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Abstract: <span>Precision atom interferometry is poised to become a powerful tool for discovery in fundamental physics. Towards this end, | will
describe recent, record-breaking atom interferometry experiments performed in a 10 meter drop tower that demonstrate long-lived quantum
superposition states with macroscopic spatial separations. The potentia of this type of sensor is only beginning to be realized, and the ongoing
march toward higher sensitivity will enable a diverse science impact, including new limits on the equivalence principle, probes of quantum
mechanics, and detection of gravitational waves. Gravitational wave astronomy is particularly compelling since it opens up a new window into the
universe, collecting information about astrophysical systems and cosmology that is difficult or impossible to acquire by other methods. Atom
interferometric gravitational wave detection offers a number of advantages over traditional approaches, including simplified detector geometries,
access to conventionally inaccessible frequency ranges, and substantially reduced antenna baselines.</span>
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Light Pulse Atom Interferometry
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Equivalence Principle
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Projected Sensitivity

10 m atom drop tower
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Equivalence Principle Test

Violations of EP due to fifth forces

. Rb vs. 7Rb predicted bounds
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Apparatus

Atom Optics & Lattice Beam
-«———— Delivery Enclosure

=
= 3

t_,n*",gjg -« Upper Detection Region
o=

EE
& T [

(<) E

éi i

- 3 «——— 3 Layer Magnetic Shield
% 82m - ) (<1 mG on axis)
E .

e !

& i

;"3_, 1

= !

é,”,— -«——— Rotation Compensation
System

- Tm -

STANFORD UNIVERSITY —

Pirsa: 14060016 Page 7/26



Interference at long interrogation time

il

Wavepacket separation at
. o %o apex (this data 50 nK)

N +Ns | o o e 2T = 2.3 sec

e e  13nK Near full contrast

ol—=_*° 6.7x1012 g/shot (inferred)
Tnal

Demonstrated statistical resolution:
Interference (3 nK cloud) ~5 x10'3 g in 1 hr (¥7Rb)

STANFORD UNIVERSITY Dickerson, et al., arXiv:1305.1700 (2013)
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Large momentum transfer atom optics

Sequences of optical pulses can be used to realize large
separations between interferometer arms.

Example
interferometer
pulse sequence

Height (mm)

5.0 55 6.0 6.5 70 75 80

Time (ms)

Chiow, PRL, 2011 (4
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LMT in 10 m apparatus

LMT using sequential Raman transitions with long interrogation time.
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General Relativity Effects

Schwarzschild metric, PPN expansion:
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General Relativity Effects

Schwarzschild metric, PPN expansion:

ds> = (1 +2¢ +2B¢*)dr* — (1

dv
dt

T

Newtonian
Gravity

)

Gravity
Gravitates

Corresponding Al phase shifts:

- 2y)dr?

) ]

- 2 d()?

= —V[;h + (B + y)d*] + y[3(v - 7)? = 20° ]vc)‘: + 205 - V).

1 !

Kinetic Energy
Gravitates

STANFORD UNIVERSITY

(Dimopoulos, et al., PRL 2007; PRD 2008)
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Gravitational Wave Detection

ds® = dt* — (1 + hsin(w(t — 2)))dz* — (1 — hsin(w(t — 2)))dy* — dz*

- frequency

»
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| L (1 + h sin(ot))

!

Megaparsecs...

v

strain

Why study gravitational waves?
e New carrier for astronomy. Generated by moving mass instead of electric charge
e Jests of gravity. Extreme systems (e.qg., black hole binaries) test general relativity

e Cosmology. Can see to the earliest times in the universe

STANFORD UNIVERSITY
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Satellite GW Antenna

Common interferometer laser
Atoms Atoms
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Satellite GW Antenna

Common interrerometer laser e ‘—7
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L~ 100 - 1000 km
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Potential Strain Sensitivity

Possible sensitivity on ground
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J. Hogan, et al., GRG 43, 7 (2011).
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Stochastic GW Sensitivity
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Requires correlation among multiple independent baselines
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Atom Lens Cooling

Optical Collimation:
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2D Atom Refocusing
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Extended free-fall on Earth

Launch = Lens = Relaunch = Detect
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Phase shear readout

Phase Shear Readout (PSR)

|9

|1cm

Single-shot

e , , interferometer phase
v" Pointing jitter and residual rotation readout measurement

v Laser wavefront aberration in situ characterization

Mitigates noise sources:
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Laser frequency noise insensitive detector
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e Long-lived single photon
transitions (e.q. clock transition Tl
in Sr, Ca, Yb, Hg, etc.).

e Atoms act as clocks, measuring
the light travel time across the 0f
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e GWs modulate the laser ranging _ Laser noise

distance. IS common
STANFORD UNIVERSITY Graham, et al., arXiv:1206.0818, PRL (2013)
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Laser frequency noise insensitive detector
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Future GW work

Single photon Al gradiometer proof of concept
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MIGA; ~1 km baseline (Bouyer, France)
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