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Theory of control of optomechanical transducers for quantum networks
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We present a scheme of control for the arbitrary optical interface mediated by a nanoscale mechanical oscillator
between flying qubits and optical nonactive solid-state qubits. This quantum interface lays the foundation for
many key functions of a quantum network, such as transferring, swapping, and entangling qubits between distant
nodes of a quantum network. Numerical simulations of the quantum interface operations show high fidelities and
robust tolerance under realistic experimental conditions. Compared with a previous scheme [K. Stannigel ef al.,
Phys. Rev. Lett. 105, 220501 (2010)], it may significantly increase the speed of state transfer operation of high

fidelity.
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I. INTRODUCTION

Quantum networks comprised of local nodes and quantum
channels are of fundamental importance for quantum commu-
nication and for scalable and distributed quantum computation
[1,2]. Quantum interfaces mapping between optical “flying”
qubits and “stationary” qubits are essential elements in a
quantum network. Light-matter quantum interface protocols
based on cavity-assisted Raman processes have been first
described and carried out by atomic systems [3—7]. Because
of the striking advances in nanoengineering techniques, solid-
state quantum systems have become an extremely promising
candidate for quantum information processing. Considering
that various solid-state spin, charge, and superconducting
qubits do not interact coherently with light, recently Stannigel
et al. [8] suggested using nanoscale mechanical oscillators
(NMO), which can be coherently coupled to light through
a microtoroidal cavity to circumvent this problem. However,
that scheme employs a time-symmetrical single-photon wave
packet and mutually time-reversed operations at two nodes to
transfer an unknown qubit state and works under the severe
adiabatic condition that the strength of the qubit-resonator
coupling is far smaller than the rate with which the mechanical
excitations of the optomechanical transducer (OMT) are
converted into photons [9-12].

This paper proposes a general control scheme of an
OMT-based quantum interface interconverting flying and
the aforementioned solid-state qubits. We show that the
constraints imposed by the Stannigel scheme can be released,
significantly saving physical resources and shortening the
operation duration of interconverting flying and local qubits.
In this scheme the wave packet of the flying qubit can
be arbitrarily specified only if it is sufficiently smooth, the
controlling laser fields are determined according to the wave
packet of the outgoing or incoming photons in the interface,
and the operation of generation and absorption of a photon in
quantum channels can be significantly accelerated to within
2us. This quantum interface can perform many important
functions of a quantum network, such as sending and receiving
a flying qubit with arbitrary pulse shape and photon number
n(<1), transferring qubit states from one node to another, and
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generating entanglement either between flying and stationary
qubits or between stationary qubits in two remote nodes.

II. QUANTUM INTERFACE DYNAMICS

The prototype quantum interface consisting of a high- Q mi-
crotoroidal resonator, a nanomechanical oscillator of vibration
frequency w,, an optical waveguide (e.g., a tapered fiber), and
a solid-state qubit such as a spin qubit is shown in Fig. 1(a).
The qubit states |g) and |s) with an energy difference w, are
provided by electronic spin or charge degrees of freedom and
are coupled together with strength A by a mechanical normal
mode through magnetic [13,14] or electrostatic forces [15,16].
Meanwhile the oscillator is coupled to the tightly confined
optical modes of frequency w, of the microtoroidal cavity
through its evanescent field with enhanced optomechanical
coupling strength G = aap(dw./dx¢) [8,17]. Here « is the
mean cavity field amplitude, a is the mechanical zero-point
oscillation, and x, denotes the mean distance of the mechanical
oscillator to the toroid. Since the scattering between two
counterpropagating modes can be negligible by positioning the
mechanical oscillator tangentially to the optical whispering-
gallery-mode trajectory as in Fig. 1(a) [8,17,18], here only
a forward-circulating cavity mode is considered, which is
coupled to the field in the tapered fiber with a constant
v /27 [19]. The optical field in the tapered fiber can be
efficiently coupled to the toroidal microcavity mode, which is
then coupled back to the forward-propagating field in the fiber
with an ideality greater than 99.97%, which is defined as the
ratio of the amount of power coupled into the desired mode
to that coupled into all modes [20]. A simple Hamiltonian
modeling the quantum interface is thus (& = 1) [8,17,21]
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FIG. 1. (Color online) (a) A quantum light-matter interface where
quantum information of spin- or charge-based qubits and flying qubits
can be interconverted through the aid of an OMT. (b) The interaction
between the ingredients of a quantum interface, qubit energy levels,
and corresponding decoherence sources.

where o, is the Pauli operator, o, and o_ are the raising
and lowering operators for the qubit, respectively, f,, is the
annihilation operator for the mode of frequency w in the
optical channel, and b and c are the annihilation operators
for the oscillator and the cavity modes, respectively. The
detuning A, = o, — w; — 2|G|*/w, and the coupling G can
be regulated by the field amplitude and the frequency w; of
local driving lasers.

Under the rotating-wave approximation (RWA). which
holds if G,y < w, + A., the probability of generating more
than one exciton is negligible. Hereafter the RWA is assumed.
Throughout the whole process of interconverting local and fly-
ing qubits in the quantum interface, the state |g,0,0)|vac) does
not evolve into the subspace spanned by basis |s,0,0)|vac),
|g,1,0)|vac), |g,0,1)|vac), and f£|g,0,0)|vac), where |vac) is
the vacuum state of the flying qubit, and in notation |u, j,k),
u = g,s denotes the stationary qubit states, and j and k denote
the number of excitations in the mechanical and cavity modes,
respectively. Hence, in the interaction picture the evolution of
the system is in the form |W) = C,|g,0,0)|vac) + C;|W*(1)),
where

WS (1)) = /Oodwawfut|g,0,0)|vac) + Bs|s,0,0)|vac)
0

+ Br1g.1,0)[vac) + fc|g.0,1)[vac). 2)

Under the Hamiltonian given in Eq. (1), within the Weisskopf-
Wigner approximation [22] the motion equations for the state
amplitudes of the quantum interface system in the interaction
picture can be derived as

oA
s = Eﬁre_'(w"_w”)l, (3a)

*

. A ; i
B, = _Eﬂsez(wr—wq)t _ G*ﬂcet(wﬁA(-)t, (3b)
Bc — Gﬁre—i(wr—Ac)l _ \/?Olin(t) _ Zﬁc (3(;)
2
— Gﬂrefi(wrfAc)t _ ﬁaout([) + %IBC, 3d)

where ai,(t) = [ dwa,(to)e @2 /27 with g — —o0
and doy(t) = [ dwa,(t)e™ @2 /\/27 with t; — 400 are
the incoming and outgoing single-photon wave functions in
the quantum channel, respectively.
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According to Egs. (3¢) and (3d), the solution for B, is

pe(t) = %[aout(l‘) — ain(1)]. “4)

From Eq. (3c¢), the coupling G can be expressed in the form

G = [ﬁc + 7on(t) + gﬂc}ei“"fﬂf”/ﬂr. )

Substituting Eq. (5) into Eq. (3b), the state amplitudes for the
qubit and mechanical mode evolve according to

5 A —i(wy—wy)t
Bs = E,Bre o, (6a)
. A* . .
Br = _?ﬂsel(w'iwl’)t - .BCI:,B: + ﬁd;(t) + %ﬂ:}/ﬂ:
(6b)

From Egs. (4) and (6) the normalization condition can be
derived as follows:

d
Eumz + 1817 + 1B) = lein(®* = |t ). (7)

Thus the quantum interface can be designed in this way:
first, the wave packets of the outgoing and incoming single
photons are arbitrarily assigned only if they are sufficiently
smooth; the evolvement of cavity mode S.(¢) is then deter-
mined according to Eq. (4). Next, the state amplitudes §; and
B, can, in principal, be solved from Egs. (6a) and (6b); finally,
from Eq. (5) the coupling strength G and therefrom the driving
local laser pulse can be set.

This quantum interface can accomplish three types of func-
tions [5]: (I) generating an outgoing photon with an arbitrarily
specified wave packet, (II) absorption of an incoming photon
with a known wave packet, and (IIT) absorption of an incoming
photon at the same time generating an outgoing photon.
Functions (I) and (II) lay the foundation for quantum network
operations.

For the sending node of a quantum network, the initial
conditions are «;,(t) = 0, Bs(tp) = 1, B, (tp) = 0, B.(ty) = 0.
The outgoing single-photon wave packet can contain an
average sin” @ photon with a single-photon wave packet @y (¢):
S dt|oou(n)* = sin?0 [ dt]@ou(t)]* = sin>6. At the re-
mote future time #; — 400, the photon-generation process is
completed, and we have B,(t;) = 0, B.(t;) = 0, and Bs(t;) =
cosfe? with the phase ¢ determined by Eqs. (6). The most
general form of the photon generation process in the quantum
interface can be described by Ref. [5]

C,18,0,0)|vac) + Csls,0,0)|vac)

9 €,12.0.0)|vac) + Cy[e? cos 0]s.0,0) [vac)

+ sin6|g,0,0)|@out(?))]- )]
If 0 = /2, Eq. (8) is reduced to

C,1g,0,0)|vac) + C;]s,0,0)|vac)

G(t) -

— 18,0,0)[Cglvac) + Csldou(n))], (€))
mapping the stationary qubit state onto the flying qubit.
Further, if initially the qubit is in state |s), then this mapping
operation can work as the deterministic generation of a
single-photon with any desired pulse shape &qy(?). If0 < 7 /2,
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this sending node can also work as generating entanglement
between the stationary qubit and the flying qubit:

15,0,0)[vac) 2 ¢# cos 0s5,0,0) [vac) + sin 6]g,0,0) [Fou(t)).
(10)

The receiving process is basically the time reversal of the
sending process under the condition 8 = /2 [5]. With the
qubit initially in state |g) and the incoming flying qubit in
state C4|vac) + C,|@;n(¢)), the mapping transformation is

18,0,0)(Cy|vac) + Cyl@in(1)))

Y (C,15.0,0)|vac) + C,5,0,0))vac). (1)

By combining the sending and receiving process, the
transfer of a qubit from one node to another can be easily
accomplished. When two neighboring nodes carry out state
transfer operations followed by receiving state operations at
the same time, the two qubits’s states are swapped. If 0 < 7 /2
for the sending node, the joint operation of the sending and
receiving process can generate entanglement between two
remote nodes by the transformation

Is, g)|vac) z;i’%(é” cos 05, g)|vac) + sinf|g,s))|vac).  (12)
2 (1

Because of the interaction between the solid-state qubit and
the nanomechanical oscillator, Rabi oscillation of the qubit
between states |g) and |s) takes place if the state amplitude
Bs(t1) # Oor B,(t;) # 0 when the sending or receiving process
is completed. In such cases the coupling strength A has to be
turn off immediately after the corresponding process finishes.

III. NUMERICAL SIMULATION WITH SOURCES
OF DECOHERENCE AND DISCUSSION

Now we discuss the effects arising from some inevitable
decoherence sources. The equation of motion for the nanome-
chanical oscillator connected via its support to a thermal
bath of temperature 7 is described by the quantum Langevin
equation (QLE)

b= —i[b.H] — %b — ST, (13)

with y, being the mechanical decay rate. The mechani-
cal noise operator ¢ satisfies (¢£(1)¢ (1)) = (@, + DSt — 1)
and [¢(1),¢(1)'] = 8(t — ') with 72, = [exp(ew,/kgT) — 117"
Considering (¢ (¢)) = 0 for a reservoir in thermal equilibrium,
from Eq. (13) we have

d r
(b) = —i([b.H]) — &

4 — _ Y
dr y = ’<[b’H ’beD’

(14)

and the mean time development of the number operator has
the form [22]

%uﬁm = —i([b'b,H]) — y,(b'b) + y, 7. (15)
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For the situation where k3T < w,, ny, — 0, Eq. (14) reduces
to

d (b'b)
dt

—i{[b'b,H]) — ¥, (b'b)

—i<[bfb,H - i%b*b]>. (16)

Thus the heating of the oscillator from the bath reservoir
can be negligible if kT < w,, resulting in an effective
Hamiltonian Hey = H —i%bTb. Taking into account the
decoherence sources from the qubit and the cavity by adding
two non-Hermitian terms into Hes gives the total effective
Hamiltonian,

Hefsz—i%|s)<s|—i%b*b—i%c%, (17)

with y, being the rate of the intrinsic cavity’s photon leakage
into free space and y, being the rate of qubit spontaneous
decay. This Hamiltonian precisely describes the dynamics of
the quantum interface under the condition that k3T < @,

Under the action of the effective Hamiltonian (17), the
motion Egs. (3) are replaced by

R A
b= b - %ﬂ (18a)
5 _E g ilo—A YT
br=—FB —Gpee “p. (8D)
Be = GB, — \/yon(t) — (g + %)ﬁc (18¢)
=GB, — /7 otoult) + (g - %)ﬂ (18d)

where, for the sake of simplicity, we have assumed the
resonance conditions w, = w, = A.. Note that this effective
non-Hermitian Hamiltonian approach has been widely used in
the literature (see, e.g., [3-5,23-25]).

The qubit-mechanical coupling 1/27 ~ 0.59 MHz for
superconducting charge qubits with the decay rate y, =
0.02 MHz is reachable [26,27]. The cavity-fiber coupling is
set at a moderate strength y/2r = 3.5 MHz [5,28], and the
intrinsic cavity loss rate is chosen to be y,. /27 = 0.035 MHz
(corresponding to an optical quality factor Q ~ 10%) [29,30].
The mechanical decoherence rate is chosen to be y, /2w =
0.006 MHz, corresponding to a mechanical quality factor
0., =8.3 x 10° for an oscillator of frequency w,/2mw =
50 MHz [31,32].

Figure 2 shows the simulation result of transfer of an
unknown state from node 1 to node 2 under an ideal situation
without decoherence sources, assuming the mediator single-
photon has a wave packet

Gl (1) = (1) = &)

= [1 — tanh(z?)] sech(0.357¢)
+ [1 + tanh(zt)] exp(—72£%/100), (19)

with normalization understood and /27 =5 MHz. The
operation durations in the sending and receiving nodes are
less than 2 pus. Two control pulses G| and G, for the sending
and receiving processes, respectively, are obtained according
to Eq. (5) and are substituted into Egs. (18), resulting in the
fidelity of the generation of a photon with the wave packet
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FIG. 2. (Color online) Numerical simulation of state transfer
under an ideal situation with the help of a flying qubit of a
wave packet @9%?!(¢). The parameters used are y /27 = 3.5 MHz,
A/2m = 0.59 MHz. (a) The evolution of state amplitude S;,(¢), B,1(¢),
and B,.(¢) and the control pulse G(¢) for sending node. (b) The
same plot for receiving node. Due to B,,(f;) = —1, a single qubit
transformation[(l) _Ol ] on qubit 2 is carried out to accomplish the state

transfer C,y|g)1 + Csls)1 — C,lg)a + Csls)a.

ou(t)), transferring a target state |) = (|g) + |s))/«/§ from
one node to another, and generating a target entangled state

) = (Ig)ls) + Is)1g))/v/2 as

k= |(&‘ildeal|d0ul>|2 = 0.9816, (20)
Fy = |[1+ B anps )] /2 = 09817, (21)
Fy = [Ba(t) + Bo(t)]/V2I* = 09733, (22)
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FIG. 3. (Color online) Numerical simulation of distributing en-
tanglement |¢) between two qubits in the neighboring nodes under an
ideal situation, assuming d}]de"’l(t) = exp(—(T't)?) with normalization
understood and I'/27r = 0.8 MHz. Other parameters are as in Fig. 2.
(a) The evolution of state amplitude B (¢), B,1(¢), and B.;(¢) and the
control pulse G(¢) for sending node. (b) The same plot for receiving

node.
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FIG. 4. (Color online) (a) The effect of decoherence sources y,
and y, on the fidelity of transferring state |) from node 1 to node 2
with y, = 0. Other parameters are as in Fig. 2. (b) The same plot for
¥. = 0 but including the influence of decoherence source y,.

respectively, where ﬁ;‘feal(tl) = 1. The sharp kink in the
control pulse G(¢) does not cause trouble in experimentally
realizing it because the process of sending a single photon
is almost complete when the kink takes place at f =
0.55 ws. To estimate the kink’s influence, we perform a
numerical simulation with the control pulse G(r) =0 for
t 2 ty, Gi(t) = G(t) fort < 1, and keeping other parameters
unchanged, and we find that the corresponding change in the
fidelity of the state transfer F, is smaller than 1 x 1075,

For comparison, we numerically simulate Eqs. (18) with a
wave packet of Gaussian form &% (¢) = exp[—(I't)?] with
normalization understood and I'/27 = 0.8 MHz. Figure 3
shows the numerical simulation of distributing entanglement
between two qubits in the neighboring nodes with a target
entanglement state |¢). When the decoherence sources are
included, we have the fidelity of the entanglement distributing
operation Fy = 9.732. We find that these two photon wave-
packet shapes make very little difference in the effects on the
fidelity of the quantum interface operations.

The effects of the decoherence sources on the fidelity of
transferring state |y) are depicted in Fig. 4. The non-RWA
terms in the Hamiltonian (1) contribute decoherence sources
to the quantum network tasks by producing more than one
exciton in the interface. The effect of these terms scales as
y?/w?, G?/w? [18] and is very small for the given parameters
and w, /2r = 50 MHz. Through numerical simulation we find
that the probability of generating more than one exciton is
estimated to be less than 5 x 10~* for the given w, and
the parameters used in Table I. In the above discussion we
have assumed that the photon loss in the quantum channel
is negligible, which holds for a distance scale of 1 cm [5].
For the situation where photon loss is not negligible one
can utilize this scheme with the help of the communication
protocols [33,34], which can correct the errors arising from
the photon loss. For a distance on the scale of 103 km, direct
quantum communication is impossible, and we have to resort
to quantum repeater protocols [35,36].

According to Eq. (15), one can expect that the influence
of the thermal bath on the fidelities of the quantum interface
operations scales as y,#i,,T, with the pulse length 7, [8].
Here this influence is roughly estimated by inserting an item
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TABLEI. Effect of errors in parameters on the fidelity of transfer-
ring ) with photon wave-packet shape «'9¥(¢). The parameters used
are y/2mr = 3.5 MHz, A/2xr =0.59 MHz, y./2n = 0.035 MHz,
vr/2m = 0.006 MHz, and y, = 0.02 MHz. When the knowledge
of the coupling strength is precise, the state transfer fidelity is
F, =0.9817.

10% y error 10% A error 10% G (t) error
Node 1 fidelity 0.9798 0.9695 0.9726

10% y error 10% A error 10% G, (t) error
Node 2 fidelity 0.9800 0.9692 0.9722

0.5y,7i,y, into the right-hand side of Eq. (18b). The decrease
of the state transfer fidelity arising from the thermal bath is
roughly estimated to be less than 0.001 for y, = 0.01A, T =
52.5 mK, and other parameters used in Table I. Controlling the
thermal bath temperature under 52.5 mK is within the reach
of current techniques [37-39].

For comparison with the previous scheme, we estimate
its performance with the parameters given in the litera-
ture [8]. The adiabatic condition requires A/27w < y,, =
min{|G 2 yio /[y, + (Ac — 0)?].¥iwt/2) = 0.8 MHz for the
median of the coupling strength G(¢) ~ 0.04w, shown in Fig. 2
in Ref. [8] and the parameters (yor, ;) = 2 x (5,50) MHz
for a superconductor charge qubit, where ot = ¥ + ¥.. The
literature [8] gives the duration of a state transfer operation
in every node as about 25v0t/A2, which equals 3.1 ms for
A/2m = 0.1y,, = 80 KHz and is far larger than the lifetime of
the charge qubit [27]. Thus we see that the adiabatic condition
is very severe, resulting in a very low speed of state transfer
operations and the limitation of many possible functions.

In the above numerical simulation, the coupling strength A,
y,and G are assumed to be exact. However, in real experiment
situations, unknown errors in the coupling are inevitable. The
effects of unknown errors in the various coupling factors on
the quantum state transfer and entanglement generation are
estimated and shown in Tables I and II. This quantum control
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TABLE II. The same as Table I except for generating entangled
state |¢) with photon wave-packet shape «d¢¥(¢). The fidelity of the
resulting entangled state is F, = 0.9732 for the case without errors.
Other parameters are as in Table 1.

10% y error 10% A error 10% G (t) error
Node 1 fidelity 0.9718 0.9057 0.9676

10% y error 10% X error 10% G,(t) error
Node 2 fidelity 0.9707 0.9613 0.9597

scheme is robust: 10% errors in these coupling strengths
decrease the operation quality by less than 2% except in
individual cases.

IV. CONCLUSIONS

In summary, we have shown a general control scheme
for a quantum light-matter interface mediated by an OMT.
This scheme is appropriate for a broad range of solid-state
qubits without suitable optical energy transitions. With the
requirement of adiabatic conditions and the time-symmetry
control pulse removed, it may significantly enhance the
speed of quantum network-related operations and expand the
capability of the OMT-based quantum interface. It may also
find various applications, such as single-photon transistors
[25], on-demand single-photon sources [40], and precise
measurement of optically nonactive quantum systems [41,42].
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