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We review the recent developments in high-fidelity entangling gates using Rydberg interactions of
neutral atom qubits. We focus on the work by Evered et al. [I] realizing two-qubit phase gates with
99.5% fidelity on up to 60 atoms in parallel. We provide an overview of key techniques, including
optimal control methods, atomic dark states, and various benchmarking strategies. We report the
key results and provide an outlook for future progress and applications.

I. INTRODUCTION

Neutral atom quantum processors have emerged as one
of the most promising platforms in quantum technol-
ogy, gaining traction in quantum information process-
ing [2] as well as quantum simulation of complex many-
body dynamics [3]. Hyperfine and metastable states
within trapped ions are a natural choice for the stor-
age of quantum information because of their exception-
ally long coherence times [4]. Single atom initializa-
tion, local addressing and high-fidelity readout have been
demonstrated with multiple atomic species [BH7]. The
strong, long-range interactions via by the Rydberg block-
ade mechanism [3] enables the implementation of multi-
qubit gates. These interactions can be turned on and off
with a contrast of 12 orders of magnitude, enabling high
fidelity quantum logic [8,[9]. Additionally, atomic qubits
offer spatial mobility, which enables high system connec-
tivity. Freedom from locality constraints allows for en-
hanced flexibility, particularly when considering encoding
information within an error-correcting code.

High-fidelity entangling gates is a major thrust within
the field of quantum computing. Specifically, it is essen-
tial to get error rates below threshold [I0] to enable large-
scale fault-tolerant quantum computation [II]. Herein,
the outstanding challenge within neutral atom computing
has been improving the two-qubit fidelity above and be-
yond the previous demonstrations of 97.5%, and bridging
the gap with the state-of-the-art entangling operations in
other platforms such as superconducting qubits (99.4%,
74 qubits) [12] and ion-trap computers (99.4 — 99.6%, 30
qubits) [I3]. This gap been closed in recent years with
99.4 - 99.7% fidelity achieved [Il 14, I5] in multiple ex-
periments.

In this paper, we examine the work of Evered et al.
[1], starting with a detailed discussion of their approach
to qubit manipulation. We then review prior techniques
for Rydberg entangling gates, followed by an in-depth
exploration of the optimal control techniques employed
to achieve high-fidelity gates using the Rydberg blockade
mechanism. We also discuss the benchmarking methods
used to evaluate these gates. After presenting the results
from [1], we conclude with a segue to the concept of the
elusive path of three nines.
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FIG. 1. Level Diagram of ®"Rb used in [I]. Shown are

the two computational states {|0),]|1)}, which couple to the
5Py, state for single-qubit gates via Raman transitions at
795nm. The two-photon Rydberg transition between |1) and
le) = 6P/ is driven via 420nm and 1013nm lasers. The level-
splitting induced by a constant DC magnetic field of 8.5G is
also depicted. The main error sources shown: Rydberg-state
decay vr, intermediate-state scattering ., and Rydberg de-
phasing T5. Two qubit gates involve modulating the Rabi
frequency €(t) and phase ¢(t) profiles of the 420nm leg of
the two-photon transition.

A. The Qubit

Qubits in this work are stored in the hyperfine struc-
ture of trapped 3’Rb atoms. These atoms are individ-
ually trapped in optical tweezers and cooled to near
the motional ground state (10uK, with estimated radial
phonon number 7 # 1 —2). This set-up allows them to
be moved precisely, which will be a critical component of
entangling gates.

The computational basis states are given by the clock
states in the mp = 0 hyperfine manifold, viz., |0) := |F =
1, mp =0) and |1) := |F = 2, mp = 0), split by a spatially
uniform magnetic field. Outside of the computational
subspace, the highly energetic 535/, Rydberg state |r)
is used for entangling operations (the details of which
are the concern of the bulk of this work). The |r) state
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FIG. 2. (a) Simplified level diagram for two-atom interaction
via the Rydberg blockade mechanism [I6]. (b) Pulse pro-
files of the time-optimal and smooth-amplitude gates demon-
strated in [I].

is accessed via a two-photon Raman transition with the
6P5/5 as an intermediate excited state, denoted |e) (see
Fig. .

Initialization proceeds via a pumping scheme to the |0)
state. The qubit is first pumped into the |F = 2,mp = 2)
state with o™ polarized 780nm light. Then, the magnetic
field is rotated by 90° such that the Raman laser propa-
gation axis has an orthogonal component and can drive
o* transitions in the hyperfine manifold. Further, two
separate Raman pulses are applied which transfer pop-
ulation from |F =2,mp =2) to |F'=1,mp =1) and then
to |F =2,mp =0). The magnetic field is then rotated
back. The estimated pumping fidelity is 99.7 — 99.8%.
Measurements are performed by shining light to strongly
couple F' =2 to F’ = 3 on the D2 transition, which heats
up atoms in |1) and subsequently expels all atoms in the
|1) state from the traps. This, in-turn is a fluorescence
based readout of the atom array with combined pushout
and imaging fidelity of 99.83%.

Single-qubit gates are executed using Raman transi-
tions blue-detuned from the 5P, intermediate state.
These have high fidelity (99.97% as measured by single-
qubit randomized benchmarking). The fidelity of these
gates is primarily limited by the population of the 5P/,
state. Since this scales with Q/A, error could be further
suppressed by increasing the detuning A. However, be-
cause this is still more than an order of magnitude better
than the improved two-qubit gate performance, single-
qubit errors aren’t a significant concern.

B. Previous Entangling Gates

Prior to the work presented here, state of the art neu-
tral atom processors used entangling gates mediated by a
global laser (or pair of lasers) with a discrete phase jump
[7]. This laser is resonant with the transition between
the |1) state and the excited |r) state. This gate should
be understood by examining the dynamics of the three

states of interest: |00), [01), and |11).

Firstly, the laser is not resonant with |0), so the gate
acts as the identity on |00). Secondly, |01) is driven in
coherent oscillations with the state |0r). As is the familiar
for two-level systems, the frequency of this oscillation is
|| where Q is the coupling strength. Finally, the most
complicated case is the dynamics of |11). To understand
this we examine the effective Hamiltonian of the 4-level
subspace {|11}, |1r), |rl),|rr)}. The Hamiltonian for
a two-atom interaction in the rotating frame reads (see

Fig. a)),
Q1 QQ
H= 5 1), (7"|1®]l+1®3 1), (r|y+V |rr) (rr|+h.c. (1)

Since we are concerned with the case of global control,
with Q1 = Q5 =, and now the Hamiltonian matrix is,

0 Q Q0
1 0 0 Q
0 Q" Q°V

Where V is the so-called “Rydberg Blockade” [3] which
results from the Van-der-Waals interaction of nearby
atoms in the |r) states. For the purposes of understand-
ing the gate, the fact that V > |Q2] means that Hamilto-
nian is approximately block diagonal, and the |rr) state is
not populated. Note that this in-turn implies a higher ||
can potentially induced finite-blockade effects. We may
further block-diagonalize the remaining 3-state Hamilto-
nian by changing our basis to [11), (|17 |r1))/v/2. This
change of basis gives us:

1
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This makes an effective two-level system which oscillates
between |11) and a state [W) := (|1r) +|r1))/\/2 with fre-
quency v/2|Q|. Since |W) is outside the computational
subspace, our gate should return |11) to itself with some
phase. Since we also need to return |01) to itself up to
a phase, this cannot be accomplished by any single rota-
tion.

A simple solution to this problem is to rotate |11) for
a full rotation while partially rotating [01). We can then
switch the axis of rotation and do another full period for
the |11) state. If the axes are chosen well, this can also
return |01) to itself (Fig. [3). The states |01) and |11)
return with phases ¢g1 and ¢11 respectively.

Changing the axis of rotation is accomplished by
changing the phase ¢ = arg(Q) of the laser driving the
transition. An equivalent picture of this task is changing
the detuning A of the laser, which is related to the phase
by A =-d¢/dt [T}, 16].
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FIG. 3. The dynamics of the [01) and |11) states during the
global gate pulse can be modeled as two level systems with
excited states |[0r) and W) respectively. The Rabi frequencies
of these two systems differ by a factor /2, so the computa-
tional subspace cannot be recovered while rotating about a
time-independent axis. Switching between two axes allows
recovery while applying phases ¢o1 and ¢11 on each state. [7]

There are many possible sequences of two pulses sep-
arated by a phase jump which satisfy the condition of
mapping the computational subspace to itself. Each re-
sults in a different relative phase ¢11 — 2¢91. There is
however, a unique solution which gives a relative phase
7, which corresponds to controlled Z gate (up to local
unitaries).

II. METHODS
A. Optimized Gate Implementations

The control parameter in designing the gates for this
system is effectively Q(t)e**®, giving us real functions
of time—  and ¢— to be optimized for achieving fast,
high-fidelity entangling gates. More precisely, if U(T) :=
Texp{—L fot H(T)dT} is the unitary implemented by the
Hamiltonian evolution and Uy is the desired unitary (for
instance, the CZ or CCZ gates) then we wish to maximize
the average gate fidelity, viz.,

F= Y| USU (T)|)? 4

e V(U U(T) )] (4)

where the integral is over the two-qubit Hilbert space

H®2.  Optimal control methods are used to achieve

this task, leading to time-optimal [I [I6] and smooth-
amplitude pulse sequences [I], as we discuss now.

1. Time-Optimal Gates

Entangling gates on neutral atoms have the following
general sources of error [16]:

1. Scattering from intermediate states of two-photon
transitions

2. Finite lifetime of Rydberg state

3. Variation in Rydberg blockade strength (coupled
through position)

4. Laser phase and intensity noise
5. Doppler shifts (thermal motion)

Many of these errors, particularly the first two, scale with
the duration of the gate. Because of this, optimizing for
minimal gate duration is a reasonable proxy for fidelity
maximization.

This idea can be used in conjunction with Gradient
Ascent Pulse Engineering (GRAPE), which is a compu-
tational technique used for optimal quantum control [I7].
Using GRAPE requires specifying an initial state g, a
gate duration T, a parameterized unitary U,(t), and a
cost function J(¢). Then it finds the parameter vector
a that minimizes J (U, (T)vg).

In the context of implementing the CZ gate with only
global control (which is desirable for experimental feasi-
bility), the unitary must act symmetrically on |01) and
|10). Because of this, the unitary is completely defined
by its action on the initial state 1y = |01) + |11). This
feature makes analysis with GRAPE relatively straight-
forward [I6]. We can define a cost-function J =1 - F
with the fidelity F' given by:

1
F= 20 (11 +2a01 + an? + 1+ 2lao1 [* +|as1*)
Qg = et (ql Ua(T) W’O)

All that is left is to optimize over Q(¢). If make the phys-
ically reasonable assumption that we have access to only
values of  with [Q] < Qmax, then the time optimal gate
must have [Q(t)| = Quax for all ¢. If this were not the
case, the gate could be accelerated by simply increas-
ing |Q(¢)| at sub-maximal values of ¢t and compressing
o(t) = arg((t)) appropriately. We then optimize over
@(t). Since the time derivative of phase is detuning, this
function must be differentiable. With this condition, we
can discretize ¢ in a physically sensible way.

Applying GRAPE for many values of the unitless pa-
rameter Qa1 shows that there is a threshold value
QmaxTy which is the minimum possible value for a high
fidelity gate (Fig.4). The pulse shown assumes that the
Rydberg block V is arbitrarily large and thus |rr) is com-
pletely unpopulated throughout the duration of the gate.
However, this assumption is not necessary for this numer-
ical method to work; qualitatively similar pulses can be
found for any finite value of V/Q. In physical systems, V

(5)
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FIG. 4. (a) Maximum possible fidelity found by GRAPE for different values of gate duration 7. This is normalized by maximum
available Rabi frequency Qmax. (b) Higher resolution plot on a log scale of the same as (a). We see that GRAPE fails to increase
fidelity when loosening duration constraints past some critical duration T%Qmax = 7.612. Increasing the parameter dimension
available to GRAPE does not significantly alter this behavior. (¢) Phase pulse proposed by GRAPE for gate duration T = T%.

6]

is a function of interatomic distance. We can then make
an ideal gate for a fixed distance, but variation from this
distance is a source of infidelity.

The fixed amplitude, or time optimal gate employed in
[1] is thus of the form (see Fig. b)),

o(t) = Acos (wt — @g) (6)

constituting an exact gate with QT/27 = 1.215, thus be-
ing 0.2% slower than the gate in [I6].

2. Smooth Amplitude Gates

In an effort to further generalize the idea of a time-
optimal gate proposed by Jandura and Pupillo [16], Ev-
ered et al. [I] also propose a pulse which has time de-
pendent |Q(¢)]. The purpose of this gate design was to
further suppress scattering from the intermediate state
le). Based on the non-Hermitian Hamiltonian which in-
cludes the term w7, |e) (e| (see Appendix to capture
intermediate scattering, they were able to infer the func-
tional form (see Fig. [2[b)),

Qu20(t) ”
———2 =g + Qysech (wr
Q1013 0T (wr) (7)

o(t) = 67 + Btanh (A1)

They provide no analytical justification for this form, but
rather seem to use qualitative analysis El The pulse can
then be optimized over the parameters in the above form
using GRAPE. While this gate suppresses intermediate-
state scattering and reduces off-resonant coupling to

L Analytical justification for this form eludes us. It seems this was
pulled out from their collective caboose.

other states it is more susceptible to finite-blockade ef-
fects owing to larger maximal Rabi frequencies during the
gate profile. E| Moreover, the time-optimal gate is actu-
ally slower (Q7 /27 = 1.215) than the smooth amplitude
gate (QT'/2m = 1.207).

We remind the readelﬁ that the amplitude and phase
of the 1013nm laser is kept constant at all times, and the
two photon detuning ¢ is effectively time dependent as
0= (S(t) x —(b’(t) MOTQOVGI‘, Q= Q42091013/2A.

We can develop a qualitative understanding of how this
gate suppresses intermediate state scattering by consid-
ering the dark-state basis for the two-photon transition
[1) - |e} — |r). If we consider the intermediate detuning
A as the dominant energy scale (as compared with the
Rabi frequencies and the two-photon detuning §), we can
write this basis to first order in Q1913/A as:

-1 a
Dyi= —— 1)+ 2
Dy A A
2
IB) = 10‘ 2|1>+Q““32“A1+a le) + 1a =) (8)
Vit+to VIi+o

_ —aflois Q1013

)= 03 ) gy - Do

with a = a(t) = Q420(t)/Q1013. This basis allows us to
consider the gate as a nearly perfect two-level system,
since population of |E) is suppressed by (Q3,,30%/A%).
The task of minimizing intermediate state scattering can
then be reduced to minimizing the population of the
bright state |B) during the execution of the gate, since
this corresponds directly with the population of |e).

2 We are unsure why they don’t use that maximal Rabi frequency
for the time-optimal gate.
3 Genyue and/or Jeff



All time-scales in the gate, including the rise time
(~ 10ns) of the blue laser in the time-optimal gate, are
adiabatic with respect to the splitting A. Thus, upon
turning on the blue laser, the dressed initial state is

af) ! 1

Note that the |E) is the highest energy state, separated
from the {|B), |D)} manifold by A. We can thus de-
scribe the evolution of |1) upon turning on the red laser
in the {|B), |D)} subspace with the following effective
Hamiltonian

2
~5/2(1B) (D] + D) (B)) + 1283 D) (D] (10)
Now, upon choosing A<0 and >0 we increase population
in the dark state, viz., Pp — Pg ~ |§A|Q3)5/(262A% +
Q%Olg). Moreover, the time-optimal gate is operated at
a(t) = 1, whereby the smooth-amplitude gate starts from
a << 1.

However, ¢§ is of the same order of magnitude as €,
which is roughly 3 orders of magnitude smaller than A.
Because of this, true adiabatic transfer from [1) to |D)
is not possible without drastically increasing gate-time.
Phrased another way, one simply cannot operate at o << 1
for the entire gate profile as a larger admixture of the
bright state is needed to realize the Rydberg population.
Nonetheless, we can intuitively understand that gradu-
ally turning the gate on and off will suppress scattering
in comparison to the time-optimal approach.

The true picture is more complicated than the intuitive
picture we have described above. Nonetheless, Evered et
al. [1I] claim that their numerics support the basic conclu-
sion that the degree of possible scattering suppression in-
creases as they loosen the restrictions on gate-time. They
note that a gate the same duration as the time-optimal
EI gate can suppress scattering by a factor of 1.2 and that
a gate twice as long as time-optimal has a suppression
factor of 2.5.

B. Benchmarking

The term randomized benchmarking (RB) [I8] de-
scribes a set of protocols and tools widely used within
the community to characterize noisy quantum devices.
The goal is to estimate the errors of noisy devices in a
fashion that is immune to state preparation and measure-
ment (SPAM) faults. The general paradigm of RB falls
into the following two parts [19]:

1. data-collection. (1) prepare a (ensemble of) states
of the device (2) apply a sequence of random quan-
tum operators (sequence length T') (3) apply a cor-
rection unitary, and (4) measure

4 Again, the name “time-optimal” appears to be a smidgen of a
misnomer.
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FIG. 5. (a) Spacing for parallel implementation of 10 C'Z.
(b) Example plot for the extraction of Bell-state fidelity. This
particular plot corresponds to raw Bell-state fidelity after a
single C'Z gate. (c) Circuit for measuring train of C'Z gates.
(d) Plot illustrating fidelity with variable number of C'Z gates
along with an exponential fit. This shows the time-optimal
protocol[I]

2. postprocessing. (1) fit the measurement histogram
to a known functional form and (2) extract relevant
fidelities

More concretely, if the sequence of random unitaries
is ¢g1,92...,97, the the correction unitary is g. :=
g1'g5" ... g7" and brings back the qubit state into some
fiducial state in the noise-free case. With noise, one can
generally (see [19] for rigorous guarantees) fit a form of
constant x F* to the return probability. Thus, experi-
mentally measuring the return probability as a function
of the sequence length t provides a good estimate of the
fidelity F. Full RB typically requires extensive experi-
mental control as the set of gates applied has to be ran-
dom enough. Specifically for estimating 2-qubit Rydberg
CZ gate fidelities, one can consider the following two sit-

uations [15],

o (True fidelity)
Faar = El/wHaarTr[CZ W]) ('l/}| cZz uC‘Z(l'l/}) ('l/)|)]

e (Symmetry-restricted fidelity)
Fsym = E'¢~Sym—Haar(2)Tr[CZ W) <¢| cz uCZ(l’l/}) (wD]

where Ucz is the actual (possibly non-unitary) operation
implemented and the latter includes an average over all
the states which are symmetric under a permutation of
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m

the two qubits. The need for the latter naturally arises
in the Rydberg scenario due to the global controls.

III. RESULTS

A. Characterization of CZ Gates

Evered et al. [I] characterize their entangling gates
by measuring the quality of the Bell states they pro-
duce. More explicitly, they create the Bell states |®*) =
(|00) +|11))/v/2 and apply a global 7/2-pulse with a Z
variable phase. The authors then construct the correla-
tor (Z1Zs) from transversal Z basis measurement. For
an ideal state |®*), this correlator will oscillate between
+1. An imperfect Bell state will result in oscillation with
amplitude less than 1. This amplitude is a good approx-
imation of the fidelity of your procedure [20]. We study
the Bell fidelity a bit more in depth in Appendix

Using this technique, they measure a raw Bell-state fi-
delity of 98.0(2)%. However, the infidelity of these states
is dominated by SPAM errors. They account for these
by preparing and subsequently measuring computational
basis states and estimating the probability of atom loss
during the gate. The result is a corrected Bell state fi-
delity of 99.4(4)%.

Additionally, they more systematically extract the gate
infidelity by applying odd-length trains of C'Z gates and
measuring the fidelity of the resultant Bell pair. By fit-
ting an exponential curve to the fidelity with respect
to the number of CZ gates used, the marginal contri-
bution of each gate can be inferred quantitatively Fig.

5 we might have gotten a little obsessed

This finds a two-qubit entangling gate fidelity of
Feoz =99.54(2)%.

B. Global Randomized Benchmarking

In yet another fashion of interleaved RBs, Evered et al.
[1] demonstrates the high-fidelity operation of the two-
qubit CZ gate via interleaving CZ gates with global single
qubit Haar random gates. This is shown in Fig. @(a). We
outline subtleties with this ‘global’ part of this method in
Sec. [ITD] Similar to the general RB protocol discussed
before, a precomputed rotation at the end of the sequence
Ry returns the state to the determined |00) state.

The return probabilities for a parallel operations on 20
atoms in a linear array (see Fig. [6]c)) is shown for the
time-optimal and smooth-amplitude gates in Fig. @(b)
The authors extract a fidelity of Frz = 99.54(2)% and
99.55(3)% respectively. This shows good agreement
with the two methods of optimized Rydberg gates dis-
cussed. Shown further in Fig. @(c) is the deviations in fi-
delity from this mean value throughout the 1-dimensional
chain, showing good homogeneity and suggesting scala-
bility of such global control methods.

To further exemplify scalability, the authors implement
the same procedure in parallel on 60 atoms in a chain,
which are shown in Fig. @(d—e). The fidelity extracted
from an exponential fit is 99.48(2)%, in good agreement
with the previous numbers. Furthermore, the spatial de-
viation profile of Fig. @(e) shows a homogenous imple-
mentation. This enables the authors to make a state-
ment about the methods presented already being appli-
cable to hundreds of qubits via shuttling atoms in and
out of the entangling zone during a circuit. Moreover,
further improvements demand continually scaling laser



power and maintaining beam homogeneity, as other mi-
croscopic decoherence mechanisms seem to indicate an
O(1) contribution to the net infidelity as the array size
increases.

C. Native Multi-Qubit Gates

By design, we have focused the bulk of this review on
two-qubit entangling gates, giving minimal attention to
entangling gates involving 3 or more qubits. This is be-
cause the principles and methods we’ve discussed in the
context of two-qubit gates can be extended to multi-qubit
gates. Evered et al. use the optimization techniques de-
scribed in our Methods section to design a global pulse for
implementing CCZ gate. The pulse is time-optimal (0
has a “top-hat” amplitude profile with oscillating phase)
and only 44% longer than their time-optimal implemen-
tation of CZ. It’s worth noting that a similar pulse was
proposed by Jandura and Pupillo [16].

In analogy with the measurement of Bell-state fi-
delity, they use these CCZ gates to prepare three-
qubit Greenberger-Horne-Zelinger (GHZ) state and sub-
sequently measuring fidelity. Similarly to their character-
ization of C'Z, they prepare a train of these CCZ gates
and fit an exponential to the relation between fidelity and
number of gates. This procedure yields a three-qubit en-
tangling gate fidelity of Fooyz = 97.9(2)%.

Implementing a CCZ gate requires a minimum of 6
two-qubit entangling gates. As a consequence, the gate
proposed by Evered et al. is not only far faster than its
equivalent construction from one and two-qubit unitaries,
it is also higher-fidelity. This suggests that native multi-
qubit gates as a promising avenue.

D. Digging into the Randomized Benchmarking

Ref. [I5] points out a protocol for RB which (1) takes
into account the global control of the RB setup and (2)
reduces sensitivity to single-qubit errors. Thus, the goal
of such a protocol is to faithfully extract the Rydberg
gate error, and isolate fully the single qubit error. This is
important, as while the ‘global RB’ protocol of [1] that we
outlined approximates Fyym, it is sensitive to single qubit
errors as the distribution over two qubit states varies as
a function of sequence length. Whereas, the protocol
should be averaged over all two qubit (Clifford) states.
Thus, if the time spent in an entangled state increases
with the CZ length sequence, errors due to single qubit
imperfections accumulate as the sequence increases.

Thus, the symmetric stabilizer benchmarking (SSB)
method of [I5] accounts for this via noting that the sym-
metric subspace of two-qubit Clifford states has twelve
elements, and then starting with a initialization unitary
Uinit which prepares these 12 states uniformly randomly.
Then, CZ gates are interleaved with single-qubit global
random gates from the ensemble {Rx,y(ir/2)} (thus,

similar to [I], but Clifford-random single-qubit instead of
Haar-random). Finally, a recovery unitary is applied to
return to a predetermined state. With this, [I5] proposes
modifications to the circuit of Evered et al. to success-
fully reduce single qubit sensitivity. Detailed quantita-
tive discussions can be found in ([I5] Appendix. E).

IV. CONCLUSIONS AND OUTLOOK

In this paper, we studied the problem of two-qubit
gates using the Rydberg blockade. Focusing on the recent
work by Evered et al., we discussed the hyperfine 8"Rb
qubit, and studied the mechanism behind the two-qubit
CZ gate via Rydberg blockade. Further, we surveyed
optimal control techniques used to achieve high fidelity
CZ gates, and discussed the benchmarking protocols. Fi-
nally, we detailed in depth the Bell-state benchmarking
and global randomized benchmarking presented in [IJ.
Post a brief review of the native Rydberg multi qubit
gates, we contrasted the subtleties in the RB protocol of
[1] with the recent points outlined in [I5]. Now, we end
this work with a brief discussion of the path to 0.999,
and relevance to the crucial goal of below-threshold error
correction.

A. Path to Three Nines

Ref. [I5] points out that since infidelity due to Ryd-
berg decay scales as 2! and finite atomic temperature as
72, higher Rabi frequencies are key in the step towards
three nines. Quantitative calculations using the Fidelity
Response Theory (FRT) developed in [I5] predicts that
cavity filtering is likely to be very beneficial in this path—
FRT calculations show that frequency-noise-induced in-
fidelity drops an order of magnitude upon cavity filtering
and thus reducing laser frequency power spectral density.

It is also possible that increasing Rabi frequency and
correspondingly increasing intermediate-state detuning
will increase the light-shift caused by far-detuned atomic
states. These light shifts will differentially affect |1) and
|r), causing two-photon detuning to couple strongly to
laser intensity. As Rabi frequency is increased, the gate
will become increasingly sensitive to fluctuations in laser
power. In the high-power limit, this source of error will
dominate. It has been pointed out in the community EI
that this system is already in a regime of concern.

B. Use in Error Correcting Codes

The reported entangling gate fidelities are below the
simulated threshold for the surface code. Using the meth-

ods described here, it is likely that systems of Rubidium

6 Not naming names ... Jeff.



atoms should be able to suppress noise with increasing
code size. Suppressing infidelity to the three nines level
will also have even more significant affect within the con-
text of an error correcting code. To see this, consider the
threshold equation:

p \L@-D72]

pr o (L) (11)

Ptn
Given the extensive progress on quantum codes with a
threshold (i.e., a py, exists), it is imperative to furnish
experimental progress in the direction of p < py in or-
der to take steps towards fault-tolerance. These series of
works [Il [I5] take that step for neutral atoms, passing
the threshold for the surface code (which is 1%).

V. DISCUSSION QUESTIONS

1. Why do we model the dynamics of initial state |11)
as being an effective two-level system with the |[W)
state? Why is their a negligible population of the
state |rr) and precisely what approximation are we
making here? Why are we not populating the or-
thonormal state [V) = (|1r) - |r1))/v/2?

2. Seemingly, the objective for the control algorithm

and the quantity we wish to estimate via Random-
ized Benchmarking look the same. What is the
crucial difference?

3. Why are the fidelities in the 20-atom array case
the same for the two gate protocols, given that the
smooth amplitude suppresses intermediate scatter-
ing but the time optimal does not?

4. In figure (2c), why do they include X gates in their
circuit? Why do they only use odd numbers of CZ
gates?

5. What is intermediate-state scattering? How does
the smooth amplitude gate reduce it? The smooth
amplitude reduces scattering further if we increase
gate times beyond what is done in the paper. Why
don’t they achieve extremely high-fidelities imme-
diately by simply doing their gate more slowly?
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Appendix A: Scattering in the intermediate state

Consider a Markovian decay channel on a single qubit
undergoing evolution under the Hamiltonian H, de-
scribed by a prototypical GKSL master equation,

p=-uH,p]+~vD[L]p (A1)

where L is the jump operator and,
D[L]p:= LpL' - %(LTL/} +pLiL) (A2)
If we define,
Heg = H—véLTL (A3)
note that we can write,
p=—t[Hegp - pHl3] +yLpL (Ad)

Now, in attempt of a semi-classical treatment of this
decay problem, one can neglect the ‘jump’ term and
only deal with the non-Hermitian Hamiltonian evolu-
tion [2I]. More formally, this problem is amenable to
a treatment in the quantum trajectory formalism, and
the non-Hermitian evolution (upon renormalization) is
equivalent to post-selection on the no-jump trajectory.
Taking L = |1){e| to describe decay from the intermedi-
ate state, and 7y = 7., we see that LTL = |e) (| and recover
the form in the main text.

Appendix B: (A stab at) Bell state fidelity
The target Bell state is,

%) = %uom +]11)) (B1)

Now, the fidelity of a state p in the lab with the Bell state
is,

F = (27]p|®7) = 5 ((00]p]00)+(11]p|11)+(00] p[11)+(11]p|00))

(B2)
which is easily seen to be = 1/2(Pyo + P11) + Q where P
are populations and () denotes coherence. This can in-
turn be measured through the oscillation amplitudes of
the two-atom parity operator O := ojo5 with a variable

global Z-phase. More rigorously, this works as follows.
Now, 0% =0) (0] - |1) (1| and thus

1
2

oFo% = [00) (00| + [11) (11] - [01) (01| - [10) (10]  (B3)

Consider two states p and o, with p being the state acces-
sible in the lab and ¢ being the ideal state of the device.
Let two POVM elements be Ag =[00) (00| +|11) (11| and
A1 =101)(01] +]10) (10| (adding up to one). The optimal
measurement strategy is M = {Ag, A1}, and thus,

1
Slo=all = max Tr(A(p-o) <e (B4

where ||A]|; := Tr(V AT A) is the trace norm, intimately
linked with the optimum measurement strategy to dis-
criminate between two states. The idea is that, the Bell
state is supposed to have Tr(Ago) = 1, so if we measure
Tr(Agp) = 1—¢ in the experiment through the peak of the
amplitude curves, we have ||p — ol|; < 2¢ Now, we know
that

lp=oli<e = F(p,o)21-¢ (B5)

Thus, we end up with a lower bound on the true fidelity.
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