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RECIRCULATING ETALON
SPECTROMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application No. 62/219,898 filed Sep. 17, 2015 entitled

“Recirculating Advanced Coupled-cavity Etalon Receiver
(RACER), the entire contents of which are hereby incorpo-
rated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made 1n part by
employees of the United States Government and may be
manufactured and used by or for the Government of the
United States of America for governmental purposes without
the payment of any royalties thereon or therefore.

FIELD OF THE INVENTION

The present invention relates generally to optical spec-
troscopy, and more particularly to light recirculation
schemes for spectrometers.

BACKGROUND OF THE INVENTION

The scanning Fabry-Perot etalon spectrometer 1s a ubig-
uitous tool for high-resolution optical spectroscopy. In the
most common configuration, the optical path length between
the etalon mirrors 1s (thermally or mechanically) scanned
through resonant optical wavelengths that are transmitted in
time sequential order. Another common option is to tune the
angle of incidence at which the light impinges on the etalon
to change the passband. Very high-resolution wavelength
measurements can be achieved using etalons. Etalons can be
used as tunable filters where the tuning 1s accomplished by
either angle or optical path length changes. By continuously
tuning these parameters, one can use an etalon as a high-
resolution spectrometer.

Although etalons are capable of very high wavelength
resolution, in general, they only transmit a very narrow
wavelength band at a time coinciding with the current
optical path length and angle of incidence (AOI). A key
measure of etalon performance 1s the finesse, the ratio of the
free spectral range (FSR) to the full-width at half-maximum
(FWHM) transmission bandwidth. A narrower filter (with
the same free spectral range) rejects more out of band light.
This means that as the resolving power (and finesse) are
increased, more light 1s required to make a narrow-band
measurement. In present systems, the light that 1s reflected
1s lost and only a very narrow band of light 1s measured.
Scanning allows for the pass-band of the light to be changed
but only one passband can be measured at any given time.
This means that optical power (or integration time) needs to
increase as the filter narrows so improving the resolution
comes at the price of optical efliciency. Another common
usage 1s to send a non-collimated beam through an etalon,
which yields a well-known ring pattern and passes diflerent
wavelengths at different angles but i1s equally lossy. In
contrast, a grating spectrometer splits the light of multiple
wavelengths into different angles. This yields simultaneous
wavelength measurements but with lower resolution (and
generally high loss). Another technology that has seen recent
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VIPA can sufler from some of the same problems as gratings
because the light 1s split into multiple orders and there 1s
isertion loss in getting the light into the VIPA. The most
desirable spectrometer 1s one that has simultaneous, con-
tinuous wavelength coverage like a grating spectrometer but
maintains the resolution and luminosity of an etalon.

SUMMARY

Various embodiments may provide a novel optical scheme
that achieves simultaneous wavelength channels and main-
tains the resolution and luminosity of an etalon. Various
embodiments may provide a method to optically recirculate
the light reflected from the etalon back through the same
ctalon at new angles. Various embodiments create an etalon
spectrometer based on angular dispersion without moving
parts and without losing the light that 1s not 1nitially trans-
mitted. The various embodiments may be simpler, more
compact and more ethicient than current technologies. The
light transmitted at different angles by the various embodi-
ments may be separated using a transform lens to focus each
angle onto a unique spot 1n the focal plane. Various embodi-
ments provide optical designs that allow for angle-tuned
transmission of an etalon. In various embodiments by
changing the distance of the iput source relative to the
optical axis, the AOI changes and therefore the transmission
wavelength changes. Embodiment optical designs take the
light rejected by the 1nitial etalon reflection and redirect 1t
back to the etalon at a higher AOI. The light reflected the
second time 1s reflected again at a further increased AOI and
this process may be repeated until the light has all dissipated.
The angles achieved in the various embodiments may be
spaced closely, limited only by the mput beam spot size, the
gap between the retro-retlecting mirrors, and optical aber-
rations. The light will continue to recirculate at ever increas-
ing angles until no light remains or the beam gets clipped by
the outer edge of the optics. In the various embodiments,
cach wavelength may be 1imaged to a unique spot 1n the focal
plane side of the etalon and may be measured with a detector
array or coupled into individual optical fibers, for example.

Various embodiments may provide a system including a
retro-reflector, a detector or transmitter array, and an etalon
disposed between the retro-reflector and the detector or
transmitter array, wherein the retro-reflector 1s configured to
redirect light reflected by the etalon back to the etalon at a
different angle of incidence than an original angle of 1nci-
dence on the etalon of the light reflected by the etalon. In
various embodiments the system may further include a first
lens disposed between the retro-retlector and the etalon, and
a second lens disposed between the etalon and the detector
or transmitter array. In various embodiments the etalon may
be a Fabry-Perot etalon. In various embodiments the etalon
may be a coupled-cavity etalon. In various embodiments the
retro-reflector may be a roof prism comprised of two mirrors
with a center space between the two mirrors, a saw-tooth
retro-reflector, a cats-eye reflector, or a corner cube mirror.
In various embodiments the detector or transmitter array
may be a detector array and the retro-reflector may be
configured such that the different angle of incidence 1s a
higher angle than the original angle of incidence. In various
embodiments the first lens may be a collimating lens and the
second lens may be a focusing lens. In various embodiments
the system may be a Light detection and ranging system. In
various embodiments the detector or transmitter array may
be a transmitter array.

Various embodiments may provide a method including
receiving a beam of light at an original angle of incidence at
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an etalon, transmitting a first portion of the beam of light
through the etalon to a detector array, reflecting a second
portion of the beam of light to a retro-retlector, retlecting the
second portion of the beam of light from the retro-retlector
back to the etalon at a diflerent angle of incidence than the
original angle of incidence, and transmitting at least a
portion of the second portion of the beam of light through
the etalon to the detector array. In various embodiments the
method may further include successively repeating the
reflecting steps between the retro-reflector and the etalon
such that each subsequent portion of the beam of light 1s
incident on the etalon at a higher angle of incidence than a
previous portion of the beam of light.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and together with
the general description given above and the detailed descrip-
tion given below, serve to explain the features of the
invention.

FIG. 1 1s a block diagram illustrating an example Fabry-
Perot etalon (FPE) and an example coupled-cavity etalon
according to various embodiments.

FIGS. 2-5 illustrate systems according to various embodi-
ments.

FI1G. 6 illustrates a corner cube retro-reflector suitable for
use 1n various embodiments.

FIG. 7Allustrates a graph of the spectrometer output with
a broad spectrum input.

FI1G. 7B 1llustrates a graph of the spectrometer output with
five different narrow spectrum wavelength nputs. The
dashed lines represent modeled curves and the solid lines
represent measured data.

FIG. 8 1llustrates graphs comparing a sodium lamp spec-
tra from a conventional scanning grating spectrometer (the
left graph) and a recirculating etalon spectrometer (the right

graph).

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

For purposes of description herein, 1t 1s to be understood
that the specific devices and processes 1llustrated 1n the
attached drawings, and described in the following specifi-
cation, are simply exemplary embodiments of the inventive
concepts defined in the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

The various embodiments will be described in detail with
reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
illustrative purposes, and are not intended to limit the scope
of the mvention or the claims.

Various embodiments may provide a spectrally multi-
plexed Lidar receiver that may enable improved measure-
ment efliciency, signal-to-noise-ratio, and spectral resolution
for near-term, space-based and non-space-based Lidar
instruments. Various embodiments may provide the Recir-
culating Etalon Spectrometer light recirculation technique to
greatly increase mstrument throughput when compared with
current Lidar receivers. Various embodiment Recirculating
Etalon Spectrometers may provide a new type of spectrom-

5

10

15

20

25

30

35

40

45

50

55

60

65

4

cter that substantially improves throughput, resolution, and
ruggedness. The various embodiments may improve mul-
tiple Lidar mstrument concepts to enable lower cost and
higher performance measurements.

Various embodiments may provide the resolution typi-
cally only achieved with Fourier Transform Infra-Red
(FTIR)/Michelson spectrometers or scanning etalons. How-
ever, the various embodiments may have two critical advan-
tages over Fourier Transform Infra-Red (FTIR)/Michelson
spectrometers or scanmng etalons in that the wvarious
embodiments may not require mechanical scanning and may
operate 1n all channels simultaneously. This may be con-
trasted with a scanning system that can only use the photons
from one channel at a time and discards the rest. Thus, the
various embodiments may provide an improvement in pho-
ton efliciency. Additionally, current scanning spectrometer’s
mability to transmit multiple channels simultaneously
makes 1t too mellicient to use given the power constraints in
many applications. A current grating-based spectrometer can
be used for multiple channels at once, but at sigmificantly
lower wavelength resolution, msuflicient for differentiating
between closely-spaced laser wavelengths required in many
applications. Current grating-based spectrometers are also
relatively high-loss (>50%) devices because they are highly
polarization sensitive and the laser return can have a random
polarization. The various embodiments enable simultane-
ous, high-resolution, parsing of multiple wavelength chan-
nels, thereby overcoming shortcomings in current scanning
spectrometers and grating-based spectrometers.

Fabry-Perot etalons (FPE) consist of two parallel mirror
surfaces that form an optical cavity. An example FPE 100
suitable for use 1n the various embodiments 1s illustrated 1n
FIG. 1. The FPE 100 includes a first mirror surface 101
parallel to a second mirror surface 102. FPEs are band pass
(comb) filters with wavelength and angle-dependent trans-
mission. FPEs may be designed such that the selected
wavelength of light passes through the FPE, while other
wavelengths are rejected by the FPE. As illustrated in FIG.
1, light passing into the FPE 100 1s filtered and filtered light
1s transmitted out of the FPE 100. FPEs can achieve very
narrow bandwidths, but the resolution 1s limited by the shape
of their pass band; this shape 1s roughly triangular with a
narrow, high-transmission peak and a wide low-transmission
band. This introduces error in spectral measurements
because it 1s diflicult to differentiate adjacent wavelengths.
Although etalons are capable of very high wavelength
resolution, 1n general, they only transmit a very narrow
wavelength band at a time coinciding with the current
optical path length and angle of incidence (AOI). A key
measure of etalon performance 1s the finesse, the ratio of the
free spectral range (FSR) to the tull-width at half-maximum
(FWHM) transmission bandwidth. A narrower filter (with
the same free spectral range) rejects more out of band light.
This means that as the resolving power (and finesse) are
increased, more light 1s required to make a narrow-band
measurement.

Various embodiments improve the FPE filter shape and
performance with a coupled-cavity etalon in which two
ctalons are fused together to make a single, solid, 3-muirror,
multi-cavity etalon (or multi-mirror etalon), referred to
herein as a coupled-cavity etalon. An example, coupled-
cavity etalon 103 1s 1llustrated 1n FIG. 1. The fusion of the
two etalons to form the coupled-cavity etalon 103 results in
a first mirror surface 104, a second mirror surface 105, and
a third mirror surface 106. The coupled-cavity etalon has
been shown analytically to be superior to single- or multi-
pass-FPEs 1n both contrast and steepness profile. As illus-
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trated in FIG. 1, light passing 1nto the coupled-cavity etalon
103 1s filtered by the coupled-cavity etalon 103. Filtered
light 1s transmaitted out of the other side of the coupled-cavity
ctalon 103. As seen 1n FIG. 1, the coupled-cavity etalon 103
may provide greater {iltering than the FPE 100. While FPE
100 and coupled-cavity etalon 103 are shown with two
mirror surfaces and one cavity and three mirror surfaces
enclosing two cavities, respectively, these are merely
examples of etalons that are used to illustrate features of the
various embodiments and are not intended to limit the scope
of the various embodiments. Etalons with more mirror
surfaces and cavities (e.g., four mirror surface and three
cavity etalons, five mirror surface and four cavity etalons,
more than five mirror surfaces and more than four cavity
ctalons, etc.) may be substituted for the FPEs and coupled-
cavity etalons described herein without departing from the
scope of the various embodiments. Also, the etalons may be
filled with any transparent media.

Modeling results comparing a FPE and a coupled-cavity
ctalon show that a coupled-cavity etalon may significantly
improve both in-band transmission (e.g., 12% more light
may be transmitted inside the pass band) and out-of-band
rejection (e.g., greater than 3 times more light may be
rejected outside the pass band). The model showed that
greater than 20 dB improvement in peak out-of-band rejec-
tion with coupled-cavity etalon compared to the FPE. Addi-
tionally, the etalon transmission of an FPE and coupled-
cavity etalon as a function of incidence angle for three
spectral channels was modeled, and the coupled-cavity
ctalon significantly reduced cross-talk between adjacent
spectral channels (e.g., by 10 times). Alternatively, this
improved out-of-band rejection allows closer channel spac-
ing (higher resolution) with the same cross-talk between
channels.

The recirculating etalon spectrometer improves the over-
all throughput of the science instrument, such as a Lidar
instrument, by optically recirculating the light reflected from
the FPE at the first angle back through the FPE at new
angles. In a standalone FPE system a photon of A, 1is
transmitted and all other wavelengths are reflected and lost
from the system. Adding recirculation to an FPE or coupled-
cavity etalon system according to the various embodiments
cnables reflected light from the etalon to be redirected back
to the etalon by one or more retro-reflector, rather than
escaping the system. This reflection of light back to the
ctalon at diflerent angles from the original angle of incidence
enables additional wavelengths of light to be filtered by the
ctalon, thereby increasing the photons detectable by the
various embodiment systems employing recirculation when
compared with standalone etalon systems.

An embodiment system 200 including a Recirculating
Etalon Spectrometer 1s 1llustrated 1n FIG. 2. The system 200
includes a retro-reflector, such as two mirrors 201 and 202
arranged 1n a roof prism configuration (at £45° relative to the
optical axis) with a center space between the mirrors 201 and
202, one or more lens 203, such as one or more collimating
lens, an etalon, such as a FPE 100, one or more lens 205,
such as one or more focusing lens, and a detector array 206.
Light may be input ofl the optical axis of the system 200 and
focused through the lens 203 onto the FPE 100. The mput
light may not be imncident on the FPE 100 at exactly normal
incidence because normal incidence light may be entirely
reflected by an etalon back toward the mput and not be
recirculated. A portion of the light may pass through the FPE
100 and be focused on the detector array 206 by the lens 205,
while another portion of the light may be reflected by the
FPE 100. Rather than letting the retlected light escape, the
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reflected light 1s recirculated by mirrors 201 and 202 acting
as a high-reflectivity retro-reflector back to the FPE 100 at
a shightly larger angle. This process repeats at increasing
incident angles until all the light within the FPE wavelength
range has been transmitted to the detector array 206. As a
specific example when system 200 1s a spectrometer, a beam
of light containing several wavelengths may shine from the
left, entering the spectrometer via a slit between two mirrors
201, 202. The light 1s collimated and hits the etalon, FPE
100. The light of a first wavelength (A, ) may be transmitted
and focused on the right focal plane. Light of other wave-
lengths, such as a second wavelength (A,) and third wave-
length (A.;), may be reflected back to the leit, focused by the
collimating lens 203, may hit the top mirror 201, come to a
focus, hit the bottom mirror 202 and then may be returned
toward the etalon from the left at a virtual 1image point
farther from the optical axis than the first pass. The light 1s
then re-collimated and hits the etalon. Now the light of the
second wavelength (A,) 1s transmitted and focused on the
right focal plane. The light of the third wavelength (A,,) 1s
reflected back to the left and repeats the process with a
virtual 1image point even farther from the optical axis than
the second pass. With each successive pass, the beam 1s
incident on the etalon at a higher angle and a different
wavelength 1s transmitted to the detector array 206. The
optical design of system 200 takes the light rejected by the
initial etalon reflection and redirects i1t back to the etalon at
a higher AOI. The light retlected the second time 1s reflected
again at a further increased AOI and this process 1s repeated
until the light has all dissipated. The angular step-size
between wavelengths 1s exaggerated in the illustrations
herein to avoid confusion. The angles may be spaced more
closely than 1llustrated, limited only by the input beam spot
s1ze, the gap between the retro-retlecting mirrors, and optical
aberrations. The light will continue to recirculate at ever
increasing angles until no light remains or the beam gets
clipped by the outer edge of the optics. As shown, each
wavelength 1s 1imaged to a unique spot 1n the focal plane to
the right of the etalon. These could be measured with the
detector array 206 or coupled into individual optical fibers,
as examples. As a specific example, the detector array 206
on the rnight side of the filter measures each transmitted
wavelength separately. RES provides improved efliciency
and throughput compared to current systems that do not
recycle the signal light.

While 1llustrated as receirving input multi-wavelength
light and including a detector array 206, the same principals
illustrated 1n FIG. 2 may be reversed to generate a multi-
wavelength light output. The detector array 206 may be
substituted with a transmitter array and separate wavelength
light signals may be output by the transmitter array and
combined by the FPE 100, lenses 203, 205, and mirrors 201
and 202 1n the opposite manner as illustrated 1n FIG. 2 to
generate a combined light output.

FIG. 3 illustrates an embodiment system 300 including
the Recirculating Etalon Spectrometer technology where
coupled-cavity etalon 1s incorporated into RER providing
improved spectral resolution and more distinct wavelength
channels at the detector array 206. The system 300 1s similar
to the system 200 described above, except that the etalon in
system 300 may be a coupled-cavity etalon 103, rather than
a FPE 100. The system 300 may operate 1n a manner similar
to system 200, such that a portion of the light may pass
through the coupled-cavity etalon 103 and be focused on the
detector array 206 by the lens 205, while another portion of
the light may be retlected by the coupled -cavity etalon 103.
Rather than letting the reflected light escape, the retlected
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light 1s recirculated by mirrors 201 and 202 acting as a
high-reflectivity retro-reflector back to the coupled-cavity
ctalon 103 at a slightly larger angle. This process repeats at
increasing incident angles until all the light within the
coupled-cavity etalon wavelength range has been transmit-
ted to the detector array 206. Incorporating coupled-cavity
ctalon 103 into the RES mmproves the performance when
compared with an FPE etalon. With an FPE etalon, the
system may be limited by the number of recirculations and
the spacing between distinct spectral channels. coupled-
cavity etalon 103 increases the wavelength resolution and
enables closer channel spacing as illustrated graphically a
comparison of FIGS. 2 and 3. This results 1in a very efhicient,
high resolution spectrometer. The embodiment Recirculat-
ing Etalon Spectrometer designs may have both high reso-
lution and high photon efliciency. These embodiment
designs may be used to improve the current wavelength
division multiplexing systems 1n the telecommunications
industry. In general, optical filters are required in Lidar
instruments to filter sunlight and increase signal-to-noise
ratio (SNR). The Recirculating Etalon Spectrometer mea-
surement techniques of the various embodiments build on
that receiver technology to both filter the noise and separate
different laser wavelengths. The standard method of sepa-
rating the laser pulses 1s strictly temporal, while the various
embodiments may resolve pulses both temporally and spec-
trally.

While 1llustrated as receiving mput multi-wavelength
light and including a detector array 206, the same principals
illustrated 1n FIG. 3 may be reversed to generate a multi-
wavelength light output. The detector array 206 may be
substituted with a transmitter array and separate wavelength
light signals may be output by the transmitter array and
combined by the coupled-cavity etalon 103, lenses 203, 205,
and mirrors 201 and 202 in the opposite manner as 1llus-
trated 1n FIG. 3 to generate a combined light output. This
may make the system a wavelength division multiplexer as
well as a de-multiplexer.

FIG. 4 1llustrates an embodiment system 400 including a
saw-tooth retro-retlector 402. The system 400 1s similar to
the system 200 described above, except that the mirror 201
and 202 may be replaced with the saw-tooth retro-reflector
402. The etalon 100 1n system 400 may be any type of
ctalon, such as an FPE or coupled-cavity etalon. The system
400 may operate similarly to the systems 200 and 300
described above. In the system 400, each reflection from the
ctalon 100 may have its own retro-retlector section on the
saw tooth retro-reflector 402. In the system 400, normal
incidence may be achieved as well as other interesting
features at the expense of a slightly more complicated
arrangement. In the arrangement of system 400 1t 1s possible
to start at higher angles and work toward normal incidence.
The reflector array shown (1.e., saw-tooth retro-reflector
402) 1s rather large for illustrative purposes, but the angular
step size can be quite small—for example, only limited by
the manufacturing of the retlector.

FIG. § illustrates an embodiment system 500 including
cats-eye reflector array including a mirror 501 and a series
of cats-eye lenses 502, such a one, two, three, four, or more
lenses. The system 300 i1s similar to the system 400
described above, except that the saw tooth retro-reflector
402 may be replaced with the cats-eye reflector array. The
ctalon 100 1n system 500 may be any type of etalon, such as
an FPE or coupled-cavity etalon. The system 3500 may
operate similarly to the systems 200, 300, and 400 described
above.
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While 1illustrated as receirving input multi-wavelength
light and 1ncluding a detector array 206, the same principals
illustrated in FIGS. 4 and 5 may be reversed to generate a
multi-wavelength light output. The detector array 206 may
be substituted with a transmitter array and separate wave-
length light signals may be output by the transmitter array
and combined by the etalon 100, lenses 203, 205, and the
saw tooth retro-retlector 402 or cats-eye reflector array 1n the
opposite manner as illustrated 1n FIGS. 4 and 5 to generate
a combined light output.

FIG. 6 1illustrates a corner cube mirror 600 that may be
substituted for the various retro-reflectors described above 1n
the systems 200, 300, 400, and/or 500. The corner cube
mirror 600 includes three mirrors, 601, 602, and 603. The
first mirror 601 and second mirror 602 may be oriented over
one another 1n a roof prism configuration. The third mirror
603 may be orniented perpendicular to the other two mirrors
601 and 602. The corner cube mirror 600 may have a hole
at the vertex of the three mirrors 601, 602, and 603, and the
vertex of the three mirrors 601, 602, and 603 may be set ofl
from the optical axis of the system the corner cube mirror
600 may be used 1n, such as systems 200, 300, 400, and/or
500. The third mirror 603 may take the reflections out of a
single plane and complicate the recirculation pattern of the
systems 200, 300, 400, and/or 500 such that additional
wavelengths may be filtered/combined in the wvarious
embodiments.

Various embodiments demonstrate the use of completely
fixed optical components. In additional embodiments, 1t may
be advantageous to allow etalon-scanning to optimize the
transmission ol one or more wavelengths. Improved wave-
length coverage may also be accomplished by adjusting the
initial beam displacement.

The various embodiment spectral resolving techniques
may be applicable to a wide range of applications for
de-multiplexing wavelengths. Although the various embodi-
ment spectral resolving techniques work for passive sys-
tems, the various embodiment spectral resolving techniques
may also work for active applications. In relation to Lidar,
the embodiment Recirculating Etalon Spectrometer technol-
ogy may improve performance for altimetry/mapping mis-
sions, trace-gas Lidars, and/or Doppler wind systems. For
the altimetry measurements, the wavelength may be used
solely as a means to differentiate laser pulses that are closely
spaced 1n time. For the differential absorption measurement,
the wavelength may be used both to differentiate pulses and
as a fundamental part of the measurement so the relative
intensities of different wavelengths are compared to get the
absorption profile. For a Doppler wind system, a Recircu-
lating Etalon Spectrometer may be a more etflicient, higher
resolution spectrometer for making better Doppler shift
measurements with fewer photons.

The higher pulse repetition frequency (PRF) achieved by
the various embodiments also specifically addresses a major
criticism of those trace-gas Lidars that are limited to 10
KHz. In an 1deal scenario, the different wavelengths enabled
by the various embodiments sample the same column of
atmosphere and the same footprint so the only changes 1n
return would be wavelength dependent. In a 10 KHz Lidar
in low-earth orbit, the ground-spacing between consecutive
laser pulses 1s approximately 1 meter. If sampled with 8
wavelengths, that means the system has moved approxi-
mately 8 meters 1n one wavelength scan. In a higher PRF
instrument the spacing on the ground between these pulses
1s much closer together, which removes a potentially large
error source from the measurement by getting much closer
to the i1deal case of overlapped sampling. This enables
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smaller laser footprints and a smaller receiver field of view,
which 1n turn decreases noise.

In various embodiment Recirculating Etalon Spectrom-
cter technologies, performance may be improved by mini-
mizing round trip loss and designing around the angular
acceptance of the higher order channels. The key to mini-
mizing round trip loss may be being able to build high
transmission etalons. This may be optimized with high
quality surfaces and low scattering optical coatings and can

also be traded with finesse. The angular acceptance of 10

ctalons may be reduced at higher angles, which may be
managed with aperture size, high index etalon matenals,
instrument field of view (FOV), and/or combinations of the
same.

A prootf-of-concept version of the recirculating etalon
spectrometer (RES) was built. For the demonstration
aspheric lenses and dielectric coated mirrors were used. A
PZT air-gapped etalon (from Queensgate, Inc) that at 532
nm wavelength has a Free Spectral Range of 600 pm
(Air-gap 1s 236 microns), a finesse of approximately 27 and
a FWHM band pass width of approximately 23 pm was
used. The laser wavelength was monitored with a commer-
cial wavelength meter to compare the results with the RES.

The recirculating optics concept was tested with a multi-
mode-fiber-coupled green LED. This tested the recirculating,
performance independent of wavelength and gave insight
into the alignment and round-trip loss of the system. This
was successiully demonstrated and results are shown in
FIGS. 7A and 7B. Alignment of the system 1s important for
optimal performance. The two most important factors are
getting the input light focused right at the slit between the
two recirculating mirrors and adjusting the collimating lens
for optimal collimation. In practice, manual 3-D linear
translation stages on the mput lens and the collimator are
suilicient. Using the LED (or any broad wavelength source)
to visualize all the channels simultaneously simplifies align-
ment because all the spots can be brought into focus
together. The optical model of this configuration shows the
collimating lens can be ofl by as much as +0.28 mm before
the channels bleed into one another. Tighter alignment 1s
required for smaller angle separations; however the align-
ment tolerance 1s practical. After demonstrating the recircu-
lation technique with the broad-band source, a frequency-
doubled 1062 nm DFB diode laser producing 531 nm
single-mode-fiber-coupled output was used. This yields a
single spatial mode, wavelength tunable, narrow spectrum
light source. The laser source was tuned to diflerent wave-
lengths, which were sorted into distinct channels shown 1n
FIG. 7B. No changes were made to the RES while the laser
wavelength was tuned. This demonstrates the essentials of a
wavelength division multiplexing (WDM) system, though
the device may be calibrated for use as a spectrometer to
determine an unknown wavelength.

The ray-tracing program (TracePro®) was used to model
the theoretical performance of the RES and compare it to the
measured data. The etalon performance characteristics were
measured and used 1 a matching MathCad® model to
program the filter response 1n the TracePro model. The RES
prototype was modeled and the results are shown 1n FIG. 7B
as dotted lines. In this prototype the overall light efliciency
1s limited by the loss in the etalon and a non-optimized
optical design. Optimizing the design for low round trip loss
will significantly increase the overall eflicacy, but the basic
functionality of the design 1s demonstrated with both the
prototype and the model. Even for the current configuration,
approximately 2.8 times more light 1s transmitted through
this system 1n the 5 channels than 1s transmitted for the same
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ctalon without the recirculated light. For many applications,
this 1s a significant increase in photon efficiency and could
be improved with lower round-trip loss and higher etalon
transmission.

Using geometric optics and the paraxial approximation, 1t
can be shown that the i” AOIL 0, is given by:

(1)

. Xoffset

0;
fi

(1+20):i=0,1 ...

where X 4., 1s the distance the input beam 1s shifted from the
optical axis, 1, 1s the collimating lens focal length and 1 1s the
number of recirculations the beam has made through the
optics. To avoid clipping losses on the input and during the
initial recirculation, geometry yields the condition:

(2)

where w,, 1s the incoming focused spot diameter, and the slit
width 1s the distance between the two retro-retlecting mirror
edges. (This assumes the mirror coating comes right to the
edge of the mirror. In practice this may not be true and that
edge eflect would need to be accounted for.) The position of
the i” transmitted spot, in the focal plane is given by:

2X 7 ezslitwidth=w,

X = —(?](1 + 20X pppsers i =0, 1 ... )

i
1

where 1, 1s the focusing lens focal length. The optical axis 1s
normal to the etalon and passes through the center of lens 1
and we assume lens 1 & 2 have the same optical axis. It can
be shown by sequentially tracing the optical path, the energy
at a given wavelength of the n” spot in the image plane,
E (M), can be represented by:

( Eippua Tsp(Trr)* TE(0,, A); n =10 ‘ (4)

[ n—1 ] Y
[ | 1=756, 20— Ap|Te(@,, 20> 0
| :=0 | /

E,(A) =4
Eippie Tsp(Trr)"

where E;, ;. 1s the energy entering the spectrometer, 15 1s
the single-pass transmission through the collimating and
focusing lenses, T, 1s the round-trip transmission for 1
iteration through the recirculation optics, T,.(0,A) 1s the
ctalon transmission (given by the etalon equation), A, 1s the
ctalon loss due to absorption and scattering and A 1s the
wavelength.

From equation 4, it 1s clear that 1n order to maximize E_
for large n, the round trip loss and etalon loss must be
minimized. If achievable numbers for the terms 1n equation
4 are used (e.g. -T.,=99%, T,,/99%, T.(0,A)=95%,
A=3%), the result may be approximately 80% transmission
for the 5% spot. If lower values are assumed, (e.g.
—T=98%, Tx,/=98%, T-(0,A)=90%, A.=6%), the result
may be approximately 60% transmission for the 57 spot.
The surface quality on the recirculating mirrors does not
need to be extremely good because only a small area 1s being
used because the beam 1s at a near focus. High retlectivity
1s 1mportant as can be seen above but commercial mirrors
are available with much better than 99% reflectivity. This
means the etalon transmission and absorption are critical
factors in a low loss system

One mmportant application for the various embodiments

may be atomic and molecular spectroscopy in photon-
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starved scenarios such as remote sensing instruments. To
illustrate the utility, the RES was configured for simultane-
ous measurement of the sodium D1 and D2 lines whose
separation 1s 0.6 nm. The experimental arrangement was
such that the light source was a Philips 234047-SOX-E18
low-pressure sodium light bulb coupled into a multi-spatial
mode fiber and the wavemeter being a scanning grating,
spectrometer (ANDO Model AQ63135B). The etalon air-gap
spacing was 236 microns (FSR at 589 nm=735 pm). The
ctalon air-gap spacing and lens oflset were adjusted so that,
with recirculation, both the D1 and D2 lines were resonant
and transmitted through the etalon simultaneously (1.e.
within the recirculation time). The graphs of FIG. 8 compare
the spectra of the sodium lamp from the grating spectrom-
cter (left) and the Recirculating Etalon Spectrometer—
(right). In a traditional etalon set-up, either D2 at one angle
or D1 at another angle would be observed, but this experi-
ment with the embodiment RES showed both lines simul-
taneously illustrating the potential improved photon efli-
ciency.

A prototype of a recirculating etalon spectrometer has
been built and 1ts basic functionality and utility have been
demonstrated. The current prototype was built around a PZT
ctalon. There are a number of alterations that may be made
according to the various embodiments, as well as a number
of different optical configurations suitable for use with the
various embodiments that may achieve similar results as
described above. For example, the various embodiments are
illustrated using all spherical (or aspherical) lenses. How-
ever, because all the wavelength dispersion happens 1n a
single plane, the lenses may be replaced with cylindrical
lenses allowing other functions to occur in the orthogonal
axis (e.g., a grating separating wavelengths i the y-axis
would enable use of the RES over many free-spectral ranges
without ambiguity). In general there 1s a great deal of
freedom 1n the selection of the lens design that may be
tailored for a specific application. A primary factor 1n lens
selection may be the etendue of the system. The field of view
(FOV) of an etalon 1s maximum at normal incidence and
decreases at higher angles, so the lens design, aperture, and
spatial mode quality may need to match the FOV of the
ctalon at the largest AOI used to maintain good transmission
at those angles. As demonstrated in the prototype, this may
be achieved but system performance for a given application
and may depend on the correct trade between the aperture,
f# of the collimator, and aberrations and walk off from
repeated recirculations of the beam. Also the collimating
lens and focusing lens may be diflerent so the focusing lens
may be selected for the focal plane requirements while the
collimating lens may be designed to impact recirculation
performance.

One feature of this recirculating configuration should be
noted: the increase mm AOI 1n successive round trips 1s
constant but because the wavelength transmission peak 1s
not a linear function of AOI for an etalon, the wavelength
step size 1s not constant for each successive round trip.
However, (aside from the usual etalon ambiguity resulting
from the free spectral range) there 1s a one-to-one mapping
of angle to wavelength so the RES of the various embodi-
ments may be calibrated to measure the spectra accurately
but the mapping function 1s more complicated due to the
iterative nature of the measurement. The free spectral range
ambiguity inherent to etalons may be resolved by passing
the light through a band-pass filter that corresponds to the
range of interest.

The preceding description of the disclosed embodiments
1s provided to enable any person skilled in the art to make
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or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the mvention. Thus, the present invention 1s not
intended to be limited to the embodiments shown herein but
1s to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein. The foregoing method descriptions and the
process flow diagrams are provided merely as illustrative
examples and are not intended to require or imply that the
steps of the various embodiments must be performed 1n the
order presented. As will be appreciated by one of skill in the
art the order of steps 1n the foregoing embodiments may be
performed 1n any order. Words such as “thereafter,” “then,”
“next,” etc. are not itended to limit the order of the steps;
these words are simply used to guide the reader through the
description of the methods. Further, any reference to claim
clements 1n the singular, for example, using the articles “a,”
“an” or “the” 1s not to be construed as limiting the element
to the singular.

What 1s claimed 1s:

1. A system, comprising;

a retro-reflector;

a detector or transmuitter array; and

an etalon disposed between the retro-reflector and the

detector or transmitter array,

wherein the retro-reflector 1s configured to redirect light

reflected by the etalon back to the etalon at a different
angle of mncidence than an original angle of incidence
on the etalon of the light reflected by the etalon.

2. The system of claim 1, further comprising:

a first lens disposed between the retro-retlector and the

etalon; and

a second lens disposed between the etalon and the detec-

tor or transmitter array.

3. The system of claim 2, wherein the etalon 1s a Fabry-
Perot etalon.

4. The system of claim 2, wherein the etalon 1s a coupled-
cavity etalon.

5. The system of claim 4, wherein the retro-retlector 1s a
rool prism comprised of two mirrors with a center space
between the two mirrors.

6. The system of claim 4, wherein the retro-reflector 1s a
saw-tooth retro-reflector.

7. The system of claim 4, wherein the retro-reflector 1s a
cats-eye reflector.

8. The system of claim 4, wherein the retro-reflector 1s a
corner cube mirror.

9. The system of claim 4, wherein:

the detector or transmitter array 1s a detector array; and

the retro-reflector 1s configured such that the different

angle of incidence 1s a higher angle than the original
angle of incidence.

10. The system of claim 9, wherein the first lens 1s a
collimating lens and the second lens 1s a focusing lens.

11. The system of claim 10, wherein the system 1s a Light
detection and ranging system.

12. The system of claim 4, wherein the detector or
transmitter array 1s a transmitter array.

13. A method, comprising:

recerving a beam of light at an original angle of incidence

at an etalon;

transmitting a first portion of the beam of light through the

ctalon to a detector array;

reflecting a second portion of the beam of light to a

retro-reflector;
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reflecting the second portion of the beam of light from the
retro-reflector back to the etalon at a different angle of
incidence than the original angle of incidence; and

transmitting at least a portion of the second portion of the
beam of light through the etalon to the detector array. 5

14. The method of claim 13, wherein the different angle
of mcidence 1s a higher angle than the original angle of
incidence.

15. The method of claim 14, wherein the etalon 1s a
Fabry-Perot etalon or a coupled-cavity etalon. 10
16. The method of claim 15, wherein the retro-reflector 1s
a rool prism, a saw-tooth retro-retlector, a cats-eye retlector,

Or a corner cube mirror.

17. The method of claim 13, further comprising succes-
sively repeating the reflecting steps between the retro- 15
reflector and the etalon such that each subsequent portion of
the beam of light 1s incident on the etalon at a higher angle
of incidence than a previous portion of the beam of light.

G e x Gx ex
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