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The physics of computation
2500 BC abacus

Classical bits (0 or 1)
Classical physics 

~1910 vacuum tube

integrated 
circuit 

1947 transistor

1980’s PC

Supercomputer



Can we do better?

Do quantum laws open 
up new possibilities 

for computing?
Webb et al, Phys. Rev. Lett. 54, 2696, 1985

Feynman, Optics News, Feb 1985, pp. 11-20



Far-reaching potential applications

“The quantum computer may change our everyday lives in this 
century in the same radical way as the classical computer did in the 
last century.” (Nobel citation 2012)

More on http://math.nist.gov/quantum/zoo/

Internet SecurityHealth Energy 

Financial services 
Weather forecast

Artificial intelligence

Supply chain logisti
cs

OptimizationMachine learning



Controlling individual quanta

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

David Wineland (NIST)Serge Haroche (ENS Paris)

Physics Nobel Prize 2012 
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0000 & 0001 & 0010 & 0011 & 0100 & 0101 & 0110 & 0111 & 1000 & 1001 & 1010 & 1011 & 1100 & 1101 & 1110 & 1111

50 qubits (250 complex amplitudes) 
exceed memory of largest supercomputer

Exponential complexity of quantum bits
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Based on idea BBC Science Documentary  The Fabric of The Cosmos Quantum Leap



How quantum computers compute
Example: Grover’s search algorithm
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000  001  010  011 100 101  110  111 Create equal superposition

Desired answer emerges
through interference

Unitary transformations

L.K. Grover, Proc STOC 1996



How quantum computers compute
Example quantum circuit



Building a quantum computer 
(DiVincenzo criteria)
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12Escher, Eternal Staircase

The Grand Challenge: keeping qubits alive 
… in a scalable system
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Why I became optimistic



Advance 1: Qubits can be built on a chip! 
(Delft examples)

Semiconductor quantum dots 

Superconducting circuits

Impurities in diamond or silicon 

Semiconductor-superconductor hybrids
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Advance 2: Extending quantum coherence

Quantum state lifetimes boosted by four orders of magnitude
15
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GaAs Si 28Si

T2
* ~ 0.01 µs T2

* ~ 1 µs T2
* ~ 100 µs

Petta et al, 
Science 2005

Kawakami, Scarlino, et al, 
Nature Nano 2014

Veldhorst, et al, 
Nature Nano 2014

T2
DD < 0.2 ms T2

DD > 0.5 ms T2
DD ~ 28 ms 

Example: Spin qubits in semiconductor quantum dots



Advance 3: Quantum error correction

Raussendorf and Briegel, Phys. Rev. Lett. 2007

Use redundancy to remove errors faster than they occur

+ = +

Requires:    error probability per step below 1% (previously below 0.01%) 
large redundancy (100x to 10,000x)
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Can preserve quantum states for as long as is needed!
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Intermezzo – making things physical



Electrical control and detection
• Tunable # of electrons 
• Tunable tunnel barriers
• Electrical contacts

All-electrical semiconductor quantum dots

Discrete # charges, quantized orbitals

Artificial atoms 
and molecules
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Control individual spins
using microwave drive

Single-qubit operation
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19Microwave burst time [µs]

31-10-2014 T.Jullien QT Delft Werkbesprekingen 13 
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Rabi Oscillations 

Decay Fit from 
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of a single spin with the electron in the ground valley-orbit state. The Rabi frequency extracted from the data is
1.345 MHz. The decay of the oscillation is what we would expect assuming a statistical distribution of resonance
conditions with a line width of 0.63 MHz (FWHM), which is the number extracted from the continuous wave response
(not shown). This line width corresponds to T

⇤
2
⇡ 1 µs, and is presumably dominated by the 4.7% 29Si spins in the

substrate, similar to [7]. Here there is no evidence of additional decay mechanisms. In particular, we do not see any
indication of intervalley switching or the combined e↵ects of electrical noise and the magnetic field gradient.
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FIG. 2: (a) Measured spin-up probability, P", as a function of fMW and burst time tp (microwave power at the
source P = 18.85 dBm), showing two Rabi chevron patterns corresponding to the two valley-orbit states. The

resonance frequency of the valley-orbit ground state is 18.9795 GHz and that of the excited state is 18.9750 GHz.
The signal coming from the excited state is much smaller due to its lower population. (b) Measured spin-up

probability, P", showing a Rabi oscillation for the ground valley-orbit state (blue circles). During the manipulation
stage, on-resonance microwave excitation (at fMW = 18.9795 GHz) was applied for a time tp and o↵-resonance

microwave (fMW = 18.9195 GHz) was applied for a time t
0
p = 10µs �tp, in order to keep the total duration of the

microwave bursts fixed to 10 µs for every data point. The black line shows a numerical fit with a model that
includes a constant driving field in the rotating frame (which is a fit parameter) and (quasi-)static noise modeled by

a Gaussian distribution of resonance o↵sets with width 0.63 MHz (FWHM).

DYNAMICAL DECOUPLING

Next we examine the spin memory time of this electrically controlled spin qubit. In our previous work [7, 12], due
to switching between the two valley-orbit states, the Hahn echo decay was exponential with coherence time ⇡ 40 µs.
Furthermore, we were unable to extend the coherence time using multiple echo pulses. Due to the di↵erence in Larmor
frequency between two valley-orbit states, as soon as a switch from one to the other valley-orbit state occured, phase
information could not be recovered by echo pulses. In this work, we observe significantly extended coherence times
presumably because the switching between valleys is slower in the present gate voltage configuration.

We study the spin memory characteristics using two types of two-axis dynamical decoupling sequences, based on
the XY4 [13], (XY4)n (sometimes called vCDD [14]) and XY8 [15] protocols. The insets in Fig. 3(a,b) show the
(XY4)n and XY8 pulse sequences for 16 ⇡ pulses. We use X and Y to denote ⇡ rotations about x̂ and ŷ, and X̄

and Ȳ for rotations about �x̂ and �ŷ. Such two-axis decoupling sequences are chosen in order to reduce the e↵ect of
pulse imperfections and to equally preserve the spin components along all directions in the x̂� ŷ plane [16], which is
important for quantum information processing. One-axis decoupling sequences such as CPMG [17, 18] may artificially
preserve a specific spin component for a longer time than two-axis decoupling sequences, but with a reduced coherence
time of the orthogonal spin component [19–21]. The visibility of the echo amplitude decreases for larger numbers of ⇡
pulses, N⇡, due to the pulse imperfections. Therefore, to facilitate direct comparison of the decay rates with di↵erent
numbers of ⇡ pulses, in Fig. 3(a,b) we show the data, normalized to the echo amplitude at twait = 0, as a function of
the total wait time twait for (XY4)n and XY8, respectively.

To analyze these decay curves, we adopt a semiclassical approach, in which the decay curve of the echo amplitude
is written as

P (twait) = exp [�W (twait)] (1)
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Two-qubit operation

VB,LM

Evolution of spin 2 conditional on spin 1

Spin 1 up Spin 1 down

y

x

z

Electrical control of the coupling  
between neighbouring spins
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Read-out
Spin-selective tunneling + 
charge detection

Ef

21



Grover’s algorithm in silicon
T. Watson et al, Nature 2018
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Supplementary Fig. S6. Simulation of the Deutsch-Josza alogorithm with decoherence due to static noise. Two-spin
probabilities as a function of the sequence time during the (a) Deutsch-Josza algorithm and the (b) Grover search algorithm for
each of four possible functions. The solid lines show the outcome of the simulations which include decoherence due to charge
noise and nuclear spin noise.
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What stops us from having 
a quantum computer today?



Challenge 1: Qubits have personalities

Qubit is highly sensitive to patterning variations 
and microscopic defects 24

SiGe barrier

Si q well
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Way forward 1: Use industry cleanrooms
Tailor-made devices and circuits. Leverage known processes



10 years, 50 M$

Silicon spin qubits
Transmon qubits

Architecture, Cryo-CMOS,
interconnects

Transistor Quantum dot array

QuTech-Intel collaboration

B1 B2 B3 B4

28Si

P1 P2 P3



Challenge 2: Scalable wiring & control
Today: bulky, expensive equipment



Way forward 2 : Integrated control architecture

E. Charbon et al., “Cryo-CMOS for Quantum Computing”, IEDM 2016.
X. Fu et al, A microarchitecture for a superconducting quantum processor, IEEE Micro 2018

Cryo-CMOS control electronics
Quantum computer archicture
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Heterogeneous multi-core  
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Challenge 3: 
What is it
good for”?

29

Lots of 
speculation, high 

expectations
Little shown.



Way forward 3 – Cloud based platforms
http://quantum-inspire.com - Launched Sept. 4, 2018. 
Access to perfect (simulated) qubits.  Real qubits coming.
See also IBM Q Experience 



Challenges in each layer Layers are highly interrelated

31

Systems approach needed



QuTech partnership @ Delft
Quantum technology will not be built by physicists alone 

With support from:

Currently at ~ 200 fte, 
rapidly growing to 350 fte



When will there be a quantum computer?
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Projecting quantum progress
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Can we accelerate hardware development?



# 
qu

bi
ts

time2015 2020 2025 2030
100

101

102

103

104

105

106

2010

Can we accelerate software development?

“Usefulness threshold”
(depends on algorithms 
and error correction)

Applications for
noise-intermediate 

scale quantum (NISQ)
computers?



The quantum computer –
Coming to stores near you (soon?)



A team effort!
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