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The course
Introduction and overview: qbits, gates, circuits and errors…

Module 1: Hardware
Qubits based on atoms and ions. 
Qubits based on superconducting circuits.
Other qubits: photons, electron spins & NMR.

Module 2: Algorithms and their experimental implementations
Quantum algorithms 1: the modules (QFFT, Phase estimation…)
Quantum algorithms 2: Grover, Shor and experimental demonstrations.

Module 3: Quantum error correction
Quantum error correction and description of codes
Construction of a fault-tolerant architecture.



3

Bardeen, Brattain & Shockley, 1947

~ 10 cm

IBM 
2017

~ 5 nm

Below nm, « world is quantum»
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0.1 nm

2030 ?

sem
iconductor.substack.com

# 
tr

an
sit

or
s/

 in
te

gr
at

ed
 c

irc
ui

t

year

G. Moore

One motivation for QC: The Moore’s law
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A brief history of QC…
1985 David Deutsch first quantum algorithm and idea of CNOT gate

1994 Peter Shor: factoring algorithm with exponential speedup

1995 Lev Grover: search algorithm with quadratic speedup

1995 Peter Shor: idea of quantum error correction code

PRA 52, 2493 (1995)



R.P. Feynman

Quantum simulation 
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The qubit zoo (selection…)
Trapped ions

Innsbruck

Atoms

IBM

Superconducting circuits

2-qbit gate 2002 2010 2010 2004

QEC 2004 2023 2016 2008

Photons
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The Turing Machine
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The qubit zoo (extended)

Trapped ions

Innsbruck

Atoms

IBM

Superconducting circuits Photons

Lecture 2 Lecture 3

NMR & e- spin

Lecture 4
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FIG. 1. A typical Rabi oscillation between the ground-state |g〉
and the Rydberg state |r〉 (with n = 62) when all the parameters are
optimized on the experiment. The solid line is a fit by a damped sine.

This results in a coherent coupling with an effective Rabi
frequency ! = !r!b/(2") between |g〉 and a single Rydberg
Zeeman state |r〉 = |nD3/2,mJ = 3/2〉. With this choice of
laser polarizations, we avoid the off-resonant coupling to
other Zeeman states, which would lead to dephasing. To
vary !, we tune !r (by varying the 795-nm laser power)
and keep !b maximized. The latter depends on the principal
quantum number and, using Autler-Townes spectroscopy [37],
we measured !b/(2π ) = 34.8(5) × (n$/60)−3/2 MHz with
the effective principal quantum number of n$ = n − δ0, where
δ0 $ 1.35 is the quantum defect of 87Rb D3/2 states.

Finally, after this excitation time τ , which takes up to a few
microseconds, we switch on the tweezers again. An atom in
|g〉 is recaptured with high efficiency (see below), whereas an
atom in |r〉 is repelled by the tweezers and thus lost. We then
take a second fluorescence image to check for the presence of
the atom. Repeating this sequence (typically 100–200 times)
allows us to reconstruct the recapture probability that we
denote Pg as, to a first approximation, it gives the population
of |g〉. The inferred Rydberg excitation probability is denoted
as Pr = 1 − Pg .

II. STATE PREPARATION AND DETECTION ERRORS

Even if the excitation process of an atom in |g〉 to the
Rydberg state |r〉 was perfect, the measured recapture prob-

FIG. 2. (a) The excitation setup. The tweezers has a 1/e2 radius
of 1.1 µm, and the blue and red beams have elliptical cross sections
with waists (wx,wy) = 24 × 50 and (wx,wz) = 50 × 200 µm2, re-
spectively. (b) Relevant levels involved in the Rydberg excitation (see
the text).

FIG. 3. Effect of small but finite values of (ε,ε′,η) =
(0.05,0.08,0.03) on the measured probability Pr (solid line) assuming
a perfect Rabi oscillation P̃r (dashed line). The values of SPAM
errors are chosen larger than in the experiment to easily visualize
their effects.

ability would not show perfectly contrasted oscillations due to
state preparation and measurement (SPAM) errors. We identify
three different components: (a) the finite efficiency of the
optical pumping leading to a preparation error with probability
η, (b) the “false positive” errors in the Rydberg detection as
we have a probability ε = P (r|g) to incorrectly infer that a
ground-state atom was in |r〉 because it was lost, e.g., due to
background-gas collisions, and (c) the “false negative” errors
with a probability ε′ = P (g|r) to recapture a Rydberg atom
which has quickly decayed back to the ground state.

We denote by P̃g and P̃r the actual population of states |g〉
and |r〉 due to the evolution of the system under the excitation
laser, possibly in the presence of the damping and dephasing
mechanisms to be discussed in Sec. III. Due to the nonzero
values of (η,ε,ε′), the measured probabilities of recapture Pg

and of loss Pr are slightly altered and become

Pg = η(1 − ε) + (1 − η)(1 − ε)[P̃g + ε′P̃r ], (1)

Pr = ηε + (1 − η)[εP̃g + (1 − ε′ + εε′)P̃r ]. (2)

It implies that, even if the “real” population P̃r undergoes a
perfect Rabi oscillation P̃r (t) = sin2(!τ/2), the measured one
Pr (t) has a finite contrast. Figure 3 illustrates the effect to
lowest order in (ε,ε′,η). In principle, one can invert the above
equations [38], e.g., using a maximum likelihood procedure,
to correct the measured populations for these errors and
recover the real populations even for many qubits [3]. In our
publications we however include these SPAM errors on the
theoretically calculated populations when comparing with data
[2,39]. In the following, we investigate in detail the causes of
those SPAM errors.

a. Efficiency of optical pumping. The optical pumping into
|g〉 is not entirely perfect, and we denote by η the probability
that after optical pumping, the atom is not in |g〉 but in
another Zeeman or hyperfine state of 5S1/2. Measurements
using microwave transitions between the two hyperfine levels
of 5S1/2 allow us to estimate an upper bound on the preparation
error η < 0.005.
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Coherence of qubits: examples
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Rephasing qubits with spin echo
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Examples: microwaves (9.2 GHz) on single Cs atom

Kuhr, PRA (2005)

Rephasing qubits with spin echo
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Example of improvements: Atoms in tweezers
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M. Kjaergaard et al., Annual Review of Condensed Matter Physics, Vol. 11:369-395

Example of improvements: quantum circuits
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