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“Scientists are
close to building a
quantum
computer that
can beat a

conventional one”

Science 2016
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Girvin: Superconducting Qubits
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IBM: Supercondcuting Qubits and QX

QX demo: m-qubit QFT, m =2

For each frequency f<2™Hz: Freq. Step: 1 2 3 4 5
1. Prepare each qubit g, in 2010 1l

(10) + HDINE 0= 121 0he: 03— 18 & TG TG 005005
2. Perform QFT i ' _T

3. Measure all g,

4. Reverse the bit order (in 01 10 DB
principle this could be done 1 Hz: « u»%ﬂ-&-ﬂ—.— 10=>01->1
with a series of SWAP gates Y. _?
prior to measurement)

5. Convert binary to decimal; <l b bt 05—
should recover f 2 Hz: um-m-éﬂ—-——? 012> 10> 2

3 Hz: (left as an exercise)

0 1




@ Integration Concept Mhir

Coaxial through-
silicon vias (TSVs)

Niobium S-MCM (Superconducting
Multi-chip module - IARPA C3 program)



(classical part)
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+ in which H;(s) encapsulates the interaction with the environment
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Designer non-Abelian anyon platforms: from Majorana to Fibonacci

Jason Alicea! and Ady Stern?




Shabani: Topological Qubits

https://arxiv.org/pdf/1511.01127.pdf a
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There are a lot of ways to manipulate the internal and
external states of atoms.

106 atomic qubits in <5 mm? or <0.5 mm?3

i




Sage: lon Traps & 3D Integration

Strontium ion loading and trapping.

a b
MOT
i‘l;c:‘ pump laser
= {507 10, —— %Py Multilayer stack of trap chip (not drawn to scale).
(= (Auto-ionizing) 408 nm
Magnet L
. AR ] Pad Ti/Au 20/450 nm
— S Trap electrodes Nb 1,000 nm
= 5s5p 'P,
- | 4K shield ;
e o e = 461 nm PECVD SiO, 1,000 nm
pumping 50 K shield | | Wiring Nb 500 nm
L tube : Y ]
- s, PECVD SiO, 1,000 nm
d Ground Nb 500 nm
c

Thermal SiO, 500 nm
Si substrate 750 um

_. —————— Article number: 13005 (2016)

*Nature Communications 7,

500 um 250 um



Co-designing a scalable quantum computer with trapped

atomic 1ons

Kenneth R Brown', Jungsang Kim??* and Christopher Monroe®*
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Advanced microfabricated ion traps. LEFT: High-optical access (HOA) trap from Sandia National Laboratories (Image courtesy of

Figure 3.
Duke University). RIGHT: Ball-grid array (BGA) trap from GTRI/Honeywell (Image courtesy of Honeywell).




Lyon: Spin Qubits

Why Electron Spins? 2 =
= m@y ™
Ty T, (Feher, 1958)
. T 107
a E
Nl 09 QUbltS :‘_ Rl 212 . * Extrapolated
B A e Hahn Echo
for full-scale Quantum Computer g 0] @& E
R= . A e ¢
= 109,
2 10_2_3 10 o °o—
S : 10 6—o
= 107 e
: . 8 ® 16 10 o—0—g.__
Pica, PRB 93, 035306 (2016) Tosi, ArXiv:1509.08538 (2105) ‘ E‘: 10 + . 1 O o
p— = 1 (Gordon, 1958)
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Alternating: drain (D), gate (Gy)

Morse, arXiv:1606.03488 (2016) Hill, Sci Adv 1, €1500707 (2015)



Forging Solid-State Qubit Design Principles in a Molecular Furnace
Michael J. Graham, Joseph M. Zadrozny, Majed S. Fataftah, and Danna E. Freedman™*“

Hg
109 10 m 12

Ds|Rg|Cn

64 65 66 67 69 70 n

Gd|Tb |Dy|Ho Tm|Yb|Lu

9 94 95 96 97 98 9 100 | 1 102 | w03
i EThE U'SINp | Pu|Am|Cm|Bk | Cf |Es [Fm|Md|No| Lr

@ = qubit
&= = linking group

Figure 5. Periodic table with elements highlighted according to the
natural abundance of zero-spin isotopes. Green: >90% abundance,
yellow: >80% abundance, orange: >70% abundance, and white: <70%

abundance.




https://quantum.nasa.gov/materials/2012-01-17-B3-Aspuru.pdf
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R. P. Feynman, /nt. /. Theor. Phys. (1982)

Optimistic prospects?
A quantum “Moore’s law?”
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Manucharyan: Simulation with Superconducting Qubits

http://online.kitp.ucsb.edu/online/synquantl16/manucharyan/

The impurity: boundary sine-Gordon model Simulation of Kondo impurities
S SR ijw&(uv U 0
2% & 2
g ol

My = 3 s (4.4 O)

"&:H:J---{:]

Corresponds to backscattering/tunneling

in fermions picture
Finkelst - Infrared cut-off (length) .Tf:&“e.?‘ﬂ%,
} G TS A O s e ) - exchange anisotropy (impedance) O Astatiov ot i (2010)
K. Lo Hur e al. (2012) - magnetic field (charge/flux offsets) A Weiss et al (2015)
P Forn Draz et al. (2016)

M Golcatein et al (2012)



https://www.youtube.com/watch?v=vWP4LF2hz80

New paradigm brings new possibilities

Designing Optimizing Sensing and Secure What
new measuring communication else???
materials,

drugs, etc.






Superconducting qubits:

Theory (S. Girvin)
Experiment (V. Manucharyan)

Working prototypes demonstrated
at QS3:

IBM Quantum Experience (4 physical qubits)

D-Wave
Scott Pakin LANL



Trapped lons Optical lattices: neutral atoms
Theoretical background and experiment

Demonstration of 5 physical qubits working Davis Weiss
Chris Monroe

Trapped ions, 3D integration

J. Sage
Positive: large coherence times, higher temperatures than SC qubits
Identical qubits
month of trapped ion life time seconds of qubit (trapped atom) life time

not getting lost



TEapped lons

A1 Margolus: Supercond. B1 Margolus: lon Trap

20 gs 09
506 0.6
% 0.4 0.4
ao.g 0.2
00 0

ot

Chris Monroe
published
28 March 2017

* Developing algorithms
 Communicating with the hardware



Putting many qubits together to build QC

Si- based: S. Lyons

Tosi, ArXiv:1509.08538 (2105)

Alternating:
source (5), gate (G,)

&

Global ESR/NMR control

1 Bw2T, T=20 MK

Drain D Gate Gy
ngj
| layer e

Alternating: drain (D), pate (Gg)

q

Morse, arXiv:1606.03488 (2016) Hill, Sei Adv 1, 1500707 (2015)

No working QC yet

Molecular magnets
Danna Freedman

only principle ideas
bad coherence times

guantum sensors possible

Sow

@ = qubit
&= = linking group




Topological Quantum Computing

Right now on the level of cool theoretical proposal

Topological Quantum Computing: Experiment

Basic theory of topological computation
J. Shabani: topological qubits in 1000 years?

J. Alicea
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e X 2D InAs semiconductor
(high-g, high 50)

Not mentioned at QS3:
many experimental publications about zero-bias peak

Braiding not yet demonstrated



e All functioning and close to functioning devices
are based on well-known and industrially produced materials
Si
InAs, InGaAs, etc
Al-based Josephson Junctions

* Molecular magnets: ideas (unrealistic?) about making qubits
Quantum sensors

* New “quantum materials”, “materials by design”:
interesting properties
not used for QC



