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Geodesy

Barthelmes et al International Centre for Global Earth Models (ICGEM)
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Geodesy stations 

https://oceanservice.noaa.gov/education/tutorial_geodesy/geo08_spatref.html



Scalable infrastructure for Sr clocks
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Integrating frequency combs
NIST tabletop frequency comb

NIST microcombs



Soliton microcombs
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Dissipation and detuning Kerr nonlinearity Dispersion PumpSize

Octave span

Kartik Srinivasan

Spencer et al. Nature 2018; Briles et al. Opt. Lett. 2018; Stone et al. PRL 2018 



Tantala (Ta2O5) integrated photonics

• High Q

• Full wafer process

• Visible to SWIR wavelength range

• Versatile integrated nonlinear photonics

• Spin-off: Octave Photonics

H. Jung et al. Optica 2020; J. Black et al. Opt Lett 2020; D. Carlson et al. AVFOP 2019 



Integrated photonics modules



Visible integrated photonics with tantala

Loss < 2 dB/cm from blue to SWIR

Spektor et al. Optica 2023



Circular polarization grating coupler

Spektor et al. Optica 2023



Microcombs & Si photonics/electronics

Microcomb 32channel transceiver 32channel receiver

DFB 
laser

22m of SMF

Collaboration: UPenn, NIST, Stanford, UCF

GlobalFoundries 45CLO NIST-B fab

10 Tb/s data link

Needed for data centers and next-gen computing



Nanophotonic microcombs

A photonic crystal reflector for “pump recycling”

𝟏𝟎 𝛍𝐦

𝟏 𝛍𝐦

Pump

S. P. Yu et al. Nature Photonics 2021
S. P. Yu et al. Nature Communication 2022
E. Lucas et al. Nature Photonics 2023



Scalable infrastructure for Sr clocks
metasurface optics: 

atom-photonic interface



Metasurface optics
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Metasurface optics

Nano Lett. 19, 8673 (2019)

Image Courtesy: Metalenz



Pilot experiment: Rb single-atom trapping

metasurface
amorphous silicon on fused silica

metasurface lens 
concept

Atom trapping configuration for 
single-atom array creation and imaging

T. W. Hsu et al. PRX Quantum 2022



MS optics system for Sr

Metasurface 𝜼𝐌𝐒 (%) 𝐃𝐎𝐂𝐏 (%)

Blue 𝟒𝟓 ∓ 𝟐 𝟗𝟐

Red 𝟒𝟗 ∓ 𝟐 𝟗𝟔

3 in



Sr MS system: Optical assembly and test

Field of view: 101.6 mm

55.9 
mm

461 nm and 
689 nm beams

Custom designed
Photonics holder



Breakthrough #1: Broad line trapping
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3 × 105 atoms 8 × 106 atoms



Time of Flight – MOT Temperature

0 ms                               1 ms                               2 ms                               3 ms                4 ms                              5 ms

ON

OFF
MOT Light

ON

OFF
Camera

100 μs

Load Expansion

T = 1.7 mK



Scalable infrastructure for Sr clocks
Micro Fabry-Perot Cavity 
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Laser stabilization with waveguides

10 μm



Chip-scale clock lasers

Phase I Phase II

Frank Quinlan Compact vacuum Can

Heat shield/rigid holder

½” diameter cavity

Macor base

Custom vacuum can

Fixed pigtailed 
collimator



Chip-scale clock lasers
Dan Blumenthal (UCSB) / SP collaboration
Q = 720 million
Thermal-noise limited performance
~30 Hz linewidth & ~1 kHz/s drift

25 mm

HR Coating
(Flat Surface)

HR Coating
(Curved Surface)

Scott Papp group, NIST
Q = 5 billion
Thermal-noise limited performance
~30 Hz linewidth & ~1 kHz/s drift



Heterogeneously integrated clock laser

Silicon chip w/ 30 lasers Packaging for lab experiment

UCSB III/V-Si tunable laser + NIST photonic resonator

L. Stern et al. Opt. Lett. 2020

Ta

Tp

Tc

25 mm

HR Coating
(Flat Surface)

HR Coating
(Curved Surface)



Ultralow drift at low temperature

NIST (+ JILA for measurement support)

Linear fit 4 mHz/s

Collaboration: Wei Zhang, Andrey Matsko JPL



Narrow Line MOT Sequence

ON

OFF

Camera

300 μs

ON

OFF

461 nm

Power

50

5

B field
(Gauss / 

cm)
10

tramp

ON

OFF

689  nm 

Intensity

689  nm 

Frequency
Min

Max

1 mstlg tsf

Isf

Δsf FM
Δbb

∇Blg

∇Bsf

Variables:
• tlg – time low gradient

• tramp – time B gradient ramp

• tsf – time single frequency cooling

• Isf – 689 nm intensity single frequency 

cooling

• Δsf – 689 nm single frequency detuning

• FM – 689 nm frequency modulation 

during broadband cooling

• Δsf – 689 nm single frequency detuning

• Δbb – 689 nm center frequency detuning 

during broadband cooling

• ∇Blg – magnetic field gradient low point

• ∇Bsf – magnetic field gradient at single 

frequency cooling

Controlled with Argent
Ludlow group, NIST



Breakthrough #2: Narrow line trapping

                                                                         

             

                                                                                                  

 
 
 
  
  
 
  
 
 
 

           

                                                                         

             

           

                                                                         

             

           

                                                                         

             

           

                                                                         

             

           

                                                                         

             

           

                                                                         

             

           

 

   

    

    

    

    

t = 0 ms t = 2 ms t = 4 ms t = 6 ms t = 8 ms t = 10 ms t = 12 ms

sfinal = 57
Δ = 670 kHz

T = 4 μK



MOT dependence on Δ and s
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In progress: lattice trapping

B

Frank’s clock laser

Bothwell et al Metrologia 2019

Clock transition search



Further metasurface integration



DARPA A-PhI program

Boulder, CO
Scott Papp (PI)
Frank Quinlan
Scott Diddams
Cindy Regal

• Sr experiments with 
photonics

• Optical frequency 
divider combs

• Optical reference 
cavity

Marty Boyd
Jamil Abo-Shaeer

• Atomic source: 
Design, fabrication, 
and testing

• System integration
• Phase 1 laser 

cooling
• Phase 2 

deliverable 
construction and 
testing.

John Bowers
• SHG for clock laser

Kerry Vahala
• 10 GHz photonic 

oscillator

Peter Rakich
• Micro FP cavity 

design/fab/testGaithersburg, MD
Amit Agrawal
Vladimir Aksyuk
(Kartik Srinivasan)

• Photonic system for 
atomic interface: 
Design, fabrication, 
testing

• Photonic interface for 
reference cavity: 
Design, fabrication



Heterogeneous laser integration for visible

SOA and 

WG-facet 

laser-mirror 

Chip 1

Chip 2

LM+PhCRR 

laser cavity

III/V-tantala integrated laser + 
nonlinear optics platform

(NIST-Boulder)

Si

oxide

tantala
LN

oxide

full wafer laser epi layer

50 mm2 LN chip areas

Design Angled 

facets for 570 

nm TaO at 

980 nm 

wavelength



Heterogeneous laser integration for visible

Laser active 
region, 500 μm

III/V tantala laser (NIST) Tantala OPO (NIST and Octave)

Waveguide PPLN (Stanford)

Waveguide PPLN (Colorado)



Visible OPO lasers

K. Srinivasan, 2022



Visible OPO lasers

Wavelength by design.

J. Black and S. Papp, 2023



DARPA LUMOS program

Boulder, CO
Scott Papp (PI)
Jennifer Black
Rich Mirin
Nima Nader
Scott Diddams

• nonlinear wavelength 
converter

• integrated pump 
laser

• Lithium niobate 
poling in Boulder

Jelena Vuckovic
Amir Safavi-Naeini

• inverse design of 
photonics

• nonlinear wavelength 
converter

• optical isolation
• lithium niobate for 

modulation and SHG

Louisville, CO

David Carlson
Zach Newman

• Preliminary PDK on 
tantala platform

• Tantala passives and 
nonlinear fabrication

• Lithium niobate 
bonding and fab

Gaithersburg, MD
Kartik Srinivasan

• nonlinear wavelength 
converter

• Phase 3 application: 
heterogeneous 
quantum network



Integrated photonics for quantum

SOA and 

WG-facet 

laser-mirror 

Chip 1

Chip 2

LM+PhCRR 

laser cavity

Advanced physics packaging
(Vector Atomic)

NIST integrated photonics

Design Angled 

facets for 570 

nm TaO at 

980 nm 

wavelength



QNS Group at NIST-B

Staff, Postdocs, Students: Jennifer Black, Katja Beha, Travis Briles, David Carlson, Dan Cole, Tara Drake, Ivan Dickson, Andy Ferdinand, Connor 
Fredrick, Dan Hickstein, Sindhu Jammi, Yan Jin, Hojoong Jung, Erin Lamb, Haixin Liu, Erwan Lucas, Zheng Luo, Zach Newman, Grisha Spektor, 
Jordan Stone, Liron Stern, Su-Peng Yu, Lindell Williams, Jizhao Zang, Wei Zhang
NIST Collaborators: Agrawal, Aksyuk, Diddams, Kitching, Hummon, Mirin, Nader, Stanton, Newbury, Srinivasan, Westly, … 


