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Space for Fundamental Physics and Applications 

 
Unique space environment 

-  Global access 
-  Free from atmospheric interference 
-  Microgravity 
-  Low vibration 
-  Large spatial extent 
-  Large gravitational field variation 
-  Inertial frame 

Fundamental Physics and Applications 

- Relativity theories 
- Standard Model 
- Equivalence Principle 
- Gravity physics 
- Cosmology and quantum decoherence 
- Gravitational wave detection 
- Earth and planetary gravity measurements 
- Astrophysics observations 
- Communication 
- Navigation 
- Geodesy 
- Global timekeeping 

Precision Measurement Technology  

-   Laser cooling and atom trapping 
-   Atom optics 
- Ultra-stable lasers 
-   Self-referenced optical frequency comb 
-   Atomic clocks 
-   Atomic sensors 
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JPL Linear Ion Trap Clock Development 

Ground LITS clock	

Mercury ion  clock technology	



Tjoelker et al.	



 

J. Prestage et al.	
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Demonstrated LITS Clock Technology Capability 

!

LITS-9 clock based on the Trapped Ion Mercury 
Ion Technology demonstrated long-term fractional 
frequency deviations of < 3e-17/day over a 9-month 
period  

E.A. Burt, W. A. Diener, and R.L. Tjoelker, “A Compensated Multi-
pole Linear Ion Trap Mercury Frequency Standard for Ultra-Stable 
Timekeeping,” IEEE Trans. UFFC 55, 2586 (2008). 

Hg Ion Frequency Standard  
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Many innovations have been 
made at JPL to provide ultra-high 
stability with continuous 
operation: 
 
  Linear ion trap (1989)  
  Ion Shuttling (1993) 
  Multi-pole trap (2000) 
  Second-order Doppler shift 
    compensation (2008) 

12-pole trap 

Quadrupole Trap 
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Long-term Stability Of Linear Ion Trap Clock 

JPL ACES Ground Terminal Site Preparation 
Dok.Nr./No.: ACE-MA-13100-001-AST 

Ausgabe/Issue: 1 Datum/Date: 11.04.2011 
 

ACES 
Seite/Page: 13 von/of: 31 
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Figure 3-5: MWL GT 
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Compact Linear Trapped Ion Clocks 

Ground LITS clock	

J. Prestage	



DSAC	
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 Space Clock Size Vs. Performance 

JPL Space Clock 

GPS Rb 

Galileo HM 

ACES HM (ISS) 

Galileo Rb 

GPS Cs 

Compact op<cal 

clock 

ESA SOC 

IMPACT Yb+ clock 

Micro space clock 

1.E‐17 

1.E‐16 

1.E‐15 

1.E‐14 

1.E‐13 

1.E‐12 

1.E‐11 

0.01  0.1  1  10  100 

Fr
a
c<
o
n
a
l 
fr
e
q
u
e
n
cy
 s
ta
b
il
it
y
 fl
o
o
r 

Clock size (Mass in kg/volume in liters) 

Space-borne clocks 
(performance vs. size) 

Clocks flown in space 

Clocks under 
development at JPL 



 [8]	



Jet Propulsion Laboratory�
California Institute of Technology

National Aeronautics and Space Administration


3-cc Sealed Ion Trap Vacuum Tube Package 

3

bakeout. After the bakeout, a small oven assembly
heated with a cartridge heater is placed over the Yb
appendages. They are heated until neutral fluorescence
from the Yb vapor is observed by using a 399 nm laser,
ensuring the Yb sources are functional. Typically, one
Yb source is filled with isotopcially enriched 171Yb, and
the other is filled with natural abundance Yb. The for-
mer is used during normal clock operation, while the lat-
ter is used for initial tests of ion trapping and to coat
the electrodes with Yb metal as required for ionization
(described below). The final preparation of the vacuum
package is to back fill with a few microtorr of helium
buffer gas and to pinch off the copper pump-out tube
forming a cold weld seal. A self-contained ion trap vac-
uum package is therefore made, where the vacuum is
maintained by the chemical adsorption process of the
getter. Two 18-turn coils are epoxied to the vacuum
package to provide a C-field along the axis defined by
the Yb appendages as shown in Fig. 2d. A custom-made
µ-metal shield encloses the vacuum package. During the
ion loading process, 171Yb vapor is generated by heating
the appendage tube to 450–480 ◦C and 100 mW of light
from a laser diode at 405 nm passes through one of the
laser ports to impinge upon one of the trap rods coated
with Yb. Because of the low work function of Yb metal,
photoelectrons are produced and ionize the neutral atoms
from the vapor. It takes 10–15 minutes to fully load the
ion trap. In operation, the four trap rods are negatively
biased at -5 volts relative to the package body, and the
package is grounded. Each rod is shorted internally to its
diagonal counterpart. The two diagonal pairs are driven
by an RF signal using a custom RF drive circuit14 at
∼ 3 MHz, 190 Vpp via the electrical feedthroughs. This
makes the trap depth approximately 1.1 eV. The RF Paul
trap tends to heat the ions out of the trap, but because
of the existence of the He buffer gas, the trapped Yb ions
are cooled to about 700 ◦C. With these ion trapping pa-
rameters, the 1/e lifetime of the ions in the trap is about
2 weeks. When operating the clock, the microwave pulse
length is 200 ms followed by a 300 ms optical pumping
and state detection period. During the microwave inter-
rogation about -35 dBm microwave power is delivered to
one of the electrical feedthroughs. The microwave cur-
rent flows through one of the trap rods and generates the
microwave field at the trapped ions. The 369 nm laser
wavelength is stabilized using a wavemeter, and the 935
nm laser wavelength is stabilized by adjusting the wave-
length to maximize the ion signal. The C-field is driven
by a stable current source and is set at 100 mG. The
magnetic field orientation is chosen to have the maxi-
mum signal.

Combing the physics setup illustrated in Fig. 2a and
the custom-made electronic control board15, we have op-
erated the clock continuously for more than a week. Fig-
ure 3 shows the typical performance, and the inset shows
the typical signal detected at 297 nm as the microwave
frequency is scanned across the clock resonance. The
signal to noise ratio (SNR) of the clock resonance is ap-
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FIG. 3. Allan deviation of the miniature 171Yb+ clock. The
blue dashed line represents 3.5× 10−11/

√
τ . The inset shows

the typical signal of the clock resonance (Rabi fringes) with
Tmw = 200 ms.

proximately 10. Due to the clock interrogation time and
the integral gain we use for the clock servo, the feedback
signal derived from the ions begins determining the fre-
quency stability around τ = 10 sec. The long-term Allan
deviation follows 3.5 × 10−11/

√
τ . It reaches the 10−14

range after after averaging for a few days. Because of the
F-state trapping16, only about 30% of the trapped 171Yb
ions (i.e. (1.5 ± 0.5) × 104 ions) are seen by the lasers.
We have measured the natural linewidth of the clock res-
onance in our system to be < 25 mHz. Unfortunately we
cannot take full advantage of it in our current clock device
due to a limitation of our control electronics, which does
not allow a total interrogation time longer than 655.35
ms. The current low-power OCXO will support a Tmw

as long as tens of seconds. Hence, a modification in our
control electronics that allows a longer Tmw will improve
the clock performance by about an order of magnitude
with the same SNR from the ion signal.

In summary, we have demonstrated a low-power,
miniature Yb ion clock with good performance. We are
currently developing a small and low-power 369 nm laser
source, which will be required to ultimately miniatur-
ize the complete 171Yb ion clock. This combined with
an integrated and miniaturized optical system will al-
low the physics package size to be reduced by more than
an order of magnitude beyond the current device. In
addition, performance improvements are expect with a
longer interrogation time. Sandia is a multiprogram
laboratory operated by Sandia Corporation, a Lock-
heed Martin Company, for the United States Depart-
ment of Energy under Contract DE-AC04-94AL85000.
This work was supported by Defense Advanced Research
Projects Agency (DARPA) micro-PNT program, project
IMPACT under agreement # 017081218.

1A. Clairon, P. Laurent, G. Santarelli, S. Ghezali, S. N. Lea, and
M. Bahoura, IEEE Trans. Instrum. Meas., 44, 128 (1994).

JPL developed and delivered phase I 
(10 cc) and II micro trap vacuum 
package (3 cc)	



Y. Jau, et al. Appl. Phys. Lett. (2012)	



DARPA 3 cc IMPACT Yb+	



JPL 3 cc trap vacuum package	
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Atomic 
reference	



Optical LO ���
(Stabilized laser)	



Trapping/
cooling 	



Laser & optics	



Optical to 
microwave 
frequency 

divider	



Locking 
feedback	



Microwave clock signal	


Single trapped ion standard"

Optical standard output	



Comb 
generator	



Laser 
reference 
cavity	



Single trapped ion	

Compact lasers	



2P1/2


2D3/2


2S1/2


369 nm 

cooling 

transition



436 nm 

clock 

transition



Yb+"

Towards an Ultra-compact Optical Clock 

To realize the ultra-compact optical clocks	


•  Miniature physics packages	


•  Whispering gallery mode (WGM) resonator based narrow line lasers	


•  WGM resonator stabilized optical local oscillator	


•  WGM resonator comb generation	





 [10]	



Jet Propulsion Laboratory�
California Institute of Technology

National Aeronautics and Space Administration


Micro Ion Trap Vacuum Tube Package 

JPL 3 cc trap vacuum package	
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 Laser Stabilization with Micro Resonator 
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 3× 10-15 τ-1/2

Dual mode stabilized frequency stability.	



5% reduction in laser power will yield a frequency shift of -103 kHz.
An experimental measurement of this isotherm slope was also made. With the laser inten-

sity branch of the thermal loop open, we changed the optical power sent to the resonator by
varying the amount of light transmitted through the AOM. In agreement with the simulations, a
decrease in circulating power causes an increase in TEM heating to maintain the mode volume
temperature. The new thermal gradient is warmer in the disc center, increasing r and decreasing
the optical frequency. The experimentally measured frequency pulling was -15 kHz for a 5%
reduction in intensity, corresponding to an effective coefficient of 43 kHz/µW of circulating
optical power. Based on this result, a stability of ∼47 pW would be needed to reach a bench-
mark fractional frequency instability of 10−14. This requirement on laser intensity stabilization
is a readily achieved 7 ppm, however we stress that the requirement is on circulating power, so
coupling strength and polarization angle (which changes the power ratio between modes) also
require ppm-level stability.
The discrepancy between simulated and experimentally determined temperature coefficients

results from the heavy dependence on setup details such as boundary conditions at the domain
interfaces and values of material properties; assumptions made in using equations (1) and (2)
could also lead to errors. Experimentally, it is difficult to isolate a single variable as can be
done with simulation, so various other destabilizing factors can play a role. However, the sim-
ulations and experiments agree extremely well qualitatively, provide meaningful insight, and
with refinement could agree quantitatively as well.

3.3. Dual-mode Frequency Stability

To evaluate the performance gained from the dual-mode temperature stabilization technique, we
made optical comparisons to the frequency comb. After the AOM, a portion of the stabilized
laser light was picked off and beat on a photodiode with a bandpass-filtered span of the comb.
For several thousand seconds, the beatnote was counted with 10 ms gate times and results of
two typical data runs are shown in Fig. 4. The lowest instability of 1.29×10−12 was reached at
700 ms, while a linear fit to the time-series frequency excursions yields a drift-rate of 21 kHz/hr.
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Fig. 4. Overlapping Allan deviation of a laser locked to the WGMR. Dual-mode stabiliza-
tion (blue triangles) yields better performance than the free-running case (red circles) for
time scales> 100 ms. Inset: Time sequences of the data run showing changes in the optical
frequency for the dual-mode (blue, left scale) and free-running (red, right scale) resonator.

L. Baumgartel, et. al. 31 December 2012 / Vol. 20, 
No. 28 / OPTICS EXPRESS 29798	

 25 mm 

WGMR Cavity 

Fabry Pérot Cavity 
(GRACE Follow-on) 

250 mm 

vs. 
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 Nonlinear Frequency Comb Generation 

•  200 nm width from 52 mW pump 
•  Single mode resonator 
•  “Native” spacing, first tooth appears 

at 1 FSR. 
  è Coherent comb 

Diamond Cutter	



Microcomb	



[Grudinin et al., Opt. Exp., Vol. 20, pp 6604 (2012)] 



 [13]	



Jet Propulsion Laboratory�
California Institute of Technology

National Aeronautics and Space Administration
 Atomic Free fall Test Mass in Space 
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σ+

σ+
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B field 

coils

Laser-cooled Cs 
atom cloud at µK 

Atomic beam


fringes


π/2 pulse
 π pulse
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Atoms are stable clocks (laser-based atom optics)	


 atom-wave interferometer 

Freefall test mass Displacement Detection Atomic system stability 

NIST  
atomic clock 

+ + 

•  Use totally freefall atomic particles as ideal test masses 
 identical atomic particles are collected, cooled, and set in free fall in vacuum with no external 

perturbation other than gravity/inertial forces; laser-cooling and trapping are used to produce the atomic 
test masses at µK and nK; no cryogenics and no mechanical moving parts. 

•  Matter-wave interference for displacement measurements 
 displacement measurements trough interaction of lasers and atoms, pm/Hz1/2 when in space; 

laser control and manipulation of atoms with opto-atomic optics.  
•  Intrinsic high stability of atomic system 

 use the very same atoms and measurement schemes as those for the most precise atomic 
clocks, allowing high measurement stabilities. 

•  Enable orders of magnitude sensitivity gain when in space 
 microgravity environment in space offers long interrogation times with atoms, resulting orders of 

magnitude higher sensitivity compared terrestrial operations. 
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 Advanced Gravity Missions	



 Geodesy	


 Earth and Planetary Interiors	



–  Lithospheric thickness, composition	


–  Lateral mantle density heterogeneity	


–  Deep interior studies	


–  Translational oscillation between core/mantle	



 Earth and Planetary Climate Effects	


–  Oceanic circulation	


–  Tectonic and glacial movements	


–  Tidal variations	


–  Surface and ground water storage	


–  Polar ice sheets	


–  Earthquake monitoring	



GOCE 

-  Cold atoms as truly drag-free test masses 
-  Gravity gradiometer (better resolution) 
-  Simpler mission architecture (single spacecraft) 
-  More flexible orbits and satellite constellation 
  (more comprehensive data for data analyses) 
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Test of Equivalence Principle with Atomic Test Masses 

a	


mirror	



ΦA= 2k(gA+a)T 2	



ΦB= 2k(gB+a)T 2	



ΔΦΑΒ = 2k (gA-gB) T 2	


Atom-A	



Atom-B	



Δg = gA-gB = ?	
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ª  Single axis differential acceleration of two co-located matter wave 
interferometers with different atomic species 	



ª  Seek a violation of Einstein’s Equivalence Principle by improving the test 
limit by three orders of magnitude, to 1x10-15 level and better.	



ª  First non-trivial precision experiment of quantum particles under the 
influence of gravity, and may stimulate discussions of General Relativity in 
the framework of quantum mechanics. 	



NASA is supporting US collaboration in QWEP, investigating science significance and systematics. 	


NASA is also very much interested in the area of EP and fundamental physics tests with atom 
interferometers.	
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Atom Interferometer Instrument 
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 Cold Atom Laboratory (CAL) 

Cold Atom Laboratory - a multi-user microgravity facility!

coldatomlab.jpl.nasa.gov	



CAL Objectives	


•  Study ultra-cold quantum gases in the 

microgravity environment of the International 
Space Station	



	


•  Study  Rb87, K41 and K40 , and interactions 

between mixtures of Rb and either of the K 
isotopes	



•  Study quantum gases with residual kinetic 
energy below 100 pK (goal 20 pK); with free 
expansion times greater than five seconds (goal 
10 seconds)	



•  Study the properties of both Rb87, K41, and K40
 

quantum gases loaded into optical lattices, in 
the presence of external magnetic fields tuned 
near interspecies and single species Feshbach 
resonances	



Project manager: Anita Sengupta	


Project Scientist: Robert J. Thompson	
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CAL at a glance	



Atom Chip based apparatus	


Dual species 87Rb and 40K or 41K	


	



•  Target > 200,000 Rb atoms at BEC 
transition	



•  Target > 30000 K atoms in degenerate 
Fermi Gas (E < 0.1EF )	



•  Condensate lifetime > 10 seconds	


•  Optical lattice at 850 nm w/ depth up to 

10X recoil energy	


•  Observe Feshbach resonances up to 225 G	


•  State control via microwave, rf	



	



Cold Atom Laboratory 
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Experiment*Controls**
Digital*
Processor'
Data'Storage'
HK'Data'
Power'Controller'
Timing'
FPGA'

Analog*
Synthesizers'(3)'
Current'Sources'(6)'
Ion'Pump'Controls'
CCD'Cam'Controls'
Thermal'Controls'

Physics*Module*
Atom'Chip'

CCD'Camera'
MagneDc'Coils'

Shielding'
Ion'Pump'

ISS*Comm.*Power'
Interface''

Thermal''
Interface'

(cooling'Loop)'''

Power**
Management*
Converters/
regulators'as''
needed'for'each''
component'
Power'Switching''

(if'needed)'

Op?cal*Bench*
Laser*Modules*
Master'Lasers'(5)'
Ref'Cell/Detector'(4)'
Thermal'electric'cooler'(7)'
Laser'Power'Amplifiers'(2)'

LAN'

CAL instrument	



Cold Atom Laboratory 
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CAL Mission Architecture!

ISS 

Pressurized Cargo Vehicle: 
Dragon, HTV, Progress,  Soyuz   

TDRSS 

Science 
Operations 

Team at 
NASA/JPL! 2015 Launch in 

Pressurized 
Cargo Vehicle in 

soft stowage!

Docking 
with ISS!

Sequence Control 
with Ground via 

TDRSS!

Crew 
installation 

into 
Express 

Rack!
(ARIS)!

12 month science 
operations phase!

no down mass required!

Science 
Definition!
Sept 2012!

Development!
2012-2015!

Delivery!
Dec 2015 !

Launch!
April 2016!

Mission 
Operations!

April 2016-2017!

Data to 
MSFC 

via White 
Sands!

Phase A 

Cold Atom Laboratory 

CAL Mission Architecture and Schedule 


