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What is AQC

What is AQC?

@ Goal: Solve an optimization problem using Adiabatic Quantum
Computation (AQC)

LE. Farhi and J. Goldstone, arXiv:quant-ph/0001106v1 (2000).
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What is AQC

What is AQC?

@ Goal: Solve an optimization problem using Adiabatic Quantum
Computation (AQC)

@ Map on to problem Hamiltonian Hp = Ground state is the solution
@ Begining Hamiltonian Hg = Ground state is easy to prepare
o H(s)=(1-s)Hg +sHp?

Change s adiabatically (slowly) so that system is always in the ground
state of H(s)

LE. Farhi and J. Goldstone, arXiv:quant-ph/0001106v1 (2000).
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What is AQC

Quadratic Unconstrained Binary Optimization (QUBO)

@ The general QUBO problem is to find the Z = (z1, 2, . . ., z,) that
minimizes the function

n n
f(z) = Z hiZi —'I— Z J’JZ’ZJ’ Whel’e Z,' E 0, 1
i=1 ij=1

@ NP-hard because the number of possible values of Z scales as 2",
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What is AQC

Quadratic Unconstrained Binary Optimization (QUBO)

@ The general QUBO problem is to find the Z = (z1, 2, . . ., z,) that
minimizes the function

n n
Z) = Z hizi + Z J,'J'Z,'ZJ', where z; € 0,1
i=1 ij=1

@ NP-hard because the number of possible values of Z scales as 2",

@ This problem is equivalent to finding the ground state of the
Hamiltonian

n n (1) )]
2 : I— z Z I— z I-— z
i=1 ij=1

The z; have been mapped onto (H‘;’g)>
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Rydberg atoms

Why dressed ground state Rydberg atoms?

@ Ground state neutral atoms allow for precise and robust single qubit
control.
D. Schrader PRL 93, 150501 (2004)
C. Zhang PRA 74, 042316 (2006)

W.Rakreungdet PRA 79, 022316 (2009)

@ Interactions between ground state neutral atoms are very weak,
making it hard to implement two qubit gates, without contact
interaction
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Rydberg atoms

Why dressed ground state Rydberg atoms?

@ Ground state neutral atoms allow for precise and robust single qubit
control.

@ Interactions between ground state neutral atoms are very weak,
making it hard to implement two qubit gates, without contact
interaction

@ Dipole-dipole interactions between Rydberg atoms are several orders
of magnitude stronger than ground state neutral atoms.

Rydberg
100s

Saffman, et. al RMP 82, 2313 (2010)

vdW~1/R®

12 eeers of magniuse

vdW~1/RE
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Rydberg atoms

The Rydberg blockade

—r ryr

2 X 5‘ Y >

@ Uyq is the interaction energy between
two Rydberg atoms.

@ Blockade interaction results in

lg.r)+|r.g) lg.r)+[r.g)
s vl entangled state 7

@ References:Y. Miroshnychenko et al. PRA 82,
013405 (2010).
Q E. Urban et al. Nature Physics 5, 110.

(2009).

— lg:8)
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Rydberg atoms

The Rydberg blockade

Udd

|r,r)

U @ Uyq is the interaction energy between

ad two Rydberg atoms.
@ Blockade interaction results in

entangled state %

lg:r)+r.g)

4 0 V2 @ References:Y. Miroshnychenko et al. PRA 82,
013405 (2010).
E. Urban et al. Nature Physics 5, 110.
Q (2009).
—)— lg.8)
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Rydberg atoms

The Rydberg blockade

Udd

|r,r) . . :

U @ Uyq is the interaction energy between

dd two Rydberg atoms.
@ Blockade interaction results in

entangled state W

lg.r)+r.g)

V2 @ References:Y. Miroshnychenko et al. PRA 82,
013405 (2010).
E. Urban et al. Nature Physics 5, 110.
Q (2009).
—— lg.8)

Krittika Goyal (CQulC, UNM) AQC with dressed Rydberg atoms DAMOP [}



Rydberg atoms

Dressed ground state Rydberg atoms
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Rydberg atoms
Dressed ground state Rydberg atoms

’r> |r> |g7r>\}l‘r7g>
2
A o A o A o
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Rydberg atoms

Dressed ground state Rydberg atoms

r® scaling

L scalidg
P
J. E. Johnson and S. L. Rolston,

PRA 82 ,033412(2010)

5 10 15 20 25 3
r[pm]

@ The interaction is robust to fluctuations in r.
@ Dressed ground state Rydberg atoms are easy to trap.

@ The interaction can stay on at all times which is required for AQC.
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2 qubit QUBO experiment

Cs energy level diagram:

1008, /3 — |1 @ Prepare atoms in 65;,F =3 — [1)

(eigenstate of o)

i [0)—[1)
@ Turn on 7/2 microwave pulse — 7

(ground state of oy)

oz |1)
S 1Y

> K%

I —

0)

65;/5F =4 — |0)

65 /5F =3 — [1)
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2 qubit QUBO experiment

Cs energy level diagram:

1005, 3 > [1) @ Prepare atoms in 65;,F =3 — [1)

(eigenstate of o)

i 0)—[1)
@ Turn on 7/2 microwave pulse — 7

(ground state of oy)

I—— @ Turn on the microwaves.
Hg = "(® (Ug) +U£2)>
oz |1)

—

651 /2F =4 — |0)
9.2GHz {
Q 6S1/2F =3 — |1)

pw
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2 qubit QUBO experiment

Cs energy level diagram:

dc

Spuw =
9.2GHz
Quw

1005, /5 — |r)

_— 7P

Q¢
852nm

[o7 SR G
ﬁt—ﬁsuf =4 — |0)
6S51,2F =3 — |1)
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@ Prepare atoms in 65;,F =3 — [1)

(eigenstate of o)

[0)—[1)
V2

@ Turn on 7/2 microwave pulse —
(ground state of oy)

@ Turn on the microwaves.
Hp = 1wt (Ug) +J£2)>

@ Turn on the 852 nm laser:

h
—5 (00 (D0 + G ()0
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2 qubit QUBO experiment

Cs energy level diagram:

5 = 25MHz C————————=!0051/2 = Ir)

Qg = 1GHz
1038nm
L 7P
a=26Hz C___I_____'°
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AQC with dressed Rydberg atoms

@ Prepare atoms in 65;,F =3 — [1)

(eigenstate of o)

[0)—[1)
V2

@ Turn on 7/2 microwave pulse —
(ground state of oy)

@ Turn on the microwaves.
Hp = 1wt (Ug) +J£2)>

@ Turn on the 852 nm laser:

2 (Bua (D0 + Guma(£)0)

@ Turn on Rydberg lasers:

o (n_ U<1>> ) <u_2a§2>>
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2 qubit QUBO experiment
Evolution time: 2 qubit QUBO

2 qubit QUBO Hamiltonian in KHz:

H(t) =20 <1 _ ! ) (a@ + a§2>)+

max

t t t V2 (1-oM\ _(1-0%
5 o 110" 6® 410 ( ) 7 e —2
tmax tmax tmax 2 2

Ground state of Hp is |0,1)
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2 qubit QUBO experiment

Evolution time: 2 qubit QUBO
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2 qubit QUBO experiment

Evolution time: 2 qubit QUBO
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Dissipation

Photon scattering

7P1/2 ~ = 1.06MHz

751/

5D3 /2,505 /2

6P1 /2. 6P35
6512

Photon scattering randomizes qubit, i. e. returns qubit with approximately equal
probability to F = 3 and F = 4 states.
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Dissipation

Effect of dissipation
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Summary and outlook

Summary And Outlook

@ Experimental scheme for two qubit QUBO problem.
@ We need to combat the effects of dissipation.

@ Optimize ramp to minimize time required for adiabaticity
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Summary and outlook

How Slowly?

@ By the adiabatic theorem the

H(s) = (1 = s)ox + so; timescale for evolution must
satisfy T >> —5— 2, where ¢ =
B ' mlndH(s) B ' ‘
max [(n=1;s|—>2|n=20;s R
% ‘< 7o ) 0<s<1

1

Eigenvalues

@ The feasability of AQC depends on the
scaling of gmnin with number of qubits.

?E. Farhi and J. Goldstone, arXiv:quant-ph/0001106v1 (2000).
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Summary and outlook

Initialize
single atorn Prepare atoms in
in optieal laser cooled 651/2F —3 ‘1>
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Turn on /2 microwave
[0 —11)
ulse —
P V2

diffractive optical elernent

Adiabatic Evolution

ricrowave radiation

Turn on and adiabatically
EDDI ramp down 2,

Rydberg lasery: iy

Adiabatically ramp up
rap Sacion intensities of all lasers.
control sections

State Readout

~mm

double-purpose’
flucrescence collection
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Summary and outlook

Evolution time
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