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We propose a method for transferring quantum entangled states of two photonic cat-state qubits
(cqubits) from two microwave cavities to the other two microwave cavities. This proposal is realized by
using four microwave cavities coupled to a superconducting flux qutrit. Because of using four cavities
with different frequencies, the inter-cavity crosstalk is significantly reduced. Since only one coupler
qutrit is used, the circuit resource is minimized. The entanglement transfer is completed with a single-
step operation only, thus this proposal is quite simple. The third energy level of the coupler qutrit is
not populated during the state transfer, therefore decoherence from the higher energy level is greatly
suppressed. Our numerical simulations show that high-fidelity transfer of two-cqubit entangled states
from two transmission line resonators to the other two transmission line resonators is feasible with
current circuit QED technology. This proposal is universal and can be applied to accomplish the same
task in a wide range of physical systems, such as four microwave or optical cavities, which are coupled

to a natural or artificial three-level atom.
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1 Introduction

Circuit quantum electrodynamics (QED), consisting of su-
perconducting (SC) qubits and microwave cavities or res-
onators, has developed fast in the past decade and has
been considered as one of the most promising platforms for
quantum information processing (QIP) [1-9]. SC qubits
are good information carriers and units of quantum infor-
mation processors due to controllability of their level spac-
ings and recent significant improvement of their coher-
ence times. It was theoretically predicted that the strong-
coupling limit is readily achieved with SC charge qubits
[3] or flux qubits [10], and later the strong and ultrastrong
coupling between a SC qubit and a microwave resonator
was experimentally demonstrated [11, 12] (hereafter, the
terms cavity and resonator are used interchangeably).
Based on circuit QED, many proposals have been pre-
sented for implementing quantum state transfer between
SC qubits [1, 13-15], quantum logic gates of SC qubits
[16-21], and entanglement in SC qubits [22-28]. By us-
ing SC qubits, the experimental demonstrations of single-
qubit gates [29, 30], two-qubit gates [31, 32], three-qubit
gates [33, 34], 10-qubit entanglement [35], 12-qubit en-
tanglement [36], 18-qubit entanglement [37], and 20-qubit
Schrodinger cat states [37] have been reported. Moreover,
quantum teleportation between two distant SC qubits
[38], quantum state transfer in a SC qubit chain [39], en-

tanglement swapping in superconducting circuit [40], and
quantum walks in a 12-qubit superconducting processor
[41] have been realized in experiments.

On the other hand, a (loaded) quality factor @ = 10°
for a one-dimensional (1D) microwave resonator [42, 43]
and a (loaded) quality factor @ = 3.5 x 107 for a three-
dimensional (3D) microwave resonator [44] have been re-
ported experimentally. Photons, hosted by a microwave
resonator or cavity with a high quality factor, have much
longer lifetimes than SC qubits [45]. Hence, a microwave
resonator or cavity of a high quality factor can behavior as
a quantum data bus and be used as quantum memory. In
recent years, there is much interest in quantum state engi-
neering and QIP with microwave fields or photons. Based
on circuit QED, a number of proposals have been pre-
sented for creating Fock states [46], coherent states [47],
squeezed states [48], macroscopic Schrodinger-cat states
[49-52], and entangled states of microwave photons [53—
61]. In addition, based on circuit QED, how to realize
two-qubit or multi-qubit quantum gates with microwave
photons has been investigated in theory [62-64]. The ex-
perimental preparations of a Fock state or a superposition
of Fock states of photons [65—67], photonic Schrodinger
cat states [68], and photonic NOON states [69] have been
reported. The coherent transfer of single photons between
microwave cavities has been demonstrated in experiments
[70]. Moreover, quantum error correction and universal
gate set on a binomial photonic logical qubit [71] have
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been experimentally demonstrated.

The focus of this paper is on photonic cat-state qubits
(cqubits). For a cqubit, the two logic states are usually
represented by two orthogonal cat states (i.e., superposi-
tion states of coherent states) of photons. In recent years,
QIP with cqubits has attracted much attention because
coherent states are eigenstates of the photon annihilation
operator and tolerant to single-photon loss [72, 73] and the
lifespan of a cqubit can be greatly improved by quantum
error correction [73]. Proposals for entangling cqubits in a
GHZ state [74] and for implementing single-cqubit gates
[75, 76], two-cqubit gates [58, 77|, and multi-target-cqubit
controlled gates [78] have been presented. Moreover, the
experimental demonstration of single-cqubit gates [79] and
double-cqubit entangled Bell states [80] has been reported.
However, after in-depth search of literature, we found
that how to directly transfer quantum entangled states
of cqubits between cavities has not been studied yet.

In the following, we will propose a method to transfer
quantum entangled states of two cqubits from two mi-
crowave cavities to the other two microwave cavities via
circuit QED. This proposal is realized by using a super-
conducting flux qutrit to couple four microwave cavities
[Fig. 1(a)]. Throughout this paper, “qutrit” refers to a
three-level quantum system. As shown below, this pro-
posal has the following advantages: (i) Because of using
four cavities with different frequencies, the inter-cavity
crosstalk is greatly reduced; (ii) Due to the use of only
one coupler qutrit, the circuit resources is minimized; (iii)
The entanglement transfer is quite simple because only a
single-step operation is needed; (iv) Because the higher
energy level |f) of the coupler qutrit is not populated in
the transfer process, the decoherence from this higher en-
ergy level is greatly inhibited; and (v) Neither measure-
ment on the cavity state nor measurement on the qutrit
state is required. In addition, our numerical simulations
demonstrate that high-fidelity transfer of two-cqubit en-
tangled states from two transmission line resonators to
the other two transmission line resonators is feasible with
current circuit QED technology. This proposal is univer-

sal and can be applied to transfer two-cqubit entangled
states from two microwave or optical cavities to the other
two cavities, which are coupled to a natural or artificial
three-level atom.

This paper is organized as follows. In Section 2, we ex-
plicitly show how to transfer quantum entangled states of
two cqubits from two cavities to the other two cavities. In
Section 3, we give a discussion on the experimental feasi-
bility of the proposal. A concluding summary is presented
in Section 4.

2 Transfer of quantum entangled states of two
cqubits

Consider four microwave cavities (1,2,3,4) coupled to a
superconducting flux qutrit [Fig. 1(a)]. The three lev-
els of the coupler qutrit are labeled as |g), |e) and |f)
[Fig. 1(b)]. Suppose that cavity 1 (3) is dispersively cou-
pled to the |g) <> |f) transition with coupling strength
g1(g3) and detuning A(A’), cavity 2 (4) is dispersively
coupled to the |e) < |f) transition with coupling strength
92(g94) and detuning A(A’), and each cavity is highly
detuned (decoupled) from other energy level transitions
[Fig. 1(b)]. Here, A = wjy — w1 = wpe — w2 > 0 and
A =wpg — w3 =wpe —wa <0, wrg(wye) is the |g) < | f)
(le) < |f)) transition frequency of the flux qutrit, and
w; is the frequency of cavity j (j = 1,2,3,4). In addi-
tion, apply a microwave pulse to the qutrit. The pulse
is on resonance with the |g) <> |e) transition but highly
detuned (decoupled) from other energy level transitions
[Fig. 1(b)]. These conditions can be met by prior adjust-
ment of the qutrit’s level spacings or the cavity frequen-
cies. Note that the level spacings of a superconducting
qutrit can be rapidly (within 1-3 ns) adjusted [81] and
the frequency of a microwave cavity can be fast tuned
with a few nanoseconds [82].

Under the above considerations, the Hamiltonian of the
whole system in the interaction picture and after the ro-
tating wave approximation is given by (assuming i = 1)
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Fig. 1 (a) Diagram of a superconducting flux qutrit (a circle A at the center) and four microwave cavities. Each cavity here
can be a three-dimensional (3D) cavity or a one-dimensional (1D) cavity. For 3D microwave cavities, the qutrit is inductively
coupled to each cavity, by placing the qutrit’s partial loop area into each cavity. For 1D microwave cavities, the qutrit is
capacitively coupled to each cavity (see Fig. 2). (b) Illustration of the qutrit-cavity dispersive interaction and the qutrit-pulse

resonant interaction.
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where o, = [f){al, of, = [F){el. oy = le){gl. @ is the
Rabi frequency of the pulse, and a; is the photon annihi-
lation operator of cavity j (7 =1,2,3,4).

In the large-detuning case of A > g¢;1,¢2 and |A/| >
93, g4, the intermediate level | f) can be adiabatically elim-
inated. As a result, the Raman couplings between the
states |g) and |e) are induced by the cavity pairs (1,2) and
(3,4). When % > ¢194, 9293, the Raman cou-
plings between the states |g) and |e), caused by the cav-
ity pairs (1,4) and (2, 3), are suppressed because the cor-
responding effective coupling strengths are much smaller
than the detunings of these Raman transitions. We as-
sume A, |A'| > Q, for which the effect of the pulse on the
Raman couplings is negligible. Thus, we can obtain the
following effective Hamiltonian [83]

H = (gleiAtdla}' +g2ei

Het = — 20107 1049 — 205 4200
— 9\3at 3040 — 2MGT 440 e
—2X\(a a3 o, )+ atago cq)

— 2N (asaf o}, + a3 asoz,)

+ Qoy, (2)
where o7, = |9){el, 049 = [9)(gl, Tec = le){el, 7, = o, +

Oeqr M = = 2/(200), Ao = g3/(20), g = g3/(2A), A; =
g3/ (2A"), X = g192/(2A), and N = g3g4/2A’. Here, the
terms in the first line are ac-Stark shifts of the level |g)
(le}) induced by the cavity 1 (2), the terms in the second
line are ac-Stark shifts of the level |g) (Je)) induced by
the cavity 3 (4), the terms in the third line represent the
Raman coupling induced by the cavity pair (1,2), while
the terms in the fourth line represent the Raman coupling
induced by the cavity pair (3,4).

With definition of |+) = (|g) & |e))/V/2, the opera-
tors of the coupler qutrit in Eq. (2) can be expressed
as 049 = [+ 0t +07)/2, 0ec = (I —07 —077)/2,

ol =0.+0"-07)/2,0,, = (6. —7" +5)/2, and

00 = &2, where 3. = [1)(+] — [-){~], 5 = [+){~], and
0~ = |=)(+|. Using these expressions, one can rewrite
Eq. (2), which will contain the terms e 2% and e?*. In

the strong driving regime 2Q > A1, Ao, [Asl, [Aa], A, |V,
these terms oscillate with high frequencies and can be
discarded after applying a rotating-wave approximation.
Thus, it is easy to find that the Hamiltonian (2) becomes

Hegs = — (Mad @y + Aoad an + Asad as + Msafay) + Q5.

(3)

Performing a unitary transformation et with Hy =
7()\1&-{_&1 + Agfl;dg + A3CAL;(A13 + A4CALICAL4) + ng, we obtain

— Marag + af ao)5. — N (asa] + aias)a..
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He — eiHOt(Heff o Ho)efiHot

= —)\(dlfl;_ + di&g)&z + )\(dg,&z_ + d;_dzl)&z, (4)
where we have set
)‘1 == A27
A=-\.

A3 = A\, (5)

(6)

The qutrit is in the state |+), which can be easily pre-
pared by applying a m-pulse resonant with the |g) + |e)
transition of the qutrit initially in the ground state |g).
Note that the qutrit remains in the state |[+) because this
state is not affected by the Hamiltonian (4). Hence, the
qutrit part can be ignored and the effective Hamiltonian
(4) further reduces to

He :H61+H627 (7)
with
H, = —)\(alaz afag)

He = /\(a3a4 + d§a4).

(8)
(9)

This Hamiltonian (7) describes the qutrit-mediated effec-
tive interaction between the cavity pair (1,2) and the
qutrit-mediated effective interaction between the cavity
pair (3,4), which will be used below to transfer quantum
entangled states of two cqubits from the two cavities (1, 2)
to the other two cavities (3,4).

Initially, cavities 1 and 3 store the maximally-entangled
state (|cat)y|cat)s + |cat)1|cat)s)/\/2 of two cqubits while
cavities 2 and 4 are initially in the vacuum state [0)2]0)4.
Here, the two cat states are given by |cat) = N (|a) + | —
«)) and |cat) = N (Ja) — | — @), with the normalization
coefficients NF. In terms of |a> = e~laf’/2 > \/»|n>

and | —a) =e” lo? /22 _0(

NG "|n), we have

|cat> = Z Cgm|2m>, |@> = Z an+1|2n + 1>,
m=0 n=0
(10)
where n  and m - are non-negative  integers,
Com = 2Nfe lol"2q2m/ /2m)l, and Ch,y1 =
Nye el /2q2041 ) /O T 1), From Eq. (10) one

can see that the cat state |cat) is orthogonal to the cat
state |cat), independent of « (except for « = 0). The
two cat states considered here are called even and odd
coherent states in quantum optics.

The transfer of the two-cqubit entangled state from two
cavities 1 and 3 to the other two cavities 2 and 4 is de-
scribed by

%(\cawcawg + [cat)y [cat)s)[0)]0)

— 10)1]0)5—=(|cat)z|cat) 4 + |cat)s|cat)y).

f (11)
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In the following, we will show how this entangled state
transfer can be achieved.

According to Eq. (10) and because of [2m); =
(@])?™)0);/y/(2m)!l and [2n + 1); = (a])*"*1]0);/
V(2n +1)!, the two cat states |cat); and |cat); of cav-
ity 7 (4 =1,2,3,4) can be expressed as

|cat) ; Z Y. (a 2m|0>
fat), j{jcan+1 2 10),. (12)
where Cj,, = Con//(2m)! and Cj,.; = Copyr/

(2n+ 1)L

Under the effective Hamiltonian H, of Eq. (7) and be-
cause of [H.1, Hea] = 0, we have the following state evo-
lution

e*iHet|cat>1|cat>3|0>2|0>4

671H61t|6at>1 |0>2671H62t|6at>3|0>4
oo

= 3 Cipe @) et @ e 0 0}

)QmeiHﬁgt ® efiH52t|O>3|O>4

71Hc2t
E CZm

oo
Ol (e Hertaf e e1t)2m(0)1]0)
=0

ZCQm —1H82t + 1H62t>2m|0> |0>

3

(13)

and
e~ Mt |cat)1[cal)2|0)3[0)a
= e et [cat), [0)pe™ 2 cal);3|0)4

0
— Z Cén+le—nglt(di&-)2n+1eiHelt ® e—iH€1t|0>1|0>2
n=0

o)
® Z Cén_‘rlefiHezt(dg-)2n+1eiH62t ® eiiHE2t|O>3|O>4
n=0

oo
=Y Cyppn(e7Mertaf e ert)2nH0),]0),
n=0

e—iHoTe—iHeT

_ eleoT (

S

m=0

+]0); Zel(2n+1)7r/202 2n+ 1)a @ |0)s Z 7i(2n+1)7r/2c2n+1|2n+1>

n=0 n=0
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(\cat) |cat)s + |cat)1|cat)3)|0)2]|0)4]+)

© Y Chypa (7 et af o2t 27510)5]0)., (14)
n=0
where we have used e 'Heif|0);|0) = ]0)1]0)2 and

e He21|0)3]0)4 = 10)3]0)4.

Note that e Heitgleifert — cos(At)a] + isin(At)ad and
e*iHeﬁd};eiH&t = cos()\t)&;g — isin()\t)&:i. For X\t = 7/2,
we have e~ iHertglitert iHeotgleiHeat — _ig,
Thus, fort =T

= i&; and e~
= 7w /(2)), we have from Eqs. (13) and (14)

e Het|cat)y|cat)3]0)2]0) 4

Z C2m 1m7'r

2m|0>

®[0)3 ZCQm M ()™ 0),
m=0

o0

= |O>1 eim”02m|2m>2

m=0
®|0>3 Z efim”02m|2m>4,
m=0

and

e Hel |cat) cat)2]0)3]0)4

o0
/
>1 E 02n+1e
n=0

i(2n+1)7/2 (&£)2n+1 |0>2

®|0>3 Z C£n+lefi(2n+1)7r/2 (&1)2n+1 |0>4
n=0

— |0>1 Z ei(2n+1)7r/202n+1|2n + 1>2
n=0

®|0>3 Z efi(2n+1)7r/202n+1|2n + ]_>47
n=0

(16)

where we have used |2m); = (a})?™[0);/+/(2m)!, [2n +
1) = ( )21 0) /\/W ] = 2,4), and the defini-

tions of C’Qm and CQn 11 given above.

After returning to the original interaction picture, the
time evolution for the initial state of the whole system is
given by

LS LS
1 Z e”’”C'gm|2m 2 ‘0 3 Z efim"C’gm|2m>4
m=0

4) |+)
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—i 1 - i2nmm = i2n' mm
=e ¢°|0>1|0>3*2 D P Cy[2m) @ Y T T Copn|2m) 4
m=0

m=0

+ Z ein(2n+l)7r02n+1|2n + 1>2 ® Z ein/(2n+1)7r02n+1‘2n + 1>4 |_’_>7

n=0 n=0

where from line 1 to lines 2 and 3 we have used the results
given in Eqs. (15) and (16). Here, ¢9 = Qu/(2)), n =
A2/(2X) +1/2, and ' = Ay /(22) — 1/2. We set

Ay = A,
Ay =),

which leadstonp=1and ' = —1. Forp=1and ' = —1,
we have exp(i2nmm) = exp(i2n'mn) = 1 and exp[in(2n +
1)m] = explin’(2n + 1)w] = —1. Thus, the state of the four
cavities, given in Eq. (17), becomes

1 [o ] o0
[0)1|0)5— Z Com|2m)s @ Z Com|2m)a
\/§ m=0 m=0

+ Z Cont12n+1)2 ® Z Cont1]2n + 1>4> ;o (20)

n=0 n=0

where the common phase factor e™%0 has been omitted.
According to Eq. (12), the state (20) can be written as

00110)a=cat)aleat)s + [eabfcat)).
which shows that the quantum entangled state of two
cqubits, originally stored in the two cavities 1 and 3, has
been transferred onto the other two cavities 2 and 4. In
order to maintain the transferred state, the level spac-
ings of the flux qutrit need to be rapidly adjusted [81] so
that the qutrit is decoupled from four cavities after the
desired state transfer is completed. Alternatively, to have
the cavities coupled or decoupled from the qutrit, one can
also tune the frequencies of cavities [82].

The result (21) was derived under the conditions (5),
(6), (18) and (19) given above. The conditions (5) and
(18) can be satisfied by choosing g1 = g2 and g3 = g4. This
requirement for the coupling constants can be achieved for
either 3D cavities or 1D cavities. For 3D cavities, g; can
be adjusted by a prior design of the sample with a suitable
loop area of the qutrit that falls in cavity j (j = 1,2, 3,4).
In addition, for 1D cavities, g; can be adjusted by a prior
design of the sample with an appropriate capacitance C;
between the qutrit and cavity j (5 = 1,2, 3,4).

One can check that both conditions (6) and (19) turn
out into

(21)

9192/A = —9394/A'7 (22)
ie.,
192/ (wrg —w1) = 192/ (Wre — wa)
= 9394/ (w3 — wyy)
= 9394/ (w1 — wre), (23)
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(17)

T

which can be met by adjusting the cavity frequencies, the
qutrit level spacings, or the coupling constants.

From the above description, one can see that the coupler
qutrit remains in the state |+) during the state transfer. In
other words, the level |f) of the qutrit is not excited and
thus decoherence from this higher energy level is greatly
suppressed. Eq. (17) shows that the state transfer is per-
formed by applying a unitary operator U = e~ iHoTe=iHeT
on the initial state of the whole system. As mentioned
above, the transformation e~'#o7 here is only used in or-
der to return to the original interaction picture. Thus, it
can be concluded that the state transfer is realized with a
single-step operation, described by U.

3 Possible experimental implementation

In above, we have considered a general type of cavity, ei-
ther 3D cavity or 1D cavity. In this section, we consider a
setup of four transmission line resonators (TLRs) capac-
itively coupled to a superconducting flux qutrit (Fig. 2).
Each TLR here is a 1D microwave cavity. For a flux de-
vice (e.g., C-shunted flux qubit [84-86]), the level spacings
can be designed to have a sufficiently large anharmonicity
and the transition between non-adjacent levels is allowed.
Accordingly, our proposal uses the flux qutrit so that the
resonator coupling with the flux qutrit’s |g) <> |f) transi-
tion is available. In the following, we will give a discussion
on the experimental feasibility of transferring quantum
entangled states of two cqubits between the two TLRs.
By taking the unwanted interaction into account, the

1 2

Do s
—|

-

X A r
] T
—| nJ |—< J—<|—
G C,
3 4

Fig. 2 Setup of four transmission line resonators (TLRs)
capacitively coupled to a superconducting flux qutrit (a square
A at the center). The flux qutrit consists of three Josephson
junctions and a superconducting loop.

Tong Liu, et al., Front. Phys. 15(2), 21603 (2020)
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Hamiltonian (1) is modified as H' = H + dH; + 0H>.
Here, § H; describes the unwanted inter-cavity crosstalk,
with the form of

4 4
iAo ta A
0H, = Z Z gie®a;ja; + Hee.,
J=11=j+1

(24)

where g;; and Aj; = w; —wj are, respectively, the coupling
strength and the frequency detuning of the two cavities
jand I (j1 = 12,13,14,23,24,34). In addition, 6 Hs de-
scribes the unwanted |e) < |f) transition induced by the
pulse, which is given by

§Hy = Qpee®'S} +He, (25)

where A, = wye — wey, and )y, is the Rabi frequency of
the pulse, associated with the |e) < |f) transition.

Because of wey < wyy [Fig. 1(b)], the |g) <> |f) transi-
tion induced by the pulse is negligible. For a superconduct-
ing flux device, the level spacings can be designed to have
a sufficiently large anharmonicity, such that the cavity-
induced coherent transitions between any other irrelevant
levels are negligibly small. Hence, the effects of the cavity-
induced unwanted transitions as well as the pulse-induced
lg) <> |f) transition on the state transfer performance are
negligible and thus not considered in our numerical simu-
lations for simplicity.

After considering the qutrit dephasing and energy re-
laxation and the cavity dissipation, the system dynamics
under Markovian approximation is governed by the mas-
ter equation

do _

4
= LA ;Fva‘ﬁ[d;‘]

+ ’Yfeﬁ[O'f_e] + ’Yfg[«[O'Jjg] + 769‘6[0'69]

+ Y Yeuloupou — oup/2 — pou/2).
I=e,f

Here, L[A] = ApAt — ATAp/2 — pATA/2 (with A =
Ay 0 1er O pys0og)s and opp = | f)(f[; k; is the decay rate of
cavity j (7 = 1,2,3,4); ey is the energy relaxation rate
for the level |e) of the qutrit, associated with the decay
path |e) — |g); Ve (Vfq) is the relaxation rate for the
level | f) of the qutrit, related to the decay path |f) — |e)
(If) = 19)); Yo,e (vp,r) is the dephasing rate of the level

le) (IF))-

The fidelity of the entangled state transfer is given by
F =/ (¥ia|p|thia), where [1iq) is the ideal output state of
the four cavities given in Eq. (21), while p is the reduced
density operator of the four cavities after tracing p over
the degrees of the coupler qutrit, when the state transfer is
carried out in a realistic system (with dissipation and de-
phasing considered). Note that our numerical simulations
are performed by choosing the operation time ¢ = 7w/(2))
above.

For a three-level flux qutrit, the transition frequency
between two neighboring levels can be varied from 5 GHz

(26)
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to 20 GHz. As an example, we consider wey/2m = 7.5 GHz
and wy,/2m = 12.5 GHz, resulting in A, /27 = —2.5 GHz.
We choose A/2m = 800 MHz, g, /27 = go/27 = 60 MHz,
and g3/2m = g4/2m = 70 MHz. According to Eq. (22), a
simple calculation gives A’/2w ~ —1.09 GHz. Note that
the coupling constants here are readily achievable in ex-
periments because a coupling strength ~ 636 MHz was
reported for a superconducting flux device coupled to a
TLR [12]. The detunings here yields wy /27 = 11.7 GHz,
we/2m = 4.2 GHz, ws/27n = 13.59 GHz, wy/27 = 6.09
GHz. Thus, we have Ajo/27 = —7.5 GHz, A3/27 =
1.89 GHz, A14/27 = —5.61 GHz, Ags/2m = 9.39 GHz,
Aoy /2w = 1.89 GHz, and Agy/2m = —7.5 GHz. For sim-
plicity, we choose Q. /27 = Q/27 = 47 MHz (available in
experiments [87, 88]). Other parameters used in the nu-
merical simulation are: (i) v, = ’y;jc =T s, 7, =28
s, ’y]Tel = 14 ps, ’yj?gl = 21 us (a conservative consider-
ation, e.g., see Refs. [84-86)); (ii) w;' = Kyt = k3! =
kyt=r"1 and (iil) a = 1.5.

We now numerically calculate the fidelity for the en-
tangled state transfer. For simplicity, we assume that the
crosstalk strength for every two cavities is equal, and thus
we set gj;1 = ger (j1 = 12,13,14, 23,24, 34). To see how the
inter-cavity crosstalk and the cavity decay affect the op-
eration performance, we plot Fig. 3 to show the fidelity F

versus £~ and ger/gm. Here, g,, = max{g1,g2,93,94}-
From Fig. 3, one can see that the effect of the inter-
cavity crosstalk coupling is very small for a given ~!.
One can see that even when g, = 0.1g,,, a high fidelity
~ 98.7% can be reached for k~! = 10 us. Note that the
crosstalk strength between cavities can be made 0.01g,, by
a prior design of the sample with appropriate capacitances
Cl, 023 037 Cy [54]

To investigate the effect of the decay of the second ex-
cited state (i.e., |f)) of the qutrit on the fidelity, we nu-
merically calculate the operation fidelity for the entangled
state transfer for (i) ’y;} =7 us, 7]761 = 14 s, yf_gl =21
us and (ii) 7;} = 'yf_el = ”y]?gl = 0 ps, as the blue and
red lines displayed in Fig. 4. Figure 4 shows the fidelity F
versus k1, which is plotted for g.. = 0.01g,,. Other pa-
rameters used in the numerical simulation for Fig. 4 are
the same as those used in Fig. 3. From Fig. 4, one can

0.989
0.988
0.987

0.986

Im 0.10

Fig. 3 Fidelity F versus k™' and Jer/gm. The parameters
used in the numerical simulation are referred to the text.
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0.989 ]
0.988 ]
K
0.987 ]
0.986 ]
10 20 30 40 50
K= 1(us)

Fig. 4 Fidelity F versus & '. The red line correspond to the
case without considering the decay of the second excited state
of the qutrit, while the blue line correspond to the case that
the decay of the second excited state of the qutrit is taken into
account.

see that for k=1 = 10 us, a high fidelity ~ 98.747% or
~ 98.748% is achievable for (i) or (ii). Figure 4 displays
the effect of the decay of the second excited state of the
qutrit is negligible.

In addition, we also give the numerical results of the
population of the second excited state of the qutrit in
Fig. 5. Figure 5 displays the population Py of the second
excited state of the qutrit versus ¢/T for the entangled
state transfer, which is plotted for g.,. = 0.01¢,,. Here, t is
the state evolution time and 7' is the entire operation time
required for the state transfer. Other parameters chosen
are the same as those used in Fig. 3. Figure 5 shows that
the population of the second excited state of the qutrit
is less than 0.014, implying that the second excited state
of the qutrit is almost not populated during the entire
operation. Thus, the decoherence of the qutrit from the
second excited state can be efficiently suppressed.

In practice, it is an experimental challenge to have
g1 = g2 and g3 = g4. Thus, for the sake of generality,
we consider g = (14 €)g; and g4 = (1 + €)gs, with the
values of g; and go given above. We plot Fig. 6 to show
how the fidelity F changes with e. Figure 6 is plotted for
k=Y =10 ps and g, = 0,0.01g,,,0.1g,,. Other parame-
ters chosen are the same as those given in Fig. 3. From

Fig. 5 The population Py of the second excited state of the
qutrit versus ¢/T, which is plotted for ger = 0.01gm. Other
parameters chosen are the same as those used in Fig. 3.
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Fig. 6 Fidelity F versus e. The figure is plotted for g., = 0,
0.01gm, 0.1g,m and k£~ = 10 us. Other parameters used in the
numerical simulation are the same as those used in Fig. 3.

Fig. 6, one can see that the fidelity strongly depends on
€, but a high fidelity = 95.3% can still be available for
—5% < e < 5%.

With the parameters chosen above, the operational time
is estimated as 0.11 ps, much shorter than the decoher-
ence times of the qutrit used in the numerical simulation
and the cavity decay times (5-50 pus) considered in Fig. 3.
For the cavity frequencies given above and for x~! = 10 us
used in the numerical simulation, the required quality fac-
tors (Q; = n;le) for the four cavities are Q1 ~ 7.35x10°,
Q2 ~ 2.64 x 10°, Q3 ~ 8.53 x 10°, Q4 ~ 3.82 x 10°. The
cavity quality factors here are achievable in experiment
because TLRs with a (loaded) quality factor @ ~ 10° have
been experimentally demonstrated [42, 43]. The analysis
here demonstrates that the high-fidelity transfer of quan-
tum entangled states of two cat-state qubits, from two
microwave cavities to the other two microwave cavities, is
feasible within present-day circuit QED techniques.

4 Conclusion

We have presented an approach to transfer quantum en-
tangled states of two cat-state qubits based on circuit
QED. As shown above, this proposal has the advan-
tages stated in the introduction. Our numerical simula-
tions demonstrate that high-fidelity transfer of quantum
entangled states of two cat-state qubits from two TLRs to
the other two TLRs is feasible with current circuit QED
technology. This proposal is quite general and can be ap-
plied to transfer quantum entangled states of two cat-state
qubits in a wide range of physical systems, such as four 1D
or 3D (microwave or optical) cavities coupled to a natural
or artificial three-level atom. To the best of our knowl-
edge, this work is the first to demonstrate the transfer of
quantum entangled states of cat-state qubits, based on cir-
cuit or cavity QED. We hope that this work will stimulate
the experimental activity in the near future.
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