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Trapping and cooling of small numbers of trapped atoms provides some of the best tools currently available for quantum 
state control and quantum computing. Recent work has focussed on methods for scaling up control to larger numbers of 
ions, and on increasing the accuracy and reliability of control. The following constitutes a summary of recent work performed 
in my group which has realized new forms of control of quantum harmonic oscillators realized in the motion of trapped 
atomic ions. This has allowed us to access new quantum states which have not previously been created, as well as provid-
ing new possibilities for observing certain types of highly excited oscillator states. Out work includes some of the largest 
examples to date of two oscillator states of two classic types: squeezed states, and states which can be thought to be 
analogous to the "Schrödinger's cat" thought experiment. This is achievable both through the introduction of new methods 
of control, and also a high degree of experimental control.

Since the 1970s it has been possible to trap individual atom-
ic ions using a combination of radio-frequency and static 
electric fields. The ions oscillate around their equilibrium 
positions, with typical oscillation frequencies in the range 
1–10 MHz. In the 1990s, the pioneering work of David Wine-
land (who shared the 2012 Nobel prize) and co-workers 
at NIST demonstrated the ability to prepare trapped ions 
into the lowest energy quantum state by cooling with laser 
light [1]. This formed the starting point for the NIST group 
to build quantum states using sequences of laser pulses. 
The primary focus of this work up until 1995 was on building 
more precise and accurate atomic clocks, and the recent 
improvements shown by the trapped ion optical clocks in 
aluminium, mercury, ytterbium and strontium ions relative to 
the caesium standard is built upon these accomplishments 
[1]. However demonstrating new states and processes in 
quantum physics also presents a fundamental investigation 
into its rules, with the potential for new applications. Since 
1995 a strong motivation to advance this control has been 
the desire to build an information processing device which 
utilizes the rules of quantum mechanics. Such a “quantum 
computer”, as this has become known, is predicted to offer 
computing power beyond any supercomputer which uses 
only classical physics. Relevant problems where quantum 
mechanics has been shown to make problems computable 
extend from chemistry and materials science to code-break-
ing.

Cooling an ion to the ground state of its motional oscillations 
is usually performed using a combination of two laser fields. 
One is tuned to be resonant with a transition in which the 
ion’s internal state flips from .  to -  but only if the motion-
al energy is also reduced by one energy quanta of the vibra-
tional motion, thus if the ion starts with n energy quanta this 
is reduced to n − 1. The transitions induced by this laser are 
reversible n n 1. ) - - , and are called red-sideband 
transitions. The Hamiltonian operator which describes these 
is ( )H a a†

r v vX= ++ -
t t t , where σ+ is an operator which flips 

the spin from down to up, and â decreases the energy of the 
oscillator by one unit (σ− and â† perform the opposite actions 
respectively). In order to cool, entropy must be transferred 
from the oscillator to the outside world. This is produced by 
the emission of photons into the vacuum, which resets the 
atom from - " .. In our experiments, we induce this emis-
sion by exciting the atom from -  to a level e  which de-
cays very rapidly to . .

Our recent work on reservoir engineering [2] generalizes 
this approach by adding additional laser frequencies during 
the reversible step, realizing a new Hamiltonian

(( ) . .) ( )H a a h c 1†
RE o a n vX= + + ++t t t

where h.c. indicates the Hermitian conjugate. Looking at 
the first term of this expression (which is relevant for a spin 
starting in . ), we see that a spin excitation is now com-
bined with operators which increase the motional quantum 
number (oâ†), keep it the same (a) and reduce it (nâ) with 
the constants n, o, a controlled by the strengths of the dif-
ferent frequency components of our laser, which produce 
each of these terms.
This reservoir engineering Hamiltonian looks difficult to 
understand on first viewing, but a simple change of per-
spective allows a great simplification. We can notice that 

( )K a a†/ o a n+ +t t t  taken together is a non-Hermitian op-
erator, just as is the case for â. We can thus think of it as the 
destruction operator in a new basis of states which is not the 
standard energy basis. If we perform cooling in this basis, 
we eventually end up in the ground state of the chosen ba-
sis, which is a pure state. What is more, with the reservoir 
engineering “cooling” in this basis, the state of the system 
stays in this ground state indefinitely. The question is, are 
the states we can produce by this method interesting?
In fact the particular form of Kt  which we create in the labo-
ratory produces states which are squeezed or displaced in 
the oscillator phase space. A squeezed state in position has 
a reduced uncertainty in position at the expense of an in-

FIG. 1: Loss of interference due to spatial separation: As the state-
dependent force is applied for an increasing time, the position of 
the atom separates, meaning that a measurement of the spin state 
no longer gives -, but and equal probability of finding - or .. The 
data above show this for three cases of the ion’s motional state 
prior to application of the force. a) a squeezed state with the force 
aligned with the squeezed quadrature, b) the ground state and c) 
the same squeezed state with the force now aligned with the anti-
squeezed quadrature.
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creased uncertainty in momentum. The reduced fundamen-
tal uncertainty makes these states interesting candidates 
for precision sensing. Reservoir engineering allowed us to 
create some of the largest squeezed state of a single har-
monic oscillator in any physical system, with up to 12.3 dB 
reduction in the wavepacket size. Among the methods we 
use to characterize these states, one is to produce another 
interesting quantum state, which we know as “Schrödinger’s 
cat” states of motion. We apply a force to the atom which 
depends on its internal state. For an atom starting in spin 

( ) / 2. ! "= + , this changes the state to

( ( )) / 22s ! "} a a= + + -

where a is related to the distance the force has pushed the 
atom along the X axis, which is linear in the time. As the 
positions of the two wavepackets separate, the interference 
between the two spin states !  and "  vanishes, and 
on measuring the spin in the up/down direction we transi-
tion from always finding it in - to finding it either - or . with 
equal probability. To probe a squeezed state, we align the 
squeezed state reduced or increased uncertainty direction 
with the force, and observe the effect of this on the interfer-
ence loss as a function of force time. An example of the 
result is found in figure 1, showing clearly the faster and 
slower loss of interference for the squeezed wavepackets 
relative to a ground state ion [3].
The states created once interference is lost consist of two 
localized wavepackets at different locations where the latter 
is entangled with the spin state. If the separation of the loca-
tions becomes large, we can consider this as a macroscopic 
variable which is in superposition - in this sense the position 
becomes the “cat” while the spin plays the role of the “atom” 
inside the famous box of Schrödinger’s thought experiment. 
Our experiments created the largest states of this kind in 
any system, with the wavepackets separated by 330  nm, 
large enough to be observed on an optical microscope using 
the wavelengths of light which we use to image our atoms. 
Furthermore, our “cat” states have squeezed wavepackets, 
emphasizing the distinguishability of the wavepackets. The 
latter may be useful for protecting coherence due to certain 
types of noise in interferometry experiments using these 
states [3].

In the experiments described above, we showed the coher-
ence of the superposition shown in s}  by reversing the 
force and looking at the revival of interference between the 
two spin components as the two separated wavepackets 
start to overlap again. However we were keen to also dem-
onstrate interference in-situ; ie. while the two wavepackets 
were separated. In order to do this, we made use of the 
measurement result performed on the spin in the - / . ba-
sis. If the ion is found to be ., the ion has scattered lots 
of photons, and the resulting recoil kicks from the photons 
scattered destroy the quantum state. However if we don’t 
detect photons, we deduce that the ion was in - without any 
photons scattered from the ion. This projects the motional 
state into a superposition

( ) / ( )2 3m} a a= + - -

where the atom is superposed at two positions, ±a. The 
quantum interference of these two states is observed by 

looking at the occupied energy levels of the harmonic oscil-
lator. Since the superposition m}  is odd if you exchange 
+x " −x, the only energy levels which can be occupied are 
those with odd parity - these are the odd numbered energy 
eigenstates. This is seen very clearly in our data for small 
states, for example a comparison of a mixtures of !a  and 
the superposition m}  is shown in figure 2 [4]. Perform-
ing parity measurements using a basis of states displaced 
to various positions in phase space allows us to constuct 
the Wigner function shown in figure 2, which shows clearly 
the expected features, two probability maxima centred at ±a 
and the interference fringes at the origin in x, but oscillating 
along the momentum direction [4].

For the largest states we created, we struggled to obtain 
data for the energy eigenstate populations which was relia-
ble. This was due to the large number of energy eigenstates 
which are occupied by these large cat states. However the 
squeezed Hamiltonian HRE

t  gave us a neat trick for never-
theless recovering the parity. Rather than use the energy 
eigenstate basis, we used a basis made up of the squeez-
ing operator applied to each energy eigenstate. By align-
ing the axis of the anti-squeezed quadrature with the cat 
separation axis, we were able to exponentially reduce the 
number of occupied Fock states, and thus obtain a clear 
signal of quantum interference directly on states separated 
by 230 nm. These are also the largest states of this pure 
oscillator type which have been measured in any physical 
system, probing the limits of the size-scales at which quan-
tum mechanical effects have been observed.
The work presented in overview above demonstrates a very 
high level of control of a trapped ion oscillator, with the de-
sire to push such control further into the mesoscopic regime. 
We have recently explored further the new types of control 
produced by engineered Hamiltonians such as HRE

t , show-

FIG. 2: Interference of separated wavepackets: a) A comparison of 
the measured energies of the trapped ion oscillator for a mixture of 
two opposite displacements and (right) the superposition m} .The 
quantum interference of the two separated oscillator states results 
in destructive interference of the energy eigenstates with even 
multiples of hf above that of the ground state, where f is the fre-
quency of the oscillator. b) The reconstructed Wigner function of 
the oscillator, where red shows positive values and blue negative 
values. Positive peaks are seen centred at ±a, but the quantum 
interference is revealed by the oscillation between positive and 
negative values along the P axis.
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ing complete control of a squeezed Fock basis [5] and also 
finding a novel role for reservoir engineering in precision 
sensing [6]. The high level of control demonstrated has also 
been critical to work on quantum information processing, 
where we have been able to perform multi-qubit gates on 
both calcium and beryllium ions with high fidelities, and are 
starting to stich together sequences of gates for perform-
ing quantum error-correction. Work continues on scaling up 
these efforts to more ions, including implementing quantum 
gates by more scalable methods [7] than the standard tech-
niques of pulsing on and off laser beams.
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Information from the European Physical Society (EPS)
Christophe Rossel, EPS President

One can read in many reports that Europe’s leaders are not 
expecting a smooth ride in 2017 after a year marked by po-
litical upheaval, extremist attacks, unchecked immigration, 
and a rising military instability worldwide. Britain is struggling 
with its Brexit, America has inaugurated a new and surpris-
ing president. Election in the Netherlands, France and Ger-
many will certainly be important factors for the European 
political stability in this New Year. At least one good news 
for us is that Switzerland has retrieved the full association to 
the entire Horizon 2020 program since 1st Jan. 2017.

Well, let’s have a look back at some of the highlights of the 
EPS in the second part of 2016. Since 1st Oct. 2016 EPS 
has a new policy officer in its Brussels’ office, Walter van 
Doninck, Belgian particle physicist recently retired from 
CERN. His role is to develop our point of presence in Brus-
sels and enhance our interaction with the EU commission 
(EC) and other stakeholders. To help with this task the new-
ly created EPS Advisory Board on Science Policy (ABSP) 
with six highly recognized members, met on 14th Dec. in 
Geneva with Rolf Heuer, president of the DPG and mem-
ber of the European Science Advisory Mechanism (SAM). 
Also present was our new EPS president-elect Rüdiger 
Voss from CERN, who was elected during the extraordinary 
Council in Mulhouse on 14th Oct. An important step in the 
EPS engagement in Brussels is also our participation to the 
new Open Science Policy Platform (OSPP) established to 
propose recommendations on Open Science Policy to the 
EC. Indeed the EC's vision of Commissioner Carlos Moedas 
for Europe is summarized by the three 'O's: Open Innova-
tion, Open Science and Open to the World. The first OSPP 
meeting took place on 19th Sept., the second one on 9th Dec. 
EPS will continue its collaboration with the European As-
sociation for Chemical and Molecular Sciences (EuCheMS) 
and is preparing a joint policy workshop on 'Solar Energy 

for a circular Economy' for the members of the European 
Parliament in 2017. With our Energy Group and the support 
of our consultant on EU affairs, Luc Van Dyck, EPS has also 
submitted a contribution to the Interim Evaluation of Horizon 
2020 with a specific focus on the Societal Challenge 'Clean, 
Safe and Efficient Energy'.
Some other relevant activities are listed here: on 27th Oct. 
2016 the 7th EPS Forum Physics and Society was organized 
in London on the topic ‘Getting the Diversity Balance Right 
in Physics’. On 9th Nov. the Institute for Advanced Study in 
Princeton (USA) was formally celebrated as the second joint 
EPS-APS historic site, after the Einstein House in Bern in 
2015.
A Quantum Computing Experience event was organized 
at the IBM Research Laboratory in Rüschlikon on 21st Nov. 
2016 for Swiss Physics students and members of the EPS 
Young Minds (YM) sections of the EPFL and ETHZ. The YM 
program aimed to recruit future researchers in physics, fos-
ter leadership amongst young physicists and develop out-
reach activities is very successful. Started in 2010, it con-
sists today of about 40 sections in 21 countries.
Let me mention also the Special Activity Fund of EPS, creat-
ed last year to support various projects on physics for devel-
opment as well as to finance activities in developing coun-
tries, specifically in Africa. One recent example is a project 
in Morocco aimed in assembling solar kits and delivering 
light in remote areas and presented at COP22 Marrakech in 
Nov. 2016. Donation to this Fund are welcome. More infor-
mation can be found under www.eps.org.

News about EPS are freely available in e-EPS, the monthly 
newsletter, and in Europhysics News (EPN), the magazine 
of EPS. In the last edition of EPN 47 5/6 a special issue on 
nuclear fusion and plasma physics is certainly worth being 
read.

With this article, we close the 2016 selection of plenary talks. The next series with the talks from our joint annual meeting 
2017 in Genève will appear in the SPG Mitteilungen no. 53, after the conference.


