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(57) Abstract

An improved mirror alignment
an interferometer comprises a closed
comparison between beams traversing differing po
of the mirrors (12, 14), said phase comparison provi

of the mirrors.

control for dynamically aligning the reflecting mirrors bounding the optical path in
loop servo control which utilizes a two frequency laser beam (16) to provide phase
rtions of the optical paths in the interferometer to determine alignment
ding a correction signal to direct multi-axial alignment of at least one
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DYNAMIC MIRROR ALIGNMENT CONTROL

Field of the Invention

The present invention pertains to spectrophoto-
metric instrumentation, and in particular to Fourier
transform infrared spectrophotometef% utilizing a inter-
ferometer and a laser to obtain spectral data.

Background of the Invention .
The FT-IR spectrophotometer consists of two

basic parts: (1) an optical system which includes the
interferometer and (2) a dedicated computer used to ana-
lyze the information contained in the light beam pro-
duced. The advantages and improved performance of a
Fourier transform infrared (FT-IR) spectrophotdmeter
result from the use of an interferometer, rather than a
grating or prism, to obtain spectral data (FT-IR). An
interferometer permits measurement of the entire spectral
range of a sample in a fraction of the time previously

required.

The operation of a Michelson interferometer to
analyze infrared light which passes through a sample, as
applied to FT-IR spectrophotometry, is well known. The
interferometer consists of a pair of perpendicular1§
arranged optical paths, each having a re%lgctor or mirror
positioned at its end to reflect light traversing the
path. One mirror is fixed. The other mirror- is longitu-
dinally movable to increase or decrease the length of the
light path. A light beam entering the interferometer is
split into two components by a beam splitter so that a
separate component of the beam will traverse each optical
path. After reflection the components are recombined at
the beam splitter to constructively and destructively
interfere. The reconstructed beam is thereafter directed
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through a sample and focused onto a photodetector for
measurement of intensity.

The intensity of the reconstructed wave depends
on the difference in length of the optical paths over
which the component beams travel.: Generallﬁ, when the
movable mirror is scanned at a constint velocity, the
intensity of an emerging light beam will modulate in a
regular sinusoidal manner for any selected wavelength of
light passing through the interferometer.

A typical infrared light beam leaving the in-
terferometer is a complex mixture of modulation frequen-
cies due to its polychromatic nature. After the infrared
light beam has passed through a sample material, it cah
be detected to determine those wavelengths of light which
have been absorbed by the sample. This is accomplished
by measuring change in the sinusoidal pattern expected '
when the .light beam exits the interferometer. Measure—
ment of the differences in the characteristic sinusoidal
pattern for each light wavelength indicates those wave-
lengths of light which are absorbed by the sample. In-
frared light absorbance characteristics provide a spec-
trum from which the material comprising the sample can be
determined.

The output of a detector measuring the inten-
sity modulation of the emerging beam can;bé recorded at
very precise intervals during a mirror scan, to produce a
plot known as an interferogram. The interferogram is a
record of the output signal produced by the infrared
detector as a function of the different lengthvoptiéal
paths traversed by the components of the infrared beam in
the interferometer. Successive measurements of the sam-
ple are obtained and co-added to obtain an average inter- -
ferogram having improved signal-to-noise characteris-
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tics. The average interferogram provides information and
data relating to the spectral characteristics of the
sample materlal. After mathematical preparation, a
Fourier transform calculation is performed on the inter-
ferogram to obtain a spectral fingerprint of the sample
composition. The results are compared against known
reference data to determine the compoéition of the sam-

ple.

Most Fourier transform techniques require aver-
aging of a large number of interferograms in order to
obtain accurate results. As many as 32 to 50 scans dur-
ing which measurements are taken may be averaged. It is
important for an interferogram to be precisely reproduci-
ble in order to maintain accuracy in their averaging.
Since an interferogram is created by measurement intensi-
ty modulation, more accuracy in the interferogram and
resultant Fourier transformation will also result if more
accuracy is obtained in the measurement of intensity
throughout the time during which data points are measured
to define the interferogram. '

To accomplish accuracy and reproducibility for
an interferogram, an adjustable mirror bounding the fixed
path of the interferometer must be maintained in optimal
alignment with the beam splitter and the moving mirror.
This is most often accomplished by provxdlng a biaxial
adjustment for the fixed mirror so that it may be ad-
justed about two axes to bring the image of its surface
into absolute parallel alignment with the reflecting
surface of the moving mirror. It is extremely important
that the image of the adjustable mirror be maintained
parallel to the reflecting surface of the moving mir-
ror. Parallelism must be maintained within one wave-
length of the shortest wavelength of light being measured
to generate the interferogram. Failure to provide pre-




WO 84/03560 PCT/US84/00361
-4~

cise alignment results in reduction of the magnitude of
identifying peaks in the interferogram produced, reduc-
tion in signal-to-noise performance and phase error in-
troduction in the heterodyne beam leaving the ihterferom-
eter. Each of these substantially reduces the accuracy
with which an interferogram can be reproduced and the
precision with which the interferogram can be analyzed to
determine the sample composition. The accuracy with
which a spectrophotometer measures intensity modulation
can be no better than the limited precision of its compo-
nents. The molecular geometries cannot be accuraéely
determined if the modulation frequencies are not repro-
duced and measured precisely.

Prior art designs have used massive structures
and extremely fine mechanical adjustments to obtain ac-
curate mirror alignment. Temperature compensation has
also been attempted to reduce thermal distortion error.
However, it has been found that static alignment cannot
assure aécurate mirror alignment throughout a scan of a
moving mirror. Wobble and support inaccuracies of the
moving mirror continue to introduce alignment error.
Dynamic mirror misalignment results in aperiodic errors
in the intensity measurements obtaihed, which generate
unpredictable and accuracy-reducing gliches in the inter-
ferogram profile.

Modern systems accomplish mirror'alignment
automatically by passing a reference light beam, such as
a laser beam, concurrently through the interferometer
with the infrared light. The reference beam is used to
directly measure misalignment between the fixed'and mova-
ble mirrors.

Laser beams have been used most effectively.
Since a laser beam undergoes the same splitting and tra-
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verse of changing optical paths as the infrared light in
the interferometer, the recombined laser beam exhibits a
measurable monochromatic wavelength having an interfer-
ence pattern containing information indicative of mirror
alignment. A phase difference measurement may be ob-
tained across the width of the laser beam to determine
the difference in the length of the path traversed by one
portion of the beam relative to another. Unequal phase
measurements are indicative of unequal path lengths indi~

cating mirror misalignment.

In a conventional system, when the movable
mirror is moving at a constant velocity, a doppler shift
is generated in the component of the laser beam travers-
ing the changing optical path. When the. doppler shifted
beam is recombined with the component traversing the
fixed length path, a modulated frequency beam exhibiting
measurable beat freguency is produced. The recombined
beam yields a series of varying intensity or fringe pat-
terns which may be analyzed across the cross section of
the beam to determine mirror alignment. Conventional
systems generally drive the moving mirror at a velocity
which produces a 5 KHz modulation, i.e., doppler shift,
in the exiting beam. At faster mirror velocities, the
modulation will increase providing increased resolution
for alignment measurement, while at slower mirror veloci-
ties the modulation will decrease. Precision with this
technique can be maintained to approximately one cycle in

5,000.

In a conventional system, however, a movable
mirror must be scanning to obtain a doppler shift in the
light beam traversing its path, and thus a measurable
modulation signal. When the movable mirror is station-
ary, the light beams traveling along adjacent paths of
the interferometer are combined to form an identical
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frequency light beam without modulation. Thus when the
mirror is not moving, there is no information obtained in
the recombined beam which can be used to determine mirror
alignment. This occurs at every instance that the mova-
ble mirror reaches the end of its scan and stops before
turning around to proceed in the other direction. With

prior art auto-alignment systems mirror alignment is lost
at the ends of mirror scan.

Furthermore, with conventional systems modula-
tion of the recombined beam becomes very difficult to
measure as the velocity of a mirror scan becomes very
slow. For instance, for a 0.3 centimeter per second scan
velocity, a modulation frequency of 5 KHz is obtained in

" the recombined light beam. However, if thermirror is
driven at a scan velocity of 0.03 centimeters per second,
the modulation frequency is reduced to .5 KHz. Thus, as
the scan velocity is decreased, the modulation frequency
in the recombined light beam decreased to a level which
is difficult to measure with modern electronic detectors,
providing no control of alignment.

An FT-IR spectrophotometer has limited resolu-
tion for frequency measurement determined by its limited
ability to produce an interferogram. The the optical
system is fundamental in determining the accuracy with
which a spectrophotometer can measure fféquencies. The
accuracy with which the spectrophotometer can analyze a
"sample is directly related to the ability of the instru-
ment to produce an accurate measure of intensity of the
emerging infrared beam. This requires proper alignment
of the fixed and movable mirrors.

Conventional use of a laser reference to obtain-.
mirror alignment continues -to suffer limited precision
and control ability. Improvements in the precision with
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which mirror alignment can be measured and controlled
will necessarily produce significant improvement in the

accuracy which an FT-IR spectrophotometer can analyze a

sample substance.

Summary of -the Invention

The present invention comprises improved mirror
alignment control for dynamically aligning the image of
the mirror boundihg the fixed length optical path in the
interferometer, with the reflecting surface of the mova-
ble mirror bounding the second optical path. The inven-
tion utilizes a laser which generates a laser beam having
two component frequencies which when heterodyned produce

a constant beat frequency. A closed loop servo control
provides constant alignment control in response to a
comparison of the phase difference exhibited across the
cross section of the laser beam leaving the interferom-
eter. The dynamic mirror alignment control obtains pre-
cise stable mirror control through analysis of heterodyne

frequency modulation.

A laser beam having two components of slightly
differing frequency is obtained by applying a magnetic
field to a helium-neon gas laser. This phenomenon is
well known and described as the Zeeman effect. The laser
beam having differing frequency components is directed
through the interferometer. Each componént of the beam

" is combined with its opposing component after traversing
the optical paths of the interferometer. The combined
heterodyne beam exhibits a continual modulation or beat
frequency equal to the difference frequency of the compo-
nent, plus any'doppler-affected change in fregquency
caused when the movable mirror is scanning. The continu-
ally displayed modulation frequency of the heterodyne
beam provides continuous information indicating precision
of alignment between the fixed and movable mirrors.




WO 84/03560 PCT/US84/00361

-8

A detector array is provided to obtain phase
detection at various points throughout the cross section
of the laser beam leaving the interferometer. Individual
measurements are compared with an average of the phase
measurements obtained to generate correction signals to
obtain precise mirror alignment.

A triad of piezoelectric elements which longi-
tudinally respond to applied voltage are used to mount
the fixed mirror in the interferometer. The corrective
signals obtained through phase comparisbn of the cross
section of the exiting laser beam are applied to the
piezoelements to obtain bidirectional correction of mir-
ror alignment.

Due to the advantageous use of the two-frequen-
cy laser which yields a continually modulated beam emerg-
ing'from-the interferometer, the alignment of the mirrors
can be continually controlled throughout the scan range
of the movable mirror and even when the mirror is sta-
tionary. Thus, mirror alignment is never lost when the
movable mirror changes scan direction.

Dynamic mirror alignment control can maintain
constant mirror alignment along the entire range of 'scan
in either direction without conversion éircuitry. Advan-
tageously this may allow samples to be aécurately ob-
tained in both forward and rearward scans of the mirror,
and throughout the scan range, substahtially reducing the
time required to take sufficient data for accurate aver-
‘aging techniques. The increased resolution in obtaining
interferogram data with this system yields more rapid and
accurate anélysis of the sample material.

-

Furthermore, due to the continuous information
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signal provided by the system, it is unnecessary to per-
form frequent alignment calibrations.

Description of the Drawings
Figure 1 is a schematic drawing of an interfer-

ometric portion of a Fourier transform infrared spectro-
photometer and the control circuit which comprises the

present invention;

Figure 2 is a schematic representation of the
interferometric portion of the spectrophotometer depict-
ing the polarization relationship of the individual com-
ponent of the two-frequency laser as the laser beam
passes through the interferometer;

Figure 3 is a schematic of the electrical cir-
cuit of a first mode of the scan and parallelism servo

control.

Best Mode of the Invention

The interferometric portion of the Fourier
transform infrared (FT-IR) spectrophotometer is described
with reference to Figure 1. A Michelson interferometer
is depicted which comprises a beam splitter 10 positioned
to distribute a portion of an incident light beam along
each of two perpendicular optical paths 11 and 13. ‘'The
beam splitter 10 receives a laser beam 16 from a magneti-
cally influenced laser 18, and an infrared light beanm,
shown bounded by lines 20, generated by an infrared light
source 22. Generally, the infrared beam 20 is reflected
and collimated by a non-planar mirror 24 for entry into
the interferometer, while the laser beam 16 is'directly
applied to the beam splitter 10 through an opening 26
centrally located in the mirror 24.
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The beam splitter 10 reflects a first portion
of each beam 16 and 20, along the first fixed length
optical path 11, which is bounded by an adjustable mirror
12. The light beams 16 and 20 are reflected by the mir-
ror 12 to return along the optical path 11 to the beam
splitter 10. A second portion of each of the light beams .
16 and 20 is passed through the beam'splitter 10 along
the second optical path 13 which is bounded by a movable
mirror 14. The movable mirror 14 is longitudinally mova-
ble with respect to the optical path 13, to change the
length of the optical path within the selected scan
range, indicated by arrow 15.

The second portions of each of the light beams
16 and 20 are reflected from the movable mirror to return
along optical path 13 to the beam splitter 10, where they
are recombined with the first portions of the light beams
16 and 20 returning along the first optical path 11. The
recombined portions of the laser beam 16 form a hetero-
dyne beam 30. The light beam 30 contains information of
the alignment of the fixed mirror 12 relative to the
movable mirror 14, through intensity modulatioh caused by
interference phenomena. The recombined portions of in-
frared beam 20 form a heterodyned beam 32 which has each
individual frequency modulated at a charaéteristic rate
to provide a range of modﬁlated frequencies of infrared
light which can be applied to the sample material under
analysis.

The recombined laser and infrared beams, 30 and
32, respectively, are directed along an exit path 33 of
the interferometer in which a reflector 34 similar to
reflector 24, is positionéd. The reflector 34 receives
the collimated infrared heterodyne beam 32 and reflects
and focuses the beam on a sample chamber 36. The infra-
red beam 32 passes through the sample chamber 36 and
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reflects from a third mirror 38 to focus on an infrared
photodetector 40. The photodetector 40 receives the
amplitude modulated infrared beam which is modified by
the sample'material through which it passes. The photo-
detector 40 produces an electrical information signal
proportional to the modified modulation of the beam which
is used to generate an interferogram.

The modulated laser beam 30 passes from the
interferometer through an opening 42 in the mirror 34.
Beam 30 is directed to a detector 44. Preferably, the
detector 44 comprises an array of photodetectors for
measuring the intensity of the modulated laser beam 30 at
selected varying points in its cross section. Electrical
signals 45 produced by detector 44 are used to obtain
correction of mirror misalignment. The signals 45 are
applied to a parallelism servo control 50 to produce

correction signals 53.

The correction signals 53 are applied to a
plurality of piezoelectric elements 101, 102 and 103
which mount the adjustable mirror 12 to the interferom-
eter framework, to control alignment of the mirrors 12

and 14.

The He-Ne laser 10 is magnetically influenced
to produce a laser beam with two differéht frequency
components, each having opposing circular polarization.
The differing frequencies and polarizations are used to
obtain a continuous flow of information in the heterodyne
beam 30 leaving the interferometer. Referring to Figure
2, the laser beam 16 having two component frequencies is .
passed through a quarter waveplate 15 before entering the
interferometer. The quarter waveplate 15 converts each
of the circularly polarized components into a linearly
polarized component. One linearly polarized component
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exists in a plane parallel with the drawing, as shown by
the bars 17 and has a frequency £4. The other linear
component exists in a plane perpendicular to the drawing,
as shown by the dots 19 and has a fregquency fz, This is
due to the opposing nature of the circular polarization
the incident components exhibit. Thus, the light beam
directed into the interferometer consists of two compo-
nents each having an individual frequenc& and polariza-
tion making them clearly distinguishable from one
another.

The first portion 21 of the laser beam 16 re-
flected along the fixed length optical path 11 passes
through a second guarter waveplate 23, reflects from the
adjustable mirror 12, and again passes through the quar-
ter waveplate 23 in returning to the beam splitter 10.
Passing the first portion 21 of the beam 16 twice through
the quarter waveplate 23 acts to rotate the polarization
of each component of the beam through a 90° angle about
the axis of the beam. Thus, the first component 17 which
was vertically polarized upon entering the fixed optical
path 11 returns to the beam splitter 10 with a horizontal
polarization as shown by bars 17'. Similarly, the second
component having a horizontal polarization entering the
fixed length optical path 11 returns to the beam splitter
10 with a vertical polarization, shown by dots 19'.°

The sgcond portion 25 of the laser beam which
passes through the beam splitter 10 and along optical
path 13 is reflected from the moving mirror 14 without
change in polarization. Each of the components of the
second portion 25 of the laser beam may, however, be
changed in frequency by a value Af. This is caused by a .
Doppler effect produced in the beam by movement of the
movable mirror 14.

W
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Since only like polarized beams will combine,
upon returning the to the beam splitter 10, the component
of the laser beam having frequency f; which has traversed
the first optical path 11, and which has been rotated ip
polarization by 90°, will recombine with the component of

versed the second optical path without change in polari-
zation. A resulting recombineg wave of one polarization

27 will thus exhibit a frequency of £1 - (£2 + 4f). The
resulting recombined wave of the other polarization 29

will exhibit a frequency of £y = Af) - fp. The recom-
bined waves 27 ang 29 are then directed from the inter-
ferometer through a pPolarizer plate 31 which filters out
one of the two polarized waves. Thus, the detector 44
will receive a light beam having linear polarization ih
only one plane, and having a frequency which is intensity
modulated by the combination of the differing frequency
components of the laser beam, one of which may have a
Doppler shift in frequency af introduced.

It should be noteg that a Doppler shift Af is
introduced to the frequency of each of the components
only when the movable mirror 14 is moving. When the
movable mirror 14 is held stationary, no Doppler effect
is generated, Thus, when the mirror 14 is stationary,
the beam component traversing the first optical pathH 11
will recombine in the beam splitter 10 with the opposing
component traversing the second optical path 13 to yvield
@ heterodyne beam which exhibits a modulation or beat
frequency exactly equal to the difference between the
component frequencies, i.e., £1 - £5. Thus, the detector
will continually receive a wave having a frequency modu-
lation to determine whether. the mirrors are in alignment.

Due to the continual modulation or beat fre-
quency exhibited by the exiting light beam, an informa-




N

WO 84/03560 PCT/US84/00361
-14-

tion signal will be produced which permits control of
mirror alignment throughout the range of scan and in

forward and rearward directions of scan.

The mirror alignment control system is de-
scribed with reference returned to Figure 1. The laser
beam detector 44 comprises an array of photodetectors
which measure the intensity of the laser beam 30 leaving
the interferometer. The detector array 44 consists of at
least three detectors positioned at three different loca-
tions in the beam cross section. The signals produced by
the photodetectors provide an indication of the intensity
difference across the cross section of the beam, which is
proportional to the phase difference across the cross
section of the beam. A difference in phase across the
beam is directly related to misalignment of the moving
mirror 14 with the projected image of the adjustable
mirror 12. This is reasoned in that a coherent beam
entering the interferometer will be changed in phase if
the beam traverses unequal length paths, from one side of
its width to the other. Misalignment is the result of
non~-parallel or angular relationship between the surface
‘of one mirror with the reflected imaage of the surface of
another. The angular relationship will cause a differ-
ence in path length across the width of the laser beam
16, resulting in a phase change across the laser beém
cross section after it has traversed the interferometer
path. If the mirrors are out of alignment by as much as
a fraction of the wavelength of the laser beam, a phase
chaﬁge will be introduced across the beam. This phase

" change is measurable by determining the difference of
intensity across the beam, and can be used as a sensed
parameter in parallel alignment of the mirrors.

The adjustable mirror 12 is mounted to the base
of the interferometer (not shown) by three electro-

it




WO 84/03560 PCT/US84/00361

-15-
strictive elements, such as piezoelectric transducers
101, 102 and 103. The piezoelectric transducers are
responsive to a voltage signal.to change in length. The
piezoelectfic transducers are positioned between the
mirror and the interferometer base in an arrangement
similar to the arrangement of the detector array 44, so
that each piezo transducer is relatable to a corres-

ponding photodetector.

Preferably, piezo transducers 101, 102,.and 103
and the photodetectors of detector array 44 are posi-
tioned in a circular manner equidistant from the center
of the mirror and the center of the laser beam 30, re-
spectively, and equidistant from one another. 1In this
relationship a piezo transducer will be proportionally
responsive to an individual detector detecting the laser
beam 30, due to a similar positioning within the beam

path.

A signal produced by an individual detector can
be applied to a corresponding piezo transducer to in-
crease or decrease the length of the path to which the
transducer is responsive. With all the piezo transducers
cooperating, an equal path length across the beam width
can be continually obtained, indicating parallel align-

ment of the moving mirror.

The piezo transducers as described are avail-
able from the Vernitron Co., as Part No. 16-8031-5H.

The parallelism servo control circuit which
processes the signals produced by the detector array 44
to generate correction signals 104, 105 and 106 is pre-
sented in Figure 3. The parallelism servo control 50
receives three electrical signals 80, 81 and 82 produced
by the photodetectors of detector array 44 in response to

'qb"‘wno
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intensity fluctuations exhibited by the heterodyned laser
beam 30. Each of the electrical signal 80, 81 and 82
indicates the relative phase of a portion of the hetero-
dyne beam 30 leaving the laser. The signals 80-82 are
passed through resistors 84 and summed at summing node
86. The summed signal from ncde 86 is applied to an
operational amplifier 88 which produces a signal propor-
tional to the average phase of the thrée signals 80-82.
This signal shall be termed the average phase signal

90. The average phase signal 90 possesses a phase equal
to the average of the phases of the individual signals
80-82.

The average phase signal 90 is applied to each
0of three phase comparators 112, 114 and 116. Each of the
phase comparators 112, 114, and 116 also receives one of
the individual signals 80, 81 and 82, respectively, pro-
duced by a photodetector in the detector array 44.

. Each of the individual phase signals 80-82 is
compared in phase with the average phase signal 90 by a
phase comparator to produce an output signal which is
proportional to the difference in phase between each
individual signal with their summed average. Thus, sig-
nal 80 is compared in phase with average phase signal 90
by phase comparator 112, to obtain output signal 125
indicating the phase difference between them. Signal 81
is compared in phase with average phase signal 90 by
phase comparator 114 to obtain output signal 124 indicat-
ing the phase difference between them. And signal 82 is
compared in phase with average phase signal 90 by phase
comparator 116 to obtain output signal 126 indicating the
phase difference between them.

The phase comparators 112, 114 and 116 are
commercially available devices manufactured by Motorola,

“RNATIO
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Inc. and available as Part No. MC14046B. Further infor-
mation regarding the phase comparator may be obtained
from Motorola Publication CMOS Data Book on page 7-124.

‘The output signals 122, 124, 126 of each phase
comparator 112, 114 or 116, respectively, is a voltage
signal whose duration is proportional to the difference
in phase between the individual phase of each of the
signals 80-82 and the average phase signal 90 which pro-
vides a reference. Each of these output signals thus
indicates the instantaneous correction required to bring
the corresponding portion of the light beam path into
phase with the average of the others. This measurement
directly relates to the change in distance required of
the interferometer path to make the path equal for all

portions of the laser beam.

The output 122, 124 and 126 of each phase
comparator 112, 114 and 116, is supplied to an integrator
circuit to obtain control signals 132, 134 and 136,
respectively, which are proportional to the time integral
of the phase difference found between each of the indivi-
dual signals and the average phase signal. Thus, each
control signal 132, 134 and 136 is proportional to the
time integral of the path length error (i.e., actual path
‘length traversed vs. average path length) of that portion
of the interferometer path traversed by the portion of
the laser beam detected. Each of the control signals
132m 134 and 136 will be adjusted incrementally corres-
ponding to greater or lesser path length error.

The integrator circuit may be comprised, for
example, of a low pass filter network selected to match
the frequency response characteristics of the other ele-~
ments in the servo loop, as known in standard phase lock
loop technology. Further information on integrator cir-
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cuit designs applicable to this invention is discussed in
the Motorola CMOS Data Book, previously cited. '

The output of each phase comparator and inte- - :
grator is applied to a summing node 140, 141, 142 through
a filter 143, 144, 145 to remove noise from the signal.
Each of the output signals 132, 134, 136 are summed with
an output signal 146 from a differential amplifier 148.
The output signal 146 of the differential amplifier 148
provides a reference signal to drive each of the piezo
transQucer elements 101, 102, 103 to the center of the
longitudinal range of movement. This allows each of the
piezo transducers to provide both lengthening and shor-
tening correction to the optical path of the interferom-
eter, depending upon the control signal applied. '

¢

Operational amplifiers 133, 135, 137 receive
the output signals 132, 134, 136, respectively, with
signal 146 from the differential amplifier 148 to produce
a correction signal proportional to the difference in
phase between the average phase signal and the individu-
ally measured phase signals. These signals 104, 105, 106
are applied to the piezo transducers 101, 102 and 103
mounting the adjustable mirror 12, to obtain an increase
or decrease in their length, thereby adjusting the re-
flecting surface of the adjustable mirror 12. Adjustment
of the surface of mirror 12 relative to the optical path
11 results in adjustment of the image of the surface of
mirror 12 with the reflecting surface of the movable
mirror 14.

The differential amplifier output 146 is gener-
ated in response to a reference voltage signal 151 re-
ceived from a reference voltage source 150 and a signal
152 proportional to the average of the individual correc-
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tion signals 104, 105, 106 applied to the piezo transdu-
cers 101, 102, 103. '

The differential amplifier 148 compares the
average signal 152 to the reference voltage signal 151.
I1f the average signal 152 has a lower voltage than the
-reference signal, differential amplifier 148 increases
the voltage of its output signal 146. If the average
signal 152 has a greater voltage than the reference sig-
nal, differential amplifier 148 decreases the voltage of
its output signal 146. Since the output signal 146 of
differential amplifier 148 is fed into each of the opera-
tional amplifiers 133, 135 and 137 to produce a correc-
tion signal to which the differential amplifier 148 re-
sponds, a secondary control loop is formed. The differ-
ential amplifier 148 will drive the correction signals
104, 105, 106 upward or downwardly in voltage to obtain
an average voltage of the signals 104, 105, 106 equal to
the voltage of reference signal 151 which indicates the

range center of the piezo element.

The reference voltage is selected at a value
required which tends to bring each piezo transducer to
the center of its longitudinal range of movement. The
reference voltage selected is 175 volts, which
corresponds to the center range voltage required of ‘the
piezo transducers 101, 102, 103 described. Thus, the

- gifferential amplifier provides a control signal to the
input of each operational amplifier to adjust each of the
piezo elements to the center of the its linear range,
while each phase comparator and integrator provides a
control signal corresponding to the change in length
required of each corresponding piezo transducer to

correct mirror alignment.
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What is claimed is:

1.

A closed loop servo control for dynamically aligning
mirrors in an interferometer used for spectroscopic
measurements, comprising:

means producing a continuous heterodyne laser
beam having a continuous modulation frequency indi-
cative of the distance between corresponding por-
tions of the surface of a first mirror in the inter-
ferometer and a reflected image of the surface of a
second mirror in the interferometer;

detector means for detecting said modulation
frequency of said laser beam to obtain a plurality
of electrical signals characteristic of said modula-
tion frequency at selected locations in a cross
section of said laser beam;

control means for comparing the phase of each
of the plurality of electrical signals with their
average phase, to obtain a plurality of correction
signals, each of said correction signals indicating
a correction in distance required between the sur-
face of the first mirror and the image of the sur-

face of the second mirror to bring said first mirror

and said image into parallel alignment; and

adjustment means responsive to said correction
signals for changing the alignment between the "sur-
face of said first mirror and the fmage of the sur-
face of said second mirror.

A closed loop servo control for equalizing the path
length of all rays in a laser beam passing through
an interferometer, comprising:

means producing a continuous heterodyne laser
output beam having a continuous modulation
frequency;

[C
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a plurality of photodetectors each at a differ-
ent predetermined location in a cross section of the
laser output beam to receive a different ray in the
beam and generate an electrical signal having a
frequency indicative of the modulation frequency of
the ray received by the detector;

signal comparator means comparing each electri-
cal signal with an average thereof for continuously
generating a plurality of correction signals each
indicative of a difference between the average and
electrical signal compared therewith; and

means responsive to the correction signals for
moving an optical element in the interferometer to
correct for any differences in ray path lengths
indicated by the correction signals.

The closed loop servo of claim.l wherein said
detector means comprises a detector array having a
plurality of photodetectors positioned at selected
locations in the cross section of the laser beam, to
receive selected light rays for phase comparison.

The closed loop servo control of claim 3 wherein
said adjustment means comprises a plurality of
adjustable length elements for mounting a mirror,
each of said elements positioned to correspond'with
a photodetector of said detector means to provide
adjustment in response to the signal said related

photodetector produces.

The closed loop servo control of claim 4 wherein
said adjustable length elements are piezoelectric
transducers responsive to a voltage signal to adjust

in length.
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