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Abstract: Optical mixing error is one of the mgor concerns when using heterodyne interferometersin
sub-nanometer applications. This paper focuses on optical mixing error in eight-pass interferometers.
A mathematical model is built. Experimental data are obtained and compared to the moddl. It isfound
that, unlike two-pass interferometers, the eight-pass interferometer has eight error components due to
optical mixing and it still takes half a wavelength displacement for the dowest component to complete
acycle of variation.

1. Introduction

With the advance of science and technology, the demand for sub-nanometer metrology is accelerating.
Laser interferometers, a backbone in high precison metrology, are experiencing challenges. Due to
the unavailability of stabilized short wavelength lasers, the resolution of interferometers is more and
more dependent on the subdivision of the optical wavelength. Optical multiplexing offers an effective
way to increase interferometer resolution. Eight-pass interferometers have been adopted a UNC
Charlotte for along-range scanning stage [1].

One of the mgor concerns when using polarization encoded heterodyne interferometers is the
nonlinearity error, also called beam-mixing. Much research has been focused on the problem, mainly
for two-pass interferometers [2-8]. Little work has been reported for more than two-pass
interferometers. This paper will explore the optical mixing phenomenon in eight-pass interferometers.
A mathematical modd is developed and verified with experimenta data.

2. Eight-passinterferometer

Figure 1 shows the configuration of an eight-pass interferometer used at UNC Charlotte. This
interferometer is composed of polarizing beamsplitter PBS, two quarter-wave plates Q; and Q,, coated
cube corner reflector CCR, measuring mirror M1, reference mirror Mo, aroof prism and afold mirror.
A two-frequency laser (not shown in Figure 1) serves asits light source, giving two linearly polarized
beams 1 and 2 with a frequency difference of about 20MHz. The CCR, Qi, Q», roof prism and fold
mirror reroute the beams insde the interferometer so that beam 1 will travel four returns between PBS
and M; and beam 2 four returns between PBS to M- before they emerge out of the interferometer.
Then the two beams combine and form a heterodyne signa, which is processed by decoding
electronics to calculate the displacement information.
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Figure 1 Eight-pass interferometer



3. Optical mixing error

|deally beam 1 should travel only between PBS and M; and beam 2 only between PBS and M, s0

that beam 1 carries the position information of M; and beam 2 carries that of M. But thisis based on
an assumption that everything is perfect: the laser beams are perfectly linearly polarized and aligned
perfectly with beamsplitter, and the beamsplitter, quarter wave plates and other optica components
are perfect and aigned perfectly in the interferometer. Any imperfection will lead a beam to travel not
only in the arm where it should be but also in the other arm, causing optical mixing. In this case, the
optical route of a beam becomes more complex, as shown in figure 2, where T denotes a passage
through PBS, R areflection at PBS, Q: a passage though quarter wave plate Qy, Q. a passage though
quarter wave plate Q,, f 1 around trip between Q, and My, f, around trip between Q, and M,, CCRa
reflection by CCR, and ROOF areflection by the roof prism.
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Figure 2 Optical route of alaser beam in the eight-pass interferometer

To caculate the optical mixing, the Jones Matrices are employed. Following the optical route in
figure 2, the eight-pass interferometer can be described as
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where Jinry denotes the Jones matrix for a passage through PBS, J,« the Jones Matrix for a reflection
by PBS, J; /4 the Jones matrix for quarter wave plate Q, and Q,, Js1 the Jones matrix for around travel
between M; and Qq, Js» the Jones matrix for around travel between Q. and My, Jor the Jones matrix
for coated cube corner reflector CCR, and Jroof the Jones Matrix for the roof prism. Since the two
laser beams are only 20MHz different in frequency, they see virtually the same polarizing effect when
propagating in the interferometer. Some Jones Matrix vaue for both the ided and non-ideal optical
components are shown in Table 1.

Table 1 Jones Matrices
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Let E; and E, denote the Jones vectors for input beam 1 and 2, the polarizing effect of the
interferometer on the two beams can be expressed as

E, = JE, 2
E, =JE, ©)




The heterodyne signd is formed by synthesizing E, and E,. Restoring the time dependence, the
electric field of the heterodyne signal will possess the mathematical form
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where w, is the angular frequency of beam 1, w, is the angular frequency of beam 2, E, denotes the
amplitude of the light component that originates from beam 1 and travels 4 returns only between PBS
and My, ex( k=1, 2, 3,4) thelight components that originate from beam 1 and travel 4-k returns
between PBS and M; and k returns between PBS and Mj, Ex is the amplitudes of the light
components that originates from beam 2 and travels 4 returns only between PBS and My, and ex ( k
=1, 2, 3, 4) the amplitudesof the light components that originate from beam 2 and travel 4-k returns
between PBS and M, and k returns between PBS and M. The intensity of the heterodyne signd is
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The right hand sde of the firgt line is the DC component, the second line is the main heterodyne
ggna, the third to the tenth are opticad mixing sgnas, and the last two lines are quas-DC
components. Usualy the DC and quas—DC components are filtered away by the eectronics, and the
high frequency signds (line 2 to line 10) are left. Nonlinear error can be expressed in angular phase,
which is equal to the sum of optical mixing components (line 3 to 10) divided by the main heterodyne
sgnal. Inthe worst casg, it is the sum of the amplitudes from line 3 to 10 divided by the amplitude in
line 2. The smaller e, ,e,,,e, e, ey4,€, €, ande,,, the smaller the nonlinear error. We can aso note
that different mixing components have different perodicities. The line 10 signal takes 1/8 wavelength
displacement (4(f 1. ») = 2p) to complete a cycle while line 3 and 9 take 1/6 wavelength displacement
(3(f 1.f 2) = 2p), line 4 and 6 take 1/4 wavelength displacement (2(f 1.f 2) = 2p), and line 5 and line 7,
the dowest error components, take 1/2 wavelength displacement ((f 1.f2) = 2p), that is to say, a
complete nonlinear error cycle in eight-pass interferometer will be 1/2 wavelength displacement.

To verify equation (5), an experiment was designed. According to equation (5), if measuring mirror
M3 ismoved at a constant speed, equation (5) will present nine spectral lines (line 2 to 10). Adjacent
frequencies are spaced by v/l , where | is the mean wavelength of the two frequency laser and v the
velocity of M1. The measured spectrum is shown in figure 3. The largest pesk 1 in the figure is the
main heterodyne signal, corresponding to the termin line 2 of equation (5). Other significant peaks 2,



3, 4 and 5 correspond to the error termsin line 3, 4, 6 and 10 respectively. The error termsinline 5, 7,
8 and 9 are not significant in this interferometer. Nonlinear error, by figure 3, is about 0.039 radiansin
phase corresponding to a displacement error about 0.5nm.

Various imperfections that might affect optical mixing errors were analyzed based on the model.
Details will not be given here due to length constraints. It was found that the optical mixing errors are
more senditive to the misalignment between the laser polarization orientation and the beamsplitter, but
less sensitive to the imperfections of the beamsplitter. Slight misalignment and imperfection of quarter
wave platestheoreticaly have no contribution to optical mixing errors.
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