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A method of measuring the spectral properties of broadband waves that combines interferometry
with a wavelength disperser having many spectral channels to produce a fringing spectrum. Spectral
mapping, Doppler shifts, metrology of angles, distances and secondary effects such as temperature,
pressure, and acceleration which change an interferometer cavity length can be measured accurately
by a compact instrument using broadband illumination. Broadband illumination avoids the fringe
skip ambiguities of monochromatic waves. The interferometer provides arbitrarily high spectral
resolution, simple instrument response, compactness, low cost, high field of view and high efficiency.
The inclusion of a disperser increases fringe visibility and signal to noise ratio over an interferometer
used alone for broadband waves. The fringing spectrum is represented as a wavelength dependent
2-d vector, which describes the fringe amplitude and phase. Vector mathematics such as gener-
alized dot products rapidly computes average broadband phase shifts to high accuracy. A Moire
effect between the interferometer’s sinusoidal transmission and the illumination heterodynes high
resolution spectral detail to low spectral detail, allowing the use of a low resolution disperser. Mul-
tiple parallel interferometer cavities of fixed delay allow the instantaneous mapping of a spectrum,
with an instrument more compact for the same spectral resolution than a conventional dispersive
spectrometer, and not requiring a scanning delay.

I. INTRODUCTION Dispersive Spectrographs In the oldest form, a prism

A. Field of the Technology

The present invention relates to interferometric and
dispersive spectroscopy of broadband waves such as light,
and more specifically the interferometric measurement of
effects which can be made to produce phase shifts such as
Doppler velocities, distances and angles, and furthermore
the mapping of spectra.

B. Description of Related Art: Spectroscopy

Spectroscopy is the art of measuring the wavelength or
frequency characteristics. There are two complementary
forms of spectroscopy method currently used today.

or grating disperses input illumination (let us call it
light) into independent channels organized by wave-
length or frequency. A spectrum is created which
is the intensity versus wavelength channel. This is
a scalar versus wavelength channel.

Interferometric Spectrographs In the other method,

called Fourier transform spectroscopy, an interfer-
ometer having a variable path length difference
(called the delay) interferes the illumination with
a delayed copy of itself, creating an interferogram.
The Fourier transform of this yields the spectrum.
Previously, the two methods have not been used to-
gether where the interferometry and dispersiveness
have had equal emphasis.

1. Doppler Velocimetry
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An important practical use of spectroscopy is the mea-
surement of Doppler shifts. In addition to many indus-

trial applications of Doppler velocimetry, astronomers
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Figure 1A shows an embodiment that measures Doppler shifts of starlight. Figure 1B shows a fringing spectrum or 2-dimensional

intensity image produced by the embodiment of Figure 1A.

measure the Doppler velocity of stars in order to deduce
the presence of planets orbiting around the star. The
stellar spectrum contains numerous dark absorption lines
against a bright continuum background. These spectral
lines are randomly distributed about 1 A apart from each
other. A slight change in the average position of these
lines is the Doppler effect to be measured. The average
width of these stellar lines is about 0.12 A in the visi-
ble, which corresponds to an equivalent Doppler velocity
width of about 6000 m/s. Hence, measuring Doppler
velocities below 6000 m/s is extremely challenging and
requires carefully dividing out the intrinsic behavior of
the instrument from the raw data.

A 1 m/s velocity resolution is desired in order to reli-
ably detect the presence of Jupiter and Saturn-like plan-
ets, which produce 12 m/s and 3 m/s changes respec-
tively in the stars intrinsic velocity. Current astronom-
ical spectrometers are based on the diffraction grating.
These have a best velocity resolution of 3 m/s, but is of-
ten 10 m/s in practice. This resolution is insufficient to
reliably detect Saturn-like extrasolar planets. This limit
is related to the difficulty in controlling or calibrating the
point spread function (PSF).

2. Drawbacks of Purely Dispersive Spectrosgraphs

The PSF is the shape of the spectrum for a perfectly
monochromatic input. Ideally this is a narrow peak of

well-determined shape. Unfortunately, the PSF of ac-
tual gratings varies significantly and in a complicated
way against many parameters such as temperature, time,
and average position in the spectrum. It is a complicated
function that requires many mathematical terms to ad-
equately approximate it. This is fundamentally due to
the hundreds or thousands of degrees of freedom of the
diffraction grating— at least one degree of freedom per
groove of the grating. These degrees of freedom must
be carefully calibrated, otherwise drifts can cause appar-
ent Doppler velocities much larger than the effect being
sought. The calibration process is time consuming.

Another disadvantage of conventional astronomical
spectrometers is their large size, which can be several
meters in length. Large distances between optical com-
ponents, which need to be held to optical tolerances, re-
quire very heavy and expensive mounts and platforms to
prevent flexure. This dramatically increases expense and
prevents portability. Practical use aboard spacecraft or
aircraft is prevented. The high expense limits the num-
ber of spectrometers which can be built to a few, only by
well-endowed institutions.

Other disadvantages include a very limited field of
view, which is called etendue and is the area of the input
beam times its solid angle. This is due to the narrow-
ness of the slit at the instrument entrance that defines
the range of entry angles. In a grating or prism based in-
strument the entry angle and the wavelength, and hence
deduced Doppler velocity, are directly linked. The slit



needs to be narrow to provide better than 0.05 A reso-
lution to resolve the stellar spectral lines. Atmospheric
turbulence causes the star image to dance around, some-
times off the slit opening. This reduces the effective in-
strument throughput. Furthermore, changes in intensity
profile across the slit have to be carefully deconvolved
from the data, since the Doppler velocity gradient across
the slit is approximately 3000 m/s. Thus achieving 3 m/s
velocity accuracy is extremely difficult with a dispersive
spectrometer, and 1 m/s has never been achieved.

3. Drawbacks of Purely Interferometric Spectrosgraphs

An interferometer is attractive for spectroscopy be-
cause its angular dependence can be made very small
or zero. This allows wider slits, and hence accommodat-
ing blurrier star images at high throughput, for the same
equivalent spectral resolution. Secondly, its PSF is a si-
nusoid, which is a simple mathematical function having
only 3 degrees of freedom (phase, amplitude and inten-
sity offset). This makes calibration of instrument and
processing of data fast, since standard vector mathemat-
ics can be used. Secondly, this makes it easy to reject
noise not having the expected sinusoidal shape. Further-
more, the spectral resolution can be made almost arbi-
trarily large simply by increasing the delay (difference in
path length between the two interferometer arms). The
interferometer is compact and inexpensive, because the
optical components need only be a few millimeters or
centimeters from each other.

The important difficulty of an interferometer mea-
suring broadband illumination is poor fringe visibility.
Fringe phases naturally changes with wavelength. When
component fringes of many wavelengths combine on the
same detector, they reduce the visibility of the net fringe.
For this reason conventional interferometer based instru-
ments such as Fourier transform spectrometers without
any wavelength restricting filters are rarely used in low
light applications.

4. Prior Dispersive Interferometers

A solution to this problem is to combine a wavelength
disperser with the interferometer so that fringes of dif-
ferent wavelengths do not fall on the same place on the
detector. The combination of disperser and Fabry-Perot
interferometer is described in the book “Principles of Op-
tics” by Max Born and Emil Wolf, Pergamon Press, 6th
edition, on page 336, section 7.6.4 and their Figure 7.63,
7.66 and references therein. Distinctions exist between
apparatus described in “Principles of Optics” and the
present invention. The Born & Wolf device produces
fringes that are narrow and peak-like, not sinusoidal.
Consequently, the fringe shape is not described by a 2-
element vector. This reduces accuracy when trying to
measure small phase shifts. Furthermore, phase stepping
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is not involved. Thirdly, a heterodyning action is not
employed to shift high-resolution spectral details to low
spectral resolution.

5. Prior Non-dispersed Interferometer for Metrology

In some kinds of metrology a secondary effect, such as
temperature, pressure or acceleration, is measured by the
change it induces in the delay of an interferometer, such
as through changing the position of a reflective surface or
altering a refractive index. The delay is then sensed by
the phase of a fringe. In current devices monochromatic
illumination, such as laser illumination, is needed to pro-
duce visible fringes from non-zero delays. (The delays are
often non-zero for practical reasons, or to have a signifi-
cant range of travel.) However, the use of monochromatic
illumination creates fringe skip ambiguities which make
the absolute size of the effect being measured ambiguous.
Only small changes can be reliably measured. Broadband
light solves the fringe skip problem, but produces insuffi-
cient fringe visibility because its coherence length (about
1 micron) is usually very much shorter than the delay.

6. Prior use of Interferometry for Angle Measurement

In a related metrology, fringe shifts can be used to
measure angles of distant objects such as stars. Light
from the star is collected at two separate places a base-
line distance apart, and interfered against each other at
a beamsplitter. This is called long baseline interferome-
try. Effectively, an interferometer is created in the trian-
gle consisting of the target and the two collecting ports.
In the case of broadband targets such as starlight, the
short coherence length of the illumination (about 1 mi-
cron) restricts the interferometer delay to be very near
zero in order to produce visible fringes. This restricts
the angular range. Secondly, an interferometer’s phase is
sensitive to the illumination’s spectral character on band-
width scales given by 1/(delay). Having a small or zero
delay means the interferometer phase is sensitive to the
overall shape of the illumination spectrum, and this can
vary erratically due to atmospheric turbulence. More
accuracy could result if the interferometer were only sen-
sitive to behavior on short bandwidth scales, such as 1
A, because this is less affected by the atmosphere. This
would require using large delays (several millimeters at
least), which can’t be done with the present long baseline
interferometers.

A related spectroscopic long-baseline interferometer
technique is described by Kandpal et. al., in Journal
of Modern Optics, vol. 42, p447-454 (1995). Intensity
modulations are observed in a spectrometer which are
due to the angular separation of two stars. However, this
technique does not use heterodyning, nor phase stepping
nor slit fringes, nor an iodine cell, nor use vectors to de-
scribe the data at each wavelength channel. Because of



this, the typical maximum angle it can measure is 8000
times smaller than what my invention can measure.

II. SUMMARY OF THE INVENTION
A. Combine Dispersion with Interference

It is an object of the invention to measure the spec-
tral characteristics of waves, especially broadband waves.
These waves include electromagnetic waves, and any
other waves that can be passed through an interferometer
where they interfere with a delayed copy of themselves,
and can be dispersed into intensity-detecting channels or-
ganized by frequency or wavelength. The dispersion can
be either before or after the interference. Broadbanded-
ness could be defined as when, with the interferometer
were used by itself without the disperser, the phases of
the fringes of different spectral regions within the input
illumination are more than 90°different from each other,
and thereby start to diminish the net fringe visibility.

The invention comprises the series combination of a
disperser which organizes the waves by frequency or
wavelength, and the interference of the waves with a
delayed copy of themselves. It is an object of the in-
vention to create a spectrum which has fringes whose
phase and amplitude can be determined for a given wave-
length channel independent of information from other
wavelength channels. Such a spectrum is called a fringing
spectrum.

B. Spatial or Temporal Phase Stepping

To determine fringe phase and amplitude of a given
wavelength channel independent of other channels, the
interferometer delay is arranged to vary, either spatially
along the slit of the disperser (which is perpendicular to
the dispersion axis), or temporally by “phase stepping”,
which is to take repeated exposures while changing the
overall interferometer delay for all channels. When the
delay changes along the slit, such as by tilting an in-
terferometer mirror or beamsplitter, fringes are created
which cause the intensity profile along the slit to vary
sinusoidally with a finite period.

Regardless of any fringing behavior along the slit di-
rection, an interferometer always has sinusoidal behav-
ior versus frequency. This is called the “spectral comb”.
This comb may not be resolved by the disperser, but its
presence is still key in producing Moire fringes.

C. A Heterodyning Effect

The effect of passing light through both the interfer-
ometer and disperser is to multiply the spectral comb
with the illumination spectrum. Together with the pres-
ence of blurring along the dispersion axis, a heterodyn-
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ing effect occurs which creates Moire fringes. These shift
high spectral resolution details to low spectral resolu-
tion. Hence, a low spectral resolution disperser can be
used, even though high spectral resolution information
is being sensed. This lower costs, increases throughput
and increases field of view compared to a high-resolution
disperser used alone.

D. Vector Spectra

It is an object of the invention to express the fringing
spectrum as a 2-dimensional vector versus wavelength
or frequency channel, which is called a vector spectrum.
This data format is also called a “whirl”. The length and
angle of the vector when expressed in polar coordinates
represent the fringe amplitude and phase, respectively.
The vectors can be computed by evaluating the Fourier
sine and cosine amplitudes, for a periodicity near the nat-
ural fringe periodicity along the slit axis, and assigning
these to the X and Y rectangular coordinates of the vec-
tor. In the case of infinite fringe periodicity along the
slit, the Fourier components cannot be determined from
a single exposure, but can be determined if the several
exposures are made while incrementing the interferome-
ter by a small amount, such as equivalent to a quarter
wave, and knowing that the fringes will shift in phase pro-
portional to the delay change. This technique is called
phase stepping. Phase stepping is recommended even for
finite fringe periodicity along the slit, because it assists
in distinguishing true fringes from common-mode noise.

E. Use for Doppler Velocimetry

The embodiment of the invention having a single
approximately fixed interferometer delay can measure
broadband phase shifts due to the Doppler effect of a
moving source. Due to the action of the disperser, the
optimum delay value is approximately half the coherence
length (A\2/AM\) of the illumination that is due to the
spectral lines or other narrow features, not the short co-
herence length due to the continuum background. That
is, AX is given by the 0.12 A width of the spectral line
instead of hundreds of A of the continuum. In the ab-
sence of a disperser the relevant coherence length would
be due to the broad continuum background, and there-
fore thousands of times shorter.

This delay choice provides a good tradeoff between
fringe visibility and phase shift per velocity ratio. For
starlight this is a delay of about 11 mm. The Doppler
velocity is proportional to the whirl rotation. This can
be found by taking the dot product of the input whirl
against an earlier measured whirl, and against the earlier
measured whirl rotated by 90°. The whirl dot products
are generalized dot products evaluated by summing or
averaging the channel dot product over all wavelength
channels. The dot product is called “generalized” be-



cause it sums products over both the spatial and wave-
length indices. The subsequent arctangent of the two
aforementioned dot products yields the whirl angle. Note
that a key advantage implicit in the generalized dot prod-
uct is that the summation over wavelength channels hap-
pens prior to applying the arctangent function. This pre-
vents large discontinuities in the arctangent function that
would occur for spectral channels that have zero or small
fringe visibility.

Since the whirl rotation is dependent on both the inter-
ferometer delay and the illumination spectrum, measur-
ing a Doppler effect requires independently determining
the interferometer delay, which could be wandering due
to vibration and thermal drift. This can be accomplished
by including a reference spectrum with the target illumi-
nation, such as by passing the light through an iodine
vapor cell which imprints its own absorption lines, which
have stable positions unrelated to the Doppler effect.
This creates a net whirl which contains two components,
corresponding to the target illumination and the refer-
ence spectrum. The difference in rotation between the
target whirl and the reference whirl components yields
the target Doppler velocity. The rotational positions of
the target and reference whirl components can be found
by expressing the total whirl as a linear combination of
component whirls with unknown coefficients, and apply-
ing generalized dot products.

The advantage of this invention is an instrument which
is much more compact, lower cost, and having a greater
field of view than a conventional dispersive spectrometer
of 0.05 A, and has much greater signal to noise ratio than
an interferometer used alone.

F. Use for Metrology of Secondary Effects

Another embodiment of the invention uses the interfer-
ometer delay as a means of measuring secondary effects
such as temperature, pressure and acceleration. These
effects are arranged to change the delay in a known man-
ner, such as by moving a reflective part of the interferom-
eter cavity or altering the refractive index of the cavity
medium. A steady reference spectrum is used for the il-
lumination. Then changes in the whirl rotation can be
ascribed to changes in the interferometer delay and hence
the secondary effect. Since the interferometer delay may
already be changing due to deliberate phase stepping,
it is advantageous to include a second interferometer in
series with the probe interferometer cavity to act as a
reference cavity. Then the change of one interferometer
delay compared to the other provides the measurement
of the secondary effect being probed. This method differs
from conventional interferometric measurements of cav-
ity lengths by the use of broadband instead of monochro-
matic illumination. This allows a unique determination
of the absolute cavity length without the fringe-skip am-
biguity of monochromatic waves.
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G. Use for Measuring Angles

A variation of this method can measure the angular po-
sition of distant objects such as stars if the interferometer
cavity is replaced by a long baseline interferometer, which
collects starlight at two separate places a baseline apart
from each other and interferes them. Effectively, the tri-
angle consisting of the star and the two collection ports
forms the interferometer cavity. Changes in star angle
cause an arrival time difference in the starlight interfering
with itself. This creates a rotation of the whirl which is
measured. The target light can be passed through an io-
dine vapor absorption cell to imprint a known spectrum.
This way, the star’s velocity will not affect the measure-
ment because the stellar spectrum can be ignored, and
targets having no intrinsic spectral lines or narrow fea-
tures can be used. Furthermore, greater angular separa-
tions can be measured because the iodine linewidths are
much narrower (by a factor 8) than stellar linewidths,
so proportionately greater arrival time differences at the
beamsplitter can be measured. By observing two or three
stars simultaneously through the use of beamsplitters at
the collection ports, poorly known instrumental param-
eters such as the baseline length and the phase stepping
amount can be determined from the data. The advan-
tage of using this technique is that more precise phase
shifts can be measured than in conventional long base-
line interferometry, over larger angular range, because
the imprinted iodine spectrum is much more information
rich than the star’s intrinsic spectrum.

Furthermore, the 2-d vector format of the whirl pre-
serves the polarity of the Moire fringes, which preserves
polarity of arrival time difference and hence the target
angle relative to the baseline. This is not possible with
devices that only record the intensity (scalar) spectrum.

H. Use for Mapping a Spectrum

Measuring a Doppler shift of a spectrum is a different
task than mapping a spectrum, which is the purpose of
many conventional spectrometers. The former task re-
quires only a subset of the full spectral information. An
embodiment of the invention which modifies the interfer-
ometer to have several parallel channels of different de-
lay striking separate positions of the detector can indeed
map a spectrum. Each interferometer delay produces a
whirl which is responsible for measuring a particular sub-
set of the full spectral information. The interferometer
delays are chosen to be different from each other so that
the set of them samples all the desired spectral infor-
mation. The separate spectral information is combined
together mathematically, using the knowledge that the
Moire fringes of the fringing spectrum manifest a het-
erodyning process that beats high spectral detail to low
spectral detail. The reverse process is employed to math-
ematically reconstruct the full spectrum of the input il-
lumination. This process involves Fourier transforming



each whirl from frequency-space to delay-space, trans-
lating each in delay-space by the specific interferometer
delay used, concatenating all these together, then inverse
Fourier transforming to yield a net spectrum. The ad-
vantage of this invention for mapping a spectrum is that
it forms a more compact, lower cost device than disper-
sive spectrometers for the same equivalent spectral reso-
lution. And compared to conventional Fourier transform
spectrometers it can measure single shot events (instanta-
neous measurement) because it does not require waiting
for an interferometer delay to be scanned. The delays
are fixed. The lack of significant moving parts is also an
advantage for space-based operation.

IIT. DETAILED DESCRIPTION OF THE
INVENTION

A. An Embodiment For Doppler Velocimetry

Figure 1A shows an embodiment of the invention opti-
mized to detect small Doppler shifts from starlight. The
series combination of an interferometer 17 and a disperser
35 creates a fringing spectrum 39, shown in Figure 1B,
which is a 2-dimensional intensity image. The dimen-
sions are direction along a slit 33 versus dispersion axis
(frequency or wavelength). This image is recorded at the
CCD detector 37 or similar 2-dimensional intensity de-
tector. In general the interferometer can either precede
or follow the disperser, since the transmission behavior
of the net instrument is the product of multiplying the
two transmission behaviors of its components. The slit
33 which defines the entrance to the disperser 35 is per-
pendicular to the dispersion direction, which is in the
plane of the paper. When the interferometer precedes
the disperser, the disperser should be an imaging dis-
perser, whereby the intensity variations along the slit di-
rection are faithfully imaged to the detector. Otherwise,
the apparatus must be operated in mode of infinitely tall
fringe period, which relies on phase-stepping to deter-
mine fringe phase and amplitude. If the disperser pre-
cedes the interferometer, then it is not necessary for the
disperser to preserve the image along the slit.

The choices of the source of light may include a target
1, or a lamp 3 having a broad featureless spectrum (such
as an incandescent lamp). The light can conveniently be
conducted to the apparatus via a fiber 5. The lamp is
needed during calibration procedures that measure the
iodine cell 7 spectrum by itself, or the interferometer by
itself.

1. Spectral Reference

The iodine vapor cell 7 is used to imprint a refer-
ence spectrum on the input illumination so that unavoid-
able changes in interferometer delay such as due to ther-
mal drift, air pressure changes, mechanical vibrations
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Figure 2a and 2b show a ladder of fringes overlaying the slit.
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and uncertainties in the PZT transducer can be distin-
guished from legitimate changes in fringe phase due to
the Doppler effect. These delay drifts can easily exceed
the desired instrument phase accuracy by many orders
of magnitude. For example, measuring a 1 m/s Doppler
shift with an 11 mm delay corresponds to a phase change
of 1/14000*" of a wave of green light.

The spectral reference should have many narrow and
stable spectral lines distributed evenly over the spectrum.
The spectral reference can be absorptive, such as iodine
or bromine molecular vapors, or emissive such as a tho-
rium lamp. An iodine vapor cell heated to 40 to 50 C tem-
perature is a common spectral reference used for green
light. Since absorption is a multiplicative effect, the cell
can be placed anywhere upstream of the detector. An
identical but empty dummy cell 9 can be swapped with
the iodine cell 7 to reduce the change in beam profile
due to the glass windows. If a reference emission lamp is
used, its light should join the target light prior to the in-
terferometer and disperser, and be superimposed in path
such as by use of a beamsplitting surface.



2. Optics Preparing Beam

An optical system represented by lenses 13 and 15 im-
ages the light from the fiber end 11 through the inter-
ferometer and to the disperser slit 33. Other lenses such
as field lenses are not shown but can be included to help
relay the beam and control the pupil from expanding too
large. These field lenses could image the pupil at lens
13 to the pupil at lens 15, for example. For maximum
throughput the lens magnifications are chosen so that
the size and numerical aperture of the light leaving the
fiber is matched to the slit width and accepting numer-
ical aperture of the disperser. It is useful to first image
the fiber end 11 to a real image near the interferometer
mirror 29 and 25, then to relay this to another real image
at the slit. This minimizes the area of the beamsplitter
which needs to be optically flat.

It is optimal to make several fringe periods span along
the slit length, so that fringe phase and amplitude can
be determined for each wavelength channel independent
of others in a single exposure. This requires illuminat-
ing a length of the slit. To avoid wasting light, the beam
cross-section at the slit should be rectangular with a high
aspect ratio so that it is not unnecessarily wider than the
slit. The beam should also be rectangular at the interfer-
ometer mirrors 25, 29 so that a fringe ladder 52 and 54
(Fig. 2a and 2b) can be imprinted on it. In applications
where efficiency is not important, it is sufficient to use
round beam cross-sections.

There are several methods of creating a rectangular
beam cross-section. One method is to use cylindrical op-
tics. The optical system represented by lens 13 between
the fiber 5 and interferometer 17 could be astigmatic so
that for the plane out of the paper the light would not fo-
cus at the mirrors 25, 29 but instead have a large extent.
In the plane of the paper it would form a narrow focus
at the mirrors 25, 29. Another method is to use a fiber
bundle to change a round cross-section to a rectangular
cross-section at position 11. Then the optical system rep-
resented by lens 13 could be ordinary (not astigmatic). A
third method is to use various “image slicing” techniques
developed by astronomers using mirrors etc. to dissect a
round beam cross-section and reassemble it in a different
order to form a rectangle at position 11. If the disperser
precedes the interferometer, then the beam entering the
disperser could be small and round. The disperser could
make a spectrum which could have finite vertical height
(the dispersion direction assumed horizontal), possibly
using either non-imaging paths inside the disperser or
using cylindrical optics after the disperser and before the
interferometer.

B. The Interferometer

The interferometer 17 is responsible for creating a
sinusoidal-like frequency dependence to the transmitted
intensity. These fringes in frequency space are called
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Figure 3a shows a slanted spectral fringe comb created by
interferometer when a ladder of fringes exists along the slit.
Figure 3b shows a nonslanted spectral fringe comb created by
interferometer when a single tall fringe overlays the slit.

“spectral comb” fringes, shown as 67, 69 in Fig. 3a and
3b. In addition, it is optimal to have spatial fringes 65
along the slit direction, so that without phase stepping
the fringe phase and amplitude can be determined for
a given wavelength channel. That way the inclusion of
phase stepping results in even better accuracy because
then there are redundant methods of determining fringe
phase and amplitude.

A variety of interferometer types can be used, with the
desirable properties being high throughput, and the cre-
ation of fringes with a large sinusoidal component. A
Michelson type interferometer, as opposed to a high-
finesse Fabry-Perot type, creates the most sinusoidal
fringes. The optical path length difference between the
interferometer arms is called the “delay”, which is usu-
ally in length units. The symbol 7 represents the delay
in time units,

T = (delay)/c, (1)

where c is the speed of light.
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Figure 3c shows that this delay choice is equivalent to making
the half-period 500 of the comb fringes 505 about equal to
the typical FWHM linewidth 502 of features in the stellar
spectrum 503.

1. Fringes in Frequency and/or Space

A Michelson with a non-zero delay will produce a si-
nusoidal transmitted intensity component of the form
sin (27 f7) or sin(2n7c/A). Hence there are three ways
that fringes can be made: 1) Versus wavelength or fre-
quency; these produce spectral comb fringes which create
the heterodyning effect through the Moire fringes. These
may or may not be resolved at the detector depending
on the disperser resolution, which is affected by its slit
width. The invention does not need them to be resolved,
but resolving them can improve signal to noise. 2) Versus
position along the slit. These are called “slit fringes” and
exist when 7 varies linearly along the slit, such as when
an internal interferometer mirror 25, or 29 or beamsplit-
ter 19 is tilted. These fringes are not required but are
helpful. 3) Versus phase stepping. This is where 7 is in-
crement the same amount everywhere along the slit, such
as by moving mirror 29 by a PZT transducer 31. These
are required to determine fringe phase and amplitude if
there are no slit fringes. However, even when slit fringes
exist phase stepping is useful for improving accuracy, es-
pecially to distinguish common-mode errors.

2. Fized Delay Size

For the embodiment of Fig. 1 that measures Doppler
shift, the interferometer delay is approximately fixed
(within a few waves), because that is simple, and suffi-
cient to determine a Doppler effect by observing a phase
shift. This is in contrast with a conventional Fourier
Transform spectrometers which scan the delay over a
large range (tens of thousands of waves). The opti