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Introduction: Precision Atom Interferometers (Al) 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 Als for
fundamental physics studies on the ISS.
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For a Yukawa force, the acceleration is given by

Gm
ai = —[1+ae”"*(1 +ri/M)].

l

Constraint on Yukawa-type fifth force at 8 x 10-
near “poorly known” length scale of 10cm.
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Atom-interferometry constraints on
dal“k energy SCIENCE sciencemag.org

21 AUGUST 2015 « VOL 349 ISSUE 6250
P. Hamilton,"* M. Jaffe,' P. Haslinger,' Q. Simmons,' H. Miiller,"?*t J. Khoury”®

If dark energy, which drives the accelerated expansion of the universe, consists of a light
scalar field, it might be detectable as a “fifth force” between normal-matter objects, in potential
conflict with precision tests of gravity. Chameleon fields and other theories with screening
mechanisms, however, can evade these tests by suppressing the forces in regions of high
density, such as the laboratory. Using a cesium matter-wave interferometer near a spherical
mass in an ultrahigh-vacuum chamber, we reduced the screening mechanism by probing

the field with individual atoms rather than with bulk matter. We thereby constrained a wide class
of dark energy theories, including a range of chameleon and other theories that reproduce

the observed cosmic acceleration.

' 1 2 2

Cavity
mirrors

Height

2T Time
C ~7 . Surbi ed
N il
hSS
Vacuum Al
chamber sphere Unscreened

r

Fig. 1. Screened fields in our experiment. (A) The vacuum chamber (radius, 5 cm; pressure, ~6 x 1072
Torr; mostly hydrogen) holds a pair of mirrors forming a Fabry-Perot cavity and the aluminum source sphere.
Laser beams pass through a 1L.5-mmrradius hole in the sphere (radius of the sphere, 9.5 mm). A Mach-Zehnder
interferometer is formed using cold cesium atoms from a magneto-optical trap at an effective distance
of 88 mm from the sphere surface (not shown). (B) Photons in three flashes of laser radiation that are
resonant in the cavity impart momentum to the atoms, directing each atomic matter wave onto two paths.
(C) The potential generated by a macroscopic sphere as a function of distance from the sphere’s center.
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Precision measurements of Space-Time Explorer and Quantum
Lense-Thirring effect Equivalence Principle Space Test

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

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

Light-Pulse Atom Interferometer: ,
- Test the Weak Equivalence

AD =2k a TZ Principle (WEP) to below 1013

with quantum test masses.

/'_@_,’L@ - Measure the fine struc'fu.re
ﬂl // constant (o) t'o 1012 precision
w2 '/ ﬁ /2 for most precise test of QED.
'@gf_/ t - Most precise primary mass Gravity effects on two different atomic species
S - o > / standard in the proposed SI. (¥Rb and 3°Rb) are compared in space.
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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, g, # g, , k. =2k

— Bragg pulses couple two momentum levels, same electronic, g, = g,, k.= 2nk
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Fig. 1. Light-pulse atom interferometer diagram
Fig. 2. Atom interferometer fringes as observed in our laboratory prototype
instrument [6]. The phase of the final Raman 7/2 pulse was scanned to
generate the characteristic interferometer fringe.

Sensitive to inertial forces and rotations
AP =k f - CLT2 Simple phase readout from final atomic states:
a — (S

A®,,, = 2m(Q- A)/h P = 3(1 — cos(A®))
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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 dv=1pm/s, 6z=1pm, 8Q=103Q,s5, a = 100 a,, n, = 2 x 108/cm3, 2T = 20s

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

keﬁ‘YZz (0z+ 5\/T)T2 =30x 10—12g

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

—ZkeﬁévzégyTz =26x10"g

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

(4zha; [ mn; ApT = 3.8 x 10 "¢

Dual-Species
e (87Rb ,SSRb)

Atom Interferometer
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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 dv=1pm/s, 6z=1pm, 8Q=103Q,s5, a = 100 a,, n, = 2 x 108/cm3, 2T = 20s

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

k 8z+0vT)T?> =3.0x107" :
oV 22 <¢_ ) 5 Orders of magnitude

Rotations (centrifugal and Coriolis) enhanced cloud overlap
+ Reduces signal contrast and systematics from dw necessary for WEP tests.

2k, VDQ T =2.6%x10"¢

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

(4zha; [ m)n, ApT = 3.8 x 10 "¢

Dual-Species
(87Rb ,SSRb)
Atom Interferometer
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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 dv=1pm/s, 6z=1pm, 8Q=103Q,s5, a = 100 a,, n, = 2 x 108/cm3, 2T = 20s

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

k 8z+0vT)T?> =3.0x107" :
oV 22 <¢_ ) 5 Orders of magnitude

Rotations (centrifugal and Coriolis) enhanced cloud overlap
+ Reduces signal contrast and systematics from dw necessary for WEP tests.

2k, VDQ T =2.6%x10"¢

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

(4zha; [ m)n, ApT = 3.8 x 10 "¢

Contrast loss from A® across the cloud:

Phase Term Ad at T = 0.5s T = 10s Notes W 7+ VZT
kerpgT? 3.9 x 107 1.6 x 10'Y  Gravitational v
f r )]

1
2 2k (2 x V)T 0.9 370 Coriolis @
3| keppyas(z +0.T)T? 0005 4.2 Gravity Gradient Dual-Species
4 (47ha/m)neT 03 0.6 Mean Field Shift (8Rb 35Rb)
e Atom Interferometer
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e Study #1: Low-energy Feshbach physics to prepare highly-
overlapped dual-species atomic gases in microgravity.
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Fermi Gases: BEC-BCS

Universal Few-Body Physics

Dipolar molecules

Strongly Correlated Physics

e
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Atom ch. € € By(G) A(G) anglag dplpp  Sees Ty 4 Reference
¥K aa s s 4024 -52 -29 15 21 -047 049 D’Errico et al., 2007
K bb p p 1984 na na 0.134 na na na Regal et al., 2003b; Ticknor et al., 2004*
bb p p 1988 na na 0.134 na na na Regal et al., 2003b; Ticknor et al., 2004
ab s s 2021 8.0 174 1.68 22 28 3.1 Regal et al., 2004*
ac s s 2242 9.7 174 1.68 27 28 3.8 Regal and Jin, 2003*
8Rb ee s s 155.04 10.7 -443 -233 28 =56 80 Claussen et al., 2003
5Rb aa s s 10074 0.21 100 2.79 013 127 0.08 Volz et al., 2003; Diirr, Volz, and Rempe, 2004*
aa s s 911.7 0.0013 100 271 0.001 127 0.0006 Marte et al., 2002*
aa s s 6854  0.006 100 134 0.006 127 0.004 Marte et al., 2002; Diirr, Volz, and Rempe, 2004*
aa s s 4062 0.0004 100 2.01 0.0002 127 0.0001 Marte et al., 2002*
ae s s 913 0015 998 200 0.008 127 0.005 Widera et al., 2004
¥K¥Rb aa s s 3179 7.6 34 20 074 050 0.18 Simoni et al., 2008
YK®Rb aa s s 5469 -3.10 -189 230 1.96 -2.75 2.70 Pashov et al., 2007; Simoni et al., 2008
4K ERb aa s s 39 37 284  1.65 258 4.11 53.0 Simoni et al., 2008; Thalhammer et al., 2008
YK¥Rb aa s s 79 1.2 284 1.59 081 4.11 1.66 Simoni et al., 2008; Thalhammer et al., 2008
SRb¥Rb ec s s 2654 58 213 Papp and Wieman, 2006
SRb¥Rb ec s s 372 1 213 Papp and Wieman, 2006

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

=
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— c ! i
= I [@)]
L o £
“ES' ©
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_ L L L " L ' -800 '
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Atom ch. € € By(G) A(G) anglag dplpp  Sees Ty 4 Reference
YK aa s s 4024 -52 -29 15 21 -047 049 D’Errico et al., 2007
K bb p p 1984 na na 0.134 na na na Regal et al., 2003b; Ticknor et al., 2004*
bb p p 1988 na na 0.134 na na na Regal et al., 2003b; Ticknor et al., 2004
ab s s 2021 8.0 174 1.68 22 28 3.1 Regal et al., 2004*
ac s s 2242 9.7 174 1.68 27 28 3.8 Regal and Jin, 2003*
%Rb ee s s 15504 10.7 -443 -233 28 -56 80 Claussen et al., 2003
5Rb aa s s 10074 0.21 100 2.79 013 127 0.08 Volz et al., 2003; Diirr, Volz, and Rempe, 2004*
aa s s 911.7 0.0013 100 271  0.001 127 0.0006 Marte et al., 2002°
aa s s 6854  0.006 100 134 0.006 127 0.004 Marte et al., 2002; Diirr, Volz, and Rempe, 2004*
aa s s 4062 0.0004 100 2.01 0.0002 127 0.0001 Marte et al., 2002*
ae s s 913 0015 998 200 0008 127 0.005 Widera et al., 2004
YK¥Rb aa s s 3179 7.6 34 20 0.74 050 0.18 Simoni et al., 2008
OKSRh _gg s s 5469 310 189 2130 196 =275 270 Pashov e gl 2007: Simoni et gl 2008
4K ERb aa s s 39 37 284  1.65 258 4.11 53.0 Simoni et al., 2008; Thalhammer et al., 2008
“K¥Rb aa s s 79 1.2 284 1.59 081 4.11 1.66 Simoni et al., 2008; Thalhammer et al., 2008
SRb¥Rb ec s s 2654 58 213 Papp and Wieman, 2006
SRb¥Rb ec s s 372 1 213 Papp and Wieman, 2006

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

| 90 x 107 Dimer Size: <I”> =a/2
=l 2
2 T Binding Energy: E, =~ —
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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 kg*1 nK.

KA ) /B 5 ) /C ) [D 8Rb )
O ’ B ‘ 0 41K
o308s P - - na A 87 41
O &~ & :’ ® @ @ @ @¥Rb-4K
1 o) & @& O o o
y o i O ) ° ® o
E E E E
“@-@— | B-Bo @ | B-Bo — | B-Bo — | B-Bo
""""""""""" e | e g
N J \" AN ) U y

* (A) Start with ¥'K-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.
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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 Al requires:

e Sufficient preparation of heteronuclear gases.
— Ultra-low temperature
— Long lifetime
— Negligible heating

e Sufficient control of external forces/perturbations.
— Magnetic fields and gradients, stray light, vibrations ...

e Sufficient detection to measure overlap.

NASA Fundamental Physics Workshop, April 11, 2016 18
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Three-body Recombination
System So Cs Cs aplag) a«(ag) n

STRbS"RbMK 0.644 340.1 10.3 2800 230 0.12

9 g—> %—) 8\6 + Erel STRHUKHK 0.246 139.3 22.9 7000 —  0.02

Helfrich et al., PRA (2010); Wang et al., PRL (2012);
Bloom et al., PRL (2013); Barontini et al., PRL (2009)

0
Ly = L—?)? L= 32721 — e
L+ L5/ L8 T W TR

. 9 .19
In & h 4
L=y (solnzf)+sinh™n @' g i eral., PRL (2004): Helfrich et al.. PRA (2010);

an)
BSinh2<ﬂ'80 +1) + cos?(soIn ) mx’

109 (a) ] 104 — ¥ Rb+*"Rb+*'K : : -
T = 1nK T-10 T = 1pK
‘ = 10pK
n =4 x10°/cm? \
107 - (n~10°cm™3)
100 T = 100pK i
105 } 1 2 na4dx10%cm =3
= 8TRb +41 K 141 K z ( )
N g 1F T = 1nK i
— 1000 } o=
g © (n~108cm™?)
= o N—
= s T = 100K
10} 1072 | (n~4x10%cm™?) |
87 87 41 T = 100nK
0.100 b 87 (n~10Tem™)
- .| VRb T~T,
1074 L (n=4x10"%ecm™7) |
0001 1 1 L 1 L
100 1000 10* 105 108 ' '

100 1000 10° 105 108

a (ap) .
Scattering length (ag)
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Atom-diatom inelastic collisions

System So Cs Cs aplag) a«(ag) n

STRbS"RbMK 0.644 340.1 10.3 2800 230 0.12

6\664 %—) 8\6 + Erel STRHMKAIK 0.246 139.3 229 7000 —  0.02

Helfrich et al., PRA (2010); Wang et al., PRL (2012);
Bloom et al., PRL (2013); Barontini et al., PRL (2009)

0
/B — /8 ﬁu - 27T1/2 1 — 67477
1 + BO/BU, B Had (2,uadjj)1/27
g =c sinh 2n % D’Incao et al., PRL (2004); Helfrich et al., PRA (2010);

ﬂsinz(so In ) + sinh? n mx’

(b) (b) 10* 7RI K45TR
T = 1nK o
_ 9, 3
0l n=4x10"/cm ]
5t 1 100 - 1
. — T'=10pK (n=4x10%m—3)
< “K¥Rb + K Z
= ) T = 100pK N
g L | 108~
g = | N e
0.50 k3
: E T =1nK (na4x10%m=?)
10—2 i \/\T = 10nK (n~10em—3) |
0.10 411,87 ]7 T = 100nK
K®'Rb +°" Rb \/ (n=4x102cm™3)
0.051
100 1000 104 109 108 1074 s s s : :
a (a0) 100 1000 104 105 108

Scattering length (ag)
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Feshbach Molecule Association

1, D)rp + |1, 1)k

&e e
AFE
(hQ) (association)
9 """ I' E
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Association probability:

P.(E,T) =

Qm

m
eff
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Feshbach Molecule Association
1, Dro + |1, 1)k Association probability:

Ey 2 ] m
% ____]_:_h{]:_ Pm(E, ,7_) _ e—’yt/2 (Q_:Z) ‘ sin (610"1 QleTT)

eff

2

Y
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Feshbach Molecule Dissociation
[1,1)ge + |1, 1)k Dissociation probability:

)

[1,0)gp + [1,1)

0/27 (Hz)

No/Np

Molecular Association/Dissociation

2

Y

oo (N (e, QB
pation) = (g ) Jsn (55

(Dissociation under CAL conditions)
(T = 1nK, n = 4 x 10° /cm?)

K Py =-p, =+m;ho

0.7 Fr T T T 1 T = -I T T T T T T T

z [l
06¢ Na /N, 1 osl|| Ne/Nm ]
05F ]

I 1 o6l |A/2n ;
04f ] I .

[ A/2m ] T  A/2n~152Hz

i ] : hA ~ 0.70K
0.3r A/271 ~ 47.1Hz 1 04l ( )

[ (hA ~ 2.30K) ] s
0.2f ]

[ 1 o02f
0.1H ] I
0.0f 1 0.0}

0 50 100 150 200 250 300 0 20 40 60 80 100 120 140

0/2m (Hz) 6/2m (Hz)
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87
» Extrapolating measurements of 8’Rb-*'K dimers” to CAL e

2 long-lived, ultra-low-energy molecules in freefall. i 4{; 11K ; Hyperfine state |f,m;) = [1,1)

Tc (@mK) Ey Molecule #  n, (atoms/cm?) Lifetime Op— — — — —_—_ —_ == - — =
LENS* 200 40% 1.2 x 104 5x 101 60ps — Sms / .':
> 100ms -200

8"Rb : Hyperfine state | f,m;) = |1,1)

NASA/CAL |1 70% > 10% 4 x 10°

BEC condensate temperature (T.), Feshbach molecule conversion efficiency (Ejs), total
molecule number, peak single-atom densities (ng) and Feshbach molecule lifetime (7) comparisons
between the realized K8 Rb ultracold gas at LENS and the corresponding parameters expected
for these dual-species gases on the NASA/CAL facility.

-600 J/
* C. Weber ef al., “Association of ultracold double-species bosonic molecules” Q“e L

Phys.Rev. A,78,061601 (2008) T
~8005 20 40 60 80 100 120

-400f

Binding Energy (kHz)

Magnetic Field, B (G)

e (Qravitational sag (reduced cloud overlap):
— Requires stronger confinement -> higher T, n, e
— High A-D and D-D loss rates (t7!). 10 |
— Constrained by thermal energy (few 100s nK).

107 |

Radius (pm)

e On the ISS (microgravity):

1072}

— Unconfined gases, n, and T reduced by ~ 103 o1} \
— Molecule lifetime increased to ~ 1s 10-6 _ e
— Kinetic energy (few 100s pK) unexplored for FR physics w/2x(Hz)

Parameters: arp, = 100ag, ax = 60ag,
Ngp =2 x 10°, Ng = 3 x 10*
NASA Fundamental Physics Workshop, April 11, 2016
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Error Budget

Preliminary Error Budget for 8Rb and *'K CM overlap

Systematic CM position | CM velocity | Comments

1 | 1% Order Zeeman 0.17nm 34nm /s Mitigated by dissociating *'K and
8"Rb to the clock states.

2 | 2" Order Zeeman < 0.1nm 2nm/s Independent of B-field magnitude
by field-direction modulation.

3 RF Photon < Spm < 0.5nm/s | Recoil from 35 MHz RF pulse at
dissociation.

4 Vibrations < 4nm Camera movement over 1 ms as-
suming S(g) < 3 x 10~7¢g*/H z.

5 Gravity < 50pm Assuming 10 ug residual acceler-
ation and 1 ms imaging delay be-
tween species.

6 Imaging Light < lpm Off-resonant scattering of *'K
atoms during imaging pulse for
8TRb.

Total <5 nm < 35 nm/s

Assuming B = 1 Gauss and AB = 10 mGauss/cm, detection 10ms after dissociation, RF spectroscopy
and Stern-Gerlach separation to characterize fields to a part in 10°.

NASA Fundamental Physics Workshop, April 11, 2016
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11, Drb +[1, Dk

11,0)rp + |1, Dk

e Explore two-photon RF (8’Rb) + microwave (*'K) dissociation to
eliminate systematics from 1% Order shifts.

HEK|1,1) +57 Rb|1,1) =41 K2,0) +%7 Rb|1,0)
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Preliminary Error Budget for 8Rb and *'K CM overlap

Systematic CM position | CM velocity | Comments

1 | 1% Order Zeeman 0.17nm 34nm‘s Mitigated bx dissociating 41K and
Rb to the clock states.

2 | 2" Order Zeeman < 0.1nm 2nm/s Independent of B-field magnitude
by field-direction modulation.

3 RF Photon < Spm < 0.5nm/s | Recoil from 35 MHz RF pulse at
dissociation.

4 Vibrations < 4nm Camera movement over 1 ms as-
suming S(g) < 3 x 10~7¢g*/H z.

5 Gravity < 50pm Assuming 10 ug residual acceler-

ation and 1 ms imaging delay be-
tween species.

6 Imaging Light < lpm Off-resonant scattering of *'K
atoms during imaging pulse for

8TRb.

Total <5 nm <3 nm/s

Assuming B = 1 Gauss and AB = 10 mGauss/cm, detection 10ms after dissociation, RF spectroscopy
and Stern-Gerlach separation to characterize fields to a part in 10°.
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e Study #2: Technology maturity of precision Als for
fundamental physics studies on the ISS.

NASA Fundamental Physics Workshop, April 11, 2016
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Spatially constrained Al

n/2 pulse n/2 pulse n/2 pulse n/2 pulse

(.02‘ 0.)2‘ (.02‘ (.02‘
. 1
/’ /’

Demonstrate AI atom-photon coherence beyond ~ 2 seconds* for 3’Rb.

« Constrained Bragg beam path length (~2”) and imaging region (~10mm) on CAL
prohibit MZ Al with 2T > 1.5 s.

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

*Current record is 2T = 2.3s by S. Dickerson ef al., “Multiaxis Inertial Sensing with Long-Time Point Source Atom

Interferometry” PRL, 111, 083001(2013)
NASA Fundamental Physics Workshop, April 11, 2016
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ISS rotation noise measurement from Al-induced phase fringes.
* For 2T = 1s, 1nK ¥Rb cloud (0, is the thermal Gaussian width), and
Q= Q= 27/9 1 min:
2k, (R2x 0, )T* =3.6rad

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

NASA Fundamental Physics Workshop, April 11, 2016 30
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Objective

ISS Rotation Noise Measurements

Atom Chip Bragg
\ - _, Retro Mirror
ez " )
Gas Cooling & ,‘
Imaging Initial Al ! Detection
Collimator Position E 8ystem
'\\ i
Science e |
~ 10mm Imaging
Cell Region
Folding Bra
g Mirror Bea?ﬁ
|

Velocity of station is into the page.
This is the ideal orientation for imaging fringes

Amplitude (Arb)

I I I I I 1
0 10 20 30 40 50
Pixel

(Top) Simulated fringe pattern on single-
shot 8’Rb 2D density profile from DC
angular velocity of the ISS with T = 0.5s Al
and Ng; = 10°. (Bottom) Line profile after
vertically averaging and fit (blue) to extract
fringe spacing to a part in 102
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» Potential follow on studies

NASA Fundamental Physics Workshop, April 11, 2016
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Follow-on investigations of the dual-species Feshbach molecule studies:

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

X A
Delta kick cooling:

1) Evaporative cooling and release of
the gas from a harmonic potential
for a time 7,

|

2) Brief pulse of potential for time 7, | — S
minimizes velocity distribution 4 Iy Ty + I t

when:

Mass dependence of the trapping potential:
hte=1w? w. | w; =m, / m, makes dual-species DKC difficult.

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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o "/ | Enhanced Sensitivity on § near FR
S ] * "% e Incold collisions, the scattering phase shift
‘Q 04 £ . o« .
“;"‘“‘ | L8 18 very sensitive to changes of the electron-
g s I77.8I 78.I0 7'8.2 I78.4I I786 7'8.8 ‘79.0 g pI’OtOIl mass I'atiO :
ié -50+ .o,szfo —
-y ” ¢ ~(Vimy)2~ (m/m)"2= = B2
PRGN i 7 Current best estimate of
Magnetic field (G) time-variation of f3:
Near narrow Feshbach resonances,
. AB/B <2 x10V/yr
enhancement of the scattering
length gives with knowledge of da/a to 10°,
Aa/a = K 3B/p can expect in one year:
15 18
where K can be as large as 10° — 1012, AB/B < 10> - 10-"/yr

* 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. C6té Photoassociation of ultracold molecules near a Feshbach resonance as a probe of the electron-proton mass ratio,

Journal of Molecular Spectroscopy 300, 124 (2014)
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Follow-on investigations derived from the dual-species Feshbach molecule studies:

Test quantum wave nature of large
s-wave “halo” molecules

3

Potential Follow-0n Studies

[%(r)]* % 10°

20T X o[ (4) ]

<r> > 500 nm for a > 10,000 a, Nfg 'T

S

oE 0 /\/,\/\/ 0
Scattering of quantum particles S .
with internal structure from a slit. = -t — 5
(Quantum Ulm sparrow) < l’> —al?
B. Shore et al. (2015) New J. Phys. 17,013046 4

o 1 10 100
r/rvdW
KDTLI Interferometer

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

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

NASA Fundamental Physics Workshop, April 11, 2016
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Dave Aveline

Special Thanks to:
Rob Thompson, Anita Sengupta, Kamal Oudrhiri,
Sheng-wey Chiow, Nan Yu, and many more!
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Thank You.
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Backup Slides
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Differential cloud CM: Az =" ("3 _ My,

Analysis

; N87 N41
a) 0 20 40 60 80 b)
40x10° — .
L ° °
o ° *® o0 ¢
Z; 20 . % ° Te °® ° ° o
o
g I'\ 0 - ) . .o.o " ..Q ® ° o ® o .0.~0. .. o
Z°° 0.0 .. ° , Y o ©®
., ® ° b e ¥y °
8 -20 — Y ° Se0 ® d
° Ce® o
® °
= | | | | |
0 20 40 60 80
Pixel
a) Simulated 8’Rb absorption image with Ng, = 10° and 0.035 OD noise/pixel.

b) Line profile for differential ’Rb and 'K images with 40nm CM displacement,
vertically averaged over ROI (blue lines) and averaged over 10° measurements.

Detect Ax < 22 nm (Av < 300 nm/s)
for Ng; = N,; = 10* and 1000 measurements.

NASA Fundamental Physics Workshop, April 11, 2016
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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 dv=1pm/s, 6z=1pm, 8Q=103Q,s5, a = 100 a,, n, = 2 x 108/cm3, 2T = 20s

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

keﬁyzz (5Z + (SVT)T2 =30x lo—lzg

Detection Limits:
Av < 300 nm/s = nearly 3 X improvement
Ax < 22 nm < nearly 100 X improvement

Error Budget Limits:
Av < 3 nm/s & nearly 10° X improvement
Ax < 0.1 nm 9 nearly 10* x improvement

NASA Fundamental Physics Workshop, April 11, 2016 40
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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 dv=1pm/s, 6z=1pm, 8Q=103Q,s5, a = 100 a,, n, = 2 x 108/cm3, 2T = 20s

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

keﬁyZz (5Z + (SVT)T2 =30x 10—128

Detection Limits:
Av < 300 nm/s =& nearly 3 X improvement

Ax < 22 nm < nearly 100 X improvement

Mitigation: ST = y_T°
* Time-asymmetric Mach-Zehnder configuration (i.e. open Al) . )
EY S 58
2 ~14 e
K. (2, + v+ v ol <107 g B i o
) 1) b

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

NASA Fundamental Physics Workshop, April 11, 2016 4
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Magnetic Field Error Budget

Preliminary Error Budget for 8Rb and #K CM overlap

Systematic CM position | CM velocity | Comments
1| 1%t Order Zeeman 0.17nm 34nm /s Mitigated by dissociating *'K and
8TRb to the clock states.
2 | 2" Order Zeeman < 0.1nm 2nm/s Independent of B-field magnitude

by field-direction modulation.

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

e Requires characterization of B and AB to a part in 10° using
Stern-Gerlach and RF spectroscopy:

1°* Order Zeeman (|1,1))

2" Order Zeeman (|1,0))

87Rb
41K

1.6nm/ms?
3.4nm/ms?

2.6pm /ms?
151pm /ms?

Magnetic field dependent accelerations for B = 1 Gauss and AB = 10 mG/cm

2nd Order can be modulated to zero with B-field reversal due to:
F =2haBAB

NASA Fundamental Physics Workshop, April 11, 2016
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10° 3
] — 10"
- 9
i ~ — 10
5 8
10° =2 - 10
- o 7
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i @
_ ] £ ~10°
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AN —10° o
~ 10 S
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g
107 3
10° 3
| | |
50 100 150
Trap Frequency/2x (Hz)

Figure 1: Calculated beam waist and optical power requirements as a function of the optical trap frequency for
compensation of the earth’s gravitational force, assuming a magic wavelength ODT for “Rb and *K with J ;. ~
812 nm. The insert gives the corresponding single-photon scattering rates for ¥’Rb and *K.
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Equations for contrast and number loss

In the point-source approximation, the contrast (over the entire cloud) 1s
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 Al pulse.

where: ay?

1 2(a§+kB—Tt2)

1) n(xay’t)=

271(03 + el tz)

_2X2+y2 Z‘
2
w

2) NEF(x,y,t)= Asin’

Contrast and Loss functions of:

f n(x,y,t)* NEF(x,y,m/Q,)dxdy

NASA Fundamental Physics Workshop, April 11, 2016
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> Adiabatic rapid passage calibration suggest >
20 kHz well within grasp (sub-1W) (F=2 helps?)

[S—
.
S

LI —

208" i . )
o 0.6 -
i
» I
B [
2 04+ 1
8 -
=
02+ .
00—+ + 1 I
=95 =00 =I5 =10 =5 0 5 10
RF power [dBm]
sweep~0.5 Mhz/ms .
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e (Correlations in dissociated FM

P

—p, =+/m.ho

Data Analysis

Dimer Size: <I’> =al/2

[1, Dre + [1, 1)k

T ne

[1,0)rb + |1, 1)k

PRL 94, 110401 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 MARCH 2005

M. Greiner,* C. A. Regal, J.T. Stewart, and D.S. Jin®

Probing Pair-Correlated Fermionic Atoms through Correlations in Atom Shot Noise

e Fine-structure extracted from noise correlations:

Gap(r,r') = (a(r)ng(r')), —

o
w

correlation G
o
N

o
-

o

|

correlation G(A$=0)

(0

(r))¢(25(x")),-

— Correlations in rotation-angle of images insitu & TOF

e o 9o
o N B >

o -
® C
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T s s xx X
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Map developed by NOAA/NGDC & CIRES
http:/ngdc.noaa.gov/geomag/WMM
Map reviewed by NGA and BGS
Published December 2014
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T S RQPONM L K

Measure atom numbers and densities for 3’Rb and either
4K or K, sympathetically cooled to ~ 7. for both species.
100 - 500 measurements over 1 — 3 days

Characterize heteronuclear Feshbach molecule creation in
a dual-species 8’Rb and #'K gas using RF association.
~ 1000 measurements over 1 week

terminal: A B CDEFGH 1 J

Demonstrate and characterize purlﬁcatlon schemes to JPL’s GTB lab model (left) with a flight-like vacuum system and a

remove free atoms from molecular gas. utility chip (right) offering an array of traces for a range of trap
~ 500 measurements over 3 d ays configurations, able to resemble the CAL atom chip traps.

Characterize the 3’Rb and 'K three body and atom-molecule loss spanning a range of fields from near
resonance (B, = 38.4 Gauss) to near zero.
~ 1000 measurements over 1 week

Measure the |1,1) — |2,0) microwave Rabi frequency for #'K and explore the feasibility of making microwave +
RF two-photon transitions to dissociate atoms into the my = 0 magnetically insensitive states

HEKI1,1) +57 Rbj1,1) =4 K2,0) +57 Rb|1,0).

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

Demonstrate Bragg Al with single-species 8’Rb, dual-species 8’Rb-K, and 8’Rb-*'K.
~ 1000 - 2000 measurements over 1 week for characterization and optimization

Image and characterize Al phase fringes artificially induced with short-T Als.

~ 500 measurements over 3 days
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Atom Chip Metal — not to scale
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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, g, # g, , k. =2k

— Bragg pulses couple two momentum levels, same electronic, g, = g,, k.= 2nk

z n/2 pulse 7 pulse n/2 pulse
+  (beamsplitter) (mirror) (beamsplitter) &, p, + hky)
w2z ‘ w2z ‘ w2z ‘
c 1)
. —
|2)_..~"' Letd > ——
a . o ot |2) hk1 hk2
0F - @
1) 1) b
W4 t W ' W1 t
1 1 1 > t
0 T 2T 192, P, + hiky + k))
Fig. 1. Light-pulse atom interferometer diagram
191, P2)

Two discrete energy and/or momentum
states coupled with 2-photon transitions
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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, g, # g, , k. =2k

— Bragg pulses couple two momentum levels, same electronic, g, = g,, k.= 2nk
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Fig. 1. Light-pulse atom interferometer diagram
Fig. 2. Atom interferometer fringes as observed in our laboratory prototype
instrument [6]. The phase of the final Raman 7/2 pulse was scanned to
generate the characteristic interferometer fringe.

Sensitive to inertial forces and rotations
AP =k f - CLT2 Simple phase readout from final atomic states:
a — (S

A®,,, = 2m(Q- A)/h P = 3(1 — cos(A®))
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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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FIG. 37. Fast collisional decay of Na, Feshbach molecules.
The molecules are trapped (a) alone or (b) together with at-

— Resonant light ¢ ‘bIOW—away, ’ oms. From Mukaiyama et al., 2004.
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RF Feshbach Association

PHYSICAL REVIEW A 78, 061601(R) (2008)

Association of ultracold double-species bosonic molecules

C. Weber,|~3 G. Barontini,I J. Catani,"2 G. '1"halhammer,l M. [nguscio,l'2 and F. Minardil‘2
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FIG. 1. (Color online) (a) Molecular radio-frequency associa-
tion: two free atoms with relative kinetic energy E,;, are resonantly
transferred to a molecular level by modulating the magnetic field.
The inset shows the remaining atom number after a variable asso-
ciation time. The solid line is an nonexponential fit to data (see
text). (b) Spectrum for an association time of 30 ms, B=78.25 G.
The solid line is a fit with the line shape described in the text.
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FIG. 2. (Color online) (a) KRb binding energy and three-body
losses for the Feshbach resonance at 79 G: triangles show the ex-
perimental binding energies, circles the atom number. The dash-
dotted black line shows the theoretical prediction for E,; the solid
blue line is the same curve, but translated by —0.24G. The solid red
line represents a Gaussian fit to the atom number. The vertical
dashed lines show the position of the FR as determined by the
three-body losses (red, left) and the binding energy (blue, right). (b)
Same as above, for the FR at 39 G. Note the widely different scale

of x axis. Here the theoretical model for Ej is shifted by —1G.
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Adiabatic conversion efficiency Molecular lifetimes

PRL 97, 180404 (2006) FHISICAL REVIEW LELIEKRS 3 NOVEMBER 200¢

Observation of Heteronuclear Feshbach Molecules from a 3Rb-*’Rb Gas

S.B. Papp™ and C. E. Wieman O

JILA, National Institute !\Iulllrl mII /m ology and University of Co 1 rll Boulder, Colorado 80309-0440, USA
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Figure 6.6: Heteronuclear molecule conversion efficiency at the 265 G Feshbach reso- Addltlonal IOSS meChanlsmS fr om
nance as a function of 8"Rb T/T,. At our largest conversion efficiency the $°Rb gas has d- d 11 o .
T/T. = 2.6. The solid line shows a simulation based on our conversion model, and the mer-aimer collisSions

dashed lines represent the uncertainty. The conversion drops below T/T. = 1 since the
BEC is spatially smaller than the thermal 3°Rb gas and the conversion process depends

on the proximity of two atoms in phase space. Some of the data for this figure has been LOS S Scales With n 02

Conversion efficiency 3sgales with BRudimersiontimizedstor
PSD o ny/T low T and low n,
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e Stern-Gerlach purification:

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

Purification

15t Order Zeeman (|1,1))

271 Order Zeeman (|1,0))

87Rb
41K

160nm/ms? x AB
340nm/ms? x AB

260pm/ms? x BAB
15.1nm/ms? x BAB

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

The acceleration of the FM is:

amol = umolAB Mmol

where: M, = Mg, + My and Lo = Hgy + P

Assuming AB ~ 20 Gauss/cm and t = 30ms:
Millimeter separations of 3’Rb, 4'K, and 8’Rb-*'K

(>> few 0.1 mm cloud widths).

Vertical Displacement (mm)
(9) piai4 onaubepy
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Stern-Gerlach separation of Cs, molecules
from a BEC. Figure from M. K&ppinger et
al. (2014) NJP 16, 115016
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Purification
Resonant light purification: .
N\ -
Selective transition of 8’Rb and 2p k=
4K atoms fromF=13>F=2 3/2 =1
with low-intensity microwave. F=0
High-intensity “blast” light
resonant with F=2 > F=3
transition.
2
High selectivity of this double- S 1/2 | F=
resonance method minimizes
molecular heating/loss.*
=1
00—

*F. Lang et al., “Long-lived feshbach molecules in a
three-dimensional optical lattice” PRL, 96, 050402 (2006)
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Atom Chip
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Contrast and atom loss from thermal expansion in Imm (1/e?) Bragg beam:
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Contrast loss from thermal Doppler width of atoms:

®'Rb at 1nK | ®Rb at 100pK | ¥K at InK | **RK at 100pK
Doppler Width 394 Hz 125 Hz 589 Hz 186 Hz
Peak NEF*® 0.798 0.977 0.622 0.949
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Vibrations are considered for: e
— xSz High pass filtered
1) Possible atom loss from colliding with —— at 0.03 Hz
vacuum chamber wall.

AU

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

T T T T T T T
-600 -400 -200 0 200 400 600x10°
Displacement (m)

sams2, 12104 -
‘GMT 001/01‘ —Jan-2015‘ ) 23.7 hours

2) Doppler shift when light reflects off a _—
vibrating mirror, need to be constrained 121F04
less than Bragg diffraction bandwidth.

| <20% Contrast Loss |

* A 100us Gaussian Bragg pulse has a
bandwidth of 10kHz.

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

Frequency (Hz)
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#1:
Low-energy Feshbach physics to prepare highly-overlapped

dual-species atomic gases in microgravity
- Negate all systematics scaling with 6r and dv.
- Molecular state-control at kg*1 nK.

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

After disassociation, for each particle-pair, the

positions (dr) are correlated and momenta (dp)
anti-correlated'. T B2 x 102
p2 = -pl NE . ,\,\/\/
Dimer Size: <I’> =al/?2 = 0
At a =3500q, and T = 1nK, o dlraw
Ov ~ 750 wm/s and <r> =200nm ol i » 1':>W ito

*M. Greiner et al., “Probing pair-Correlated Fermionic Atoms through Correlations in Atom Shot Noise”

PRL, 94, 110401(2005)
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The high angular velocity of the ISS
(82,45 = 271/91 min) is considered for: Al

1) Atom drift relative to the Bragg beam:
Ax =140 microns at 1s, not negligible.

2) Spatial phase fringes due to the Coriolis force. Here, the phase shift for 3’Rb
at the 1/e thermal width for 7= 0.5s and Temp = 1 nK:

AD=2 k(55 x 2kgTemp/m ) T°= 3.9 rad

* The contrast would be almost completely
washed out for this AI without imaging
detection! or rotation compensation?

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
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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
| te 41ib
Z  @¥Rb-K

|

Pm =Pa + 21;lkeff

Ve e
® g =%g

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

Representative time-space diagram of atom-atom and atom-molecule interferome-
ter topologies with 41K and ®"Rb. In each case, the differential wave packets are undergoing a
Mach-Zehnder-like interferometer with a series of beamsplitter (a), mirror (b), and recombination
(c.1,2,3) pulses. Using weakly-bound molecules as the interferometer input, novel matter-wave
interferometer topologies can be explored with atoms and molecules populating the different arms
of the interferometers. Dual-species Al with free fall atoms are also shown for reference.
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