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Abstract: We describe a Fabry-Perot etalon spectrometer with a novel light
recirculation scheme to generate simultaneous parallel wavelength channels
with no moving parts. This design uses very simple optics to recirculate
light reflected from near normal incidence from the etalon at successively
higher angles of incidence. The spectrometer has the full resolution of a
Fabry-Perot with significantly improved photon efficiency in a compact,
simple design with no moving parts. We present results from a conceptual
prototype and a corresponding model.
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1. Introduction

The scanning Fabry-Perot etalon spectrometer [1, 2] is a ubiquitous tool for high-resolution
optical spectroscopy. In the most common configuration, the optical path length between the
etalon mirrors is (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 [3]. Very high-
resolution wavelength measurements can be achieved using etalons. Etalons can be used as
tunable filters where the tuning is accomplished by either angle or optical path length
changes. By continuously tuning these parameters, one can use an etalon as a high-resolution
spectrometer. Figure 1 shows the wavelength and angular dependence on transmission of an
etalon (like the one used in our experiment — parameters listed in section 3.)
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Fig. 1. Modeled transmission vs. wavelength at normal incidence (left) and transmission vs.
angle of an etalon at multiple wavelengths (right) showing the dependence of these parameters.

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 is the finesse, the
ratio of the free spectral range (FSR) to the full-width at half-maximum (FWHM)
transmission bandwidth [4]. 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 is required to make a narrow-band measurement. In present systems, the light that is
reflected is lost and only a very narrow band of light is 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 you need optical power (or integration time) to increase as the filter
narrows so improving the resolution comes at the price of optical efficiency. Another
common usage is to send a non-collimated beam through an etalon, which yields a well-
known ring pattern and passes different wavelengths at different angles but is 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 success is the Virtually Imaged Phased
Array [5, 6] (VIPA). A VIPA can suffer from some of the same problems as gratings because
the light is split into multiple orders and there is insertion loss in getting the light into the
VIPA. The most desirable spectrometer is one that has simultaneous, continuous wavelength
coverage like a grating spectrometer but maintains the resolution and luminosity of an etalon.
In this paper, we demonstrate a novel optical scheme that achieves simultaneous (though not
continuous) wavelength channels and maintains the resolution and luminosity of the etalon.

2. Design concept

Our novel spectrometer concept preserves the strengths of a Fabry-Perot etalon while
improving on its main weakness — that it does not have parallel wavelength channels. We
demonstrate a method to optically recirculate the light reflected from the etalon back through
the same etalon at new angles. We create an etalon spectrometer based on angular dispersion
without moving parts and without losing the light that is not initially transmitted. The only
other configuration known to the authors that offers similar functionality is described by
Jennings and Boyle [7]. Our system is simpler, more compact and designed for shorter
wavelengths. The light transmitted at different angles can be separated using a transform lens
to focus each angle onto a unique spot in the focal plane. Figure 2 shows an optical design
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that allows for angle-tuned transmission of an etalon. The diagram illustrates that by changing
the distance of the input source relative to the optical axis, the AOI changes and therefore the
transmission wavelength following Fig. 1.
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Fig. 2. Conceptual drawing of angle-dependent etalon transmission in a relevant optical
configuration. Light of several wavelengths, shown here as red, purple, blue and green, enters
from the left, is collimated and is incident on the etalon. In the top drawing, red light is
transmitted and the remaining colors are reflected back to the left. In the bottom drawing, the
input source focal spot is farther from the optical axis so after collimation it is incident on the
etalon at a larger angle. In this configuration, the purple light is transmitted and the remaining
light reflected.

Our optical design takes the light rejected by the initial etalon reflection and redirects it
back to the etalon at a higher AOI. The light reflected the second time is reflected again at a
further increased AOI and this process is repeated until the light has all dissipated. Figure 3
shows how this is accomplished.

The angular step-size between wavelengths is exaggerated in the illustration to avoid
confusion but the angles can be spaced closely, limited only by the input beam spot size, the
gap between the retro-reflecting mirrors (see Eq. (2) below) 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 is imaged to a unique spot
in the focal plane to the right of the etalon. These could be measured with a detector array or
coupled into individual optical fibers for example.
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Fig. 3. Conceptual drawing of the novel recirculating etalon spectrometer. As in Fig. 2, a beam
of light containing several wavelengths shines from the left, entering the spectrometer via a slit
between two mirrors at + 45° relative to the optical axis. The light is collimated and hits the
etalon. The red light is transmitted and focused on the right focal plane. Purple, blue and green
light are reflected back to the left, focused by the collimating lens, hits the top mirror, comes to
a focus, hits the bottom mirror and then re-enters the system from the left at a virtual image
point farther from the optical axis than the first pass. The light is then re-collimated and hits the
etalon. Now the purple light is transmitted and focused on the right focal plane. The blue and
green light is reflected back to the left and repeats the process with a virtual image point even
farther from the optical axis than the second pass. With each successive pass, the beam is
incident on the etalon at a higher angle and a different wavelength is transmitted.

3. Prototype demonstration and theory

We have built a proof-of-concept version of the recirculating etalon spectrometer (RES). The
experimental set-up is shown in Fig. 4. For this demonstration we used aspheric lenses and
dielectric coated mirrors. We used a PZT air-gapped etalon (Queensgate, Inc) that at 532 nm
wavelength has a Free Spectral Range of 600 pm (Air-gap is 236 microns), a finesse of ~27
and a FWHM bandpass width of ~23 pm. We monitor the laser wavelength with a
commercial wavelength meter to compare the results with the RES.

wavemeter ~

light —
source

Fig. 4. Diagram of test set-up showing a fiber-coupled light source being analyzed by a
commercial wavelength measurement system and by our novel apparatus.

We initially tested the recirculating optics concept (as shown in Fig. 4) with a multi-mode-
fiber-coupled green LED. This tested the recirculating performance independent of
wavelength and gave us insight into the alignment and round-trip loss of the system. (The loss
is significant for this prototype and improvements will be discussed later.) This was
successfully demonstrated and results are shown in Fig. 5. Alignment of the system is
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 input lens
and the collimator are sufficient. Using the LED (or any broad wavelength source) to
visualize all the channels simultaneously simplifies alignment because all the spots can be
brought into focus together. Our optical model of this configuration shows the collimating
lens can be off by as much as + 0.28 mm before the channels bleed into one another. Tighter
alignment is required for smaller angle separations, however the alignment tolerance is
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practical. After demonstrating the recirculation technique with the broad-band source, we then
used a frequency-doubled 1062 nm DFB diode laser producing 531 nm single-mode-fiber-
coupled output. This yields a single spatial mode, wavelength tunable, narrow spectrum light
source. The laser source was tuned to different wavelengths, which were sorted into distinct
channels shown in Fig. 6. 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 can be calibrated for use as a spectrometer to determine an unknown
wavelength.
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Fig. 5. This is a graph that shows the output of the spectrometer with (left) a broad spectral
input and (right) at 5 different wavelengths (solid lines) with the modeled results for the same
wavelengths (dashed lines).

We used a ray-tracing program (TracePro®) to model the theoretical performance of the
RES and compare it to the measured data. (TracePro does not calculate interference so the
etalon characteristics were imported.) We measured the etalon performance characteristics
and used a matching MathCad® model to program the filter response in the TracePro model.
We then modeled the RES prototype and the results are shown in Fig. 6 as dotted lines. In this
prototype the overall light efficiency is 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 efficacy, but the basic functionality of the design is demonstrated with both the
prototype and the model. Even for the current configuration, ~2.8 times more light is
transmitted through this system in the 5 channels than is transmitted for the same etalon
without the recirculated light. For many applications, this is 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, it can be shown that the i AOI,
;, is given by:

9 = xof[vez

i

(1+2i)i = 0,1... (1

1

where xop. 1s the distance the input beam is shifted from the optical axis(see axis in Fig. 3), f;
is the collimating lens focal length and i is 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:

2X g 2 Slitwidth 2 w, )

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

%= _(&j(1+zi)xw;i —0,1.. 3)

J1

where f is the focusing lens focal length. The optical axis is 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,(2), can be represented by:

EinputTSP(TRT )" TE (0,157\'); n=0

n-1
Eput Tsp (Tpr )" |:_1:[01_TE (ei’x)_AE:|TE(0n’7\’);n >0

E,\) = “4)

where Ei,u 1s the energy entering the spectrometer, Tsp is the single-pass transmission
through the collimating and focusing lenses, Trr is the round-trip transmission for 1 iteration
through the recirculation optics, Tg(@,4) is the etalon transmission (given by the etalon
equation, e.g. Hecht [4]), Ar is the etalon loss due to absorption and scattering and 4 is the
wavelength. From Eq. (4), it is clear that in order to maximize E, for large n, the round trip
loss and etalon loss must be minimized. If we use achievable numbers for the terms in Eq. (4),
(e.g. - Tsp = 99%, Trr=99%, Tr(6,2) = 95%, A = 3%) we get ~80% transmission for the Sth
spot. If we assume lower values, (e.g. - Tsp = 98%, Trr = 98%, Tr(6,4) = 90%, Ar = 6%), we
get ~60% transmission for the Sth spot. The surface quality on the recirculating mirrors does
not need to be extremely good because only a small area is being used because the beam is at
a near focus. High reflectivity is important 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.

4. Applications and design considerations

One important application for the RES is atomic and molecular spectroscopy in photon-
starved scenarios such as remote sensing instruments [8—10]. To illustrate the utility, we
configured the RES for simultaneous measurement of the sodium D1 and D2 lines whose
separation is 0.6 nm. The experimental arrangement is the same as that shown in Fig. 4 with
the light source being 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 AQ6315B). The etalon air-gap spacing is 236 microns (FSR at 589 nm = 735
pm). The etalon air-gap spacing and lens offset were adjusted so that, with recirculation, both
the D1 and D2 lines are resonant and transmit through the etalon simultaneously (i.e. within
the recirculation time). Figure 6 compares the spectra of the sodium lamp from the grating
spectrometer (left) and the Recirculating Etalon Spectrometer — (right). In a traditional etalon
set-up, we would see either D2 at one angle or D1 at another angle but this demonstration
shows both lines simultaneously illustrating the potential improved photon efficiency.
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Fig. 6. Comparison of sodium lamp spectra from (left) conventional scanning grating
spectrometer and (right) Recirculating Etalon Spectrometer

We have built a prototype of a recirculating etalon spectrometer and demonstrated its
basic functionality and utility. Further development is required to optimize the design and
realize its full potential. We built the current prototype around a PZT etalon because it was the
highest finesse etalon we had on hand. We used off-the-shelf parts to demonstrate the basic
function. There are a number of improvements that can be made as well as a number of
different optical configurations to potentially achieve similar results. In the current
implementation, we used all spherical (or aspherical) lenses. However, because all the
wavelength dispersion happens in a single plane, the lenses could be replaced with cylindrical
lenses allowing other functions to occur in the orthogonal axis (e.g - a grating separating
wavelengths in the y-axis would enable use of the RES over many free-spectral ranges
without ambiguity.) In general there is a great deal of freedom in the selection of the lens
design that would need to be optimized for a specific application. A primary factor is the
etendue of the system. The field of view (FOV) of an etalon is maximum at normal incidence
and decreases at higher angles (illustrated in Fig. 1) so the lens design, aperture and spatial
mode quality will need to match the FOV of the etalon at the largest AOI used to maintain
good transmission at those angles. As demonstrated in the prototype, this can be achieved but
system performance for a given application will 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 can be different so the focusing lens can be
optimized for the focal plane requirements while the collimating lens can be designed to
optimize recirculation performance.

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

Another feature of the current apparatus is that light is never incident on the etalon at
exactly normal incidence. We have looked at a variant of the current design where the two
mirrors are replaced with a saw-tooth retro-reflecting array. This is shown in Fig. 7. In this
variation, normal incidence can be achieved as well as other interesting features at the
expense of a slightly more complicated arrangement. We have also modeled a cats-eye
reflector array that could operate in a similar fashion. In this arrangement, it is possible to
start at higher angles and work toward normal incidence. The reflector array shown is rather
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large for illustrative purposes but as with the original design, the angular step size can be quite
small — in this case limited by the manufacturing of the reflector.

Reflector

reflected transmitted

— —_— W
A;
A;
A

<\ focusing lens (2)
etalon

collimating lens (1)

Fig. 7. Diagram of saw-tooth retro-reflector. In this figure, an array of reflectors replace the
bulk mirrors so that each recirculation has its own retroreflector.

Our prototype has demonstrated the use of completely fixed optical components but it
could be advantageous to allow etalon-scanning to optimize the transmission of one or more
wavelengths. In its current arrangement the wavelength resolution demonstrated is rather
granular. The wavelength coverage is not complete, and adjacent wavelength channels have a
minimal distance (subject to the restriction listed in Eq. (2), which ultimately limits total
throughput for broadband spectra. Improved wavelength coverage is easily accomplished by
adjusting the initial beam displacement.

5. Conclusions

Our novel spectrometer has the potential to improve the performance of many optical spectral
measurements. It will potentially provide extremely high wavelength resolution spectral
measurements for very weak signals, which could enable several applications. Additional
applications include lidar instruments requiring spectral resolution such as trace-gas
differential absorption spectroscopy, measurement of Doppler shifts for wind and wavelength
division multiplexing and de-multiplexing for optical communication and laser altimetry.
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