293.9 1.70358
298.5 1.83176 297.6 1.70334
300.3 1.83160 299.3 1.70325
302.6 1.83144 301.3 1.70296
304.4 1.83126 303.3 1.70280
306.6 • 1.83102 305.9 1.70257
308.8 1.83075 307.4 • 1.70245
310.2 1.83064 309.5 1.70224
312.1 1.83055 311.6 . 1.70177
313.6 1.83034 313.2 1.70196
314,8 1.83030 314.3 1.70184
315.7 1.83022 315.2 1.70178
316.6 1.83021 . , 316.2 1.70167
317.4 1.83003 _ 317.0 1.70164
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Table 9. Lithium lodate Index at Various Wavelengths with Temperature
311°K,

WAVELENGTH
(MICRON)

N
ORDINARY

N
EX-ORDINARY

N -N o e

0.6
0.8
1.0
1.2
1.4
1.5
1.6 
1.8 
2.0 
2.2

2.4
2.5
2.6 
2.8

3.0
3.2
3.4
3.5
3.6
3.8
4.0
4.2
4.5
4.6
4.8
5.0

1.88866 
1.87215 
1.86417 
1.85953 
1.85580 
1.85424 
1.85300 
1.85055 
1.84809 
1.84607 
1.84364 
1.84260 
1.84126 
1.83884 
1.83649 
1.83372 
1.83063
1.82896

}
1.82751 
1.82398 
1.82042 
1.81681 
1.80980 
1.80822 
1.80488 
1.79953

1.74373
1.73000
1.72390
1.71855
1.71763
1.71655
1.71555
1.71392
1.71254 .
1.71104
1.70969
1.70896
1.70811
1.70683
1.70551
1.70422
1.70211
1.70119
1.70038
1.69980
1.69607
1.69395
1.69037
1.68878
1.68624
1.68288

,14493 
,14215 
,14027 
,14098 
,13818 
, 13769 
,13744 
,13664 
,13555 
,13504 
,13395 
,13364 
,13314 
,13202 
,13098 
,12951 
,12852 
,12778 
,12713 
,12418 
,12436 
,12286 
,11943 
,11944 
,11864 
,11665



Table 10. Lithium lodate Index at Various Wavelengths with Temperature
= 316°K,

WAVELENGTH
(MICRON)

N
ORDINARY

N
EX-ORDINARY V Ne

0.6 1.88767 1.74320 .14447
0.8 1.87199 1.72968 .14231
1.0 1.86375 1.72357 .14018
1.2 1.85888 1.71948 .13940
1.4 1.85545 1.71744 .13801
1.6 1.85266 1.71541 .13725
1.8 1.85025 1.71367 .13658
2.0 1.84794 1.71204 .13589
2.2 1.84570 1.71070 .13499
2.4 1.84336 1.70937 .13399
2.6 1.84098 1.70788 .13309
2.8 1.83843 1.70657 ,13186
3.0 1.83594 1.70515 .13079
3.2 1.83308 1.70393 .12915
3.4 1.83016 1.70176 .12840
3.6 1.82671 1.69965 .12706
3.8 1.82340 1.69760 .12580
4.0 1.81981 1.69513 .12469
4.2 1.81639 1.69320 .12319
4.5 1.80970 1.68964 .12006
4.6 1.80772 1.68794 .11978
4.8 1.80378 1.68602 .11776
5.0 1.79863 1.68244 .11620
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Table 11. Lithium lodate Index at Various Wavelengths with Temperature

= 297°K.

WAVELENGTH
(MICRON) ORDINARY EX-ORDINARY

0.6 1.8889.7 1.73877
0.8 1.86930 1.72667
1.0 1.86141 1.72024
1.2 1.85602 1.71653
1.4 1.85245 1.71385
1.5 1.85102 1.71300
1.6 1.84968 1.71211 .
1.8 1.84721 ' 1.71041

• 2.0 1.84500 ’ 1.70899
. 2.2 . 1.84263 1.70743% -
2.4 1.84019 1.70589
2.5 1.83903 1.70495
2.6 1.83786 1.70421.
2.8 1.83553 1.70325
3.0 1.83298 1.70167
3.2 ' 1.83023 1.70008
3.4 1.82713 1.69822
3.5 1.82560 1.69732
3.6 1.82412 1.69652
3.8 1.82050 1.69453
4.0 1.81706 1.69239
4.2 1.81333 " 1.68984
4.5 1.80675 1.68645
4.6 1.80505 1.68518
4.8 1.80078 . 1.68077

. 5.0 . . .... 1.79564 . 1.67901



Table 12. Lithium lodate Index at Various Wavelengths with Temperature 
= 97°K.

WAVELENGTH
(MICRON)

N
ORDINARY

N
EX-ORDINARY

N -N o e

0.6 1.90461 1.76068 .14393
0.8 1.89075 1.74653 .14423
1.0 1.88272 1.73985 .14288
1.2 1.87754 1.73607 .14147
1.4 1.87405 1.73371 .14034
1.6 1.87163 1.73177 .15783
1.8 1.86882 1.72986 .13897
2.0 1.86645 1.72867 .13778
2.2 1.86418 1.72680 .13739
2.4 . 1.86190 1.72575 .13615
2.6 1.85934 v 1.72414 .13520
2.8 1.85687 1.72271 .13417
3.0 1.85418 1.72108 .13310
3.2 1.85130 1.71995 .13135
3.4 1.84767 1.71772 .12995.
3.6 1.84458 1.71577 .12881
3.8 1.84097 1.71372 .12725
4.0 1.83723 1.71139 .12584
4.2 1.83380 1.70895 .12485
4.5 1.82685 1.70529 .12156
4.6 1.82484 1.70376 .12109
4.8 1.82068 1.70078 .11989
5.0 1.81528 1.69770 . .11759
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Table 13. Lithium lodate Index at Various Wavelengths with Temperature 
= 98°K,

WAVELENGTH N N N -N
(MICRON) ORDINARY EX-ORDINARY 0 6

0.6 1.90731 1.75771 : .14960
0.8 1.88993 1.74523 .14470
1.0 1.88187 1.73942 .14246
1.2 1.87626 1.73374 .14252
1.4 . 1.87340 1.73309 .14031
1.5 1.87154 1.73176 .13978
1.6 1.87004 1.73099 .13905
1.8 1.86779 1.72925 .13854
2.0 1.86540 1.72770 .13770
2.2 1.86311 1.72627 .13684
2.4 1.86077 1.72485 .13591
2.6 1.85827 1.72317 .13510
2.8 1 1.85563 1.72188 .13376
3.0 1.85305 1.72034 .13271
3.2 1.85018 1.71905 .13113,
3.4 1.84849 1.71671 .13178
3.6 1.84376 1.71481 .12896
3.8 1.84012 1.71293 .12718
4.0 1.83648 1.71056 .12592
4.2 1.83283 1.70820 .12463
4.5. 1.82674 1.70462 .12213
4.6 1.82395 1.70242 .12153
4.8 1.82043 1.70013 .12031
5.0 1.81409 1.69665 .11744



APPENDIX E

ORIENTATION OF THE OPTIC AXIS OF A UNIAXIAL

CRYSTAL FOR MEASUREMENT OF n AND no e

The starting point of this appendix will be Ray-tracing Formula 

for Uniaxial Crystals” by 0. N. Stavroudis (1962). The above article is 

relied upon heavily in the following. All equation numbers refer to 

those in the article.

Given that is the ordinary ray direction and P lies in the 

tangent plane to the crystal surface (Fig. 4 Stavroudis), then it is 

possible for S0*P = 0, i.e. the light ray is normally incident to the 

crystal surface. If this is the case, it is natural to assume that 

k2n02 (20eP)2, from equation (15), is also zero. But this is not correct. 

The following will show that even if S0*P = 0 then k(S0*P)  ̂ 0.

An exact expression is never found for k, but equation (22) finds

k(So-P) = /y2 + (3o -N)2 - U2 (22)

where y = —  . This expression can be used in place of k(^0*P) when
n©

necessary.

When So-P = 0 this implies § 0*N = 1; that is, 2 0 is parallel to 

the unit normal to the surface (50 was previously normalized). Equation 

(25) reduces, after some algebra, to: a = +y/l-(1-y2)(N*X)2 where A = 

unit vector in the direction of the crystal's optic axis. This gives 

from equation (24) :
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l-(l-y2) (N^)2 /l-(l-y2) (N-l)2

Substitute the previous into (22):

1-(1-y2)(N-I)2
From this it is easily seen that k (Sq *P) = 0 only if (1-y2) (N*yt)2 = 1. 

This is physically impossible because y2>0 and (N*X)2<_1 for all ^ and

We next wish to find an expression for ^e, the direction of the 
extraordinary ray in the crystal, with the stipulation that 20*P = 0.

In words, what is the direction of the extraordinary ray given that the 

ordinary ray is normal to the surface of incidence? Equation (20) gives

£e = ~  [R - (i-y2) (iteX)yt].
ne

Provided (S0«N) = 1 and (20eP) = 0 equation (19) gives: 

i - no2 {k2(§o.P)2 [l+y2j . V2|*j| = n2

for 301?, 50 ||S .

With these substitutions equation (20) becomes:
g = N - (l-y2)(N-A)%
6 /l - (l-y4)(RV&)2
If N eA = 0, then SQ = N. That is, if the optic axis of the 

crystal is orientated parallel to the face of incidence and perpendicu

lar to the incident ray, then the extraordinary ray follows the same 

path as the ordinary ray into and through the crystal. The exit path 

must now be determined.
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Assuming a prism is made with A_[_N and the apex angle is a, the 

exit behavior of the extraordinary ray can be determined by equation 

(28):

= u2 (ge - ^ )  +
° [y2t(l-v2)(X-?e)2]*

Referring to figure 24 (below) P denotes the second surface tan

gent. Since A*5e = 0, (28) becomes S0 eP = ?e»P y.

The above relationship can be interpreted in the following man-

ner. The extraordinary ray SQ exits the crystal at the interface defin-
 ̂ -V ̂ed by P. The deviated exit ray thus formed can be denoted by S. Now, 

define a fictive ray entering the crystal along § (but oppositely dir

ected) . This fictive ray, -f>, will have two components (the ordinary 

and extraordinary) inside the crystal. The extraordinary fictive ray 

will be along the original 3 in the crystal but in the opposite direc

tion. The fictive ordinary ray, however, will be directed along the 

calculated S0 direction. The ordinary ray so calculated obeys Snell’s 

law:

n, t-f = n f-f = n 3 -f.A o o  e e
 ̂ n

The above obtains from 5 eP = 2 *Py, remembering y = —  .
o

This means that the extraordinary ray behaves exactly like an ordinary 

ray at the second surface, i.e., it obeys Snell’s law, except the re

fractive index is n instead of n . All the previous work results ine o
the same expression for calculating the refractive indices n^ and nQ 

from our experimental data. Where 6^ and 6q are the respective



Crvstal Prism

Fig. 24. Ray Vector Diagram



deviation angles, we get the equations:

This is true only if the incident light beam is normal to the first 

prism surface, and the optic axis of the crystal is parallel to the 

first surface.



APPENDIX F

ERROR IN EXTRAORDINARY INDEX CALCULATIONS 
DUE TO INACCURACY OF CRYSTAL ALIGNMENT

Use of the simple deviation angle formula (equation 5, Chapter 

3 and Appendix E) for calculating the extraordinary index depends on 

the crystal axis being parallel to the face of incidence. If the crys

tal axis is not parallel by a small angle £> a corresponding error re

sults in the calculated extraordinary index of refraction.

To find this error, free use of Stavroudis1 (1962) publication 

as well as Appendix E will be made. Consider figure 25 on the next 

page.

We will again define a fictive ray ^  as we did in Appendix E 

using Stavroudis' equation (28):

y2 (S -?) + (l-p2) ( M  )(£•?)
S -P =  f e  --- . (F.l)

A ^ + U - u 2) (X-5e)2

From Snell's law n = n ^ .V o o
we will assume n̂ , = 1.00000 thereby obtaining §•? = substitu

ting this into equation (F.l):

p2 (5e-?) + (l-p2) (A-?e) (A-p)

V + U - p 2) (A-Se)2 ! (F.2)

From figure 25 we see that and X-P can be expressed in terms of the

angles defined in the figure,

§e*P = sin(a+6), = cos(a+£) . (F.3)
82

S'P = sin(6+a) = n
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Crystal Axis

£ = Alignment Error

Incident Light

Crystal Prism

Fig. 25. Misalignment of Crystal Axis.
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An unknown in (F.2) is A*? . From Appendix E it is written:e

A-S =
e Y l  - (l-y ) (N*^)2

This assumes that the incident and ordinary rays are both perpendicular 

to the surface of incidence. Also from figure 25 A*N = sinC and A*A =

1. This gives:

e ST~- (l-y4)sin2C

From equation (F.4) the radical in the denominator of equation (F.2) 

becomes

V . v - s u t . i s  ■» j;: }*. <F-=>
When (F.5) is substituted into equation (F.2) it reduces to

sin(6+a) = n y fsin(a+8)/l-(l-y4)sin2s + (l-y2)cos(a+S)sinSj
A  - (l-y2)sin2^

(F.6)

We will now use the trigometric identities:

sin(a+0) = sin a cos0 + cos a sin0

cos(a+C) = cos a cosC - sin a sin£
nand recall that y = —^ .
no

After going through much algebra and rearranging we find that 
sin(6+a)ne sin a

/l - (l-y2)sin^T

Yl-(l-y4)sin2S-(l-y2)sin^cosC + (l-y2)[2cotacosC-sinC]sinC
(F.7)
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The above is the actual value knowing the misalignment angle 

£ of the optic axis with the face of incidence. The formula used to 

calculate n^ in this thesis is simply

sin (6+a)n = — r-̂---— .e sin a
calculated

The Ane error caused by the crystal axis alignment error is

ne \ • (F.8:
calculated j

From the experimental data a typical y = .9205, and extreme 

values of n^ = 1.6824, 1.7607. For an alignment of the crystal axis 

to ±4 arc minutes corresponding errors in the refractive extraordinary 

index are:

±.00014 for n = 1.6824e
ne = calculated

±.00015 for n = 1.7607.ecalculated



APPENDIX G

DEVIATION ANGLE ERROR DUE TO AIR AND 
VACUUM ON ALTERNATE SIDES OF SALT WINDOWS

The fact that the prism devvar is evacuated with air on the out

side introduces an error in the deviation angle. The following develop

ment refers to figure 26.

By Snell's law the relationship below obtains

n sin i = n sin r = n sin e . v s a
We have assumed the faces of the windows are parallel and y is the 

angle of inclination of the second window; y = 4.5°.

By simple geometry: i = (6 -y), e = (6 -y); y" = sin"

We assume n^ = 1.000000.

The measured deviation angle is 6 , the angle in air. But the

true deviation angle is 6 .v
6 = y + arcsin [n sin(S -y^)].v a a
Calculation of the prism refractive index is by formula 5.

n' = n (sin.(6ta)l . a ( sin a j

<5̂  was used in the calculations, but 6^ should have been used. 

The difficulty is in the refractive index of air. It is not known well 

in the infrared and it varies greatly with the conditions of water vap

or, COg, etc. A typical calculation for each material can be made with

n = 1.00027. a

86
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Salt
Windows

Y-Y

Prism

Fig. 26. Diagram of Window Angles.

Angles used in calculations of 
errors due to second salt window.



Silicon:

Germanium:

Lithium lodate:
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a = 7.9404'

n/n =

n =

sin(Sa+a) 
sin a

sin(6 +a) v
sin a

6 = 20.3953'a

= 3.43584
n n = .00062

= 3.43646

a = 7.821357'

n/n =

n =

sin(6a+a) 
sin a

sin(6v+a) 
sin a

6 = 25.052212a

= 3.98859

3.98934
n' - ~  = .0075 

na

a = 21.01333 6 = 16.7241055a

ne/na =

6a =

no/na =

n = o

1.70683

1.70700

20.3350464

1.84254

1.84254

n = .00017

o _
n .00020



APPENDIX H

PERKIN-ELMER SPECTROMETER CALIBRATION

Calibration of an infrared spectrometer is, at best, tedious

and difficult. The method of Shau-Yau Ho (1971) for prism spectrometers

was used to calibrate the Perkin-Elmer model 99. This method is of

minimum difficulty.

The idea is to rewrite the minimum deviation angle formula for

the refractive index from n = s^n - to the form D + kD = arcsinsin a o
(n sin a) where the prism angle is 2a, the minimum deviation angle is 

26, and the refractive index of the prism in the spectrometer is n.

D0 , k, D are the values to be found. D is the spectrometer 

drum setting for a particular wavelength. D0 and k are constants es

tablished by taking drum readings at several set and known wavelengths. 

An NaCl 60 degree prism is used in the spectrometer as the disperser.

The refractive index of NaCl is well known and given in the treatment 

by Sha-Yau Ho (1971).

Six different wavelengths were used for calibration. The three 

mercury lines 0.4358 pm, 0.5461 pm, and 0.5771 pm were used in the vis- 

ble. An Optical Coating Laboratory, Inc. bandpass filter was used to 

establish 8.261 pm. The fifty percent of maximum transmission point of 

the short wavelength side was used. The intermediate wavelengths of 

3.43 pm and 3.3026 pm were obtained using a Beckman polystyrene wave

length calibrator for infrared spectrometers.
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We found the values of D and k to beo
D = 0.80637 k = 3.936 x 10"5o

The resulting drum setting - index formula is

arsin (n sin a) = 0.80637 + (3.936 x 10"5)D

where D = drum reading in thousands.

The above formula along with the wavelength - refractive

index relation for NaCl:

n2 = 2.330165 - 0.0009285837X2 - (2.86086 x 10""7)X4 +

0.01278685 0.005343924
(X2 - 0.01485) + (X2 - 0.02547414)

were used to compute the drum setting versus wavelength values in 

table 20.

The spectral bandwidth of the Perkin-Elmer model 99 spectro

meter is determined by using the standard Perkin-Elmer operating 

manual and the experimental slit widths. Our measurements were from 

0.6 ym to 5.0 ym. The dispersing prism used in the monochromator 

is sodium chloride (NaCl). Figure 27 is a reproduction from the 

operating manual showing the relationship between wavelengths and 

spectral bandwidths as a function of slit width. As an example, the 

spectral bandwidth at 3.5 ym for a slit width of 0.355 mm is given by 

AX = ±(0.259)(0.355) = ±0.092 ym at 3.5 ym

and slit width .355mm.

Other wavelength uncertainties are easily calculated from figure 27 

knowing the slit width and wavelength used.
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Table 14. Calibration of Perkin- 
Sodium Chloride Prism,

Elmer Monochromator Model 99 for

WAVELENGTH REFRACTIVE ARCSIN(IN) DRUM SCALE
(MICRONS) INDEX

0.4 1.56775 .900881 2401.19
0.6 1.54365 .881706 1914.02
0.8 1.53581 .875566 1758.03
1.0 1.53222 .872767 . 1686.91
1.2 1.53022 .871213 1647.44
1.4 1.52895 .870224 1622.32
1.6 1.52804 .869524 1604.52
1.8 1.52734 .868982 1590.75
2.0 1.52676 .868530 1579.28
2.2 1.52625 .868131 1569.13
2.4 1.52577 .867761 1559.74
2.6 1.52531 .867406 1550.72
2.8 1.52486 .867057 1541.84
3.0 1.52440 .866707 1532.95
3.2 1.52394 .866351 1523.92
3.4 1.52347 .865987 1514.67
3.6 1.52299 .865613 1505.15
3.8 1.52248 .865225 . 1495.31
4.0 1.52196 .864824 1485.11
4,2 1.52142 .864408 1474.53
4.4 1.52086 .863976 1463.56
4.6 1.52028 . 86352*7 1452,16
4.8 1.51967 .863062 1440.33
5.0 1.51904 .862579 1428.06
5.2 1,51839 .862078 1415.34
5.4 1.51772 .861559 1402,16
5.6 1.51702 .861022 1388.50
5.8 1.51629 .860466 1374.38
6.0 1.51554 .859891 1359.77
6.2 1.51477 .859297 1344.68
6.4 1.51397 .858684 1329.10
6.6 1.51314 .858051 1313.03
6.8 1.51229 .857399 1296.46
7.0 1.51141 .856727 1279.39
7.2 1.51050 .856035 1261.81
7.4 1.50957 .855323 1243.73
7.6 1.50861 .854591 1225.13
7.8 , 1.50762 .853839. 1206.02
8.0 1.50660 .853066 1186.39
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APPENDIX I

•PRISM ALIGNMENT ERROR

The lens design computer program known as ACCOS was used to 

calculate errors due to prism alignment inaccuracies. ACCOS is a stand

ard program used by lens designers. No attempt will.be made, therefore, 

to explain, list, or examine this program. The input card deck, with 

explanations is listed below.

Card #

1 LENS '
2 PRISM STUDY
3 PARAX -1. ,1.
4 Til 100.
5 AIR
6 CV
7 TILT a • B
8 CV
9 TH 10.

10 GLASS n
11 CV
12 TILT 0. a
13 AIR
14 TILT 0. -a
15 AIR
16 TH 1 o

17 AIR
18 TILT 0. 0.
19 AIR
20 TILT 0.
21 AIR
22 TILT -a
23 AIR
24 LEPRT
25 RAY 0. • 0.
26 ; END
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The object was to find two final output angles given the prism 

index arid apex angle. The angles a, g, y are prism alignment uncertain

ties. Cards 3 and 4 are dummy chief and marginal ray variables. Card 7 

gives the alignment angle uncertainties:
g = uncertainty of horizontal (i.e. in the plane of

deviation angle measurement.) The estimated values 

from Chapter 5 are listed below:

Germanium: ± ^  x H T 3 degree
Lithium lodate: ± 6.82 x 10"3 degree

a = Vertical uncertainty, i.e. the uncertainty of the prism 

face being parallel to the axis of rotation. Values 

given in Chapter 5 are:

Germanium: ±7.639 x IQ-a degree 
Lithium lodate: ±.1364 degree

y = Prism rotation about the incident beam as an axis.

The estimates are ± 0.5 degree. The prism rotation 

error y was estimated by putting various values 

into the computer and comparing the results with the 

known error in the angles of the deviated light. We

found that y = ±0.5 degree gave deflections out of the

plane of deviation to within the experimental AA^m =:.±0.19 

degree (Chapter 5, page 28).

Card 10 denotes the.prism index. Extreme values which were 

obtained from the experimental data were used for each material. The 

values used are listed below:
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Silicon: n = 3.44 to 3.39

Germanium: n = 4.10 to 3.94

Lithium lodate n = 1.90 to 1.69

Card 12 is the prism apex angle. This angle a is given 

in table 1 page 10 of the main text.

Card 25 tells the computer to give final deviation angles 

for the original axial ray.

Experimentally the final horizontal deviation angle was used 

to calculate the refractine index of the prism using equation (5) of 

chapter 1

"cai ■ ™
We achieve an error estimate by subtracting this calculated index 

from the computer input refractive index:

k2
(An)l = (" - "cal)'

The resulting calculated errors are

Silicon n = 3.44 (An)A = 1.1 x 10"4
Germanium n - 4.10 (An)A - 1.3 x 10~4

Lithium lodate n - 1.80 (An)A - 7.8 x 10™5 

We list only one (An)A for each material. Upon comparing the computer 

estimates for the maximum and minimum refractive indices of each 

material we found insignificant differences for the (An)A> therefore, 

only one for each material is listed.



APPENDIX J

LIST OF COMMERCIALLY AVAILABLE 
EQUIPMENT USED FOR EXPERIMENTAL WORK

Device

Rotary Table

1000:1 operational 
amplifier

Lockin Amplifier

Variable filter

Grating Monochromator. 

10.6 m CO2 laser 

Hg:Cd:Te detector 

Prism.monochromator 

Digital voltmeter

Vacuum Pump

Type/Model 

type Pl-4

Model 233 

Model HR-8

2.5 um to 14.5 pm
(

Model 82-410 

Model 5000 

visible to 12 pm 

Model 99 

Model MX-1.

Duo Seal 
Model 1402

Manufacturer

Genevoise

Analog Devices

Princeton Applied 
Research Corp.

Optical Coating 
Lab, Inc.

Jarrel-Ash

Honeywell

Honeywell

Perkin-Elmer.

Non-Linear Systems, 
Inc.

Welch Scientific Co.
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