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Evidence that light is a wave

Two-slit experiment with light

Many thanks to Michel Lefebvre

for suggesting this way of 

introducing quantum mechanics! 



Two-slit experiment with electrons

Particles arrive one a time!!! 
Probability given by the matter wave



Standing waves

"Standing wave". Licensed under Public Domain via Wikimedia Commons



Quantum oscillator
Standing matter wave

Oscillation energies are quantized in quantum physics

Each energy level corresponds to a standing matter wave! 



Hydrogen atom
Standing matter waves lead to quantization of the allowed atomic energies



Bits vs. Quantum Bits (Qubits)
• “Classical” computer: Data is represented by bits, either 0 or 1

• Quantum computer: A quantum bit (qubit) can be in a superposition of 0 and 1, just like a 
classical wave:

One qubit = +

• But qubits can also be entangled (unlike anything classical):
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Quantum computing with trapped atoms
Quantum information processing with cold atoms and trapped ions S571

Figure 3. String of ions in a linear trap (upper part) and a CCD image (lower part) (courtesy of
R Blatt at the University of Innsbruck).

Of an infinite set of discrete atomic levels, two states, which are denoted by |0〉 and |1〉, are
used to store a qubit. Such states, which are ground hyperfine or metastable Zeeman levels,
have very long lifetimes, sometimes rounding the years. This feature prevents the quantum
information from being distorted during the quantum gates.

To start the computation, one can prepare all the qubits in state |0〉 by using optical
pumping techniques, in which whenever the ion is in a state different to |0〉 it absorbs a
photon and decays into another state until it finally reaches the desired state. At the end of
the computation, one can read out the state of the ions by performing measurements based on
the quantum jump technique (Bergquist et al 1986, Nagourney et al 1986, Sauter et al 1986).
The idea is to illuminate the ions with laser light of appropriate frequency and polarization so
that if an ion is in the state |0〉 it does not absorb photons, whereas if it is in |1〉 it absorbs and
emits photons. Whenever fluorescence is detected or not, this indicates that the atom has been
measured in states |1〉 and |0〉, respectively.

The computation itself requires the implementation of single- and two-qubit gates. The
first ones can be carried out on each atom independently by coupling their internal states |0〉
and |1〉 with a laser (or two, in Raman configuration). By adjusting the frequency and intensity
of the laser, one can carry out arbitrary single-qubit gates.

For the two-qubit gates, on the other hand, we need to make pairs of qubits interact in
a controlled way. In the case of trapped ions, the interaction is mediated by the vibrational
modes of the trap (Cirac and Zoller 1995), which, as we mentioned before, are collective and
thus sensed by all ions. The key idea introduced by Cirac and Zoller (1995) was a means to
make the state of a vibrational mode depend on the internal state of a given ion. By illuminating
that one ion with laser light tuned to the appropriate sideband (Cirac et al 2002), it is possible
to map the quantum information, |0〉 or |1〉, to a state with 0 or 1 phonons on the centre of
mass mode, for instance5. Combining this operation with a similar one on a second ion, it is

5 The fact that the laser couples the internal and external degrees of freedom of the ions is a simple consequence of
the fact that each time an ion absorbs or emits a photon, not only the internal but also the motional state is changed
due to the photon recoil.

J. J. García-Ripoll et al., “Quantum information processing 
with cold atoms and trapped ions”,

J. Phys. B: At. Mol. Opt. Phys. 38, S567 (2005).

H. Häffner et al. / Physics Reports 469 (2008) 155–203 161

Fig. 3. Generic level schemes of atoms for optical qubits (left) and radio-frequency qubits (right). In addition to the two qubit levels {|0i, |1i} usually
a third rapidly decaying level is used for laser cooling and state read-out. While the optical qubit is typically manipulated on a quadrupole transition,
radio-frequency qubit levels are connected with Raman-transitions.

Fig. 4. Level scheme of 40Ca+ , with Zeeman substructure and required laser wavelengths for manipulation of the calcium ions.

emits a second one into a second laser field. The frequency difference of the two laser fields provides the necessary energy
for the population transfer and thus only this frequency difference is important. The two laser fields are either derived from
the same laser or a phase locking between two lasers can be implemented without resorting to optical frequency standards.
Using optical fields instead of microwaves has the advantage that a much better spatial concentration of the power can be
achieved and much higher Rabi-frequencies can be attained as with microwaves. Furthermore, by driving radio-frequency
qubits optically with two anti-parallel beams, two photons can transfer their recoil onto the atom. Thus, the coupling to
the ion motion is increased as compared with single photon transitions (larger Lamb–Dicke factors ⌘) and as a consequence
the speed of two-qubit gates can be higher. Choosing co-propagating beams, the coupling to the motion can be inhibited
efficiently which has the benefit of suppressing the sensitivity to the ion motion.

For optical as well as for rf-qubits, coherence times are often limited by fluctuations of the magnetic fields. The reason
is that usually the qubit basis states employed have different magnetic moments such that they experience an additional
phase evolution due to the (fluctuating) magnetic field. Strategies to avoid these decoherence sources will be discussed in
Section 3.1.2.

We note here that a good qubitmust not necessarily combine a large coherence time tomanipulation time ratiowith high
fidelity initialization and read-out capabilities: initialization and read-out can be implemented with an additional auxiliary
ion of a different ion species. This idea has already been demonstrated by the NIST group (Schmidt et al., 2005): in this
experiment aimed at implementing a frequency standard, the state of an individual Al+ ion was detected via a Be+ ion.
However, for practical purposes it is desirable to initialize and read out the qubit ion directly.

Finally, a good qubit candidate must have all the relevant transitions in an accessible frequency regime. Generally, laser
sources, fibers and detectors for short wavelengths are more expensive, less efficient and often more fault-prone than for
longer wavelengths. However, ions tend to have short wavelength transitions. Thus, there are only a very limited number of
ionswhich have strong transitions in the visible frequency range. In the quantumcomputing context, calcium, strontiumand
ytterbium ions appear to be attractive due to their relative largewavelength transitions. However, berylliumandmagnesium
have a relatively small atomic mass which leads to large Lamb–Dicke factors (⌘ ⇡ 0.3 in some of the NIST experiments)

Energy levels for 40Ca+

H. Häfner et al., Quantum Computing with trapped ions,

Phys. Rep. 469, 155 (2008)
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How to make qubits using electrical circuits

P. A. Warburton, “Josephson effect: 50 years of science and technology”, Phys. Educ. 46, 669 (2011).
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• Cool the circuit down until it becomes a superconductor! 
Aluminum wires become superconducting at temperatures 
below 4 Kelvin.

• Josephson junction: SC-Insulator-SC shows quantum wave 
interference behaviour, just like electrons going through a 
double-slit! It allows the design of artificial atoms.



IBM’s and Google’s quantum computer
Transmons connected by wires, operated at temperature = 0.01 Kelvin. 

IBM’s 5-qubit 

quantum computer

Google’s 9-qubit

quantum computer



Say we have n=100 logical (error corrected) qubits

Problem Runtime for best 
classical algorithm

Runtime for best 
quantum algorithm

Quantum simulation 
(molecules, materials,…)


Solving linear systems (matrix 
inversion, differential eqns, …)

1023 s 10-5 s

• And each operation takes 10-7s = 0.0000001 seconds

• Age of our universe is 1017s = 100000000000000000 seconds



Want to learn more?

• Watch a deeper version of this talk (for beginning university students) on YouTube:  
https://youtu.be/YwhaL2MHkhU


• For quantum computing video games and other educational activities, click here:  
http://quantum-bc.ca/learn/diversifying-talent-in-quantum-computing/quantum-kit/

https://youtu.be/YwhaL2MHkhU
http://quantum-bc.ca/learn/diversifying-talent-in-quantum-computing/quantum-kit/



