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Scalable quantum computing is based on realizable accurate quantum gates. For neutral atoms, it is
an outstanding challenge to design a high-fidelity two-qubit entangling gate without resorting to difficult
techniques such as shaping laser pulses or cooling atoms to motional ground states. By using spin echo
to suppress the blockade error, we propose an easily realizable controlled-phase Rydberg quantum gate
of high intrinsic fidelity. In the context of spin echo, we show that the fundamental blockade error of
the traditional Rydberg gate, of the order of € ~ 1073, actually results from two “clockwise” rotations
of Rabi frequencies Q4 = V' # /12 4+ Q2. In our “echo” sequence, such an error can be suppressed to
the order of € by adding two “anticlockwise” rotations with frequencies —... With the blockade error
effectively removed, the error caused by Rydberg-state decay becomes the final fundamental limit to the
gate accuracy, which, in principle, can be reduced beyond the level of 107>, Furthermore, due to the small
population involved in the “echo” process, the spin-echo gate is robust against the variation of Rydberg
blockade caused by the drift of the qubits, so that it can still be much more accurate than that of a traditional

Rydberg gate even for qubits cooled only to the submillikelvin regime.
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I. INTRODUCTION

Quantum coherence and interference lie at the heart of
quantum theory and the path-integral formulation of quan-
tum mechanics. A typical example of quantum coherence
is the spin echo in a many-particle system [1-3], which
is particularly important for quantum information process-
ing in solid-state systems where many-body noise can be
partly suppressed by spin echo [4]. Analogous spin echo,
however, has rarely been applied for neutral atoms [5,6].
In this work, we study an alternative spin echo in neutral
Rydberg atoms and apply it to the design of an accurate
entangling quantum gate.

Although the neutral-atom network is a promising plat-
form for achieving large-scale quantum computing [7-9],
it is not easy to design high-fidelity two-qubit Rydberg
logic gates [10], for which pulse shaping has usually been
assumed in theoretical proposals [11—13]. In contrast, our
spin-echo method only depends on the Rydberg blockade
mechanism, which was first proposed in [14] and has been
studied extensively in experiments [15-20].

The essence of our theory can be understood by con-
sidering a generic quantum system with two basis states
{I 1,1 {)} subject to a time evolution under the control of
the following Hamiltonian in a rotating frame:

H=7INA1+Qd DU T+ D/2. Q)
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Diagonalization of the above Hamiltonian shows that start-
ing from the state |y (0)) = | |), the population in | |)
will generally not return to 1 because the time evolution
of | (f)) contains two quantum oscillations with irrational
Rabi frequencies Q1 = V£ +/F2 + Q2 [10]. As an anal-
ogy to spin echo, Q.. represent two mismatched precession
rates that result in an inhomogeneous broadening wit-
nessed by |(} |¥(®))]*> < 1 when ¢t > 0. However, if the
sign of every matrix element in Eq. (1) is suddenly flipped
after a duration of #y, H — —H, the two Rabi frequencies
Q. will be flipped to —... Then, the state evolution in
the following period of #, is exactly time reversed, lead-
ing the system back to its initial state at a later time 2¢,
i.e., ¥ (2%)) = |¥(0)). This picture of spin echo can be
extended to an N-level quantum system, where a given ini-
tial state can also experience time-reversed dynamics if the
Hamiltonians are Hy and HN = —Hy during the periods
t e (0,%] and ¢t € (t,2t9], respectively. More generally,
if the “anticlockwise” rotation is instead governed by a
Hamiltonian I:I]’\, = —|%|I:IN, an echo can occur at time
2t/ ||, 1.e., [ (2ty/|2])) = |¥(0)). These exotic dynam-
ics can be simulated with Rydberg-dressed neutral atoms,
where the atom-light interaction of each atom is detuned
by a large value of A [5,6]. (i) For a duration ¢y, optically
dress a Rydberg state |ro) with a large laser detuning A =
n2 > 0, where n > 1. (ii)) Use strong microwave fields
to transfer |ry) to another Rydberg state |r)), where the
ratio of Rydberg interaction coefficients s = Cg(ryr1)/
Cs(rorg) < 0, i.e., all pairwise Rydberg interactions V
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reverse their signs. (iii) For another duration #/||,
dress the state |r;) with laser detuning »A and Rabi
frequency 2. When decoherence is negligible, time-
reversed dynamics can be observed because the two many-
body states at times 7, and # + 7, + /| 3¢| coincide with
each other for any 7, < #y, where ¢, is the duration of step
(i1): a numerical simulation of these dynamics is provided
in the Appendix. If both |ry) and |r;) are s- or d-orbital
states, step (ii) can be realized as |ro) —> |p) T) r1)
ul )
via an intermediate Rydberg state |p) [21]. For brevity,
we denote this complete resonant two-photon transition
by |ro) = r1), with an effective Rabi frequency €2, =

"
[ i Q207272

The above theory can be used to eliminate the block-
ade error of the traditional Rydberg quantum gate [14],
which is a major bottleneck in its achievable fidelity
[7-9]. The traditional Rydberg gate works as follows:
for two quantum bits, denoted by ¢ (control) and t (tar-
get) and each with basis states {|0),|1)}, if we apply (I)
a 7 pulse to the control qubit for the rotation |0). —
—i|re)e, (II) a 27 pulse to the target qubit for the rotation
|0); = —i|rg); = —|0);, and (III) a third & pulse similar
to the first one to the control, the four independent two-
qubit input states will evolve as {|00),|01),]10),|11)} —
—{]00),]01),]10), —|11)}. The key step is an excitation
blockade |r.0) <» |r.ry) for the input state |00) during the
27 pulse, where the state |r.7g) is shifted away from reso-
nance by an interaction Vj [see Fig. 1(a)]. This blockade

(d)

process, however, is accurate only when V} is infinitely
large compared with the Rabi frequency €2, of the 2x
pulse. For any realistic (hence, finite) V), there is a pop-
ulation loss €; ~ ©2/V3 in the state |r.0) resulting from
even a marginal breakdown of [r.0) < |r.ro). To bring
the lost population (approximately €; < 1) back to the
ground state, we can replace the 2w pulse in step (II) by
another set of three 7 pulses upon the target qubit, as fol-
lows. [11(a)] First, we apply a laser 7 pulse for the rotation
|0); — —i|ro); with a Rabi frequency Q2 [see Fig. 1(a)].
[1I(b)] Next, a microwave 7 pulse is used to couple |ry), to
a nearby Rydberg state |r|);, where the effective Rabi fre-
quency is much larger than the Rydberg blockade, and the
interaction — V| of the state |r.r;) must have a sign oppo-
site to that of |r.ry) [see Fig. 1(b)]; this step is subjected
to another blockade error of approximately €, < 1. [1I(c)]
A laser w pulse is then applied between |0), and |r);,
but with a negative Rabi frequency Q. = —Qp V1 /Vy [see
Fig. 1(c)]. Following these three steps, the lost popula-
tion in the state |r;), will be brought back to |0),, with
an error of approximately €€, that is much smaller than
the standard blockade error of the gate when €, €, ~ 1073
[22,23]. As will be shown later, remarkably, the fidelity of
the process in Fig. 1 does not depend on the accuracy of
the van der Waals interaction (vdWI) as long as we have
Qu/ Qo = —V1/Vy. This can easily be satisfied for atoms
cooled to the microkelvin regime: the ratio between V' and
V, is fixed to that of the Cg vdWI coefficients when the drift
of the two-qubit spacing between the time-reversal pulses
of Figs. 1(a) and 1(c) is negligible.

(c) FIG. 1. The refocusing of a two-
qubit state |r.0) in a three-step
time-reversal sequence. The state
evolution of the target qubit is
illustrated by using atomic energy
levels in (a)~(c), and by using
the Bloch sphere in (d), respec-
tively. (a) [(c)] A m-pulse rotation
between the ground state |0) and
the Rydberg state |roq)) of the
target, where the dashed line high-
lights the fact that the state |rg))
is no longer resonant because
of the positive (negative) energy
shift Vo(—Vl) in the state |I"CV0(1)>.
A (b) The transition |rg) — |r) via
a large microwave Rabi frequency
i€2,,. The laser Rabi frequencies
in (a) and (b) satisfy the condi-
tion Qy = —Qp V1 / V), so that the
|0) phase accumulations for different
irrational Rabi oscillations during
the first and last = pulses cancel
each other out.
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II. THE SPIN-ECHO CONTROLLED-PHASE GATE

Below, we present a protocol consisting of five 7 pulses
and one wait that transforms the two-qubit computational
basis  {|00),|01),|10),|11)} — {—]00), —|01),e~¥|10),
[11)}, where the phase ¢ is determined by the phases of
the laser fields in the fourth optical pulse, as shown in
Fig. 2, and ¢ = 7 leads to a controlled-Z (Cy) gate. For
simplicity, we label the kth 7 pulse as pulse &, or (®
when appropriate. The Hamiltonian is H=H,+H +H,
where H, and H, are single-atom Hamiltonians for the con-
trol and target, respectively, and H, denotes the two-atom
vdWI, given by

A

H, = Vylrero){rerol — Vilreri ) {reril,

ﬁc = Q.|7:)c(0]/2 + H.c., pulses1and 35,

Qplro):(0]/2 4+ H.c., pulse 2, 2)
H =1 Qalr)drol/2+He.,  pulse3,
iQue®|r1),(0]/2 + Hee., pulse 4,

where Vy = Cg(r.ro)/L® and Vi = —Cy(r.r1)/L® are pos-

itive, ¢ = V1T, and T is a wait duration between pulses
3 and 4 that satisfies VT =m,37,57,... for a Cy
gate (“H.c.” denotes the Hermitian conjugate). Here,
Qu/ Qo = || is required to realize a time-reversed state
evolution, where sz = Cg(r.71)/Ce(r.79). According to the
Rydberg blockade mechanism [14], the Rabi frequencies
during pulses 2—4 should satisfy

Qp, Qu L Vo, Vi; Vi=Vo+1 <K Q3. (3)

Among the four input states, |11) remains unchanged, and
|01) and |10) are optically excited but not influenced by
Rydberg blockade. Thus, we can verify that in the ideal

|71) .
|7“(:> . S— Qo QmI Wait 1§,
|’I“0> =
1 5 2 3 4
1) 1)
Control Target

FIG. 2. The sequence of the state excitation in the spin-echo
controlled-phase gate. Horizontal lines denote atomic eigen-
states, vertical arrows denote 7t rotations between atomic states,
and each number inside a circle shows the order of the & pulse
that it accompanies. There is a wait duration 7 = ¢/ V| between
the third and fourth pulses. When ¢ = w, a C; gate is realized.
The Rabi frequency in the third pulse is much larger than the
energy shift [Vy(| of the state |r.rg(;)), but those in the second
and fourth pulses are much smaller than |V )|, so as to satisfy
the blockade condition.

case, the gate transforms them according to

01) Q —ilr.1) 9 —|o1),

@ ® @

110) = —i|lry) = —|1r) = e ¥|10).

“4)

Only the input state |00) experiences Rydberg blockade
from pulse 2 to pulse 4. After pulse 1, [00) is mapped
to —i|r.0). The Hamiltonian during pulse 2 [see Eq. (2)]
can be diagonalized as Hégz) =D, - €xlvy)(vyl, with the
following eigenvalues and the eigenvectors [10]:

ex = (Vo £ Qn)/2,

Q Q)
lvs) = (7’2|r00> + eimro)) /N,

where Ni =,/[Qp]?/4+ €2 and Q, =,/[Q]? + V3.

Below, we use #; to denote the duration of pulse £. Then,
the state |y (¢1)) = —i|r.0) at the beginning of pulse 2
can be written as i(sina|v;) + cosa|v_)), and its state
evolution leads to [10]

[Vt + 1)) =

ie T/ ) sin orluy )

+ ie” 1T/ cos or|v_), (6)

at the end of pulse 2. Because the two phase terms
—mey /Q2p accompanying the components |vy) in | (#; +
t;)) cannot simultaneously be multiples of 277 due to the
irrational term Q in €4, a small, undesirable phase factor
arises in the ground-state component in |y (¢; + ,)) along
with a population leakage, €; = «? sin®(7/2k,), into the
state |r.ry), where k, = Qtz/Q,z.

Such a population loss in pulse 2 can be restored with
the subsequent pulses 3 and 4, with the phase error in
the ground state eliminated simultaneously. The argu-
ment is as follows. When Q3 > V., pulse 3 transfers
the small population of the target in the Rydberg state
from |rg) to |ry), so that the component |r.rg) in [r)
becomes —i|r.7;). The probability for pulse 3 to fail is €, =
1-— K32 sinz(n/2/<3) <« 1, where k3 = Q3/Q;3 and Qs =

/€5 + V4. Following this, a wait duration 7 is allowed
to elapse so that the two eigenstates |v) in ) evolve to

Q
|0s) = (—zm ) —

> lVlTGil%”l)) /Nx, @)

which coincide with the eigenstates for the following
Hamiltonian in the subsequent pulse 4 when V1T = ¢:

HYY = (i€ Qulren) (re0] + H.e) /2 = Vilren) (rer .
(®)
More importantly, the eigenvalues of Eq. (8) are
—Quer/ Qp for the states |v.), which means that the two
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phases —mwey/Q2p in Eq. (6) can be exactly compensated
during pulse 4, leading to

4
v th 4T > =isina|vy) +icosa|v_) = —i|r.0).
j=1

(€]
After pulse 5 has pumped the control qubit back
to the ground state, the state evolution |00) — —|00)
is complete. To summarize, pulses 1-5 induce the
following transformation in the computational basis
{100), 101}, [10), [11)}:

Uc, = diag{—1,—1,e7, 1}, (10)

which, after shifting the phase of the control-qubit state
|0) by 7, becomes a controlled phase gate. It changes
the phase of the target-qubit state |0) by —¢ only if the
control qubit is initialized in |1), and it becomes a Cz
gate when ¢ = 7. Note that ¢ is determined not by the
actual Rydberg blockade, but instead by the phases of the
laser fields, which are set according to the qubit spac-
ing and the Cg coefficients of the vdWI. If a gap time
Tgap 1s inserted between pulse 2 and pulse 3, a phase cor-
rection —VTg,, should be made to the Rabi frequency
of pulse 4. Furthermore, if external fields introduce Rabi
frequencies Q€2 and Qe in pulses 2 and 3, respec-
tively, the Rabi frequency during pulse 4 becomes i€2,4¢'¢’
with ¢" = ¢ + @2 + @3 — Vo Tgap. This means that only the
phase of the laser fields used in pulse 4 should be tuned. In
this case, a C gate is realized when ¢’ /7 is an odd integer.

The above gate protocol is not based on a symmet-
ric interaction such as —V;/V, = —1, but is applicable as
long as —Vy V1 < 0. This can be understood from the spin-
echo nature of the gate protocol. In the depiction of the
two-level system in Eq. (1), spin echo is achieved when
the time-evolution operators for the forward and backward
nutation, i.e., U, = CXp(—lf‘]to) and Uy = exp(—iI:I/t’),
are the inverse of each other, which is achievable when-
ever H'f + Hty = 0. Figure 1 highlights the core of our
gate protocol, where the spin echo is realized by setting
Qu/Qp = —V1/Vy, so that a & pulse for the forward rota-
tion and a w pulse for the backward rotation satisfy the
“echo” condition of H'Y + Hty = 0.

III. GATE ERROR

In this section, we systematically investigate the
error of a spin-echo C; gate [¢ = in Eq. (10)]
by considering, for example, a system of two 3’Rb
atoms. We take the qubit states |0(1)) = [5s1)2,F =
1(2),mr = 0) [16] and the Rydberg states |r.) = |ro)
and |Vo(1)) = |100(105)S1/2,WIJ = 1/2,m1 = 3/2), where
the interaction coefficients are [Cq(r.rg), Co(rer1)]/2m =
[56.2,—25.6] THz um® [24]. For the external control

fields, we choose 2./2w = 10 MHz and (25, Q3, Q) =
Vi(1/n,n,|x|/n), with a large n = 18 to fulfill Eq. (3). To
show that the fluctuation of the vdWI caused by qubit drift
is not a severe issue, we consider a relatively small two-
qubit spacing of L = 8 um. For comparison, we also study
the gate error of a traditional C; gate, realized by replac-
ing pulses 2—4 in our spin-echo gate with a 2w pulse of
duration 27 / Q2.

Below, we first study how the spin echo suppresses
the blockade error in Sec. III A, and then look at the
numerically calculated gate error caused by the imperfect
blockade, the Rydberg-state decay, and the variation of the
Rydberg interaction in Sec. III B. We then discuss the gate
error caused by motion-induced dephasing in Sec. III C.

A. Suppression of the blockade error

The main advantage of the spin-echo gate sequence is
its ability to suppress the blockade error, which is achieved
by pulses 2—4. However, there is a residual blockade dur-
ing pulse 3, so that not all of the population in |r.rg) is
transferred to |r.71), leading to a small rotation error for
the gate protocol. To examine this issue under realistic
experimental conditions, we study, for the parameters men-
tioned above, the populations in |7.0), |r.ry), and |r.r;) by
using base-10 logarithms during pulses 2—4 in Fig. 3. As
discussed previously, the lost population (=€) in |7.0)
at the end of pulse 2 can be restored by the spin-echo
sequence of pulse 3, the wait, and pulse 4, with an error
of about €2. As shown in the logarithms in Fig. 3, the
population error in —i|r.0) at the end of pulse 2, of the
order of 1073, is indeed reduced to the order of 10~° at
the end of pulse 4. In principle, this rotation error can be
further suppressed with a larger Rabi frequency Q2 by
using strong enough microwave fields. Figure 3 also shows
that the deviation of the phase of (r.0|y) from —m/2 is
substantially suppressed by the spin-echo sequence.

A comparison between the traditional gate and our
spin-echo gate readily shows why the latter protocol is
much more effective at suppressing the blockade error. In
Fig. 4(a), we show the population and phase errors of the
state component |r.0) in the wave function during pulses
2 and 3, the wait period, and pulse 4 of the spin-echo
gate. For comparison, Fig. 4(b) shows the time evolution
of (r.0|v) during the 277 pulse of the traditional gate. From
the schematics of the gate sequences for the spin-echo gate
and the traditional gate in Figs. 4(c) and 4(d), respectively,
it can be understood that, for both protocols, the blockade
error only occurs when the target qubit is pumped. This is
shown in Figs. 4(a) and 4(b) for the spin-echo and tradi-
tional cases, respectively. Here, we emphasize again that
logarithmic scales are used in Figs. 4(a) and 4(b). In par-
ticular, we find that the population and phase errors of the
wave function in the traditional gate are orders of magni-
tude larger than those in the spin-echo gate when excitation

034006-4



ACCURATE QUANTUM LOGIC GATES...

PHYS. REV. APPLIED 10, 034006 (2018)
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FIG. 3.

t —t1 (ns)

The population and phase dynamics of the three components |r.0), |r.7o), and |r.r;) in the wave function |i) during pulses

2-4 of the gate sequence when the input state is [00). The calculation is performed by using H, and A, in Eq. (2) on the the ini-
tial state —i|r.0), with parameters (see Sec. IIT) [Cs(roro), Ce(rer1)]/2m = [56.2,—25.6] THz pum®, L =8 pum, (Qn, Qus3, Qu) =
Vi(1/n,n,|2|/n), and n = 18. Here, arg(-) gives the argument of a complex variable. Because the population involved in the transfer
and the deviation of the argument of (r.0|y) from —sm/2 are tiny, we use the common logarithm to show the population transfer
and phase dynamics for the state coefficient of |7.0). Similarly, the populations in |r.7y) and |r.r) are also small and are shown
with the common logarithm. The periodic population and phase evolution during pulses 2 (4) has a period of 277/ (4) because
ley — €| = Q) [see Eq. (5)]. The values of arg(r.ri|y) at the end of pulse 3 and at the beginning of pulse 4 differ by V; T [see

Eq. (7)].

of the target qubit completes. Although the phase error can
be removed by adjustment of the phases of the laser fields
[22], the population loss inevitably leads to errors of the
order of 1073,

B. Rydberg-state decay and fluctuation of the vdWI

First, decay of the Rydberg state induces an error of
about Ege = ), T Rya/Ta» Where TRy is the average time
for the qubit system to be in the Rydberg state |o) of
lifetime t,,. Second, errors can arise if /', 7T in Eq. (7) devi-
ates from ¢ in Eq. (8) when the qubit spacing fluctuates.

This can be studied numerically by assuming a thermal
distribution of the qubit position in an optical tweezer
[25,26], where the qubit spacing L' during pulse 2 can
deviate from the value of L. Third, when optical traps
for atoms are turned off during the gate sequence, the
gate fidelity can also be hampered by the change of qubit
spacing from pulse 2 to pulse 4. For an approximate anal-
ysis for the worst cases denoted by 8 = 1(—1) when
the two qubits depart from (approach) each other along
the quantization axis, the average qubit spacing L’ for
pulse 2 becomes L’ + 2fv.tr during the wait period of
the sequence, which further becomes L' + 28v.1,4 during
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Spin-echo gate

FIG. 4. The population and
phase dynamics of the state com-

(@) 2 _)1(; 4 (c) L i ponent |r.0) in the wave function
Iro) from pulse 2 to pulse 4 (a) of
-2 f 3 the spin-echo gate and (b) during
|re) —F—T— the second pulse of the traditional
1 5 3 4 gate. (c),(d) The gate sequences
-4 ¥ 9P 4 for the spin-echo gate and the
1) (1) traditional gate, respectively. The
-6 | 10) —— 10) - Rabi frequency for the second
; pulse in (b) [or (d)] is equal to that
‘ Contro Target for pulse 2 in (a) [or (c)]. Other
0 20 40 60 80 100 parameters are the same as those
t —t1 (ns) 5 in Fig. 3. Compared to (a), the
logyo(1 = [{rc0¥)|%) population and phase error at the
m right edge of (b) are much larger.
---1 <0 = : X
Traditional cate o810 [arg(rc0) + 2| Note that there is a duration of
[ > g | pulse 3 in (a) that is short com-
b = ~ (d) pared to those of pulses 2 and 4.
_2 Iro) —=
Ire) —=—T—
-4 D 3 2
3 1) 1) —
0) —= 10) —
0 20 40 Control Target
t —t1 (ns)

pulse 4, where v, = /kgT,/m, is the root-mean-square
(rm.s.) speed of the atom along the quantization axis
(v? = v?/3), and kg, T,, and m, are the Boltzmann con-
stant, the atomic temperature, and the mass of a qubit,
respectively. Here, t7 = w[1/2Qp 4+ 1/ Qs + T/27] and
tha = Ir+ /29 + T/2.

We use the Hamiltonian in Eq. (2) to simu-
late the rotation error, defined as Ey, =) 5 . (1 —

|(00|Uzze”'fH’|OO)|2)/8. The total gate error Ege + E; as
a function of T, is shown in Figs. 5(a) and 5(b) for traps
with two different depths, U = 20 and 5 mK, respectively
[27], where the Rydberg-state decay rates are calculated
by assuming an environment temperature of 4.2 K [28].
The dashed curve in Figs. 5(c) and 5(d) shows the gate
error (calculated in a similar way) for a traditional C; gate,
realized by replacing pulses 2—4 by a 2w pulse of dura-
tion 27/ S2;. The gate error of the spin-echo C; gate is
below 10~* when 7, < 58 uK and < 31 uK in Figs. 5(a)
and 5(b), respectively, demonstrating its robustness against
position fluctuation and drift of the qubits. Note that we
ignore the population leakage to Rydberg levels near the
states |r.), |7o), and |r1). As analyzed in Ref. [10], this loss
can lead to an extra error, of the order of 107, in the gate
fidelity. However, such an error can be effectively removed
using the techniques of pulse shaping [12], or avoided by
shifting away the nearby Rydberg states through external

fields [13]. Thus, it is not a fundamental issue. On the other
hand, the decay error for the above spin-echo gate, Eq4. ~
7.1 x 1073, dominates the total gate error if the position
fluctuation and drift of the qubits are negligible [which
corresponds to the left edges of Figs. 5(a) and 5(b)]. This
observation leads us to the conclusion that the Rydberg-
state decay sets a fundamental limit to the achievable gate
accuracy for our spin-echo Rydberg quantum gates [8].

C. Motion-induced dephasing

As reported in Ref. [15], the thermal distribution of
the atomic qubit in an optical dipole trap can effectively
induce a randomly distributed relative phase between the
two 7 pulses upon the control qubits, resulting in a phase
error in the two-qubit states when the gate sequence com-
pletes. This can be called Doppler dephasing. Compared
to other noises such as fluctuations of the magnetic field,
the Doppler effect is the dominant dephasing problem and
can substantially reduce the fidelity of a quantum control
involving gap times between excitation and deexcitation
of Rydberg states [8,15,29]. If the mass of the qubit used is
denoted by m and the wave vector used for the excitation
of Rydberg states is denoted by £, Ref. [29] has estimated

that there is an error of Ep, & [1 — e~8Ta(@?/2m] /2 for o
state evolution during which a Rydberg atom drifts for a
time ¢. Because a smaller k£ reduces this dephasing effect,
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Spin-echo gate

Traditional gate

FIG. 5. (a) [(b)] The error of
the spin-echo C, gate scaled up
by 10° when the trap depth U is

(a) Trap depth U = 20 mK (c) 20[.5] mK. For compar.ison, the
. [ 15 solid and dashed curves in (c) and
20 | N (d) show the gate errors scaled
< b T up by 10° for the spin-echo pro-
D 1e N 1.0 I tocol and the traditional protocol,
- b —_ respectively. The parameters used
u?o’ 12| o 05 "\2; in the numerical calculation are
— N — - = —— the same as those in Figs. 3 and
I | 4, except that here we assume a
8 : : ‘ ‘ P 100 thermal distribution of the atomic
50 100 150 200 " T~--__, 50 150 location in the dipole trap and
Effective temperature (1K) consider drift of the atoms during
the gate sequence.
(b) Trap depth U = 5mK (d)
N PEEETT 15
_ 50 | e —
N R 10 Q
| Vi |
i
= SO | / 05! &
S | =
10 ‘ ‘ ‘ ‘ ' 00’
50 100 150 200 T -~ - I 50 150 I

Effective temperature (uK)

the excitation of a high-lying Rydberg state of even par-
ity by a two-photon process is more favorable compared to
using a p-orbital state through an ultraviolet single-photon
process. For a configuration of two counterpropagating
optical laser fields for exciting s- or d-orbital Rydberg
states, Ref. [8] has shown that the cooling of qubits to sev-
eral tens of uK is enough to reduce Ep, below the level
of 10~* when ¢ < 100 ns for a cesium-atom Rydberg gate.
For the example shown in Figs. 3—5, the control qubit is in
the Rydberg state for a time ¢ ~ 97 ns from pulse 2 to pulse
4 if the input state is |00) or |01). Since the wave vectors
of Rydberg lasers are similar for rubidium and cesium, it
is possible to reach a small Ep, of the order of 10~* (or
10~°) by cooling qubits to the order of 10 uK (or 1 uK),
which means that the dephasing of atomic transition is a
more severe problem compared to the variation of Rydberg
blockade.

Among the numerous sources of gate error, our study
shows that the motion of qubits is the main concern for the
state-of-the-art techniques in which experiments on Ryd-
berg gates use optical dipole traps for qubits. First, it can
induce fluctuation of the vdWI. However, our numerical
calculation shows that the vdWI-fluctuation-induced error
of a spin-echo C; gate can be as small as several times
10~* even if the optically trapped qubits are cooled only
to the submillikelvin regime. Second, the qubit motion can
also dephase the atomic transition between the ground and

Rydberg states, and the resulting error can be reduced to
the order of 10~ only when the qubits are cooled to tens
of uK for the widely adopted scheme of two-photon exci-
tation of Rydberg states. Consequently, sufficient atomic
cooling is necessary to attain the predicted fidelity of the
spin-echo Rydberg gate, which is limited by the decay
of the Rydberg states. In principle, this latter error can
be reduced to the order of 107® by choosing more sta-
ble Rydberg states and stronger laser fields for faster state
manipulations [12,13].

IV. CONCLUSIONS

We study spin echo with neutral Rydberg atoms and
show that it can reduce the well-known blockade error in
a traditional Rydberg gate from the order of € ~ 1073 to
€2, leading to an accurate controlled-phase gate of intrin-
sic fidelity limited only by the decay of the Rydberg state.
Moreover, the spin-echo gate is resilient to fluctuation of
the blockade strength between Rydberg atoms, making it
possible to realize accurate two-qubit Rydberg logic gates
with neither pulse shaping nor ground-state cooling of
qubits.
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APPENDIX: TIME-REVERSED MANY-BODY SPIN
DYNAMICS

In this appendix, we show another application of the
neutral-atom spin echo, i.e., quantum simulation of time-
reversed many-body dynamics with Rydberg blockade.
The numerical simulations in this appendix reveal that the
“echo” of any initial state can occur as long as the spin-
echo sequence introduced following Eq. (1) is applied.
We note that an understanding of the many-body “echo”
can help us to easily grasp why the blockade error of our
spin-echo gate is suppressed.

In the study of quantum simulation with Rydberg block-
ade, a many-body Hamiltonian can be constructed either
from resonant pumping [30] or from off-resonantly dress-
ing ground states with Rydberg states [5,6]. As an example,
we consider N atoms trapped in a one-dimensional optical
lattice of lattice constant .Z’, where each atom is prepared
in a superposition of two ground states |0(1)), and sub-
sequently dressed with Rydberg state |ry) via a detuned
transition |1) <> |ry) for each atom during time ¢ € [0, #],
characterized by the following Hamiltonian:

N
H = "[Q0r0)e(1] + Hee) /2 + Alro)i(rol]
k=1

N1 N
+Z Z Cé(l’oro)/Lfk|Vol’0)jk(’”ol’o|, (A1)
J=1k

=j+1

where Lj is the distance between atoms at sites j and k.
Subsequently, a strong microwave field is applied to cause
an almost complete transition |rg); — |r}); for every atom
k with a Rabi frequency i€2,, that is much larger than the
Rydberg interaction. The choice of Rydberg states should
follow the condition of sz = Cg(r171)/Ce(roro) < 0. Then,
Rydberg dressing |1) <> |r;) with (22, A) in Eq. (Al)
replaced by (€2, A)sr induces a state evolution during ¢ €
0, t]/|5| + to + /2, that is exactly the time-reversal
counterpart to that during ¢ € (0, f].

For a numerical test, we consider the following states
of ¥Rb in Eq. (A1): |[0(1)) = 5512, F = 1(2), mp = 1(2))
and [Foc1y) = [100s1/2(ds/2), my = 1(5)/2,m; = 3/2),
where |rg) can be transferred to |r;) via an intermedi-
ate p-orbital state using microwave pulses, while |1) and
|7oc1y) can be transferred from each other by linearly (cir-
cularly) polarized laser fields. The interaction coefficients
are Cy(roro)[Ce(r171)]/2m = 56.2 [—52.6] THz um®. We
first study the Rydberg dressing regime [5,6] by choos-
ing £ =10 um, tp =47/, and 102 = A =50 x 27
MHz, and those for dressing |r) are given by (2, A)sr.
Starting from an initial state |y (0)) = ®kN=l| M with
the spin-echo sequence described above, where | 1); =

(a) 1.00 Dressing

0.99 |
M

0.98 7 (Q,A) U v (Q,A)%

0.97 ¢t ‘ : :
0.0 0.2 0.4 0.6 0.8

Time (us)

b) 1.0
(b) Near-resonant

7 08T W,MA\JV (WA)V

0.4

00 02 04 06 08
Time (us)

FIG. 6. The time-reversed dynamics of many-body observables
in a four-atom system of Eq. (A1): (a) [(b)] works in the dress-
ing [near-resonant] regime, and shows the average population
in the state | 1) = (]0) + |1))/\/§ [11)] where each atom is ini-
tialized. The forward (backward) state evolution occurs during
(0,0.4] us and (0.4,0.827] us, respectively, so that the many-
body observables .# and & also return to the initial values
at the end of the spin-echo sequence. We ignore the duration
of the transition |rg) — |r) at 0.4 us. See the text for param-
eters. Note that not only .# and &2, but any physical observable
should follow time-reversed dynamics similar to those shown
here.

(]0) + |1))k/\/§, we probe the local transverse magne-
tization 4 = Zi:l ST Ak - [ (0)|*/4, where the
second sum is over all four-atom states |--- 1, - --) when
the kth atom is in the state | 1);. The result is shown in
Fig. 6(a), where we ignore the duration 7/ 2,, of the tran-
sition between |ry) and |r;) for clarity. Figure 6(a) shows
that the observable .# experiences an evolution during
(0.4,0.827] us that is exactly time reversed compared to
that during (0, 0.4] us.

The spin-echo-induced reversible many-body dynam-
ics can also happen outside the dressing regime. We then
choose .Z =16 um and /2 = A =2.5 x 27 MHz in
Eq. (Al), and perform numerical simulation in a four-
atom system similar to that shown above. When every
atom is initialized in |1), the average population in |1)
defined by &2 = Y0 S |(--- 1+ [¥(0))[?/4 is plotted
in Fig. 6(b), where the evolution of & in the backward
rotation is exactly time reversed compared to that in the
forward rotation. In Fig. 6, we ignore the Rydberg-state
decay effect because the timescale here is much smaller
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than the Rydberg-state lifetime, 1.2 (0.9) ms, of |rg(;)) ina
4.2 K environment [28].

In Figs. 6(a) and 6(b), we show the time-reversed evo-
lution of two observables, .# and £, for two sets of
parameters. We do this not because only .# and & can
be refocused, but because it is not easy to pictorially and
fully show the time-reversal dynamics of a many-body
wave function. In fact, any observable should follow a
time-reversal evolution like those shown in Fig. 6 in the
numerical examples studied above. Extending the above
scenario to our gate sequence, it can be understood that
the removal of the blockade error from the Rydberg gate
via the spin-echo sequence described in the main text has
used the fact that when the “echo” happens, the initial state
is recovered. As a consequence, all of the population will
return to the initial state.
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