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System scalability is fundamental for large-scale quantum computers (QCs) and is being pursued
over a variety of hardware platforms [IH6]. For QCs based on trapped ions, architectures such as the
quantum charge-coupled device (QCCD) are used to scale the number of qubits on a single device
[7, 8]. However, the number of ions that can be hosted on a single quantum computing module is
limited by the size of the chip being used. Therefore, a modular approach is of critical importance
and requires quantum connections between individual modules. Here, we present the demonstration
of a quantum matter-link in which ion qubits are transferred between adjacent QC modules. Ton
transport between adjacent modules is realised at a rate of 2424 s~ and with an ion-transfer fidelity
in excess of 99.999993%. Furthermore, we show that the link does not measurably impact the phase
coherence of the qubit. The realisation of the quantum matter-link demonstrates a novel mechanism
for interconnecting QCCD devices. This achieves a key milestone for the implementation of modular
QCs capable of hosting millions of trapped-ion qubits.
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I. INTRODUCTION

Recently, QCCD architectures have been used to demon-

Platforms using trapped atomic ions form an excep-
tional foundation on which QCs and quantum simulat-
ors can be developed [9]. Encoding qubits in the in-
ternal electronic states of trapped ions offers the highest
quantum gate fidelities and the longest coherence times
when compared to other QC architectures [L0HI5].

So far, small-scale trapped-ion QCs with up to 10s of
qubits have been realised [16H19]. Generally, a single
trapping region is used to confine a linear crystal of
trapped ions acting as a qubit register. Quantum logic
using multiple qubits is achieved through the Coulomb
interaction within the crystal. However, limits on the mo-
tional mode density make it challenging to scale a single
register to larger qubit numbers [20].

One architecture that allows for multiple qubit re-
gisters in its design is the quantum charged-couple device
(QCCD) which consists of an array of segmented elec-
trodes [7,[8]. Locations or zones within a single device can
be allocated specific functions, such as quantum inform-
ation processing, memory and read-out. This configura-
tion allows for small qubit registers to be interfaced to one
another via mobile ions. Experimental work has shown
that the transport of ion qubits within a single device
can be realised with high-fidelity and without loss of co-
herence [2I]. Furthermore, the QCCD architecture has
the potential to be paired with laser-free gate schemes to
implement high-fidelity universal quantum logic [12] 22].
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strate fault-tolerant quantum computation [I8] 23] 24].

To unlock many of the anticipated applications of a
QC within the necessary level of error correction, far lar-
ger qubit numbers will be required than are available on
current devices [25H27]. For example, simulations of the
FeMoco molecule could lead to a better understanding
of nitrogen fixation for the production of ammonia in
fertilisers, but simulating its ground state would require
many millions of qubits [26]. Incorporating these large
numbers of qubits into a single QCCD does not appear
feasible given the size limitations of a single device. A
realistic ion-trap QC architecture must therefore be con-
structed from a network of QC modules and offer inter-
module connection rates that are orders of magnitude
faster than qubit decoherence times.

Thus far, the only experimentally demonstrated
method used to connect trapped-ion QC modules relies
on photonic links [T, 4] 28] 29]. This optical interface
permits the heralded, probabilistic distribution of entan-
glement between remote modules. Figure [Ip briefly de-
scribes the processes involved in implementing a photonic
link for an ion-trap QC. Photonic interconnects between
two QC modules have been realised with an entanglement
connection rate of 182571 at an entanglement fidelity of
94% [4]. Large optical switch arrays and wavelength
conversion schemes offer a pathway towards connecting
multiple modules together for large scale QCs. How-
ever, implementing these solutions in a fault-tolerant QC,
would currently achieve an effective connection rate that
is ~2 orders of magnitude less than the raw entanglement
rate (see Methods). This reduces the rate to a level that
is comparable to the qubit decoherence time (~1s)[9].
While techniques to improve photon collection efficiencies
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Figure 1. An illustration of the process for connecting two modules (Module A and Module B) for the purposes of a modular
ion-trap QC. a) Photonic links use probabilistic, heralded entanglement which is generated from the interference of emitted
photons from each module. The red and blue spheres denote different ion species. An NxN optical switch links the modules,
where N is the number of modules. The emitted photons interfere at the beam splitter and a single photon detector array is
used to herald the generation of entanglement between modules. In order to generate a high-fidelity link between modules a
distillation process is required. The dashed box represents a proposal for a 3 level distillation process that would take a 94%
entanglement fidelity to 99.7% fidelity, more details can be found in Ref.[30]. After distillation, quantum teleportation can
then be used to map the qubit state between modules, thereby completing the information transfer. b) Linking modules using
ion qubit transport. DC voltage waveforms control the ion motion such that the ion qubit is physically transported between
the modules. The dashed box contains a plot of the voltage shuttling waveforms used in this work, each plot colour denotes a
different DC electrode. Here the modules are depicted as surface traps but other geometries are also applicable. This method
does not require quantum gates. Furthermore, for a QC architecture based on quantum matter-links, multi-species gates are
not necessary.
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Figure 2. An illustration of a small section of a modular version of the QCCD quantum computer architecture. a) Two modules
(“Module A” and “Module B”) are shown as fully opaque and parts of ten other modules are shown as partially transparent.
As an example, each module contains 4 X-junctions and is structured such that it tessellates with neighbouring modules. Inset
b) shows a single X-junction on a module. For this architecture, specific areas of the X-junction are associated with certain
functions. For instance, a qubit may be located in a gate zone for quantum logic operations (blue box) while another qubit may
be stored in a memory zone (red box). Inset ¢) depicts the gap separating the modules. The electrodes that create a confining
potential for the ions extend out to the edge of the module such that ions can be moved to the neighbouring module.

such as on-chip cavities could increase the entanglement
rate, their integration within ion-trap modules remains

an unsolved and difficult challenge [31].

Lekitsch et al. proposed an alternative approach to
scaling trapped-ion QCs where ion qubit transfer is me-
diated by electric fields [22]. Figure highlights the
processes involved in using a quantum matter-link for an
ion-trap QC. In the illustration, surface-electrode ion-
trap modules are depicted with an electrode structure
that spans to the module’s edge. When the electrodes

on the edge of each module are aligned with respect to
its neighbour, ions can be moved with translating poten-
tials from one module, across the inter-module gap, to
the next [22]. Figure [2| shows an example of how this
method might be implemented on a large scale. It illus-
trates a conceptual modular QCCD architecture within
which quantum information is distributed using inter-
module ion qubit transport. Using this architecture, it is
then possible to build a quantum network of tessellated
QC modules. A first step towards realising inter-module



transport was made by Stopp et al. where an ion was
ejected and recaptured by the same module demonstrat-
ing a recapture fidelity of 95.1% [32].

In this article, we show the demonstration of ion
transport between two quantum computing modules at
a transfer rate of 2424s~! with ion transfer fidelity of
99.999993%. Furthermore, we demonstrate that there is
no measurable loss of coherence of the qubit during trans-
port, therefore realising a high-fidelity coherent quantum
matter-link between adjacent quantum computer mod-
ules.

II. EXPERIMENTAL SET-UP

We address the challenge of connecting independent
QC modules by using two linear, segmented, surface-
electrode Paul traps. Both ion-trap microchip modules
have been fabricated such that the electrode structure
extends to the edge of the inter-module gap. The chosen
electrode structure allows for the confining potential from
the electrodes to extend over the inter-module gap creat-
ing an electric field interface between the two modules.

One of the ion-trap modules (‘Alice’, left in Figure
is rigidly mounted to the vacuum chamber via a heatsink
circulating cryogenic helium gas such that the trap oper-
ates at 3642 K [33]. The second ion-trap module (‘Bob’,
right in Figure [3)) is cooled via a flexible copper braid
forming a thermal link between the two modules. Bob is
mounted to an in-vacuum three-axis piezo stage assembly
that has a travel range of 600 pm and a positioning ac-
curacy of 5nm. However, since the measurement of the
alignment of the two modules is done optically, the preci-
sion of the module alignment in the x—y plane is limited
by the imaging system. To image the modules a lens sys-
tem with x13 magnification is used in conjunction with
an sCMOS camera. The imaging system has a spatial
resolution of 0.5 pm which leads to an alignment error of
1pm in the x—y plane. In the z-axis, the alignment is
measured by scattering 369.5 nm of each of the modules’
surfaces. The beam is aligned parallel to the plane of the
modules and lowered onto either side of the inter-module
gap. The difference in the beam height at which scatter
is maximised on each of the modules is used to determ-
ine the alignment. This procedure leads to an alignment
error in the z-axis of 3 um.

For results presented in this work the separation
between Alice and Bob in each axis is Az = 10(1) pm,
Ay = 0(1) pm and Az = 0(3) pm. From previous simu-
lations [22], a misalignment in all three axes by < 10 pm
should lead to a RF barrier < 0.2meV, which has been
shown to be acceptable for high-fidelity ion transport

174yh+ and '"'Ybt are used in this work. The qubit
stored in !"1Yb* is used to measure the effects of deco-
herence mechanisms on the matter-link, while '™Yb is
used for transfer fidelity measurements, due to its higher
fluorescence rate.
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Figure 3. a) Picture of the two microfabricated ion-trap mod-
ules used to demonstrate inter-module transport. A dashed
box overlay signifies the area depicted in b). b) Picture de-
tailing the electrode structure of the two ion-trap modules.
The image here has been modified to improve the clarity
of the electrode structure. The dashed box overlay depicts
the area represented in c¢). c) A schematic of 11 of the DC
electrode pairs on the module Alice and 4 of the DC elec-
trode pairs on the module Bob, electrodes pairs 1-8 are used
for inter-module transport. The DC electrodes are in yellow
and the RF electrodes are in orange. Ions are loaded into
the trap in the Loading Zone with a restricted atomic beam
and a set of laser beams. This prevents contamination of
the electrodes around Zones 1 and 2. In the Loading Zone,
369.5nm, 935.1 nm and 399.0 nm laser beams are overlapped.
The 369.5 nm and 399.0 nm light is used for photo-ionisation,
and the 369.5 nm and 935.1 nm light is used for Doppler cool-
ing. Once an ion is loaded, the 399.0 nm light is turned off.
Thereafter both the ion and the remaining laser beams are re-
located to Zone 1. Detection of the ion occurs in Zone 1. Zone
1 and Zone 2 form the start and end points of an inter-module
link.

To initialise the system, isotope selective loading
occurs on Alice in the Loading Zone (Figure ) Once
loaded, the ions are shuttled from the Loading Zone to
Zone 1 over a distance of 1840 um, which is the starting
point of all subsequent experiments. The details of the
voltage control system can be found in Methods.



III. A QUANTUM MATTER-LINK
A. Inter-module Transport

Ton transport between modules is implemented by
varying the voltages applied to the 4 electrode pairs
closest to the inter-module gap on both Alice and Bob
(1-8 in Figure ) Successive voltage updates sent to
each electrode realise a translating potential well at the
ion (see Methods). Each ion transfer Zone 1 — Zone
2, or Zone 2 — Zone 1 constitutes a single matter-link
between modules. Zones 1 (2) were chosen as the start
or end point of the link, since the ion can be confined in-
dependently on Alice (Bob) without requiring potentials
from the neighbouring module. Zones 1 and 2 are separ-
ated by a distance of 684 pum. As an initial verification
step, the success of the inter-module link was confirmed
by imaging the scattered ion fluorescence in Zone 1 and in
Zone 2, before and after ion transport. Thereafter, the
lasers and detection optics were repositioned to detect
ion fluorescence in Zone 1.

The inter-module transport fidelity was measured by
moving "*Ybt between Zone 1 and Zone 2. After each
set of 2 x 10° links the presence of the ion was verified
by the detection of fluorescence using a photomultiplier
tube (PMT). With a single link duration of 412.5 ps, at
an equivalent link rate of 2424s~1, 15 x 10° consecut-
ive links were completed. The ion was lost during the
following set of transport operations, indicating a lower
limit of 99.999993% on the ion-transport fidelity. The
ion travelled 10.26 km at an average transport speed of
1.66ms~!'. Throughout these transport measurements,
the digital-to-analogue converters (DACs) were updated
at the fastest possible rate. This led to distortions in the
transport waveforms, resulting from the low cut-off fre-
quency of the DC filtering circuits. No difference in the
ion lifetime for stationary and shuttled ions was identi-
fiable, therefore the transfer fidelity was not measurably
affected by the distortions in the DC waveforms. The
limit on the shuttling fidelity is therefore attributed to
laser instability and ion loss from collisions with back-
ground gas molecules.

The limit on the speed of the shuttling was due to hard-
ware constraints. Faster transport times can be achieved
by changing to DACs with a faster update rate and by
modifying the DC filter circuits to have a higher cut-off
frequency (see Methods).

B. Preserving Qubit Coherence

To show that the coherence of the qubit can be main-
tained throughout the matter-link, the effect of the
inter-module transport on qubit states is investigated.
Here the qubit is formed using two hyperfine levels of
IYbT in the S5 manifold: [0) = [F = 0,m; = 0)
, 1) = |F = 1,my = 0). The two states are separ-
ated by 12,642,812,118+-31182 Hz where B is the mag-

netic field in Gauss [I0]. The ambient magnetic field at
the qubit is approximately 10 G. The first order mag-
netic field insensitivity of the qubit (compared the to
|F'=1,my = £1) states) increases its robustness against
decoherence from ambient magnetic field fluctuations.

A Ramsey-type experiment is used to probe the co-
herence of the qubit by measuring the T35 time. This
experiment is performed by first optically pumping the
ion into the |0) state and subsequently applying two /2
Ramsey pulses, separated by a delay time 7. The prob-
ability of the qubit being in |1) is then read out us-
ing a state-dependent fluorescence detection scheme [35].
The experiment is then repeated with inter-module trans-
port operations taking place during the delay time 7 (see
Methods). Figure shows an example of a stationary
Ramsey experiment in comparison to results using 2 and
100 links within the delay time. The Ramsey fringe con-
trasts measured were 0.96(2), 1.00(2) and 0.97(2) for 0,
2 and 100 links respectively. The measured contrasts in-
dicate that there is no measurable loss of qubit coherence
during inter-module qubit transport for 7 = 100 ms.

Figure shows phase offsets of 1.8690(1)rad and
3.7988(1)rad for the case for the 2 and 100 links re-
spectively, relative to the stationary measurement. These
phase offsets are attributed to uncompensated magnetic
field drifts which occur over timescales longer than the
experiment, along with a phase accumulation by the
qubit which arises from its transport through magnetic
field inhomogenities. These phase offsets can be com-
pensated for using an additional phase rotation after the
transport operation.

Due to the limitations of the filter circuits and the
DAC update rate (see Methods) shuttling techniques at
diabatic timescales, where the motional state of the ion
remains unchanged after transport, could not be used.
Therefore, in order to limit the kinetic energy gain of the
ion, which is required for optimal qubit state detection,
an inter-module transfer rate of 1250s~! was used.

Figure [lh demonstrates that, within the available
measurement accuracy, qubit coherence is unaffected by
inter-module transport at 7 = 100ms. To investigate
that qubit coherence is maintained throughout trans-
port operations between QC modules more generally, the
Ramsey-type experiment shown in Figure 4p was repro-
duced with longer delay times up to 7 = 500 ms. A Gaus-
sian decay is then fitted to the fringe contrast to calcu-
late a coherence time T5. Figure b shows the coherence
measurements and the resultant fits. For the stationary
case, Ty = 560(40) ms. With 2 links, T3 = 560(60) ms,
and with 100 links, 75 = 540(30) ms. The main lim-
iting factors of the coherence time are expected to be
magnetic field fluctuations over the timescale of the ex-
periment. Each of the 1-sigma errors of the measured
coherence times overlap, demonstrating that we cannot
detect a loss of coherence due to inter-module transport
within the uncertainty of our measurement.
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a) Ramsey fringes measured after 0, 2 and 100 links. The solid lines represent a sinusoidal fit to the data. For each

dataset 7 = 100 ms, 100 averages were taken per data point. The Ramsey fringe contrasts are found to be 0.96(2), 1.00(2) and
0.97(2) for 0, 2 and 100 links respectively. b) The Ramsey fringe contrast as a function of time for 0, 2 and 100 links. The
error bars represent the standard deviation in the measured contrast for a given time delay. The Gaussian fit to each dataset
is given by the solid lines and the associated shaded areas represent the 1-sigma error in the fit. The dashed line indicates the
1/e decoherence threshold. The coherence times are 560(40) ms, 560(40) ms and 540(30) ms for 0, 2 and 100 links respectively.

IV. CONCLUSION

The techniques used in this work demonstrate that
inter-module ion transport is a practical approach to in-
terface QC modules. Two neighbouring microfabricated
ion-trap modules were connected using ion transport op-
erations, realising a fast, deterministic and high-fidelity
quantum matter-link. This method of linking modules
naturally extends the QCCD architecture from one to
multiple modules. We therefore realise a key milestone
towards the implementation of a scalable QCCD archi-
tecture. Furthermore, the inter-module link realised here
is three orders of magnitude faster than the decoherence
time. Future work will focus on increasing the connection
rate using established ion transport techniques[36, [37).
This offers the potential of an additional order of mag-
nitude increase in the inter-module shuttling rate.

METHODS
Effective connection rates for photonic interconnects

Scalable optical components are important for the im-
plementation of a large-scale QC using photonic inter-
connects. To the best of the authors’ knowledge, large
switch arrays at trapped-ion wavelengths in the ultra-
violet have yet to be developed. Alternatively, a large ar-
ray of telecom wavelength switches combined with an ion-
to-telecom wavelength conversion scheme could be used.

Telecom wavelength switches with low optical losses of
2.1dB on average have been demonstrated [38]. Fur-
thermore, conversions from Sr™ or Yb' wavelengths to
the telecom bands have been shown with conversion ef-
ficiencies of ~9% [39, [40]. Therefore, assuming a raw
entanglement rate R, frequency up-conversion results in
an up-converted rate of 0.09R. Switch losses would then
reduce this rate to 0.06 R. In addition, a distillation pro-
cess may be required to achieve an entanglement fidelity
within the fault-tolerant threshold. Using a 3 level distil-
lation process as presented in Ref. [30] and as depicted in
Figure [Th, a fidelity of 99.7% could be achieved from the
current raw entanglement fidelity of 94%, at the cost of
reducing the effective entanglement rate. Assuming all
processes except the production of entangled pairs via
remote entanglement are instantaneous and assuming a
mixed-species gate can be achieved with 99.9% fidelity,
the effective entanglement rate would be reduced by a
factor of 6. This results in a distilled entanglement rate
of 0.01R. To complete the information transfer between
two modules an additional set of gates is required as can
be seen in Figure [Th. The time taken for this process is
assumed to be instantaneous.

Ramsey experimental sequence

A schematic of the Ramsey-type experimental se-
quence can be seen in Figure |b| and can be broken down
as follows: The ion is initially Doppler cooled for up
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Figure 5. Pulse sequence diagram for the Ramsey-type ex-
periment. The relative times of the different processes are
represented on the same time axis (not to scale). From the
top down the axes are: the on/off times for the 369.5 Doppler
cooling laser, the electro-optic modulator (EOM) for optical
pumping, the microwaves resonant with the qubit transition,
the PMT for detection and the DC system for shuttling.

to 50ms. Thereafter the ion is optically pumped into
|0) over the course of 10pus. The optical pumping is
followed by an on-resonance microwave 7/2 pulse with
phase ¢; = Orad. The qubit is left to freely precess for
a time delay 7, before a second 7/2 pulse with phase
offset of 0 < ¢o < 27 rad is applied. For each phase
offset, the measurement is repeated 100 times. To meas-
ure the coherence time, the experimental sequence was
repeated for 7 = {5,100,200, 300,400,500} ms for the
stationary and 2 link data whereas the 100 link data
spanned 7 = {83,100, 200, 300, 400, 500} ms. When in-
vestigating the impact of the matter-link on the T35 time,
a variable number N = {2,100} of qubit transport oper-
ations can be undertaken within the delay time 7, such
that NT, < 7, where Ty, is the time taken for one link.

DC ion transfer protocol

A Sinara Kasli field-programmable gate array (FPGA)
controller equipped with three AD5432 digital-to-analog
converter (DAC) Zotino cards is used to control the DC
waveforms applied to the ion-trap modules, for ion trans-
port. The DAC cards update at a rate of 139 kHz per
channel. Each DAC channel has an internal third-order
Butterworth filter with 75 kHz cut-off frequency. In ad-
dition, a second set of second-order RC filters with a
47 kHz cut-off frequency is used prior to the vacuum
chamber. Inside the vacuum chamber each DC chan-
nel is connected to a final first-order RC filter with a
257 kHz cut-off frequency. The axial trap frequency is
Var = Waz/2m = 141(1) kHz and the radial frequencies

are Vpqd = Wraa/2m = 1.15(3) and 1.31(3) MHz.

The ion transfer waveforms are numerically determined
from a Finite Element Method (FEM) electrostatic sim-
ulation. The simulation includes electrode potentials for
both ion-trap modules. In order to calculate the poten-
tials, a sequential least-squares programming (SLSQP)
optimiser is used to minimise a cost function for a given
ion position. The cost function is constructed to fulfil
the following criteria:

e Minimise the electric field at the ion position.

e Constrain the axial electric field curvature, and
thus the axial secular frequency, to a predetermined
value.

e Minimise the sum of the squares of the voltage
across all electrodes.

Using this method, a set of voltage values is calculated.
For the simulations used in this work, potentials were
calculated in 2pm steps between Zones 1 and 2. This
provides trapping potentials that are linearly incremen-
ted along the ion transport path. The evolution of the
voltage on each electrode is further post-processed using
a second-order Savitzky—Golay filter [4I] with a moving
filter window of 25 voltage values. This post-processing
removes numerical noise resulting from non-optimal min-
imisations of the cost function, without distorting the
waveform.

From the post-processed waveforms, the sets of voltage
solutions were down-sampled to provide 12 pm incremen-
ted solutions for ion transport. This axial separation
between steady state potential minima in the shuttling
sequence was found to provide the best trade-off between
shuttling rate and shuttling fidelity.
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