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Very-high-quality-factor superconducting radio-frequency cavities developed for accelerators can
enable fundamental physics searches with orders of magnitude higher sensitivity, and they can also offer
a path to a 1000-fold increase in the achievable coherence times for cavity-stored quantum states in three-
dimensional circuit QED architecture. Here we report measurements of multiple accelerator cavities of
resonant frequencies of fo = 1.3, 2.6, 5 GHz down to temperatures of about 10 mK and field levels down
to a few photons, which reveal very long photon lifetimes up to 2 s, while also further exposing the role
of the two-level systems (TLS) in niobium oxide. We also demonstrate how the TLS contribution can be
greatly suppressed by vacuum heat treatments at 340450 °C.
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I. INTRODUCTION

Superconducting radio-frequency (SRF) cavities in par-
ticle accelerators routinely achieve [1,2] very high quality
factors Q > 10'°—10!" corresponding to photon lifetimes T
as long as tens of seconds. These are much higher than the
highest O ~ 108 reported in various quantum regime stud-
ies [3,4] with t ~ 1 ms. Thus, adopting SRF cavities for a
three-dimensional (3D) circuit QED architecture for quan-
tum computing or memory appears to be a very promising
approach due to the potential of a 1000-fold increase in
the photon lifetime and therefore cavity-stored quantum
state coherence times. There is also a variety of proposed
fundamental physics experiments, i.e., dark photon and
axion searches [5—7], for which the availability of higher QO
cavities in the lower-photon-count regime would directly
translate into multiple orders of magnitude increases in
search sensitivities.

Recent investigations [8] have revealed that the two-
level systems (TLS) residing inside niobium oxide may
play a significant role in the low-field performance of
SRF cavities, similar to two-dimensional (2D) resonators
[9,10]. To gain further understanding of the physics
involved, and to guide future Q improvement directions,
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a direct probing of SRF cavities in the quantum regime is
required.

In this article, we report measurements of a selection of
state-of-the-art SRF cavities down to very low tempera-
tures (7 < 20 mK) and very low fields of a few photons
(the “quantum” regime). We achieve very long photon life-
times of more than 2 s, and observe a O decrease when
going from previously explored temperatures of 1.3 K or
above down to below 20 mK. This is also a direct study
of the TLS in 3D Nb resonators in the quantum regime,
as well as a demonstration of the drastic TLS-induced dis-
sipation decrease associated with the oxide removal. Our
results demonstrate that SRF cavities can serve as a very
long coherence platform for, e.g., 3D circuit QED and
quantum memory [4,11] applications, as well as for vari-
ous fundamental physics experiments, such as dark photon
or axion searches [5—7].

II. EXPERIMENTAL APPROACH

We use single-cell niobium cavities of the TESLA shape
[12] with resonant frequencies fy of the TMy;o modes of
1.3, 2.6, and 5.0 GHz, made of fine-grain bulk niobium
with high residual resistivity ratio of = 200.

The cavities utilized are shown in Fig. 1 along with the
calculated electric and magnetic field distributions. The
fundamental frequency sets the radial dimension R of the
cavities: R o< 1/fp. Electromagnetic coupling to the cavi-
ties is performed using axial pin couplers at both ends of
the beam tubes.

We also apply targeted heat treatments in a custom-
designed furnace [13] to remove the niobium pentoxide
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FIG. 1.

(a) Single-cell cavities of the TESLA geometry used for the measurements. (b) Distributions of the magnetic and electric

fields in the TMO010 mode (half of the rotationally symmetric cavity is shown); the coupling to the mode is performed using pin
couplers on the cavity axis on both sides. (c) The typical microwave setup used for measurements (the attenuators and the amplifiers
are different in some cases for different frequencies and cooldown cycles).

(Nb;Os) and to directly investigate the associated improve-
ment in the TLS dissipation on both the 1.3-GHz and
5-GHz cavities. The 1.3-GHz cavity is heat treated at
340°C in vacuum for several hours, whereas the 5-GHz
cavity is treated similarly at 450°C as the last step of the
cavity preparation.

Measurements are performed first at the vertical test
facility where the cavities are submerged in liquid helium
and temperatures down to 1.4 K can be achieved, and
then in the dilution refrigerator at temperatures down to
1020 mK.

For cavities in the vertical test dewar we use the standard
SRF measurement techniques [14] at higher accelerating
fields E, and the filtered decay method [8] at lower fields.
The Q(E) results at temperatures down to 1.4 K in a broad
range of higher cavity fields are shown in Fig. 2. It is
notable that the 1.3-GHz cavity after the 340°C heat treat-
ment has an extremely high quality factor O > 4 x 10! in
a broad range of fields, higher than in e.g. [2]. This indi-
cates that the 340°C heat treatment suppresses the residual
resistance at all fields, which may also be related to the
TLS or other potential mechanisms, i.e., to the elimination
of the possible metallic niobium suboxide inclusions inside
the pentoxide layer.

For dilution refrigerator measurements, a double-layer
magnetic shielding around the full cryostat is used, and
magnetometers placed directly on the outside cavity sur-
faces indicate that the dc ambient magnetic field level is
shielded to below 2 mG in all cases. The microwave setup
includes a series of attenuators on the cavity input line,
as well as both cryogenic and room-temperature amplifiers
on the pickup line. For one of the runs with the 5-GHz cav-
ity, the Josephson parametric amplifier (JPA) is used in the

output line as well. The measurement configuration includ-
ing the low-noise cryogenic amplifier (HEMT) makes it
possible to measure reliably the photon lifetimes down to
an average cavity population of 7 ~ 10 photons, while JPA
extends the sensitivity further to single-photon levels. The
cavity placement and a typical microwave schematic of the
setup are shown in Fig. 1(c).

The average photon number is calculated from the cav-
ity stored energy U: n = U/hw, where U= P,Q,/w is

m 13GHz = 1.3 GHz-after 340 °C
10" —————— A 5GHz 5 GHz - after 450 °C |
® 26GHz
pimgingy
10"E  g=m"" Ny ]
| | .y l-....-.
o \
10" AMAMMA AL ANy, .‘ E
AMAMA
109 1 1 1 1 1 1 I I I
0O 5 10 15 20 25 30 35 40
E oo (MV/m)
FIG. 2. Intrinsic cavity quality factors of the investigated 1.3-,

2.6-, and 5-GHz cavities as a function of the accelerating field at
temperatures 1.4 < 7 < 1.5 K.
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extracted from the measured transmitted signal P; at the
pickup coupler with the external quality factor Q.

III. RESULTS

A. Cavity measurements

Typical decay curves for 5-GHz cavities before (blue
and black curves) and after (magenta and dark yellow
curves) 450°C vacuum heat treatment for different start-
ing cavity photon populations are shown in Fig. 3. For
each case, decays from two different starting power lev-
els are shown, corresponding to two different resolution
bandwidths of the spectrum analyzer as well. As the expo-
nential decay fits (red lines) indicate, the time constant
at different stored energy levels and therefore the qual-
ity factor Q remains constant down to the noise floor of
about 10 photons and approximately 2 photons, respec-
tively. We also observe no rf field-amplitude dependence
of the Q factor for all the cavities in the dilution refrigera-
tor setup. This is consistent with our previous studies and
higher-temperature and higher-field measurements in the
current study, which showed that the “critical” TLS satu-
ration field £, for niobium oxide is much higher—of the
order of E. ~ 0.1 MV/m—and therefore TLS are not satu-
rated by the microwave fields from about 77 ~ 10?° all the
way down to n ~ 2.

QO(T) measurements, which represent the main findings
of our paper, are shown in Fig. 4. A characteristic

10"
10"2 f
10"
1010r
10%
108k
107k
le 108
105k
104

5 GHz
T <20 mK

Alt) = et

After heat treatment

Before heat
treatment

7, =0.07s
HEMT only

10°
102 |
10" £
10%f

Time (s)

FIG. 3. Average photon population decay upon switching the
rf power off measured in the 5-GHz cavities before and after
heat treatment at 450°C. Blue and black curves correspond to
the decays from different starting fields and with different filter-
ing bandwidths (100 Hz and 10 Hz, respectively). The red lines
show linear fits for both. The magenta and dark yellow lines show
stored energy decays of the 450°C treated cavity with the much
longer photon lifetime.
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FIG. 4. Intrinsic cavity quality factor Q of the 1.3-, 2.6-, and

5-GHz cavities as a function of temperature. Previously, SRF
cavities have been studied at temperatures above about 1.3 K.
Below about 1 K a significant decrease in Q is observed consis-
tent with the TLS dissipation; the red lines show TLS model fits.
A dramatic increase in Q associated with the oxide-modifying
heat treatment is apparent on the 1.3-GHz and 5-GHz cavities.

1/ tanh[o (hw/2kT)] temperature dependence of the qual-
ity factors Q(T) for all the cavities is clearly observed
with the Q decreasing towards lower temperatures. The
amount of Q degradation is drastically suppressed by the
heat treatments— 340°C for the 1.3-GHz cavity and 450°C
for the 5-GHz cavity, respectively. This is consistent with
the removal of the significant number of TLS, which are
hosted by the pentoxide layer of SRF cavities, as shown in
our previous work [8].

Below about 1 K the contribution to the surface resis-
tance caused by thermally excited quasiparticles becomes
negligible and the O(T) curves appear to be dominated
by dissipation caused by the TLS. The TLS dissipation
increases as the temperature is further lowered due to
decreased thermal saturation and therefore an increased
number of TLS systems participating in the resonant
absorption of the microwave power.

B. TLS model fitting

In the TLS-dominated regime, an excellent fit is
obtained using the “standard” TLS model [9,10] dissi-
pation, with §y as the loss tangent of the TLS at 7= 0
K, an additional coefficient o to account for temperature
measurement efficiency, and a fixed residual (Rs) surface
resistance:

1 hw Ries
Q(_T) :F(S()tal’lh (aﬁ) + G 5 (1)
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TABLE 1. Summary of TLS model fitting results.
Oxide

fo (GHz)  treatment Fdy F 8o
1.3 No 52x 10710 1.0x 1077 0.17
2.6 No 82x 1071 24x10°8 0.13
5 No 9.1x 10710 12x 10?8 0.08
1.3 340°C3h 6.7 x 10711
5 450°C3h 5.6 x 1071

where F' is the calculated filling factor [4,15,16], G =
268 Q is the geometry factor of the 7M1 mode for the
TESLA shape extracted from the finite-element simula-
tions [12].

In Table I the F'§, values from the obtained fit are shown
for all the cavities investigated. A dramatic—about an
order of magnitude—decrease in F§j is associated with
the heat treatments. For cavities before the heat treatments
(with the pentoxide layer) the participation ratios can be
calculated as in Ref. [8] assuming an oxide layer of approx-
imately 5 nm, and the §, values can then be estimated as
well. These are listed in Table I wherever applicable.

While the presence of TLS leads to a decrease of Q from
its values at higher temperatures, even in the worst case
(5 GHz without heat treatment) we obtain a photon life-
time v = 32 ms, which is several times higher than that
previously reported of approximately 10.2 ms [17]. After
heat treatment, the achieved photon lifetimes of 0.5-2 s
correspond to an improvement of approximately 50-200
times.

C. Time-of-flight secondary ion mass spectrometry
surface studies

To reveal the underlying material changes happening
during the vacuum treatment in the temperature range of
interest (340-450°C), we perform direct studies on the
niobium cavity cutout using an in-house time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) system. TOF
SIMS measures the depth profiles of various elements
within the sample with subnanometer depth resolution and
better than parts-per-million concentration resolution, and
has been actively used in recent years to guide the tailor-
ing of SRF cavity near-surface structure [18]. Shown in
Fig. 5, the comparison before and after the 400°C vacuum
treatment (without subsequent air exposure) confirms the
removal of the Nb,Os, likely explaining the reduced TLS
dissipation after 340 — 450°C treatments. Furthermore, we
discover the emergence of a strong near-surface nitrogen
enrichment, which is the likely cause of the “doping”-
like effect we find at higher cavity fields after these heat
treatments [19].
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FIG.5. TOF-SIMS depth profiles obtained on the cavity cutout

revealing the changes in the niobium pentoxide and nitrogen-
related signals after 400°C in situ heat treatment. About a 5-nm-
thick Nb,Os pentoxide layer is completely dissolved after the
400°C treatment. Another apparent change is the increase in the
nitrogen level within approximately 10 nm of the surface.

IV. DISCUSSION

It is intriguing that the cavities after the 340 — 450°C
heat treatments still have some nonzero QO degradation at
temperatures lower than 1 K (Fig. 4). Since SIMS stud-
ies suggest that there is no Nb,Os after these treatments,
an additional source of TLS should be present as well.
Some potential examples could be other types of niobium
oxides (e.g., NbO) and their interfaces with the under-
lying bulk, or, e.g., surface adsorbates. Pinpointing these
remaining sources would be a key goal of future detailed
investigations.

In practise, our findings open up a pathway to explore
coupled SRF cavity-transmon structures as the highest
coherence superconducting quantum circuits for quantum
computing. In particular, implementing the protocol from
Ref. [20] would allow direct generation of very long-lived
Fock states in SRF cavities. One important question is
what is the best way to insert the transmon in the SRF
cavity to provide enough coupling to the cavity mode of
interest while not degrading the ultra-high Q. A possi-
ble solution is the use of a low-loss dielectric rod (such
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as sapphire) to hold the transmon in the relevant field
area of the cavity. Corresponding electromagnetic design
work and the mechanical and microwave measurements to
validate this concept are currently under way.

For new physics searches, using SRF cavities with the
0 factors we demonstrate, allow for a sensitivity increase
of multiple orders of magnitude. A prototype dark-photon
“light-shining-through-the-wall” search experiment of the
type in Ref. [5] but now with much higher O SRF cavities
has been assembled and is currently being commissioned
with results to be reported in future publications.

V. CONCLUSION

In summary, we perform measurements of state-of-the-
art SRF accelerator cavities in the quantum regime and
demonstrate photon lifetimes as high as 7 = 2 s—about
a factor of 200 higher than other results in this regime. We
also reveal a quality factor decrease at lower temperatures,
consistent with the contribution of the TLS hosted by the
niobium oxide, and demonstrate its mitigation by in situ
heat treatments at 340 — 450°C resulting in the removal
of niobium pentoxide, as witnessed by TOF SIMS.

ACKNOWLEDGMENTS

Fermilab is operated by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the United
States Department of Energy. The authors would like to
acknowledge Dmitri Sergatskov, Oleksandr Melnychuk,
and Damon Bice for participation in some of the aspects
of this work, Joe Lykken for his support of this work, as
well as David Pappas, Haozhi Wang, and Mustafa Bal for
providing a JPA used for one of the measurements. This
work was supported by the U.S. Department of Energy,
Office of High Energy Physics.

[1] H. S. Padamsee, Superconducting radio-frequency cavities,
Annu. Rev. Nucl. Part. Sci. 64, 175 (2014).

[2] A. Romanenko, A. Grassellino, A. C. Crawford, D. A.
Sergatskov, and O. Melnychuk, Ultra-high quality fac-
tors in superconducting niobium cavities in ambient mag-
netic fields up to 190 mG, Appl. Phys. Lett. 105, 234103
(2014).

[3] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G.
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frun-
zio, L. I. Glazman, S. M. Girvin, M. H. Devoret, and R.
J. Schoelkopf, Observation of High Coherence in Joseph-
son Junction Qubits Measured in a Three-Dimensional
Circuit QED Architecture, Phys. Rev. Lett. 107, 240501
(2011).

[4] M. Reagor, W. Pfaff, C. Axline, R. W. Heeres, N. Ofek, K.
Sliwa, E. Holland, C. Wang, J. Blumoff, K. Chou, M. J.
Hatridge, L. Frunzio, M. H. Devoret, L. Jiang, and R. J.
Schoelkopf, Quantum memory with millisecond coherence
in circuit QED, Phys. Rev. B 94, 014506 (2016).

[5] S. R. Parker, J. G. Hartnett, R. G. Povey, and M. E. Tobar,
Cryogenic resonant microwave cavity searches for hidden
sector photons, Phys. Rev. D 88, 112004 (2013).

[6] Z. Bogorad, A. Hook, Y. Kahn, and Y. Soreq, Probing
Axionlike Particles and the Axiverse with Superconducting
Radio-Frequency Cavities, Phys. Rev. Lett. 123, 021801
(2019).

[7] R. Janish, V. Narayan, S. Rajendran, and P. Riggins, Axion
production and detection with superconducting rf cavities,
Phys. Rev. D 100, 015036 (2019).

[8] A. Romanenko and D. I. Schuster, Understanding Quality
Factor Degradation in Superconducting Niobium Cavities
at Low Microwave Field Amplitudes, Phys. Rev. Lett. 119,
264801 (2017).

[9] P. W. Anderson, B. Halperin, and C. M. Varma, Anoma-
lous low-temperature thermal properties of glasses and spin
glasses, Philos. Mag. 25, 1 (1972).

[10] J. M. Martinis, K. B. Cooper, R. McDermott, M. Steffen,
M. Ansmann, K. D. Osborn, K. Cicak, S. Oh, D. P. Pappas,
R. W. Simmonds, and C. C. Yu, Decoherence in Josephson
Qubits from Dielectric Loss, Phys. Rev. Lett. 95, 210503
(2005).

[11] E. Xie, F. Deppe, M. Renger, D. Repp, P. Eder, M. Fis-
cher, J. Goetz, S. Pogorzalek, K. G. Fedorov, A. Marx, and
R. Gross, Compact 3D quantum memory, Appl. Phys. Lett.
112, 202601 (2018).

[12] B. Aune et al., Superconducting TESLA cavities, Phys.
Rev. ST Accel. Beams 3, 092001 (2000).

[13] A.Romanenko, S. Posen, and A. Grassellino, Methods and
system for treatment of SRF cavities to minimize tls losses,
US patent pending, Serial No.: 62/742, 328.

[14] O. Melnychuk, A. Grassellino, and A. Romanenko, Error
analysis for intrinsic quality factor measurement in super-
conducting radio frequency resonators, Rev. Sci. Instrum.
85, 124705 (2014).

[15] J. Gao, M. Daal, A. Vayonakis, S. Kumar, J. Zmuidzinas,
B. Sadoulet, B. A. Mazin, P. K. Day, and H. G. Leduc,
Experimental evidence for a surface distribution of two-
level systems in superconducting lithographed microwave
resonators, Appl. Phys. Lett. 92, 152505 (2008).

[16] H. Wang, M. Hotheinz, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A. D. O’Connell, D. Sank, M. Weides,
J. Wenner, A. N. Cleland, and J. M. Martinis, Decoherence
Dynamics of Complex Photon States in a Superconducting
Circuit, Phys. Rev. Lett. 103, 200404 (2009).

[17] M. Reagor, H. Paik, G. Catelani, L. Sun, C. Axline, E. Hol-
land, I. M. Pop, N. A. Masluk, T. Brecht, L. Frunzio, M. H.
Devoret, L. Glazman, and R. J. Schoelkopf, Reaching 10
ms single photon lifetimes for superconducting aluminum
cavities, Appl. Phys. Lett. 102, 192604 (2013).

[18] A.Romanenko, Y. Trenikhina, M. Martinello, D. Bafia, and
A. Grassellino, in Proceedings of the 19th International
Conference on RF Superconductivity, THP014 (Dresden,
Germany, 2019).

[19] S. Posen, A. Romanenko, A. Grassellino, O. Melnychuk,
and D. Sergatskov, Ultralow Surface Resistance via Vac-
uum Heat Treatment of Superconducting Radio-Frequency
Cavities, Phys. Rev. Appl. 13, 014024 (2020).

[20] R. W. Heeres, B. Vlastakis, E. Holland, S. Krastanov, V. V.
Albert, L. Frunzio, L. Jiang, and R. J. Schoelkopf, Cavity
State Manipulation Using Photon-Number Selective Phase
Gates, Phys. Rev. Lett. 115, 137002 (2015).

034032-5


https://doi.org/10.1146/annurev-nucl-102313-025612
https://doi.org/10.1063/1.4903808
https://doi.org/10.1103/PhysRevLett.107.240501
https://doi.org/10.1103/PhysRevB.94.014506
https://doi.org/10.1103/PhysRevD.88.112004
https://doi.org/10.1103/PhysRevLett.123.021801
https://doi.org/10.1103/PhysRevD.100.015036
https://doi.org/10.1103/PhysRevLett.119.264801
https://doi.org/10.1080/14786437208229210
https://doi.org/10.1103/PhysRevLett.95.210503
https://doi.org/10.1063/1.5029514
https://doi.org/10.1103/PhysRevSTAB.3.092001
https://doi.org/10.1063/1.4903868
https://doi.org/10.1063/1.2906373
https://doi.org/10.1103/PhysRevLett.103.200404
https://doi.org/10.1063/1.4807015
https://doi.org/10.1103/PhysRevApplied.13.014024
https://doi.org/10.1103/PhysRevLett.115.137002

	I. INTRODUCTION
	II. EXPERIMENTAL APPROACH
	III. RESULTS
	A. Cavity measurements
	B. TLS model fitting
	C. Time-of-flight secondary ion mass spectrometry surface studies

	IV. DISCUSSION
	V. 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


