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Large-scale programmable trapped ion hardware, featuring high gate fidelity and long coherence times,
is promising for realizing a practical fault-tolerant quantum computer. However, individual addressing
(IA) methods, which are useful for implementing programmable gates in near-term quantum devices,
can lead to undesired errors between the target ions and neighboring ions. In this work, we present a
low-crosstalk optical addressing system based on multiple optical objectives and acousto-optic deflec-
tors (AODs) with a symmetrical configuration. Two counterpropagating Raman operation beams are both
tightly focused, generating an overlapping spot with a waist radius of approximately 1 wm, to address the
target ion. As a result, A crosstalk, characterized by Rabi-rate crosstalk on the spectator ion, is measured
to be 1.19(5) x 1073, with the two ions separated by approximately 5.5 wm. This low-crosstalk optical
addressing system holds promise for high-fidelity entangling operations, and the symmetrically configured
AOD:s in our method can be readily extended to two dimensions to address a two-dimensional ion crystal.
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I. INTRODUCTION

Trapped-ion systems, featuring high fidelity [1-3] and
long coherence times [4], are promising platforms for
quantum computing. Programmable two-qubit entangling
gates with high fidelity are fundamental building blocks
for achieving fault-tolerant quantum computing (FTQC)
[5—8] and constructing a scalable and programmable quan-
tum computer, as FTQC requires the fidelity of gates to
surpass the threshold of error-correcting codes [9—17].
While high-quality two-qubit gates have been demon-
strated [3,18-20], extending them to quantum computation
with a large ion array requires the addressing ability to
perform programmability. For instance, in the recently
proposed OMG paradigm [21], which is considered as a
promising quantum computing architecture, the manipula-
tion of ion crystals with site distances on the order of 5 wm
(one-dimensional ion chain or two-dimensional ion crys-
tal [22,23]) requires tightly focused optical beam spots to
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manipulate ions at each site, which is referred to as the
optical individual addressing (IA) method. In this case, the
IA method can introduce significant crosstalk errors when
applying single- and two-qubit gates, caused by residual
laser spot illumination on neighboring ions. These errors
can propagate along the quantum circuit and potentially
violate the fault-tolerant requirement [24—26], particularly
in situations involving a large number of qubits. There-
fore, developing an IA method with low crosstalk on a
hardware level is key for implementing high-fidelity pro-
grammable gates with the OMG protocol, thus advancing
the realization of practical FTQC.

The IA crosstalk error induced by the intensity spillover
to the neighboring ions can be characterized by the unde-
sired Rabi-rate crosstalk, which is defined as the ratio
of the Rabi frequency of the spectator ion to that of the
target ion, namely, 25/ <27. Table I provides a compari-
son of this work and the other four previous predominant
IA systems: multiple-channel acousto-optic modulators
(MCAOMs), guided-light individual addressing system
(GLIAS), acousto-optic deflectors (AODs), and microelec-
tromechanical systems (MEMS). Figure 1 illustrates two

© 2024 American Physical Society
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FIG. 1. Schematic diagram illustrating the comparison of
Rabi-rate crosstalk between two different addressing methods
during Raman operation. (a) The SSA method involves an
addressing spot on the target ion 7 and a global beam on all ions.
(b) The DSA method involves two addressing spots from differ-
ent sides overlapped on 7. Assuming the intensity ratio of Sto T
is € and € < 1 under a specific addressing spot, then the Rabi-
rate crosstalk (characterized by Qg/Q7) are /€ for SSA and ¢
for DSA, respectively (i.e., the crosstalk of DSA is /e lower
than that of the SSA).

different IA schemes with two counterpropagating laser
beams to drive hyperfine atomic qubits via stimulated
Raman transition (SRT) [27-30].

In the single-side addressing (SSA) scheme, as depicted
in Fig. 1(a), the targeted ion 7T is illuminated by one tightly
focused IA spot and one global spot, where the latter is
shared by the spectator ion S, such that the IA crosstalk is
proportional to the square root of the intensity crosstalk of
IA spots. The lowest Rabi-rate crosstalk error that the SSA
scheme has ever reported to date is 1.3 x 10~* [35] (with
an ion spacing of 7.4 wm), though it increases to 2 x 1073
when implementing entangling gates (with an ion spac-
ing of 5 wm) [34]. In the double-side addressing (DSA)
scheme, as depicted in Fig. 1(b), the T ion is overlapped by
two tightly focused IA spots simultaneously. This allows
for a substantial reduction compared to the SSA scheme,
considering that the Rabi rate of the S ion scales linearly
with the intensity crosstalk.

Addressing systems with fixed equal spacing IA beams,
such as MCAOMs, are suitable for aligning with inho-
mogeneously spaced ion qubits, while the AOD method
allows for flexible alignment of the addressing beams
with inhomogeneously spaced ions by fine tuning the fre-
quency of the driving signal. However, the previous use
of cross-configured AODs [33] results in additional beams
that are distributed above and below the ion chain with
nonzero frequency shifts, hindering its application in two-
dimensional ion crystals. Moreover, the number of addi-
tional beams increases with the number of tones in the
AOD’s driving signal, which compromises the effective
power of the addressing laser.

To address the limitations of the cross-configured AODs
scheme and take advantage of the strengths of the DSA
scheme, we propose a low-crosstalk DSA system based

on symmetrically configured AODs in this work. We also
note that the IonQQ Forte system utilizes a similar tech-
nique, published shortly after this paper was submitted
[36]. Here, we employ this DSA system to manipulate the
hyperfine qubit of !7'Yb™. We design a symmetrical opti-
cal configuration for SRT beams, where the orientations of
two AODs, both using the -first diffraction order, coincide
with the axial direction to cancel the frequency shift. By
measuring the Rabi frequency of the spectator ion and the
target ion, the IA crosstalk is determined to be at a level
of 1.0 x 1073 between the neighboring ion sites. This low-
crosstalk DSA system, with high manipulation flexibility
and potential for two-dimensional AOD addressing, holds
promise as a platform for implementing a quantum circuit
in a large-scale programmable manner, thereby promoting
the practical application of FTQC.

II. SYSTEM SETUP AND CHARACTERIZATION

The optical setup of our experimental apparatus is
depicted in Fig. 2(a). For our experiment, the '7'Yb™
qubits are confined in a Paul trap with high optical access
in multiple directions [37]. The Raman operation laser
used in our experiment is a cw laser modulated by a fiber
electro-optical modulator (FEOM). Its wavelength is 532
nm, falling within the visible domain. This visible Raman
operation laser is delivered to a polarizing beam-splitter
unit (PBSU) through a single-mode and polarization-
maintaining fiber and then split into two beams. The PBSU
consists of a half-wave plate, a polarizing beam splitter, a
quarter-wave plate, and a mirror. The two portions of the
Raman operation laser propagate through two symmetri-
cally configured optical paths and are then recombined at
the ion position, forming a Mach-Zehnder interferometer.

We designate the two arms of the interferometer as
ArmL and ArmR for simplicity. The optical configura-
tion of ArmL is illustrated as an example, considering
the symmetrical nature of the interferometer. The Raman
operation beam is initially magnified by a pair of achro-
matic lenses (L1 and L2). The acousto-optic modulator
(AOM, Gooch & Housego, 3200-121) placed between the
two lenses serves the purpose of shifting the relative fre-
quency of two counterpropagating Raman operation lasers
[38]. Unlike the cross-configuration of AODs [33] used
in the SSA method, AODs (AA Opto Electronic, DTSX-
400) here are placed on ArmL and ArmR, respectively,
with the string of diffracted beams of the AOD aligned
along the direction of the ion chain. The diffracted beams
from the AOD are then reflected by two mirrors (M1 and
M2) and magnified by the second pair of lenses (L3 and
L4). Finally, the beams are focused onto the plane of ions
at addressing spots by a 0.4-NA objective lens (OL1).
The diffracted beams from the two arms with the same
frequency shift will illuminate the same ion, canceling
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TABLE I. Comparison of various IA systems. Here “NA” indicates the numerical aperture of the objective used in each A system.
IA systems NA Intensity crosstalk Rabi-rate crosstalk Ton spacing
MCAOMs [31] 0.4 I x107* 1%—2% 5 wm
GLIAS [32] 0.4 1 x10™* 1% (estimate) 4 um
AODs [33] 0.6 4x 107 0.2%—1% 3.5 wm (min)
MEMSs [34] 0.6 4x 1076 0.2%0.6% 5 pm
This work 0.4 x2 <1 x1073 0.12% 5.5 um

the position-dependent frequency shift, provided that the
optical configuration is symmetrical.

The axis of the imaging system is perpendicular to the
plane of the Raman operation beam, as shown in Fig. 2(c).
Additionally, a 0.4-NA objective lens (OL3) is used to col-
lect the fluorescence emitted by the ions. The multichannel
photomultiplier (MCPMT) consists of 32 segmented chan-
nels, with each channel spaced 200 wm apart and with a
width of 800 wm. This configuration allows for the parallel
detection of the states of multiple ions, as the fluorescence
from each ion is directed to the corresponding MCPMT
channels. To minimize the MCPMT crosstalk originat-
ing from the intensity crosstalk of the ion image between
MCPMT channels, achromatic lenses and apertures are
used to mitigate optical aberrations.

HOAT]

FIG. 2.

To characterize the intensity crosstalk between multiple
IA spots diffracted from the AOD, the laser beams focused
on the ion plane are reimaged onto a high-dynamic-range
camera. The AOD generates a single diffracted IA spot by
applying a monochromatic drive signal. Then, we sequen-
tially increase the driving signal frequency to obtain nine
diffracted spots. The array of driving frequencies here cor-
respond to those applied to the AOD when addressing
multiple ions. We then stitch together the images of each
diffracted IA spot, as shown in Fig. 3(a). The arrows in
Fig. 3(a) indicate the orientation of the ion chain and define
a cross section across the center of the IA spots. Figure 3(b)
shows the profiles of the IA spots in this cross section.
From Fig. 3(b), it can be observed that the IA spot crosstalk
of the neighboring sites of ions is at the level of 1.0 x 1073,
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(a) Schematic of the optical setup of our addressing system. For simplicity, two symmetrically configured arms of the

interferometer are denoted as ArmL and ArmR, respectively. (b) Energy-level schematic of 7' Yb™ qubits. The transition wavelength
for Doppler cooling is 369.5 nm, which is indicated by the purple lines. The energy levels associated with the SRT are indicated by the
green lines. (¢) Schematic of the optical setup of the imaging system. The distance between the last achromatic lens and the MCPMT
can be adjusted to vary the magnification from 200 to 1000 times. HOAT, high optical access trap; PBSU, polarizing beam-splitter
unit; CL, collimating lens; PMF, polarization-maintaining fiber; AOM, acousto-optic modulator; AOD, acousto-optic deflector; OL,
objective lens; BL, biconvex lens; MCPMT, multichannel photomultiplier.
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FIG. 3. (a) Image of diffracted IA spots of the AOD at the ion

plane. The distance between IA spots corresponds the distance
between the ions. (b) The profiles of the TA spots in the cross
section. The shape of spots deviates from a Gaussian distribu-
tion primarily due to the aberrations caused by the homemade
objective.

indicating the Rabi-rate crosstalk error will be at the same
level.

ITII. EXPERIMENTAL DETAILS AND RESULTS

The schematic diagram of the energy levels of the
71Yb* jon is shown in Fig. 2(b). The qubits are
defined by the two hyperfine ground states of '"'Yb™,
namely, |0) =28, 5|F = 0, mp = 0) and |1) = 28 p|F =
1, mp = 0). Doppler cooling, electromagnetic induced
transparency (EIT) cooling [39,40], optical pumping,
and state-dependent fluorescence detection are achieved
using a 369.5-nm cw laser. Repumping from the 2Ds),
state is accomplished using a 935-nm cw laser [41].
The qubits are driven by the SRT using two coher-
ent laser fields with a frequency gap equal to the fre-
quency splitting of the hyperfine ground states, i.e., wyr =
12.64 GHz.

For the first experiment, we carefully align the diffracted
spots of both AODs with the ions and verify the symmetry
of the optical configuration. In the AOD-based IA system,
each specific diffracted spot of the AODs corresponds to its
respective addressed ion. We initially confine two ions in
the trap, denoted as ion A and ion B, respectively. After
tuning the optics, we sweep the drive frequency of the
AODs, and accordingly, the diffracted IA spot moves along
the orientation of the ion chain. In this experiment, the
power and duration of the Raman operation laser are both
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FIG. 4. The excitation probability of ion A and ion B when
scanning the IA spot over the ion chain. For ArmL (a) and ArmR
(b), we sweep the driving frequencies of AODs, respectively,
so that the position of the IA spot sweeps across two ions. The
dashed lines are the Gaussian fits to the data from the correspond-
ing channels. All error bars indicate 68% confidence intervals
(based on the Gaussian distribution).

fixed, so the probability of the ion being driven to the |1)
state depends on the overlapping area with the scanning
spot. A measurement result of the Gaussian distribution
curve is shown in Fig. 4. Each data point of Fig. 4 is an
average of 100 shots. The experimental sequence consists
of 1-ms Doppler cooling, 1-ms EIT cooling, 20-pis pump-
ing, Raman operation laser with a fixed interaction time,
and 1-ms detecting.
We utilize the function

x—x;\2
400 =Y e 25 (1)

to fit the data, where i denotes ion A or ion B, 4; rep-
resents the maximum excitation probability, w; represents
the waist of each IA spot, x; denotes the center position of
the 1A spot, and x is the positional parameter of the scan-
ning spot. The positional parameters have been converted
into the driving frequency of the AOD. The centers of ion
A and ion B are thus fitted as 77.079(4) and 78.027(4)
MHz, respectively. Given that the distance between ion
A and ion B is approximately 5.5 pm, the waists of [A
spots from ArmL and ArmR are calculated as 1.15(3) pm
and 0.93(3) wm, respectively, which are close to the the-
oretical diffraction limit (0.81 pwm). Moreover, the scan
results confirm the symmetry of the optical configuration,
namely, the diffracted TA spots with identical frequency
shifts illuminate the same ion.

For the subsequent experiment, we investigate the Rabi-
rate crosstalk when addressing ion A or ion B individually.
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We initially confine two ions, ion A and ion B. Ion A is individually addressed as the target, and the Rabi oscillation is

illustrated in (a). The Rabi frequency of ion A is determined to be 27 x 74.14 kHz. We detect ion B at the same time, and the result is
shown in (b). There are three main sources contributing to the excitation probability of ion B: the state detecting crosstalk error induced
by the MCPMT, the single-qubit SPAM error, and the Rabi oscillation driven by IA crosstalk (details in Appendix A). The dashed line
shows the sum of A crosstalk, SPAM error, and MCPMT crosstalk, of which the oscillation synchronizes with the target ion A. The
solid line shows the sum of IA crosstalk and SPAM error. From Eq. (A1), the Rabi frequency of ion B is calculated to be 27 x 88(4)
Hz. (c),(d) represent the situation where ion B is the target ion and ion A is the spectator ion. The Rabi frequencies are 2w x 84.13
kHz and 27 x 100(6) Hz, respectively. All error bars indicate 68% confidence intervals (based on the Gaussian distribution).

We set the drive frequency of the AODs as the correspond-
ing frequency of ion A or ion B, specifically 77.08 MHz
and 78.03 MHz. To eliminate unwanted Rabi drive due to
pulse rise and fall times, where the frequency bandwidth
of the pulse is converted into the spatial extent of the beam
by the AOD, the AOD is initially activated for a duration
of 2 s to prepare before opening the AOM to allow the
laser to pass through the modulators and address the ion.

The Rabi oscillations of ion A and ion B versus interac-
tion time are recorded in Fig. 5. Each data point is an aver-
age of 40000 shots. The experimental sequence consists
of 1-ms Doppler cooling, 1-ms EIT cooling, 20-ps pump-
ing, t Raman operation, and 1-ms detecting. For the target
ion, the Rabi frequencies of ion A and ion B are fitting
to be 2 x 74.14 kHz and 2w x 84.13 kHz, respectively,
as shown in Figs. 5(a) and 5(c). For the spectator ion,
there are three main sources contributing to the excitation
probability recorded by the MCPMT: the state detecting
crosstalk error induced by the MCPMT, the single-qubit
state preparation and measurement (SPAM) error, and the
Rabi oscillation driven by 1A crosstalk, which is the main
focus here. The excitation probability of the spectator ion is
well described by Eq. (A1) (see Appendix A), derived from
which the Rabi frequencies of spectator ion A and ion B
are determined to be 2t x 88(4) Hz and 27t x 100(6) Hz,
respectively, as shown in Figs. 5(b) and 5(d). Therefore,
the Rabi-rate crosstalk on ion A and ion B are calculated
to be 1.19(5) x 1072 and 1.19(7) x 1073, respectively.

IV. DISCUSSION AND OUTLOOK

In this work, we demonstrate a low-crosstalk optical
double-side addressing system based on symmetrically
configured AODs. The use of AODs allows for flexible
alignment of the laser beams to the ion spots individually,
without the need to move ions. By employing a double-
side symmetrical configuration, we are able to achieve a
low crosstalk between ions at a level of 0.1%, which is
consistent with the intensity of spots spillover crosstalk.
Moreover, we can mitigate the crosstalk, by improving
the homemade objective, or using a higher NA objec-
tive (e.g., 0.66 NA [37]). Furthermore, by using spatial
light modulators to calibrate the aberration of the opti-
cal system of trapped ions [42—44], an A crosstalk of
< 1.0 x 107 could be achieved in our addressing system.
It is worth noting that large-scale quantum simulation has
been successfully achieved on the 2D crystal [23], and our
method offers a potential ability for quantum computation
by replacing the 1D-AOD with a 2D-AOD on both sides.
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APPENDIX A

To accurately determine the IA crosstalk, it is neces-
sary to carefully consider the sources that contribute to the
bright counts of the spectator ion. After a Rabi oscillating
operation of time ¢, ideally, the detecting laser will cause
both the spectator ion and the target ion to collapse into the
state i) ® |j) with a probability P(|i)|j), ) = Ps(¥)Pr(¢).
Here, i = (0,1) denotes the (dark, bright) state, respec-
tively, and soisj, and Ps1(f) = %(1 — cos(R2s /Tt)), where
Qg refers to the Rabi frequency of the spectator and tar-
get ion. However, the probability of the final readout of
the spectator ion being in state |1) given the condition that

J

P(S=11),0) = Y P(S = 1) | 1) P(101). )
i

1S) ® |T) = [i) ® |j), denoted as P(S = |1) ( 1) 17)), will
be more complex.

The spectator ion will be determined to be in state |1),
whenever the corresponding channels of MCPMT collect
photons scattered either from the spectator ion itself or the
spectator ion induced by MCPMT crosstalk. If the target
ion is in state |0), the number of spillover photons is too
small to be considered, so the spectator ion will only be
subjected to the SPAM error. The probability of the final
readout of the spectator ion being in state |1) is therefore
€91 if |S) = 10) and 1 — €19 if |S) = |1), where €¢; and €}
represent the single-qubit SPAM error. If the target ion is
in state |1), we assume an MCPMT crosstalk eyp, which
is the probability that spillover photons alone would cause
the spectator ion to be read as state |1). In this case, the
probability of the readout of the spectator ion being in state
[1)is 1 — (1 — €p1)(1 — epmp) if |S) = |0) and 1 — €10(1 —
emp) if |S) = |1). These results are all listed in Table II.

As a result, the probability of the form is obtained by
summing all the cases:

~ {%(1 + cos (Qs1) ) X %(1 — cos (QTt))} + {(1 — (€01 +€10)) x %(1 — cos (Qst))} +eo (Al)

term 1

The overall measured crosstalk consists of three terms.
Term 1 represents the state detecting crosstalk error
induced by the MCPMT, behaving like a fast wave syn-
chronized with the target ion. Term 2 shows the Rabi
oscillation driven by IA crosstalk. The last term, SPAM
error term €, elevates the overall excitation probability
curve to a baseline. €}, €y;, and €yp in our experiment
are approximately 1.10%, 0.53%, and 0.20% for ion A
and 1.10%, 0.55%, and 0.15% for ion B. These values
were obtained using the histogram method [45]. The slight

TABLE II.  Probability of various cases.
1S) ® 1T) P(I0)1i), 1) P(S=11) ‘ 101/))
10)®10) (1 —=Ps®)(1 —Pr() €1
10) ® 1) (1 = Ps(0))Pr(d) 1 — (1 —e€o)(l —emp)
1) ® |0) Ps(t)(1 — Pr(»)) 11— e
1) ® [1) Ps(O)Pr(?) I —eo(1 —emp)

term 2

asymmetry of crosstalk is due to the asymmetry of the
MCPMT and the imaging system.

APPENDIX B

The intermodulation distortion (IMD) induced by mul-
tiple tones of the input rf signal when multiple ions are
addressed simultaneously will cause extra crosstalk. A
simple method to mitigate IMD is to reduce the power of
the input signal applied to the rf amplifier. In our exper-
iment, we apply two tones, 77.09 and 78.03 MHz, to the
rf amplifier and then measure the output spectrum with
the input power of 0 and —5 dBm, respectively, as shown
in Fig. 6. After lowering the input power, the power of
third-order IMD components is about 30 dB lower than
the desired tones. We then apply this rf signal to the AODs
and measure the intensity distribution of diffracted spots,
as shown in Fig. 7. The intensities of spots 4 and D,
caused by third-order IMD, are —31.5 and —31.8 dBc,
respectively. It can be deduced that the crosstalk caused
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FIG. 6. The output spectrum of the rf amplifier when the input
power is 0 dBm in (a) and —5 dBm in (b).

by IMD are 7.07 x 10~* and 6.61 x 10~*, which are com-
parable to the IA crosstalk at a level of 0.1%. If IMD
could be further suppressed (e.g., using an rf amplifier with
higher third-order intercept point), the IA crosstalk would
be lower.

O,
e
°
> 101
‘®
g —151
£
5 —-20
(0]
N
© —251
£ mixing effect Freq. (MHz) Int. (dBm)| [ \ mixing effect
S -30 A A 7615 -315 D
z B 7709 0
-35/ c  78.03 -0.13
D 7897 -31.8
75.5 76.0 76.5 77.0 77.5 78.0 785 79.0 79.5
AOD driving frequency (MHz)
FIG. 7. The intensity distribution of diffracted spots of AOD

when the input power is —5 dBm. Spot B and C are two desired
tones and spot 4 and D correspond to two third-order IMD tones.
The embedded table shows the frequencies and intensities of
spots.
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