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3D ion magnet offers new experimental
frontier for quantum information processing

August 22 2024, by Kenna Hughes-Castleberry

Bilayer crystals of trapped ions can be realized in devices called Penning traps,
and lasers (shown in red and blue) can be used to manipulate the ions and
engineer interactions between them. Such crystals may open new avenues for
quantum technology applications. Credit: Steven Burrows/JILA

Many quantum devices, from quantum sensors to quantum computers,
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use 1ons or charged atoms trapped with electric and magnetic fields as a
hardware platform to process information.

However, current trapped-ion systems face important challenges. Most
experiments are limited to one-dimensional chains or two-dimensional
planes of ions, which constrain the scalability and functionality of
quantum devices. Scientists have long dreamed of stacking these ions
into three-dimensional structures, but this has been very difficult
because it's hard to keep the ions stable and well-controlled when
arranged in more complex ways.

To address these challenges, an international collaboration of physicists
from India, Austria, and the U.S.—including JILA and NIST Fellow Ana
Maria Rey, along with NIST scientists Allison Carter and John
Bollinger—proposed that tweaking the electric fields that trap the ions
can create stable, multilayered structures, opening up exciting new
possibilities for future quantum technologies. The researchers published
their findings in Physical Review X.

"The capability to trap large ensembles of ions in two or more spatially
separated layers under fully controllable conditions opens exciting
opportunities to explore new regimes and phenomena not easily
accessible in purely 2D crystals, such as topological chiral modes,
teleportation and precision measurements of spatially varying fields all
relevant for quantum information science," says Rey.

Using Penning traps

Among the various platforms being explored for quantum computing,
trapped ions have emerged as a leading candidate due to their high
degree of controllability and the ability to perform precise quantum
operations. These ions can be manipulated with laser or microwave
pulses, which change their quantum states, allowing them to be "coded"
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with specific information. These coded ions are often called quantum
bits or "qubits."

During this process, ions also experience the Coulomb force or
interactions with other ions, which physicists can use to entangle them,
reducing the system's overall noise and enhancing its measurements.

"Previous work has shown that ion crystals can form 3D spheroidal
structures, but what we were looking for was a way to realize a stacked
array of 2D layers," Samarth Hawaldar, the paper's first author and a
researcher at the Indian Institute of Science, explained in a recent write
up about the paper.

"We started to explore ways to realize such structures in a specific type
of ion trap called a Penning trap, because these traps are good at storing
large numbers of ions, typically many hundreds to thousands."

In a Penning trap, ions can be forced to self-ensemble into crystalline
structures generated by the competition between repulsive Coulomb
interactions and the confinement potential—the combined electric and
magnetic force that keeps ions securely trapped in a specific region of
space.

"Confinement is achieved via electromagnetic forces created by a stack
of electrodes and by making the ions rotate in a powerful magnetic field
," explains Carter.

For physicists, Penning traps are particularly useful because they can
store a large number of ions, making them a good option for
experimenting with more complex, three-dimensional structures.
Penning traps have been used to arrange ions into a single, two-
dimensional layer or more rounded, three-dimensional shapes.
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Bilayer trapped-ion crystals for quantum information processing. We show a 3D
view of a numerically obtained equilibrium configuration of a bilayer crystal
with 2I?7=200 trapped ions in a Penning trap. Markers, color coded according to
the 1on (A2l coordinates, represent the ion positions. The trap center (not shown) is
taken as the origin. In the lab frame, the crystal rotates with a controllable
rotation frequency about a central axis that is normal to the layers, i.e., along the
direction. The crystal configuration is shown in the rotating frame. Credit:
Physical Review X (2024). DOI: 10.1103/PhysRevX.14.031030

The rounded, three-dimensional shape happens because the confining
electric field in these traps usually increases linearly with distance from
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the trap's center, like that of an ideal spring, naturally guiding the ions
into these simpler, rounded formations.

However, the researchers tried modifying the trap's electric field to be
more nuanced and dependent on the distance from the center of the trap.
This subtle change allowed them to coax the ions into forming a new
kind of structure—a bilayer crystal, where two flat layers of ions were
stacked one above the other.

The team conducted extensive numerical simulations to validate their
new approach, showing that this bilayer configuration could be stabilized
under certain conditions and even suggesting the potential to extend the
method to create crystals with more than two layers.

"We're excited to try forming bi-layer crystals in the lab with our current
Penning trap set-up," says John Bollinger, an experimental physicist and
co-author of the publication. "In the longer term I think this idea will
motivate a redesign of the detailed electrode structure of our traps."

A new frontier for ion trapping

Shifting ion trapping from 2D to 3D has significant implications for the
future of quantum devices such as sensors or quantum computers.

"Bilayer crystals open up several new capabilities for quantum
information processing that are not straightforward with 1D chains or
2D planes," Dr. Athreya Shankar, a postdoctoral researcher at the Indian
Institute of Science, said in a recent statement about the study.

"For instance, the generation of quantum entanglement between large

sub-systems separated by a distance, such as the two layers in this
system, is a sought-after capability across all quantum hardware.
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The team is eager to test these findings experimentally in their Penning
traps. If successful, this could lead to new quantum hardware
architectures that make more efficient use of 3D space, thus increasing
the scalability and robustness of quantum technologies.

Besides hardware opportunities, the bilayers open new quantum
simulations and sensing possibilities.

"For example, the normal modes of the ions in a bilayer can couple both
vertical and radial degrees of freedom, favoring the clock over anti-
clockwise circulation or vice versa," Rey elaborates. "This could be used
to imitate rich behaviors experienced by electrons in strong magnetic
fields but under fully controllable settings.

"Moreover, having more ions can enhance signal-to-noise in
measurement and thus enable more precise estimation of quantities such
as time, electric fields, or accelerations, which can be very important for
discovering new physics."

This partnership between researchers in India, Austria and the U.S. is
critical as the field of quantum technology continues to evolve.
Innovations like these will be vital in realizing the full potential of
quantum computing, sensing, and beyond.

More information: Samarth Hawaldar et al, Bilayer Crystals of
Trapped Ions for Quantum Information Processing, Physical Review X
(2024). DOI: 10.1103/PhysRevX.14.031030

Provided by University of Colorado at Boulder

Citation: 3D ion magnet offers new experimental frontier for quantum information processing

6/7


https://phys.org/tags/ions/
https://dx.doi.org/10.1103/PhysRevX.14.031030

PHYS 19X

(2024, August 22) retrieved 22 August 2024 from https://phys.org/news/2024-08-3d-ion-magnet-
experimental-frontier.html

This document is subject to copyright. Apart from any fair dealing for the purpose of private
study or research, no part may be reproduced without the written permission. The content is
provided for information purposes only.

17


https://phys.org/news/2024-08-3d-ion-magnet-experimental-frontier.html
https://phys.org/news/2024-08-3d-ion-magnet-experimental-frontier.html
http://www.tcpdf.org

