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A scheme is proposed for generating Greenberger-Horne-Zeilinger(GHZ) entangled states of multiple su-
perconducting quantum-interference device(SQUID) qubits by the use of a microwave cavity. The scheme
operates essentially by creating a single photon through an auxiliary SQUID built in the cavity and performing
a joint multiqubit phase shift with assistance of the cavity photon. It is shown that entanglement can be
generated using this method, deterministic and independent of the number of SQUID qubits. In addition, we
show that the present method can be applied to preparing many atoms in a GHZ entangled state, with tolerance
to energy relaxation during the operation.
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I. INTRODUCTION

Entanglement is the cornerstone of quantum computation
and communication. During the past few years, rapid
progress has been made in generation and engineering of
quantum entanglement. Experimental realizations of en-
tangled states with four photons[1], four ions[2], two atoms
in microwave cavity QED[3], and two excitons in a single
quantum dot[4] have been reported. On the other hand,
based on cavity QED, a large number of theoretical methods
for creating multiqubit entanglement with atoms, ions, quan-
tum dots, and charge qubits have been presented[5–11].

In this paper, our goal is to present a way to prepare many
(superconducting quantum-interference device(SQUID)) qu-
bits in the Greenberger-Horne-Zeilinger(GHZ) type of en-
tangled states[12]. The scheme is based on the cavity QED
technique. However, unlike previous proposals[5–7] where
photon detection outside the cavity or passing qubits(e.g.,
atoms) through the cavity is required, the present scheme
operates essentially by building an auxiliary SQUID in a
cavity to serve as a microwave photon generator and by per-
forming a multiqubit joint phase shift with the aid of the
cavity photon. As shown below, the present scheme has the
following distinct features:(i) The entanglement preparation
is deterministic and independent of the number of SQUID
qubits in the cavity.(ii ) Because no tunneling between the
SQUID qubit levelsu0l and u1l is required, the decay from
the levelu1l can be made negligibly small during the opera-
tion, via adjusting the potential barrier between the qubit
levels[13]. (iii ) The created entanglement is a superposition
of different combination of two lowest levelsu0l andu1l; thus
decoherence of the generated entanglement, caused by the
cavity loss and spontaneous emission, is greatly suppressed.
In addition, it is interesting to note that the method can be
extended to prepare manyL-type three-level atoms in a GHZ
entangled state, without real excitation of higher energy lev-
els for each atom during the entire operation.

The motivation of this work is threefold.(i) SQUIDs have
recently attracted much attention in the quantum-information
community. Because they are relatively easy to scale up and
have been demonstrated to have long decoherence times
[14–16], they have been considered as promising candidates

for building up superconducting quantum computers[17].
(ii ) For superconducting flux qubits, Aminet al. have pro-
posed a scheme for realizing anarbitrary single-qubit rota-
tion without tunneling in a three-level SQUID qubit, by the
use of a small detuning[18]. Later Yang and Han showed
that large detuning of the driving fields from the upper state
can be applied to implement single-qubit rotation without
energy relaxation in the three-level SQUID qubit[19] (see
also recent work by Kis and Paspalakis[20]). In addition,
schemes for entangling two flux qubits within cavity QED
and proposals for creating entanglement between a flux qubit
and an electromagnetic field have also been proposed
[20–23]. However, how to prepare multiqubit entangled
states with flux qubits based on cavity QED has not been
thoroughly investigated.(iii ) Multiqubit GHZ states are of
great interest in the foundations of quantum mechanics and
measurement theory, and may prove to be useful in quantum-
information processing[24], communication [25], error-
correction protocols[26], and high-precision spectroscopy
[27].

This paper is outlined as follows. In Sec. II, we show a
way to prepare GHZ entangled states of multiple SQUID
qubits in a cavity and then give a brief discussion of the
experimental issues. In Sec. III, we extend the method to
create multiqubit GHZ states with three-level atoms via cav-
ity QED. A concluding summary is given in Sec. IV.

II. GENERATION OF MULTI-SQUID-QUBIT GHZ STATES

Let us considerN SQUIDs s1,2, . . . ,Nd and an auxiliary
SQUID a in a single-mode microwave cavity[Fig. 1(a)]. In
the following, the auxiliary SQUIDa serves to create cavity
photons. The SQUIDs considered in this paper are rf
SQUIDs each consisting of a Josephson tunnel junction in a
superconducting loop(typical size of a rf SQUID is on the
order of 10–100mm). The Hamiltonian of a rf SQUID(with
junction capacitanceC and loop inductanceL) can be written
in the usual form[28]

Hs =
Q2

2C
+

sF − Fxd2

2L
− EJ cosS2p

F

F0
D , s1d

where F, the magnetic flux threading the ring, andQ, the
total charge on the capacitor, are the conjugate variables of
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the system(with the commutation relationfF ,Qg= i"), Fx is
the static(or quasistatic) external flux applied to the ring, and
EJ; IcF0/2p is the Josephson coupling energy(Ic is the
critical current of the junction andF0=h/2e is the flux quan-
tum).

Consider aL-type configuration formed by the three low-
est levels of each SQUID, denoted byu0l, u1l, and u2l with
energy eigenvaluesE0, E1, andE2, respectively[Fig. 1(b)].
To prepare the SQUIDss1,2, . . . ,Nd in a GHZ state, we will
need two types of interactions—the cavity mode interacting
resonantly with the transition between the levelsu0l and u2l
of SQUID a, and the microwave pulse interacting resonantly
with the transition between the levelsu0l and u2l of SQUID
a. For the first type of interaction, when the cavity mode is
initially in the photon-number stateunl, one can get the fol-
lowing state evolution in the interaction picture:

u0launlc → cosÎngtu0launlc − i sinÎngtu2laun − 1lc,

u2launlc → − i sinÎn + 1gtu0laun + 1lc + cosÎn + 1gtu2launlc,

s2d

where the subscriptsa and c represent SQUIDa and the
cavity mode, respectively; andg is the coupling constant
between the cavity mode and theu0l↔ u2l transition of
SQUID a. The expression ofg is given by[21]

g =
1

L
Î vc

2m0"
k0uFu2laE

S

Bcsr d ·dS, s3d

whereS is any surface bounded by the SQUID ring,r is the
position vector onS, andBcsr d is the magnetic component of
the normal mode of the cavity with frequencyvc. For a
standing-wave cavity, one hasBcszd=m0

Î2/Vcoskz with
wave numberk, cavity volumeV, and cavity axisz. In addi-

tion, after an interaction timet, the second type of interaction
leads to the following state rotation for SQUIDa (in the
interaction picture):

u0la → cosV02tu0la − i sinV02tu2la,

u2la → − i sinV02tu0la + cosV02tu2la, s4d

whereV02 is the Rabi frequency of the pulse, which takes the
following form [21]:

V02 =
1

2L"
k0uFu2laE

S

Bmwsr d ·dS s5d

for a microwave pulse with magnetic componentBmwsr ,td
=Bmwsr dcosvmwt Here, vmw is the carrier frequency of the
microwave pulse andBmwsr d is the amplitude of the mag-
netic component of the pulse.

Now let us turn to how to prepare SQUIDss1,2, . . . ,Nd in
a GHZ state. SQUIDa and SQUIDss1,2, . . . ,Nd have the
L-type level configuration as depicted in Fig. 2(a), for which
the transition between any two levels is far off resonant with
the cavity mode(e.g., via prior adjustment of the level spac-
ings). Suppose that the cavity mode, SQUIDa, and each of
SQUIDss1,2, . . . ,Nd are initially in u0lc (the vacuum state),
su0l− i u2ld /Î2, and su0l+ u1ld /Î2, respectively. The initial
states for the SQUIDs can be prepared using many different
techniques such as(i) applying a microwave pulse resonant
with the transition between the levelsu0l and u1l; (ii ) apply-
ing two microwave pulses separately, which are resonant
with the u0l↔ u2l transition and theu1l↔ u2l transition, re-
spectively[21]; and (iii ) applying two microwave pulses si-
multaneously, with a small detuning or a large detuning from
the upper levelu2l [18,19]. The whole procedure for prepar-
ing SQUIDss1,2, . . . ,Nd in the GHZ type of entangled state
is shown as follows.

Step (i).Leave the level structure of SQUIDss1,2, . . . ,Nd
unchanged while adjusting the level spacings of SQUIDa
such that theu0l↔ u2l transition of SQUIDa is resonant with
the cavity mode[Fig. 2(b)]. After an interaction timet1
=p / s2gd, the transformationu0lau0lc→ u0lau0lc and u2lau0lc

→−i u0lau1lc is obtained for the cavity mode and SQUIDa.
The initial state of the whole systempl=1

N su0ll + u1lldsu0la

− i u2ladu0lc thus becomes

p
l=1

N

su0ll + u1lldsu0lc − u1lcdu0la, s6d

which can be written as

Fp
l=1

N

su0ll + u1lldu0lc − p
l=1

N

su0ll + u1lldu1lcGu0la, s7d

where the subscriptl represents SQUIDlsl =1,2, . . . ,Nd.
Step (ii).Adjust the level structure of SQUIDa back to

the previous situation[Fig. 2(c)] such that the cavity mode
does not couple to this SQUID. In the meanwhile, adjust the
level structure of SQUIDss1,2, . . . ,Nd so that the detuning
d=v20−vc meets the conditiond@g8În̄+1 [Fig. 2(c)].
Here,v20 is the transition frequency between the levelsu0l

FIG. 1. (a) The schematic setup of SQUIDss1,2, . . . ,Nd and an
auxiliary SQUIDa (dotted-line circle) in a microwave cavity. The
magnetic components of the pulses and the cavity mode are in theY
direction. Each SQUID is placed in theX-Z plane. The auxiliary
SQUID is used as a microwave photon generator.(b) Level diagram
of a SQUID with theL-type three lowest levelsu0l, u1l, and u2l.
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andu2l for SQUIDss1,2, . . . ,Nd, n̄ is the mean photon num-
ber of the cavity mode, andg8 is the nonresonant coupling
strength between the cavity mode and theu0l↔ u2l transition
of SQUIDs s1,2, . . . ,Nd. The effective Hamiltonian of
SQUIDs s1,2, . . . ,Nd and the cavity mode in the interaction
picture is thus given by(setting"=1) [7,29]

H = lFo
l=1

N

su2llk2ucc† − u0llk0uc†cd

+ o
l,k=1

N

u2llk0u ^ u0lkk2uG, l Þ k, s8d

wherel=sg8d2/d. The first and second terms of Eq.(8) de-
scribe the photon-number-dependent Stark shifts, while the
third term describes the “dipole” coupling between thelth
and thekth SQUIDs mediated by the cavity mode. Note that
both the first term and the third term in Eq.(8) acting on the
state(7) result in zero, i.e., only the term −lol=1

N u0llk0uc†c

has a contribution to the time evolution of the state(7).
Hence, it is easy to see that the state(7), under the Hamil-
tonian (8), evolves into

Fp
l=1

N

su0ll + u1lldu0lc − p
l=1

N

seiltu0ll + u1lldu1lcGu0la. s9d

In the case oft=t2=p /l, we have from Eq.(9)

Fp
l=1

N

su0ll + u1lldu0lc − s− 1dNp
l=1

N

su0ll − u1lldu1lcGu0la,

s10d

which implies that after the interaction timet2, a conditional
phase shift u0llu0lc→ u0llu0lc, u1llu0lc→ u1llu0lc, u0llu1lc→
−u0llu1lc, andu1llu1lc→ u1llu1lc sl =1,2, . . . ,Nd has been real-
ized for each of SQUIDss1,2, . . . ,Nd simultaneously, with
the control of the cavity photon.

The state(10) shows that SQUIDss1,2, . . . ,Nd have been
entangled with each other after the above operations. Note
that they are also entangled with the cavity mode. Thus, all
one needs to do now is to disentangle SQUIDss1,2, . . . ,Nd
from the cavity mode by the remaining two steps.

Step (iii). Adjust the level structure of SQUIDs
s1,2, . . . ,Nd back to the previous configuration while bring-
ing theu0l↔ u2l transition of SQUIDa to resonance with the
cavity mode [Fig. 2(d)]. After an interaction timet3
=p / s2gd, the cavity mode and SQUIDa undergo the trans-
formation u0lau0lc→ u0lau0lc and u0lau1lc→−i u2lau0lc. The
state of the whole system is then given by

Fp
l=1

N

su0ll + u1lldu0la + is− 1dNp
l=1

N

su0ll − u1lldu2laGu0lc,

s11d

i.e., the original entanglement between SQUIDss1,2, . . . ,Nd
and the cavity mode has been transferred to the entanglement
between SQUIDss1,2, . . . ,Nd and SQUIDa.

Step (iv).The level structures of SQUIDss1,2, . . . ,Nd are
kept unchanged while theu0l↔ u2l transition of SQUIDa is
brought to far off resonance with the cavity mode[Fig. 2(e)].
Then, apply a microwavep /2 pulses2V02t=p /2, wheret is
the pulse duration) with frequency vmw=v208 (v208 is the
u0l↔ u2l transition frequency of SQUIDa). This pulse cre-
ates a rotationu0l→ u0l− i u2l andu2l→−i u0l+ u2l for SQUID
a while leaving the state of SQUIDss1,2, . . . ,Nd and the
state of the cavity mode unchanged. The state(11) is then
transformed as follows:

HFp
l=1

N

su0ll + u1lld + s− 1dNp
l=1

N

su0ll − u1lldGu0la

− iFp
l=1

N

su0ll + u1lld − s− 1dNp
l=1

N

su0ll − u1lldGu2laJu0lc.

s12d

The state(12) demonstrates that if a measurement shows
the SQUIDa is in the stateu0l, then the remaining SQUIDs

FIG. 2. The relevant level structures(reduced) of the SQUIDs
s1,2, . . . ,Nd and the auxiliary SQUIDa during GHZ-state prepara-
tion. In (a), (b), (c), (d), and(e), figures on the left side represent the
level structures for SQUIDa, while figures on the right size repre-
sent the level structures of SQUIDss1,2, . . . ,Nd. g is the resonant
coupling constant between the cavity mode and theu0l↔ u2l tran-
sition of SQUIDa, while g8 is the non-resonant coupling strength
between the cavity mode and theu0l↔ u2l transition of SQUIDs
s1,2, . . . ,Nd. The u0l↔ u2l and u1l↔ u2l transition frequencies for
SQUIDss1,2, . . . ,Nd are, respectively, denoted asv20 andv21 (not
shown), while the u0l↔ u2l and u1l↔ u2l transition frequencies for
SQUID a are, respectively, indicated byv208 andv218 (not shown).
vmw is the carried frequency of the applied microwave pulse. In(e),
the level spacings for SQUIDa is set to be much different from that
for each of SQUIDss1,2, . . . ,Nd, such that SQUIDss1,2, . . . ,Nd
are decoupled from the applied pulse. In addition, the transition
between any two levels linked by a dashed line is far off resonant
with the cavity mode.
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s1,2, . . . ,Nd are projected onto the following state:

p
l=1

N

su0ll + u1lld + s− 1dNp
l=1

N

su0ll − u1lld. s13d

On the other hand, the state(12) demonstrates that if a mea-
surement shows the SQUIDa is in the stateu2l, then
SQUIDs s1,2, . . . ,Nd are prepared in the state

p
l=1

N

su0ll + u1lld − s− 1dNp
l=1

N

su0ll − u1lld. s14d

The states(13) and (14) can be rewritten as

u + l1u + l2 ¯ u + lN + s− 1dNu− l1u− l2 ¯ u− lN, s15d

u + l1u + l2 ¯ u + lN − s− 1dNu− l1u− l2 ¯ u− lN, s16d

where u+ll = u0ll + u1ll, and u−ll = u0ll − u1ll sl =1,2, . . . ,Nd.
Since u+ll is orthogonal tou−ll; the states(15) and (16) are
both GHZ entangled states[13] of N SQUID qubits.

The irrelevant SQUIDs in each step described above need
to be decoupled from the cavity field or pulse. Yet, this re-
quirement can be achieved by the adjustment of the level
spacings of the SQUIDs. Note that in a SQUID system, the
level spacings can be easily changed by adjusting the exter-
nal flux Fx or the critical currentIc (e.g., for variable barrier
rf SQUIDs) [13].

One sees from the above description the following points.
(a) The level spacings of SQUIDss1,2, . . . ,Nd are only

adjusted in step(ii ).
(b) Because the same detuningd is set for each of

SQUIDs s1,2, . . . ,Nd, the level spacings for SQUIDs
s1,2, . . . ,Nd can be synchronously adjusted, e.g., via chang-
ing the common external fluxFx.

(c) During the operation, the levelu2l for each of SQUIDs
s1,2, . . . ,Nd is unpopulated. Thus, decoherence due to spon-
taneous emission from this level is greatly suppressed.

(d) As addressed above, when SQUIDa is detected in the
stateu0l (u2l), SQUIDss1,2, . . . ,Nd are prepared in the GHZ
state(15) [(16)] with certainty. Hence, the entanglement gen-
eration is deterministic.

(e) Since the operation timet2 in step(ii ) is independent
of the number of SQUIDsN, the present method can in prin-
ciple be applied to create GHZ entangled states with a large
number of SQUIDs.

It is necessary to give a discussion on experimental mat-
ters. First, the pulse-SQUID interaction time should be much
shorter than the energy relaxation timeg−1 of the level u2l.
Second, the typical “cavity–auxiliary SQUID” interaction
time t1, t3=p / s2gd should be much smaller thang−1. How-
ever, the constraintt2=p /l,g−1 can be greatly relaxed be-
cause the levelu2l for each of SQUIDss1,2, . . . ,Nd is un-
populated during the whole operation. Third, the total cavity-
SQUID interaction time t=t1+t2+t3 should be much
smaller than the lifetime of the cavity mode, which is given
by k−1=Q/2pnc. Here,Q is the(loaded) quality factor of the
cavity andnc is the cavity field frequency. Last, direct cou-
pling between SQUIDs needs to be negligible since this in-
teraction is not intended. In principle, these requirements can

be realized, because(i) the SQUIDs can be made to have a
sufficiently long energy relaxation time and thus spontaneous
decay of the SQUIDs is negligible during the operation;(ii )
the pulse-SQUID interaction time can be shorten by increas-
ing the intensity of the microwave pulses, such that the decay
of the level u2l is negligible during the pulse duration;(iii )
the typical timet1 and t3 can be reduced by increasing the
“cavity–auxiliary SQUID” coupling constantg (e.g., by
varying the energy level structure of the auxiliary SQUID),
thus leading tot1, t3!g−1; (iv) k−1 can be increased by
employing a high-Q cavity; and (v) direct interaction be-
tween SQUIDs can be made negligibly small as long asD
@d (where D is the distance between the two nearest
SQUIDs andd is the linear dimension of each SQUID).

For the sake of definitiveness, let us consider SQUIDs
with C=36 fF, L=36 pH, Fx=0.4993F0, bL=1.10, andR
,108 V which are demonstrated in a recent experiment[30].
Here,bL is the SQUID’s potential shape parameter andR is
the junction’s damping resistance. With a choice of these
parameters, the SQUIDs have the desired three lowest levels
as shown in Fig. 1(b). Note that SQUIDs with these param-
eters are available at the present time[14–16]. For the pa-
rameters presented here, the energy relaxation timeg−1 is on
the order of 1.6310−5 s, the coupling matrix elementf20
;k0uFu2l /F0 between the levelsu0l and u2l is ,2.9310−2,
and theu0l↔ u2l transition frequency is,49.2 GHz. Hence,
we choosenc=49.2 GHz as the cavity mode frequency. For a
superconducting standing-wave cavity with a volume 30
3131 mm3 and a SQUID with a 45345 mm2 loop located
at one of the antinodes of the cavity-mode magnetic field, a
simple calculation gives the coupling constantg,1.2
3109 s−1, which results in t1, t3,1.3310−9 s, much
smaller thang−1. On the other hand, as a rough estimate, we
assume g8,0.5g and d,10g8, which can be readily
achieved by adjusting the level spacings. As a result, we
have t,5.5310−8 s, much shorter thank−1,6.4310−7 s
for a cavity with Q=23105, which might be available
within the present technologies or soon, since a quasi-one-
dimensional on-chip superconducting microwave cavity
(resonator) with a Q.106, patterned into a thin supercon-
ducting film deposited on the surface of a silicon chip, has
been experimentally demonstrated[31] (also see Refs.
[32–35] regarding its application for loaded superconducting
qubits or semiconductor qubits).

For a cavity withnc=49.2 GHz, the wavelength of the
cavity mode isl,6 mm, i.e., 0.2 times of the cavity length.
When each SQUID is placed at an antinode of theBc field
[Fig. 1(a)], the ratioD /d would be,70 for d=45 mm and
N=11 (where N is the number of SQUIDs in the cavity).
Note that the dipole field generated by the current in each
SQUID ring at a distancer @d decreases asr−3. Thus, the
condition of negligible direct coupling between SQUIDs is
very well satisfied. The result presented here shows that en-
tangling ten SQUIDs is possible by the use of the cavity
described above. We remark that the number of SQUIDs to
be entangled can in principle be increased with increment of
the cavity length.

In the above, we considered a single-mode microwave
cavity. As a matter of fact, this is not necessary, since for a
multimode cavity one can choose one mode to interact with
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the SQUIDs while having all other cavity modes well decou-
pled from the three lowest levels of the SQUIDs during the
operation (e.g., by properly designing the device param-
eters). In addition, a three-dimensional(3D) cavity described
above is not necessarily required, since the method presented
here is applicable to 1D or 2D microwave resonators as long
as the conditions described above can be met.

III. GHZ-STATE GENERATION WITH MANY ATOMS

In recent years, much attention has been paid to the gen-
eration of highly entangled states with atomic systems. Two-
atom entangled states have been experimentally demon-
strated in microwave cavity QED[3]. In addition, based on
cavity QED, theoretical proposals have been presented for
creating multiatom entangled states. We may cite, as espe-
cially relevant to this work, the very recent work by Zheng
[7], where a method was proposed for creating GHZ states
with many two-level atoms, by simultaneously sending all
atoms through a nonresonant cavity. The major advantage of
Zheng’s scheme is that the cavity decay is greatly suppressed
due to the virtual excitation of the cavity mode during the
atoms crossing the cavity. However, it is noted that the ex-
cited level uel of each atom is always populated during the
operation. Thus, decoherence, due to spontaneous emission
from the excited leveluel, may become a severe problem. In
the following, we will present an alternative way to imple-
ment the same task, which, as shown below, does not involve
real excitation of the excited level and therefore decoherence
caused by the energy relaxation from the excited level is
greatly reduced. The scheme presented here is actually a gen-
eralization of the method described in Sec. II to GHZ-state
generation in atomic systems.

We point out that it is not our intention to cast aspersions
on existing approaches to entanglement; rather we simply
wish to add one further element to the discussion in this
work. Our discussion focuses on creating entanglement with
immunity to decoherence caused by energy relaxation.

ConsiderN identical atomss1,2, . . . ,Nd each having a
L-type level configuration formed by two ground states and
an excited state. In accordance with the previous section, we
use u0l and u1l to represent the two ground states andu2l to
indicate the excited state. The GHZ state ofN atoms
s1,2, . . . ,Nd can be prepared using the following prescrip-
tion.

First, send a two-level atoma (with ground levelu0̃l and

excited levelu1̃l) through a single-mode cavity(Fig. 3). As-

sume that the atoma is initially in the stateu0̃la− u1̃la and
that the cavity mode is initially in the vacuum stateu0lc.
Suppose that the atomic transition is resonant with the cavity
mode. Choose the atomic velocity appropriately such that the
time for the atoma crossing the cavity equalsp / s2gd, where
g is the cavity-atom coupling constant. Thus, after the atoma
exits the cavity, the cavity is left in the stateu0lc+ i u1lc while

the atoma is in the stateu0̃la.
Second, send theN atoms s1,2, . . . ,Nd initially in the

statepl=1
N su0ll + u1lld through the cavity simultaneously(Fig.

3). Assume that the dipole transition betweenu0l and u1l is

forbidden due to the definite parity of the wave function and
the u1l↔ u2l transition is decoupled or highly detuned from
the cavity mode, while the detuningd=v20−vc between the
u0l↔ u2l transition and the cavity mode satisfies the condi-
tion d@g8În̄+1. Here,v20 is the transition frequency be-
tween the levelsu0l andu2l, vc is the cavity mode frequency,
n̄ is the mean photon number of the cavity mode, andg8 is
the cavity-atom coupling strength for theu0l↔ u2l transition.
Under this consideration, there is no energy exchange be-
tween the cavity mode and the atomss1,2, . . . ,Nd, and the
effective Hamiltonian for the atomss1,2, . . . ,Nd and the cav-
ity mode has the same form as(8). If the passage time of the
atoms s1,2, . . . ,Nd through the cavity equals top /l
=pd / sg8d2 (e.g., by choosing the atomic velocity properly),
then the system will be in the following state:

Fp
l=1

N

su0ll + u1lldu0lc + is− 1dNp
l=1

N

su0ll − u1lldu1lcGu0̃la. s17d

Third, send the atoma back through the cavity at the
same velocity(Fig. 3). Thus, after this atom exits the cavity,
the state of the system is given by

Fp
l=1

N

su0ll + u1lldu0̃la + s− 1dNp
l=1

N

su0ll − u1lldu1̃laGu0lc. s18d

Fourth, let the atoma enter a classical field which per-

forms a Hadamard transformationu0̃l→ u0̃l+ u1̃l and u1̃l
→ u0̃l− u1̃l on the atoma (Fig. 3). After that, the state(18)
changes into

HFp
l=1

N

su0ll + u1lld + s− 1dNp
l=1

N

su0ll − u1lldGu0̃la

+ Fp
l=1

N

su0ll + u1lld − s− 1dNp
l=1

N

su0ll − u1lldGu1̃laJu0lc.

s19d

Last, after the atoma exits from the classical field, one
can measure its state using a detector(Fig. 3). In the case

FIG. 3. Sketch of the setup for the preparation of multiatom
GHZ states.C, M, and D represent the cavity, the classical field,
and the detector, respectively. The two-level structure inside the left
dashed-line box is for atoma while the three-level structure inside
the right dashed-line box is for atomss1,2, . . . ,Nd.
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when the atoma leaves the classical field in the excited state

u1̃l, the detector gives a signal by ionizing the excited atoma
and detecting the free electron. In contrast, if the atoma

leaves the classical field in the ground stateu0̃l, the detector
gives no signal. Now we assume that the detector gives a
signal. In this case, one can see from Eq.(19) that theN
atoms s1,2, . . . ,Nd collapse into the following entangled
GHZ state:

p
l=1

N

su0ll + u1lld + s− 1dNp
l=1

N

su0ll − u1lld. s20d

On the other hand, if the detector gives no signal, it follows
from Eq. (19) that theN atoms s1,2, . . . ,Nd are projected
onto the following entangled GHZ state:

p
l=1

N

su0ll + u1lld − s− 1dNp
l=1

N

su0ll − u1lld. s21d

From the above description, it is concluded that the
present scheme has the following advantages.

(i) No adjustment of the level spacings for each atom is
required during the operation.

(ii ) Similar to Ref.[7], all atomss1,2, . . . ,Nd are initially
in the same state. Therefore the initial state of the atoms
s1,2, . . . ,Nd can be easy to prepare in an experiment.

(iii ) The present proposal also requires only one cavity.
(iv) The excited levelu2l for each atom is unpopulated

during the operation. Hence, decoherence due to spontaneous
emission from levelu2l is greatly suppressed.

For our method to work, the total cavity-atom interaction
time p /g+pd / sg8d2 should be much smaller than the cavity
decay timek−1, so that the cavity dissipation is negligible. As
a rough estimate, considerg,g8 and d=10g8. With this
choice, one can easily find that the error probability caused
due to the population of the levelu2l would be on the order
of 0.04 and the required relationship between the coupling
constant and the cavity decay rate would beg, g8@11pk.

IV. CONCLUSION

Before our conclusion, several points related to this work
need to be addressed. First, the idea of coupling multiple
qubits globally with a resonant structure and tuning the indi-
vidual qubits to couple and decouple them from the resonator
has been previously presented for charge-based qubits[36].
Rather, our scheme is for a different system and it differs in
the details of both the qubits and the coupling structure. In
our case, we consider a system consisting of flux-based qu-
bits (SQUIDs) coupled via a single-mode microwave cavity
field, while the system described in[36] comprises charge
qubits and aLC-oscillator mode in the circuit. Second, the

type of effective Hamiltonian(8) was proposed previously
for a trapped-ion-based quantum processor[29] or atom-
cavity- based quantum processor[7]. However, we first note
that using this Hamiltonian, a joint phase shift can be per-
formed simultaneously on many qubits with assistance of the
cavity photon, which not only simplifies the entanglement
preparation but also reduces the energy relaxation signifi-
cantly. Last, our method is different from that in Ref.[8]
where the authors showed how multi-ion GHZ entangled
states can be realized; that method is, however, based on
performing a controlled-NOT simultaneously on all ions
through a dispersive interaction. We note that a joint
controlled-NOT operation is rather difficult to implement in
the present system due to different physical mechanisms.

In summary, we have proposed a scheme for creating
multi-SQUID-qubit GHZ entangled states with the use of a
microwave cavity. The present scheme is based primarily on
inside-cavity photon creation and absorption via an auxiliary
SQUID in the cavity. As a result, rapid adjustments of level
spacings of SQUIDs are needed to ensure that the cavity
mode can be decoupled from the SQUIDs during pulsed mi-
crowave manipulation, or to control the cavity-SQUID inter-
action. Nevertheless, we believe that the present proposal is
of great interest because of its advantages:(i) all operations
are performed within the cavity, e.g., no photon detection
outside the cavity is required;(ii ) the preparation of en-
tanglement is deterministic and independent of the number
of SQUIDs in the cavity;(iii ) as tunneling between the qubit
levels u0l and u1l is not required during the operation, the
decay from levelu1l can be made negligibly small during the
operation, via adjusting the potential barrier between the qu-
bit levels u0l and u1l [13]; and (iv) the entangled state(15)
and (16) is a superposition of different combination of two
lowest levelsu0l and u1l; thus decoherence of the generated
entanglement, caused by the cavity loss and spontaneous
emission, is greatly suppressed. To the best of our knowl-
edge, our scheme is the first to demonstrate the possibility of
multiqubit entanglement in SQUIDs within cavity QED. Fi-
nally, it is interesting to note that the present method can be
applied to implement multiatom GHZ entangled states with
tolerance to energy relaxation. The method presented here is
quite general; it is applicable to the generation of multiqubit
entanglement in other types of solid-state system with the
three-level configuration described above, such as quantum
dots [37].
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