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Quick Summary:                                                                                   

Solve longstanding problem with sky background in near-infrared  

 

Take LSST Supernova Dark Energy to next Level, plus many other uses 

 

Ring Resonators are scalable and cost-effective technology 
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Source of Sky Background 

in Near-Infrared is 

Atmospheric OH molecules 



Sky Background from OH molecule emission  
Need x1800 Longer Exposures in H band (NIR) than Optical (8.2 mags worse)           

for Same Signal-to-Noise (SNR) 
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ZOOM 1600nm 

Background are 

spikes ~0.1nm wide 

separated by ~5nm    



Sky Background from OH molecule emission  

 
Has significant impact in optical region too: 
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DES Supernovae in DEEP Fields take 1 hr of exposures per visit in z band (850-1000nm) 

compared to 10 min in g band (400-550nm),   to reach reasonable Signal-to-Noise level.                       

Significant impact on survey operations.   

DESI  wavelength range up to 980nm, resolution 0.2nm 



Motivations for Dark Energy Science with LSST Supernovae  

 

 

 
Efficient and Fast follow-up NIR program for DEEP-Drilling LSST Supernovae            

with suppression of OH lines  

 

 

NIR measurements known to be insensitive to dust effects,  which are likely to be 

dominant systematic in LSST era  (given improved photometric calibration specs) 

 

 

 

Rest-frame NIR measures shown to be best Standard Candle with no corrections 

 

 

 

Statistics from 50K LSST SNe crucial to understanding host galaxy correlations    

(~3K SNe from DES and WFIRST)   
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LSST Supernovae     

• 50K Deep-Field Type Ia compared to 3K DES  (z<1.2) 

• 6 LSST filters vs 4 for DES 

• x2 better photometric calibration requirements for LSST 

 

• Traditionally calibration dominates SN systematics but it’s likely 

LSST will be limited by host galaxy dust effects and confusion with 

intrinsic color variations 

 

• Near-infrared measurements are desired since they are insensitive 

to dust,  and recently shown to be true standard candles 
(optical light curves require large empirical corrections to be standardizable) 

 

• Note that LSST detects  ~7000 more Type Ia SN just from 1.2<z<1.4  but 

I’m ignoring those as “unusable”.     Near-infrared information could make 

many of these usable.  
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Near-infrared SN measurements are the best standard candle 

 

 

 

 

 

    
“NIR observations are expensive to 

take from the ground as a result of 

the significant emission and 

absorption from the atmosphere…” 

 

“The optical light curve will give us 

the phase and we will measure the 

brightness in the near infrared.” 

 

“… significant potential in 

supplementing future large ground-

based surveys such as LSST…” 

  

 

  

 

 

 

 

 

    

(LSST Supernova Group Leaders)   
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• 50K Type Ia SN compared to 3K DES 

• 6 LSST filters vs 4 for DES 

• x2 better photometric calibration 

• But will be limited by dust absorption,  

which is second MAJOR benefit of NIR 

measures,  insensitive to dust 

 

 

 

  

 

 

 

 

 

    

LSST Supernovae     
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Many Potential Customers World-Wide 

 
• 27  optical/NIR telescopes with >4m mirror,  operating costs  >$3K/hour 

 

• Oversubscribed:   x2-4  more proposal time than available 

 

• Perfect OH suppression gives x1800 shorter exposures with same SNR 

 

• “Complete failure”  x2  shorter exposures still a game-changer 

• Pays for itself in a few weeks with operating costs 
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Wavelength Suppression Techniques    

• Major effort for Australian astronomy for 

almost a decade  (Bland-Hawthorn and  Ellis) 

 

 

•  Current techniques not scalable for LSST.   

 
• Recommended ring resonators in 2012 

publication before we started  

GNOSIS Instrument and first results using 

Fiber Bragg Gratings     (S. Ellis et al. 2012) 

    

2012 publication 



Argonne’s Entry into OH Suppression 

 
• Perlmutter’s student Kyle Barbary came to ANL fall 2012 

• Kyle worked with Saul on OH suppression at LBNL 

• LBNL simulating metamaterials, if it works suitable for                

non-fiber applications but more speculative 

 
• Investigated technologies with our Center for Nanoscale Materials (CNM)   

 

• Our DES post-doc Kyler Kuehn took a position in Australian Astronomical 

Observatory R&D group,  the world’s leaders in OH technology.  

 

• Successful CNM user proposals to fabricate ring resonators, used in 

telecommunications and biosensors 

 

 

 

 

    
Figure 1. Schemat ic diagram of a simple ring resonator showing the input , through and drop ports and a sketch of the

spect rum at each port .

accurate fit t ing of the PSF. (iv) The troughs of the frequency comb should not contribute significant ly to the

background. (v) The frequency comb must be stable.

The consequences of requirements (i) – (iv) on the ring resonator design may be addressed through consid-

erat ion of weak coupled mode theory (see for example Yariv & Yeh3). The dropped signal is given by

E1

E0

2

=
t2(1 + α2 − 2α cosθ)

1 + t4α2 − 2t2α cosθ
, (1)

where E1 is the elect ric field in the through port , E0 is the input elect ric field, t is the self-coupling coefficient

(i.e. the fract ion of light that is not coupled into the ring), α is the throughput of the ring and θ = 2πnL / λ,

see Figure 2. Example transmission spectra are plot ted in Figure 3. The exact form of the dropped spectrum

depends on the throughput of the ring itself, α, and the coupling coefficient from the input waveguide to the

ring, κ = 1 − t.

The FSR is proport ional to the reciprocal of the circumference of the ring, L ,

∆ λ =
λ2

Lneff

. (2)

and is therefore easy to tune. For very high precision calibrat ion the FSR ought to be 3 – 4 t imes the spectral

resolut ion of the spectrograph. For example, an R = 100, 000 spectrograph operat ing at λ = 6000 Å, would

require a FSR≈ 0.2 Å, requiring a ring radius of ≈ 0.9 mm for a Si waveguide. This would be the highest

resolving power ever needed for an astronomical spectrograph and therefore also the largest radius required. For

more typical calibrat ion requirements, we may use FSR≈ 10× FWHM, and R = 10, 000, requiring a radius of

≈ 28 µm for a Si waveguide. For comparison, devices with radii as small as 1.5µm4 or as large as 1 mm5 have

been manufactured. Indeed, one at t ract ion of using ring resonators as frequency combs is that the natural FSR

of the device is highly suitable for calibrat ion, with no requirement to filter the comb subsequent ly, as is the case

for laser frequency combs.6

Proc. of SPIE Vol. 8450  84501J-2
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mλ = nL  

Filters 
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Fig. 3. (a): An SEM picture with 40º titled view of the microring resonator with 1.5-mm radius 

coupled to a waveguide with reduced width. (b): A microscope picture of the cascaded 
microring resonators coupled to a U-shaped waveguide at the edge of the chip. 

 

Figure 3(a) shows an SEM picture of a microring resonator with a radius of 1.5 mm before 
it was cladded with PMMA. Both the waveguide and the ring have a height of 250 nm and 
sidewall angle of ~ 84º. The waveguide forming the ring has an average width of ~440 nm. 
The straight waveguide coupling to the ring has an average width of ~290 nm, and the gap 
between the waveguide and the ring is ~340 nm. The width of the straight waveguide used in 
the FDTD simulation happens to equal the height of the waveguide. Here, in order to avoid 
the cross-coupling between the quasi-TE mode and quasi-TM mode in a square waveguide, 
we increased the width of the straight waveguide. This ring is one of the five rings coupled to 
the same waveguide, as shown in the top-view microscopic picture in Fig. 3(b). The five rings 
are designed to have slightly different radius, so that their resonances are uniformly 
distributed throughout the FSR.  

5. Optical measurement setup and results 

Figure 4(a) shows the experimental setup for measuring the transmission spectrum of the 
device. The output of a tunable laser is collimated and focused by a lens onto one end of the 
U-shaped waveguide. The output light at the other end of the U-shaped waveguide is 
collimated by the same lens and sent to a detector.  A polarizer is placed in front of the 
detector to separate the quasi-TE and quasi-TM modes. 

Figure 4(b) shows the normalized transmission spectrum of the quasi-TE mode. The 
resonance features from the five microring resonators coupled to the waveguide (see Fig. 
3(b)) can be identified on the spectrum. Figure 4(c) shows the spectrum around the second 
resonance in Fig. 4(b). The FWHM width of the resonance is 0.17 nm, corresponding to a Q 
of 9,000, close to our target of 10,000. The extinction ratio of the resonance is ~16 dB, 
showing that the ring is close to being critically coupled to the waveguide. Therefore, the 
intrinsic Q of the ring is about twice the coupled Q, or 18,000. This is lower than the 
simulated intrinsic Q mainly because of the scattering loss from the sidewall roughness.  To 
estimate the level of scattering loss, we measured an intrinsic Q of ~ 40,000 on microring 

resonators with radii of 2.5 mm, which is primarily due to scattering loss, since the bending 

loss at this radius (can be estimated by extending the line in Fig. 1) is negligible. If a 1.5- mm-
radius ring has the same scattering loss, it would have an intrinsic Q of ~21,500. The 

measured Q of the 1.5- mm-radius ring (18,000) is slightly lower than the above calculation, 

showing that the 1.5- mm-radius ring has a slightly higher scattering loss. This is mainly 
because the optical spatial mode in a smaller ring shifts more to the outer side of the ring, and 
therefore has higher overlap with the sidewalls.  From the transmission spectrum, the FSR of 

(C) 2008 OSA 17 March 2008 / Vol. 16,  No. 6 / OPTICS EXPRESS  4314

#91188 - $15.00 USD Received 3 Jan 2008; revised 8 Mar 2008; accepted 12 Mar 2008; published 14 Mar 2008

Initial Ring Resonator Design for OH Suppression  
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the 1.5-mm-radius microring resonator is measured to be 62.5 nm, from which a group index 
of 4.2 is calculated [11], which agrees well with that measured in similar devices [5].   

 

 
 
Fig. 4. (a): Schematic of the experimental setup for measuring the transmission spectrum of 
the device. (b): The transmission spectrum of five cascaded microring resonators, showing the 
resonant dips from all 5 rings. (c): Zoom-in spectrum around the second resonance in (b).   

 

6. Summary  

In conclusion, we have designed a junction between a silicon strip waveguide and an ultra-
compact silicon microring resonator that minimizes spurious light scattering and increases the 
critical dimensions of the geometry. We fabricated a network of compact micro-rings 

critically coupled to strip waveguides, with ring radii as small as 1.5 mm, and were able to 
measure a coupled Q of 9,000, close to our target of 10,000. They have smaller radius, larger 
FSR and higher Q than the previously demonstrated microring resonators [4,5]. Their radii 

are smaller than the wavelength of light and are close to the theoretical limit of ~ 1.37 mm for 
the targeted Q. The device fabrication was realized with a widely-available SEM-based 
lithography system using a stitch-free design based on a U-shaped waveguide. The smallest 
feature in the design is ~300 nm in size, which is well within the reach of optical lithography. 

(C) 2008 OSA 17 March 2008 / Vol. 16,  No. 6 / OPTICS EXPRESS  4315

#91188 - $15.00 USD Received 3 Jan 2008; revised 8 Mar 2008; accepted 12 Mar 2008; published 14 Mar 2008

1 μm 

Single wavelength,                                                    

on-resonance animation (2ps total) 

 

 

 

 

 

    

output 

input 



Middle of H-band Region 
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Small Number of Rings can have a Major Impact 



Silicon on Insulator (SOI)  wafers 
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Ring resonators and  

on-chip fiber coupling 

fabricated at Argonne. 

 

No working device yet. 

 

Issue still to be 

resolved:       

Waveguide protection 

during the V-groove 

chemical etch.   This 

complicates fabrication. 

V-grooves 

waveguides 

100 μm 

1 μm 
SEM 

SEM 
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Resonator performance 

can be tested with bright 

lamp/laser and inefficient 

non-final coupling 

Fiber coupling  

performance can be 

tested without rings 

Two independent testing issues 

Pursuing parallel path of 

simpler off-chip fiber coupling 

for resonator testing 
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Example of Edge Coupling of Optical Fiber 



17 

Northwestern Nanophotonics Group 

Northwestern has 

fabricated working 

resonators at Argonne with 

both Edge Coupling and 

Vertical Coupling.             

We are learning from them. 
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Much Simpler Fabrication with Edge Coupling 

On-Chip V-Groove Edge Coupling 

Electron beam 
lithography 

3 1 

Chemical Etching 2 0 

Plasma Etching 5 1 

Vapor Deposition 3 1 

Spin-coat 5 1 

~3 day fabrication versus ~3 week.   Will finalize 

the first Edge Coupling wafer design this week. 



Conclusions 

 

Dramatically lower exposure times in the near-infrared        

(up to x1800) will be a game-changer for ground-based NIR 

astrophysics especially supernova dark energy science.  

 

Potential fast follow-up of LSST deep-field supernova 

discoveries (up to 50,000 SNe) with near-infrared 

measurement(s) will have a major impact in reducing dust 

systematics and improve standardization and host galaxy 

correlation understanding. 

 

Ring resonators are a cost-effective and scalable technology 

that can accomplish this. 
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Additional slides… 

20 
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Wavelength Tuning 

• First option:  tune electron beam currents for each ring 

to get DIFFERENCES in ring radii close,  then control 

temperature to move all wavelengths.   

 

• Second option:  If #1 not good enough,  also vary gap 

width to make suppression wider in wavelength to cover 

all target lines.   

 

•  Third option:  pn diodes in each ring with voltage 

control,  demonstrated in many papers.    
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Result from Resonator simulation using MEEP 



Project phases and cost estimates 

 
• Phase 1:   From working single-ring to reproducible multi-ring devices 

• Fabrication equip.:  CNM is a user facility and all equipment use is free. 

• Manpower:   Fabrication ~35 hrs per wafer split among three scientists and spread 

over 2 weeks.    Minimum 0.15 FTE per scientist. 

• Materials:   Wafers and fibers $35K  ($1500/wafer)  

• Phase 2:   Reproducible multi-rings (10-15 rings) to controllable device 

• Add  ~$50K of engineering for temperature control system 

• Phase 3:   On-sky non-Supernova  test of 1 controllable multi-ring device 

• Reproduce AAO test, plug in replacement?    Assume $<500K 

• Phase 4:  Supernova follow-up demonstration with 6 devices covering H-band 

• In collaboration with AAO,  and others in SN community  ($1-3M) 

• Use SN discoveries from DECam, PTF,  or other source.  

 

 

 

 

 

 

• Phase 5:  The demonstration device could measure the 50K LSST SN with          

15 min/SN exposures.  Not bad but assume expanded wavelength range and 

follow-up capabilities for LSST  ($3-10M)   

 

 

 

 

 

 

 

    

1 small broadband 

filter per device Fiber positioner 

Ring Device 

IR Camera DAQ 
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Sky Background Impact on Supernovae    



Upcoming Space-based SN Surveys     

• Euclid 1500 Type Ia  (0.7<z<1.5)   4 filters  (1 optical, 3 NIR), no 

spectrograph.  They assume redshift comes from host galaxy spectra. 

    

 

• WFIRST (not yet approved)  1200 (0.1<z<0.6) plus 1500 (0.6<z<1.7)  

4 filters plus spectrum of each.    
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Upcoming Space-based SN Surveys     

• Euclid 1500 Type Ia  (0.7<z<1.5)   4 filters  (1 optical, 3 NIR), no 

spectrograph.  They assume redshift comes from host galaxy spectra. 

    

 

• WFIRST (not yet approved)  1200 (0.1<z<0.6) plus 1500 (0.6<z<1.7)  

4 filters plus spectrum of each.    
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OH lines in 60nm slices of H band 

27 
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• OH emission lines comprised of thousands of doublet peaks 

• Distribution of doublet separations from the OH lines  

• Most separations are smaller than 0.2nm 


