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Computer

»Solves problems that are "computable™
« What is the shortest pathe v
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and-everythingz
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Quantum Computer

»Physically different model of computation
« Bounded-error guantum polynomial fime

» Appears to violate “extended Church-Turing thesis”
« BQP > P 272

» Quantum Algorithms (" NPproblems )

e Fourier Transform 0(2™) - 0(n?)

- Searcho(n) »o(vn) | _ceemmmm——a

» Linear Equations 0(n) - 0(log(n)) a BRI~
 Variational Eigensolver S -7

« Quantum Simulation
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Bits vs. Qubits

True |1 “5" 0101

6" : 0110

False 0O “T17 1011
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Bits vs. Qubits
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QubiIts

>Superposition 1)) = cos(f) |0) + e sin(f) |1)
»Entanglement 001,010,100  n?
000), |001), |010), [100) , |011) ,|101),]110),|111) 2"
»Interference | gy
0) = —=(1) +10) = 1) ]
1) 28
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DIVIincenzo's criterio

1. Scalable and well-characterized qubit
2. Initialization

I~ 3. Long coherence times

I 4. Universal set of gates

—1A= 5. Measurement

D. P. DiVincenzo, Fortschr. Phys. 48, 771 (2000).
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Scalable and well-characterized

>2 dimensional Hilbert space \\ / o ‘ &
» Closed |/ " 2‘
Po

- Gapped AE £50
« Confrol | >
»Scalable
« Can you make lots? AE
* Are they idenfticale
L B o " |O>
0) 0) ’ 0) o) —I10)
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Initialization (State Preparation)

»>Prepare the system in a well ‘¢> N ‘OOO . >

known initial state
« Optical pumping
« Measurement and feedback
« annealing

»>Introduces Error ) — (1 —€)]0) +€]1)
»Requires conftrolled dissipation
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Coherence Time

»''storage tfime” of quantum information

»Decoherence mechanisms:

* Phase decoherence |
1) + €' |0) — [1) + " 21 |0)
* Measurement

1

o 1) + 810) — P(1)) = [af? and P(0)) = |

 Decay

AE

o 1)+ 810) - [0} l 1)

0)
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Gates

 Turn on resonant interaction
between |0) and |1)for a

single qubit AE = hQ
H = Q([1)0] + |0)X1]) L0
- Drives |0) — |1) ‘ >
1) = 10)
all) +510) = af0) + B]1)

t =1/

»Single qubit gates
1)




Gates

»Two qubit gates

* Requires some spin
dependent interaction

H = §(|11) + |00))

« Together with a single
qubit gate you can
“flip" one qubit
dependent on another
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G O '|' e S Operator Gate(s) Matrix
Pauli-X (X) e Y
Pauli-Y (Y) -y} i
»Many different one- PauliZ (2 {z} b
and two-qubit gates Sacamard @) 1B} sl
y . " Phase (S, P) —{s}- [ Y
»>"Universal set” needed . T 0
-I-O be Oble -l-o do Ony Controlled Not —r 6100
compu’ro’rion (GHOE, &5 —o— [ o 1 5]
>One such seft: comwaazcn 1 [ i
° One-QUbiT I’OTCITiOﬂS, SWAP Y :: [é E § l]
phase
» Two-qubit CNOT N i
CCX, TOFF) e SRERE
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Measurement

> "“Project” qubit into either basis with probability P
cos(0) 1) + sin(8) [0) — P(|1)) = |cos(8)|® and P(]0)) = |sin(6)|*

»Perform on each qubit individually
»Each measurement: 1 bit of information about 6
»Perform N idenfical computations, uncertainty on 8 goes

ike VN
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Metrics of a Quantum Computer

> Fidelities of:

« State Preparation
 Measurement

« One-qubit gates
« TWo-qubit gates

»Depth of circuit = (Coherence Time)/(Gate Time)

>"“Clock speed”: circuit time vs. VN measurement fime
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Not a sales pitch




Not a sales pitch

o

L T
ETOTE ONICE
SCIENCE LED AND ENTERPRISE DRIVEN, WE'RE

ACCELERATING QUANTUM COMPUTING

Unparalleled performanc

Theworld’s most

Can we build a
million qubit

powerful quantum
computer

guantum computer?

(©AQT
AQT realizes

;.- TURN-KEY QUANTUM the first general-purpose Universal

Quantum

Quantum Computer.

6/9/22 Trapped lon Quantum Computing 20




IONQ (NYSE: IONQ)

N O-l- O The “World’s Most Powerful Quantum Computer” Is A Hoax With
Staged Nikola-Style Photos — An Absurd VC Pump With A Recent
Lock-Up Expiration Takes SPAC Abuses To New Extremes

« A part-time side-hustle run by two academics who barely show up, dressed up as a “company”
« A useless toy that can’t even add 1+1, as revealed by experiments we hired experts to run

« Fictitious “revenue” via sham transactions and related-party round-tripping

» A scam built on phony statements about nearly all key aspects of the technology and business |
« CEO appears to be making up his MIT educational credentials Y

SCIENCE LED AND ENTERPE DB NAVE'R
ACCELERATING QUANT!

) 7Y Y LY How many
‘ 3 Q f" AR screwdrivers does
; —— one lonQ computer
need to keep running?

. TURN-KEY

Trapped-<ion quantum computer; Source: lonQ

e Migs [ lrwe researiigte el Aguwe/ i sgmd e gt carmgutes Snere v Mgl M IS
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Trapped lons

) W N N N W S S S—

= S NN NN AN AN T
A

>Singly charged atoms rCCCoan—"
confined with electric S ——
fields

»Laser-cooling
> Fluorescence readout
»Addressed via lasers
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lon QUDITS

>Singly charged atoms 1)
with a single valence D
electron
« Cat, Srt, Ybt, efc.

»Every atom identical
» Electron spin ‘1> 0
e Electron orbital q ‘O> m = +1/2 ‘ >
* Nuclear spin m— —1/2

23
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State Preparation

»Optical pumping £
»Dissipation via laser
coupling to excited
state
»Best fidelity: 0.9992
1)
S ‘O> m = +1/2

m=—1/2
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Coherence Time

»lons can be stored for months .
»>Isolation of qubit spins from * e AT pces oy

° 0‘5 °°::60' el 10600— Mean Fidelity
environment enables long N
coherence time:

« Electron spin : seconds ot __|
. I ]
« Nuclear spin : hours vorterer Bl Y
— ==ty Ato—=
EOPP .,
Shutter .,
/2 " /2
Microwave %DTDTD||T||TI|%!
Wang, P,, Luan, CY., Qiao, M. et al. Single ion qubit with wount |10 LT
estimated coherence time exceeding one hour. Nat 120° 90° 180" 90° 120" 210" 180" 270" 180" 210]

Commun 12, 233 (2021).
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Single-gqubit gates
P

»Resonant laser pulse 1)

(opfical qubit)  mmmmmmmpTeeee-

>»Resonant microwave
(hyperfine qubit)

»Raman laser pulse
(hyperfine qubit)

Raman
pulse

0)

D

optical
pulse

>Best fidelity: 0.999999 S /1)

T. P. Harty, D. T. C. Allcock, C. J. Ballance, L. Guidoni, H. A. Janacek, ‘ O> microwave
N. M. Linke, D. N. Stacey, and D. M. Lucas pulse
Phys. Rev. Lett. 113, 220501
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Two-qubit gates

»Resolved motional
sidebands generate spin-
dependent force

« Cirac-Zoller gate
 Mglmer-Sgrensen gate

»Best fidelity: 0.997

Srinivas, R., Burd, S.C., Knaack, H.M. et al. High-
fidelity laser-free universal control of trapped ion
qubits. Nature 5§97, 209-213 (2021)
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Internal (lon) External (Trap)

-3 le) - J
0 r \ /ll)
Laser ® 12)
Spontancous t\' ||)
' — |2) 10)

Blue Sideband: [0)|n) & |1)|n + 1)
Red Sideband: |0}|n) & [1}|n - 1)

(I.l.

= =

Casel:n>0 Case2:n=20
Can drive both red and blue Can drive blue sideband, but not
sidebands red sideband

=1) = [0)|n =0
=0) > X
1) — X

S S S
|
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Measurement

»Map qubit states onto
“dark” and “bright” states D

laser
excitation
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Other Advantages

»lons can be moved around to change connectivity

Memory region

Microchip  Electrodes

A )
@ tomic ion

,/ lon transport
=
00—

- g

Kielpinski, D., Monroe, C. & Wineland, D. Architecture for a
large-scale ion-trap quantum computer. Nature 417, 709-711
(2002)
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Small sales pitch (Graulab)

»Local tfrapped ion setup at
ODU

»Working with
« Ba* (qubits)
« Lu* (qubits, atomic clocks)
* LUOH* (fundamental physics)
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6/9/22

Investigating Lu* as a novel
divalent trapped ion qubit

p
spl_4X
0 622 nm
1
\ D2
350 nm 3])2
3D1
Al)
IS

0

Trapped lon Quantum Computing

Search for nuclear CP violation
Using quantum logic
spectroscopy of molecular ions

H)

@0
Lo

~4%10%% uN cm

4x1011 fm Igg—:,))
>
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Summary
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