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ABSTRACT

The system developed by James N. Bradford at The University of
Arizona Optical Sciences Center to measure small thermal expansion co
efficients has been used to perform many measurements for thermal expan
sion and homogeneity studies.

The apparatus has been improved and the

temperature measurement range extended to cover -150°C to 300°C.
Electro-optic modulation capability has been extended to 1000 MHz with
state-of-the-art flat frequency response from 500 to 1000 MHz.

A new

temperature control and measurement system, developed to measure large
thermal expansion, was built and has short-term temperature stability of
l O - ^ C near room temperature.

INTRODUCTION

New low-expansion materials have recently been developed by
Owens-Illinois, Inc., Corning Glass Works, and Schott Glass Company.
These materials are normally prepared so as to have a zero value of the
thermal expansion coefficient, a = (1/L)(AL/AT), in the vicinity of room
temperature or an average thermal expansion over the range 0° to 35°C on
the order of -2 x 10“8 cm/cm°C.

With the advent of these low-expansion

materials, a method was required to measure a precisely.

A system was

developed by Stephen F. Jacobs and implemented by James N. Bradford at
the Optical Sciences Center to measure low thermal expansion with an un
certainty of 1 x 1 0 -9 cm/cm°C (Bradford, 1969; Jacobs, Bradford, and Berthold, 1970).

Their method for determination of small a is an order of

magnitude better than the glass companies can achieve with interferometric techniques for thermal expansion measurement.

Interest shown by

the glass companies, as well as MIT Lincoln Laboratories, in the Optical
Sciences Center's ability to precisely determine a led to their provid
ing many 1ow-expans ion samples for thermal expansion measurement and
financial support for much of the work reported here.
Jacobs and Bradford's method of precision measurement of small
thermal expansion coefficients is shown schematically in Fig. 1.

I have

made.a number of improvements to the measurement system, including the
following:

(1) modification of the vacuum system and sample-cooling sys

tem to cover the temperature range -150° to 300°C, (2) extension of the
laser beam modulation capability from 10 MHz to 1000 MHz with a flat
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frequency response from 500 MHz to 1000 MHz, which is state-of-the-art
for electro-optic modulation, and (3) improvement of temperature control
to enable measurement of large, as well as small, thermal expansion co
efficients using a thermally stable oven with 10~4oC temperature control
in the room temperature range.
Jacobs and Bradford’s method of thermal expansion measurement
employs a frequency stabilized laser beam that is amplitude modulated by
a KDP crystal.

The tunable sidebands created from amplitude modulation

are used to probe a confocal Fabry-Perot (F-P) etalon whose spacer is
the expansion sample.

The resonant frequencies of the etalon shift with

changes in temperature, and these resonant frequency shifts, Av, may be
related to the thermal expansion a using the relationship Av/v = -tsL/L,
where v is the stable laser frequency and AL is the length change over a
temperature interval AT for a sample of length L.

The ultimate preci

sion attainable is limited by the laser’s frequency stability, Avj^/v.

During a measurement, a F-P resonance is tracked with the tunable side
bands of the amplitude-modulated laser beam as the temperature of the
F-P etalon changes.

Av and Af are thus determined, and a is calculated.

The apparatus for thermal expansion measurement, shown in Fig.
1, includes the frequency-stabilized laser and collimating lens Lj.

The

laser beam passes through modulator M, which is driven by an amplified
variable frequency source whose frequency may be determined by the fre
quency counter FC.

Unmodulated laser light is blocked by polarizer P,

and the combination of P and the quarterwave plate, A/4, blocks any re
flections from Lg and the thermal expansion F-P cavity.

Lens L2 matches

the laser beam wavefront to the F-P cavity forming the expansion sample,
shown inside the copper cylinder and Delta Design chamber.

Off-axis

stray light from the F-P cavity is removed by the spatial filter, and
light transmitted by the cavity at resonance is detected by detector D,
whose output is displayed on an oscilloscope.
to detect the sample's temperature.

Thermocouple TC is used

IMPROVEMENTS IN BRADFORD’S APPARATUS

The vacuum system and sample cooling system used by Bradford
were modified to extend the temperature measurement range of the thermal
expansion apparatus.

Bradford was limited to the temperature range -70°

to 200°C, but the glass companies were interested in measuring a over
the range -150° to 300°C, and several changes were required to accommo
date thermal expansion measurements between these temperature extremes.

Vacuum System
The thermal expansion sample is placed in vacuum to avoid pres
sure tuning effects that occur when there is gas present between the
mirrors.

The mechanical forepump used for evacuating the copper cylin

der housing the sample was not able to pump fast enough at temperatures
above 200°C to remove outgassing ions from the sample chamber.

In order

to pump at a fast enough rate to stop the deposition of these foreign
particles onto the dielectric etalon mirrors, a liquid-nitrogen-cooled
cryosorption pump was added to the vacuum system in series with the me
chanical pump.
Vacuum seals were required that would work over the temperature
range -150° to 300°C.

No 0-ring was found adequate for this entire tem

perature range; therefore, two 0-rings were used.

General Electric sil

icon rubber RTV-106 seals from -75° to 400°C, and it was used for all
measurements from 50° to 300°C.

An 0-ring of this compound was made for

the sample's copper cylinder housing to seal the removable copper cap.

The RTV-106 was replenished around the O-ring each time the cap was re
moved.

A separate copper cylinder was built for the low-temperature

measurements„

For this cylinder, an O-ring made from 0.060-in.-diameter

indium wire, which seals from -273° to 120°C, was used for each sealing
of the copper cap.
-150° to 50°C.

The indium O-ring covered the temperature range

With these vacuum seals, a pressure of 1 x 1 0 -3 Torr

could be attained.

Sample Cooling System
The expansion sample enclosed in its evacuable copper cylinder ,
sits in an environmental chamber manufactured by Delta Design, Inc.
This chamber maintains a stable temperature for thermal expansion mea
surements.

The lowest temperature Bradford could achieve using this

chamber was -70°C through injection of liquid CO 2 •

In order to extend

the cooling capability to -150°C, a liquid nitrogen transfer tube with
pressure relief valve was inserted and clamped to the mouth of a 25-liter
liquid nitrogen storage dewar, and the liquid nitrogen was injected into
the Delta Design chamber through an injection valve and nozzle.
dewar was pressurized to 15 to 30 psi.

The

Above 30 psi, the relief valve

can open to prevent possible rupture of the thin stainless steel inner
wall of the dewar.

Frosting of the temperature chamber's outer trans

mission window during cooling below 0°C was eliminated by placing a
heated 1000 fi, 10-W resistor on the chamber window.

MEASUREMENTS FOR THERMAL EXPANSION AND HOMOGENEITY STUDIES

---

Several homogeneity studies were made for Owens-Illinois, Inc.,

to determine the variation of thermal expansion of their large Cer-Vit
mirror blanks.

The results of these homogeneity and other thermal

expansion studies are presented in this chapter in plots of thermal ex
pansion vs temperature.

Some of these results have been report previ

ously (Jacobs, Berthold, and Osmundsen, 1971).

Cer-Vit Homogeneity as a Function of Heat Treatment
Samples 1A, 2A, 3A,.4A, 5A, and 6A (Fig. 2) came from Blank A;
Samples IB, 2B, 3B, and 4B (Fig. 3) came from Blank B; and Samples 1C
and 2C (Fig. 4) came from Blank C.

Blanks A and B were each heat-treated

(Sayers,.1973), and the greatest deviation in a across the blanks oc
curred at low temperatures.

Blank C was also heat-treated, and Sample

1C from that blank was re-heat-treated (Sayers, 1973).

Comparison of

the curves for 1C and 2C shows that heat treatment can substantially al
ter the thermal expansion of Cer-Vit.

In addition, it appears that the

low-temperature deviation in a throughout Blanks A and B could be due to
nonuniform heat treatment of the blanks.
The 12 samples measured from Blank D (Fig. 5) provided a homo
geneity study of a heat-treated Cer-Vit blank with a large negative ther
mal expansion from 0° to 35°C.

Uniformity of thermal expansion is very

good for this blank when compared to that of Blanks A and B.
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Homogeneity Study for Cer-Vit with Density Variations
Samples IE and 2E (Fig. 6) came from Blank E, which had a high
negative thermal expansion from 0° to 35°C as well as density varia
tions from stress and strain throughout its volume.

Sample IE was

taken from an area where extreme density variations were present (Say
ers, 1973), and Sample 2E was taken from an area of uniform density.
The good agreement between the a curves for Samples IE and 2E indicates
that thermal expansion measurements are not closely correlated with
density variations in Cer-Vit.
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Miscellaneous Cer-Vit Materials Studies
Two samples were taken from Blanks F and G, respectively, to
learn about Cer-Vit materials with a zero crossings at unusually low or
high temperatures.

Blank F (Fig. 7) had a large negative thermal expan

sion from 0°to 35°C, and Blank G (Fig. 8) had a large positive expansion
from 0°to 35°C.
Sample 1H, from Blank H (Fig. 9), was measured to determine the
shape of a versus blank size.

Blank H was small in volume compared to

the other Cer-Vit blanks measured and required a short heat treatment
compared to significantly longer heat treatments for the other blanks
(Sayers, 1973).

As seen from Fig. 9, the shape of a versus temperature

is generally the same as in Fig. 8, indicating that the length of heat
treatment does not affect the thermal expansion of Cer-Vit.

§

5
X

e

- 30

-150

-90

30

0

30

Temperature

Fig. 7.

90

150

210

270

(CC)

Thermal Expansion vs Temperature: Cer-Vit Sample
from Blank F with Negative a from 0° to 35°C.

11

8
8
X

o

-30

-150

-90

-30

0

30

90

150

210

270

Temperature (°C)

Fig. 8.

Thermal Expansion vs Temperature: Cer-Vit Sample
from Blank G with Positive a from 0° to 35°C.

90

60

30

0

30

-150

- 90

30

0

30

90

150

210

270

Temperature (°C)

Fig. 9.

Thermal Expansion vs Temperature:
from Blank H (Small Blank).
Note the similarity to Fig. 8.

Cer-Vit Sample

12

Homogeneity Study and Material Comparison
Results of a comparison and homogeneity study for MIT Lincoln
Laboratories are presented in Figs. 10 through 13.

Low-expansion mate

rials Cer-Vit, ULE (Corning), and Zerodur (Schott) were measured.

Fig

ure 10 is a comparison of the thermal expansions of these materials.

Of

the three, Cer-Vit has the largest expansion and ULE the smallest expan
sion near room temperature.

Two samples of each material came from the

same large blank, and their relative homogeneities were also of interest.
Results of the homogeneity studies are presented in Figs. 11 through 13.
Note that Zerodur is the most uniform.
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ANALYSIS OF EXPERIMENTAL PRECISION

In this section the relevant factors are given that determine
the precision with which the thermal expansion is measured.

It is shown

that the important parameters determining precision are the laser fre
quency stability, Av^/v, and uncertainty in temperature, AT.

There are

two important limiting cases for precision in thermal expansion measurement,
Avjj/v.

First, for ultralow thermal expansion, precision is limited by
Second, for the case of most materials with larger thermal ex

pansion, precision is limited by the uncertainty in AT.

Work on stable

oven design described in a later section was done to lower the uncer
tainty in AT to a value where all thermal expansion measurements could
be made with equal precision.

Once the basic precision of the measure

ment is determined, one builds a Fabry-Perot cavity whose resonance can
be located to within an accuracy that is compatible with the desired
precision.

The uncertainty in determining the frequency of the F-P res

onance is the third source of error in the measurement.
The differential thermal expansion, a, is defined by

_
“

=

1 dL
L dT

’

1 dv
'vdf "

(1)

where L is the sample length, v the laser frequency, and T the tempera
ture.

In experiments, the derivatives are replaced by deltas and a is

assumed to be linear over the range AT.

On a plot of a versus tempera

ture, the a value determined from a measured Av and AT is plotted at
temperature T ^
'

(the midpoint of AT).

If a is highly nonlinear (or AT

'
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is very large), the a value measured will not be a true representation
of the thermal expansion at Ta v .

However, we assume in the following

discussion that such is not the case, and that a measured a value is
made on a material with a slowly varying expansion with temperature and
that a small enough AT is used to give an accurate determination of a.
It is important to understand that any measured a is an average value
over the temperature interval of measurement.
For a general function z =
0

, the error

(2 ) is given by (Marton, 1959)

(OT)

.2

=

± [l
J

(2)

where the a;(<7*) are measured variables and oyx^ty is the uncertainty in
measurement of those variables.

Using Eq. (2), the error in measurement

of a is

a(c° = -[(-&) a2(-hT)+(jt)

+(B) a2(v)] 2(3)

Carrying out the partial derivatives, Eq. (3) becomes

o(a)

=

±[(-

3^rv)

0^(0?)

* (oar)

oO(aa)

C4)

Equation (4) can be rewritten as

0(0)

=

± [ ( i? )

a 2 (AT)o 2 ( f i v ) +

o 2( v ) J ^
(5)

which reduces to

For the thermal expansion measurements reported herein, a values are
stated to an uncertainty of 1 x 1 C T 9 cm/cm°C; a(AT) - 0.5°C, a(v) - 1 MHz,
and the measurement uncertainty in Av - 2 MHz plus the laser frequency
uncertainty of 1 MHz yield a total error a(Av) of approximately 3 MHz.
Therefore, if AT is 10°C and the measured a is 2 x 10~9 cm/cm°C, a(a) is,
from Eq. (6),

a(a)

=

± 2 x10'9C2.5x10-3 + 10"1 + lO-18]^

=

±0.6 x 10”9 cm/cm°C.

The limiting measurement error for this case of small a is the uncer
tainty in laser frequency and measurement of Av.

For large a, on the

order of 10~6 cm/cm°C, and AT = 10°C, Eq. (6) becomes

0

(a)

=

±10"6[2.5x10”3 + 4 x l O -14 + 10"18]^

-

±5 x 10“8 cm/cm°C,

indicating that the error in measurement of a becomes limited by the un
certainty in AT.

STABLE OVEN DESIGN
y
Corning Glass Works expressed to us an interest in obtaining
thermal expansion measurement for its Type 7940 fused silica,.which has
an ct on the order of 10“6 cm/cm°C.

In the previous section, the error

in measurement for this large a was shown to be about 5 x 10“8 cm/cm°C,
or 5%.

This measurement precision was satisfactory for Corning, but our

present methods of temperature control using the Delta Design tempera
ture chamber were not adequate for measurements of higher precision.
Since most materials.have a thermal expansion of 10“6 cm/cm°C or larger,
we decided to develop a better method of temperature control and measure
ment for high precision measurements of large a.

With the development

of such a stable oven, we now have the capability of measuring thermal
expansion of materials with a as large as 10“5 cm/cm°C to a precision of
1 x 10"9 cm/cm°C.
Our new oven design is based on empirical optimization of geome
try and thermal mass demonstrated by Williams (1971).

He achieved tem

perature stability of 10“6 °C at 40°C for several days at the center of
two concentric spherical ovens.

We could not use spherical geometry to

achieve a uniform temperature along our cylindrical samples because of
temperature gradients along the radii of a spherical oven.
geometry, therefore, was used in the oven design.

Cylindrical

Figure 14 shows

transverse and longitudinal views of the oven design.

A massive copper

housing is designed to hold the thermal expansion samples.

This housing

is surrounded by polyurethane insulation with thermal conductivity equal
'
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to 5.8 x 10”4 cal sec-1 cm-2 °C“1 cm.

A cylindrical copper oven with

heater and heated endcaps encloses the inner cylinder, which is sur
rounded by insulation.

More insulation surrounds the heated cylinder,

which in turn is enclosed by a stainless steel cylinder.
assembly sits in a cold environment supplied by a freezer.

This entire
The tempera

ture stability of the environment provided by the freezer is about 0.5°C,
and this stability is important for maintaining a constant temperature
along the axis of the concentric cylinders.

Optimum temperature differ

ence between the temperature of the heater and the environment of the
oven is around 20°C, as demonstrated empirically by Williams.

A 20°C

temperature difference between environment and heater produces a thermal
gradient that is optimum for servo temperature control using a thermis
tor sensor with resistance R of 100 kfi to 10
10"6 °C.

and AR/hT of 0.1

per

The demonstrated temperature control of this apparatus has

been far beyond the commercial state of the art:

Short-term stability

20

of better than 10-1* °C for several hours and long-term stability of
about 10-3 °C over several days provides the capability of room tempera
ture measurement of thermal expansion coefficients on the order of 10~5
cm/cm°C to a precision of 1 x 1 0 ~ 9 cm/cm0C.

MODULATION OF LASER BEAM

State-of-the-art performance has been achieved for light modula
tion from 10 MHz to 1000 MHz.

Our new system utilizes an Isomet EOLM

400X modulator with two KDP crystals in tandem and six gold-plated cop
per leads to the crystals' surface electrodes.
the optic axis of the crystals.

Light propagates along

The modulator is driven by 50-W rf

sources made by Ailtech Corporation.
In a ferroelectric crystal like KDP, an electric field applied
along the optic axis induces birefringence transverse to the axis.

In

this situation, a polarized light beam propagates through the crystal
with two orthogonal polarizations, as shown in Fig. 15.

P olarization
vector

Transm itted

1i g h t
Incident
Output

1i g h t
O ptic

axis

p o larizer

perpendicular
input

to

p o larizatio n

V

Fig. 15.

Illustration of KDP Light Modulator.
ne '> ' are refractive indices induced by voltage V;
they are at a 45° angle with the incident polariza
tion vector.
(After Yariv, 1967.3

If the applied electric field is large enough to introduce a 180° rela
tive retardation between these two polarizations, then the polarization
vector of the incident beam is rotated 90° as it exits from the crystal
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The applied voltage required to achieve this 90° rotation is called the
half-wave voltage, ^x/2*
A polarizer placed after the KDP crystal and crossed with the
incident beam’s polarization passes only phase-modulated light whose
frequency is equal to the laser frequency plus or minus the frequency of
any sinusoidal voltage applied along the optic axis.

For a power P of

SOW, the rms rf voltage the crystal sees is 7 = /RP, where R is the load
impedance that varies with frequency for the circuit (shown in Fig. 16).
For this circuit, P = 50 fi and 7 = 50 V when P = 50 W.

10 t o

1 0 0 0 MHz,

0 to

50 W a t t s

RG8U Coax

son

KDP

KD P

Electrodes

Fig. 16.

Schematic Diagram of KDP Light
Modulation System.

The modulation
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efficiency or percent modulation of the carrier for our system may be
calculated using (Yariv, 1967)

Jt^ —

where l"trans

=

sin2 (r/2),

■

■

(7)

the light intensity transmitted through the crystal in a

polarization state orthogonal to the incident beam polarization, I q is
the light intensity entering the crystal, and T = it V/V-^/2.
applied voltage to the crystal, and 7^/2
for KDP is 1800 V.

V is the

the half-wave voltage, which

For our modulation system, the calculated transmis

sion, using Eq. (7), is -rtrans/T(} = 0.6%.
We experimentally measured the modulation efficiency at many
modulation frequencies from 10 MHz to 1000 MHz.

The measurements of the

relative intensities of the laser carrier and sidebands were made using
a photomultiplier (PMT) and calibrated neutral density (N.D.) filters. ,
With the polarizer at the output end of the KDP crystal adjusted so as
to pass all laser light, N.D. filters were added in front of the PMT to
provide several millivolts deflection on an oscilloscope connected to
the PMT output.

For this procedure, all rf power to the KDP crystal was

off and the millivolt deflection, ua , and number of N.D. filters of to
tal attenuation, X, were recorded.

The polarizer was then crossed wi%h

the laser polarization, the N.D. filters removed, and the rf power of 50
W applied to the crystal.

Oscilloscope deflections

were measured at

the PMT output as the modulation frequency was tuned to discrete points
N throughout the 10 to 1000 MHz band.

For any

measured, the ratio of

Jtrans to i"o at that modulation frequency was found using the equality
vi/X\)a = Jtrans/^0-

In this way we obtained experimental modulation
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efficiencies of not less than ^transA^O = 0.6%, which are probably good
to a factor of 2 with this measurement technique.
As an indication of the flatness of response, a plot of measured
relative sideband intensity versus modulation frequency is shown in Fig.
17.

Note..the flatness of the curve between 500 MHz and 1000 MHz, where

theoretical modulation efficiency is achieved.

Flatness over such a

wide frequency range is state-of-the-art for electro-optic modulation of
light.

The large variations in the 300 to 400 MHz range are due to im

pedance mismatches at those frequencies.

The impedance mismatch provides

a voltage much in excess of 50 V at the electrodes of the KDP crystals
so that increased modulation occurs.

The impedance change in the 300 to

400 MHz range is caused by the modulator electrode lead configuration
(Fig. 18), which is optimized for impedance flatness in the 500 to 1000
MHz band, but appears, as a low-Q inductor in the 300 to 400 MHz band.

5

Modulation frequency (MHz)

Fig. 17.

Relative Sideband Intensity vs Modulation Frequency.

Fig. 18.

Photograph of KDP Light Modulator.
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