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Cold Atom Laboratory Overview

Objectives

« Demonstration of evaporative cooling and generation of degenerate
quantum gases in microgravity

« Study condensate expansion into extremely weak traps and achieve
temperatures an order of magnitude below what has been achieved in
terrestrial experiments

« Demonstrate long interaction times and macroscopic matter waves

« Study mixtures of Fermi and Bose gases at extremely low temperatures

« Studies of the propagation of matter-waves in microgravity
Science Team:

« Rob Thompson, JPL (PI)

» Bill Phillips, NIST, Dana Anderson, University of Colorado. (Co-Is)
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BEC at JILA

Rubidium condensates prepared at JPL, showing role
of gravity in evaporative cooling. Left: Unsupported
against gravity, Right Supported against gravity




CAL Hardware Implementation Approach

® COTS for avionics and laser/optics

® JPL build for Coil and lasers drivers
® COTS Lasers integrated into optical bench (10f2) - PXI Chassis

® Partner with ColdQuanta,inc. for atom chip and Liquid Heat
vacuum chamber
® Express Rack Accommodation 27 cm
® Single MLE Electronics Bay for avionics (10.87)
® Double MLE Physics Bay
® Convection Cooling via Fans in both bays
® Liquid Conduction Cooled base plate for Laser Driver
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@SA’S Atomic Clock Ensemble in Space (ACES)

Objectives

* Demonstrate an atomic clock on the ISS accurate to one part
in 10716, measure the Earth’s gravitational redshift to two
parts in 1076, and test relativistic effects in the frequency
comparisons of moving clocks.

* Search for a time variation of the fine structure constant to
one part in 10"17 over one year of integration time.

* Search for Lorentz transformation violations to the one part
in 10710 level.

* Perform time synchronization and time transfer experiments
(space-to-ground and ground-to-ground) and compare
ground clocks to a fractional frequency resolution of 10™-17
in a few days of integration time.

NASA funded investigators on the ACES IWG.

* Nan Yu, JPL (Microwave Link)

* Tom O’Brian, NIST (Microwave Link)

* Kurt Gibble, Penn State University (Clock evaluation)
* Leo Hollberg, Stanford University (Time transfer)




Fundamental Physics

B

Hg-ion LITS-9 is baseline

Hg-ion LITS 10/11 under development

Hydrogen Masers

CSO Local Oscillator LITS-9
Deep Space Atomic clock test unit

Optical clock (under development)
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@ ESA’s Space Optical Clock Overview

SOC Objectives

* Demonstrate an optical clock on the ISS accurate to one part in 10*17,
measure the Earth’s gravitational redshift to two parts in 1077, and test
relativistic effects in the frequency comparisons of moving clocks.

* Perform a null measurement of the Sun’s gravitational redshift to two
parts in 10"7.

* Perform differential geo potential measurements with 1 cm height
resolution on the geoid; such measurements are based on the comparison
of distant clocks on ground

e Perform time synchronization and time transfer experiments (space-to-
ground and ground-to-ground) and to allow comparison between ground
clocks to a fractional frequency resolution of 1 part in 10"18

NASA funded Investigators on SOC IWG
* Scott Diddams, NIST (optical microcomb)

* Kerry Vahala, Caltech (Co-I)
e Chris Oates, NIST (10717 Yb optical clock)
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Optical Clock R&D Activities in the U.S.

Sr Lattice Clock at 1 x 10 16 Fractional Uncertainty
by Remote Optical Evaluation with a Ca Clock

A. D. Ludlow, et al.

Science 319, 1805 (2008);

DOI: 10.1126/science. 1153341
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JILA: lattice clocks

C Masao Takamoto', Feng-Lei Hong’, Ryoichi Higashi' & Hidetoshi Katori'~
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NIST: ion clocks, lattice clocks

Frequency Ratio of Al* and Hg*
Single-lon Optical Clocks; Metrology
at the 17th Decimal Place

T. Rosenband,* D. B. Hume, P. O, Schmidt, § C. W. Chou, A Brusch, L Lorini,§ W. H, Oskay.§
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JPL: compact ion clocks, space subsystems
Penn. State: space optical clocks
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ESA’s Quantum Weak Equivalence Principle

* Trajectories of two different atom clouds

aboard the ISS are monitored as they fall 15
around the Earth. i uif”.‘}{._
it

* Atom interferometers are used to search for {LLkkkady

variations in trajectories. T | I
ul"i“, joc

* NASA funded Investigators on QWEP IWG T
* Holger Mueller, UC Berkeley e
* Nan Yu, JPL (Co-I)
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Yty ESA’s Quantum Weak Equivalence Principle

OWEP Objectives
» Test the Weak Equivalence Principle using
quantum particles approaching ~ 1:10*15

- E S A drop- |

tower unit

* Validate the technology for a matter wave

sensor in space through demonstration of
differential atom interferometry and gravity
gradiometry measurements.

* Investigate condensate properties in
microgravity

* Demonstrate atom interferometry with ultra-
cold atom sources in space




Dusty Plasma has 4 elements

« Electrons

« Positive ions

« Neutral gas (Argon at < 1mBar)

« Dust particles (Polymer
microspheres ~10 um, Q ~10,000)

Fundamental Physics

« Coulomb crystals
 Waves & instabilities

« Melting & statistical physics

Astrophysics

* Rings of Saturn

« Comet tails

« Planetary formation




NASA PK4 & Plasmalab
Investigators:

John A. Goree, Univ. of lowa
RIS Ed Thomas, Jr., Auburn Univ.
SRREREAPS Marlene Rosenberg, UCSD

NASA’s sy Plasma Physics
Facility (DPPF) concept

Investigators: John A. Goree,
Univ. of lowa; Inseob Hahn, JPL

* Observe melting phase
transition

¢ Measure viscoelasticity of
liquids

* Observe Brownian motion in
a controlled environment

* Observe nonlinear wave
propagation

* Detect weak forces predicted
by theory

« Study particle agglomeration
and charging

« Study dust lift-off from
surfaces.




¢ The ALl insert is built to study the
boiling crisis utilizing properties of
fluids near the critical point
+ High stable thermostat

¢ 2 sample cells with SF6 near the
critical density

¢+ Interferogram, shadowgraph,
heaters, thermometers

4 NASA/CNES investigation measure
+ Thermal diffusivity, Heat capacity shadowgraph

¢ Turbidity (correlation length, ond interierogram
compressibility)

+ Density in two-phase (coexistence
curve)

¢ Inseob Hahn, JPL

s DECLIC workshop Oct 23-25 at JPL

ALI sample cell ALI insert
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C. Lecoutre-Chabot, Y. Garrabos, D. Beysens, 1. Hahn (Boulder, 2012)
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C. Lecoutre et al. (MIR/ALI2)
1000 — ® C. Lecoutre et al. (ISS/DECLIC/ALI) —

—— CPM model: critical density
—— CPM model: off-critical 1.1%
—— CPM model: off-critical 1.7%

800 — —
T.=318.733000 K
CPM model parameter
Iy =Igexp(-7e) el et = 3.1416 (fixed) N
ubar = 0.166 (fixed:result of joint fit)

lp=42.128 +9.084
my=0.5514 +0.0632

T [1/m]

Microgravity conditions and stable thermal
environment of DECLIC facility allowed 400
new turbidity measurement.

Crossover Parametric equation-of-state
Model* fits data reasonably well with off-
critical density (1.7%).

200 —

Future adjuStable denSity Cell Capability Will 0 —i II!III 11 IIIIII 1 11 Il!ill | Lo 1l | IIIH| L11 I|III| | ol T | IIIII| L1 IIIII\
enable to test the influence of Green-Fisher 10”7 10° 10> 10! 10> 10 10" 10"
exponent near singularity and crossover

behavior. T-Te [K]

* V. Agayan (Ph.D. thesis, Univ. Maryland 2000)




DECLIC-ALI: Launch 2011

NASA Fundamental Physics Projects and Investigators

CNES Led

Inseob Hahn, Jet Propulsion Laboratory

Plasma Krystal (PK4): Launch 2014

Investigation of equilibration near the liquid-gas critical point
in microgravity utilizing DECLIC facility

ESA Led

John Gore - The University of Iowa

Atomic Clock Ensemble in Space (ACES): Launch 2015

Self-Structuring in Dusty Plasmas

ESA Led (with CNES)

Nan Yu - Jet Propulsion Laboratory

JPL Participation in ESA ACES Worldwide Clock Comparison
Campaign

Kurt Gibble - Penn State University

Contributions to the Evaluation of the ACES clock PHARAO

Leo Hollberg - Stanford University

Advancing Time Transfer and Optical Atomic Clocks for Space

Tom O'Brian - National Institute of Science and
Technology, Boulder

Cold Atom Laboratory (CAL): Launch 2015

NIST/ACES Collaboration: ACES Ground Station and Data Analysis
Center in Boulder, Colorado

NASA/JPL Led

Robert Thompson - Jet Propulsion Laboratory

Cold Atom Laboratory

William Phillips - National Institute of Science and
Technology, Gaithersburg

Co-I to Thompson

Dana Anderson - Colorado State University

Co-1I to Thompson

TBD Investigators from 2013 CAL NRA
Plasmalab: Launch 2015

DLR Led

John Gore - The University of Iowa

Plasmalab Experiments

Edward Thomas - Auburn University

Plasmalab Measurement

Marlene Rosenberg - University of California, Irvine

Space Optical Clock (SOC) (Study)

Plasmalab Theory

ESA Led

Chris Oates - National Institute of Science and
Technology, Boulder

Development/Evaluation of a 10~-17 Yb Optical Clock For Space
Applications

Scott Diddams - National Institute of Science and
Technology, Boulder

Development of an optical microcomb system in support of
fundamental physics research on the International Space Station

Kerry Vahala, California Institute of Technology

Quantum Weak Equivalence Principle (QWEP) (Study)

Co-I to Diddams
ESA Led

Holger Mueller - University of California, Berkeley

QWEP Analysis and Optimization

Nan Yu - Jet Propulsion Laboratory Co-I to Mueller Eﬂﬁi ] i




@ Summary and Discussion

« Summary

 NASA has expanded its cadre of fundamental physics
researchers to 13 total recently

 Many activities are in supporting roles to CNES, ESA,
and DLR

« Cold Atom Laboratory (CAL) is a recent new EXPRESS
rack NASA facility planned for launch in 2015.

 Collaborations with International scientists are
encouraged through 2013 NRA.

« CAL NRA workshop ~ Dec 17 and 18 2012 at
the Joint Quantum Institute in College Park,
Maryland

« CAL NASA Research Announcement ~ Jun,
2013
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