http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

o 1= Py B

Ghinese PhySIcS

Rydberg quantum controlled-phase gate with one control and multiple target qubits

S L Su(@rfa )
Citation:Chin. Phys. B . 2018, 27(11): 110304. doi: 10.1088/1674-1056/27/110304

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Two-qubit pure state tomography by five product orthonormal bases

Yu Wang(+ ), Yun Shang(ii =)
Chin. Phys. B . 2018, 27(10): 100306. doi: 10.1088/1674-1056/27/10/100306

Deterministic hierarchical joint remote state preparation with six-particle partially entangled
state

Na Chen(F%:#F), Bin Yan(Zii), Geng Chen(4: ), Man-Jun Zhang(3k 2 %), Chang-Xing Pei(# 2 5)
Chin. Phys. B . 2018, 27(9): 090304. doi: 10.1088/1674-1056/27/9/090304

Phase precision of Mach-Zehnder interferometer in PM2.5 air pollution

Duan Xie(#%i), Haifeng Chen([ifFi4)
Chin. Phys. B . 2018, 27(7): 070304. doi: 10.1088/1674-1056/27/7/070304

Classical-driving-assisted coherence dynamics and its conservation

De-Ying Gao(/& %), Qiang Gao(&i5#), Yun-Jie Xia(H &%)
Chin. Phys. B . 2018, 27(6): 060304. doi: 10.1088/1674-1056/27/6/060304

Fractal dynamics in the ionization of helium Rydberg atoms

Xiulan Xu(#:75 %), Yanhui Zhang(5k ZE #), Xiangji Cai(%# ), Guopeng Zhao(i* [E fi5), Lisha Kang(F i)
Chin. Phys. B . 2016, 25(11): 110301. doi: 10.1088/1674-1056/25/11/110301


http://cpb.iphy.ac.cn/EN/abstract/abstract73032.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72803.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72686.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72686.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72330.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72116.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68540.shtml

Chin. Phys. B Vol. 27, No. 11 (2018) 110304

Rydberg quantum controlled-phase gate with one control and
multiple target qubits*
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We propose a scheme to construct the multiple-qubit Rydberg quantum controlled-phase gate with one control and
multiple target qubits. The proposed quantum logic gate works under the asymmetric-Rydberg-interaction-induced dipole
blockade and can be implemented with three operation steps. The most prominent characteristic of the scheme is that the
required operation time and steps keep invariant as the number of qubits increases. The Rydberg state leakage and some
practical situations are considered. The Lindblad master equation is used to evaluate and verify the feasibility of the scheme.
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1. Introduction

Due to the advances in experimental operation, espe-
cially trapping and cooling, Rydberg atoms have received
much attention in the research of quantum information. When
they are excited to Rydberg states with high principal quan-
tum number!!?! and close enough, strong Rydberg—Rydberg
interaction (RRI) arises. Consequently and interestingly, a
frequency matched classical laser field cannot excite more
than one atom,>*! which is called Rybderg blockade and has
been observed in experiments with two Rydberg atoms lo-
cated about 4 um®! apart by collective driving and 10 pum!6!
apart through sequent driving, respectively. The RRI has also
been directly measured in experiment.!”! Via contactless RRI,
the photonic nonlinear dynamics is obtained in experiment. 8]
Besides, two-qubit Rydberg logic gates can be constructed

via the RRI induced energy shift,[®) phase shift,[!%) block-
p,[11-18

[24]

ade phenomeno I Rydberg dressing, '3 generalized

Rabi frequency,!**! or two-atom dark state method.>! Re-
cently, new Rydberg regimes!>*>° and quantum controls of
the pulses**-31 have also been designed for the Rydberg quan-
tum gate.
Multiple-qubit
ful for quantum algorithm and quantum

quantum logic gates are meaning-
information
processing.[3>-3#1 The conventional gate-decomposition pro-
tocols imply that a multiple-qubit quantum logic gate can be
decomposed into single- and two-qubit gates.**-36 However,
the number of required single- and two-qubit quantum gates
increases dramatically as the number of qubits in multiple-
qubit logic gates increases. Constructing the multiple-qubit
quantum logic gate directly is worth studying3’~*3 because
more quantum resources would be saved. The conventional
n-qubit controlled-phase performs a phase operation on a

DOI: 10.1088/1674-1056/27/11/110304

target qubit depending on the state of the rest n — 1 con-
trol qubit, which has wide applications in complex quantum
algorithms**! and quantum error correction.[*4%1 Besides,
the n-qubit controlled-phase with one control and n — 1 target
qubits also has extensive applications in quantum entangled
state preparation,*’! quantum error correction, 3! the discrete
cosine transform,*®! and quantum cloning,®°! and has been
constructed through multiple-step®'=3! or single-step>* via
a virtual photon process. In addition to the atom—cavity sys-
tem, the cross-Kerr nonlinearity system is also a promising
platform for quantum information processing®>-%! and can
be used to construct the one control and multiple target qubits

39601 on the premise that the perfect singe-

quantum logic gatel
photon resource is achieved.[®'~%*] Based on Rydberg block-
ade, several schemes have been proposed for the construc-
tion of conventional multiple-qubit Rydberg quantum logic

[65]

gates via exciting atoms into different Rydberg states,'>”! con-

[66.67] and sequent

sidering asymmetric Rydberg interactions,
driving based Rydberg collective excitation.®®] In contrast, a
multiple-qubit quantum logic gate with one control qubit and
multiple target qubits has not been well-studied in the Rydberg
atom system.

Inspired by these studies, we propose a scheme to
construct the multiple-qubit Rydberg quantum controlled-
phase gate with one control and multiple-target qubits. The
asymmetric-RRI-based blockade regime!®>-7% and the well-
defined laser coupling sequences!>* make the required con-
ditional dynamics realizable. The required operation step and
the operation time are kept invariant as the qubit number in-

creases.

*Project supported by the National Natural Science Foundation of China (Grant No. 11747096).
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2. Controlled-phase gate with one control and
multiple target qubits

2.1. Three-qubit case

Figure 1(a) illustrates the schematic diagram of the n-
qubit controlled-phase gate. For clearness, we first consider
the case; i.e., two target Rydberg atoms (2, 3) interacting with
the control Rydberg atom 1. The Hamiltonians of atoms 1 and
k (k=2,3)are (seth=1)

0 no 2
H1:71e‘¢|1>1<R\+H.c.7 Hk=7k\1>k<rl+H~C~ (1)

Besides, the RRI Hamiltonian is
3
Ay =Y Ve (6 @6/ +Hc)+ V65 @65, (2)
k=2

in which 6}”’ denotes |a)(b| of the j-th atom. The first term
of Eq. (2) denotes the resonant dipole—dipole interactions
while the second term denotes the van der Waals (vdW)
interactions.!'®%1  The  dipole—dipole-interaction-induced
blockade!*! is critical for the scheme, the whole scheme re-
quires three steps.

Step (i) Apply a & pulse on Rydberg atom 1 and set
¢ = 0. The first term of Hamiltonian (1) works and the transi-
tion |1); — —i|R); is achieved.

Step (ii) Apply 27 pulses on the rest of the Rydberg
atoms 2 and 3. The last term of Hamiltonian (1) works. Sup-
pose the conditions Vg, >> Q) > V. 1091 are satisfied, then
the transitions |tB)23 — (—1)*(—1)P|aB),3 are achieved if
the initial state of atom 1 is |0);, where a,3 € {0,1}. The
blockade effect induced by V,, is ignored due to the condi-
tion 2 > V,,.. Otherwise, if the initial state of atom 1 is
|1)1, then it would be excited to |R) after step (i). The role
of |r);-mediated 27 pulse is inhibited due to the blockade ef-
fect induced by Vg,. Then, the transitions |otf8)23 — |af)23
are achieved.

Step (iii) Apply a 7 pulse on Rydberg atom 1 and set
¢ = m. The first term of Hamiltonian (1) works and the tran-
sition |R); — i|1); is achieved. Thus, the whole evolution

process can be illustrated as

0aB) 123 — (—1)*(—1)P|00f) 123,
[1aB)123 — [1ofB) 123, 3)

which is the desired three-qubit logic gate. Although a quan-
tum logic gate with one control and multiple target qubits has
unique applications in quantum information, it is also interest-
ing to find the relation between the studied quantum logic gate
and the universal quantum logic gate. In Fig. 2, we take the
three-qubit case as an example to reveal the relations between
the universal Toffoli gate (left side) and the constructed logic

gate (in the dot-dashed frame on the right side).

Fig. 1. (color online) (a) Schematic diagram of the controlled-phase
gate with one control and multiple target qubits. (b) Energy level and the
corresponding laser coupling for control (1) and target (k=2, 3, ..., n)
atoms. £, is the Rabi frequency of the transitions |1) <> |R(r)) of
atom 1(k). |R) denotes high-lying Rydberg state. The principal quantum
number of the Rydberg state |r) is not equal to that of |R), which induces
the asymmetric RRI strength Vg, >V, (suppose Vg,(V;) is identical for
different target atoms for simplicity) through choosing different energy
levels, as described in Ref. [69]. |0) and |1) are two ground states used
to encode the quantum information.

Fig. 2. The relation between the constructed quantum logic gate (on the right-hand side, dot-dashed frame) and the universal quantum
Toffoli gate (on the left-hand side). 7' = ¢17%:/8 H denotes Hardmard gate.

2.2. The n-qubit case

The scheme is easy to be extended to the n-qubit case (k=
2,3,...,n). The Hamiltonians (1) keep invariant while the RRI
Hamiltonian should be changed to (k > k')

n n
Hy =Y Vi (61" @ 6% +Hoe) + Y Vil rr)pae (rr]. ()
k=2 kK

After considering the asymmetric RRI, the interactions among
the target atoms do not affect the evolutions induced by the

classical field since €y > V,,. Nevertheless, the state of Ryd-
berg atom 1 influences the evolution of all of the target atoms
since the condition Vg, > € is satisfied and the blockade ef-
fect emerges if both of the control and target atoms are initially
in state |1). After the same three steps, the n-qubit quantum
gate with one control qubit and n — 1 target qubits

0B+ G123 = (=1)*(=1)P - (= 1)¥[00B -~ &) 123.n,
‘IOC,B--~Q>123...,,—>|106ﬁ~'g>123...n (5)
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is achieved.

3. Discussion

One of the features of the scheme is that the total required
operation time is not increased with increasing qubit number.
Two factors influence the performance of the scheme. One is
the blockade error, the other is the dissipation originated from
spontaneous emission. The blockade error should be consid-
ered from two aspects. First, Vg, should be strong enough to
blockade the target Rydberg atoms to be excited to |r) if the
control and some or all of the target atoms are initially in state
|1). Second, the RRI strength V,, should be weak enough to
allow collective excitation of the target atoms if the control
atom is initially in state |0) and some or all of the target atoms
are initially in state |1). Generally speaking, the evolution of
the whole system can be described by the Markovian master
equation

n 1

Z Z {zamlﬁajd - 156,;1 c,i-ml - 6;,; (Ajmlﬁ} ) (6)
where 6, = |I)(R(r)| denotes the decay process from state
|R(r)) to ground states of atom m, and ¥ is the atomic sponta-
neous emission rate. If we calculate the fidelity through Eq. (6)
with Hamiltonian (1) involved Vy; and V., and dissipation
terms involved 7, then the influence of the above two factors
on the final gate fidelity will arise naturally.

3.1. Asymmetric Rydberg interactions

Rydberg asymmetric interactions have been used and
studied for efficiently achieving multi-particle entanglement
by Saffman and Mglmer!®! via blockade regime based on uni-
tary dynamics, Carr and Saffman!’°! via antiblockade regime
based on dissipation, and for construction of three-qubit Tof-
foli gate by Brion et al.!! Since dipole—dipole interaction
strength Vi, is approximate to n*/R> and vdW interaction
strength V,, is approximate to n'! /R®, where n and R de-
note principal quantum number and distance between Rydberg
atoms, respectively, the strongly asymmetric Rydberg interac-
tions can be readily met by choosing sufficiently large R and
sufficiently small n, whose lower limit is scaled by the black-
body limited spontaneous emission lifetime 7 ~ n2.[%] More
specifically, One can obtain the calculated blockade strength
from Fig. 3 extracted from Ref. [69], which shows that the
asymmetry Rydberg interctions can be achieved well because
Vrr is at least 150 times bigger than V,,.. Specifically, one can
find that Vg, would be 1000 times bigger than V,, if the angle
of the molecular axis is around 30°.1%°1 That is, it is reasonable

*We use rand command in matlab to produce the random initial state.

if we choose Vg, = [100,400] x V,, in the following analysis
and numerical calculations.

0.15
EN Vi, X1/150
= 0.10
[a\l
~
= 0.05
S

0

0 20 40 60 80

0/(°)
Fig. 3. (color online) Calculated blockade strength in Ref. [69] as a
function of the angle @ of the molecular axis for Rb atom. For the
exact values of atomic characteristic length, magnetic field and energy
levels, see Fig. 2 in Ref. [69].

3.2. Average fidelity

To estimate the performance of the quantum controlled-
phase gates more accurately, the average fidelity rather than
the fidelity obtained from one group of specific initial state
and the corresponding final state should be used. We use two
methods to measure the average fidelity. The first one is given
by Nielsen!”! and White er al.l”?! with the form

A TA
N thr(U ]U
d?

F(e,0) = 2T

9 2
(l; )+ ’ D

where U is the tensor of Pauli matrices {I---[,I---X,....2---Z
N e ad S~

n n n

for n-qubit quantum logic gate, U is the perfect phase gate,
d = 2", and ¢ is the trace-preserving quantum operation ob-
tained by our logic gate whose value can be obtained through
numerically solving Eq. (6). The second is to calculate the
mean value of the fidelities corresponding to several groups of
random initial states*

_ 1 &
F:%g \/\/plldedlp

where p,,(7) denotes the practical output density matrix corre-

pldeal} , 8

spond to the random m-th input state, and p,de!

is the corre-
sponding matrix obtained from the ideal controlled-phase gate.
In Fig. 4, we plot the average fidelity of the three-qubit quan-
tum logic gate obtained via the two different methods, which
shows that the scheme has high fidelities. In Fig. 5, we plot
four- and five-qubit quantum logic gates, respectively, with
the density matrix obtained from one group of specific initial
states to save the time of numerical simulation. The results
show that although the performance decreases as the number
of the qubits increases, the fidelity is always higher than 97%
with perfect blockade condition w = g = 20.
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Average fidelity
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Fig. 4. (color online) Average fidelities of the three-qubit quantum controlled-phase gate versus atomic spontaneous rate ¥ based on
(a) trace-operator and (b) random initial states methods with one hundred of random initial states. For simplicity, we set 2| = Q, =
Q3 =Q, Vg, =wQ, Q = gqV,,, and w = g without loss of generality.

1.00 . 1.00 .
(a) (b)
0.95
0.95}
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Fig. 5. (color online) Fidelities of the (a) four- and (b) five-qubit quantum controlled-phase gates versus atomic spontaneous rate Y
based on the final density matrix pi9¢3! obtained by the ideal quantum logic gate and practically final density matrix p obtained through

- - 2
the system dynamics governed by Eq. (6) with the specific initial states Z?fl) ®(|0) +1))i/+/2, in which F = [Tr \/pidealp / f)ldeal]
is used. For simplicity, we set Q] = Qp = Q3 = Q4 = Q5 = Q, Vg, = wQ, Q = qV,,, and w = g without loss of generality.

(a) (b) (c)

1.0 1.0 1.0

Average fidelity
Fidelity

Fig. 6. (color online) Average fidelities of the three-qubit quantum controlled-phase gate based on (a) random initial states method
and (b) trace-operator method with one hundred of random initial states versus Vg,/Q and Q/V,,. For simplicity, we set Q; = 2, =
Q3 = Q4 = Q. (c) Fidelity of the four-qubit quantum controlled-phase gate with the initial state being set as Y} ; @[(|0) +1)):/v2].
The dissipative rate /2 = 1073 is used.
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3.3. Influence of an imperfect blockade

As discussed earlier, Vg, should be strong enough to block
the target atoms once the control atom is excited and V.- should
be weak enough to allow collective excitations of the target
atoms if the control atom is not excited. We now use the
numerical methods to estimate the influence of the imperfect
blockade. In Fig. 6, we take the three- and four-qubit cases as
examples to study this influence. One can find that the three-
qubit case has good robustness under imperfect RRI strength.
The fidelity of the four-qubit case can still be higher than 0.8
with w = g = 4 although the robustness of the four-qubit case
is not better than that of the three-qubit case.

3.4. Robustness of the parameters’ variation

In the previous discussion, we suppose that the parame-
ters keep invariant. Practically, the parameters would no doubt
fluctuate during the experiment. Without loss of generality, we
assume that the fluctuation of the parameter satisfies a Gaus-
sian distribution with mean value p and standard deviation & p.
For a fixed 8 p, we consider 100 groups of p; that satisfy the
Gaussian distribution. For a given p;, we get the correspond-
ing fidelity F; at the optimal time through Eq. (7) for the trace-
operator-based method and through Eq. (8) for the random-
initial-state-based method. Then, the mean value is calculated
as F = ijOOFj /100. In addition, the standard deviation of
F; is calculated based on the 100 sets of data for the given & p.
In Fig. 7, we plot the variations of the average fidelity ver-
sus OVg,/Vg, and OV, / V.., respectively. The results show the
good robustness of the scheme on the fluctuations of the RRIs.

1.000
0.900
1.100
1.000 ¢
0.900
0.988¢
0.986

0.998
0.996 f
0.994 ¢
0.992
0

Average fidelity

10 20 30 40 50
(op/p)/ %

Fig. 7. (color online) The variations of the average fidelities ver-
sus scaled standard deviations of inhomogeneous parameter p. (a)
p = Vg, random-initial-based-method. (b) p = Vg,, trace-operator-
based method. (c) p = V,,, random-initial-based-method. (d) p =V,,,
trace-operator-based method. The standard parameters are chosen as
Vir/Q =18, /V,, =20, and ¥ = 1073Q. For the random-initial-
based method, 100 groups of normalized initial states are considered.

3.5. Atomic transition errors

Practically, atomic transition error arises when the near-
resonant coupling to other unwanted states happens. To es-
timate the average fidelities under this situation, we consider
two near-resonant transition channels following the spirit of
Ref. [25], in which all possible dipole allowed transitions with

the change of principal quantum number up to £5 from the
resonant states are considered.

We consider the leakage channels as shown in Fig. 8. The
possible choices of the Rydberg atom pair states and the cor-
responding experimentally feasible parameters are extracted
from Ref. [25]. In Table 1, for the four-qubit case, we use
non-Hermitian Hamiltonian and Schrodinger equation rather
than Lindblad master equation for simulation to save the com-
putation space. And V,, is supposed to be 0.02Vg,. The results
show that under the influence of the Rydberg state leakage,
the fidelity can still be higher than 0.99. One should note that,
in the practical case, the condition Vg, > V,, should be re-
considered with the data in Table 1. The vdW is induced by
the non-resonant dipole—dipole interaction with the form!’#!

N ey (e B rs) (rs | B | rr) (rr
gy = Bl 03 g
N £}

:Vrr|rr><rr|7 (9)

in which Iflgd denotes the non-resonant dipole—dipole interac-
tion Hamiltonian with detuning &, related to Rydberg state |s),
H,qw denotes the vdW Hamiltonian, and |s) denotes the pos-
sible Rydberg state that may be coupled to |r) via the dipole—
dipole interaction. From Eq. (9), one can obtain that the ac-
curate way to achieve the vdW interaction is to sum up all of
the possible Rydberg states |s) that couple to |R) with the non-
resonant dipole—dipole interaction. If the detuning §; of one
group of specific dipole—dipole interaction is small, then the
condition V,, < Vg, may not be satisfied. Nevertheless, from
the point that the electric field can induce resonant dipole—
dipole interaction, one can also set an electric field to enlarge
O, and further weaken V.

(a) (b) &
la)yy  ladw
Vl ‘/2
|R), Rk |
> VRTV VRr
Iry e Vi
Vi
Vs -
|b>1 ‘b>k ———
2 2
1) 1) —
—— | 0) 0)

Fig. 8. (color online) Energy levels, laser couplings, and the RRIs of (a) the
control atom and (b) the target atoms used to construct the n-qubit controlled-
phase gate. |R), |r) |a), and |b) denote the Rydberg states. |R)1|r)x — |b)1]|a)k
with defect & and strength V,, and |r);|R); — |a)1|b)x with defect §; and
strength V). Vg, is the strength of the dipole—dipole interaction between the
control and target atoms. V,, is the strength of the vdW interaction among
the target atoms. The scheme requires Vg, > leﬁ9l which can be achieved
by using Forster resonances and choosing suitable R and n.173] The Rydberg
state |a)- and |b)-induced transitions, as well as the vdW interactions V,, give
rise to the transition errors. € is the Rabi frequency of the transitions
[1) <> |R)1 (|1) > |r)x) of control atom 1 (target atom k). |0) and |1) consti-
tute the computation subspace.
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Table 1. Average fidelity F of the n-qubit quantum logic gate versus n and RRI strength with the consideration of atomic transition leakage errors and
dissipation. |r)1|R); — |a)1|b) and |R)|r)x — |b)1|a)x are two leakage channels. To make states |R)|r)x and |r);|R); degenerate, the external static
electric fields £ (V/m) should be 14.2, 5.36, and 20.1 (from top to bottom), respectively. The states are specified as n/;m with n, [, and m being the
principal, angular, and magnetic quantum numbers, respectively. The corresponding DD coefficients C3 (GHz-pm?) are calculated as —68.2, 65.3,
and —51.4, respectively, and Vg,/y equals 38.5, 35.5, and 23.1, respectively, at the temperature of 4 K. The interatomic separation is assumed to be
3 um between the control and target atoms. The fourth-order variable step-size Runge—Kutta algorithm is used to solve the master equation.

Resonant \a) 1 |b>1f Vi /Vkr 8;/MHz |b> 1 |a>k Vz/VRr 8, /MHz n Flcakﬂgc

R) = 1]251/21/2

[ = 10151/21/2 11 1d5/25/2 99d5/25/2 —0.64 —471.239 1 12p1/2(—]/2) 101p3/2(—]/2) —0.49 1074.425 i gg?z?:j?

[P = 112p3 53/2 4 0.9407130

[R)r = 101p3,3/2

[R)1 = 111ps23/2 2 0.9986263

::if Z i(l);fl‘//jg ipya(=1/2)  10Ipya(=1/2) 066  —1627.345  110ds),5/2 100ds5/2 =217 12503.539 i gg;ggigg

IR): = 1015 51/2 '

[R)1 = 105p3/23/2 2 0.9983958

::if - ?322/12/231/ 52 105p12(~1/2)  94psp(—1/2)  —0.49  1551.947 104ds55/2 92ds55/2 —0.64 —1162389 3 0.9760406
4 0.9400395

[R)i = 94s,/,1/2

3.6. Other possible schemes to construct the controlled-
phase gate

The scheme may be improved through introducing other
methods, such as electromagnetically induced transparency
(EIT) and geometric controls. In this subsection, we will de-
scribe some of the possible schemes and provide correspond-
ing parameter ranges, which maybe useful for further studies.

3.6.1. EIT-based scheme

The performance of the scheme may be improved based
on the EIT!'73] method. To do this, as shown in Fig. 9(a),
a metastable state |p) is introduced to couple with |r) and |1)
with Rabi frequencies Q2 and €, respectively. This scheme
requires the condition Vg, > Qp > Q 1(k) > Vir tO be satisfied.
The transfer process |1) — |p) — |1) is inhibited if Qg > Q4
(known as EIT) when the control atom is initially in state |0).
On the other hand, if the control atom is excited to |R), the EIT
would be destroyed. The whole process can be divided into the
following four cases (We here take two-qubit as an example to
illustrate the dynamical process). (I) For the initial state |0)|0),
it stays invariant because it is decoupled with the laser. (II) For
the initial state |0)|1), it would be invariant because the control
atom is decoupled to the laser coupling, and the transition of
the target atom |1) — |p) is transparent to the laser due to the
EIT condition Qg > Q. (II) For the initial state [1)|0), the
control atom would be transformed to the Rydberg state after
step (i) and further be transformed to |1) after step (iii). The
state of the target atom is decoupled and stays invariant. (IV)
For the initial state |1)|1), the control atom would be trans-
formed to the Rydberg state after step (i). The EIT regime of
the target atom would be destroyed due to the strong RRI con-
dition Vg, > Qp. Then after step (ii), the target atom would
obtain a 7 phase. After step (iii), the state would be changed to
—[1)[1).

to multiple-qubit case if the condition ;) > V), is satisfied

We note that the scheme can be directly generalized

since the interactions between the multiple target atoms can
be discarded and they can thus be considered independently.

That is, the quantum logic operation would be achieved after
the three steps.

3.6.2. Geometric phases

The other robust method is to use the geometric
operations.’®! As shown in Fig. 9(b), we can choose Q; =
—Qsin(6/2)e!? and Qp = Q cos(6/2). If the control param-
eters O and ¢ vary smoothly to satisfy the adiabatic condition
and 6 equals 0 at the starting and ending points, then state |1)
would obtain a geometric phase ¢ = ($sin6d6d¢)/2 after
the cyclic evolution.!””! It should be noted that the vdW block-
ade would influence the geometric controls since the condition
{Qy, Qg} >V, is not always satisfied at the starting and end-
ing points.

|R) (b)

Fig. 9. (color online) (a) The EIT-based scheme. (b) Geometric phase
scheme.

4. Conclusion

Based on the asymmetric-RRI-induced blockade regime,
we proposed a scheme to construct the multiple-qubit
controlled-phase gate with one control and multiple-target
qubits. Analysis with the master equation method showed that
the scheme is robust to RRI fluctuation. In addition, the re-
quired operation step and time of the scheme are not increased
with the increase of the qubit number in the quantum logic
gate. We have also shown that the proposed scheme can be
generalized to the EIT and the geometric phase cases. We
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hope that the proposed multiple-qubit controlled-phase gate

can find some applications in the future Rydberg-atom-based

QIP tasks with the development of technology.
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