
Measurement of changes in optical path length
and reflectivity with phase-shifting laser
feedback interferometry

Ben Ovryn and James H. Andrews

The operating characteristics of a novel phase-shifting interferometer are presented. Interference arises
by reflecting the light from a sample back into the cavity of a cw He–Ne laser. Changes in phase and
fringe visibility are calculated from an overdetermined set of phase-shifted intensity measurements with
the phase shifts being introduced with an electro-optic modulator. The interferometer is sensitive
enough to measure displacements below 1 Hz with a rms error of approximately 1 nm from a sample that
reflects only 3% of the 28 mW that is incident on its surface. The interferometer is applied to the
determination of cantilever bending of a piezoelectric bimorph. © 1999 Optical Society of America
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1. Introduction

There are currently a plethora of important problems
that require the measurement of low-frequency
changes in the optical path length ~OPL! with nano-
meter precision. For example, in the biological sci-
ences, Li and Schnapp recently described an
interferometer with nanometer sensitivity below 10
Hz.1 This instrument was applied in an effort to
understand the nanometer-scale walking and
piconewton-scale forces generated by biological mi-
cromotors.2 Because of their sensitivity to misalign-
ment, the characterization of microelectromechanical
system microdevices, from microscanners to micro-
motors, has required the application of interferomet-
ric techniques with nanometer to micrometer
precision.3 The determination of the mechanical
transfer function of low-mass cantilevers that are re-
quired to operate in a 1–100-kHz bandwidth for the
next generation of data storage devices has also re-
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quired precise interferometric measurements. An-
ther application that requires nanometer sensitivity
t less than 100 Hz is the accurate determination of
he transfer function for the pendular suspension
sed for the mirrors in gravitational wave inter-
erometers.5

Laser feedback interferometry ~LFI! demonstrates
unique features that should have assured its subse-
quent application to a broad spectrum of disciplines
since it was first exploited in the 1960’s to measure
changes in the OPL and the behavior of lasers.6–10

These features include a simple, single-axis optical
arrangement that requires minimal optical compo-
nents and high sensitivity at low light levels. Be-
cause the frequency selectivity of the laser, LFI is far
less sensitive to incoherently reflected light than are
other forms of interferometry that require all the
scattered light to be collected by a photodetector. In
spite of these attributes and the increased under-
standing of the behavior of lasers in the presence of
optical feedback that has occurred in the past decade,
there have been only a few uses of this method, with
applications to atomic force and optical microscopy
being particularly fruitful.11–15 To produce accurate
measurements of the change in the OPL, previous
LFI instruments have used a calibrated feedback loop
in combination with lock-in detection to maintain an
extremum of the LFI response ~usually a mini-

um!.11,12

By combining the principles of phase-shifting in-
terferometry ~PSI! with LFI,15 the new instrument is
not limited by the time constant associated with
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 1959
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lock-in techniques, nor does it rely on a well-
calibrated feedback loop to yield a measurement of
the OPL. As in other applications of PSI,16,17 exper-
imentally controlled phase changes are introduced,
and the phase and visibility are determined indepen-
dently using an overdetermined set of measurements
of the intensity. Both the phase and the visibility
are unaffected by the overall bias intensity. After
presenting the effect of systematic and random er-
rors, an application to the measurement of cantilever
bending in a piezoelectric bimorph is presented.

2. Laser Feedback Interferometry

Although the behavior of a laser that is subjected to
coherent feedback depends on the properties of the
lasing medium,6,7,9,10,13,18 it is possible to combine PSI

ith LFI for the accurate determination of the phase
nd visibility without a deep appreciation for the un-
erlying laser dynamics. Therefore we simplify the
hysics by assuming that we can model the effect of
oherent feedback in a He–Ne gas laser as a three-
irror Fabry–Perot etalon, where each mirror can be

epresented by an intensity reflectivity R.
As we subsequently demonstrate, an adequate de-

scription of the steady-state change in the intensity of
the laser that is subjected to feedback, I~m, b, f!, can
be written as15

I~m, b, f! 5 IoF1 1 m cos~f! (
j50

`

~2b! j cos~ jf!G . (1)

Equation ~1! represents the change in intensity
caused by a phase difference f between the incident
and the reflected light with fringe visibility m. Be-
ause the laser light hits the sample and is then
eflected back into the laser, the phase f is related to

the change in the OPL d as f 5 4pdyl, where d is
given by the line integral of the index of refraction
along the optical path. Also included in Eq. ~1! is the
effect of multiple reflections that can occur between
the sample and the laser’s output mirror. In LFI,
the fringe visibility m and the coupling parameter b
are given by

m 5
K~1 2 R2!~R2 Reff!

1y2

1 2 R1 1 1 2 R2
5 g~Reff!

1y2, (2)

b 5 ~R2 Reff!
1y2. (3)

Significantly, the fringe visibility is proportional to
the effective amplitude reflectivity of the sample Reff
with the proportionality constant g, which contains
the effect of the laser’s operating parameters repre-
sented by K and the mirror reflectivities R1 and R2.
When LFI is used in a regime where the effect of
multiple reflections is small ~i.e., when b is small!, Eq.
~1! has the same form as a two-beam interferometer.
This analogy with a two-beam interferometer forms
the basis for our subsequent research, and it is useful
for understanding the magnitude of the fringe visi-
bility ~modulation! obtained in LFI.

The intensity that is due to the interference of two
960 APPLIED OPTICS y Vol. 38, No. 10 y 1 April 1999
electric fields E1 and E2 ~which is assumed to have
the same polarization! is

E1 5 a1 exp~2if1!, (4)

E2 5 a2 exp~2if2!, (5)

I 5 uE1 1 E2u2 5 Io@1 1 m cos~f!#, (6)

where f 5 f2 2 f1 and the visibility is given as

m 5 2
a1 a2

a1
2 1 a2

2 . (7)

Because 100% of the light will not couple back into
the laser, the visibility in LFI will not reach unity.

There are several possible configurations that can be
used to observe laser feedback effects. In essence, the
equipment consists of a laser and a photodetector and
a method for reflecting the light incident on the object
back into the laser cavity. The power from the laser
can be monitored by dividing the beam ~using a beam
splitter! from the front mirror of the laser or, as in our
experiments, by monitoring the power of the beam that
leaves the back mirror. In this simple configuration,
the interferometer can be used for fringe counting.
To achieve higher accuracy and a further degree of
automation, we use an electro-optic modulator situ-
ated in the beam path between the front mirror of the
laser and the object. As described in Section 3, this
modulator can be used to introduce discrete known
changes in OPL that can be combined to solve for the
phase and visibility from a least-squares solution to an
overdetermined set of measurements.16,17

3. Phase-Shifting Interferometry

To determine the phase f and visibility m from Eq.
1!, an experimentally controlled additive phase shift

can be introduced. Retaining only the j 5 0 term
n Eq. ~1!,

Ii~m, f, c! 5 Io@1 1 m cos~f 1 ci!#. (8)

Using an overdetermined set of measurements, it is
possible to solve for the three unknowns in Eq. ~8! ~or
four depending on whether c is known!.16,17 One pop-
ular algorithm, which reduces the random error in the
discrete phase step c, uses five discrete phase shifts:
c 5 2p, 2py2, 0, py2, and p.19 Once the phase step
has been introduced, the intensity is measured at the
corresponding phase shift. Assuming only a single
reflection between the laser cavity and the sample,
such that Eq. ~8! is a valid representation of the steady-
state intensity, then the five phase-shifted measure-
ments can be combined, and the phase and visibility
can be determined from Eqs. ~9! and ~10!:

tan~f! 5
2~I2 2 I4!

2I3 2 ~I1 1 I5!
, (9)

m 5
3$@2~I2 2 I4!#

2 1 ~2I3 2 I5 2 I1!
2%1y2

2~I1 1 I2 1 2I3 1 I4 1 I5!
. (10)
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Significantly, the phase and visibility are indepen-
dent of the overall bias intensity Io. Although the
visibility does not explicitly appear in the solution for
the phase, the error in the estimate of the phase will
increase as the visibility decreases. The errors in
the estimate of the phase, caused by errors in the
intensity measurements and phase shifts, have been
extensively reported in the literature.16,17

As more light couples back into the laser cavity ~for
higher-reflectivity samples, for example!, the effect of
multiple reflections can become significant. When
Eqs. ~9! and ~10! are used, one additional term in Eq.
~1! ~i.e., j 5 1! will not cause a phase error, but the
visibility will have a systematic variation given by
Eq. ~11!:

mj51 5 2
6

26 1 3bm 1 bm cos~2f!
m. (11)

In Section 4 we show phase and visibility data that
can be modeled with three additional reflections @ j 5
3 in Eq. ~1!#. In this case, the measured phase fj53,4
is related to the actual phase by Eq. ~12!:

tan~fj53,4! 5
1 2 b2 cos~2f! 1 b4 cos~4f!

1 1 b2 cos~2f! 1 b4 cos~4f!
tan~f!.

(12)

For three reflections, the observed visibility is related
to the actual visibility m by Eq. ~13!:

mj53

5
23Î2 m@2 1 2b2 1 b4 1 b2~2 1 b2!cos~4f!#1y2

26 1 3bm 1 ~b 1 b3!m cos~2f! 1 3b3m cos~4f!
.

(13)

he systematic errors in the phase and visibility
aused by extra reflections @Eqs. ~11!–~13!# are unique

to the algorithms used to determine the phase and
visibility @Eqs. ~9! and ~10!#. Figure 1 shows the

Fig. 1. ~a! Error in OPL that is due to the extra reflections @Eq.
~12!# calculated from the difference between the measured and the
actual OPL. The visibilities shown in plots ~b! and ~c! represent
he observed value @given by Eq. ~13!# with an actual visibility

equal to m. The ratio of the parameters m to b is 0.455 with m 5
0.128 ~dashed curve! or m 5 0.064 ~solid curve!.
rror in the phase and visibility for two ratios of the
isibility to the coupling parameter myb equal to
.455 with m 5 0.128 and m 5 0.064. The OPL
rror @Fig. 1~a!# is calculated from the difference be-
ween the measured and the actual OPL from Eq.
12!. The visibility plots represent the observed
alue @given by Eq. ~13!# with an actual visibility m 5
.128 and m 5 0.064 @Fig. 1~b! and ~c!#, respectively.

4. Experimental Calibration of the Instrument and
Determination of Random and Systematic Errors

We performed a series of experiments to verify the
applicability of PSI for the determination of the phase
and visibility in LFI, to quantify the effects of sys-
tematic and random errors, and to determine the step
response of the interferometer. A phase-shifting la-
ser feedback interferometer was assembled from a
He–Ne laser ~Uniphase, 1107P!. The beam emitted
from the front of the laser was sent through an
electro-optic modulator ~EOM! ~New Focus, 4002!, a
inear polarizer with a fixed orientation parallel to
he polarization of the laser, and then focused onto a
ample using a 503y0.42 N.A. long working distance
icroscope objective ~Mitutoyo, G Plan NIR!. Fluc-

uations in the laser’s steady-state power were deter-
ined by monitoring the light transmitted through

he laser’s rear mirror using a photodetector ~New
ocus, 2001!. The voltage signal from the photode-
ector was digitized with a 100-kHz, 16-bit analog-to-
igital board on a PC bus ~Keithley, DAS 1800 HR!;
his board was also used to send voltage steps to a
igh-voltage operational amplifier ~New Focus, 3211!

and then to the EOM. The process was automated
with LabView ~National Instruments!. The entire
pparatus was mounted on a vibration isolation table
nd enclosed in a double Plexiglas box.
Because our five-phase-shift algorithm requires

qual shifts separated by py2, it is initially important
o determine the correct voltage to be sent to the
OM. We determined the modulation depth for the
OM and amplifier combination by first calibrating

he gain of the amplifier and then monitoring the
hotodetector signal with an oscilloscope and deter-
ining the voltage required to sweep through one

ringe. We obtained a modulation depth of 61
radyV for the EOM and a gain of 41.6 VyV for the

mplifier; this corresponds to a change of 0.3 nmymV
pplied to the amplifier. We also used the phase-
hifting algorithm to verify the py2 phase step.16,17

A. Step Response of the Interferometer to Phase Shifts

We examined the step response of the interferometer
by applying a series of discrete voltage steps to the
EOM. The voltage from the photodetector was dig-
itized with a fast oscilloscope; for this experiment, a
small silicon wafer was held fixed at the focus of the
objective. Figure 2 shows two sets of five voltage
steps to the EOM and the output of the photodetector.
At each voltage step, the phase was maintained for a
controlled interval that was typically used to average
100 intensity measurements.

Figure 2 indicates that the time for five phase
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 1961
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shifts, including the controlled interval maintained
at each phase shift, is approximately 200 ms; by re-
ducing the interval it would be possible to collect all
five phase shifts in a significantly shorter interval.
The time required to introduce the phase shifts and
collect the data is a small fraction of the total time
required for an on-line calculation and display of the
phase and visibility; the total sampling time per
phase measurement was approximately 50 ms. Al-
though this method is not nearly as fast as a postcol-
lection data analysis ~in which the phase-shifted
intensity measurements are written to RAM or disk!,
the visual feedback of an on-screen display of the
phase and visibility provides useful information.
The time required for a single phase measurement
limits the maximum slope ~amplitude and periodici-
ty! of the phase change that can be measured without
aliasing.

We verified that the temporal response of the laser
does not distort the applied phase shifts. We mea-
sured the magnitude and phase of the signal from the
photodetector when 400-, 800-, or 1000-kHz sinusoids
from a function generator were applied to the EOM.
Figure 3 shows a flat frequency response at ~a! 400
kHz, ~b! a phase shift at 800 kHz, and ~c! both mag-
nitude and phase distortion at 1 MHz.

B. Systematic Error that is Due to Multiple Reflections

To vary the amount of light that was reflected from a
sample back into the laser, the previous experimental
setup was modified by the insertion of various neutral
density ~ND! filters between the laser and the EOM.
A 1.15-V linear ramp was applied to the EOM using
a function generator that corresponds to a change in
the OPL of 147 nm ~approximately ly4!. The EOM
was also used to measure simultaneously the OPL
and the visibility by superposing the five phase shifts
on the voltage ramp using a summing voltage ampli-
fier ~New Focus, 3211!.

Figure 4 shows the measured change in the OPL
obtained at a mean visibility of m 5 0.136. In Fig.
4~a! the OPL, plotted as a function of time, indicates
total change in OPL of 146 nm; however, oscillations

Fig. 2. Step response of the interferometer ~top trace! to two sets
of five sequential voltage steps to the EOM ~bottom trace!. Each
set of five phase shifts is required for a single phase measurement.
962 APPLIED OPTICS y Vol. 38, No. 10 y 1 April 1999
can be observed on the ramp. To highlight the de-
pendence of the measured OPL and visibility on the
applied linear change in OPL, the subsequent plots
@Fig. 4~b!, 4~c!, and 4~d!# are shown as a function of
the OPL normalized with respect to the wavelength.
Both the visibility and the OPL demonstrate a peri-
odic variation; the oscillations in the OPL become
clear when a least-squares line is subtracted from the
measured OPL @Fig. 4~c!#. Also shown @solid curves
n Fig. 4~b! and 4~c!# is the result of a simultaneous
onlinear least-squares fit to these data sets using
qs. ~12! and ~13! with a visibility m 5 0.128 and

oupling constant b 5 0.282. As indicated in Fig.
~c! the oscillations that are due to the multiple re-
ections lead to a systematic deviation of the mea-
ured OPL from the applied linear ramp of 62 nm.
fter subtracting the predicted oscillations from the

aw OPL data @Fig. 4~d!#, however, the systematic
rror is considerably reduced, although not elimi-
ated, and the random error in the data is revealed;
he rms error is 0.15 nm.

C. Systematic Errors Caused by Environmental Phase
Drift

Figure 5 shows the change in OPL and visibility mea-
sured during a 50-s period with the sample held fixed
and without applying an additional phase ramp to

Fig. 3. Laser intensity when a sinusoidal voltage of ~a! 400 kHz,
~b! 800 kHz, and ~c! 1 MHz was applied to the EOM. Solid curve
~time domain! represents the input voltage to the EOM.
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the EOM. It can be observed that there is low-
frequency systematic drift in the OPL, with an essen-
tially linear drift during the last 30 s of the data set.
An estimate of the random error in this measurement

Fig. 4. ~a! OPL and ~b! visibility measurements obtained at mod-
erately high visibility. Both the visibility and the OPL show sys-
tematic oscillations that depend on the value of the OPL. The
solid curves in ~b! and ~c! represent fits using Eqs. ~12! and ~13!
with m 5 0.128 and b 5 0.282.

Fig. 5. Low-frequency systematic variation in the OPL ~a! caused
y environmental perturbations during a 50-s period; ~b! the rms

error in the OPL calculated from a linear fit to the last 30 s of data;
and ~c! visibility during the 30-s period.
is obtained by subtracting a least-squares line from
this linear portion of the curve @Fig. 5~b!#. A histo-
gram of the data shows a Gaussian distribution with
a rms error in OPL of 0.18 nm. A small amount of
systematic drift is still present in this estimate @Fig.
~b! and 5~c!#. Although the data in Fig. 5 are rep-
esentative, the drift in the OPL will vary depending
n recent perturbations to the system.20 Under qui-

escent conditions, we observed fluctuations in the
OPL of less than 65 nm during a 5-min period.

D. Random Errors

A measurement was made of the variation of the
random error in the OPL as a function of the amount
of optical power reflected by the sample. Seven ND
filters with optical densities ~OD’s! of 0.1, 0.3, 0.5, 1.0,
1.5, 2.0, and 2.5 were used to attenuate the power
from the laser. Before attenuation, the power mea-
sured at the sample was 0.9 mW. Using the same
voltage ramp to the EOM as just described, we cal-
culated the rms error in the determination of OPL by
subtracting a least-squares line from a measurement
of a single ramp. The resulting rms error in OPL is
shown as a function of the measured visibility in Fig.
6. At small visibilities, the error is observed to in-
crease as the visibility decreases. At large visibility,
however, the error becomes biased and increases.
After modeling the effect of the multiple reflections, it
is possible to reduce the bias ~circles in Fig. 6!, and
the error is observed to decrease at higher visibilities.
Because the systematic error is not removed com-
pletely, the calculated error is biased by some resid-
ual systematic error. Without correcting for the
systematic error, the error in OPL has a minimum
value of approximately 0.31 nm obtained at a visibil-
ity of 0.03. After correction using Eq. ~12!, the min-
imum error in the OPL measurement decreases to
approximately 0.13 nm at a visibility of 0.17.

Figure 7 shows a plot of the visibility as a function
of transmitted intensity T corresponding to the OD of
the ND filter. For example, when the OD is 2, only
1 part in 104 of the incident power is reflected back
through the ND filter, corresponding to an ampli-

Fig. 6. Error in the measured OPL as a function of the visibility.
The crosses represent the raw data, and the circles represent the
data corrected for the effect of multiple reflections.
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 1963
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tude reflectivity of 1% and a measured visibility
m 5 0.0042. At this OD, 9 mW were incident on the
ample with a maximum of 0.09 mW coupled back
nto the laser. Also shown ~solid curve! is the pre-

dicted visibility based on Eq. ~7!, with a1 5 Ta2,
where a2 represents the amplitude of the field in the
laser, and a1 represents the field on the sample; the
calculated visibility m is normalized to the maximum
measured visibility.

For small changes in OPL, the systematic error
that dominates the total error at higher visibility can
be small. As indicated in Fig. 1, the magnitude of
this error depends on the absolute value of the OPL,
with a minimum obtained at intervals of nly16; al-
ternatively, the rate of change of the error is smallest
at ~2n 1 1!ly32, with integer n. Figure 8 shows the
measured OPL and visibility when a 40-mV linear
ramp was applied to the EOM; a mean value of 165
nm was subtracted from the data. The rms error in
OPL @Fig. 8~c!# at a visibility of 0.078, calculated over
the 5-nm ramp, was 0.14 nm. Figure 9 shows the
OPL and visibility that are due to the same magni-
tude voltage ramp, but obtained at a higher visibility.
Systematic drift is evident in the 40 s of collection

Fig. 7. Visibility as a function of the transmission of the ND filter.
At high visibility, the data were corrected for systematic errors
that were due to multiple reflections. The solid curve is based on
Eq. ~7!.

Fig. 8. Measured OPL and visibility for a 5-nm ramp applied to
the EOM. The rms OPL error, obtained from a linear fit to a
single period, is 0.14 nm.
964 APPLIED OPTICS y Vol. 38, No. 10 y 1 April 1999
@Fig. 9~a!#. The data from one period of the ramp
@Fig. 9~b!# shows that the variation of the visibility is
linear, indicating that the effect of multiple reflec-
tions has a linear dependence on OPL. The rms
phase error, obtained from a least-squares linear fit,
is 0.13 nm @Fig. 9~c!#; a histogram of the errors indi-
cates a multimodal distribution, representing both
the random and the residual systematic errors. The
systematic error with m 5 0.17 and b 5 my0.455 is
given by Eq. ~12! to be 0.086 nm.

Figure 10 shows a sinusoidal oscillation of the OPL
caused by sinusoidal voltage input to the EOM. The
resulting 2-nm change in OPL is discerned, and the
absence of systematic oscillations in the visibility in-
dicates that the effect of multiple reflections are neg-
ligible. For comparison, Fig. 11 shows a larger
change in OPL, caused by a mechanical translation of
the sample using a piezoelectric translator ~Queens-
gate, S100!, obtained at the same visibility. In this

Fig. 9. Linear change in OPL that is due to a 40-mV voltage ramp
applied to the EOM. ~a! The presence of a linear drift in the OPL
during the 40 s is evident. ~b! Variation in OPL and visibility
during a 5-s period. ~c! The rms error in OPL, obtained from a
linear fit to the data, is 0.13 nm; a histogram indicates the error
distribution.
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case, the EOM was used solely for phase shifting.
Oscillations in the visibility are significant.

E. Effect of Averaging on Reducing the Random Errors

When the visibility is low enough that the systematic
errors are small, then it may be possible to decrease
the error in the measurement of the OPL by averag-
ing over repeated phase measurements.20 Figure 12

Fig. 10. Small sinusoidal change in the OPL that is due to a
sinusoidal voltage applied to the EOM. The visibility is essen-
tially flat, indicating the absence of systematic errors.

Fig. 11. Sinusoidal change in the OPL that is due to a sinusoidal
voltage applied to a piezoelectric translator that is moving parallel
to the optical axis.

Fig. 12. Reduction in error in OPL by averaging ten phase mea-
surements; the error was reduced from approximately 7 to 2.2 nm.
shows the rms error in the OPL before and after
averaging ten phase measurements. The rms error
was determined from a linear fit to an applied phase
ramp at a visibility of m 5 0.0047. The error in the
OPL was reduced from 7.1 to 2.2 nm, corresponding
an improvement of =10.

5. Harmonic Response of the Interferometer

When the change in OPL has a sinusiodal as well as
a dc component, the measured intensity will have
both dc and ac components, given by Eq. ~8! ~with
c 5 0! and f 5 fdc 1 fac sin~vt!:

Idc~m, f! 5 Io@1 1 m cos~fdc!J0~fac!#, (14)

Iac~m, f, v! 5 IoH2m cos~fdc! (
n51

`

J2n~fac!

3 cos~2nvt! 2 2m sin~fdc!

3 (
n51

`

J2n21~fac!sin@~2n 2 1!vt#J . (15)

According to Eqs. ~14! and ~15! the dc response will
e reduced by the presence of the ac component, and
he ac component will have a response at the funda-
ental frequency as well as harmonics. Because

he Bessel functions of a given argument become pro-
ressively smaller at higher orders, the strength of
he overtones will become progressively weaker. It
an also be observed that the even and odd harmonics
ave a quadrature dependence on the dc component
f the phase.
To verify that the interferometer responds in ac-

ordance with Eq. ~15!, we applied a 2-kHz sinusoidal
scillation to the EOM ~with the sample held fixed!.
igure 13 shows the spectral response ~Stanford Re-
earch Systems, 770! of the photodetector signal.
nitially, fdc was varied to minimize the second har-

monic @Fig. 13~a!#, then the second harmonic @Fig.
13~b!# was nearly maximized ~there is some residual

Fig. 13. Photodetector signal from the spectrum analyzer when
the EOM was modulated at 2 kHz. The first harmonic was max-
imized ~a! by changing the dc offset fdc, whereas there is residual
first-harmonic response in ~b! the nearly maximal second har-
monic.
1 April 1999 y Vol. 38, No. 10 y APPLIED OPTICS 1965
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first harmonic!. By measuring the maximum mag-
nitude of the fundamental as a function of fac and
hen subsequently maximizing the second harmonic,
e verified the Bessel function dependence ~Fig. 14!.
According to Eq. ~15! it is possible to determine

ither dc or sinusiodal changes in the OPL based on
measurement of Iac. For example, there are sev-

eral alternative methods for determining fdc. One
method is to obtain fdc from a ratio of the first two
harmonics:

tan~fdc! 5 2
J2~fac!

J1~fac!

Iac~v!

Iac~2v!
. (16)

This measurement requires a determination of the
ratio of the two Bessel functions at fac.

It is also possible to measure the dc component of
the OPL by introducing an equal but opposite change
in OPL ~with a feedback loop, for example! so as to

ull one of the harmonics. This method was ex-
loited by Bearden et al. in their laser feedback mi-
roscope.11

Phase-shifting techniques can also be applied on
top of the ac carrier, to make a determination of fdc,
by monitoring just the second harmonic, for example.
The presence of J2~fac! in the second-harmonic re-
ponse will affect a determination of the visibility, but
ot the OPL. This approach has the added advan-
age of reducing the 1yf noise compared with the dc
ersion of the PSI and the LFI.

6. Measurement of Cantilever Bending of a
Piezoelectric Bimorph

To verify the accuracy of the phase-shift method as
applied to LFI, we measured the cantilever bending
of a piezoelectric bimorph. The piezoelectric bi-
morph is a sandwich of two piezoelectric elements
with equal and opposite piezoelectric coefficients d31;
these elements are separated by an insulator ~we
neglect the thickness of this layer!. The surfaces of
the bimorph ~width b! are covered with ~silver! elec-
trodes.

Fig. 14. LFI response at the fundamental and second harmonic as
a function of the amplitude of the ac oscillation of the EOM. The
solid curves represent fits to the harmonics based on the first and
second Bessel functions.
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When a voltage difference is applied across the
electrodes separated by a distance h, a stress devel-
ops in each half of the bimorph, with one half of the
bimorph in tension and the other in compression.
The net bending moment is given by

M0 5 s11h
2 b

4
, (17)

and the stress is given by

s11 5 d31YE3, (18)

where Y is the Young’s modulus of the material and
E3 is the field applied across the bimorph. The de-
flection of the beam u3, with moment of inertia I, at a
distance u1 from the base of the beam is

u3 5 2
M0

2YI
u1

2 5 2
3
2

d31DV
h2 u1

2. (19)

According to Eq. ~19! the bending of the bimorph is
proportional to the applied voltage, inversely propor-
tional to the square of the thickness of the sandwich,
varies quadratically with the distance from the
clamped end of the bimorph, and is independent of
the Young’s modulus of the material.

To measure the bending of the bimorph as a func-
tion of the distance from the base of the clamp, the
bimorph ~Vernitron, PZT-5H! was mounted so that it
ormed a cantilever beam with dimensions 12.5
m 3 21 mm 3 0.64 mm. The clamp was attached

o a uniaxial translation stage ~Klinger, UT 100! that
perated under closed-loop control.
The bimorph was positioned at the focus of the long
orking distance objective used previously, and the

lamp and bimorph were translated in 250 mm incre-
ents perpendicular to the focused beam. At each

ocation, two measurements of the OPL were made,
ne before and another immediately after applying a
oltage to the bimorph with the difference represent-
ng the net displacement. Figure 15 shows the mea-
ured bending when two voltages ~62.000 V! were

Fig. 15. Bending curves for the bimorph when 62.000 V were
applied to the bimorph; there is no directional ambiguity in the
displacement measurement. The multiple data points at each of
the 250 mm increments are caused by superimposing the displace-

ent measured in both directions of the scan, with the first scan
eginning at the base of the bimorph ~we corrected for the 2p

ambiguity for the first data point acquired on the retrace!.
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sequentially applied across the bimorph. Because
the total displacement was larger than one fringe, the
data had to be phase unwrapped. The data indicate
that there was no directional ambiguity in the phase
measurement when the sign of the applied voltage
changed with the negative displacement indicating
bending toward the laser. The multiple data points
at each location on the bimorph are caused by super-
imposing the displacement measured in two direc-
tions of the scan, with the first scan beginning at the
base of the bimorph. After a 17-mm scan, the direc-
tion of the scan was reversed, and we corrected for the
2p ambiguity for the first data point acquired on the
retrace. The good agreement obtained between the
displacements acquired at each location demon-
strates the repeatability of the measurement. Fur-
thermore, the piezoelectric coefficient for the material
determined from a quadratic fit to the data was
in agreement with measurements ~for the same
bimorph! using the harmonic response of the inter-
ferometer20 and with those based on real-time phase-
shifted holographic interferometry ~324 6 16 pmy
V!21,22 and the manufacturer’s specification ~274 6 55

myV!.

7. Conclusions

We have designed a phase-shifting laser feedback
interferometer that can be used to measure oscilla-
tory and dc changes in the OPL. Response times are
limited by photon lifetime, detector electronics, and
modulator rise time rather than lock-in detection and
feedback loop parameters. Changes in the OPL can
be determined with subnanometer accuracy below 1
Hz. The accuracy of the instrument has been veri-
fied with the measurement of cantilever bending of a
bimorph. We have also verified the predicted sys-
tematic errors caused by multiple reflections at
higher visibility. A further attribute of the method
is that high signal-to-noise ratios can be achieved
with low-power deposition on the sample.

The authors gratefully acknowledge David G. Fi-
scher, National Center for Microgravity Research on
Fluids and Combustion, for a critical reading of the
manuscript. This research was supported by the
Advanced Technology Development Program of the
Microgravity Research Division, NASA.
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