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A scheme is proposed for generating Greenberger-Horne-Zeil{i@dz) entangled states of multiple su-
perconducting quantum-interference devi&QUID) 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 for building up superconducting quantum computgtg].
(i) For superconducting flux qubits, Amiet al. have pro-
Entanglement is the cornerstone of quantum computatioposed a scheme for realizing arbitrary single-qubit rota-
and communication. During the past few years, rapidtion without tunneling in a three-level SQUID qubit, by the
progress has been made in generation and engineering oée of a small detunin§l8]. Later Yang and Han showed
guantum entanglement. Experimental realizations of enthat large detuning of the driving fields from the upper state
tangled states with four photofi], four ions[2], two atoms  can be applied to implement single-qubit rotation without
in microwave cavity QED[3], and two excitons in a single €nergy relaxation in the three-level SQUID qufiid] (see
quantum dot[4] have been reported. On the other hand,also recent work by Kis and Paspalakiz0]). In addition,
based on cavity QED, a large number of theoretical methodgchemes for entangling two flux qubits within cavity QED
for creating multiqubit entanglement with atoms, ions, quannd proposals for creating entanglement between a flux qubit
tum dots, and charge qubits have been presejfeti]. and an electromagnetic field have also been proposed
In this paper, our goal is to present a way to prepare man{20—23. However, how to prepare multiqubit entangled
(superconducting quantum-interference dey®eUID)) qu-  States with flux qubits based on cavity QED has not been
bits in the Greenberger-Home-Zeilingeg&H2) type of en- thoroughly investigated(iii) Multiqubit GHZ states are of

tangled state§12]. The scheme is based on the cavity QEDgreat interest in the foundations of quantum mechanics and
technique. However, unlike previous proposgis7] where measurement theory, and may prove to be useful in quantum-

photon detection outside the cavity or passing qutsts., informa_\tion processing[24], co_mmunicgt_ion[Zﬂ, error-
atomg through the cavity is required, the present schem orrection protocolq26], and high-precision spectroscopy
operates essentially by building an auxiliary SQUID in a 27']I'.h' . tlined foll In Sec. II h
cavity to serve as a microwave photon generator and by per- tIS paper 1 gl:_||zne tas Iodowflt n ?C' it'WIe SS Ovdlg
forming a multiqubit joint phase shift with the aid of the way 1o prepare entangied states of multiple Q
cavity photon. As shown below, the present scheme has th%Ub'tS. In a cavity and then give a brief discussion of the
following distinct features(i) The entanglement preparation expenmentgl ISSUES. In Sec. I.”’ we extend the met_hod to
is deterministic and independent of the number of SQUID.C“?ate multiquoit GHZ states with three-level atoms via cav-
qubits in the cavity(ii) Because no tunneling between the ity QED. A concluding summary is given in Sec. IV.

SQUID qubit levels|0) and 1) is required, the decay from || GENERATION OF MULTI-SQUID-QUBIT GHZ STATES

the level|1) can be made negligibly small during the opera- i .
tion, via adjusting the potential barrier between the qubit L€t us consideN SQUIDs(1,2, ... N) and an auxiliary

levels[13]. (i) The created entanglement is a superpositioroQUID @ in a single-mode microwave cavifffig. (@)]. In

of different combination of two lowest levelg) and|1); thus ~ the following, the auxiliary SQUIDa serves to create cavity
decoherence of the generated entanglement, caused by tROtons. The SQUIDs considered in this paper are rf
cavity loss and spontaneous emission, is greatly suppressegQU!DS each consisting of a Josephson tunnel junction in a
In addition, it is interesting to note that the method can beSUPerconducting loogtypical size of a rf SQUID is on the
extended to prepare marytype three-level atoms in a GHz order of 10—10Qum). The Hamiltonian of a rf SQUIRwith
entangled state, without real excitation of higher energy leviunction capacitanc€ and loop inductance) can be written

els for each atom during the entire operation. in the usual form{28]
The motivation of this work is threefoldi) SQUIDs have Q?  (D-D,)? 1))
recently attracted much attention in the quantum-information Hs= xt T T E;co 27730 : (1)

community. Because they are relatively easy to scale up and
have been demonstrated to have long decoherence timegere ®, the magnetic flux threading the ring, aQ the
[14-16, they have been considered as promising candidatestal charge on the capacitor, are the conjugate variables of
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tion, after an interaction timg the second type of interaction
leads to the following state rotation for SQUI® (in the
interaction picturg

|0)a — c0SQt|0), = i SiNQt|2),,

(a)

,,,, . |2)a— =i SinQt|0)4 + c0SQpt]2),, (4)
where()y, is the Rabi frequency of the pulse, which takes the
\ / following form [21]:
\\ ) // 0= 01012, [ B0 05 ©)
) 2L%h s ©
for a microwave pulse with magnetic compondf,(r ,t)
W =B,u(r)cosw,t Here, w,, is the carrier frequency of the
W microwave pulse and,,(r) is the amplitude of the mag-
netic component of the pulse.
FIG. 1. () The schematic setup of SQUID%,2, ... N) and an Now let us turn to how to prepare SQUIDE, 2, ... N) in

auxiliary SQUID a (dotted-line circlg in a microwave cavity. The g GHZ state. SQUIMa and SQUIDs(1,2, ... N) have the
magn_etic components of_ the pulse_s and the cavity mode are W the A-type level configuration as depicted in Figag for which
direction. Each SQUID is placed in théZ plane. The auxiliary  the transition between any two levels is far off resonant with
SQUID is used as a microwave photon generatrLevel diagram 1,4 cavity modee.g., via prior adjustment of the level spac-
of a SQUID with theA-type three lowest level®), |1), and|2). ings). Suppose that the cavity mode, SQU&Dand each of
. _ _ _ . SQUIDs(1,2, ... N) are initially in |0), (the vacuum staje

the systenwith the commutation relation®, Q]=i#), dxis  (|0y-i[2))/\2, and (|0)+|1))/\2, respectively. The initial
the statiqor qgasistati\;external flux applied to the r!ng, and gtates for the SQUIDs can be prepared using many different
E,=1cPo/27 is the Josephson coupling energy is the  techniques such a$) applying a microwave pulse resonant
critical current of the junction andy=h/2e s the flux quan-  \yith the transition between the leveB and |1); (ii) apply-
tum). ) ) ) ing two microwave pulses separately, which are resonant

Consider a\-type configuration formed by the three low- yjth the |0)« |2) transition and thd1)« |2) transition, re-
est levels of each SQUID, denoted [, |1), and|2) with  gpectively[21]; and(iii) applying two microwave pulses si-
energy eigenvalueg, E;, andEy, respectively{Fig. (b)l.  myitaneously, with a small detuning or a large detuning from
To prepare the SQUIDEL, 2, ... N) in a GHZ state, we will  the upper leve|2) [18,19. The whole procedure for prepar-
need two types of interactions—the cavity mode interactingng SQUIDs(1,2, ... N) in the GHZ type of entangled state
resonantly with the transition between the levi@sand|2)  is'shown as follows.
of SQUID a, and the microwave pulse interacting resonantly Step (i).Leave the level structure of SQUIDE, 2, ... N)

with the transition between the IevdB; and|2> of SQUID unchanged while adjusting the level spacings of SQ@ID

a. For the first type of interaction, when the cavity mode isg,cp that thé0) < |2) transition of SQUIDa is resonant with
initially in the photon-number stat@), one can get the fol- the cavity mode[Fig. 2Ab)]. After an interaction timer,

lowing state evolution in the interaction picture: =/(2g), the transformatiori0),|0),— |0),/0). and |2),0).
——i|0),/1). is obtained for the cavity mode and SQUED
The initial state of the whole syster]\,(|0)+|1))(|0)s
-i]2),)|0) thus becomes

|0)/n)e — cos\ngl0),|n)s = i sinVngti2),Jn - 1),

[2)a/n)e — =i sinyn+ 1gt|0),|n + 1), + cosyn + 1gt|2),n).,

N
@ TT (0 + [D)(10)c = 1)) 0}, (6)
where the subscripta and ¢ represent SQUIDa and the =1
cavity mode, respectively; ang is the coupling constant which can be written as
between the cavity mode and th8)«|2) transition of

. L N N
SQUIDa.The expression aj is given by[21] IT oy + [2wloxe =TT 0y + [D)[2)e [0, (D)
=1 I=1

1 ] w
9= L 2MOﬁ<O|<I>|2>aLBC(r) -ds, ) where the subscrigtrepresents SQUIXI=1,2,... N).
Step (ii). Adjust the level structure of SQUIR back to

whereSis any surface bounded by the SQUID rimgis the  the previous situatioiiFig. 2(c)] such that the cavity mode
position vector or§, andB(r) is the magnetic component of does not couple to this SQUID. In the meanwhile, adjust the
the normal mode of the cavity with frequeney.. For a  level structure of SQUID$1,2, ... N) so that the detuning
standing-wave cavity, one haB.(z)=ug\2/Vcoskz with  §=wy—w, meets the conditions>g’yn+1 [Fig. 2c)].
wave numbek, cavity volumeV, and cavity axiz. In addi-  Here, w, is the transition frequency between the levifls
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(@) AN AN has a contribution to the time evolution of the st&@®.
;A ik Hence, it is easy to see that the stélg under the Hamil-
) LI 19 L~ I tonian (8), evolves into
(b) — 2 N N
NE) /A I1 (o) +[1)0[0)c -~ T (€0 + [1))[1)c |[0)a.  (9)
o) gf A1 1o L~ = =
In the case of=m=m/\, we have from Eq(9)
© 12 L s )
lll “I }'-. --\\.\-. N N
) = log/ =" LT oy +[Dp[0)e = (= DMT (o) = [1))] 1) |10V,
— = I=1 I=1
@ — ) (10
" |2)|1) 0 ﬁt_ i) which implies that after the interaction timeg, a conditional
J 7 e phase Shift|o>l|o>cﬂ|0>l|0>m |1>I|0>c‘>|1>l|o>c- |O>I|]->cH
-|0y|1), and|1)|1)c— |1)]1). (1=1,2,... N) has been real-
© AN . ized for each of SQUIDE1,2, ... N) simultaneously, with
F o vl 12 ©rw = @20 the control of the cavity photon.
o) § I o) / =— ) s The statg10) shows that SQUID$1,2, ... N) have been
A 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 SQU(Ds2, ... N)
from the cavity mode by the remaining two steps.

Step (iii) Adjust the level structure of SQUIDs

FIG. 2. The relevant level structuréeduced of the SQUIDs
(1,2,... N) and the auxiliary SQUIa during GHZ-state prepara-
tion. In(a), (b), (¢), (d), and(e), figures on the left side represent the

level structures for SQUIR, while figures on the right size repre- . . . ) .
sent the level structures of SQUID%,2, ... N). g is the resonant (1,2,... N) back to the previous configuration while bring-

coupling constant between the cavity mode and|@he-|2) tran-  iNg the|0)« |2) transition of SQUIDa to resonance with the
sition of SQUIDa, while g’ is the non-resonant coupling strength cavity mode [Fig. 2d)]. After an interaction timer;
between the cavity mode and th@ < |2) transition of SQUIDs =7/(2g), the cavity mode and SQUIR undergo the trans-
(1,2,...N). The |0y« |2) and |1)« |2) transition frequencies for formation |0),/0).— |0)4|0). and |0),|1).— =i|2),|0).. The
SQUIDs(1,2, ... N) are, respectively, denoted asy andw,; (ot state of the whole system is then given by

shown), while the|0)+«|2) and|1)«|2) transition frequencies for N N
SQUID a are, respectively, indicated hy;, and w3, (not shown. . N
w, IS the carried frequency of the applied microwave pulséejn E (10 +[1)[0)a +i(= 1) |1j[1 (10 = [1)[2)a |[O)c,

the level spacings for SQUIB s set to be much different from that
for each of SQUIDS1,2, ... N), such that SQUID<1,2, ... N) (11

are decoupled from the applied pulse. In addition, the transition e., the original entanglement between SQUIDs2, ... N)

between any two levels linked by a dashed line is far off resonant .
with the cavity mode. and the cavity mode has been transferred to the entanglement

between SQUID<1,2,... N) and SQUIDa.

— Step (iv).The level structures of SQUIDE,,2, ... N) are

and|2) for SQQIDs(l,Z, J\,I).’ n is the mean photon num- kept unchanged while th@)« |2) transition of SQUIDa is

ber of the cavity mode, a}ng is the nonresonant co.u.plmg brought to far off resonance with the cavity mddeég. 2(e)].

strength between the cavity mode anq e |2>.tran.S|t|0n Then, apply a microwave/2 pulse(2Q,t= /2, wheret is

cs)f LSJI%UI?SZ(LZ’ Né'thThe gtffectlvde _|—|atrt:1|It_ortnan t9f the pulse durationwith frequency w,,=wy, (w5, is the
QUIDs(1,2, ... N) and the cavity mode in the interaction |0y« |2) transition frequency of SQUIR). This pulse cre-

picture is thus given bysetting#=1) [7,29 ates a rotatiof0) — |0y —i|2) and|2)— —i|0)+|2) for SQUID
N a while leaving the state of SQUIDEL,2, ... N) and the
H= 2 (2lcct - t state of the cavity mode unchanged. The staty is then
A[g{“ 2lec! =|On(0lc’c) transformed as follows:
N N N
+ 2 20 ® |0>k<2|], | # K, ® [H (o + |1y + (= DM T oy, - |1>|>}|0>a
Ik=1 =1 =1
h (9")%16. The f d d f d . .
whereN=(g’)</ 6. The first and second terms of E®) de- i o) + 1)) = (= DN o) -1 2 0
scribe the photon-number-dependent Stark shifts, while the I[Ed D)= (= |1:[1(| 0= 10 (12)a (10
third term describes the “dipole” coupling between ttie (12)
and thekth SQUIDs mediated by the cavity mode. Note that
both the first term and the third term in E&) acting on the The statg(12) demonstrates that if a measurement shows

state(7) result in zero, i.e., only the term\Z[;|0)(Olc’c  the SQUIDa is in the statd0), then the remaining SQUIDs
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(1,2,... N) are projected onto the following state: be realized, becauge) the SQUIDs can be made to have a
N N sufficiently long energy relaxation time and thus spontaneous
decay of the SQUIDs is negligible during the operati@n);
- 1N -
[Tqoy+[1)+(-1) H (10y = [1)). (13 the pulse-SQUID interaction time can be shorten by increas-
1=1 1=1 . . . R
ing the intensity of the microwave pulses, such that the decay
On the other hand, the state2) demonstrates that if a mea- of the I_eveI|_2> is negligible during the pulse duratiofiii )
surement shows the SQUIR is in the state|2), then the typical timer; and 75 can be reduced by increasing the
SQUIDs(1,2,... N) are prepared in the state “cavity—auxiliary SQUID” coupling constang (e.g., by
varying the energy level structure of the auxiliary SQWID

N \ N thus leading tor;, 73<y% (iv) « can be increased by
(o) + 1) = (= DNTT (o = [1)). (14)  employing a high® cavity; and (v) direct interaction be-
I=1 I=1 tween SQUIDs can be made negligibly small as longDas
The state€13) and(14) can be rewritten as >d (where D is the distance between the two nearest
SQUIDs andd is the linear dimension of each SQULD
[+l )2 [N+ (= DN=)a=)o -+ |-y, (15) For the sake of definitiveness, let us consider SQUIDs
with C=36 fF, L=36 pH, &,=0.4993b,, 4, =1.10, andR
[+ + ) [+ = (= DN )= )2 - [-)n  (16)  ~1CP Q which are demonstrated in a recent experinjaai.

Here, B, is the SQUID’s potential shape parameter &b

where |+)=[0)+[1), and |-)=[0)=[1) (1=1,2,...N). e juﬁt:tion’s danping Pesistance. V\F/)ithpa choice of these

Since|+), is orthogonal tg-); the stateg15) and(16) are  parameters, the SQUIDs have the desired three lowest levels

both GHZ entangled stat¢43] of N SQUID qubits. as shown in Fig. (). Note that SQUIDs with these param-
The irrelevant SQUIDs in each step described above neegiers are available at the present tifid—1§. For the pa-

to be decoupled from the cavity field or pulse. Yet, this re-rgmeters presented here, the energy relaxation 4ithés on

quirement can be achieved by the adjustment of the levehe order of 1.6¢ 107 s, the coupling matrix element,,

spacings of the SQUIDs. Note that in a SQUID system, the— (0|@|2)/ ®, between the level) and |2) is ~2.9x 1072,

level spacings can be easily changed by adjusting the exteg; 4 the|0) - |2) transition frequency is-49.2 GHz. Hence,

nal flux ®, or the critical current. (e.g., for variable barrier o chooser,=49.2 GHz as the cavity mode frequency. For a
rf SQUIDs) [13]. o , _superconducting standing-wave cavity with a volume 30
One sees from the. above description the following points. 1 w1 mn? and a SQUID with a 4% 45 um? loop located

(a) The level spacings of SQUIDEL,2,... N) are only 4t one of the antinodes of the cavity-mode magnetic field, a
adjusted in stegii). o simple calculation gives the coupling constagt-1.2

(b) Because the same detuningis set for each of 1 g1 \which results in 7, m~1.3x10°s, much
SQUIDs (1,2,...N), the level spacings for SQUIDS gmajler thany™ . On the other hand, as a rough estimate, we
(1,2, ... N) can be synchronously adjusted, e.g., via changzssume g'~0.5g and §~10g’, which can be readily
ing the common external flusb,. achieved by adjusting the level spacings. As a result, we

(c) During the operation, the leve) for each of SQUIDS  have 7~5.5% 108 s, much shorter thar 1~6.4x 107 s
(1,2,... N) is unpopulated. Thus, decoherence due to sponfor a cavity with Q=2x10°, which might be available
taneous emission from this level is greatly suppressed.  within the present technologies or soon, since a quasi-one-

(d) As addressed above, when SQUADs detected in the  dimensional on-chip superconducting microwave cavity
state|0) (|2)), SQUIDs(1,2, ... N) are prepared in the GHZ (resonatoy with a Q> 10f, patterned into a thin supercon-
state(15) [(16)] with certainty. Hence, the entanglement gen-ducting film deposited on the surface of a silicon chip, has
eration is deterministic. been experimentally demonstratg@1] (also see Refs.

(e) Since the operation time; in step(ii) is independent  [32-35 regarding its application for loaded superconducting
of the number of SQUIDS, the present method can in prin- qubits or semiconductor qubjts
ciple be applied to create GHZ entangled states with a large For a cavity with »,=49.2 GHz, the wavelength of the
number of SQUIDs. cavity mode is\ ~6 mm, i.e., 0.2 times of the cavity length.

It is necessary to give a discussion on experimental matwhen each SQUID is placed at an antinode of Befield
ters. First, the pulse-SQUID interaction time should be muchFig. 1(a)], the ratioD/d would be~70 for d=45 um and
shorter than the energy relaxation tinye' of the level |2). N=11 (whereN is the number of SQUIDs in the cavijty
Second, the typical “cavity—auxiliary SQUID” interaction Note that the dipole field generated by the current in each
time 7, 73=/(2g) should be much smaller thayi’. How-  SQUID ring at a distance>d decreases as?3. Thus, the
ever, the constraint,=7/\ <y can be greatly relaxed be- condition of negligible direct coupling between SQUIDs is
cause the level?) for each of SQUIDY1,2,... N) is un-  very well satisfied. The result presented here shows that en-
populated during the whole operation. Third, the total cavity-tangling ten SQUIDs is possible by the use of the cavity
SQUID interaction time r=7;+»+7; should be much described above. We remark that the number of SQUIDs to
smaller than the lifetime of the cavity mode, which is givenbe entangled can in principle be increased with increment of
by k1=Q/2mv.. Here,Q is the(loaded quality factor of the  the cavity length.
cavity andy, is the cavity field frequency. Last, direct cou- In the above, we considered a single-mode microwave
pling between SQUIDs needs to be negligible since this in€avity. As a matter of fact, this is not necessary, since for a
teraction is not intended. In principle, these requirements camultimode 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- [6), —— S—
eters. In addition, a three-dimensiongD) cavity described _é_
above is not necessarily required, since the method presented 1o I
here is applicable to 1D or 2D microwave resonators as long c

as the conditions described above can be met. %
atoms (1,2,...,N)

1) —— atom a
a

oo
[

-

X

IIl. GHZ-STATE GENERATION WITH MANY ATOMS M E:l

In recent years, much attention has been paid to the gen- .
eration of highly entangled states with atomic systems. Two- D CP atom 2

atom eptangled states have been expe.r!mentally demon- FIG. 3. Sketch of the setup for the preparation of multiatom
stra_ted in mlcrowavg cavity QE[B]. In addition, based on GHZ states.C, M, andD represent the cavity, the classical field,
cavity QED, theoretical proposals have been presented fqp,q e detector, respectively. The two-level structure inside the left

creating multiatom entangled states. We may cite, as esp@ashed-line box is for atora while the three-level structure inside
cially relevant to this work, the very recent work by Zheng ipe right dashed-line box is for atonis, 2, ... N).

[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

Zheng's scheme is that the cavity decay is greatly suppressgg. cavity mode, while the detuningr w— o, between the

due to the v_|rtual excitation of the cavity mode during the|0><—>|2> transition and the cavity mode satisfies the condi-
atoms crossing the cavity. However, it is noted that the ex; e

cited level|e) of each atom is always populated during thet'ogeiih% T:JJ&;':;Z*&;ZO 'Si;htietrggji'tt'o:mf;eeqfurgn%nae'
operation. Thus, decoherence, due to spontaneous emissig}(n > We y q Y

from the excited levele), may become a severe problem. In ?h:'-zsggsitTZ?gmpggaoTinnugP:; ?:] tfrc')? t@’g| g(:?;ﬁs?t?:ﬁ
the following, we will present an alternative way to imple- y ping 9 )

ment the same task, which, as shown below, does not involvgnder this con&deratlon, there is no energy exchange be-
real excitation of the excited level and therefore decoherenctéfveen the ca\_/|ty mode and the atofis 2, ... N), and the
caused by the energy relaxation from the excited level i€fective Hamiltonian for the atomid,, 2, ... N) and the cav-
greatly reduced. The scheme presented here is actually a gdf. M0de has the same form €. If the passage time of the
eralization of the method described in Sec. Il to GHZ-state?°ms (1,2,... N) through the cavity equals tom/\

forbidden due to the definite parity of the wave function and
e|1)«|2) transition is decoupled or highly detuned from

generation in atomic systems. =w6l(g9')? (e.g., by choqsing the atqmic velocity properly
We point out that it is not our intention to cast aspersiondhen the system will be in the following state:

on existing approaches to entanglement; rather we simply ~ N

wish to add one further element to the discussion in thig T (o), + |10 +i(- DNTT (0) - || [[0ar (17)

work. Our discussion focuses on creating entanglement witf =1 I=1

immunity to decoherence caused by energy relaxation.

ConsiderN identical atoms(1,2,... N) each having a
A-type level configuration formed by two ground states an
an excited state. In accordance with the previous section, wi
use|0) and|1) to represent the two ground states d2dto N _ N _
indicate the excited state. The GHZ state Nf atoms [H (oY + 1[0y, + (= DNTT (Joy, - |1>|)|1>a} 0).. (18
(1,2,...N) can be prepared using the following prescrip- L 1=1 I=1

Third, send the atoma back through the cavity at the
ame velocityFig. 3). Thus, after this atom exits the cavity,
ge state of the system is given by

tion. _ Fourth, let the atoma enter a classical field which per-
First, sencLa two-level atora (with ground level|0) and forms a Hadamard transformatioﬁ)aff)ﬂﬁ) and |’1>
excited level|1)) through a single-mode cavi~(3Fig.~3). As- _>|'5>_|’1> on the atoma (Fig. 3). After that, the stat@18)
sume that the atora is initially in the state|0),~|1); and  changes into
that the cavity mode is initially in the vacuum stgd®.. N N
Suppose that the atomic transition is resonant with the cavity ~
mode. Choose the atomic velocity appropriately such that the [E Oy + 1) + (= DNE oy - |1>')] 10}
time for the atorma crossing the cavity equals/(2g), where
g is the cavity-atom coupling constant. Thus, after the adom N N N —
exits the cavity, the cavity is left in the stgd@+i|1), while + |Ul (0 +|D - (=1 H (10) = [1)) {[1)a [ |O)c.
the atoma is in the statd0),. - -
Second, send th& atoms(1,2,... N) initially in the (19
statell}!;(|0) +|1),) through the cavity simultaneousifig. Last, after the atona exits from the classical field, one
3). Assume that the dipole transition betwd@hand|1) is  can measure its state using a dete¢fig. 3). In the case
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when the atona leaves the classical field in the excited statetype of effective Hamiltonian(8) was proposed previously

1), the detector gives a signal by ionizing the excited atom for a trapped-ion-based quantum procesf8] or atom-
and detecting the free electron. In contrast, if the am cavity- based quantum proces$@}. However, we first note

leaves the classical field in the ground st@e the detector that using this Hamiltonian, a joint phase shift can be per-

gives no signal. Now we assume that the detector gives fa?rmed simultaneously on many qubits with assistance of the

signal. In this case, one can see from Etg) that theN cavity photon, which not only simplifies the entanglement

. k preparation but also reduces the energy relaxation signifi-
ath?Igit(;t’ez" -+ N) collapse into the following entangled cantly. Last, our method is different from that in R¢8]

where the authors showed how multi-ion GHZ entangled
N N states can be realized; that method is, however, based on
H(|0>|+|1>|)+(— V] (|Oy = 1|2)). (20) performing a controlledkoT simultaneously on all ions
I=1 I=1 through a dispersive interaction. We note that a joint

On the other hand, if the detector gives no signal, it followscomro“edNOT operation is r:?\ther difficult. to implemgnt in
from Eq. (19) that theN atoms(1,2, ... N) are projected the present system due to different physical mechanisms.

: X In summary, we have proposed a scheme for creating
onto the following entangled GHZ state: multi-SQUID-qubit GHZ entangled states with the use of a

N N microwave cavity. The present scheme is based primarily on
(o) + 1)) = (= DNTT oy, = 1)) (21)  inside-cavity photon creation and absorption via an auxiliary

=1 I=1 SQUID in the cavity. As a result, rapid adjustments of level
From the above description, it is concluded that theSPacings of SQUIDs are needed to ensure that the cavity

present scheme has the following advantages. mode can be _decou_JpIed from the SQUIDs (_junng puls_ed mi-
(i) No adjustment of the level spacings for each atom irowave manipulation, or to control the cavity-SQUID inter-

required during the operation. action. Nevertheless, we believe that the present proposal is
(i) Similar to Ref.[7], all atoms(1,2, ... N) are initially of great interest peqause of its advantagpsall operations_

in the same state. Therefore the initial state of the atom&'® performed V.V'th'.n the c;awty, €.g., no phot.on detection

(1,2,... N) can be easy to prepare in an experiment. outside the cavity |s_r¢_aq_U|re0(;|)_ the preparation of en-
(iii) The present proposal also requires only one cavity. tanglement is deterministic and independent of the number

(iv) The excited level2) for each atom is unpopulated of SQUIDs in thelcavity(iii) as tunnel_ing between the qubit
during the operation. Hence, decoherence due to spontaneoI g/els 0) and |1) is not required durl_ng the operation, the
emission from level|2) is greatly suppressed. ecay from '.e"e'@ can be made nt_agllglbly small during the

For our method to work, the total cavity-atom interaction operation, via adjusting the po_tentlal barrier between the qu-
time 7/g+ w6/ (g’)? should be much smaller than the cavity bit Ievels_|0> and|1) [13]; and (v) the entangl_ed statel.5)
decay time<, so that the cavity dissipation is negligible. As and (16) is a superposition of different combination of two
a rough estir,nate consider~g’ and 5=10g’. With thié lowest levels|0) and|1); thus decoherence of the generated
choice, one can easily find that the error probability Causegntanglemgnt, caused by the cavity loss and spontaneous

emission, is greatly suppressed. To the best of our knowl-

due to the population of the levi) would be on the order ’ ! S

of 0.04 and the required relationship between the couplingend%te.' Otl;.f[ schemel s the flrs;toUo:eDmons;rate th_e pOT;I)b"gy of

constant and the cavity decay rate wouldgh®' > 11mk. ultiqubit entanglement in QUIDs within cavity QED. Fi-
nally, it is interesting to note that the present method can be
applied to implement multiatom GHZ entangled states with

IV. CONCLUSION tolerance to energy relaxation. The method presented here is

kquite general; it is applicable to the generation of multiqubit

ntanglement in other types of solid-state system with the

hree-level configuration described above, such as quantum

Before our conclusion, several points related to this wor
need to be addressed. First, the idea of coupling multipl
qubits globally with a resonant structure and tuning the indi-
vidual qubits to couple and decouple them from the resonato ots[37].
has been previously presented for charge-based qi8fiis
Rather, our scheme is for a different system and it differs in
the details of both the qubits and the coupling structure. In  This research was partially supported by the National Sci-
our case, we consider a system consisting of flux-based qence Foundation QuBIC prograniECS-0201995 and
bits (SQUIDs coupled via a single-mode microwave cavity AFOSR (F49620-01-1-0439 funded under the Department
field, while the system described [36] comprises charge of Defense University Research Initiative on Nanotechnol-
qubits and a_C-oscillator mode in the circuit. Second, the ogy (DURINT) Program and by the ARDA.
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