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Sensing with neutral atoms
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Quantum-Coherence )

Qubit fountain . _
Outstanding guantum coherence in neutral atoms

enables precision metrology and quantum information
* Example: atomic clocks

68, F=3,M, =0)<>|6’S,,;F=4,M,=0)
0) (1)

NBS-1

\ NBS-2 :
.\‘ NBS-4  Laser-
, Cooled

%
L. 2
B £
c o
o NBS-3 ~ E
g NBS-S.\. NBS-6 ' Clocks =
= — —
= ' >
] ' e
- NIST-7 e NIST-F1 $
. o
'9 [T
(&)
; Optical
L) 1970 1980 1990 2000 clocks

YEAR

Atomic fountain principle
http://www.nist.gov

http://smsc.cnes.fr/PHARAO/GP_instrument.htm
Typical accuracy now better than one part in 10




Light-pulse atom interferometry =

op T GE WA wavepacket trajectory
3/2
i F f’ﬁ ....... : P E
852 nm _ e F i E
Raman laser . w E
‘ T S T 5
65, — |[F=4) /2 T /2

' F=3)

e Exceptional accelerometers and
gyroscopes nrad/VHz, ng/VHz to pg/VHz

* Large commercial and govt. interest in
fielding this technology

stimulated Raman transition

Kasevich, and Chu, Phys. Rev. Lett. 67, 181-184 (1991)
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Light-pulse atom interferometry ) e

Atom in
free fall Distance
< >
.¢ ) k
- - ! i — Keff " X
6P, 1A 0—I|I|I|I|||||I|||||||||||I||||||||
e
gx
852 nm _ .
Raman laser ¢ | ko [=4m /A
T\ BTN T HH
Kef
L g £
681/2 -
VR '
il AN
stimulated Raman transition

A\

For an atom starting in F=3: Pr_, = % (cos Ag) & Ap = p1 — 2¢5 + @3




Measuring acceleration and rotation with a ) i
particle in free-fall

d
Q
© n V>
& | | | Q
2T
Interferometer phase shift: A¢p = Eeff : <6T2 — 2(7 x Q)T2>
1
Pr—y = 5 (cos Ag)
o d
@
N

Sensitivity increases with T2




Launch and recapture ) i
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CCD images of ensemble exchange

Steady state atom number:

anl,
ﬁTc + (1 — ’I"()) .

youne-

Ny =
Base recapture efficiency r, =96 %

Benefits
* Increases signal by 10x
* Datarates > 50 Hz
*  Minimizes cycle dead time
* Reduced complexity
Sufficient for:
33 ng/vVHz & 70 nrad/s/vHz

e Demonstrated:

900 ng/vHz & 1100 nrad/s/v Hz

alnydeoay

lajowolapau|

o
-
N
w
1N

Distance (cm)




Launch and recapture ) i

Laboratories

* Repeats at = 60 measurements per second




Experiment platform )
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Picture of interferometer sensor

Trapping Coils




Characterizing ensemble exchange ) i

Laboratories

e Dynamic aspects of Ensemble Exchange characterized
* Robust to rotations, tilts and displacements

84 N 100%
S
P M
gl — _
60- 6‘\ = = e
=] X
3 & 60%- o
s . .
- (o] -
- 4 g i o
ke o il £
=z = 3
[} o zZ
i o
§ 2 § 20% - E
= (<]
< o« . e Observed n = = s <
J Calculated Shot Index, n
0 T T T : = 0% - - - 0
0 2 4 6 8 £ 2 3 4 5 6
Time (ms) g Loss Rate,#(1/s)
pN
-
W
g
c )
12 a o S 100% ' |
20 T ; (8] _3 O ] I
]
; _— I
1640 ! i o 1 0 1 2 |
& T 3 Q (rad/s) & !
3 121 1’3 2 :
) 2 w EnsembleI
g -g o 40%- Trajectory :
c 8 = S o
o =z g 1 I
o 11 E g | |
4- S D 20%- !
H® Interferometer A < g —a— Ensemble A
OO Interferometer B | —e—Ensemble B |
0 : r T T T T 0 0% 5 — T T !
0 10 20 30 40 50 60 70 -1 -5 0 5 10
Tilt Angle (%) Distance from Trap Center (mm)



Gradiometer survey—path finder )

Simultaneous opposed gradiometers—bias rejection

Ensemble exchange Ensemble exchange
accel #1 accel #2 orbital
velocity
_ e e—— B
- laser beam sensitive axis T —
10 km

e 10% s stability—multiple orbital * Improved gravity maps in contested areas

passes (SOA < 15s) for GPS-denied navigation
e 103 E per shot with ground based * Other targets

performance—likely to improve * Soil erosion (103 E)

in space 103x - * Water table levels (5 x 103 E)
e 10*x improvement over SOA ke Promsane ' ¥ » Strategic petroleum reserves (10°°E)

- N,
R

S\




Entangled states for metrology ) B,

Cat states with ions [1]
1.0

0.8
4  os- Atom interferometer with single atoms
0.4
0.2

0.0 T T T T T T T T T
1.0 1

0.8 L
0.6

0.4
0.2

Normalized fluorescence

0.0 T T T T T T T T T
1.0

0.8- E. Rasel, Physics 5, 135 (2012)
6 0.6

0.4

0.2+

0.0 T T T T T T T T T
0 b4 2n
Decoding phase, ¢

[1] Leibfried, et al., "Creation of a six-atom 'Schrodinger cat' state", Nature 438, 639 (2005)
- " "~



Building a fringe, one atom at a time

Counts

Counts
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11 o o 0 2; O
N =1 * |1 atom per phaseNh=oRgh interferometer.
* |Coyqt atoms in F=3 state
OLQ Q 000Q o 01Q QO Q QO
710n 1n 2n 2501[)“ 0171: 2n
@) .
* | 2 atomis perphase through interferometer.
o N=17 pefphage thioug
o O
O
000 7,317 atoms
O o)
oXe) O
O
0L . Q_ oL . .
Ox 1n 2T On 1n 2T
Ad (rad.) A¢ (rad.)




Single atom interferometry )

19,
Z ]
‘an-25] - %o |

8 1 0 OoOO

Y ] 0
(@)

()] Ooooo

O Co

- 0

o o0

LL % >
3.2E-27N t

-27
10

Meas. #

* We showed one can use single atoms
* Single atom control: gateway to

harnessing quantum control in sensing
* 102’ N = mg for a cesium atom




Rydberg state mediated interaction ([,

An example of the radial wavefunctions of a Cs atom at n = 100:

-]
__g_ 8 5 10 1 1 I I I I I I 1
5 1008, ,
% % o oom s 100P, , ||
30 [ 1| N s 1000,
g0 — 100D,
&i 0 ) b I L 1 1
0 02 04 0.6 0.8 1 1.2 14 16 1.8 2
Radius (um)
A Rydberg atom can have a strong electric dipole moment.
15
valence electron e
-
~
§ 1} -
orbital|radius a n? &
5 o) -
‘i‘ — S-P mixing
1’;- CS atom — P-D mixing

=]

A classical picture of an atom

20 40 60 80 100 120 140 160 180 200
Principal quantum number (n)

(=]




Blockade & electric dipole-dipole

Interaction

Hatoms — Z H(gz) T

very far

»<—.

close enough
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1 . : . .
. DO .pW _3p® . 3. DV
] )
— |r7)
—— |7) —— |7) @o
W, W, :& lg7),|79)
—|g) —=lg) 0
—1g99)
Single-atom basis Two-atom basis
— |r7)
—= 1) —= 1)
w W
Lig g g7 1rg)

199)
Blockade shift U

Normally, 1 < U/h £ 1000 MHz.




On-demand interactions )

Two-atom entanglement using Rydberg blockade . Paris
58ds/y, F=3 %;
oPi2, F=2 Wilk ete;IgjﬂPRL 104,
010502 (2010)
551?; in_1 _ _Wisconsin___
T |rr) m"{: I — .}/V
wo D o gk S B S
analysis puse gap (u5)
a)_ox_ g7 Irg) Zhang et al., PRA 82,
—V_|gg) CNOT gate 030306(R) (2010)

-]




Many body systems ) B,

“Quantum Gas Microscope” Nature 462,74 (2009) “Quantum simulation”, Nature Physics 8, 267 (2012)

Lefe
i3 . s 05

0

Event probabiltty (1079

“Rydberg interactions in a lattice”, Nature 491, 87 (2012) “Rydberg excitations in a BEC”, PRL 100, 033601 (2008)




New options for Rydberg-state- =

mediated interactions

Comparison of methods

National
Laboratories

Population remains in ground

state—no kex phase factors!

) B &
l>* D
10) I — 10) —

)

e ‘rl>+ek ‘lr)

)
[10),]01
00)

= 8
0 b
.

Direct excitation

Rydberg dressed

T. Pfau’s group, Stuttgart, Germany
J. B. Balewski, et al., N. J. Phys. 16, 063012 (2014)

"Elaborate theoretical proposals for the realization of various complex phases and applications in

guantum simulation exist. Also a simple model has been already developed that describes the basic idea

of Rydberg dressing in a two-atom basis. However, an experimental realization has been




Interaction between two Rydberg- e
dressed atoms

Normal light shift: ) With Rydberg blockade:
rr
AT |T> A,vm|7"> 0
( + 0r) + [r0) 0r) + [r0)
, A0y M [0) V2
1) 1)
(SI/L g (SI/Lg |OO> 00)
205 0 0o 0] [J 00 0] " |00) ]|
_ o 0 dvs 0 0 000 0 01)
Hprs = His+ Himw=| o 0" 5,01 % |0 00 o]® |0
0 0 0O 0] [0 00 0] neiy
Qf 305 3508 - )i

= A — K o .
J = AvpLs = AVis = o35 ~ T6A5 T 128A7

i § 2
Hine =7 (0,7 + 1)(0;” + 1)




Rydberg-dressed interactions ) B,

Tunable interaction strength (J), low sensitivity to atom motion, and effectively
strong ground-state interactions.

Hi = 3 "2 (0 + @@ +1)
i

_ 0* _30% , 3508
max — gA3  16AS = 128A7

................................................ o

Ground-state coupling strength (C)

Interatomic distance (R)

|. Bouchoule, K. Mglmer, Phys. Rev. A 65, 041803 (2002).

J. Johnson, S. Rolston, Phys. Rev. A 82, 033412 (2010). Dressing laser field




Apparatus )
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dipole-trap
lens assemb

VaC1IIL
cell

Vacuun

dipode-trap lens el

andl lers holder

dipode liser

A3 nm

top quadrigsole
il

rielind ACYT Bewms

452 mm




Single atom control ) B,

938 nm beam
launcher

\ ey e

fluorescence
to APD
N 7

852 nm scatter:
LIF from laser cooling light

APD signal (a.u.)
=

0 200 400 600 background
time (ms)

Normalized frequency
(e
o
=

0.0 0.5 10 1.5 20 25 3.0 35
APD signal (arb. units)

Spot size = 1 um—collisional blockade




Single atom control

Light shfits from the 6P, to 5D transitions produce

a "magic trap" for the D, transition \

5D5/2
938 nm 5D3/2
6P3/2 ——F—— - --m - - - - -
6P1/9 ——————— - - - -
Dy D,
895 nm 852 nm
938 nin
) A e

651/2

Why 938 nm? It’s magic for the cooling transition.

U(z)/h (MHz)

40

30

20

10

Sandia
'11 National

Laboratories

N 0P

6512

-4 -2 0 2 4
Position (um)
=5 mW, 43 nm red

focused to= 1 um
gives = 20 MHz or = 1 mK




Experiment schematic ) .

Raman

Rydberg
dipole trap
laser (938 nm)

dichroic

atom 1

to APD
gold knife

dipole traps
w,= 1.2 um

bandpass filter APD

852 nm PerkinElmer
atom 4

to APD




Optimizing for long-term
relationships

4~

3.5

2.5

1.5

Excitation energy from ground state (eV)
N

Cesium energy levels

Advantages:
* Reduced photon scattering
v LA * Minimizes dipole forces

Disadvantages:
* Laser system cost and complexity

2 (ID)

y |
o) 1(P)
Orbital angular momentum quantum number
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Rydberg-dressed ground state
Interaction

Sandia
'11 National
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"= E}AL
64P3/2 . 1L=3 |7“
my—=—-3 . .
3 2 * Interaction range increases as
J____ . .
’ principal quantum number n
Q1 319 nm increases
* However, oscillator strength
- decreases as n increases—
%0 7= a) mp =4 making €, smaller and thus J
=0
S I mﬁ \ § e Target smallest n that your
_ — N . .
) optical resolution can
651 /2 Qw > <1 accommodate
o = —3 t e Solution—dynamic postioning
I 275
A m
[F=3) 1) ~—

Single atom picture




Dynamic atom positioning ) e,

+3.3 um

position

.
-

319 nm
&
atom 2 Raman
‘B
E
drop\ /recapture
P
Drop & recapture
10 - T T I I
B L.
atom 1 0.8 I pGe L
) " adiabatic
time . 2 06 |
—_— b ~ ! —_— § L
state preparation Rydberg dressing state detection S04t i
L (a) i
0.2 | i
I ST e e i.,,\,..
00 | I ] e

| RIECAO
0 20 40 60 80 100 120 140 160
Atrecap(ufs>




First evidence of Rydberg-dressed
Interaction
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Microwave transition is via Raman laser

1
rnJ:——
. 7_3 — )
T—3
se
>

Qr,/319 nm

318-nm laser dressed spin echo sequence

12

|F = 4)
® mgr = —4
10 -
£ 651 /2
L
E
3 |F = 3)
2
&
£ 2-qubit basis [00)
[ T [ 2 N T T T T T T
? oy VJ
| w1 [01),110
265
2 - - 11 OLs
2.93 um trap spacing D N R
o 1 2 3 4 5 8 7 A frequency beat note is generated
Off-resonance 318-nm laser pulse duration (us) if Wy F Wy




Two-qubit microwave resonances

J/h ~ 750 kHz

____________ } 1.0
0, 0)
V2 8
T L
2 0.5
> (’071>+|170>)/\/§ 8_ |
o0 A
3 & 99
< 1-
S V20 2
0.5+
11, 1) | . Po,o
P11, P10, Po1, and Py o denote relative 0.0° -0|.5 | 0.0 ] ~ 0; -

populations of state |1,1), |1,0), |0, 1), and |0,0). Frequency offset (MHz)
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Jvs. R, no longer elusive ) .

Direct measurement of two-qubit interaction strength J as a function of two-atom
separation with two conditions.

Weighted Rydberg Energy lewels: Excitation from ground-state to 64P3/2

o4 B A R eeemeemee e e— - = = x-polarized light; B = 4.8 G; E = 6.4 V/m;
] 0.7 --====r-==-- e e
?*E % Q /2m=4.4 MHz, A /2 = 4 MHz |
200 /@ / ® Exp.— = -Calc. 0.68 '
| -4 ro Q /2n=4.3 MHz, A /2n=1.3 MHz 0.66 e
/ ® Exp.— = -Calc.
, i < 0.64
— 4004 g L 5
N te _;_}J L < 062
I 0,0) ' o |
= V20 o — ' 2 06 i
= / mw w e L
R -600 ~ T ) E 2 0.58 W/ J - ___!
@’ (o, )+ 1Lop/v2 8% b e\ -1
4 7 > o 1,007 0T\, .2 K9]
- - %‘ o0 P i - : : © 0.56 i i -—--f7/f--—v-mmm
800 NG s -
= ] mw [nd | ] Il
@ __‘1 T °e Poo 0.54 | | /- ‘7 77777777777777777777777§63P1/264D
T 7 00™ s 0.0 05 0.52 | |
Frequency offset (MHz)
-1000 T T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 9%

Interatomic distance, R (um)
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Producing Bell-state entanglement @,

Initial state is |1) or |11), then apply 318-nm and Raman lasers
Experimental data with J/h = 750 kHz

Single-atom Rabi
oscillation: |1) « |0)

| Single atoms

Two-atom Rabi oscillation:

111) & (|110) +|01))/V2

* /2 times faster

* No significant population
being transferred to |00)

Relative populations

Two atoms

* Bell state |¥,. ) is produced
att = /V2Q,

Process occurs entirely and
directly in the ground state




Entanglement Fidelity > 81%

Verify the entanglement via parity measurements

V) = [0,1]0[1,0)]
j —

x2=0.81%0.01
u |

Parity: O(¢)

1.04 ¢

|<1> ) = KO, OIP\I 1>|

x2= 081+002

1

Relative phase offset (¢) of n/2 pulse (rad)

2

3
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Prepare two Cs atoms in Bell
state |W, ) or |P,)

¥

Apply a global /2 rotation
with a given phase

¥

Perform parity measurement
Q = P11 + Pyo — (Po1 + Pyo)

$

Obtain the two-qubit
entanglementfidelity F,
whereQ < F < 1.



Application to metrology )

] = )= [0,1]p1,0 x2=0.81+0.01
L | | _

un | |

2-atom interferometer

2 | i
% 0.8 B —i
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o4 1 O
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Relative phase offset (¢) of n/2 pulse (rad)

Cat state 2x response to phase




Simulated CPHASE gate fidelities ) e

Q=0— 3 MHz

100 _ I'=0K A/2m =6 — 0 MHz
S Doppler sensitive = I' = 3.7 kHz
i -. D ler B T =16 uK
- . oppler free e
= 1071 ’l . * Motional errors set a high
: i e "SsmpEgEEgaEEEtEnEEn" floor on error for the
- i ‘. original scheme.
e a
@) § o * The Doppler-free scheme is
& 2!’
i 2200000,e limited by the much smaller
1073 L ‘aana photon scattering rate.
| | | | |
1.0 1.5 2.0 25 3.0 * Entanglement fidelity
expected to be even larger

Gate duration (us)

@ cquic

'TON

Published: Phys. Rev. A91, 012337 (2015) %S;E

SUI




Quantum Control of Ensembles ) e,

Symmetrically couple ensemble of atoms
localized with Rydberg blockade radius

For n atoms Control

H = z[ B (000) (1] 4 ey 0]) " %(\nm+|r><1|><">+A|r><r|<”>] AUNM

Faa 3 In) (e ™) (r] ™ @ coule
=" ul
s
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A 5-atom “Cat State”

Example
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Summary and outlook ) s,

* Ensemble exchange technique potentially useful for deployed inertial sensors and
Gradiometer survey pathfinder facility

* We have demonstrated an effective ground-state interaction J/h ~ 1 MHz via the
Rydberg dressing technique

* We have shown neutral atom entanglement with a fidelity > 81(2)%

* With two-atom survival of 74% and 10 s data rate, we produce 6 entangled pairs per
second

* Multi-atom entanglement can be achieved based a similar approach or with optimal
control

* We are investigating atom interferometry with cat states and N > 2
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