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Fast, High-Fidelity Addressed Single-Qubit Gates
Using Efficient Composite Pulse Sequences
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We use electronic microwave control methods to implement addressed single-qubit gates with high
speed and fidelity, for 3Ca™ hyperfine “atomic clock™ qubits in a cryogenic (100 K) surface trap. For a

single qubit, we benchmark an error of 1.5 x 10~ per Clifford gate (implemented using 600 ns z/2 pulses).
For 2 qubits in the same trap zone (ion separation 5 pm), we use a spatial microwave field gradient,
combined with an efficient four-pulse scheme, to implement independent addressed gates. Parallel
randomized benchmarking on both qubits yields an average error 3.4 x 107> per addressed z/2 gate. The
scheme scales theoretically to larger numbers of qubits in a single register.
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Trapped ions are one of the most promising platforms to
build a universal quantum computer [1]. Quantum state
control of ions is conventionally achieved with lasers,
but radio frequency [2] or microwave fields [3—8] have
in recent years demonstrated competitive performance.
Microwave technology is more mature and widespread
than laser technology and hence cheaper and more reliable.
Also, the long wavelength of microwaves eases phase
control, and waveguides can straightforwardly be inte-
grated into surface “chip” traps. Microwave-driven logic is
therefore a compelling candidate for scaling up ion trap
quantum processors, and gates surpassing error-correction
thresholds have been demonstrated [6—8]. However, whilst
laser beams can be focused to address individual ions in the
same trap potential [9], the centimeter-scale wavelength
of microwaves requires a different approach to single-ion
addressing.

Past demonstrations of microwave-driven addressed gates
have mostly relied on nulling the effect of the microwave
field for the nonaddressed ion. This has been achieved
through position-dependent Zeeman shifts [10-12] or by
nulling the field amplitude for certain ion positions [11,13].
Similarly, sidebands of the microwave qubit transition can be
generated and nulled at different positions, either by con-
trolling micromotion [11], trapping ions in different potential
wells with different secular frequencies [14], or by stimu-
lating ion motion using dc electric fields [15]. However, gate
errors and crosstalk below 10~*—an important threshold for
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the practical scalability of error-correction [16,17]—have
not previously been demonstrated.

In this Letter, we first report on global single-qubit
operations comparable to the present state of the art [6] but
featuring a considerable ~20x speedup. We exploit this
performance improvement to implement a more complex
multipulse scheme which can address two ions within the
same potential well, with an average addressed gate error of
3.4(3) x 1073 including crosstalk errors and with a faster
gate speed than that of Ref. [6]. The scheme employs the
microwave field gradient in our trap and uses an efficient
composite sequence of single-qubit rotations to perform an
arbitrary combination of addressed gates on both ions
simultaneously. We characterize the addressing scheme by
carrying out independent randomized benchmarking (RB)
sequences on both ions simultaneously.

Experiments are carried out using a microfabricated
segmented-electrode surface Paul trap with an on-chip
microwave resonator generating a microwave field for
the ions trapped at a height of 40 pm [18]. The trap is
operated at room temperature for the single-ion experi-
ments and at “warm cryogenic” temperature (100 K) for
addressing experiments (which improves two-ion trapping
lifetime). Our qubit is defined by the hyperfine levels
|F=4,M =1) and |F =3,M = 1) in the ground state
manifold 45/, of “*Ca*, which form a clock transition at
our static magnetic field strength of 28.8 mT. Further
details, notably concerning state preparation and readout
can be found in Ref. [18]. Logical operations are driven by
the microwave drive chain described in the Supplemental
Material [19], Sec. S1. Using a different hyperfine tran-
sition as a qubit, lowering the ion height and with resonant
enhancement of the microwaves enables our surface trap to
perform gates on a single ion on submicrosecond time-
scales, whilst maintaining fidelities consistent with the state
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FIG. 1. State of the art for nonaddressed single-qubit gates.

(a) Selection of single-qubit gate errors and durations across
different ion control methods [2,6,20-24]. Quoted gate durations
exclude time delays between pulses (2 ps in our case); these are
not specified in all references, and should be straightforward to
eliminate with appropriate hardware. We exclude very fast gate
demonstrations (50 ps and 19 ps [4,25]), for which low or no
fidelities are measured. Typical single-qubit gate errors in other
quantum computing platforms [26-29] are shown with gray
dashed lines. (b) Randomized benchmarking of single-qubit gates
in our system. Blue dots show the increase in error of a sequence
of Clifford gates versus the sequence length. The gray dashed line
shows the state preparation and measurement (SPAM) error of
1.2(4) x 1073, A fit to the data (blue shaded area) yields an
average Clifford gate error of 1.5(1) x 1076,

of the art across all quantum computing platforms. We
illustrate the landscape of single-qubit gate fidelities and
durations in Fig. 1(a) with a selection of results across
different ion manipulation protocols and quantum comput-
ing technologies.

To measure gate errors, we use RB [30]. The qubit is
subjected to a sequence of pseudorandom Clifford gates
which combined perform a known Pauli gate. Each Clifford
is decomposed into z/2 and —x/2 pulses in the 6, and 6,
directions with an average of 2.2 pulses per Clifford. The
probability of measuring the expected state at the end of a
sequence decays toward 50% as the number of applied
Clifford gates increases. Measuring this decay gives us a
measure of the average error per Clifford gate.

In this experiment, the average single-qubit Clifford gate
error is measured to be 1.5(1) x 107%; see Fig. 1(b). The
average Clifford gate duration is of 1.32 ps, arising from an
average of 2.2 /2 pulses per Clifford gate with a 600 ns
pulse time, excluding technically imposed 2 ps interpulse
delays. A summary of all known error sources is presented
in Table I. The dominant contribution to the error budget is

TABLE I.  Single-qubit gate error budget. Errors are simulated
for a z/2 pulse and then scaled by the average number of pulses
in a Clifford gate (2.2 in our implementation). Decoherence
during interpulse delays (2 ps) is also included.

Error source Error (/1076)

Decoherence T5* 0.42
In-plane motion 0.24
Microwave/laser leakage 0.084
Amplitude stability 0.081
Detuning 0.075
AC Zeeman shift 0.006
Spectator state excitation 0.003
Simulated error 0.91
Measured error 1.5

the decoherence time, which we measure through memory
benchmarking [31,32] to be 75 =4.6(2) s. Here we
introduce the notation 75" to represent the effective de-
coherence time constant in the small error regime [32]. The
error due to decoherence is increased by the need for a2 ps
delay time after each 0.6 ps z/2 pulse, a purely technical
limitation imposed by the rate at which our field program-
mable gate array controller can output events to our
arbitrary waveform generator. The second largest source
of error is the thermal occupation of the in-plane secular
mode of ion motion. As the ion moves in-plane parallel to
the trap surface, the amplitude of the microwaves changes,
and with it the amount of rotation driven on the Bloch
sphere. For slower gates, where the position of the ion
performs many oscillations around its equilibrium during a
gate, the average Rabi frequency in a gate will remain
constant. This effect becomes more significant in our
system because the Rabi frequency (520 kHz) approaches
the in-plane mode frequency (5.66 MHz). However, even
a worst-case prediction yields a nonlimiting 2.4 x 1077
average gate error across a 10 000 Clifford gate sequence.
Methods used to estimate other errors are provided in the
Supplemental Material [19], Sec. S3.

Our fast and high-fidelity single-qubit gates enable the
use of a multipulse scheme to address single ions. This
scheme relies on the large magnetic field gradient provided
by the microwave electrode layout [18]. As shown in Fig. 2,
counterpropagating microwave currents lead to destruc-
tively interfering fields along the quantization axis. This
results in a large gradient in the field component required to
drive the qubit transition. For the 130 mW input power used
to drive a /2 rotation (on par with typical powers used in
the addressing pulse scheme) this gradient is 11.7 T/m. By
changing the voltages of the segmented trap dc electrodes,
the trapping potential can be twisted, such that the ions are
placed at different locations in the Rabi frequency gradient.
By tuning the amplitudes and phases of a train of micro-
wave pulses (all with identical temporal shape) we can use
the differential Rabi frequency to construct an arbitrary pair
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FIG. 2. Surface trap design enabling a microwave field gradient
for qubit addressing (not to scale). (a) Schematic top view of the
surface trap. Two out-of-phase microwave currents (red-orange
arrow heads) generate magnetic fields (red-orange arrows)
parallel to the quantization axis B, which drive qubit transitions.
Destructive interference of the 7 components of these fields leads
to a different field for each ion (blue dots) of a twisted crystal.
(b) Measured qubit Rabi frequencies (gray error bars) for
different displacements of an ion from the rf null (gray dashed
line). In the addressing experiment, we twist a two-ion crystal by
15°, such that each ion experiences a different Rabi frequency.

of different single-qubit gates on the two ions. Such a pair
of gates can be described by the unitary G, ® Gy,
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where k = 0, 1 indexes the ions. Each unitary G, has three
parameters: ¢y, J;, and ,, totaling six parameters per gate
pair. A single resonant microwave pulse drives this unitary
evolution on both ions with a few constraints. With
resonant driving, we have &, = §; = 0, the phase ¢ of
the microwaves sets ¢, = ¢»; = ¢, and the relative amount
of rotation induced in the qubit states is fixed through
0, = nA /A7, determined by the pulse amplitude A relative
to the amplitude A7 required to perform a 7 rotation on ion
k. A pulse of amplitude A and phase ¢ thus drives the
unitary Ry ® R;,
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FIG. 3. Single-ion addressing scheme. (a) Decomposition of a
pair of addressed gates (X(/2) on ion no. 0 and a ¥,y on ion
no. 1) into four microwave pulses. For each pulse both ampli-
tude and phase is varied, and owing to the difference in Rabi
frequencies experienced by each ion, they will undergo different
amounts of rotation on the Bloch sphere. (b) The outcome of the
pulse sequence is illustrated with both qubits starting in the |0)
state. Jon no. 0 and ion no. 1 undergo trajectories on the Bloch
sphere ending in the |+) and the | 4 i) state, corresponding to
X(z2) and Y, ) gates respectively.

For each pulse, we therefore have 2 degrees of freedom to
adjust, so at least three pulses are required to match the six
parameters of the desired pair of gates. In practice, we use
four pulses instead of three such that two additional degrees
of freedom permit empirical minimization of the suscep-
tibility to certain errors. The amplitudes and phases of the
pulses are calculated numerically using a least-squares
method (see the Supplemental Material [19], Sec. S2).

We illustrate the scheme in Fig. 3(a), where the imple-
mentation of a X, 5 gate on ion no. 0 and a Y, ») gate on
ion no. 1 is shown. The corresponding trajectories on the
Bloch spheres shown in Fig. 3(b) demonstrate that despite
the axis of rotation being the same for both qubits in each
pulse, the differential Rabi frequency (Q;/Qq = 0.80) is
ultimately sufficient to reach the target state. This scheme is
implemented with 2.12 ps pulses of varying amplitude and
phase, resulting in an addressed gate duration of 8.48 ps
(excluding interpulse delays). Each pulse is ramped on and
off with a sin?(tz/2tz) shape (with tz = 120 ns) to avoid
exciting spectator hyperfine transitions.

To determine the quality of the addressing scheme, we
perform RB on both ions simultaneously, each ion being
subject to an independent sequence of Clifford gates. As
with RB on a single qubit, Clifford gates are decomposed
Into X (z/2) and Y., /o) gates. A pair of X, (;/2) 01 Yi(z/2)
gates (one gate applied to each ion simultaneously) is
finally decomposed into four physical pulses using the
addressing scheme. This is illustrated in Fig. 4(a). Whilst
the number of Clifford gates applied to each ion is the same
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FIG. 4. Simultaneous randomized benchmarking of addressed
gate pairs. (a) Clifford gates used in the RB sequence are
decomposed into combinations of X (,/2), ¥ 4(z/2), and identity
gates 1. Each pair of X (z/2), Yi(z/2), OF I gates is decomposed
into four physical pulses using the addressing scheme. (b) The
blue data and fit (dots and shaded area) show the measured
decrease in fidelity with the number of X (,/5), Yi(z/2), and [
gates in a RB sequence. The gray data and fit (dots and shaded
area) correspond to the same protocol, but where all physical
pulses are replaced with time delays of the same duration; the
latter constitutes a measure of SPAM error, which is subtracted
from the former measurement to obtain the gate error. These
measurements give an average addressed gate error of 1.6(3) x
1073 for ion no. 0 and 5.2(7) x 10~ for ion no. 1.

in a single shot of the experiment, the number of underlying
Xi(rs2) and Yy(,/y) gates necessary to implement all the
Clifford gates may differ. The shorter sequence is padded
with identity gates / to account for this. These identities are
implemented with the same composite pulse method as the
/2 gates.

Even though there are in principle 25 different pairs of
Xi(z2)> Yi(z2), and I gates that a Clifford gate decom-
position could require, we make use of the global phase in
the microwave pulse sequence to reduce the number of
pulse sequences that we need to compute and calibrate. For

TABLE II.

example, subjecting the ions to a pulse sequence imple-
menting gates X(,/) on ion no. 1 and ¥,/ on ion no. 1,
but with the microwave phase shifted by 45°, realizes a
Y (z/2) onion no. 0 and a X_,/») on ion no. 1. This reduces
the number of pulse sequences required for RB to only six.
For each required sequence, we make use of the fourth
pulse to test multiple sequences and to select the one which
offers the best fidelity (see the Supplemental Material
[19], Sec. S2).

Whilst the pulse sequences only implement X (,/5),
Y. (z/2), Or I gates in this experiment, they can in principle
implement arbitrary gates. Hence, the figure of merit for
this scheme is the fidelity of the addressed operation
resulting from the sequence of four pulses. We therefore
measure RB sequence lengths in terms of the number of
Xei(x2)> Y(x2), and I gates, and quote fidelities for these
addressed operations, rather than for the Clifford gates that
are composed of several such addressed gates. In Fig. 4(b),
we show the evolution of the sequence fidelity as a function
of the number of gates. The states of the ions are read out
individually using ion shuttling [33]. The resulting errors
per addressed gate are 1.6(3) x 107 and 5.2(7) x 107>
for ion no. 0 and ion no. 1 respectively, i.e., an average
addressed gate error of 3.4(3) x 107, In Table II, we
compare this error, as well as the gate duration, to previous
microwave addressing experiments.

The measured error is larger than expected from scaling
the single-qubit gate error: by linearly scaling the single-
qubit gate error with pulse duration, we would expect an
error per gate in the addressing scheme of 9 x 107°. The
excess error can however be explained by drift in the
microwave amplitude. We monitor the microwave ampli-
tude by measuring the average state of one of the ions in the
twisted crystal after being subjected to 101 z/2 pulses.
The drift measured over tens of minutes is sufficient to limit
the gate fidelity (see Supplemental Material [19], Sec. S4).
We find that this level of drift in the microwave field
amplitude is significantly worse than that measured for a
single ion (Sec. S3 C), and we suspect that the drifts may be
associated with position drifts of the ions which are present

Trapped-ion microwave addressing state of the art. Comparison of single-qubit addressed gates for

error, nearest-neighbor crosstalk, and gate duration across different microwave-driven ion trap experiments [10—13].
Quoted gate durations exclude time delays between pulses. Where crosstalk error was not measured through RB,
crosstalk for a 7 pulse is quoted. Our simultaneous benchmarking approach does not distinguish between gate error

and crosstalk as gates are executed in parallel.

Error (/1073) Crosstalk (/1073) Duration (ps) No. ions
This Letter 0.03 8.5 2
Craik et al. (2017) [13] 3 50-90 2
Randell et al. (2015) [12] e 5 550 2
Piltz et al. (2014) [10] >5 0.03-0.08 25 8
Piltz et al. (2014) [10] >5 0.06-0.23 9 8
Warring et al. (2013) [11] e 0.6-1.5 50 2
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for two ions in the twisted configuration. This could be due
to the larger, and asymmetric, dc voltages which are
required to twist the ion crystal, leading to greater suscep-
tibility to common-mode voltage noise.

In conclusion, we have demonstrated fast (1.32 ps) and
high-fidelity (1.5 x 107 error) single-qubit gates driven
by microwave near-field radiation. This level of perfor-
mance has enabled a high-fidelity single-ion addressing
scheme using optimized pulse sequences, in which gates
can be carried out simultaneously on two ions within the
same potential well with an average error of 3.4 x 1075,
This surpasses the best performance achieved by—tech-
nically much more demanding—optical addressing
approaches [34,35] and appears to be the lowest error
reported across all physical platforms for in-register single-
qubit addressing. With this work we demonstrate that
nulling the effects of microwave fields—either by fre-
quency selection [10-12], field cancellation [11,13], or
sideband manipulations [11,14,15]—is not a strict require-
ment for addressing individual qubits.

The addressing scheme could theoretically be extended
to more than two ions, with the number of required pulses
scaling linearly with the number of qubits. The paral-
lel nature of the scheme means that only 3N /2 pulses are
required to address all ions of an N-ion crystal. Each ion
adds 3 degrees of freedom in the target unitary, and each
pulse offers two control parameters (amplitude and phase),
hence the factor 3/2. Our scheme therefore scales as a
sequential addressing scheme (e.g., single laser addressing
or microwave field nulling) and is potentially faster than
microwave [11,13] or laser [36] addressing methods
requiring slower shuttling operations. Since this addressing
method does not induce a difference in the microwave
amplitude gradient experienced by each ion, single- and
2-qubit gates [7] can be interleaved without changing the
ion positions. In the short term, this could enable the
implementation of RB for 2-qubit gates without the limi-
tation of using subspace benchmarking methods [37]. The
implementation of the scheme could be further simplified
by “embedding” the differential Rabi frequency in the
surface trap design, e.g., by angling the microwave delivery
electrodes (which could be “buried” beneath the trapping
electrodes in a multilayer design [38]) with respect to the rf
electrodes. This would also avoid inducing rf micromotion
when twisting the ion crystal. Finally, the scheme could be
used on other ground-state transitions to selectively move
the population out of the computational basis of one of
the ions and then into shelf states (through the §;,,—Ds/»
quadrupole transition), enabling individual ion readout
without the need for ion shuttling or tightly focused laser
beams. More generally, the efficient composite pulse
scheme which we have introduced could be used for
individual qubit addressing in any physical system where
a modest differential Rabi frequency between qubits can be
engineered, for example to allow multiple qubits to share a
single microwave control line.
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