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Quantum Computing Fundamentals

@ 0

@1

Classical Bit Qubit
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“Nature isn't classical, dammit,
and if you want to make a
simulation of nature, you'd better

make it quantum mechanical.” 0 1

* Breaking cryptography 1 0
* Machine learning
* Optimization




Qubit Circuit
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Krantz et al., “A quantum engineer's guide to superconductihg qubits,” Applied Physics Review (2019).



Josephson Junction
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JJ Fabrication

Top View

Mag= 4633 K X EHT = 5.00 kv Mixing = On Signal A = InLens
Date 6 Sep 2023 Large Beam Shift = Off WD = 51mm Mix Signal = 04013 Signal B = SE2

Side View



Transmon Qubit

(a) (c)

(b) (d)

5 5
\ Transmon
4\ iy
& | %3\ /
> > 7
5 2 E 2 8 2}
& W EE)L §L{ m01+
= 7 10
ol QHO 9% | >
- -T2 0 /2 Y3 -T -T2 0 /2 T
Superconducting phase,q‘) Superconducting phase, gb
RV d
7=t (2) Ley Lo s 7= 2l ooy + 30 (20) (%)
2\ 27 ) L 27T dt T d

5 T f & st a2
H:hw(aT&Jrl/z) H =hw ( a—|—2 —l—)



Quantum-Limited Parametric Amplification
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Challenges of Superconducting Quantum Computing

Qubit Quality | Error Correction | Qubit Control Scaling
- Qubitt lifetime is |- Error correction |- Low-latency - One qubit
In the has not yet been |control on the requires multiple
microsecond proven at scale |order of control wires and
regime nanoseconds several room
- Error rates are temperature
high for electronics
computation
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Phase-flip error
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Siddigi, Nature Reviews (2021).



Novel qubit architectures

Transmon Fluxonium Flux
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Quantum Error Correction

Noise

Error
Correction
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Quantum Error Correction
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WHAT STARTS HERE CHANGES THE WORLD

Quantum error
correction

# Physical qubits
# Logical qubits

Logical error

We are here
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54 102 10° 104 10° 10¢  # physical qubits
Beyond Logical qubit  1long-lived Tileable module Engineering Error-corrected
classical prototype logical qubit (logical gate) scale up quantum computer
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Cool it down!

Bluefors DR
SolidWorks render

Dilution
refrigerator

DR in TS
Shankar Lab



How does it work? -- a two step cooling

Step one:

To pmN = Traditional, ~ 3K
omere il ' d Liquify Helium mixture
: n F- 2-95|K Helium:
s " lowest boiling point
| substance
PT2 - 4K 3K |

. " - SHe: 3.19 K
% " Pulse tube head ‘He: 4.23 K




Pulse tube compressor

—3
Cool fluid
‘—
Expansion
Evaporator valve
HEAT warm fluid
: !
Evaporation [
Low pressure Radiator fins
vapor
Condenser
High pressure
vapor
/g; c
I“.. o ‘f ompressor pump




How does it work? -- a two step cooling

PT1- 77k &

Mixing chamber

Step two:
Cool down to < 20 mK
Mixing *He and “He

Record: 1.75 mK

Cooling power:
0.5 mW at 100 mK

Lowest Laser

NDR: 50.9 uK

Laser cooling: 700 nK
Lowest: 37 pK




SHe and simplified DR

Concentration

Dilute 6.6%
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