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Abstract:

Adiabatic quantum computing shows great promise...on paper, at least. Some have
argued that they could be used to solve certain NP-hard combinatorial optimization
problems efficiently. Others have proven they could be fully universal quantum
computing machines. Most amazingly of all, many numerical and analytic studies
predict that adiabatic quantum computers should be resistant to the dominant noise

sources that cause quantum computers to crash: dephasing, relaxation, and control
errors.

| will review the adiabatic quantum computing model, its implementation promises,
and describe experiments we have been running at Sandia on our two one-qubit
adiabatic quantum computers to test these claims at a small scale. One computer is
realized by a neutral cesium atom trapped by optical tweezers while the other is
realized by a guantum dot nanofabricated on a silicon substrate.
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The adiabatic guantum computing model
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Alternative computational models @iz,
Why study them?

They inspire new They inspire new
algorithms and lower bounds implementations

Andrew J. Landahl Adiabatic Quantum Computing



Adiabatic qguantum computing @i,
What’s the input?

Program: 2" x 2" unit-norm Hermitian matrix ff indexed by s € [0, 1].

* No computational power is lost by taking H(s) = (1 — s)Ho + sH3
* Model is unaffected by taking H to be the all-ones matrix.
* Aproblem is defined by a uniform family of H (s), specified efficiently in n.

* H; is specified in a way such that its basis (the “computational basis”) is known.

—> Essentially, the program is a sparse Hermitian matrix H;.

N.B. Physicists denote the computational basis { é; }>_, by { |z) }2_,.

N.B. Physicists call i the “Hamiltonian.”

Andrew J. Landahl Adiabatic Quantum Computing



Adiabatic qguantum computing
What’s the output?

Result: The lowest-eigenvalue eigenvector, as a “quantum state.”

27'L
« Stateis [¢)) = Z vy |z) stored in n“qubits.”

x=1
* Does NOT return the v, directly.
* To extract the v, one must “measure” the qubits.
* Measuring the n qubits yields label “x” with probability \vx\z.

—> Essentially, AQC allows one to sample from a distribution
defined by the “ground state” of H;.

Sandia
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What to do with AQC? ) s

Laboratories

QUBO: Quadratic Unconstrained Binary Optimization

e{nlilnl}” f(ac) — ho + Z hz T, + Z Jij L j r
TR i=1 i =1
NP-hard O
BINARY
SU DoOkY

Idea: Encode QUBO in a diagonal problem Hamiltonian

(9), note that o, := <(1) _?)

« For one qubit, with |0) := (})and |1) :

yields ¢.|0) = |0) and o,|1) = —|1).
* Using the tensor (Kronecker) product, express QUBO in F as

Hy=hol+ th’ oV 4 Z Jijol) @ o)

i=1 ij=1

- Seems pretty implausible that any physical device could
realize the AQC model for this class of problems efficiently

...but maybe it could outperform for “real-world” instance sizes.

Andrew J. Landahl Adiabatic Quantum Computing



What else to do with AQC? @i

Laboratories

Universal quantum computation!

Quantum circuit model:

Program: Sequence of unitary gates (constant-sized transformations)

Result: The product of those gates acting on the n-qubit input vector as a “quantum state”

1) — Usl) — UUL|Y) — ... — Uy, . Ur])

. Inverse Quantum Fourier Transform
Time I~ T T T T T T T T T T T T T
|x0> | H_|_

| |
[ 5
\ 3-bitinput 4 |71) z I o
I | processing
2a) [ W——{ SHEH e — (3 5)

.. | classical
computer

Space

|s0)

W/

2 scratch bits {

|s1) == X

N
”4

fan

Quantum circuit for factoring 15 =3 x 5
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Universal AQC 7 s

Laboratories

Kitaev reinvents an old idea of Feynman’s

Idea: Add extra “clock” qubits and construct [J;so its ground state is the “history state” |n)

HO = Hiy + Hclock—init Hi = Hi, + Hprop

n
Hin = " [1)(1]; @ [0){(Olctoc
i=1
* Favors “If clock is O, set data to 00...0.”

T
Hclock—init — Z ‘t> <t‘clock

* Favors “Set clock to 0.”

Z<I®|t ATt — 1) —1]— Ut®\t)<t—1\—UtT®\t—1)<t|)

t=1

[\DlH

prop

* Favors “Set state to history state.”

1) = = [10)0) + VO + Vath[0)2) + -+ (Ur... U0} T)]

Andrew J. Landahl Adiabatic Quantum Computing



AQC Complexity 0L

Need to know how model is implemented to answer

* Instantaneous energy eigenbasis

ih g 0(0) = HElw(o) H (1) = B(5) B () (B ()

Adiabatic: Impassible [Greek: @- ("not"), 8u0- ("through"), and Baivewv ("to pass”)].

Schrodinger equation

Quantum adiabatic process: No state transfer into or out of the instantaneous eigenspace.
-l o

=y

0.0 0.2 0.4 0.6 0.8 Lo

Magnetic field

‘<E1|H2‘EO>““&X , then the evolution is adiabatic with high probability

Adiabatic approximation: If T

gmin

AP, |H>]

+ Morerigorousty: 142} - B0}l < 7 |l @)+ Il + ds< S+

Adiabatic Quantum Computing
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Promises of AQC )

Laboratories

Weak on algorithms, but strong on imlementation

Has it inspired new algorithms or lower bounds?

* Combinatorial optimization
* Expression as eigenvector problems not particularly new
* Unable to say anything definitive about complexity yet, but likely not efficient for NP-hard problems
* Even absent proofs, could yield speedups for “real-world” instance sizes. (SSS; €€€)
*  Quantum circuit simulation
* Not particularly “natural.” Lacks a convincing “blueprint” for a real Hamiltonian.

* Best-known slowdown is quartic, which would erase many known quantum speedups.

Does it promise implementation advantages?

e YES!!
* Predicted to be robust to dephasing errors, relaxation errors, thermal errors, and control errors.
* Could reduce the number of qubits needed to implement algorithms by ORDERS OF MAGNITUDE.

Andrew J. Landahl Adiabatic Quantum Computing



Implementation advantage promises
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Quantum Information Science

A banner year

Photo: © CNRS Photo: © NIST

Serge Haroche David J. Wineland

“for ground-breaking experimental methods that enable measuring
and manipulation of individual quantum systems”

Sandia
National
Laboratories
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Quantum information hardware @i,
It’s a wide open horse race

AMO hardware (Atomic, Molecular, and Optical)
@ Trapped ion quantum chip @Trapped neutral atoms Nuclear magnetic resonance @ Photonic quantum chip

-200 100 0 100 200
Frequency (Hz)
TODAY: 14-qubit entangled TODAY: 60,000 parallel TODAY: 12-qubit circuits TODAY: 10-qubit photonic chip
state generated. 2-qubit gates demonstrated. benchmarked. demonstrated.
Monz et al. (2011), doi:10.1103/PhysRevLett.106.130506 Anderlini et al. (2007), doi:10.1038/nature06011 Negrevergne et al. (2006), doi:10.1103/PhysRevLett.96.170501 Matthews et al. (2009), doi:10.1038/nphoton.2009.93
CMP hardware (Condensed Matter Physics)
Semiconductor . Superconduf:ting Nitrogen vacancies @ Topological D-Wave Systems, Inc.
quantum-dot chip quantum chip in diamond quantum chip special-purpose chip

TODAY: 1-qubit GaAs TODAY: 3-qubit entanglement ~ TODAY: 2-qubit gates TODAY: Zero qubits; TODAY: 128-qubit
gates (spin); 1-qubit Si (phase); 3-qubit error correction demonstrated. FQHE anyons in question. (superconducting flux) quantum
device demonstrated (charge); 2-qubit CNOT gate Majorar.ma fgrmlons In annealing algorithms. Debate
(charge). (flux). topological insulators about “quantumness.”

look promising.
Foletti et al. (2009), doi:110.1038/nphys1424  Neeley et al. (2010), doi:10.1038/nature09418 van der Sar et al. (2012), arXiv:1202.4379 Bonderson et al. (2011), doi:PhysRevLett.106.130505
Gorman et al. (2005), Reed et al. (2011), doi:10.1038/nature10786 Bonderson et al. (2010), arXiv:1003.2856

doi:10.1103/PhysRevLett.95.090502 Plantenberg et al. (2007), doi:10.1038/nature05896

Andrew J. Landahl Adiabatic Quantum Computing



Decoherence )

Laboratories

With great power comes great fragility

The two biggest culprits: Relaxation (T;) and Dephasing (T5,)

1)

0)

Ideal Relaxed Dephased
Photons bounce back and forth inside 1 .
a small cavity between two mirrors for ( | 0> _|_ eZ(El —Ey )t/h | 1 > )
more than a tenth of a second. Before it
disappears the photon will have travelled \/—
Rydberg atoms - roughly 1,000 times a distance of one trip around the Earth.

larger than typical atoms -

are sent through the cavity one by one.
At the exit the atom can reveal

the presence or absence of a photon

inside the covity. Observing the progressive decoherence of the “meter” in a quantum measurement

Brune et al. (1996), doi:10.1103/PhysRevLett.77.4887

* OQuter orbiting electron in atom is the qubit.

* About 10 photons in cavity entangle with atom.

* Photons shift phase (energy) of 0 and 1 differently.
D * Photons escape (slowly!) from cavity.

* Superposition lasted several microseconds!

* A grandfather clock dephases in less than 1079 s.

Figure 3. In the Serge Haroche [ab@
bounce back and forth inside a small cavity B
than a tenth of a second before it is Lost. During its long Life"
photon without destroying it.

Image: © Royal Swedish Academy of Sciences

absolute zero, the microwave photons
@S0 reflective that a single photon stays for more
im manipulations can be performed with the trapped

Andrew J. Landahl Adiabatic Quantum Computing



Quantum circuit architecture @z

Laboratories

Break it down, then build it up

1. Digitize states into qubits. 2. Digitize dynamics into a finite set of “gates.”

Ty) U—UpUp_1---Uy

) = [z1)fag) -

A laser is used to suppress the ion’s
thermal motion in the trap, and to
control and measure the trapped ion.

Demonstration of a fundamental quantum logic gate
Monroe et al. (1995), doi:10.1103/PhysRevlLett.75.4714

* OQuter orbiting electron in ion is qubit 1.

* Vibrational mode of ion is qubit 2.

* Laser pulse flips ion mode conditioned on electron
state.

Electrodes keep the beryllium * Gate implemented is “Controlled NOT”

ions inside a trap.

* 14 qubits entangled in ion trap today (world record)

Figure 2. In David Wineland's laboratery in Boulder, Colorado, electrically charged atoms orions are keptinside a trap by surreunding
electric fields. One of the secrets behind Wineland's breakthrough is mastery of the art of using laser beams and creating laser pulses.
Alaser is used to put the ion in its lowest energy state and thus enabling the study of quantum phenomena with the trapped ion.
Image: © Royal Swedish Academy of Sciences
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Scale of quantum computing @

Laboratories

How big is “big enough” to be useful?

*  World record simulated (error-free) universal quantum computer: 42 qubits.

- -
0HE -
B B R R et . —__e . -
O T & b i & Sagie
{HE it @ & & - & i i L
< Ty T &+ T It T =
& @ T @ & . — & — i
il o
Example of a quantum circuit simulated by Jugene Jugene: 9th fastest supercomputer

» Qubits needed to hold more amplitudes than atoms in the observable universe: 266 qubits.”

*Holevo’s Theorem: Only 266 bits’ worth can be read out.

* Qubits needed to simulate an ideal circuit on 300 ideal qubits with a realistically faulty
quantum computer: Over a billion qubits!”

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

The circuit architecture is a siren song! While the gates &
qubits may be simple, enormous numbers of them may be
A ——— needed in realistic devices to be useful.

Holevo (1973), http://mi.mathnet.ru/eng/ppi903
Steane (2007), http://www.rintonpress.com/xqic7/qic-7-3/171-183.pdf

Andrew J. Landahl Adiabatic Quantum Computing



Fault-tolerant quantum computing

The great promise...with a catch!

Accuracy threshold theorem for fault-tolerant quantum computation:

As long as qubits and gates are “good enough,” one can implement arbitrarily
reliable quantum circuits with “sufficient redundancy.”

1. “Good enough”

Error per gate at about 107
TODAY: Not quite there, but getting close

2. “Sufficient redundancy”

More than 99.99997% redundancy

[Steane, 2007 (lon trap tech., quantum circuit architecture)]

TODAY: Are you kidding?

Sandia
National
Laboratories
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Quantum computer, heal thyself! @

Laboratories

Adiabatic physics may suppress dominant errors

1. Robust to control errors

e

“Let your path wander, but arrive at your destination.” . 4

L=
2. Relaxation suppressed by the energy gap

—qg/kT
Prelax ™~ € 9/

3. Dephasing in the instantaneous energy eigenbasis is irrelevant (states are rays).

[Eo(t)) = €| Eo(t))

Andrew J. Landahl Adiabatic Quantum Computing



AQC promises

In theory, implementing it should be very robust!

1. Should be able to run any quantum algorithm, if the repertoire of interactions is sufficiently rich.
2. Should be robust to
e Damping (T,) noise (which occurs in the instantaneous energy eigenbasis).
*  Dephasing (T,) noise (which shifts energy levels).
*  Thermal (kT) noise (because of the gap).
*  Control errors that are adiabatic (because any adiabatic path works).
3. Should not be robust to
. Measurement errors.
* Leakage errors.
4. May be commensurate with some “software” error-suppression techniques.
5. Has yet to be proven fault-tolerant.

6. Lacks a clear “blueprint” for universal computing in realistic hardware.

Sandia
National
Laboratories
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AQUARIUS: Sandia’s Grand Challenge to
validate some of the promises of AQC

Andrew J. Landahl Quantum Computer, Heal Thyself!



Overview Tl

Laboratories

The important R&D questions to answer are:

* Are the theoretical promises of robustness borne out in real hardware?
(E.g., in representative AMO and CMP technologies?)

* Develop a blueprint for a universal adiabatic architecture for real hardware.

* Assess the need for fault-tolerant design for real hardware.

* If needed, devise a way to make the adiabatic architecture fault tolerant.

Adiabatic quantum architectures in ultracold systems

An internally-funded Sandia “Grand Challenge” project FY11-FY13

Objectives of AQUARIUS

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

* Neutral atoms trapped by a nanofabricated optical array

* Semiconductor electrons trapped by nanofabricated structures

Andrew J. Landahl Adiabatic Quantum Computing



AQUARIUS labs & facilities ) e

Draws upon diverse resources at Sandia

Atomic-precision
lithography lab

Cryogenic materials &

Optical atom trapping
electronics measurement lab

& control lab

Computer Science Research

Center for Integrated
Institute (CSRI)

Nanotechnologies (CINT)

s

Microsystems and Engineering
Sciences Applications (MESA)

Cumputer Science Research Institute

Adiabatic Quantum Computing

Andrew J. Landahl



The neutral-atom qubit )

Laboratories

It’s not just fine—it’s hyperfine!

Group — 1 2 3 4 5 6 7 8 9 18 11 12 13 14 15 16 17 18

| Period
2
1 . He
One electron outside closed shell e r T M1 5 1w
2 133Cs: 152 252 2p® 352 3p® 3d10 452 4pb 552 4d105pb 65t | B c N 0 F |l Ne
3 13 || 14 || 15 || 16 || 17 || 18
Al || Si|| P S a || Ar
. 22 24 || 25| 26 || 27 || 28 |[ 29 || 30 |[ 31 || 32 || 33 || 34 || 35 || 36
y' A Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
5 40 || 41 || 42 || 43 || 44 || 45 || 46 || 47 || 48 || 49 || 50 || 51 || 52 || 53 || 54
Zr Nb || Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
. 72 || 73 || 74 || 75| 76 || 77 || 78 || 79 || 80 || 81 || 82 || 83 || 84 || 85 || 86
Hf || Ta || W || Re || ©s || Ir || Pt || Au || Hg || TI || Pb || Bi || Po || At || Rn
; 104 || 105 || 106 || 107 || 108 || 100 || 110 || 111 |{ 112 |[113|{114 || 115]|[ 116/ 117 || 118
Rf Db Sg Bh Hs Mt Ds Rg Cn || Uut Fl Uup || Lv || Uus || Uuo
Lanthanid 57 || 58 || 59 || 60 || 61 || 62 || 63 || 64 || 65 || 66 || 67 || 68 || 69 § 70 [} 71
anthanides 15 1l ce || pr || Nd |[Pm |[Sm || Eu || Gd || To || Dy || Ho || Er || Tm § Yo }| Lu
Actinides | 89 || 90 || 91 || 92 |[ 93 [l 94 |/ 95 || 96 || 97 || 98 || 99 |(100 |/ 101 |/ 102 | 103
Ac Th Pa U Np Pu Am || Cm Bk Cf Es Fm || Md No Lr
Fine structure 4 T 5 4 ) N\
bl 2 TSY Y -_— = 1 ‘.
.. ) F=4: =2 2 T3 20 13 5 7
Je1 = L + Sel Sel — 2 - -2 2 2 2
Hyperfine structure NLjy =65, 9.192 631 770 GHz
A . A A - 7 -
F—Je]—I_InuC Inuc— 5 F 3 _1 T 5
2 2
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Trapping & controlling cesium @

Laboratories

Sandia-fabricated diffractive optics

* Fabricated & used world-first diffractive optical elements for trapping and controlling individual atoms.

Initialize Adiabatic Evolution State Readout

single atom microwave radiation |
in optical laser cooled (= <5 IJK!

atom reservoir (=

dlffractlve optical element

trap section double-purpose: , -
control sections fluorescence collection DOE test pl atform

single atoms in 3-spot trap

5
10
position (um) 15

Andrew J. Landahl Adiabatic Quantum Computing



Evidence of robustness )

Laboratories

Validating claims...for one qubit

Built Sandia’s first functioning one-qubit quantum computer.
* Inaugural calculation: “1 is greater than 0 ... with high probability.”

1.01
0.8]
o, — 0, + 270, z 06

0.4]
0.3 0.2
0.2 0.0

; ; . : 0.0
0.0 15 3.0 45 6.0
0 200 400 600 800 1000 1200 Computation Time (ms)

Computation time (us)

Line of complete uncertainty

Fidelit

Probability that 1 >0
o
a1

Demonstrated excited-state adiabatic evolution: Behavior is quantum, not relaxation.

|0)

v : v
4)p) = sin §]O> + €'? cos §\l>

1)

00 05 10 15
Evolution time (ms)
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Quantum-dot qubits )

“Artificial atoms” with more tunable properties
Theory: Double-well electron qubits

1l IE e L

0) = [1)2]0) R 1) = [0).|1) 0) = |T>L|l>R\‘/"§| Dol Dr ) - |T>L|l>R\;§| Dol Mr
Charge qubit Spin qubit
Short T, but easier to work with & Long T, but harder to work with &
stable ground state metastable ground state

(Electrical readout for both types, though.)

AQUARIUS hardware approach: Near-term (dots) & long-term (donors)

Petta, Science, 2005

1 um

00000000000

00000000000
00000000000

E
S N
Double quantum dot (DQD) Pair of donors
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Quantum-dot qubits

Not adiabatic yet, but have promise of integration

* Invented world-first semiconductor adiabatic charge qubit.

* Built one- and two-qubit silicon quantum dot devices realizing the idea.

One-qubit device

Single-electron occupancy

\//

Sandia
National
Laboratories

‘ * Sidevices

Two-qubit device

* Invented world-first benchmarking test for “quantumness” of adiabatic qubits.

* Used the test to measure charge qubit relaxation times
* Switching speed currently too slow to prove adiabaticity

100 mK.

\, 860Hz
|

4 3010Hz

247
Y]

Andrew J. Landahl
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Atomic-precision lithography @i

There’s no more room at the bottom

WD&\W&\W

00000 9.9
» . ) O O . »»
R R R &*& 22625050505 * §¢§¢§ QO0C
I0RC0C AAAIAOOOBBAAAA I

Etched alignment marks :" 0.7 nm features!

9
AN 00 X 5K o*o‘o*o
. » ?? . " -\.*.z.*:~° .i.§. .

by
5 3P%ng¢#¥§g¢ ~atate

* \ i &
3333585

NSV AN Y N
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A new era )

Laboratories

A quantum leap in our mastery of information

HOW'S YOUR THE PROTECT EXISTS
QUANTUM COMPUTER IN A STMULTANEOUS CANT  THATS
PROTOTYPE COMING STATE OF BEING BOTH OBSERVE A TRICKY
ALONG? TOTALLY SUCCESSFUL IT?  QUESTION.

j GREAT!
)

AND NOT EVEN
STARTED.

Dilbertcom DilberiCarconist@gmail.com

Y-17-12 o012 Seofn Adame, . Dat by Usver ek

Join the APS Topical Group on Quantum Information (GQl) today!
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Single-electron bits ) e

Laboratories

The ultimate limit of electronic computing

/ 107 00 Ei@ :104\
© o E
S | . 108 o oo @HD% =
E e o 5 & é’
S AMD o o000 % ég 108 5
S | = 4+ |IBM r @
g |2 - 0o DE‘O‘O ‘ O All manufacturers ‘ =
.é % 104 Intel O O 00 L 3
= _§ A Motorola 0 800 in,
g |2 100 ™ 000 £102 2
g | = g 0o o0 O c 3
2 |- O (e]0] =
g 102 (a]0]
3
; 101 ] I 1 1 I I I 1 1 I 101
E 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

\ Year /

A single-atom transistor
Fuechsle et al., Nature Nanotechnology (2012);
doi:10.1038/nnano.2012.21
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Quantum information software @

Quantum error correction expels decoherence!

1
— (10) + |1
75 0+ 1)
: (10}]0)|0) + [1)[1)[0))
V2
Checks: Syndrome: Diagnosis:
\Airst 2 bits the same? 0 (@ )
00: All clear
x Second 2 bits the same? 1 8 (1)(1) E::E ZEE:I i )
11: Flip qubit 2
& )

Andrew J. Landahl Quantum Computer, Heal Thyself!



QUBO with cesium atoms ) i

Laborataries
Interactions controlled by lasers and microwaves

(657 /2, F = 4) = |0) h

Wuw ~ 9.2 GHz

(651/2,F = 3) — |1>

rabi flopping between qubit states

5 1 - -
— I i
3 08}

(]

S 06}

o

> 04}

2 2!

S

S 0

0O 10 20 30 40 50 60 70
pulse time (us)

Actual data

Andrew J. Landahl Quantum Computer, Heal Thyself!



QUBO with cesium atoms ) i

Laborataries
Interactions controlled by lasers and microwaves
A~ 852 nm
w ~ 100 kHz
1 GHz
-
= h-W,,wO
H = 52‘)&? !
light shift via microwave scan
s 1 o Tight Shift ——
3 08 light shift ——
S 06
g* 0.4
§ o2
S 0

-100 -50 0 50 100 150 200 250

freqeuncy offset from resonance (kHz)

Actual data

Andrew J. Landahl Quantum Computer, Heal Thyself!



QUBO with cesium atoms
The Rydberg blockade

90Ps/, _0~20NHz
A =318 nm
Q=10 MHz

650, F=0)—10) S
(657 )2, F' = 3) = [1)

1 micron atom!

Relative energies (GHz)

Interatomic distance, R (um)

J(r) (kHz)

il Red detune A = 20 MHz; © = 10 MHz

|| || —Blue detune A = 20 MHz; &} = 10 MHz| -

6 8 10 12 14
Interatomic distance, r (um)

Sandia
'I‘ National
Laboratories

90P;

Sane region
H=J(r)o,o,

8-12 micron spacing

Andrew J. Landahl
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A 100 mW, 318 nm laser system

It’s complicated

MgO:PPLN
R; 1070 Period ~11.6 um
NP Photonics A2 Ts1573 at 200 °C
amplified Rock | —C2 [
solator |
4W 1573.77 nm

Seed-laser Lens
access port

Long-term stabilization

12¢O reference cell

Lens or Covesion controller & PPLN
Galilean

telescope

Detector Demodulation
> | aser PZT

=750 mW at 637.04 nm

Sandia
'I‘ National
Laboratories

HR 636 nm

and servo-amp

NP Photonics

amplified Rock O
4W 1070.27 nm 0

frequency d

HR 1070 nm

| Optical
| isolator

Coherent MBD-200

® =585-670 nm
20 =293 -335nm

oubler

To transfer etalon
for wavelength control

Coherent MDB-200
Conversion efficiency
~16% for 1W input

Amplified “Rock” laser
Line width < 5kHz

Andrew J. Landahl Quantum Computer, Heal Thyself!



A 100 mW, 318 nm laser system @iz

Laboratories

It’s complicated

1064 nm \

100 mW

/

Sum/frequency mix Doubling

Locked, high power

1580 nm

------

Andrew J. Landahl
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1 133 Sandia
WI S 'I" National
Laboratories
Spinoff optics technolo
P P gy Cs level structure
Initialize Adiabatic Evolution State Readout
single atom microwave radiation 1008 1/2
in optical laser cooled (= } 03 = 25 MHz
trap atom reservoir A AT T T T T T
\ EDDI — I
: A3 = 1038 nm
! Q3 =1 GHz (20 MW cm™?)
[
G . \ . s | ™7 } 8s = 2 GHz
diffractive opt1ca| element trap section Houble:pipose! _: +r——————
control sections fluorescence collection I Ay = 459 nm
! Qy = 50 Mz (160 W cm™?)
1
; 1A " [4& }6=1GHz
0 () 24 }on
2[1, 8(52 2 J . L A1 = 852 nm
Microwaves/ nght shifts Rydberg interactions : I : Q, = 100 kHz
two-photon : : 1
Raman I 1l
At 02
— 1 I | } 5!“” ~ 55
(651/2,F = 4) = |0> N | 2(51
. : T Qo = 9.2 Gz
(6512, 1" =3) — [1) | - (3.2 cm)

Andrew J. Landahl
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Semiconductor AQC )
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Theory: Double-well electron qubits

| IE e L

0) = |1).|0) 5 1) = [0)2]1) R oy = DLl DR+ Dl D by Dl e =1 Dl Dr
0) 7 1) 7
Charge qubit Spin qubit
Short T, but easier to work with & Long T, but harder to work with &
stable ground state metastable ground state

(Electrical readout for both types, though.)

AQUARIUS hardware approach: Near-term (dots) & long-term (donors)

Petta, Science, 2005

1 um

00000000000

00000000000
00000000000

YT SN

Double quantum dot (DQD) Pair of donors

Vi(x)
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DQD Charge qubits: Theory

Sandia
'I‘ National
Laboratories

ALD AL O4 Quonturn - Chorge
Dot Sensor

Gate Cxide

Si Handle Poly-slicon Depletion Gate

Metallic connector w/
variable density

Vel vk
van weperen, PKL, 2UL1

Tunable FET coupler design (SNL)

Y

SENSOI . SEeNSOrr  =mm

fim

Theory: Set of plausible interactions

’ —

Z interaction * Xinteraction

DQDE# 1G] DQDE# 20

e ZZinteraction ]

* & =detuning, can modulate by gate voltages tmeV (-12 K to 12K)
* B =tunnel barrier height, can tune neV to meV (120 mK to 12 K)

* A=Coulomb interaction, can tune 25-85 peV (0.25 K to 1 K)

Tuning Coulomb interaction by barrier voltage
or FET coupler will be difficult!

Andrew J. Landahl
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The silicon charge qubit

A double-well potential

oL

e X interaction

Z interaction

SO P U 8, B9 L G

ZZ interaction -Z7Z interaction XX interaction XZ interaction

Sandia
National
Laboratories
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DQD QUBO & beyond: Theorymg:

Laboratories

Using previously described interactions, can solve QUBO:

H = Z Bi(s)olV) + Z ei(s)olV) + Z Aij(s)oWal)
i i iJ

For small-sized problems, can optimize adiabatic path to increase fidelity

Energy gap

g

Final fidelity vs. total time

o | f F(T) =< Wo(T)| (T)>] |

0.05 meV

g

nel coupling, t (zeV)
2

-3

Effective tun

8

\

* Simulation: Energy gap is 5 to 500 peV, runtime is ~1 ns.
Universal AQC requires additional interactions:

/ 04 0.6 08 10
-04 —-02 0.0 02 04
Detuning, € (meV) T (l]S)

By -
LSET % Open questions:

Soleo o ks = .
Q a 2 °
I > Q, a How plausible is this?

=g [ @ * |sYneeded?
SET —_ W
XX interaction X7 interaction s, of\e ®

Hollenberg et al. (2004), doi:10.1103/PhysRevB.69.113301
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DQD AQC: Experimental result@
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Charge-sensed a single-well, single-electron quantum dot

Mg

=
2
=

Current goes through QD when
levels lines up

=

.
BV

D
A

InoT (arb.units)

Last “visible” transition

4.2

=
[

Enhancement gate [V]
&

=
iR

4.05

Top plunger [V]

4 Eadd

SOURCE DRAIN

!

—>
N-3AN-2A N-1 AN AN*-‘I

gate voltage Vg

4
x 10
; Edge of transport through dot observed!
Two most likely reasons:
1 «  Tunnel barrier is gradually turning off (often the case)
* Last electron
41
This case is not gradual and no additional transitions are
e observed over reasonably large V,,, scan and V,

- Strong evidence for single-electron occupation!

Andrew J. Landahl
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DQD AQC: Experimental resultgig

Laboratories

Charge sensing of a double-well quantum dot

Strategy:

*  Fill dot region with electrons. It’s easier to start with a many-
* Form asingle well. electron dot first; for AQC

* <Dial down to single electron> single-electron discrimination of
* Deform potential to double well. a many-electron DQD is

* Balance charge sensor with the dot. sufficient.

iciff

0,25 s
* Coulomb blockade has richer

0.3 “honeycomb” structure for DQDs.

035 *  We are not at single-electron

occupation yet. (Charge
sensor balancing TBD.)

-0.45

- However, we have enough to test adiabaticity of
evolutions!

-0.5

-0.55 :
065 -06 055 -0.5 -045 -04 -0.35

rp
-
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Testing adiabaticity: theory @i

Laboratories

Adiabaticity testing

If relaxation and adiabatic evolution both drive one to the ground state, how do we disentangle the causes?

t 0.2

15
H = fog +€(s)o T o
-0.26
Asymmetric toggling: / Square-wave pulsing: \ 0.7 0
€0 ‘R> ““““ R 0.3
w 4\ /7 _032 -*
- 5
. —_ = —_ -0,34
6 o 0 -0.36 *
\ ‘ \ } -0.38
0.4
-0.8 -0.75 -0.7 -0.65 -0.&
RP

LP
differertial signal {pa)

8]

\L> * As At grows, if evolution is nonadiabatic, time-

<« F; averaged signal will transition from R-R-R-R (too
1 fast to exhibit relaxation) to R-L-R-L-R-L

(relaxation). = Finds relaxation timescale!

a B

10 1 = relaxation . -
I rates * Rerun experiment at a timescale faster than
) } relaxation, and increase gap by increasing beta.
) ; ; Lo An observed transition from R-R-R-R to R-L-R-L is
\R>§ signature of adiabaticity!
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Testing adiabaticity: experiment

Sandia
National
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We are just now doing preliminary experiments probing the relaxation timescale

Testing three square-wave pulse frequencies. Two peaks indicate both R and L populate. One peak indicates
only R populates.

7.5t

idiff re (&)

!
[=2]
T

-8.51

215Hz

-0.44

-0.45 )
RP (V)

-0.46

-0.43

-0.42

-0.41

idifF fwr (&)

-7.5F

'
[#]
T

-8.5F

-9.5

¥ 100

430Hz

-0.46

-0.45 -0.44 -0.43 -0.42 041
RP (V)

iciff ry (A)

-
n
T

'
[#]
T

]
(93]

)

-9.5

x 107

860Hz

-0.46

-0.45

-0.44 -0.43 -0.42

. -0.41
RP (V)

We’re developing some detailed noise models to allow us to extract T, from this data.
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The Sandia nanologo ) i
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Atom-sized features
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Results: Atomic-precision lithography @

Laboratories

0.7 nm lithography

1. Demonstrated clean Si(001) 2. Low-defect H resist layers 3. Atomic-precision windows in resist

Side views @) X

OOO O 0 O OOO O O OOO OOOOO
© 0 0 00 O 0 0 0 0 00O

Top views
2

7.0nm
O

Si(100)-2x1 Si(100)-2x1-monohydride
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