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Abstract: We theoretically present an effective method to realizeadtepNiSWAP,Nv/iSWAP,NSWAP and\Nv/SWAP gates based
on the qubit-qubit interaction in a cavity QED driven by asig microwave field. The operation times do not increase thighgrowth
of the qubit number. Due to the virtual excitations of theigathe scheme is insensitive to both the cavity decay aedhkrmal
field. Numerical analysis under the influence of the gatesatipss shows that the our proposal can be implemented vgthfiuelity.
Moreover, the scheme can be realized in the range of curasiityQED techniques.
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1 Introduction logic gates, we also calculate the implementation time
_and discuss the result. Numerical analysis shows that the
Quantum computers can be more powerful than classicacheme can be implemented with high fidelity. On the
computers J]. In addition, the results and limitations of other hand, the presence of both qubit-qubit interaction
realistic quantum computers gives us over\{iews of thegpq Jaynes-Cummings model make our system powerful.
fundamentals ~ of  quantum  mechanics.  The\ye also notice that to enhance the performance of our
implementation of quantum logic gates is the basis ofschemes, implementation of our logic gates with the total
inventing quantum computers2|[ Thus, how to  gperation time should be much shorter than the energy
implement various quantum gates, such as SWAP gat@g|axation time and the cavity decay time is the main way.
[3], ISWAP gate 4], ViSWAP gate §] and vSWAP gate  The rest of the paper is organized as follows: In Section 2,
[6] in different quantum systems, such as cavity QED e calculate the evolution operator of the whole system.
system [], linear optics g, trapped ions 9], quantum  |n Section 3, a two-step scheme for implementation of
dots system10] and NMR [11], attracts much attention.  quantum logic gates is presented. In Section 4, we
Recently, Liu et al. 12 presented a scheme for analyze the performance of our scheme numerically
implementing two-atom/SWAP gate in a cavity QED. under parameters currently reachable and then discuss its
In ref. [13] the authors proposed a method to implement afeasibility based on current experiments in cavity QED.
three-stepn qubits SWAP gate simultaneously between Finally, a conclusion appears in Section 5.
one qubit withn qubits coupled to a cavity. In this paper,
we propose a method for realizing aNiSWAP,
NVISWAP, NSWAP andN+/SWAP gates of one qubit 2 Model and evolution operator
(such as atoms, quantum dots, and superconducting
qubits) simultaneously controllingN target qubits in  We considefN -+ 1) qubits each having two levels, whose
cavity QED with nearest dipole-dipole interaction states are designated by a ground sfgieand an excited
(qubit-qubit interaction) by adding a strong microwave state |ej), interacting with a single mode cavity
field, we calculate the evolution operatortimo-step, we  simultaneously and driven by a conventional field added
use the overall evolution operator for obtaining theseto the system. Th8l qubits are very close together, so the
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qubit-qubit interaction should be included in the cavity
QED. The Hamiltonian of the whole system in the
rotating wave approximation (assumihg= 1) [14,15] is
given by

N+1 N+1 _ ,
H=ouw}y S +wata+Q > (Sfe'* +57e“)
=1 =1

N+1 N+1
+g ) (@S +aS))+T ;STS; (1)
=1 j,_;(l
j

S, S, and S are the collective operators for the
(1,2,...,N+1) qubits, wheres, ; = %.(|ej><ej|— l91)(ail),
S = (lej)(gil), S = (lgj)(ej]) with [ej)(]g;)) is the
excited state (ground state) of the quig, c, andw are
the transition frequencies between the two leyg)sand

|e) of each qubit, the cavity mode and the conventional iSWAP

field, respectivelya™, a are the creation and annihilation
operators to the cavity modg,is intensity qubit-cavity
coupling,Q the Rabi frequency of the classical field, and
I is the force dipole-dipole coupling. Here, we consider
the case of ap = w. Define the new basis
1) = 5 (19;) + &), [=1) = J5(19i) — lgy)). In the
strong driving regior2 > 9, g, I [16], we can eliminate
the terms oscillating fast. Then, we haw in the
interaction picture17]

N+1 _ N4
H = 2Q Zlaz,j +g(ate® +ae7) Zloz,j
= 1=

N+1
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whered = ay — @y is the detuning between the frequency
of the cavity wpy and the frequency of the qubib, and

0zj = (1) (il = [=)(=iD, of = [+)(=jl. o] =
|—j){+jl. Then, the evolution operator of the system can

be given by 18]
N+1 N+1 2
U(T) = exp|-2Q1 ) O'Z_’j:| exp|—idAt ( > O’Z_’j>
=1 =1
o Nf1
X exp —|ergl |:4GZYI‘O'Z_’|<+GJ-+O'|;+GJ-70'|2L:|

j#K
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whereA = J andt = 1 = 271/(3|. In the following, we
demonstrate how to realize a two-steNiSWAP,
NvViISWAP, NSWAP andN+/SWAP gates of one qubit
simultaneously controllindy qubits in a cavity QED.

3 Implementation of quantum logic gates

3.1 NiSWAP and N+/iSWAP gates

It is demonstrated that more complex quantum gates can
be created byiSWAP and viSWAP gates 19
Furthermore, twoiSWAP gates together with several
one-qubit rotation gates can construct the CNOT gate,
which is considered as a universal two-qubit ga2é].[
The iSWAP gate forms a universal gate set, a CNOT
gate for example can be obtained from single-qubit
rotations and twoV/iSWAP gates 20]. Recently, it has
been shown that theSWAP andviSWAP gates can be
very useful for applications in quantum information
process QIP and quantum computir®f]] The iISWAP
and+/iISWAP gates are appropriate elementary two-qubit
gates, these quantum logic gates can be represented by
the operators:

= |00) (00| +i[01) (10| -+ i|10) (01 + [11) (11],

4)
10 0
oLt Lo
ViSWAP = OQVEO : (5)
V2 V2
00 01

The goal of this subsection is to demonstrate how the
NiSWAP and NviSWAP gates can be realized. The
proposed quantum logic gates provides a vivid blueprint
for future quantum computation, that is deterministic and
scalable. Let us now consider &M + 1) qubits placed in
single-mode cavity, where the first qubit as the controlling
qubit and the otheN qubits as the target qubits. The
NiSWAP andN+iSWAP gates gates can be realized by
using the evolution operator in equati@B). We now
consider two special cased:> 0 as well asd < 0. The
results from the unitary evolution, obtained for these two
special cases, are employed below for the gates
implementation. The detailed procedure is given as
follows.

Step 1 Let us begin with the cas®= wy — wa ~ 29 >
0 (see Fig.14)): adjust the transition frequencies @ +
1) qubits with the pulse Rabi frequen€y in a period of
evolution timet = 11/g. Then, the evolution operator can
be described by

N+1 N+1 2
Ui(T) = exp|-2iQT z 0| exp|—idAT Z 0z
= =1
N+1
xexp|—i—T Z [4ozﬁjoz_yk+oj+ok’+oj*0|j]
ifel

£k
(6)

Step 2 Let us now consider the case< 0 where
-0 =wp— w, ~ 29 > 0 (see Fig.1B)): by settingQ’ =0
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j=2,3,...,N+1. According to the operata T on the
basis (+1)[+j), [+1)|=j), |=1)|+j), [-1)]=})), we can
[ obtain following evolutions

1) +) — e @Iy 1)

Tfrnsssesss & | O mimes sese s | +ol-i) — @McotMT/4) )l ))
HSINTT/4)] =)l +)]
[=2)l+1) — €Mcos T T/4)] -]+ ) (10)

+isin(l1/4)|+1)|—j)]
|=0l=i) — |=2l=i),
where a phase facteyr in the previous evolutions can be

produced by several different propos&g][ By choosing
Fig. 1: Proposed the two-setup for dltwo-qubit quantum logic 't = 211, n = 2k (with k being an integer) and

(A) )

gates withN + 1 qubits and a cavity, where thé+ 1 qubitsare  2AT = —Z, an N-two-qubit iISWAP operations are
very close together. Figuré\) corresponds to the first step where simultaneously performed oN qubit pairs(1,2), (1,3),
Q isthe pulse Rabi frequency applied 2, 3, ...,N+ 1) qubits. ey (LN +1), written as

Figure(B) corresponds to the second step where the pulse Rabi
frequencyQ is now applied tq2,3,...,N + 1) qubits, where the

pulse Rabi frequency applied to qubit 1 = 0. [+1)|+j) — [+)|+))
[Ho)l=i) — il=1)+))
|=)l+j) — il+1)[=)) (11)
=)

1)
for qubit 1, the coupling of qubit 1 with the cavity mode |—,)
becomes negligibly small, one can adjust the level
spacings of qubit 1 such that it is decoupled from the
cavity mode, so the cavity mode is coupled to target By choosing 't = 1, n = 2k’ (with k' being an
qubits(2,3,...,N +1) with the pulse Rabi frequend@ in  integer) and 27 = —Z, we obtainN-two-qubitv/iSWAP
a period of timer = 7/g, the evolution operator can be gperations (from equatiofi0)) as

described by

=) — [=0)l=p)-

N+1 N-+1 2
Ua(T) = exp|—2iQT Zzaz’j] exp| —idAt ( ;oz_,,) [+0)l+5) — [+2)|+5)
i= i= 1 .
I+0l=i) — == [+0)|=j) +il=1)[+))]
N+1 V2
xexp|—i—T1 [401-0 k+o-+o*+o-’o+] : . 1 N .
77 2, 102102k 0] G+ 0} [=0l+) — S5 ll=a) i) +il+a)l-)] (12)
ik
) |_1>|_j> — |_1>|_j>-
After the above two steps (after a period of timg),2 Then, the purely quanturNiSWAP andN+viSWAP
the evolution operator of the system is gates can be implemented simultaneously between the
N1 first qubit and theN qubits.
U (2.[) _ 672i£2r0271 678i)\r0271023j
n
N+1 3.2 NSWAP and Nv/SWAP gates

% I—L e—i%T(‘lelULj+01+0f+0f01+). ®)
1= The SWAP gate is equivalent to three CNOT gates. It is

When the conditiom2 = 2N is satisfied, one can find @n @ppropriate elementary two-qubit gate. On the other
that the joint time-evolution operator, after the above twohand, theVSWAP gate constitutes a universal set of
steps of operation, is given by guantum gates together with single-qubit rotations around

an arbitrary axis §]. After the successive application of
N e two /SWAP gate the states of the qubits are
U= e, 9) .
- interchanged. Thus, the SWAP andSWAP gates are
useful in quantum computation and quantum information
with processing 20], such as establishing the universality of
E=4A (0,1 +207107j) + %(4021102,,- + afaj* +0; aj*), two-qubit gates23], programmable gate array24], and
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constructing quantum circuit¥], these type of quantum Fidelity 190 T2+ =
logic gates can be represented by the operators: wl T TTTom—m——m——mmoo i
SWAP = |00)(00]| + |01)(10] + |10)(01| +|11)(11|, st pp T T T e ——
(13) o - I
1 0 0 0 sl e r e b j_
oLl g ’ n=3
SWAP= |~ 12, 12 |- (14) R
0 20 2 0 093 T e~ _ 1
00 01 e T I
The main object of this subsubsection is to realize T
NSWAP andN+/SWAP gates using the evolutions of the T

0.89 =+

subsection 2 (See equation(lO)). The proposed " 100 1;0 14=0 1(50 1s=0 2o=0 zzv‘o zio zéo zéo 300
quantum logic gates provides a vivid blueprint for future
quantum computation and quantum information

processing, that is deterministic and scalable. Fig. 2: Numerical results represent the fidelity of the gate
By selecting T = 211, n = (2k— 1) (with k being an  operations versus the force qubit-qubit coupliigHz) with the
integer) and 21 = —7 (from equation(10)), anN two increase of the photon number

gubit SWAP operations are simultaneously performed on

N qubit pairs(1,2), (1,3), ..., (1,N+1) (from equation

(10)), written as

ideal phase operation, ard(t) represents the overall

Hol+) — [Fa)l+i) evolution operator of the whole system after the gate
[+ =) — [—2)|+)) operations are performed in a real situation.

|=0)[+i) — [+2)]-)) (15) We numerically simulate the relationship between the
=) =j) — [=1)—j)- fidelity of the system and the force qubit-qubit coupling

I". Numerical simulations shows the influence of the

. . . photon number operations on the fidelity. Evenriot 5,
By selectingl 7= —11, 1 = (2K + ) (with K being e fidelityF > 90% (see Fig. 2).

an integer) and 27 = 7, we obtainN-two-qubit vV SWAP Now, we discuss some issues which are relevant for
operations (from equatiof10)) as future experimental implementation of our proposal. For
41— 1)+ our scheme to work, the total operation time
ol |1i>i| i) 1-i top = 2T + Taj + 3Tmo should be much smaller than the
|+1)]—j) — T|+1>|—j>+7|—1>|+j> cavity decay timeK*?, so that the cavity dissipation is
14 1 negligible. Here,top is independent of the number of
|—1)|+j) — %|—1>|+j>+7|+1>|_j> (16)  target qubitsN, T is the typical time required for
adjusting the cavity mode frequency during step 2 ard
|=0l=i) — [=0]=i) is the typical time required for moving atoms into or out

of the cavity. In addition, thip needs to be much smaller
Hence, itis clear that tldSWAP andNv/SWAP gates than the energy relaxation time of the leygl), such that
can be realized after the two-step process. the decoherence induced by the spontaneous decay of the
level |ej) is negligible. In principle, these conditions can
be satisfied by choosing a cavity with a high quality factor
4 Fidelity and Discussion Q and Rydberg atoms with a sufficiently long energy
relaxation time where the principal quantum numbers are
In order to check the validity of our proposal, we study 20 and 51 (respectively, corresponding to the levejs
the following fidelity of the system for finding the target @nd|€;)). The transition frequency ian/27m ~ 51.1GHZ,
state. We assume that the cavity QED is initially in a Fockthe radiative time of the levég;) is Tr = 3.0 x 10?5 [12]
state/n), the fidelity of implementing the conditional phase and the coupling strength &= 271 x 50KHz [28], which

operation is given byZ6,27] is experimentally available. We consider the conservative
case of a larger cavity frequenay/2m ~ 51.2GHZ, the
F = [(W(t)Ut)|¥(0)))?, (17)  photon lifetime in the cavity or cavity decay time is

T = Q/ax ~ 131 x 107%s for a cavity with a
where |¥(t)) is the state of the whole system after the high-quality factor Q ~ 4.2 x 10'© which have been
above two-step gate operations, in the ideal case withouteported in experiments2f]. The direct calculation
considering the dissipation of the system during the entireshows that the time required to implement IKFEWAP,
gate operation that the initial stat¢’(0)) followed by an ~ NviSWAP, NSWAP andNv SWAP gates idop = 24us
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