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The Michelson interferometer is viewed as a noisy system whose noise input results from
unwanted changes in the optical path lengths of its beams, and whose desired output is a constant
optical path-length difference. A technique for maintaining this quality at a value equal to a
multiple of quarter wavelengths of the light is described.

INTRODUCTION

Most applications of the Michelson interferometer
Figure I) to metrology are based on effecting a changein
he optical path-length difference by means of the
parameter whose value is to be measured, Because the
optical path lengths of the interfering beams may also be
sensitive to other mecchanical, acoustic, or thermal dis-

noisy. Passive methods to control this noise can be very
uccessful, but one finds many situations where they are
10t practicable. Although the active approach has been
sed for stabilizing the frequency of gas lasers™® and also
or stabilizing the optical paths of interferometers,®* the
lesign philosophy underlying the system here described
s unique. Control of the optical path-length difference is
ccomplished by periodically comparing the phase dif-
erence between the fundamental and the second-
armonic components of the photodetector output,
Using this information, a logic unit causes positive- or
egative-going ramp signals to be generated in the feed-
(:'ack loop and applied to the “fixed” mirror as a path-
dength correction.
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turbances, the system must be considered as inherently

THEORETICAL BASIS

Harmonic analysis of the output of a phase-modulated
interferometer results in the following well-known expres-
sion of the photodetector current:®
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‘where : )

A = L-Ip (see Figure 1)
A and B = constants

d, w= the amplitude and angular frequency, re-
spectively, of the displacement d cos wf that is
being measured

A = the wavelength of the light source

t = time

T

L santities J {x) are
X X) are

e quantities J)

kind of order p.

For most methods of processing the photodetected
signal, it is either necessarv or convenient to fix the
unmodulated path-length difference 2A. The usual require-
ment is that A=(2n+1) A/8, n=0,1,2,..., which effectively
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eliminates from the output all even harmonics and max-
imizes the odd ones. The device labeled “Stabilizer” in
Figure 1 performs this function automatically. Before
explaining its operation it is important to show how
continuous changes in A are transformed into discrete
changes in phase.

The first- and second-harmonic terms in Equation I
.can be rewritten as:
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and

4 :
iy = B J, (Tﬂ' d) . [cos(2wt +.z) + cos (2wt—z)]

@

4n
where z = A
A

At a given value of the displacement 4 {commonly,
d<\[2)and with a constant A, the phase ¢ of iz (?) relative
to i(f) is the same at times one vibration period apart. If
A is perturbed, ¢ can either change by 180° or not.change
at all, depending on the amount of perturbation. This
result follows from Equation 2. It can be obtained either
algebraically or, more simply, by means of phasor dia-
grams. Choosing the latter approach, consider two
examples, one vibration cycle apart, under changing
path-length conditions such that 0 < A< A when wt=0

‘Figure 2a shows the corresponding phase relation-
ships of the first and second harmonics. The noteworthy
feature of these diagrams is that the instantaneous phase
difference between the first and second harmonics is
either 0 or m regardless of the magnitude of A, This
property is also true for all other adjacent quadrants of
Am A

A 4 T

The degenerate case of 5 =7 Vi where n =0,1,2,3...,

corresponds to the desired A= ﬁ..g.

If the phases of the two harmonics are shifted, as for
example, by tracking filters,
m= wt-0 +er 3)
where @ is relative phase shift introduced by signal condi-
tioning, and e is the randomly occurring change in

phase produced by a disturbance of the quiescent value of
A.

A A
e = 0 for 2n-§< A< (2n+ 1)-—8—

) A A
1 for 2n-1) E< A< 2n ?
1 A ) ‘
=—forA=n—n=0,%1,%2,... @)
2 8
Figure 2B shows a plot of ¢ as a function of A.

The control strategy now becomes evident: monitor
the phase difference ¢ and generate a signal to correct the

and A< A A when ot = 2. 8 deviationfrom A = (2n+ 1) A/8.
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Figure 1. An interferometer system retrofitted with the stablizer
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Figure 2A. Phasor diagrams representing two successive
amples of the fundamental (1) and second-harmonic (1)
icomponents of the photodetector current
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Figure 2B. Dependence of the randomly occurring number

OPERATIONAL DESCRIPTION

Figure 3 shows the functional components of the con-
rol system. The signal conditioner filters the output of
photodetector to select the fundamental and second-
moni¢ components and converts them to precise
quare waves. The phase comparator, which accepts

these square waves, functions as an AND gate. Its output
can be in one of three states:

(1) "When the amplitude of the fundamental compo-
nent is maximized (the second-harmonic ampli-
tude is approximately zero), the zero putput of the
phase comparator sensed by the null detector
causes the track-and-hold amplifier to hold the
correcting-voltage level of the ramp generator.and
output amplifier constant as long as the path-
length difference remains constant.

(2) When -7 < ¢ <0, the output of the phase com-
parator is one positive pulse for each cycle of the
fundamental.

(3) When0 < ¢ <7, the output of the phase compar-
ator consists of two positive pulses for each.cycle
of the fundamental.

The pulses representing states 2 and 3 are counted by
two counters. One of the counters gets a reset pulse after
each cycle of the fundamental component, while the
other is reset only when the phase comparator is in state
3. The outputs of the counters are decoded and used to
trigger a bistable switch. Its outputs are in turn
“AND-ed” with the outputs of the null detector and the
limit detector for the purpose of turning on and off the
positive or negative charging voltages of the ramp gener-
ator, as required by the condition of the phase compara-
tor. The ramp signal, after amplification, is applied to a
PZT cylinder serving as a mirror drive to correct the
deviations from the desired value of the optical path-
length difference. The track-and-hold amplifier output

Limit
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gzifﬁure 3. Optical path-length-difference stabilizer (functional diagram)

ISA Transactions e Vol. 21, No.3 57



also controls the limit detector, which resets the charging
‘voltage to approximately zero in order to keep the ampli-
fier output within predetermined limits. This ensures
that the device locks on the nearest fringe.

PERFORMANCE EVALUATION

Prior to complete system evaluation, the response of
the phase comparator alone was carefully examined
under both controlled and real-life conditions. Figure 4
presents a set of typical results at 12.5 kHz as the funda-
mental frequency. The phase 0 of sin (2w t +0) referenced
to sin wt was varied from 0 to 27r and locked at each of the
steps shown. With those signals as input, the output of
the phase comparator consisted of one or two pulses per
vibration cycle, as required by the design. In the light of
the results of Figure 4, the optimum value of 0 in Equa-
tion 3 appears to be £90°. A variable phase shifter was,
therefore, added to the signal conditioner unit of Figure
3.
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Figure 4. Phase comparator response at 12.5 kHz

Two tests of performance were used to qualify the
stablizer. The first consisted of comparing time histories
of the photodector output with and without stablizer.
The rms value of the fundamental component was moni-
tored. Figure 5 shows two typical samples obtained under
deliberately noisy conditions. With the stabilizer opera-
tive, the change in the level of this quantity is seen not to
exceed 0.1 dB, The other performance test was carried
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Figure 5. RMS levels of photodetector output at the fun-
damental frequency

out in the frequency domain. A real-time spectrum ana-
lyzer was used to observe the with/without conditions
and to compare the power-spectra} densities of the fun-
damental and second-harmonic components of the pho-
todetector output. The second-harmonic level was typi-
cally between 40 and 45 dB below that of the first-harmonic
level. The apparent inability to increase this difference
was subsequently traced to the presence of about 1 per-
cent second-harmonic distortion in the vibration exciter
used for the tests.

MATHEMATICAL MODELING

To assess more generally the potential of the concept
for active vibration control, a computer simulation of the
control loop was executed. The parameters of the
mathematical model included the sampling rate, the
corrective-ramp slope, time delays, and input-noise char-
acteristics. To highlight the corrective action and to keep
the model simple, the controlled variable, feedback sig-
nal, and reference signal were all expressed in terms of the
optical-path-length difference. Figure 6 shows the struc-
ture of this model and the relationship between its
parameters. The actual value of the optical path-length
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Figure 6. Simplified mathematical model of the stablizer
considered as a nolse control device



“fference A(?) is continually compared with the desired
‘nstant value of A/8. Based on this comparison
ypropriate ramp voltages v(r) are developed to drive a
transducer having a sensitivity of 13 .nm per volt.

corrective displacement signal £(7) is then added to
oisy input. The model was found to be quite insensi-
to realistic changes in the values of the time delays 7¢
d Te.

A typical noise environment 8(¢) of the interferometer
ged in this research was found to contain several line
ponents and a continuous spectrum. Figure 6 shows
ie results of a simulation with this type of disturbance
ded to the desired value of A. The input is considered to
8 +48(2), the output is A(#). (The spectra appearing in
re 7(a) are Fourier transforms of these signals.) The
ection signal is to be identified with £(#) of Figure 6.
the time- and frequency-domain representations
test to the effectiveness of the corrective action.

CONCLUSIONS

¥On the basis of experimental tests and mathematical
lation, it can be concluded that the active method of
control fully satisfies the requirements of the prob-

lem addressed in this paper. Moreover, the results of the
investigation here reported indicate a more general
applicability-of the concept. To demonstrate this, a noise
control system independent of the interferometer has
‘been constructed and will be reported in a subsequent
paper. It must, however, be emphasized that some
knowledge of the noise characteristics is required for
choosing optimum values of the design parameters.
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and output. llme histories; (c) control signal

ﬁure7 Control.of the optical-path-length difference about A = A/8=79.1 nm, showing (a) input and output spectra; (b)
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