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We demonstrate an order of magnitude reduction in the sensitivity to optical crosstalk for neighboring trapped-
ion qubits during simultaneous single-qubit gates driven with individual addressing beams. Gates are imple-
mented via two-photon Raman transitions, where crosstalk is mitigated by offsetting the drive frequencies
for each qubit to avoid first-order crosstalk effects from inter-beam two-photon resonance. The technique is
simple to implement, and we find that phase-dependent crosstalk due to optical interference is reduced on
the most impacted neighbor from a maximal fractional rotation error of 0.185(4) without crosstalk mitiga-
tion to < 0.006 with the mitigation strategy. Further, we characterize first-order crosstalk in the two-qubit
gate and avoid the resulting rotation errors for the arbitrary-axis Mglmer-Sgrensen gate via a phase-agnostic
composite gate. Finally, we demonstrate holistic system performance by constructing a composite CNOT
gate using the improved single-qubit gates and phase-agnostic two-qubit gate. This work is done on the
Quantum Scientific Computing Open User Testbed (QSCOUT); however, our methods are widely applicable
for individual-addressing Raman gates and impose no significant overhead, enabling immediate improvement
for quantum processors that incorporate this technique.

Quantum computing promises to solve certain classes
of problems faster than classical computing’?. However,
technical imperfections lead to errors that currently pre-
vent most known quantum algorithms from running suc-
cessfully at scale. Quantum error correction has the po-
tential to allow large codes to run successfully once ex-
periments have surpassed fault tolerance thresholds38.
Of the classes of errors currently preventing scalable fault
tolerance, one of the most pernicious is crosstalk, wherein
operations (“gates”) applied to a target qubit unin-
tentionally also impact one or more additional qubits.
These errors are prevalent in many quantum comput-
ing platforms® !4, particularly during parallel gate oper-
ation, which is desirable for reducing execution time and
correcting qubits with idle errors’® 17, Further, crosstalk
errors complicate error correction schemes as they can vi-
olate certain assumptions for well-behaved models such
as locality and independence of operations'®.

Previous attempts to reduce crosstalk errors include
algorithmic efforts such as crosstalk-aware compiling of
circuits'®1?, echo-based protocols!®2?, and dynamical
decoupling?!. While these approaches can reduce the im-
pacts of crosstalk, they come at the expense of additional
overhead from longer gates and circuits. Attempts at
physical limitation of crosstalk have relied on either co-
herent cancellation!!12:22 or highly-engineered indepen-
dent qubit controls?>26. These strategies can impose sig-
nificant experimental burdens to calibrate the system and
maintain stability to operate in the low-crosstalk regime.

a) mnchow@sandia.gov

In this work, we describe and implement a physical
means of crosstalk mitigation for parallel operation of
multi-photon driven quantum gates on a linear chain
of trapped ions. Specifically, the first-order sensitiv-
ity to optical crosstalk at neighboring sites is removed
by choosing distinct single-photon detunings for nearby
qubits while maintaining the required two-photon res-
onance to drive transitions on each target qubit. We
demonstrate an order of magnitude improvement in our
measured crosstalk when we implement this technique,
and we use the improved single-qubit gates with a phase-
agnostic two-qubit gate to implement a complete gateset.
Further, this solution requires no algorithmic overhead
nor additional calibrations.

We implement our solution on individually-addressed
ions; however, our result should hold for other platforms
using multi-photon transitions with individual qubit ad-
dressing, such as neutral atom quantum processors?’.
Analogous ideas for individual addressing of ions have
been implemented by applying field gradients to shift
each qubit frequency, but these solutions require precise
calibrations of each independent qubit frequency and an
additional, well-stabilized control field?® 32, Application
of our technique on quantum processors of similar archi-
tecture will be immediately useful in mitigating crosstalk
without imposing any significant overhead.

This work is done on the Quantum Scientific Com-
puting Open User Testbed (QSCOUT)?2. We use a lin-
ear chain of up to four '"'Yb' ions trapped above a
surface-electrode trap. Qubits are encoded in the hy-
perfine “clock” ground states®3. To implement gates, we
apply a 355 nm pulsed laser to drive two-photon Raman

transitions®*. As depicted in Fig. la, each ion is ad-
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FIG. 1: (a) Ions (blue dots) are individually-addressed
with tightly-focused laser beams (red shaded regions),
which are evenly spaced at 4.5 ym. Each beam contains
two tones to perform Raman transitions. A global beam
(not shown) illuminates all ions and counter-propagates
with the individual-addressing (IA) beams. Ions are
labelled ¢_1, qo, q1, g2 from left to right. (b) A simplified
level diagram shows two-photon Raman transitions
between qubit states |0) and |1) through virtual
intermediate level |7). To resonantly drive transitions,
two frequency components of the applied laser fields
(arrows) must have a difference equal to the qubit
frequency (wqubit). When the single-photon detuning
for a target ion Agarger is equal to that of its neighbor
Apeighbor (not shown), unintended resonant pairs are
formed from combinations of the high-intensity control
light on the target (solid red lines) and low-intensity
residual illumination from the neighbor (broken blue
lines). By contrast, when Agurge; 7 Ajeighbor, the only
unintended resonant Raman pair is formed from both
tones of the low-intensity residual illumination.

dressed with a tightly-focused individual addressing (IA)
beam. Additionally, a counter-propagating global beam
illuminates all ions nearly uniformly (not pictured). Each
TA beam and the global beam are independently modu-
lated using their own dedicated acousto-optic modulator
(AOM), which converts a radiofrequency (RF) control
pulse into a laser pulse. More details about the appara-
tus have been specified in previous work?2.

To drive two-photon transitions, we drive an AOM
with two RF tones (wg, wy) where the offset (w1 — wo)
is chosen such that the pulsed laser has a frequency
component at the qubit frequency (wquvit ~ 27 x 12.6
GHz)3*. Applying both tones to an TA AOM produces
a co-propagating configuration, which is preferred for
single-qubit gates as it is insensitive to the ion’s motion.
Alternately, we can apply wp to an TA AOM and w; to
the global beam AOM in a counter-propagating config-
uration, which is required for driving the motional side-
bands. The effective Raman Rabi rate is proportional to
the product of the electric field amplitudes for the two
tones: Qoft X |Euq || By |-

To understand the effects of crosstalk during parallel
co-propagating single-qubit gates, we consider all reso-
nant Raman pairs that illuminate an ion. In typical ion
trap experiments, all IA beams are operated with iden-
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FIG. 2: We scan a single ion through a single TA beam
(others are off) to estimate the residual illumination at
neighboring sites. Beam center locations where ions
would typically be located are marked with dashed
vertical lines.

tical single-photon detunings, A; = A; = A, where ¢
and j are IA beam indices. In this configuration, the
leading crosstalk terms come from resonant Raman pairs
formed from combinations of the target and neighbor
control beams (e.g. wo target 80d W1 neighbor). Lhese
terms have a Rabi rate of order € where € = |E;a;|/|Fiail
is the fraction of the electric field amplitude from an TA
beam at site ¢ as measured at neighboring site j. How-
ever, as depicted in Fig. 1b, if we operate neighboring
IA beams at different single-photon detunings, A; # A,
for i # j, then each wp; and w; ; is distinct from tones
applied to neighboring beams and the only resonant Ra-
man pairs form from two tones of the same beam. There-
fore, crosstalk is reduced to order |¢|?, as the only unin-
tended resonant pair is formed from residual light of both
tones from a neighboring beam. In other words, uniform
single-photon detunings lead to field-sensitive crosstalk
while distinct single-photon detunings lead to intensity-
sensitive crosstalk.

As shown in Fig. 2, we characterize the spatial extent
of an TA beam and estimate the residual illumination at
neighboring sites by shuttling a single ion through the
beam, measuring the Rabi rate at each point. For this
measurement, we apply one tone to the TA beam and
one tone to the global beam (counter-propagating), such
that the Raman Rabi rate is directly proportional to the
electric field amplitude of the IA beam, neglecting small
variation in the global beam. From this data, we esti-
mate fractional electric field amplitudes, €, of 5%(2%)
at the left (right) nearest neighbor position, marked g_;
(q1). Asymmetry in the beam profile is caused by optical
aberrations.

To implement the intensity-sensitive configuration for
co-propagating gates, we shift both tones applied to each
TA AOM (wyp,;, w1,;) such that the difference of each intra-
beam pair is constant (w1,; — wo;=w1,; — wo,;) and each
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FIG. 3: Crosstalk effects are reduced during parallel single-qubit gates when run with first-order crosstalk mitigation
(bottom, A; # Aj; b,d,f) compared to without it (top, A; = Aj; a,c.e). (a,b) Example Rabi flopping when driving
with both tones on ¢; (red) and only one tone on all other ions (blue) with crosstalk mitigation (b) compared to
without it (a). (c,d) The crosstalk Rabi rate matrix shows improvement by at least an order of magnitude on all
entries in the intensity-sensitive configuration compared to the field-sensitive configuration. Data is collected as in
(a,b) by driving qubit ¢ with both tones (and spectators with only one) and measuring the observed Rabi rate, €,
on each ion. Unless shown, the fitting uncertainty is < 1% of each entry. (e,f) All qubits are driven with an Ry(%)
pulse in parallel and the Raman phase (¢) is scanned on ¢; (red). Without crosstalk mitigation (e), the measured
rotation angle (6) depends strongly on phase in contrast to when crosstalk is mitigated (f). Curves are fit to a
sinusoid to extract rotation error as a function of phase. Horizontal dashed black lines show the ideal §. Uncertainty
markers on plots are derived from 95% Wilson score intervals.

beam resonantly drives Raman transitions for its target
ion, but that each wp; and wy; is detuned relative to
neighboring beam tones such that no inter-beam reso-
nant pairs are formed. We choose shift frequencies pseu-
dorandomly, sampled over a +0.5 MHz range, and check
to make sure no nearest neighbor or next nearest neigh-
bors are within 0.1 MHz. This method is sufficient to
satisfy the requirement that the detuning of first-order
crosstalk pairs (|A; —Aj| > 0.1 MHz) is much larger than
the crosstalk Rabi rate (order 1kHz), while still keeping
all drive frequencies close enough to the AOM center fre-
quency to maintain efficiency. Since the single-photon
detuning for the 355nm laser is of order 100 THz, off-
sets at the MHz level do not significantly alter the target
Rabi rate or ac Stark shift. We note this solution incurs
little experimental overhead and requires no additional
calibrations or equipment.

Next, we directly measure the crosstalk for parallel
single-qubit gates in a four-ion chain by applying both
tones (wp,1 and wq,1) on ¢; and a single tone (we use wy ;
throughout this letter; wy; performs similarly as it has
a nearly identical spatial mode) for all spectator ions.
We perform this measurement in both field-sensitive and

intensity-sensitive configurations, see Figs. 3a and 3b.
Without crosstalk mitigation (A; = Aj), we observe
Rabi flopping on the left-nearest neighbor, qo, with 9.6%
of the control Rabi rate on g;. By contrast, when we
mitigate crosstalk (A; # A; for i # j), the Rabi rate
on qp is reduced to 0.26% of the control Rabi rate on ¢.
Crosstalk for the right-nearest neighbor (g2) and left, sec-
ond nearest neighbor (¢_1) are both reduced from ~ 2%
to < 0.01% of the Rabi rate on q;. We repeat this mea-
surement for all ions and record the fractional Rabi rate
crosstalk matrix in Figs. 3¢ and 3d.

Additionally, we measure the phase dependence of the
crosstalk. The native single-qubit gate on QSCOUT
is a continuously parameterized rotation, Re(6), as de-
scribed in reference3®. The rotation axis, ¢, is varied by
changing the relative phase between the two drive tones
(i.e. the “Raman phase”). The rotation angle, 0, is set
by the pulse duration. In the field-sensitive configura-
tion, identical-frequency target and neighbor light inter-
feres. This interference between the beams depends on
the relative optical phase and thus on ¢ for each beam.
To measure this effect, we apply parallel Ry(7) gates
to all four ions and vary ¢ on ¢; while fixing ¢ = 0



on all other qubits. The data in Fig. 3e reveals the
strong rotation-angle () dependence on phase in the
field-sensitive configuration, which causes substantial ro-
tation error for parallel arbitrary-phase gates. We fit the
data for ion i to 0;(¢g,) = 4t sin (¢q, + &) where A; and
& are free parameters and find the maximum fractional
change in rotation angle relative to the average angle
(91'), (gi,max jei,min)/ei = Ai/9i~ For {q717QO,(J1,Q2} we
measure A;/0; = {0.027(5),0.185(4),0.176(6),0.054(4)}.
Consistent with the earlier results, the largest oscilla-
tions occur when there is a phase difference between
the residual illumination of the phase-varying qubit and
its left nearest neighbor as well as when the phase-
varying qubit is the left nearest neighbor to another
qubit and subject to its residual illumination. By con-
trast, in the intensity-sensitive configuration (Fig. 3f),
we do not observe strong rotation-angle dependence on
phase as all fitted amplitudes are smaller than the 95%
confidence intervals for each point. Fitting results yield
A;/0; ={0.004(8),0.000(6),0.007(7),0.017(7)}.

Since the crosstalk-mitigated single-qubit gates are ef-
fectively agnostic to neighboring beam phases, no calibra-
tions of inter-beam phase relationships are needed. This
calibration-free approach, however, is complicated by the
introduction of an XX-type Mglmer-Sgrensen (MS) two-
qubit gate3® as the phase of each single-qubit beam would
need to be calibrated to the two-qubit drive phase to en-
sure a consistent axis of rotation3”. Instead, we use a
well-known basis transformation of the MS gate to an ef-
fective ZZ-type interaction3” 40 that is similarly agnostic
to inter-beam phases to avoid unnecessary phase calibra-
tions. As such, the resulting single- and two-qubit gate-
set is inherently robust to any changes in these relation-
ships as well (e.g. due to slow variation in path length or
propagation delay). Likewise, this basis transformation
to ZZ is also necessary to combat the phase instabili-
ties that arise from path length differences when com-
bining co-propagating (single-qubit) gates and counter-
propagating (two-qubit) gates®”. Finally, and crucially,
this ZZ interaction allows us to avoid much of the same
phase-dependent, field-sensitive crosstalk effects on the
two target ions during the MS interaction, as we describe
below.

In our current apparatusm, all counter-propagating

gates must use the global beam, which restricts these
gates to a field-sensitive configuration. The MS gate
must be counter-propagating to address the motional
sidebands, and we implement the gate by turning on the
global beam and the two IA beams for the two target
ions. Potentially, one could drive counter-propagating
gates with IA beams on both sides and recover second-
order crosstalk sensitivity with similar techniques; how-
ever, that requires significant apparatus reconfiguration
and is outside the scope of this work. Nonetheless, we
do characterize the first-order crosstalk sensitivity dur-
ing the MS interaction in a four-ion chain. A dominant
error from crosstalk in the MS gate stems from the phase-
dependent rotation error on the two target ions of the MS

gate, akin to Fig. 3e. This crosstalk-induced rotation er-
ror shrinks as a function of physical distance between
the two target qubits, as shown by Fig. 4a. Other first-
order crosstalk effects in the MS gate, such as crosstalk
on spectator ions, are left as a subject of future study,
but we note that recent demonstration of a spin echo
technique to reduce such crosstalk is applicable and com-
patible with our technique'®.

Since the QSCOUT system offers the MS gate with a
continuous rotation axis (¢) input, the phase-dependent
crosstalk on the two target ions can lead to ¢-dependent
rotation errors if the MS gate is implemented using a
phase shift between the two ions (A¢). Similarly, the use
of virtual Z gates that advance the phase of all subsequent
waveforms*! means any MS gates that appear mid-circuit
may experience a different phase relationship between the
two ions depending on the preceding pulses, regardless of
the rotation axis specified. To combat this problem, we
use a composite gate, ZZ, as shown in Fig. 4b, which
implements an effective Pauli ZZ interaction. We sur-
round the bare MS interaction with counter-propagating
(denoted “*) single-qubit carrier (qubit transition with
no driven motional state change) R$, (5) pulses which
convert the total effective interaction from the XX to ZZ
basis?” 40, Since ZI and IZ commute with ZZ, prior lo-
cal phases commute through the ZZ gate and therefore
do not need to be tracked during the MS interaction.
Furthermore, to truly realize the ZZ gate’s phase agnos-
ticism, we intentionally ignore the value of local phases
tracked by our frame rotations?? and virtual Z gates prior
to the gate. This phase agnosticism allows us to use a
fixed relative phase between the two target ions (A¢)
at all times. For circuits requiring an XX-type inter-
action, a second basis transformation is performed using
standard co-propagating single-qubit gates before and af-
ter the counter-propagating single-qubit gates, shown in
Fig. 4b. We now calibrate the MS interaction with fixed
A¢ and apply the arbitrary phase input (¢) to the basis-
transformation single-qubit gates. Moving the phase in-
put to the single-qubit gates ideally implements the same
unitary as changing the relative phase between the two
ions during the bare MS interaction (A¢), but as shown
in Fig. 4c, the rotation angle is no longer dependent on
o.

To demonstrate that our crosstalk-mitigated single-
qubit gates work with the phase-agnostic ZZ, we run a
simple circuit where single-qubit gates convert ZZ into a
composite CNOT gate as shown in Fig. 5a*>43. As shown
in Fig. 5b, we then estimate the fidelity of the CNOT gate
from population measurements using the computational-
basis states as inputs. The 96.2% average gate fidelity
estimate® is consistent with the fidelity of our bare MS
interaction?®, indicating that the single-qubit gates are
working as expected in concert with the two-qubit gate.

In summary, we demonstrate that the crosstalk on par-
allel single-qubit gates can be effectively mitigated by
driving each individual addressing beam with a distinct
single-photon detuning. We observe an order of mag-
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FIG. 4: (a) We measure the bare MS gate rotation error
for nearest-neighbor, next-nearest-neighbor, and
third-nearest-neighbor pairs in a four ion chain. As the
target ion separation increases, the crosstalk and
resulting phase dependence decreases. (b) Circuit
diagram for the ZZ(0) gate. Counter-propagating
single-qubit gates (R°"*) surround the M S(6) gate and
transform the basis from XX to ZZ. Optional
co-propagating single-qubit gates (R°) surrounding
ZZ(0) transform the gate back to an XX-type
operation. (¢) The measured MS rotation angle on a
nearest-neighbor pair (qo, ¢1) is constant (squares) when
keeping the bare MS interaction at a fixed phase A¢
and applying the rotation-axis phase (¢) to the basis
transformation gates, in contrast to the rotation error
from phase-dependent crosstalk observed when the
phase within the bare MS interaction A¢ = ¢ is varied
(diamonds). The apparent slight under-rotation of the
Z Z formulation is likely due to state preparation issues
from additional single-qubit infrastructure. Uncertainty
markers are derived from 95% confidence Wilson score
intervals.
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FIG. 5: (a) Circuit diagram for the composite CNOT
gate. We use single-qubit gates and the fully-entangling
Z2(%) gate to construct CNOT. (b) Population
measurements after application of the CNOT gate to
each computational basis state demonstrate ~ 96.2%
average fidelity. Uncertainties are 95% Wilson score
intervals.

nitude or better suppression of all crosstalk Rabi rates
as listed in Fig. 3d. Further, we characterize the rota-
tion error from crosstalk between the two target ions in
the arbitrary-phase two-qubit gate and demonstrate that
this error can be avoided by applying the phase input to
the single-qubit basis transformation gates. Finally, we
demonstrate that the improved single-qubit gates work
in concert with our ZZ two-qubit gate, forming a uni-
versal gateset. Our technique can be readily adopted
on other quantum processors to achieve similar perfor-
mance gain in parallel gates. This method is also com-
patible with other algorithmic and physical crosstalk mit-
igation strategies, allowing for further improvements. As
crosstalk is one of many important obstacles on state-of-
the-art quantum processors, this work represents a sig-
nificant step towards achieving scalable fault tolerance.
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