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Summary. The development of quantum mechanics at the beginning of the 20th century
constituted one of the greatest revolutions in the theoretical and experimental sciences as
well as in philosophy, completely transforming the way we understand the world at both
micro- and macroscales. In fact, as its founders pointed out, quantum mechanics is
strongly counterintuitive to our classical way of thinking. To overcome this limitation,
Erwin Schrodinger and Albert Einstein, among others, proposed a series of idealized ex-
periments to illustrate the paradoxical behavior of quantum mechanics, with the best
known being “Schrodinger’s cat” and the “EPR paradox” (Einstein-Podolsky-Rosen para-
dox). These thought experiments, referred to by the German Gedankenexperimente, made
use of the superposition principle and the entanglement of quantum systems to show the
strange properties of quantum mechanics. However, they were somehow ridiculous pro-
posals since, as indicated by Schrodinger himself, we would never be able to manipulate
individual particles. The 2012 Nobel Prize in Physics was awarded to Serge Haroche and
David J. Wineland, who, with extremely sophisticated experimental devices, are able to
trap and manipulate individual photons and ions, respectively, thus allowing the Gedan-
kenexperimente proposed at the beginning of quantum mechanics to become reality. In
addition, these experiments set the foundations for a new field of research, quantum in-
formation science, and for the development of new applications, such as atomic clocks
with unprecedented accuracy. These developments have signaled the beginning of a sec-
ond quantum revolution.

Keywords: quantum optics - quantum mechanics - cavity quantum electrodynamics - trap-
ping and cooling of ions

Resum. El desenvolupament de la mecanica quantica a principis del segle xx va constituir
una de les més grans revolucions tant en les ciencies experimentals i en les ciencies exac-
tes com en la filosofia, i va modificar completament la manera d’entendre el mon tant a
nivell microscopic com macroscopic. De fet, tal com varen fer notar els seus fundadors, la
mecanica quantica és forca contradictoria respecte a la nostra forma classica de pensar.
Per superar aquesta limitacid, Erwin Schrodinger i Albert Einstein, entre d’altres, van
proposar una serie d’experiments ideals que mostraven el comportament paradoxal de la
mecanica quantica, entre els quals 'anomenat «gat de Schrodinger» i la «paradoxa EPR»
(o paradoxa Einstein-Podolsky-Rosen) son els més coneguts. Aquestes propostes experi-
mentals, que es coneixen amb el nom alemany de Gedankenexperimente (experiments
mentals), feien ts del principi de superposicio i de I'entrellacament dels sistemes quantics
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per mostrar les estranyes propietats de la mecanica quantica. Tanmateix, com va indicar
el mateix Schrodinger, es tractava de propostes ridicules perque mai aconseguiriem ma-
nipular particules individuals. El Premi Nobel de Fisica 2012 ha estat atorgat a Serge Ha-
roche i David J. Wineland, que van ser capacos, mitjancant sofisticats dispositius experi-
mentals, d’atrapar i manipular fotons i ions individuals, respectivament, tot fent realitat
els Gedankenexperimente proposats als inicis de la mecanica quantica. A més, aquells ex-
periments van establir les bases per a un nou camp de recerca, la ciencia de la informacio
quantica, i per al desenvolupament de noves aplicacions com ara la construccié de rellot-
ges atomics de precisié anteriorment mai assolida. Aquests desenvolupaments han mar-
cat I'inici de 'anomenada segona revolucié quantica.

Paraules clau: dOptica quantica - mecanica quantica - electrodinamica quantica en cavitats -
captura i refredament d’ions

THE ROYAL SWEDISH ACADEMY OF Sciences awarded the 2012
Nobel Prize in Physics to Serge Haroche and David J. Wine-
land, “for ground-breaking experimental methods that en-
able measuring and manipulation of individual quantum
systems” (Fig. 1). Haroche, born in France in 1944, works
at the College de France in Paris, and Wineland, a US citi-
zen also born in 1944, at the National Institute of Standards
and Technology in Boulder, Colorado. The 2012 Nobel
Prize in Physics adds to a series of Nobel Prizes that have

been awarded to quantum optics, a field of research in
physics that deals with the interaction of light with matter,
in which either one, or both, can be described by the laws
of quantum mechanics. Quantum optics has developed in
parallel with quantum mechanics and includes phenomena
such as black-body radiation and the photoelectric effect,
both of which are part of the foundations of quantum me-
chanics. Laser cooling and trapping techniques and the
generation of squeezed states of light are two modern ap-

Fig. 1. Serge Haroche (left) and David J. Wineland (right). (Photos by Ulla Montan © The Nobel Foundation).

www.cat-science.cat

CONTRIBUTIONS to SCIENCE 9 (2013) 33-41



plications of quantum optics. Figure 2 shows the most re-
cent previous Nobel Prize laureates whose research activi-
ties were in the field of quantum optics. These include in
2005, Roy Glauber, “for his contribution to the quantum
theory of optical coherence”, and John L. Hall and Theodor
W. Hiénsch “for their contributions to the development of
laser-based precision spectroscopy, including the optical
frequency comb technique;” the 2001 Nobel Prize to Eric
A. Cornell, Wolfgang Ketterle, and Carl E. Wieman “for the
achievement of Bose-Einstein condensation in dilute gases
of alkali atoms, and for early fundamental studies of the
properties of the condensates;” and the 1997 Nobel Prize to
Steven Chu, Claude Cohen-Tannoudji, and William D.
Phillips “for development of methods to cool and trap at-
oms with laser light.”

Science is a human activity that develops as a result of
the strong and continuous efforts of many researchers
around the world, whose endeavors benefit from the pre-
ceding research of their colleagues. It is non-stop, step by
step collective work. In those countries that permanently

Fig. 2. Recent Nobel Prizes in Physics related to quantum optics. Top row:
the 2005 laureates. Middle row: the 2001 laureates. Bottom row: the
1997 laureates. (Photos by Ulla Montan © The Nobel Foundation).
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support science, outstanding research groups and laborato-
ries are created that are conducive to success and whose ef-
forts are recognized by the scientific community. Quantum
optics is a good example of excellent collective work ex-
tending over time. Haroche’s PhD supervisor was Cohen-
Tannoudji, who received the Nobel Prize in Physics in 1997
for the development of novel techniques for trapping and
cooling neutral atoms with laser light. Cohen-Tannoudji’s
PhD supervisor was Alfred Kastler, who was awarded the
1966 Nobel Prize in Physics for the development of the op-
tical pumping technique. On the other side of the Atlantic,
Wineland’s PhD supervisor was Norman F. Ramsey, the
1989 Nobel laureate in Physics for the discovery of what is
now called Ramsey spectroscopy. Ramsey’s PhD supervisor
was Isidor Rabi, who received the Nobel Prize in Physics in
1944 for his contribution to the development of nuclear
magnetic resonance. Standard experiments in quantum op-
tics require highly sophisticated techniques that push tech-
nological frontiers, as exemplified by the creation of an ex-
tremely high quality vacuum to manipulate electrical,
magnetic, and light fields with exceptional control, or to
trap charged and neutral particles and cool them to tem-
peratures nearly reaching absolute zero. Through their
training at some of the best quantum optics laboratories in
the world, Haroche and Wineland learned and developed
these and other techniques that, later on, would allow them
to follow their own careers and to become two of the most
distinguished researchers in the quantum optics communi-
ty. Some of their own PhD students might be future recipi-
ents of the Nobel Prize in Physics.

At the beginning of the 20th century, it was widely be-
lieved that quantum theory, at the time only recently intro-
duced, was only applicable to systems formed by a large
collection of particles, such that its predictions were of sta-
tistical nature. Indeed, experiments with single particles
were simply not possible. Today, however, as explicitly
shown by Haroche and Wineland, technology allows for
the isolation, manipulation, and measurement of single
particles. Thus, it is possible to investigate individual quan-
tum systems, whose behavior is counterintuitive compared
to classical ones, and to study the transition from quantum
to classical regimes when dealing with mesoscopic systems.
Indeed, Haroche and Wineland were awarded the 2012
Nobel Prize in Physics for their experiments with single (or
few) photons and single (or few) ions, respectively. The ex-
perimental techniques and devices involving the manipula-
tion of photons in cavity quantum electrodynamics have
nothing to do with those being used for trapping and cool-
ing individual ions; rather, they represent two different yet
complementary approaches—Haroche traps single pho-
tons, manipulating and measuring them with Rydberg
atoms, while Wineland traps single ions or a chain of ions
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(and their motional state), manipulating and measuring
them with laser light. However, from a fundamental point
of view the two quantum systems are quite similar since
both can be modeled through the Jaynes-Cummings Ham-
iltonian [14], first proposed in 1963, which accounts for
the dynamics of a two-level system interacting with a quan-
tized harmonic oscillator (Fig. 3). In Haroche’s experiments
the quantized harmonic oscillator accounts for one single
mode of the quantum electromagnetic field while in Wine-
land’s experiments it describes the motional (vibrational)
states of the trapped ion. |g) and |e) are the ground and
excited states of the two-level atom, respectively, and |n)
with n=0.2,... are the energy eigenstates of the quantum
harmonic oscillator. Q is the so-called Rabi frequency,
which accounts for the interaction strength of a laser field
with the electric dipole moment of the two-level transition,
and v is the spontaneous decay rate from |e) to |g). Both
systems have allowed investigation into some of the most
fundamental issues emerging from quantum mechanics, in-
cluding entanglement, non-locality, wave function col-
lapse, and the transition from quantum to classical regimes
through decoherence. In addition, these technologies have
been used for quantum information science implementing
single and two-qubit gates as well as quantum algorithms
and, in the case of the cooling and trapping of ions, to de-
sign atomic clocks of the highest accuracy.

In the following, we review some of the outstanding sci-
entific contributions that have come out of Haroche’s and
Wineland’s experiments with individual quantum systems.
Nevertheless, to understand the significance of their work,
we first review some of the oldest and most fundamental
problems in quantum mechanics, illustrated by the Gedan-
kenexperimente, as well as several elementary issues in

quantum optics, such as the (quantum) Rabi oscillations.
We then describe the experiments of Haroche, Wineland,
and coworkers, discussing the main results obtained with
single photons and single ions and then pointing out some
of the conclusions that can be drawn from them.

Gedankenexperimente in quantum mechanics

The term Gedankenexperiment was first introduced by the
German physicist Ernst Mach and refers to the conceptual
counterpart of a real experiment such that if the real experi-
ment is not possible, then an idealized, purely imaginary
one is conceived of in its place. Gedankenexperimente, in
English, thought experiments, were proposed in the early
years of quantum theory to make apparent some of its
counterintuitive aspects. Two of these Gedankenexperimente
became very famous: “Schrodinger’s cat” [25] and the “EPR
paradox,” the latter referring to Einstein, Podolsky, and
Rosen [10]. These two thought experiments exploit the
quantum superposition principle, first identified by Dirac.
In quantum mechanics, the quantum state of a system can
evolve in a superposition of two or more orthogonal states,
e.g., the wave function of a particle can be a superposition
of two non-overlapping distant wave functions such that
the particle is described as being in two different positions
at the same time. In Paul Dirac’s words referring to quan-
tum states: “The original state must be regarded as the re-
sult of a kind of superposition of the two or more new
states, in a way that cannot be conceived on classical ideas.”
[9]. In terms of the standard (Copenhagen) interpretation
of quantum mechanics, the superposition principle states
that, before the measurement, a quantum system is unde-
termined, collapsing (randomly) to a particular possibility
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Fig. 3. Sketch of the Jaymes-Cummings model: two-level atom (in red) coupled to a quantized harmonic oscillator (in blue).
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upon being measured. Einstein was extremely skeptical
about the notion of a collapse, as in a conversation with
William Hermanns he had stated: “God doesn’t play dice
with the world.” [21].

“Schrodinger’s cat” [25] was proposed in 1935 by the
Austrian physicist Erwin Schrodinger. This thought experi-
ment illustrates apparently contradictory aspects of the stan-
dard interpretation of quantum mechanics as applied to clas-
sical (macroscopic) objects. Let us place a living cat into a
closed chamber together with a device that contains a radio-
active substance such that, if a single atom of the radioactive
substance decays, a relay mechanism will activate a hammer
that, in turn, will break a vial containing a poison lethal to
the cat. If at a given time the radioactive atom is in a superpo-
sition state of non-decaying and decaying states, then from
the standard interpretation of quantum mechanics we con-
clude that the cat is in an alive-dead superposition. Obvi-
ously, if we open the door and check the actual state of the
cat we will only obtain one of the two possible answers: alive
or dead. However, before the measurement, quantum me-
chanics describes the full quantum system formed by the ra-
dioactive atom and the cat as a quantum superposition in
which the cat, according to its wave function, is simultane-
ously alive and dead. This strange and counterintuitive con-
clusion from the standard interpretation of quantum me-
chanics was criticized by Einstein who, in conversations with
Abraham Pais, asked: “Do you really think the moon is not
there if you are not looking at it?” [21].

The “EPR paradox” [10] was, as it name implies, pro-
posed by Albert Einstein, Boris Podolsky, and Nathan
Rosen, in 1935. It was aimed at showing the incompleteness
of quantum theory. In quantum mechanics, particles satisfy
Heisenberg’s uncertainty principle [12], which fixes a fun-
damental limit to the precision with which certain pairs of
conjugate variables of a particle, such as its position and
momentum, can be known simultaneously. In mathematical
terms, the uncertainty principle applied to the particle’s po-
sition and momentum reads AXAp >#/2, where AX and
Ap are the uncertainty in the position and the momentum
and 7 is the reduced Planck’s constant. Contrary to classical
systems, quantum particles cannot have a simultaneously
well-defined position and momentum, which from Ein-
stein’s point of view was far-removed from reality. In a mod-
ern formulation of the “EPR paradox,” two particles origi-
nating from the decay of a parental one are emitted towards
two detectors such that the total energy, linear momentum,
and angular momentum are conserved. Measuring the posi-
tion of one of the particles and the momentum of the other,
and bearing in mind the laws of conservation, the position
and momentum of both particles can be deduced with ac-
curacy, therefore violating Heisenberg’s principle. The ques-
tion raised by Einstein and coworkers is whether the parti-
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cles’ position and momentum were well-defined before the
measurement, which would imply realism, or whether the
measurement collapses the position and momentum of the
particles, implying a “spooky” action at a distance between
the two correlated (entangled) particles. The latter would
mean that quantum mechanics is non-local. Today’s most
advanced tests of so-called Bell’s inequalities [1] have in-
deed demonstrated the non-locality of quantum mechanics
while leaving open the question of realism.

In this short review of the Gedankenexperimente, it is im-
portant to add that, as late as 1952, Schrodinger affirmed:
“We never experiment with just one electron or atom or
(small) molecule. In thought-experiments we sometimes
assume that we do; this invariably entails ridiculous conse-
quences...” [26]. However, rapid advancements in the tech-
nologies to isolate, manipulate, and measure individual
quantum systems, developed by Haroche and Wineland
among others, have shown that Schrodinger’s statement is
no longer valid. Gedankenexperimente are now real experi-
ments being implemented in some of the world’s most so-
phisticated quantum optics laboratories.

To explain how Haroche and Wineland have pushed
technology to its present status and made real the most sig-
nificant thought experiments, we need first to recall some
of the basic principles of quantum optics. In the following,
we describe the so-called Rabi oscillations (see [27] for a
detailed review).

Rabi oscillations

Let us consider a two-level atom with ground state |g) and
excited state |e) (Fig. 3 left) interacting with a monochro-
matic laser field that can be described in classical terms,
whose amplitude and frequency are E, and @), respective-
ly. We consider first the resonant case for which the laser
frequency @ coincides with the transition frequency @,.
Within the standard quantum optics approximations, the
state vector for a two-level atom initially prepared in the
ground state |g) is, as given in Dirac’s notation:

Qt

lw(t))=a, (1) g)+a,(t)e) = cos(%) 9) —sin(T]e) (D
where a,(t) and a,(t) are the complex probability ampli-
tudes of the ground and excited states, respectively, and
Q=j,E,/n is the Rabi frequency, where /i is the electric
dipole moment of the two-level transition. The atomic popu-
lations of ground and excited states can be determined
through p, (t) = a,a, and p,(t) = a.a,, respectively, and os-
cillate at the Rabi frequency Q.

For a two-level atom resonantly interacting with a sin-
gle mode of the quantized electromagnetic field, as in Ha-
roche’s experiments, the quantum Rabi flopping of an atom

CONTRIBUTIONS to SCIENCE 9 (2013) 33-41



The Gedankenexperimente of quantum mechanics become reality: On the 2012 Nobel Prize in Physics, awarded to Serge Haroche and David J. Wineland

initially prepared either in state |y(0)) . =|g)®|n+1) or
state [y(0)), , =€) ®|n) is given, respectively, by:

Q,vn+1t Q v/n+1t
2 2

\wa»g,ﬂfcos[ ]g>®\n+1>—sin[ }e>®\n> 2a)

and

ly®),, = cos( ®|n+1) (2b)

Qﬂm‘Je>®n>+sin[Q°m]g>
2 2

where |n) is the number of photons of the quantized field
and (), is the vacuum Rabi frequency. States with well-de-
fined photon number are called Fock states, with |n)=|0) as
the vacuum state. Note that if the system is initially pre-
pared in state |e)®|0) there will be Rabi oscillations at the
vacuum Rabi frequency (), i.e., vacuum induces Rabi oscil-
lations, while for an initial state |g)®|0) there will be no
Rabi oscillations.

For the off-resonance case, the interaction between the
two-level atom and the electromagnetic field yields level
shifts that depend on the detuning, the number of photons
in the cavity, and the state of the atom which, during the
interaction, produces a state-dependent phase shift for both
the atom and the electromagnetic field.

Haroche’s experiments with single photons

In Haroche’s experiments (Fig. 4), a two-level atom inter-
acts with a quantized electromagnetic field that is typically
prepared in a Fock state, e.g., the vacuum state |0), or in a
coherent state, i.e., a particular superposition of Fock states
that presents quasi-classical properties [27]. Since the
quantized electromagnetic field in the cavity has a very
small mean photon number, and in order to obtain suffi-

ciently strong coupling, Haroche’s experiments require the
use of two-level atoms whose electric dipole moment is
huge, e.g., circular Rydberg atoms.

A Rydberg atom is usually an alkaline atom whose ac-
tive electron has been excited, by means of subsequent light
pulses, to a bound state close to the continuum, i.e., it pos-
sesses a very high principal quantum number. The core
electrons shield the active electron from the attractive Cou-
lomb field of the nucleus such that it is effectively a hydro-
gen-like atom. Successive microwave photons are usually
sent to the Rydberg atom to reach maximum orbital and
magnetic quantum numbers for the state of the active elec-
tron such that its wave function becomes an almost classi-
cal one with a toroidal shape. If so, this atom is called a cir-
cular Rydberg atom. In Haroche’s experiments, performed
at the Laboratoire Kastler Brossel in Paris, circular Rydberg
atoms are prepared whose principal quantum numbers are
typically of 50 or 51. In this case, the electron describes a
quasi-classical trajectory around the nucleus, whose radius
is about 100 pm, resulting in an electric dipole moment
about 1000 times larger than that of electric dipole transi-
tions involving the ground and first excited states of the ac-
tive electron. Note also that standard transition frequencies
between circular Rydberg states are in the microwave range.

In Haroche’s experiments, circular Rydberg atoms are
sent one by one towards a microwave cavity, of a few centi-
meters length, whose longitudinal cavity mode frequency
matches the transition frequency between two consecutive
Rydberg states. Since this frequency is in the microwave
domain, the cavity has to be cryogenically cooled down to
temperatures as low as T = 1 mK, to reduce the presence of
unwanted thermal photons. In addition, for either the Fock
state or the coherent state introduced in the cavity to sur-
vive for the entire duration of the experiment, Haroche em-

Circular Rydberg atom

le>

O
O

lg>

Microwave cavity

777777

lonizing detector

Fig. 4. Scheme of the experimental setup for Haroche's experiments. A two-level circular Rydberg atom is sent through a microwave cavity containing a
quantized electromagnetic field. The output state of the atom is measured with an ionizing field detector.
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ploys the highest grade mirrors, made of niobium, such
that the photons’ lifetime in the cavity is about 130 ms, i.e.,
the photons undergo 1.5 billion reflections before they are
finally absorbed or transmitted through the mirrors; this
corresponds to a total path length of 40,000 km, about the
distance of the Earth’s circumference. Note also that the
lifetimes of circular Rydberg states are a few tens of ms,
much longer than the typical time of flight of atoms be-
tween their excitation and detection, tens of ps in Ha-
roche’s experiments.

Finally, once the circular Rydberg atoms have crossed
the microwave cavity, their state can be selectively detected
with high efficiency by means of the ionizing field tech-
nique, since the amplitude of the ionization electric field
varies substantially with the principal quantum number.

Let us consider now that an individual atom initially
prepared in the excited state |e) of the two-level Rydberg
transition is sent through the microwave cavity containing a
resonant vacuum mode. Following Eq. (2b), the full system
formed by the atom and the cavity mode will experience
vacuum Rabi oscillations. If the atomic velocity is initially
chosen such that the total duration of the interaction with
the cavity mode is Qt = z/2, then the output state of the full
system will be:

¥ tae)) = 5 (0)810) |9 011) ©

That is, the output state corresponds to a correlated (en-
tangled) state between the atomic and cavity states. Mea-
surement of the atomic state with the ionizing field detector
will cause its collapse (randomly) in either the ground or
the excited Rydberg state, which, in turn, will collapse the
cavity into the vacuum or the one-photon state, through a
non-local influence. Hence, if the outgoing Rydberg atom is
in the excited Rydberg state, the cavity will collapse to the
vacuum state; if the atom is in the ground Rydberg state,
the cavity will collapse to a Fock state containing one pho-
ton. The observation of non-local entangled states between
atomic and photon number states was reported by Haroche
and coworkersin [4,11].

Let us consider now that after the generation of the en-
tangled state, as described by Eq. (3), and before any mea-
surement takes place, a second identical atom initially pre-
pared in its ground Rydberg state |g) is sent through the
cavity at a velocity such that Q,t =7 . Then, according to
Eq. (2), the output state will be:

¥ ten)) =5 (¢}, @19), ©[0)-|9), SJe), @[0)
1 €
:7q6>1 ®‘g>z _‘g>1 ®‘E>2)®‘0>
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where the subscript i =1,2 refers to the first and second
atom, respectively. Therefore, the output state of the sys-
tem shows a non-local correlation between the atomic
states of two circular Rydberg atoms, which indeed corre-
spond to an EPR pair consisting of two massive particles
[11]. Note that the two atoms become entangled through
(successive) interactions with the cavity field but without
directly interacting with each other.

Haroche and coworkers also have been able to trap coher-
ent states of the electromagnetic field in a far detuned micro-
wave interacting with a two-level atom in a superposition of
two circular Rydberg states. In this case, the cavity field splits
into a superposition of two coherent states with different
phases, i.e., a Schrodinger’s cat for the electromagnetic field
is created [5]. Additionally, with his setup, Haroche is able to
physically implement quantum non-demolition measure-
ments [3], a quantum phase gate for quantum information
tasks [22], entanglement between three atoms [23], telepor-
tation of atomic states between two cavities [20], and the ob-
servation of a single-photon without destroying it [7].

Wineland's experiments with single ions

After finishing his PhD with Ramsey in 1970, Wineland
held a postdoctoral position with the group of Hans Dehm-
elt, at the University of Washington, where he started
working on electron and ion traps. Dehmelt and Wolfgang
Paul, together with Ramsey, were awarded the 1989 Nobel
Prize in Physics “for the development of the ion trap tech-
nique.” In Wineland’s experiments (Fig. 5A), an ion trap is
created by a combination of static and oscillatory electric
fields. Tons can be individually addressed with laser beams
and their fluorescence registered with a CCD camera. The
experiments are performed in ultrahigh vacuum and at ex-
tremely low temperatures, to isolate the ions from heat and
unwanted surrounding radiation. With this approach, in
1981, Wineland and Itano were able to trap a single **Mg*
ion in a Penning trap [30].

Figure 5A shows the energy eigenstates of the system
g) and [e),
and the ion’s motional state |n). In the Lamb-Dicke regime

formed by the two internal levels of a single ion,

[27], alaser field can be appropriately tuned to a transition in-
volving An=-1,0,+1 (corresponding, respectively, to the red,
black, and blue double arrows in Fig. 5B), while spontaneous
emission takes place predominantly into the channel An=0.
Therefore, assuming an initial state ‘ g, n> ,itis possible to cool
down the ion’s motional degrees of freedom by the subsequent
application of red- sideband laser pulses to reach state \g,O).
The sideband cooling technique was first implemented by
Wineland and coworkers using '*®Hg* ions [8]. In addition,
they reported the preparation of Fock, coherent, squeezed,
and thermal states of motion for an isolated “Be* ion [17].
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Fig. 5. (A) Scheme of the experimental setup for trapping single ions. lons are placed in a row by means of a quadrupolar linear trap and its mutual
Coulomb repulsion. The ions are individually addressed by laser fields and their fluorescence is registered with a CCD camera. (B) Relevant energy levels
of the coupled system formed by the \g) “ \e) two-level internal transition of the ion and its quantized motional states |n).

Following up on previous work from Cirac and Zoller [6],
Wineland and coworkers also reported [18] the transfer of a
quantum superposition between two electronic states of an
ion to a quantum superposition between two of its motional
states. Consider a single ion that is initially prepared in both
the electronic and the motional ground states, i.e.,
|l//0> =| g) ® | 0> , that is coupled to state \e) ® ‘ 0) with a la-
ser pulse, as described in Eq. (1). After the laser pulse, the ion
state will be in the general superposition
ly,) = (a]g)+ Ble)) ®|0) . If a red-sideband pulse fulfilling
Qt = 7 is applied to the ion, then only state \e) ®‘O> will
evolve, performing half a Rabi oscillation with state |g) ®|1
such that the final state will read |y, ) =|g) ® (2]0)+ A|1))
i.e., the superposition in the internal degrees of freedom is
transferred to the motional degrees of freedom. In a series of
articles, Wineland and coworkers extended previous work to
implement quantum gates [18,15], entangle two ions [29],
and generate Schrodinger cat states with the individual [19]
and collective [16] motional coherent states of the ions.

In 1977, George Sudarshan and Baidyanath Misra intro-
duced the so-called quantum Zeno effect [28], which enables
the dynamic evolution of a quantum system to be inhibited
by applying frequent measurements. Wineland and cowork-
ers were the first to report the observation of the quantum
Zeno effect [13]. To do so, they considered *Be* ions con-
fined in a Penning trap with three internal levels in a V-type
configuration. Starting with the ions in their internal ground
state, a laser pulse was applied to one of the transitions of the
V-type system such that, as expected, the excited population
the dynamics described D),
p, (t) =sin®(Qt/2). During this dynamic evolution, a series

followed in Eq. ie.,

of light pulses were applied to the adjacent transition and the
fluorescence associated with this transition was registered.
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The result was inhibition of the dynamic evolution to the ex-
cited state. Every time a fluorescence photon was emitted
from the adjacent transition, the quantum state of the ion
underwent a quantum jump that collapsed it into the ground
state, i.e., frequent measurement of the fluorescence resulted
in the inhibition of the excitation. Indeed, the first observa-
tion of quantum jumps from a single atom was that of Wine-
land and coworkers, using a trapped '**Hg" ion [2].
Although the experiments performed by Wineland (and
by Haroche) and coworkers have been used to test some of the
most fundamental issues of quantum mechanics and to imple-
ment the basic elements for quantum computation, it is im-
portant to note that the experimental techniques developed by
these researchers have already had real applications. In partic-
ular, Wineland and coworkers have been able to construct the
world’s most accurate clock, by determining with a precision
of 17 digits the ratio of Al and Hg" single-ion optical clock
frequencies [24]. The precision of this atomic clock is so high
that the tiny effects of special and general relativity have to be
taken into account to properly describe its dynamic behavior.

Concluding remarks

Haroche and Wineland, benefitting from their education and
training in some of the best quantum optics laboratories in
the world, have been able to conceive and put into practice
novel techniques to isolate, manipulate, and measure indi-
vidual quantum systems with the highest precision. Their
work with single photons and single ions has enabled the
study of many of the most fundamental issues in quantum
mechanics, such as superposition, entanglement, non-locali-
ty, Schrodinger’s cats, EPR pairs, wave function collapse, and
decoherence, making real the Gedankenexperimente proposed
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at the beginning of the quantum mechanics era. Additionally,
they have used their setups for applications related to high
precision measurements, to the development of quantum
computation implementing quantum gates and quantum al-
gorithms, and to engineer the most accurate atomic clock in
the world. The outstanding contributions of Haroche, Wine-
land, and their coworkers have come to define what some sci-
entists justifiably call the second quantum revolution. b
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