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Quantum-Coherence ) e,

Qubit fountain .
Outstanding guantum coherence in neutral atoms

enables precision metrology and quantum information
* Example: atomic clocks
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Applications

* Atom interferometer inertial sensors e S i
e Clocks Gyro/AcceI Sandia
* Magnetometers
* Quantum information

* improved sensors

e quantum simulation

* quantum computation
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2-bit QUBO problem ) .

The two-bit QUBO problem can be stated as
minimize ax1 +bxo + cx1xo
subject to x; € {0,1}

This problem can be mapped to a Hamiltonian (QUBO),

b
H= g (1 +a§1)) + 5 (1 +o§2)) +§ (1 +a§1>) (1 +a§2>>

b
=5 (2 g) o (ot vt

The ground state of this Hamiltonian solves the QUBO problem.

Applications: Machine learning
Image classification
Neural networks




QUBO solution space

0.5
04

03

(O (1 i1
et(|
it
‘._--—-_.—-u—-—._
i

I
LT
7

AT
S REAY
3! -p-—— ! -F-n

Gap

inimum

M

Phase Diagram

H=hio) + hoo® + KoWe?




Single atom control ) B,

938 nm beam 852 nm scatter:
launcher LIF from laser cooling light
fluorescence
to APD
N | / L0, S
4 no cool 1
0.8 - PGC .
| adiabatic .
S 2F - 0.6 .
3 g I
= S
g 1 0.4 - 1
wv
e 0.08 ¢ 0.2 i
< 0 background i :
0 200 400 600 g 00 e
time (ms) % 0-06 F 0 20 40 60 80 100 120 140 160
ug‘ Atrecap(lis)
T 0.04 atom
s < Drop and recapture
£ 0.02
o
W |
000 | ||HHH|HH I IHH\”'H”H ““Hh

(I
0.0 05 1.0 1.5 2.0 25 3.0 3.5
APD signal (arb. units)




Light-pulse atom interferometry )
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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)




Single atom interferometry
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TOF with ground state cooling

— gravity radial
— gravity axial
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Building a fringe, one atom at a time

Counts

Counts
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Rydberg state mediated interaction @&,

An example of the radial wavefunctions of a Cs atom at n = 100:
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Electric dipole-dipole interaction (UL
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Rydberg-Dressed states
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As atoms approach one another,
Rydberg state energy shifts which
changes the detuning—atom-atom
interaction

Controllable with laser intensity and
detuning—on demand




Rydberg-Dressed states




Rydberg-Dressed states ) e,




Rydberg-dressed interactions i

Tunable interaction strength (J), low sensitivity to atom motion, and effectively
strong ground-state interactions.
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For Q<< A = — = — —
= AVpLs AV S5y 16A8 T T8AT

ForA=0 ;
1= (2-V2)*Q . For large blockade
~0.59*0 . Jsaturates atoms

................................................ -

Soft core potential’
0 H
Interatomic distance (R)

Ground-state coupling strength (C)

|. Bouchoule, K. Mglmer, Phys. Rev. A 65, 041803 (2002).
J. Johnson, S. Rolston, Phys. Rev. A 82, 033412 (2010).

Dressing laser field



Rydberg-dressed Ramsey dynamics =

Microwave transition is via Raman laser
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KVS. R ) e,

Direct measurement of two-qubit interaction strength k as a function of two-atom
separation with two conditions.
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Generating Entanglement  @gs.
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Producing Bell-state entanglement  [@Ex.

Initial stateis |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) & (]10) + |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(¢)
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Prepare two Cs atoms in Bell
state |, ) or |D,)

¥

Apply a global /2 rotation
with a given phase

¥

Perform parity measurement
Q = P11+ Poo — (Po1 + P1o)

¥

Obtain the two-qubit

entanglementfidelity F,
whereQ < F < 1.

Relative phase offset (¢) of n/2 pulse (rad)
Two atom coherence = 0.405 £ .01




Generating Entanglement )

= Schrédinger picture: |¥(t)) = 8_th|¢(0)>

" Interaction picture:  [1(t)) = e_mthb((]))




Simulated CPHASE gate fidelities ) s
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Phys. Rev. A 91, 012337 (2015) 3 £
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Experiment schematic—2 atoms

Raman

Rydberg
dipole trap
laser (938 nm)

dichroic

dipole traps
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bandpass filter APD

852 nm PerkinElmer
atom 4

to APD

* Directly detect both|0) and|1)

e Distinguishable from loss

* FPGA control: Reuse atoms

» Datarate =10 s for two atoms




Apparatus ) i,
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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—— - - - mm - - == -
6P1/9 —————————— - - -
D, D,
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Why 938 nm? It’s magic for the cooling transition.
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Rydberg excitation laser ) .
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Dynamic atom positioning )
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Controlling decay ) .
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Rydberg state spectrum s
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Rydberg blockade )
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Strong (Ugg > 6 MHz)  Intermediate (Ugg = 1.9 MHz) ~ Weak (Ugg < 100 kHz)

2.0 pum separation 6.2 um separation 9.8 um separation

Time (us) Time (us) Time (s)
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Rydberg-Dressed states )
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Rydberg-Dressed states under blockade W=,
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v N dependence ) ..
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Extending the JC ladder )
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notation
lg,n) = Sym.(|0)®N_”|1)®”)
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Extending the JC ladder )

notation
lg,n) = Sym.(|0)®N_”|1)®”)
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Isomorphism with Jaynes-Cummings)

. ~ Rydberg detuning
Hyperfine splitidagrgy for Rydbeigdberg laser power
(energy per 1) excitation)

Rydberg: IA{{EJHF&J{&H O'Z} {;2?1(&10' ‘f—&J{O' )J

| . 10 [(wo §2p
Cavity JC: H p— waTa —0 CLO'—|— == &T
2 2
Cavity frequenghit splitting Cavity coupling
(energy per plerergy for spin strength

excitation)




Controlling the System )

= Port over entanglement protocols from other JC platforms

= Collective spin squeezing: Tomas Opatrny and Klaus M@lmer. Phys. Rev. A 86,
023845 (2012)

= Collapse and revival: I. |. Beterov et al. Phys. Rev. A 90, 043413 (2014)
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Arbitrary control
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control

P (1)

The nonlinearity of the JCM, together with externally applied fields makes the

system fully controllable on the whole Hilbert space, i.e., we can generate an
arbitrary superposition state.
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Remove contributions from

Correct for state
Raw data and fit detection errors

all non two-atom loading
events and re-normalize
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Two-qubit microwave resonances ) i,

J/h = 750 kHz
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