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Pairwise-Parallel Entangling Gates on Orthogonal Modes in
a Trapped-Ion Chain

Yingyue Zhu,* Alaina M. Green, Nhung H. Nguyen, C. Huerta Alderete, Elijah Mossman,
and Norbert M. Linke

Parallel operations are important for both near-term quantum computers and
larger-scale fault-tolerant machines because they reduce execution time and
qubit idling. This study proposes and implements a pairwise-parallel gate
scheme on a trapped-ion quantum computer. The gates are driven
simultaneously on different sets of orthogonal motional modes of a
trapped-ion chain. This work demonstrates the utility of this scheme by
creating a Greenberger-Horne-Zeilinger (GHZ) state in one step using parallel
gates with one overlapping qubit. It also shows its advantage for circuits by
implementing a digital quantum simulation of the dynamics of an interacting
spin system, the transverse-field Ising model. This method effectively extends
the available gate depth by up to two times with no overhead when no
overlapping qubit is involved, apart from additional initial cooling. This
scheme can be easily applied to different trapped-ion qubits and gate
schemes, broadly enhancing the capabilities of trapped-ion
quantum computers.

1. Introduction

In order to create quantum computers that can tackle problems of
practical value, it is essential tomake optimal use of the quantum
resources available in a given technology. Realizing quantum
gates in parallel is important for scaling quantum devices since
it speeds up the implementation of quantum circuits and allows
for more operations to be executed within the coherence time.
Trapped ions are one of the most advanced quantum com-

puting platforms due to their high-fidelity quantum operations,
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all-to-all connectivity, and long co-
herence times.[1,2] Parallel entangling
gates have been reported in trapped-ion
experiments.[3–6] However, these schemes
require extra classical overhead to calculate
specific gate solutions for each unique
combination of gates. They also need extra
optical power or longer gate times, and,
as a result, come with a loss in fidelity
compared to sequential gates.
In harmonically trapped ion chains, en-

tanglement generation between the spin
qubits is mediated by the collective motion
of the ion crystal,[7] which can be excited
with laser beams,[8,9] microwaves,[10] or ra-
dio frequency waves.[11] In all trapped-ion
entangling gate schemes realized so far, par-
allel or sequential, only one set of motional
modes is considered, corresponding to the
direction of the strongest overlap between
the driving field and a principle trap axis.

However, the ion chain has multiple sets of independent mo-
tional modes along orthogonal directions in space. The other sets
of motional modes are usually ignored, or decoupled by a rota-
tion of the trap principle axes. While used in a few analog quan-
tum simulations[12,13] and considered in cost estimation for er-
ror correction,[14] this resource remains untapped for entangling
gates and digital quantum circuits. In this work, we use an ad-
ditional set of modes to implement two entangling gates on ar-
bitrary pairs of ions in parallel, including cases where there is
one overlapping ion between the two pairs, with Raman laser
beams.[2] Since the two sets of modes are orthogonal, there is
no need to calculate unique parallel gate pulses, as existing laser
pulse designs for sequential implementation of entangling gates
can simply be applied simultaneously. For an addressing beamar-
ray with a fixed maximum power per beam, no extra laser power
is required when there is no overlapping ion since idle energy in
the laser beams is used. For overlapping pairs, this scheme may
require twice the laser power of a single entangling gate on the
shared ion, but typically less than that. The idea is directly ap-
plicable to any addressed entangling gate scheme that uses the
ion motion.[3–6,8,9,15–22] It can also be extended to the third mo-
tional direction.

2. Method

In a linear Paul trap, the ions form a chain. In the radial di-
rections, i.e., the plane perpendicular to the chain, the ions
are trapped in a pseudo-potential well that is approximately
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Figure 1. Experimental setup for parallel MS gates on orthogonal mo-
tional modes. A chain of ions is trapped in a linear Paul trap indicated
by the four trap electrodes. The center five ions are used as qubits, num-
bered 1–5 from left to right. x, y, and z are the three principal axes of the
trap. The harmonic oscillator modes along the x- and y-axis are shown in
purple and green, respectively. Transitions are driven by a pair of Raman
beams consisting of a global beam (pink) and a counter-propagating ad-
dressing beam array. The colors of the individual beams indicate different
detunings, which excite motional modes along different principal axes. As
an example, this figure shows anMS gate on qubits one and three via the x
modes in parallel with an MS gate on qubits two and four via the ymodes.
Any gate pair can be parallelized this way.

harmonic along the two radial principal axes, x and y. The ions
experience weaker harmonic confinement along the chain in
the axial z direction.[23] The N ions in the chain act as a set of
coupled harmonic oscillators along each principal axis as a result
of the confining potential and the Coulomb repulsion between
the ions. This gives rise to N normal motional modes along each
of the x, y, and z directions. Normal modes on different principal
axes are independent.[23,24]

Figure 1 shows the concept for running pairwise parallel gates.
In the depicted setup, the ion chain is illuminated by an ar-
ray of individual addressing beams and one counter-propagating
global beam for driving coherent Raman transitions. The beam
directions overlap with the two radial principle axes. We use the
Mølmer-Sørensen (MS) scheme[8] as our two-qubit gates. Using
different frequencies, one pair of beams drives an MS gate on
the x-modes (shown in green), and another pair simultaneously
does the same on another pair of ions on the y-modes (shown
in purple). This protocol can be applied to addressed trapped-
ion chains in any trap geometry, not limited to the one shown
in Figure 1, provided that the driving field has non-zero projec-
tions along multiple principal axes. Other gate schemes can also
be used, as noted in the introduction.
Here, we describe our experiment and protocol as an example.

We trap 171Yb+ ions in a linear Paul trap. The qubit states|0⟩ and |1⟩ are encoded in the two hyperfine ground states|F = 0, mF = 0⟩ and |F = 1, mF = 0⟩ in the 2S1∕2 manifold. The
laser beams used for coherent operations are derived from a
mode-locked laser and drive a Raman transition between the
two qubit states.[25] The beat-notes between the two beams
are at 𝜔0 ± 𝜇, which are closely detuned from blue and red
motional sidebands,[2] where 𝜔0 is the carrier frequency. In
order to disentangle the modes from the qubits at the end of
the gate, modulation schemes for the amplitude, phase, and
frequency of the laser pulse, respectively, or a combination of
these are employed, leaving only the qubit states of the ion pair

in entanglement.[26–30] We use amplitude modulation[31] for this
demonstration, but any of the above schemes can equally be
used. Our gate duration is 235 𝜇s.
The unitary representing an MS gate on the qubit pair {p, q}

is U = exp(i𝜒pq𝜎
p
x𝜎

q
x), where 𝜎

p
x is the Pauli-X operator acting on

qubit p, and 𝜒pq is the gate angle, which can be varied arbitrarily
by applying a scale factor to the amplitude of laser pulse. A single
MS gate via the y modes can be implemented in the same way
with beat-notes of the counter-propagating Raman beams tuned
to 𝜔0 ± 𝜇′, close to the ymodes. We simultaneously drive an MS
gate on qubits {p, q} via x modes and another on qubits {m, n}
via the y modes by applying the two gate pulses at the same
time. In the example illustrated in Figure 1, {p, q} = {2, 4} and
{m, n} = {3, 5}.
We now show that these simultaneous operations do not in-

troduce cross-couplings. In our experimental setup, the center-
of-mass x and y modes are about 150 kHz apart, while the span
of each set of motional modes is about 100 kHz. These two spac-
ings are independent of the number of ions in the chain N. The
average spacing within a set of modes is 100

N−1
kHz. For N = 7, the

average spacing within a set of modes is about 17 kHz. When the
gate is driven via the x(y) modes, the closest y(x) mode is 50 kHz
away at worst, typically 100 kHz, which is large compared to the
typical sideband Rabi frequency of 5 kHz. The shaped gate pulse
also helps suppress excitation of the other set of modes because
of its slow turn-on rate compared to a square pulse. Therefore,
off-resonant driving of the other set of modes can be neglected.
In the interaction picture and the Lamb-Dicke regime, neglecting
the off-resonant carrier term, the Hamiltonian describing the in-
teractions present during the parallel gate (PG) is

HPG(t) = Hx(t) +Hy(t) (1)

where

Hx(t) =
∑
i∈{p,q}

N∑
k=1

Ωi(t)𝜂
i
kcos(𝜇t − 𝜙i)(ake

−i𝜔kt + h.c.)𝜎i
x (2)

and

Hy(t) =
∑

j∈{m,n}

N∑
k′=1

Ωj(t)𝜂
j
k′cos(𝜇

′t − 𝜙j)(bk′e
−i𝜔k′ t + h.c.)𝜎 j

x (3)

N is the total number of ions in the chain.𝜔k(𝜔k′ ) is the frequency
of the motional mode k(k′) in the x(y)-direction and a†k and ak(b

†
k′

and bk′ ) are the creation and annihilation operator for mode k(k′)
in the x(y)-direction. Ωi(Ωj) is the Rabi frequency of qubit i(j).

𝜂ik(𝜂
j
k′ ) is the Lamb-Dicke parameter coupling qubit i(j) to mode

k(k′) in x(y). 𝜙i(𝜙j) is determined by the laser phase.
In order to calculate the evolution unitary, we exponentiate

Equation (1) using the Magnus expansion. Looking at the first
two terms in the Magnus series, we have

UPG(𝜏) = e−i ∫
𝜏

0 dtHPG(t)−
1
2
∫ 𝜏

0 dt2 ∫ dt2
0 dt1[HPG(t2),HPG(t1)] (4)

where 𝜏 is the gate time. Expanding the commutator yields

[HPG(t2), HPG(t1)] = [Hx(t2), Hx(t1)] + [Hy(t2), Hy(t1)]

+[Hx(t2), Hy(t1)] + [Hy(t2), Hx(t1)] (5)
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Note that 𝜎i
x commutes with 𝜎

j
x. Since the x and y modes are

orthogonal, ak and a†k commute with bk′ and b†k′ . As a result,
[Hx(t1), Hy(t2)] = 0 at any time as well as the last two terms in
Equation (5), which are the cross-coupling terms between x and
y. We emphasize that the scheme also applies to cases where the
two pairs of qubits share an ion since [𝜎i

x, 𝜎
j
x] = 0 includes the

case of i = j. Either remaining term in Equation (5) contains mo-
tion in the x- direction only or the y-direction only. Same as the
case of one MS gate, the dependence on motion eventually van-
ishes in Equation (5) due to the commutation relations between
the motional operators. Therefore, the higher-order terms not
shown in the Magnus expansion in Equation (4) are also zero.
We can rewrite Equation (4) as

UPG(𝜏) = exp

( ∑
i∈{p,q}

(Gi𝜎
i
x) + i𝜒pq𝜎

p
x𝜎

q
x +

∑
j∈{m,n}

(G′
j𝜎

j
x) + i𝜒mn𝜎

m
x 𝜎

n
x

)

(6)

where Gi is defined as

Gi =
N∑
k=1

𝛼i,k(𝜏)a
†
k + 𝛼∗

i,k(𝜏)ak (7)

𝛼i,k(𝜏) = −∫
𝜏

0
𝜂ikΩi(t) cos(𝜇t − 𝜙m

i )e
i𝜔ktdt (8)

The expression for G′
j is similar to Equation (7) except that the

sum over xmodes is replaced by a sum over ymodes and 𝜇 is re-
placed by 𝜇′. Since the first two terms in the exponential in Equa-
tion (6) only involve xmodes while the last two terms only involve
y modes, these two parts can be treated separately. The Rabi fre-
quencies Ωi(t)(i ∈ {p, q}) are modulated such that Gi(𝜏) = 0. The
pulse modulation is done likewise for the qubit pair {m, n} to set
G′

j (𝜏) = 0 (j ∈ {m, n}). The gate angles 𝜒pq and 𝜒mn can be set in-
dependently. Finally, the resulting unitary Equation (9) describes
parallel MS gates on {q, p} and {m, n} with angle 𝜒pq and 𝜒mn,
respectively:

UPG(𝜏) = exp(i𝜒pq𝜎
p
x𝜎

q
x + i𝜒mn𝜎

m
x 𝜎

n
x ). (9)

3. Results

Using a chain of seven ions, we experimentally demonstrate par-
allel MS gates on different qubit pairs, including the case, where
one qubit is shared between the two pairs. We then show their
benefit for long circuits by running a digital quantum simulation
of a paradigmatic spin model, the transverse field Ising model.

3.1. Parallel Gate Fidelity

For two parallel MS gates of angle 𝜋∕4 implemented on two non-
overlapping pairs of qubits, we estimate the fidelity of each MS
gate for the corresponding two-qubit density matrix, by measur-
ing the even-parity state populations of the output state and the
parity contrast.[32,33] The parity contrast is extracted by append-
ing single-qubit 𝜋∕2 rotations to the MS gate and varying their

Figure 2. Fidelity measurements for two representative pairs of parallel
MS gates on non-overlapping pairs of qubits in a seven-ion chain. The
populations in the computational basis (left ordinate, bottom abscissa)
and the parity scan (right ordinate, top abscissa) are plotted for each MS
gate. The left column shows parallel pair {3,5} (purple) entangled via the
x modes and pair {2,4} (green) entangled via the y modes. Dark blue
solid curves are fitted to the parity scan data. The measured fidelities are
F35 = 99.1(4)% and F24 = 98.2(4)%. Parity measurements of the cross-
pairs plotted in lighter blue colors in the background show no oscillation.
The right column of the figure shows pair {1,2} (purple) entangled via the x
modes and {3,4} (green) entangled via the ymodes, where F12 = 98.8(5)%
and F34 = 98.4(4)%. All uncertainties are statistical.

phases. The results are shown in Figure 2. State preparation and
measurement (SPAM) errors are removed by applying the in-
verse of a separately measured SPAM matrix to the experimen-
tal data. We find that the fidelity of our parallel gates is overall
very similar to that of our sequential gates (see Table 1). We also
probe the cross-talk error by estimating the degree of entangle-
ment of the cross-pairs that are not supposed to be entangled.
This could occur due to optical cross-talk or motional cross-talk.
Parity measurements plotted in gray scale in Figure 2 show no
oscillation within errors, which indicates no unwanted entangle-
ment between the cross-pairs. Cross-talk can also result in resid-
ual motional entanglement, which manifests in the population
of the odd parity states (01 and 10) after an XX gate. The com-
bined population of the two odd-parity states is less than 0.006
for all four gates shown in Figure 2. These observations indicate
that no additional error, such as motional cross-talk between the
two sets of radial modes due to trap non-linearities, is caused by
the parallel operation. Yet, the reduction in execution time will
improve the fidelity of a complete circuit implementation with
parallel gates.

Table 1. The table compares parallel gate (PG) fidelities to sequential gate
fidelities.

Pair PG Sequential

XX35 99.1(4)% 99.1(3)%

XX24 98.2(4)% 99.2(4)%

XX12 98.8(5)% 97.5(4)%

XX34 98.4(4)% 99.2(4)%

Adv. Quantum Technol. 2023, 6, 2300056 2300056 (3 of 6) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. a) Circuit for preparing a three-qubit GHZ state with parallel
gates. All qubits are initiated in the |0⟩ state. The first gate is a pair of par-
allel MS gates overlapping on the middle qubit. H is the Hadamard gate.

The S gate is defined as S= e−i𝜎z
𝜋

4 . b) Parity contrast (top abscissa, right
ordinate) and populations (bottom abscissa, left ordinate) of an experi-
mentally prepared GHZ state on a seven-ion chain. The estimated fidelity
is FGHZ= 97.6(3)%. Error bars are statistical.

3.2. Three-Qubit Entanglement

We use our scheme to entangle three ions in one step, generating
a three-qubit GHZ state. The circuit is shown in Figure 3a. It
consists of a three-qubit entangling gate followed by 𝜋∕2 phases
gates and Hadamard gates.
Figure 3b shows the populations and parity contrast of the

GHZ state prepared with parallel MS gates on qubits {3, 5} and
{2, 5}. We estimate the fidelity using parity contrast and even-
parity state populations again to find FGHZ = 97.6(3)%, which is
as good as the three-qubit GHZ of 97.1(1)% fidelity prepared on
the same system with sequential MS gates and improves upon
the three-qubit GHZ state prepared with global parallel gates re-
ported on another trapped ion experiment.[6] The laser pulses for
bothMS gates are summed up in the software and applied simul-
taneously to the overlapping ion. In the worst-case scenario, this
will require the sum of two gate powers to implement them in
parallel. However, it can often be done with less power because
the gate pulse segments with the highest amount of power in the
two gate pulse shapes do not always overlap.

3.3. Transverse Field Ising Model with Parallel Gates

Quantum spin models can describe a wide range of quantum
many-body dynamics and are suitable for implementation on
different hardware platforms.[34,35] They can be used to study a
variety of classically intractable problems in condensed matter
physics, such as quantum magnetism,[36] spin glasses,[37] and
others.[38] We demonstrate the experimental advantage of our
parallel gate scheme over sequential gates by digitally simulating
the dynamics of the 1D Transverse Field Ising Model (TFIM) of
five spins with nearest-neighbor interactions. The Hamiltonian
can be written as

H = −J
4∑
i=1

𝜎i
x𝜎

i+1
x − B

5∑
i=1

𝜎i
z (10)

where J and B characterize the strength of interaction between
the neighboring spins and the magnitude of the external field,
respectively. The spin | ↑⟩ (| ↓⟩) state is mapped to the qubit|+⟩(|−⟩) state. All qubits are initialized in the |0⟩ = 1√

2
(| ↑⟩ + | ↓⟩) state. The time-evolution unitary is Trotterized and decom-

posed into gates.[39,40] Circuits representing one Trotter step are
shown in Figure 4a. Both circuits consist of MS gates, applied
in sequence or in parallel, and single-qubit z-rotations. After N
Trotter steps, the qubits are measured in the z basis, and the
total magnetization along z,m =

∑5
i=1 𝜎

i
z, is calculated. Since the

single-qubit z-rotations are done as instantaneous classical phase
advances on the controller, the circuit execution time with se-
quential MS gates is twice as long as that with parallel MS gates.
The results are plotted in Figure 4b. In the experiment, the se-

quential gates are also done on both x and y motional modes,
consistent with the parallel gates, to ensure a fair comparison.
The same MS gate pulse is used for each qubit pair in both the
parallel implementation and the sequential implementation. For
points of high-magnetization, for which the observable is most
sensitive to errors, we see a reduction in error by up to a factor
of two in the parallel gate implementation as a consequence of

Figure 4. a) TFIM circuits of one Trotter step with parallel gates (top) and sequential gates (bottom), using the x modes (purple) and ymodes (green).
b) TFIM experimental results, where B

J
= 0.096. The total magnetization m of the spin chain in the z direction is evaluated at different evolution times.

The evolution with parallel MS gates shows a much higher contrast than the evolution with sequential gates. The error bars on the experimental points
are statistical and are smaller than the marker.

Adv. Quantum Technol. 2023, 6, 2300056 2300056 (4 of 6) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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halving the circuit run time using parallel gates. This demon-
strates that there is an advantage in using parallel gates, even for
shorter circuits.

4. Conclusion and Discussion

While employing these pairwise-parallel gates in an ion trap
quantum computer does not reduce algorithm complexity, it can
shorten the circuit execution time by up to a factor of two and,
therefore, increase the fidelity for gate sequences (see Figure 4).
The only cost is a fixed overhead for the ground-state cooling of
the additional set of modes, which is already cooled to below the
Doppler limit by the high-intensity laser sideband cooling of the
first set of modes. There is no calibration overhead in the parallel
implementation. In fact, the required number of calibrations is
usually reduced as gates can be calibrated in parallel. In the worst
case, where a gate for each qubit pair needs to be calibrated with
both sets of modes, the number of calibrations is the same as in
the sequential case. Therefore, this parallel gate scheme should
be used whenever possible. Our scheme is advantageous com-
pared to aligning the Raman beams with one motional direction
only because it is faster for a given beam power, as the duration
of pulse-shaped gate pulse sequences for decoupling multiple
modes does not scale linearly with power.
This parallel gate is easily transferable to other linear trap ge-

ometries. It can be generalized to any MS gate pulse modulation
and addressing schemes, provided that the controllers can tar-
get multiple ions in space and multiple modes in frequency. It
could also be extended to the axial direction and combined with
other parallel gate schemes that use motional modes only along
one principal axis[3,4,6] to further increase the maximum number
of simultaneous two-qubit gates. Finally, other entangling gate
mechanisms, such as light shift gates,[9,22] those driven by a syn-
thetic 𝜎z spin-dependent force,

[20] the multi-qubit gate based on
the Cirac-Zoller scheme with ancillary motional states,[21] and
gates based onmode squeezing via second-sideband driving[17,19]

can be pairwise-parallelized in the same way.
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