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#1 Grand Challenge for QIS @&,

e Building a large general-purpose quantum computer is hard.

*  World record number of addressable entangled qubits (scalable technology) : 14 qubits.

[Monz et al, PRL 106, 130506, 2011 (lon trap, Blatt group, Innsbruck)]
*  World record simulated (error-free) universal quantum computer: 42 qubits.

[Michielsen, 2010 (Julich JUGENE supercomputer: 15707 = 113 x 139)]

* Qubits needed to simulate an ideal circuit on 300 ideal qubits: a billion qubits.”

* Gates in ideal circuit: 10°, qubit error rate: 1075, 2-qubit gate error rate: 1074, 1-qubit gate error rate: 1073,

[Steane, 2007 (lon trap tech., quantum circuit architecture)]
\ nave , I haye
CYaShed b 101 Crasy, q
/ : - Vast numbers of qubits are used for error correction!

{ - Better hardware

— Better error correction schemes

® * Options for reducing qubit overhead:

A

- Better computer architecture!

Schrodinger's computer, —Sally 0. lee
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Adiabatic quantum computing 107 @,

0. Encode H(t=0) 0 | C—
o i v) = H) -

1. Initialize t W \.

2. Evolve T> 92, H(t=r1)

3. Readout ;;-=_—;

Clearing up common misconceptions about adiabatic quantum computing:

DiVincenzo criteria

* Adiabatic guantum computing is not analog computing. L Fiducial state initializable?

e Adiabatic quantum computing is universal. 2. Qubit measurable?
) ) o ) 3. Long coherence times?
* Adiabatic quantum computing is not slow. (At least for universal AQC.) 4. Gates universal?
« Adiabatic quantum computing is technology-independent. 5. Scalable?
+ Adiabatic quantum computing appears to be robust to realistic noise sources. New criteria
1. Superposition ground state
* Adiabatic quantum computing has yet to be proven strictly fault-tolerant. initializable?

2. Qubit measurable?

3. Small transition amplitudes to
excited states?

Couplings universal?
Scalable?

YIRS

If the adiabatic quantum computing architecture can reduce the number of
qubits needed to implement algorithms by a factor of a million, then it’s a really
big deal, even if a million is “only a constant.”

I
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A Sandia Grand Challenge ) i,

Oct. 2010 to
Sep. 2013

Vision
* Develop a quantum-computing architecture whose resource requirements are more achievable than conventional
approaches due to the intrinsic noise immunity offered by adiabatic physics

Adiabatic quantum architectures in ultracold systems

[The adiabatic architecture could be a game-changer for quantum computing

Science & Technology Challenges m > <

* Experimental proof of adiabatic quantum computing (AQC) in a scalable technology

* Theoretical design of a universal fault-tolerant AQC architecture

[Deliver a prototype and a path forward to scale—up.]

Objectives of AQUARIUS

* Demonstrate special-purpose two-qubit AQC optimization algorithms in

‘Photon counts from
single atom trap

* Neutral atoms trapped by a nanofabricated optical array

* Semiconductor electrons trapped by nanofabricated structures

mmmmmmmmmm

* Assess the potential for universal fault-tolerant AQC architectures through design & simulation.

[ Deliver prototypes in representative technologies & pursue a scalable design for general-purpose computing.}
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Neutral-atom AQC: Theory @&,

Cs level structure
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Neutral-atom AQC: Timeline
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Neutral-atom AQC: Single atoms @)=

Laboratories

U Trapping single atoms in an optical dipole trap

time evolution of single atoms photon counts from
in optical tweezers single atom trap
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From the integration of the two peaks,
probability of trapping single atom = 0.41
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*  “Jumps” in photon count rate indicate a single *  Absence of third peak indicates collisional
atom entering or leaving blockade is active

*  Collisional blockade limits trapped number of
atomsto 1
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Neutral-atom AQC: DOEs @i,

Andrew Landahl

(1 Using DOE to trap single atoms in multiple traps
* An enabling technology for complex control

single atoms in 3-spot trap

-15.40
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5
10 -
position (um) 157510

ree traps
* Nine micron separation

* Artifacts are manageable

SEM

Numerical

* Four levels
e 2 mm pixels
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In progress

A\ e >
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Direct-transition 318 nm Rydberg laser @i,

MgO:PPLN
Rs 1070 Period ~11.6 um
1 A2 T.1573 at 200 OC HR 636 nm
NP Photonics O / s
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amplified Rock o] PHER [I 0 f |0 %
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100 mW is enough for 10 atoms
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Sandia’s first quantum calculation @,

“LUBO:” Linear Unconstrained Binary Optimizaton —minz, « € {0,1}

Op — Oy + 270,

L L

Line of complete uncertainty

0 200 400 600 800 1000 1200
Computation time (us)

Conclusion: 0< 1, with high probability

I —
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Semiconductor AQC: Theory @i,

Double-well qubits

.| IE | SIE

0) = |1).|0) & 1) = 0)|1) & o= [ DelDr+[ Dl Dk b= Dl Dr—=[Dil Dr
10) 7 1) 7
Charge qubit Spin qubit
Short T, but easier to work with Long T, but harder to work with

(Electrical readout for both types, though.)

Two semiconductor approaches to generating double-well qubits
Petta, Science, 2005

A

1 um

9909090990999
c Q999090
909090900900

W

Pair of implanted donors

Double quantum dot
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Laboratories

Semiconductor AQC: Theory @

Available interactions

e 0 Lo

* Zinteraction o | * Xinteraction
(a) d,
< X ) ( )( ) B4
CC I . ()Ti) SET
| ol pa B X, XZ, XX interactions have
ZZ interaction XX interaction ? /D yet to be demonstrated but
Q have been proposed for
SET H some time. (e.g., Hollenberg
| S, et al.)

|

I IL Qq Q;

-ZZ interaction XZ interaction
—
oN\e °
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. ° Sandia
Semiconductor AQC: DQD @i,
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Atomic-precision devices ) e,

M. Y. Simmons et al., U. New South Wales, CQCCT, Australia

1. Start w clean 2. Adsorb H resist 3. Pattern w STM 4. Adsorb PH,
Si(001) Self-limiting 1 monolayer Atomic-precision

Etched alignment marks

wnnna®®,

ooooooo

rrrrrrrr

5. Incorporate P 6. Desorb H 7. Bury P in Si 8. Add contacts

-Anneal=> Si-P swap anneal Al depo+liftoff
-H resist constrains P

Andrew Landahl NASA QFT 1.0 Workshop




Atomic-precision devices ) e,

Testing PH3 system
| 4. Adsorb PH,
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5. Incorporate P 6. Desorb H
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Universal fault-tolerant AQC @i,

n' ~10(n + G) T ~10G*/? Adiabatic

Quantum circuit — quantum computation

n' ~ 10%(nlog® n)

G’ ~ 10°(Glog® G)

n” ~ 10(nlog® n')

Fault-tolerant
guantum computation

Challenge 1: Creating a map from circuits to AQC that is realistic for hardware

Challenge 2: Creating a map from AQC to FTQC. (Is it even necessary?)

I —
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Holonomic AQC ) i,
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Extremely sensitive to degeneracy-splitting noise
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DD v. QES 4 AQC e

QUBO in the [[4,2,2]] quantum error-correcting code [Jordan, Farhi, Shor, 2005]
Hy=(X, +X,) H, = (XX, + X, X;)
H=2-2,+ZZ2, —  H =2,72,-27,+Z,Z,
H(s)=(1-s)H, +sH, H(s)=(1-s)H, +sH,

1.0

o

OF

H = HQUBO (t) + Z ni(t)Zz' + Henl

3 0.8}

10~
S(w) ~ —
[Kitaev, 1997] [Lidar, 2007] 0.6k

o WXXXX+Z227) QES
T Y, 52222 x XXX X)6(mod,0t) DD 0.5}

0.4 — Encoded - QES
DD and QES perform nearly identically — Encoded - DD
0.3 — Unencoded - Bare
Encoding without QES/DD is very bad s | _—_Encoded - Bare |
“0 5 10 15 20

I —
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Laboratories

Synopsts ) i

The adiabatic quantum architecture appears on paper to have great
implementation robustness, potentially radically reducing the
resources needed to implement quantum algorithms

At Sandia, we are investigating this with two proof-of-principle
demonstrations in complementary hardware (neutral atoms and
semiconductors)

We have run a program our first adiabatic quantum processor
(neutrals) and the second in quantum dots is on the way.

We are exploring potential universal AQC constructions for realistic
hardware, and the scale at which fault-tolerance might be necessary

Stay tuned...

21



AQC 2012: Mar. 7-8, Albuquerque, NM @i,
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FIRST INTERNATIONAL CONFERENCE
ON ADIABATIC QUANTUM COMPUTING

Theme: Challenges to implementation

Invited speakers (confirmed): oon'

* Daniel Lidar

*  Frank Gaitan

*  Mark Saffman
* Andy Sachrajda

e  Mohammad Amin

Andrew Landahl NASA QFT 1.0 Workshop




