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ABSTRACT

The differential laser interferometry method and its application for measuring the thermal expan-
sion of samples is described. The thermal expansion of single-crysigl(dbrundum) was mea-
sured up to 1000 K with the differential laser-interferometer. The changes in the distance between
two faces of a stepped shape sample are measured. The main feature of the apparatus is simulta-
neously monitoring two fringe signals that aré 80t of phase. This improvement of the basic laser-
interferometer allows us to remotely measure the thermal expansion of minerals with high precision.
The overall sensitivity with which we can detect changes in length is about 1/100 of the wavelength
of the He-Ne laser (1/100 of 0.6328.0° m). After adjusting for errors caused by heat, the thermal
expansion data measured with the differential laser-interferometer are in good agreement with pre-
vious reports. Use of this apparatus allows the investigation of the high-temperature thermodynamic
properties of important rock-forming minerals.

INTRODUCTION material. Fizeau interferometry methods are limited to tempera-

Thermal expansion data of the minerals that are stablei#¢ Pelow about 1110 K by practical considerations. Tfe 90
the Earth’s interior are very important in equations of statéhase shift technique has been used to improve the accuracy of
and in thermodynamics applied to geophysical problems. T aser interferometry. However the beam paths are often
coefficient of the thermal expansivity, temperature deriva- COmplicated (Roberts 1975) and the optical layout has prob-
tive of thermal expansion, often appears as a multiplying fdems caused by the ta_ble dilation _(MiiIIer _and Cez_airliyan 1991).
tor of the several elastic constants so that the limitation of th& made a new version of the differential laser interferometer
application is controlled by the accuracyooét high tempera- Which uses the S0phase shift technique. The advantages of
tures (Anderson 1991; Anderson and Isaak 1995). Values oPUr apparatus are simplicity of optical layout, which shortens
at the temperature higher than 1200 K are generally estimaB&@h length difference, and decouples table thermal expansion
based on extrapolation of data taken up to about 1200/RM the data.

(Wachtman et al. 1962; Suzuki et al. 1979; Anderson et al. This report describes a differential laser interferometry
1992). Various experimental measurements often diverge method and. its application to remote measurements of the ther-
at the temperature range higher than around 1000 K as shdW#| expansion of the step-shape crystals at high temperatures
by Anderson (1991). Precise data of thermal expansion wolfgder the atmospheric pressure. To demonstrate the accuracy,
allow tighter constraints on thermodynamic approach towaf¥f measured the changes in the length of the standard material
clarifying the equation of state of the earth’s interior. Contagf Single-crystal AlO; (corundum) up to 1000 K, in which range
techniques are not feasible above 1000 K due to apparatus H1§-thermal expansion has been accurately measured by many
tortion. A non-contact technique such as an optical technigdf&@Uups.
will possibly provide the requisite accuracy.

The fundamental laser interferometer technique provides an
accuracy of'the order of the Wavelength of light if we use OnBifferential laser-
fringe counting to measure the change in beam path difference. ~ ) ) o
Matsui and Manghnani (1985) measured the thermal eXpan_Dn‘ferentlal laser interferometry is similar to the method
sion of single-crystal forsterite to 1023 K by Fizeau interfefl€scribed by Hemsing (1979) for velocity interferometers. The
ometry. Basically they use the fringe counting to measure thasic laser interferometer is modified to maximize sensitivity

thermal expansion and their samples are in contact with ot Simultaneously monitoring the two fringe signals that are
90° out of phase. We added\#8 retardation plate (birefrin-

gent waveplate) and a polarizing beamsplitter to the basic laser
interferometer optics. Figure 1 is a schematic.

We used the He-Ne laser of which light was polarized by a
polarizer at 45to the horizontal so that equal intensities were
*E-mail: masuda@gsj.go.jp applied to vertical and horizontal polarization states. The laser
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FIGURE 1. The principle of the differential laser-interferometer. The basic laser interferometer is modified to maximize sensitivity by
simultaneously monitoring the two fringe signals that arfed@ of phase. Th&/8 wave plate is arranged to introduce & Pase difference
between the horizontal component and the vertical component of the laser bean. Photodiode A and B measure the intensitiegmofah
compenent and the vertical component of fringe patterns. The sample is stepped by D.

was not stabilized on a single mode. Because we used mamy. The sample was then stepped by 5 Bnso that light is
longitudinal modes, the average frequency over those longitaflected off two faces of the same sample, thus eliminating any
dinal modes is fairly stable. The laser was not amplitude stapéssible effects due to subtle motion of the sample itself. When
lized. This is unneccessary because the data analysis algorittum parallel beams travel between the interferometer and the
normalizes the data to the amplitude. The laser was not fsample, translational movement of the sample relative to the in-
quency stabilized but an unstabilized laser is sufficient hemrferometer, such as caused by oven movement, does not change
because the spacing of modes of the interferometer are broddléecause it affects both arms equally. The sample was coated
than the spacing of modes in He-Ne laser, and because theniith platinum to obtain a high reflectivity at high temperatures.
terferometer path length difference is 10 mm whereas the laser ] )
cavity roundtrip length is 600 mm. Fringe signal analysis

TheA/8 waveplate is arranged to introduce & plase dif- Figure 2 schematically illustrates the output signals of the
ference between the horizontal and the vertical polalizatiodgferential interferometer. The signal A represents the hori-
of one of the divided beams traveling through the interferommental component of the fringe intensity and the signal B rep-
eter optics. Tha/8 waveplate induces a 4phase lag between resents the vertical component. As the leriytbf the sample
horizontal and vertical fringe phases. The light travels twiéecreases due to thermal expansion, the output signals A and B
through the\/8 waveplate thus when recombination occurs ahow fringe patterns which are 96ut of phase. The outputs
the beam splitter, the horizontally and vertically polarized corof each of the photodiodes are used as inputs for an X-Y dis-
ponents form two fringe patterns that aré 80t of phase. The play similar to the display of a Lissajous figure. Each fringe
two patterns are separated from each other by the polarizireces out one Lissajous figure on the scope. The passage of
beam splitter and then sent to two photodiodes. Photodiod®#e fringe corresponds to the changB iby A/2, withA being
measures the intensity of the horizontal component of fringfee wavelength of the laser beam used.
pattern, while photodiode B measures the vertical component.The change in angl@ of Lissajous figure can be easily
measured with extreme precision. The optical path difference
of the two interferometer beams is 10 mm, twice the sample

A stepped shape sample is used in this technique. We cstep size. The stability of average wavelength of our laser is on
single crystal of corundum into a cube with dimensions of 1fe order of Ix 105 Observed scatter in the an@levs. tem-

Sample shape
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FIGURE 2.Schematic drawings of outputs from two photodiodes and Lissajous figure. Trace A shows the intensity of the horizontakcomponen
of fringe pattern, and B shows the vertical component. These two traces angt 80 phase. When these traces are plotted against each other
(x-y mode), the Lissajous figure in result. The trace of one Lissajous figure corresponds to the change in thefar@ik is the wavelength
of He-Ne laser.

perature was about AThe detection sensitivity can reach nearlyion for air correction heated from 300 K,
1/100 of ayvavelength of th_e laser beam._ This method has b_eeth/D0 = NAQ/4TID, + 2.922x 10 (1 — 3007). ©)
proven reliable for measuring changes in length to a fracti

of the He-Ne laser light: that is on the order of 600 nm. ?Pare must be exercised so that the change in path length mea-

sured is due to the sample and not to the change in the distance
Data correction bhetwegln interferorr;et?r optics. l—;eating of the oven caan cause
. . . the table to expand. If one interferometer arm expands more
b We Icar_1 dettﬁrmwe theflrlif:rea_s(,g in the sample step Iéhgtﬂ\an the other, a false sample growth will appear. We performed
y analyzing the phase of Lissajdis null experiments by measuring the distance change when both
Q = 2rm(2nD /A) + constant. ) laser beams reflect off the same face as the sample is heated.

Instead of measuring samp|e step distadceve are actua”y Any fringe shift in this arrangement is entirely due to ther-
measuringn(T)D, wheren(T) is the temperature dependent remally induced path length change in the distance between the
fractive index of air and = 1.0002922 for air at 273 K, 1 atm,0ptics. We subtract the observed thermal induced path length
and the He-Ne light, and whekds the wavelength of the He- change from the measured data.

Ne laser beam. Increasing temperature caused a decr@ase in RESULTS AND DISCUSSION
which mimics a shrinking sample (of fractional change 2.045

x 10* at 1000 K). Thus actual sample growth values will be We measured the thermal expansion of single-crystal co-

greater than measured. The fractional sample growth is rundum in order to demonstrate our technique. A single crystal
of Al,O; was cut into cubic shape along the crystakis then

AD/D, = NAQ/4TmD, —An/n. @) stepped by. The original length of sample stéh, was 4.955
We can approximate to be unity and obtain a working equamm. We measured the change in the leythith our differ-
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FIGURE 3.Sample Lissajous figure formed from the outputs of two A
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