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Probing the Tavis-Cummings Level Splitting with Intermediate-Scale
Superconducting Circuits
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We demonstrate the local control of up to eight two-level systems interacting strongly with a microwave
cavity. Following calibration, the frequency of each individual two-level system (qubit) is tunable with-
out influencing the others. Bringing the qubits one by one on resonance with the cavity, we observe the
collective coupling strength of the qubit ensemble. The splitting scales up with the square root of the num-
ber of the qubits, which is the hallmark of the Tavis-Cummings model. The local control circuitry causes
a bypass shunting the resonator, and a Fano interference in the microwave readout, whose contribution
can be calibrated away to recover the pure cavity spectrum. The simulator’s attainable size of dressed
states with up to five qubits is limited by reduced signal visibility, and—if uncalibrated—by off-resonance
shifts of subcomponents. Our work demonstrates control and readout of a quantum coherent mesoscopic
multiqubit system of intermediate scale under conditions of noise.
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I. INTRODUCTION

Most of today’s quantum-information systems rely on
an interplay between an artificial atom and a resonator
mode used for readout [1]. In the absence of dissipation,
its dynamics is well described by the Jaynes-Cummings
model [2]. For N atoms interacting with one resonator
Tavis and Cummings predicted a

√
N enhancement of the

effective coupling strength at degeneracy, leading to a level
repulsion with a frequency gap 2g

√
N , where g is the cou-

pling strength of one artificial atom to the resonator [3].
After early experimental realizations with trapped ions [4],
the

√
N enhancement has been demonstrated with three

locally tunable superconducting transmon qubits [5], fol-
lowed by eight qubits in a globally controlled ensemble
[6], and a comparable number of transmons [7].

Different applications have been proposed involving
more than one controllable two-level system coupled to
a single resonator. These include bus systems realizing
a tunable long-range interaction between distant qubits

*martin.weides@glasgow.ac.uk

[8–10] and a quantum von Neumann architecture [11].
The collective interaction also creates multiqubit entangle-
ment [12] and provides protection against radiation decay
[13]. This versatility supports the use of Tavis-Cummings
systems in future quantum simulators and computers. An
analog quantum simulation [14,15] of a Dicke model [16]
(generalized Tavis-Cummmings model) would provide a
direct access to eigenenergies and transient dynamics of
light-matter interaction in the ultrastrong coupling regime
[17,18].

Experimentally, the increase of circuit complexity is a
growing challenge for system control, e.g., due to crosstalk
or circuit topology. Global control of a large number of
qubits is adversely affected by disorder in the ensemble,
such as local flux offsets, which can be mitigated by local
controls. Ideally, a residual finite interaction between the
qubits themselves and crosstalk between flux lines can be
calibrated away.

In this work, we increase the circuit complexity to study
the Tavis-Cummings circuit consisting of a superconduct-
ing microwave resonator interacting with up to eight indi-
vidually frequency-controllable transmon qubits. It is a
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well-suited platform to study both desired and parasitic
effects occurring in scaled-up quantum circuits. We show
a calibration method allowing for local qubit control of all
eight qubits, and demonstrate its adequate analog quantum
simulation of the Tavis-Cummings system by measuring
the

√
N coupling enhancement as the hallmark signa-

ture. Our circuit complexity is positioned between well-
understood few qubit-resonator systems and their scaled-
up versions constructed to achieve quantum advantage.
The experiment contains key properties such as decoher-
ence, local control and crosstalk, reactive and dissipative
background, and higher qubit levels, all of which are subtle
features of any near-term physical quantum simulator.

II. MULTIQUBIT CHIP AND SETUP

The quantum chip studied in this work contains a
coplanar waveguide half-wavelength resonator with four
transmon qubits capacitively coupled to each end of the
resonator, as shown in Fig. 1(a), for a maximal coupling
strength to each qubit. Each qubit frequency is individ-
ually controlled by a local dc flux bias. The theoretical
description is given by the Tavis-Cummings model [3]
with Hamiltonian

Ĥ/� = ωrâ†â +
∑

i

ωi

2
σ̂zi +

∑
i

gi(â†σ̂−
i + âσ̂+

i ). (1)

Here ωr is the pure resonator frequency, ωi the qubit i
frequency, gi their coupling strength, and σ̂+,− are the
spin raising and lowering operators. The two-level sys-
tems are realized by transmon qubits [19], each including
two Josephson junctions in a superconducting quantum
interference device (SQUID) geometry enabling the local
tunability by the applied magnetic fluxes.

Our experimental setup is illustrated in Fig. 1(b), further
details, including the sample are given in the Appendix.
The microwave drive tone of a vector network analyzer
(VNA) is attenuated along the signal chain by 120 dB in
total. The power reaching the chip is −137 dBm, where
the average photon number on resonance is estimated to
be 〈n〉 ≈ 0.2.

Ideally, the resonance frequency of the photon-dressed
cavity can be observed as a peak in the microwave trans-
mission spectrum. In our experiments, the transmission
data is characterized by asymmetric line shapes, which
implies an interference effect between the cavity and a
background transmission, i.e., Fano resonance. The cou-
pling to background modes is understood to emerge from
a crosstalk with the multiple local control lines, since it is
absent in a single-qubit chip fabricated in the same run.
This Fano interference effect leads to an inverted spec-
trum, but does not affect the energy-level spacing [20].
Furthermore, once the background transmission is charac-
terized from an off-resonance transmission, its contribution
on resonance can be subtracted from the transmission

(a)

(b)

FIG. 1. (a) Optical micrograph of the chip bonded to the sam-
ple box. The meander-structure coplanar resonator is coupled at
each end to four transmon qubits. U-shaped leads carry dc cur-
rent to control the local magnetic flux. The enlarged image (red
rectangle) shows two cavity-embedded transmon qubits and their
flux-bias lines. (b) Schematic of the measurement setup. The
tone generated by the VNA is attenuated at different tempera-
ture stages of the refrigerator to reach single-photon regime and
to lower the thermal noise at the quantum chip.

amplitude, resulting in the cavity spectrum only, see the
Appendix.

In Fig. 2(a) we show the measured power scan of
microwave transmission across the cavity when the Fano
resonance is removed from the data. At low powers we
observe the photon-dressed cavity frequency as a trans-
mission peak. With increasing power, the system enters
a nonlinear regime with the resonance frequency finally
shifting towards the bare cavity frequency. A local min-
imum appears at moderate powers, which has also been
observed in Ref. [21]. It occurs due to an interference effect
between two metastable states of the cavity at moderate
drive powers [22]. In Fig. 2(b), we show data after remov-
ing the Fano resonance at low transmission power when
scanning the bias current to tune one transmon across the
cavity resonance frequency.

III. TAKING LOCAL CONTROL

Being designed with local flux control of each qubit,
the crosstalk between qubits and noncorresponding flux-
control lines is small, but not negligible, due to residual
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(a) (b)

(c) (d)

FIG. 2. (a) Power scan with all qubits far detuned (log scale).
The photon-dressed resonator frequency changes from low to
high powers in transmission height and frequency. (b) Uncal-
ibrated single-flux scan after background removal. Only one
qubit is tuned through the cavity resonance frequency, all the
other qubits are far detuned. The resonator frequency before
background subtraction shows weakening of signal and trans-
formation between peaks and dips [20]. The horizontal black
dashed line indicates the frequency point chosen to do the flux
calibration. (c) Example for uncalibrated two-coil sweeps. The
red lines are the fitted slopes, which give the ratio between two
mutual inductances. (d) Repeated measurement after calibration.
The absence of a tilt indicates good isolation between the pair of
flux lines.

on-chip coupling, parasitic coupling in the dc wiring or
within the dc current sources. For multiqubit circuits with
flux-tunable components, careful calibration of the linear
crosstalk is part of the experiment [23,24]. This ensures
true single-qubit control with dc current compensation
routines on all the flux-control lines.

Using one global readout, the calibration is fast, repro-
ducible and—to some extent—scalable. Single-tone mea-
surement of the resonator without exact qubit identifi-
cation is sufficient to build the 8 × 8 mutual inductance
matrix between flux-control lines and qubits. The change
of magnetic flux �� through each qubit is calculated by

⎛
⎜⎝

��1
...

��8

⎞
⎟⎠ =

⎛
⎜⎝

M1a M1b · · · M1h
...

...
. . .

...
M8a M8b · · · M8h

⎞
⎟⎠

⎛
⎜⎝

�Ia
...

�Ih

⎞
⎟⎠ , (2)

where 1, . . . , 8 label the qubits, and a, . . . , h indicate the
flux bias. For instance, ��1 is the flux variation through

the first qubit, �Ib is the change of the dc current run-
ning through the second bias line, and M1h is the mutual
inductance between the first qubit and the eighth flux-bias
line. Changing the current in one flux line does not only
tune the frequency of its adjacent qubit, but also may bias
other qubits. For calibration, a frequency close to the anti-
crossing [see black dashed line in Fig. 2(b)] is chosen.
By observing the change in transmission while sweeping
two bias currents, the mutual inductance matrix element
is obtained. This value is used for the compensation cur-
rents to counteract the induced bias fluxes to effectively
keep all other qubits at their frequencies. The corrected
current after calibration I cor

i is employed, rather than the
absolute value of current Ii. Almost no tilt indicates a good
flux calibration, as seen in Fig. 2(d). For more details see
the Appendix.

IV. INDIVIDUAL QUBIT SPECTROSCOPY

Before probing the full Tavis-Cummings model, we
determine the coupling strengths gi of each qubit from the
minimal level splitting, while parking all other qubits at
their maximum frequencies. This level splitting is effec-
tively described by eigenenergies E±/� = (ωi + ωr)/2 ±√

�2 + 4g2
i /2, with qubit frequency ωi and � = ωi − ωr.

At degeneracy (� = 0), the frequency difference ER/� is
given by the vacuum Rabi splitting (E+ − E−) /� = 2gi,
i.e., the minimum distance between the major splittings
(black dashed lines) as shown in Fig. 3(a). The mea-
sured coupling strengths gi, see Table I, indicate a good
agreement between the designed and observed values.

The major splitting on resonance between one qubit and
one resonator is described well by the Jaynes-Cummings

(a) (b) (c)

FIG. 3. Comparison between measurement and simulation of
one transmon tuned through the cavity frequency. The plotted
transmission amplitude is in log scale. (a) Measured data of the
anticrossing. The black lines correspond to excitations from the
ground state and cause the vacuum Rabi splitting. The other
colored lines correspond to higher-level transitions and are iden-
tified in (c). (b) Master-equation simulation by QuTiP [25] for a
three-level artificial atom interacting with a resonator, which has
an average thermal photon population of 0.1 photons. (c) Energy
diagram of the first two excitation manifolds (schematic, not to
scale) of the dressed system.
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TABLE I. Coupling strengths gi and maximal energy-level splittings ωmax
i of each transmon qubit. Qubits 1–6 are used in the

experiments probing the Tavis-Cummings level splitting. T1 times are estimated to vary between 50–80 ns and dephasing is limited by
qubit decay, T2 ≈ T1/2 [20]. The resonator coupling to transmission line is estimated to γ ≈ 2π × 0.7 MHz.

Designed Qubit 1 Qubit 2 Qubit 3 Qubit 4 Qubit 5 Qubit 6 Qubit 7 Qubit 8

ωmax/2π (GHz) 9.11 7.90 ± 0.05 7.54 ± 0.05 7.70 ± 0.04 11.30 ± 0.1 10.10 ± 0.1 9.70 ± 0.08 10.24 ± 0.08 12.22 ± 0.08
g/2π (MHz) 113.0 114.8 ± 0.2 114.3 ± 0.4 113.4 ± 0.6 124 ± 4 107 ± 1 110 ± 1 114.4 ± 0.6 109 ± 4

model. For detailed understanding of all features away
from the Rabi splitting, the transmon has to be consid-
ered as a multilevel anharmonic oscillator, with |g〉, |e〉, |f 〉
denoting the first three uncoupled eigenstates respectively,
and a Hamiltonian:

Ĥ3L/� = ωrâ†â +
∑
j =

g,e,f

ωj |j 〉〈j | + (
â† + â

) ∑
i,j =
g,e,f

gij |i〉〈j |,

(3)

in the base of {|g, 0〉, |e, 0〉, |f , 0〉, |g, 1〉, . . . , |f , n〉},
and eigenenergies ωg , ωe, and ωf . Only single-photon
transitions between adjacent levels of the first three lev-
els of transmon are taken into consideration, since two-
photon transitions require much higher drive powers [26].
The analysis based on the (two-level) Jaynes-Cummings
model, considered before, included transitions indicated by
the two black arrows in Fig. 3(c). Including the third trans-
mon state, additional transitions appear between the higher
manifolds. All these six transitions are visualized in Fig.
3(c) and plotted together with the measured anticrossing
in Fig. 3(a), next to the numerical master-equation sim-
ulation using QuTiP [25] shown in Fig. 3(b). We obtain a
good agreement between the measured data and the model.
This demonstrates detailed understanding of resonances
appearing in our spectroscopy, and confirms that the addi-
tional features do not correspond to two-photon transitions
(requring higher drive powers), but to single-photon tran-
sitions starting from the first, thermally excited, manifold.
In combination with the low anharmonicity they can also
cause additional vacuum Rabi splittings.

V. MULTIQUBIT SPECTROSCOPY AND
√

N
SCALING OF THE COUPLING

By bringing the transmons one by one on resonance with
the cavity, we demonstrate the local control of multiple
qubits and are able to measure the collective coupling. The
theoretical vacuum Rabi splitting generalizes to ERN /� =√

�2 + 4Ng2, assuming identical couplings gi = g. When
the N qubits are exactly on resonance (i.e., � = 0), the
splitting is 2g

√
N [5]. Already for one qubit being slightly

detuned, the measured splitting increases. Furthermore,
considering gi being different for each qubit (even though
relatively small), the Rabi splitting is given by ERN /� =
2
√∑

i g2
i at resonance.

Figure 4 shows the transmission spectra revealing the
collective vacuum Rabi splitting. As a prerequisite, one
qubit has been tuned into resonance, leading to an avoided
level crossing as in Fig. 3(a). In Fig. 4(a), this qubit
is kept on resonance, while the second qubit is tuned
in. N = 2 qubits (and one resonator mode) have N +
1 = 3 single-excitation eigenstates. One of the states is
dark (no photons in the resonator), the excitation being
shared only between the qubits. Similarly, we bring more
qubits on resonance in Fig. 4(b)–(d). On resonance a
bright doublet appears, corresponding to collective qubit-
photon superposition states, |N±〉 = 1/

√
2|g, . . . , g, 1〉 ±

1/
√

2N (|e, . . . , g, 0〉 + · · · + |g, . . . , e, 0〉). These eigen-
frequencies are separated by the collective coupling
2g

√
N . The other N − 1 single-photon excitation eigen-

states are dark.
The measured bright doublets are fitted [white dashes

in Fig. 4(a)–(d)] to extract the collective coupling strength
and corresponding error. For detailed information on the
fitting procedure see the Appendix. A comparison to theo-
retical values indicated by measured individual couplings

(a) (b)

(c) (d)

FIG. 4. Multiple qubits on resonance with the cavity. Trans-
mission amplitude in the log scale for two (a) to five (d) qubits
interacting resonantly with the cavity. The white dashed lines
are fitting curves used to extract the collective coupling, see
the Appendix. The red dashed lines indicate the splittings, with
the red triangle marking their centers (namely the resonator fre-
quency). The black dashed lines show the resonator frequency
when tuning only qubit 1 in resonance.
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is shown in Fig. 4(e). All eight qubits are fully functional
and tunable, although we manage to bring a maximum
of six qubits on, or close, to resonance. For up to five
qubits a good agreement to the prediction of the Tavis-
Cummings model is obtained. A drift of the ensemble
frequency, �f , appears due to effective dispersive shifts∑8

i=N+1 g2
i /�i from off-resonance qubits. The induced

drift relative to the measured splitting is however minor
as |�f /2g

√
N | � 1. The effective splitting and resonator

drift �f are close to the theoretical expectations, as shown
in Fig. 4(e). The tuning precision is mainly limited by the
steep flux dependence at the resonator frequency, in par-
ticular for high-frequency qubits. For instance, a change
of flux �� = 0.45%�0 (corresponding to 100.4 μA in
bias current) on qubit 5 results in a shift of 130 MHz in
qubit frequency. The large flux susceptibility renders them
sensitive to fluctuations in either the bias current (from
the current source or picked up in the wire chain towards
the qubits) or the magnetic background field. The qubit’s
larger linewidth reduces their signal strength, and therefore
limits the tuning precision.

A central limiting factor in our experiment is the sig-
nal strength measured on-resonance in both traces, |S21| ∝
pN γN /(κN + γN ). We define it here by coupling to the
transmission line γ , the linewidth broadening κ , and the
probability for being in the ground excitation manifold p
(i.e., not being thermally excited out of the probed mani-
fold). These values depend on the bias points, here labeled
simply by the amount of qubits brought on resonance N .
The off-resonance coupling is γ0 ≈ 2π × 0.7 MHz and for
N > 0 it halves to γN>0 = γ0/2 (due to the qubit-cavity
hybridization, as a shared photon is only with 50 percent
probability in the cavity). The extracted signal strength
and other parameters are plotted in Fig. 5(b). The values
are determined for both the lower and the higher trans-
mission peak at a resonance, whose difference defines the
variance.

We observe that the signal strength drops strongly at
N = 1. Here the degrading effect of elevated temperature
and fast qubit decay becomes relevant. This is because
for N > 0, excitation manifolds appear where the split-
ting cannot be observed. The system can escape in these
manifolds using thermal fluctuations. Consequently, the
probability p drops below 1, see Fig. 5(b). We estimate
that the temperature at different bias points varies between
130 and 175 mK [20], and is maximal for N = 1. Fur-
thermore, the broadening κ increases at N = 1, since an
on-resonance qubit shares photons with the cavity, and
thereby can also dissipate them (here with a decay rate
much higher than γ ). This effect is not additive for N > 1,
since at collective resonance it is the average decay rate
of all the qubits brought on resonance, which defines the
dissipation rate. As a result, the signal strength decays
more slowly for N > 1 than between N = 0 and N = 1.
However, when increasing N > 1, another effect comes

(a)

(b)

FIG. 5. Multiple qubits on resonance with the cavity. (a) Com-
parison between theoretical (average measured individual cou-
pling gavg = ∑

i gi/N ) and experimental vacuum Rabi splittings
for N qubits. Up to N = 5 calibration for all qubits is applied,
the N = 6 data (gray area) is from uncalibrated measurement
(red points). Using the same reference, the rhombuses show the
measured and expected shift of center frequencies �f . The pure
resonator frequency is calibrated to 0 MHz. (b) Linewidth broad-
ening κ , probability p that the system is in the ground excitation
manifold, and the signal strength |S21| as a function of the total
number of on-resonance qubits N .

into play, that instead tends to reduce the broadening κ:
the number of qubits that cause broadening of the effec-
tive cavity frequency through off-resonance hopping (by
inducing fluctuations to the dispersive shift of the cavity
[20]) reduces. However, the signal peak becomes narrower
and more difficult to detect from the overall noise. This
behavior of the signal can also be reproduced by master-
equation simulations for a cavity coupled to eight qubits
[20].

The actual limit of maximal observable ensemble size
depends on the qubit parameters, chosen bias points and
probing tone strength. Using the calibration scheme, the
signal vanishes for six qubits simultaneously on resonance,
and in another cooldown using no calibration and differ-
ent probing power, the signal disappears for seven qubits.
Thermal leakage out of the Tavis-Cummings subspace,
decay of superconducting qubits, and variations between
cooldowns need to be suppressed for coherent control of
larger N .
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VI. CONCLUSIONS

We demonstrate the enhancement of the collective cou-
pling between a harmonic oscillator and locally tunable
two-level systems. The set of up to six collectively cou-
pled qubits is one of the largest ensemble and the one
with largest collective coupling demonstrating the Tavis-
Cummings splitting in circuit QED. After the submission
we became aware of a related work showing up to N = 10,
but approximately 5 times less ensemble coupling strength
[27] than our work. The system was realized by a super-
conducting coplanar resonator coupled to eight frequency-
controllable transmons. Our experiment shows that this
moderately scaled circuit can be well controlled even in
the presence of parasitic effects like background transmis-
sion, dissipation, flux-control crosstalk, low anharmonicity
and elevated sample temperatures, all of which are likely
subtle features of near-term physical quantum simula-
tors. A method is presented to calibrate for the crosstalk
between the qubits and non-neighbouring flux coils using a
single, shared readout resonator, allowing for precise indi-
vidual qubit control. The spectroscopic measurement on
the collective interaction confirmed that in this system the
collective coupling strength scales with

√
N .

Increasing the collective coupling opens up the path
for further research [18] such as ultrastrong coupling
between two modes, ground-state squeezing, and superra-
diant emission.
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APPENDIX A: WIRING

The chip is mounted in an aluminium sample box, and
wire bonded to input and output microwave lines. The
constant (dc) currents for flux-bias control of the qubits
are provided via bonds to a printed circuit board. The
sample is located inside a cryoperm magnetic shield and
cooled down by a dilution refrigerator to around 20 mK. A
microwave generator is employed when multiphoton tran-
sitions are probed dispersively. The signal coming out from
the sample goes through two circulators and is amplified by
a HEMT at 4.2 K, and further at room temperature, before
being measured by the VNA. Every qubit has an individual
local flux-bias control unit, which consists of a dc current

source and high-frequency filters at room temperature, and
factor 10 current dividers at the 4.2 K plate to reduce the
overall noise to the quantum chip.

APPENDIX B: SAMPLE FABRICATION

The sample is patterned in a single step by electron-
beam lithography, followed by double angle aluminium
deposition (total 80 nm) on the intrinsic silicon substrate.
The size of the Josephson junction is 100 × 100 nm2 with
a critical current of 40.6 nA. The oxide barrier is formed
by a partial oxygen pressure of 0.0177 mbar for 25 min
for dynamic oxidation. A picture of the sample is shown in
Fig. 1(a).

APPENDIX C: CALIBRATION

For an arbitrary selection of two flux lines, the signal
traces as shown in Fig. 1(b) are not always orthogonal to
each other due to finite crosstalk. The slopes of the traces
correspond to the mutual inductance matrix elements nor-
malized to the self inductance of the corresponding flux
lines and qubits. Mxy is the mutual inductance between the
x qubit and the y flux-bias line. This is a consequence from
Eq. (2) in the main text. We extract the slopes from linear
fits to the data traces. To obtain the full mutual inductance
matrix we repeat this measurement scheme 28 times for all
combinations of flux lines.

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
M1b

M1a

M1c

M1a

M1d

M1a

M1e

M1a

M1f

M1a

M1g

M1a

M1h

M1a
M2a

M2b
1

M2c

M2b

M2d

M2b

M2e

M2b

M2f

M2b

M2g

M2b

M2h

M2b
M3a

M3c

M3b

M3c
1

M3d

M3c

M3e

M3c

M3f

M3c

M3g

M3c

M3h

M3c
M4a

M4d

M4b

M4d

M4c

M4d
1

M4e

M4d

M4f

M4d

M4g

M4d

M4h

M4d
M5a

M5e

M5b

M5e

M5c

M5e

M5d

M5e
1

M5f

M5e

M5g

M5e

M5h

M5e
M6a

M6f

M6b

M6f

M6c

M6f

M6d

M6f

M6e

M6f
1

M6g

M6f

M6h

M6f
M7a

M7g

M7b

M7g

M7c

M7g

M7d

M7g

M7e

M7g

M7f

M7g
1

M7h

M7g
M8a

M8h

M8b

M8h

M8c

M8h

M8d

M8h

M8e

M8h

M8f

M8h

M8g

M8h
1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(C1)

The compensation scheme of the crosstalk is based on
counter currents, which are applied to all other qubit coils,
while only one qubit is effectively tuned. The counter cur-
rents cancel out the flux in the nontuned qubits, which
therefore stay at a fixed frequency. To obtain the necessary
compensation currents a seven-variable linear equation set
has to be solved. For example, to tune qubit 1, this function
set needs to be solved:
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, (C2)

where �Ib, �Ic, · · · , �Ig , �Ih are the seven variables. To
solve the equation set the relation between these variables
and �Ia has to be computed to apply the compensation cur-
rents for Ia. In other words, with matrix (C1), we are able to
calibrate out the crosstalk between all the coils. The varia-
tion in current �I is used, rather than the absolute value of
current I . Figure 2(d) shows the result after calibration of
(c). Almost no tilt indicates there is no residual crosstalk
between these two flux bias lines.

APPENDIX D: SUBTRACTION OF BACKGROUND
FROM TRANSMISSION DATA

Boundary conditions between the cavity and transmis-
sion lines in the presence of a background transmission are
[20]

âout(t) = √
κcâ(t) − 1

1 + 2iε
âin(t) − 2iε

1 + 2iε
b̂in(t), (D1)

fre
qu

en
cy

 (G
Hz

)

(a) (b)

FIG. 6. Single-flux scan. (a) Original data without background
substraction. The two insets show the shape of the resonator
when the flux is 1 and 6 mA. (b) The data after background sub-
straction [i.e., Fig. 2(b)]. The two insets show the shape of the
resonator when the flux is 1 and 6 mA.

b̂out(t) = √
κcâ(t) − 1

1 + 2iε
b̂in(t) − 2iε

1 + 2iε
âin(t). (D2)

Here operators âin/out describe propagating modes on one
side of the two-sided cavity and b̂in/out on the other side.
The cavity mode is described by the operator â and the
background coupling by parameter ε. We consider here a
weak background coupling, i.e., |ε| � 1. Assuming that
we measure the output 〈b̂out(t)〉, and there is no input from
side b, and we know ε, then the cavity field can be deduced
from Eq. (D2),

√
κc〈â(t)〉 = 〈b̂out(t)〉 + 2iε

1 + 2iε
〈âin(t)〉. (D3)

Here κc is the effective coupling between the dressed res-
onator and the transmission line. Since the cavity equation
of motion depends only weakly on ε [20], it follows that
this solution is (up to a constant front factor) also the solu-
tion for an output without the presence of a background.
The data before and after background removal is shown in
Fig. 6. For the original data before background removal,
a transformation between Fano-shaped peaks and dips is
observed. Figure 6(b) [i.e., Fig. 2(b)] shows the result after
background extraction, in which Fano resonances do not
appear.

APPENDIX E: MULTIPHOTON TRANSITIONS

The multiphoton transition [26] of qubit 7 of the eight-
qubit chip in the power spectrum is shown in Fig. 7. All
of the qubits are tuned to their maximum frequencies. The
VNA is set to the single-photon power and observes the
dispersive shift of the resonator while driving qubit 7 sep-
arately by a microwave generator. With low driving power,
only the fundamental transition is visible. The multiphoton
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(a) (b)

FIG. 7. Multiphoton transition experiment. (a) Measured qubit
frequencies of qubit 7 with increased drive power. At low power,
only the fundamental single-photon transition from ground state
to first excited state is visible. While increasing power, multipho-
ton transition are observable, and the higher the power, the more
transitions show up. The transmitted amplitude is in log scale. (b)
Illustration for the multiphoton transition among the eigenenergy
levels of the qubit.

transitions from ground state to higher levels are visi-
ble while increasing the power. We determine ω1,0

max/2π =
10.24 ± 0.08 GHz and an anharmonicity 410 ± 7 MHz
(the calculated Ec/2π� = 462 MHz). For transmon qubit,
Ec/h = e2/2hCtotal, and is approximately the anharmonic-
ity [19]. EJmax/h = 34.6 ± 0.5 GHz is obtained by the
maximum frequency of the qubit.

APPENDIX F: EXTENDED JAYNES-CUMMINGS
MODEL

In order to explain all features visible in our mea-
surements with one qubit on resonance, we extend the
Jaynes-Cummings model to the case where an anharmonic
three-level atom is interacting with a bosonic resonator
mode. Hamiltonian H3L in Eq. (3) in the main text has a
block diagonal form, and each block is associated with a
fixed conserved number of total excitations in the system
consisting of the resonator and one qubit. When the total
excitation is 0, H 0

3L = 0, with basis vector |g, 0〉. When the
total excitation is 1,

Ĥ 1
3L =

(
ωr gge
gge ωe

)
, (F1)

with basis vectors {|g, 1〉, |e, 0〉}. And when the total exci-
tation is 2,

Ĥ 2
3L =

⎛
⎝

2ωr
√

2gge 0√
2gge ωr + ωe gef
0 gef ωf

⎞
⎠ , (F2)

with basis vectors {|g, 2〉, |e, 1〉, |f , 0〉}. Diagonalization of
the Hamiltonians in Eqs. (F1) and (F2) yields the eigenen-
ergies of the first two excitation manifolds of the system
that is indicated in Fig. 3(c).

APPENDIX G: FITTING THE SPLITTING

Consider a single two-level qubit couples to a resonator,
the Hamiltonian is the same as Eq. (F1). The eigenvalues
of this Hamiltonian are

E±
�

= ωr + ωe

2
± 1

2

√
4g2

ge + (ωr − ωe)2. (G1)

In the vicinity of the strong coupling to the resonator range,
the relation between qubit energy and the applied flux-bias
current is simplified to a linear function ωe(I) = 2π(aI +
b). By substitution into Eq. (G1), one gets the fitting
function for a single qubit interacting with the resonator.

f±(I) = fr + aI + b
2

± 1
2

√
4

(gge

2π

)2
+ (fr − aI − b)2.

(G2)

For the multiple qubit case, treating them as an ensemble
(ens), the effective total coupling strength is enhanced. In
order to obtain the value, the multiple-qubit anticrossing is
fitted with the following formula:

f (I)ens+ = fr + aI + b
2

+ 1
2

√
4

(gge

2π

)2
+ (fr − aI − b)2,

f (I)ens− = fr + a(I + Ishift) + b
2

− fshift

− 1
2

√
4

(gge

2π

)2
+ [fr − a(I + Ishift) − b]2.

(G3)

Equation (G3) has the same form as Eq. (G2) but the lower
branch of the anticrossing has two more degrees of free-
dom (Ishift, fshift), which shift its position compared to the
single-qubit anticrossing. The effective coupling strength
is extracted by the minimum distance between these two
branches (i.e., the ensemble and the resonator are exactly
on resonance).

gens(I)
2π

= f [(fr − b)/a − Ishift/2]ens+ − f [(fr − b)/a − Ishift/2]ens−
2

. (G4)
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The result of fitting the data to Eq. (G4) is plotted by red
dots in Fig. 4(a).

APPENDIX H: ANALYSIS OF SIGNAL STRENGTH

Assuming that the system is with a probability p in a
state, which allows for observing the studied transition,
and that there is an internal broadening of the dressed
system γeff, the average transmission around the corre-
sponding resonance frequency ω0 has the form [20]

s12(ω) = 2ε

i − 2ε
+ p

κc

κc + γeff + i(ω0 − ω)
. (H1)

Here κc is the effective coupling between the dressed res-
onator and the transmission line. Since we can measure
ε from the off-resonance transmission, this formula can
be used to extract parameters p and γeff from the exper-
imental data. We also plot the effective signal strength
p[κc/(κc + γeff) in Fig. 4(e)].

[1] Alexandre Blais, Ren-Shou Huang, Andreas Wallraff,
Steven M. Girvin, and Robert J. Schoelkopf, Cavity quan-
tum electrodynamics for superconducting electrical cir-
cuits: An architecture for quantum computation, Phys. Rev.
A 69, 062320 (2004).

[2] Edwin T. Jaynes and Frederick W. Cummings, Compari-
son of quantum and semiclassical radiation theories with
application to the beam maser, Proc. IEEE 51, 89 (1963).

[3] Michael Tavis and Frederick W. Cummings, Exact solution
for an N-molecule radiation-field Hamiltonian, Phys. Rev.
170, 379 (1968).

[4] F. Bernardot, P. Nussenzveig, M. Brune, J. M. Raimond,
and S. Haroche, Vacuum Rabi splitting observed on a
microscopic atomic sample in a microwave cavity, EPL
(Europhys. Lett.) 17, 33 (1992).

[5] J. M. Fink, R. Bianchetti, M. Baur, M. Göppl, L. Steffen, S.
Filipp, P. J. Leek, A. Blais, and A. Wallraff, Dressed Collec-
tive Qubit States and the Tavis-Cummings Model in Circuit
QED, Phys. Rev. Lett. 103, 083601 (2009).

[6] Pascal Macha, Gregor Oelsner, Jan-Michael Reiner,
Michael Marthaler, Stephan André, Gerd Schön, Uwe Hüb-
ner, Hans-Georg Meyer, Evgeni Ilichev, and Alexey A. V.
Ustinov, Implementation of a quantum metamaterial using
superconducting qubits, Nat. Commun. 5, 5146 (2014).

[7] Kirill V. Shulga, Ping Yang, G. P. Fedorov, Mikhail V. Fis-
tul, Martin Weides, and Alexey V. Ustinov, Observation of
a collective mode of an array of transmon qubits, JETP Lett.
105, 47 (2017).

[8] S. Filipp, M. Göppl, 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).

[9] J. Majer, J. M. Chow, J. M. Gambetta, Jens Koch, B. R.
Johnson, J. A. Schreier, L. Frunzio, D. I. Schuster, A. A.
Houck, A. Wallraff, A. Blais, M. H. Devoret, S. M. Girvin,

and R. J. Schoelkopf, Coupling superconducting qubits via
a cavity bus, Nature 449, 443 (2007).

[10] Mika A. Sillanpää, Jae I. Park, and Raymond W. Sim-
monds, Coherent quantum state storage and transfer
between two phase qubits via a resonant cavity, Nature 449,
438 (2007).

[11] Matteo Mariantoni, H. Wang, T. Yamamoto, M. Nee-
ley, Radoslaw C. Bialczak, Y. Chen, M. Lenander, Erik
Lucero, A. D. O’Connell, D. Sank, M. Weides, J. Wen-
ner, Y. Yin, J. Zhao, A. N. Korotkov, A. N. Cleland, and
John M. Martinis, Implementing the quantum von neumann
architecture with superconducting circuits, Science 334, 61
(2011).

[12] A. Retzker, E. Solano, and B. Reznik, Tavis-Cummings
model and collective multiqubit entanglement in trapped
ions, Phys. Rev. A 75, 022312 (2007).

[13] 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 (2011).

[14] Richard P. Feynman, Simulating physics with computers,
Int. J. Theor. Phys. 21, 467 (1982).

[15] I. M. Georgescu, S. Ashhab, and F. Nori, Quantum simula-
tion, Rev. Mod. Phys. 86, 153 (2014).

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

[17] Jochen Braumüller, Michael Marthaler, Andre Schneider,
Alexander Stehli, Hannes Rotzinger, Martin Weides, and
Alexey V. Ustinov, Analog quantum simulation of the Rabi
model in the ultra-strong coupling regime, Nat. Commun.
8, 779 (2017).

[18] Anton Frisk Kockum, Adam Miranowicz, Simone De Lib-
erato, Salvatore Savasta, and Franco Nori, Ultrastrong
coupling between light and matter, Nat. Rev. Phys. 1, 19
(2019).

[19] Jens Koch, M. Yu Terri, Jay Gambetta, Andrew A. Houck,
D. I. Schuster, J. Majer, Alexandre Blais, Michel H.
Devoret, Steven M. Girvin, and Robert J. Schoelkopf,
Charge-insensitive qubit design derived from the Cooper
pair box, Phys. Rev. A 76, 042319 (2007).

[20] Juha Leppäkangas, Jan David Brehm, Ping Yang, Lingzhen
Guo, Michael Marthaler, Alexey V. Ustinov, and Martin
Weides, Resonance inversion in a superconducting cavity
coupled to artificial atoms and a microwave background,
Phys. Rev. A 99, 063804 (2019).

[21] M. D. Reed, L. DiCarlo, B. R. Johnson, L. Sun, D. I. Schus-
ter, L. Frunzio, and R. J. Schoelkopf, High-Fidelity Readout
in Circuit Quantum Electrodynamics Using the Jaynes-
Cummings Nonlinearity, Phys. Rev. Lett. 105, 173601
(2010).

[22] Lev S. Bishop, Eran Ginossar, and S. M. Girvin, Response
of the Strongly Driven Jaynes-Cummings Oscillator, Phys.
Rev. Lett. 105, 100505 (2010).

[23] R. Harris et al., Experimental investigation of an eight-
qubit unit cell in a superconducting optimization processor,
Phys. Rev. B 82, 024511 (2010).

[24] Steven J. Weber, Gabriel O. Samach, David Hover, Simon
Gustavsson, David K. Kim, Alexander Melville, Danna
Rosenberg, Adam P. Sears, Fei Yan, Jonilyn L. Yoder,
William D. Oliver, and Andrew J. Kerman, Coherent Cou-
pled Qubits for Quantum Annealing, Phys. Rev. Appl. 8,
014004 (2017).

024025-9

https://doi.org/10.1103/PhysRevA.69.062320
https://doi.org/10.1109/PROC.1963.1664
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1209/0295-5075/17/1/007
https://doi.org/10.1103/PhysRevLett.103.083601
https://doi.org/10.1038/ncomms6146
https://doi.org/10.1134/S0021364017010143
https://doi.org/10.1103/PhysRevA.83.063827
https://doi.org/10.1038/nature06184
https://doi.org/10.1038/nature06124
https://doi.org/10.1126/science.1208517
https://doi.org/10.1103/PhysRevA.75.022312
https://doi.org/10.1103/PhysRevA.84.061805
https://doi.org/10.1007/BF02650179
https://doi.org/10.1103/RevModPhys.86.153
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1038/s41467-017-00894-w
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1103/PhysRevA.99.063804
https://doi.org/10.1103/PhysRevLett.105.173601
https://doi.org/10.1103/PhysRevLett.105.100505
https://doi.org/10.1103/PhysRevB.82.024511
https://doi.org/10.1103/PhysRevApplied.8.014004


PING YANG et al. PHYS. REV. APPLIED 14, 024025 (2020)

[25] J. R. Johansson, P. D. Nation, and F. Nori, Qutip: An
open-source python framework for the dynamics of open
quantum systems, Comput. Phys. Commun. 183, 1760
(2012).

[26] Jochen Braumüller, Joel Cramer, Steffen Schlör, Hannes
Rotzinger, Lucas Radtke, Alexander Lukashenko, Ping
Yang, Sebastian T Skacel, Sebastian Probst, Michael
Marthaler, et al., Multiphoton dressing of an anharmonic

superconducting many-level quantum circuit, Phys. Rev. B
91, 054523 (2015).

[27] Zhen Wang, Hekang Li, Wei Feng, Xiaohui Song, Chao
Song, Wuxin Liu, Qiujiang Guo, Xu Zhang, Hang Dong,
Dongninq Zheng, H. Wang, and Da-Wei Wang, Con-
trollable Switching between Superradiant and Subradiant
States in a 10-Qubit Superconducting Circuit, Phys. Rev.
Lett. 124, 013601 (2020).

024025-10

https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1103/PhysRevB.91.054523
https://doi.org/10.1103/PhysRevLett.124.013601

	I. INTRODUCTION
	II. MULTIQUBIT CHIP AND SETUP
	III. TAKING LOCAL CONTROL
	IV. INDIVIDUAL QUBIT SPECTROSCOPY
	V. MULTIQUBIT SPECTROSCOPY AND N SCALING OF THE COUPLING
	VI. CONCLUSIONS
	ACKNOWLEDGMENT
	A. APPENDIX A: WIRING
	B. APPENDIX B: SAMPLE FABRICATION
	C. APPENDIX C: CALIBRATION
	D. APPENDIX D: SUBTRACTION OF BACKGROUND FROM TRANSMISSION DATA
	E. APPENDIX E: MULTIPHOTON TRANSITIONS
	F. APPENDIX F: EXTENDED JAYNES-CUMMINGS MODEL
	G. APPENDIX G: FITTING THE SPLITTING
	H. APPENDIX H: ANALYSIS OF SIGNAL STRENGTH
	. 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


