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Quantum information and state control with trapped ions

Jonathan P. Home, Institute for Quantum Electronics, ETH Ziirich, Otto-Stern Weg 1, 8093 Ziirich, Switzerland

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 "Schrddinger'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.

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 1, 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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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 | 1) 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) < |1)|n—1), and are called red-sideband
transitions. The Hamiltonian operator which describes these
is H =Q(ao. + a'c ), where o, is an operator which flips
the spin from down to up, and & decreases the energy of the
oscillator by one unit (o_and at 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 © — 1. In our experiments, we induce this emis-
sion by exciting the atom from | 1) 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
Fre = Q((va' + a+pud)o. + he) (1)

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 (vat), keep it the same (@) and reduce it (©a) with
the constants y, v, o 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= (va'+ o+ ua) taken together is a non-Hermitian op-
erator, just as is the case for &. 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 K 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-



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 “Schrédinger’s
cat” states of motion. We apply a force to the atom which
depends on its internal state. For an atom starting in spin
|1) = (<) +|-)/V2, this changes the state to
lwo = (=)+a)y+|=)-an/2 (2

where « 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 1 to finding it either t 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 Schrédinger’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 |y ,) 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 inthe 1 / | 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 T without any
photons scattered from the ion. This projects the motional
state into a superposition

(W) =(+a)=[-a)/y2 3)
where the atom is superposed at two positions, +a. The
quantum interference of these two states is observed by
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looking at the occupied energy levels of the harmonic oscil-
lator. Since the superposition |y ) 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 | o) and
the superposition | ) 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 o
and the interference fringes at the origin in x, but oscillating
along the momentum direction [4].

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 | v ). 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 +o, but the quantum
interference is revealed by the oscillation between positive and
negative values along the P axis.

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 Hq= 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 Hae, show-



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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