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A question we answet. ..
and some we don’t

How to best detect gravitational waves?

Are atom interferometers better than

LIGO/LISA?

Should an atom interferometer gravitational
wave detector be built?

What will be its limits?

Should we start a moderate research
program, advancing Als, answering 3) and

4)?
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Atomic fountain

* Magneto-optical trap
*Cooling & launch
o State preparation

* Experiment
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Mach-Zehnder Atom Interferometer
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Atomic gravitational wave
interterometric sensor (AGIS)

* “Mirrors” are atoms

- few degrees of freedom => no
thermal noise, no radiation
pressure noise

» AlImost perfect free fall => no
seismic insulation needed

* New technology, at the
beginning of a development




AGIS: example
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Homestake gold mine: DUSEL
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*Remote site, 3km deep. May be sufficiently low noise.

«Collaboration with Mark Kasevich to build demonstrator instrument



AGIS: challenges

100-1000 photon beam splitters
Common-mode rejection of vibrations
Atom sources

Low-noise detection of atoms

(Squeezing)



Sensitivity

Low-frequency limit
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AGIS sensitivity

Parameter Svmbol Basic Optimized
Wavenumber ke 2m /852 nm 2m/852nm
Momentum transfer/(kk) n 1.000 31,000
Pulse separation time T 3s 11s
Tube length LTube 1,000 m 3,000 m
Separation L ~ LTube 1,200 m
Atom throughput n 1013!;5. 3 x lE}laXS
Peak sensitivity Prms 7x 107" //Hz 1.3 x 107%*/y/Hz
Low freq. sensitivity — hLE:°Pt 3 x ID_ED(%)QV% 1.1 x 10_23(%)2\,%
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Summary with optimized AGIS
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(Galactic Binaries




Challenge: gravity gradient noise

s=0.36
Rayleigh waves u=C (— 85e~9%% 4 1.5e %) cos k(ct — JJ)
L
a; — ap = TpGh—
Accelerations
Strain noise - p(h
| 2we

2x10-14/ rt(Hz) at 10 mHz (14,000 times as large as AGIS noise),
2x10-1% /rt(Hz) at 100 mHz (1000 times as large)

Mitigation

* monitoring?

* more than two clouds
* correlation



An Atomic Gravitational Wave Interferometric Sensor in Low Earth Orbit

(AGIS-LEO)

Jason M. Hogan, Dawvid M. 5. Johnson, Susannah Dickerson, Tim Kowvachy,
Alex Sugarbaker, Sheng-wey Chiow, Peter W. Graham, and Mark A. Kasevich*
Department of Physics, Stanford University, Stanford, Clalifornia 24305, USA

Babalk Saif
Space Telescope Science Institute, Baltimore, Maryland 21218, USA

“urjeet Rajendran
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA and
Physics Department, Johns Hopkins University, Baltimore, Margland 21218, [USA

Philippe Bouver
Laboratoire Charles Fabry de ['Tnstitut d'Optigue,
Centre National de la Recherche Scientifigue, Université Paris Sud 11,
Institut d'Optigue Graduate School, RD) 128, 91127 Palaiseaw Cedex, France

THmmiame el T O eee T oo Tln b e e Al Tliaen T o120 Tl

-—>-- -—>--

€€ > <€ >E—>

Si'
l d~3m ~15m .~ 15m d~3m
v X € >

L~ 30 km




5-pulse Contiguration
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4 pulses needed because of Coriolis forces
5 pulses cancel gravity gradients, wavefront distortions



Assumptions/requirements

Parameter AGIS-LEO LISA DECIGO

Band / Hz 0.1-10 0.0001-1 0.1-10

Peak sensitivity 3x10-19 3x10-20 1021

Baseline 30 km 108 km 103

Drag-free control none

Orbit Earth Sun Sun

# satellites 2 3 6

Momentum transfer 200 hk - -

Optical phase sens 106 rad 10-3 rad 10-8 rad
(cavity)

Challenge: 1000 x the wavefront requirement of LISA, w/o cavity
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Real World: The development of LMT



Multiphoton Bragg diffraction
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Flourescence [a.u]

18 photon vs. 2 photon RB
Interferometer
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Bloch-Bragg-Bloch (BBB) beam splitter



BBB splitter

Bloch
J oscillations

Bragg diffraction

AC Stark effect not balanced

Assymetry input/output

That’s it!

But: dual lattices,
lattice loaded twice,
and one Bragg diffraction.



BBB interferometers
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8o & =" 2 single
"4 i 2 dual.
N\ ~~. Will it be coherent?

1: dual lattice

2: single Bragg

3: quadruple lattice
4: dual Bragg









...yes! And
might be

scalable to
100s of hk.

Mueller et al., PRL 102 (2009)

Normmalized Hourescence 2

BBB interferometers

14 4

.24
.-
{I.'!'.I-
a1
_.r_|_?_-

14

11404

URLE

W . 12nk | 1187k B
:.i'i_‘i_ P C=17% | 1C=20% o
.l .::- ’ . Jl- L
" - . .
.ﬂr"-&- I '.:-.. - "'":.'I-
vy 5, B " -
- l.'..
i) - b) :'
- 207k, 1 24hk,
.i.'_.r-_-h:::!_,'._.. C=17% 1 C=15% -*'.'..r"‘.‘,'.'
= | o =
y's -':Hr " g
.- " -.--. '#" L
..ﬁ-'i.':.:-.':"!-' ..t:' -'_"_
c) d)
114 A a0 0 14 0z 00

N ormalized Nourescence |




S RS-

AGIS: challenges

1000 photon beam splitters in progress
Common-mode rejection of vibrations v

Atom sources to be developed
Low-noise detection of atoms v

(Squeezing) ?

Ultra low wavefront distortion optics $

High-power, ultra-low phase noise lasers v (%)

Large setup $

To, for love of truth,

forward the search
Into the mysteries and marvelous simplicities
Of this strange and beautiful universe,
Our home.

John Archibald Wheeler, 1911-2008



A question we answet. ..
and some we don’t

How to best detect gravitational waves?

Are atom interferometers better than

LIGO/LISA?

Should an atom interferometer gravitational
wave detector be built?

What will be its limits?

Should we start a moderate research
program, advancing Als, answering 3) and

4)?



Answer...

Yes...

1. No thermal noise, no radiation pressure
noise, no seismic insulation needed

2. But: shot noise, wavetront distortions (earth
& space), gravity gardient mitigation (space)
3. LMT, squeezing, large atom sources: recent

inventions => fast progress

4. Technology can be developed in table-top
experiments, limits studied in Ph D theses



Two of our recent articles...
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