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The neutral atom platform has become an attractive choice to study the science of quantum information and
quantum simulation, where intense efforts have been devoted to the entangling processes between individual
atoms. A two-qubit controlled-PHASE gate via Rydberg blockade is one of the most essential elements. Recent
theoretical studies have suggested the advantages of introducing nontrivial waveform modulation into the gate
protocol, which is anticipated to improve its performance towards the next stage. We report our recent exper-
imental results in realizing the two-qubit controlled-PHASE (CZ ) gate via single-modulated-pulse off-resonant
modulated driving embedded in a two-photon transition for Rb atoms. It relies on a global driving laser pulse
with a carefully calculated smooth waveform to gain the appropriate phase accumulations required by CZ

gate. Combining this CZ gate with global microwave pulses, two-atom entanglement is generated with the raw
fidelity of 0.945(6). After accounting for state preparation and measurement errors, we extract the entanglement
operation fidelity to be 0.980(7). Our work features completing the CZ gate operation within a single pulse
to avoid shelved population in the Rydberg levels, thus demonstrating another promising route for realizing a
high-fidelity two-qubit gate for the neutral atom platform.

DOI: 10.1103/PhysRevA.105.042430

I. INTRODUCTION

Neutral atoms have long been deemed as an essential plat-
form in the study of quantum information [1–4] and quantum
simulation [5–7], and recent rapid progress has revealed that
cold atoms in optical traps serve as an ideal choice of qubits,
where Rydberg blockade [8–10] serves as the backbone for
the entangling processes between individual atoms. So far,
intense efforts have been devoted to a wide range of experi-
mental topics in this area, including the increment of number
and type of qubits in array format [11,12], the enhancement
of entangled state size [13], and the improvement of quan-
tum gate performance [14–16]. These developments clearly
demonstrate the promising potential of the neutral atom qubit
and pave the way for future applications.

Amid many pressing tasks, an imminent challenge is to
enhance the two-qubit gate fidelity towards the requirement of
noisy intermediate-scale quantum technology (NISQ) under
realistic experimental conditions [3,4,17]. There have been
many proposals to improve the two-qubit gate fidelity against
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different gate errors [18], including using adiabatic passage
[19–22], using Rydberg dressing [23,24], using Rydberg
antiblockade [25,26], using geometric quantum operations
[27,28], using shaped analytic pulses [29,30], and so on. Also,
many technical improvements have been made to improve
the gate fidelity in the past decade, such as employing new
Rydberg excitation laser setups to suppress or to eliminate in-
termediate state scattering [31–33], filtering laser phase noise
with a high finesse cavity [34–36], cooling an atom down
to the ground vibrational state in optical tweezers [37], and
so on. However, the Rydberg-mediated two-qubit quantum
gate demonstrated in current experiments [15,16,38], either
CZ gate or controlled-NOT gate, still yields less than satisfying
fidelities [18,29]. One major reason for the infidelity is that
atoms of superposition states are excited to the Rydberg state
and are held on for a certain time, thus suffering from the
severe decoherence between the ground state and the Ryd-
berg state which is indicated by the ground-to-Rydberg-state
Ramsey oscillations [22,39]. To realize the higher fidelity
two-qubit quantum gate, it is necessary to reduce the Ramsey
decoherence induced infidelity, such as increasing the ratio of
Ramsey coherence time to gate time as done by [15].

Alternatively, it is possible to develop new schemes of
the CZ gate to avoid shelved Rydberg populations. Inspired
by the controlled-PHASE gate protocol for single-photon
ground-Rydberg transition with nontrivial smooth waveform
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modulation methods [30], which provides the feasibility of
driving both qubit atoms with the same control field, here we
develop a method of the CZ gate for two-photon transition
via single-modulated-pulse off-resonant modulated driving
(SORMD). Using global Rydberg excitation of two 87Rb
atoms within the Rydberg blockade region, the CZ gate is
realized via SORMD, where atoms are continuously driven
in the ground-Rydberg transitions. We benchmark the gate
fidelity by measuring the raw fidelity of two-atom entangle-
ment to be F = 0.945(6). Correcting for state preparation
and measurement (SPAM) errors, we extract the fidelity of
entanglement operation to be F c = 0.980(7).

The phase requirement of the CZ gate in the two-qubit
computational basis states |00〉, |01〉, |10〉, and |11〉 is

φ00 − φ01 − φ10 + φ11 = ±π. (1)

In our experiment, the SORMD method resorts to a specially
tailored waveform of a 780 nm Rydberg-excitation laser to
gain such phase accumulations under the presence of the
Rydberg blockade, as illustrated in Fig. 1. The two-photon
Rydberg-excitation configuration provides extra controlling
laser and ac Stark shifts which significantly differ from the
single-photon transition [30]. For experimental simplicity, we
set a 480 nm Rydberg excitation laser as the constant driving
laser while analyzing and calculating an amplitude modu-
lated waveform for a 780 nm laser that starts and ends at
zero. Without loss of generality, we choose a representation
of the waveform in terms of a linear combination of basis
polynomials:

�r (t )/2π =
4∑

ν=1

βν[bν,n(t/Tg) + bn−ν,n(t/Tg)], (2)

where bν,n is the νth Bernstein basis polynomial of de-
gree n. The advantages of such a representation include its
smoothness and compatibility with numerical optimization
procedure and without a long tail. Under ideal conditions,
the ultimate limit for the gate fidelity is the spontaneous
lifetime of Rydberg levels and the residual thermal motion
of qubit atoms. Here, for our experiment we choose the
following set of parameters after optimization of the wave-
form: β1 = 206.4 MHz, β2 = 90.1 MHz, β3 = 300.5 MHz,
β4 = 97.98 MHz, n = 8, intermediate detuning from 5P3/2

is �/2π = −5687 MHz, pulse duration Tg = 2 μs, Rabi
frequency of a 480 nm laser at 50 MHz, and the overall
net two-photon detuning at δ/2π = 1.50 MHz. Theoreti-
cally, the fidelity of two-atom entanglement is over 0.99 with
these parameters.

II. EXPERIMENTAL PROCESS

The main experimental setup is shown in Fig. 2. Two
87Rb atoms are trapped in two optical tweezers with a dis-
tance of 3.6(1) μm. Tightly focused 830 nm lasers generate
the tweezers with the beam waist of 1.2(1) μm at the focal
plane and these two traps are horizontally and symmetrically
placed in the center of the global excitation laser beams.
The temperature of single atoms is about 5.2 μk in a 50 μk
trap after applying polarization-gradient cooling and adiabatic
cooling. The qubits are encoded into the hyperfine ground

FIG. 1. Protocol of CZ gate via single-modulated-pulse off-
resonant modulated driving (SORMD). (a) Level diagram for
two-photon Rydberg excitation. With Rydberg blockade, two atoms
in |11〉 state will be excited to (1/

√
2)(|1r〉 + |r1〉) with an enhanced

effective Rabi frequency. (b) Calculated waveform of a SORMD
pulse. SORMD only modulates the amplitude of a 780 nm laser with
a waveform of a linear combination of Bernstein basis polynomials
and keeps a 480 nm laser at a constant value. (c) The population
and phase dynamics of |01〉 and |10〉 states. The population returns
back with accumulated phase φ01 = φ10 = 2.012. (d) The population
and phase dynamics of |11〉. The population also returns back but
accumulates phase φ11 = 0.8997. The Rydberg excitation laser is far
off resonant for |00〉 state; thus φ00 can be ignored. After SORMD
pulses, φ00 − φ01 − φ10 + φ11 = −0.995π .

state of the 87Rb atom, with |1〉 = |5S1/2, F = 2, mF = 0〉 and
|0〉 = |5S1/2, F = 1, mF = 0〉. We initialize all qubits by
preparing atoms in |1〉 through an optical pumping procedure,
with an efficiency of 99.2(2)%. The single-qubit operation
is realized by 6.8 GHz microwave radiation and the Rabi
oscillation frequency is about 2π × 33 kHz. We detect the
atomic state by applying a resonant laser pulse which blows
away atoms in state |1〉. The detection efficiency for state |1〉
is 99.3(2)% and atom preservation probability is 98.9(3)% for
each trap. More details can be found in Appendixes A and B.

The Rydberg excitation from state |1〉 to state
|r〉 = |79D5/2, mj = 5/2〉 is realized by two-photon transition
with counterpropagating 780 nm (σ+) laser and 480 nm (σ+)
laser. The beam waist of the 780 nm laser is 7.8(3) μm
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FIG. 2. Experimental setup and resonant two-photon ground-to-
Rydberg-state Rabi oscillations. (a) Relevant lasers’ configuration.
Single-atom Rabi oscillations between |1〉 and |r〉 in trap 1 (b) and
in trap 2 (c). Red dots are the measured survival probability of atoms
after Rydberg excitation, which repeats 150 times. Black solid curves
are damped sinusoidal fits, which give effective Rabi frequency of
2π × 0.96(1) MHz and a decay time of 23(2) μs. (d) Two-atom
collective Rabi oscillations between |11〉 and (1/

√
2)(|1r〉 + |r1〉).

Black squares are the measured probability of atoms surviving in
both traps; red circles are the measured probability of atoms only sur-
viving in one trap. At the same time gray triangles are the measured
probability of atoms lost in both traps. The fitted Rabi frequency is
2π × 1.35(2) MHz and a decay time of about 20 μs. Error bars in
all figures are statistical and represent the standard deviation of the
mean.

and the 480 nm laser is 8.3(5) μm. These two global
excitation laser beams cover two traps as uniformly
as possible. Several technical improvements have been
made to achieve long-coherence Rabi oscillations of the
ground-to-Rydberg-state transitions, such as reducing the
Rydberg-excitation lasers’ phase noise around 750 kHz
for about 30 dB with a high-finesse cavity, suppressing
Rydberg-excitation lasers’ linewidth, stabilizing long term
drift of laser frequencies, shielding stray electric field, and
so on [36,39,40]. From the measured Rabi oscillations
between |1〉 and |r〉 in Fig. 2(b), we deduce a 1/e decay
time of τ = 23(2) μs and the effective Rabi frequency of
� = 2π × 0.96(1) MHz. By applying multiple Rydberg π

pulses such as 1, 3, 5, and 7, we obtain Rydberg-excitation
efficiency PRE = 98.9(3)% and Rydberg-detection efficiency
PRD = 88.9(9)% [39]. Using a numerical simulation with
qutip [41], we conclude that the decay of Rabi oscillation is
mainly caused by the atom experienced intensity fluctuation
of excitation lasers (see Appendix C). With the near-perfect
Rydberg blockade, the excitation lasers globally couple two
atoms from |11〉 to |W〉 = (1/

√
2)(|1r〉 + |r1〉). We observe

an enhanced Rabi frequency of
√

2� � 2π × 1.35 MHz
[Fig. 2(d)]. Numerical simulation shows that the decay
mechanism of collective excitation for two atoms is basically
the same as the single-atom Rabi oscillation (Appendix C).

FIG. 3. Waveform of the 780 nm laser pulse and population
evolutions of SORMD. (a) Calculated (solid black line) and gen-
erated (red dashed line) intensity waveform of a 780 nm pulse for
SORMD. Blue line is the experimental deviation from the theoretical
value. Population evolution of a single atom with |1〉 state in trap
1 (b) and in trap 2 (c) using the SORMD method. (d) Population
evolution of |11〉 state using the SORMD method. The maximal
single-photon Rabi frequency of the 780 nm laser and the 480 nm
laser is adjusted to 217(2) MHz and 50.0(5) MHz, respectively. The
circles are experimental results with 150 repetitions. Solid curves are
theoretical predictions considering the 88.9% detection efficiency of
the Rydberg state. Error bars in all figures are statistical and represent
the standard deviation.

To implement SORMD, three critical things need to be
done in advance. First, the single-photon Rabi frequencies
of Rydberg-excitation lasers should be calibrated to the the-
oretical values as accurately as possible. For a 780 nm laser,
different laser powers will cause different ac-Stark shifts of
the Rydberg excitation peak. By linear fitting Rydberg peaks
with laser powers, we can determine a 780 nm laser of
59.2 μW corresponds to �780 = 2π × 217(2) MHz. Besides,
we measure the Ramsey fringes of state |0〉 to |1〉 with dif-
ferent durations of 780 nm pulses in between two π

2 pulses;
the calculated �780 from the shifted phases of Ramsey fringes
agrees well with the previous result. �480 is then determined
to be 2π × 50.0(5) MHz of 120 mW laser power by measur-
ing the Rabi oscillation frequency between |1〉 and |r〉 (see
Appendix A). Second, the generated SORMD waveform of a
780 nm laser should be consistent with the calculated results.
We modulate the amplitude of the rf signal, which is used to
drive the acousto-optic modulator (AOM) via the input port of
a mixer (Mini-circuits ZFM-3-S+). The generated waveform
is in good agreement with the theoretical calculation and the
deviation is less than 1%, as shown in Fig. 3(a). Third, the
single-Rabi frequencies in two traps need to be balanced. We
achieve the differences of �780 (�480) between the two traps
to be less than 0.5% (0.7%). This is done by fine-tuning the
position of the 780 nm laser and the 480 nm laser with piezo-
electric (Thorlabs, POLARIS-K1S2P) driven mirrors. When
we finished these preparations, we excited the atoms with
SORMD and measured the population of atoms in state |1〉
as Fig. 3 shows. It is worth noting that we have scanned the
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FIG. 4. CZ gate realized by the SORMD method. (a) The pulse
sequence for preparing Bell states |�+〉. After initialization, we first
applied a global microwave π

2 pulse and then the SORMD pulse,
which contains the modulated pulse of the 780 nm laser and a square
pulse of the 480 nm laser. Thirdly, we apply a global microwave 3π

4
pulse. At last, the pushout pulse is used to blow away the atoms
in state |1〉. (b) The measured population of the two-qubit state
without a SORMD pulse. (c) Bell state population. Raw measure-
ments give (P00 + P11)/2 = 0.485(4). (d) The measured amplitude
of parity oscillation is 0.92(1) and the raw fidelity of the Bell state is
FBell = 0.485 + 0.46 = 0.945(6).

excitation frequency due to the two-photon detuning δ/2π =
1.50 MHz. Compared with the theoretical calculations, the
evolution of the population curves is within expectations and
the imperfections may be caused by the excitation frequency
and single-photon Rabi frequencies’ fluctuations in two traps.

Finally, we illustrate that SORMD can realize the CZ gate
by using it to create Bell states |�+〉 = (1/

√
2)(|00〉 + |11〉)

with the pulse sequence shown in Fig. 4. We first initialize
atoms to the state |11〉 and apply a global microwave π

2 pulse
to prepare them in state (1/2)(|00〉-i|01〉-i|10〉-|11〉). Then we
apply the 2 μs SORMD and a global microwave 3π

4 pulse to
produce the Bell state |�+〉. Figure 4(c) shows the experimen-
tal data of Bell state population, which gives (P00 + P11)/2 =
0.485(4). In addition, we scan the phase of the last global
microwave 3π

4 pulse to compensate for the relative phase
of the CZ gate. As a comparison, we repeat the same pulse
sequence, but without SORMD, which generates population
in four states of 0.78(1), 0.093(5), 0.11(1), and 0.013(9). The
population difference in Figs. 4(b) and 4(c) clearly shows that
SORMD creates a CZ gate. To benchmark the gate fidelity, we
measure the coherence of Bell states as shown in Fig. 4(d) by
applying a global microwave π

2 pulse with a variable phase.
The measured parity amplitude is C = 0.460(5). So the raw
fidelity of the Bell state is F = 0.485 + 0.46 = 0.945(6).

In the experimental process, atoms lost due to background
gas collision or finite atomic temperature are also classified as
in state |1〉, which will cause an overestimation of the popula-
tion. Thus we measure the population in which we disable the

TABLE I. Calibrating the fidelity of (1/
√

2)(|00〉+|11〉) gener-
ated by SORMD.

Raw data Lower bound Corrected

Population 0.970 0.950 0.990
Coherence 0.920 0.920 0.970
State fidelity 0.945 0.935 0.980

pushout beam to set a lower bound of the Bell state population
as (P00 + P11)/2 � 0.475(4). To evaluate the actual fidelity
of SORMD operation, it is necessary to further correct the
SPAM errors. By designing different experiments to decouple
errors of state preparation, state transition, and state detection,
we carefully calibrate the SPAM error to be 2.6(4)% per
atom (see Appendix B). Referring to the correcting methods
of SPAM errors in [15], the Bell state fidelity is corrected
as F c = 0.980(7) (see Appendix D). The detailed value of
Bell state population and coherence after correcting SPAM
are listed in Table I. The infidelity of the SORMD generated
CZ gate mainly arises from the off-resonant scattering of the
intermediate state and the imbalance of Rabi frequencies be-
tween two atoms. These defects will be improved in follow-on
work by using Rydberg excitation lasers which couple the
intermediate state of longer lifetimes and by cooling atoms
down to a lower temperature.

III. CONCLUSION AND DISCUSSION

In conclusion, we have experimentally implemented a cat-
egory of the two-qubit controlled-PHASE gate based upon
Rydberg blockade effects. In our method, atoms are contin-
uously driven in the ground-Rydberg transitions to make full
use of long-coherence Rabi oscillations instead of the shorter-
coherence Ramsey oscillations. We are also looking forward
to a few other future refinements, including the search for a
faster gate operation, further suppression of population leak-
age, stronger robustness against environmental noises, and
a more user-friendly parameter setting. An error correction
mechanism [42] for our gate protocol is also part of the long-
term goal. Our aim is to help the translation of high-quality
ground-Rydberg coherence into the high-fidelity controlled-
PHASE gate via the Rydberg blockade effect.
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FIG. 5. Measurement of single-photon Rabi frequencies of
780 nm. (a) Experimental data of Rydberg excitation peaks at dif-
ferent 780 nm powers. (b) Linear fitting of the excitation peaks
and powers, which gives k = 0.031(1). (c) Ramsey fringes between
ground states with 0.5 μs, 0.65 μs, 0.8 μs, and 0.95 μs durations
of 780 nm pulses in between two π/2 microwave pulses. (d) Linear
fitting the initial phases of Ramsey fringes and durations of 780 nm
pulses gives k1 = 1.98(2).

APPENDIX A: CALIBRATING SINGLE-PHOTON
RABI FREQUENCIES

To drive the atoms to evolve as calculated and to accu-
mulate appropriate phases when implementing the SORMD
method, we should measure and adjust the single-photon Rabi
frequencies of 780 nm (�780) laser and 480 nm (�480) laser to
the predetermined values. First, we calibrate �780 with two
methods. One method is to measure the Rydberg excitation
peaks at different 780 nm laser powers and make a linear
fitting of these peaks, which gives a slope k. In addition, to
reduce the broadening of the excitation peaks, we measure
the peaks with a 3π Rydberg pulse. Since the ac-Stark shift
of state |1〉 caused by the 780 nm excitation laser is pro-
portional to the square of single-photon Rabi frequencies of
780 nm, the relationship between �780 and k can be expressed
as �780 = √

4�kP0, where P0 represents the power of the
780 nm laser and �/2π = −5687(10) MHz. Fures 5(a) and
5(b) show our experimental data and give k = 0.031(1), so
�780/2π = 205(3) MHz. Then we can adjust the power of
the 780 nm laser to get the required value of �780/2π =
217.6 MHz.

The other method is to measure the Ramsey fringes of state
|1〉 to |0〉 with different durations of 780 nm pulses in between
two π/2 pulses [see Fig. 5(c)]. The scale factor k1 between
initial phases of the fringes and durations of 780 nm pulses
implies the difference of ac-Stark shifts between states |0〉 and
|1〉. The relationship is expressed as

�2
780

2π × 4�
+ �2

780

2π × 4(� + 6834.7)
= k1. (A1)

Figure 5(d) shows the linear fitting of initial phases and dura-
tions from which we calculate �780/2π = 204(1) MHz. The
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FIG. 6. Probability distribution for microwave transition. The
first column represents the initial states and probabilities after the op-
tical pumping process. The second column shows the possible atomic
states in trap and probabilities after we apply a microwave π pulse.
In the last column, we list all the possible states and probabilities
after two microwave π pulses.

results obtained by the two methods agree well with each
other.

Second, �480/2π = 49.9(8) MHz is deduced from the re-
lation

� = �780 × �480

2�
, (A2)

where �/2π = 0.954(7) MHz is fitted from Rabi oscillation.
In conclusion, the error of calibrating single-photon Rabi fre-
quencies with these methods is within 2%.

APPENDIX B: STATE PREPARATION AND
MEASUREMENT (SPAM) ERRORS

The SPAM errors include atom preservation error,
state measurement error, and optical pumping error. Since
these three errors are intertwined with each other, they should
be solved one by one. Atom preservation errors in traps are
caused by background collision and finite atomic tempera-
ture. We can estimate this error by collecting the statistics of
atoms in the trap without a push-out pulse. In our experiment,
the error of the atom loss in a single trap is 1.1(3)%. State
measurement errors can be evaluated by counting the residual
atoms after pushing out atoms in F = 2. Considering the
atom preservation efficiency, that state measurement error is
0.7(2)% per qubit in our experiment.

We have designed two experiments with microwave pulses
to estimate the optical pumping efficiency (denoted as a) and
microwave transition efficiency (denoted as b) in a single trap.
First, we apply a microwave π pulse after the optical pumping
process and then apply a push-out pulse; there are 98.0(3)%
atoms still in the trap at last. The state transition process and
probabilities are illustrated in Fig. 6: the probability of atoms
in state |1〉 transferred into state |0〉 is P1 = ab, the probability
of atoms still in state |1〉 due to imperfect microwave transi-
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FIG. 7. Numerical simulation for single-atom ground-Rydberg
Rabi oscillation and two-atoms collective excitation with qutip.
(a) Red line represents the simulated data of single-atom Rabi oscil-
lation and red squares are experimental data. Main parameters are set
as �780/2π = 217 MHz and �480/2π = 50 MHz and intermediate
detuning of �/2π = −5687 MHz. (b) Numerical simulation for
two-atoms collective excitation. Black and red lines are simulated
data and represent the survival probability of state |11〉 and state
(1/

√
2)(|1r〉 + |r1〉), respectively. Black dots and red squares are

corresponding experimental data. Main parameters are the same as
those of a single atom in (a).

tion is P2 = a(1 − b), and the probability of atoms in other
incorrect magnetic sublevels is P3 = (1 − a). The probability
of atoms still in the trap can be expressed as

{ab + [a(1 − b) + 1 − a] × (1 − 0.993)} × 0.989 = 0.980.

(B1)

Secondly, after the optical pumping process, we apply two mi-
crowave π pulses and detect the atoms with a push-out laser;
there are only 0.8(2)% of atoms remaining in the trap. The
probability of atoms in state |1〉 returning to the original state
after two microwave π pulses is P4 = ab2, the probability of
atoms in state |1〉 transferred into state |0〉 is P5 = 2ab(1 − b),
the probability of atoms in state |1〉 not participating in the
evolution is P6 = a(1 − b)2, and the probability of atoms in
other wrong sublevels is P3 = (1 − a). The probability of left
atoms is

{2ab(1 − b) + [ab2 + a(1 − b)2 + 1 − a]

× (1 − 0.993)} × 0.989

= 0.08. (B2)

According to Eqs. (B1)and (B2), we can solve that the optical
pumping efficiency is 99.2(2)% [which implies the optical
pumping error is 0.8(2)%] and the microwave transition ef-
ficiency is 99.9(1)%.

In summary, the SPAM error is 2.6(4)% per qubit in our
system.

APPENDIX C: NUMERICAL SIMULATION

To evaluate the decay mechanism of ground-Rydberg
Rabi oscillation in our system, we carry out the numerical
simulation with qutip. Figure 7(a) shows a typical result
for single-atom ground-Rydberg Rabi oscillation. Red line
and red squares represent simulated data and experimental
data, respectively. We set single-photon Rabi frequencies of
�780/2π = 217 MHz and �480/2π = 50 MHz and inter-
mediate detuning of �/2π = −5687 MHz. The numerical
model mainly considers the effect of effective Rabi frequency
fluctuation (∼2%), random Doppler shifts (∼17 kHz), scatter-
ing from the intermediate state, and detection efficiency for
Rydberg state atoms (∼90%). Without adjusting any other pa-
rameters, the simulated data agree well with the experimental
data. We can conclude that the fluctuation of effective Rabi
frequency is the main reason for the decay of Rabi oscil-
lation. This fluctuation comes from the intensity fluctuation
of excitation lasers and atom distribution in the inhomoge-
neous light field. Figure 7(b) shows the numerical simulation
for two-atoms collective excitation; related parameters are
the same as those in single-atom simulation. Black dots and
red squares are experimental data; black line and red line
represent the simulated probability of state |11〉 and state
(1/

√
2)(|1r〉 + |r1〉), respectively. We observe good agree-

ment between numerical simulation and experimental results
and this implies a near-perfect Rydberg blockade between
two atoms. More importantly, we can conclude that the decay
mechanism of two-atoms collective excitation is basically the
same as the single-atom Rabi oscillation in our system.

APPENDIX D: BELL STATE FIDELITY

According to the method in Ref.[15], the measured fidelity
is related to the corrected fidelity:

F = P × F c + (1 − P) × F false. (D1)

Here, P = (1 − 2.6%)2 denotes the probability to correctly
initialize and measure two qubits. F false denotes the false
contribution to the F when SPAM error occurs, where F false ≈
15% in the correction of Bell state population and F false = 0
in the correction of parity oscillation. Due to the state mea-
surement method in our experiment, the lost atoms will be
classified as state |1〉, which will cause the overestimation
of state |11〉 in the Bell state population. After correcting
this overestimation, we get the lower bound on the mea-
sured Bell state populations, (p00 + p11)/2 � [0.485 × 2 −
(1 − 0.98)/2] = 0.475(4), therefore giving a lower bound on
the corrected populations: (pc

00 + pc
11)/2 � 0.495(5). In addi-

tion, the amplitude of the parity oscillation C = 0.460(5) is
related to the corrected amplitude according to C = P × Cc.
We obtain the corrected amplitude Cc = 0.485(6). Finally,
the SPAM-corrected Bell state fidelity is F c = (pc

00 + pc
11 +

Cc)/2 = 0.980(7).
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