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Hybrid circuit QED involves the study of coherent quantum physics in solid-state systems via their
interactions with superconducting microwave circuits. Here we present a crucial step in the implementa-
tion of a hybrid superconducting qubit that employs a carbon nanotube as a Josephson junction. We realize
the junction by contacting a carbon nanotube with a superconducting Pd/Al bilayer, and implement volt-
age tunability of the quantum circuit’s frequency using a local electrostatic gate. We demonstrate a strong
dispersive coupling to a coplanar waveguide resonator by investigating the gate-tunable resonator fre-
quency. We extract qubit parameters from spectroscopy using dispersive readout and find qubit relaxation
and coherence times in the range of 10–200 ns.
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I. INTRODUCTION

Circuit quantum electrodynamics (cQED) with super-
conducting circuits [1] is a powerful platform used in
on-chip quantum optics and quantum-information process-
ing [2]. Hybrid superconducting circuits provide access
to coherent quantum properties of other systems based
on their interactions with microwave photons or artifi-
cial atoms [3–5]. In recent years, a variety of hybrid
superconducting qubits have been realized by replac-
ing the conventional aluminium (S-I -S) Josephson junc-
tions (JJs) with semiconductor-based (S-N -S) JJs, such as
InAs nanowires [6,7], (In,Ga)As heterostructures [8] and
graphene [9,10]. For these S-N -S JJs the normal- or semi-
conductor is contacted with a superconducting material
enabling a supercurrent to flow due to the superconduct-
ing proximity effect [11]. Cooper-pair transport in such
devices is described by Andreev reflections [12–14]. The
conductance of semiconductors can be adjusted by apply-
ing a voltage to a nearby gate electrode, which tunes the
Cooper-pair transport and hence the Josephson energy of
the junction.

A strong technical motivation for these semiconductor-
superconductor hybrid JJ qubits is to realize gate-voltage
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tunable qubits and hence eliminate decoherence due to
magnetic flux noise. Further, electric fields are much easier
to localize compared with magnetic fields, which makes
complex multiqubit devices simpler to engineer. Addi-
tionally, qubit operation in moderate magnetic fields, for
example, to explore interactions with different spin sys-
tems, can be made possible due to the robustness of these
hybrid JJs to magnetic field [9,15].

An interesting material to use in a JJ is the carbon
nanotube (CNT), which can display ballistic electronic
transport, and clean signatures of Andreev reflections when
contacted with superconductors [16]. Using a CNT as
the junction allows the use of its exceptional mechanical
properties, which could offer a potential platform for creat-
ing quantum interference between a qubit and mechanical
motion [17]. Further, ultraclean CNTs offer ballistic trans-
port characteristics [18], which could provide JJs with
lower defect density as opposed to conventional Al JJs
with an amorphous tunnel barrier. This might have a poten-
tial positive impact on qubit coherence via elimination
of two-level fluctuator defects in the amorphous tunnel
barrier oxide [19–21]. Recent progress in CNT fabrica-
tion techniques might allow a CMOS-like design flow
and processing of CNT JJs, which are free of nanoscale
imperfections [22]. Hybrid devices incorporating proxim-
itized CNTs allow the study of Andreev levels [16,23–25]
and they are also predicted to carry Majorana fermions
[26–28], which could be beneficial for topological quan-
tum computing [29].
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In the work presented here proximitized CNTs are used
as the JJ in a common planar two-dimensional supercon-
ducting qubit architecture and their performance as a qubit
is analyzed via a coupled microwave resonator. Resonator
and qubit spectroscopy are performed as a function of
applied gate voltage and strong dispersive coupling on
the order of 100 MHz is observed. Power-dependent qubit
spectroscopy is used to extract the likely Josephson energy
EJ and transmission T of the qubits’ CNT junctions within
a simple few-channel junction model [30]. Further, ten-
tative evidence of Rabi oscillations is observed. Hence,
the coherence is investigated using a pulse-chopping tech-
nique [31,32] and qubit spectroscopy [33,34], allowing T1
and T2 times in the range of 10–200 ns to be observed.

II. CARBON-NANOTUBE-SUPERCONDUCTING
QUANTUM CIRCUIT

Figure 1 shows images and a circuit diagram of the
device studied. Device fabrication begins with CNTs
grown via chemical vapor deposition on a Si/SiO2
(450 μm/300 nm) substrate. The microwave resonators
are then patterned via electron-beam lithography (EBL).
Prior to metal deposition an oxygen plasma etch is car-
ried out to remove any CNTs that might electrically short
the microwave circuits. Afterwards, 100 nm of Al is
deposited via electron-beam evaporation. Following lift
off, SEM imaging is used to locate and select CNTs for
the qubits. The contacts to the CNT and island of the qubit
are then patterned with EBL, postdevelopment cleaned
using UV ozone and metalized with a Pd/Al (4/80 nm)
bilayer. Before sample mounting, the room-temperature
resistances of the CNT JJs are measured to check the fab-
rication yield. Roughly 80% of the fabricated devices con-
duct at room temperature and exhibit resistances between 7
k� < Rn < 100 k�. A series of three chips are fabricated,
each consisting of ten potential qubits. Each chip contains
10λ/4 resonators with different frequencies, multiplexed
via capacitive coupling to a single microwave transmis-
sion line [Fig. 1(a)]. Close to each resonator’s electric field
antinode, qubits are fabricated, and a dedicated dc electro-
static gate is used for control of the chemical potential of
the CNT [Figs. 1(b) and 1(c)].

III. CIRCUIT SPECTROSCOPY

The system is cooled below 20 mK in a dilution refrig-
erator and measured using standard cQED measurement
techniques, see Fig. 1(d). First, the transmission spectrum
of a device is measured via the feedline to identify the indi-
vidual resonance frequencies of the ten resonators, at each
of which a narrow (approximately 1 MHz) absorption dip
is observed. Subsequently, S21 spectroscopy as a function
of gate voltage VG of each individual resonance is per-
formed and resonators that exhibit a clear gate-dependent
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FIG. 1. Carbon-nanotube-superconducting quantum-circuit
device. (a) Optical image of the device chip. A coplanar
microwave transmission line in the center addresses ten multi-
plexed λ/4 resonators with different resonance frequencies. Each
resonator has a cut out in the ground plane close to its electric
field antinode for qubit fabrication and a single dc line allowing
voltage tunability of the qubit frequency. (b) False-color optical
image of a single qubit with the island (yellow) capacitively
coupled to the resonator (green) and the other side shorted to the
ground plane (purple). The island capacitively shunts the CNT JJ
to the surrounding ground plane. A side gate (red) is used to tune
the circuit’s frequency. (c) False-color SEM image of a CNT
(pink) contacted with two superconducting contacts (yellow and
purple) separated by 300 nm and a side gate (red). (d) Electrical
circuit diagram of the device along with a sketch of its readout
and control circuitry. The qubit (green) is capacitively coupled
to the resonator (purple). A side gate with applied voltage VG
tunes the Josephson energy EJ of the qubit. The resonator itself
is capacitively coupled to a transmission line, which is used to
send microwave tones to the qubit and its response is measured
using a standard heterodyne detection scheme.

resonance frequency are selected for further investiga-
tions as these potentially correspond to working CNT
qubits. Usually 20–50% of all devices on one chip show
this dependence. From these, two devices showing sim-
ilar gate-dependent behavior are carefully characterized,
hereafter labeled as device QA and QB.

Figure 2(a) shows resonator spectroscopy as a func-
tion of dc voltage applied to the gate electrode (VG) on
device QA. At a single gate voltage VG, an absorption
line corresponding to the resonator is observed [inset Fig.
2(b)]. Tuning VG the absorption line moves in frequency,
exhibiting a broad gate region (VG < −30 V) where it is
approximately constant, indicating the bare resonator fre-
quency of f0 = 5.572 GHz, and another region (VG > −20
V) where the resonance is quasiperiodically shifting to fre-
quencies up to approximately 10 MHz higher than f0. In
cQED this is indicative of the resonator being dispersively
coupled to a circuit with tunable transition frequency fQ <
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FIG. 2. Resonator and qubit spectroscopy as a function of applied gate voltage VG for device QA. The transmission S21 is expressed
in terms of the corresponding demodulated signal voltage. (a) Resonator spectroscopy of device QA as a function of VG. (b) Qubit
spectroscopy of device QA as a function of VG. The shaded areas mark the features used for qubit analysis (cf. Fig. 3, VG is shifted
due to drift). Inset: line-cut through spectrum indicated in (a).

f0. From here onwards we refer to the circuit as qubit and
investigate the circuit’s level of qubit behavior.

In a second measurement, we carry out spectroscopy
to identify the potential qubit’s frequency. Here the cav-
ity drive is set to track the particular resonance frequency
fr at each VG and simultaneously a spectroscopic probe
tone is fed onto the input line (qubit drive). While the
qubit drive is swept in frequency the amplitude response
at fr is measured. This measurement performed on device
QA is presented in Fig. 2(b). A spectroscopic response is
observed for VG > −30 V. The values of VG exhibiting
a spectroscopic response coincide exactly with the values
exhibiting shifts in fr, cf. Fig. 2(a). This is consistent with
the dispersive regime of cQED [35] indicating the presence
of a qubit, frequency tunable between 2.8 GHz < fQ < 4.2
GHz. The data in Fig. 2(b) likely shows the f01 = fQ, i.e.,
ground to first excited state transition of the qubit as a
function of gate voltage. Similar measurements are also
performed on device QB, see the Supplemental Material
[36] and Table I.

We begin our analysis by using a simple model of a two-
level system dispersively coupled to a harmonic oscillator.
In this model the coupling strength g between the resonator
and the qubit can be estimated using the dispersive shift χ

of the resonator [33,37]. To first order, due to the coupling
to the f01 transition, χ = (g2/�), where � = fr − fQ is the
detuning between the qubit and the resonator [37]. Using

TABLE I. Parameters extracted from resonator and qubit
spectroscopy measurements for devices QA and QB.

f0 [GHz] fQ [GHz] gmax [MHz] χmax [MHz]

Qubit A 5.572 2.8 − 4.2 113 10
Qubit B 4.595 2.4 − 3.5 85 7

this expression and the data of QA [Figs. 2(a) and 2(b)]
yields an estimate of the coupling strength in the range
48 < g < 113 MHz that increases with observed fQ, see
the Supplemental Material [36]. This behavior is expected
for transmon qubits because g ∝ EJ

1/4 and fQ ∝ EJ
1/2

[37]. Similar values are observed with QB, summarized in
Table I.

IV. QUBIT CHARACTERIZATION

In reality our qubits are not expected to be pure two-
level systems but rather anharmonic oscillators with many
levels [37], and hence exhibit more than one transition.
Therefore, mapping out f01 is the first step of characterizing
the voltage tunable qubit. To fully describe the qubit, the
Josephson energy EJ , charging energy EC, transmission
T, and the number of conduction channels N are needed.
Electrostatic finite-element simulations for the exact qubit
designs yield values for the shunt capacitance to ground
and the island’s capacitance to the resonator [cf. Fig. 1(b)],
both contributing to the overall capacitance C� necessary
to calculate EC = e2/2C� (EC

QA = 508 MHz, EC
QB =

391 MHz). Nonetheless, the other parameters related to
the JJ cannot be deduced from the qubit’s fundamental fre-
quency alone. Here, we show that they can be extracted
by measuring the qubit at different drive powers. For this
purpose, we use the same qubit spectroscopy technique as
in Fig. 2(b), holding VG fixed and varying the qubit drive
power. Such a measurement is presented in Fig. 3(a). At
a low drive power, P = −45 dBm at the output of the
microwave generator, only a single peak is observed in the
qubit spectroscopy [Fig. 3(a) bottom trace]. If the power of
the qubit drive is increased to P = −30 dBm, a more com-
plicated multipeak response is observed, which exhibits a
second peak at frequencies just below f01, see Fig. 3(a).
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FIG. 3. Qubit spectroscopy, qubit parameter EJ , and junction
characteristics T and N . (a) Qubit spectroscopy traces at two dif-
ferent qubit drive powers for device QA, offset for clarity. (b)
Extracted values for EJ as a function of VG for QA (cyan crosses)
and QB (purple points). The critical current Ic, calculated from
EJ is indicated on the right y axis. (c) Extracted values for T
as a function of VG for QA and QB. (d) Values of N calculated
from T.

This is indicative of a weakly anharmonic circuit, such as
a transmon qubit, where the lower peak corresponds to the
two-photon transition from the ground state to the second
excited state, i.e., f02/2. Note that this second spectral peak
is not always clearly present in our data on these devices,
and a broader spectral feature is consistently seen at higher
drive powers, which is not possible to resolve into clear
individual peaks. This may be due to significant charge
dispersion of higher qubit energy levels, or other sources
of decoherence.

We measure the frequency of the two clearest spectral
lines over a range of VG [indicated in Fig. 2(b)] from data
similar to that seen in Fig. 3(a). Interpreting them as the f01
and f02/2 transitions of a qubit with at least three energy
levels, we can extract a possible anharmonicity between
these three levels as α = 2 (f01 − f02/2).

CNT JJs and other types of JJs, such as weak links made
from narrow superconducting constrictions, normal metal,
or a semiconductor, have energy phase relations that differ
from standard S-I -S JJs [38–41]. Assuming the CNT JJs
with a channel length of 300 nm are in the short-junction
regime, Cooper-pair transport is mediated by Andreev

bound states [41–43]. Hence, we cannot interpret the mea-
surements by using a standard Cooper-pair-box (CPB)
Hamiltonian, but rather by using a second-order pertur-
bation theory approach to a modified CPB Hamiltonian
presented by Kringhøj et al. [30]. Here, α and f01 are
given by

hα = EC

(
1 − 3T

4

)
− EC

3/2

√
2EJ

[
1 − 15

4
T

(
1 − 3T

4

)]
,

(1)

hf01 =
√

8EJ EC − EC

(
1 − 3T

4

)

+ EC
3/2

2
√

2EJ

[
1 − 15

4
T

(
1 − 3T

4

)]
, (2)

where it is assumed that all conduction channels exhibit
equal transmission T, see the Supplemental Material for
details [36]. Using Eqs. (1) and (2) together with the val-
ues extracted for f01, α and EC, the parameters EJ and T
can be calculated by solving the resulting set of equations,
yielding a deeper understanding of the qubit’s CNT JJ.

In Fig. 3(b) the Josephson energy EJ , extracted with the
method mentioned above, is presented as a function of gate
voltage VG [note a small gate drift compared with Fig.
2(b)]. The error bars are determined by the measurement
error of f01 and f02/2, as the qubit power spectroscopy data
can be noisy and sometimes exhibit a complicated multi-
peak structure, making the peak distinction difficult. The
Josephson energy can also be used to calculate the critical
current Ic of the qubit’s JJ using EJ = �Ic/(2e), see Fig.
3(b). We find 4 nA < Ic < 10 nA, with an average value
〈Ic〉 = 8.2 ± 1.6 nA across both qubit devices. These val-
ues of Ic are comparable to 1 nA < Ic < 17 nA that we
independently observed in dc bias spectroscopy of CNT
JJs contacted with identical processing. The extracted val-
ues of T are presented in Fig. 3(c). We consistently find
0.33 < T < 1 with a mean value of 〈T〉 = 0.85 ± 0.16,
indicating high-quality contacts to the CNT. Further, the
extracted values of T can be used to calculate the number
of channels N contributing to transport via EJ = �NT/4
[30], where � is the induced superconducting gap of the
CNT JJ (we estimate � = 90 ± 10 μeV using dc bias
spectroscopy measurements on CNT devices contacted
with identical processing [44]), see Fig. 3(d). The calcu-
lated values for N congregate around N = 1, indicating
that only one conduction channel is strongly coupled to
the superconducting contacts. This is in strong contrast
to conventional aluminium S-I -S JJs, where N � 1 and
T � 1.

The obtained values of EJ in conjunction with the
simulated values of EC can be used to calculate the ratio
EJ/EC. We find a mean EJ/EC ≈ 9 ± 2 for both QA and
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QB. These values agree well with electrostatic simulations
of the device design, yielding EJ/EC ∼ 12, giving confi-
dence in the extraction method of EJ and T. Note that the
estimated average EJ/EC ratio places the qubit between
the transmon regime (EJ/EC > 20) and the Cooper-pair-
box regime (EJ/EC < 1), where a low EJ/EC leads to
a complex energy-level structure with charge dispersion
making the qubit susceptible to charge noise [37]. How-
ever, charge dispersion is predicted [45] and shown [46] to
vanish in channels where the transmission is approaching
unity, which is the case for JJs made from CNTs.

V. RELAXATION AND COHERENCE

We finally report on investigations of the relaxation
and coherence times of the CNT-qubit devices. Time-
domain measurements with a weak continuous readout
drive [47,48] show evidence of Rabi oscillations [36]. In
Fig. 4(a) the extracted Rabi oscillation frequency � is
shown as a function of the qubit drive amplitude. For drive
amplitudes < 0.5 V, � increases linearly with a slope of
approximately 78.3 MHz/V, which is a characteristic fea-
ture of Rabi oscillations. For pulse amplitudes > 0.5 V,
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FIG. 4. Signatures of Rabi oscillations and T1 and T′
2 measure-

ments. (a) Rabi-oscillation frequency �/2π as a function of the
qubit pulse amplitude. For pulse amplitudes < 0.5 V, �/2π is
fit with a linear function (solid red line) yielding a slope of 78.3
MHz/V. (b) Data of a single T1 experiment on device QA. The
measurement response is fitted to Eq. (6) (red curve), yielding
T1 = 117.3 ± 5.8 ns. Inset: pulse scheme (qubit pulse, green;
measurement pulse, purple). (c) Measured T1 as a function of
fQ for devices QA (crosses) and QB (circles). (d) A single mea-
surement of T′

2 on device QA. Qubit spectroscopy trace is fitted
to Eq. (7) (red curve), yielding T′

2 = 19.0 ± 1.5 ns. (e) Measured
T′

2 as a function of fQ for devices QA (crosses) and QB (circles).

� saturates at around approximately 38 MHz, which may
be explained as being due to the low anharmonicity of
the qubit, i.e., the qubit will be driven into higher-energy
states at drive rates greater or equal to the anharmonic-
ity. It is worth mentioning that the decay of the observed
oscillations yielded a time constant of approximately 50
ns, which is consistent with the coherence measurements
presented below. The experimental setup is not suitable
to explicitly resolve such fast decaying Rabi oscillations.
Hence, for early qubit analysis we employ an alternative
pulsed technique for measuring the relaxation time, pre-
viously used in quantum-dot charge qubits [31,32]. The
method is tested on conventional superconducting qubits to
confirm that it yields the same result as standard techniques
(see the Supplemental Material [36]).

To measure T1, a pulse-chopping method [31,32] is
used. The resonator is continuously measured with a weak
cavity drive at f0 for a time of 100 μs. Simultaneously, the
qubit is driven on resonance with a pulse train of 50% duty
cycle, and for each measurement the pulse period τ is var-
ied, see inset Fig. 4(b). For very short τ , i.e., τ � T1, the
qubit drive randomizes the qubit between the ground and
first excited state and it has no time to relax. In the case
of very long τ , i.e., τ � T1, the qubit has time to relax to
the ground state in between drive pulses. Therefore, in the
latter case, the measured signal is the time average of the
qubit being in the ground and excited state, giving a signal
of half the value found in the limit τ → 0. A measurement
following this procedure is presented in Fig. 4(b). The data
is normalized with respect to a measurement with the qubit
drive turned off and fitted to

S(τ ) = 1
2

+ T1(1 − e−τ/(2T1))

τ
, (3)

where T1 is the only free parameter. In the measurement
shown in Fig. 4(b) the fit yields T1 = 117.3 ± 5.8 ns. The
relaxation time T1 is measured across a range of gate volt-
ages, and therefore a range of fQ, for both devices, see Fig.
4(c). QB on average exhibits a longer 〈T1,QB〉 = 151 ± 71
ns than QA where 〈T1,QA〉 = 74 ± 30 ns. The longest T1
values are 250 and 150 ns for QB and QA, respectively.

A lower bound, T′
2, on qubit coherence time T2 can

be found by measuring the linewidth of a low-power
qubit spectroscopy trace [33,34], see Fig. 4(d). Fitting a
Lorentzian with linewidth 2δνHWHM to the qubit transition
peak, T′

2 can be calculated via

2πδνHWHM = 1
T′

2
=

(
1
T2

2
+ nsω

2
vac

T1

T2

)1/2

, (4)

where nsω
2
vac is proportional to the microwave input power,

ω2
vac the vacuum Rabi frequency, and ns the number of pho-

tons in the resonator [33,34]. Hence, at low qubit drive
powers the linewidth should be the least broadened. Here,
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low power corresponds to the lowest qubit drive power,
which still results in a visible qubit spectroscopy peak.
We assume this power corresponds to ns ≈ 0. However,
it is worthwhile to note that we specifically quote T′

2 as a
lower limit for T2 and hence ns does not need to be known.
This results in T′

2 = 19.0 ± 1.5 ns for the data presented in
Fig. 4(d).

The measurement and its analysis is repeated for differ-
ent qubit frequencies fQ, see Fig. 4(e). While T′

2 seems to
increase slightly with increasing fQ for QA, this is not true
for QB. Coherence is highest at around fQ = 3 GHz, with
T′

2 = 25 ns for QB, but significantly reduced at fQ = 3.5
GHz. On average QA exhibits a longer 〈T′

2,QA〉 = 10 ± 5
ns compared with QB 〈T′

2,QB〉 = 6 ± 6 ns. We stress that
these coherence times represent only a lower bound for T2.

Decoherence and fast relaxation in these devices could
be attributed to dissipation due to dirty, disordered CNTs,
Purcell decay into the gate line, strong dielectric loss due to
the thick SiO2, and residual resistance to the superconduct-
ing leads. The loss tangent of thermal SiO2 is measured to
be tan δ ∼ 3e−4 [49], limiting the qubit’s relaxation time
to T1 ∼ 1 μs within the accessible frequency range. Dis-
sipation in nanoscale weak-link JJ oscillators, made from
aluminium, was previously mentioned as a possible source
of decoherence [50–52]. Additionally, the short T′

2 could
also stem from Andreev levels in the junction interacting
with acoustic phonons [25,53,54].

VI. CONCLUSION

The experiments described here demonstrate crucial
steps in the implementation of a voltage tunable supercon-
ducting qubit based on a CNT JJ. The device is of similar
geometry and exhibits similar gate voltage behavior to
previously reported voltage tunable superconducting qubit
devices [6–10]. Simultaneous resonator and qubit spec-
troscopy show clear evidence of qubit-resonator coupling
with coupling strength on the order of g ∼ 100 MHz, com-
parable to cQED experiments with conventional transmon
qubits. Qubit spectroscopy at high drive powers is used to
extract the qubit parameter EJ and ratio EJ /EC as well as
Ic and T of the CNT JJ. From the values for T, values of
N ∼ 1 are calculated, indicating that only one conduction
channel is strongly coupled to the superconducting leads of
the qubit. Further, evidence of Rabi oscillations as well as
qubit relaxation and coherence times in the range 10–200
ns are observed. It remains to explicitly demonstrate Rabi
oscillations and full qubit control.

Advances in fabrication, e.g., using suspended ultra-
clean CNT JJs could lead to significant improvements to
the coherence times of these devices. Such JJs have already
been individually realized [55]. Fabrication improvements
in other hybrid qubit designs, such as those based on

InAs nanowires resulted in T1 = 5 − 20 μs [15,56], simi-
lar to state-of-the-art, aluminium-based flux-tunable trans-
mon qubits [57]. The implementation of a superconducting
quantum circuit based on a CNT presented here offers
potential for unique experiments in order to create quan-
tum interference between a qubit and mechanical motion
[17]. Additionally, CNT-based qubits could be used as
ultrasensitive force sensors [58] and if arranged in a super-
conducting quantum interference device geometry as a
detector for magnetic moments [38]. Furthermore, these
qubits based on proximitized CNTs could be utilized to
study Andreev physics [23–25] and investigate the predic-
tion of carrying Majorana fermions [26–28], which could
be valuable for topological quantum computing.

ACKNOWLEDGMENTS

We acknowledge support from the Royal Academy of
Engineering, EPSRC (EP/R029229/1, EP/J001821/1 and
EP/J013501/1), Swiss Nanoscience Institute (SNI), and the
Swiss National Science Foundation. M.M. acknowledges
support from the Stiftung der Deutschen Wirtschaft (sdw).

[1] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-
S. Huang, J. Majer, S. Kumar, S. M. Girvin, and R. J.
Schoelkopf, Strong coupling of a single photon to a super-
conducting qubit using circuit quantum electrodynamics.,
Nature 431, 162 (2004).

[2] G. Wendin, Quantum information processing with super-
conducting circuits: A review, Rep. Prog. Phys. 80, 106001
(2017).

[3] Z.-L. Xiang, S. Ashhab, J. You, and F. Nori, Hybrid
quantum circuits: Superconducting circuits interacting with
other quantum systems, Rev. Mod. Phys. 85, 623 (2013).

[4] G. Kurizki, P. Bertet, Y. Kubo, K. Mølmer, D. Petrosyan,
P. Rabl, and J. Schmiedmayer, Quantum technologies with
hybrid systems, Proc. Natl. Acad. Sci. 112, 3866 LP
(2015).

[5] A. Cottet, M. C. Dartiailh, M. M. Desjardins, T. Cubaynes,
L. C. Contamin, M. Delbecq, J. J. Viennot, L. E. Bruhat, B.
Douçot, and T. Kontos, Cavity QED with hybrid nanocir-
cuits: From atomic-like physics to condensed matter phe-
nomena, J. Phys.: Condens. Matter 29, 433002 (2017).

[6] G. de Lange, B. van Heck, A. Bruno, D. J. van
Woerkom, A. Geresdi, S. R. Plissard, E. P. A. M.
Bakkers, A. R. Akhmerov, and L. DiCarlo, Realiza-
tion of Microwave Quantum Circuits Using Hybrid
Superconducting-Semiconducting Nanowire Josephson Ele-
ments., Phys. Rev. Lett. 115, 127002 (2015).

[7] T. Larsen, K. Petersson, F. Kuemmeth, T. Jespersen, P.
Krogstrup, J. Nygård, and C. Marcus, Semiconductor-
Nanowire-Based Superconducting Qubit, Phys. Rev. Lett.
115, 127001 (2015).

[8] L. Casparis, M. R. Connolly, M. Kjaergaard, N. J. Pear-
son, A. Kringhøj, T. W. Larsen, F. Kuemmeth, T. Wang,
C. Thomas, S. Gronin, G. C. Gardner, M. J. Manfra, C.

064050-6

https://doi.org/10.1038/nature02851
https://doi.org/10.1088/1361-6633/aa7e1a
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1088/1361-648X/aa7b4d
https://doi.org/10.1103/PhysRevLett.115.127002
https://doi.org/10.1103/PhysRevLett.115.127001


CARBON-NANOTUBE SUPERCONDUCTING-QUANTUM CIRCUITS PHYS. REV. APPLIED 15, 064050 (2021)

M. Marcus, and K. D. Petersson, Superconducting gatemon
qubit based on a proximitized two-dimensional electron
gas, Nat. Nanotechnol. 13, 915 (2018).

[9] J. G. Kroll, W. Uilhoorn, K. L. van der Enden, D. de
Jong, K. Watanabe, T. Taniguchi, S. Goswami, M. C. Cas-
sidy, and L. P. Kouwenhoven, Magnetic field compatible
circuit quantum electrodynamics with graphene josephson
junctions, Nat. Commun. 9, 4615 (2018).

[10] J. I.-J. Wang, D. Rodan-Legrain, L. Bretheau, D. L. Camp-
bell, B. Kannan, D. Kim, M. Kjaergaard, P. Krantz, G. O.
Samach, F. Yan, J. L. Yoder, K. Watanabe, T. Taniguchi,
T. P. Orlando, S. Gustavsson, P. Jarillo-Herrero, and W. D.
Oliver, Coherent control of a hybrid superconducting cir-
cuit made with graphene-based van der waals heterostruc-
tures, Nat. Nanotechnol. 14, 120 (2019).

[11] H. Meissner, Superconductivity of contacts with interposed
barriers, Phys. Rev. 117, 672 (1960).

[12] A. F. Andreev, Thermal conductivity of the intermediate
state of superconductors, J. Exptl. Theoret. Phys. (U.S.S.R.)
20, 2222 (1965).

[13] P. de Gennes and D. Saint-James, Elementary excitations
in the vicinity of a normal metal-superconducting metal
contact, Phys. Lett. 4, 151 (1963).

[14] D. Saint-James, Elementary excitations in the vicinity of the
surface separating a normal metal and a superconducting
metal, J. Phys. 25, 899 (1964).

[15] F. Luthi, T. Stavenga, O. W. Enzing, A. Bruno, C. Dickel,
N. K. Langford, M. A. Rol, T. S. Jespersen, J. Nygård, P.
Krogstrup, and L. DiCarlo, Evolution of Nanowire Trans-
mon Qubits and Their Coherence in a Magnetic Field, Phys.
Rev. Lett. 120, 100502 (2018).

[16] J.-D. Pillet, C. H. L. Quay, P. Morfin, C. Bena, A. L.
Yeyati, and P. Joyez, Andreev bound states in supercurrent-
carrying carbon nanotubes revealed, Nat. Phys. 6, 965
(2010).

[17] K. Khosla, M. Vanner, N. Ares, and E. Laird, Displacemon
Electromechanics: How to Detect Quantum Interference
in a Nanomechanical Resonator, Phys. Rev. X 8, 021052
(2018).

[18] M. Jung, J. Schindele, S. Nau, M. Weiss, A. Baumgartner,
and C. Schönenberger, Ultraclean single, double, and triple
carbon nanotube quantum dots with recessed Re bottom
gates, Nano Lett. 13, 4522 (2013).

[19] A. Shnirman, G. Schön, I. Martin, and Y. Makhlin, Low-
and High-Frequency Noise from Coherent Two-Level Sys-
tems, Phys. Rev. Lett. 94, 127002 (2005).

[20] S. Oh, K. Cicak, J. S. Kline, M. A. Sillanpää, K. D. Osborn,
J. D. Whittaker, R. W. Simmonds, and D. P. Pappas, Elimi-
nation of two level fluctuators in superconducting quantum
bits by an epitaxial tunnel barrier, Phys. Rev. B 74, 100502
(2006).

[21] C. Müller, J. H. Cole, and J. Lisenfeld, Towards under-
standing two-level-systems in amorphous solids: Insights
from quantum circuits, Rep. Prog. Phys. 82, 124501
(2019).

[22] G. Hills, C. Lau, A. Wright, S. Fuller, M. D. Bishop, T. Sri-
mani, P. Kanhaiya, R. Ho, A. Amer, Y. Stein, D. Murphy,
Arvind, A. Chandrakasan, and M. M. Shulaker, Modern
microprocessor built from complementary carbon nanotube
transistors, Nature 572, 595 (2019).

[23] J. Gramich, A. Baumgartner, and C. Schönenberger,
Andreev bound states probed in three-terminal quantum
dots, Phys. Rev. B 96, 195418 (2017).

[24] L. Tosi, C. Metzger, M. Goffman, C. Urbina, H. Pothier,
S. Park, A. L. Yeyati, J. Nygård, and P. Krogstrup, Spin-
Orbit Splitting of Andreev States Revealed by Microwave
Spectroscopy, Phys. Rev. X 9, 011010 (2019).

[25] C. Janvier, L. Tosi, L. Bretheau, Ç. Ö. Girit, M. Stern, P.
Bertet, P. Joyez, D. Vion, D. Esteve, M. F. Goffman, H.
Pothier, and C. Urbina, Coherent manipulation of andreev
states in superconducting atomic contacts., Science 349,
1199 (2015).

[26] J. Klinovaja, S. Gangadharaiah, and D. Loss, Electric-
Field-Induced Majorana Fermions in Armchair Carbon
Nanotubes, Phys. Rev. Lett. 108, 196804 (2012).

[27] J. D. Sau and S. Tewari, Topological superconducting state
and majorana fermions in carbon nanotubes, Phys. Rev. B
88, 054503 (2013).

[28] M. Marganska, L. Milz, W. Izumida, C. Strunk, and M.
Grifoni, Majorana quasiparticles in semiconducting carbon
nanotubes, Phys. Rev. B 97, 075141 (2018).

[29] A. Kitaev, Fault-tolerant quantum computation by anyons,
Ann. Phys. 303, 2 (2003).

[30] A. Kringhøj, L. Casparis, M. Hell, T. W. Larsen, F. Kuem-
meth, M. Leijnse, K. Flensberg, P. Krogstrup, J. Nygård, K.
D. Petersson, and C. M. Marcus, Anharmonicity of a super-
conducting qubit with a few-mode Josephson junction,
Phys. Rev. B 97, 060508 (2018).

[31] J. R. Petta, A. C. Johnson, C. M. Marcus, M. P. Han-
son, and A. C. Gossard, Manipulation of a Single Charge
in a Double Quantum Dot, Phys. Rev. Lett. 93, 186802
(2004).

[32] Z. Penfold-Fitch, F. Sfigakis, and M. Buitelaar, Microwave
Spectroscopy of a Carbon Nanotube Charge Qubit, Phys.
Rev. Appl. 7, 054017 (2017).

[33] D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R.-S.
Huang, J. Majer, S. M. Girvin, and R. J. Schoelkopf, Ac
Stark Shift and Dephasing of a Superconducting Qubit
Strongly Coupled to a Cavity Field, Phys. Rev. Lett. 94,
123602 (2005).

[34] A. Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, London, 1961).

[35] A. Blais, R.-S. Huang, A. Wallraff, S. Girvin, and R.
Schoelkopf, Cavity quantum electrodynamics for super-
conducting electrical circuits: An architecture for quantum
computation, Phys. Rev. A 69, 062320 (2004).

[36] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.15.064050 for data of
additional devices, extracted coupling strengths, a deriva-
tion of qubit frequency and anharmonicity, a comparison
of the coherence measurements and signatures of Rabi
oscillations.

[37] 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.
Schoelkopf, Charge-insensitive qubit design derived from
the cooper pair box, Phys. Rev. A 76, 042319 (2007).

[38] J.-P. Cleuziou, W. Wernsdorfer, V. Bouchiat, T. Ondarçuhu,
and M. Monthioux, Carbon nanotube superconducting
quantum interference device, Nat. Nanotechnol. 1, 53
(2006).

064050-7

https://doi.org/10.1038/s41565-018-0207-y
https://doi.org/10.1038/s41467-018-07124-x
https://doi.org/10.1038/s41565-018-0329-2
https://doi.org/10.1103/PhysRev.117.672
https://doi.org/10.1016/0031-9163(63)90148-3
https://doi.org/10.1051/jphys:019640025010089900
https://doi.org/10.1103/PhysRevLett.120.100502
https://doi.org/10.1038/nphys1811
https://doi.org/10.1103/PhysRevX.8.021052
https://doi.org/10.1021/nl402455n
https://doi.org/10.1103/PhysRevLett.94.127002
https://doi.org/10.1103/PhysRevB.74.100502
https://doi.org/10.1088/1361-6633/ab3a7e
https://doi.org/10.1038/s41586-019-1493-8
https://doi.org/10.1103/PhysRevB.96.195418
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1126/science.aab2179
https://doi.org/10.1103/PhysRevLett.108.196804
https://doi.org/10.1103/PhysRevB.88.054503
https://doi.org/10.1103/PhysRevB.97.075141
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/PhysRevB.97.060508
https://doi.org/10.1103/PhysRevLett.93.186802
https://doi.org/10.1103/PhysRevApplied.7.054017
https://doi.org/10.1103/PhysRevLett.94.123602
https://doi.org/10.1103/PhysRevA.69.062320
http://link.aps.org/supplemental/10.1103/PhysRevApplied.15.064050
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1038/nnano.2006.54


MATTHIAS MERGENTHALER et al. PHYS. REV. APPLIED 15, 064050 (2021)

[39] L. Bretheau, Ç. Ö. Girit, H. Pothier, D. Esteve, and C.
Urbina, Exciting andreev pairs in a superconducting atomic
contact, Nature 499, 312 (2013).

[40] Y.-J. Doh, J. A. van Dam, A. L. Roest, E. P. A. M. Bakkers,
L. P. Kouwenhoven, and S. De Franceschi, Tunable super-
current through semiconductor nanowires, Science 309,
272 (2005).

[41] A. A. Golubov, M. Y. Kupriyanov, and E. Il’ichev, The
current-phase relation in josephson junctions, Rev. Mod.
Phys. 76, 411 (2004).

[42] C. W. J. Beenakker, Universal Limit of Critical-Current
Fluctuations in Mesoscopic Josephson Junctions, Phys.
Rev. Lett. 67, 3836 (1991).

[43] C. W. J. Beenakker and H. van Houten, Josephson Cur-
rent through a Superconducting Quantum Point Contact
Shorter Than the Coherence Length, Phys. Rev. Lett. 66,
3056 (1991).

[44] M. Mergenthaler, F. J. Schupp, A. Nersisyan, N. Ares, A.
Baumgartner, C. Schönenberger, G. A. D. Briggs, P. J.
Leek, and E. A. Laird, Radio-frequency characterization
of a supercurrent transistor made from a carbon nanotube,
arXiv:103.16256 (2021).

[45] D. V. Averin, Coulomb Blockade in Superconducting
Quantum Point Contacts, Phys. Rev. Lett. 82, 3685 (1999).

[46] A. Bargerbos, W. Uilhoorn, C.-K. Yang, P. Krogstrup, L.
P. Kouwenhoven, G. de Lange, B. van Heck, and A. Kou,
Observation of Vanishing Charge Dispersion of a Nearly
Open Superconducting Island, Phys. Rev. Lett. 124, 246802
(2020).

[47] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, J. Majer,
M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf,
Approaching Unit Visibility for Control of a Superconduct-
ing Qubit with Dispersive Readout, Phys. Rev. Lett. 95,
060501 (2005).

[48] R. Vijay, C. Macklin, D. H. Slichter, S. J. Weber, K. W.
Murch, R. Naik, A. N. Korotkov, and I. Siddiqi, Stabilizing
Rabi oscillations in a superconducting qubit using quantum
feedback, Nature 490, 77 (2012).

[49] A. D. O’Connell, M. Ansmann, R. C. Bialczak, M.
Hofheinz, N. Katz, E. Lucero, C. McKenney, M. Neeley,
H. Wang, E. M. Weig, A. N. Cleland, and J. M. Marti-
nis, Microwave dielectric loss at single photon energies
and millikelvin temperatures, Appl. Phys. Lett. 92, 112903
(2008).

[50] R. Vijay, J. D. Sau, M. L. Cohen, and I. Siddiqi, Opti-
mizing Anharmonicity in Nanoscale Weak Link Joseph-
son Junction Oscillators, Phys. Rev. Lett. 103, 087003
(2009).

[51] R. Vijay, E. M. Levenson-Falk, D. H. Slichter, and I.
Siddiqi, Approaching ideal weak link behavior with three
dimensional aluminum nanobridges, Appl. Phys. Lett. 96,
223112 (2010).

[52] E. M. Levenson-Falk, R. Vijay, and I. Siddiqi, Nonlin-
ear microwave response of aluminum weak-link josephson
oscillators, Appl. Phys. Lett. 98, 123115 (2011).

[53] A. Zazunov, V. S. Shumeiko, G. Wendin, and E. N. Bratus’,
Dynamics and phonon-induced decoherence of andreev
level qubit, Phys. Rev. B 71, 214505 (2005).

[54] J. Gramich, A. Baumgartner, and C. Schönenberger, Reso-
nant and Inelastic Andreev Tunneling Observed on a Car-
bon Nanotube Quantum Dot, Phys. Rev. Lett. 115, 216801
(2015).

[55] B. H. Schneider, S. Etaki, H. S. J. van der Zant, and
G. A. Steele, Coupling carbon nanotube mechanics to a
superconducting circuit, Sci. Rep. 2, 599 (2012).

[56] L. Casparis, T. Larsen, M. Olsen, F. Kuemmeth, P.
Krogstrup, J. Nygård, K. Petersson, and C. Marcus, Gate-
mon Benchmarking and Two-Qubit Operations, Phys. Rev.
Lett. 116, 150505 (2016).

[57] J. Kelly et al., State preservation by repetitive error detec-
tion in a superconducting quantum circuit, Nature 519, 66
(2015).

[58] J. Moser, J. Güttinger, A. Eichler, M. J. Esplandiu, D.
E. Liu, M. I. Dykman, and A. Bachtold, Ultrasensitive
force detection with a nanotube mechanical resonator, Nat.
Nanotechnol. 8, 493 (2013).

064050-8

https://doi.org/10.1038/nature12315
https://doi.org/10.1126/science.1113523
https://doi.org/10.1103/RevModPhys.76.411
https://doi.org/10.1103/PhysRevLett.67.3836
https://doi.org/10.1103/PhysRevLett.66.3056
https://arxiv.org/abs/103.16256
https://doi.org/10.1103/PhysRevLett.82.3685
https://doi.org/10.1103/PhysRevLett.124.246802
https://doi.org/10.1103/PhysRevLett.95.060501
https://doi.org/10.1038/nature11505
https://doi.org/10.1063/1.2898887
https://doi.org/10.1103/PhysRevLett.103.087003
https://doi.org/10.1063/1.3443716
https://doi.org/10.1063/1.3570693
https://doi.org/10.1103/PhysRevB.71.214505
https://doi.org/10.1103/PhysRevLett.115.216801
https://doi.org/10.1038/srep00599
https://doi.org/10.1103/PhysRevLett.116.150505
https://doi.org/10.1038/nature14270
https://doi.org/10.1038/nnano.2013.97

	I. INTRODUCTION
	II. CARBON-NANOTUBE-SUPERCONDUCTING QUANTUM CIRCUIT
	III. CIRCUIT SPECTROSCOPY
	IV. QUBIT CHARACTERIZATION
	V. RELAXATION AND COHERENCE
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /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 false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /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 false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


