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ABSTRACT 

Thermal expansion uniformity is measured for Tempax and 

E6 Borosilicate Crown Glasses. Nine samples of Tempax are found to 

—8 
be homogeneous in thermal expansion within 2.7 x 10" /°C in the 

temperature range 30 to hS °C. The average experimental reproducibility 

is .15 x 10 /°C. The number of E6 samples is too small to support 

meaningful conclusions. 

vii 



CHAPTER 1 

INTRODUCTION• 

Thermal expansion uniformity is essential to the stability 

of the optical properties of large mirrors. It is the potential 

use of Borosilicate Crown Glass as the substrate for these mirrors 

which motivates this research. 

Large mirror optical systems nearly always undergo temperature 

changes. Non-zero thermal expansivity of the mirror substrate will 

cause a shift in the focal plane with change in temperature. Therefore, 

the ideal substrate material will have low thermal expansivity. More 

importantly, the substrate material must have thermal expansion 

uniformity} inhomogeneities will cause image distortion which cannot 

be compensated. 

Very low thermal expansivity materials (e.g., ULE, Cervit, etc.) 

are quite costly. Quartz is a compromise with ©< =* .$ x 10~̂ /cC at 

room temperature, but is still expensive. The thermal expansivity 

of Borosilicate Crown Glasses (BSC) is nearly an order of magnitude 

higher than that of quartz (see Figure 1 — Pyrex is the BSC represent

ative on this graph), but BSC is much less expensive. In addition, 

BSC can be conveniently cast into hollow-core mirror substrates 

which anneal very quickly. Thus, if they are sufficiently homogeneous, 

Borosilicate Crown Glasses are attractive candidates for large mirror 

substrate materials. 
1 
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The BSC glasses chosen for this study are Tempax (manufactured 

by Schott), E6 (manufactured by Ohara), and "Palomar" (Type 7160 

manufactured by Corning). Type 7160 is the material used in the 

construction of the 200 in. mirror of the giant telescope at Mt. 

Palomar, and in the 8U in. Kitt Peak telescope mirror. It is our 

understanding that this glass is no longer readily available; however, 

we included it in this study because so much is known about the 

performance of the telescope mirrors it was used to construct. 

The uniformity is measured over the temperature range 

30 to US °C. 
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Figure 1. Thermal expansivity of various materials, 
(from Jacobs (19B2)) 



CHAPTER 2 

TECHNIQUES FOR MEASURING THERMAL EXPANSION UNIFORMITY 

Modern materials are so homogeneous that existing methods 

for absolute thermal expansivity measurement have insufficient 

precision to detect inhomogeneities. Thus one cannot determine 

thermal expansivity differences by measuring two relatively large 

expansion coefficients and subtracting. Special techniques which 

measure thermal expansivity differences directly are therefore 

required. Two such differential methods are discussed below. 

The first is the "sandwich seal" method of Hagy and 

Smith (1969). Here a sandwich of alternating materials (A-B-A or 

B-A-B) is sealed together at a temperature greater than the softening 

point of the glasses. After the sandwich is cooled, the residual 

stresses in the center piece are due to the difference in thermal 

expansion of the two glass types. The strain is determined photo-

elastically based on the resulting birefringence of the glass 

sandwich. A problem with this method is that the determination of 

thermal expansion is very indirect, with calculations involving 

several stress parameters of the glasses and various assumptions. 

Thus other information about the glasses is prerequisite. 

h 



The other method of measuring thermal expansion uniformity-

is that used in this investigation. This interferometric technique 

was originally employed by Dean Shough (1981) in his PhD work at 

the University of Arizona. Fabry-Perot etalons are formed from 

the samples, and tunable lasers are locked to the samples and follow 

their length changes with changing temperature (as will be shown in 

Chapter 3). The difference frequency between the lasers (beat) is 

monitored. For two samples of identical thermal expansivity, the 

laser beat frequency remains constant as the sample temperature 

is varied. If the samples are not of identical thermal expansivity, 

the beat frequency will change as the sample temperature changes. 

This change in beat frequency with temperature variation can be 

readily related to the difference in thermal expansivity between 

the samples. The assets of this technique are the simplicity of 

interpretation and high accuracy. Drawbacks include costly sample 

preparation and restrictions on sample configuration (as will be 

evident from discussions next chapter). 



CHAPTER 3 

EXPERIMENTAL METHOD 

Pairs of samples are placed together in a gradient-free 

temperature chamber (see Figure 3). When the chamber temperature 

is varied, the samples expand or contract and the optical cavities 

they form change length and therefore change resonance frequency. 

The tunable (slave) lasers follow these resonance changes, ana 

the beat signal between the lasers is monitored (see Figure 2). 

The change in this beat frequency upon change in sample temperature 

is related to the difference in thermal expansivity between the 

samples as follows: 

Theoretical Background 

The beat frequency between two lasers of frequencies 

and U, is 

fbeat = ' ̂2 *  ̂

A thermal change aT results in the change 

Afbeat =Â 1 

The q order cavity resonance frequency is 

•y\Q. _ _qC. / -2 > 
i 2Lin • 

With index of refraction n=1, the differential change in 

frequency a\J? due to length change aL  ̂is 



So 

AV? = „ 2±i. _ ̂  
1 2L? Li 

\)2AL \£al 
Af = ——- _ —!—L 
° beat L2  ̂

From the definition of the thermal expansion coefficient, 

A L. 

-r-VT 
1 

we have 

Af. 
beat = -̂ g k̂  
AT 2 2 U1 1 

As shown in Appendix 1, 

-̂ l̂aser 

with<.8% error in approximation. Thus equation (7) becomes 

Af, , 
beat -.i , . _ % 

= «,«v, 0*o -«*« ) .. A T laser 2 1 

Rearranging further, 

o<  ̂_ _J Heft i 
2 1"VlaserV^T 

Equation (10) is the deterministic equation: we seek the value 
Uf A 

of (o<2 - ), and I—is the measured quantity. 
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Apparatus 

A top view of the optical table is shown in Figure 2. 

The He-Ne lasers are tunable by means of piezoelectric transducers 

attached to the glass laser tubes. The transducer strains the 

glass tube altering its length and therefore shifting the mode 

structure of the laser. The beams from the lasers are reflected 

up through the sample chamber (a cutaway view is provided in 

Figure 3). The samples are mounted in an evacuated thick-walled 

copper chamber to minimize thermal gradients. The photodetectors 

are located directly above the sample chamber, detecting the light 

transmitted through the Fabry-Perot cavities. The signals from 

these photodetectors are fed into lock-in amplifiers which maintain 

each slave laser frequency at its respective cavity resonance 

frequency. Portions of the beams are split off and interfered for 

beat signal monitoring. The beat signal from the photodetector is 

displayed on a panoramic spectrum analyzer (Tektronix Model 7613). 

The sample configuration is shown in Figure U. A hole 

(larger than the beam diameterJ is bored through the cylindrical, axis 

in order to make the refractive index of the optical cavity unity. 

Mirrors which make the cavity confocal are optically contacted to 

the ends of the samples. In addition, a small hole is drilled in 

the side of the sample to allow the cavity pressure to decrease 

to vacuum when the sample is in the evacuated chamber. 



LASER 1 

DETECTOR 

LASER 2 

Figure 2. Optical arrangement to illuminate twin Fabry-Perot etalons 
and obtain beat frequency 
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k̂ -̂O-ô .-v®; 
/SS.Qp̂ '̂ o.̂ O-C 
:?n ••/-): a O °-'.• =•>>••-

V'J ' V-̂  ' -
r7'. °'c7'' 

r̂ l 
V 
a 
c 
u 
u 
m 

M ̂ M '  

j. j u 
5>.?.S •'''•»• of 
3>0, O o-q, 

b. 3'Ca 

- r>.t/p, 
?»»0$o"o CP.-.Os-.su 

>•»• o-L, 

s.5 

a . «  

:£?J 
a .  a .  

9̂, 
»••*>-» l» 
o* o • a ,Qo C 

•̂ a 

v. 
b't>< TO-V^ 

•<?o-
V. ' 'O !~ar o'G: 

:, o:if 

LN. 

70 cm 

Figure 3. Cutaway view of sample chamber. 
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CHAPTER h 

RESULTS AND ANALYSIS 

Atotal of fourteen samples were tested: nine of Tempax, 

three of E6, and two of Corning "Palomar". The Corning samples were 

included to provide thermal expansion reference values in the 

neighborhood of those of Tempax and E6. 

All Tempax samples were measured against Tempax Sample #17 

as a reference (see Table 1); thus sample #17 has the valuea<x = 0 

by definition. The E6 samples were measured against the sample 

"E6 Uncast". In addition, the Corning and several of the Tempax 

samples were also measured against "E6 Uncast" in order to plot 

all the results on one continuous graph (see Figure 6). 

For an example of the format of one raw data set associated 

with a comparison of two samples, see Figure 8 in Appendix 3. 

The results of the Tempax study are shown in Table 1 and 

Figure 5. The thermal expansion of the none samples have a total 
a o 

spread of 2.7 x 10 /°C and a standard deviation of .95 x 10~ /°C. 

Since the thermal expansivity of Tempax is approximately 

320 x 10 /°C, these nine samples exhibit the normalized values 

(total spread in<=<)/«: = .Qh%, and̂ r = .30%. 

12 
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Table 1. Tempax analysis. 

Sample a* (x  10™̂ /&C) - iw(x 10"*V°C) 

Tempax #1 

u-
\ o
 • 

+
 +1.03 

Tempax #13 0 +.98 

Tempax #1 7 0 +.98 

Tempax #U -.Uo +.58 

Tempax #15 -.83 +.15 

Tempax #8 -.98 0 

Tempax #11 -1.92 -.9U 

Tempax #18 -2.09 -1.11 

Tempax #7 -2.61 -1.63 

Standard Deviation: 

Average Absolute Deviation: 

Total Spreads 

- .95 x 10"8/°C 

| A<* - | = .82 x 10"3/°c 

= 2.66 x 10"̂ /°C 

(â  measured with respect to Tempax #17) 



Ao< - a°<. 
(x 10-8/cC) 

Tempax #1 

Tempax #1 3 

Tempax #1 7 

Tempax #U 

Tempax #15 

Tempax #8 

Average 

Experimental 

Reproducibility: 

.15 x 10"8/°C 

•Tempax #11 

•Tempax #10 

Tempax §7 

-2.0 — 

Figure 5. Tempax results. 
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The Tempax glass from which the samples were chosen was 

a two ton production in the form of 1 /U in. thicK, 3 by U ft. sheets. 

Portions from various locations within the sheets, from various sheets 

across the production, were selected and cast to form the samples. It 

•was of interest to determine whether the inhomogeneities of Tempax were 

due to systematic gradients across the production. However, the 

ordering of the samples in thermal expansivity could not be correlated 

to lot number, sheet number, or location within its sheet. 

Figure 6 contains a graph with a broader scale, including the 

E6 and Corning glass results. The E6 material used was of two forms. 

We had in our possession only one chunk of E6 large enough to make a 

sample ("E6 Uncast"). The two other E6 samples (#20 and #21) were 

comprised of random bits and pieces of E6 which were cast into 

measurable samples. The two cast S6 samples exhibited the same thermal 

expansivity within the experimental accuracy, while the other Eo sample 

—8 differed from them in thennal expansivity by 2.3 x 10~ /°C. 

The two Corning samples consist of: 

1) an uncast sample made from a souvenir ashtray. 

This glass was furnished by California Institute 

of Technology and is purported to be identical 

to the glass in the 200 in. Mt. Palomar telescope 

mirror. 

2) a cast sample of Corning Type 7160. This glass 

was furnished by Aden Meinel and is purported to 

be identical to the glass in the 81; in. Kitt Peak 

telescope mirror. 
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* 
Relative Absolute 
Scale Scale 

Ac< (x lO-8/°C) ©< (x 10 "/aC) 

U0 -- — 3ii0 

30 --

« x Temcax data 
J 

20 1 4- 320 

10 

Corning Type 7160 

Coming "Palomar" 
(ashtray) 

0 - — 26 uncast 
26 #21 — 36 #21 

(before etching) — 26 #20 

— 310 

300 

-10 -- -  290 

Figure 6. Compilation of results. 

* These absolute expansivity values are approximate and based 
on personal communication with Dr. Roger Angel, University 
of Arizona. 
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During the casting process, a residue (from the mold) is 

deposited on the surface of the glass. Since the mirror substrates are 

cast, the effect this impure surface condition has on thermal expansion 

is of interest. Sample "E6 #21" was measured before and after this 

residue was etched from its surface. Before etching it measured 

A R 
A®< = 2.29 x 10 /°C, and after etching it measured Ac< = 2.27 x 10 /°C. 

Since the difference is well within the experimental accuracy, it is 

concluded that for E6 the Surface impurities associated with the 

casting process do not have a significant effect on thermal expansion. 

In order to obtain a reliable estimate of the overall accuracy 

of the experiment, several samples were remeasured (see Table 2) and 

the differences from the original measurements analyzed. We remeasured 

two sample pairs (#15 vs. #17, and #7 vs. #17), and then measured 

several samples against sample #7, the lowest in thermal expansion of 

the group. The average difference between the original and the new 

measurements was .15 x 10 /*C, and this value is taken as the 

reproducibility. We believe the sources of error to be as follows: 

•1) thermal gradients. The sample chamber is constructed 

of thick-walled copper, and a minimum of U hours was 

allowed for each thermal equilibrium. Thus thermal 

gradients, though not measured, should be minimal. 

2) human measurement. The beat frequencies were read directly 

from the spectrum analyzer. Error is estimated at ± 2 MHz. 

3) curve fitting. The data always plotted into a very 

nearly straight line (see Figure 6, Appendix 3), and 

linear regression analysis was determined unnecessary. 
—8 

Estimated error in fitting curves is ± .05 x 10" /"C. 



Table 2. Remeasurements to establish repeatability. 

Measured Samples A*(x 10"a/°C) 

R 
Expected Value of Â x 10 /°C) 
Based on Original Measurements 

—8 
Discrepancy (x 10 /°C) 

#15 vs. #17 • +.96 +.83 .13 

#7 vs. #17 +2.1*9 +2.61 .12 

#7 vs. #1$ +1.75 +1.78 .03 

#7 vs. #11 +.88 +.69 .19 

#7 vs. #8 +.78 +.52 .26 

Q 
Average Discrepancy: .15 x 10 /°C 



CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 

The nine Tempax samples had a total spread of 2.7 x 10~ /°C, 

corresponding to a normalized value (total spread in«x)/o<= .8U%. 

This is comparable to the Heraeus-Amersil Fused Quartz (T08E) results 

of Shough (1981)j who found for eleven samples from three melts a 

total spread of .5x10 /°C, corresponding to the normalized value 

(total spread in =*)/<=< = 1.0%. 

The two E6 samples which were comprised of arbitrarily-

collected scraps exhibited the same thermal expansivity within the 

experimental accuracy. However, this may well have been due to a 

fortunate averaging of widely diverse elements. The third E6 sample 

(E6 Uncast) had a thermal expansivity significantly different from 

the two cast samples (&•=>< = 2.3 x 10~ /°C). Because of the small 

number of similarly prepared samples investigated, we hesitate to 

draw any conclusions regarding E6. 

It is still of interest to learn whether the uniformity of 

E6 surpasses that of Tempax, and further E6 measurements are being 

planned for the very near future. It should be noted that E6 glass 

has been tested for thermal expansion homogeneity by Furuari (1982) 

who found, for 11 samples from 5 meltings, that the homogeneity was 

-8 o -8 
U x 10 /°C (compared with 2.7 x 10 /"C for nine samples of Tempax). 

19 



However, Furuari employed an absolute method (see Appendix 2) with 

less precision than in the Tempax results discussed above. Thus a 

definitive series of high accuracy measurements of £6 is still 

motivated. 



APPENDIX 1 

JUSTIFICATION OF APPROXIMATION 

We begin with equation (7): 

—beat = - 1. (7) 
AT 2 2 11 * KU 

Let us define "̂ aser 
as center of the He-Ne laser transition. 

Then we re-write equation (7) as follows: 

*9̂ 2 ~[V ~ 
Af, beat 

A T  

Combining terms, 

AC. 

"̂ laser " <VlaSar " Kasar " <Vlaser • <" > 

• ""Wz " °S ' * ̂  • '"laaar̂  " K ' ̂laaar'1 • <12> 

Now we compare the magnitudes of the terms to justify the 

approximation of dropping the last two terms. For two samples 

—8 o homogeneous to within the accuracy of this experiment(.15 x 10" /°C): 

^ £ < 2 " ° ^  _ .15 X  10"8 _ , - u  
3ooT^- 5 x 1° • "3) 

The term ("lA ""̂ iaser̂  bounded in magnitude by the halfwidth 

of the Doppler broadened laser transition (from Yariv): 

1 x 109 Hz . (1U) 

2 ~Vlaser) jA ~ V1&se)\ _ 10
9 

= -6 

Vlaser / max  ̂̂ laser /max 5 x 101U X * 1 

21 



Hence the ratio of the minimum value of term #1 (on the right side 

of equation (12)) to the maximum value of term §2 or term #3 is: 

"V-Â min _ 1) '̂"'min _ 5 x 10 ̂  a ?c-n 
,-i) aV max <x ~ -6 3 

°<-̂ umax 2 x 10 

Thus the first term is larger than either of the others by a 

factor of 2j0 in the worst case. For a typical value of 

A°<= .$ x 10 /̂ °Cj this factor 1ijes to 800. Thus the approximation 

is quite safe: 



APPENDIX 2 

THERMAL EXPANSION MEASUREMENT TECHNIQUE OF FURUARI 

This is a Fizeau interferometric method (Furuari (1982)) 

for measuring absolute thermal expansion, and then determining 

homogeneity by comparing the thermal expansion results for the 

—8 
various samples. Furuari states that his accuracy is ±.$ x 10" /°C. 

The technique involves sandwiching the sample between a flat mirror 

and a wedged plate. The changes in sample thickness are determined 

by an automated fringe counting arrangement. This method is 

attractive in that the thermal expansion results are arrived at 

very simply and directly, however, the method would be more 

accurate for homogeneity determination if it compared samples 

differentially. Perhaps an arrangement with two samples separated 

by a known lateral distance and sandwiched between two flat plates 

would be an improvement. Then the fringe separation would be the 

variable of interest. 

23 



APPENDIX 3 

PRACTICAL PROBLEMS ENCOUNTERED IN THE COURSE OF MEASUREMENT --

NOTES FOR FUTURE EXPERIMENTATION 

This appendix is directed to the reader interested in the 

practical details of making measurements on this apparatus, and to 

the successors of the author who will be undertaking similar 

measurements in the future. 

Sample Preparation 

When contacting the disc shaped end mirrors onto the samples, 

much of the difficulty in alignment of the samples can be avoided by 

making sure that the discs share the same cylindrical axis. Often 

the samples do not form perfect cylinders (are skewed), but their 

end faces are always parallel. Thus when contacting the second end 

mirror, the sample should be rotated and the position of the second 

end mirror should be chosen such that the mirrors share the same 

axis of rotation (do not wobble with respect to each other). This 

is facilitated by rotating the sample with the bottom (contacted) 

mirror tangent to a flat vertical surface (see Figure 7), and 

positioning the top mirror such that it is also tangent to the 

surface. This eliminates off-axis mode difficulties and reduces 

the magnitudes of the adjustments involved in aligning the beams 

up through, the samples. 
2h 
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Figure 7. Method of aligning end mirrors on a skewed sample. 
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Alignment 

The simplest method for aligning the samples is to observe 

what the lock-in amplifier sees. This is facilitated by sweeping 

the laser frequency by applying the high-voltage output of a ramp 

generator to the piezoelectric transducer on the laser tube. 

Then view the signal from the photodetector on an oscilliscope 

(triggered by the ramp generator). Now align the beam up through 

the sample chamber so as to maximize the magnitude and sharpness 

of the resonance peak (Fabry-Perot etalon response). 

Measurement 

The direction (sign) of the beat signal must be established 

in some arbitrary but consistent way. The method used by the author 

was to break the lock on the "A" sample by manually tuning the "A" 

laser with a clockwise rotation of the manual tuner. The direction 

of the resulting motion of the beat signal indicates its sign. 

It is important to be certain that the panoramic spectrum 

analyzer is accurately calibrated. This should be checked from 

time to time. 

In order to save time reaching equilibrium, it is best 

to take data with increasing temperature. This is because the 

heating coil adds heat in a relatively uniform fashion (through all 

the curved surfaces of the cylinder), but externally aided cooling 

occurs asymmetrically (i.e., liquid nitrogen coolant poured into 

the bottom of the chamber at first cools only the base plate). 

A sample data set is provided in Figure 8. 



Tempax #11 vs. Tempax #17 

Beat Frequency 
(MHz) 

600 

500 --

Uoo --

300 

200 
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Figure 8. Sample data set. 
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