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Quantum-Coherence ) i,

Microwave

Cavity

1 sec=9,192,631,770 cycles of quantum oscillations
in 133Cs hyperfine states

6°S,,;F =3,M, =0) <>|6°S,;F =4,M, =0)
10) < |1)

Typical accuracy now better than one part in 101>

http://www.nist.gov/pml/div688/grp50/primary-frequency-standards.cfm




Many single-atom clocks .

cesium atom




Many single-atom clocks ) .

A look “inside”
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Single neutral atom control )z

» Optical tweezer for one atom [1]

« Red-detuned laser is focused tightly through the MOT
» Waist at focal plane ~ 1 micron
 Trap depth ~ 1 mK

S

2D-arrays...
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Single neutral atom control ) =

Microfabricated optics for larger systems

single atoms in 3-spot trap

SEM image of
[ 3-trap lens
15,10 15
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2D-arrays...
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Single neutral atom control )z
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Single neutral atom control T

100P;), 100P;),
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Qubit states Qubit states

No inherent interactions
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Single neutral atom control )

Laser light for excitation to Rydberg states

On-demand interactions...
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Single neutral atom control ) =

100P;,, EDDI via Rydberg states 100P;,

Rydberg lasers are
responsible for
quantum logic
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On-demand interactions...




2-qubit QUBO problem ) £

= We aim to solve the quadratic unconstrained binary
optimization (QUBO) problem.

= This problem maps naturally onto adiabatic evolution.

Binary variables: z,.=0 or 1

Minimize:
f(z,z,) =h,(t) z,+ h,(t) z,+ j,,(t) 2, z,

for a given set of h,, h,, and j,,
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QUBO Hamiltonian for neutral cesium

H(s) = (1 —s)Hp + sHg

Cs energy level diagram

6P 3/2

encode qubit in

Cesium’s ground state
/
9]
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QUBO Hamiltonian for neutral cesium

H(s) = (1 —s)Hp + sHg
b
— 2 (oD (2)
[Ho b () + o )]

Rabi flopping between qubit states

Cs energy level diagram
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QUBO Hamiltonian for neutral cesium

H(s) = (1 —s)Hp + sHg
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QUBO Hamiltonian for neutral cesium

H(s) = (1 —s)Hp + sHg

Ho = b (0')(}) + 0')(3))

84P, 2
h1 1y ha (o [J12 1 2
Hqo = EUE)JF 302) I(l —oM)(1-0?)
6P, , \Rydberg-dressing laser (318 nm)
Resonant Rydberg excitation
1
% 0.8
|0> S o4 i
’g% 0.2+t single atom —— 1
6S1 ” o 0 . . _ two atoms —=—
— — o — 0 0.2 0.4 0.6 0.8 1
1) See talk by Paul Parazzoli




2-qubit QUBO—solution space T .
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2-qubit QUBO ),
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Outline

* Project overview and progress

« Capabilities development
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Atom trapping in a bottle beam created by a diffractive optical element

V. V. Ivanov, J. A. Isaacs, M. Saffman, |
Department of Physics, University of

1150 University Avenue, Madison, Wiscon
(Dated: January 25, 2013)

A diffractive optical element (DOE) has been fabricated for
beam traps. The DOE integrates several diffractive lenses for
fluorescence. We characterize the performance of the DOE and |
atoms inside a bottle beam.
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Timeline-Year 2 )
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Timeline-Year 3 )

P-state Rabi oscillations Proximity experiment Blue skies
; 5> Calendar month
12 1 2 3 4 5 6 7 8 9 10
Single atom Rydberg blockade

Interferometer PRL
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Milestones ) i,

Year 1

Select atom-atom interaction and species—Rydberg in cesium
Establish neutral atom lab space

Develop neutral atom AQO scheme—2-qubit QUBO

Ship 1st generation DOE to collaborators

Demonstrate conventional optical trapping

Create control & noise model

Trap single atom in DOE trap

Year 2

Detect two-level Rabi oscillations on ground states
Develop Rydberg laser system

Implement Rydberg excitation

Demonstrate trapping and single qubit rotations of 2 qubits
Fabricate DOE collection lens

Build dedicated DOE experimental evaluation system 09/30/2012
Demonstrate Rydberg “J” coupling 09/30/2012
Demonstrate C-phase gate 09/30/2012 Accelerated goals
Demonstrate 2-qubit QUBO 09/30/2012
Update control & noise model 09/30/2012

Green — satisfactory

Red — pending




Milestones (new goals!) )

Year 3
» Maximize fidelity of 2-qubit QUBO 12/01/2012 _
- Program all four outputs of 2-qubit QUBO 12/01/2012 | Experiment goals
» Test 2-atom interaction resonance dependence on spacing 01/01/2013
» Address detection challenge to enable high data rate (100 Hz) 01/01/2013

» Characterize collection DOE with atom 10/01/2012

» Develop and down select notional DOE designs 03/01/2013 DOE goaIS
addressing identified primary challenges

» Design, fab, and test evaluation DOE 1 12/01/2012

05/01/2043

9/30/2043

TOUT =TT

°
w N
O ¢

Green — satisfactory

Red — pending




Detection

CAPABILITIES DEVELOPMENT




Detection overview h) e,

qubit basis: ~ Destructive detection technique—blast |/=4)
|F = 4) - |0)

651/2 9.2 GHz 852 nm

~

cesium atom

|F = 3) 5 |1) m— Resonant only with [F=4)

1 .
Imagine a 50% superposition: —2(|0) + e‘w’ll))

v /

Trap laser
One state measurement Appearance of a fringe
Survived blast! d o o o 2 o

1 . ; w N=1 N=2
(_>U R H 8 0lQ o 900 o 01Q Qoo o
= unning average
c o5 S g ..»”gw ! ° 0 o
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% 50 . 2 5 750 See poster by Paul Parazzoli
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Lossless two state detection ) =

Cesium energy Fluorescence histogram
level diagram for two states
F=5 0.7
6P F' =4 ' bright state —— | 0.04
3/2 F =13 < 0.6 | dgrk state 1 =
. = 05h | 1003 D
F=2 ) Ny S
Z 04 - =z
£ sl - | 002 £
e . Q
8 0.2 S
S 01 F o
0 : 0
—_—t F =14 0 5 10 15 20
6 S measured counts
1/2




Experimental sequence

4 A4 N N
Load single Cool atom State
atom intc?tra using —> preparation via p—
P polarization- optical pumping
- v} J \gxadte%_coohng/ _ )
if atom [ Save data ](—
present A if bright state
A 4
4 ) 4 A 4 ~
if no atom Check for atom Lossless state |
presence. € sensitive Experiment
—_ y \detection y % ,
if dark state

Sandia
Ii'l National

Laboratories

Using this method, we can reuse atoms 20-40 times on average when
lossless detection is possible.




High data rate detection via atom g
reuse PG-cooling dete§°”)<jk
5/}{ okl Mﬁ ! %%E
loaded atom ey kP .~
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90 95 100 105 110 115

- :;rtke time (ms)
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Improving photon collection )

938 nm beam

efﬁ C | en Cy launcher
fluorescence
We found that our estimated fiber o APD | /
coupling efficiency was well below N
what would be expected for the

coupling of a well mode matched
Gaussian beam profile.

APD signal (a.u.)

2
1
0
0 2

00 600
)

00 4
time (ms
Fiber core Single Typical photon Estimated fiber
size (um) mode? collection rate coupling
(ms-1) efficiency
5 852 nm 6 2.5%

65 multimode 70 5 29 %
i | We find that the 9 um core fiber offers a good
> compromise in the measured signal to noise ratio.
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FPGA-based experiment control @

User-programmable experimental sequence is
uploaded into onboard memory

Micro-controller accesses the memory at each clock
cycle and carries out the instructions such as
turning on or off laser beams, varying laser
frequencies, changing coil currents, and counting
number of pulses from the APDs

Operations can be programmed to be conditioned
upon photon counts

Currently using USB 2.0 48 MHz clock = decision
making time << 1 us _ —
Commercial USB interface for easy programming e Neas il L
and communication S

Originally designed for trapped-ion experiments at
MIT (Chuang group)

Revised in Georgia Tech (Brown group)

Hardware and software (user interface) revised at
Sandia and adapted for neutral atom experiments
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FPGA-based experiment control—II

APD === mmmmmmmmmmmm oo
o/ ) FPGA !
|
From atoms / :{ Counters} |
™\ | USB interface
— U | -
|

Micro-controller

Converters (DACs)| Interface (SPI) Logic (TTL) bus

Lo ) | A—

Direct-Digital .
[ Synthesizers (DDSS)J [ RF swﬂches]

[Digital-to-Analog IIE| Serial Peripheral] Transistor-Transistor
|




High data-rate single atom detectior® .

Prob. (F = 4)

Sandia

Old control system data rate FPGA control
1 1system
0.8 | o8l = ¥
’{r‘
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0.2 | o 02|
0 . 0 s
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average data rate = 10 Hz

Detuning (MHz)

7 minutes of data collection

Detuning (MHz)

average data rate = 70 Hz



High data-rate single atom detectior® .

Old control system data rate

1

0.8 ¢
0.6 ¢

04 |

Prob. (F = 4)

0.2 |

O : : i : : :
-03 -02-01 O 0.1 02 03 04

Detuning (MHz)

average data rate = 10 Hz

4)

Prob. (F

Sandia

FPGA control
1system

.r,:','yf
Ll [
0.8 )
.

0.6 ¢
04 ¢

0.2 |

0 L

-0.3 -0
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Detuning (MHz)

average data rate = 70 Hz

factor of 7 improvement



Rydberg lasers

CAPABILITIES DEVELOPMENT




Upper limit on the evolution time ™.

Photon scattering Limits on evolution time

= Though reduced, the atom still
scatters photons off-resonance.

= This adds leakage from the qubit
space.
= Debilitating for AQC

= Manageable in circuit model and
guantum simulation

= Forecast for our parameters
= J~ 100 kHz
= v.~ 100 Hz

- -
84P;, A

Rydberg laser

spontaneous
emission
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Two approaches for risk mitigation

Cs energy level diagram « 1-photon

e 318 nm

Rydberg * Reduced photon scatter

1038 nmi' """""" . - currently our favored option
7p * 2-photon

. - 1038nm + 459 nm
6P  Conventional...less risk

3/2

 ~10x worse scattering
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2-photon Rydberg laser—status i

* PolarOnyx amplifier « |PG photonics
» Out for repair since November « Replacement

« 2"9time...  Under contract
- fool me once... « Expected in March
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318 nm Rydberg excitation laser M.

Doubling cavity 1580 nm input

360 mW, 318 nm__

1064 nm input

Sum-frequency mixing

« Upon failure of 2-photon system, began 1-photon investigations
» Reconfigured system to maximize power to atom
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Infrastructure ) s

» Optical frequency synthesizer
» Calibration of Rydberg spectroscopy
» Laser frequency characterization

TIME DOMAIN - FEMTOSECOND PULSE TRAIN FOURIER FREQUENCY DOMAIN - FREQUENCY COMB
TRANSFORMATION
D Repetition
i« fl’ Frequency
i SETTTTINNY f
- “’ . e el |I|.‘
| p); >
FREQUENCY
Offset 2nfr+fo
Frequency
- Second
T= 1 o= A Hanmr}ic '
T f 0= 3 nfy+fg  Generation ' 2 (nfy+ fo)

Beat Note

fo=2(nf+ fo)-(2nfr+ fo)
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High-finesse cavity with ULE spacer ™.

« Suspect laser frequency noise and drift as next limit to fidelity

« ULE: Ultra-Low Expansion material

« Coating for end mirrors designed for high finesse (~20,000) and
narrow linewidth (<75 kHz) at 459, 636, and 1038 nm

» Locking the laser frequency to 1/50 of the cavity linewidth
narrows the laser linewidth to <2 kHz

« Kept under vacuum to minimize the temperature dependence of
the effective cavity length due to air

V>
* X4 ULE spacer

.v:




RYDBERG EXPERIMENTS




15t signals (from last EAB) ) .

7034, = 1 P
S 06} :
o
S 04} «—> -
= Magnetic splitting
o 02;
LR e
0) -10 0 10 20
6S,,, " \ detuning (MHz)
2-photon Rydberg system Rydberg frequency scan

Suspected electric field fluctuations




Frequency stability of Rydberg states ) i,

Other known issues
Kubler, et al., Nature, 4, (2010)

z ol e
60S,,, center frequency vs. time %;22 435 scaed R {/ B
05 i s SR OO
% ool : L NN
g _1-:_) 2 mm from AR-Coated Iens_ Tauschinsky, et al., PRA, 81, (2010)
o o Field fluctuations: 0.30 V/cm | K \ T
3 25| i .

0 2 4 6 8 10 12

time (hours)

Field (V/cm)
o - N w -~ w o ~ @ ©o

. 1 . | . \ . . .
0 20 40 60 80 100 120 140 160 180 200
Surface Distance (um)

Also: charging of AR-coated surface, private communications with A. Browaeys
« Even 7 mm away is an issue
« Suggested ITO coating



Mitigating the electric field ) .

Indium Tin Oxide (ITO) coatings New setup: 4th generation
Approximates Faraday cage
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Stable P-state spectroscopy L

84P,, ., Rydberg State
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Rydberg blockade demonstration

Cs energy levels

9, Detuning (MHz)

_ State = |rr)
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® 08 | ne ]
2 06 1
3
= 04 |
O 02 ¢ 1
E 0 ;—;‘;‘2';;-% -T-.""T----- b i
2 86 -4-20 2 4 6 8 1012
9, Detuning (MHz)
. State = |gg)
o]
e
o
<
.0
5
o 0.
al
g 0r no blockade  ---------- ]
o -0.2 | I 1 1 1 I
2 -8-6-4-20 2 4 6 81012

State Detection Prob.

State Detection Prob.

h

State = |rg)

Sandia
National
Laboratories

T

T

T

T

T T T T T
no blockade

=TT

6 -4

-2 0 2 46
9, Detuning (MHz)

State = |gr)

T

T

T

T

T T T T T
no blockade

_--T’_’—

-l-

-6 -4-20 2
9, Detuning (MHz)

See talk by Paul Parazzoli & poster by Aaron Hankin
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DIFFRACTIVE OPTICS
DEVELOPMENT
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DOE collection lens ) e

SANDIA SEl ;I.OkV X2,000 10pm WD 9.0mm

SEM of collection lens
* Finished DOE test platform

« Characterized with single atom
« Scanned atom position to optimize
« Performance at least comparable to

commercial lens




Optical Tasks )t

A DOE is an encoded phase plate for each point in x and y for an on-axis lens:

Power Spot Size Irradiance (nW/
Priority  Task Impact Wavelength (hnm) Polarization (nW) (microns) micron/2)

holds for ~15sec, posn

1 Trap important 938 linear 5000 2-4
no size rqmt => flood,

6  State Prep orientation important 895 linear 0.01
Adjust (decrease) trap

1' o power to set 938 linear

Rydberg, k same
2 ) direction for all atoms linear 30

k same direction for all
4  Ox atoms 852 or 895 or 459

5  Readout 852
efficiency impacts
% Collection speed =>hi NA 852
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Saffman 4X4 DOE Design Ll

2D Bottle Beam

Trap DOE Array |
¥ 16 BBL with center

to center spacing d

= RS

/

2D Dammann
grating




Testing proximity effects ijeS

Samﬁle

Demonstration of Rydberg atom EIT near surface [1]

optical density

Laser cooled cloud

* Scanning the frequency of the probe beam -
gives a measure of the absorption profile

* Imaging the cloud using A,=459nm gives

spatial dependence of EIT parameters
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Apparatus for testing )

« Vacuum chamber contains material samples to probe
* Progress

» Laser cooled sample

« EIT lasers inherited from main experiment
+ Goal

« Explore material effects

* Explore geometry effects—simulate lenses
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Going forward ) =,

* Mitigate Technical noise
e Demonstrate “J” term with 2 atoms
* Demonstrate QUBO

* Finalize scaled DOE layout

* Finalize c-phase gate
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Conclusion i) fmat

= Neutral atoms present a tantalizing system for 2D computation/
simulation arrays

= Near-surface scaling requires careful attention to proximity effects

= Viability of Rydberg-dressed approach requires further
investigation

= 2-qubit QUBO on track

= Large scale AQC with neutrals requires innovation
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Final thoughts L




