
 1


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


Utilizing NASA’s Cold Atom Lab for Precision AI and 
Control of Ultracold Atomic and Molecular Gases in Space 

Jason R. Williams

Quantum Sciences and Technology Group 


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






 2


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


Overview


•  Introduction: Precision Atom Interferometers (AI) for 
fundamental physics research in space.	



•  Study #1: Low-energy Feshbach physics to prepare highly-
overlapped dual-species atomic gases in microgravity.	



	



•  Study #2: Technology maturity of precision AIs for 
fundamental physics studies on the ISS.	
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AI Measurements of Fundamental Physics


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



Wuhan 10m drop tower	



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


STE-QUEST/
SAGAS/MWXG


Precision measurements of 
Lense-Thirring effect


AI Fundamental Physics in Microgravity


Space-Time Explorer and Quantum 
Equivalence Principle Space Test
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ΔΦ = 2k a T2 	



Light-Pulse Atom Interferometer: 	



.	



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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•  Measurement based on an ensemble of effective 2-level systems, coupled 
with light pulses with opposite k-vectors (Doppler sensitive spectroscopy).	



–  Raman pulses couple two electronic and momentum levels, g1 ≠ g2 ,  keff = 2k	


–  Bragg pulses couple two momentum levels, same electronic, g1 = g2,  keff = 2nk	



	


	



	


	



 
Fig. 1.  Light-pulse atom interferometer diagram 

 

The atom interferometer phase shift can be measured by 

detecting the relative populations of the two hyperfine 

ground states via laser-induced fluorescence. The observed 

normalized signal takes the form of P(Δφ) = Pmin + ½A[1 − 

cos(φ0 + Δφ)], where A is the normalized fringe amplitude 

Pmax− Pmin.  To illustrate the sensitivity of a single such in-

terferometer, consider a measurement with interrogation 

time 2T = 1 s. As little as 3 × 10
−8

g of acceleration will 

cause a fringe phase shift of one full radian, and the accel-

eration measurement sensitivity will be determined by the 

SNR in the fringe measurement.  A recent laboratory meas-

urement demonstrated a resolution of 3 × 10
−9

g after 60 s 

and 1 × 10
−10

g after two days integration time [2]. 

Although the gravitational acceleration can be measured 

directly as described above, this measurement requires an 

inertial frame of reference (i.e. ap = 0).  This is a conse-

quence of Einstein’s Equivalence Principle:  i.e. that an ac-

celeration of the reference frame is indistinguishable from 

the gravitational acceleration in a local measurement.  An 

inertial frame is difficult to realize, even in a laboratory en-

vironment.  Gravity gradiometry thus provides a more fun-

damental measure of the gravitational fields by measuring 

the gravitational acceleration difference between two loca-

tions using a common reference frame so that other non-

inertial accelerations are rejected as common-mode noise.  

In the quantum gravity gradiometer, the two acceleration 

measurements are performed simultaneously in two atom 

interferometers separated by a distance d by using the same 

Raman laser beams.  Platform vibrations and laser fluctua-

tions are effectively cancelled in the differential measure-

ment [5], so the phase shift gives the gravitational accelera-

tion difference in the two locations, and the linear gravity 

gradient can be derived from the baseline distance d.  With 

this configuration, a differential acceleration sensitivity of 4 

× 10
−9

g Hz
−1/2

 has been demonstrated in our laboratory 

prototype [6].  With the measurement baseline of 1.4 m in 

this instrument, this corresponds to a gravity gradient sensi-

tivity of 34 E Hz
−1/2

 (1 E ≡ 10
−9

 s
−2

). 

 

 
 

Fig. 2.  Atom interferometer fringes as observed in our laboratory prototype 

instrument [6].  The phase of the final Raman π/2 pulse was scanned to 

generate the characteristic interferometer fringe. 

 

A. Microgravity operation 

 

In general, precision measurements employing ultra-cold 

atoms are dramatically improved in microgravity due to the 

longer interaction times available.  For the gradiometer this 

enhancement is much more profound, as the measurement 

sensitivity increases with the square of the interrogation 

time, in contrast to the linear dependence for Fourier-trans-

form-limited measurements in atomic clocks.  In a ground-

based experiment in an atomic fountain, for example, the 

interrogation time is limited to a fraction of a second due to 

practical limitations in the physical height of the apparatus.  

In a microgravity environment, however, interrogation times 

are limited only by the slow thermal expansion of the laser-

cooled atoms.  The benefits of microgravity operation has 

been recognized in other experiments with cold atom clocks 

[13,14].  Experiments using cold atom interferometers in 

space have already been proposed to perform fundamental 

tests of Einstein’s General Relativity and the Equivalence 

Principle [15]. 

 

III. INSTRUMENT DEVELOPMENT 

 

Our next-generation gravity gradiometer is designed as a 

transportable instrument capable of operating outside the 

laboratory environment.  Such an instrument must be capa-

ble of unattended operation in a remote location, and is 

subject to significant design constraints in order to accom-

modate the additional requirements of size, weight, power 

consumption, environmental control and robustness for a 

transportable instrument.  The current instrument is intended 

to operate while stationary in the field (an additional stabi-

lized platform would be necessary to take data from a mov-

Sensitive to inertial forces and rotations	
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Simple phase readout from final atomic states:	
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Differential AI Measurements


Left: Interferometer fringes for the two chambers of the gravity 
gradiometer.



Right: Parametric plot of correlations in the atom interferometer 
signals. 
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Known sources that can limit the ultimate accuracy include: vibrations, rotations, accelerations, 
magnetic fields, differential center-of-mass position and velocity, ... 



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


 
 



Gravity gradient shifts

•  Test masses traveling different classical paths (δr, δv) 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 (Δp).

•  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

Challenges for Long-T Interferometers


Dual-Species	


 (87Rb,85Rb)	



 Atom Interferometer	
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Orders of magnitude 
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Overview


•  Introduction: Precision Atom Interferometers (AI) for 
fundamental physics research in space.	



•  Study #1: Low-energy Feshbach physics to prepare highly-
overlapped dual-species atomic gases in microgravity.	



	



•  Study #2: Technology maturity of precision AIs for 
fundamental physics studies on the ISS.	
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Applications of Feshbach Molecules


Dipolar molecules	



Fermi Gases: BEC-BCS	


Universal Few-Body Physics	



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) 	
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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) 	
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Feshbach molecules of Rb and K
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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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Explore Feshbach physics in microgravity and it’s potential as a 
preparation tool for mitigating systematics in high-precision dual-
species AI requires:	


	


	



•  Sufficient preparation of heteronuclear gases.	


–  Ultra-low temperature 	


–  Long lifetime	


–  Negligible heating	


	



•  Sufficient control of external forces/perturbations.	


–  Magnetic fields and gradients, stray light, vibrations ...	


	



•  Sufficient detection to measure overlap.	



Technical Considerations for Study #1




 19


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


Atomic and Molecular Losses


D’Incao et al., PRL (2004); Helfrich et al., PRA (2010);	



Fundamental Interactions for Atom Interferometry ... (NRA NNH13ZTT002N) 42

For our studies with 87Rb and 41K mixtures, we want to the corresponding atomic densities,
n
Rb

and n
K

to be the same in order to minimize the number of residual atoms during the
molecular association process. This implies that the Rb and K coulds will have di↵erent
degrees of degeneracy, namely, T/Tc,K = ↵ and T/Tc,Rb

= ↵(m
Rb

/m
K

). Moreover, here we
choose ↵ = 1 to simulate the conditions in which e�cient atom-molecule conversion has
been observed [103,104].

The two relevant loss processes for our problem is three-body recombination and atom-
diatom relaxation. Three-body recombination is the process in which three free atoms
(Rb+Rb+K or Rb+K+K) collides to form a molecule (KRb, K

2

and/or Rb
2

) and a free
atom with enough kinetic energy to cause the collision partners to scape from typical traps.
Atom-dimer relaxation is the process in which a highly excited molecular state (in our case
the Feshbach molecule) collides with other atoms causing a molecular transition to a lower
excited state and, therefore, again releasing enough kinetic energy to cause both atoms
and molecules to scape from the trap. In the universal regime, i.e., when |a| � r

vdW

, r
vdW

being the van der Waals length, three-body inelastic processes causing atomic and molecular
losses can be determined in terms of certain universal parameters originated from the Efimov
physics [98,99,101,102]. Here, we express such results in a way they qualitatively incorporate
important finite temperature e↵ects. For three-body recombination, for instance, we write
the recombination rate as

L
3

=
L0

3

1 + L0

3

/Lu
3

, (36)

where

L0

3

= C
3

sin2(s
0

ln a
a0
) + sinh2 ⌘

sinh2(⇡s
0

+ ⌘) + cos2(s
0

ln a
a0
)

a4

mX
, (37)

and

Lu
3

=
32⇡2

µ

1� e�4⌘

(2µT )2
, (38)

are the zero-energy limit rate, valid for kBT ⌧ h̄2/2µa2, and unitarity rate expected for
kBT � h̄2/2µa2, respectively. For a system of two-identical bosons and a dissimilar atom,
say BBX, µ2 = mBmBmX/(mB + mB + mX) is the three-body reduced mass, s

0

and
C

3

are mass dependent universal constants, and a
0

is the value of the scattering length
in which recombination display a Efimov interference minimum and ⌘ is the three-body
inelasticity parameter, determined experimentally. Similarly, the loss rate due to atom-
molecule collisions can be written as

� =
�0

1 + �0/�u
, (39)

where

�0 = C�
sinh 2⌘

sin2(s
0

ln a
a⇤
) + sinh2 ⌘

a

mX
, (40)
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). Moreover, here we
choose ↵ = 1 to simulate the conditions in which e�cient atom-molecule conversion has
been observed [103,104].

The two relevant loss processes for our problem is three-body recombination and atom-
diatom relaxation. Three-body recombination is the process in which three free atoms
(Rb+Rb+K or Rb+K+K) collides to form a molecule (KRb, K

2

and/or Rb
2

) and a free
atom with enough kinetic energy to cause the collision partners to scape from typical traps.
Atom-dimer relaxation is the process in which a highly excited molecular state (in our case
the Feshbach molecule) collides with other atoms causing a molecular transition to a lower
excited state and, therefore, again releasing enough kinetic energy to cause both atoms
and molecules to scape from the trap. In the universal regime, i.e., when |a| � r

vdW

, r
vdW

being the van der Waals length, three-body inelastic processes causing atomic and molecular
losses can be determined in terms of certain universal parameters originated from the Efimov
physics [98,99,101,102]. Here, we express such results in a way they qualitatively incorporate
important finite temperature e↵ects. For three-body recombination, for instance, we write
the recombination rate as

L
3

=
L0

3

1 + L0

3

/Lu
3

, (36)

where
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sin2(s
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mX
, (37)

and

Lu
3

=
32⇡2

µ

1� e�4⌘

(2µT )2
, (38)

are the zero-energy limit rate, valid for kBT ⌧ h̄2/2µa2, and unitarity rate expected for
kBT � h̄2/2µa2, respectively. For a system of two-identical bosons and a dissimilar atom,
say BBX, µ2 = mBmBmX/(mB + mB + mX) is the three-body reduced mass, s

0

and
C

3

are mass dependent universal constants, and a
0

is the value of the scattering length
in which recombination display a Efimov interference minimum and ⌘ is the three-body
inelasticity parameter, determined experimentally. Similarly, the loss rate due to atom-
molecule collisions can be written as

� =
�0

1 + �0/�u
, (39)

where

�0 = C�
sinh 2⌘

sin2(s
0

ln a
a⇤
) + sinh2 ⌘

a

mX
, (40)
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and

�u =
2⇡1/2

µad

1� e�4⌘

(2µadT )1/2
, (41)

are the zero-energy and unitary limit rates, respectively. Here, µad = (mB+mX)mB/(2mB+
mX) is the atom-molecule reduced mass, C� is a mass dependent universal constant, and
a⇤ is the value of the scattering length in which an Efimov resonance occurs, leading to
enhancement for the loss rates. The values for the parameters in Eqs. (36)–(41) used in our
analysis are listed in Table 5. The values for the universal constants s

0

, C
3

and C� were
obtained from Ref. [98]. The values for a

0

where obtained from Ref. [100] and the values
for a⇤ from the observation of an Efimov resonance in Ref. [32] for 87Rb40K+87Rb collisions
(a more indirect observation in Ref. [31] have resulted in observation of a resonance at
a⇤ = 667a

0

). For 87Rb41+K41K collisions, since no experimental result exist, we set a⇤ to
an arbitrary value (a⇤ = 10a

0

). The values of ⌘ were obtained from Ref. [31].

System s
0

C
3

C� a
0

(a
0

) a⇤(a0) ⌘
87Rb87Rb41K 0.644 340.1 10.3 2800 230 0.12
87Rb41K41K 0.246 139.3 22.9 7000 — 0.02

Table 5: Universal constants and parameters for the atomic and molecular loss rates in
Eqs. (36)–(41). See text for specific references where such values were obtained.

Figures 14 and 15 shows the estimated lifetimes for di↵erent temperatures and atomic
densities obtained using the three-body loss rates derived above. In Figs. 14(a) and 15(a)
we show the lifetime due to three-body recombination, [see Eq. (36) for the recombination
rate, L

3

] for 87Rb+87Rb+41K and 87Rb+41K+41K collisions, respectively. The lifetime for
atomic samples is simply estimated by defining ⌧ = 1/(n

Rb

n
K

L
3

). In Figs. 14(b) and 15(b)
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Figure 14: Estimated lifetimes for di↵erent temperatures and densities. In (a) we show the
lifetime due to three-body recombination due to 87Rb+87Rb+41K collisions. In (b) we show
the estimated 87Rb41K molecular lifetime due 87Rb41K+87Rb collisions. The temperature
and atomic densities (n = n

Rb

= n
K

) are indicated in the figure.

we show the estimated 87Rb41K molecular lifetime due to atom-molecule relaxation [see
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are the zero-energy and unitary limit rates, respectively. Here, µad = (mB+mX)mB/(2mB+
mX) is the atom-molecule reduced mass, C� is a mass dependent universal constant, and
a⇤ is the value of the scattering length in which an Efimov resonance occurs, leading to
enhancement for the loss rates. The values for the parameters in Eqs. (36)–(41) used in our
analysis are listed in Table 5. The values for the universal constants s
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, C
3

and C� were
obtained from Ref. [98]. The values for a

0

where obtained from Ref. [100] and the values
for a⇤ from the observation of an Efimov resonance in Ref. [32] for 87Rb40K+87Rb collisions
(a more indirect observation in Ref. [31] have resulted in observation of a resonance at
a⇤ = 667a
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). For 87Rb41+K41K collisions, since no experimental result exist, we set a⇤ to
an arbitrary value (a⇤ = 10a
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). The values of ⌘ were obtained from Ref. [31].
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Table 5: Universal constants and parameters for the atomic and molecular loss rates in
Eqs. (36)–(41). See text for specific references where such values were obtained.

Figures 14 and 15 shows the estimated lifetimes for di↵erent temperatures and atomic
densities obtained using the three-body loss rates derived above. In Figs. 14(a) and 15(a)
we show the lifetime due to three-body recombination, [see Eq. (36) for the recombination
rate, L

3

] for 87Rb+87Rb+41K and 87Rb+41K+41K collisions, respectively. The lifetime for
atomic samples is simply estimated by defining ⌧ = 1/(n
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and atomic densities (n = n
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) are indicated in the figure.

we show the estimated 87Rb41K molecular lifetime due to atom-molecule relaxation [see

87Rb  T ~ TC	





 20


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


Atomic and Molecular Losses


Fundamental Interactions for Atom Interferometry ... (NRA NNH13ZTT002N) 43

and
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, (41)

are the zero-energy and unitary limit rates, respectively. Here, µad = (mB+mX)mB/(2mB+
mX) is the atom-molecule reduced mass, C� is a mass dependent universal constant, and
a⇤ is the value of the scattering length in which an Efimov resonance occurs, leading to
enhancement for the loss rates. The values for the parameters in Eqs. (36)–(41) used in our
analysis are listed in Table 5. The values for the universal constants s

0

, C
3

and C� were
obtained from Ref. [98]. The values for a

0

where obtained from Ref. [100] and the values
for a⇤ from the observation of an Efimov resonance in Ref. [32] for 87Rb40K+87Rb collisions
(a more indirect observation in Ref. [31] have resulted in observation of a resonance at
a⇤ = 667a

0

). For 87Rb41+K41K collisions, since no experimental result exist, we set a⇤ to
an arbitrary value (a⇤ = 10a

0

). The values of ⌘ were obtained from Ref. [31].
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Table 5: Universal constants and parameters for the atomic and molecular loss rates in
Eqs. (36)–(41). See text for specific references where such values were obtained.

Figures 14 and 15 shows the estimated lifetimes for di↵erent temperatures and atomic
densities obtained using the three-body loss rates derived above. In Figs. 14(a) and 15(a)
we show the lifetime due to three-body recombination, [see Eq. (36) for the recombination
rate, L

3

] for 87Rb+87Rb+41K and 87Rb+41K+41K collisions, respectively. The lifetime for
atomic samples is simply estimated by defining ⌧ = 1/(n
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the estimated 87Rb41K molecular lifetime due 87Rb41K+87Rb collisions. The temperature
and atomic densities (n = n
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) are indicated in the figure.

we show the estimated 87Rb41K molecular lifetime due to atom-molecule relaxation [see
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For our studies with 87Rb and 41K mixtures, we want to the corresponding atomic densities,
n
Rb

and n
K

to be the same in order to minimize the number of residual atoms during the
molecular association process. This implies that the Rb and K coulds will have di↵erent
degrees of degeneracy, namely, T/Tc,K = ↵ and T/Tc,Rb

= ↵(m
Rb

/m
K

). Moreover, here we
choose ↵ = 1 to simulate the conditions in which e�cient atom-molecule conversion has
been observed [103,104].

The two relevant loss processes for our problem is three-body recombination and atom-
diatom relaxation. Three-body recombination is the process in which three free atoms
(Rb+Rb+K or Rb+K+K) collides to form a molecule (KRb, K

2

and/or Rb
2

) and a free
atom with enough kinetic energy to cause the collision partners to scape from typical traps.
Atom-dimer relaxation is the process in which a highly excited molecular state (in our case
the Feshbach molecule) collides with other atoms causing a molecular transition to a lower
excited state and, therefore, again releasing enough kinetic energy to cause both atoms
and molecules to scape from the trap. In the universal regime, i.e., when |a| � r

vdW

, r
vdW

being the van der Waals length, three-body inelastic processes causing atomic and molecular
losses can be determined in terms of certain universal parameters originated from the Efimov
physics [98,99,101,102]. Here, we express such results in a way they qualitatively incorporate
important finite temperature e↵ects. For three-body recombination, for instance, we write
the recombination rate as

L
3

=
L0

3

1 + L0

3

/Lu
3

, (36)

where

L0

3

= C
3

sin2(s
0

ln a
a0
) + sinh2 ⌘

sinh2(⇡s
0

+ ⌘) + cos2(s
0

ln a
a0
)

a4

mX
, (37)

and

Lu
3

=
32⇡2

µ

1� e�4⌘

(2µT )2
, (38)

are the zero-energy limit rate, valid for kBT ⌧ h̄2/2µa2, and unitarity rate expected for
kBT � h̄2/2µa2, respectively. For a system of two-identical bosons and a dissimilar atom,
say BBX, µ2 = mBmBmX/(mB + mB + mX) is the three-body reduced mass, s

0

and
C

3

are mass dependent universal constants, and a
0

is the value of the scattering length
in which recombination display a Efimov interference minimum and ⌘ is the three-body
inelasticity parameter, determined experimentally. Similarly, the loss rate due to atom-
molecule collisions can be written as

� =
�0

1 + �0/�u
, (39)

where

�0 = C�
sinh 2⌘

sin2(s
0

ln a
a⇤
) + sinh2 ⌘

a

mX
, (40)
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and

�u =
2⇡1/2
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1� e�4⌘

(2µadT )1/2
, (41)

are the zero-energy and unitary limit rates, respectively. Here, µad = (mB+mX)mB/(2mB+
mX) is the atom-molecule reduced mass, C� is a mass dependent universal constant, and
a⇤ is the value of the scattering length in which an Efimov resonance occurs, leading to
enhancement for the loss rates. The values for the parameters in Eqs. (36)–(41) used in our
analysis are listed in Table 5. The values for the universal constants s

0

, C
3

and C� were
obtained from Ref. [98]. The values for a

0

where obtained from Ref. [100] and the values
for a⇤ from the observation of an Efimov resonance in Ref. [32] for 87Rb40K+87Rb collisions
(a more indirect observation in Ref. [31] have resulted in observation of a resonance at
a⇤ = 667a

0

). For 87Rb41+K41K collisions, since no experimental result exist, we set a⇤ to
an arbitrary value (a⇤ = 10a

0

). The values of ⌘ were obtained from Ref. [31].
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) a⇤(a0) ⌘
87Rb87Rb41K 0.644 340.1 10.3 2800 230 0.12
87Rb41K41K 0.246 139.3 22.9 7000 — 0.02

Table 5: Universal constants and parameters for the atomic and molecular loss rates in
Eqs. (36)–(41). See text for specific references where such values were obtained.

Figures 14 and 15 shows the estimated lifetimes for di↵erent temperatures and atomic
densities obtained using the three-body loss rates derived above. In Figs. 14(a) and 15(a)
we show the lifetime due to three-body recombination, [see Eq. (36) for the recombination
rate, L

3

] for 87Rb+87Rb+41K and 87Rb+41K+41K collisions, respectively. The lifetime for
atomic samples is simply estimated by defining ⌧ = 1/(n

Rb

n
K

L
3

). In Figs. 14(b) and 15(b)
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Figure 14: Estimated lifetimes for di↵erent temperatures and densities. In (a) we show the
lifetime due to three-body recombination due to 87Rb+87Rb+41K collisions. In (b) we show
the estimated 87Rb41K molecular lifetime due 87Rb41K+87Rb collisions. The temperature
and atomic densities (n = n

Rb

= n
K

) are indicated in the figure.

we show the estimated 87Rb41K molecular lifetime due to atom-molecule relaxation [see
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For our studies with 87Rb and 41K mixtures, we want to the corresponding atomic densities,
n
Rb

and n
K

to be the same in order to minimize the number of residual atoms during the
molecular association process. This implies that the Rb and K coulds will have di↵erent
degrees of degeneracy, namely, T/Tc,K = ↵ and T/Tc,Rb

= ↵(m
Rb

/m
K

). Moreover, here we
choose ↵ = 1 to simulate the conditions in which e�cient atom-molecule conversion has
been observed [103,104].

The two relevant loss processes for our problem is three-body recombination and atom-
diatom relaxation. Three-body recombination is the process in which three free atoms
(Rb+Rb+K or Rb+K+K) collides to form a molecule (KRb, K

2

and/or Rb
2

) and a free
atom with enough kinetic energy to cause the collision partners to scape from typical traps.
Atom-dimer relaxation is the process in which a highly excited molecular state (in our case
the Feshbach molecule) collides with other atoms causing a molecular transition to a lower
excited state and, therefore, again releasing enough kinetic energy to cause both atoms
and molecules to scape from the trap. In the universal regime, i.e., when |a| � r

vdW

, r
vdW

being the van der Waals length, three-body inelastic processes causing atomic and molecular
losses can be determined in terms of certain universal parameters originated from the Efimov
physics [98,99,101,102]. Here, we express such results in a way they qualitatively incorporate
important finite temperature e↵ects. For three-body recombination, for instance, we write
the recombination rate as
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where

L0

3

= C
3

sin2(s
0

ln a
a0
) + sinh2 ⌘

sinh2(⇡s
0

+ ⌘) + cos2(s
0

ln a
a0
)

a4

mX
, (37)

and
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, (38)

are the zero-energy limit rate, valid for kBT ⌧ h̄2/2µa2, and unitarity rate expected for
kBT � h̄2/2µa2, respectively. For a system of two-identical bosons and a dissimilar atom,
say BBX, µ2 = mBmBmX/(mB + mB + mX) is the three-body reduced mass, s

0

and
C

3

are mass dependent universal constants, and a
0

is the value of the scattering length
in which recombination display a Efimov interference minimum and ⌘ is the three-body
inelasticity parameter, determined experimentally. Similarly, the loss rate due to atom-
molecule collisions can be written as
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, (39)

where
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sinh 2⌘
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and
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2⇡1/2

µad
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(2µadT )1/2
, (41)

are the zero-energy and unitary limit rates, respectively. Here, µad = (mB+mX)mB/(2mB+
mX) is the atom-molecule reduced mass, C� is a mass dependent universal constant, and
a⇤ is the value of the scattering length in which an Efimov resonance occurs, leading to
enhancement for the loss rates. The values for the parameters in Eqs. (36)–(41) used in our
analysis are listed in Table 5. The values for the universal constants s

0

, C
3

and C� were
obtained from Ref. [98]. The values for a

0

where obtained from Ref. [100] and the values
for a⇤ from the observation of an Efimov resonance in Ref. [32] for 87Rb40K+87Rb collisions
(a more indirect observation in Ref. [31] have resulted in observation of a resonance at
a⇤ = 667a

0

). For 87Rb41+K41K collisions, since no experimental result exist, we set a⇤ to
an arbitrary value (a⇤ = 10a

0

). The values of ⌘ were obtained from Ref. [31].
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87Rb41K41K 0.246 139.3 22.9 7000 — 0.02

Table 5: Universal constants and parameters for the atomic and molecular loss rates in
Eqs. (36)–(41). See text for specific references where such values were obtained.

Figures 14 and 15 shows the estimated lifetimes for di↵erent temperatures and atomic
densities obtained using the three-body loss rates derived above. In Figs. 14(a) and 15(a)
we show the lifetime due to three-body recombination, [see Eq. (36) for the recombination
rate, L

3

] for 87Rb+87Rb+41K and 87Rb+41K+41K collisions, respectively. The lifetime for
atomic samples is simply estimated by defining ⌧ = 1/(n
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). In Figs. 14(b) and 15(b)
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lifetime due to three-body recombination due to 87Rb+87Rb+41K collisions. In (b) we show
the estimated 87Rb41K molecular lifetime due 87Rb41K+87Rb collisions. The temperature
and atomic densities (n = n
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) are indicated in the figure.

we show the estimated 87Rb41K molecular lifetime due to atom-molecule relaxation [see
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Figure 9: Molecular Rabi-frequency ⌦m/2⇡ (in units of the atomic Rabi-frequency, ⌦/2⇡)
as a function of scattering length. For this calculation we used n

Rb

= n
K

= 108/cm3,
and a0 = 100a

0

and E/kB = 100pK. On the inset we show the energy dependence of ⌦m

assuming a = 105a
0

.

which is formally equivalent to a two-level system in the Rotating Wave Approximation
(RWA), whose solutions are well known. As we will see next, however, thermal and loss
e↵ects becomes crucial in order to understand the time evolution process leading to associ-
ation and dissociation of weakly bound molecules.

(association) (dissociation)

Figure 10: Schematic diagram for our present scheme for (a) molecular association and (b)
molecular dissociation.

The molecular association scheme used in the present work is illustrated in Fig. 10 (a).
This lead us to rewrite Eq. (17) setting EK = E and Em = �E � Eb � ih̄�/2, where
Eb = h̄2/2µa2 is the molecular binding energy and � is the width of the molecular state,
introduced here to mimic the finite lifetime of the molecular state due to collisions with
other atoms and molecules—this should be a reasonable model for times shorter than 1/�.
Therefore, assuming that at t = 0 the atoms are unbound (⌫ = K), the probability to find
the system in the molecular state (⌫ = m) at later times, t = ⌧ , is given by

Pm(E, ⌧) = e��t/2

✓
⌦m
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e↵
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, (18)
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which is formally equivalent to a two-level system in the Rotating Wave Approximation
(RWA), whose solutions are well known. As we will see next, however, thermal and loss
e↵ects becomes crucial in order to understand the time evolution process leading to associ-
ation and dissociation of weakly bound molecules.
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molecular dissociation.

The molecular association scheme used in the present work is illustrated in Fig. 10 (a).
This lead us to rewrite Eq. (17) setting EK = E and Em = �E � Eb � ih̄�/2, where
Eb = h̄2/2µa2 is the molecular binding energy and � is the width of the molecular state,
introduced here to mimic the finite lifetime of the molecular state due to collisions with
other atoms and molecules—this should be a reasonable model for times shorter than 1/�.
Therefore, assuming that at t = 0 the atoms are unbound (⌫ = K), the probability to find
the system in the molecular state (⌫ = m) at later times, t = ⌧ , is given by

Pm(E, ⌧) = e��t/2

✓
⌦m

⌦m
e↵

◆
2 ��� sin

✓
ei✓m

⌦m
e↵

⌧

2

◆ ���
2

, (18)
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Figure 3: I would propose that we include 1 graph illustrating the space condition and a figure

with the LENS condition overlayed, thermal averaged only.

and microwave) in this study to avoid the large scattering length regime, corresponding to
the largest inelastic losses in Fig. 5 (a), occuring when the field is tuned to the Feshbach res-
onance. A theoretical treatment of association/dissociation e�ciencies, timescales, heating,
and atom-molecule coherence is detailed in Appendix B. Here, we consider use of oscillating
magnetic fields transersal to the direction of the applied Feshbach field, which couple states
whose �mF = ±1. For Feshbach fields tuned below B

0

for 41K-87Rb, an applied radio-
frequency or microwave field, tuned to the bound molecular state (Erf ' E

�mF±1

� Eb)
resonantly-couples the heteronuclear atom pairs and molecules thereby stimulating coherent
atom-molecule oscillations in the zero-temperature limit please check Jose with molecular
Rabi frequency ⌦m.

Figure 3 shows high association e�ciencies at the low temperature and density regime
relevant for our flight experiments. Note that our experiment enters a regime where losses
and thermal broadening no-longer dominate (Eqs. AAA and BBB in Appendix CCCC),
and coherent atom-molecule oscillations are expected, a regime never-before achieved in
free-fall.

Purification is an important step in many experiments with Feshbach molecules. The
removal of atoms can be needed to avoid fast collisional losses of molecules. In other cases,
pure molecular samples are needed for particular applications. Most of the purification
schemes act selectively on atoms and they are applied on time scales short compared to
the typical molecular lifetimes. A possible purification strategy exploits the di↵erence in
magnetic moments of molecules and atoms. The two components of the gas can be spatially
separated with the Stern-Gerlach technique, which uses magnetic field gradients [27, 28];
for an example see Fig. 5. This method is usually applied to gases in free space after release
from the trap. A fast and e�cient purification method, well suited for the application to a
trapped cloud, uses resonant light to push the atoms out of the sample by resonant radiation
pressure [29, 53, 57]. The blast light needs to be resonant with a cycling atomic transition,
which allows for the repeated scattering of photons. In many cases, the atoms are not in a

(Association under CAL conditions)!
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Molecular Association/Dissociation


Feshbach Molecule Dissociation!
Dissociation probability:!

Fundamental Interactions for Atom Interferometry ... (NRA NNH13ZTT002N) 36

where

⌦m
e↵

= [�2 (� + E
h̄ )

2 + (⌦2

m + (� + E
h̄ )

2 � �2

4 )
2]

1
4 , (19)

✓m =
1

2
tan�1[

(� + E
h̄ )�

⌦2

m + (� + E
h̄ )

2 � �2

4

], (20)

where h̄� is the energy detuning from the molecular transition [see Fig. 10 (a)]. Note that
even for � = 0, finite energy, E, and molecular decay, �, e↵ects can lead to an e↵ective
detuning through Eqs. (19) and (20). Note also that dPm/d⌧ in the limit ⌧ ! 0 is pro-
portional to the transition rate derived in Ref. [94] based on the Fermi’s Golden rule. It is
important to emphasize here that for the process of molecular association, since there exist
a thermal distribution of initial states [95], the transition probability needs to be thermally
averaged accordingly to

hPm(T, ⌧)i =
2

⇡
1
2

Z 1

0

Pm(E, ⌧)

(kBT )
3
2

E
1
2 e

� E
kBT dE. (21)

(Both loss and thermal e↵ects are illustrated in Fig. [?].) Here we will define the fraction
of molecules formed (assuming an equal number of initial atoms of di↵erent species), after
a square-pulse of duration ⌧ to be given simply by

Nm

Na
= hPm(T, ⌧)i. (22)

A similar analysis should be done for dissociation [see Fig. 10(b)] where we now set
EK = 0 and Em = E + �E � Eb � ih̄�/2. Therefore, assuming that the system is found
in the molecular state (⌫ = m) at t = 0, the probability to find the system in the unbound
state (⌫ = K) at later times, ⌧ , is

PK(h̄�, t) = e��t/2

✓
⌦m

⌦K
e↵

◆
2 ��� sin

✓
ei✓K

⌦K
e↵

t

2

◆ ���
2

, (23)

where

⌦K
e↵

= [�2�2 + (⌦2

m + �2 � �2

4 )
2]

1
4 , (24)

✓K =
1

2
tan�1[

��

⌦2

m + �2 � �2

4

]. (25)

Note that ⌦m now depends on the energy associated to the detuning, i.e., ⌦m ⌘ ⌦m(k�),
where k2

� = 2µ�/h̄. For molecular dissociation, however, since the system is found in a well
defined state, no thermal averaging is required. In that case, the fraction of atoms formed
after a square-pulse of duration ⌧ is given simply by

Na

Nm
= PK(h̄�, ⌧). (26)

Among the conditions for the validity of the above approach, the requirement that the
system is found in the dilute regime, i.e., na3 ⌧ 1 and na03 ⌧ 1, is of crucial importance.
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Figure 4: I would propose that we include 1 graph illustrating the space condition and a figure

with the LENS condition overlayed, thermal averaged only.

ground-state sublevel connected to a cycling optical transition, so that an intermediate step
is necessary. In the most simple implementation, this is an optical pumping step that selec-
tively acts on the atoms without a↵ecting the molecules. Alternatively a microwave pulse
can be used to transfer the atoms into the appropriate atomic level. The high selectivity of
this double-resonance method minimizes residual heating and losses of molecules from the
trap.

One of the primary concerns of the filtering scheme is assuring that dissociated gases
maintain the ultra-low temperatures (nK) necessary for high-precision AI in extended free
fall. RF pulses with frequency-components detuned with respect to the atom-molecule tran-
sition (⌫rf = Ebinding/h + �⌫) give additional momenta to the dissociation products, which
now fly apart at equal and opposite pa =

p
mah�⌫. Heating from broad RF pulses (fourier

or noise limited to 10s of Hz) and field instabilities at even 0.1 milliGauss will significantly
heat the gases on the scale of nK. Figure 4 gives the dissociation lineshape for rf pulse
resonant with |1, 1i+ EB ! |1, 0i for 87Rb. Note that RF pulses of 10s of milliseconds are
achievable at the low loss-rates expected in the flight experiment, corresponding to fourier-
liited heating of only a few nK. give conclusion and significance of molecular dissociation
on the nanoKelvin temperature scale, regardless of the initial cloud temperature??.

2.4.3 Experimental Cosiderations: Feshbach Molecular Physics for CM Over-

lap

We now consider the systematics that can limit our measurement of 41K-87Rb center of
mass overlap, after Feshbach filtering, in the flight experiments. Dominant terms arise from
magnetic field gradients, however, o↵-resonant scattering from optical and rf photons and
vibrations of the camera assembly are also considered. The expected contributions from
each are given in Table 2.

In the presence of a magnetic field gradient (�B), the alkali rubidium and potassium
atoms experience forces along the direction of �B due to the Zeeman e↵ect. Considering

(Dissociation under CAL conditions)!

p1 = −p2 = miδ
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Microgravity Justification


TC (nK)	

 EM	

 Molecule #	

 n0 (atoms/cm3)	

 Lifetime	



LENS*	

 200	

 40%	

 1.2 × 104	

 5 × 1011	

 60μs – 5ms	



NASA/CAL	

 1	

 70%	

 > 104	

 4 × 109	

 > 100ms	
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Error Budget


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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•  Explore two-photon RF (87Rb) + microwave (41K) dissociation to 
eliminate systematics from 1st Order shifts.	



	



Magnetic Field Error Budget


~~

Molecular dissociation (STIRAP)
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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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Overview


•  Introduction: Precision Atom Interferometers (AI) for 
fundamental physics research in space.	



•  Study #1: Low-energy Feshbach physics to prepare highly-
overlapped dual-species atomic gases in microgravity.	



	



•  Study #2: Technology maturity of precision AIs for 
fundamental physics studies on the ISS.	



	

 z	



t	



π/2 	



π 	



π/2 	



0               T             2T	
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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


41K	

 87Rb	



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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Overview


•  Introduction: Precision Atom Interferometers (AI) for 
fundamental physics research in space.	



•  Study #1: Low-energy Feshbach physics to prepare highly-
overlapped dual-species atomic gases in microgravity.	



	



•  Study #2: Technology maturity of precision AIs for 
fundamental physics studies on the ISS.	



•  Potential follow on studies	



	





 33


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


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.	



	


	


2)  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 β near FR	


•  In cold collisions, the scattering phase shift 

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



φ  ∼ (V/mat)1/2 ~ (me/mp)1/2 =  = β1/2	


  	



	


  	



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



Δa/a = K δβ/β	


	



  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 β:	


	



Δβ/β < 2 x 10-17/yr	


	



with knowledge of δa/a to 10-6,	


can expect in one year:	


	



Δβ/β < 10-15 – 10-18/yr	


	



Potential Follow-On Studies 
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•  Test quantum wave nature of large 
s-wave “halo” molecules	



           > 500 nm for a > 10,000 a0	



•  Scattering of quantum particles 
with internal structure from a slit. 
(Quantum Ulm sparrow)	



r

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


	



KDTLI Interferometer	


Matter-wave 
interferometry mass 
record: 810 atoms,  
diameter ~ 3nn.	



S. Eidenburger et al. (2013) Phys. Chem. Chem. Phys. 15, 14656	



Potential Follow-On Studies 


-3

-2
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r = a / 2
B. Shore et al. (2015) New J. Phys. 17, 013046	
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Thank You.	
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Backup Slides	
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Data Analysis


a) b) 

a)  Simulated 87Rb absorption image with N87 = 105 and 0.035 OD noise/pixel.	


	


b)  Line profile for differential 87Rb and 41K images with 40nm CM displacement, 

vertically averaged over ROI (blue lines) and averaged over 103 measurements.	



Differential cloud CM:	



Detect Δx < 22 nm (Δv < 300 nm/s) 	


for N87 = N41 = 104 and 1000 measurements.	
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Known sources that can limit the ultimate accuracy include: vibrations, rotations, accelerations, 
magnetic fields, differential center-of-mass position and velocity, ... 



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


 
 



Gravity gradient shifts

•  Test masses traveling different classical paths (δr, δv) experience different gravitational potentials.









keffγZZ (δz+δvT )T
2 = 3.0×10−12g

Significance


Detection Limits:	


Δv < 300 nm/s è nearly 3 × improvement	


Δx < 22 nm è nearly 100 × improvement	



	


Error Budget Limits:	


Δv < 3 nm/s è nearly 103 × improvement	


Δx < 0.1 nm è nearly 104 × improvement	
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Known sources that can limit the ultimate accuracy include: vibrations, rotations, accelerations, 
magnetic fields, differential center-of-mass position and velocity, ... 



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


 
 



Gravity gradient shifts

•  Test masses traveling different classical paths (δr, δv) experience different gravitational potentials.









keffγZZ (δz+δvT )T
2 = 3.0×10−12g

Significance


Mitigation:	


	



•  Time-asymmetric Mach-Zehnder configuration (i.e. open AI)            	



keffγ zz (zi + viT )T
2 + keff viδT <10

−14g

Detection Limits:	


Δv < 300 nm/s è nearly 3 × improvement	


Δx < 22 nm è nearly 100 × improvement	



δT

δT = γzzT3	



*A. Roura et al., “Overcoming loss of contrast in atom 
interferometry due to gravity gradients” NJP, 16, 123012 (2014)	





 42


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


Magnetic Field Error Budget


Assuming B = 1 Gauss and ΔB = 10 mGauss/cm, detection 10ms after dissociation. 	



•  Requires characterization of B and ΔB to a part in 103  using 
Stern-Gerlach and RF spectroscopy:	



	



•  2nd Order can be modulated to zero with B-field reversal due to: 
	

F = 2ħαBΔB	
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Magic Optical Trap Requirements
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Key and Driving Requirements


Equations for contrast and number loss	


In the point-source approximation, the contrast (over the entire cloud) is 
approximately given by the overlap integral of the temperature-dependent density 
profile of the atomic gas in free fall (n(x,y,t)) and the peak normalized excitation 
fraction (NEF(x,y,t)) of the final AI pulse.   	


where:	



n(x, y, t) = 1

2π σ 0
2 +

kBT
m

t2
!

"
#
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e
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Contrast and Loss functions of:	
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Electrical Performance of the Atom Chip 
Table I shows the impedance map of the atom chip used in CAL 1a (atom chip #10), and 
Figures 5a-5g show the Voltage vs. time plots for all traces on the atom chip. These plots were 
obtained following the procedures outlined in the document “Test Procedures for Atom Chips,” 
dated Dec 19, 2014. The results of these tests show that all the traces on the atom chip withstand 
(with margin) the maximum currents that can be applied using CAL’s electronic drivers. 

 

The impedance map measurements were repeated after vacuum processing, and showed 
to be no much different as what is given below (to within a ≤3 difference). The impedances of all 
the traces are within the limitations set by CAL (0.3W < R < 0.42W). 

 

All in-vacuum traces showed excellent behavior when running current up to 4.6 Amps. 
Similarly, all ambient-side traces showed excellent behavior when running currents up to 5.5 
Amps. These results are clearly extracted from each of the plots in figure 5. 

 

Figure 4: The atom-chip-and-breakout-board 
subassembly during initial assembly-
verification procedures. In the completed Flight 
Unit it is impossible to have this clear view of 
the entire subassembly. 

    

 

ColdQuanta Proprietary and Confidential Page 69 
 

 

 

 

 
Subcontract No. 1484569 

Figure 3: RF and Microwave loops. The picture shows the high-frequency loops with the attached 
mini-coax cable during manufacturing (before adding a protective jacket). 

SMA Connectors. The SMA connectors on the breakout board operate the RF and Microwave 
loops that are attached to the breakout board. A 50W resistor (high frequency) is attached in 
series to each of the connectors for impedance-matching with CAL’s electronic systems (as 
required for the CAL project). 

The SMA connectors are clearly marked on the breakout board, as seen in Figure 1. 

 

High Frequency Loops 
The breakout board for the atom chip has incorporated two high-frequency loops, one for RF 
evaporation and BEC production, and the other for delivery of microwaves. Figure 3 shows the 
design specifications of the RF and the microwave loops, as incorporated into the Physics 
Package. 

 As per ColdQuanta’s designs for CAL, the high-frequency loops were added as 
components that are attached permanently to the breakout board. Of these two loops, only the RF 
loop was designed by ColdQuanta. The Microwave loop was designed by JPL, and built to 
specifications by ColdQuanta. 

RF Rabi Frequency
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Data Analysis


•  Correlations in dissociated FM	


	



	



•  Fine-structure extracted from noise correlations:	



–  Correlations in rotation-angle of images insitu & TOF	



	



Momentum-Space	



Position-Space	



p2 = -p1	



Dimer Size:	

 2/ar =
p1 = −p2 = miδ



 49


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


kj

55000

65000

60000

55000

50000

45000

40000

35000

55
00
0

50
00
0

45
00
0

40
00
0

35
00
0

50000

45000

40000

35000

30000

25000

60000

55000

50000

45000

40000

35000

30000

25000

600
00

550
00

500
00

450
00

400
00

500
00

4500
0

4000
0

35000

30000

40000

35000

35000

30000

35000

70°N 70°N

70°S 70°S
180°

180°

180° 135°E

135°E

90°E

90°E

45°E

45°E

0°

0°

45°W

45°W

90°W

90°W

135°W

135°W

60°N 60°N

45°N 45°N

30°N 30°N

15°N 15°N

0° 0°

15°S 15°S

30°S 30°S

45°S 45°S

60°S 60°S

US/UK World Magnetic Model - Epoch 2015.0
Main Field Total Intensity (F)

Map developed by NOAA/NGDC & CIRES
http://ngdc.noaa.gov/geomag/WMM
Map reviewed by NGA and BGS
Published December 2014

Main Field Total Intensity (F)
Contour interval: 1000 nT.
Mercator Projection.
      : Position of dip polesj



 50


Jet Propulsion Laboratory 
California Institute of Technology

National Aeronautics and Space Administration


NASA Fundamental Physics Workshop, April 11, 2016


B (vertical/radial) intensity map 
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GTB Work


JPL’s GTB lab model (left) with a flight-like vacuum system and a 
utility chip (right) offering an array of traces for a range of trap 
configurations, able to resemble the CAL atom chip traps.	



•  Measure atom numbers and densities for 87Rb and either 
41K or 39K, sympathetically cooled to ~ TC for both species.  
100 - 500 measurements over 1 – 3 days	



•  Characterize heteronuclear Feshbach molecule creation in 
a dual-species 87Rb and 41K gas using RF association.              
~ 1000 measurements over 1 week	



•  Demonstrate and characterize purification schemes to 
remove free atoms from molecular gas.                                       
~ 500 measurements over 3 days                    	



•  Characterize the 87Rb and 41K three body and atom-molecule loss spanning a range of fields from near 
resonance (B0 = 38.4 Gauss) to near zero.	



      ~ 1000 measurements over 1 week	



•  Measure the                      microwave Rabi frequency for 41K and explore the feasibility of making microwave + 
RF two-photon transitions to dissociate atoms into the mF = 0 magnetically insensitive states 	



 	

 	

 	

              .	


       ~ 300 measurements over 2 days, up to 2000 measurements over 1 week for publishable data	



•  Demonstrate Bragg AI with single-species 87Rb, dual-species 87Rb-39K, and 87Rb-41K.	


      ~ 1000 - 2000 measurements over 1 week for characterization and optimization	



•  Image and characterize AI phase fringes artificially induced with short-T AIs.	


      ~ 500 measurements over 3 days                    	
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Adiabatic Cooling


B"E$Design$showing$nominal$currents$WITH$side$Z$

Opera=on$
Current$
Driver$A$

Current$
Driver$B$

Current$
Driver$C$ H$Window$ H$AI$ Z$upper$ Z$lower$ T$Window$ T$AI$

Load%to%H%Window%trap% 1% 1% OFF% 5.00% %% %% 3.25% %% %%
Load%to%T%Window%trap% 1% 1% 2% 5.00% %% %% 3.25% 70.30% %%
Load%to%Side%Z%AI%trap% OFF% 2% OFF% %% %% 3.25% %%
Load%to%T%AI%trap% OFF% 2% 3% %% %% 3.25%% 70.30%
Fast%Feshbach%(2.5%A)% OFF% 3% OFF% %% %% %% %% %% %%
Window%EvaporaEon%Trap% 1% 1% 2% 3.00% %% %% 3.25% 70.30% %%
Window%Imaging%Trap% 1% 1% 1% 3.00% %% 72.20% 2.20% %% %%
AI%EvaporaEon%Trap% OFF% 2% 3% %% %% 3.25%% 70.30%
AI%Imaging%Trap% OFF% 2% 1% %% 72.20% 2.20%% %%

Atom%Chip%Metal%–%not%to%scale% Chip%Drivers%Diagram%7%simplified%

B"E$Op=on$for$Atom$Chip$Opera=on$

%*Proposed%H3%wire%is%unused%for%electrical,%but%held%for%thermal% DCA7%140920%
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ωz  = 2π × 0.87 Hz	



ωx  = 2π × 1.06 Hz	


ωy  = 2π × 1.31 Hz	



Z-wire = 23 mA	


H-wires = 10mA	



Bx = 13mG, By = 27mG 	



Low frequency, high symmetry trap:	


ωRb = 1.06 Hz with trap ratio < 3:2	
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•  Measurement based on an ensemble of effective 2-level systems, coupled 
with light pulses with opposite k-vectors (Doppler sensitive spectroscopy).	



–  Raman pulses couple two electronic and momentum levels, g1 ≠ g2 ,  keff = 2k	


–  Bragg pulses couple two momentum levels, same electronic, g1 = g2,  keff = 2nk	



	


	



	


	



     	



Two discrete energy and/or momentum 
states coupled with 2-photon transitions 	



Light-pulse MZ Atom Interferometers


 
Fig. 1.  Light-pulse atom interferometer diagram 

 

The atom interferometer phase shift can be measured by 

detecting the relative populations of the two hyperfine 

ground states via laser-induced fluorescence. The observed 

normalized signal takes the form of P(Δφ) = Pmin + ½A[1 − 

cos(φ0 + Δφ)], where A is the normalized fringe amplitude 

Pmax− Pmin.  To illustrate the sensitivity of a single such in-

terferometer, consider a measurement with interrogation 

time 2T = 1 s. As little as 3 × 10
−8

g of acceleration will 

cause a fringe phase shift of one full radian, and the accel-

eration measurement sensitivity will be determined by the 

SNR in the fringe measurement.  A recent laboratory meas-

urement demonstrated a resolution of 3 × 10
−9

g after 60 s 

and 1 × 10
−10

g after two days integration time [2]. 

Although the gravitational acceleration can be measured 

directly as described above, this measurement requires an 

inertial frame of reference (i.e. ap = 0).  This is a conse-

quence of Einstein’s Equivalence Principle:  i.e. that an ac-

celeration of the reference frame is indistinguishable from 

the gravitational acceleration in a local measurement.  An 

inertial frame is difficult to realize, even in a laboratory en-

vironment.  Gravity gradiometry thus provides a more fun-

damental measure of the gravitational fields by measuring 

the gravitational acceleration difference between two loca-

tions using a common reference frame so that other non-

inertial accelerations are rejected as common-mode noise.  

In the quantum gravity gradiometer, the two acceleration 

measurements are performed simultaneously in two atom 

interferometers separated by a distance d by using the same 

Raman laser beams.  Platform vibrations and laser fluctua-

tions are effectively cancelled in the differential measure-

ment [5], so the phase shift gives the gravitational accelera-

tion difference in the two locations, and the linear gravity 

gradient can be derived from the baseline distance d.  With 

this configuration, a differential acceleration sensitivity of 4 

× 10
−9

g Hz
−1/2

 has been demonstrated in our laboratory 

prototype [6].  With the measurement baseline of 1.4 m in 

this instrument, this corresponds to a gravity gradient sensi-

tivity of 34 E Hz
−1/2

 (1 E ≡ 10
−9

 s
−2

). 

 

 
 

Fig. 2.  Atom interferometer fringes as observed in our laboratory prototype 

instrument [6].  The phase of the final Raman π/2 pulse was scanned to 

generate the characteristic interferometer fringe. 

 

A. Microgravity operation 

 

In general, precision measurements employing ultra-cold 

atoms are dramatically improved in microgravity due to the 

longer interaction times available.  For the gradiometer this 

enhancement is much more profound, as the measurement 

sensitivity increases with the square of the interrogation 

time, in contrast to the linear dependence for Fourier-trans-

form-limited measurements in atomic clocks.  In a ground-

based experiment in an atomic fountain, for example, the 

interrogation time is limited to a fraction of a second due to 

practical limitations in the physical height of the apparatus.  

In a microgravity environment, however, interrogation times 

are limited only by the slow thermal expansion of the laser-

cooled atoms.  The benefits of microgravity operation has 

been recognized in other experiments with cold atom clocks 

[13,14].  Experiments using cold atom interferometers in 

space have already been proposed to perform fundamental 

tests of Einstein’s General Relativity and the Equivalence 

Principle [15]. 

 

III. INSTRUMENT DEVELOPMENT 

 

Our next-generation gravity gradiometer is designed as a 

transportable instrument capable of operating outside the 

laboratory environment.  Such an instrument must be capa-

ble of unattended operation in a remote location, and is 

subject to significant design constraints in order to accom-

modate the additional requirements of size, weight, power 

consumption, environmental control and robustness for a 

transportable instrument.  The current instrument is intended 

to operate while stationary in the field (an additional stabi-

lized platform would be necessary to take data from a mov-
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•  Measurement based on an ensemble of effective 2-level systems, coupled 
with light pulses with opposite k-vectors (Doppler sensitive spectroscopy).	



–  Raman pulses couple two electronic and momentum levels, g1 ≠ g2 ,  keff = 2k	


–  Bragg pulses couple two momentum levels, same electronic, g1 = g2,  keff = 2nk	
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Differential AI Measurements


Left: Interferometer fringes for the two chambers of the gravity 
gradiometer.



Right: Parametric plot of correlations in the atom interferometer 
signals. 
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Feshbach Association


•  Three primary methods for 
associating FRs:	


–  Adiabatic field ramp	


–  RF association	


–  Three-body collisions	



•  Purification: 	


–  Stern-Gerlach	


–  Resonant light “blow-away”	
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RF Feshbach Association 


41K – 87Rb	
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Microgravity Justification # 1


87Rb = Majority	


85Rb = Minority	



Molecular lifetimes 	



Atom-dimer collisions limit FR 
molecule lifetimes.	



Additional loss mechanisms from 
dimer-dimer  collisions	



Loss scales with n0
2	



	



FR dimers optimized for 
low T and low n0  	



Conversion efficiency scales with 
PSD  α  n0/T3/2	
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Purification


Stern-Gerlach separation of Cs2 molecules 
from a BEC. Figure from M. Köppinger et 
al. (2014) NJP 16, 115016	



•  Stern-Gerlach purification:	


	



-  Unbound rubidium and potassium atoms in a 
magnetic field gradient (ΔB) are accelerated as:	



where B is in Gauss and ΔB is in mGauss/cm.	


	


-  The acceleration of the FM is:	



	

            amol = μmolΔB/Mmol	


	



where:  Mmol = MRb + MK  and  μmol ≅ μRb + μK	



Assuming ΔB ~ 20 Gauss/cm and t = 30ms: 
Millimeter separations of 87Rb, 41K, and 87Rb-41K 

(>> few 0.1 mm cloud widths).	
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Purification


2S1/2	



2P3/2	



F=1	



F=2	



F=0	



F=1	



F=2	



F=3	



•  Selective transition of  87Rb and 
41K atoms from F = 1 è F = 2 
with low-intensity microwave. 	



•  High-intensity “blast” light 
resonant with F = 2 è F = 3 
transition.	



•  High selectivity of this double-
resonance method minimizes 
molecular heating/loss.*	



	



	



Resonant light purification:	


	



*F. Lang et al., “Long-lived feshbach molecules in a 
three-dimensional optical lattice” PRL, 96, 050402 (2006)	
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Grin Lens output:	


0.918mm diameter (1/e2)	



Dual-Species AI
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Contrast Study
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Contrast and atom loss from thermal expansion in 1mm (1/e2) Bragg beam:	



Contrast loss from thermal Doppler width of atoms:	
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Vibrations are considered for: 	


	



1)  Possible atom loss from colliding with 
vacuum chamber wall.	



	


2)  Doppler shift when light reflects off a 

vibrating mirror, need to be constrained 
less than Bragg diffraction bandwidth.	



•  A 100µs Gaussian Bragg pulse has a 
bandwidth of 10kHz.	



•  Less than 0.4kHz RMS Doppler shift 
(30% Bragg Rabi Frequency) 
requires < 10-8 g2/Hz  acceleration 
noise at 1Hz.	



	



Vibration Suppression and Requirements 	



Negligible ISS relative motion over 20s 
from SAMS acceleration data for the 
121F04 three-axis sensor on 01/01/2015.   	



Vibration Requirements


High pass filtered 
at 0.03 Hz	
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Feshbach Molecule CM Filtering


 Low-energy Feshbach physics to prepare highly-overlapped               
 dual-species atomic gases in microgravity 

-  Negate all systematics scaling with δr and δv.	


-  Molecular state-control at kB*1 nK.


	



After disassociation, for each particle-pair, the 
positions (δr) are correlated and momenta (δp) 
anti-correlated*.


	


p2 = -p1	



Key:	


     Fully symmetric quantum (s-wave) molecules assure no biases in dimer CM.	



	



Dimer Size:	

 2/ar =

*M. Greiner et al., “Probing pair-Correlated Fermionic Atoms through Correlations in Atom Shot Noise” 
PRL, 94, 110401(2005)	
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#1: 	



At a = 3500a0 and T = 1nK, 	


δv ~ 750 µm/s and   	

r = 200nm
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The high angular velocity of the ISS	


(ΩISS = 2π/91 min) is considered for:	


	


	



1)  Atom drift relative to the Bragg beam:	


      Δx =140 microns at 1s, not negligible.	


	



	


2)  Spatial phase fringes due to the Coriolis force. Here, the phase shift for 87Rb 

at the 1/e thermal width for T = 0.5s and Temp = 1 nK:	


	


    ΔΦ= 2 keff∙(ΩISS x  2kBTemp/m ) T2= 3.9 rad 	



•  The contrast would be almost completely                                                 
washed out for this AI without imaging 	

 	

             
detection1 or rotation compensation2	



Rotations	



AI	



Rotations


1)  Shau-Yu Lan et al. “Influence of the Coriolis Force in Atom Interferometry” PRL 108, 090402, 2012	


2)  S. Dickerson et al. “Multiaxis Inertial Sensing with Long-Time Point Surce Atom Interferometry	



41K	

 87Rb	
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Follow-on investigations of the dual-species Feshbach molecule studies:	


	



•  Bragg association/dissociation of Feshbach states correlates molecular and motional 
states	



+

Pm = pa ± 2ħkeff	



Z. Fu et al. (2014) Nature Physics 10, 101	



Potential Follow-On Studies 



