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FOREWORD 

This Technical Report is adapted from a thesis submitted in 

partial fulfillment of requirements for the degree of Master of 

Science in Optical Sciences at the University of Arizona. The 

thesis was approved and accepted on August 8, 1969. 

To the original data in this thesis, we have added experi- 

mental results on a second material, Corning ULE silica, which 

were not available until early September. 



ABSTRACT 

New materials of low thermal expansion are finding wide application. 

The expansion coefficient (a) is a function of temperature, and this func- 

tion must be known for each material before its applicability can be as- 

sessed. 

A novel method for determining a, which is at once precise and easily 

implemented, has been devised. It is based on the dependence of mode fre- 

quencies in a Fabry -Perot interferometer on the mirror separation. The ex- 

pansion sample is formed into an interferometer spacer with ends polished 

flat and parallel. Spherical mirrors are optically contacted to the ends, 

forming a confocal interferometer. The assembly is maintained at controlled 

temperatures in an environmental chamber. The two lowest -order transverse 

modes are probed by variable -frequency sidebands derived from a 633 -nm He- 

Ne laser by amplitude modulation. 

A change in sample temperature AT causes a change in interferometer 

length AL, which shifts the resonance frequencies by Av. Then a = (1 /AT) 

(AL /L) _ - (1 /AT)(iv /v). Thus, a can be measured with precision limited 

ultimately by the stability of the source laser, in practice 1:109 with 

presently available commercial lasers. 

For a sample of Owens -Illinois Cer -Vit, a has been measured at 10 tem- 

peratures in the range 3.0 to 32.4 °C, with a mean error of 2 x10-9 and a max- 

imum error of 3 x10 -9. For a sample of Corning ULE silica, a has been mea- 

sured at six temperatures in the same range, with a mean error of <1 x10 -9 

and a maximum error of <1.3 x10 -9. 

DESCRIPTORS: Lasers, Thermal expansion coefficient 
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INTRODUCTION 

The past few years have seen the development of glasses and micro - 

crystalline materials with very low coefficients of thermal expansion. These 

materials are finding application in instruments and systems whose dimen- 

sional stability in the presence of large temperature variations is essential: 

for example, astronomical telescopes and stable - frequency lasers. The ther- 

mal expansion coefficient, a, is a function of temperature, however, and this 

function must be known at least partially for each material before the appli- 

cability of the material can be assessed. 

Standard methods of measurement 

Although the new materials demand that a be measured with a precision 

on the order of 1:109, standard methods used in the glass industry' for mea- 

surement of expansion coefficient do not detect length changes smaller than 

3 x10 -6 cm per cm. For a sample 10 cm long, this amounts to a precision in 

a of 3:107, two to three orders of magnitude too small. 

Small a's can be measured by these methods if the temperature interval 

AT is large or the sample is long. Large AT, however, gives only an average 

a without revealing how a varies with temperature. To satisfy the precision 

requirement in a standard method with reasonable AT, lengths exceeding 1 m 

are needed. Such lengths are not practical. The practical maximum is about 

10 cm, a length much used for expansion measurements. 

New approaches 

Two classes of approaches reported in the past two years show some 

qualified promise. 

Ciass One.- -The first class gives average a's over temperature inter- 

vals of, typically, 30 °C with precision of a few parts in 109. 

A. Itek's holographic interferometry method2 involves essentially two - 
beam interferometry, but it is capable of measuring a variety of sam- 
ple sizes without special preparation. 

B. Corning's vitreous silica dilatometer1,2 depends on displacement of 
part of a dc differential transformer by means of a fused silica rod 
in contact with the sample. The silica rod, which is partly immersed 
in the sample bath, cannot be held entirely at constant temperature, 
and its thermal expansion influences the measurement. Therefore, the 

instrument must be independently calibrated. 
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Neither method A nor B yields any information about the behavior of 

a as a function of temperature between two widely separated temperatures. 

Class Two.- -The second class of methods offers higher precision in a 

and fundamentally greater sensitivity, permitting temperature intervals at 

least 10 times smaller than those of Class One. 

C. In the method of White,3 resonances of a Fabry -Perot interferom- 
eter, whose spacer is an expansion sample, control the frequency of 
a slave laser. Changes in spacer length cause frequency shifts, 
which are measured by beating with the output of a stable laser. By 
this method, a is determined with a precision of about 1:109. 

D. Another development reported recently4 embodies a similar princi- 
ple but combines the slave and stable lasers in one cavity. The 
laser cavity is long enough for two axial modes. One of the two 
conventional cavity mirrors forms a resonant reflector with a third 
mirror separated from it by about 1 /10 cavity length. The two are 
spaced by an expansion sample. Owing to the small mirror separa- 
tion, this reflector can be resonant for only one of the laser modes. 

Changes in spacer length shift the frequency of only the resonant 
mode, and the shifts are measured by beating with the nonresonant 
mode. Changes as small as 10 -11 cm in a centimeter or so of length 
have been measured, suggesting a precision in a of 1:1011. The es- 
pecially exciting feature of this method is that the laser need not 
be stabilized since changes in cavity length affect both modes 
equally. 

Methods C and D are absolute. However, they involve control of some 

of the oscillation conditions in a laser. This is straightforward for a 

properly equipped laser laboratory but undesirably difficult for the glass 

company measurements laboratory if a simpler alternative exists. 

A new method 

We have developed a new method for measuring linear thermal expansion 

coefficients that is both precise and readily implemented. The method has 

a fundamental precision of 1:109, limited only by laser stability, and sen- 

sitivity comparable to that of White's method.3 Except for two mirrors, 

sample, vacuum -tight enclosure, phototube housing, and two homemade thermo- 

couples, all of the elements in the measuring apparatus are commercially 

available. No specialized experience is necessary for satisfactory measure- 

ments, and the method is absolute, needing no calibration. 
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PHYSICAL BASIS 

Our new method is based on the dependence of a Fabry -Perot resonance 

frequency on mirror separation. When the separation changes, the resonance 

frequency changes and, by means of a variable -frequency light source, the 

frequency change can be measured. Thus, in an interferometer whose plates 

are spaced by an expansion sample, resonance frequency shifts can be related 

to temperature and length changes, and values of a can be computed. 

Interferometer 

In place of the conventional flat -plate Fabry -Perot interferometer we 

have employed the "spherical" version, whose highly reflecting mirrors are 

spherical but confocal. Spacing the plates is an annular cylinder, an expan- 

sion sample, with plane -parallel ends. 

The lowest -order transverse mode of the interferometer (TEM00q) pro- 

duces transmission peaks at frequencies given by y =qc/2L, where c is the 

velocity of light in the medium between the mirrors, L is the axial separa- 

tion of the plates, and q is the order of interference (Fig. 1). 

c/2 L 

c /4 L -{ 
Olq 

i F-- 

112 vi vs 1/2 vgT - 
HAv 

i'----- m14- 

Fig. 1. Schematic representation of interferometer resonances and Zaser 

and sideband frequencies. Frequencies v,, vs, and vs are Zaser 

and upper and lower sidebands, respectively; vm is modulation 

frequency; and vi and v2 are resonances at temperatures T1 and T2. 
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A change in reflector spacing AL causes a frequency change Av satisfying 

the relation 

Av/v = -AL/L. (1) 

It is evident that Eq. (1) offers a sensitive means of measuring small length 

changes, such as those resulting from temperature shifts. The linear ther- 

mal expansion coefficient is defined by a - (1 /AT)(AL /L). It follows from Eq. 

(1) that 

a = -(1/AT)(Av/v). (2) 

Thus, as the interferometer temperature is changed from one fixed value to 

another, a simple measurement of the frequency shift of a transmission peak 

is sufficient to determine the mean a of the mirror spacer in the selected 

temperature range. 

Higher -order transverse modes are readily excited in the spherical in- 

terferometer and produce the same effect as TEMppq.5 -8 However, they can, in 

some situations, cause confusion and introduce error. Careful adjustment of 

wavefront curvature and beam size by means of a simple lens can eliminate 

these modes. As will be shown later, it is convenient to be able to select 

either of the two lowest -order modes, TEMppq and TEMplq, which differ in fre- 

quency by c /4L. 

Tuned light probe 

A convenient variable - frequency light source with which to probe the 

interferometer modes is a sideband derived from a continuous laser beam by 

amplitude modulation.9 Two sidebands are generated, one above and one below 

the laser frequency, each differing from the laser by the modulation fre- 

quency (Fig. 1). If the laser has a stable but arbitrary frequency vQ and 

the interferometer mode at temperature T1 has frequency vl, then the side - 

band frequency needed to probe the mode is vs1 = vQ ±vml =v1, where vml is 

the modulation frequency. Further, if at T2 the mode frequency is v2 so 

that vs2 = vQ 
±vm2 =v2, then the change in frequency is Av =vs2 - vsl = ±vm2 '+ 

vml, the difference in modulation frequencies. It is clear that, as vm 

increases, the frequency of one sideband increases while the frequency of the 

other decreases. 
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An effective light modulator1o,11 may be made from a uniaxial crystal 

strongly exhibiting the linear electro -optic effect,12,13 An example of a 

modulator crystal is potassium dihydrogen phosphate (KDP). When an alternat- 

ing voltage is applied along the crystalline optic axis of such a crystal, 

the phase retardation of transmitted polarized light is modulated. The phase 

modulation is converted to amplitude modulation by appropriate polarizers 

and wave plates before and after the crystal. 

If the modulation is weak, the sideband intensity will be low compared 

with the laser, or carrier, intensity. As the transmittance of the inter- 

ferometer is not zero between peaks, even when the finesse is large, the car- 

rier intensity that leaks through there may be larger than the sideband at a 

transmission peak. It is possible to minimize this difficulty by suppressed - 

carrier modulation. This is achieved by crossed linear polarizers, one in 

front of the modulator and one behind. Ideally, no carrier comes through 

the modulator in this type of operation although, in practice, the carrier 

may be reduced by only 1000 times or so. Depending on the sideband inten- 

sity and on detector noise, this may be entirely adequate. 

Limiting precision 

As the primary motivation for this new method is the determination of 

very small expansion coefficients, great precision in the measurement of a 

is essential. If, in Eq. (2), v is replaced by v(1 ±E), where v is the mean 

frequency of the laser light and E is a random time -dependent uncertainty in 

frequency, then 

a = -(1/AT)(Av/v±E). 

Thus, if AT is about 1 °C, the condition a must be observed. That is, the 

temporal instability of the laser frequency establishes a lower limit on the 

value of a that may be determined with precision. Conversely, the source 

laser must be frequency stabilized to a degree commensurate with the precision 

required in the expansion coefficient. 

Errors in AT and Av affect the accuracy of the over -all determination, 

not the minumum value of a. If, however, one wishes to measure large a with 

precision of 1:109, then these errors must be held to very small values in 

order to maintain significance in the decimal place of interest. 
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APPARATUS 

The apparatus (Fig. 2) consists mainly of a servo -stabilized He -Ne 633 - 

nm laser, a KDP crystal modulator driven by a radio -frequency signal gener- 

ator and a wide -band amplifier, the interferometer housed in an environmental 

chamber, and a photomultiplier detecting system with oscilloscope display. 

LASER L1 MOD. POL. - LM 

SIG. 
GEN. 

I I L 

- - - - -I 
I SP. 
i FILTER 

ENV. 
CHAMBER CRO 

Fig. 2. Schematic diagram of the apparatus for measuring thermal expansion 
coefficients. 

Optics 

Laser.- -The laser cavity is hemispherical and is 10 cm long. The 

gain bandwidth of the 633 -nm Ne line is just sufficient to allow one longi- 

tudinal mode to oscillate in this length. Consequently, at any time, only 

one frequency is emitted. Cavity length variation by means of a piezoelec- 

trically moved mirror provides convenient frequency tuning. The transverse 

intensity distribution of the laser emission is approximately gaussian, and 

the power output at line center is about 400 uW. 

Modulator. - -The modulator (Isomet Model EOLM -400) is an inexpensive 

one. It consists of two KDP crystals whose optic axes are perpendicular to 

the propagation axis and whose orientations insure that the birefringence of 

one crystal cancels that of the other. With this arrangement, the modulation 

is unaffected by rotation about the propagation axis. 

Since the laser output already is linearly polarized to less than one 

part in 1000, only the polarizer behind the modulator is required for sup- 

pressed- carrier amplitude modulation. The polarizer is a good Glan- Thompson 

prism, and the carrier intensity transmitted is reduced by a factor of more 

than 1000, limited by the laser polarization. 
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Interferometer. --The interferometer spacer is about 2.5 cm in diameter 

and its walls are 7 mm thick (Fig. 3). Mirrors are optically contacted to 

its ends. 

R 99.6 % 

OPTICAL 
CONTACT 

LOW- EXPANSION 
SAMPLE 

FUSED 
SILICA 
PLATE 

Fig. 3. Cutaway sketch of the interferometer. 

The axial length of the interferometer is 10 cm, so that TEMOOq. and TEMOlq 

are separated by 750 MHz. The present mirrors have multilayer dielectric 

coatings whose spectrophotometrically determined reflectance was 0.996 ini- 

tially. This resulted in a bandwidth of 2 MHz, measured directly by side - 

band tuning, in close agreement with the theoretically ideal value. The 

finesse was 750. Subsequent handling and exposure to the laboratory environ- 

ment have reduced the reflectance, so that the current bandwidth is about 6 

MHz and the finesse 250. This is the condition under which we obtained the 

results reported here. 

Lens LM matches the incident light beam to the interferometer modes. 

Its focal length is 500 mm and it is placed about this distance ahead of the 

center of the interferometer. By adjusting the position of LM, we may excite 

TEMOOq or TEM01q. 

A spatial filter (Spectra- Physics Model 332), consisting of a focusing 

lens and a pinhole, eliminates stray light whose distribution is not charac- 

teristic of the interferometer resonances. Without discrimination, such 

light creates a small but undesirable background. 

Detector. --An RCA type 7326 multiplier phototube with S -20 spectral re- 

sponse follows the spatial filter. Its light -tight housing is attached to 

the spatial filter by a light -tight coupling, so that measurements may be car- 

ried out in full room light. The coupling is flexible, leaving the spatial 

filter free for translational adjustments. 
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Other components. -- Because the laser output diverges rapidly, it must 

be collimated. LCi converts it to an approximately parallel beam of 2 mm 

diameter, which appropriately fills the modulator aperture and is readily 

matched to the interferometer. Lens LC2, which is rigidly attached to the 

spatial filter mount, roughly matches the wavefront from the interferometer 

to the filter. 

Most of the elements in the optical train can be tilted so that reflec- 

tions from their surfaces do not reenter the laser and upset the frequency 

stabilization. The interferometer, however, cannot be so tilted, and, when 

the system is properly aligned, reflections from the interferometer surfaces 

are centered on the laser aperture. The combination of polarizer and quarter - 

wave plate comprises an isolator that eliminates these reflections and the 

attendant frequency instability. Thus, the polarizer performs double duty: 

as part of the amplitude modulation system and as part of the reflected - 

light isolator. 

The environmental chamber was originally provided with only one means 

of optical access, a poor -quality window in the front door. We are using 

this as the relatively noncritical exit window for the interferometer. An 

entrance window, consisting of two high -quality fused silica plates mounted 

in a metal tube, has been placed in the back wall of the chamber. 

Electronics 

Laser.- -The frequency of our Spectra- Physics Model 119 laser can be 

stabilized at the center of the 633 -nm Ne line by means of a controlled - 

temperature oven and a servo mechanism. It is held constant within ±1:109 

per day, that is, e =10 -9. A manual dial control permits adjustment of the 

laser frequency within the Ne linewidth when the servo loop is open. 

Modulator.- -The initial modulation voltage, 0.5 V peak, is derived from 

a Hewlett- Packard Model 608E VHF signal generator, which tunes the frequency 

range 10 -480 MHz. This is increased to about a 15 V peak by a C -COR Model 

3010A wide -band amplifier and applied through a 1:2 transformer to the prop- 

erly terminated modulator. The combined modulator capacitance and lead in- 

ductance appear to cause the voltage on the electrodes and the light modula- 

tion to vary widely with frequency (Fig. 4). The modulation is adequate from 

20 to 430 MHz except for deadbands at 80 -110 and 335 -355 MHz. 
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100 200 300 
Um (MHz) 

400 500 

Fig. 4. Sideband intensity as a function of modulation frequency. 

Detection.- -The 7326 phototube is operated with 1700 V applied to the 

cathode -dynode voltage divider. At this level the dark current noise is 

about 2 x10 -9 A peak to peak or, with a 0.5 MQ load resistance, 1 mV peak to 

peak. We observe the photomultiplier signals on a Tektronix Type 545B oscil- 

loscope with a Type D high -gain preamplifier, whose best sensitivity is 1 mV/ 

cm and whose 1 -Ma input resistance is shunted by a 1 -Ma load at the photo - 

multiplier. 

Since the carrier is suppressed, carrier leakage through the interfer- 

ometer between transmission peaks is negligible. When a transmission band is 

near the carrier frequency, however, the sideband may be overwhelmed. To 

reduce this possibility and to help identify the sideband whenever it appears, 

a 400 -Hz amplitude modulation, available in the signal generator, is im- 

pressed on the radio -frequency modulating voltage. This frequency modulates 

the intensity of the sideband but not of the carrier. Thus, the sideband 

photocurrent is modulated at 400 Hz, providing excellent discrimination against 

noise and carrier. 

Temperature control 

The Delta Design Model 2300CD environmental chamber is a fiber glass 

insulated stainless steel box with continuous closed -loop gas circulation. 

Temperature stabilization is effected by electrical heating coils and liquid 

carbon dioxide injection, controlled by an electronic servo loop. Residual 
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temperature fluctuations in the chamber are further smoothed by the massive 

copper cylinder surrounding the interferometer. As deduced from frequency 

fluctuations, temperature fluctuations at the interferometer are less than 

0.05 °C in the range 1 to 34 °C. The interferometer temperature is sensed by 

two copper -constantan thermocouples attached by Teflon tape, one near each 

end of the sample, and is read on a temperature potentiometer, Leeds and 

Northrup Model 8693. Temperatures from -70 to +315 °C may be established and 

controlled in the chamber. 

Two modifications have altered the chamber insulation very slightly. A 

1/2-inch hole through the back wall accepts a thin -walled (0.010 in.) stainless 

steel tube with a fused silica window in each end. This tube serves as the 

entrance window for the interferometer. A 4 -inch hole in one side wall passes 

a stainless steel evacuation tube. 

Vacuum system 

To avoid frequency error introduced by temperature- caused refractive 

index changes in the air between the interferometer mirrors, the cylindrical 

housing is evacuated by a Welch DUO SEAL vacuum pump, Model 1402, capable of 

attaining and holding a pressure of 10 -3 Torr. The pressure gauge is a CVC 

diaphragm manometer with scale calibration of 0 to 300 Torr. The smallest 

pressure that can be read with accuracy is 10 -1 Torr. Pressures to 10 -2 Torr 

can be estimated and lower pressures sensed. We estimate our system pressure 

to be less than 10 -2 Torr. 

Initial alignment procedure 

The procedure by which the laser, interferometer, and other components 

(Fig. 2) are aligned is neither unique nor, very likely, the best. It is sat- 

isfactory, however, and not difficult. We offer it here for the benefit of 

those who would like to put the method to use with a minimum of delay. 

1. Place the laser about 70 cm from the entrance window in the back of 

the environmental chamber. 

2. Direct the beam so that it is centered on the window. 

3. Position lens LCi in front of the laser to collimate the beam and 

recenter it on the window. 

4. Orient the chamber so that the beam is horizontally centered on both 

ends of the entrance window tube. 

5. Adjust heights of the laser and LC1 as may be necessary to center 
the beam vertically on both ends of the entrance window tube. 
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6. Center the modulator in the beam near LC1. (Since the modulator 
has a small angular aperture, some attention must be given to 
its orientation.) 

7. Place the polarizer behind the modulator and orient it for maximum 
transmission. 

8. Insert the quarter -wave plate. 

9. Position the interferometer inside the environmental chamber so 

that a reflection from it returns through the entrance window 
onto the quarter -wave plate and polarizer. 

10. Rotate the wave plate until the reflected intensity through the 
polarizer is a minimum. (The reflection isolator is now operative.) 

11. Manipulate the interferometer until the reflected light is roughly 
centered on the incident beam, represented by a bright spot on the 
back of the polarizer. 

12. Look at the laser through the interferometer. If the Zaser power 
is less than 1 mW, there is no danger, l4 but caution should always 
be exercised. 

13. The laser looks like two blue spots with red patterns arrayed 
around them. Make small angular adjustments until the spots coincide. 

14. Place a small white screen about 30 cm behind the interferometer and 
dim the room lights. 

15. With the servo loop open, tune the laser until a red pattern ap- 
pears on the screen, indicating a transmission peak. 

16. Move the interferometer in translation and orientation to reduce 
the pattern to a mixture of the lowest -order transverse modes. 
Throughout this and most of the succeeding steps the laser tuning 
must be checked often and frequency drifts must be manually cor- 
rected. 

17. Place matching lens LM (f =50 cm) one focal length in front of the 
center of the interferometer and adjust its transverse position to 

return the mode pattern to the screen. 

18, Touch up the position of LM to limit the screen pattern to that of 
TEMooq (a single spot) or TEM01q (a double spot), depending on 
laser frequency. 

19. Center lens LC2, spatial filter, and photomultiplier on the beam 
emerging from the interferometer, allowing space for opening and 
closing the chamber. 

20. Position LC2 and spatial filter for maximum photocurrent with 1700 
V applied to the photomultiplier. The photocurrent may be kept 
within a convenient range by alternate adjustments of spatial filter 
and polarizer, with polarizer transmission decreasing. 

21. Continue reducing polarizer transmission to a minimum. 

22. Tune the signal generator to a frequency of high modulator response 
and tune the laser so that one of the sidebands comes through the 
interferometer. 
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23. Maximize the sideband intensity by means of small adjustments on 
interferometer, matching lens, and spatial filter. 

24. Close the chamber and readjust the spatial filter for maximum side - 
band intensity. 

25. Tune the laser to line center and lock its frequency. If the lock 

is unstable, it is probably because of reflection feedback into 
the laser. A slight reorientation of the modulator will remove 
this instability, 

26. The system is now ready to operate. 
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TECHNIQUE AND RESULTS 

At this time, experience is too limited to allow us to prescribe the 

best use of our new method. Yet, we have successfully measured the expan- 

sion coefficient of two materials at several temperatures, and we have dis- 

covered some of the important characteristics of the measuring system. 

Measurement sequence 

It is important, when making the required frequency measurements, to 

ensure that the laser is locked or tuned to line center and to note whether 

the interferometer mode lies above or below this frequency. This is easy to 

do with the manual tuning control and servo panel meter on the Model 119 

laser. By means of these, the laser can be tuned to within 1 MHz of line 

center. Since we have independently determined the sense of frequency change 

with dial rotation, the direction the tuning dial is turned to bring the 

laser frequency into coincidence with the interferometer mode tells whether 

the mode frequency is higher or lower. The mode is represented by a large 

deflection in the negative direction on the oscilloscope screen. 

Since the materials with which we are concerned have zero expansion in 

the vicinity of room temperature, the glass companies have suggested that 

our measurements cover a temperature range of 5 to 35 °C. On this basis we 

reduce the sample temperature to approximately 0 °C. This step requires 

about 3 hours. As a rule, the thermocouples in contact with the sample, one 

near each end, indicate a constant temperature about an hour before the sam- 

ple reaches equilibrium. As the sample temperature changes, the signal gen- 

erator must constantly be tuned to keep the 400 -Hz sideband signal on the 

oscilloscope screen. When the interferometer mode frequency becomes constant, 

indicating thermal equilibrium, modulation frequency vm and temperature T 

are recorded. 

Having established a beginning temperature and frequency, we reset 

the environmental chamber to a higher temperature. Without prior knowledge 

of the value of a near T = 0 °C, we arbitrarily select a temperature step of 

5° to 6 °C. Equilibrium is reached in about 2 hours. Again, when T and vm 

become constant, they are recorded. 

Since mode separation is c /4L =750 MHz, in this step or a succeeding 

one, the mode with which we began may drift out of reach (430 MHz). However, 

as one mode drifts out of reach, the next mode drifts into reach of the other 
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laser sideband (Fig. 1), ensuring continuity. In practice, switching from 

one mode to the next can be confusing. For this reason, it is advisable to 

keep the working mode under surveillance during temperature change. 

From this point the remainder of the established temperature range is 

to be spanned by the stepwise procedure described above. The temperature in- 

terval still is arbitrary and its selection may depend on several factors. 

In the region where a ranges from -5 to +5 X10-8 cm /cm / °C, for example, an 

interval as small as 1 °C may be best for resolution. When IaI drops below 

10 -8, however, it becomes necessary to increase the interval to 2° or 3° or 

more in order to maintain reasonable accuracy in the expansion coefficient. 

The final computation of a is carried out with Av and AT derived from 

the data at the two ends of a temperature interval. It is assumed that the 

value of a obtained applies at the mean temperature of the interval. The 

sign of a will be correct if care has been taken with the signs of AT and 

Av. In the procedure outlined here, AT is always positive and Av may be 

positive or negative. Since the right side of Eq. (2) carries a minus sign, 

the sign relationship between Av and a is: if Av is ±, then a is T. 

Results 

We have completed measurements of a on a sample of Owens -Illinois Cer- 

Vit material (Fig. 5) and on a sample of Corning ULE silica (Fig. 6). Be- 

cause glass companies measure a between two widely- separated temperatures, 

5° and 35 °C, our first measurements have concentrated on this region. 

The Cer -Vit measurements show a slope considerably greater than any 

curve for similar material available to us. The ULE silica measurements 

show a slope whose absolute value is similar to that which we have calcu- 

lated from Corning's measured AL /L values2 for a sample of material similar 

to ours (see Fig. 7). However, the zero crossing is different. We plan to 

have other laboratories measure these samples and also to undertake measure- 

ments of "round robin" samples that have been measured elsewhere. 

Additional measurements will be undertaken on Schott Glass Ceramic No. 

8563. 

Errors 

The effects of several random and systematic errors on the accuracy of 

these results must be considered. 
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Fig. 5. Measured values of a vs temperature for a sample of Owens - 
Illinois Cer -Vit. Estimated error: Mean 2 x10-9; max 3 x10-9. 
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Fig. 6. Measured values of a vs temperature for Corning ULE silica 
"Sample B." Estimated error: Mean <1 x10-9; max <1.3 x10-9. 

Fig. 7. Values of a vs temperature calculated from measured values of 
AL /L for Corning ULE silica similar to "Sample B" (measurements 
by Corning Glass Works). 
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Random errors. -- Effects of random errors are as follows: 

1. The laser stability imposes a limit of less than 1 MHz on the ac- 

curacy of the frequency measurements. 

2. Our maximum observational error in Av determined from sidebands is 

1 MHz. This does not differ significantly from the laser stability. 

3. The measurements of some frequencies, those falling in modulator 

deadbands, have depended on our calibration of the manual tuning dial on the 

laser. For these frequencies, our maximum observational error is 3 MHz. 

This error has a significant influence on the accuracy of a except when Av 

is very large. 

4. Temperature difference AT is determined within 0.1 °C. This error 

is, in general, significant, although the magnitude of its contribution to 

the error in a is dependent on AT. 

5. Vacuum pressure fluctuations appear to be entirely too small to 

influence the frequency measurements significantly. 

Systematic errors. -- Effects of systematic errors are as follows: 

1. The curved interferometer mirror plates are made of fused silica, 

whose expansion coefficient is 100 times larger than that of the expansion 

sample. The expansion of the sagitta modifies the axial length of the in- 

terferometer systematically. This has been a significant error in all of 

our measurements. It has been corrected in the results presented here by 

the substitution of Avo -Avsil = Av in Eq. (2), where Avo is the observed 

frequency difference and Avsil is the frequency difference due to the fused 

silica plates computed from known values of asil The magnitude of the cor- 

rection for each point can be seen in the table below: 

Correction for frequency change, Avsil, caused 
by expansion of the fused silica reflectors 

T, 

°C 

Avo, 
MHz 

Avsil, 
MHz 

Av, 
MHz 

3.0 433 -2.9 436 

8.7 275 -2.8 278 

13.8 -54 1.0 -55 

14.3 140 -3.2 143 

16.4 -60 1.8 -62 

20.2 18 -3.3 21 

22.1 5 2.1 3 

26.1 -49 -2.5 -46 

29.5 -60 -1.8 -58 

32.4 -86 -1.5 -84 
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2. The laser frequency (4.7 x1014 Hz) used to calculate a is in error, 

as a result of truncation, by less than 1 %. This can be corrected, but it 

has been neglected here since its effect is significant at only two points, 

at 3.0° and 8.7 °C. 

3. The temperature we measure may have a constant bias of as much as 

1 °C. This error only slides the curve a =f(T) along the temperature scale, 

without altering the function. 

Error treatment. --In assessing the accuracy of our results, we have as- 

sumed that only errors in Av and AT are significant. The table below presents 

a summary of estimated error for each measured value of a for the sample of 

Cer -Vit. 

Summary of estimated error in measured values 
of a for a sample of Cer -Vit 

T, IETI, livl, a E, 

°C ±0.1 °C MHz x108 ± a 

3.0 6.1 

8.7 5.4 

13.8 1.9 

14.3 5.8 
16.4 3.3 
20.2 5.7 
22.1 3.5 

26.1 4.1 
29.5 2.8 

32.4 2.9 

436 ± 3 
278 ± 1 

55 ±1 
143 ± 3 

62 ±3 
21 ±3 
3±1 

46 ± 3 

58 ± 1 

84 ±1 

-14.9 
-10.7 
- 6.0 
- 5.1 

- 3.9 
- 0.8 

0.2 
2.3 
4.3 

6.0 

0.30 

0.24 
0.30 
0.20 
0.23 
0.11 
0.07 
0.16 
0.17 
0.24 

Accuracy improvement. -- Currently, sideband observations are made di- 

rectly on the oscilloscope screen. The signal -to -noise ratio is, typically, 

3:1 and corresponds to an error of less than 1 MHz in modulation frequency. 

This error can be diminished slightly and, at the same time, the deadbands 

reduced by means of narrow -band detection (Hewlett- Packard Model 302A narrow - 

band wave analyzer) and frequency counting (H -P Model 5253B frequency con- 

verter and Model 5245M electronic counter). This process introduces a com- 

plication that we thought to be unjustified for the preliminary results we 

have obtained. When we are able to reduce the error in AT by an order of 

magnitude (Leeds and Northrup temperature potentiometer Model 8686 -2), these 

steps will be taken. 



18 

Recent progress has been made in laser stabilization,15 reducing tem- 

poral uncertainty to 1:1011. When lasers this stable can be used for thermal 

expansion measurements to a part in 1011, greater accuracy in AT and Av will 

be required. 
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