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Motivation:

(classical) gradiometer example

P2000 Gradiometer Test
Memorial Airfield, Chandler AZ
April 27 2003
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]@[ A Atom Interferometry Applications

Navigation

e Clocks

— Frequency standards
— Navigation, communication, synchronization

« Magnetometers

— Magnetic anomaly detection (i.e. submarines,
unexploded ordinance, mines), detection of
dangerous liquids and uranium, biomagnetics,
navigation

o Accelerometers, Gyroscopes
— Arrayed for differential acceleration, gravimeters, etc

— Navigation, seismology, mass anomaly detection
(minerals, bunkers, natural resources)

— Fundamental laws of physics

Biomagnetics

Language is common to the worlds of NMR
and quantum computing
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]:[NAV Keep Sensitivity; Design Around the
AlIR NOISe

Cannotr

remote sensing AT
1. Filter out of band noise :
2. Measure magnetic field

gradient
(Gradients used for object location)

Rev. Sci. Instrum. 77, 101101 (2006)

emove magnetic noise in

Non-Destructive Test and Evaluation
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8] ~ Outline

« Magnetometry / Gradiometry Motivation
— Applications: Remote Sensing, Security, Biomagnetics, Navigation
— Gradiometry

o Atom Interferometer Magnetometer
— Atom Interferometer Concept
— NMR Pulse Sequences for Atoms

 Experimental Results
— Clock Transition
— Ramsey vs. Hahn Echo
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|8] ~Two level atom reminder
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|8] ~ Raman Resonances

Now controlled by ground state
decoherence time which can be

made verysmall Ay ~ —1
‘ pulse
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]@ A Atom Intertferometer:

Time Domain Davis & Narducci, JMO 55 3173 (2008)

Zhou et al. PRA 82 061602 (2010)

— Y2 _
Avy e Co-propagating Raman beams:
T """ |l> Doppler-free
Pseudospin Representation: 1)
7 /2 < \
2) 2) [2)

Blaubeuren Summer School LINCOLN LABORATORY

July 29, 2013 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



- Magnetic Gradient (sSspin echo
[&] ~ I%terferometer...éoﬁ quite )
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B| ~ Ramsey (n/2—n/2)

Upper Path Lower Path
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Bl ~ Spin Echo (n/2—n—m/2)
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Atom Intertferometer:

Freqguency Domain
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Domain

]@[»/ Filter Functions, Frequency
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]@[»/ State preparation

v'well defined qubit v initialization

Unshielded environment and in a metal canister!

 Gradient coils
— 10 G/cm

e Trapping lasers:

— Amplified (TA7613) New
Focus StableWave 7013

— 2.5 cm beam
F=4
S 2|:)3/2 F'=3
L F=2
-F'=1
Trapping Repump

-F=3

5 ZS1/2
F=2
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Apparatus

8] ~

 Trapping Setup

e Raman Lasers
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8] ~

Experimental schematic
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5]~

Timing sequence

A

8Rb ~107 atoms; ~300 uK; F =2

Trapping B-Field I
Repump Field I
Trapping Field
EXPERIMENT
I I | I— ' : —y Time [ms]
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I8 ~ A real atom: 8Rb

F = 4

11 different Raman resonances!

F = 3
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|8~ Raman spectra (arbitrary field"z
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~ Use to “zero” field around atoms
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gl ~ Single Peak
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8] ~ Selection Rules

-“Fven” transitions driven by:
- & — ¢ polarization
- 0t — 6~ polarization

-Am =20
-“Odd” transitions driven by:
ot —2%2, 6~ — 2, & — 2%, U — % polarization
- |Am\ =1

- Here, z is defined by the direction of the
magnetic field
.g tactor between ground states changes sign
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g ~ Six Peaked Spectrum
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Bl ~

Five Peaked Spectrum
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Effect of pulse shape
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[B]'~ Square vs Gaussian Pulses
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Hybrid Pulse
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Crude Magnetometer

1|O min of Idata @ Q.25Hz
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@M Rabi cycling: m=0to m'=0 transition
' v Universal gates v ability to read out 27 _

TRaman Readout

F=3
Time
528y, 1
| AU=—
‘ Tpulse
% 50 100 150 200 250 300 Two photon detuning

TF\’aman [mS]
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Ramsey interference
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[B] ~  Ramsey vs. double delay

« As time between pulses is lengthened, Ramsey interference
disappears.
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]@[»/ Atom Interterometer Clock
Transition

Am :-1 Am =20 Am = +1
Two-Photon Detuning [kHZz]
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]@[ A Atom Interterometer
- Magnetometer
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Atom Interfterometer

Magnetometer

« Ramsey (Magnetic)

e Spin Echo (Magnetic)
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8] ~ Conclusions

 Magnetometry is useful for a broad range of applications from
biomagnetics to remote detection

« Atom Interferometry allows NMR like pulse control sequences
as a lock-in-amplifier for magnetic signals

 Using these techniques combined with gradiometry, we can
detect signals in a magnetically noisy environment
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Thank you for your attention!

Questions?
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8] ~ Other experiments-then

«..coutdbe interesting.

But it’sWntal
enough’ _maybe

. i Leonard Mandel
Photo courtesy J. Mandel 1927-2001
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- Multiple Pulse Interterometer
[E] ~ ’ Sequences 27
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NMR: Carr Purcell PR 94 630 (1954)

lons: Biercuk Nature 458 996 (2009)

Atoms: Davidson PRL 105,053201 (2010)

NV Centers: Lukin, Rugar, Cappellaro ...
Superconductors: Bylander Nature Phys 565 1994 (2011)
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transition

‘//\/

ability to read out

TRaman Readout

F=3
Time
528y, 1
| AU=—
"1 Tpulse
% 50 100 150 200 250 300 Two photon detuning
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8] ~ Atom Interferqmeter

Davis & Narducm JMO 55 3173 (2008)

Znhou et al. PRA o2 Ub1loUZ (ZU1U)
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Atom Interterometer
Magnetometer

« Rabi flopping in a magnetically noisy environment:
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Sensitivity

Ap = —MTB (mp gr —mpgr) %ATT

For SNR=1 we have o4 = A¢

1 1 1 1
- CVN upp/h (mpgp —mpgr) vI7?
2 1 17T 1
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Filter Functions ime/
Frequency Domain
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]:[NAV Keep Sensitivity; Design Around the
AlIR NOISe

Cannotr

remote sensing AT
1. Filter out of band noise :
2. Measure magnetic field

gradient
(Gradients used for object location)

Rev. Sci. Instrum. 77, 101101 (2006)

emove magnetic noise in

Non-Destructive Test and Evaluation

B-Field——>
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8] ~ Homecoming

The complete salution., after the double integration over the filter function, is quite

formidable. Here, we present the answer in the long time limit (et > 1):
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8] ~ 17 years later
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8] ~ Other experiments-then

“...could be Interesting.
But it’'s not fundamental
enough”
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Photo courtesy J. Mandel 1927-2001

Blaubeuren Summer School - LINCOLN LABORATORY
July 29, 2013 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



&
N

Definition of wt pulse

-TC *"*‘\

o o
(8 )) o0
| |

-
~
|

Fluorescence (a.u.)

0.2

| | | | | | | A 4 |
00 20 40 60 80 100 2] 140 160 180 200
Time (psec)

Blaubeuren Summer School LINCOLN LABORATORY

July 29, 2013 MASSACHUSETTS INSTITUTE OF TECHNOLOGY



&

A Definition of n/2 pulse
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