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Possible realization of entanglement, logical gates, and quantum-information transfer
with superconducting-quantum-interference-device qubits in cavity QED
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We present a scheme to achieve maximally entangled states, controlled phase-shift gateragate for
two superconducting-quantum-interference-dev®®@UID) qubits, by placing SQUIDs in a microwave cavity.
We also show how to transfer quantum information from one SQUID qubit to another. In this scheme, no
transfer of quantum information between the SQUIDs and the cavity is required, the cavity field is only
virtually excited and thus the requirement on the quality factor of the cavity is greatly relaxed.
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I. INTRODUCTION (iv) It is known that certain kinds of atoms or ions have a

weak coupling with environment and long decoherence time.
A number of groups have proposed how to perform quanExp_eriments have beer] made so far in the cavity—a}t_om or
tum logic using superconducting devices such as Josephsof@Vvity-ion systems, which demonstrated the feasibility of
junction circuits[1—3], Josephson junctiorfgt—7], Cooper small—_scale quantum computing. However, technically
pair boxes [8—17, and superconducting-quantum- speaking, the cavity-SQUID scheme may be preferable for

: . demonstration purposes to the cavity-atom or cavity-ion pro-
interference device¢SQUIDS [13-16. These proposals posals, since SQUIDs can be easily embedded in a cavity,

play an important role in building up superconducting quanyyhile the latter requires techniques for trapping atoms or

tum computers. In this paper, we show a scheme for doingyg.

quantum logic with SQUID qubits in a microwave cavity.  (v) Quantum computation based on semiconductor quan-
The proposal merges ideas from the quantum manipulatiotum dots have been paid much interest, but recent reports
with atoms or ions in cavity QED17-20. The motivation show that superconducting devices have relatively long de-
for this scheme is fivefold given as the following coherence timg24,25 compared with quantum dof26-—

(i) About six years ago, SQUIDs were proposed as candi30]. Decoherence time can reach the order of Jes5for
dates to serve as the qubits for a superconducting quantufit/Perconducting device24,23; while, for quantum dots,
computer{21]. Recently, people have presented many meth{YPical decoherence times for “the spin states of excess con-
ods for demonstrating macroscopic coherence of a SQUI ucUon_eIectrons and for “charge states of excitons” are,
[22,23 or performing asingle“SQUID-qubit” logic opera- respectively, of the order of 100 f86—28 and the order of

1 28-30Q).
tion [13-16, but did not give much report on how to achieve n‘?rEissp:ge)zr focuses on quantum logical gatéee con-

quantum logic for two SQUID qubits. As we know, the key trolled phase-shift gate and tlsvap gate of two SQUID
ingredient in any quantum computation is the two-qubit gatequbits inside a cavity. The scheme does not require any
The present scheme shows a way to implement two-SQUIDtransfer of quantum information between the SQUID system
qubit qguantum logic gates. and the cavity, i.e., the cavity is only virtually excited. Thus,
(iil) Compared with the other noncavity SQUID-basedthe cavity decay is suppressed during the gate operations. In
schemes where significant resources may be involved in co@ddition, we discuss how to create maximally entangled
pling two distant qubits, the present scheme may be simplétates with two SQUID qubits and how to transfer quantum
as far as coupling qubits, since the cavity mode acts as @formation from one SQUID qubit to another.
“bus” and can mediate long-distance, fast interaction be- The paper is organized as follows. In Sec. Il, we introduce
tween distant SQUID qubits. the Hamiltonian of a SQQID coupled to a slngle—mode cavity
(i) SQUIDs are sensitive to environment. By placingf'e_ld- In Sec. lll, we consider a SQUID driven by a classical
SQUIDs into a superconducting cavity, decoherence induceficrowave puls_e. In Sec. IV, we discuss how to achieve
due to the external environment can be greatly suppressd0-SQUID-qubit maximally entangled states, logical gates,

because the cavity can be doubled as the magnetic shield f _d imformatipn transfer from.one SQUID qubit to another. A
SQUIDs. rief discussion on the experimental issues and the summary

are given in Sec. V.

. Il. SQUID COUPLED TO CAVITY FIELD
*Email address: cpyang@floquet.chem.ku.edu

"Email address: sichu@ku.edu Consider a system composed of a SQUID coupled to a
*Email address: han@ku.edu single-mode cavity field(assuming that all other cavity
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modes are well decoupled to the three energy levels of the .
SQUID). The Hamiltonian of the coupled systerhcan be .
written as a sum of the energies of the cavity field and the ¢

SQUID, plus a term for the interaction energy,

H=H.+H+H,, (1 \ ) /

whereH;, Hg, andH, are the Hamiltonian of the cavity
field, the Hamiltonian of the SQUID, and the interaction en-
ergy, respectively.

The SQUIDs considered throughout this paper are rf 1)
SQUIDs, each consisting of Josephson tunnel junction en-
closed by a superconducting lo@pe size of an rf SQUID is |0)
on the order of 10—10@m). The Hamiltonian for an rf
SQUID (with junction capacitanc€ and loop inductanck)
can be written in the usual forfi81,32]

Q% (P—-dy)° i) FIG. 1. Level diagram of a SQUID with th&-type three lowest
He=oct ——3  —Esco 27730 : (2)  levels|0), |1), and|2).
where® that is the magnetic flux threading the ring aQd H _E E
that is the total charge on the capacitor are the conjugate ST & alnnl,
variables of the systemjwith the commutation relation
[®,Q]=ih), P, is the static(or quasistatit external flux _
applied to the ring, an&; =1, /2 is the Josephson cou- Hy En: |n>(n|H,% [m)(m|

pling energy (. is the critical current of the junction and

®o=h/2e is the flux quantum =P d—P 7
The Hamiltonian of the single-mode cavity field can be ¢ Cn,Em )| Am(m. @
written as

Let us consider the\ -type three lowest levels of a SQUID,
denoted by0), |1), and|2), respectivelyshown in Fig. 1.

If the coupling of|0), |1) and|2) with other levels via cav-
ity modes is negligible, we havesettingfZ=1 below)
wherea' anda are the creation and annihilation operators of

1
He=hoo a'at 5|, 3

the cavity field; andw, is the frequency of the cavity field. H=Eo|0)(0|+E4|1){(1]+E,|2)(2] (8)
The cavity field and the SQUID ring are coupled together
inductively with a coupling energy given by and
Hi= (P —Dy )P, @ Hi=(a+a")(god0)(0[+9g11l1)(1] +9272)(2])

where .= — 1/L is the coupling parameter linking the cavity +00:a|0)(1]+ 12| 1)(2] +go28|0)(2| + gsa"| 1)(O]

field to the SQUID ring; andb,, is the magnetic flux thread- I t I t i +
ing the ring, which is generated by the magnetic component 9212'[2)(1] + g202'[2)(0] + gosa'| 0)(1]

B(r,t) of the cavity field. The expression df. is given by +0122711)(2]| + go2"|0)(2] + 9108 1)(0|
+0sa|2)(1|+ 2)(0], 9
.- [ 0005 . 92:2/2)(1]+ 6208l 20 ©
S
where
(S is any surface that is bounded by the ring, anid the o ~
position vector of a point o1$). B(r,t) takes the following Gii = Ne V(0 2u0) ((i| D) = D) D,
form:
gij:)\c\/ hwc/2M0)<i|(D|j>(I)c
hwe
— /22 t -
B(r.t)= 2M0[a(t)+a (DIB(r), 6) [here,®.=[sB(r)-dS; i, j=0,1,2, and #j]. For simplic-

ity, we will chooseg;; = g;; since eigenfunctions dfls can in
whereB(r) is the magnetic component of the normal modegeneral be chosen to be real.
of the cavity. In the case where the cavity field is far-off resonant with
We denote|n) as the (b, dependenteigenstate oHg  the transition between the levegl8) and|1) as well as the
with an eigenvaluéE,. Based on the completeness relationtransition between the leveld) and|2), the Hamiltonian
S, n){n|=1, it follows from Egs.(2) and(4) that (9) reduces to
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H,=(a+a")(ge0)(0]+ 911 1){1] + g2 2)(2|) [here,® ,,,= f<B'(r)-dS, the notations ofS andr are the

t + same as described before, ang,, is the frequency of the
*+902210)(2| + 9202 2)(0l + 9022"|0)(2] + 92021 2)(0.  (nicrowave pulsk Assume that the microwave pulse is reso-

(100  nant with the transition between the levéls and|2). Us-
ing the above procedures, the interaction Hamiltonian in the
It follows from Egs.(3), (8), and (10) that the interaction jnteraction picture is then
Hamiltonian in the interaction picture is given by

Hi= Qo€ unt+ e~ 19uw)|0)(0] + Q,p( €' Ot + &7 1@uw)| 2)

H = (e ''a+e€'“'a)(goo 0)(0]+ 911l 1)(1]+ 724 2)(2|) , ,
X<2|+Qoz[e_l(wﬂw+w20)t+el(wﬁ‘w_wzo)t]|o><2|

+gge (@t @20tg|0)(2] + g,ee' (et 20tat|2)(0|

) ) +Q i(w W+w20)t+ —i(w ot 2)(0 1

+902el(mc—a)20)taT|0><2|+gzoe—l(mc—w20)ta|2><o|’ Zd:e # € # ]l >< |’ ( 7)

(1) where Q=0 (2] = )P O

wherew,o=(E,—Eg)/# is the transition frequency between :)‘MW<'|®|J>¢MW* and ;;={y; (i,j=0,2 andi#]). !n
the levels|0) and|2). the case of resonancen(,,= w,g) and under the rotating-

From Eq.(11) one can see that if the following condition W2VE& @pproximation, the interaction Hamiltoni&h?) re-

is satisfied: duces to
WS A= w.— wyg, (12 Hi=QoaA|0)(2|+2)(0]), (18)

i.e., the cavity-field frequency is much larger than the detunwhere(Q, is the frequency of the Rabi oscillation between
ing from the transition frequency between the lej@lsand  the levelg0) and|2). Based on Eq(18), it is easy to get the
|2), we can discard the rapidly oscillating terms in thefollowing state rotation

Hamiltonian (11) (i.e., the rotating-wave approximatipn

Thus, the final effective interaction Hamiltonigm the in- |0)— cosQgt|0) —i sinQgst|2),

teraction picturg has the form (19

legoz[ei(wfwzo)taT|o><2| +e*i(w7w20)ta|2><o|]' |2>_>_| SInQOZt|O>+COSQOZt|2>'

Similarly, when the microwave pulse frequency is tuned with

wheregq, is the coupling constant between the SQUID andthe transition frequencw»=(E,—E;)/% between the lev-
the cavity field, corresponding to the transitions betwgBn els|1) and[2), we have
and|2).
Hy = Q| 1)(2]+[2)(1]). (20)
Ill. SQUID DRIVEN BY A MICROWAVE PULSE
. _ . _ Comparing|1) and|2) of Eq. (20) with |0) and|2) of Eq.
Now, let us consider a SQUID driven by a classical mi-(1g), respectively, it is clear that we have

crowave pulséwithout cavity. In the following, the SQUID
is still t_reated quantum_mechanically, while _the microwave 11)—cosQqt| 1) —i sinQq5t[2),
pulse is treated classically. The Hamiltonidh for the 21)

coupled system can be written as ..
P y |2)— —i sinQq5t|1)+ cosQq.t|2),

H=H¢+H,, (14)
o whertez=)\MW(1|CI>|2><T>#W is the Rabi frequency between
whereH andH, are the Hamiltoniang2) for the SQUID  the |evels|1) and|2).
and the interaction energpetween the SQUID and the mi-  Fjpally, for the two-dimensional Hilbert space made of
growave pulsg respectively. The expression B is given |0) and|1), an arbitrary rotation
y

Hi= Ayl D~ DDy, (15 109> cosCost]0) =1 sin€out|1), o)
where\ ,,,= —1/L is a coupling coefficient linking the mi- |1)— —i sinQgyt|0) + cosQgyt|1)
crowave field to the SQUID ringp ,,, is the magnetic flux
threading the ring, which is generated by the magnetic Com(\Nhere901=)\#W<O|<D|1>EI3MW) can be implemented if the
ponentB’(r,t)=B'(r) cos w,,t of the microwave pulse, microwave frequency is tuned with the transition frequency

and has the following form: w10=(E1— Eo)/h between the level®) and|1). In the fol-
lowing discussions, this rotation will not be employed, since
® :J B/(r,t)-dS=® .cosw .t 16 it requires very long gate time due to the barrier between the
wn= [ B WSO (18 levels|0) and|1) [15].
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Y pling between the two SQUIDs mediated by the cavity
,,X mode. If the cavity field is initially in the vacuum state, the
7 Hamiltonian(24) reduces to
Ox Ox
f f H=y[m2ab 12)m(2] +2)(0]®]0)4(2]

P PO
J‘\’J;/Iicrowave _"Fr/ Microwave + | O> a< 2 | ® | 2 > b< 0 |

FIG. 2. Schematic illustration of two SQUIDs(b) coupled to  Note that the Hamiltoniaf25) does not contain the operators
a single-mode cavity field and manipulated by microwave pulsesgf the cavity field. Thus, only the state of the SQUID system
The two SQUIDs are placed along the cavity afiis., theZ axis..  yndergoes an evolution under the Hamiltonias), i.e., no
The microwave pulses propagate in teZ plane (parallel to the 4 antum-information transfer exists between the SQUID

surface of the SQUID ring with the magnetic-field component gyciem and the cavity field. Therefore, the cavity field is
perpendicular to the surface of the SQUID ring. virtually excited '

IV. ENTANGLEMENT, LOGICAL GATE, . It ij C'%ar tr;]at the S.Itatei@almdb and |Oh>a|1>b are unaf-
AND INFORMATION TRANSEER ected under the Hamiltonia(25) during the SQUID-cavity

interaction. From Eq(25), one can easily get the following
In this section, we consider two identical SQUIBandb  state evolution:
coupled to a single-mode microwave cavityig. 2. The i o
separation of the two SQUIDs is assumed to be much larger 2)al0)p—€"'"'[cog y1)[2)a|0)p—i sin(y1)[0)a|2)p],
than the linear dimension of each SQUID ring in such a way : o
that the interaction between the two SQUIDs is negligible. 10)al2)p—€"'"[cod¥1)[0)4]2)p—i Sin(1)[2)4]0)p],
Also, assume that the coupling of each SQUID to the cavity

. (25

field is the saméthis can be readily obtained by setting the  |2)al2)b—€7"27[2)a]2)s, (26)
two SQUIDs on two different placas andr, of the cavity i
axis where the cavity-field magnetic compone® ;,t) 2)al1)p—e""|2)a| Lo

andB(r,,t) are the sam If the above assumption applies, . .
i.e., for each SQUID the coupling of the three lowest IevelsIn the following, we will show that Eq(26) can be used' to
0), |1), and|2) with other levels via cavity modes is neg- create entanglgment to perform logical gates and to imple-
ligible and the cavity field is far-off resonant with the tran- me_lr_lrt] quantuT-lnfo;mathgw ganstfﬁr' t of thi b
sition between the level®) and|1) as well as the transition e operations described In the rest of this paper can be
between the levelsl) and|2), it is obvious that based on realized by means of the following three-step state manipu-

Eq. (13), the interaction Hamiltonian between the two lation.

SQUIDs and the cavity field in the interaction picture can be (M) FII’S.t', adjust the level spacing Of each SQUID so th_at
written as the transition between any two levels is far-off resonant with

the cavity field[in this case, the interaction between the
SQUIDs and the cavity field is turned off since the interac-

Hi=gor 2 (&' v20'a|2) (0| tion Hamiltonian(25) H~0].
m=ab (i) Apply a resonant microwave pulse to one of the
+el(ecme20tg |0y (2]), (23)  SQUIDs so that the state of this SQUID undergoes a trans-
formation.

where the subscrigh represents SQUIR or b. In the case (iii ) Finally, adjust the level spacing of each SQUID back
of w.—wy>0op,, i.e., the detuning between the transition to the original configuration, i.e., only the transitiofis <
frequency(for the levels|0) and|2)) and the cavity-field |2) and|0)« |1) are far-off resonant with the cavity field so
frequency is much larger than the corresponding couplinghat the system will undergo an evolution under the Hamil-
constant, there is no energy exchange between the SQUIDRsnian (25). In the SQUID system, the level spacing can be
and the cavity field. The effective Hamiltonian is then giveneasily changed by adjusting the external fibix or the criti-

by 33,34 cal currentl; (for variable barrier rf SQUIDs To simplify
our discussion, we call this three-step process “ARA’
H=y X (|2)n(2laa’~|0)n(0la’a) (shown in Fig. 3.
m=a,b

A. Generation of entanglement
+12)a(0]@0)p(2]+[0)a(2| ®]2)1(0

. (29 Entanglement is considered to be one of the most pro-
found features of quantum mechanics. An entangled state of
where y= gézl(w—wzo). The first and second terms of Eq. a system consisting of two subsystems cannot be described
(24) describe the photon-number dependent Stark shiftsas a product of the quantum states of the two subsystems. In
while the third and fourth terms describe the “dipole” cou- this sense, the entangled system is considered inseparable

042311-4
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FIG. 3. lllustration of the ARA procesga) The reduced level
structure for each SQUID after adjusting the level spaciriigsa
microwave pulse withw,,=w, Or w,; being applied to the

PHYSICAL REVIEW A 67, 042311 (2003

—i|2)4]0),. After this ARA process, let the state of the
SQUID system evolve under the Hamiltonigah). From Eq.
(26), one can see that after an interaction tim&4y), the
two SQUIDs will be in the maximally entangled state

|¢>=—%<|o>a|2>b+i|2>a|o>b>, @7

where the common phase facter'™* has been omitted.
Note that the rate of energy relaxation of ley&} is much
smaller than that of levéR) because of the barrier between
the levels|0) and|1) of the SQUIDs. Hence, to reduce de-
coherence, the stat@?) is transformed into

1

|‘/’>:E(i|o>a|1>b_|l>a|o>b) (28)

by applying a second ARA process, in which each SQUID
interacts with arr microwave pulsdresonant withw,,), re-
sulting in the transformatiof2)— —i|1) for each SQUID.
The prepared stal@8) is a maximally entangled state of two
SQUID qubitsa andb (here and in the following, the two

SQUID a or the SQUIDDb; (c) the reduced level structure for each orthogonal states of a SQUID qubit are denoted by the two
SQUID after adjusting the level spacings back to that of before ste;howest-energy state®) and|1)).
(a). Transitions between levels linked by dashed lines are far-off

resonant with the cavity field.

B. Controlled phase-shift gate
Assume that SQUID qubia is a control bit and SQUID

[35]. Recently, there has been much interest in practical apgubit b is a target bit. The controlled phase-sHi@PS gate
plications of entangled states in quantum computation, quarcan be realized in the following three steps:

tum cryptography, quantum teleportation, and s¢36+39.

Step(i) Apply an ARA process in which a pulse with

Experimental realizations of entangled states with up to fouw ,,,= w5, is applied to SQUIDa, resulting in the transfor-

photons[40], up to four trapped ionf41], or two atoms in
microwave cavity QEd42] have been reported.
Assume that two SQUIDs are initially in the statés,

mation|1),— —i|2),.
Step (i) After the ARA process, let the state of the two
SQUIDs undergo an evolution for an interaction timéy

and|0),. In order to prepare the two SQUID qubits in the under the Hamiltoniari25).

maximally entangled state , we apply an ARA process in

which a - microwave pulse (2qyt=m, wheret is the
pulse duratiop resonant with the transitiof0),«|2),, is

applied to the SQUIDa. In this way, we obtain the transfor-

mation |0),— —i|2),, i.e., the state|0),|0), becomes

|0>a|0>b |0>a|0>b
0)al1)s SV [0)el1)y
|1>a|o>b _i|2>a|o>b
|1>a|1>b _i|2>a|1>b

Step(ii)

Step (i) Apply an ARA process again in which an3
pulse withw,,,,= w,; is applied to SQUIDy, resulting in the

transformation2),—i|1),.

The states of the two-SQUID system after each step of the

three transformations are summarized in the following table:

|0>a|0>b |1>a|1>b
0)alL)s S ]0)4[1),
_i|2>a|0>b |1>a|0>b
112)al1)p —|1)al )b, (29

which shows that a universal two SQUID-qubit CPS gate iswith the above CPS gate operations is sufficient to obtain the
realized. two-SQUID qubit controlledhoT gate.

A two-qubit controlled-NOT(cNOT) gate can be obtained
by combining a two-qubit CPS gate with two single-qubit
rotation gateg43]. Thus, applying the ARA procedures to |t is known that construction of awAp gate requires at
implement single-SQUID qubit rotating operations, togethereast three controlledtoT gates as follow$44]:

C. swaP gate
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[1Yalio—11Yali®i)p interacts with am pulse (resonant withw,;) so that each
S o SQUID undergoes the transformatigh) — —i|2).
—lie@i®]))die))p=|i)ai®i) Step(ii): Let the state of the SQUID system undergo an
. L s evolution for an interaction timer/(2y) under the Hamil-

Step(iii): Perform an ARA process in which am2pulse
wherei,je{0,1} and all additions are done modulo 2. As and a= pulse, resonant witlw,; of the SQUIDa and the
described above, @NOT can be realized with a CPS and two SQUID b, respectively, are applied, resulting in transforma-
single-qubit rotations. Since each two-SQUID-qubit CPStions|2),— —|2), and|2)p— —i|1),.
gate requires three basic steps described above, at least nineStep(iv): Let the state of the system undergo an evolution
basic steps for three CPS gates, together with six single€for an interaction timer/y under the Hamiltoniari25).
SQUID-qubit rotation operations are needed to implement a Step(v): Perform an ARA process in which am3pulse,
two-SQUID-qubitswap gate by using the above method. In resonant withw,;, is applied to the SQUIDa so that it
the discussion below, we present a different way to perform andergoes the transformatio®),—i|1),.

SWAP, which requires only the following five steps. The states after each step of the above operations are
Step(i): Apply an ARA process in which each SQUID listed below:

|O>a|o>b |0>a|0>b |0>a|0>b |O>a|0>b |0>a|0>b |0>a|0>b
Step(i) ) Step(ii) ) Step(iii ) ) Step(iv) ) Step(v) |1> |0>

|O>a| 1>b - _||O>a|2>b - ||2>a|o>b — |2>a|0>b - _||2>a|o>b - al*/b

|1>a|0>b _i|2>a|0>b i|o>a|2>b |O>a| 1>b |O>a| 1>b |0>a| 1>b

|1>a|1>b _|2>a|2>b |2>a|2>b i|2>a|1>b _i|2>a|1>b |1>a|1>b-
(39

[
It is clear that the operations accomplish a two-SQUID-qubit (a|0)a+ B|1)2)|0),—|0)a(@|0)p+ B|1)p). (32
SWAP gate.

From Eq.(32) one can see that this process can be done via

a transformation that satisfies the following truth table:
Recently, quantum teleportati¢B8] has been paid much

interest because it plays an important role in quantum- 0)al0)5—10)4/0)s

information processing. It is also noted that short-distance

quantum teleportation can be applied to transport quantum 11)al0)p—[0)al1)s, (33

information inside a quantum computé45]. It is well

known that transferring quantum information from one qubitwhich can be realized in the following three steps.

to another requires a minimum number tbfee qubitsby Step (i): Perform an ARA process in which & pulse

using the standard teleportation protod@s,45. In the fol-  (w,,=wy;) is applied to the SQUIDa, resulting in the

lowing, we will present a different approach for transferring transformation1) ,— —i|2),.

guantum information from one SQUID qubit to another by  Step (ii): Let the state of the two SQUIDs undergo an

D. Transfer of information

the use of only two SQUID qubits. evolution for an interaction timer/(2vy) under the Hamil-
Assume that the SQUID qubi is the original carrier of tonian(25).
quantum information, which is in an arbitrary state0) Step (iii ): Perform an ARA process in which a pulse

+B]1); and we want to transfer this state from SQUID qubit (w ,,,= w,7) is applied to the SQUIDb, resulting in the
a to SQUID qubitb. To do this, the SQUID qubib is first  transformation2),— —i|1)y.
prepared in the stat@). The quantum-state transfer between  The truth table of the entire operation is summarized be-

the two SQUID qubits is described by low:
|
Step(i Step(ii Step(iii 0)4/0
00y PV [0)l0)y S o)glo), W 10)al0)
|1>a|0>b _i|2>a|0>b i|0>a|2>b |0>a|1>b- (34)
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It is easy to verify that the operations described above
achieve the desired two-SQUID-qubit teleportati@a).

From above descriptions, one can also see that in each
ARA process, no simultaneoly8)—|2) and|1)—|2) tran-
sitions are required for each SQUID and hence it is unnec-
essary to have the microwave pulses applied to two SQUIDs
at the same time. Thus, it is sufficient to use only one micro- FIG. 4. Setup for quantum computing with many SQUIDs in a
wave source with fixed frequenay,,,,, since the transition cavity. The. interaction bet\/\{een any two SQUIDS i.s mediqted
frequencyw,, and w,; of each SQUID can be rapidly ad- through a s[ngle-mode standing-wave cavity field. During a logical
justed to meet the resonant ConditiomM(N=wij), and the 9ate operation on any two chosen SQUIDs, all other SQUIDs can

microwave can be redirected from one SQUID to another. be decoupled by adjusting the level spacings so that the transition
between any two levels of each other SQUID is far-off resonant

with the cavity field.
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V. DISCUSSION AND CONCLUSION

Some experimental matters may need to be addressathanging the microwave frequenay,,, during the entire
here. First, the required timg,, for any gate operation operation for all of the gates describe@;, possibility of
(swap, CPS,cNoT, etc) should be shorter than the energy being extended to perform quantum computing on lots of
relaxation timet, of level |2). The lifetime of the cavity SQUID qubits inside a cavitygshown in Fig. 4 due to long-
mode is given byl .= Q/27v, whereQ is the quality factor distance coherent interaction between SQUID qubits medi-
of the cavity andv is the cavity-field frequency. In our ated via the cavity mode.
scheme, the cavity has a probabily=t,,/t, of being ex- In summary, we have proposed a different scheme to cre-
cited during the operation. Thus, the effective decay time ofite two-SQUID-qubit maximally entangled state and to
the cavity isT,/P, which should be larger than the energy implement two-SQUID-qubit logical gatgswapr, CPS, and
relaxation timet, , i.e., the quality factor of the cavity should CNOT) with the use of a microwave cavity. The method can
satisfy Q>2mt,,. The SQUIDs can be designed so thatalso be used to realize information transfer from one to an-
the level|2) has a sufficiently long energy relaxation time other SQUID qubit(local teleportatiopwith two, instead of
and thus the spontaneous decay of the SQUIDs is negligibléree qubits. The method does not require the transfer of
during the operation. On the other hand, we can also use @antum information between the cavity and the SQUID sys-
high-Q cavity and reduce the operation time by increasingtem. The cavity is only virtually excited during the whole
the intensity of the microwave pulses and/or the couplingoperation; thus the requirement on the quality factor of the
constantgy, (e.g., by varying the energy-level structure of cavity is greatly relaxed. The present proposal provides a
the SQUIDS$ so that the cavity dissipation is negligible dur- different approach to quantum computing and communica-
ing the operation. tion with superconducting qubits. To the best of our knowl-

For the sake of definitiveness, let us consider the SQUID€&dge, there has been no experimental demonstration of en-
described in Ref.15] for which the energy relaxation tinte ~ tanglement or logical gates for two SQUIDs; and we hope
of the level|2) could exceed lus [24], the transition fre- that the proposed approach will stimulate further theoretical
quencyr, between|0) and|2) is of the order of 80 GHz, @and experimental activities.
and the typical gate time i,,=0.01, . Takingt,=1 us, Before we conclude, we should mention that the idea of
vo=80 GHz and the detuning— v,=0.1 GHz, a simple coupling multiple qubits and tuning the individual qubits to
calculation shows that the quality factor of the required cavouple and decouple them from the resonator has been pre-
ity should be greater than»510%, which is readily available ~Sented previouslf9]. Our scheme is much in the same spirit
in most laboratories. For instance, a superconducting cavit{f) the sense of coupling and decoupling the individual qubits
with a quality factorQ=10° has been demonstrated by PY manlpulat!on .of thelHam|Itlon|ans, but it is forfadlﬁerent
Bruneet al. [46]. system and it differs in details of both the qubits and the

It can be seen that the key element of the scheme is th&Pupling structure.

ARA process. As discussed previously, the realization of

ARA process requires rapid adjustments of level spacings of ACKNOWLEDGMENTS
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