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Phase modulation at 125 kHz in a Michelson interferometer
using an inexpensive piezoelectric stack driven at resonance

Barbara M. Hoeling, Andrew D. Fernandez, Richard C. Haskell,?
and Daniel C. Petersen
Physics Department, Harvey Mudd College, 301 East Twelfth Street, Claremont, California 91711

(Received 24 July 2000; accepted for publication 4 December)2000

Fast phase modulation has been achieved in a Michelson interferometer by attaching a lightweight
reference mirror to a piezoelectric stack and driving the stack at a resonance frequency of about 125
kHz. The electrical behavior of the piezo stack and the mechanical properties of the piezo-mirror
arrangement are described. A displacement amplitude at resonance of about 350 nm was achieved
using a standard function generator. Phase drift in the interferometer and piezo wobble were readily
circumvented. This approach to phase modulation is less expensive by a factor of roughly 50 than
one based on an electro-optic effect. 2001 American Institute of Physics.
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I. INTRODUCTION cordingly and thus providing the modulation of the optical
path length® However, this method typically requires tens of
nigue for measuring the optical properties of a medium.mefter? of flper, mtroduqng into the mte_rferometgr statlc_po-

iJ@nzatlon mismatch which must be eliminated with polariza-

When measurements are made at many spatial points in tt iroll ddles that twist the fib dind
medium, the data can be assembled to form a threero" CONYONETS, €.9., paddies that twist the Tiber and induce

dimensional image; this is the rapidly growing field of opti- stress birefringence. In addition, stretching and relaxing long
cal coherence tom,ography or microscd®CT or OCM.1 lengths of fiber introduces dynamic birefringence modulation
Examination of the fringes at the output of a Michelson in—WhICh requires a Fare_lday_ rotator fpr _compensafldhe-

terferometer can yield the amplitudes and relative phases ntly, fibers coated W.'th p|e_zoe|ectr|c f|!ms have also b(_een
the two beams traversing sample and reference arms, resp ed. When a voltage is applied to the piezo jacket, the fiber

tively, and this information can in turn be used to determing> squeezed radially and thus increases in length. In this way,

the optical properties of the medium placed in the sampléaSt phase'mod'ulations can be achieved, but the modulat.ion
arm. To generate output fringes, the path length differencglm,plltude is typically small. In order to produce a change in
between the two arms is often varied periodically by osciI-IOpt'CtﬁI p?tzholength Ofléum at _100 kHZ’tﬁ f|be1r0((:)o{a/tecfi (cj)v_e_r a
lating the reference mirror position. This mirror oscillation ength o cm would require more than ot driving

H 5
varies the phase difference between the two beams, and zgnp\x;cude. . fib tic Michel interf i
often referred to as phase modulation of the instrument. A € are using a fiber optic Micheison interierometer as

high frequency of phase modulation results in a high fringethe primary component in an optical coherence microscope

frequency and facilitates a rapid measurement of the ampli(—O.CM)' ;22 OCMI uuhz(;as a supﬁrlumw;]escgnt d|ode_ ozer—
tudes and phases, and hence of the optical properties of ffding at nm. In order to reduce the time required to

medium. A high modulation frequency, therefore, can alsoCOIIECt an OCM image, we need a method of phase modula-

increase the speed of image acquisition in an OCM. In thi’gion with a frequency greater than 100 kHz and a displace-

article we describe an inexpensive but rapid method for_ment amplitude of roughly 350 nimearly one fringe at the

phase modulation using a piezoelectric stack driven at one dpterferometer outpiit In this paper, we describe the use of a

its resonance frequencies piezoelectric stack that is driven at a resonance frequency of
Piezoelectric crystals are used in a variety of forms fort22 kHz to produce a displacement amplitude of 350 nm

phase modulation in interferometfy* The mirror in the ref- with a peak-to-peak driving volte}ge of only 5.8 V and a
erence arm of a Michelson interferometer is often attached t8urrent of 80 mA. In Sec. .” we discuss th? electrical prop-
a piezo stack that is driven at frequencies up to 10 kHz, Wenarngs of the unmpunted piezo stac_k, and in Se_c. i we de-
below its resonance frequency. With driving amplitudes ofscr't?e the behavior of the piezo-mirror SySteT“ ina M'Chgl'
some ten to a hundred volts, path length modulations on thaon mterferomete'r. In Sec. IV.We discuss the |mplementat|on
order of a few microns can be achieveth fiber optic inter- of phase modulation in an optical coherence microscope, and

ferometers, the fiber can be wound in a large number of tumgutline our solutions to the problems of phase drift and piezo
around a hollow piezoelectric cylinder. Driving the cylinder wobble.

up to frequencies of a few kilohertz will cause it to expand||. TESTS OF THE ELECTRICAL BEHAVIOR OF THE
and contract radially, stretching and relaxing the fiber acPIEZOELECTRIC STACKS

A Michelson interferometer provides a powerful tech-

We tested piezoelectric stacks manufactured by NEC
dElectronic mail: RicharHaskell@hmc.edu Corporation of Japan(type AE0203D04 available from
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FIG. 1. Impedance of mounted and unmounted piezo vs driving voltage  In order to use the piezo stack for phase modulation, we
frequency. attached a small, lightweight mirrgd.5 mmx1.5 mmx0.1
mm, from Edmund Scientific Co., Barrington, N its face

Thorlabs Inc., Newton, NJor possible use in our Michelson With cyanoacrylate(generically termed “super glue”—we
interferometer. The dimensions of these piezos are 2.§sed Duro Super Glue Tube retailed by Manco in Avon,
mmx5 mmx5 mm. The manufacturer's specifications indi- OH). The piezo stack with the attached mirror was either
cate a displacement of about@n at 100 V dc. Since the 9glued directly onto a standard adjustable mirror mount or
impedance of the piezo decreases initially with increasinglued onto a 25-mm-diam aluminum disk of 5 mm thickness,
frequency Z=1/wC whereC= 100 nF), the larger currents Which was then held by a mirror mount. Although gluing the
necessary to maintain this applied voltage might lead tdightweight mirror to the piezo did not alter its electrical
overheating of the stack at higher frequencies. In any cas&¢havior, attaching the stack to the aluminum disk or the
for operation at higher frequencies, a power amplifier wouldmirror mount significantly changed the piezo’s electrical
be needed in addition to a function generator in order tge€sonance characteristics. Instead of the single electrical an-
supply the driving signal for the piezo stack. Driving the tiresonance of the unmounted piezo, several antiresonances
piezos at their resonance frequency, however, proved to beat frequencies both lower and higher than the original one
method for circumventing these problems. appeared. Figure 1 also shows the impedance of the mounted

We first tested the electrical behavior of the unmountediezo as a function of the driving voltage frequency. This
piezo. Figure 1 shows its impedance as a function of frepiezo had been glued to an aluminum disk with an epoxy
quency. At frequencies well below resonance, the piezo behtended for fiber optic connector@120, from Thorlabs
haves like a capacitor, with the impedance inversely proporlnc., Newton, NJ.
tional to the frequency and the voltage lagging the current by
Tonces & minimum in mpedance, and voltage. and currerl: MECHANICAL BEHAVIOR OF THE PIEZO-MIRROR

. . . ’ q A MICHELSON INTERFEROMETER
are in phase. This frequency is commonly referred to as the
electrical resonance frequency of the piezo. At 330 kHz a  The mechanical behavior of the piezo-mirror was tested
maximum in impedance occurs, and again voltage and cuin one arm of a Michelson interferometer with a helium—
rent are in phase—the electrical antiresonance frequency aofeon lasel633 nm as a light source. In the measurements
the piezo’ Between resonance and antiresonance the impeavith the mounted piezo, we observed that the frequencies of
ance increases with frequency, while the voltage leads thmaximum piezo displacement are those of maximum imped-
current by about 90°. At frequencies higher than the antirescance. The mechanical resonance of the piezo is thus coinci-
nance, the piezo again shows a capacitorlike behavior. dent with its electrical antiresonance. In the following, we

We tested several unmounted piezos of the same modelill refer to those frequencies as resonances for which the
and found their electrical characteristics to be consistenpiezo experiences a maximum in displacement. Figure 2
within a few percent. We repeated these measurements forshows the displacement of the piezo per volt applied at each
different brand of piezo stack with slightly larger dimensionsof the resonance frequencies. For a particular resonance fre-
(3.5 mmx3.5 mmx9 mm, from Piezomechanik, Munich, quency, the piezo displacement was observed to increase lin-
Germany. We observed the same type of behavior, with theearly with increasing driving voltage amplitude. However,
impedance minimum and maximum occurring at 153 and athe displacement per volt varies for the different resonances
191 kHz, respectively, hence at lower frequencies than foof the same piezo and decreases at higher frequencies. Al-
the smaller NEC piezos. though the displacement per volt is higher at the 56 kHz
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resonance by almost a factor of 3, we chose to drive th@iezo with a super glue-mounted mirror, epoxy mounted

piezo in our Michelson interferometer at the 125 kHz reso-onto a 5-mme-thick aluminum disk, provides a displacement

nance because of the higher frequency. of about 350 nm at a resonance frequency of about 125 kHz,
Both the frequencies of the resonances and the correnaking it ideally suited for phase modulation in our OCM.

sponding displacement amplitudes were dependent on the

details of mounting the piezo in a way that could be under-

stood at least qualitatively. Attaching the stack with supeer- IMPLEMENTATION IN AN OPTICAL COHERENCE

glue resulted in lower resonance frequencies and larger di%\f”CROSCOPE

placement amplitudes than in the case where the softer epoxy \We have achieved a high fringe frequency by driving a
was used. We interpret this result to mean that the very thipjezo at the desired frequency and using a piezo resonance to
layer of super glue between the piezo and the mounting sulpbtain a modulation amplitude of roughly one fringe. It is
strate forces the piezo to expand in the free direction onlyalso possible to achieve high fringe frequencies by driving a
This results in a larger displacement of the mirror than wherpiezo at low frequencies but with large displacement ampli-
a thicker layer of the more elastic epoxy is used, presumablyudes. By wrapping 100 m of fiber around a piezo tube, Cruz
because the epoxy can be squeezed by the expanding piezg.al® reached fringe frequencies of 1 GHz with a peak-to-
Also, if the piezo mounted with super glue expands primarilypeak path length difference of 14 mm. However, the large
in the free direction, its center of mass translates, in contrashterferometer path differences inherent in this approach are
with the piezo in epoxy, which may expand and contractincompatible with the operation of our OCM.
about its center of mass. The piezo mounted with super glue Our OCM collects three-dimensional images by per-
then has a greater effective mass as it resonates, yieldirfgrming a series of fast two-dimensional scans in planes nor-
lower resonance frequencies. mal to the incident beam and at regular depth intervals in the
Similarly, the disk on which the piezo is mounted cansample® These two-dimensional én fac& scans are per-
play an important role in determining the positions of theformed at depths determined by the interferometer’s equal
resonance frequencies. We examined the difference betwegmth length position in the sample. Because the typical depth
epoxy-glued NEC piezos on 5- and 10-mm thick aluminuminterval for our OCM is about Zxm, modulation in the path
disks, both of 25 mm diameter. They exhibited essentiallylength difference must be limited to aboutun during one
the same resonance frequencies between 100 and 360 kHx,the en facescans. Larger modulations would degrade the
but the lowest resonance, which also has the largest displacdepth resolution of our OCM. Hence a piezo stack driven at
ment amplitude, was shifted from 56.7 kHz for the thinner toits resonance frequency has provided both a high fringe fre-
85.6 kHz for the thicker aluminum disk. Plate theory predictsquency for fast OCM image acquisition and a small modu-
that the resonance frequency of the lowmgstumheagimode lation amplitude for good depth resolution.
for a 25-mm-diam, 5-mm-thick aluminum disk should be It is important to note that the small modulation ampli-
around 80 kHz and a factor of 2 higher for the 10-mm-thicktude of about one fringe renders our OCM vulnerable to slow
disk® The formula used is valid under the assumptions thaphase drifts arising from thermal expansion and contraction
the disk is held rigidly at its periphery and that the thicknessn the optical fibers comprising the two arms of the interfer-
of the disk is small compared to its diameter. Neither ofometer. These phase drifts result in variations in the ampli-
these assumptions is well fulfilled in our case. Further investude of the fringes as measured in the ac-coupled output
tigation using a finite element analysis software packagsignal of the OCM interferometer. We have described
(sAP 2000Nonlinear V6.15 revealed that the resonance fre- previously a technique for circumventing this problem. We
guencies are very sensitive to the precise mounting condsimply drive the piezo stack so that the mirror oscillations
tions, with the observed frequencies roughly consistent wittamount to 0.42\, yielding 0.84 of a fringe at the interferom-
our three-point mounting technique. Measurements with tweeter output. For this particular amplitude of mirror oscilla-
three-point mirror mounts of different masses yielded thetion, the sum of the powers in the fundamental and second
same mechanical resonances and piezo amplitudes. Thesarmonics in the OCM fringe signal is independent of the
measurements and calculations have led us to conclude thalhase drift. We use the square root of the sum of these pow-
the lowest frequency resonance for the stack-epoxy-disk sygrs as a measure of the amplitude of the fringes in the OCM
tem is probably a fundamental vibration of the disk, while interferometer output. In this way we have achieved phase-
the higher frequency resonances can be attributed to thdrift insensitive operation to within a few percent.
“piezo-in-epoxy” part of the system. The piezo-mirror system is placed in a cat's-eye retrore-
The results for resonance frequencies and displacemefiector in the reference arm of our OCM Michelson interfer-
amplitudes for the same brand of piezo and the same mountmeter(see Fig. 3. The converging lens of the retroreflector
ing technique for the piezo did not differ by more than a fewfocuses the reference beam to a waist of approximately 20
percent. Operating the piezo-mirror system in our OCMum in diameter onto the smalll.5 mmx1.5 mm plane
Michelson interferometer for hours at a time over the coursamirror mounted on the piezo stack. As the piezo elongates
of two years has not caused a shift in the resonance freand shortens, the mirror is translated, producing the desired
guency or a change in the piezo displacement. Even aftgghase modulation. But the mirror rotates very slightly as
hours of continuous operation, the stack does not heat uwell, and this piezo “wobble” can cause small fluctuations
noticeably, and the system seems remarkably stable. Withia the amount of light coupled back into the reference arm
driving voltage of 5.8 V peak to peak, the described NECoptical fiber. While these fluctuations are sm@all part in
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cillation of the position of the retroreflected beam as it is
focused onto and coupled back into the single mode optical
fiber comprising the reference arrfOur choice of a fiber-
based interferometer exacerbates this piezo wobble prob-

f=25mm

|

L3

.tj_ —

. I

]
t
Reference ' X lem. Nevertheless, this oscillation in coupling efficiency re-
Beam M Pi ] sults in less apparent OCM output fringe amplitude than is
Al :;ZE 4 generated by fundamental photon noise. In fact, photon noise
is

has a four-times stronger Fourier amplitude at the fringe fre-
[ quency(125 kH2 than is produced by the piezo wobble. If

| referenced to a true OCM input, the piezo wobble is equiva-
lent to a sample reflection that isX6L0" 7 times that of a
perfectly reflecting mirror.

During an OCM scan of a sample, the retroreflector is
translated away from the fixed reference fiber to examine a
deeper plane in the sampléSee Fig. 3. This translation is
FIG. 3. S_ketch of Fhe cat’s eye retroreflector with reference mirror mountedgenera||y accompanied by a small, undesired rotation of the
on the piezoelectric stack. . " .

retroreflector, and can contribute an additional source of mir-
ror tilt (ag#0). Although this is potentially a serious prob-
10°), they occur at the piezo-driving frequency and can comiem, we have found that our translation sta@éodel 462
pete significantly with the effects of phase modulation whenSeries from Newport Corp., Irvine, QAn combination with
the optical electric field returned from the sample is compaour retroreflector design enable the OCM to perform depth
rably small. scans greater than 1 mm with no discernible increase in the

We have found that a judicious design of the retrorefleceffect of piezo wobble. We rarely scan depths greater than 1
tor can reduce the effect of piezo wobble to a level belownm. Translations of several millimeters, on the other hand,
that of photon noise in our OCM. Snyd®has analyzed the lead to significant increases in piezo wobble signal, though at
effect of mirror tilt in a cat’s-eye retroreflector. Following any given position the mirror tilt can be readjusted to reduce
Snyder’s analysis, we have derived expressions for(the the piezo wobble signal to levels below that of photon noise.
dial) height and slope of the retroreflector output ray in the

Translation Stage

plane of the lens. The deviations in this ray resulting from aACKNOWLEDGMENTS

mirror tilt « and a lens—mirror separatiah=f+Ad that
differs slightly from the focal lengtli of the lens are given

by

Arout=2(ri’n ?rm+a Ad+2fa,
21 ()
Ar(’,ut=?(?rin—ri’n—a Ad.

In Eq. (1), Aro, andAr/, are the deviations in the height
and slope of the output ray in the plane of the lens, gpd
andr;, are similarly the height and slope of the input ray in
the plane of the lens. In our case the mirror tiltcan be
expressed as an average valug plus an oscillatory part

aq(t):

a=ag+ ay(t).

)

To minimize the deviations given by E(), our retroreflec-
tor design provides independent adjustment of mirror tilt an
lens—mirror separation, so thay,—0 andd—f(Ad—0).
The remaining oscillatory mirror tilt results ultimately in os-

We gratefully acknowledge support for this work from a
Special Opportunity Award from the Whitaker Foundation to
Harvey Mudd College and from National Science Founda-
tion Grant No. DBI-9612240 to R.C.H. and D.C.P.

ID. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman, W. G. Stinson, W.
Chang, M. R. Hee, T. Flotte, K. Gregory, C. A. Puliafito, and J. G.
Fujimoto, Science&54, 1178(1991.

2J. A. Izatt, M. D. Kulkarni, H.-W. Wang, K. Kobayashi, and M. V. Sivak,
Jr., IEEE J. Sel. Top. Quantum Electrd).1017(1996.

3M. Bashkansky, M. D. Duncan, M. Kahn, D. Lewis Ill, and J. Reintjes,
Opt. Lett.22, 61 (1997.

4G. J. Tearney, B. E. Bouma, S. A. Boppart, B. Golubovic, E. A. Swanson,
and J. G. Fujimoto, Opt. LetR1, 1408(1996.

SM. Imai, T. Yano, K. Motoi, and A. Odajima, IEEE J. Quantum Electron.
28, 1901(1992.

6B. M. Hoeling et al, Opt. Express, 136 (2000.

"T. Ikeda, inFundamentals of Piezoelectricitxford University Press,
New York, 1990, Chap. 7, pp. 138-171.

8Mechanical Engineers’ Handbopksth ed., edited by L. S. Marks

d (McGraw—Hill, New York, 195].

9J. L. Cruz, J. Marzal, and M. V. Andres, IEEE Trans. Microwave Theory
Tech.43, 2361(1995.
103, J. Snyder, Appl. Optl4, 1825(1975.

Downloaded 17 Jun 2009 to 134.173.131.32. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



	Claremont Colleges
	Scholarship @ Claremont
	3-1-2001

	Phase Modulation at 125 kHz in a Michelson Interferometer Using an Inexpensive Piezoelectric Stack Driven at Resonance
	Barbara M. Hoeling
	Andrew D. Fernandez
	Richard C. Haskell
	Daniel C. Petersen
	Recommended Citation



