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Acousto-optic displacement-measuring interferometer: a
new heterodyne interferometer with Ångstrom-level
periodic error
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and JOHN F. BECKWITH}

Electronics Engineering Technologies Division, Lawrence Livermore
National Laboratory, Livermore, California 94550, USA

(Received 15 March 2001; revision received 17 October 2001)

Abstract. A concept for a new displacement-measuring interferometer has
been developed. The motivation behind this work is minimization of the
periodic error caused by unwanted leakage between the two frequencies in
commercially available heterodyne systems. Typically, the two frequencies are
carried on a single beam and separated by polarization-dependent optics.
Imperfect optics, non-ideal laser heads and mechanical misalignment may
cause each frequency to be leaked into both the reference and the measurement
paths, ideally consisting of a single light frequency. The new polarization-
independent interferometer described here uses an acousto-optic modulator as
the beam splitter and eliminates the frequency leakage by spatially separating
the two light beams. Bench-top experiments have shown a reduction in periodic
error to 0.18nm (1.8 Å). The device description, as well as suggestions for
simple architecture implementations, are presented.

1. Introduction
Periodic error in heterodyne displacement-measuring interferometry has been

carefully examined in technical literature. Several researchers have identified and
modelled sources of the nonlinearity in traditional Michelson-type heterodyne
interferometers [1–27]. Additionally, experimental configurations have been de-
scribed which minimize or eliminate the periodic error inherent in these systems
(see, for example [8, 16, 19, 28]). Although these methods have been successfully
implemented, they typically require complex mechanical and/or electrical manip-
ulations and are generally absent from commercial implementations. A new
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concept for a heterodyne interferometer that minimizes periodic error, while
maintaining a simple architecture, is described here.

2. Background
A fundamental source of systematic error in Michelson-type heterodyne

interferometers is unwanted leakage of each of the two polarization-coded light
frequencies into both the measurement and the reference paths. In a perfect
system, a single wavelength would travel to a fixed reference target, while a second
single wavelength travelled to a moving target. Interference of the combined
signals would yield a perfectly sinusoidal trace with a phase that varied, relative to
a reference phase signal, in response to motion of the moving target. However, the
inherent frequency leakage of the two signals in actual implementations produces
an interference, or beat, signal which is not exactly sinusoidal (i.e. contains
spurious spectral content) and leads to a periodic, or non-cumulative, error in
the measured displacement.

Experimental and analytical analyses of measurement signal frequency content
have identified both first- and second-harmonic periodic errors, or errors of one
and two cycles per wavelength of optical path change respectively. Physically,
these errors arise from frequency leakage in the laser source (non-orthogonality
between the two frequencies exiting the laser head and ellipticity of the ideally
linear output polarizations), non-ideal optical components (imperfect extinction
between the two polarizations in the polarizing beam splitter and retroreflector
polarization rotation), mechanical misalignment of the interferometer (e.g. roll of
the laser coordinate system with respect to the interferometer), parasitic reflections
and two-tone intermodulation distortions in the amplifying electronics.

The set-up for a typical, commercially available single pass heterodyne inter-
ferometer is shown in figure 1. Owing to leakage, each optical frequency may be
present in both the reference and the measurement paths of the interferometer.
Detection of the interference signal during constant-velocity motion of the meas-
urement retroreflector exhibits multiple spectral peaks if this leakage exists. The
desired ac interference measurement signal is seen at a frequency equal to the beat
frequency (i.e. the difference between the two optical source frequencies fb) up or
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Figure 1. Traditional heterodyne interferometer set-up.
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down-shifted, depending on target direction, by a scalar amount proportional to
the velocity of the moving retroreflector (i.e. the Doppler shift &fd). With good
alignment of the measurement beam and axis motion, the measurement signal
amplitude will effectively remain constant during motion of the moving retro-
reflector. Also present, however, will be spectral content that essentially remains at
the beat frequency, known as spatial first-harmonic or ac reference terms, and a
peak upshifted or downshifted from the beat frequency by an amount equal to but
opposite from the measurement signal frequency shift, referred to as the second-
harmonic or leakage-induced ac interference term (figure 2). Optical power terms
may also be observed at zero frequency and dc interference terms at þ&fd in fully
leaking configurations, when each source frequency exists in both the measure-
ment and the reference paths. However, for low target velocities and the typical
phase-locked loop modulation bandwidths associated with phase measuring elec-
tronics in commercially available systems, it is the ac reference and leakage-
induced ac interference terms that generally dominate the periodic error magni-
tude. The attenuation of these error signals with respect to themeasurement signal
determines the peak-to-peak value of the resulting periodic error. Reported values
range approximately from 0.4 to 12 nm.

3. Concept description
The new displacement-measuring interferometer (DMI) does not rely on

polarization coding and polarization-dependent optics to separate and recombine
the reference and measurement frequencies of the heterodyne system. Instead, the
two frequencies originate from an acousto-optic modulator (AOM) and remain
spatially separated in the interferometer. The original and frequency-shifted
beams travel to reference and measurement retroreflectors respectively, return
parallel and collinear to the original path and then recombine in the AOM. No
other optical components are required. Because the measurement and reference
beams are separated and recombined in the AOM, it serves the function of the
polarization beam splitter in typical heterodyne interferometers without intro-
ducing the leakage-induced periodic errors described previously.

Figure 3 shows a schematic diagram of the AOM DMI concept. Light from a
single frequency stabilized laser source at the optical frequency f0 is incident on an
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Figure 2. Heterodyne interferometer frequency spectrum for low-velocity target motion.
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AOM to produce two beams: the original beam, as well as a diffracted beam with a
frequency equal to the sum of the optical and acoustic frequencies,
f1 ¼ f0 þ facoustic. The f0 beam then travels to the fixed reference surface, while
the f1 beam is incident on the measurement surface. These beams return along
parallel paths respectively and interfere within the AOM. The phase information
regarding measurement retroreflector displacement (in the measurement beam
direction) is now carried on the interfered signal and travels to a suitable detector.
In the figure, a non-polarizing beam splitter is shown which directs the meas-
urement signal to the detector; however, it is not a critical component in the
operation of the device.

The technique of spatially separating two measurement beams was first
described by Whitman and Korpel [29] and implemented by Cretin et al. [19] to
measure surface acoustic waves in solids. These applications were concerned with
the measurement of acoustic surface perturbations (i.e. the interaction of bulk
sound waves with surfaces) in areas such as acoustic holography, ultrasonic surface
wave devices and acoustic trapped energy resonators. Additionally, Tanaka et al.
[16] and Wu et al. [28] both described interferometers that use two AOMs to
generate the two heterodyne frequencies with one frequency originating from each
AOM. These two beams then travel to modified Michelson interferometers.

3.1. Experimental results
An initial proof of concept for the AOM DMI has been completed. The

experimental set-up is shown in figure 4. Light from a single-frequency stabilized
laser source ( f0 ¼ 473:61223 1012Hz; 30 ¼ 632:9914 nm) was first incident on an
isolating AOM with a driving frequency f1 of 65.5MHz. The function of this
AOM was to frequency shift any back-reflected light before it entered the laser
tube and avoid destabilization of the source.

The upshifted light next passed through a non-polarizing beam splitter. In this
test set-up, the beam splitter was necessary to direct the interference signal to the
optical detector. The light was then incident on the AOM interferometer operating
at a driving frequency f2 of 45.5MHz. At the second AOM, the frequency-shifted
beam from the isolating AOM was diffracted into two components. The zeroth
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Figure 3. AOM DMI concept.
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order component, of frequency f0 þ f1, travelled to the reference retroreflector and
the first-order component, of frequency f0 þ f1 þ f2, travelled to the moving
retroreflector. Because the angle between the two beams exiting the second
AOM was small (less than 2mrad), it was necessary to allow the light to travel
approximately 1.5m before adequate spatial resolution was available to pick off the
measurement beam and direct it toward themeasurement retroreflector, which was
mounted on an air bearing slide.

Once the two beams had travelled individually to the reference and meas-
urement retroreflectors, they interfered during the return path through the AOM.
However, because they were still oriented at the Bragg angle they were each
frequency shifted. The reference beam was diffracted into two components: zeroth
order unchanged and first order downshifted. Similarly, the measurement beam
was split into two components: zeroth order unchanged and first order upshifted.
Therefore, two individual interference signals were available, each with a beat
frequency of two times the AOM interferometer driving frequency, or
2f2 ¼ 23 45:5 ¼ 91MHz.

One of the two available 91MHz interference signals (the interference of the
f0 þ f1 þ f2 measurement and f0 þ f1 % f2 downshifted reference signals was arbi-
trarily selected) was launched into a fibre-optic pick-up and carried to a wide
bandwidth (dc-1GHz) receiver by amultimode fiber. The receiver signal was then
input to a model 8566B{ Hewlett–Packard spectrum analyser with a bandwidth
range 100Hz–22GHz. The local spectral response was recorded for two cases: case

AOM DMI 2109
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Figure 4. AOM DMI proof-of-concept set-up: BS, beam splitter.

{Commercial equipment is identified in order to specify certain procedures adequately.
In no case does such identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the equipment identified is
necessarily the best available for the purpose.
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1, no motion of the measurement retroreflector; case 2, 0.128ms%1 measurement

retroreflector velocity.

Figure 5 displays the spectrum for case 1 (10 dB/division vertical scale, 91MHz

centre frequency and 2MHz span horizontal scale). The static 91MHz beat

frequency is seen with the noise floor attenuated by 55 dB. In figure 6, which is

plotted with the same scale, the case 2 result shows a 0.42MHz shift of the

2110 T. L. Schmitz and J. F. Beckwith
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Figure 5. Case 1 spectrum of interference signal (measurement retroreflector at rest).

Figure 6. Case 2 spectrum of interference signal (measurement retroreflector moving at
0.128 ms%1).
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measurement signal corresponding to the 0.128ms%1 slidemotion for a single-pass
interferometer. Content is also recognized at the original beat frequency suggest-
ing a first-order periodic error. However, this signal is attenuated by 48.8 dB with
respect to the original measurement signal and represents a non-cumulative error
dx of only 0.18 nm:

dx ¼ 30
FF

10%&dB=20

2p
¼ 632:9914

2

10%48:8=20

2p
¼ 0:18nm: ð1Þ

where FF is the interferometer fold factor. This error is attributed to multiple
diffractions, or intermodulations due to reflected acoustic waves, within the
AOM.{ No appreciable second-order periodic error frequency content is seen.

The combined standard uncertainty uc, in this periodic error value may be
determined according to the law of propagation of uncertainty [30]. The variance u2c
in a measured value may be obtained by first calculating the partial derivatives of
the functional relationship between the measurand dx and input parameters 30 and
&dB with respect to each input, then multiplying the partial derivatives by the
standard uncertainty in the associated input (zero covariance between input
quantities has been assumed) and, finally, summing the squares of each product:

u2cðdxÞ ¼
df
d30

uð30Þ
; <2

þ df
d&dB

uð&dBÞ
; <2

¼ 10%&dB=20

4p
uð30Þ

; <2

þ %30 lnð10Þ 3 10%&db=20

80p
uð&dBÞ

; <2

¼ 0:012 nm2: ð2Þ
For standard uncertainties of 63 10%6 nm in wavelength (0.01 ppm) and 0.5 dB

in amplitude, the combined standard uncertainty in the periodic error meas-
urement result is 0.01 nm (0.1 Å). The reader may note that this value reflects the
uncertainty in the periodic error computed from the spectrum analyser signal
alone. Further signal corruption, which could be imposed by the phase-measuring
electronics, for example, is highly system dependent and is not considered here.

3.2. Concept conclusions
The proof-of-concept set-up verified the possibility of using an AOM as a

polarization-independent interferometer. The interference signal demonstrated
48.8 dB attenuation between the measurement signal and first-order periodic
error on a bench-top set-up with no external technique for reducing the system
nonlinearity and a mechanical slide for motion generation (typical experimental
set-ups use a vacuum cell, for example). The proof-of-concept results were,
therefore, encouraging. However, the AOM DMI did exhibit a first-order phase
error, attributed to bidirectional acoustic interactions within the AOM, with a
resulting periodic error of 0.18 nm (1.8 Å). Although this was not a desired result,
the AOM interferometer does present a 2–24 times decrease in the periodic error
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{This conclusion was supported by analysing the spectrum of the beams exiting the
second AOM; content was recorded at both 91 and 131MHz (2f1 ¼ 23 65:5 ¼ 131MHz),
as well as multiples of these frequencies (i.e. 4f1, 4f2, etc.).
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associated with commercial interferometers while maintaining a simple architec-
ture.

3.3. Application considerations
There are several benefits associated with the practical application of this

concept, aside from the decreased periodic error. First, with respect to the
required equipment, a single-frequency laser source is used rather than a more
complex and expensive two frequency laser head, fewer optical components are
required, and only one photoreceiver per multiple axis system is necessary. The
latter is accomplished by using different AOM driving frequencies in each axis.
Second, single-mode fibre feed to each axis allows easy set-up and alignment of a
miniaturized package. Third, fibre launching of the light is simplified since
polarization-maintaining fibre is not necessary for the polarization-independent
interferometer. These benefits are shown graphically in figures 7 and 8. Figure 7
shows the minimum required equipment and set-up for a commercially available
three-axis system which could, for example, be used to monitor the axis motions
on a precision cuttingmachine. Figure 8 shows a schematic diagram of a single axis
implementation of the AOM DMI. This could be extended to multiple axes by
launching the light from the source laser into a single mode fibre and using fibre
splitters to separate the light into multiple channels, each of which could travel to a
separate AOM operating at a unique driving frequency.

The primary difficulty in implementing the AOM interferometer is adequate
spatial separation of the measurement and reference beams given the small
diffraction angle encountered in typical commercially available AOMs. Two initial
concepts, which seek to overcome this difficulty, are suggested in figures 9 and 10.
In figure 9, a simple optical configuration is used to derive two beams, one offset

2112 T. L. Schmitz and J. F. Beckwith
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Figure 7. Minimum required hardware for commercial three-axis set-up.
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Figure 8. Required hardware for single-axis AOM DMI: BS, beam splitter.

Figure 9. Application concept 1 for the AOM DMI, demonstrating the method to
separate measurement and reference beams.

Figure 10. Application concept 2 for the AOM DMI, demonstrating the method to
separate measurement and reference beams.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

or
th

 C
ar

ol
in

a 
C

ha
rl

ot
te

] 
at

 0
8:

29
 2

7 
N

ov
em

be
r 

20
17

 



from the other. A possible fault with this design is that the non-polarizing beam
splitter and 908 prism are now part of the optical path; additionally, a significant
portion of the available laser power is lost. Figure 10 shows a two-AOM config-
uration with single mode fibre launch. Optical power may also be a consideration
here.

4. Conclusions
A new concept for a heterodyne Michelson-type interferometer that minimizes

periodic error by eliminating frequency leakage is described. The new interfe-
rometer uses an AOM as the beam splitter–recombiner and is polarization
independent. A proof of concept for the AOM DMI was developed and successful
experimental results presented. These included the demonstration of a 0.18 nm
periodic error in a bench-top set-up. Application considerations for the new device
are also provided.
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