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Reaching fast and robust two-qubit gates with low infidelities has been an outstanding challenge for the long-

term goal of useful quantum computers. Typically, optimizing the pulse shapes can minimize the gate infidelity
and improve its robustness to certain types of errors; yet it remains incapable of speeding up the gate execution
time, which is fundamentally restricted by the attainable Rabi frequency in a realistic setup. In this work, we
develop a fast implementation of two-qubit controlled-Z (CZ) gates using an optimized ancillary drive to enhance

the two-photon Rabi frequency between the ground and Rydberg states. This ancillary drive can work in an
error-robustness framework without increasing the original gate infidelity in the absence of the drive. Considering
the experimentally feasible parameters for 8’Rb atoms, we demonstrate that the execution time required for such
Cz gates can be shortened by more than 30% as compared to standard two-photon protocols, increasing the
gate fidelity above 0.9954 by taking account of all relevant error sources. Our results reduce the high-power
laser requirement and unlock the potential toward fast, high-fidelity quantum operations for large-scale quantum

computation with neutral atoms.

DOI: 10.1103/mckj-4vtm

I. INTRODUCTION

Qubits based on arrays of trapped neutral atoms have
emerged as a promising platform for realizing quantum
computation, in which high-fidelity quantum operations are
crucially required [1-5]. However, errors due to the physi-
cal qubit itself or a noisy environment essentially limit the
accuracy of operations and must be made sufficiently low
to permit efficient error correction for logical qubit per-
formance [6-8]. Recently, optimally modulated pulses have
been widely utilized to minimize the quantum gate error
by increasing its robustness against various technical imper-
fections, but at the severe expense of longer gate duration
[9-11]. Because achieving high-fidelity gates with strong
robustness inherently contradicts the requirement of fast oper-
ation, this in turn creates a big challenge toward realizing fast
and high-fidelity gates for large-scale, error-tolerant quantum
computation [12].

Typically, faster and higher-fidelity gates are possible when
the coupling laser amplitudes are greater, which is then
restricted by the available laser-power system and waist di-
ameter, imposing a critical trade-off between gate speed and
practical feasibility [13]. Among developed techniques, the
time-optimal (TO) scheme proposed by Jandura and Pupillo
is particularly relevant in that it uses a numerically opti-
mized phase profile for a single pulse while keeping the
amplitude continuously at its maximum [14]. It identifies the
shortest possible global pulse with smooth time evolutions
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for a controlled-Z (Ccz) gate that could mitigate most types
of errors. However, the predicted minimal gate duration in
TO protocols remains difficult to attain practically because
improving the gate robustness in a noisy environment requires
the significant elongation of gate time [15,16], especially for
adiabatic evolution systems [17-20]. More recently, a differ-
ent approach toward fast entangling gates was proposed [21],
which relies on an optimized microwave modulation to facil-
itate the population dynamics mediated by the dipole-dipole
interaction between pairs of Rydberg states [22], performing
up to 20% faster than the original TO schemes with van der
Waals (vdW) interactions. Notably, the optimized phase and
amplitude pulses required to execute two-qubit gates are not
unique, providing a degree of freedom to minimize the gate
duration in optimization [23-26].

In this work, we present an optimal-control-based accel-
eration strategy to realize two-qubit CZ gates featuring both
fast and high-fidelity merits. This method depends on a newly
introduced ancillary laser that couples the intermediate scat-
tering state to a third hyperfine ground state (except two-qubit
states) serving as a control knob. By optimizing the amplitude
profile and the detuning that effectively increase the two-
photon Rabi coupling strength between ground and Rydberg
states, the gate operation can be significantly faster than the
timescale set by native two-photon transition [27]. In compar-
ison to existing gates, our protocol reduces the gate execution
time by more than 30% to the submicrosecond regime without
compromising high gate fidelities over a wide range of pulse
parameters.

To evaluate the performance of fast gates impacted by the
ancillary drive, we present a detailed error budget, particularly
quantifying the extra gate infidelity due to the imperfections

©2026 American Physical Society
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FIG. 1. Acceleration mechanism. (a) Schematic representa-
tion of a general atomic qubit defined in a five-level space
{10}, [1), le), |r), |a)} where |0) is idle. |a) serves as an ancillary state
individually coupling the intermediate state |e), which provides an
efficient control for accelerating the standard two-photon Rabi oscil-
lations between the ground |1) and the Rydberg |r) states. (b) The
original qubit system can be mapped into an effective two-level
model {|1), |r)} with Rabi frequency Q. and detuning A, in the
limit of large intermediate detuning conditions.

of the ancillary laser: uncertainties in the applied laser am-
plitude and frequency [28], as well as the laser phase noise
[29] first extensively studied for Rydberg atoms in Ref. [30].
Surprisingly, our fast gates with shortened time spent in the
Rydberg state can benefit from stronger robustness to all
these errors. Numerical results show that the overall infidelity
purely caused by the ancillary laser drive is suppressed to
a negligible level of about 10~*. This work strongly elimi-
nates the conventional requirement for higher laser power or
specialized interaction in multiple Rydberg levels toward fast
gates, paving an exceptional balance among the gate speed,
the operational fidelity, as well as the robustness against ex-
perimental imperfections.

II. ACCELERATION MECHANISM

We start by introducing an ancillary-drive-induced acceler-
ation mechanism based on a single-qubit framework, which
can be used for implementing fast entangling gates later
(see Sec. III). Consider a general hyperfine qubit system
{I1), |e), |r)} where |0) is idle [see Fig. 1(a)], analogous to
that of Ref. [31], and the conventional two-photon transition
between |1) and |r) is driven by using two external laser
fields €2 and €25, respectively detuned by A and §. Notably,
we require that the intermediate state |e) here is additionally
coupled by an ancillary field €2, to the fifth state |a), detuned
by A + A, which acts as an acceleration control knob [32].

In the rotating frame, the Hamiltonian that describes such
an atomic qubit depicted in Fig. 1(a) reads

Hy = 1(Qi1e)(1] + Qa1r) (] + Qcla)(e] + Hec.)
—Ale)(e] — (A + Ap)la){al — 8|r)(r|. (1)

To understand this acceleration we first deduce the effective
model. At large intermediate detuning A > Qp, Q,, after
adiabatically eliminating the intermediate state |e), first the
system can be approximately reduced to a three-level model,
described by

H = $(Qula) (1] + QuIr){1] + Qlr)(al + Hee.)

—A1)(1] = Agla)(al — A lr)(r| 2)
with
Q1Q, QiR 20,
szl—v anl—za k:2—7
2A 2A 2A
Q? Q2 Q2
Al=——L Aj=A+A.——5, A =8-2,
4A 4A 4A
3)

representing effective Rabi frequencies {€2,,, ©2,, ©2x} and
effective detunings {A;, A,, A,} of the three-level system,
respectively. And then, we continue to perform a second adi-
abatic elimination for state |a) under the condition of A, >
Qum, 2. Eventually, the system is conveniently described by a
two-level Hamiltonian merely in the {|1), |r)} basis as shown
in Fig. 1(b),

0 Legp
Her = [% _ieﬁ :|, “4)
where the effective Rabi frequency and detuning are

Q,Q QQ

Qeff = Qn + 2A £ = ! 22 ’
“ 2A — )
Q2 — @ @2 -2

AeffIT-’-Ar—Al:—m"i‘s. (5)

“ 4A - AtA,

In this reduced picture denoted by H.g, the diagonal term
A 1s given by the AC Stark shift, which may be mitigated
using a tunable detuning § and when ©; = 2, and § =0
this shift vanishes [33]. More crucially, we see the effective
off-diagonal Rabi coupling Q.¢ has been modified. With an
appropriate ancillary drive characterized by Q. and A., an
enhanced Q. can be obtained in comparison to the general
two-photon coupling rate 92'222 in the absence of |a), i.e.,

Qe > 92‘22. For example, when A, = —0.5A(assume A is
positive), having a negative sign to achieve a significant ac-
celeration and meanwhile a large 2, = A is preferred, and the
modified Rabi frequency Q2 can increase to %, becoming
twice the general Rabi value without ancillary drive, which is
promising for faster and higher-fidelity quantum gates [34].
To validate the acceleration mechanism, in Figs. 2(a)-2(c)
we numerically solve the exact time-dependent population
on state |1) (solid orange lines) from the Schrédinger equa-
tion without any decay, under different A, values. Here we
define A, = —aA with « a coefficient quantifying the ra-
tio between |A.| and A. The theoretical prediction (dashed
black lines) using the effective two-level model is comparably
shown exhibiting a good agreement for ¢« = 0.9 and 0.95.
Specifically, for « = 0.9 there exists a nearly perfect agree-
ment between the exact and effective solutions because the
second adiabatic condition A, > 2, for state |a) is fulfilled.

As o increases to 0.95, it gives rise to a small difference

032614-2



OPTIMIZED ANCILLARY DRIVE FOR FAST RYDBERG ...

PHYSICAL REVIEW A 113, 032614 (2026)

exact — -effective without ancillary drive

Vi T >
N\ / \ V.
\ / \ v/
\ /
L / \ J
0.5 \ , \ y
\ Vs
/ \
0 (a) e/ . \ /I a=0.9
1 T T >
A V. .
\ / \ ’
\ / \ /
(2] L \ 4
_§o5 \ p \ ,
@ \ / \ 7
_%, 0 (b) N4 N 2/ 7a=0.95
S 1r ~
) / 7
T \ ;N !
= \ A
Sost \ /v A ]
e \ ! \ !
W v
0 (c) "\ N «=0.98
1 ; > < ; y
\\ ,/ \ p
\ / \ /
05F \ / \ / .
\ / \ /
\ /
0 (d) \\|4/ L N,/ «=0.98
0 0.2 0.4 0.6 0.8
t(us)

FIG. 2. Numerical verification of the ancillary-field acceleration
scheme. Time-dependent population dynamics in two periods on
state |1) are comparably shown, resolved from the exact Hamil-
tonian (1) with ancillary field, the effective Hamiltonian (4), and
the exact dynamics without ancillary field. (a)-(c) We set o =
(0.9, 0.95, 0.98). Common parameters are A /2x = 500 MHz, @2, =
Q5 =0.1A, Q2. =02A, A, = —aA, and § = 0. (d) The case of a
weak ancillary drive where 2, = 0.01A, « = 0.98, and other param-
eters are the same as in (a)—(c).

because of the partial participation of state |a) that disagrees
with the effective two-level model. Moreover, if « = 0.98, due
to the broken large-detuning condition for state |a) there exists
a relatively large discrepancy between the effective and exact
models.

In order to quantify the degree of acceleration, we intro-
duce a ratio p taking the form of

Thy—T
p=——

o (6)

where Ty = 2w/ (92‘222) = 0.4 us sets the fixed timescale of
one-period oscillation without ancillary drive (dashed gray
lines) and T characterizes the realistic one-period duration
estimated by the exact population dynamics. Remarkably,
as « increases, the acceleration becomes more pronounced.
For o = 0.9 we obtain p ~ 0.0991 corresponding to a 9.91%
faster population evolution. However, when « is increased to
0.95, sustaining the accuracy of the effective two-level model,

the acceleration degree of population evolution has been
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FIG. 3. Fast and high-fidelity cz gates with Rydberg atomic
qubits. Schematic diagram and atomic level structure utilized in this
work. The qubit state |1) couples to the Rydberg state |r) via a
native two-photon transition mediated by state |e), with respective
Rabi frequencies €2;, €2, and detunings A, &,y. Specifically, an-
other ancillary field near-resonantly couples the intermediate state
le) to another hyperfine (stable) ground state |a) with detuning A +
A, =~ ( due to AA, < 0 and Rabi frequency €2., which can serve
as a robust control knob for gate acceleration. Time-dependent pulse
shaping is carried out via optimal control over two laser amplitudes
Q;(r) and Q.(¢) while €, is kept fixed. A natural vdW interaction
with strength V is assumed between atoms in the double excited state
|rr) implementing the Rydberg blockade effect [35,36].

improved to 15.32%. If a grows even to 0.98, although the
effective theoretical prediction becomes slightly inconsistent
with the exact simulation because of the breakdown of the
large-detuning condition for state |a), the acceleration degree
can reach p & 25.11%, which means it only requires T =
0.2795 us to accomplish a one-period population oscillation
in an atomic qubit. Note that this case, although it offers the
fastest dynamics, still needs a near-resonant |a) state detuned
by A 4+ A, =~ 0.02A that will strongly impact the two-photon
Rydberg transition, consequently causing a larger leakage er-
ror because of a longer time spent on |a) (see the FAIL case). In
Sec. III, we show that this additional acceleration knob with
a moderate « can enable the realization of fast two-qubit Cz
gates with high fidelities.

In contrast, Fig. 2(d) presents a weak ancillary drive case
where €, is tuned to be smaller than €2, by one order of
magnitude. As expected, even if @ = 0.98, corresponding to
the fastest dynamics [see Fig. 2(c)], a small €2, is still unable
to provide efficient acceleration because the role of the ancil-
lary drive is negligible here.

III. FAST AND HIGH-FIDELITY cz GATES

A. Accelerated smooth-amplitude gate construction

To identify the acceleration mechanism that can be applied
for realizing a faster two-qubit entangling gate, we restrict our
focus to the gate scheme as shown in Fig. 3, consisting of two
five-level atomic qubits initialized in alkali 87Rb atoms, which
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can be described by the Hamiltonian
H(t)=Ho(t) @I +1Q® Ho(t) + VIrr)(rr|, (7

where I is the identity operator and Hy(#) describes the single
atomic qubit taking the form of

Hy(t) = 5(Qi(0)le)(1] + Qalr) (el + Qc()le) (al + H.c.)
— Ale)(el — (A + AJ)la)(al — Sopi|r)(rl, ®)

equivalent to Eq. (1). We first discuss a standard two-photon
protocol without ancillary drive, Q2.(¢) =0, i.e., a native
two-photon excitation scheme that is commonly used in ex-
periments [37-39]. We implement the gate with a varying
Rabi frequency €2 (¢) while keeping €2, fixed so as to realize
the smooth-amplitude (SA) gates [31], which can help achieve
higher fidelities even when the laser amplitude is limited and
strongly decrease the spontaneous scatterings compared to the
TO gate configurations [40]. To minimize the set of tunable
gate parameters, we adopt an optimal constant detuning Sopt,
possibly mapped by the laser phase with a simple linear mod-
ulation because the slope of phase modulation corresponds to
a two-photon detuning. Note that the optimization of §op; can
also partially compensate for the AC Stark shift [the first term
of A.g; see Eq. (9)] that evolves dynamically during the gate
duration [41].

Instead of the general two-photon SA model discussed
above, we now introduce the acceleration by coupling the
intermediate state |e) to another hyperfine ground level |a)
which is absolutely stable, avoiding extra decay. In the single-
qubit framework (see Sec. II), we have verified that the
combination of auxiliary field €.(¢) and its detuning A, op-
eration leads to a modified two-photon Rabi frequency and
detuning between the ground and Rydberg excitation, as

Q(1)2 Qi) — Q3
Qe = 20 eff = 20
 2(AFAL,) T A¥A,

+ Sopi- (9)

We expect an appropriate optimization for a larger Qg to
speed up the population exchange between |1) and |r) in a
single qubit, giving rise to an accelerated smooth-amplitude
(ASA) gate. However, accounting for the fact that a real-
istic CZ gate is also restricted by the need for the overall
phase change ¢ — ¢10 — po1 = (2n+ 1) for an integer
n (here n =0) based on four computational basis states
{100y, 101), |10), [11)} [42,43], not a single-qubit phase shift,
we further resort to robust optimization of CZ gate parameters
toward the physical realization of the SA gate and the ASA
gate.

B. Time-acceleration gate optimization

Our primary target is to determine all gate parameters that
realize a high-fidelity ASA-type CZ gate in which the total
gate duration 7 is shorter than that of a standard SA gate, so
we apply a commonly used Bell-state fidelity F to measure
the gate performance in an idealized decay-free case, defined
as [16]

2

1 .
F=1 ;e—'%(qw,,) : (10)

This metric accurately captures the replication between the re-
alistic operation (final state |1/,)) after gate duration T" and the
desired output e%|q) for a Cz gate. The ideal final state [,)
can be found by solving the Schrodinger equation ivﬁq(t) =
H,(t) for different input states ¢ € {00, 10, 01, 11} and the
system stays unaffected for the input of |00). Note that we
require the gate to achieve the best fidelity under intrinsic error
sources, during which one significant error source arises from
the spontaneous decays due to the finite lifetime of the inter-
mediate |e) and the Rydberg |r) states [44]. To minimize this
intrinsic error, we modify the cost function in optimization as

J =0 =F)+ T + T, (1)

with y,, y, being the decay rates and 7,, T, quantifying the
time integration of intermediate and Rydberg population av-
erages over all computational basis states, given by

T
T,, = / e (1) d1. (12)
0

Here, 71, ,(t) = %Zq(l//q(t)ﬂ'[e,,h/fq(t)) denotes the average
population dynamics with I1, , the projector onto the subspace
where every atom occupies the lossy |e) or |r) state. The first
term in Eq. (11) suggests minimizing the ideal infidelity 1 —
F without accounting for any decay, while the minimization
of the second term means that the gate is less affected by the
spontaneous decay from two intermediate leakage states |e)
and |r), because y,T, and y,T, express the primary intrinsic
decay errors in the gate which includes the overall decaying
channels from states |e) and |r) within the Hilbert space [45].
Remarkably, the latter term is particularly important because
a fast gate with shortened duration 7 in principle enables the
decrease of the time spent, T, T, providing a more realistic
gate performance under a noisy environment [46].
Optimization of pulses is performed by utilizing the Ge-
netic algorithm (GA) following our recent work [47], which
offers a global search within a wide range for all control
parameters on two atomic qubits, mitigating the risk of get-
ting a local minimum of [J. While executing the GA, one
individual represents a candidate solution encoded by a full
set of control parameters. Starting from the population of 100
randomly initialized individuals, the GA iteratively improves
the population over 20 generations. In each generation, indi-
viduals are selected according to their fitness. Subsequently,
their parameters undergo recombination (crossover) and ran-
dom perturbation (mutation) to produce the population for the
next generation. This complete evolutionary cycle, from ran-
dom initialization to convergence on a final set of optimized
parameters, constitutes one optimization run. The individual
with the highest fitness in the final generation is output as the
optimal solution [48]. The computational time for one such
run depends on the problem scale and available resources,
typically averaging 1-2 hours under our practical settings. The
general SA gate, being the reference point, is provided by a
fixed duration Tp € {1.0, 0.5, 0.25} us and a smooth-varying
laser amplitude €2;(7). Note that Tj is defined by the total
gate duration for the general SA gate, not the single-qubit
dynamics. Without loss of generality we choose the time-
modulated waveform of lasers {€2;(¢), 2.(¢)} in terms of a
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TABLEI The optimized control parameters for the Rabi frequencies Q(¢) (given by Bl), .(7) (given by B¢), the detunings S, A, (given
by «), the gate duration 7', as well as the average time spent 7,, 7,, T, during the pulse. In all these cases, some parameters are kept constant,
including A /27 = 1.0 GHz, ©,/2m = 50 MHz, and V/27 = 300 MHz, and the initial search ranges for parameters are ﬂll,*f € [0, 200] MHz,
which ensures the maximal Rabi frequency Q; .(t)/27 < 200 MHz is available in a practical setup, 8, /277 € [—10, 10] MHz, « € [0.9, 1.0].
The search ranges of minimal gate time are set by 7' € [0, 1.0], [0,0.6], and [0,0.3] us, pertaining to Cases I, II, and III, respectively. In addition,
results of Cases LIM and FAIL are also given. Here F' represents the realistic Bell-state fidelity in the presence of spontaneous decays with

rates y, = 3.0 kHz and y, /27 = 1.0 MHz.

Case Gate time (ps) BL(MHz) %_T(MHZ) B;(MHz) o F T,(ns) T, (us) T,(ns)
Ty =1.0 Bl =32.58 / / 09969 0311  0.096 /
I Bl =49.19 Bs = 78.58
' =52.10 —3.794 ¢ =6533
T =0.5551 py =32 By = 65. 09286 09973 0367  0.058 1.652
Bl =61.16 Bs = 172.7
B =125.5
Ty = 0.50 Bl = 1778 / / 09973 0298  0.052 /
11 Bl =5.840 5 505 ¢ = 113.1
1 _ . c __
T =0.3338 Py =2754 Pr=1126 " 59479 09974 0315 0038 1328
Bl = 1574 BS = 64.68
BS = 94.88
Ty = 0.25 Bl = 10.19 / / 09981 0206  0.038 /
1 Bl =25.47 3002 BS = 0.260
1 _ - c
T =0.1709 By =6.044 Br=T7520 " 09337 09980 0251 0028  0.723
Bl = 200.0 S = 196.7
BS = 60.40
! = 108.5
I —48.11
Ty = 0.1 2 ~10.00 / / 09872 0354  0.026 /
1= 142.5
= 147.1
LIM ]
I =80.91 B =183.8
I — 18.61 BE = 168.4
— 2 _ 2
T =0.1 .y 9.221 G054 09003 09952 0350 0023 064
= 132.9 B =117.7
1 =80.91 BS = 64.39
| — 18.61 B¢ = 4.81
— 2 _ 2
FAIL T =0.0999 .y 9.221 5 213 09800 09041 0318 0024  3.585
Bl = 132.9 BS = 14.60

linear combination of basis polynomials,

4
Qjet.o) )27 =Y Bilbun(t/T) + by n(t/T)],

v=1

13)

where b, , is the vth Bernstein basis polynomial that fea-
tures advantages of inherent smoothness, symmetry, and the
absence of a long tail, ensuring both compatibility with
numerical optimization and a straightforward experimental
implementation. In addition, we truncate at n = 8 here [49], as
a further increase in n does not yield a noticeable improvement
in the fidelity F [e.g., the variation in |F| remains <10~ for
n = 10 (not shown)]. This truncation order is sufficient for the
units of megahertz. Note that we set the two-photon detuning
dopt as another important parameter in the SA gate to be
optimized because it can reduce the impact of the AC Stark
shift during the pulse evolution.

The optimization proceeds by combining with the
ancillary-state parameters for an ASA gate where we also
precisely control the waveform of laser amplitude €2.(¢)
[see Eq. (13)] and leave the extra detuning A, as a tunable

parameter. The choice of detuning A, is particularly important
in that it primarily determines the acceleration degree p and
should be given an opposite sign with respect to the intermedi-
ate detuning A as verified in Sec. II. Therefore, we also apply
A, = —a A with its search range o € [0.9.1.0] being close to
1.0, in order to achieve an efficient acceleration.

C. Implementation of accelerated CZ gates

With the optimization design established we now demon-
strate the implementation of an accelerated Cz gate with this
approach. All results are summarized in Table I, in which we
compare three cases with different reference points for Ty =
{1.0,0.5,0.25} ps in standard SA gates. Numerical plots
are presented in Fig. 4 for a visible supplement. In Case I
[Fig. 4(a), left column], we first consider the performance of
To = 1.0 us with a general two-photon excitation model and
obtain a high fidelity of F' & 0.9969 after sufficient optimiza-
tion, which is attributed to the simultaneous minimization of
the intermediate and Rydberg decay errors y, T, and y, T, in the
cost function 7 [see Eq. (11)]. The optimal Rydberg-decay-
induced error is y,7, ~ 2.888 x 1074, typically smaller than
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FIG. 4. (a) Upper panels: Optimized pulse amplitudes as a function of time for €2,(¢) of the SA gates and (2] (¢), €2.(¢)) of the ASA gates,
corresponding to Cases I-III in Table I. Note that €2 (¢) takes the same shape as 2, (¢) except for a reduced gate time. Lower panels: Resolved
time-dependent population on the intermediate |e) (dashed, 7, and 71,), the Rydberg |r) (solid, 7, and 7/) and the auxiliary |a) (dotted, 77/,) states
during the pulse duration. Clearly, using the ASA gate strategy, we can implement the gates with faster execution of laser pulses while keeping
the intrinsic decay errors at the same level. (b) Same parameters resolved for two LIM Cases in which the pulse durations 7y and T are fixed

to be 0.1 ps.

that from the intermediate state, .7, ~ 1.954 x 1073, by one
order of magnitude, due to the long lifetime of the Rydberg
state. In addition, we find the two-photon detuning satisfies
Adyp < 0 natively even with a symmetric search range of
Sopt/27 € [—10, 10] MHz initially, in order to improve fideli-
ties by reducing the intermediate-state scattering [50].

Turning to the case with the ancillary drive, we empha-
size that the native laser €|(¢) takes the same modulated
waveform as €2;(¢) which is only rescaled in a shortened
gate duration (<1.0 pus) via optimization. By implementing
an efficient control of €2.(z) having a higher amplitude along
with an optimal detuning A, characterized by o, we reop-
timize the gate by introducing the duration 7 as a newly
optimal variable. We find that the shortest gate time needed
for a comparably high fidelity F ~ 0.9973 can be reduced
to T = 0.5551 ps, achieving a substantial acceleration degree
by p ~ 44.5%. We note that such acceleration clearly arises
from the presence of a suitable ancillary drive (2.(¢), A.)
that substantially speeds up the ground-Rydberg Rabi rotation
with greater laser intensity in the single-qubit operation frame.
To understand why the acceleration strategy does not lead
to a higher fidelity (just comparable), as plotted in Fig. 4(a)
(left column) we show the average population dynamics on
the intermediate and Rydberg states quantifying the impact
of decay errors. We observe that, although the time spent in
the Rydberg state can be remarkably decreased due to the
integration of a shorter duration allowing the Rydberg decay
error to be v, T, ~ 1.747 x 1074, the auxiliary field ©2.(¢) will
continuously employ a strong coupling between |e) and |a)
that slightly increases the population on state |e), resulting
in y,T, ~ 2.304 x 1073, Therefore, our accelerated Cz gates
have no explicit indication that they could contribute a higher
fidelity.

We further explore the acceleration strategy by optimiz-
ing the gate protocol for shorter reference points, 7o = 0.5
and 0.25 ps. We also show the results for the SA and ASA
gates, respectively, with the target of obtaining a faster gate
operation. In Cases II and III we note that the required laser
amplitude for €2;(¢) in SA gates becomes a little stronger due
to the decrease of Ty. However, as long as the auxiliary field
Q.(t) is present, an even faster gate with comparably high
fidelity can be obtained. In particular, in Case III we show
the realization of an ASA gate with duration 7 = 0.1709 us
(accelerated by p ~ 31.64%) meanwhile contributing for a
high-fidelity performance F' = 0.9980. Hence, our ASA gates
can benefit from not only a faster quantum gate operation
for scalable systems but also a high gate fidelity, which is
promising for precise and large-scale quantum computing.

IV. FUNDAMENTAL SUPERIORITY FOR THE
ACCELERATED SMOOTH-AMPLITUDE GATES

So far, we have demonstrated the implementation of ac-
celerated CZ gates with an optimized ancillary drive, but a
critical question is raised: Where is the limitation for the gate
acceleration? To fundamentally validate the inherent superi-
ority of our proposal, we turn to systematically explore the
SA and ASA gate performance under an even shorter time
constraint, 7o = 0.1 ps, known as the LIM case (see Table I).
During the optimization strategy, the SA gate employs the
same method and we find a lower fidelity value F = 0.9872
failing to surpass 0.99 within the given time limit, at the
expense of a stronger peak Rabi frequency of () and a
largely negative detuning 8y /27r = —10 MHz. This trend is
consistent with the expected physical intuition that a fast gate
is essentially limited by the attainable laser power [51]. The
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FIG. 5. The gate fidelity F with the shortest gate time Tp = T =
0.1 us for (a) the SA gate and (b) the ASA gate, depending on 100
independent optimization runs. Each point represents the realistic
gate fidelity of a single optimization run. The dashed line and the
shaded region denote the average number and the standard deviation,
respectively. The red dots represent the LIM case specified in Table I.

reason for a slightly poor fidelity here is primarily due to the
incomplete return of the |11) state population by the end of
the allowed gate duration because of the imperfect blockade
condition [52]. As the peak Rabi frequency becomes larger it
would create a blockade error that is proportional to Q%/V?2
acting on state |11) [53], thereby lowering the gate fidelity.

For the ASA gate, we adopt a different optimization strat-
egy by globally searching for all parameters including €2} (¢).
With an optimized ancillary drive, it is clear that the ASA
gate can achieve a higher fidelity of F = 0.9952 under the
same short duration of 0.1 us, significantly outperforming the
general SA gate. In this LIM case, owing to the participation
of ancillary-field coupling, the population evolution for state
|11) can return near completely to its initial state by the end
of gate operation. Particularly, it is noteworthy that the ASA
protocol effectively circumvents the speed limit inherent in
traditional adiabatic pathways by incorporating nonadiabatic
couplings, thereby substantially increasing the gate speed
while maintaining operation accuracy [54,55]. Also, we fail
to find a better ASA gate when « is increased to 0.98, known
as the FAIL case, which was initially expected to offer the
fastest population evolution based on a single-qubit system
[see Fig. 2(c)]. This is because the time spent in a near-
resonantly ancillary state |a) leads to a larger residual atomic
population lowering the gate fidelity.

In addition, to account for the stochastic nature of the op-
timization process and ensure the reliability of our results, we
performed 100 independent optimization runs to evaluate the
robustness of optimized results for SA and ASA protocols in
the LIM case. The statistical distributions of all optimization
outcomes are displayed in Fig. 5. Figure 5(a) reveals that
the best fidelity achieved by the SA protocol remains below
0.99, where all optimal solutions are concentrated within a
narrow range of F' = 0.9856 & 0.0035. This fact confirms that
the observed bottleneck for the SA strategy is not incidental,
suggesting that the standard SA protocol fails to sustain the
ultimate operation accuracy of state evolution with extreme
temporal constraints. In contrast, Fig. 5(b) shows the distribu-
tion of fidelity values within 100 optimization trials via the
ASA protocol when T is also set to 0.1 us. As expected,
the ASA protocol can mostly achieve a high-fidelity (F =
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FIG. 6. The ASA gate errors arising from the ancillary drive,
including (a) the amplitude deviation € in Q.(¢) while n = 0, (b) the
deviation of ancillary detuning denoted as n in A, while € =0, as
well as (c) the laser phase noise quantified by the dephasing error
with rate y,; between the |e) and |a) states. Inset: another dephasing
error (with rate y,;) between the |e) and |1) states, which comes from
the probe drive 2 ().

0.9925 £ 0.0030) gate, significantly outperforming the SA
protocol with the same short duration.

V. ERROR BUDGET FOR THE ANCILLARY DRIVE

The ancillary drive, although it significantly improves the
speed of gate operation, would simultaneously bring about
new experimental imperfections that are not present in a
general SA gate. Consequently, developing an error budget
individually due to the ancillary drive becomes more crucial
for revealing the practical feasibility of our protocol [56]. In
this section, we parametrize these imperfections that come
from the ancillary drive for the ASA gates in three aspects
[571, which are the laser amplitude deviations, the unknown
detuning error due to uncertain laser frequency, and the laser
phase noise leading to the dephasing error.

Infidelities from the amplitude deviations. Laser amplitude
fluctuation is one of the common technical noise sources in
neutral-atom systems, especially when employing multiple
laser fields [58,59], whose impact has been extensively ex-
plored in previous SA gate studies [60]. Here, we mainly focus
on the amplitude deviations to the optimized auxiliary field
Q.(¢) by adopting Q.(t) — (1 + €)2.(¢), where € is treated
as unknown but constant during the ASA gate duration. As
displayed in Fig. 6(a), we compare the gate infidelities for
four ASA gates (as summarized in Table I), solely due to the
variation of € € [—0.02, 0.02] while ignoring other errors. We
find that an exponential sensitivity commonly exists, leading
to an explicit increase as the amplitude deviation € grows.
However, all cases except Case I can achieve the infidelity
persistently below 10~ even for large values of || up to 0.02,
indicating a superior amplitude noise robustness. The worst
noise sensitivity in Case I primarily stems from the use of
a larger laser Rabi frequency 2.(¢) that would amplify the
impact of amplitude fluctuations on the population dynamics,
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thereby exacerbating the phase accumulation and the pop-
ulation leakage [61]. In contrast, other schemes employing
lower peak Rabi frequencies or smoother pulse envelopes can
effectively suppress this amplitude noise-induced infidelity,
maintaining the infidelities at an acceptable level of 10~ or
below. This result suggests that the laser amplitude deviation
due to the ancillary drive in ASA gates brings a negligible
impact.

Infidelities from the detuning deviations. It should be noted
that the laser frequency fluctuations or the AC Stark shift
can result in an unknown detuning deviation which makes
the actual detuning given by the ancillary drive deviate from
the expected value A., thereby influencing the gate fidelity
[62]. We analyze the effect of this error through the intro-
duction of a deviation coefficient 7 that modifies the original
auxiliary frequency by A, — (1 4+ n)A., where 75 is also
considered as unknown yet constant, incorporating various
frequency error sources [63,64]. In Fig. 6(b) we calculate
the gate infidelity as a function of n € [-0.02, 0.02] for all
ASA gate schemes while € = 0. We can identify the best case
IIT that is most robust against the detuning error achieving
<10~* for all 1 values. Notably, as compared to the infidelity
caused by amplitude fluctuations [see Fig. 6(a)], this detuning
error is approximately one order of magnitude smaller. This
improved robustness can be attributed to the fact that A,
preserves a relatively large value instead of a time-varying
one, so a small disturbance does not significantly impact the
system.

Laser phase noise. With the motivation for an ancillary-
field error budget established, we next proceed by dealing with
the laser phase noise [65], modeled as a separately dephasing
process with the corresponding jump operator L; = |a){a| —
le)(e| between |a) and |e). Here we set the dephasing rate
as ¥y < 100 kHz and satisfy the weak dissipation condition
yaT < 1 (with T the gate duration) [66]. This assumption
allows us to treat the dephasing effect in a perturbative ex-
pansion to the first order of 3,7, and the resulting gate error
arising from the ancillary laser phase noise can be expressed
as an integral of its instantaneous contribution over the total
gate duration [45]:

T
gd%)/d/ dtsE(t, Ly). (14)
0
Here, the integrand &&(¢,L;) captures the infidelity
strength at each moment, having an explicit form
as

1
8E(t, Ly) =;Tr[Lj,<r>Ld<z)Hcmp]

—1 i
- K (K +1 ) Tr[Ld (t )HCmpLd (t )]Icmp]

~ oo L O L TLy (OLemp). - (15)

where the space dimension is k¥ = 2" with N = 2 the qubit
number, and I ., denotes the projector onto the computational
subspace. Here, Ly (t) = UT(¢)L,U (¢) is the noise operator in
the interaction picture, with U (¢) = exp[—i f(; H(t")dt'] being
the unitary time-evolution operator of the system. In this case

the dephasing error £; caused by the laser phase noise is
directly proportional to the rate y;.

Figure 6(c) shows the behavior of & as a function of
the dephasing rate y,; over a wide range of [0,100] kHz. The
results indicate that our ASA gates are notably robust to the
laser phase noise from auxiliary laser field. The gate error is
merely on the order of 10~* for all four cases, even under a
very large dephasing rate up to y; = 100 kHz. Specifically,
Cases III and LIM benefiting from much shorter gate times
(0.1709 and 0.1 ps, respectively), achieve a competitive value
of & ~ 3 x 107* for y; = 100 kHz. This observation is con-
sistent with the small differences between the time spent, T,
and T,, on states |e) and |a) during the gate duration (see
Table I). Analogously, we also evaluate another dephasing
error £ arising from the phase noise of the probe laser,
Qi (#). This is modeled by replacing the jump operator with
L, = [1)(1] — |e){el, quantified by the same rate range y; €
[0, 100] kHz [see inset of Fig. 6(c)]. As expected, this error is
more pronounced because of the large population difference
between [1) and |e) states. For shorter-duration gates (Cases
IIT and LIM), £, remains at the level of 1073 (the same error
scale as in a normal two-photon model [66]), and exceeds the
|a) — |e) dephasing error by one order of magnitude.

VI. SCHEME FEASIBILITY

Finally, it is worthwhile to point out that the ancillary
drive introduced in our scheme is able to provide an ef-
fective control for the gate acceleration, and meanwhile it
will not bring significant gate infidelity due to the presence
of state |a), which is confirmed by our error budget above.
For a practical Rydberg excitation, we consider parameters
proposed for 8’Rb qubits using a native two-photon transition
mediated by |e) = |5P3),, F =3, mg = —1) to the Rydberg
state |r) = |7081/2,J =1/2, my = —1/2) [67]. The initial
atomic qubits are prepared in |0) = |58\, F =1, mp =
0), [1) = |5S12, F = 2, mp = 0) forming the computational
basis states, and |a) = |551,2, F =2, mg = —1) is chosen as
the ancillary state. This choice of |a) not only ensures its
stability in avoiding the decay error but also creates a direct
single-photon transition between |a) and |e) implementing
the effective acceleration control. In addition, under realistic
conditions we quantify the population escaping outside the
computational subspace, e.g., due to the presence of a leak-
age state |k) = |5S12, F = 2, mp = —2) that also contributes
the gate infidelity. To simulate this leakage error we define
the jump operator L; = |k){e| and take the leakage rate to
be yx = by, with b = 0.0667 the branching ratio [68]. As
demonstrated in Ref. [69], the leakage error can be estimated
as

T
L )/k/ dis&(t, L) (16)
0
with
1 il
SE(t, Ly) = —TI'[Lk (t)LkHcmp]
K

1 .
—;Tr[Li(r)Hcmka(r)Hcmp]. (17)
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By resolving the noise operator L(t) = U'L;U(t) in the
complete Hilbert space (including |k)), we find that this er-
ror source only contributes a minor gate infidelity of & ~
(3.956, 4.016) x 10~ for Cases III and LIM.

As an illustrative example for the practical implemen-
tation of fast and high-fidelity gates, we assume the
blockade strength is V = 2w x 300 MHz corresponding to
the vdW coefficient Cs = 2 x 863 GHz um® with a dis-
tance of r~3.77 pm [68]. Other specific parameters
are 2,/2m = 50 MHz, Q,(¢)/2m < 200 MHz, and A/27 =
1.0 GHz, leading to the native two-photon Rabi frequency
given by 252 < 27 x 5.0 MHz. Note that we can extract an

24 X
enhanced Rabi frequency as

Q192
Q7
T 2(A+A0)

by taking Q.(#)/2r < 150MHz and A./27n =
—0.9337 GHz in Case III because of the ancillary drive.
Therefore, we provide a conservative lower bound for the
overall gate fidelity in Case III that leads to F ~ 0.9973
within the gate time of 0.1709 us by taking account of
(e, 1n, va) = (0.02,0.02, 50 kHz), demonstrating that the error
contribution from the ancillary field has been decreased to
be negligible: about 6.62 x 10~*. Even for the LIM case, by
considering all ancillary-field errors, the practical gate fidelity
will decrease to F = 0.9943, suggesting the same level of
errors, about 8.83 x 1074

Besides errors from the ancillary drive, our proposed gates
will be affected by error sources inherent to the native two-
photon transition (i.e., the general SA gate), such as the probe
dephasing error £ serving as a significant error source as well
as the state leakage &. After considering & (estimated by
v; = 20 kHz) and &, we obtain a more conservative estima-
tion for the predicted gate fidelity, which is F > 0.9954 for
the best Case III. Therefore, suppressing these imperfections
in the design of ancillary fields will be the subject of future
investigation.

Qefr = < 2w x 5.46 MHz (18)

VII. CONCLUSION AND OUTLOOK

We have developed an optimal-control method with an
acceleration strategy for implementing the fast two-qubit
entangling gates in neutral-Rydberg-atom platforms. Such
acceleration relies on an ancillary-field drive with its ampli-
tude and detuning both optimized, giving rise to an enhanced
two-photon Rabi coupling strength between the ground and
Rydberg states [70]. We identify that these pulses can strongly
shorten the gate execution time by more than 30% as com-
pared to the conventional two-photon protocols, while nearly
eliminating the extra technical errors such as the amplitude
deviations, the detuning deviations, and the laser phase noise
coming from the ancillary laser. Thanks to the shortened oper-
ation time, our gates can maintain a high Bell-state fidelity, for
example, above approximately 0.9973 with a 170.9 ns dura-
tion even in the presence of all decay errors and ancillary-field
imperfections. After taking account of other relevant error
sources, a more conservative lower bound for the ASA gate
fidelity remains at 0.9954. This improvement has significantly
outperformed the existing two-photon protocols in both speed

and error robustness, which is promising for a near-term im-
plementation in a realistic setup [31].

Notably, our approach can relax the conventional require-
ment for high-power lasers that has traditionally been deemed
essential for achieving fast quantum gates [71]. By leveraging
optimal control in an auxiliary-driven setting, we are able to
realize high-fidelity quantum operations at submicrosecond
timescales while still operating under moderate laser power
conditions. Our findings highlight the potential of integrat-
ing optimal-control strategy with ancillary drive to facilitate
large-scale, high-speed quantum computing in neutral-atom
platforms [72,73], opening up new avenues toward more
efficient quantum gate synthesis with reduced reliance on
extreme experimental parameters.
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APPENDIX: IMPROVING THE SA GATES
FOR THE LIM CASE

This Appendix will provide a detailed analysis of the stan-
dard two-photon SA gates which are implemented in the LIM
case with Tp = 0.1 ps, for a fast and high-fidelity SA gate.
In the main text we have shown a lower fidelity value, F =
0.9872, in this case because of the available laser intensity
set by Q(t)/27w < 200 MHz. Here, we explore two intuitive
strategies for improving the SA gate performance and reveal
their inherent bottlenecks as compared with the ASA gate
protocols.

Strategy 1: Increasing the upper bound of 2,(t). To make
a fair comparison with the ASA protocol, we first individu-
ally increase the maximum of €2;(¢) to 2 x [200, 300] MHz
for an optimization search which benefits from an enhanced
effective Rabi frequency for the ground-Rydberg transition
due to Qg ~ Qz‘fz, leading to an improved gate performance
in principle. However, we find that simply increasing €2; is
difficult to improve the gate fidelity in the LIM case. As
displayed in Fig. 7(al), which presents the fidelity outcomes
depending on 100 independent optimization runs, run coun-
terintuitively, the average fidelity value is only F' = 0.8589 +
0.0070, even much smaller than that of the LIM case (Table I)
where a smaller 2; is used. The physical interpretation of
this degradation originates from the breakdown of the large-
detuning condition for state |e) [see Fig. 7(b1)]. A higher
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FIG. 7. The gate fidelity F over 100 independent optimiza-
tion runs for two additional SA gates for the LIM case (Tp =
0.1 ps), where (al) the maximum of €,(¢)/27 is optimized
within the range [200,300] MHz and (a2) alongside with the in-
crease of A/2mw to 2.0 GHz. The dashed line and the shaded
region respectively denote the average number and the stan-
dard deviation. (bl), (b2) Optimized pulse amplitudes of €2;(z)
and the resolved time-dependent population (72.(t), 1,(t)) on the
intermediate and Rydberg states, as specifically highlighted by
red dots in (al) and (a2). Here, the optimized parameters are

and (—10.00, 150.49, 59.879, 274.54, 216.76) MHz, respectively.

2 gives rise to a substantial increase of the time integration
T, = fOT“ fi(t)dt =~ 1.419 ns in the lossy state |e), leading to

the intermediate decay error y, T, ~ 8.896 x 10~ dominating
the gate infidelity. Therefore, simply using higher-intensity
pulses to obtain fast SA gates is unfeasible here.

Strategy 2: Along with the increase of intermediate detuning
A. To suppress the intermediate decay error we additionally
use a larger A while keeping the maximum of €;(¢) within
2 x [200, 300] MHz, in order to improve the SA gates in
the LIM case. We still carry out 100 independent optimiza-
tions with the same set of parameters at 7o = 0.1 us. As
plotted in Fig. 7(a2), the statistical distribution of optimiza-
tion outcomes shows that the average fidelity number has
grown to F = 0.9935 &£ 0.0018, having reached a compara-
ble level with the LIM case of ASA gates [see Fig. 5(b)].
That mainly arises from the significant decrease of the time
spent, 7, & 0.205 ns, on state |e) due to the far-off-resonance
condition, which in turn leads to a much smaller decay error
veT, 2~ 1.290 x 1073, Nevertheless, we also find that this im-
provement for the fastest SA gate requires more demanding
cost, i.e., a much larger laser amplitude €2;(¢) with its peak
value more than 2 x 250 MHz, which lowers the feasibility
in a practical experimental setup.

Based on the comparison of the two strategies above, we
highlight that the standard SA gate scheme possesses an in-
herent trade-off in the LIM case, i.e., accelerating the gate
speed via simply increasing the laser drive inevitably exac-
erbates the intrinsic decay errors, while suppressing these
errors via a larger detuning will impose impractical experi-
mental demands. In contrast, our new ASA protocol, relying
on a moderate ancillary drive as an independent control
knob, provides an alternative way to accelerate the gate
without the need for even stronger laser pulses. In Sec. IV
we have presented the realization of the fastest ASA gates
at T = 0.1 ps with a high fidelity of F > 0.995 (with de-
cay error only), in which all laser pulses are moderate and
experimentally accessible, outperforming the standard SA
gates.
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