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METHOD AND APPARATUS FOR CALIBRATING A
WAVELENGTH-TUNING INTERFEROMETER

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to Provisional Patent Application No. 60/339,217,
entitled “METHOD AND APPARATUS FOR CALIBRATING A WAVELENGTH-
TUNING INTERFEROMETER,” filed on Décember 10, 2001, the contents of which are

incorporated herein by reference in their entirety.

BACKGROUND

This invention relates to interferometry, and more particularly to phase-shifting
interferometry.

Interferometric optical techniques are widely used to measure optical thickness,
flatness, and other geometric and refractive index properties of precision optical components
such as glass substrates used in lithographic photomasks.

For example, to measure the surface profile of a measurement surface, one can use an
interferometer to combine a measurement wavefront reflected from the measurement surface
with a reference wavefront reflected from a reference surface to form an optical interference
pattern. Spatial variations in the intensity profile of the optical interference pattern
correspond to phase differences between the combined measurement and reference
wavefronts caused by variations in the profile of the measurement surface relative to the
reference surface. Phase-shifting interferometry (PSI) can be used to accurately determine
the phase differences and the corresponding profile of the measurement surface.

With PSI, the optical interference pattern is recorded for each of multiple phase-shifts
between the reference and measurement wavefronts to produce a series of optical interference
patterns that span at least a full cycle of optical interference (e.g., from constructive, to
destructive, and back to constructive interference). The optical interference patterns define a
series of intensity values for each spatial location of the pattern, wherein each series of
intensity values has a sinusoidal dependence on the phase-shifts with a phase-offset equal to
the phase difference between the combined measurement and reference wavefronts for that
spatial location. Using numerical techniques known in the art, the phase-offset for each

spatial location is extracted from the sinusoidal dependence of the intensity values to provide
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a profile of the measurement surface relative the reference surface. Such numerical
techniques are generally referred to as phase-shifting algorithms.

The phase-shifts in PSI can be produced by changing the optical path length from the
measurement surface to the interferometer relative to the optical path length from the
reference surface to the interferometer. For example, the reference surface can be moved
relative to the measurement surface. Alternatively, the phase-shifts can be introduced for a
constant, non-zero optical path difference by changing the wavelength of the measurement
and reference wavefronts. The latter application is known as wavelength tuning PSI and is
described, e.g., in U.S. Patent No. 4,594,003 to GE. Sommargren.

PSI data can be analyzed using PSI algorithms. A PSI algorithm presumes a certain
phase shift (e.g., 45° or 90°, depending on the algorithm) between successive intensity values
acquired at each spatial location of the interference pattern during the phase shifting. In other
words, a PSI algorithm assumes that the intensity pattern will vary at a particular frequency
which corresponds to a set phase shift between each intensity value. The PSI algorithm
extracts a phase of the intensity pattern at each spatial location based on the phase shift.
Because each PSI algorithm assumes a certain phase shift in extracting phase information
from the interference pattern, any deviation from presumed phase shift will compromise the
accuracy of the extracted phases, reducing the fidelity of a measurement. Examples of PSI
algorithms are described, for example, in U.S. Patent Application Serial No. 09/349,593,
entitled “METHOD AND SYSTEM FOR PROFILING OBJECTS HAVING MULTIPLE
REFLECTIVE SURFACES USING WAVELENGTH-TUNING,” filed on July 9, 1999, to
Peter de Groot.

In order to ensure that the interference occurs with a frequency appropriate for a PSI
algorithm (i.e., the phase shift between intensity values is appropriate for the algorithm), the
rate at which the optical frequency varies during wavelength tuning should be set to an
appropriate value. The interference frequency, f; is a function of both the tuning rate, v , and
the cavity total optical path length (OPL), D, via

r=2, m
c
where c is the speed of light. Thus, according to equation 1, the cavity OPL should be known

in order to set a tuning rate at a value such that the interference occurs with a frequency
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appropriate for the PSI algorithm being used. Typically, the user will input a nominal value
for D, from which a suitable tuning rate can be set.

More recently, alternative techniques for analyzing PSI data have been disclosed in
which PSI data is transformed into a domain that produces spectrally separated peaks each
corresponding to a particular pair of surfaces in an interferometric cavity defined by multiple
pairs of surfaces. Each peak provides optical path length and surface reflectivity information
about a corresponding pair of surfaces in the cavity. As aresult, the interferometric data from
such cavities provides simultaneous information about multiple surfaces. For example,
information about any particular surface may be determined generically. Such PSI analysis
techniques, referred to as Frequency Transform Phase Shifting Interferometry ("FTPSI"), are
described in, for example, U.S. Patent Application Serial No. 09/919,511, entitled
“FREQUENCY TRANSFORM PHASE SHIFTING INTERFEROMETRY,” filed on July
31,2001

For cavities formed by a single pair of surfaces, this latter technique does not require
prior knowledge of the cavity OPL in order to set an appropriate tuning rate, because the
transform provides information for a range of frequencies. Information may be determined
without the need for a preset phase interval between adjacent data points, the phase interval
being associated with a particular cavity length of interest. The interferometric phase of each
cavity can be determined from the transform of the interference data, evaluated
approximately at the peak frequency.

However, in these embodiments, the frequency range of the transform should be
appropriate for the interference frequency of the cavity. In particular, the optical frequency
tuning rate should being sufficiently high to resolve the cavity of interest. For example, in
the case of FTPSI utilizing a Fourier transform, the spectral resolution limit, fmin, is inversely

proportional to the observation time, Az, and the minimal resolvable interference frequency is

£ =1+/1 _ A+p)fs )
min At N

First order frequencies should be separated by at least fiin to be resolved. In equation 2, fs is

@)

the sampling frequency, N is the total number of intensity samples acquired, and the
parameter | is introduced as a practical matter. The theoretical resolution limit occurs when

p = 0, but in practice, the minimum resolvable frequency should be somewhat larger to
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account for potential instrumental deficiencies and phase error sensitivities. Setting f'in

equation 1 to fiin, the minimum resolvable OPL, Dy, can be expressed as

Dmi“ = C(].‘lj l"")fs .
vN

In other words, the spectral resolution is inversely proportional to the tuning rate. Hence, a

®3)

-relatively small tuning rate can result in poor resolution (i.e., a relatively large resolution

limit).

In addition, for a fixed sampling frequency, the tuning rate should be low enough to
avoid aliasing. Aliasing occurs due to the number of samples acquired during a tune being
finite. Aliasing can occur when the sampling frequency is less than or equal to the Nyquist
frequency (also known as the folding frequency). Accordingly, in order for the frequency, f,
associated with a cavity to be detected without aliasing, the sampling frequency should be
more than twice f. Thus, when the tuning rate is too high, the contribution to the interference
signal at f'can be aliased to a lower frequency, potentially corrupting the data.

Therefore, even when using FTSPL, it is desirable to precalibrate the interferometry
system by selecting a tuning rate appropriate for the cavity OPL using methods disclosed

herein.

SUMMARY

The invention features methods and systems that perform phase-shifting
interferometry (PSI) using optical frequency modulation to generate phase shifts in, for
example, an unequal path interferometer (e.g., a Fizeau interferometer). More particularly,
the invention features methods for quickly determining an appropriate optical frequency
tuning rate prior to acquiring the interferogram used in the final metrology. The optical
frequency tuning rate is referred to simply as the “tuning rate,” or by the symbol v , and is
defined as the rate of change of the optical frequency with respect to time. The tuning rate
can be constant, or can vary as a function of time.

One way to determine an appropriate tuning rate is to request cavity OPL information
from the user prior to performing the interferometry measurement. The subsequent
interferometry measurement is then performed using a tuning rate selected according the

user-designated OPL information. Another solution, which can enhance the level of
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automation of the interferometry measurement, is to use the interferometry system itself to
determine an appropriate tuning rate.

Accordingly, in certain aspects, the invention features methods to determine an
appropriate tuning rate for PSI interferometers where the cavity OPL is a priori unknown by
the interferometry system. In particular, these methods can provide a greater level of
automation in PSI systems, because they do not require the user to input information related
to the cavity OPL into the system prior to performing phase shifting interferometry.

In a first set of embodiments of the invention, the interferometry system includes a
pre-characterized light source, so that the tuning rate can be controlled with sufficient
accuracy to provide constant tuning rates. To determine an appropriate tuning rate for PSI,
the system acquires a series of interferograms using a series of different constant tuning rates.
The constant tuning rates can be selected so that at least one of the interference frequency
spectra will produce a non-aliased spectral peak for any cavity within the allowed cavity OPL
range of the interferometer. In preferred implementations, the acquisition begins with the
lowest rate, and increases the rate in discrete steps until the frequency spectrum indicates a
spectral peak of sufficient power. Starting at the lowest rate ensures that the first resolved
peak will be the true peak, not an aliased peak. The OPL is then recovered from the position
of the spectral peak, and an appropriate tuning rate with which to perform PSI is then
determined.

In a second set of embodiments, the optical frequency is monitored with an additional
apparatus called a wavelength monitor (e.g., an interferometer cavity with a known OPL) to
produce a phase indicative of the optical frequency. To determine an appropriate tuning rate
for PSI, the system acquires an interference signal using a linearly varying tuning rate. The
optical frequency spans a subset of the full source tuning range while acquiring a
predetermined number of samples of the interference intensity from the interferometer cavity.
The sampled data is then analyzed with a transform based on the phase indicative of the
optical frequency, called an OPL transform. The OPL transform accounts for the non-
constant tuning rate by using the wavelength monitor information. The OPL transform
produces information similar to a frequency spectrum, except that instead of optical power
vs. frequency it provides optical power vs. OPL directly. The predicted OPL is that point in
the OPL spectrum that has the highest power. The predicted OPL can then be used to

determine a tuning rate for PSI, further automating the PSI system.
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More generally, in further embodiments, the tuning rate can be varied as desired (e.g.,
with a quadratic¢ time dependance, or some higher order polynomial), provided the system is
able to reliably transform the interference signal to a spectrum corresponding to the cavity
OPL.

We now summarize different aspects and features of the invention.

In one aspect, the invention features an interferometry method including: i) forming
an optical interference image by combining different portions of an optical wave front
reflected from multiple surfaces; ii) varying a frequency of the optical wave front at a
plurality of different frequency tuning rates; iii) recording an interference signal at at least
one location of the optical interference image in response to the varying of the frequency; iv)
transforming at least a portion of the interference signal for the at least one location to
produce a spectrum having a peak at a spectral coordinate corresponding to a pair of the
multiple surfaces; v) selecting a frequency tuning rate based on the spectral coordinate of the
peak; and vi) recording an interference signal at multiple locations of the optical interference
image in response to varying the frequency at the selected tuning rate.

Embodiments of the interferometry method may include any of the following features.

At least one of the different tuning rates may be sufficiently large to resolve an optical
path length corresponding to the pair of surfaces. Also, at least one of the different tuning
rates may be smaller than a maximum tuning rate corresponding to a Nyquist sampling rate
for the pair of the multiple surfaces.

The varying of the frequency of the optical wave front may include varying the
frequency at a first constant frequency tuning rate. It may further include varying the
frequency at one or more additional constant frequency tuning rates different from the first
constant frequency tuning rate. Moreover, the interference signal may be transformed for
each of the different constant tuning rates to produce a corresponding spectrum, where the
peak corresponding to the pair of multiple surfaces is present in at least one of the spectrums.

The spectrum may be produced by transforming the interference signal into the
frequency domain.

The spectrum may be produced by transforming the interference signal into an optical
path length (OPL) domain.
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The varying of the frequency of the optical wave front may include linearly varying
the frequency tuning rate. It may further include non-linearly varying the frequency tuning
rate.

The method may further include monitoring a reference phase from a reference cavity
produced in response to an additional portion of the optical wave front. Furthermore, the

" spectrum may produced by transforming the interference signal into an optical path

difference length (OPL) based on the monitored reference phase. For example, the spectrum
S may correspond to (D)= |OPLT (D)‘2 , where D is a variable for optical path difference

and OPLT(D) is an OPD transform, which can be expressed as:

N-1 ) D
OPLT(D)= Y LW, exp(—zq) i F—JAq) i s
Jj=0

M
where there are N increments to the varying of the optical wave frequency, j is an
index for the N increments, /; is the interference signal at increment j, ¥, is a value for a
weighting function at increment j, D), corresponds to an optical path length of the reference

cavity, ¢ ,,; is the monitored reference phase at increment j, and A¢,,; is an increment in the

monitored reference phase corresponding to incrementj. In some embodiments, the
weighting function may be ignored (i.e., it may set to unity). When using the OPD transform,
the varying of the frequency of the optical wave front may include linearly varying the
frequency tuning rate. It may further include non-linearly varying the frequency tuning rate.

The spectral coordinate of the peak corresponding to the pair of the multiple surfaces
may correspond to the spectral coordinate at which the spectrum has the highest power.

The selected tuning rate may be a constant tuning rate.

The selected tuning rate may be one of the plurality of different tuning rates, or it may
be different from the plurality of different tuning rates.

The method may further include extracting a phase for each of the multiple locations
based on the interference signal for the selected tuning rate. Furthermore, it may further
include calculating a surface profile for at least one of the pair of surfaces or an optical
thickness profile of the pair of surfaces, based on the extracted phases. The extracting of the
phases may include applying a PSI algorithm to the interference signal for the selected tuning
rate at each of the multiple locations. Alternatively, the extracting of the phases may include

transforming the interference signal for the selected tuning rate for each of the multiple
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locations and determining a phase of the transformed signal at a transform coordinate
corresponding to the pair of multiple surfaces for each of the multiple locations.

The multiple surfaces may consist of two surfaces. Alternatively, the multiple
surfaces may include three or more surfaces.

In general, in another aspect, the invention features an interferometry method

“including: i) forming an optical interference image by combining different portions of an
optical wave front reflected from multiple surfaces; ii) varying a frequency of the optical
wave front at each of multiple constant tuning rates; iii) for each constant frequency tuning
rate, recording an interference signal at at least one location of the optical interference image
in response to the varying frequency and transforming the interference signal to produce a
corresponding spectrum; iv) identifying a peak corresponding to a pair of the multiple
surfaces in at least one spectrum,; v) selecting a frequency tuning rate based on a spectral
coordinate of the peak; apd vi) recording an interference signal at a plurality of locations of
the optical interference image in response to varying the frequency at the selected tuning rate.

Embodiments of the method may include any of the following embodiments.

The multiple constant tuning rates may become consecutively larger in absolute
magnitude.

The multiple constant tuning rates may include a tuning rate sufficiently large to
resolve an optical path length corresponding to the pair of surfaces and a tuning rate smaller
than a maximum tuning rate corresponding to a Nyquist sampling rate for the pair of the
multiple surfaces.

The method may further include extracting a phase for each of the multiple locations
based on the interference signal for the selected tuning rate.

In general, in another aspect, the invention features an interferometry method
including: i) forming an optical interference image by combining different portions of an
optical wave front reflected from multiple surfaces; varying a frequency of the optical wave
front over a range of tuning rates; ii) recording an interference signal at at least one location
of the optical interference image in response to the varying frequency; iii) monitoring a
reference phase from a reference cavity produced in response to an additional portion of the
optical wave front; and iv) transforming the interference signal for the at least one location
into an optical path length (OPL) domain based on the monitored reference phase to produce

a spectrum having a peak at an OPL corresponding to a pair of the multiple surfaces.
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Embodiments of the method may include any of the following embodiments.

The varying of the frequency of the optical wave may include linearly varying the
tuning rate. It may further include nonlinearly varying the tuning rate.

The range of tuning rates may include a tuning rate sufficiently large to resolve an

optical path length corresponding to the pair of surfaces and a tuning rate smaller than a

" maximum tuning rate corresponding to a Nyquist sampling rate for the pair of the multiple

surfaces.
The spectrum § may correspond to S(D)=|OPLT: (D)l2 , where D is a variable for

optical path difference and OPLT(D) is an OPD transform, which can be expressed as:

N-1 ) D
OPLT(D)=Y I W, exp(—zq) y D—)Ago o
M

j=0
where there are N increments to the varying of the optical wave frequency, j is an index for
the N increments, J; is the interference signal at increment j, W; is a value for a weighting

function at increment j, Dy, corresponds to an optical path length of the reference cavity, ¢ .,
is the monitored reference phase at increment j, and Ag ,, is an increment in the monitored

reference phase corresponding to increment j. In some embodiments, the weighting function
may be ignored (e.g., set to unity).

The method may further include: selecting a frequency tuning rate based on the OPL
of the peak; and recording an interference signal at a plurality of locations of the optical
interference image in response to varying the frequency at the selected tuning rate. For
example, the selected tuning rate is a constant tuning rate. Moreover, the method may further
include extracting a phase for each of the multiple locations based on the interference signal
for the selected tuning rate.

The latter two method aspects may further include corresponding features listed above
with respect to the first method aspect.

In general, in another aspect, the invention features a system including: i) a
frequency-tunable light source; ii) an interferometer which during operation directs different
portions of an optical wave front derived from the light source to multiple surfaces and
recombines the different portions to form an optical interference image; iii) a multi-element
photo-detector positioned to measure an interference signal at different locations of the

optical interference image in response to varying the frequency of the light source; and iv) an
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electronic controller coupled to the light source and the photo-detector. During operation the
controller: i) varies the frequency of the light source at a plurality of different tuning rates; ii)
records an interference signal corresponding to the plurality of different tuning rates for at
least one of the locations; iii) transforms at least a portion of the interference signal
corresponding to the plurality of different tuning rates to produce a spectrum having a peak at
a spectral coordinate corresponding to a pair of the multiple surfaces; iv) sélects a frequency
tuning rate based on the spectral coordinate of the peak; v) varies the frequency of the light
source at the selected frequency tuning rate; and vi) records the interference signal
corresponding to the selected tuning rate for each of the different locations of the optical
interference image.

In general, in another aspect, the invention features a system including:

i) a frequency-tunable light source; ii) an interferometer which during operation
directs different portions of an optical wave front derived from the light source to multiple
surfaces and recombines the different portions to form an optical interference image;

‘ a multi-element photo-detector positioned to measure an interference signal at
different locations of the optical interference image in response to varying the frequency of
the light source; and iii) an electronic controller coupled to the light source and the photo-
detector. During operation the controller: i) varies the frequency of the light source at each of
multiple constant tuning rates; ii) for each constant frequency tuning rate, records an
interference signal at at least one location of the optical interference image in response to the
varying frequency and transforms the interference signal to produce a corresponding
spectrum; iii) identifies a peak corresponding to a pair of the multiple surfaces in at least one
spectrum; iv) selects a frequency tuning rate based on a spectral coordinate of the peak; and
v) records an interference signal at a plurality of locations of the optical interference image in
response to varying the frequency at the selected tuning rate.

In general, in another aspect, the invention features asystem including: i) a frequency-
tunable light source; ii) an interferometer which during operation directs different portions of
an optical wave front derived from the light source to multiple surfaces and recombines the
different portions to form an optical interference image;

a multi-element photofdetector positioned to measure an interference signal at
different locations of the optical interference image in response to varying the frequency of

the light source; and iii) an electronic controller coupled to the light source and the photo-

10
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detector. During operation the controller: i) varies the frequency of the light source over a
range of tuning rates; ii) records an interference signal for at least one of the locations in
response the varying the frequency over the range of tuning rates; iii) monitors a reference
phase from a reference cavity produced in response to an additional portion of the optical

wave front; and iv) transforms the interference signal for the at least one location into an

“optical path length (OPL) domain based on the monitored reference phase to produce a

spectrum having a peak at an OPL corresponding to a pair of the multiple surfaces.

Embodiments of any of the three system aspects described above may include any of
the corresponding features described above in connection with the three method aspects.

The invention can provide any of the advantages enjoyed by wavelength tuning PSI, as
disclosed in U.S. Application Serial Numbers 60/252,116 and 09/919,511.

Alternatively, or additionally, embodiments of the invention can increase automation of
PSI systems that utilize PSI algorithms and/or FTPSI techniques because they do not require the
user to input a nominal OPL and/or tuning rate.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. All publications, patent applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of conflict, the present specification,
including definitions, will control.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages

of the invention will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram of an interferometry system.

FIG. 2 is plot showing tuning rate vs. time for a tuning profile having a series of
constant tuning rates. |

FIG. 3 is a plot showing an optical power spectrum for a first tuning rate in an
exemplary system.

FIG. 4 is a plot showing an optical power spectrum for a second tuning rate for the
same exemplary system as for FIG.3.

FIG. 5 is a schematic diagram of a wavelength monitor.

11
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FIG. 6 is a plot showing tuning rate vs. time for a tuning profile having a linearly
increasing tuning rate.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

In order to accurately characterize one or more surfaces in an interferometric cavity
defined by multiple pairs of surfaces using PSI, it is preferable to set the tuning rate to a rate
appropriate for the cavity OPL. When analyzing PSI interferograms using a PSI algorithm,
an appropriate tuning rate is one that phase shifts the contribution from a cavity of interest by
an amount appropriate for the PSI algorithm being used. When using FTPSI, an appropriate
tuning rate is one that is sufficiently high to resolve the OPL of the cavity of interest, but is
low enough to avoid aliasing.

In preferred embodiments, the described methods are implemented for single
interferometry cavity systems. In single cavity systems, the instrument can operate
identically to a conventional PSI tool (i.e., at any suitable separation of the cavity surfaces
and without needing additional OPL information). The described methods can also be
adapted to interferometer cavities produced from more than two surfaces (i.e., systems
including multiple two surface cavities). However, in multiple cavity systems, the surface
separations should be set appropriately to minimize spectral overlap.

A schematic diagram of an interferometry system 100 is shown in FIG. 1. System 100
is adapted to measure the optical interference between reflections from the front surface 102
of measurement object 101 (e.g., an optical flat) and from a surfacel21 of a reference object
120. Reference object 120 may be, for example, a reference flat having a well-characterized
surface. Surface 102 is separated from surface 121 by a gap 125. System 100 includes a
mount for positioning object 101 relative to reference object 120, and a computer 190.
System 100 additionally includes a tunable light source 140 (e.g., a laser diode), a driver 145
connected to light source 140 for adjusting the optical frequency of its output, a beam splitter
150, a collimating optic 130, an imaging optic 160, a CCD camera 170, and a frame grabber
180 for storing images detected by camera 170. In some embodiments, a single device can
perform both control and measurement functions (e.g., frame grabber 180 may be

incorporated in computer 190). Driver 145 tunes the optical frequency v of light 105 from

12
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light source 140 at a desired tuning rate, v , through a frequency range Av about a nominal
optical frequency of v,,.

During operation, controller 190 causes driver 145 to control the optical frequency of
light 105 emitted by light source 140 and causes frame grabber 180 to store an image of the
optical interference detected by CCD camera 170 for each of the specified optical
frequencies. Frame grabber 180 sends each of the images to controller 190. Although CCD
camera 170 and frame grabber 180 acquire interference signals from multiple pixels, it is
only necessary to analyze the interference signal from one pixel in order to determine an
appropriate tuning rate for PSI. Naturally, the interference signal from more than one pixel
can be analyzed, e.g., for improving statistical accuracy when determining the tuning rate.

During operation, light source 140 directs light having an optical frequency v to
beam splitter 150, which then directs the light to collimating lens 130 to collimate the light
into a plane field. Optionally, a second beamsplitter 110 directs a portion of the light to an
optical frequency monitor 115, described further below with reference to FIG. 5. Surface 121
reflects a first portion of the light to form a first reference wavefront 105a, and surface 102 of
object 101 reflects an additional portion of light to form wavefronts 105b. Lenses 130 and
160 then image wavefronts 105a and 105b onto CCD camera 170 where they form an optical
interference pattern. The optical interference pattern can also includes contributions from
higher order reflections within the cavity. Higher order reflections can include, for example,
interference between light reflecting from surface 121 and light that reflects first off surface
102, then by surface 121, and then again by surface 102.

In a first embodiment, controller 190 causes driver 145 to ramp the optical frequency
from a low frequency to a high frequency using a series of constant tuning rates. In other
words, for each constant tuning rate, the frequency varies linearly with time. This tuning rate
profile can be expressed mathematically as

C, t=t,—>1
C2 t=t —>1,

Vit)=1 : @)
Cy t=ty, =ty

where each C;is a constant. FIG. 2 shows a plot of an example of such a tuning rate profile,

in which the five different tuning rates are used (i.e., N=15).
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The lower tuning rate limit (e.g., C; in FIG 2) can be set to accommodate the largest
possible cavity OPL. Starting at the lower limit also reduces the possibility of falsely
identifying an aliased peak. The detector acquires a sufficient number of frames at this tuning
rate, and the controller performs a frequency transform on the interference signal
corresponding to the frame intensity at acquired at a detector pixel. Typically, a sufficient
number of frames are acquired so that the frequency transform provides a useful spectrum.
For example, where the frequency transform is an FFT, 16 or more frames are usually
sufficient. Prior to transforming the interference data, a DC term can be subtracted from the
data.

Once the data has been transformed, the frequency spectrum is studied for the
presence of a peak. One method for identifying a peak is to search for a frequency where the
optical power is above a certain threshold power. For example, where a FFT is used, a power
spectrum can be determined by summing the square of the imaginary and real components for
each frequency bin of the FFT. A search of the frequency bins locates the bin with the highest
power. In some embodiments, the controller calculates the weighted average frequency, F,
for the three bins straddling the bin with the highest power, and sums of the powers in these
three bins to determine an optical power parameter, P. The weighted average frequency can

be expressed as

max+1

Y. PSD;-f,
F — Jj=max-1 , ( 4)

max+1

Y. PSD,

J

Jj=max-1
where j refers to the bin number, PSD; is the optical power at the j-th bin, and f; is the
frequency corresponding to the j-th bin. Similarly, the optical power parameter can be

expressed as
max-+1
P= ) PSD,. ©)
J=max~1

The values of F and P can then be used to determine the acceptability of the peak by
comparing the power parameter to a user defined threshold value, and the frequency to a
frequency range corresponding to a reasonable range for the cavity OPL.

One way to determine a threshold value is from the system’s digitization precision,

DP, which is typically expressed as 2%, where b is the number of bits produced from the
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analog to digital conversion. In some embodiments, the power of a suitable peak should be
greater than a particular fraction of the power expected for the current digitization precision.
For example, typical instruments have a DP of 256. The expected power produced from an

FFT of a sinusoidal signal with 100% contrast can be found from the formula

3DP?

P ———, where o refers to the number of frames acquired (e.g., o is greater than or

expected ~

equal to 16 for most FFT implementations). The threshold power can then be set as a fraction
of the expected power (e.g., 5% of the expected power).

If no peak is found for the spectrum corresponding to the first tuning rate (e.g., C; in
FIG. 2), the system acquires data at the next tuning rate (e.g., to C,), and analyzes this data in
the same manner as for the data acquired at the first tuning rate. Data sets at subsequent
tuning rates are acquired and analyzed until a suitable peak is identified.

The following is an example intended to clarify the first embodiment. In the example,
the camera was assumed to have a frame rate, fs, of 30 Hz, and the maximum tuning range,

Av__, of the light source is 80 GHz. A 16 frame acquisition at each tuning rate is also

max ?
assumed (i.e., o = 16). Note that for a constant tuning rate,

1}sz-Av
o

, ©)

so the task of determining an appropriate tuning rate, v , corresponds to determining an
appropriate tuning range, Av .

A 16 frame acquisition takes only % second for a 30 Hz camera, so when the number
of tuning rates was small, the method was reasonably fast.

A minimum tuning rate number was estimated from the range of frequencies implied
by the minimum and maximum OPL’s. The tuning range required to produce an interference
frequency below Nyquist for a 6 meter OPL is 200 MHz, so the frequency dynamic range that

should be spanned by the series of interferograms is AV = _80 GHz =400. Tt was

Av 200 MHz
empirically determined that a reliable frequency dynamic range for a single 16-point FFT is
between 0.163 and 0.838 of Nyquist (a range factor of 5.14). In order to assure a solution is
found for the full dynamic range of 400, and allowing a small amount of spectral overlap
between individual acquisitions, 5 tuning ranges were selected with individual rénges

determined by the formula Av - DR™ =200-(4.5)" MHz, where DR is the dynamic range of
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the FFT (i.e., DR = 4.5 is the dynamic range of a single 16-point FFT) and m (the tuning
range parameter) is incremented by one for each sequential acquisition.

In the example, the OPL of interest was set at 343mm and the frequency for
subsequent characterization was selected to be % Nyquist (which implied a 90 degree phase
increment so standard PSI algorithms could be used). Upon initialization, the controller set
the threshold power to 5%, the number of data points per tuning rate to 16, the digitization

precision to 240, and the tuning range parameter, m, to zero. The first tuning range is then
equal to 200(4.5)° = 200 MHz. The controller set the tuning range to 200 MHz and acquired

16 frames of data. After subtracting the DC term from the intensity pixel history (determined
from the intensity average of all the frames), the controller calculated the FFT and power
spectrum. The resulting power spectrum is shown in FIG. 3.

The peak bin was atj = 1 and the first three bins had powers of 0, 4704 and 246,
respectively, which produced a weighted average frequency F = 0.131 and an optical power

parameter P =4953. Though the power was sufficient (i.e., greater than the threshold power,

2
which was 0.05x P, w

rpected = e = 540), mainly due to spillover from the remaining

DC, the frequency was too low (less than 0.163). Therefore, the loop index, m, was

incremented by 1, and the tuning range was reset to 200x 4.5' =900 MHz. The system
acquired 16 frames of data at the new tuning range.

FIG. 4 shows the adjusted power spectrum for data acquired for the new tuning range
after subtracting the DC term from the intensity pixel history. The peak bin was atj =2 and
the 1%, 2" and 3™ bins had powers of 54, 49910 and 316, respectively, which produced a
weighted average frequency F = 0.251 and an optical power parameter P = 50280. The
power was above threshold, and the frequency was also within the target range (i.e.,

0.163 <0.251<0.838). Thus, the peak in FIG. 4 was suitable for determining a tuning range
with which to study the cavity. For this example, the tuning range needed to produce a

frequency of 0.50 was 900% =1.793GHz. For the 30 Hz frame rate, this corresponds to

a tuning rate of 3.361 GHz per second.
In some embodiments, the tuning rate is increased by a multiplicative factor each time
a satisfactory peak is not found. The appropriate multiplicative factor depends on the number

of samples acquired during each individual tune and the range of reliable frequencies that can
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be extracted from the frequency transform used. In general, between acquisitions, the tuning
rate can be increased (of decreased) to any rate appropriate for the frequency range of the
source. The series of tuning rates can be selected to provide a maximum dynamic range of
interference frequencies using a minimum number of tuning rates.

In the above-described embodiment, data acquired at one tuning rate is analyzed
before acquiring data at additional tuning rates. However, in other embodiments, the system
can acquire data at more than one tuning rate before analyzing any data.

Once a peak of suitable power is found, the controller determines the peak frequency
from the transform and calculates the appropriate tuning rate for the PSI algorithm to be used
to characterize the cavity.

In some embodiments, system 100 can include a wavelength monitor (e.g.,
wavelength monitor 115 shown in FIG. 1). An example of a wavelength monitor, monitor
500, is shown in FIG. 5. Monitor 500 is a homodyne interferometer that includes a high
stability plane mirror interferometer (HSPMI) 501 and a quadrature detector 505. HSPMI
501 includes a polarizing beamsplitter 520, reflectors 515 and 540, quarter-wave plates 514
and 516, corner cube retro-reflector 521, and roof prism (or split retro-reflector) 522.
Quadrature detector 505 includes four detectors 590, 591, 592, and 593, beamsplitter 570,
polarizing beamsplitters 560 and 580, and quarter-wave plate 550. The whole assembly is
ideally mounted on a low expansion plate, for example, one formed from Zerodur or Invar. If
necessary, the plate can be thermally controlled with a resistive heater element.

A polarized input beam 510 from light source 140 is directed into HSPMI 501 via
reflector 511. Roof prism 522 is positioned below the plane of the page, such that the input
beam to the interferometer passes over it. In some embodiments, the input beam is linearly
polarized at 45°, or it can be circularly polarized. Beamsplitter 520 splits the input beam into
orthogonally polarized reference and measurement beams. The reference beam is twice
directed between mirror 515 and cube-corner retro-reflector 521 before being directed to roof
prism 522. Similarly, the measurement beam is twice directed between mirror 540 and cube-
corner retro-reflector 521. Following the second pass to mirrors 515 and 540, respectively,
cube-corner retro-reflector 521 lowers the reference and measurement beams to the plane of
roof prism 522, which causes the beams to make two additional passes to mirrors 515 and
540. Thereafter, the beams are recombined into an output beam, which is directed to

quadrature detector 505.
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The beamsplitting plane of the Quadrature detector 505 is oriented at 45° relative to
the two polarizatiohs emitted from HSPMI 501. It therefore mixes the polarizations and
produces a beam containing an interference signal proportional to the OPL of the monitor and
the optical frequency tuning rate. Quadrature detector 505 further produces four replicas of
the interference beam with the interference phase of each replica shifted by 90 degrees. By
monitoring the intensity, D, (where x refers to the detector), of each replica during the tune,
the phase of the monitor cavity can be determined as

o = arctan|:D59° - Dy, jl , (6)

503 D591

from which the overall interferometric phase shift at each time sample can be determined.

In other embodiments, the optical frequency monitor is not limited to the horﬁodyne
interferometer described above. Generally, any monitor capable of determining wavelength
and optical frequency tuning rate to the required accuracies during the FTPSI measurement
process is acceptable. For example, a heterodyne interferometer could perform this function.

The inclusion of a wavelength mofiitor in FTPSI applications provides a convenient
signal by which the appropriate tuning rate can be determined. It is useful to recognize that
determining an appropriate tuning rate corresponds to determining the OPL of the
interferometer cavity. The OPL transform concept, which is described in detail in U.S. Patent
Application Serial No. , entitled “PHASE SHIFTING INTERFEROMETRY
METHOD AND SYSTEM,” filed November 26, 2002, is a natural tool for evaluating the
cavity OPL.

In a second embodiment, the optical frequency is monitored with the wavelength
monitor. To determine an appropriate tuning rate for PSI, the system acquires an interference
signal using a linearly varying tuning rate. In other words, during the tune, the frequency
varies quadratically with time. Mathematically, this tuning rate profile can be expressed as

V() =Mt+C, @)
where M and C are constants. A linear tuning rate profile is illustrated by the plot shown in
FIG. 6. The tuning rate profile starts with an initial tuning rate C, and produces a total optical
frequency excursion of Av during the time necessary to acquire N detector samples. Thus,

three parameters (e.g., C, N and Av (or M)) should be defined, with the constraint that the
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total optical frequency excursion Av be less than the maximum allowable tuning range of

the source, Av

Simulations have been performed to illustrate this embodiment and to better
understand the relationship between these parameters. Although these simulations refer to
specific values for these and other parameters, and to specifications associated with the
inferferometry systém, implementations of this method are not limited to these values. In
general, a user can select parameter values based on the specifics of their system.

For the simulations, N =60 was assumed throughout. N =60 corresponds to a one
second total acquisition time for a 60Hz camera. In general, for rapid calibration, N should
be kept small. However, too few samples can produce insufficient frequency resolution and
unacceptable noise, especially for large cavities.

Because of the finite tuning range and effective source linewidth, the instrument

and D

min ?

specifies maximum and minimum cavity lengths D

max

where Dy, is determined
from the maximum available tuning range. An estimate for the initial tuning rate, C, can be
found using the maximum cavity length and assuming, e.g., a /4 phase increment per

sample, producing

_ s
“=%p ®

max

where f; is the detector frame rate. This formula is obtained using the tuning rate given by

equation 1 and setting ¢ = 0 in equation 7.
To determine M , one can integrate equation 7 from 0 to ¢, which yields a formula for

the tuning rage. Setting # = N/fs, this formula can be expressed as

2
AV =v —v, = c£+£(ﬂj <Av... ©)
fs 2 \Js
Therefore,
2
M <2Av, (&j —2CA (10)
N N

To get a sense of the magnitudes of these quantities, it is instructive to calculate M

and C based on some reasonable system parameters. For example, if N =60, f; =30Hz,
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Av,_.. =Av =80 GHz,and D ,  =6meters, then C =200 MHz/sec and

M =34 GHz/s*. The values obtained from simulations can vary significantly from these
estimates, but these estimates provided reasonable starting points.

The constant tuning rate used for each acquisition in the first embodiment maps the
OPL from each elemental two-surface cavity to a particular interference frequency, allowing
the frequéncy épectmm and phase to be determined with a discrete Fourier Transform (DFT).
Because each elemental two-surface cavity OPL is still a constant of the system, a transform
that measures the OPL directly can be used to calculate the OPL directly. This type of
transform is referred to as an OPL transform. To define this transform, start with the integral

representation of the Fourier transform.
F(f)= [I6)W()exp(-i2n fi)at (11)

where I(¢) is the intensity variation, W (¢) is a window function and f is the frequency
being analyzed. The window function, W(%), is usually selected to suppress contributions to
the phase evaluation from additional frequencies far from f, and from the effect of finite
observation intervals. Examples of Fourier windows include Hamming windows and Tukey
windows. The Tukey window can be advantageous in embodiments having one or more
additional frequency peaks close to fas the taper width of the window can be chosen to

effectively zero-weight these additional frequencies. In an interferometer, the frequency f is

the test cavity interference frequency given by equation 1.
For an FTPSI apparatus that includes a wavelength monitor cavity having a known

* fixed OPL, D, the monitor allows one to measure v , which is common to both cavities.

v =i (12)
Combining equations 1, 11 and 12 one obtains,
o0 ) D '
F(D) = j I(t) W(t)exp (—zZn = fMt] dt. (13)
—0 M

Noting that the monitor phase evolution @,, is

Pu =27 fit (14)

and affecting the change of variables ¢t = ¢,,
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) ) D
F(D;)= ff(qoM)W(qoM)exp[—zET—coMJdcpM (1)
-0 M
Converting from continuous time to discrete time signals one obtains the OPL transform,
N-1 ) D
OPL(D) =Y I W, exp| —ip,;— AQ,; . (16)
Jj=0 DM

Analogously to the constant tuning rate case, an OPL spectrum, §, can now be
generated from the intensity time history of a single pixel in the test cavity (the calibration
pixel) via;

S(D) =|opPL(D)[ (17)

Each peak corresponds to the OPL of a particular cavity. Once the peaks in the
spectrum are identified, the phase at each pixel at a particular OPL peak position determines
the spatial phase variation of the corresponding cavity. The spatial phase variation is
calculated using

¢(D) =tan™' [OPL(D)] (18)
for the pixel(s) in the test region.

To explore the sensitivity of the method to changes in C, M and N, a simulation was
developed. The simulation generated the intensity history of a pixel from a cavity of
specified OPL due to a linear tuning rate and a corresponding phase evolution from a monitor
of known OPL. The test cavity OPL was then determined by application of equation 17 and
seérching for the highest peak in the spectrum. The simulation included typical error
producing mechanisms such as digitization error and reduced contrast.

After a number of trials assuming fs = 60 Hz, D_, =8 millimeters and

D, =6 meters the following values were selected: N =60; C=2 GHz/sec; Av =15 GHz;
and M = 26 GHz/sec?. These values produced no catastrophic OPL prediction over the full
cavity range in the simulation. For this simulation, all errors were less than two percent of
the actual OPL for cavities greater than 15 millimeters. For cavities less than 15 millimeters,
the errors were less than 10 percent.

Although the above-described second embodiment utilizes a linearly increasing

tuning profile, other tuning rate profiles can also be used. For example, in some

embodiments, a linearly decreasing tuning rate profile can be used. More generally, tuning
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rate profiles need not be linear, non-linear tuning rate profiles can also be used (e.g.,
quadratic or higher order polynomial tuning rate profiles). In general, provided wavelength
of the light source can be accurately monitored during the tune so that an OPL transform can
be used, any tuning rate can be employed.

Once an appropriate tuning rate is determined, the interferometry system can acquire
"PSI data for cavity characterization (e.g., phase extraction and surface profiling). Data
acquired while phase shifting using the determined tuning rate can be analyzed using, e.g., a
PSI algorithm or FTPSI techniques.

In the case where the data is analyzed using a PSI algorithm, the tuning rate is
determined so that the interference signal will vary at a particular frequency which
corresponds to a set phase shift between each intensity value. One such PSI algorithm is the

following thirteen-frame algorithm:

-3(g,—81,)—4g, -g)+12(g, - g,) +21(g, ~-g,)+16(g; -g;)
—4(g, +81,)-12(g, + &+ & +8y0) +16(g; + g;) +24g,

tan (¢ ) =

(19)
where for each spatial coordinate (x,y), ¢ is the phase determined by the PSI algorithm and g;

is the intensity value of the " image, and where the wavelength shift AA between
consecutive images corresponds to a phase shift for the frequency of interest substantially

equal to /4. Accordingly, the PSI algorithm provides the phase map ¢(x,y) for the cavity.

When using FTPSI techniques, a phase can be extracted at each spatial coordinate
(x,y) from the cavity OPL and tuning rate selected to acquire the data. For example, were the
selected tuning rate is constant, once fc, the interference frequency for the cavity, has been
determined, the interferometric phase of the cavity can be recovered from the complex
amplitude of the Discrete Fourier Transform (DFT) of the interference, evaluated at the

representative first-order frequency, fc, for that cavity:

| Im(DFT(f2))
¢ [Rc(DFT(fC»J’ @0)
where

DFT(f;)= EIJ.WJ. exp[i%ljﬁc—] . (21)
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In equation 21, J; is the intensity sample measured at the jth optical frequency of the optical
frequency tune. N is the total number of intensity samples acquired. W; are the sampling
weights associated with a Fourier window, W, and fs is the sampling rate. Fourier window,
W, is usually selected to suppress contributions to the phase evaluation from additional
frequencies far from fc, and from the effect of finite observation intervals. In other
embodiments, where a non-constant tuning rate is used, a phase profile can be extracted using
an OPL transform

Extraction of the phase, ¢, for each CCD pixel gives a phase distribution @(x, y) (i.e.,
phase map) for the cavity. In either case, a surface profile (e.g., the profile of surface 102 in

FIG. 1), can be determined from the phase via the relationship:
2nv
@(x,y) = 2pknL(x,y) + @ =2 pnL(x,y)——+@, (22)
c

where v is the optical frequency of the light, c is the speed of light, £ is the wavenumber of
the light, p is the number of times that the light reflects from the surface, and @ is an overall
constant phase.

In any of the embodiments described above, the controller can include hardware,
software, or a combination of both to control the other components of the system and to
analyze the phase-shifted images to extract the desired information about the measurement
object. The analysis described above can be implemented in computer programs using
standard programming techniques. Such programs are designed to execute on programmable
computers each comprising a processor, a data storage system (including memory and/or
storage elements), at least one input device, at least one output device, such as a display or
printer. The program code is applied to input data (e.g., phase-shifted images from a CCD
camera) to perform the functions described herein and generate information (e.g., the
topography of a selected surface), which is applied to one or more output devices. Each
computer program can be implemented in a high-level procedural or object-oriented
programming language, or an assembly or machine language. Each such computer program
can be stored on a computer readable storage medium (e.g., CD ROM or magnetic diskette)
that when read by a computer can cause the processor in the computer to perform the analysis

described herein.
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A number of embodiments of the invention have been described. Nevertheless, it will
be understood that various modifications may be made without departing from the spirit and

scope of the invention.
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WHAT IS CLAIMED IS:

1. An interferometry method comprising:

forming an optical interference image by combining different portions of an
optical wave front reflected from multiple surfaces;

varying a frequency of the optical wave front at a plurality of different frequency
tuning rates;

recording an interference signal at at least one location of the optical interference
image in response to the varying of the frequency;

transforming at least a portion of the interference signal for the at least one
location to produce a spectrum having a peak at a spectral coordinate corresponding to a
pair of the multiple surfaces;

selecting a frequency tuning rate based on the spectral coordinate of the peak; and

recording an interference signal at multiple locations of the optical interference

image in response to varying the frequency at the selected tuning rate.

2. The method of claim 1, wherein at least one of the different tuning rates is

sufficiently large to resolve an optical path length corresponding to the pair of surfaces.

3. The method of claim 1, wherein at least one of the different tuning rates is.
smaller than a maximum tuning rate corresponding to a Nyquist sampling rate for the pair

of the multiple surfaces.

4. The method of claim 1, wherein the varying of the frequency of the optical

wave front comprises varying the frequency at a first constant frequency tuning rate.
5. The method of claim 4, wherein the varying of the frequency of the optical
wave front further comprises varying the frequency at one or more additional constant

frequency tuning rates different from the first constant frequency tuning rate.

6. The method of claim 5, wherein the interference signal is transformed for

each of the different constant tuning rates to produce a corresponding spectrum, and
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wherein the peak corresponding to the pair of multiple surfaces is present in at least one

of the spectrums.

7. The method of claim 1, wherein the spectrum is produced by transforming

the interference signal into the frequency domain.

8. The method of claim 1, wherein the spectrum is produced by transforming

the interference signal into an optical path length (OPL) domain.

9. The method of claim 1, wherein the varying of the frequency of the optical

wave front comprises linearly varying the frequency tuning rate.

10.  The method of claim 9, wherein the varying of the frequency of the optical

wave front further comprises non-linearly varying the frequency tuning rate.

11. The method of claim 1, further comprising monitoring a reference phase
from a reference cavity produced in response to an additional portion of the optical wave

front.

12.  The method of claim 11, wherein the spectrum is produced by
transforming the interference signal into an optical path difference length (OPL) based on

the monitored reference phase.

13.  The method of claim 12, wherein the spectrum S corresponds to

S(D)= |OPLT(D)\2 , where D is a variable for optical path difference and OPLT(D) is an

OPD transform, which can be expressed as:
N-1 ] D
OPLT(D)= Y I,W,exp| i, = A0
J=0 M
where there are N increments to the varying of the optical wave frequency, j is an
index for the N increments, ; is the interference signal at increment j, 1; is a value for a

weighting function at increment j, Dy corresponds to an optical path length of the
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reference cavity, @ ,; is the monitored reference phase at increment j, and Ag ,,; is an

increment in the monitored reference phase corresponding to increment ;.

14.  The method of claim 12, wherein the varying of the frequency of the

optical wave front comprises linearly varying the frequency tuning rate.

15.  The method of claim 13, wherein the varying of the frequency of the

optical wave front further comprises non-linearly varying the frequency tuning rate.
16.  The method of claim 1, wherein the spectral coordinate of the peak
corresponding to the pair of the multiple surfaces corresponds to the spectral coordinate at

which the spectrum has the highest power.

17.  The method of claim 1, wherein the selected tuning rate is a constant

tuning rate.

18.  The method of claim 1, wherein the selected tuning rate is one of the

plurality of different tuning rates.

19. The method of claim 1, wherein the selected tuning rate is different from

the plurality of different tuning rates.

20.  The method of claim 1, further comprising extracting a phase for each of

the multiple locations based on the interference signal for the selected tuning rate.

21. The method of claim 20, further comprising calculating a surface profile

for at least one of the pair of surfaces based on the extracted phases.

22.  The method of claim 20, further comprising calculating an optical

thickness profile for the pair of surfaces based on the extracted phases.
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23.  The method of claim 20, wherein the extracting of the phases comprises
applying a PSI algorithm to the interference signal for the selected tuning rate at each of

the multiple locations.

24.  The method of claim 20, wherein the extracting of the phases comprises
transforming the interference signal for the selected tuning rate for each of the multiple
locations and determining a phase of the transformed signal at a transform coordinate

corresponding to the pair of multiple surfaces for each of the multiple locations.

25. The method of claim 1, wherein the multiple surfaces consist of two

surfaces.

26.  The method of claim 1, wherein the multiple surfaces comprise three or

more surfaces.

27. An interferometry method comprising:

forming an optical interference image by combining different portions of an
optical wave front reflected from multiple surfaces;

varying a frequency of the optical wave front at each of multiple constant tuning
rates;

for each constant frequency tuning rate, recording an interference signai at at least
one location of the optical interference image in response to the varying frequency and
transforming the interference signal to produce a corresponding spectrum;

identifying a peak corresponding to a pair of the multiple surfaces in at least one
spectrum,

selecting a frequency tuning rate based on a spectral coordinate of the peak; and

recording an interference signal at a plurality of locations of the optical

interference image in response to varying the frequency at the selected tuning rate.

28.  The method of claim 27, wherein the multiple constant tuning rates

become consecutively larger in absolute magnitude.
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29.  The method of claim 27, wherein the multiple constant tuning rates
includes a tuning rate sufficiently large to resolve an optical path length corresponding to
the pair of surfaces and a tuning rate smaller than a maximum tuning rate corresponding

to a Nyquist sampling rate for the pair of the multiple surfaces.

30.  The method of claim 27, further comprising extracting a phase for each of

the multiple locations based on the interference signal for the selected tuning rate.

31.  An interferometry method comprising:

forming an optical interference image by combining different portions of an
optical wave front reflected from multiple surfaces;

varying a frequency of the optical wave front over a range of tuning rates

recording an interference signal at at least one location of the optical interference
image in response to the varying frequency;

monitoring a reference phase from a reference cavity produced in response to an
additional portion of the optical wave front; and

transforming the interference signal for the at least one location into an optical
path length (OPL) domain based on the monitored reference phase to produce a spectrum

having a peak at an OPL corresponding to a pair of the multiple surfaces.

32.  The method of claim 31, wherein the varying of the frequency of the

optical wave comprises linearly varying the tuning rate.

33.  The method of claim 32, wherein the varying of the frequency of the

optical wave further comprises nonlinearly varying the tuning rate.

34.  The method of claim 31, wherein the range of tuning rates includes a
tuning rate sufficiently large to resolve an optical path length corresponding to the pair of
surfaces and a tuning rate smaller than a maximum tuning rate corresponding to a Nyquist

sampling rate for the pair of the multiple surfaces.
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35.  The method of claim 31, wherein the spectrum S corresponds to
S (D) = ]OPLT (D)‘2 , where D is a variable for optical path difference and OPLT(D) is an

OPD transform, which can be expressed as:

OPLT(D) = EI W, exp(—i(p 5 Dﬂ)Ago >
j=0 M
where there are N increments to the varying of the optical wave frequency, j is an
index for the N increments, /; is the interference signal at increment j, 7} is a value for a -
weighting function at increment j, Dy, corresponds to an optical path length of the

reference cavity, ¢ ,, is the monitored reference phase at increment j, and Ag ,,; is an

increment in the monitored reference phase corresponding to increment ;.

36.  The method of claim 31, further comprising:
selecting a frequency tuning rate based on the OPL of the peak; and
recording an interference signal at a plurality of locations of the optical

interference image in response to varying the frequency at the selected tuning rate.

37.  The method of claim 36, wherein the selected tuning rate is a constant

tuning rate.

38.  The method of claim 36, further comprising extracting a phase for each of

the multiple locations based on the interference signal for the selected tuning rate.

39. A system comprising:

a frequency-tunable light source;

an interferometer which during operation directs different portions of an optical
wave front derived from the light source to multiple surfaces and recombines the different
portions to form an optical interference image;

a multi-element photo-detector positioned to measure an interference signal at
different locations of the optical interference image in response to varying the frequency

of the light source; and
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an electronic controller coupled to the light source and the photo-detector, wherein
during operation the controller:

i) varies the frequency of the light source at a plurality of different tuning
rates;

i1) records an interference signal at least one of the locations in response to
varying the frequency at the plurality of different tuning rates;

iii) transforms at least a portion of the interference signal corresponding to the
plurality of different tuning rates to produce a spectrum having a peak at a spectral
coordinate corresponding to a pair of the multiple surfaces;

iv) selects a frequency tuning rate based on the spectral coordinate of the peak;

v) varies the frequency of the light source at the selected frequency tuning rate;
and

vi) records the interference signal for each of the different locations of the optical
interference image in response to varying the frequency at the selected frequency tuning

rate.

40. A system comprising:

a frequency-tunable light source;

an interferometer which during operation directs different portions of an optical
wave front derived from the light source to multiple surfaces and recombines the different
portions to form an optical interference image;

a multi-element photo-detector positioned to measure an interference signal at
different locations of the optical interference image in response to varying the frequency
of the light source; and

an electronic controller coupled to the light source and the photo-detector, wherein
during operation the controller:

i) varies the frequency of the light source at each of multiple constant tuning rates;

ii) for each constant frequency tuning rate, records an interference signal at at least
one location of the optical interference image in response to the varying frequency and
transforms the interference signal to produce a corresponding spectrum;

iii) identifies a peak corresponding to a pair of the multiple surfaces in at least one

spectrum,
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iv) selects a frequency tuning rate based on a spectral coordinate of the peak; and
v) records an interference signal at a plurality of locations of the optical

interference image in response to varying the frequency at the selected tuning rate.

41. A system comprising:

a frequency-tunable light source;

an interferometer which during operation directs different portions of an optical
wave front derived from the light source to multiple surfaces and recombines the different
portions to form an optical interference image;

a multi-element photo-detector positioned to measure an interference signal at
different locations of the optical interference image in response to varying the frequency
of the light source; and

an electronic controller coupled to the light source and the photo-detector, wherein
during operation the controller:

1) varies the frequency of the light source over a range of tuning rates;

ii) records an interference signal for at least one of the locations in response the
varying the frequency over the range of tuning rates;

iii) monitors a reference phase from a reference cavity produced in response to an
additional portion of the optical wave front; and

iv) transforms the interference signal for the at least one location into an optical
path length (OPL) domain based on the monitored reference phase to produce a spectrum

having a peak at an OPL corresponding to a pair of the multiple surfaces.
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