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Universal optimal broadband photon cloning and entanglement creation in one-dimensional atoms
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We study an initially inverted three-level atom in the A configuration embedded in a waveguide, interacting
with a propagating single-photon pulse. Depending on the temporal shape of the pulse, the system behaves either
as an optimal universal cloning machine or as a highly efficient deterministic source of maximally entangled
photon pairs. This quantum transistor operates over a wide range of frequencies and can be implemented with

today’s solid-state technologies.

DOI: 10.1103/PhysRevA.86.022333

I. INTRODUCTION

Perfect cloning of a quantum state is forbidden by the
linearity of quantum mechanics [1], otherwise it could be
exploited for superluminal communication [2]. Nevertheless,
imperfect cloning is possible, and optimal fidelities have
been computed [3], which has interesting applications in the
framework of quantum cryptography [4] and state estimation
[5]. On the other hand, entanglement is a fundamental resource
in quantum mechanics, lying at the heart of efficient quantum
computation algorithms and quantum communication proto-
cols. Here we present a versatile device that can be operated ei-
ther as a universal cloning machine or as a deterministic source
of Einstein-Podolsky-Rosen (EPR) pairs, the functionality
being chosen by the spectral shape of the signal photon wave
packet. This quantum transistor, working at the single-photon
level, relies on a particular “one-dimensional (1D) atom” [6],
made of a three-level atom in the A configuration, embedded in
a one-dimensional electromagnetic environment. Unlike more
common 1D atoms made of a single atom in a leaky cavity,
our system is broadband, can operate over a wide range of
frequencies, and processes propagating single-photon pulses
with negligible input and output coupling losses.

Since the pioneering work of Kimble and coworkers [6],
1D atoms have been the subject of numerous experimental
and theoretical investigations due to their potential in quantum
communication and information processing. In particular,
they provide optical nonlinearities at the single-photon level
[7-9], paving the road towards the implementation of efficient
photonic gates [10]. At the same time, light emitted by the atom
interferes with the pump, leading to interesting phenomena
like dipole-induced reflection [8] or superbunching in the
transmitted light [7]. First held with two-level systems, the
study of one-dimensional atoms now tackles more complex
structures such as three-level atoms in the V shape, A shape, or
ladder configuration, thus opening the path to the exploration
of other promising effects such as single-photon transistor [7],
electromagnetically induced transparency [11,12], and full
quantum computation [13,14]. These level schemes eventually
involve transitions of different frequencies, where the broad-
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band behavior of the 1D environment is of utmost importance.
From the experimental perspective, 1D atoms can be realized
with semiconducting systems, like a quantum dot embedded
in a photonic wire. This device has been probed as a highly
efficient semiconducting single-photon source [15]. The A
configuration for the emitter can be obtained, taking advantage
of the two possible biexcitonic transitions in quantum dots [16]
or the different spin states in the optical transitions in a single
nitrogen-vacancy (N-V) center [17], for instance. Supercon-
ducting qubits in circuit QED offer another natural playground
for the exploration of 1D atom properties [18,19]. As a matter
of fact, electromagnetically induced transparency (EIT) [20],
single-photon routing [21], and ultimate amplification [22]
have been demonstrated, building on the three-level structure
of transmons or superconducting loops efficiently coupled to
microwave sources of two different frequencies.

II. STIMULATING A A 1D ATOM WITH
A SINGLE PHOTON

Here we study an initially inverted atom in the A con-
figuration interacting with a one-dimensional electromagnetic
environment, as pictured in Fig. 1. At the initial time, a single
photon is sent to the atom and eventually stimulates the atomic
emission, a situation reminiscent of that in Ref. [9], the study
here being performed for a quantized incident field as in [23].
The shape of the wave packet is chosen to be exponential,
which corresponds to the spontaneous emission by another
neighboring atom. The two atomic transitions are supposedly
degenerated, respectively coupled with the same strength
to two electromagnetic continua of orthogonal polarizations
denoted a, and b,.

We consider the case where the continuum of modes has
only one direction of propagation, so that the atom can only
emit light in one direction as in [10]. This semi-infinite
waveguide model could correspond, in principle, to a physical
situation where a mirror [24], or a metallic nanotip [12], is
placed close to the atom, just to mention potential realizations.
This is valid as long as the distance between the emitter and
the mirror is smaller than the coherence length of the field.
The interaction Hamiltonian of the system is

Hy =) —ihg,la,0{ + b,o? —Hcl, (1)

v
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FIG. 1. (Color online) Scheme of the 1D atom in
A configuration with incoming photon of arbitrary
polarization and exponential wave-packet shape. In
the model, the atom at position r, is embedded in
a semi-infinite 1D electromagnetic channel, so that
the emitted light propagates only in the forward
direction and is detected at r, arbitrarily far from

the emitter.
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where of = |e)(gal is the atomic creation operator from
the ground state a, and analogously for af. Note that the
problem is totally symmetrical with respect to any change
of polarization basis, so that we can choose an arbitrary
polarization a for the incident photon without restricting the
generality of the problem. The state of the atom-field system
at the initial time can be written |(0)) = > ¥4(0) ai|e,0),
where in the spatial representation with coordinate r we have
Yr,0)= >, ¥i(0) e = NO(—r)exp (% + ivL) c,andc
is the speed of light. We denote A as the spectral width of the
wave packet and § = v — vy its detuning with respect to the
atomic frequency v4. The normalization is N 2= 27 p1p A,
where pip is the 1D density of modes (3, — fdv,olD) and
®(x) denotes the Heaviside step function. The dynamics is
obtained by analytically solving the Schrodinger equation
using the ansatz

W) =Y [vi@) al + ¥l (@) bi]le,0)

v
+ Y [¢oe, alal, +20%,, ,, al,b],]184.0)
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for the state. We have solved a self-consistent differential
equation for the probability amplitudes ¥ *® (r,t) from which
we can also find the solutions for ¢”“(“b)(r1 ,I'2,1), as shown
below. Both excited-state amplitudes satisfy

[3 + ci}w“’h(r 1) = —(E +iv )w“”’(r )

ar | or ’ p A ’
r a,b

— E@(r)@(t — v/ (—rt—r/c),
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for which the solution reads

wa'b(l",t) — Iﬁ'a’b(l‘ _ Ct’o)ef(%JrivA)t
—([/2)O()O(t — r/c)e (THMWI g (G HvANI=r[c)

t
|
t—r/c

etV yab(_ oy 0) di'. (4)

This allows us to compute the two-photon amplitudes, which
read

@ (r1,ra,t)
ol
= %[@(f — 1/ Q)OIDV(r — Fant — 12/C)

+ O —r /)0y (ry — ri,t = /o), ®)

Vel
2

X YP(ry —ri,t —ri/c), (6)

% (r1,rat) = Ot —r1/c)O(r)

and

Jrpll
2
X Y(ry —ra,t —ry/c). (7N

As the problem is Hamiltonian, the number of exci-
tations is conserved during the evolution and is fixed
to 2. The functions ¥*®(r,t) give direct access to the
evolution of the atomic excited-state population pe. =
(e|Traeal | ¥ (£)) (W (2)|1]e), which is plotted in Fig. 2.

Because of its coupling to a continuum, the atom irre-
versibly relaxes towards one of the ground states by emitting
a photon. The typical rate for the relaxation is given by
[ =), 4wg?8(v — va), whichis the spontaneous rate derived
from the Wigner-Weisskopf approach. Note that the expression
for T' takes into account the presence of the mirror in
the semi-infinite waveguide. In the full transmitting and
reflecting waveguide, the spontaneous decay rate would be

b
o5 (ri,ra,t) =

O —12/c)B(r2)

0 3 A6 8 10

time (units of F_l)

FIG. 2. (Color online) Excited-state population as a function of
time for different spectral widths A = 0.5T" (dashed curve) and
A = 2I" (solid curve). The upper dotted curve is the spontaneous
emission exponential decay, for reference. The lower dotted one is
the stimulated emission upper bound, i.e., exp (—2I't).

022333-2



UNIVERSAL OPTIMAL BROADBAND PHOTON CLONING ...

given by 'y = 2I". For experimental purposes, this rate can
be measured independently and its actual value does not affect
our analysis. Depending on the adimensional width of the
wave packet A /T, the emission of the photon is more or
less efficiently stimulated. The dashed curve in Fig. 2 shows
a reabsorption feature at A = 0.5I", for instance. Contrary
to intuition, the optimal stimulation does not occur for the
mode matching with spontaneous emission (A =I"). In the
configuration here analyzed, the most efficient stimulation is
reached for A = 2I", as shown by the solid curve in Fig. 2. In
this case the atom relaxes almost 1.5 times faster than in the
spontaneous emission case. The maximal rate one can expect
by stimulating with a single photon is twice the spontaneous
emission rate, which can be obtained with a two-level atom in
the same waveguide configuration used in this paper [25]. In
the limiting cases where A > I" and A < I' corresponding
to a wave packet respectively localized in the time domain
or the frequency domain, the overlap with the atomic mode
is negligible and we are brought back to the spontaneous
emission behavior.

III. UNIVERSAL OPTIMAL CLONING

In addition to fast atomic relaxation, the other feature of
stimulated emission is the likelihood of the atom emitting a
photon in the stimulating mode. This property is quantified
by the probabilities p,, and p,, to produce the two photons
with the same polarization or with two distinct polarizations,
respectively, in the end of the relaxation process. We have

_ A@r +A) _1(1 FZ—ZAF> ®
“a2rrap Pe=2\UTrraz )

aa

given our choice for the initial state (note that pj, = 0).
These quantities are obtained from p,, = Zw, 2|¢§$,(Z)|2

and pap = Y ;s 5 Dou v 400 (1)]* taken for 't — oo and
are plotted in Fig.’ 3 with respecf to the parameter A/ I'. When
A > T (highly localized wave packet in time), spontaneous
emission takes place, hence the probabilities for the atom to
emit in the modes a or b are equal and p,, = pap, = 1/2. As
previously stated, maximal stimulation occurs for a packet that
is shorter than the spontaneous emission shape. When A = 2T,
where atomic emission is the most efficiently stimulated, we
have p,, = 2/3. This value is optimal; in this point indeed,
the atomic emission in the stimulating mode a is twice more
probable than in the empty mode b, which is the maximum ratio

1.0 S
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FIG. 3. (Color online) Probabilities p,, (solid blue curve) and
Pap» (dashed red curve) for two photons created with the same
polarizations and orthogonal polarizations, respectively.
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one can expect when the stimulating mode contains a single
photon. So far such a ratio has only been evidenced in cavities
[26] where the effect of bosonic amplification naturally arises,
the price to pay being the reversibility of stimulated emission.
Oddly enough, this ratio is preserved here where the atomic
emission is stimulated in a continuous distribution of modes,
hence irreversible. This precise relation p,, = 2/3 and p,, =
1/3 also corresponds to the maximal fidelity ' = paq Frign +
DPabFwrong = % x 1+ % X % = gthat one can reach in cloning
the incident photon polarization [3,27,28]. Since, as previously
stated, the interaction Hamiltonian is invariant under unitary
transformations of the polarization basis, this device can
indeed be operated as a universal optimal cloning machine.
Exploiting stimulated emission to clone a quantum state
has inspired proposals where three-level atoms coupled to
cavities were used as cloners, and optimal cloning was also
theoretically demonstrated [27,29,30]. The use of a high-
quality cavity implies a confination of the photons, which
brings the drawback of reducing the deterministic access to the
clones. Furthermore, the present effect could not be obtained in
a dissipative cavity. In that case, the atomic excitation would
escape from the cavity in a typical time 1/k, much faster
than the stimulation time scale of k /g2, where the atom-cavity
coupling strength g satisfies g < « in the weak coupling
regime. By contrast, optimal cloning in a one-dimensional
environment can be implemented by exploring the pulse
shape of the photons, building on the broadband coupling
of the emitter with the light field. Hence propagating fields
can be cloned, a highly desirable property for all practical
purposes [4]. Further details on the difference between genuine
broadband dynamics and leaky cavities are found in Ref. [31].

IV. DETERMINISTIC ENTANGLEMENT PRODUCTION

The case where A <« I' corresponds to a monochromatic
(long) incident photon. In this situation, the probabilities
become p,, — 0 and p,, — 1 as shown in Fig. 3. Even
though this case corresponds to spontaneous emission, as in
the A > I case, the characteristics of the light are drastically
different. In particular, one never gets two photons of the same
polarization. This effect can be understood by noting that a
monochromatic photon of polarization a impinging on a A
atom prepared in state g, is entirely scattered in mode b,
as shown below, leading to the mapping |a;,g,) — —|br,8»)-
The subscript ;, describes a long wave packet. The shape of the
wave packet is conserved during such scattering process. The
semi-infinite geometry (which takes the mirror into account)
is a necessary condition for this state transfer to happen, as it
provides the proper interference conditions. This can be shown
by means of the outgoing photon wave packets ¢“(r,7) and
¢®(r,1) derived from the initial state |g4)|a) (single-excitation
subspace), which read

¢“P(r,t) = ¢“P(r — ct,0)
+VIpn®@)OE —r/e)yt —r/c). (9)

The excited-state amplitude in this case is given by ¥ (¢) =

r-A_;
_ /T R N P | ich i
A= Ne =ty which in the A < T (long wave
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packet) limit becomes

1
O —r/c t—r/c) X ———— % (r — ct,0), 10

(t—=r/c)y(t—r/c) N7 ¢ ( ), (10)
where ¢“(r,0) = NO(—r) exp (5 + iv.)~. The 7-phase shift
in Y (t —r/c) creates an exact destructive interference that
cancels the amplitude for polarization a, ¢“(r,t) = 0. Were it
a full waveguide, the amplitude created from the interaction,
namely, /I'mpp®F)OF — r/c)¥(t — r/c), would symmet-
rically split itself through both reflection and transmission
channels, preventing completely destructive interference. For
the amplitude of polarization b, no interference takes place
since it is initially in a vacuum state ¢°(r,0) = 0, so ¢*(r,1) =
—¢“(r — ct,0). Hence the initial shape of the wave packet
is conserved during the map |ay,g,) — —|br,g»). A related
effect is found in Ref. [32].

The succession of steps is basically the following. First, the
atom spontaneously emits a photon with equal probability in
mode a or b, ending up, respectively, in the ground state g, or
gp- At this point the atom and the field are entangled in a global
state that can schematically be written (1/ V2)la)( 8v,bs) +
|gq-as)). The index g labels the short wave packet obtained
through the spontaneous emission process. The atom interacts
with the incoming photon |a; ) if itis in the state | g, ), otherwise
it is transparent. In any case, it finally decouples and the
entanglement is entirely mapped on the light field, the final
two-photon state being

[final two photons) = % (|bs,ar) — las,br)). (11)
Note that the two photons are completely distinguishable
in that state ({aslar) = (bs|br) = 0), given that the short
one lies within the lifetime of the atom and the long one
extends over a thousand lifetimes or more, and hence they can
be separated in practice. In this operating point, the device
acts as a deterministic source of EPR pairs, triggered by a
single pump photon. In this process, EPR pairs can thus be
produced efficiently over a wide range of frequencies, offering
a promising alternative to other protocols based on parametric
down-conversion [33] or biexcitonic radiative cascade [34].

PHYSICAL REVIEW A 86, 022333 (2012)

V. POSSIBLE ERROR SOURCES

In a realistic scenario, two noise sources must be taken
into account, namely, the decay rate into the environmental
3D channels y and the pure dephasing rate y* present
in solid-state systems. The former is usually quantified by
the parameter § = I'/(I" + y) which can reach 0.98 in 1D
nanophotonic systems made of photonic wires [15] or 1D
waveguides in photonic crystals [35,36], and almost 1 in circuit
QED [20]. Pure dephasing rates of y* =~ 0.1I" have been
measured in quantum dots [37] and superconducting qubits
[38]. From Ref. [9], we could estimate that such imperfections
would affect the cloning fidelity and the entanglement by a
factor of the order ~8(1 — y*/TI'), for B ~ 1 and y* K T.
This would lower the real cloning fidelity and entanglement
to about 90% of their optimal values for circuit QED
systems and 88% for nanophotonic systems. In addition to
building cleaner systems, dynamical decoupling approaches
have been proposed to reduce dephasing in A-type systems
[39].

VI. CONCLUSIONS

In conclusion, we have presented a versatile device that
can realize either universal optimal cloning or maximal
entanglement in photon polarization, depending only on the
spectral shape of the incoming photon. A single three-level
atom in a 1D open space has been used, giving rise to a
genuine broadband system. A realistic single-photon pulse
shape has been considered, yielding maximal efficiencies on
both processes. The photonic propagation makes the reported
effects especially attractive as far as realistic implementations
of quantum information processing are concerned.

ACKNOWLEDGMENTS

This work was supported by the Nanosciences Foundation
of Grenoble, the CNPq and Fapemig from Brazil, the ANR
projects “WIFO” and “CAFE” from France, and the Centre
for Quantum Technologies in Singapore.

[1] W. K. Wootters and W. H. Zurek, Nature (London) 299, 802
(1982).

[2] N. Gisin, Phys. Lett. A 242, 1 (1998).

[3] V. Buzek and M. Hillery, Phys. Rev. A 54, 1844 (1996).

[4] V. Scarani, S. Iblisdir, N. Gisin, and A. Acin, Rev. Mod. Phys.
77, 1225 (2005).

[5] D. Bruss, A. Ekert, and C. Macchiavello, Phys. Rev. Lett. 81,
2598 (1998).

[6] Q. A. Turchette, C. J. Hood, W. Lange, H. Mabuchi, and
H.J. Kimble, Phys. Rev. Lett. 75, 4710 (1995); Q. A. Turchette,
R. J. Thompson, and H. J. Kimble, Appl. Phys. B 60, S1
(1995).

[7] D. E. Chang, A. S. Sorensen, E. A. Demler, and M. D. Lukin,
Nat. Phys. 708, 1 (2007).

[8] A. Aufféves-Garnier, C. Simon, J.-M. Gérard, and J.-P. Poizat,
Phys. Rev. A 75, 053823 (2007).

[9] D. Valente, S. Portolan, G. Nogues, J. P. Poizat, M. Richard,
J. M. Gérard, M. F. Santos, and A. Auffeves, Phys. Rev. A 85,
023811 (2012).

[10] K. Kojima, H. F. Hofmann, S. Takeuchi, and K. Sasaki, Phys.
Rev. A 70, 013810 (2004).

[11] D. Roy, Phys. Rev. Lett. 106, 053601 (2011).

[12] D. Witthaut and A. S. Sorensen, New J. Phys. 12, 043052 (2010).

[13] A. R. R. Carvalho and M. F. Santos, New J. Phys. 13, 013010
(2011).

[14] M. F. Santos, M. Terra Cunha, R. Chaves, and A. R. R. Carvalho,
Phys. Rev. Lett. 108, 170501 (2012).

[15] J. Claudon, J. Bleuse, N. S. Malik, M. Bazin, P. Jaffrennou,
N. Gregersen, C. Sauvan, P. Lalanne, and J-M. Gérard, Nat.
Photon. 4, 174 (2010).

[16] E. Moreau, 1. Robert, L. Manin, V. Thierry-Mieg, J. M. Gérard,
and I. Abram, Phys. Rev. Lett. 87, 183601 (2001).

022333-4


http://dx.doi.org/10.1038/299802a0
http://dx.doi.org/10.1038/299802a0
http://dx.doi.org/10.1016/S0375-9601(98)00170-4
http://dx.doi.org/10.1103/PhysRevA.54.1844
http://dx.doi.org/10.1103/RevModPhys.77.1225
http://dx.doi.org/10.1103/RevModPhys.77.1225
http://dx.doi.org/10.1103/PhysRevLett.81.2598
http://dx.doi.org/10.1103/PhysRevLett.81.2598
http://dx.doi.org/10.1103/PhysRevLett.75.4710
http://dx.doi.org/10.1007/BF01082065
http://dx.doi.org/10.1007/BF01082065
http://dx.doi.org/10.1103/PhysRevA.75.053823
http://dx.doi.org/10.1103/PhysRevA.85.023811
http://dx.doi.org/10.1103/PhysRevA.85.023811
http://dx.doi.org/10.1103/PhysRevA.70.013810
http://dx.doi.org/10.1103/PhysRevA.70.013810
http://dx.doi.org/10.1103/PhysRevLett.106.053601
http://dx.doi.org/10.1088/1367-2630/12/4/043052
http://dx.doi.org/10.1088/1367-2630/13/1/013010
http://dx.doi.org/10.1088/1367-2630/13/1/013010
http://dx.doi.org/10.1103/PhysRevLett.108.170501
http://dx.doi.org/10.1038/nphoton.2009.287
http://dx.doi.org/10.1038/nphoton.2009.287
http://dx.doi.org/10.1103/PhysRevLett.87.183601

UNIVERSAL OPTIMAL BROADBAND PHOTON CLONING ...

[17] D. A. Redman, S. Brown, R. H. Sands, and S. C. Rand, Phys.
Rev. Lett. 67, 3420 (1991).

[18] V. E. Manucharyan, J. Koch, L. I. Glazman, and M. H. Devoret,
Science 326, 113 (2009).

[19]J. Q. You and F. Nori, Nature (London) 474, 589
(2011).

[20] A. A. Abdumalikov, Jr., O. Astafiev, A. M. Zagoskin, Yu. A.
Pashkin, Y. Nakamura, and J. S. Tsai, Phys. Rev. Lett. 104,
193601 (2010).

[21] Io-Chun Hoi, C. M. Wilson, Goran Johansson, Tauno Palomaki,
Borja Peropadre, and Per Delsing, Phys. Rev. Lett. 107, 073601
(2011).

[22] O. V. Astafiev, Y. A. Pashkin, Y. Nakamura, J. S. Tsai, A. A.
Abdumalikov, and A. M. Zagoskin, Phys. Rev. Lett. 104, 183603
(2010).

[23] E. Rephaeli and S. Fan, Phys. Rev. Lett. 108, 143602
(2012).

[24] 1. Friedler, P. Lalanne, J. P. Hugonin, J. Claudon, J. M. Gérard,
A. Beveratos, and I. Robert-Philip, Opt. Lett. 33, 2635 (2008).

[25] D. Valente Y. Li, J. P. Poizat, J. M. Gérard, L. C. Kwek,
M. F. Santos, and A. Auffeves, 2012 [New J. Phys. (accepted
for publication)].

[26] M. Brune, F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Hagley,
J.M. Raimond, and S. Haroche, Phys. Rev. Lett. 76, 1800 (1996).

[27] C. Simon, G. Weihs, and A. Zeilinger, Phys. Rev. Lett. 84, 2993
(2000).

PHYSICAL REVIEW A 86, 022333 (2012)

[28] A.Lamas-Linares, C. Simon, J. C. Howell, and D. Bouwmeester,
Science 296, 712 (2002).

[29] J. Kempe, C. Simon, and G. Weihs, Phys. Rev. A 62, 032302
(2000).

[30] X. B. Zou and W. Mathis, Phys. Rev. A 72, 024304 (2005).

[31] S. M. Dutra and G. Nienhuis, Phys. Rev. A 62, 063805 (2000).

[32] T. W. Chen, C. K. Law, and P. T. Leung, Phys. Rev. A 69, 063810
(2004).

[33] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V.
Sergienko, and Y. Shih, Phys. Rev. Lett. 75, 4337 (1995).

[34] O. Benson, C. Santori, M. Pelton, and Y. Yamamoto, Phys. Rev.
Lett. 84, 2513 (2000).

[35] E. Viasnoff-Schwoob, C. Weisbuch, H. Benisty, S. Olivier,
S. Varoutsis, I. Robert-Philip, R. Houdre, and C. J. M. Smith,
Phys. Rev. Lett. 95, 183901 (2005).

[36] T. Lund-Hansen, S. Stobbe, B. Julsgaard, H. Thyrrestrup,
T. Sunner, M. Kamp, A. Forchel, and P. Lodahl, Phys. Rev.
Lett. 101, 113903 (2008).

[37] W. Langbein, P. Borri, U. Woggon, V. Stavarache, D. Reuter,
and A. D. Wieck, Phys. Rev. B 70, 033301 (2004).

[38] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Jr., Yu. A.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and J. S.
Tsai, Science 327, 840 (2010).

[39] N. Timoney, I. Baumgart, M. Johanning, A. F. Varon, M. B.
Plenio, A. Retzker, and Ch. Wunderlich, Nature (London) 476,
185 (2011).

022333-5


http://dx.doi.org/10.1103/PhysRevLett.67.3420
http://dx.doi.org/10.1103/PhysRevLett.67.3420
http://dx.doi.org/10.1126/science.1175552
http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1103/PhysRevLett.104.193601
http://dx.doi.org/10.1103/PhysRevLett.104.193601
http://dx.doi.org/10.1103/PhysRevLett.107.073601
http://dx.doi.org/10.1103/PhysRevLett.107.073601
http://dx.doi.org/10.1103/PhysRevLett.104.183603
http://dx.doi.org/10.1103/PhysRevLett.104.183603
http://dx.doi.org/10.1103/PhysRevLett.108.143602
http://dx.doi.org/10.1103/PhysRevLett.108.143602
http://dx.doi.org/10.1364/OL.33.002635
http://dx.doi.org/10.1103/PhysRevLett.76.1800
http://dx.doi.org/10.1103/PhysRevLett.84.2993
http://dx.doi.org/10.1103/PhysRevLett.84.2993
http://dx.doi.org/10.1126/science.1068972
http://dx.doi.org/10.1103/PhysRevA.62.032302
http://dx.doi.org/10.1103/PhysRevA.62.032302
http://dx.doi.org/10.1103/PhysRevA.72.024304
http://dx.doi.org/10.1103/PhysRevA.62.063805
http://dx.doi.org/10.1103/PhysRevA.69.063810
http://dx.doi.org/10.1103/PhysRevA.69.063810
http://dx.doi.org/10.1103/PhysRevLett.75.4337
http://dx.doi.org/10.1103/PhysRevLett.84.2513
http://dx.doi.org/10.1103/PhysRevLett.84.2513
http://dx.doi.org/10.1103/PhysRevLett.95.183901
http://dx.doi.org/10.1103/PhysRevLett.101.113903
http://dx.doi.org/10.1103/PhysRevLett.101.113903
http://dx.doi.org/10.1103/PhysRevB.70.033301
http://dx.doi.org/10.1126/science.1181918
http://dx.doi.org/10.1038/nature10319
http://dx.doi.org/10.1038/nature10319



