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Tailoring the decay rate of structured quantum emitters into their environment opens new avenues
for nonlinear quantum optics, collective phenomena, and quantum communications. Here, we demonstrate
a novel coupling scheme between an artificial molecule comprising two identical, strongly coupled
transmon qubits and two microwave waveguides. In our scheme, the coupling is engineered so that
transitions between states of the same (opposite) symmetry, with respect to the permutation operator, are
predominantly coupled to one (the other) waveguide. The symmetry-based coupling selectivity, as
quantified by the ratio of the coupling strengths, exceeds a factor of 30 for both waveguides in our device.
In addition, we implement a Raman process activated by simultaneously driving both waveguides, and
show that it can be used to coherently couple states of different symmetry in the single-excitation manifold
of the molecule. Using that process, we implement frequency conversion across the waveguides, mediated
by the molecule, with efficiency of about 95%. Finally, we show that this coupling arrangement makes it
possible to straightforwardly generate spatially separated Bell states propagating across the waveguides.
We envisage further applications to quantum thermodynamics, microwave photodetection, and photon-

photon gates.

DOI: 10.1103/PhysRevLett.129.123604

Waveguide quantum electrodynamics (QED) is an
emerging field of research that studies the interaction of
quantum emitters with waveguides hosting a continuum
of one-dimensional photonic modes [I-4]. It has been
explored in several experimental platforms that include
atoms [5], solid-state quantum defects [6], semiconductor
quantum dots [7], and superconducting circuits [8] with
either optical or microwave waveguides. A plethora of rich
and diverse physics has become accessible from these
studies, such as resonance fluorescence [9], nonclassical
states of light [10,11], collective effects [5,8,12—18], giant
artificial atoms [19-21], chiral photonic transport [22-26],
atom-photon bound states [27-30], topological physics
[31,32], and tunable non-Markovian dynamics [33,34].
Waveguide QED finds applications in single-photon
sources and quantum communication [3], quantum infor-
mation processing [35], and, recently, quantum thermody-
namics [36-39].

The primary aspect in waveguide QED is the tailoring of
the coupling mechanisms of quantum emitters to a wave-
guide. When multiple resonant emitters are involved, they
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form collective states known as Dicke states [40]. Their
coupling strength depends on the symmetry property of
their composite wave function with respect to exchanges
of emitters. Depending on the symmetry, Dicke states are
either bright or dark states because they emit rapidly or
slowly [12,16,41,42]. Owing to their isolated nature, dark
states are promising resources for quantum information
processing [43-46] and quantum memories [47]. For the
same reason, they are also challenging to control or detect
[13,14,18]. Quantum control of dark states has been
achieved using multiple classical drives with a definite
phase relation [18,48].

Here, we present a simple architecture of two super-
conducting artificial atoms coupled to two microwave
waveguides such that each waveguide couples selectively
to collective states possessing one of the two manifesting
symmetries, characterized by the permutation operator.
Thus, each collective state of a given symmetry is a dark
state to one waveguide but a bright state to the other
waveguide, and therefore is independently amenable to
both control and detection. We also demonstrate the scope
of its applications with two distinct experiments: (1) cou-
pling between a pair of bright and dark states (having
opposite symmetries) by activating a Raman process and
mediation of coherent population transfers with an effi-
ciency of about 95% [49], thereby also achieving a
frequency conversion [50]; (2) generation of spatially

Published by the American Physical Society
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FIG. 1.

[ Microwave transceiver |

Device architecture and experimental setup. (a) False-color micrograph of the device comprising two split transmons (pink and

violet) coupled to two microwave waveguides labeled A (red) and S (blue). Black wires represent bonding wires connecting isolated
islands to the ground plane. A small white box delineates the area containing one of the Josephson junctions, enlarged in the inset.
(b) Energy-level diagram of the collective states of the artificial molecule up to the double-excitation manifold. States with odd (even)
symmetry, as well as symmetry-inverting (Symmetry-preserving) transitions are indicated in red (blue). Symmetry-inverting (symmetry-
preserving) transitions predominantly couple to waveguide A (S), as indicated by horizontal arrows. Transitions to doubly excited states
other than |2—) are omitted for clarity (shown in Supplemental Material [63]). (c) Simplified experimental setup (LO, local oscillator).

See text and Supplemental Material [63].

separated, entangled itinerant photons, in particular a Bell
state, employing a simple scheme—a capability [51-54]
that is valuable for distributing quantum entanglement
[35,55-58].

Our device contains a molecule made of two nominally
identical, mutually interacting artificial atoms, each real-
ized with a superconducting transmon [59]. Each transmon
has two nodes, made of conducting islands, that form
the capacitor and are shunted by a Josephson junction
[Fig. 1(a)]. They are coupled to two waveguides in a
novel geometry such that the waveguide named A (S) is
coupled to the same-side (inner) nodes of each transmon.
The Hamiltonian governing the molecule is H =
S ici2(@ib]b; + aib] bl b;b:/2) + g(bib, + by b}), where
b; and b} are bosonic annihilation and creation operators,
w; and @; are the mode transition frequency and the
anharmonicity of transmon i = {1,2} respectively, and ¢
is the intertransmon coupling rate [59]. Importantly, the
Hamiltonian is invariant under the exchange of constituent
atoms; therefore, it commutes with the permutation oper-
ator [60-62], whose eigenvalues are 1. Thereby, their
eigenstates, which yield an eigenvalue —1 (41) with the
permutation operator, are antisymmetrical (symmetrical).
The molecule’s bare modes in the single-excitation mani-
fold, states [01) and |10), are resonant and split by 2g
into collective states, |a) = (|01) — |10>)/\/§ and |s) =
(|01) 4 [10))/+/2, that are antisymmetrical and symmet-
rical, respectively [Fig. 1(b)]. The double-excitation mani-
fold has three collective states where one, [2—) =
(]02) — |20))/+/2, is antisymmetrical while the other two
are symmetrical (see Supplemental Material [63]).

Since the spatial extent of the molecule is deep within
subwavelength regime compared to the excitation frequen-
cies (see w, , in Table I), it behaves as a lumped element

and therefore, nearly resonant microwave field drives in the
waveguides acquire negligible relative phase across the
molecule. However, crucially, the oscillating voltage in
the molecule’s nodes exhibits relative phase differences
such that the same-side (inner) nodes are in phase while
being 7z out of phase with the remaining nodes when the
molecule is in the antisymmetric (Symmetric) state.
Therefore, as a result of our engineered coupling geometry,
the drive operators corresponding to waveguides A and S,
in the rotating frame, are directly proportional to lA)A + b;
and l;S + B;, respectively, where IA)A = I;I - 132 and bg =
by, + b,. Thus, waveguide A (S) causes dipole moment
transitions between the states that is symmetry-inverting
(symmetry-preserving) [see transitions in Fig. 1(b) and
the matrix elements in Supplemental Material [63]]. For
instance, the transition |0) <> |a) (|0) <> |s)) couples
strongly to waveguide A (S) at a coupling rate I', (T'y).
Our experiments are performed with the device at about
9 mK in a dilution refrigerator. Each waveguide is con-
nected to an input line to deliver microwave drives and an
output line with linear amplifiers to measure the scattered
microwave signals, separated by a circulator [see Fig. 1(c)].

TABLE I. Experimentally found parameter values.

Parameter Symbol Value
|a) mode frequency w,/2x 5.6981 GHz
|s) mode frequency w,/2x 6.2909 GHz
Qubit-qubit coupling g/2r 296.4 MHz
|a) - A decay rate r,/2z 0.311 MHz
|s) = S decay rate I,/2z 1.388 MHz
|ay - S decay rate I,/2x 8.8 kHz
|s) = A decay rate I,/2x 29.8 kHz
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FIG. 2. Reflection spectroscopy. (a) Reflectance magnitude
|r| as a function of probe frequency shows signature of both
the state |a) at w,/27x = 5.6981 GHz and state |s) at w,/27 =
6.2909 GHz when probed from the waveguides A (upper panel)
and S (lower panel). (b),(c) Plot of imaginary part versus real part
of r for (b) state |a) probed in waveguide A and (c) state |s)
probed in waveguide S at selected input powers. All solid lines
are fits based on the model in Supplemental Material [63].

The input signals consist of a continuous-wave tone, a time-
resolved probe tone, or their combination. The continuous
tone is generated by microwave sources, called pumps
in Fig. 1(c), whereas the time-resolved probe tones are
tailored with a microwave transceiver used with in-phase-
quadrature (IQ) mixers. The transceiver also acquires the
signals from the output line as time traces. To perform
coherent measurements, especially of population transfers
(discussed below) between states |a) and |s) of different
frequencies, it is vital to acquire the time traces with the
same phase across multiple realizations (shots) of the
experiment. This is enforced by driving all IQ mixers with
the same local oscillator and a centralized transceiver. The
Supplemental Material [63] provides more details.

We first measure the power-dependent reflectance » from
both waveguides using a vector network analyzer (Fig. 2).
It is strongly dependent on the coupling rate between each
waveguide and the single-excitation state of corresponding
symmetry, I'(, 1, and the coupling rate of that state to any
other decay channel, r/{a,s}' When measured from wave-

guide A, |r| exhibits a strong suppression at the mode
frequency of |a), w,/2n at a power referred to as the
“magic power” [64], a signature that the transition
|0) <> |a) is overcoupled to waveguide A (', > T7).

The suppression is due to destructive interference between
reflected and coherently scattered radiation from a two-
level system. A small dip (~0.3 dB) also appears at the
mode frequency of |s), w,/2x at sufficiently low powers,
indicating that the transition |0) <> |s) is strongly under-
coupled. When measuring r from waveguide S, we make
opposite observations, i.e., we observe full suppression at
w,/2x but only a small dip at w,/2z (Fig. 2(a), bottom).
For the two overcoupled transitions, we measure the full
power dependence of r and find that at low power r traces a
nearly unit circle in the IQ plane, which continuously
reduces toward a single point (41) as the power is
increased [Figs. 2(b) and 2(c)]. This trend reflects the
transition between coherent and incoherent scattering as a
two-level system is driven toward saturation [37]. The data
is very well described by a two-level model based on the
Linblad master equation and input-output theory [15] (see
Supplemental Material [63]). Based on global fits of the
model [64,65] to the data, we extract the coupling rates
[{4,) and F’{”} (Table I). The fact that 'y > I", is owing to

several factors, dominantly due to a strong capacitance
between the inner nodes (coupling to the waveguide S),
whose counterpart does not exist between the same-side
nodes coupling to waveguide A. We find that F{{a,s} is

largely the coupling to the waveguide of opposite sym-
metry because the corresponding r measurements can be fit
fairly well by exchanging the values of I', ;) and F’{a’s}
(Fig. 2(a), insets). State |a) (|s)) primarily emits into
waveguide A (S) with a high coupling selectivity of
r,/T, =35 (/T = 47). This is primarily attributed to
the high electrostatic shielding of the waveguides from the
unintended transmons’ nodes and engineered capacitance
network in our device such that the voltage excitations of
the collective states are localized as exclusively as possible
in the expected nodes.

The selectivity in the emission properties of states with
opposite symmetry is desirably complemented by a mecha-
nism to activate a strong, coherent coupling between them.
This is enabled by a Raman process between |a) and [s),
mediated by the state [2—) [49,66,67] [Fig. 3(a)]. To do so,
we send pump tones at frequency w_ (w,) with pump
amplitude Q_ (€,) to waveguide A (S). The Raman
resonance occurs when w, —w_ x o, —®, and, in the
doubly rotated frame, causes the orthogonal states |a) and
|s) to become resonant and couple with strength Q, Q_/26
[49], where 0 is the detuning between the virtual state of the
Raman process and |2—). To observe the coupling, we
study the transmission of weak coherent tones of frequency
w,, and drive amplitude Q, from waveguide S into wave-
guide A at the converted frequency w, + w, — w_ while
the Raman process is activated with pumps. We fix
6/27x = 300 MHz, a sufficient detuning to avoid direct
population of the |2—) state. The measured power trans-

mission, [¢[%, as a function of w,, exhibits a clear peak,
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FIG. 3. Coupling and coherent population transfers between

states of opposite symmetries using a Raman process. (a) Level
diagram; see text for description. (b),(c) 2D plot of (b) power
transmittance, |¢|2, and (c) power reflectance, | 7|2, as a function of
probe frequency w,, and pump amplitude Q = Q, = Q_. (d) Plot
of |#|? and |r|? at the optimal /27 = 15.35 MHz as a function of
w,. (¢) Plot of the maximum |7[> and correspondingly minimum
|r|*> as a function of Q, when following the higher-frequency
resonance in (b),(c). Solid lines in (d),(e) are theoretical pre-
dictions.

signifying Raman resonance, when the common pump
amplitude Q = Q, _ is sufficiently increased and reaches
nearly 90.1% power transmission at Q/2z = 15.35 MHz
[Fig. 3(b)]. Above this optimal value, Q becomes large
enough to split the resonant Raman levels that appear as
two local maxima in |¢|?, while Stark shifting at the same
time. The same trends are observed in the measured power
reflection, |r|?, which exhibits the corresponding minima
where the Raman resonance occurs [Fig. 3(c)]. The
efficiency of the population transfer is sensitive to the
probe power used, which is about Q,/T’; = 0.116 for
the measurement of Figs. 3(b) and 3(c). When using
a smaller probe amplitude, Q,/T'y = 0.077, well in the
linear response regime, the maximum |¢|> reaches 95.2%
[Fig. 3(d)]. |r|> diminishes to almost zero here, implying
that less than 5% of power is lost incoherently during
optimal population transfer. Beyond the optimal €,
the maximum achievable |f|> decreases slowly with Q

[Fig. 3(e)]. These results are in excellent agreement with a
simple two-state model based on a non-Hermitian
Hamiltonian, which uses only independently extracted
spectroscopic parameters, without any fitting parameters
(solid lines in Figs. 3(d) and 3(e); see Supplemental
Material [63]). In Fig. 3(e), we note that |r|? is less than
1 for Q — 0 because of nonzero direct scattering into the
waveguide A (I, /T’y > 0, already captured by the model)
and partial saturation of the state |s) due to a nonzero Q,
chosen to be high enough for adequate signal to noise ratio.
Deviations in |r|> from the model at large Q may be
accounted by a model incorporating other doubly excited
states [see Fig. 1(b)]. We expect the demonstrated Raman
process to transfer population in the reverse direction as
well with comparable efficiency.

The V-shaped structure of the level diagram in Fig. 1(b)
lends itself well to generating entanglement between the
radiation emitted by the |a) — |0) and |s) — |0) transi-
tions. Thanks to our waveguide engineering, this radiation
is directly emitted into spatially separated modes. To
demonstrate entanglement between propagating photonic
modes, we enable the following sequence of events
[Fig. 4(a)]: (1) induce a z/2 rotation between |0) and
|a) by applying a resonant pulse of 80 ns duration to
waveguide A; (2) induce a rotation of variable angle 0
between |0) and |s) by applying a resonant pulse of
duration 50 ns to waveguide S; and (3) let the molecule
spontaneously decay, thereby transferring the original
entanglement to propagating photonic modes. After the
above sequence, we expect to find the system in the state

75100 [cos3101410)s + (sin 51004115+ 00l )|

where [{0, 1}) 4 5y are Fock states of propagating modes in
waveguides A and S, which, in the following, we describe
by the annihilation operators a, and ag, respectively.

We perform tomographic reconstruction of selected
moments of both photonic modes, a, s, which are simulta-
neously read out as voltage signals at the output lines of
both waveguides using our linear amplification chain
and temporal mode matching, employing the techniques
described in Ref. [68] (see Supplemental Material [63]
for details). The whole measurement acquisition chain,
including all its analog and digital gains, are calibrated

by normalizing the a, ¢ readouts with reference to values

found for the photon fluxes, aj,a 4 and &;21 s, at @ = m, such

that they scale to the theoretically expected value at 6 = r,
having taken into account all observed decay processes and
pulsed drives used in the experiment. We compare our
results against a control experiment in which event (1) is
omitted from the sequence [square data points in
Figs. 4(b)-4(g)]. The measured first-order moments (a)
and (ag) [circle data points in Figs. 4(b) and 4(c)] are close
to the calculated expectation values, (i,) = 1cos6/2 and
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FIG. 4. Entanglement of propagating microwave fields in two
separate waveguides. (a) (Left) Step sequence to entangle
propagating fields in the waveguides A and S. (Right) Corre-
sponding pulse sequence followed by simultaneous readouts in
the output lines of both waveguides. The entanglement is
conditional on the first step in which a z/2 pulse is sent to state
|a); all results are compared against the case of its omission.
(b)—(g) Selected moments of the photonic modes a5 in
waveguides {A, S} vs Rabi rotation angle 6 of the pulse sent
to waveguide S.

(ag) = isin 6 [solid lines in Figs. 4(b) and 4(c)]. However,
the measurements deviate slightly from the ideal functional
forms because the excitations decay during the pulsed
drives owing to the short lifetimes of these states
(1/T, =512 ns, 1/Ty =115 ns) and their small cross-
coupling to the waveguide of the opposite symmetry. We
expect the photon flux (a}a,) to be 0.5, irrespective of &
[Fig. 4(d)], because event (1) drives the molecule to the
superposition state (|0) + |a))/+/2. Subsequently, the mol-
ecule’s state |0) is left with a population of nearly 0.5,
available for coherent exchange with the state |s) when
driven by the second pulse. Consequently, <£z'§& ) oscillates
up to an amplitude of nearly 0.5 as opposed to 1 in the case
when event (1) is omitted because the population of state
|0) is 1 to begin with [Fig. 4(e)].

The main signature of entanglement is encoded in the
cross-moments, (a}ag) and (a,ag) [Figs. 4(f) and 4(g)].
Only (&} ag) takes a sufficiently large value when the 7/2
pulse is applied to |a), reaching nearly 0.5 as expected for

the Bell state (|01) 4 [10))/v/2 at @ = = while obeying
the functional form of the expectation value, (&}ag) =
1sin 6/2. Moreover, a much smaller value of (@,as) close
to zero reassures the formation of this specific Bell state.
The slight variation here is likely due to the cross-couplings
noted above. While full quantum state tomography would
be required in order to quantify the fidelity of the generated
states [68], which we theoretically expect to be 89.4%
for the Bell state, the measured data provide compelling
evidence that the targeted process is realized in our system,
given that resonant driving of a two-level system followed
by spontaneous decay has been used to implement highly
efficient single-photon sources in earlier works [69,70].

In summary, we have presented a novel waveguide QED
architecture in which transitions in a diatomic artificial
molecule are selectively coupled to two waveguides,
depending on their inherent symmetries. The selective
coupling mechanism is implanted in the device and requires
no static or dynamic tuning of frequencies or phase
differences in control pulses [18,48]. We have provided
two examples of the capabilities of this architecture: a
coherent frequency converter operating between states of
opposite symmetries with efficiency close to unity, and a
simple scheme to generate maximally entangled propagat-
ing modes in spatially separate waveguides. A number of
further applications can be envisaged. Setting one of the
two waveguides in the undercoupling regime enables the
creation of a long-lived metastable state, which can be
coupled to the bright state either coherently, via a Raman
process, or irreversibly via a resonant coupling to the
second-excitation manifold followed by photon emission
into the strongly coupled waveguide. The latter scheme
leads to an impedance-matched lambda system that can be
exploited for photodetection [71-73]. A scheme similar to
the one used to generate Bell states may be used to realize
photon-photon gates [74] across separate waveguides.
When the waveguides are populated with thermal fields
[37,38], and the dark and bright states are coherently
coupled by demonstrated Raman process, the molecule
operates as a quantum thermal machine (heat engine or
refrigerator), paving the way for studies in quantum
thermodynamics. Finally, the presented scheme can be
extended to larger artificial molecules, arrays of qubits or
resonators [75], and generally to any other physical system
with near-field coupling to an electric or magnetic dipole—
for example, double quantum dots [76].

We are grateful to Francesco Ciccarello, Giuseppe
Calajo, and Anton Frisk Kockum for useful feedback to
our results. The presented device was fabricated in Myfab
Chalmers, a nanofabrication laboratory, and its design was
assisted by the PYTHON package QuCAT [77]. We acknowl-
edge financial support from Swedish Research Council and
the Knut and Alice Wallenberg Foundation through the
Wallenberg Center for Quantum Technology (WACQT).

123604-5



PHYSICAL REVIEW LETTERS 129, 123604 (2022)

*Corresponding author.
aamir.ali@chalmers.se
Corresponding author.
simoneg @chalmers.se; www.202g-lab.se

[1] A.S. Sheremet, M. I. Petrov, I. V. Torsh, A. V. Poshakinskiy,
and A. N. Poddubny, Waveguide quantum electrodynamics:
Collective radiance and photon-photon correlations,
arXiv:2103.06824.

[2] D. Roy, C. M. Wilson, and O. Firstenberg, Colloquium:
Strongly interacting photons in one-dimensional continuum,
Rev. Mod. Phys. 89, 021001 (2017).

[3] P. Lodahl, S. Mahmoodian, and S. Stobbe, Interfacing single
photons and single quantum dots with photonic nano-
structures, Rev. Mod. Phys. 87, 347 (2015).

[4] X. Gu, A.F. Kockum, A. Miranowicz, Y.-x. Liu, and F.
Nori, Microwave photonics with superconducting quantum
circuits, Phys. Rep. 718-719, 1 (2017).

[5] N. V. Corzo, J. Raskop, A. Chandra, A.S. Sheremet, B.

Gouraud, and J. Laurat, Waveguide-coupled single collec-

tive excitation of atomic arrays, Nature (London) 566, 359

(2019).

A. Sipahigil, R. E. Evans, D. D. Sukachev, M. J. Burek, J.

Borregaard, M. K. Bhaskar, C. T. Nguyen, J. L. Pacheco,

H. A. Atikian, C. Meuwly, R. M. Camacho, F. Jelezko, E.

Bielejec, H. Park, M. Loncar, and M.D. Lukin, An

integrated diamond nanophotonics platform for quantum-

optical networks, Science 354, 847 (2016).

[7] A.P. Foster, D. Hallett, 1. V. Iorsh, S.J. Sheldon, M.R.
Godsland, B. Royall, E. Clarke, 1. A. Shelykh, A. M. Fox,
M. S. Skolnick, I. E. Itskevich, and L. R. Wilson, Tunable
Photon Statistics Exploiting the Fano Effect in a Waveguide,
Phys. Rev. Lett. 122, 173603 (2019).

[8] M. Mirhosseini, E. Kim, X. Zhang, A. Sipahigil, P.B.
Dieterle, A.J. Keller, A. Asenjo-Garcia, D. E. Chang, and
O. Painter, Cavity quantum electrodynamics with atom-like
mirrors, Nature (London) 569, 692 (2019).

[9] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Jr., Y. A.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and J. S.
Tsai, Resonance fluorescence of a single artificial atom,
Science 327, 840 (2010).

[10] I.-C. Hoi, T. Palomaki, J. Lindkvist, G. Johansson, P.
Delsing, and C.M. Wilson, Generation of Nonclassical
Microwave States Using an Artificial Atom in 1D Open
Space, Phys. Rev. Lett. 108, 263601 (2012).

[11] Y. Lu, I. Strandberg, F. Quijandria, G. Johansson, S.
Gasparinetti, and P. Delsing, Propagating Wigner-Negative
States Generated from the Steady-State Emission of a
Superconducting Qubit, Phys. Rev. Lett. 126, 253602
(2021).

[12] R. G. DeVoe and R. G. Brewer, Observation of Superradiant
and Subradiant Spontaneous Emission of Two Trapped
Ions, Phys. Rev. Lett. 76, 2049 (1996).

[13] W. Guerin, M. O. Araujo, and R. Kaiser, Subradiance in a
Large Cloud of Cold Atoms, Phys. Rev. Lett. 116, 083601
(2016).

[14] P. Solano, P. Barberis-Blostein, F. K. Fatemi, L. A. Orozco,
and S.L. Rolston, Super-radiance reveals infinite-range
dipole interactions through a nanofiber, Nat. Commun. 8,
1857 (2017).

[6

—_

[15] K. Lalumiere, B. C. Sanders, A. F. van Loo, A. Fedorov, A.
Wallraff, and A. Blais, Input-output theory for waveguide
QED with an ensemble of inhomogeneous atoms, Phys.
Rev. A 88, 043806 (2013).

[16] A.van Loo, A. Fedorov, K. Lalumiere, B. Sanders, A. Blais,
and A. Wallraff, Photon-mediated interactions between
distant artificial atoms, Science 342, 1494 (2013).

[17] S.J. Masson and A. Asenjo-Garcia, Atomic-waveguide
quantum electrodynamics, Phys. Rev. Research 2, 043213
(2020).

[18] M. Zanner, T. Orell, C.M.F. Schneider, R. Albert, S.
Oleschko, M.L. Juan, M. Silveri, and G. Kirchmair,
Coherent control of a multi-qubit dark state in waveguide
quantum electrodynamics, Nat. Phys. 18, 538 (2022).

[19] A.F. Kockum, G. Johansson, and F. Nori, Decoherence-
Free Interaction between Giant Atoms in Waveguide Quan-
tum Electrodynamics, Phys. Rev. Lett. 120, 140404 (2018).

[20] B. Kannan, M.J. Ruckriegel, D.L. Campbell, A. Frisk
Kockum, J. Braumiiller, D. K. Kim, M. Kjaergaard, P.
Krantz, A. Melville, B. M. Niedzielski, A. Vepsildinen,
R. Winik, J. L. Yoder, F. Nori, T. P. Orlando, S. Gustavsson,
and W.D. Oliver, Waveguide quantum electrodynamics
with superconducting artificial giant atoms, Nature
(London) 583, 775 (2020).

[21] A.M. Vadiraj, A. Ask, T.G. McConkey, I. Nsanzineza,
C. W. Sandbo Chang, A.F. Kockum, and C.M. Wilson,
Engineering the level structure of a giant artificial atom in
waveguide quantum electrodynamics, Phys. Rev. A 103,
023710 (2021).

[22] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel,
P. Schneeweiss, J. Volz, H. Pichler, and P. Zoller, Chiral
quantum optics, Nature (London) 541, 473 (2017).

[23] M. Scheucher, A. Hilico, E. Will, J. Volz, and A.
Rauschenbeutel, Quantum optical circulator controlled by
a single chirally coupled atom, Science 354, 1577 (2016).

[24] S. Mahmoodian, G. Calajé, D. E. Chang, K. Hammerer, and
A.S. Sgrensen, Dynamics of Many-Body Photon Bound
States in Chiral Waveguide QED, Phys. Rev. X 10, 031011
(2020).

[25] N. Gheeraert, S. Kono, and Y. Nakamura, Programmable
directional emitter and receiver of itinerant microwave
photons in a waveguide, Phys. Rev. A 102, 053720 (2020).

[26] P. O. Guimond, B. Vermersch, M. L. Juan, A. Sharafiev, G.
Kirchmair, and P. Zoller, A unidirectional on-chip photonic
interface for superconducting circuits, npj Quantum Inf. 6,
32 (2020).

[27] Y. Liu and A. A. Houck, Quantum electrodynamics near a
photonic bandgap, Nat. Phys. 13, 48 (2016).

[28] M. Mirhosseini, E. Kim, V.S. Ferreira, M. Kalaee, A.
Sipahigil, A.J. Keller, and O. Painter, Superconducting
metamaterials for waveguide quantum electrodynamics,
Nat. Commun. 9, 3706 (2018).

[29] N. M. Sundaresan, R. Lundgren, G. Zhu, A. V. Gorshkov,
and A. A. Houck, Interacting Qubit-Photon Bound States
with Superconducting Circuits, Phys. Rev. X 9, 011021
(2019).

[30] J.D. Brehm, A.N. Poddubny, A. Stehli, T. Wolz, H.
Rotzinger, and A. V. Ustinov, Waveguide bandgap engineer-
ing with an array of superconducting qubits, npj Quantum
Mater. 6, 10 (2021).

123604-6


http://www.202q-lab.se
https://arXiv.org/abs/2103.06824
https://doi.org/10.1103/RevModPhys.89.021001
https://doi.org/10.1103/RevModPhys.87.347
https://doi.org/10.1016/j.physrep.2017.10.002
https://doi.org/10.1038/s41586-019-0902-3
https://doi.org/10.1038/s41586-019-0902-3
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1103/PhysRevLett.122.173603
https://doi.org/10.1038/s41586-019-1196-1
https://doi.org/10.1126/science.1181918
https://doi.org/10.1103/PhysRevLett.108.263601
https://doi.org/10.1103/PhysRevLett.126.253602
https://doi.org/10.1103/PhysRevLett.126.253602
https://doi.org/10.1103/PhysRevLett.76.2049
https://doi.org/10.1103/PhysRevLett.116.083601
https://doi.org/10.1103/PhysRevLett.116.083601
https://doi.org/10.1038/s41467-017-01994-3
https://doi.org/10.1038/s41467-017-01994-3
https://doi.org/10.1103/PhysRevA.88.043806
https://doi.org/10.1103/PhysRevA.88.043806
https://doi.org/10.1126/science.1244324
https://doi.org/10.1103/PhysRevResearch.2.043213
https://doi.org/10.1103/PhysRevResearch.2.043213
https://doi.org/10.1038/s41567-022-01527-w
https://doi.org/10.1103/PhysRevLett.120.140404
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1038/s41586-020-2529-9
https://doi.org/10.1103/PhysRevA.103.023710
https://doi.org/10.1103/PhysRevA.103.023710
https://doi.org/10.1038/nature21037
https://doi.org/10.1126/science.aaj2118
https://doi.org/10.1103/PhysRevX.10.031011
https://doi.org/10.1103/PhysRevX.10.031011
https://doi.org/10.1103/PhysRevA.102.053720
https://doi.org/10.1038/s41534-020-0261-9
https://doi.org/10.1038/s41534-020-0261-9
https://doi.org/10.1038/nphys3834
https://doi.org/10.1038/s41467-018-06142-z
https://doi.org/10.1103/PhysRevX.9.011021
https://doi.org/10.1103/PhysRevX.9.011021
https://doi.org/10.1038/s41535-021-00310-z
https://doi.org/10.1038/s41535-021-00310-z

PHYSICAL REVIEW LETTERS 129, 123604 (2022)

[31] E. Kim, X. Zhang, V. S. Ferreira, J. Banker, J. K. Iverson, A.
Sipahigil, M. Bello, A. Gonzdlez-Tudela, M. Mirhosseini,
and O. Painter, Quantum Electrodynamics in a Topological
Waveguide, Phys. Rev. X 11, 011015 (2021).

[32] I.S. Besedin, M. A. Gorlach, N. N. Abramov, I. Tsitsilin,
I. N. Moskalenko, A.A. Dobronosova, D.O. Moskalev,
A.R. Matanin, N.S. Smirnov, I.A. Rodionov, A.N.
Poddubny, and A. V. Ustinov, Topological excitations and
bound photon pairs in a superconducting quantum meta-
material, Phys. Rev. B 103, 224520 (2021).

[33] G. Andersson, B. Suri, L. Guo, T. Aref, and P. Delsing, Non-
exponential decay of a giant artificial atom, Nat. Phys. 15,
1123 (2019).

[34] V.S. Ferreira, J. Banker, A. Sipahigil, M. H. Matheny, A.J.
Keller, E. Kim, M. Mirhosseini, and O. Painter, Collapse
and Revival of an Artificial Atom Coupled to a Structured
Photonic Reservoir, Phys. Rev. X 11, 041043 (2021).

[35] B. Kannan, D. L. Campbell, F. Vasconcelos, R. Winik, D. K.
Kim, M. Kjaergaard, P. Krantz, A. Melville, B.M.
Niedzielski, J.L. Yoder, T.P. Orlando, S. Gustavsson,
and W.D. Oliver, Generating spatially entangled itinerant
photons with waveguide quantum electrodynamics, Sci.
Adv. 6, eabb8780 (2020).

[36] N. Cottet, S. Jezouin, L. Bretheau, P. Campagne-Ibarcq, Q.
Ficheux, J. Anders, A. Auffeves, R. Azouit, P. Rouchon, and
B. Huard, Observing a quantum Maxwell demon at work,
Proc. Natl. Acad. Sci. U.S.A. 114, 7561 (2017).

[37] M. Scigliuzzo, A. Bengtsson, J.-C. Besse, A. Wallraff, P.
Delsing, and S. Gasparinetti, Primary Thermometry of
Propagating Microwaves in the Quantum Regime, Phys.
Rev. X 10, 041054 (2020).

[38] Y. Lu, N. Lambert, A. F. Kockum, K. Funo, A. Bengtsson,
S. Gasparinetti, F. Nori, and P. Delsing, Steady-state heat
transport and work with a single artificial atom coupled to a
waveguide: Emission without external driving, PRX Quan-
tum 3, 020305 (2022).

[39] J. Monsel, M. Fellous-Asiani, B. Huard, and A. Auffeves,
The Energetic Cost of Work Extraction, Phys. Rev. Lett.
124, 130601 (2020).

[40] R. H. Dicke, Coherence in spontaneous radiation processes,
Phys. Rev. 93, 99 (1954).

[41] A. Gonzilez-Tudela and D. Porras, Mesoscopic Entangle-
ment Induced by Spontaneous Emission in Solid-State
Quantum Optics, Phys. Rev. Lett. 110, 080502 (2013).

[42] J. Mlynek, A. Abdumalikov, C. Eichler, and A. Wallraff,
Observation of Dicke superradiance for two artificial atoms
in a cavity with high decay rate, Nat. Commun. 5, 5186
(2014).

[43] T. Monz, K. Kim, A. S. Villar, P. Schindler, M. Chwalla, M.
Riebe, C. F. Roos, H. Hiffner, W. Hinsel, M. Hennrich, and
R. Blatt, Realization of Universal Ion-Trap Quantum Com-
putation with Decoherence-Free Qubits, Phys. Rev. Lett.
103, 200503 (2009).

[44] D. Kielpinski, V. Meyer, M. Rowe, C. Sackett, W. Itano, C.
Monroe, and D. Wineland, A decoherence-free quantum
memory using trapped ions, Science 291, 1013 (2001).

[45] V. Paulisch, H.J. Kimble, and A. Gonzailez-Tudela, Uni-
versal quantum computation in waveguide QED using
decoherence free subspaces, New J. Phys. 18, 043041
(2016).

[46] D. A. Lidar, I. L. Chuang, and K. B. Whaley, Decoherence-
Free Subspaces for Quantum Computation, Phys. Rev. Lett.
81, 2594 (1998).

[47] P.M. Leung and B. C. Sanders, Coherent Control of Micro-
wave Pulse Storage in Superconducting Circuits, Phys. Rev.
Lett. 109, 253603 (2012).

[48] S. Filipp, A.F. van Loo, M. Baur, L. Steffen, and A.
Wallraff, Preparation of subradiant states using local qubit
control in circuit QED, Phys. Rev. A 84, 061805(R) (2011).

[49] C. C. Gerry and J. H. Eberly, Dynamics of a Raman coupled
model interacting with two quantized cavity fields, Phys.
Rev. A 42, 6805 (1990).

[50] N. Roch, E. Flurin, F. Nguyen, P. Morfin, P. Campagne-
Ibarcq, M. H. Devoret, and B. Huard, Widely Tunable,
Nondegenerate Three-Wave Mixing Microwave Device
Operating near the Quantum Limit, Phys. Rev. Lett. 108,
147701 (2012).

[51] E. P. Menzel, R. Di Candia, F. Deppe, P. Eder, L. Zhong, M.
Thmig, M. Haeberlein, A. Baust, E. Hoffmann, D. Ballester,
K. Inomata, T. Yamamoto, Y. Nakamura, E. Solano, A.
Marx, and R. Gross, Path Entanglement of Continuous-
Variable Quantum Microwaves, Phys. Rev. Lett. 109,
250502 (2012).

[52] E. Flurin, N. Roch, F. Mallet, M. H. Devoret, and B. Huard,
Generating Entangled Microwave Radiation Over Two
Transmission Lines, Phys. Rev. Lett. 109, 183901 (2012).

[53] S. Gasparinetti, M. Pechal, J.-C. Besse, M. Mondal, C.
Eichler, and A. Wallraff, Correlations and Entanglement of
Microwave Photons Emitted in a Cascade Decay, Phys. Rev.
Lett. 119, 140504 (2017).

[54] A.Peugeot, G. Ménard, S. Dambach, M. Westig, B. Kubala,
Y. Mukharsky, C. Altimiras, P. Joyez, D. Vion, P. Roche, D.
Esteve, P. Milman, J. Leppédkangas, G. Johansson, M.
Hotheinz, J. Ankerhold, and F. Portier, Generating Two
Continuous Entangled Microwave Beams Using a dc-
Biased Josephson Junction, Phys. Rev. X 11, 031008
(2021).

[55] A. Narla, S. Shankar, M. Hatridge, Z. Leghtas, K. M. Sliwa,
E. Zalys-Geller, S. O. Mundhada, W. Pfaff, L. Frunzio, R. J.
Schoelkopf, and M. H. Devoret, Robust Concurrent Remote
Entanglement Between Two Superconducting Qubits, Phys.
Rev. X 6, 031036 (2016).

[56] P. Kurpiers, P. Magnard, T. Walter, B. Royer, M. Pechal, J.
Heinsoo, Y. Salathé, A. Akin, S. Storz, J.-C. Besse, S.
Gasparinetti, A. Blais, and A. Wallraff, Deterministic
quantum state transfer and remote entanglement using
microwave photons, Nature (London) 558, 264 (2018).

[57] C. Axline, L. Burkhart, W. Pfaff, M. Zhang, K. Chou, P.
Campagne-Ibarcq, P. Reinhold, L. Frunzio, S. M. Girvin, L.
Jiang, M. H. Devoret, and R.J. Schoelkopf, On-demand
quantum state transfer and entanglement between remote
microwave cavity memories, Nat. Phys. 14, 705 (2018).

[58] P. Campagne-Ibarcq, E. Zalys-Geller, A. Narla, S. Shankar,
P. Reinhold, L. Burkhart, C. Axline, W. Pfaft, L. Frunzio,
R. J. Schoelkopf, and M. H. Devoret, Deterministic Remote
Entanglement of Superconducting Circuits through
Microwave Two-Photon Transitions, Phys. Rev. Lett. 120,
200501 (2018).

[59] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R.J.

123604-7


https://doi.org/10.1103/PhysRevX.11.011015
https://doi.org/10.1103/PhysRevB.103.224520
https://doi.org/10.1038/s41567-019-0605-6
https://doi.org/10.1038/s41567-019-0605-6
https://doi.org/10.1103/PhysRevX.11.041043
https://doi.org/10.1126/sciadv.abb8780
https://doi.org/10.1126/sciadv.abb8780
https://doi.org/10.1073/pnas.1704827114
https://doi.org/10.1103/PhysRevX.10.041054
https://doi.org/10.1103/PhysRevX.10.041054
https://doi.org/10.1103/PRXQuantum.3.020305
https://doi.org/10.1103/PRXQuantum.3.020305
https://doi.org/10.1103/PhysRevLett.124.130601
https://doi.org/10.1103/PhysRevLett.124.130601
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRevLett.110.080502
https://doi.org/10.1038/ncomms6186
https://doi.org/10.1038/ncomms6186
https://doi.org/10.1103/PhysRevLett.103.200503
https://doi.org/10.1103/PhysRevLett.103.200503
https://doi.org/10.1126/science.1057357
https://doi.org/10.1088/1367-2630/18/4/043041
https://doi.org/10.1088/1367-2630/18/4/043041
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevLett.109.253603
https://doi.org/10.1103/PhysRevLett.109.253603
https://doi.org/10.1103/PhysRevA.84.061805
https://doi.org/10.1103/PhysRevA.42.6805
https://doi.org/10.1103/PhysRevA.42.6805
https://doi.org/10.1103/PhysRevLett.108.147701
https://doi.org/10.1103/PhysRevLett.108.147701
https://doi.org/10.1103/PhysRevLett.109.250502
https://doi.org/10.1103/PhysRevLett.109.250502
https://doi.org/10.1103/PhysRevLett.109.183901
https://doi.org/10.1103/PhysRevLett.119.140504
https://doi.org/10.1103/PhysRevLett.119.140504
https://doi.org/10.1103/PhysRevX.11.031008
https://doi.org/10.1103/PhysRevX.11.031008
https://doi.org/10.1103/PhysRevX.6.031036
https://doi.org/10.1103/PhysRevX.6.031036
https://doi.org/10.1038/s41586-018-0195-y
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1103/PhysRevLett.120.200501
https://doi.org/10.1103/PhysRevLett.120.200501

PHYSICAL REVIEW LETTERS 129, 123604 (2022)

Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[60] S. Filipp, M. Goppl, J. M. Fink, M. Baur, R. Bianchetti, L.
Steffen, and A. Wallraff, Multimode mediated qubit-qubit
coupling and dark-state symmetries in circuit quantum
electrodynamics, Phys. Rev. A 83, 063827 (2011).

[61] A. Crubellier, S. Liberman, D. Pavolini, and P. Pillet,
Superradiance and subradiance. 1. Interatomic interference
and symmetry properties in three-level systems, J. Phys. B
18, 3811 (1985).

[62] T.K. Begzjav, L. Wang, and R. Nessler, On permutation
symmetry of subradiant states and its application, Phys. Scr.
94, 094001 (2019).

[63] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.129.123604 for more
details of the experimental setup, measurements, energy
levels and their transitions, and relevant theoretical models.

[64] L.-C. Hoi, A.F. Kockum, L. Tornberg, A. Pourkabirian, G.
Johansson, P. Delsing, and C.M. Wilson, Probing the
quantum vacuum with an artificial atom in front of a mirror,
Nat. Phys. 11, 1045 (2015).

[65] Y. Lu, A. Bengtsson, J.J. Burnett, E. Wiegand, B. Suri, P.
Krantz, A.F. Roudsari, A.F. Kockum, S. Gasparinetti, G.
Johansson, and P. Delsing, Characterizing decoherence rates
of a superconducting qubit by direct microwave scattering,
npj Quantum Inf. 7, 1 (2021).

[66] K. Bergmann, H. Theuer, and B.W. Shore, Coherent
population transfer among quantum states of atoms and
molecules, Rev. Mod. Phys. 70, 1003 (1998).

[67] K.S. Kumar, A. Vepsalainen, S. Danilin, and G. S. Paraoanu,
Stimulated Raman adiabatic passage in a three-level super-
conducting circuit, Nat. Commun. 7, 10628 (2016).

[68] C. Eichler, D. Bozyigit, C. Lang, L. Steffen, J. Fink, and
A. Wallraff, Experimental State Tomography of Itinerant
Single Microwave Photons, Phys. Rev. Lett. 106, 220503
(2011).

[69] Z.H. Peng, S.E. de Graaf, J.S. Tsai, and O. V. Astafiev,
Tuneable on-demand single-photon source in the micro-
wave range, Nat. Commun. 7, 12588 (2016).

[70] M. Pechal, J.-C. Besse, M. Mondal, M. Oppliger, S.
Gasparinetti, and A. Wallraff, Superconducting Switch for
Fast On-Chip Routing of Quantum Microwave Fields, Phys.
Rev. Applied 6, 024009 (2016).

[71] K. Koshino, K. Inomata, T. Yamamoto, and Y. Nakamura,
Implementation of an Impedance-Matched A System by
Dressed-State Engineering, Phys. Rev. Lett. 111, 153601
(2013).

[72] K. Inomata, Z. Lin, K. Koshino, W. D. Oliver, J. Tsai, T.
Yamamoto, and Y. Nakamura, Single microwave-photon
detector using an artificial A-type three-level system, Nat.
Commun. 7, 12303 (2016).

[73] R. Lescanne, S. Deléglise, E. Albertinale, U. Réglade, T.
Capelle, E. Ivanov, T. Jacqmin, Z. Leghtas, and E. Flurin,
Irreversible Qubit-Photon Coupling for the Detection of
Itinerant Microwave Photons, Phys. Rev. X 10, 021038
(2020).

[74] K. Reuer, J.-C. Besse, L. Wernli, P. Magnard, P. Kurpiers,
G.J. Norris, A. Wallraff, and C. Eichler, Realization of a
Universal Quantum Gate Set for Itinerant Microwave
Photons, Phys. Rev. X 12, 011008 (2022).

[75] Y. Yanay, J. Braumiiller, T. P. Orlando, S. Gustavsson, C.
Tahan, and W. D. Oliver, Mediated Interactions beyond the
Nearest Neighbor in an Array of Superconducting Qubits,
Phys. Rev. Applied 17, 034060 (2022).

[76] A. Stockklauser, P. Scarlino, J. V. Koski, S. Gasparinetti,
C.K. Andersen, C. Reichl, W. Wegscheider, T. Ihn, K.
Ensslin, and A. Wallraff, Strong Coupling Cavity QED with
Gate-Defined Double Quantum Dots Enabled by a High
Impedance Resonator, Phys. Rev. X 7, 011030 (2017).

[77] M.E. Gely and G.A. Steele, QuCAT: Quantum circuit
analyzer tool in Python, New J. Phys. 22, 013025 (2020).

123604-8


https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1103/PhysRevA.83.063827
https://doi.org/10.1088/0022-3700/18/18/022
https://doi.org/10.1088/0022-3700/18/18/022
https://doi.org/10.1088/1402-4896/ab0f47
https://doi.org/10.1088/1402-4896/ab0f47
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.123604
https://doi.org/10.1038/nphys3484
https://doi.org/10.1038/s41534-020-00339-1
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1038/ncomms10628
https://doi.org/10.1103/PhysRevLett.106.220503
https://doi.org/10.1103/PhysRevLett.106.220503
https://doi.org/10.1038/ncomms12588
https://doi.org/10.1103/PhysRevApplied.6.024009
https://doi.org/10.1103/PhysRevApplied.6.024009
https://doi.org/10.1103/PhysRevLett.111.153601
https://doi.org/10.1103/PhysRevLett.111.153601
https://doi.org/10.1038/ncomms12303
https://doi.org/10.1038/ncomms12303
https://doi.org/10.1103/PhysRevX.10.021038
https://doi.org/10.1103/PhysRevX.10.021038
https://doi.org/10.1103/PhysRevX.12.011008
https://doi.org/10.1103/PhysRevApplied.17.034060
https://doi.org/10.1103/PhysRevX.7.011030
https://doi.org/10.1088/1367-2630/ab60f6


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


