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Quantum networking of microwave photons using optical fibers
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We describe an adiabatic state-transfer mechanism that allows for high-fidelity transfer of a microwave quantum
state from one cavity to another through an optical fiber. The conversion from microwave frequency to optical
frequency is enabled by an optomechanical transducer. The transfer process utilizes a combined dark state of the
mechanical oscillator and fiber modes, making it robust against both mechanical and fiber loss. We anticipate this
scheme being an enabling component of a hybrid quantum computing architecture consisting of superconducting

qubits with optical interconnects.
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I. INTRODUCTION

The rapidly expanding field of cavity optomechanics
studies the interaction between mechanical and optical degrees
of freedom in an optical resonator. This coupling occurs as
radiation pressure from the confined cavity light acts to move
the cavity mirrors, causing a shift in the cavity resonance.
The first experiments to observe this interaction were done
as far back as 1970 by Braginsky and co-workers [1]. In
this early work, the mirrors were relatively large suspended
macroscopic objects. As early as 1996 it was suggested
that similar systems could be fabricated on chip [2]. More
recent advances in nanofabrication culminated in the first
observation of quantized mechanical motion in 2010 [3] (for
recent reviews, see Refs. [4-8]).

When the mechanical oscillator’s resonant frequency is
much larger than the intrinsic loss rate of the cavity, sidebands
in the optical cavity appear at the mechanical resonant
frequency. In this so-called resolved sideband limit, one can
perform sideband cooling of the mechanical oscillator by
driving the cavity with a cooling laser tuned to the blue
sideband [9,10]. As an additional constraint, when the optical
cavity is strongly coupled to the mechanical resonator, such
that the coupling rate is much greater than the intrinsic loss
rates of the cavity and oscillator, quantum states can be
exchanged between the cavity and the mechanical modes
[11,12]. Because the radiation pressure is so broadband, this
ability to have strongly coupled systems can occur over a
very large wavelength range. This fact has given rise to
demonstrations of strong coupling and resolved sideband
cooling in both the optical [10,12-15] and the microwave
[3,16,17] frequency ranges.

This ability to strongly couple to both microwave and
optical frequency cavities led to a proposal to use an op-
tomechanical resonator as a wavelength convertor between
quantum states of microwave and optical photons [18]. Here
the authors suggested state swapping by using a sequence
of /2 optomechanical pulses, analogous to how one would
perform state swapping in an atomic system. Later proposals
suggested that one could convert between microwave and
optical frequencies by using an adiabatic dark-state-transfer
scheme [19,20]. While not converting between microwave and
optical light, a recent experiment has demonstrated the use of a
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mechanical dark state to transfer quantum states between two
optical cavities [21]. Alternative proposals for state swapping
make use of the ability to entangle microwave and optical
modes through a common optomechanical interface [22,23],
enabling continuous variable teleportation protocols to be
utilized for state transfer [24]. Recent experimental results
have realized broadband wavelength conversion, showing co-
herent wavelength conversion between microwave and optical
frequencies [25,26], even with room-temperature devices [27].

A superconducting qubit’s transition frequency is in the mi-
crowave regime [28], and recent advances in circuit quantum
electrodynamics has created strongly coupled superconducting
qubit and microwave resonators [29]. The ability to coherently
convert between microwave and optical frequencies should
enable one to develop a distributed quantum system using
superconducting qubits and optical fiber connections. In doing
so, one would improve the scalability of superconducting
qubits in that the size constraints of a cryogenic system
would no longer place a hard constraint on the number of
qubits that one could couple. This idea to optically connect
computational nodes of a quantum network is not new [30-32].
It has been touted as a scalable architecture for ion-trap-
based quantum computers [33]. The inability to reliably
convert between microwave and optical photons has prevented
such architectures for superconducting qubit systems. Recent
proposals have appeared that analyzed the networking of
solid-state qubits through optical fibers using optomechanical
transducers [34,35].

In this paper we present results that show that an adiabatic
dark-state-transfer scheme, similar to the one outlined in
Refs. [19,20], generalizes to fiber coupled systems. We show
that this could enable high-fidelity state transfer between
microwave cavities through optical fibers, enabling a route
towards optical networking of superconducting qubits. The
frequency conversion on each side of the transfer is done using
an optomechanical resonator, simultaneously coupled to both
optical and microwave cavities. The optical cavities are then
coupled via an optical fiber. A system schematic is shown in
Fig. 1. Unlike recent proposals in Refs. [34,35], the scheme
outlined here considers a single-mode fiber and the coupling of
microwave photons to the optomechanical transducer (OMT),
rather than the direct coupling of a qubit to the OMT. The use of
asingle-mode fiber eliminates experimental complications that
can prevent transfer of quantum states through the continuum
[36] except in very simple cases [37].
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Our scheme is similar to stimulated Raman adiabatic
passage (STIRAP) [38,39], used in quantum optics to per-
form state transfer between ground states of atoms without
populating the excited state. As in the atomic case, our use
of a dark state to perform the adiabatic passage reduces the
effects of loss on the state-transfer fidelity. We show, using
analytical and numerical solutions, how one could perform
such a transfer, and we calculate the transfer fidelities for a
variety of input states. We predict that high-fidelity transfer is
possible when (1) both the optical and microwave cavities are
strongly coupled to the mechanical resonator, and (2) there is
strong coupling between the optical cavities and the fiber.

II. MODEL

Our model consists of two identical optomechanical subsys-
tems connected via an optical fiber. Each subsystem consists
of a microwave cavity and an optical cavity connected via
an optomechanical resonator, as shown in Fig. 1. Such op-
tomechanical devices have been demonstrated experimentally
and shown to be capable of coherent conversion of microwave
photons to optical photons [25,26].

We model such a system with a time-dependent Hamilto-
nian,

I:1=I:10m,1+1:10m,2+1:1f+1:1d1 ()

consisting of Hamiltonians for the optomechanical subsys-
tems 1 and 2 labeled I-Alom,l and I:I(,m,z respectively, the fiber
coupling term A r, and dissipation terms contained in H, that
couple the cavity, mechanical, and fiber modes to a continuum.
The linearized optomechanical subsystem Hamiltonian written
in the interaction picture (see Appendix A for a detailed
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FIG. 1. (Color online) Schematic of the system being modeled.
We consider two coupled cavity optomechanical systems, denoted
with labels 1 and 2. Each system consists of two cavities, one
with a microwave resonant frequency, denoted with red, and cavity
operator d,,,, j, and one with an optical frequency, denoted with blue,
and cavity operator 4, ;. The cavities are coupled via a common
mechanical oscillator with mechanical frequency w,, and operator
Bm, ;- This system is then coupled to a second identical cavity
optomechanical system via an optical fiber, with operator f, that
is connected with each optical cavity. This setup allows one to
adiabatically transfer a quantum state stored in microwave cavity
1, denoted as |y);, to microwave cavity 2 through the mechanical
oscillators, optical cavities, and fiber. The adiabatic passage uses a
dark state with minimal excitation in the mechanical and fiber modes,
making it robust against loss in those modes.
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where the subscript i = {o,mw} denotes the optical and
microwave cavity and the subscript j = {1,2} denotes the
optomechanical subsystem. The annihilation operator of the
cavity mode is &;, ;, the annihilation operator of the mechanical
mode is b,, ;, and g; ; are the time-dependent optomechanical
coupling parameters (see Appendix A for an explanation of the
how to tune g parameters by varying a classical cavity driving
field).
The optical cavity to fiber coupling Hamiltonian is [30]

A =13 Aflfe
k

+ {gf > Mo + (—Dkagl £ + Hc} (3)
k

where Ay = oy — w,. is the frequency difference between
the kth fiber mode and the cavity mode, g, is the coupling
strength between the fiber and the optical cavities, and f is
the annihilation operator of the kth fiber mode.

The finite length of the fiber implies a quantization of the
modes of the fiber with frequency spacing 2mc/l, where [
is the length of the fiber. Therefore, the number of modes
that significantly interact with the cavity is on the order of
N =T1/2mc, where I' is the decay rate of the cavity fields
into a continuum of fiber modes [30]. For short-enough fibers
N < 1, and one can employ the short-fiber limit [30-32] and
only keep the single fiber mode that is resonant with the optical
cavity in Eq. (3). In this limit the fiber Hamiltonian becomes

Ay = hgsl(@o1 —ao)fT+ @ —al )f1. @

We model dissipation by allowing the optical and mi-
crowave cavities, fiber, and mechanical modes to each couple
to independent continua of harmonic oscillator modes. The dis-
sipation Hamiltonian is then composed of I—?d = Ziz:, (I:Idg,,- +
I:Idm,,' + I:Idmw,i) + ﬁdf, where I-AId(,,i is the coupling of the
ith optical cavity to the bath, I:Idm,,- the mechanical coupling,
I:Idmw,i the microwave cavity coupling, and, finally, I-Aldf
describes the coupling of the fiber modes to its dissipation
channel. These Hamiltonians are all similar in form. For
simplicity we write just the one for the optical cavity. Within
the rotating-wave approximation this Hamiltonian is

o0
Aoy = [ doo( — w02 ()6 (@)

oo
o I I
. AT A A oAt
+lﬁ/ dwgao.i(G, ;Coi — 80iC, ),  (5)
—0Q

where w,; corresponds to the resonant frequency of the
optical cavity, ¢,; is the annihilation operator of the optical
cavity bath, and the coupling coefficients is g4, ;. We assume
the canonical commutation relations for the bath operators
[€,.i(w),6,, j(a)’)T] = §;,j6(w — '). A similar Hamiltonian ex-
ists for the microwave bath with bath operators ¢, ;, as well
as the mechanical and fiber modes with the same convention
for those bath operators.
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We now proceed to calculate the Heisenberg equations of
motion for each of the various operators and eliminate the bath
operators as done using the standard input-output formalism
techniques [40]. The operator equation for the i th optical cavity
bath is

9C,.i
at

Equations identical in form to Eq. (6) can be similarly obtained

for the microwave cavities, mechanical oscillators, and fiber-

mode baths. Meanwhile, the optical and microwave cavities,
mechanical oscillator, and fiber-mode equations of motion are

i

=(w— CUo,i)é\o,i - igdo,iao,i- (6)

. a&o,i o0

l = 8o.i I;m,i + gff + i / dwgdu,iéo,ia (7a)
at ’ oo
. aEmi N A . o A
l - = 80,ilo,i + EmwAmw,i +1 dwgdm,icm,iv (7b)
ot .
aAmwi 2 . o N
i i, = gmw,ibmw,i +1 / dwgdmw.icmw,is (7C)
at oo
of Y R
L— = 8fdo,1 — 8002 +1 dwgdfcf’ (7d)
a1 .
J
—iko/2  &o1(1) 0
go,l(t) _iKm/2 gmw,l(t)
0 gmw,l(t) _ime/2
M(t) = 8f 0 0
0 0 0
0 0 0
0 0 0

The noise terms

o0

Ajijin = / dwe™ @m0, 4 (19)
—0oQ

describe the bath fluctuations for the cavities with j = {o,mw}.

Similar definitions apply for the mechanical and fiber modes.

We assume that each optical mode’s noise distribution is white

and Markovian such that

(@.iin () o in(0)) = 8j.mbi.n8(t — 1)
‘We assume thermal noise for the mechanical oscillators with

(B jin(E)BY () = (Nup + 18,480 — 1),

where N, is the thermal phonon occupation number of
the bath. In addition, we define the cavity decay rates as
8501 = Ko/2m, with similar definitions for the microwave
cavity, mechanical oscillator, and fiber modes. We note here
that we have removed the subsystem label from the decay rates
as we are assuming identical optomechanical devices on each
end of the fiber.

Equations (9) and (10) are our starting point for the next
section, where we demonstrate how one can achieve high-
fidelity state transfer between the microwave cavity modes by
adiabatically varying the coupling rates. We have explicitly
included the time dependence of the various optomechanical
coupling rates as these will be the knobs we use to engineer
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where the £ in Eq. (7a) is for cavities 1 and 2, respectively.
We integrate Eq. (6) directly, giving

Coilt) = €77 TG, (10)

t
~ Guos / di'e g (1 ()

fo

and insert this solution along with the similar forms for
the other terms into Egs. (7). We assume a Markovian bath
such that the various coupling terms g4, ; are frequency
independent, yielding a set of quantum Langevin equations,

Av(t)

= M@)B(t) + i VK Bin(2), )

i

where we define

- ~ 2 ~ A oA 2 ~ T

V= (ao,hbm,lvamw,l»f»aolv bm,Z»amw,Z) 5
- ~ » N PN 2 A T
Vin = (ao,l,inv bm,l,inaamw.l,in’finaao,2,in’ bm,2,insamw,2,in) )

: T
K = diag(ko,km,Kmw K £ 1KoK Kmw)' /27T,

and the dynamics matrix M is

gs 0 0 0
0 0 0 0
0 0 0 0
—iks 2 —gf 0 0 (10)
—8f —iK,/2 8o2(1) 0
0 go,Z(t) _iKm/2 gmw,Z(t)
O O gmw,Z(t) _ime

(

such a state-transfer protocol. In an experimental setting, these
coupling rates are straightforward to tune, as they are related to
the power of the optomechanical driving laser (see Appendix A
for more details).

III. QUANTUM-STATE-TRANSFER PROTOCOL

We now proceed to describe an adiabatic dark-state-transfer
protocol that enables one to perform the state transformation

[V)ilg)s = 1) 11¥)2, (11)

where the subscripts 1 and 2 refer to microwave cavities 1
and 2, respectively. Equation (11) implies that we intend to
transfer the arbitrary quantum microwave cavity state from
cavity 1 to cavity 2. This is not a swap gate in that the final
state of microwave cavity 1 is not the initial state of cavity 1.
Rather, it consists of a transformation of the initial states of
the various other optical cavity, fiber, and mechanical oscillator
initial states.

To see how such a transfer is possible, we rewrite Eq. (9)
as

351 U@
i =1

ot ot
where A(t) = U(t)! M(1)U(z) is the diagonalized version of
M), U(t) contain§ the normalized eigenvectors of M(¢) in
each column, and ©(t) = U(r)'v(¢). The adiabatic condition

UT(t) + A@)3(t) + iNKdn(), (12)
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implies that the time-dependent couplings in Eq. (10) obey
the inequality |0g; ;/dt| < g(z)’j, where go ;(1)* = go,;(1)* +
gmuw, j(1)*. When this inequality holds, we can neglect the first
term on the right-hand side of Eq. (12), giving

_d(r)
l
Jat

~ A1) + ivVK D), (13)

the solution of which is given by

t
3(t) = e hd'AOF0) + ivVK / dt'e = A" ME (1.
0
(14)

To integrate Eq. (14) requires us to solve for the eigenvec-
tors and eigenvalues of the matrix in Eq. (10). Unfortunately,
this is difficult in general. We can gain insight into the
dynamics by setting each of the cavity-bath loss terms on
the diagonal to 0. In that case, solving for the full eigensystem
is still difficult, as it contains a cubic equation. There is one
solution that can be easily obtained. It is straightforward to
show that the vector

_gmw,l(t)gmw,Z(t)

0
1 go,l(t)gmw,Z(t)
Valt) = —— 0 )
gT( ) _gmuJ,l(t)gl7lw»2(t)
0

gmw,l(t)go,Z(t)

is an eigenvector of the matrix M(¢) (with all diagonal terms
set to 0) with eigenvalue 0, where g7 (t)* = guuw.1(t)*g0.2(t)* +
2gmw,1(l)2gmw,2(t)2 + go,l(t)2gmw,2(t)2- In other WOTdS, wd(t)
is a dark state of the lossless system. To see how loss affects
this dark state, we use Eq. (15) along with the diagonal terms
in Eq. (10) to calculate the dark-state eigenvalue to first order
in perturbation theory, giving

i
=———|2 o8mw t2 mw tz
d 2gr(t)4[ Ko&mw,1(1)" mw,2(7)

+ Kmw&o,1 (1) 8muw 2 (1) + Ko 8w, 1 ()2 802(1)*]. (16)

One can see that only the optical and microwave decay
rates appear in the dark-state eigenvalue. The nonzero value
indicates that loss causes coupling of the dark state to other
modes that are, in turn, coupled to the environment, resulting
in imperfect state-transfer fidelity.

Insight into the adiabatic transfer scheme can be seen
by examining Eq. (15). One uses a “counterintuitive” pulse
sequence that begins at r = 0 as

gmw,l(o) = g0,2(0) =0 and go,l(o) = gmw,Z(O) =4,
and ends at r = T with

gmw,l(T) = go,Z(T) =4 and go,l(T) = gme(T) =0.

With such a sequence it is straightforward to show that 1;(0) =
(0,0,1,0,0,0,0)" and v,(T) = (0,0,0,0,0,0,1)7. This implies
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that
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0o 0 0 0 0 0 1
* % ok ok ok kK
¥ % % % %k k%
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where the * terms indicate the other unknown eigenstates of
M(t). At time t = 0 the dark mode is the first microwave
cavity mode since 7,(0) = [U 050 = dmw,1 and at time
t = T the dark mode is the second microwave cavity mode
since §,(T) = [U(T)o(T)], = dmw,2- Therefore, as long as
one performs this passage adiabatically, which in this case
implies T > 1/gr(¢), the system will remain in the dark
state while the excitation from the first microwave cavity will
be transferred to the second microwave cavity. This scheme
requires fully coherent microwave and optical cavity driving
sources. While experimentally challenging, recent advances
in frequency combs suggest that this does not present an
insurmountable technical hurdle [41].

IV. STATE-TRANSFER FIDELITY MODEL

To see how well this transfer protocol works, we wish to
estimate the state-transfer fidelity for a variety of input quan-
tum states, including squeezed-coherent states and qubit states.
We define squeezed-coherent states in the usual way: |o,s) =

D(@)8(r)|0) with D(a) = exp(ad! | — a*Gmw.1) the dis-

mw,1
placement operator and $(r) = exp[ir*a2, | + ir@, )]
the squeezing operator [42]. We define a qubit state as an
arbitrary superposition of the |0), | 1) Fock states, «|0) + 8]1).

Because the matrix M(¢f) in Eq. (10) is difficult to
diagonalize in general, we obtain the state-transfer fidelity
by integrating the solution to Eq. (9) numerically. We outline
our numerical solution method in Appendix B . The numerical

solution we integrate is given by
B() = e~ h MOF(0)
t
+ZN/E/ dt/e_i fz’ dt”M(tU)l_jin(t/)- (19)
0

We note that our numerical solution to Eq. (19) is exact in
the sense that we do not make any adiabatic approximations.
This allows us to see what affect nonadiabaticy has on the
state-transfer fidelity.

The fidelity of two mixed quantum states given by density
matrices p; and p; is given by [43]

F(p1.p2) = Tly/p1 o2/ (20)
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Isar showed that, because Gaussian states, like the squeezed-
coherent states above, are defined entirely by their covariance
matrices, the fidelity between two Gaussian states can be
written as [44]

Fo = !
J/det[(A] + Az)/2]

We set our initial state p; = [¥1) (Y| to one of the pure
quantum states defined above. After integrating Eq. (19), we
extract the last component in v(z) that gives us the state
in microwave cavity 2, since [U(f)]7 = @yuw.2. The terms A j
are the covariance matrices of the state quadratures §; =

@a; + &;)/ﬁ and p; = —i(a; — &}L.)/«/E and are defined as

Opiq; + Oq;p; )
9
2qu 4

e—B (Ai+A) B

1)

Aj - < 26‘1./'%'
Opja; T Oq;p;
where oy, =(4;4;) — (g;)* and similarly for p;, while
the covariance is 0.4, = (p;q;) — (P;)(4;). The term 8 =
ay — «a is the difference of the mean value of the quadrature

amplitudes with
(%4
o = < ( Ai>> .

For qubit states we calculate the state-transfer fidelity using
the formalism of Julsgaard and Mglmer [45]. They derived the
the fidelity between two qubit states as a rather complicated
expression given by

1

(22)

(23)

F, = {3+
RN T N R G R
Re[C + D*] Re[C — D*]
+ 2 1 2 1
O + 2 0, + 2
IC + D*|*(cf — 1) |C — D*|* (07 — 1)
(07 +3)° (03 +3)°

€+ D*P(03 —3) +1C = D*P(o7 - 3)
B 2 I\(,2 1 24
2(0f +3)(03 +3)
The various parameters are defined as follows:

012 =5+ 802, 022 =57 — 502,

2 2
tan(26) = Jer ¥ e 52 %ee O )
o—tlzztlz ~Opps 2
1 2 1 )
bo° = \/4_1 (quqz N 0”2"2) + Z(Uﬂhl’z + Upzqz) :
The C and D terms are given by
C= %(B]l — By +iBy + By),
(26)

D = X(By1 +iBiy +iBy — By)e .

The B;; terms come from the propagator exp[—i fot dt'M(t)]
defined in (19). We write the propagation equation analogous
to Eq. (19) for the G,y 2 and pp,. 2 quadrature variables alone.
This yields an equation of the form

6711111}.2 B By émw 1 Fq 2
N ) = PO JAme2 ) (27
<me,2> (le Bzz) (pmw,z) + (Fpm2 27
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where quwz and F w2 are the associated noise operators for
the g2 and p,,, 2 quadrature variables, respectively, along
with coupling to any other degrees of freedom besides the
microwave cavity. These B;; terms are used in Eq. (26) to
calculate the qubit transfer fidelity.

V. STATE-TRANSFER FIDELITY RESULTS

With this framework in place, we proceed to calculate the
state-transfer fidelity by numerically integrating Eq. (19). As
was shown in Sec. III, our transfer protocol requires that we
use a counterintuitive sequence of optomechanical coupling
terms. One is free to choose the pulse shapes. We choose
the simplest scheme that satisfies the constraints implied by
Eq. (15). Namely, we take the pulses to be

_go,l(t) = gmw,Z(t) = g(l - %)7

. (28)

gmw,l(t) - g0,2(t) —gTs
where 0 <t < T and g is the maximum pulse strength. For
all pulses we see that |8g,-,j/8t|2 = g2/ T?; therefore, the
adiabatic condition requires that g7 /2 > 1.

We use the resulting solution to estimate the transfer fidelity
for Gaussian states using the formula given in Eq. (21) and for
qubit states using the formula given in Eq. (24). One would
expect that the fidelity is more sensitive to changes in the
cavity loss rates, compared to the mechanical and fiber loss
rates, since we are using a dark state that is decoupled from
the fiber and mechanical modes to lowest order. To test this,
we fix the fiber loss and optomechanical loss terms and look
at how the state-transfer fidelity scales as the microwave and
cavity loss rates vary. These results are plotted in Fig. 2. Next

0.99
0.98
2097
= ]
= ]
= 0.96
0.95-
0.94,: = Coherent State
1| ==Squeezed State
7| == Qubit State
093 ———— T T T T
0 0.5 1 1.5 2 25 3 35 4
Cavity Loss Rates x /g, K /g 3
1= x10

FIG. 2. (Color online) Plot of the state-transfer fidelity for a
coherent state |«,s) = |1,0) (black, top), a squeezed-coherent state
la,s) = |1,0.4) (red, middle), and a qubit state «|0) + B|1) (blue,
bottom). Both optical and microwave cavity loss rates are varied
equally as specified by the x axis. We set the fiber and optomechanical
lossrates to ks /g = ¥/g = 0.002, the total time to g7 /2 = 25, and
the thermal population to N, = 10.
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FIG. 3. (Color online) Plot of the state-transfer fidelity for a
coherent state |o,s) = |1,0) (black, top), a squeezed-coherent state
la,s) = |1,0.4) (red, middle), and a qubit state «|0) + B|1) (blue,
bottom). Both fiber and mechanical oscillator loss rates are varied
equally as specified by the x axis. We set the optical and microwave
loss rates to «,/g = kuy/g = 0.002, the total time to g7 /2 = 25,
and the thermal population to N, = 10.

we fix the optical and microwave cavity loss rates and vary
the fiber and mechanical loss rates. These results are plotted
in Fig. 3.

As seen from the two figures, the results do indicate that
the transfer fidelity is more sensitive to cavity loss than to
fiber and mechanical loss. As the cavity loss rate approaches
zero, the transfer fidelity is nearly perfect even though we
have a nonzero mechanical and fiber loss rate in Fig. 2. In
Fig. 3 we see that with nonzero cavity loss rates, nearly
perfect transfer fidelity is only possible for the coherent-state
input. Additionally the fidelity gets worse more quickly when
increasing cavity loss rates than the corresponding mechanical
and fiber loss rates. We also note that in both cases, the
coherent state is least susceptible to loss, while the squeezed
state and qubit state are progressively more prone to loss.
This is expected as the coherent state is a nearly classical state,
while the squeezed state and qubit state are progressively more
“quantum,”’ causing them to be more fragile.

For the pulse shapes defined in Eq. (28), the adiabatic
condition requires that g7'/2 > 1. To satisfy this condition
one can choose to increase either a large g or 7. We show
that it is always desirable to have g large, while increasing T
enhances susceptibility to loss, causing reduced fidelity. To see
this, we vary g and T defined in Eq. (28). We plot the transfer
fidelity in Fig. 4 for the same three input states as before. In the
figure, we plot two sets of curves. The solid curves correspond
to varying g with fixed T, while the dashed lines correspond
to varying T with fixed g.

Clearly, for small g7/2, nonadiabaticity has a strongly
negative influence on the transfer fidelity. Increasing g always
increases the fidelity up to the limit imposed by the loss
rates. In principle, one can always increase g while decreasing
T to make loss negligible. In this limit the transfer fidelity
approaches 1. Conversely, as T is increased, the transfer
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FIG. 4. (Color online) Plot of the state-transfer fidelity for a
coherent state |«,s) = |1,0) (black, top), a squeezed-coherent state
la,s) = |1,0.4) (red, middle), and a qubit state «|0) + B|1) (blue,
bottom). Here we study the effects of adiabaticity by varying g (solid
curves) and T (dashed curves). We set the optical and microwave
loss rates to k,/g = kimw/8 = ky5/8& = Vu/g = 0.05 for the dashed
curves and «,T = Ky T = kT = y,, T = 0.05 for the solid curves.
The thermal population is set to NV,;;, = 10. As seen in the figure, only
when g7 /2 2 10 can we achieve high-transfer fidelity state transfer.
This is expected due to requirements for adiabaticity. However, while
it is always better to increase the optomechanical coupling rate g, one
cannot increase 7" indefinitely as eventually photon loss becomes an
issue leading to an optimal transfer time.

fidelity initially goes up due to the satisfying of the adiabatic
condition. As one continues to increase T', cavity loss begins to
lower the fidelity. The longer the transfer sequence, the more
likely photon loss will occur. For this reason, eventually the
fidelity begins to go down as 7' is continuously increased. This
feature leads to an optimal transfer time 7 that is governed by
the coupling parameter and the various loss rates.

The parameters we have chosen here that lead to high
transfer fidelity require one to have both the optical cavity and
microwave cavity to be strongly coupled to the mechanical
oscillator. In addition, we require that the fiber be strongly
coupled to the optical cavity. We find that the ratio of the
optomechanical coupling to cavity loss rate that produces high-
fidelity transfers is around g/x = 10. These are challenging
requirements for an experimental implementation, as the best
recent experiments are closer to g/x 2 1 for optical [12,13]
and microwave setups [3,17]. However, given the remarkable
improvements over the last few years, we are optimistic that
these requirements are plausible for a future experimental
setup to meet.

VI. CONCLUSIONS

We have derived the dynamical model that describes two
microwave-mechanical-optical systems coupled through an
optical fiber. We derive solutions to this model that describe an
adiabatic state transfer from one microwave cavity to the other
through a quantum dark state. This state transfer is analogous
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to STIRAP, used to adiabatically transfer atomic population
between ground states of an atom. Because the dark state
is decoupled from the mechanical and fiber modes, the state
transfer is relatively insensitive to loss in those modes.

Current superconducting qubit architectures make use
of microwave cavities to interact with the qubits for state
preparation, measurement, and control. The ability to transfer
microwave quantum states through optical fibers will enable
one to couple remote superconducting qubit systems. This will
allow one to design a distributed superconducting qubit quan-
tum system, similar to those proposed for ion-trap architectures
[33]. This mechanism to distribute quantum information
optically, will improve the scalability of superconducting
systems as size constraints imposed by the volume of the
cryogenic system will no longer be an issue for large-scale
systems.
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APPENDIX A: LINEARIZED OPTOMECHANICAL
HAMILTONIAN DERIVATION

The linearized optomechanical Hamiltonian given in Eq. (2)
describes the interaction of a mechanical oscillator with an
optical cavity driven by an external field. The interaction arises
from the radiation pressure force imparted on the mechanical
oscillator from the light driving the optical cavity. The total
Hamiltonian H = Hom + Hdm,e is two quantum harmonic
oscillators together with a external driving field, where

Apn = heo($)aa + ho, b by

m

(A1)
and

Hyve = iRE(@Te™" " — ae'™), (A2)
where w, (%) is the cavity resonant frequency; a is the cavity
annihilation operator; w,, is the mechanical oscillator resonant
frequency; b,, is the mechanical oscillator’s annihilation

Py
R

field, P, and cavity decay rate, y.; and w; is the frequency of
the driving laser. We explicitly note the dependence on % of

operator; E = is related the input power of the driving

the cavity resonant frequency, where £ = xp¢( by + lA),'n) is the
displacement one of the cavity mirrors from equilibrium due
to mechanical motion, and x,,r = /(0]£2|0) is the zero-point
fluctuation of the mechanical oscillator. We note that we have
neglected the zero-point energy of both the mechanical and
the optical oscillators as they do not contribute to the overall
dynamics.

Nonzero displacement can occur from radiation pressure
forces, thereby creating the coupling between light and
mechanical motion. To derive Eq. (2), we begin by expanding
the cavity resonant frequency in a Taylor series about the
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origin,

b0,
0eR) = we + £ 22 4. (A3)
0x

To first order in the motion of the mirror, Eq. (A1) becomes

Ao = hwedla + haoy b by — higoaa(hy, + b)), (Ad)

where go = —"a—xxzpf = —wcXzp/L and the second equality
comes from assuming a Fabry-Pérot cavity of equilibrium
length L.

We now change into a reference frame rotating at laser
frequency with the unitary operator U = exp(iw atar) via
H =UHU' —in0 38% One can verify that this transforma-
tion yields

A = A+ A, + H,.. (A5)
where
= —hAd'a + hw, b'b, (A6a)
I-Zm = —hgoa'a(b, + by). (A6b)
Aj.. =ihE@" —a), (A6c)

and A = w; — w, is the detuning of the laser field from the
cavity resonance.

We now proceed to linearize Eqs. (A6) by assuming we
have a strong driving field. Under this assumption we can write
the cavity-mode operators as a classical term plus a quantum
fluctuation term & = & + 84, where & = /n is the classical
amplitude with mean photon number n and §a denotes the
quantum portion. With this substitution, Eqs. (A6) become

A} = —hA@* + 8a")(@ + 8a) + hwn b b, (ATa)

Al = —hgo(@" +84")@ + 8a)(by + b!). (ATb)
ﬁérive = lhE(O_‘* + (SflT —a— 3&) (A7C)

Within Eq. (A7a), we drop AA@&? since it is simply a zero-
point energy shift and does not contribute to the dynamics.
Within Eq. (A7b) we again drop the term proportional to
|&|? since it simply adds a displacement of the origin of the
mechanical oscillator, and we drop the terms proportional to
8a'8a as they are smaller by a factor of & compared to the term
we keep. After making these assumptions, and taking & to be
real without loss of generality, Eqs. (A7) become

A}~ —hA@sa + ada'l + 8a'6a) + hw, b'b,  (ASa)
AL~ —hg(8a' +8a)(by + b)), (A8b)
H(;I‘IVC ~ lhE(g&T —da), (A8c)

where g = go is the optomechanical coupling strength that is
enhanced by a factor proportional to the optical driving field
amplitude.

We now once again change reference frames, this time
going to a frame rotating at the mechanical frequency with the

operator U= exp(ime&TS&t +iwpy lA)In i)ml‘). Applying this
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transformation yields

Hy ~ —W(A + wp)da"8a — hA@dae "' + asa'e),

(A9a)

I:Ii/r/lt ~ —hg(&&'feiwmt + (S&e_iwmt)(l;me_iw"’t + Z)jneiw’”t),
(A9Db)
Ajjye ~ ihE@ale™" — sae™" "), (A9¢)

We now make the assumption that A & —w,,. This allows
us to employ the rotating-wave approximation (RWA) and
eliminate the terms oscillating at +iw,¢ and higher. This
yields the resulting form of the optomechanical interaction
Hamiltonian,

A~ —hg(da b, +8ab)),

nt

(A10)

that we use in our analysis. Both A and A

ive €an be dropped
in the RWA.

APPENDIX B: NUMERICAL SOLUTION METHOD

Here we sketch our numerical solution technique used
to solve Eq. (19). The propagator that must be evaluated is

PHYSICAL REVIEW A 90, 012324 (2014)

given by

exp [ —i / dt”M(t’)i|, (B1)

where M(t) is defined in Eq. (10). We numerically eval-
uate the time-ordered exponential in the standard way
as

T{e—if,’, di"M(t")

— lim [eMA1Mav-DAL M)A M)A (BY)

where t; = jAt and At=t/N for j=M,...,N, with
t' = Mt/N the initial time and M < N. For the numerical
evaluation of Eq. (19), we truncate the expansion given in
Eq. (B2) such that Ar < 1.

To numerically evaluate the integral contained in the noise
term of Eq. (19), we use the trapezoidal rule

b N
[ rars SN e+ ool ®3)
) Jf(x) > 2 k+1 k)]s

where Ax = (b — a)/N. We choose a Ax < 1 to ensure good
convergence of the numerical integral.
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