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We present an experimentally implementable method to couple Josephson charge qubits and to generate and
detect macroscopic entangled states. A large-junction superconducting quantum interference device is used in
the qubit circuit for both coupling qubits and implementing the readout. Also, we explicitly show how to
achieve a microwave-assisted macroscopic entanglement in the coupled-qubit system.
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I. INTRODUCTION readily extended to coupled multipfequbits as well as any
selected pairg¢not necessarily neighbors
. . The paper is organized as follows. In Sec. Il, the control-

Quantum-mechanical systems can exploit the fundamengp, e o pling between two charge qubits is proposed using a
tal properties of superposition and entanglement o proce§§ge josephson junction or a large-junction dc SQUID. Also,
information in an efficient and powerful way that no classical\ye gemonstrate how this interbit coupling can be conve-
device can do. Recently, Josephson-junction circuits have refiently used to generate the controlled-phase-shift gate. In
ceived renewed attention because these may be used as @kc. |11, we study the microwave-assisted macroscopic quan-
bits in a quantum computérBased on the charge and phasetum entanglement in the coupled charge qubits, where the
degrees of freedom in Josephson-junction devices, chargemicrowave fields are coupled to the qubits via gate capaci-
and phase qubits® have been developed. Also, a type of tances. Section IV focuses on the readout of the quantum
solid-state qubit can be realized in a large-area current-biasesfates in the coupled-qubit system. Finally, the discussion
Josephson junctioh® and conclusion are given in Sec. V.

Experimentally, coherent oscillations were demonstrated
in a Josephson charge qubit prepared in a superposition of
two charge statésMore recent experimental measurements ) ) ] . )
showed that the charge qubit at suitable working points can A different type of interbit coupling from the one studied
have a sufficiently high quality of coherence(~2.5 here was propqsed using the Coulomb]d;nterac_tlon between
% 10%, corresponding to a decoherence tifig=500 ns. _charges on thg |slands of the gharge quoTtss pomted OL.H
Current-biased Josephson junctions can also have long dec8- Ref. 1, the mtgrbn coupling in this scheme is not switch-
herence timé< and Q, can reach 10 These exciting ex- able and also it is hard to make the system scalable because

. . only neighboring qubits can be coupled. Implementations of
perimental advancements demonstrate the potential of J

h bits f facturi . i %'uantum algorithms such as the Deutsch and Bernstein-
Sephson qubits Tor manutacturing macroscopic qUantumy,,; ., ; algorithms were studied using a system of Joseph-
mechanical machines. Towards the practical |mplementat|ogOn charge qubit€ where it was proposed that the nearest-

of a solid-state quantum computer, the next important stefgighhor superconducting islands would be coupled by
would be the coupling of two qubits and then scaling up thenaple dc SQUIDSs. In Ref. 13, a pair of charge qubits were
architecture to many qubits. _ _ proposed to be capacitively coupled to a current-biased Jo-
In this work, we present an experimentally implementablesephson junction where, by varying the bias current, the
method to couple two Josephson charge qubits and to gengimction can be tuned in and out of resonance with the qubits
ate and detect macroscopic quantum entangled states in thggupled to it.
charge-qubit system. Motivated by very recent experimental Another different type of interbit coupling was
results? we employ a superconducting quantum interferenceproposed® in terms of the oscillator modes in &rC circuit.
device (SQUID) with two large Josephson junctions to In contrast, we use a large junction or a large-junction dc
implement the readout. The generation of the macroscopi8QUID (but no LC circuit) to couple the charge qubits. In
entanglement is assisted by applying a microwave field t@ur schemepoth dc and ac supercurrents can flow through
each charge qubit. The key advantage of our design is thdhe charge-qubit circuit, while in Refs. 1 ando8ly ac su-
the SQUID can also produce an experimentally feasible angercurrents can flow through the circuit. These yield different
controllable coupling between the two charge qubits. Asinterbit couplingsie.g., theoy o, type* as opposed to o,
verified in a single qubit,the coupled charge qubits may be in our proposal As revealed in Ref. 10, the,o, type in-
well decoupled from the readout system when the measuréerbit coupling can be conveniently used to formulate an ef-
ment is not implemented. Moreover, our design can bdicient quantum computing scheme.

A. Other qubit coupling schemes
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son junction is much smaller than the Josephson inductance
of the large junction. The Hamiltonian of the system can be
D, Chnl|En Crn|En written as

2
Co lCJO E o c, ‘ ¢11A C, I_*if‘ H:i:El[Eci(ﬁi_nxi)z_EJi(COSa’iA"'COSa’iB)]
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o ) is the charging energy of the superconducting island and
FIG. 1. Scherr_]atlc_dlagram of two charge qublts co_upled by %Xi:CiVXilze is the reduced offset chargi units of 2)
large Josephson junctiddenoted by a square with an X insjd® 4,064 by the gate voltage. Flux quantization around loops

coupling energyE, and capacitanc€,o. To make the effective  qniqining the phase drops of the involved junctions gives
charging energy of the large Josephson junction as small as "®he constraint

quired, a large capacitan€® is placed close to and in parallel with
it. Each filled circle denotes a superconducting island, the Cooper- N N ~ D, )
pair box, which is biased by a voltads; via the gate capacitance din—dip— v+ ) =0, =12, )
C; and coupled to the bulk superconductors by two identical small ) 0
Josephson junctior@ach with a coupling enerdy,; and a capaci- Which gives
tanceCj;;). Here the arrow near each Josephson junction denotes (ﬂ_q) 1 )
A A e “
AT @i — )

Ei =

the chosen direction for the positive phase drop across the corre-

sponding junction. Dy - 57
- - 7Py 1.
Moreover, the calculated interbit-coupling terms in Refs. b=t 537 (4)
: : : 0
1 and 3 only apply to the case in which the following two R R R
conditions are met: where the average phase drép=(p;a+ ¢ig)/2 is canoni-

(i) The eigenfrequencys ¢ of the LC circuit is much  cally conjugate to the number;, of the excess Cooper pairs
faster than the quantum manipulation frequencies. This coren theith superconducting island:
dition limits the allowed numbeN of the qubits in the circuit o
becausav, ¢ scales with 1{N. In other words, this implies [¢;, nj]=i, j=1,2.

that the circuits in Refs. 1 and 3 are not really scalable. Here ¢, and g (i=1,2) are the phase drops across the

Lmall Josephson junctions abo) and below(B) the ith
capacitors fluctuates weakly. Our interbit-coupling approacrtooper-pairr) box. Junea ® w(B) !

discussed below is free from these two limitations. The Hamiltonian(1) can be rewritten as
2 - ) TPy 1. -
Il. CONTROLLABLE COUPLING OF CHARGE QUBITS H=2, | Eci(ni—ny)?~2E;;co B, 27)c0s¢

A. Coupling qubits with a large junction E. coss 5)
—BJo Y-
We first use a large Josephson junction to couple tw .

9 b J b QI'he externally applied flud, threads the area between the

charge qubits(see Fig. 1L Each qubit is realized by a ! : . )
g Lo : large Josephson junction and the left Cooper-pair box. It in-
Cooper-pair box, where a superconducting island with exces uces circulating supercurrents in the qubit circuit. The total

chargeQ;=2en (i=1,2) is weakly coupled to the bulk su- circulating supercurrent has contributions from the two
perconductors via two identical small junctiofwgth Joseph- charge qubits:

son coupling energ¥ ;; and capacitanc€;;) and biased by
an applied voltage/y; through a gate capacitan€. The T=1,+1,, (6)
large Josephson junction on the left has a coupling energ%here
E;o (much larger thar ;;) and a capacitandg;,. As in the
single-qubit casé close to the large Josephson junction, we . . R

also place a large capacitanCg in parallel with it, so that li=21 sm(T 57
the effective charging energy of the large Josephson junction ) 0
can be ignoredeven though the capacitance of the largeWith I¢i=7E;;/®,. This total supercurrent flows through
junction might not be large enoughMoreover, we assume the large Josephson junction and it can also be written as
that the inductance of the qubit circuite., the two Cooper- - A
pair boxes with the nearby junctions, and the superconduct- I=losiny, (8)
ing lines connecting these two qubits with the large Josephwith | y=27E;q/®,. From Egs.(6)—(8) it follows that

CO0S¢; , (7)
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oA (mDd, 1. . . where the large Josephson junction acts asffattiveinduc-
losiny =2sin —7—— 57| (lc1 COS¢1+ 1, COShy). tance of value
0
€) L D, an
When the coupling energl ;;=®l.;/7 of each Josephson 2wy

junction connected to the charge box is much smaller thaf js clear that the interbit coupling is switched off d,
that of the large Josephson junction in the circuit, the phase g |t is well known that a large Josephson junction can act

drop y across the large junction will be small. Expanding theas an inductancég.g., Ref. 1. Here we explici;ly show a
operator functions of in Eq. (9) into a series and retaining SPecific way that it can be used to couple qubits.

the terms up to second order of the parameters Retaining up to second-order term§ in the expansion pa-
rametersy; , the total circulating currerit can be written as
Ici
= (<1), i=12 1 - TP - ~
g lo (<D, - (10 IZZS"(TOQ (1.1 COSP1+ 14, COSP,)
we have 1 [2n, ) .
—osinl—5 (l¢1 cosgpq+1co8h,)°.  (18)
0 0

- [T D - -
= —_— +
=2 SW( D, )(771 COS$a+ 77 COSP2) In the spin representation, it is given by

27D, - ~ o ~ [ TDe (1) @
—sin o, (17 COSh1+ 15 COSH,)“. (11 | =sin| o, [leroy’+100y]
It is clear that the phase dro}a across the large Josephson 1 (Zﬁq)e) 2 2 1) (2)
. S X : — —5Sin 16+ 15+ 2141 ,
junction is controllable via the applied fluk,. 41,°" "o, [ert Tzt 2l erl 20 o]

For Hamiltonian(5), we also expand the operator func-

N (19
tions of y into a series and retain the terms up to second | . .
order of »; . Moreover, we consider the charging regime with which depends on the states of the charge-qubit system.
E.; much larger thark j; . Also, we assume that the tempera- B. Coupling qubits with a SQUID

ture is low enoughKgT<E(;) and the superconducting gap . . ,
is larger tharE,;, so that quasiparticle tunneling is strongly There are somewhat conflicting requirements imposed on

suppressed. In this case, only the lowest two charge states dfuS Circuit. To obtain a large value for the effective Joseph-

important for each qubit operating around the degeneracy®" nductance ,=®o/2mlo, arelatively small, is needed,
00Nt Vs = (2N +1)e/C; . In the spind representation based o that a large interbit coupling can be achieved. However,

= - when the large Josephson junction is also employed for a
T oo o the b et Aot 5 cesabl 0 use a kg Tis pemi  rger
duced to range ofl,, so that a h_|gher _resolutlon in distinguishing
qubit states can be achieved in the quantum measurement
2 based on the switching of the supercurrent through the large
H=2, [&i(Vx) ol —Ejol]—xoiPe®, (12 Junction. . . .
i=1 These two opposite requirements can be conveniently
solved if the leftmost large Josephson junction in Fig. 1 is
replaced by a symmetric dc SQUID with two sufficiently
1 large junctions(see Fig. 2 Instead ofd, inside the circuit
gi(Vyi)= = E (13 loop betweerE;, and the first qubi{as in Fig. 2, we now
2 apply a fluxd, inside the large-junction dc SQUID lodpee
and Fig. 2. This SQUID can be used both for coupling the two
charge qubits and implementing the readout. When the read-
_ 7D, out is not active (,=0), we can choose a suitable fldx
Eji=Eyi COS{ T) & (14)  inside the SQUID loop to generate a larger interbit coupling.
0 For 1,=0, the reduced Hamiltonian of the coupled-qubit
where system and the total circulating currehthave the same
forms as in Eqs(12) and(19), but with &, andl replaced
md, by 3@, and
sl s

with

[%—(mﬂ)

E=1— g(n?+3nf)sin2(
TPy

D
wherelj=2mES,/®,. When the readout is activieee Sec.

(16) IV), @4 is chosen as zero to obtain a larger effective Joseph-
son coupling energy.

lo=2l5 cos , (20)

andi,j=1,2 (i#]). The interbit couplingy is given by

7D
X=Ljleileo sz( (I)Oe) )
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Readout | |b Qubit Circuit U=e_iHT/h=eXp[i()(T/ﬁ)[crg(l)-i-0'5(2)-%-0')((1)0'5(2)]},
; (26)
CnlEn Cpl|En at 7= whi/dy. This gate transforms the basis statege,),
8 - : l l €1.92), 191.€2), and|g;,9) as
3 1 B En . o, C o
‘g@ Z(o)|! l@@@ﬂl ' }—*J" : ’—#q}; le;,e5) 1.0 0 0\ /|e,e)
953 i L @ L T]B TB |e1192> 010 0 |e1192> (27)
o ! N
! 191.€2) 001 O 191.€5)
! 191,92) 0 0 0 —1/\[91,92)

The generation of this conditional two-bit gate is efficient

FIG. 2. Schematic diagram of the coupled-qubit circuit with a because the conditio(24) can be realized in one step via
biased-current source of impedang¢w). The dc SQUID, with  changing the gate voltagegy;, i=1,2, and the fluxd,
two junctions of largeEj,, plays the role of both coupling the simultaneously. Also, the architecture is scalable because
charge qubits and implementing the readout. Here the large capagiyltiple charge qubits can be coupled by connecting them in
tance C, placed close to and in parallel with the dc SQUID is parallel with the large-junction SQUID. If the two Josephson
included in the impedancg(w). junctions in each Cooper-pair box are replaced by small-
junction dc SQUIDs, any selected pairs of charge quipits
necessarily neighborsan be coupled®
When the system works at the degeneracy points with

£i(Vx;)=0, the Hamiltonian becomes ll. MICROWAVE-ASSISTED MACROSCOPIC
ENTANGLEMENT

C. Controlled-phase-shift gate

H=—E,,cV—E. 0'(2)—)(0'(1)0'(2). (21
J_l ) 2 . When a microwave field is applied to the Josephson
For instance, whef;>0, i=1,2, its four eigenvalues are charge qubit, Rabi oscillations occur in the systérithese

oscillations can also be demonstrated by coupling a quantum

EJ1+EJ2—X, resonator to the charge qubitHere we apply the micro-
wave field to the Cooper-pair box via the gate capacitance, as
Ev—E+ in Refs. 9 and 14, but each charge qubit is driven by a dif-
I ERTX . 116 S . . .
ferent microwave field® In this situation,ny; in Eq. (1) is
= = replaced b
Ex—Euntx, P y
JR— _— ~ C|d| ~
—En—Enp—x. (22) Nxi+ Naci=Nxi*| 55 | aci- (28

The corresponding eigenstates pge,), |€1,92), |d1,€2),

Hered; is the thickness of the gate capacitor and
and|g;,9,), where

L Enci= Eni i+ &y af (29
&)= E(H)i =10, is the microwave electric field in the gate capacitor ofitte
Cooper-pair box, where; is the annihilation operator of the
1 microwave mode. Because the microwave wavelength is
lgiy=—=(1)i+]1)0). (23 much Iarger thard;, &,; can .be congdered constant in the
J2 gate capacitor. In the charging regime, the Hamiltonian of

. the systenfincluding the microwave fieldsan be written as
Because they are also the eigenstates of the two uncoupled

charge qubits, when prepared initially at an eigenstate, the 2 o
system does not evolve to an entangled state even in the H=2> [&/(Vx)o —Eyol) +1iw,; aal
presence of interbit coupling. As shown below, one can take i=1

advantage of this property to implement the measurement. In L oK a+K* ah1— 1), (2)
addition, this property can be used to construct efficient con- o2 (Ki i+ K7 a)]=x o o’ (20
ditional gates. For instance, if where
En=Ep=x, (24) EqiCidl
T Ki= CIZeI &, (3D

the controlled-phase-shifCPS gate is given by
Here, we also consider the system working at the degeneracy

points &;(Vy;)=0, i=1,2. When#w,;~2|Ej;| and under
with the rotating-wave approximation, the Hamiltonian is cast to

Ucpd 7)=€X""U, (29
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2
_ 1
H:E [—EJiO'&')-i-thaiaiT-i-(Ki|ei)(gi|ai+H.C.)] C3(t):E[(Ql_l—QZ)Sl(t)_(Ql_QZ)SZt)]y
=1
—xoHa®. (32 1 .
, . : . . Ca(t)= S{Ru(D) + Ra(1) +i1 (X/R)[Sy(D) + SV ]},
Without interbit coupling, each Josephson charge qubit ex-
hibits Rabi oscillations between statés;,I;) and |g;,l; (41)

+1), where|l;) is a photon state with, photons. For the \yhere

resonant case Witlth=2|EJi|, the eigenvalues of each

charge-qubit system are given by R(t)=cogAt), S(t)— sin(A;jt) 42
1 1~/ Ai -

_ 1
E(i') = Eg * EﬁQi , (33 For a two-level system interacting with a single-mode field,
the Rabi oscillations can be explained using either quantum
where or semiclassical theory, where the single-mode field is de-
scribed quantum mechanically or treated as a classical
Eoi=fioni(li+1), (34 field.X” Here the quantum oscillations of coupled charge qu-
and bits (namely, the Rabi oscillations in coupled two-level sys-
temg are studied using quantum theory, where the micro-
2 wave field coupled to each qubit is quantized. This also
Qi:g|Ki| Vit (35 applies to the classical-field case, in which the quantum os-
cillations are still described by Eq40), but |e;,e;,11,15),
is the Rabi frequency. Though entanglement occurs betwee, o, I,.1,+1), |g;,e,,1;+1),), and |g;,9,,11+1),
each charge qubit and the nonclassical microwave field, the- 1) are replaced bie; ,e,), |€1,9,), |01,€,), and|g;,g,).
two qubits do not entangle with each other since the system Figyre 3 shows the occupation probabil[@,(t)|? as a

evolves as function of timet. For instance, wheldC,(t)|?=1, both
_ charge qubits are in their excited states. It can be seen that
W) =[42(O)| (1)), (36 |C.(1)|? looks very different when the interbit coupling is
where switched on or off. The macroscopic entanglement between

_ the two coupled qubits can be explicity shown &t
li(1)=sin(Qit)|e ,I;) +cog Qit)|g;.li+1)  (B7) =@, (=Q). In this case, whertg,=nmh/Wy, with n

if the system is initially prepared at statg;,g,,l1+1/, =123..., and
+1). However, in the presence of microwave fields, when _ 2 12

. ) T ; " W=[(2Q/x)+ 1]~ 43
the interbit coupling is switched on, the coupled-qubit sys- L X ] 43
tem exhibits complicated quantum oscillations and it will |¥(t)) becomes
evolve to the entangled state. For instance, in the resonant

situation, the eigenvalues are given by | W (tend) = Ci(tend]€1.€2,11,12)
14 =Eoi+Equt iy, +Cyltend|91,92,11+ L1+ 1), (44)
623 =Eort Egp /iAo, 3y “nere
where Citen = %[—cos(nw)+exp(inw/W)],
A= [(Q1+Q,)%+ (x/h)?]Y2 (39
The state of the coupled-qubit system evolves as Culten) = %[COE(I’]'TT)-FGXF("HT/W)]. (45)

[W(1)=Ca(b)|es,ez,l1,12)+ Ca(D)]er, 02,1112+ 1) The peaks away from either zero or 1 shown in Fitg) 3

+Cs(t)|g1,€5,11+1),) correspond to this kind of entangled state. Furthermore, if
suitable values ofV are taken, the maximally entangled state
+Cy(1)]91,92,11+115+1). (40 with [Cy|?=|C,|?= 3 can be derived. This state is a macro-

scopic Schrdinger-cat state of the two charge qubits. For
instance, ifh Q/ y=+/3/2, the coupled-qubit system evolves
to the maximally entangled state at the times given by

For the system prepared initially fd;,9,,11+1,),+1),
1
C1(1)=S{Ra(1) = Ry(D +i (X/1)[S,(D) — (D]},
tM)= (2| + 1) 7h/2y, 1=0,1,2... . (46)

This entangled state corresponds to the half-probability

1
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FIG. 3. Occupation probabilityC,(t)|? as a function of time.

@ Q=0 x/h=0y; (b)) Q=1.20,,x/h=0Q;; (© Q,
=0, x/h=30,/2; (d) Q,=1.20, x/E=30,/2; (& Q,
=0Q,,x=0; (f) Q,=1.20,,x=0. The time is in units of); *.

IV. QUANTUM MEASUREMENT

To implement a readout, we bias a current pulséo the
qubit circuit(see Fig. 2, as in the single-qubit casSeNow, a

term — gl ,8/27, with

~ 1. . N -
3=7| et 2 (dia—dis) |, (47)
i=1,2

should be added to the Hamiltoni&h), where § is the av-
erage phase drop of the total qubit circuit and it can be writ-

ten as

7Py

SZY_T{DO’ (48)

with y=2(y_+ yg). Here we set the flusb equal to zero to
have a larger effective Josephson coupling energy. In th
spin+ representation based on charge states, the Hamil-
tonian of the system is also reduced to EtR). The interbit
coupling is here induced by the bias current and given by

x=Ljlcle SirTZ(VO/Z), (49

where the effective inductance is
L= Yo 50
I 27y cosy,’ (50

and

PHYSICAL REVIEW B8, 024510 (2003

<i|sinyli>

0.4 0.5 0.6 0.7 0.8 0.9 1.0

1 /1

b 0

FIG. 4. Eigenstate dependence of the supercurrent through the
SQUID as a function of the bias curremt. Here, E;;=E;,

=35E5, 11)=les.er), [2)=le1,05), [3)=|g1.e5), and |4)
:|91x92>-

y0=Sin_l(|b/|0), (51)

with 1,=47E5,/®,, andl,<l,. The intrabit couplings are

Eji=Ejicogyo/2) &, (52)
where
&=1— a5 +377)sir(yol2), (53
with
2+cos
q= 550 (54)
8 coSy,

andi,j=1,2 (i#]). The supercurrent through the SQUID,

losiny = Ip—sin(¥o/2)[ ;0% +120]

1
+argtan yo[ 12+ 12,4+ 21 41 oD,

(59

as contributions from both the bias current and the current
From the Josephson charge qubits.

At the working points withe;(Vy;) =0, the eigenstates of

the system are als@; ,e,), [€1,92), [91,€2), and|g;,9,).

In Fig. 4, we show the dependence of the supercurrents
through the SQUID on the eigenstates of the charge-qubit
system. The supercurrents through the SQUID increase with
the bias current and the difference between the supercurrents
at different(nondegenerajesigenstates widens. For the mea-
surement setup shown in Fig. 2, the supercurrent through the
SQUID is the largest at the eigenstats ,e,) and it first
reaches the maximal valug (namely, the critical curreit
when the bias current, approaches a valuksy, nearl,.

024510-6
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Around this value, the supercurrent through the SQUIDTaking 27/ =0.22us, as derived from the Rabi oscillation
switches, with a very large probabilit;, from the zero- of the measured switching probabiltywe have y/%
voltage state to the dissipative nonzero-voltage state in the-0.25 GHz. Reference 9 also gives;/A~16.5 GHz.
quasiparticle-current branch and the measurement on th@hoosing

voltage is carried out. However, due to environmental noise

as well as thermal and quantum fluctuations, the switching ESo ~ 5E,;i ~ 5E;,

actually occurs before the supercurrent through the SQUI[()md using the relation foy, we obtain® ~0.35b,. For

reachesly. At l,~Igy, the supercurrents through the ®.=0, the expansion parameters are
SQUID will also switch to the nonzero voltage state at other °

eigenstates, but the switching probabilities are small. In the | oi

ideal case, if the difference between the large switching = ~0.05

probability P; and the small ones is close to 1, then, in 0

principle, a single-shot readout would be achieveable. Afor E5,~5E;;. When® ~0.35D,, they becomey;~0.14.

shown in Ref. 9, the Josephson-junction switching experiThe results are sufficiently accurate whep and y are re-
ment can provide sufficient accuracy to discriminate the statgained up to second- and higher-order terms in the expansion
le;,e;) from others. parametersy, . When® approaches /2, the interbit cou-

The operation and readout of the macroscopic entanglesling strengthens. The reduced Hamiltonian of the system
ment of the coupled-qubit system can be implemented by|so has the same form as Efj2), but higher-order terms in
simultaneously applying a pulsed microwave fiéldth the  the expansion parameters should be included to obtain accu-
same duratiorr) to each charge qubit. The sequence wouldrate results.
be: Here we consider the charging regime wkQ;>E;; in

(i) before the microwave fields are applied, the fi’)x  order to obtain analytical results. We expect that the interbit
th_rough.the SQUID is set equal to zero and no interbit Coutoupling can still be realized in the regime with,~Ej;,
pling exists; i.e., the regime used by the Saclay group in the experiment

(ii) the fluxd is switched on to a certain nonzero value on a single Josephson qubitn this latter regime, the results
exactly at the start of the microwave pulse and off at the en¢an only be obtained numerically, but a relatively long deco-
of the microwave pulse. Within the microwave pulse dura-herence time would be expected for the Coup|ed_qubit sys-
tion 7, the evolution of the system is described by E4);  tem to work at the degeneracy points because at these points

(iii) a pulsed bias current, is applied to perform a mea- the states are more stable against the variations of both the
surement after the microwave pulse. offset charges and the fluk, or ®.

During the measurement, the quantum state of the charge- very recently, quantum oscillations were experimentally
qubit system collapses to the eigenst@g,e,) with prob-  observed in two coupled charge qubitsAlso, a novel
ability |C;(7)|%. This probability is proportional to the method for the controllable coupling of charge qubits was
switching probabilityP, of the SQUID. Because of relax- proposed using a variable electrostatic transforfhér.con-
ation, the envelope of the measured switching probalflity trast with our interbit coupling scheme, these studies involve
decays exponentially with time. This is used to obtain thecapacitively-coupled(as opposed to inductively-coupled
relaxation time’® Ramsey fringes of the probabilif§; can  charge qubits. The main advantage of this inductive coupling
be used to determine the decoherence time of the coupledamong qubits is that it allows a controllable link between any
qubit system. For each given microwave pulse duratipn selected qubits, not necessarily nearest neighbors.
through repeated measurements, one can determine the oc-In conclusion, we employ a large-junction SQUID to
cupation probabilityC,(7)|? and thus deduce the informa- couple Josephson charge qubits and implement a readout.
tion about the macroscopic entanglement between th&his architecture is readily scalable to multiple qubits. When

coupled charge qubifsee Figs. &) and 3c)]. the system works at the degeneracy points, where the
dephasing effects are suppressed, it is shown that the macro-
V. DISCUSSION AND CONCLUSION scopic entanglement can be generated with the assistance of

. ) . . microwave fields. Also, we show the quantum measurement
Finally, we estimate some important parameters usingy ine macroscopic entanglement

available quantities for the single charge qubit. Here we con-
sider the maximally entangled case shown in Fi¢),3in
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