PHYSICAL REVIEW LETTERS 130, 173202 (2023)

Transport of Multispecies Ion Crystals through a Junction in
a Radio-Frequency Paul Trap

William Cody Burton ,* Brian Estey, lan M. Hoffman®, Abigail R. Perry, Curtis Volin, and Gabriel Price’
Quantinuum, 303 South Technology Court, Broomfield, Colorado 80021, USA

® (Received 29 June 2022; accepted 28 March 2023; published 28 April 2023)

We report on the first demonstration of transport of a multispecies ion crystal through a junction in a rf
Paul trap. The trap is a two-dimensional surface-electrode trap with an X junction and segmented control
electrodes to which time-varying voltages are applied to control the shape and position of potential wells

above the trap surface. We transport either a single !7'Yb" ion or a crystal composed of a '*¥Ba* ion

cotrapped with the 7'Yb* ion to any port of the junction. We characterize the motional excitation by
performing multiple round-trips through the junction and back to the initial well position without cooling.

The final excitation is then measured using sideband asymmetry. For a single !”'Yb™ ion, transport with a
4 m/s average speed induces between 0.013 £ 0.001 and 0.014 £ 0.001 quanta of excitation per round-
trip, depending on the exit port. For a Ba-YDb crystal, transport at the same speed induces between 0.013 +
0.001 and 0.030 £ 0.002 quanta per round-trip of excitation to the in-phase axial mode. Excitation in the
out-of-phase axial mode ranges from 0.005 4= 0.001 to 0.021 £ 0.001 quanta per round-trip.

DOI: 10.1103/PhysRevLett.130.173202

Trapped ions are one of the leading candidate systems
for scalable quantum computers [1,2]. In a trapped-ion
quantum computer, quantum information is stored in the
internal atomic states of the qubit ions, and multiqubit gates
are usually performed by coupling the internal states of
two qubits with a common motional mode [3]. Qubit
connectivity can be achieved through control of trapping
potentials created by surface-electrode ion traps [4—6].

All-to-all connectivity can be achieved either by including
all qubits in a single crystal [7] or by use of a quantum charge
coupled device (QCCD) architecture [8,9], where gates are
performed on small chains of ions, which can be reordered
and reconfigured. Current trapped-ion quantum computers
[7,9,10] use effectively one-dimensional (linear trap) geom-
etries. In such linear traps, sorting ions between gates is
done through a combination of potential well splits [11],
rotations [12], and linear transports [11,13]. Sorting on two-
dimensional grids additionally requires transport through
junctions to connect linear sections. There have been
demonstrations of ion transport through several junction
geometries, including T junctions [14], wafer-trap [15,16]
and surface [17] X junctions, and Y junctions [18-20]. In
addition, optimizing the design of junction traps remains an
active area of research [21,22]. However, there has been no
reported effort to transport a multispecies ion crystal through
the junction. Doing so allows for simultaneous transport of
a sympathetic coolant ion with each qubit, simplifying the
sorting algorithm in a large-scale quantum computer.

In this Letter, we present fast, low-excitation junction
transport of both single ions and multispecies ion crystals
through a microfabricated surface trap X junction fabricated
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at Honeywell with a measurement zone on each leg of the
junction (see Supplemental Material [23]). The coordinate
system and zone names are shown in Fig. 1(a). For single
species transport, we used a single '"'Yb* ion, and for
multispecies transport, we used a crystal composed of one
138Ba* ion cotrapped with one '"'Yb* ion (referred to as a
Ba-Yb crystal in the remainder of this Letter). For both single
species and multispecies transport, we were able to transport
through the X junction to each of the legs and back to the
starting position with low excitation, while preserving a
deterministic crystal orientation. To our knowledge, this
Letter presents the first transport with subquanta excitation
through a junction in a surface trap of any crystal, as well as
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FIG. 1. (a) Zone names and coordinate system used in this
Letter, with the junction at the origin and the four measurement
zones: M1 at (375,0), M2 at (0, —375), M3 at (—375,0), and M4
at (0,375) pm. (b) Measured axial excitation of a '7'Yb* ion
after a variable number of round-trip transports from M1 through
the junction to M2 (blue circles), M3 (orange squares), M4 (green
diamonds), and back at an average speed of 4 m/s. Error bars are
1o statistical uncertainty. The excitation is measured by sideband
asymmetry on the axial mode.
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the first transport of a multispecies crystal through a junction
in any trap. Additionally, we studied the impacts of transport
speed, amplitude drift of the rf drive, and external stray
electric fields to ion excitation and ion loss.

Ion surface traps consist of two classes of electrodes: rf
rails and segmented control electrodes. When a radio-
frequency oscillating voltage is applied to the rf rails,
charged particles in the vicinity undergo micromotion at the
rf frequency. This interaction leads to an effective potential
dJPP()'c'), known as the pseudopotential [1,27]. For each
control electrode, we calculate a basis function ®;(X) that
describes its contribution to the electrical potential at X
when 1 V is applied to the electrode. The total potential is
given by @(X) = ®@,,(X) + > _; V,®;(X), where the V; are
the voltages applied to each control electrode. For a given
target trapping well (e.g., a potential with a minimum at a
defined location and a set of trap frequencies), we can solve
for the V; using a constrained optimization method [16,28].
To create a waveform of voltages that transports an ion
between two locations, we solve for a series of potential
wells along the transport path. We then interpolate between
these solutions to generate the time-dependent waveform
(see Supplemental Material [23]).

The laws of electrostatics place constraints on the sorts
of potentials that can be generated. We define the total
confinement C = V?® « Y, ?, where w; is the frequency
of the ith normal motional mode of harmonic oscillation
of a single ion. Because the control electrodes necessarily
produce fields with zero divergence, C = qu)pp and
depends only on the pseudopotential. In other words, no
set of control voltages can change the total confinement at a
given point—they can only redistribute frequency among
modes. In an X junction, the total confinement along the
pseudopotential minimum near the center of the junction is
significantly lower than elsewhere in the trap [29]. Figure 2
shows the properties of the pseudopotential along several
possible transport paths in our trap. The path of minimum
pseudopotential is defined by minimizing ®,,(X) over y
and z for each x along the M1-M3 legs and minimizing
over x and z along the M2—-M4 legs. We see in Fig. 2(b) that
the total confinement along the path of minimum pseudo-
potential is about 1/8 of its maximum value along the path.
Transporting along this path would lead to low trapping
frequencies and correspondingly greater heating and ion loss.

A successful strategy in surface trap junction transport
involves moving the ion off of the path of minimum
pseudopotential [17,20]. In contrast to [17], we define
the path of constant total confinement (CTC) as a path
directly below (in Z) the path of minimum pseudopotential,
with a height that varies to keep C constant along the path.
Therefore, the path of CTC traverses the junction through
its center. We choose the value of C so that the path of
CTC and the path of minimum pseudopotential intersect
above the trap at M 1. As seen in Fig. 2(a), the path of CTC
near the junction center is significantly closer to the trap
surface than the path of minimum pseudopotential.
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FIG. 2. Properties of the pseudopotential near the junction
center along the path of minimum pseudopotential (solid blue
line), the path of CTC (dashed orange line), and an intermediate
path 80% of the way between the two (dot-dashed green line). For
asingle '"'Yb* ion, we constrain the total potential along the path
of CTC, while for a Ba-YD crystal, we use the intermediate path.
The junction center is at x = 0 and the center of zone M1 is at
x = 375 pum. (a) The height of each path above the surface of the
trap. Note that the path of minimum pseudopotential and the path
of CTC differ by ~20 pm at the junction center. (b) The total
confinement (C) along each path. Along the path of minimum
pseudopotential, C drops significantly, while by construction, it
does not vary along the path of CTC. (c) Magnitude of the
pseudopotential (®,,) for a single '"'Yb* ion along each path.
The local maximum around x = 25 pm is associated with
anticonfinement in the axial direction.

For single species junction transport, we generated four
waveforms that follow the path of CTC from the junction
center to each of the measurement zones. We define the
axial direction to be X for M1 and M3, and  for M2 and
M4, and define the two perpendicular axes to be the radial
directions. The total confinement along the path permits
waveform solutions that maintain a constant axial trap
frequency of 1.13 MHz and a large frequency separation of
all motional modes over the entire trajectory, preventing
transfer of excitation between the different motional modes
[16]. In addition, we created two waveforms that rotate the
principal axes of a single well at the center of the junction
by 90°, which adiabatically convert the axial direction from
X to y and back. The average speed of the transport can be
set by linearly scaling the waveform playout in time.

Each single ion transport experiment begins with a
7'Yb* ion trapped in zone M1. We initialize the system
by performing Doppler and sideband cooling [30] to cool
all three motional modes to less than 0.1 quanta of
excitation each. We then transport the ion to the center
of the junction with the time-reversed junction-M1 wave-
form. To transport to M3, we apply the junction-M3
waveform. To transport to M2 or M4, we rotate the
principal axes while the well center is stationary at the
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center of the junction before applying the junction-M2 or
junction-M4 waveform. We hold the well center position
constant for 1 ps and then reverse the transport sequence
back to M1. The final excitation is measured with Raman
sideband asymmetry on the motional mode in the axial
direction [30]. Measurements of transport with an average
speed of 4 m/s are shown in Fig. 1(b). To separate nonzero
initial temperature from excitation due to transport, we
measure the excitation as a function of the number of
round-trips and extract the slope, finding 0.013 + 0.001,
0.013 £ 0.001, and 0.014 £ 0.001 quanta per round-trip to
M2, M3, and M4, respectively. Because the transport path
goes through regions of nonzero pseudopotential, ampli-
tude noise on the rf drive can cause motional heating
[15,16]. Our measured excitation values would be fully
explained by a noise amplitude of —178 dBc at the axial
trap frequency. This is consistent with measurements of the
system electronics noise of —176 dBc at 1.13 MHz.

Multispecies crystals present a particular challenge for
junction transport because the pseudopotential is propor-
tional to the inverse of the ion mass [27], while the potential
due to control electrodes only depends on the ion charge
and is thus common to both species. This affects junction
transport in two significant ways: (1) At approximately
25 pm from the center of the junction along the path of
CTC, there is a local maximum of the pseudopotential [see
Fig. 2(c)], which corresponds to an axial antitrapping
potential. When making a transport waveform for a single
ion species, our solution method takes this into account and
holds the total axial curvature constant. However for the
same waveform, an ion with a different mass will neces-
sarily experience a changing axial curvature, which could
lead to excess motional excitation or ion loss. (2) The
minimum of the total potential for an ion of one mass
occurs at the location where the gradient of the potential
from the control electrodes is equal and opposite to the
gradient of the pseudopotential. However, the potential
minimum for a second ion with a different mass will be at a
different position.

Given sufficient degrees of freedom by the control
voltages, the total potential for both ion species could be
independently controlled. However, this is experimentally
impractical since the spacing of an ion crystal is generally
on the order of a few micrometers, while the distance from
the trap and the size of the control electrodes are both about
70 pm. Instead, we create multispecies junction transport
waveforms through a numerical optimization process. We
parametrize possible transport waveforms using 2 degrees
of freedom: the path height parametrized by the fraction of
the distance between the CTC and the pseudopotential
minimum, and the potential curvature in the axial direction.
These degrees of freedom have several coupled effects:
(1) A larger axial curvature ensures that the total potential
for both species remains trapping even at the peak of the
anticurvature of the pseudopotential, but for a given total

confinement it reduces the potential curvature in the radial
directions. (2) The path height affects both the total
confinement and the gradient of the pseudopotential at
the ion crystal. (3) The separation of the minima of the total
potential for the different ion species is given by a
combination of the gradient of the pseudopotential and
the curvature in the vertical direction. Because of the
nontrivial coupling, an exhaustive exploration of the
parameter space was employed to find successful transport
waveforms. At each search point in parameter space, the
Ba-Yb waveforms are generated assuming a single syn-
thetic ion with a mass equal to the average ion mass in the
Ba-Yb crystal, following the defined transport path, and
with a constant total potential curvature in the axial
direction. We use a numerical equations-of-motion solver
to simulate the behavior of a Ba-YDb crystal during transport
in the test waveform, noting ion survival and nonadiabatic
excitation. We found a broad region of low-excitation
waveforms (see Supplemental Material [23]) in parameter
space centered around an axial curvature of 9.1 x
107 eV/m? (equivalent to a 1.2 MHz axial frequency for
the synthetic ion) and a path height 80% of the way
between the path of minimum pseudopotential and the path
of CTC (dot-dashed green line in Fig. 2). We use these
parameters for multispecies junction transport for the data
collected in the remainder of this Letter.

Figure 3 shows the experimental results for multispecies
junction transport. We begin each experiment with a Ba-Yb
crystal trapped in M1, with the '7'Yb™ ion closer to the
junction. A combination of electromagnetically induced
transparency cooling on the '*®Ba* and sideband cooling
on the '"'Yb" initializes the axial modes with less than 0.05
quanta of excitation and the radial modes with less than 0.3
quanta of excitation. As in the single species transport
experiments, we perform a variable number of round-trips
between M1 and the other three zones with an average
speed of 4 m/s, for a round-trip time of 376 ps, before
measuring the excitation in both axial motional modes
(in phase and out of phase). The extracted slopes, reported
in Table I, indicate that less than or equal to 0.03 quanta of
excitation are added per round-trip. We should note that
there is an oscillating residual with an amplitude of about
0.05 quanta on the out-of-phase mode excitation during
transport to M2. As we discuss later, this could be caused
by coupling from imperfectly cooled radial modes.

In addition, we examined the impact of transport speed
on induced excitation, with results shown in Figs. 3(c) and
3(d). We find negligible excitation up to 6 m/s. Above
this speed, we see evidence of coherent motional excitation
in the in-phase mode, which is difficult to quantify with
sideband asymmetry measurements. Finally, in the
Supplemental Material [23], we report on the sensitivity
of junction transport to drifts in the amplitude of the rf drive
and to stray electric fields.
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FIG. 3. Measured axial excitation of a Ba-Yb crystal after
round-trip transports from M1 through the junction to M2 (blue
circles), M3 (orange squares), M4 (green diamonds), and back.
Error bars are 1o statistical uncertainty. (a),(b) Excitation of the
in-phase and out-of-phase motional modes after a variable
number of round-trips without cooling. The extracted slopes
are reported in Table I. (c),(d) Excitation of the in-phase and
out-of-phase modes after one round-trip at a variable speed.
The background heating rates of 29 & 4 quanta/s for the in-phase
mode and 3.0 £+ 0.5 quanta/s for the out-of-phase mode are not
subtracted from the data.

We numerically simulate the properties of a Ba-Yb
crystal using the pseudopotential separately scaled by mass
for each ion species. In Fig. 4(a), we plot the simulated
equilibrium positions of a Ba-Yb crystal during transport
from M1 to the junction center. (The qualitative features of
this waveform are shared by all successful Ba-Yb wave-
forms found in the numerical optimization.) When the
crystal is near M 1, where the trapping potential is similar to
that generated in a linear surface trap, the crystal is oriented
in the axial direction with the '"'Yb* ion closer to the
junction. As the crystal approaches the center of the
junction, due to different contributions to the total potential

TABLE I. Measured axial excitation per round-trip of a Ba-Yb
crystal to the specified end zone and back to M1 at an average
speed of 4 m/s. The excitation is measured by sideband
asymmetry on the specified axial mode after a variable number
of round-trips without cooling, and the slope and statistical
uncertainty are reported below.

Crystal Mode Zone Round-trip excitation (quanta)
Ba-Yb In phase M2 0.013 £0.001
Ba-Yb In phase M3 0.030 £ 0.002
Ba-Yb In phase M4 0.013 £ 0.001
Ba-Yb Out of phase M2 0.005 £ 0.001
Ba-Yb  Out of phase M3 0.013 +0.001
Ba-Yb  Out of phase M4 0.021 £ 0.001
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FIG. 4. Predicted properties of the Ba-Yb crystal during
junction transport from M1 (x = 375 pm) to the junction center
(x = 0) determined by numerical modeling of the equations of
motion. (a) The left axis is the equilibrium height of the '3¥Ba™*
(solid red line) and '"'Yb™ ion (dashed blue line) above the trap
surface, plotted versus the average x position of the two ions. The
right axis is the angle of the crystal rotation relative to the xy
plane (black dot-dashed line). The crystal starts in M1 with the
7IYb+ facing the junction and the '¥¥Ba* facing away (0°). At
the junction center, the crystal is oriented perpendicular to the
trap surface (90°). (b) Frequencies of the six normal motional
modes of the crystal along the transport path. The axial modes in
M1 are labeled. Several mode crossings during transport are
predicted.

from the pseudopotential, it rotates to be perpendicular to
the trap (the Z direction), regardless of the starting leg.
When the crystal moves away from the junction center,
either reversing its motion or moving into one of the other
three legs, the crystal rotates back to a horizontal orienta-
tion, but always with the '"'Yb* closer to the junction,
without an explicit rotation waveform. In Fig. 4(b), we plot
the normal mode frequencies versus ion crystal location.
Near x = 25 pm, there are several normal mode crossings
that couple some of the radial modes to the axial modes
during the transport. We have found that if we ground-state
cool only the axial modes before transport (leaving the
radial modes at the Doppler temperature), excitation is
noticeably transferred into the axial modes, giving final
axial excitations that are more complex to analyze.
Therefore, in this Letter, we present only data that were
taken with ground-state cooling of all modes before trans-
port. Because of the mode coupling, the low final axial
excitation is additionally a proxy measurement, suggesting
low-excitation values in the radial modes as well.

In this Letter, we have presented the first low-excitation
ion transport through a junction in a surface trap, complet-
ing the set of transport operations required in the QCCD
architecture [9], as well as the first implementation of
junction transport of a multispecies ion crystal, which
provides an important tool for minimizing circuit times in a
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two-dimensional ion trap quantum computer. We find that
the transport adds very little excitation to all axial motional
degrees of freedom at average speeds up to 6 m/s. In future
work, further analysis of the waveform generation method
and numerical optimization of the waveform may allow us
to control or eliminate the crossing of motional modes
during transport or to increase the speed of transport
without additional coherent motional excitation [31]. In
addition, to demonstrate scalability, we plan to develop the
parallel transport of multiple ion crystals through neighbor-
ing junctions.
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