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Quantum Information Science m
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Unraveling Nature’s limits and capabilities
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Serge Haroche David J. Wineland

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

Laboratories

More powerful AND more portable

ENIAC, 1946 iPod nano, 2011
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Quantum information 7 i
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The laws of physics are different here
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Wave nature * Superposition * Uncertainty ¢ Entanglement ¢ No-cloning

The laws of information are different here!
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Quantum computing ) i
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Dramatic speedups for some problems

Big data Cryptanalysis EM scattering

°
wﬁi

o)y
C\\;@

Sarovar et al., Nature Physics (2010); doi:10.1038/nphys1652
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Knot theory Quantum simulation

Over 40 quantum algorithms with speedups over their classical counterparts known
http://math.nist.gov/quantum/zoo
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Decoherence )
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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
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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
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Quantum circuit architecture @z
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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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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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Adiabatic quantum physics ) i

Adiabatic: Impassible [Greek: @- ("not"), 810- ("through"), and Baivew ("to pass”)].

Thermodynamic adiabatic process: No heat transfer into or out of system.

Quantum adiabatic process: No population transfer into or out of a specified energy eigenspace.
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Magnetic field

Adiabatic theorem: If the initial state is |£)(0)) then in the limitas 7' — o the final state is | (1))

‘<E1|H‘E0>‘max
2

Adiabatic approximation: If 7 > , then the evolution is adiabatic with high probability.

gmin
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Adiabatic quantum computing

Slow down, and the answer will come

1. Digitize states into qubits.

2. Digitize Hamiltonian into a finite set of interactions.

H(5) = (1) Ho+ 48, H=Y ik,

3. Load problem into final Hamiltonian of an adiabatic evolution; it’s ground
state is the output of the program!

Example: Quadratic Unconstrained Binary Optimization (QUBO)

ze{—1,1}

=1

i,7=1

N thO'f + Z JijO'iZO';
i=1 ij=1
HO = En:O'x
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Challenge: This is “NP-hard.” Does the gap shrink exponentially with n?
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Quantum Computer, Heal Thyself! @
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Adiabatic physics may suppress dominant errors

1. Robust to control errors

e 1]

“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.

[Eo(t)) = €| Eo(t))
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But does it work? )
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Inquiring minds want to know
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Adiabatic quantum architectures in ultracold systems

Sandia “Grand Challenge” project objectives: (2010-2013)

Build and test quantumness/robustness of two-qubit adiabatic quantum computers for QUBO using

1. (AMO) Neutral atoms trapped by a microfabricated optical-trap array, and
2. (CMP) Electrons trapped by semiconductor nanostructures
and for these technologies

3. Evaluate the potential for general-purpose fault-tolerant adiabatic quantum computation architectures

through design & simulation.

Optical atom trapping Cryogenic materials & Atomic-precision
& control lab electronics measurement lab lithography lab
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Trapping & controlling cesium @
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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
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Evidence of robustness )
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Validating claims...for one qubit

Built Sandia’s first functioning one-qubit quantum computer.
* Inaugural calculation: “1 is greater than 0 ... with high probability.”
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o
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Demonstrated excited-state adiabatic evolution: Behavior is quantum, not relaxation.
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Evolution time (ms)
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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]
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Atomic-precision lithography @i

There’s no more room at the bottom
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A new era )
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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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Backup slides
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Single-electron bits ) e
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The ultimate limit of electronic computing
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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
& )
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The neutral-atom qubit )
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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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QUBO with cesium atoms ) i
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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
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QUBO with cesium atoms ) i
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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
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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
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A 100 mW, 318 nm laser system @iz
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It’s complicated

1064 nm \

100 mW

/

Sum/frequency mix Doubling

Locked, high power

1580 nm

------

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
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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)
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The Sandia nanologo ) i
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Atom-sized features
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Results: Atomic-precision lithography @
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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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