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We propose an implementation of a CZ gate for a neutral-atom quantum computer which is robust against noise.
Although high-accuracy gates have been designed for neutral-atom computers, the design of gates resistant against noise
found in experiments has not been widely explored in literature. To design a robust gate special considerations must be
taken into account, such as correct parameters to be robust against, an efficient metric which may differentiate against
robust and non-robust gates, and an efficient solver. The gate proposed is shown to maintain an average gate fidelity of
> 0.92, an improvement from 0.65 using a non-robust gate, under pertubations in commonly noisy parameters.

INTRODUCTION

As technology is increasingly dependent on understanding
the quantum world, the ability to simulate complicated quan-
tum dynamics becomes more important. This are notoriously
hard to simulate classically, but can be done by leveraging
the unique properties of quantum physics on a quantum com-
puter. In this way, quantum simulation and computing holds
promise to provide a significant speedup to intractable prob-
lems in computing. However, these computers are currently
prone to noise, making noise mitigation incredibly important.

In this study we propose an implementation of a logical gate
on a neutral-atom quantum computer that remains accurate in
the presence of noise in the parameters. Gates on quantum
computers are very sensitive to noise, and traditionally im-
plementations of gates have been determined without taking
into account experimental inaccuracy. This noise is shown to
have a non-negligible effect on the efficacy of the gate, mean-
ing the accuracy of implementations found using non-robust
objectives may be significantly lowered under noisy condi-
tions found in experiment. Optimal control using a metric
robust against noise requires special considerations, such as
the determination of correct parameters to be robust against, a
metric which is able to differentiate between robust and non-
robust gates, and the design of an efficient robust optimizer.

METHODS

In a neutral-atom quantum computer, qubits are encoded in
an array of alkali atoms trapped in an optical lattice [1]. Alkali
atoms are used because of their single valence electron, which
may be manipulated freely while keeping the filled shells sta-
ble. This means we do not have to worry about multi-electron
effects without having to deal with light atoms such as hydro-
gen. For our computer we use cesium, however rubidium has
also been employed for similar purposes.

The structure of the array is created using an optical lattice.
By shining lasers blue-detuned from an atomic transition, an
effective energy gradient is created. This motivates the atoms
to rest in locations where the intensity of the light is mini-
mized. By shining the lasers in a grid, we are able to get the
atoms to rest in a lattice.

Gates are implemented by addressing the atoms with lasers

detuned from their atomic frequency. The shape of the inten-
sity and detuning of the laser, which we refer to as the pulse
shape, is important in ensuring that the correct final state is
achieved from any initial state.

We are able to store quantum data in the lattice by encoding
the data in energy levels of each atom. A unit of quantum data
is referred to as a qubit, and may assume a O or a 1. However,
the unique properties of quantum systems allow us to store
combinations of Os and 1s in a single qubit, or connect differ-
ent qubits in a manner known as entanglement. Entanglement
is one of the most important functions of a quantum computer,
but it is highly sensitive to noise.

In a neutral-atom quantum computer, entanglement is
achieved using Rydberg blockage. By exciting one atom
to a high-energy Rydberg state, strong dipole-dipole interac-
tions are induced between the Rydberg atom and neighboring
atoms. This shifts the energy levels of the neighboring atoms,
meaning that addressing a nearby atom with the same laser
will not excite it to the Rydberg state, as the frequency of the
laser will be wrong. By addressing an atom with a laser which
only shifts the |1) state to a Rydberg state, we are able to im-
part a relative phase on the |00),|01) and |11) states.

Specifically, the gate we wish to implement is known as a
controlled Z gate, or a CZ gate. These, along with CNOT
gates, are the most common entangling gates employed in
quantum computing. In many implementations of CZ gates
on neutral-atom processors, extra logic gates are included be-
fore or after the CZ gate to correct the phase induced by the
gate. These gates are known as Z gates, may introduced ad-
ditional noise not found in the CZ gate itself. Therefore, we
focused on the implementation of a CZ gate without corrective
Z gates.

The full evolution of the system is performed under the
Lindblad master equation
%‘; =—i[p,FI]+Z<IZipIZ,~‘ —;{p,i?ii}) (1)

l
which is the most general evolution of a quantum system
which preserves the trace of the density matrix. Given a pure
input state pj, and an desired, pure output state poy, the gate
fidelity of a unitary gate U is defined as

F =Tr(poul pinU") 2

The metric then used is the average gate fidelity, or the average
accuracy of the gate acting on all input states. To determine
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the effect of the pulse shape on the robustness of a solution, we
compare the robustness of two different pulses. One uses the
parameters and pulse shape in [2], which we call the qLDPC
gate. The other is the adiabatic rapid passage pulse in [3],
which is referred to as the ARP gate.

The parameters used for Rydberg blockage are found on
Gate 1 of [2], which uses a Rydberg blockage strength of
415.0MHz /27 corresponding to a lattice spacing of 1.7um
and the Rydberg state |50s ! ). These parameters were used

for both gates for consistency, although the original ARP
gate in [3] is optimized under a different Rydberg block-
age. The Rydberg state was also modelled as having a life-
time of Tg = 60.4ns. This is modelled by Lindblam terms

L=
state 5. We use by = 7= for the |0) and |1) states, and by = 7 to
a fully decoherent state |d). This leads to a theoretical bound
on the gate error of gni, = ﬁ =1.27-1073, and a theoretical
bound on the fidelity of Fax = 0.999987.

To obtain robust optima, rather than minimizing the error
itself we minimize the worst-case error obtained by perturbing
the parameters around a central point

%; |s) (r|, where by denotes the branching ratio to the

min max €(i) 3
X ieB(x)

where B(X) is a neighborhood of ¥. We call this a robust opti-

mum, as it is more robust in the context of noisy signals. As

the vector X represents a set of parameters in parameter space,

it is called the center parameters.

In the context of experimental error, we assume that in the
worst case all parameters may be perturbed independently of
each other to a certain maximum error. Therefore the neigh-
borhood under the L™ norm is used
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where 6B; are maximum errors corresponding to each param-
eter, which we call the box widths.

Two different methods of finding the robust optimum were
used. One we denote Box; because we are optimizing over a
box in parameter space surrounding the center point, we can
assume that the maximum of the objective is attained at one
of the far corners. We then use a simplex method, with the
objective being the maximum of the error at each corner of
the box along with the error at the center parameters

Ebox(f) = max({s(xl +06B1,xp+ 0By, .. x, £ 5Bn)},8(f))
®)
We also use a manifold sampling algorithm presented in
[4], which we denote the Manifold method. This algorithm
approximates the set B(X) as several selected points, which
are updated throughout the run. Points are chosen which gen-
erally give the maximal error for center parameters
The box widths for both the qLDPC and ARP runs are
found in tables I and II. These were selected based on exper-
imental data found in [2] and [3], along with considerations

6Qy/2n 6T  8Ap/2m  da Sf 6T
Small £0.1MHz +2ns +£0.5MHz 40.25 +0.5MHz =£2ns
Big +0.5MHz £10ns +£0.5MHz +0.25 £0.5MHz +10ns

TABLE I. Box widths for the Small and Big objectives for the
qLDPC gate.

0Qp/2r 8T  8Ay/2m  OAump/2m O7
Small £0.1MHz +2ns +0.5MHz +0.5MHz +2ns
Big +0.5MHz £10ns +0.5MHz +0.5MHz +10ns

TABLE II. Box widths for the Small and Big objectives for the ARP
pulse.

for parameters that are generally noisy and stable in experi-
ment. As the magnitude and shape of the detuning tends to
be more prone to error than the intensity of the laser percent-
agewise, we include two metrics. One metric, which we call
Small, employs smaller errors in pulse intensity and duration
relative to errors in detuning. For example, the parameters
Ao, a, f are perturbed relatively more compared to the parame-
ters Qo, T, T, as the former significantly control the magnitude
and shape of the detuning. The other, which is named Big,
includes relatively large errors in all parameters.

Non-Robust S. Box B. Box S. Manifold B. Manifold

Non-Robust 0.99978 0.983 0.9936 0.988 0.973
Small Objective 0.654 0.926 0.924 0.928 0.828
Big Objective  0.575 0.838 0.858 0.862 0.686

TABLE III. Fidelities of the optima found for the non-robust opti-
mizer and four different robust optimizers for the qLDPC gate. The
robust optimizers begun at the non-robust optimum, and the non-
robust optimizer started at the parameters for Gate 1 in [2].

Simulations were performed using a JAX wrapper for
QuTIP [5]. This provided us with a means of autodifferen-
tiation with respect to input parameters, which greatly im-
proved the efficiency of optimizers. The optimization it-
self was performed using a Python wrapper for NLOpt [6].
Derivative-based optimization was performed using SLSQP,
and derivative-free optimization used the Subplex method.

In all cases used here, the fidelity can ultimately be writ-
ten as a function of many expectation operators, which may
be evaluated in parallel. Certain robust objectives such as
Box further lend itself to parallel computing, as the number
of sampled inputs grows exponentially with the number of
parameters, leading to serial implementations of this func-
tion being incredibly slow. However, the autodifferentiation
software used was not suited for flexible parallelization of the
many different objectives required.

A scheme using MPI was implemented which is able to ef-
ficiently parallelize both non-robust and robust calculation of
the objective. This was done by sharding the calculation of
the expectation operators, which is the most computationally
intensive process in calculating the objective, in addition to
sharding the calculation of the many points used in the Box
objective. The calculation is parallelized such that each job
corresponded to one evaluation of the expectation operators of
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Non-Robust S. Box B. Box S. Manifold B. Manifold

Non-Robust 0.9990 0.9985 0.983 0.9945 0.976
Small Objective 0.810 0.813 0.806 0.908 0.897
Big Objective  0.670 0.674 0.762 0.854 0.869

TABLE 1IV. Fidelities of the optima found for the non-robust opti-
mizer and four different robust optimizers for the ARP gate. The ro-
bust optimizers begun at the non-robust optimum, and the non-robust
optimizer started at the parameters for [3].

a time-evolved state. This allows for flexible implementations
of different metrics in a single framework while minimizing
the overhead.

RESULTS

Usually, an additional corrective phase gate is included at
the beginning or end of a CZ gate. This may lead to extraneous
errors in practice. We found that it was possible to implement
the CZ gate without corrective pulses in both the qLDPC and
ARP implementations. The minimum error for the non-robust
metric was found to be € = 2.23-107* = 17.55¢y;, in the
qLDPC implementation and € = 1.03 - 1073 = 81.33¢,;, for
the ARP implementation.

Results for the optimization of the gLDPC and ARP gates
are found in tables III and IV respectively. In both cases, ro-
bustness was found to not be guaranteed by using an optimizer
which does not account for it. For example, the non-robust
optima in the qLDPC implementation had a fidelity of 0.654
under the Small objective, and the non-robust ARP parameters
had a fidelity of 0.810 under the same objective. In contrast,
parameters for both gates were found with robust fidelities of
0.928 and 0.908 respectively under the Small objective.

The fidelities obtained for the qLDPC gate were consis-
tently found to be higher in the Small objective than the fi-
delities of the ARP gate, while the fidelities in the Big ob-
jective were observed to be similar. The difference between
the maximal robust fidelity in the Small objective between the
two implementations was Fyjapc — Farp = 0.02, while the dif-
ference of the maximal fidelities found in the Big objective
was Fyrp — Fyigpe = 0.007. It is additionally important to note
that the ARP gate had less parameters to perturb against.

Parameters determined for each optimum are found in ta-
bles ?? and ?? for the qLDPC gate and the ARP gate re-
spectively. Contour plots of the neighborhood of the solution
found are shown in Fig. 1. While research in the literature has
focused against robustness against pertubations in the maxi-
mum intensity and detuning of the laser, it is shown that per-
tubations in shape parameters must also be taken into account.

Graphs displaying the evolution of the maximally entangled
Bell state |®.) = %(|OO) +|11)) and the state |11) are found

in Figs. 2 and 3 for the non-robust gate and the Small Man-
ifold gate respectively. Ideally, the state |, ) should end up
in the state |®_) = %(|00> —|11)) and the state |11) should

return back to |11) by the end of the evolution. Interestingly,
there are qualitative differences between the evolution of these
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FIG. 1. Contour plots of the non-robust and Small Manifold with the
gLDPC implementation. The logarithm of the error log;(€) against
both pertubations in g and A and pertubations in @ and f.
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FIG. 2. Evolution of the Bell state |®, ) and the state |11) under the
non-robust gate using the gLDPC implementation.

two states between robust and non-robust gates, which will be
a subject of future research.

DISCUSSION

As the robustness of a pulse was observed to be dependent
on its shape, we plan on investigating reasoning behind why
certain pulses are more robust than others in future research.
Specifically, we will attempt to perform robust optimization
over a wider set of pulse shapes and noisy conditions. Errors
extraneous to the error in parameters, such as crosstalk or a fi-
nite atom temperature, will also be addressed in greater detail.

Our work has focused on one specific implementation of a
CZ gate. Namely, the gate we propose uses a single-photon
process to excite the |1) state to a Rydberg state. Other imple-
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Robust - Best Case

Qo/2n(MHz) T (ns)

Ao/2n(MHz) a

f(MHz) 7(ns)

Non-Robust 20.36 226.1 -14.10 7.89 4.29
Small Box 17.06 310.0 -23.44 6.04 4.36
Big Box 19.32 242.4 -24.32 6.06 4.54
Small Manifold 40.18 176.2 -26.50 7.00 10.39
Big Manifold 23.39 2254 -11.18 6.06 6.70

1.91
3.00
1.03
1.95
1.92

TABLE V. Optimal parameters determined for the qLDPC gate.

Qo/2x(MHz) T (ns) Ag/2n(MHz) Aamp/27(MHz) 7(ns)
Non-Robust 79.94 353.6 1.41 36.97 129.5
Small Box 79.94 352.1 141 36.30 129.5
Big Box 80.08 308.1 1.48 75.58 128.8
Small Manifold 88.31 234.1 2.14 76.40 134.4
Big Manifold 88.52 223.1 2.22 70.49 202.5

TABLE VI. Optimal parameters determined for the ARP pulse.

Robust - Best Case

noise compared to others. We show a dependence of the ro-

104 —— Population in [@.)
Population in [0-)

W

bustness of a gate and the shape of the pulse, and study the
properties of two different gates under experimental noise.
Additionally, parameters of a CZ gate have been proposed
which are robust against error in two different implementa-
tions. In both cases robust gates maintain fidelities of > 0.9

in the presence of noise. This motivates a continued study of
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FIG. 3. Evolution of the Bell state |®. ) and the state |11) under the
Small Manifold gate using the gLDPC implementation.

mentations, such as the usage of a double-photon process [3]
or Forester resonance [7]. These have been proposed to offer
improvements on robust fidelity in certain situations.

Additionally, gates have been proposed for a neutral-atom
quantum computer which entangle more than 2 qubits. We
plan on investigating the feasibility of a robust implementa-
tion of these gates, along with more general entangling gates
for 2 qubits, in future research.

CONCLUSION

We have shown that noise in the parameters is a nontriv-
ial consideration for gate design. In particular, certain gates
which may have high fidelity are less stable to experimental

development of scalable quantum technology.
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