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Josephson junction arrays can be used as quantum channels to transfer quantum information between distant
sites. In this paper we discuss simple protocols to realize state transfer with high fidelity. The channels do not
require complicated gating but use the natural dynamics of a properly designed array. We investigate the
influence of static disorder both in the Josephson energies and in the coupling to the background gate charges,
as well as the effect of dynamical noise. We also analyze the readout process, and its back action on the state

transfer.
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The transmission of a quantum state through a channel 1t L-1

between distant parties is an important issue in quantum Hj;= 52 (Qi—Qxi)Cﬁl(Qj—ij)—EJZ cos¢; i+ (1)
communication. In optical systems photons can be trans- i i

fgrred coh.erently over Iar.ge' distanceslowever, it is aI;o is the Hamiltonian of a one-dimensional Josephson junction
h|ghly deswable_to haye similar protocols for quantu_m 'nfor'arraylz of lengthL, and ¢, ..1= ¢~ ¢ The other terms of
r_nanon transfer in solid-state e_nvwonments. A possible soluzhe Hamiltonian describe the measurement apparatus and
tlon_ would be to interface sol_ld_-_sta_te quantum_hardwqre tQuill be discussed later. The char@® and phasep; are ca-
optical system$.Another possibility is to use flying qubits, nonjcally conjugated. The first term in EQ) is the charging
i.e., to transfer the physical qubits along leddsspired by  energy,C;; is the capacitance matrix; the second is due to
the paper of Bosewe developed the idea to construct a Josephson tunneling. An external gate voltadgg gives
genuine quantum transmission line using a Josephson jung- contribution to the energy via the induced charges
tion array. Q.i=2eq;=V,;C;. This external voltage can be either applied
Recently, a spin chain with ferromagnetic Heisenberg into the ground plane or unintentionally caused by trapped
teractions has been proposed for quantum communichtioncharges in the substrafen this caseQ,; will be a random
It was shown that Heisenberg chains can be used to transfeariable. We assume that each island is coupled to its near-
unknown quantum states over appreciable distarieey est neighbors by junction capacitand@sand to the ground
lattice siteg with high fidelity.*~” By preparing the state to be by a capacitanc€,. In this case, the charging interaction has
transferred at one end of the chain and waiting for a well- range given by C/C, in units of the lattice spacing of the
defined time interval, one can reconstruct the state at tharray:# In the following we puth=ks=1. _ .
other end of the chain. Even perfect transfer could be N the charge regime’Cyy>E;, the system is approxi-
achieved over arbitrary distances in spin ch&i@uantum mately described by only two charge states for each island.

state transport through harmonic chains was considered in

Ref. 9. u
Josephson qubits are among the most promising candi- é

dates as building blocks of quantum information
processord®!! In this Rapid Communication, we extend 6@
their application range to quantum communication and show

that a one-dimensional Josephson array is a natural transmis-
sion line for systems with superconducting charge qubits. We

calculate the transmission fidelity and investigate the effect

of static inhomogeneities and dynamical noise. We also ana-
lyze the readout process by a single-electron transiSta)

at the end of the array. To our knowledge, this is the first FIG. 1. Dashed box: one-dimensional Josephson array proposed
realizable and concrete implementation of a solid-state quaﬁor the transmission of quantum states. The crossed rectangles de-

tum communication protocol following the idea of Bdse note the Josephson junctions between the islands. The state pre-
P 9 " pared on the left-most island is transfered to the right-most island

. The model .that we want t? study is SChem_atiC"?‘"yby the time evolution generated by the Hamiltonian. Left: the
illustrated in Fig. 1 and described by the HamlltonlanCooper_paiIr boxcharge qubjtused to prepare the state. Right: the
H=Hj;+Hgp+Hcoup Where SET transistor used as measurement device.
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FIG. 3. (Color onlineg Maximum value of the fidelity as a func-
tion of the length of the chain for three different values@fC,
=1 and(2e)?/(E;Co)=10. Inset: The time at which the maximum is
reached.

FIG. 2. (Color online Maximum value of the fidelity as a func-
tion of the length of the chain for two different values 67C,
<1 and(2e)?/(E;Co) =10. Inset: The time at which the maximum is
reached.

In Fig. 2 we show the value of the first fidelity maximum and
the time at which it is reached as a function of the lergtf
the array and for different values of the ra@dC,. For the
parameters considered, the fidelity is never smaller than
75%. For longer chains, or if the conditiddy>C is re-
leased, the first maximum of the fidelity is considerably re-
ced. Another option is to fix a threshold for the fidelity of
transmission and seek for the first local maximum above the
threshold. The time at which these maxima occur increases
exponentially with the chain length. The value of the fidelity

The chain HamiltoniarH;; is equivalent to an anisotropic
XXZ spin-1/2 Heisenberg mod&l4the Josephson chain is
thus different from theXY and Heisenberg casést is char-
acterized by a strong anisotropy between ztwrection and
the xy plane. Moreover the coupling has a range that de-
pends on the electrostatic energy and can extend over seve
lattice constants.

At t=0, the chain is initialized in the statéuy)
=|¢4,000...0, where |0) (|2)) denotes the state of an

island without (with) an excess Cooper pair, and) d : : .

o ; ' oes not necessarily decrease on increakjrand for larger
:COS{QIZ)|O>+QI¢SW6,/2)|Z> IS the_s.ta.\te that has been pre- arrays a higher fidelity can be achievathough at larger
pared in the left-most island. This initial state is not an €i9eNYimeg, see Fig. 3. The results of Figs. 2 and 3 are encourag-
state of the Hamiltonian; it Vl”” evolve as a function of time. 5 since they indicate that faithful state transmission using
In fact, as the total charg@=2;Q; is a conserved quantity, josenhson chains is already possible with present-day tech-
the dynamics is restricted to the+1-dimensional space nology.

H=Ho®H, of total cha<r ge< zeroHo, and charge two, Since experimental arrays are never completely homoge-
Ha=spar|)}, wherelj), 1<j <L is the state with an excess eqs we now consider the case in which a small amount of

Cooper pair on thgth site. In this basis the Hamiltonian gtatic disorder is present. In general, imperfections will re-

reads duce the fidelity. In Fig. 4 we show both the effects of bond
L £ disorder(Josephson couplings distributed around an average
Hadj) = 2e2<cﬁl_ 22 Cﬁqui)U) _ EJ[(l _ 5jL)|j +1) value and site disordefmimicking the effect of static back-
i=1
+ 1 5 H 2 1 ' ' nodisqrder ...' varilance'ofF
( - J1)|J - 1>] ( ) L =i l;ﬁ:(éidslosro‘;g:r L
We first calculate the fidelity of transmission and the time 0.9
required for the transfer of information as a function of the I
coupling constants of the Josephson chain. The quality of the 0.81
transmission is quantified by the fidelity of thmixed state F.®
p of the right-most islandsite L) to the initial state 0.7r
1 0.6
FL= an (WlpL(D]yHdQ. ) i
o
0.50

This definition gives the fidelity averaged over all possible

initial states on the Bloch sphere, 1+F, <1. . FIG. 4. (Color online Fidelity as a function of time for an array
The fidelity is a strongly oscillating function of time. Only ¢ lengthL=7, (26)2/(E;Co)=10 andC=0, i.e., a junction capaci-

at well-defined times the state is transferred faithfullytance much smaller than the ground capacitance. Disorder param-

through the chain. This does not necessarily correspond téers: relative varianceE,/E;=0.1 for bond disorder; absolute

the time in which a Cooper pair has been transferred, sincearianceAQ,/2e=0.025 for site disorder. Dotted lingight axis:

also the relative phases of the state have to be reconstructegwriance of the fidelity for the case without disorder.
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0yp————— quenceC/Cy<1 is preferable, and the condition<E;/L?
is required to have a high value for the first maximum of the
0.8 fidelity.
F (t') Finally we discuss how the fidelity can be measured in a
L0 practical setup. To do this, we assume that the right-most
0.7 island (site L) is part of a SET transistor. We therefore
specify the effective coupling Hamiltonian between the
- right-most island and the lead,
Hop= 2 2 e(K) Vb Yiob: (5)
5L _ ; . _ E b=udL ko
0 20 40 60 80 100 7
- i (L —ep)/2
FIG. 5. (Color onling Fidelity vs time in the presence of gate Heoup= _2 [0 #/2%, + H.cl
voltage fluctuationsfull line). The dashed line is the noiseless case. b=ud,L
L=7, €?/(E;Cy)=10,C/Cy=0.1, y=0.01. +- S I codd —ep) - S ViQs, (6)
b=u,d b=u,d

?r:grli]n?o iﬂzrggzea\?v(ijtfgu?Igiesrsgefa'?ﬁglt:fvflemcﬂtmoi fcg]”r;;r)aée dis\_/vherey, y' are annihilation and creation operators of quasi-
: 9 articles in the graih. and in the leadsy andd (see Fig. 1

order appears to be more disruptive. This is because ad he OperatOFXb=Ek,q,gquylgbyqoL describes quasiparticles

tional frequencies enter the dynamical evolution making th N 7 ax : : .
) " . . unneling into the grain with an associated charge increasing
reconstruction of the additional wave function more difficult. i, ~s.)72 - . .
e'lemenle Q, is the total charge entering the chain from

The dotted line in Fig. 4 shows the variance of the fidelity forthe UD or down reservoirs. We assume nonvanishing auasi-
the case without disorder. Around the maxima of the fidelity, .. b . ' ; ng q
article tunneling only across the upper junctigaVy

the variance is small, i.e., the transmission quality for an)’i IR
given state is high. =0,eV,=—eV=-2A) and conversely we allow

Dynamical fluctuations play a different role. They arise coherent Cooper pairs tunneling only in the lower junction
from gate-voltage fluctuations and are described by addin&Ju:o"]d:‘KEJ)' Gate voltages are chosen so that the_SET
stochastic terms to the gate voltages,— . +&(t) in the 1S off resonance and we can therefore neglecF the stationary
Hamiltonian in Eq(1). Here we choose a very simple model currerlg through the SET due to the Cooper-pair quasiparticle
and assume thé(t) to be independently Gaussian distrib- Cyc";' . ifies th . f
uted: (£(1)=0, (£(D£(t')=y8; at-t'). Nevertheless, due The measurement device modifies the dynamics of Coo-
to capacitive coupling between separated sites, such stoch o' pairs on Fhe_ chain and requires taking Into account qua-
. . . e particle excitations on thieth site of the chain. By neglect-

t!c factor; re;ult in correlated .StOCha.St'C tsrms_ in the effecTng quasiparticle tunneling we would have a coherent
tive Ham|Iton|an_ Eq.2), HF‘O‘SJD.:HJJD_Z:i(t)'_Q' where dynamics for the charges in the chain described by the
the zero-a'veragmgyeagsstan d'smk_)ftzed func’tlmp(s), a'® " Hamiltonian Hy=H(T— 0). Tracing out the quasiparticle
uniquely fixed by(=(t)=;(t")=A(C));at-t'). Averag-  yoqrees of freedom results, instead, in an incoherent dynam-
ing out the stochastic terms leads to the master equation fQgs” escribed by a master equation for the reduced density
the density matrix of the chain in the spakk matrixp of charges in the chaitf.In the basis of eigenstates
L M(CH, of Ho, Hol@)=E,|a),}” the master equation redfls
p==ilHypl= 2 5 HQQjp ~ 2QQ +pQQ), . B B
hi=1 paﬁ(t) == |<C(|[H0,p]|ﬁ> - E ,Raﬁ’;.wpp,v- (7)
@ m
_ ; The prime indicates that the sum has to be performed over
where the operators); projected on the spac&{ are states with energies such th|ﬁa—E5—EM+EV\ S1/AL At

Q;=2¢liXi|. The state of the system develops into a com->*° _ . vl TR
pletely incoherent mixture in which any charged state iSbelng the time over which the coarse-graining implicit in Eq.

_ _ . (7) takes place.
equally probablep;(t—)=(1/L)p;1(t=0). The average fi- ( : . . .
delity as defined in Eq(3) is reduced toF.,.=1/2+1/6L), As we are interested in the time evolution over short

. : . . times, let us discuss in some detail our approximations. We
corresponding to an almost unfaithful transmission. The t'mEfirst assume thal<E,, so that, in evaluating the kerng}
. -Js 1]

dependence of the fidelity in the noisy system is presented i : .
Fig. 5 where it is compared with the fidelity in the absence of()ve neglect the Josephson coupling to the Iéids this case

noise. The peaks of the fidelity are not smeared out by noiséh® spectrum oHq is {Eg, Eyj2,Ey}, M=1, ... L. Due to the
The dominant effect of the coupling to the environment is thenergy  scale separatiorEy —Ey=E;<1/At=Ey-Eyp
relaxation of the fidelity amplitude towards the stationary™~Em—Eo<eV, the sum in Eq.(7) mixes population and
value (independent on the initial stateNumerically, such coherences of the density matrix only in the subspach! of
relaxation takes place on a characteristic time scalstates. In this case the coarse-grained dynamics of(Hg.
~1/(Ly). Thus, to observe high values of the fidelity it is can resolve the time scales of orderE} that we are inter-
important to have a maximum at a short time. As a conseested in. In this approximation, the only nonvanishing terms
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of the kernel R are found to be Ryypan
=-Rapanwzaz="T, Re[R1/21/2MN = ~Auns 0.8 1
Re{Ryono} = 3 Awin: Re{Rwnpo} = 5[ 8w pAng+ Sn.ghwp),
where  Nag=I'(A|LYL|B). In these expressions 0.61 ¥
we approximated ~ T'= [JdsexpieV9(X,(s)X!(0)) IT/e - E
= [sdsexp{i[eV+ (Ey—Ey) IsSKX(9X/(0)) as a conse- 0.4} -
quence of the separation of energy scales discussed above.
We also neglected all other exponentially smia#e¢VT) 02k .
rates. I

Finally let us address the proposed measurement protocol. T {E
It consists in disconnecting the right-most site from the rest 0 20 40 60 80 100 7

of the chain at a tim¢*<1/I" and in measuring the time- _ o
. _ o~ FIG. 6. (Color online Full line: time dependence of the current
integrated current  through the  SET=e/T[gl(n)d7  (in units ofe/T) through the SET. Dashed line: fidelity of the iso-

=e/TffiI(r)dT+O(Ft*) where T is the time between two lated chainI'=0.05; all other parameters as in Fig. 5.
pulses; it is the largest time scale in the system. The instan-

taneous particle current it)=ITp. (1) +pu2w2(]. The  tion chain as a solid-state quantum communication channel.
last term O(I't*) in the current corresponds tffI(n)dr  We have analyzed the state preparation, its propagétiith

_t ~ * ; * a model appropriate for Josephson nanocirguitge role of
= [ dtpy () + H]<It. As at time t>t* the pprop P
Jodlpu®*+pamaa )] he measuring apparatus and the effect of noise and imper-

is out of resonance, the measured current &/ T[Zp,, (t*) ections. This, we believe, is an important and necessary step
- “1 Thi ’ PLLY ) towards the experimental realization of quantum communi-
*Paman(t’)]. This measurement scheme does not provide Ration in solid-state systems. Present-day technology should

tomography for the state of the right-most site: the measureg) o the realization of quantum channels of the type de-
current does not depend on the coherences ), 0 gcriped here.

which the fidelity is sensitive. Nevertheless, the peaks in the

current correspond exactly to the maxima of the fidelity as We acknowledge fruitful discussions with G. De Chiara,

shown in Fig. 6. The current decay in time due to quasiparC. Macchiavello, G. M. Palma, and S. Montangero. This

ticle tunneling happens on a time scald /T irrespective of work was supported by the EUIST-SQUBIT2, RTN-

the length of the chain. Therefore, our measurement scheniéanoscale Dynamig¢s by Fondazione Silvio Tronchetti

can be used also for long chains, the main constraint arBrovera, and by the Swiss NSF and the NCCR Nanoscience.

disorder and gate voltage fluctuations. In this sense the cuBuring completion of this work we became aware of Ref. 19,

rent measurement allows to check the theoretical predictiowhich discusses state transmission in a setup using supercon-

for the fidelity of state transfer. ducting quantum interference device loops coupled to reso-
In conclusion, we have proposed to use a Josephson junoators.

SET is disconnected from the rest of the chain an
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