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Supplementary Note 1 — Alternating two-qubit gates in large ion crystals

In the main text, we use phase-modulated pulse sequences to disentangle the spin and the phonon modes exactly.
However, its required segment number increases exponentially with the number of phonon modes to be decoupled [1],
which is inefficient for large ion crystals. Fortunately, previous works already show that we can use a much smaller
number of segments to disentangle the spin and the phonon modes approximately, while still achieving high gate
fidelities (see, e.g. Refs. [2, 3]). In principle we can use any degrees of freedom like the amplitude, phase or frequency
of the laser to optimize the gate performance. In practice, finding an amplitude-modulated gate sequence is often
easier: The direct optimization of gate infidelity can be formulated as a generalized eigenvalue problem, and even with
the robustness criteria included, it can still be expressed as an optimization of polynomial functions [4]. Therefore,
here we present results for an alternating gate sequence on two target ions with amplitude modulation.

Following the derivation of Ref. [4], we divide the total gate time into nseg equal segments with piecewise-constant
Raman Rabi rate given by a real vector Ω = (Ω1,Ω2, · · · ,Ωnseg

)T . The optimization of the spin-dependent displace-
ment [Eq. (1) of the main text] and the two-qubit phase [Eq. (2) of the main text], as well as their robustness against
small drifts in the trap frequency, can then be expressed as a quartic function of Ω (see Appendix B of Ref. [4])

ΩTMΩ + (ΩT γΩ)2, (1)

where the matrix elements of M and γ come from the time integral in Eqs. (1) and (2) of the main text on the
corresponding segments under unit Rabi rate.

Now for an alternating pulse sequence, we can still write it as a single vector Ω = (Ω1,Ω2, · · · ,Ωnseg
)T , knowing

that this sequence is to be alternatingly applied on the two target ions. To ensure this in the formulation of the
optimization problem, we simply set the spin-dependent displacement on the corresponding segments and the two-
qubit phase on the corresponding segment pairs to zero, which gives us a modified matrix M and a modified matrix
γ. We optimize this cost function under the constraint that the accumulated two-qubit phase, which is quadratic in
Ω, is equal to ±π/4.

We present some numerical results in Supplementary Figure 1 for a 2D ion crystal of N = 100 ions in a harmonic
trap with ωx = 2π × 0.7 MHz, ωy = 2π × 3 MHz and ωz = 2π × 0.2 MHz. An actual 2D crystal will be subjected to
micromotion, but as shown in Ref. [5], for even larger crystals, the micromotion amplitude can still be much smaller
than the ion spacings such that individual addressing can still be achieved with low crosstalk. Then as we show in
the main text, the effect of the micromotion can be compensated by a recalibration of the laser intensity.

We consider two target ions colored in red and blue in Supplementary Figure 1a. We fix a total gate time of 300µs
and a segment number of nseg = 240. Note that here we apply the same amplitude modulation sequence to the
two target ions alternatingly and require a time reversal symmetry in the sequence (see Supplementary Figure 1c).
Therefore, in the nseg = 240 segments there are only nseg/4 = 60 adjustable parameters, smaller than the number of
phonon modes to be distentangled exactly. As shown in Refs. [3, 6], utilizing the locality in the spatial or the frequency
domain, many distant ions or phonon modes can be neglected, allowing efficient gate design for even larger ion crystals.
We further scan the Raman laser detuning and optimize the gate fidelity as the red curve in Supplementary Figure 1b.
We obtain the gate sequence in Supplementary Figure 1c at the detuning µ = 2π×3.0194 MHz, namely 2π×19.4 kHz
above the COM mode, with a theoretical gate fidelity above 99.99% assuming an average phonon number of 0.5 for
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each mode. As a comparison, we also present a gate design when the laser beams are applied on the two target ions
simultaneously. For a fair comparison, we use nseg = 120 segments so that there are again 60 adjustable parameters
when we require the amplitude modulation sequence to be time-reversible. We set a duration of 1.25µs for each
segment and wait for another 1.25µs between adjacent segments so that the total gate time is still 300µs. The result
is shown as the blue curve in Supplementary Figure 1b. As we can see, the two curves have similar tendency, which
suggests that using alternating gate sequence does not harm the gate performance.

Finally, note that we may not need to achieve all-to-all coupling for all the ions. (For more distant ion pairs, this
may be achieved at the cost of longer gate time and more complicated pulse sequences.) Just achieving direct two-
qubit entangling gates for ion pairs within a constant distance, say, 5 to 10 ion spacings, already supports universal
quantum computation while largely reducing the overhead for compiling the quantum circuit compared with the
nearest-neighbor connectivity.

a

b c

Supplementary Figure 1. a, A 2D ion crystal of N = 100 ions in a harmonic trap with ωx = 2π×0.7 MHz, ωy = 2π×3 MHz and
ωz = 2π × 0.2 MHz. Two target ions are colored in red and blue, respectively. b, Optimized gate infidelity for the amplitude-
modulated simultaneous-pulse gate (blue) and the alternating-pulse gate (red) vs. the laser detuning µ. We fix a gate time
of 300µs and use nseg = 120 symmetric segments for the simultaneous-pulse gate and nseg = 240 symmetric segments for the
alternating-pulse gate. c, Optimized alternating gate sequence at the detuning µ = 2π × 3.0194 MHz, namely 2π × 19.4 kHz
above the COM mode. The red and blue colors correspond to the laser sequences that are alternatingly applied on the two
target ions, respectively. The theoretical gate infidelity is below 10−4.

Supplementary Note 2 — Scalability of 2D addressing system

To apply our 2D addressing scheme to larger ion crystals, it is necessary to consider many technical factors like
the number of resolvable spots of the AODs and the optical access of the imaging system. The number of resolvable



3

spots is given by [7]

N =
∆f ·D
v

(2)

where ∆f is the bandwidth of the AOD, D the aperture, and v the acoustic velocity. For the AODs we use in this
experiment (ISOMET, D1384-aQ170-7), about 100 resolvable spots can be obtained with a switching time τ = D/v
of about one microsecond. Suppose we separate the ions by at least twice the diffraction limit for the crosstalk of the
Raman beams to be below 10−4, the number of ions that can be addressed along each direction can be estimated to
be N/2 = 50. Allowing slower switching speed, the number of resolvable spots can be further increased. Also note
that the individual addressing of above 50 ions by an AOD has already been demonstrated in the experiment [8].

The above analysis suggests that a 2D array with about 502 = 2500 sites can be addressed by the crossed AODs.
The required deflection angle of the laser is also given by 50/2 = 25 ions from the center in each direction, thus
within the available optical access of the current trap design. However, as we describe in the main text, for a 2D
ion crystal in a Paul trap, another restriction to the addressing system comes from the micromotion of the ions. To
avoid the crosstalk when controlling adjacent ions, we may want the micromotion amplitudes to be smaller than the
ion spacing. Therefore, to maximize the available qubit number, we may arrange the trap potential to hold the 2D
crystal in the shape of an ellipse with its major axis aligned in the axial direction without micromotion. An example
with 512 ions has been demonstrated in Ref. [5]. For a trap with a Mathieu parameter q = 0.13 and a typical ion
spacing of about d = 5µm on the edge, we thus limit the length of the minor axis to be at most r = 15d for the
micromotion amplitude A = qr/2 to be smaller than d. A rough estimation of the available ion number can be given
by 2 × 15 = 30 rows, each with 50 ions, thus totally 30 × 50 = 1500. Another way is to assume a triangular lattice
and to count the number of elementary triangles in the total area of the ellipse. Note that each elementary triangle
contains 3/6 = 1/2 ions on average. This gives us an estimation of π × 25× 15/(

√
3/4)× 1/2 = 1360 ions.

Supplementary Note 3 — Supplementary figures

The blade trap design for 2D ion crystals as mentioned in Methods is sketched in Supplementary Figure 2.
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Supplementary Figure 2. Side view of our blade trap for 2D ion crystals. A DC bias (DC′) is applied on the RF electrodes to
split the radial trap frequencies. The 2D ion crystal locates close to the xz plane, perpendicular to the counter-propagating
355 nm Raman laser beams and the imaging system in the y direction.

Additional data for individual addressing of different target ions in the four-ion crystal are shown in Supplementary
Figure 3, similar to Fig. 1c and d of the main text.
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Supplementary Figure 3. Individual addressing of a, the right ion, b, the up ion, and c, the down ion. The left and the right
panels show the short-time and the long-time Rabi oscillations, respectively. Due to the aberration of the addressing beams,
the crosstalk errors are not exactly symmetric, but for all the target ions we can bound the crosstalk infidelity for a single-qubit
π pulse to be below 0.08%. All the error bars represent one standard deviation.
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