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Fast quantum gates for neutral atoms separated by a few tens of micrometers
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We present a theoretical scheme for a family of fast and high-fidelity two-qubit ISWAP gates between
neutral atoms separated by more than 20 um, enabled by resonant dipole-dipole spin-exchange interactions
between Rydberg states. The protocol harnesses coherent excitation-exchange-deexcitation dynamics between

the qubit and the Rydberg states within a single and smooth laser pulse, in the presence of strong dipole-dipole
interactions. We utilize optimal control methods to achieve theoretical gate fidelities and durations comparable
to blockade-based gates in the presence of relevant noise, while extending the effective interaction range by an
order of magnitude. This enables entanglement well beyond the blockade radius, offering a route toward fast,

high-connectivity quantum processors.
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I. INTRODUCTION

Neutral atoms trapped in optical tweezers are a leading
platform for quantum computing, enabling low-defect ar-
rays of thousands of atoms with arbitrary geometries, long
qubit coherence times, and fast, high-fidelity two-qubit gates
[1-6]. Most two-qubit gates rely on the Rydberg blockade,
where van der Waals (vdW) interactions Vyqw(R) ~ R~ be-
tween Rydberg-excited states suppress multiple excitations
of nearby atoms [3-11], limiting the interaction range to a
few micrometers. Alternative approaches such as the Rydberg
antiblockade with vdW [12-14] or dipole-dipole J(R) ~ R™3
[15] interactions have achieved similar ranges. Extending the
entangling range without sacrificing speed or fidelity is, how-
ever, crucial for scalable, error-corrected architectures [2,16].
Experimentally, entangling atoms over tens of micrometers
is achieved via qubit shuttling—moving the tweezers—on
hundred-microsecond timescales [16—18]. Alternatively, DC
or microwave fields can tune the Forster defect between se-
lected Rydberg states enhancing the interaction strength, but
such schemes are highly sensitive to field fluctuations and
atomic positioning [19,20]. Another approach employs ancil-
lary atoms to mediate interactions, at the cost of increased
atomic overhead and longer gate times [21-23].

Here, we introduce a family of fast two-qubit gates
based on resonant dipolar exchange interactions J(R) ~ R™3
between atoms separated by tens of micrometers [15,24—
30]. The protocol implements coherent excitation to, and
deexcitation from, the Rydberg manifold—where rapid res-
onant exchange occurs—from long-lived ground-state qubits,
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enabling submicrosecond ISWAP gates (Fig. 1). While reminis-
cent of Rydberg antiblockade schemes [12—15], our approach
introduces qualitatively new elements: a single global, con-
tinuous laser pulse with a time-varying phase optimized
via quantum optimal control to realize gates that are time-
optimal (TO) and robust against dominant error sources,
including vdW interactions and spontaneous emission. The
resulting fidelities and gate times are comparable to blockade-
based protocols, while extending the interaction range by
nearly an order of magnitude, enabling long-range entangle-
ment in near-term quantum memories and processors. Similar
schemes for ISWAP gates with Sr atoms have also been pro-
posed in Ref. [31].

We consider two atoms, labeled o« = A and B, separated by
distance R [Fig. 1(a)]. Logical states |0}, and |1), are encoded
in long-lived ground or metastable states of the atoms. The
atoms are simultaneously irradiated by two global fields with
complex Rabi frequency [Q;(t)|e™/®), driving the transition
[/)e < 1rj), (G=0,1), with |ro), and |r), two Rydberg
states. A detailed discussion on the implementation of the
|j)y <> |rj), transition, including multiphoton processes, is
presented in the Supplemental Material [32]. The Rydberg
states of the two atoms are coupled by the dipolar spin-
exchange interaction J, resulting in the following Hamiltonian
in the rotating frame:

H() = Z m#(t)l(e""’f(’)u)(rjla +Hc)
Jj.a

+ J(|rori){rirol + H.c.), (D

with |ror;) = |ro)4, ® |r1)g and 7 = 1. Equation (1) ne-
glects spontaneous emission, atomic motion, photon recoil,
and residual vdW interactions; their impact and mitiga-
tion are discussed below. In principle, Eq. (1) enables
an ISWAP gate, Ujgwap = [00)(00] + |11)(11] + i(]0O1)(10] +
[10)(01]), which, together with single-qubit rotations, forms
a universal gate set. The simplest implementation, analogous
to schemes with polar molecules [33-38], uses a = pulse to
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FIG. 1. 1SWAP gate with Rydberg atoms. (a) Two atoms separated
by a distance R, irradiated by two laser fields 2, with a resonant
dipolar coupling J. Rydberg decay I'y;, atomic motion, and vdW
interactions V,qw are also included. (b) A single optimal laser pulse
Q0.1 is applied, with dipolar and vdW interactions present from the
outset. (c) Evolution of the two-atom state populations during the
pulse for Q.x/J = 2.1 [Fig. 2(c)], starting from the state |01).

excite the atoms to Rydberg states, free evolution under J to
generate entanglement, and a second 7 pulse for deexcitation
(see the Supplemental Material [32]). However, in Rydberg
systems the dipolar interaction is typically comparable to or
larger than the Rabi frequency (J 2 |20.1]), perturbing the
m-pulse dynamics. Thus, we propose a protocol where a single
continuous laser pulse whose amplitude and—crucially—
phase are time dependent and designed via quantum optimal
control methods to be time optimal and robust with respect to
these interactions during excitation and deexcitation, as well
as vdW interactions in the excited states and Rydberg-state
spontaneous emission. This enables high-fidelity gates com-
patible with most quantum error correction schemes over tens
of micrometers in the presence of all relevant noise sources,
including laser photon recoil, atomic motion, and scattering
from intermediate states in multiphoton transitions. Similarly
to Rydberg blockade gates [8,39], the continuous global pulse
irradiating both atoms is expected to simplify experiments.
As an example, we consider 87Rb, where qubit states can
be encoded in the hyperfine levels |0), = |F = 1, mg = 0),
and |1), = |F =2, mg =0), of the ground-state manifold
5812, with F the total angular momentum and m its projec-
tion along the quantization (interatomic) axis z. The Rydberg
states nS1/2 with mj = 1/2 and l’lP3/2 with mj = 3/2 are

chosen as |rp), and |r),, respectively, with n the principal
quantum number. This results in dipolar interaction energies
J in the range 0.1 GHz < J/27 < 1GHz, for the consid-
ered quantum numbers n 2 50 and interatomic distances R ~
3-30um. We consider realistic Rabi frequencies 1 MHz <
[2.1]/27 < 10MHz.

II. TIME-OPTIMAL GATE

As a first step, we demonstrate a time-optimal scheme
for implementing Ujswap With Eq. (1), i.e., including only
the combined effects of J and the laser drive. Time opti-
mality minimizes spontaneous emission, a fundamental error
source for Rydberg atoms [3-6,8,11]. As in Rydberg blockade
schemes [8,40,41], we define a cost function 1 — F, with F
the Bell state fidelity
2

: 2

1

16

> (W IR Usswarlg)

q

where |v,) is the actual two-qubit final state obtained by
applying the pulse to |g), from the computational basis |g) €
{100}, [01), [10), [11)}. /) is therefore compared to the tar-
get state Uiswap|g) up to a final global single-qubit operation
RO, @, 1) = e PTMI2R (9)R,(0)R. (L), where ¢, 6, and A are
rotation angles treated as additional optimization parameters.
The cost function is numerically minimized using quantum
optimal control methods—here, we use the GRAPE algorithm
[8,42]. The time-optimal pulse is defined as the shortest pulse
that achieves zero infidelity 1 — F, within numerical preci-
sion, once a specific Hamiltonian—encoding all the relevant
physical interactions and control fields—is fixed. We apply
this approach to a wide range of experimentally relevant ratios
0 < 1Q0.11/7 < 10.

Our first key result is that, for 0 < |Q1]/J < 10, time-
optimal pulses are those for which the amplitudes of the two
Rabi frequencies are equal to the maximum available Rabi
frequency in experiments, which here we assume identical
for the two lasers, i.e., [Q2(¢)] = |21 ()] = Q2max. In addition,
we find that time optimality also requires same lasers phases,
i.e., ¢o(t) = @1(t) = ¢(t), with ¢(¢) the key variable to be
varied in time to minimize 1 — F, which has not been done
before. Figure 2(a) shows an example result of the infidelity
1 — F versus the total gate duration 7 for a given ratio
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FIG. 2. Time-optimal and vdW-robust (vdW-R) pulses. (a) Minimum infidelity 1 — F' found by GRAPE for pulses of duration 7', in units
of the Rabi frequency Q2,,.x, for the ratio ., /J = 2.1. The time-optimal pulse has duration 7'Q,,,x = 11.95; while trying to make it robust to
vdW interactions, the pulse durations is increased to 7 Q2,,,x = 12.1 (inset). (b) Optimal duration 7 in units of €.« Vs coupling ratio ,x/J of
the vdW-robust pulses. The range R and fidelity F' obtained for a realistic choice of experimental parameters are shown in Fig. 3. (c) Optimal

phase profile ¢(t) of three vdW-robust pulses.
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TABLE 1. Error budget of the TO and vdW-R pulses for Q,.</J = 2.1. Reported are infidelities 1 — F' in the presence of individual
perturbations: realistic atomic transitions (off-resonant couplings and intermediate state scattering), vdW interactions, Rydberg decay, atomic
motion along the interatomic z axis, and photon recoil—considering both its effects: detuning (compensated and uncompensated) and coupling
between internal and motional states (for laser orientations along x and z). Experimental parameters used in the simulations: Rabi frequency
Qmax/2m = 10 MHz, principal quantum number n = 100 of $7Rb, trapping frequencies w, /27 = 100kHz, o, = ,/5, and temperature T =

1 uK.

vdW Decay zmotion Recoil (detuning) Recoil (coupling)
Noise term Atomic transitions  Hyqw Hr H"W+HY Aj=0 A= —rzn”Tz f=x l=z All
J
1-F TO 5.5x 1073 1.3x1072 7.0 x10™* 43x107° 1.3 x1073 <1077 23x107° 49x107° 1.9x 1072
vdW-R 4.1x 1072 20x107* 7.0x 107* 3.7x107° 8.7 x 1076 <1077 1.9 x 1075 5.1 x 1075 5.1 x 1073

Qmax/J = 2.1, with T in units of Q.. The figure shows
that the infidelity decreases abruptly to numerical zero
around T Q. = 11.95 (blue dot), corresponding to the
time-optimal pulse. Varying the ratio 2,4/J results in dif-
ferent optimal phase profiles and gate durations, with the
shortest pulse obtained for Qp,«/J = 0.7, corresponding to
T Qmax = 8.2. This is essentially the same timescale of the
time-optimal blockade gate (T Quyax = 7.5) [8] or the re-
cently proposed short-range resonant dipole-dipole cz gate
(T Qmax = 5.95) [28]. However, here the range of the gate
scales as R ~ \yn“(Qmax/J)/Qmax, which allows to reach dis-
tances of tens of micrometers. For example, for Qn.x/2m =
10 (5) MHz, Qp.x/J =2.1(4.25), and n = 100, we obtain
R =20(31)um. We find that the optimal T versus Qp,x/J
is not monotonic (see the Supplemental Material [32]), but
generally increases with Q2p,«/J. While shorter pulses would
minimize spontaneous emission, they are more susceptible to
atomic motion and vdW interactions, and therefore do not
necessarily yield the optimal solution in realistic scenarios,
which we address next.

III. IMPERFECTIONS AND ROBUSTNESS

The relevant Hamiltonian to realize Uigw,p gates with neu-
tral atoms beyond Eq. (1) reads H' = H, + H; + H) 4, +
Hyg + Hr, with

’ Q; ipi+ini(ag ,+az M ;
H, = Z 7][e ®j+in;(ag o +aiq )|J><”j|a +Hcl],
Ja

A — 1B

Hjy = |:1—3 :|(|r071)(r170|+H.C-),

A — ZB
Hv’dW:ZVU[l—6 = :||r,-rj)(rirj|,
iJ

2 .
He ==Y 2 He == YTl O)
ol @
The term H{, in Eq. (3) includes the effect of photon re-
coil in the laser driving Hamiltonian, characterized by the
Lamb-Dicke parameter n;, and with a; ," and ag,, the ladder
operators for the harmonic trap of atom « along the laser
propagation direction £ [28,43]. The term H, includes the
first-order correction in the dipole-dipole interaction J of
Eq. (1), arising from atomic motion along the interatomic
direction z, where z, is the position operator of atom « in

its radial harmonic trap (see the Supplemental Material [32]).
H 4w describes off-resonant van der Waals interactions and

their first-order position-dependent corrections Hv(é{f,) in the
z direction. Hk is the kinetic operator, with m the atomic
mass and p, ¢ the momentum operator of atom « along the
three axis £ = x, y, z. The trapping potential is here omitted
as optical tweezers are usually turned off during the Rydberg
excitation pulses [3,44]. Finally, Hr in Eq. (3) is a non-
Hermitian term describing decay from Rydberg states with
rates I ;.

Photon recoil has a twofold effect: First, it introduces a
constant detuning A; = 27°/(mA3) corresponding to the ki-
netic energy imparted by a photon of laser j, with wavelength
Aj. Second, it induces a coupling between motional degrees
of freedom along the ¢ direction and the internal states of
the atom, with strength ~v w;/ (m)%) and with w; the trap-
ping frequency in the laser direction (see the Supplemental
Material [32]). This results in decoherence of the internal
states by entanglement of motional and electronic states. H;
results in further coupling between motional degrees of free-
dom and internal states of the atom—with coupling strength
~J/(R,/mw;)—due to quantum mechanical motional spread
of the wave functions. Similar effects are observed for van
der Waals interactions Hyqw. Table I provides an example
of error budget resulting from the terms in Eq. (3) for the
time-optimal pulse with Q,,x/J = 2.1, for a choice of re-
alistic experimental parameters. The table shows that vdW
interactions largely dominate the error budget, accounting
for an infidelity 1 — F ~ 1072, while all other error sources
provide orders of magnitude smaller contributions (see the
Supplemental Material [32] for details).

In this work, we therefore proceed to obtain higher-fidelity
gates by making the TO pulses robust against vdW inter-
actions. This is achieved by including the latter directly in
the optimization, using the TO pulses as initial guess [28].
In general, for small ratios Qnax/J < 1—corresponding to
smaller interatomic distances R—the numerical optimization
fails to find a robust pulse with a duration 7 comparable to
the TO one. For larger ratios Quax/J 2 3, however, we find
pulses with high fidelity while maintaining almost the same
pulse duration, as a result of the short-range nature of vdW
interactions. Figure 2(b) shows the minimum vdW-robust
gate duration 7 as a function of Qp.x/J: For Q. /J = 2.1,
the robust pulse duration is 72, = 12.1. This is less than
2% longer than the corresponding TO pulse [see Fig. 2(a)],
but with infidelity well below 1073 in the presence of vdW
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FIG. 3. Infidelity of the vdW-robust pulses for a fixed Rabi frequency Qmax /27 = 10 MHz—without accounting for the errors from realistic
atomic transitions. (a) Heat map of gate infidelity 1 — F (color scale on the right) for several coupling ratios Q. /J, with 1.5 < J < 15MHz.
Fidelity of the vdW-robust pulse for ,.x/J = 2.1 as a function of (b) the principal quantum number 7, (c) the atomic temperature iy, and
(d) the radial trapping frequency w. /27, in absence of photon recoil and with the laser orientated along the interatomic direction (¢ = z).

interactions only. Increasing the duration 7' of the robust pulse
can further decrease the infidelity [see inset in Fig. 2(a)].
Figure 2(c) plots the optimal phase ¢(¢) for three represen-
tative pulses: In all cases, the pulses are smooth in time,
which should make them easier to implement in experiments.
Jumps of 7 in the phase for Q2,,x/J > 2.1 can in principle be
removed by reoptimizing the pulse for the detuning—instead
of the phase only—and fixing a cutoff, with minimal loss of
pulse performance [45].

Figure 3(a) analyzes of a set of vdW-robust pulses for
different values of the ratio Qu,x/J, including all terms in
Eq. (3). The pulse with Qp,x/J = 2.1—assuming a Rabi
frequency Qmax/27 = 10 (5) MHz, radial trapping frequency
w;/2mw = 100kHz, temperature Tiemp = 1 uK, and principal
quantum number n = 100 of ’Rb—yields an infidelity 1 —
F < 1(3) x 1073, at an interatomic distance R = 20 (31) um
with total pulse duration 7 = 197 (430) ns. This is compa-
rable to that of cz gates based on the blockade mechanism
[3,4,8]. To cover the same distance, the state-of-the-art qubit
transport would require times that are three orders of mag-
nitude longer [16]. The fidelity in Fig. 3(a) remains high,
1 —F <2x 1073, even for larger ratios Qmax/J <7, al-
lowing the implementation of entangling pulses between
even more distant atoms, R ~ 30 um, on submicrosecond
timescales.

In Figs. 3(b)-3(d), the fidelity of the robust pulse 2, /J =
2.1 is analyzed as a function of the principal quantum number
n, the temperature Tiemp, and the radial trapping frequency
.. Increasing n shortens the pulse duration, since J ~ n*,
and increases the Rydberg lifetime I" ~ n~3, thus reducing
infidelity, provided the pulse remains robust against the corre-
sponding vdW interactions; otherwise, larger n amplifies their
perturbative effect Vigw ~ n'! [see Fig. 3(b)]. This improve-
ment is partially offset by the decrease of the Rabi frequency
Qmax ~ 1~ [1]. Lower temperatures reduce the occupation
of excited motional states and hence position uncertainty
[see Fig. 3(c)]. The trapping frequency also plays a crucial
role: The displacement operator scales as 1/,/@;, whereas the
momentum kick grows as ,/w;. If lasers are aligned along
the interatomic direction £ = z, a trade-off between position
fluctuations and photon recoil leads to an optimal confinement
near o} ~ 90kHz [solid line in Fig. 3(d)], as documented in
Refs. [27,28,40,43]. If the lasers are along the more weakly
confined axial direction £ = x, with typically w. &~ Sw,, pho-

ton recoil effects are suppressed and the optimal confinement
becomes much larger [dashed line in Fig. 3(d)].

In addition to the error sources in Eq. (3), one must ac-
count for errors from realistic atomic transitions (see the
Supplemental Material [32]), in particular, scattering from the
intermediate state |e) = |6P3,2, F =2, mp = 1) in the two-
photon excitation to |rg), as well as off-resonant couplings
to other Rydberg states, such as |r)) = |98Ds,>, m; = —3/2)
and |r}) = |100Ps;,, m; = 1/2), that induce unwanted Stark
shifts and population leakage. These effects increase the
infidelity up to 1—F ~5.1(8.4) x 107* for Qumu/J =
2.1(4.25) and Q. = 10 (5) MHz, with an intermediate de-
tuning A, = 40 Qnax and a magnetic field B = 50 (20)G.
The resulting fidelities remain compatible with most quantum
error-correction schemes.

IV. CONCLUSION

We have demonstrated a protocol for time-optimal, high-
fidelity ISWAP gates between neutral atoms separated by tens
of micrometers. The scheme combines resonant dipolar spin-
exchange interactions with optimally shaped laser pulses,
achieving gate speeds comparable to the fastest cz gates at
few-micrometer distances. The fidelities reached are com-
patible with error-correction thresholds [46], with further
improvements possible by mitigating residual errors listed in
Table 1. In particular, recoil-induced detuning can be cor-
rected via laser frequency fine-tuning, and motional-electronic
coupling reduced by aligning beams along the weakly con-
fined axial direction. Using heavier species, such as '3*Cs,
further suppresses motional errors. These results open sev-
eral directions. The approach can be extended to k-qubit
gates (k > 2) via resonant dipole-dipole interactions, enhanc-
ing stabilizer efficiency [47,48] while reducing gate count
and circuit depth [49]. Fast, long-range gates enable efficient
quantum information transport across neutral-atom registers
without intermediate operations, ancillary qubits, or atomic
motion—crucial for modular quantum computing and error
correction. Moreover, these gates can facilitate recently devel-
oped low-density parity-check codes, which require stabilizer
qubits separated by large distances [48,50-53]. Exploiting
long-range interactions, such codes achieve higher encoding
rates, reduced qubit overhead, and larger code distances d,
yielding lower logical error probabilities than surface codes
of comparable size.
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See the Supplemental Material [32] for details on the opti-
mization algorithm, physical implementation, and fidelity.
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