
1

Jet Propulsion Laboratory
California Institute of Technology
National Aeronautics and Space Administration

BEcCAL Meeting, Bremen Germany        December 15, 2016

Opportunities for Maturing Precision Metrology 
with Ultracold Gas Studies Aboard the ISS

Jason Williams
Quantum Sciences and Technology Group 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA.



2

Jet Propulsion Laboratory
California Institute of Technology
National Aeronautics and Space Administration

BEcCAL Meeting, Bremen Germany        December 15, 2016

Introduction
• Atom interferometers (AI) as inertial sensors and applications in space.

Pathfinder studies with dual-species AI on the ISS
• Unprecedented atom-photon coherence time in CAL.
• Interferometric detection of relevant ISS vibration and rotation environment.
• Resonant molecular (Feshbach) physics in the ultracold regime for controlling systematics.
• Follow on studies and wish-list for BEcCAL.

Strontium testbed at JPL to mature precision sensors/clocks for ground and space
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AI Measurements of Fundamental Physics

Dual-isotope 87Rb-85Rb AI test of the 
Weak Equivalence Principle to 3 × 10-8.

Wuhan 10m drop tower

Dual-isotope 88Sr-87Sr AI test of the 
Weak Equivalence Principle to ~ 10-7. Dual-species 87Rb-39K AI test of the 

Weak Equivalence Principle to 5 × 10-7.



4

Jet Propulsion Laboratory
California Institute of Technology
National Aeronautics and Space Administration

BEcCAL Meeting, Bremen Germany        December 15, 2016

measured to 3.4 ppb 

AI Measurements of Fundamental Physics

Constraint on Yukawa-type fifth force at 8 × 10-3

near “poorly known” length scale of 10cm.
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Precision inertial measurements for 
advancement of science

• Frame-dragging test of the General 
Relativity Theory

• Test of Einstein’s Equivalence 
Principle with differential acceleration 
measurements of two atomic species

•Gravitational wave detection

• Spin-gravity coupling with quantized 
angular momentum states

• Signatures of dark matter and dark 
energy 

AI Fundamental Physics in Microgravity
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Precision measurements of 
Lense-Thirring effect

Space-Time Explorer and Quantum 
Equivalence Principle Space Test.

Quantum Test of the Equivalence Principle 
and Space-Time (QTEST)

Gravity effects on two different atomic species
( 87Rb and 85Rb) are compared in space.

State of the art dual-species atom 
interferometer as a multi-user 
facility onboard the ISS for: 

- Test the Weak Equivalence   
Principle (WEP) to below 10-15

with quantum test masses.

- Measure the fine structure 
constant (α) to 10-12 precision          
for most precise test of QED.

- Most precise primary mass              
standard in the proposed SI.
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Challenges for Long-T Interferometers

Known sources that can limit the ultimate accuracy of high-precision WEP tests include: vibrations, 
rotations, magnetic fields, differential center-of-mass position and velocity, ... 

Assuming δv=1μm/s, δr=1μm, δΩ=10-3 ΩISS, a = 100 a0, n0 = 2 x 108/cm3, 2T = 20s

Gravity gradient shifts
• Test masses traveling different classical paths (dr, dv) experience different gravitational potentials.

Rotations (centrifugal and Coriolis)
• Reduces signal contrast and systematics from different velocities.

Mean-field shift:
• Scales with interaction strength and beam-splitter efficiency/noise (Dp).
• Fundamental density limit.

keffγZZ (δz+δvT )T
2 = 3.0×10−12g

−2keffδvzδΩyT
2 = 2.6×10−13g

(4πaij /m)nj0ΔpT = 3.8×10
−13g

Orders of magnitude 
enhanced cloud 

overlap necessary for 
WEP tests to 10-15 g.  

Dual-Species
(87Rb,85Rb)

Atom Interferometer



7

Jet Propulsion Laboratory
California Institute of Technology
National Aeronautics and Space Administration

BEcCAL Meeting, Bremen Germany        December 15, 2016

Challenges for Long-T Interferometers

Known sources that can limit the ultimate accuracy of high-precision WEP tests include: vibrations, 
rotations, magnetic fields, differential center-of-mass position and velocity, ... 

Assuming δv=1μm/s, δr=1μm, δΩ=10-3 ΩISS, a = 100 a0, n0 = 2 x 108/cm3, 2T = 20s

Gravity gradient shifts
• Test masses traveling different classical paths (dr, dv) experience different gravitational potentials.

Rotations (centrifugal and Coriolis)
• Reduces signal contrast and systematics from different velocities.

Mean-field shift:
• Scales with interaction strength and beam-splitter efficiency/noise (Dp).
• Fundamental density limit.

Contrast loss from DF across the cloud*:

keffγZZ (δz+δvT )T
2 = 3.0×10−12g

−2keffδvzδΩyT
2 = 2.6×10−13g

(4πaij /m)nj0ΔpT = 3.8×10
−13g

Orders of magnitude 
enhanced cloud 

overlap necessary for 
WEP tests to 10-15 g.  

Dual-Species
(87Rb,85Rb)

Atom Interferometer

z + vzT

S. Dickerson et al., “Multiaxis Inertial Sensing with Long-Time Point 
Source Atom Interferometry” PRL, 111, 083001(2013)
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Atom Interferometer Experiments Onboard the ISS

Pathfinder AI with CAL 
• PI-recommended upgrade for EEP violation tests and space-

technology advancement.

• Dual-species (39K-87Rb), simultaneous atom interferometer
• Bragg diffraction at the “magic” wavelength (WRb = WK)

• Imaging detection for enhanced signal, reduced systematics

• Aligned with gravity for high sensitivity with quantum test 
masses in extended freefall.

CAL ATOM INTERFEROMETRY 

• Dual Species differential Atom 
Interferometry 

• 1mm diameter 785 nm Bragg beam 
modulated through acousto-optic 
modulator 
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Atom Interferometer Experiments Onboard the ISS

Demonstrate AI atom-photon coherence beyond ~ 2 seconds* for 87Rb. 
• Constrained Bragg beam path length (~2”) and imaging region (~10mm) on CAL  

prohibit MZ AI with 2T > 1.5 s. 

• Implement “spatially constrained AI” topology, limited by contrast and thermal 
expansion (~100 microns per second at 100 pK), sufficient for > 3s free fall.

t

*Current record is 2T = 2.3s by S. Dickerson et al., “Multiaxis Inertial Sensing with Long-Time Point Source Atom 
Interferometry” PRL, 111, 083001(2013)

Spatially constrained AI
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Atom Interferometer Experiments Onboard the ISS

ISS rotation noise measurement from AI-induced phase fringes.
• For 2T = 1s, 1nK 87Rb cloud (σv is the thermal Gaussian width), and                  
Ω = ΩISS = 2π/91min:

• Observation of fringes in each shot from rotation of CAL Physics               
Package on ISS.

2keff (Ω×σ v )T
2 = 3.6rad
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ISS Rotation Noise Measurements

g

Velocity of station is into the page.
This is the ideal orientation for imaging fringes
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(Top) Simulated fringe pattern on single-
shot 87Rb 2D density profile from DC 
angular velocity of the ISS with T = 0.5s AI 
and N87 = 105. (Bottom) Line profile after 
vertically averaging and fit (blue) to extract 
fringe spacing to a part in 102.
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ISS Vibration Noise Measurements

Mach-Zehnder AI contrast is maximized for short pulse durations (tp/2)
• Preferably tp/2 < 1ms to exceed thermal Doppler widths of sub-nanoKelvin clouds and  

broadening from known ISS vibration noise.
• SAMS and MAMS sensors onboard the ISS have bandwidth < 500 Hz. 
• Important to measure ISS vibration noise with AI for relevant noise characterization.

Power spectral density of SAMS 121F04 three-axis sensor, 
exhibiting high sensitivity at 200Hz bandwidth [1]

Sensitivity function for a Mach-Zehnder AI with pulse separation time 
T and pulse duration tp/2. [2]
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1. Principal Investigator Microgravity Services (PIMS) website: pims.grc.nasa.gov
2. Figure from D. Schlippert Quantum Tests of the Universality of Free Fall, PhD thesis, Leibniz Universität, Hannover (2014) 
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Feshbach molecules of Rb and K
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Feshbach Molecular Physics

Dipolar molecules

Fermi Gases: BEC-BCS Halo Molecules

Controlled Interactions and
Strongly Correlated Physics 
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Feshbach molecules of Rb and K

C. Chin et al., “Feshbach resonances in ultracold gases”, Rev. Mod. Phys. 82, 1225 (2010) 

Microgravity provides a unique regime for Feshbach Physics
• Unearthly low energy scales.
• No gravitational sag.
• Extended timescales for few-body physics and loss.

Studies available in BEcCAL include
• Few-body (e.g. Efimov and Halo-molecule) physics.
• Source preparation (e.g. well-overlapped or nearly-degenerate dual-species gases).
• Precision measurements for fundamental physics. 
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CAL NRA in a Nutshell

• (A) Start with 41K-87Rb dual species gases co-trapped and cooled to ~ 1 nK. 

• (B + C) Heteronuclear Feshbach molecule formation (RF) and filtering out free atoms 

• (D) Molecular dissociation w/Fourier-limited heating and negligible loss.

#1: 
Low-energy Feshbach physics to prepare highly-overlapped              
dual-species atomic gases in microgravity
- Negate systematics scaling with dr and dv.
- Molecular state-control at kB*1 nK.
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Error Budget

< 3
Assuming B = 1 Gauss and ΔB = 10 mGauss/cm, detection 10ms after dissociation, RF 
spectroscopy and Stern-Gerlach separation to characterize fields to a part in 103. 
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Mass dependence of the trapping potential:                           
makes dual-species DKC difficult.

Potential Follow-On Studies 

Follow-on investigations of the dual-species Feshbach molecule studies:

• Feshbach physics may provide a simplification/enhancement of dual-species DKC

Delta kick cooling:

1) Evaporative cooling and release of 
the gas from a harmonic potential 
for a time tf.

1) Brief pulse of potential for time tk
minimizes velocity distribution 
when:

tk*tf = 1/ω2

ti tf tf + tk

ω1
2 /ω2

2 =m2 /m1

x

t

Long-lived Feshbach molecules may be used to efficiently cool two 
atomic species simultaneously with the simplicity of single-pulse DCK.
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Enhanced Sensitivity on b near FR
• In cold collisions, the scattering phase shift 

is very sensitive to changes of the electron-
proton mass ratio :

f ~ (V/mat)1/2 ~ (me/mp)1/2 = = b1/2

• Near narrow Feshbach resonances, 
enhancement of the scattering 
length gives

Da/a = K db/b

where K can be as large as 109 – 1012.
• C. Chin et al. Ultracold molecules: new probes on the variation of fundamental constants, New Journal of Physics 11, 055048 (2009)
• M. Gacesa and R. Côté Photoassociation of ultracold molecules near a Feshbach resonance as a probe of the electron-proton mass  ratio, 

Journal of Molecular Spectroscopy 300, 124 (2014)

Current best estimate of              
time-variation of b:

Db/b < 2 x 10-17/yr

with knowledge of da/a to 10-6,
can expect in one year:

Db/b < 10-15 – 10-18/yr

Potential Follow-On Studies 
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• Scattering of quantum particles with internal structure from a slit. 
(Quantum Ulm sparrow)

Follow-on investigations derived from the dual-species Feshbach molecule studies:

Potential Follow-On Studies 
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Considerations for BEcCAL

Wish List for BEcCAL

• 85Rb sympathetically cooled with 87Rb to near-degeneracy.

• Feshbach fields up-to 300 Gauss with capabilities for field-modulation with 
bandwidth > 1 kHz.

• AI Bragg beam at the magic wavelength for 85Rb-87Rb (780nm +/- 20 GHz) 
and with diameter > 5 cm to accommodate long-time AI in microgravity.

• Near-simultaneous, dual-species imaging along 2 axes perpendicular to AI 
wave vector for cloud-overlap and fringe detection.

• Magnetic field shielding or active suppression to below 1 mGauss and 1 
mGauss/cm over AI region.
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• Relativistic Geodesy

• Precision timing and 
synchronization

• New SI standard

• Optical lattice clocks (e.g. Sr and Yb) have achieved record accuracy and 
stability at the level of 10-18 in fractional frequency units.

Next-Generation Precision Metrology 
with Optical Lattice Clocks

• Tests of fundamental physics:
• -Local position invariance
• -Isotropy of speed of light
• -Gravitational red shift
• -Gravity wave detection
• -Drifts of fundamental constants
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• Precision timing and 
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• Optical lattice clocks (e.g. Sr and Yb) have achieved record accuracy and 
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Next-Generation Precision Metrology 
with Optical Lattice Clocks

Laser and Optical Subsystem 
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• Tests of fundamental physics:
• -Local position invariance
• -Isotropy of speed of light
• -Gravitational red shift
• -Gravity wave detection
• -Drifts of fundamental constants
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Thank You.


