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Qubits Manipulated on the Fly

A way to address the individual ions of a rotating ion crystal could allow

scientists to perform quantum simulations in which each qubit can be

carefully controlled.

By Christian Roos

imulating quantum many-body physics could be one

of the main applications of a general-purpose quantum

computer. But such a computer is not yet available, and
so there is strong interest in constructing so-called analog
quantum simulators. These are engineered systems of particles
that can be used to investigate specific many-body problems.
The experimental challenge is to increase the number of
particles in such a simulator while retaining the ability to
control the system at the single-particle level. Now Brian
McMahon and colleagues at the Georgia Institute of Technology
have demonstrated how this challenge can be overcome for one
of the most promising types of analog quantum simulators that
use ions held in devices known as Penning traps [1].

Figure 1: McMahon and colleagues directed a laser beam (orange)
at a rapidly rotating triangular lattice of ions (purple) [1]. By
ensuring that the beam’s spot (yellow) was smaller than the ion
spacing and that a laser pulse (red) crossed a specificion’s
trajectory (blue), the researchers could manipulate that one ion.
Such single-ion operations could be useful for quantum
simulations.

Credit: APS/Carin Cain

In a Penning trap, a charged particle is confined along one
direction by a static quadrupole electric field. The same field,
however, pushes the particle away from the trap’s center in the
plane perpendicular to the confining axis. To counteract that
effect, a strong homogeneous magnetic field is added to the
trap, causing the particle to orbit the trap’s center in this plane.

When many ions are loaded into the trap, they form a
non-neutral plasma. If this plasma is laser cooled to
temperatures below 10 mK, it can become crystalline, with the
equilibrium positions of the ions determined by the interplay of
the confining forces and the ions’ mutual repulsion. However,
the magnetic force makes the ion crystal rotate tens of
thousands of times per second. This rotational frequency can
be controlled by adding a rotating quadrupole electric field,
which exerts a torque on the plasma [2]. More importantly, this
“rotating wall” technique can synchronize the orientations of
the ion crystal and the applied field [3]. This synchronization
allows scientists to track the positions of the ions in the rotating
reference frame of the field and to take fluorescence images of
the crystal [4].

Planarion crystals in Penning traps are useful systems for
investigating many-body problems in quantum magnetism,
such as the behavior of spins arranged on a 2D lattice and
interacting over long distances. The “spin” that the ions carry is
not an intrinsic spin (such as that of an electron); rather, each
ion acts as a qubit with a pair of electronic states that can
represent spin up and spin down. These qubits can be
measured by detecting their state-dependent fluorescence ion
by ion [5].

To realize long-range qubit-qubit interactions, the ion crystal
can be illuminated by laser light to create state-dependent
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forces mediated by the crystal’s collective motion [6]. This
method has been applied to crystals of more than 200 ions to
produce so-called spin-squeezed states, quantum states that
can be measured with greater precision than regular states [7].
However, the control here is over the collective state of all the
ions. To study specific spin interactions, scientists would like to
manipulate individual ions, but they have lacked this ability
because the laser light typically targets many ions and because
it is difficult to address such rapidly rotating particles.

McMahon and colleagues have now demonstrated this ability.
The researchers constructed a compact Penning trap out of two
permanent magnets and two printed circuit boards each
patterned into 12 electrodes. The magnets created a strong
magnetic field of about 1 tesla, and voltages applied to the
electrodes produced a time-dependent trapping field. A key
innovation was to replace the standard quadrupole rotating
wall with a triangular one, in which ions can form planar
crystals with a defect-free triangular-lattice structure. This
setup avoids the problem faced in conventional trapping fields
where increased ion spacing toward the crystal’s border leads
to multiple possible crystal structures, which can introduce
defects [8]. With these advances, the team succeeded in
creating triangular lattices of more than 100 ions.

McMahon and colleagues chose to work with singly charged
calcium ions. Each of these ions has a metastable electronic
energy level that can be split via a magnetic field into multiple
states, two of which can be used to encode a qubit. The
researchers manipulated such qubits collectively using
microwave radiation and measured them individually using a
fast single-photon-counting camera.

To perform single-qubit operations, McMahon and colleagues
focused a laser beam onto the ion crystal from a direction
perpendicular to the crystal plane, such that the beam’s spot
was smaller than the ion spacing (Fig. 1). The researchers could
then optically address individual ions by switching on the beam
just before the selected ion passed through it. The interaction
between the beam and the ion slightly altered the energy
difference between the qubit’s two states. Using this effect, the
team manipulated different ions while maintaining quantum
coherence and investigated the effect of various physical
parameters on the quality of the single-qubit operation,
concluding that it could be applied to crystals of 1000 ions.
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Such a large increase in ion number would allow scientists to
conduct simulations of complex quantum many-body physics
in and out of equilibrium.

More work will be needed to improve the quality of the
quantum operations. First and foremost, the ion motion in the
crystal plane will have to be reduced using advanced
laser-cooling techniques to limit unwanted fluctuations in the
strength of the beam-ion coupling, and further technical
improvements to the setup will need to be made. This work by
McMahon and colleagues, in conjunction with recent advances
in building microscale Penning-trap arrays [9], shows that
Penning traps are powerful tools for precisely controlling ions in
quantum physics experiments. Parallel progress in creating
large planarion crystals in radio-frequency traps [10]
demonstrates the potential of trapped-ion experiments for
investigating spin systems using hundreds of particles.
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