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ABSTRACT

We seek to advance the capabilities of photonic technologies in support of ground-based infrared astronomy.
Currently, observers in this field suffer from an irreducible background generated by emission from OH (hy-
droxyl) molecules in the upper atmosphere. However, if narrow-band notch filters could be incorporated into
the optical path of astronomical instruments prior to any optical elements that would spectrally broaden such
emission lines, then this background could be effectively suppressed with very little accompanying loss of sig-
nal from the astronomical sources of interest. Micron-scale ring resonators are one technology that provides a
promising method of generating such notch filters. Building on our previous efforts in astrophotonic technology
development, our current goals are 1) to optimize the design of ring resonators so that the notch filters they
create provide greatest suppression at the wavelengths of the most prominent OH lines, and 2) to optimize the
coupling of the resonator-equipped silicon devices with the input fibers (from the sky) and output fibers (to
the spectrograph and detector) such that the throughput losses do not completely eliminate the signal-to-noise
improvement gained from the OH suppression. Theoretical estimates show that suppression (by 20-40dB) of the
most prominent OH lines improves the signal to noise of near-IR observations by a factor of 5 or more – this is
similar in effect to turning a telescope with a 1m aperture into a telescope with a 5m aperture!
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1. INTRODUCTION

Ground-based astronomy at near-infrared wavelengths is plagued by an irreducible background due to atmo-
spheric emission from OH (hydroxyl) molecules. Space-based observatories are one possible solution to this
problem, but they are extremely expensive and maintaining or upgrading their capabilities is challenging and
dangerous. Meanwhile, even high-resolution ground-based instruments must contend with OH lines that, when
spectrally broadened by conventional optics, contaminate the otherwise signal-dominated interline region (see
Figure 1). Fortunately, photonic technologies such as ring resonators create narrow-band notch filters that,
when properly tuned, will suppress the troublesome atmospheric OH emission while leaving adjacent (signal-
dominated) wavelengths untouched.1 OH suppression devices such as those we are developing thus have the
potential to revolutionize ground-based infrared astronomy, especially if the technology can be advanced to the
point where these devices can be installed easily and cheaply on research-grade telescopes throughout the world.2
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Figure 1. A model spectrum of the near-infrared night sky. The background is dominated by OH emission lines (top
plot). The OH lines are intrinsically very narrow, with dark sky inbetween (bottom plots).

2. THE PROMISE OF OH SUPPRESSION TECHNOLOGIES

OH suppression technologies hold the promise to usher in revolutionary changes to ground-based infrared astron-
omy. We focus on one specific technology: micron-scale ring resonators coupled to waveguides, lithographically
printed on silicon devices. Such devices can be coupled to input fibers (delivering light from a telescope) and
output fibers (conveying light to an instrument such as a spectrograph) to augment previously-existing fiber-fed
astronomical instrumentation. As light travels down the waveguide, specific wavelengths that match the circum-
ference of the ring:
nλ = mπD
couple to the resonator and are “dropped” from the signal that is propagated to the through port and the output
fiber – see Figure 2. Meanwhile, the depth of the notch filter (measured in dB) depends on the quality of the
lithographic fabrication process of the ring, as well as the efficiency of the coupling between the waveguide and
the ring (dependent in part on the physical separation between the two components).

Alternate technologies such as Fiber Bragg Gratings (FBGs) are also potentially useful for OH suppression.
Devices based on FBGs have matured rapidly, to the point of integrated instruments being commissioned and
tested on large research-grade telescopes.3 But, plagued by problems such as unacceptably high noise levels,
these instruments have not yet realized their full potential. Meanwhile, ring resonators lithographically printed
alongside micron-scale waveguides onto silicon devices hold the same promise (even if the application of this
technology to astronomy is not as advanced as FBGs yet), while also having distinct advantages over FBGs.
First and foremost, given the ubiquitous nature of silicon device foundries supporting the computer and telecom-
munications industries, fabrication of ring-resonator-equipped devices is much more straightforward than the
production of FBGs. In fact, commercial vendors have regularly provided us with relatively cost-effective custom-
designed wafers throughout the earlier stages of our research. Furthermore, since our standard silicon devices can
house hundreds of distinct ring resonators within cm-scale form factors, efficient packaging of these devices can
potentially yield much smaller astronomical instruments, which are in turn capable of much easier integration
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Figure 2. Top panel: Schematic diagram of a ring resonator showing the input, through and drop ports and a sketch of
the spectrum at each port. Bottom panel: SEM image of a prototype silicon ring resonator with through and drop ports,
fabricated at the Center for Nanoscale Materials at Argonne National Laboratory

onto even modest-sized telescopes.
Additionally, ring resonators that are fabricated outside of the desired specifications (i.e., their notch wavelength
does not match the wavelength of any OH line) can be subjected to post-fabrication tuning to correct these
errors. For example, bombarding the devices with electron beams of the appropriate size and energy can alter
the physical parameters of the target ring, thus shifting its notch by up to a few nm.4 Appropriate e-beam
“doses” can therefore allow remediation of misaligned rings, improving device efficiency dramatically (see Table
2). A more straightforward method for altering the notch wavelength of rings is to change their temperature,
which changes the wavelength it suppresses via the thermo-electric effect.

OH Line Wavelength (nm) 1518.71 1524.09 1528.78
Original Wavelength (nm) 1517.30 1522.74 1527.58
Retuned Wavelength (nm) 1518.67 1524.05 1528.77
Original Wavelength (nm) 1518.51 1523.32 1527.00
Retuned Wavelength (nm) 1518.87 1524.29 1528.69

Table 1: Original wavelength of suppression dip and wavelength of suppression after post-fabrication tuning,
compared to wavelength of OH lines. Note that the suppression wavelength can be matched much more precisely
to the OH sky lines (as close as 0.01 nm) with this post-fabrication tuning process.

We, therefore, have chosen to focus on the development of ring resonators as the foundational technology for
our application of OH suppression to astronomy. In our preliminary investigations, we have determined that five
criteria are crucial for success:
1) Free Spectral Range >30nm
This ensures that our notch filters are located primarily at wavelengths corresponding to OH emission, rather
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than suppressing regions of wavelength space that would otherwise dominated by astrophysical signals.
2) Notch width <0.4nm
Because the OH lines are intrinsically narrow, similarly narrow notches ensure that it is primarily the OH emis-
sion that is suppressed, not astrophysical signals.
3) Sufficient Polarization Independence
Because TE and TM modes of light propagate slightly differently, we require that our input, output and sup-
pression can accommodate light of any polarization state. Separating the polarizations and duplicating the
suppression process for each one is also a viable alternative.
4) Five or more resonator-generated notch filters at correct wavelengths
The accuracy of the fabrication (and post-fabrication tuning processes likewise determine whether our ring
resonators are primarily suppressing the target atmospheric emission or inaccurately suppressing astrophysical
emission.
5) Sufficient coupling so throughput losses don’t dominate compared to the expected S/N gain of a factor of 5
Coupling losses greater than 7dB would mean that gains in S/N as high as a factor of 5 are eliminated by loss
of light through the system, rendering such a system ineffective compared to conventional instrumentation.

3. CURRENT AND FUTURE METHODS FOR ADVANCING RING RESONATOR
CAPABILITIES

We have been pursuing ring resonators as a mechanism for OH suppression using the above-specified criteria for
more than six years. Our investigations to date have coalesced around a five-step approach:
1) Simulation and Design of Ring Resonator-equipped silicon devices (see Figures 3 & 4)
2) Fabrication of silicon devices, either “in-house” with the resources Argonne National Laboratory’s Center for
Nanonscale Materials, or via commercial vendors capable of fabricating our custom devices
3) Preliminary laboratory analysis of device fabrication quality. This entails measuring a significant sample of
waveguides on each device, to ensure that they are able to transmit light from their input to output ports.
For this procedure, we start with a fiber-coupled laser source, either optical (660nm) or infrared (1550nm), and
mount the free end of the fiber on a micrometer-controlled stage that allows precise butt-coupling to the edge
of the device where the waveguides terminate. The same procedure is followed for aligning the output of the
waveguide to another fiber, which feeds a power meter. (see Figures 5, 6, & 7)
4) Swept-wave-source measurements of rings coupled to waveguides on each device, allowing us to observe sup-
pression at specific wavelengths compared to the nominal throughput at unsuppressed wavelengths. (see Figure
8)
5) Selection of devices with rings possessing the right characteristics for OH suppression, which are then sub-
jected to on-sky testing. Instead of a laser or swept-wave source for input, we point one end of a fiber directly
at the sky, and then couple it to our device as usual. On the output side, instead of coupling to a power-meter
we couple to one of the infrared spectrographs available to us – CSHELL at Lowell Observatory,5 IRIS2 at the
Anglo-Australian Telescope,6 or PRAXIS3 at Australian Astronomical Optics. (See Figures 9, 10, & 11)

Based on these steps, our near-term goal is to advance the state of the art in ring resonator photonic devices
to the point where we perform better than break-even – that is, where the gains from OH suppression more than
balance out the losses from system inefficiencies. We continue to fabricate devices at regular intervals, and as
we continue to dedicate design and fabrication resources we will soon have devices with sufficient numbers of
rings precisely aligned with the OH lines that we will have 20dB or more of suppression for the five brightest
OH lines. However, the larger problem we continue to address – and the main focus of our current research –
is that of the significant losses constraining our system throughput. There are two crucial items that will allow
us to overcome this efficiency gap. The first relies on well-understood mechanisms for coupling one multi-mode
fiber to a series of single-mode fibers, and the second requires development of novel processes and systems for
ensuring stable fiber-to-device coupling.
With sufficiently large (i.e., multi-mode) fibers, we can easily observe the OH emission from the night sky (Figure
11), and with sufficiently small (i.e., single-mode) fibers coupled to our micron-scale waveguides, we can measure
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Figure 3. A simulation of the silicon waveguide and the distribution of the electromagnetic field as it propagates through
and exits the waveguide to couple to the fiber.

suppression in the laboratory setting (Figure 8). But single-mode fibers do not collect sufficient light from the sky
(especially at night) to provide high S/N measurements, nor do multi-mode fibers have adequate mode-matching
for high-throughput coupling to the waveguides in our silicon devices. The resolution of this issue lies in photonic
lanterns, devices that begin as one large fiber and then adiabatically taper down into multiple (usually 6 or 8)
single-moded fibers. With multi-mode fibers collecting light from the sky, and a series of single-mode fibers
transmitting the light into (and out of) our silicon devices, we have a way to ensure that the fibers are no longer
a limiting factor in the application of ring resonators to OH suppression (see Figure 12).

The second issue, of fiber-to-device coupling, however, is far less tractable. In order to achieve break-even,
where a factor of 5 S/N increase more than compensates for the system throughput loss, we need to achieve
no more than 3-dB of loss at each fiber/device interface. At best, we have temporarily achieved 8dB of loss
in ideal circumstances, and in many cases the losses are much higher (15dB or more). We have investigated a
wide variety of devices (including silicon nitride-based devices instead of silicon) along with numerous coupling
mechanisms over the course of our project. For example, following Galán,7 we designed cantilevered waveguides
mating with fibers glued into a trough on the top of the device (see Figure 13). Next, we attempted both laser
and chemical etching of the device edges to better expose the waveguides to the input and output fibers. These
methods did not prove as fruitful as we hoped.

After many years of effort, we have determined that tapered fibers abutting the edges of silicon devices and
precisely aligned with the waveguides provide the best coupling of any tested method. However, while manual
alignment of the waveguides using micrometer-controlled stages may provide sufficient instantaneous coupling,
we still experience instabilities in the alignment system with the ultimate effect that throughput losses prevent
break-even for our on-sky measurements.
One method to improve system throughput involves active, computer-controlled alignment of the coupled fibers.
With humans no longer turning knobs and reading outputs on a power meter, the alignment process should be
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Figure 4. Segment of a device design with waveguides (horizontal lines) and ring resonators (central features). These are
converted to machine-readable state which informs the lithographic process, creating features of the correct size for our
devices.

much more efficient and lead to much higher sustained coupling strengths. There is existing closed-loop control
functionality within some commercial piezo-contol systems (e.g., those available from Thorlabs), as well as within
customized systems present in Lowell Observatory telescopes and instruments. In particular, the EXPRES spec-
trograph8 uses a fast tip-tilt mirror to keep the maximum of an observed stellar PSF aligned with its fiber input.
And the Navy Precision Optical Interferometer9 has a “fringecon” system which ensures precise alignments of
its optical elements to enable interferometric observations of stellar sources. We expect to adapt one or more
of these existing systems for our purposes, rather than start from scratch in devising and implementing a new
system.
Additionally, our current testing process requires us to alternate from on-sky measurements to alignment-laser-
and-power-meter measurements. Only after an on-sky measurement is complete can we check if the alignment
was maintained throughout the on-sky exposure (it often is not, leading to many wasted observing sequences).
But using an array of fibers – several making on-sky measurements and one “fiducial” fiber simultaneously fed by
the alignment laser – the upgraded closed-loop system can ensure that the entire array remains aligned. Provided
the on-sky fibers are prevented from moving relative to the fiducial, we then need only optimize the alignment
of the fiducial with our closed-loop feedback control.
Similar to packaging input/output fibers so that they maintain consistent positions relative to one another,
fiber-to-waveguide couplings can also be part of a vendor-provided “package”. Thus, instead of providing active
alignment control, this alternative would see us using fibers that were pre-aligned by the vendor and glued into
place. While this obviates the need for complex hardware and software, this option depends entirely on the
capabilities of vendors outside of our control. Thus far, packaged fibers have not been able to meet our coupling
loss requirements to achieve break-even. But we will continue to pursue this avenue as long as it has the potential
for useful results.
Ultimately, we will succeed in this process of advancing photonic technologies for ground-based infrared as-
tronomy when we have five rings with notch filters tuned to five of the brightest OH lines, and when we have
sufficiently mastered the complexities of the coupling problem so that losses are no more than 3dB for both input
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Figure 5. Laboratory setup with lasers on the right, power meter on the left, and stages for coupling fibers to the
waveguides in the center. Note the high-powered microscope and viewscreen for aiding the manual alignment process.

and output fibers coupled to our silicon devices.

4. CONCLUSIONS

This project has the potential to create a blueprint for revolutionizing ground-based near-IR astronomy. After
the fabrication and coupling issues are resolved, the next step will be to move from the present prototype stage
to a fully-realized OH suppression device capable of being inserted into any fiber-based spectrograph. With OH
suppression, infrared spectrographs mounted on even modest-sized (1m) telescopes would perform competitively
against much larger (5m) telescopes, making truly world-class facilities far more ubiquitous across the globe.
Apart from resolving the engineering and technical challenges posed by the technologies for OH suppression,
our own scientific interests lie in applying OH suppression systems to the grandest size scales of the universe.
Previously, supernova cosmology has focused on the “nearby” (z¡1) universe,10 since spectral lines of supernovae
at greater distances are redshifted into the infrared, where they run afoul of the atmospheric OH emission (see
Figure 14). However, with OH suppression, supernovae could be effectively and efficiently measured to much
greater distances, thereby giving astronomers a longer lever-arm in constraining cosmological parameters, and
perhaps even giving them an edge in elucidating the nature of dark matter and dark energy.
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Figure 7. A highly-magnified view of an 8um-core fiber nearly aligned with a waveguide on a silicon device

Figure 8. Initial laboratory-based measurements of suppression with ring resonators
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Figure 9. An image of the CSHELL slit (green vertical feature) with the input fiber (yellow circular feature) showing
light collected from the sky and transmitted through our system

Figure 10. A narrow-band spectrum taken by CSHELL with its input fiber pointed directly at the sky, showing the
natural solar spectral features (red line) as compared to an NOAO references spectrum (black line).
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Figure 11. A spectrum from IRIS2 showing numerous OH lines (without suppression). This reference spectrum can be
compared to the spectrum achieved with OH suppression once the suppression wavelengths are matched to the OH lines,
and coupling losses are reduced enough that significant signal-to-noise can be achieved.

Figure 12. Schematic of an OH suppression instrument incorporating photonic lanterns
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Figure 13. A cantilevered waveguide etched onto the surface of a silicon device. The fiber to be coupled to the waveguide
is inserted into the trough running to the bottom of this image, and precisely aligned with the waveguide before being
glued into place. The fragility of this system made it unsuitable for long-term use in our OH suppression system.

Figure 14. A sample supernova spectrum observed in the local universe (z=0, black), and redshifted into the infrared
(z=2, red). Note that the majority of the supernova emission would be obscured by the OH emission shown in Figure 1.
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