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We study the energy relaxation times (T1) of superconducting transmon qubits in 3D cavities as a
function of dielectric participation ratios of material surfaces. This surface participation ratio,
representing the fraction of electric field energy stored in a dissipative surface layer, is computed
by a two-step finite-element simulation and experimentally varied by qubit geometry. With a clean
electromagnetic environment and suppressed non-equilibrium quasiparticle density, we find an
approximately proportional relation between the transmon relaxation rates and surface participation
ratios. These results suggest dielectric dissipation arising from material interfaces is the major
limiting factor for the T1 of transmons in 3D circuit quantum electrodynamics architecture.
Our analysis also supports the notion of spatial discreteness of surface dielectric dissipation.
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934486]
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Circuit quantum electrodynamics (cQED) systems have
emerged as promising platforms for quantum information
processing, powered by dramatic improvement of the coherence times of superconducting qubits over the past decade.1
Such an improvement has been the result of collective efforts
in multiple aspects,2 such as suppression of charge noise and
flux noise,3 better control of the electromagnetic environment,4 elimination of deposited dielectric materials,2 development in surface treatment,5 dilution of surface effects by
expanding field volume,4 and improved filtering and shielding against stray radiation.6 However, it has been difficult to
quantify how much each of these individual measures contribute to the overall improvement. As a result, it remains
elusive what the dominant limiting factors are for the coherence of state-of-the-art superconducting qubits such as the
3D and planar transmons.
The superior lifetimes (T1) of qubits with larger footprints4 or with more advanced surface preparation5 strongly
suggest the important role of dielectric dissipation7 from
material surfaces. In this letter, we quantitatively extract
surface dielectric dissipation in transmon qubits through a
combined experimental and numerical study. We find that
surface dielectric dissipation is probably still the major limiting factor for T1 of transmons in 3D cQED architecture,
and so far, there is no indication of additional loss mechanisms (up to the level of Q  107) under our experimental
condition. Our analysis also indicates that surface loss for a
sub-micrometer area cannot be captured by a uniform loss
tangent model, consistent with the hypothesis of discrete
dissipation from a small number of microscopic two-level
states (TLS).7–11
Relaxation of superconducting qubits or resonators can
be caused by many dissipative channels such as dielectric
loss, conductive loss, and radiation into free space.2
Dielectric loss can be further decomposed into contributions
from various materials or components, so that
X pi
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where T1, Q, and x are the relaxation time, quality factor
(for energy decay), and angular frequency of the qubit or resonator, C0 is the relaxation rate induced by non-dielectric
channels, Qi ¼ 1= tan di is the quality factor of the ith material with a dielectric constant of i (with tan d known as the
loss tangent), and pi is its participation ratio defined as the
fraction of electric field energy stored within the volume of
this material.
Crystalline substrates of cQED devices often store a
large fraction of electric field energy (pi  90%), but reportedly show very small loss tangent (tan di < 106 for bulk
sapphire12 and silicon2). On the other hand, if a microscopic
layer of contaminants such as oxide, adsorbed water, or
organics forms at the metal-substrate (MS), substrate-air
(SA), and metal-air (MA) interfaces,13,14 they have much
smaller pi but may still induce significant dissipation with a
large tan di on the order of 103–102. Previous studies15–18
have found a positive correlation between the quality factors
of planar resonators and their feature sizes, which can be
used to vary pi. However, a quantitative test of Eq. (1) has
been challenging due to the presence of other energy relaxation channels (C0) that have not been fully under control.
Here, we study the energy relaxation time, T1, of transmon qubits as a function of surface dielectric participation
ratio, pi. Strong suppression of radiation loss is achieved by
implementing the 3D cQED architecture4 where the 3D cavity enclosure provides a clean electromagnetic environment
free of spurious modes. The cavity Q and qubit-cavity detuning are sufficiently large to avoid any appreciable Purcell
effect. Qubit relaxation due to non-equilibrium quasiparticles
can be estimated and suppressed by monitoring and controlling quasiparticle decay time.19–21 Furthermore, transmons
are less sensitive to vortex ac loss than linear resonators
because most inductive energy is stored in the Josephson
junction rather than the electrodes subjected to vortex penetration. Suppression of these relaxation channels allows us to
vary the qubit geometry to change pi by more than an order
of magnitude, making quantitative comparison of surface
dielectric loss in different devices viable.
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FIG. 2. Illustration of the two-step simulation strategy for computing surface
participation ratios. (a) Schematic of a transmon qubit with its electrodes
color-coded into several regions. Grey and yellow represent the perimeter
and the interior regions of the wide pads of the electrodes, respectively, and
brown represents the narrow leads. A global coarse 3D simulation can accurately determine the electric fields across the yellow region, but not in the
grey and brown region near the edge of the metal. (b) A cross-section view
of the electrode near a metal edge. The electric field distribution within this
plane can be computed by a fine 2D simulation. (c) A simplified schematic
of the region near the Josephson junction, which is simulated by a local fine
3D simulation. The MA, SA, and MS interfaces are defined in (b) and (c). In
our final account of surface participation ratios, contribution from the region
within 1 lm from the junction is excluded. All drawings are not to scale.

FIG. 1. Geometry of four different designs of transmon qubits used in this
study. Most dimensions of the electrodes for each design (A, B, C, and D)
are fixed and labeled in respective panels (a)–(d). An exception is that
Design C has multiple variations with the dimensions g ¼ w ranging from
1.5 lm to 30 lm. For convenience, we define “leads” as the portion of the
electrodes with widths 1 lm or smaller, which only appears in direct connection to the junction in all our designs, as shown in dark brown. The rest of
the electrodes wider than 1 lm are called “pads” and are shown in lighter
grey. (e) Schematic of the standard 3D cQED setup. Transmon qubits are installed in rectangular waveguide cavities and coupled to the TE101 mode
for control and readout.

Each qubit in this study is composed of a single Al/
AlOx/Al Josephson junction and a pair of electrodes forming
a shunting capacitor. We report T1 measured with standard
techniques for four different geometric designs of transmons,
as shown in Fig. 1. All devices are fabricated on sapphire
substrates with identical processes of shadow-mask evaporation and lift-off,22 and therefore are assumed to have the
same loss tangent for the same type of surfaces. All devices
have qubit frequency x=2p  6 GHz and cavity frequency
xc =2p  9 GHz.
Full electromagnetic simulation of surface participation
ratio of transmon qubits faces significant numerical challenges due to the large span of length scales. One may
attempt to model transmon electrodes and any dissipative
interface layers as 2D films, and infer pi from a surface integral of electric field energy. However, such an integral is divergent towards the edge of the films.23 This divergence is
avoided only when the material thicknesses are fully
accounted for, as was done in cross-sectional simulations of
transmission line resonators.13,14 Without a similar translational symmetry, a proper calculation of pi for a transmon
qubit generally requires simulation of 3D field distribution in

mm-sized space with sub-nm resolution in critical regions,
far exceeding practical computation capacities.
To overcome the numerical challenges, we employ a
two-step simulation technique by combining a coarse 3D
simulation of the entire qubit-cavity system [Fig. 2(a)] and
fine simulations of representative local regions [Figs. 2(b)
and 2(c)]. A significant part of the surface participation is
associated with regions with highly concentrated electric
field such as the edges of the electrodes and the leads near
the junction. We argue that the electric field distribution in
these regions should have a local scaling property independent of the electromagnetic boundary conditions far away.
These scaling properties can be obtained from simulations of
local regions with sub-nm resolution and subsequently
applied to the global simulation to compute the surface
participation ratios.22 We assume thicknesses of t ¼ 3 nm
and dielectric constants of  ¼ 10 for all lossy interfaces for
easy comparison with a previous simulation of planar resonators.14 Using different assumptions here would rescale the
participation ratios but not change our conclusions
qualitatively.
Our simulation shows that a significant contribution to
surface participation arises from the region around the junction leads less than 100 nm away from the junction itself [Fig.
3(a)]. This contribution is mostly independent of electrode geometry, and can be dominant for devices with relatively small
surface participation.22 However, if surface dielectric dissipation originates from a discrete set of TLS with density similar
to junction defects7,24–26 (1 lm2 GHz1), it is most likely
that such a small volume of macroscopically lossy material
contains no resonant TLS and thus appears dissipationless.
This motivates us to introduce a dimensional cutoff and
exclude the participation contribution from this near-junction
region. We choose to set this cutoff at a distance of 1 lm from
the junction, but any choice on the order of 100 nm to 10 lm
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FIG. 3. Surface participation and qubit lifetime. (a) Spatial distribution of simulated surface participation contribution, shown for MS interface of selected
transmon designs. Solid curves show cumulative integral of the MS surface participation (pMS) from the electrode leads as they extend from the junction in
distance (horizontal axis), indicating total surface participation from the junction to that point. The thick dashed lines indicate the total pMS of all features.
The dotted lines notionally represent contribution from the electrode pads as a whole. (b) Open symbols show measured transmon 1/T1 as a function of pMS
excluding contribution from the sub-micron “near-junction region” (green shaded area in (a)) that most probably contains no TLS. Red dashed line is a fit
to Eq. (1). The same set of data including the near-junction contribution is plotted as grey filled circles, with corresponding fit to Eq. (1) shown as the dotted
line. (c) SA, MA surfaces, and substrate bulk participation ratios (pSA, pMA, and pbulk) as a function of pMS for transmon devices in this study. Dashed lines
are guides to the eye.

does not affect the total participation significantly because the
participation contribution from this intermediate region of the
electrode leads is insignificant [Fig. 3(a)]. The resultant total
pMS from the rest of the MS surface is approximately proportional to the measured 1/T1 for all our devices [Fig. 3(b)].
Similarly, we also observe pMA and pSA proportional to 1/T1.22
The proportionality between qubit decay rate and surface participation ratios strongly suggests surface dielectric
loss as the dominant relaxation mechanism for all transmons
in this study. Based on Eq. (1), any geometry-independent
dissipation mechanism is expected to induce a constant
relaxation rate C0 to all our devices. If we were to include
the near-junction contribution (as noted above) in pMS, a linear fit of our data to Eq. (1) would produce an unphysical
negative y-interception [Fig. 3(b)]. This reinforces the notion
of spatial discreteness of surface loss and the necessity of a
cutoff. After implementing the cutoff, we see a very small
residual qubit decay rate (3 6 1 ms1), which can be fully
explained by the magnitude of quasiparticle dissipation and
vortex ac loss as we noted previously. Therefore, there is no
evidence of any geometry-independent loss mechanisms,
such as from the crystalline substrate or the Josephson junction itself, that limit transmon lifetimes on the level of
Q  107. The absence of loss from the junction may be a
result of the small junction size (0.04 lm2) so that no resonant junction defects are encountered in this study. We also
note that surface loss mechanisms consistent with our
observed geometric scaling should not be viewed strictly due
to impurity or defect-like TLS. Potential alternative mechanisms closely related to surface electric field energy, such as
phonon radiation due to surface piezo-electricity,27,28 may
also be broadly included in the surface dielectric loss in this
analysis.
We cannot determine which of the three surfaces are the
dominant contributors based on these data alone, because all
three participation ratios change approximately in proportion
when the qubit geometry is varied [Fig. 3(c)]. We can determine a weighted sum of the loss tangents of the three surfaces, tan dMS þ 1:2 tan dSA þ 0:1 tan dMA ¼ ð2:660:1Þ  103 .

To extend our analysis to distinguish different interfaces,
one generally needs to go beyond a planar layout of transmon electrodes, for example, by incorporating striplines or
microstrips.
We have further calculated or estimated pMS for reported
planar and 3D transmons from the literature,5,29–37 and Fig. 4
shows the Q factors or T1’s of some of these devices as a function of pMS. All data points with a single-step aluminum liftoff process similar to ours fall near or below the surface-loss
line of tan d ¼ 2:6  103 (red dashed line), consistent with
the surface dielectric loss determined in this study. We believe
similarly fabricated qubits performing substantially worse

FIG. 4. Transmon lifetime vs. MS surface participation ratio for selected literature data. Open symbols represent various 3D and planar transmons fabricated with the single-step aluminum lift-off process similar to this study.
Filled symbols represent transmons with electrode pads fabricated with etch
processes to preserve clean MS surface. The vertical axes represent qubit
quality factors or the equivalent T1 at x=2p ¼ 6 GHz. The bottom axis
shows pMS in a reversed log scale. The top axis shows the equivalent interdigitated capacitor pitch width of a planar qubit for corresponding pMS, a helpful alternative unit of surface participation.22
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than this surface-loss line are limited by other mechanisms.
Early generation of planar transmons may incur losses due to
non-equilibrium quasiparticles or lossy components of the device package,29 and the 3D “vertical” transmons34 may be
severely limited by conduction loss across the cavity seam.38
Several recent studies used subtractively patterned MBE
aluminum5 or TiN36 films for transmon electrodes. These
processes were intended for preserving a pristine MS interface, and subsequent improvement of T1 suggests the MS
interface may indeed play an important role in the total surface loss. We find several data points for these qubits (the
leftmost filled symbols) above our tan d ¼ 2:6  103 line at
relatively high pMS, confirming higher surface quality than
have been measured in this present study. However, these
surface improvements have not been fully translated into the
best possible performance for devices with lower pMS, as
indicated by their surface-loss bounds (blue and green
dashed lines in Fig. 4). It suggests the presence of other dissipation channels yet to be fully suppressed in these high-material-quality planar qubits. These devices also include
shadow-mask evaporated junction leads with lower quality
surfaces that can have appreciable surface participation and
limit qubit T1.
Looking forward, further advance of coherence times of
superconducting qubits will hinge on a combination of
improving material surface quality and further reducing surface participation ratios. The state-of-the-art planar transmons
have implemented large-sized planar capacitors30,35 to reduce
surface participation, yielding substantial gains in qubit lifetimes. One may naively expect that millimeter-sized 3D transmons may have smaller pi by orders of magnitude and make
dielectric loss irrelevant. The present study shows this is not
the case. Furthermore, our simulations find that merely engineering larger and more-separated electrodes will incur significant pi from the metal leads required to wire up the
Josephson junction. Nevertheless, substantial further reduction
of surface participation in qubits can be achieved by more
complex three-dimensional designs such as deep-etched39 or
suspended structures.40 With no hard limit in sight, innovative
low-participation designs and improved surface quality, together with modest progress in suppressing non-equilibrium
quasiparticles, are expected to bring another order of magnitude increase in the lifetime of transmon qubits.
We thank R. W. Heeres and P. Reinhold for experimental
assistance, Z. Minev for helpful discussions, and the support
of M. Guy of the Yale Science Research Software Core. C.A.
acknowledges support from the NSF Graduate Research
Fellowship under Grant No. DGE-1122492. This research was
supported by IARPA under Grant No. W911NF-09-1-0369
and ARO under Grant No. W911NF-09-1-0514. The use of
facilities was supported by YINQE and NSF MRSEC DMR
1119826.
1

M. H. Devoret and R. J. Schoelkopf, Science 339, 1169 (2013).
J. M. Martinis and A. Megrant, e-print arXiv:1410.5793 [quant-ph].
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, Phys. Rev. A 76,
042319 (2007).
4
H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G. Catelani, A. P.
Sears, B. R. Johnson, M. J. Reagor, L. Frunzio, L. I. Glazman, S. M.
2
3

Appl. Phys. Lett. 107, 162601 (2015)
Girvin, M. H. Devoret, and R. J. Schoelkopf, Phys. Rev. Lett. 107, 240501
(2011).
5
R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y. Chen, Y. Yin, B.
Chiaro, J. Mutus, C. Neill, P. OMalley, P. Roushan, J. Wenner, T. C.
White, A. N. Cleland, and J. M. Martinis, Phys. Rev. Lett. 111, 080502
(2013).
6
A. D. Corcoles, J. M. Chow, J. M. Gambetta, C. Rigetti, J. R. Rozen, G. A.
Keefe, M. B. Rothwell, M. B. Ketchen, and M. Steffen, Appl. Phys. Lett.
99, 181906 (2011).
7
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,
Phys. Rev. Lett. 95, 210503 (2005).
8
J. Gao, M. Daal, A. Vayonakis, S. Kumar, J. Zmuidzinas, B. Sadoulet, B.
A. Mazin, P. K. Day, and H. G. Leduc, Appl. Phys. Lett. 92, 152505
(2008).
9
A. M. Holder, K. D. Osborn, C. J. Lobb, and C. B. Musgrave, Phys. Rev.
Lett. 111, 065901 (2013).
10
G. J. Grabovskij, T. Peichl, J. Lisenfeld, G. Weiss, and A. V. Ustinov,
Science 338, 232 (2012).
11
B. Sarabi, A. N. Ramanayaka, A. L. Burin, F. C. Wellstood, and K. D.
Osborn, Appl. Phys. Lett. 106, 172601 (2015).
12
D. L. Creedon, Y. Reshitnyk, W. Farr, J. M. Martinis, T. L. Duty, and M.
E. Tobar, Appl. Phys. Lett. 98, 222903 (2011).
13
M. Sandberg, M. R. Vissers, J. S. Kline, M. Weides, J. Gao, D. S. Wisbey,
and D. P. Pappas, Appl. Phys. Lett. 100, 262605 (2012).
14
J. Wenner, R. Barends, R. C. Bialczak, Y. Chen, J. Kelly, E. Lucero, M.
Mariantoni, A. Megrant, P. J. J. OMalley, D. Sank, A. Vainsencher, H.
Wang, T. C. White, Y. Yin, J. Zhao, A. N. Cleland, and J. M. Martinis,
Appl. Phys. Lett. 99, 113513 (2011).
15
H. Wang, M. Hofheinz, J. Wenner, M. Ansmann, R. C. Bialczak, M.
Lenander, E. Lucero, M. Neeley, A. D. OConnell, D. Sank, M. Weides, A.
N. Cleland, and J. M. Martinis, Appl. Phys. Lett. 95, 233508 (2009).
16
J. M. Sage, V. Bolkhovsky, W. D. Oliver, B. Turek, and P. B. Welander,
J. Appl. Phys. 109, 063915 (2011).
17
K. Geerlings, S. Shankar, E. Edwards, L. Frunzio, R. J. Schoelkopf, and
M. H. Devoret, Appl. Phys. Lett. 100, 192601 (2012).
18
A. Megrant, C. Neill, R. Barends, B. Chiaro, Y. Chen, L. Feigl, J. Kelly,
E. Lucero, M. Mariantoni, P. J. J. OMalley, D. Sank, A. Vainsencher, J.
Wenner, T. C. White, Y. Yin, J. Zhao, C. J. Palmstrm, J. M. Martinis, and
A. N. Cleland, Appl. Phys. Lett. 100, 113510 (2012).
19
C. Wang, Y. Y. Gao, I. M. Pop, U. Vool, C. Axline, T. Brecht, R. W.
Heeres, L. Frunzio, M. H. Devoret, G. Catelani, L. I. Glazman, and R. J.
Schoelkopf, Nat. Commun. 5, 5836 (2014).
20
U. Vool, I. M. Pop, K. Sliwa, B. Abdo, C. Wang, T. Brecht, Y. Y. Gao, S.
Shankar, M. Hatridge, G. Catelani, M. Mirrahimi, L. Frunzio, R. J.
Schoelkopf, L. I. Glazman, and M. H. Devoret, Phys. Rev. Lett. 113,
247001 (2014).
21
By measuring qubit T1 under conditions with short quasiparticle decay
time, sss < 1 ms, achievable with a small cooling magnetic field, we limit
quasiparticle-induced qubit relaxation to below 1/(250 ls). This assumes
stray quasiparticle generation rate g  1  104 /s for all our devices with
the same filtering and shielding, as measured in Ref. 19.
22
See supplementary material at http://dx.doi.org/10.1063/1.4934486 for
details of the simulation technique, fabrication methods, and data table of
surface participation and qubit lifetimes.
pﬃﬃﬃ
23
Electric field at the surface of a charged metal sheet scales as jEj / 1= x
as a function of the distance from its edge. See, e.g., J. D. Jackson,
Classical Electrodynamics, 3rd ed. (Wiley, Hoboken, 1999).
24
Y. Shalibo, Y. Rofe, D. Shwa, F. Zeides, M. Neeley, J. M. Martinis, and
N. Katz, Phys. Rev. Lett. 105, 177001 (2010).
25
J. A. Schreier, A. A. Houck, J. Koch, D. I. Schuster, B. R. Johnson, J. M.
Chow, J. M. Gambetta, J. Majer, L. Frunzio, M. H. Devoret, S. M. Girvin,
and R. J. Schoelkopf, Phys. Rev. B 77, 180502 (2008).
26
M. J. A. Stoutimore, M. S. Khalil, C. J. Lobb, and K. D. Osborn, Appl.
Phys. Lett. 101, 062602 (2012).
27
L. B. Ioffe, V. B. Geshkenbein, C. Helm, and G. Blatter, Phys. Rev. Lett.
93, 057001 (2004).
28
M. V. Gustafsson, T. Aref, A. F. Kockum, M. K. Ekstrm, G. Johansson,
and P. Delsing, Science 346, 207 (2014).
29
A. A. Houck, J. A. Schreier, B. R. Johnson, J. M. Chow, J. Koch, J. M.
Gambetta, D. I. Schuster, L. Frunzio, M. H. Devoret, S. M. Girvin, and R.
J. Schoelkopf, Phys. Rev. Lett. 101, 080502 (2008).
30
J. M. Chow, J. M. Gambetta, E. Magesan, D. W. Abraham, A. W. Cross,
B. R. Johnson, N. A. Masluk, C. A. Ryan, J. A. Smolin, S. J. Srinivasan,
and M. Steffen, Nat. Commun. 5, 4015 (2014).

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.132.173.246 On: Fri, 20 Nov 2015 16:10:31

162601-5
31

Wang et al.

C. Rigetti, J. M. Gambetta, S. Poletto, B. L. T. Plourde, J. M. Chow, A. D.
Corcoles, J. A. Smolin, S. T. Merkel, J. R. Rozen, G. A. Keefe, M. B.
Rothwell, M. B. Ketchen, and M. Steffen, Phys. Rev. B 86, 100506
(2012).
32
D. Riste, C. C. Bultink, M. J. Tiggelman, R. N. Schouten, K. W. Lehnert,
and L. DiCarlo, Nat. Commun. 4, 1913 (2013).
33
D. Riste, S. Poletto, M.-Z. Huang, A. Bruno, V. Vesterinen, O.-P. Saira,
and L. DiCarlo, Nat. Commun. 6, 6983 (2015).
34
R. W. Heeres, B. Vlastakis, E. Holland, S. Krastanov, V. V. Albert, L.
Frunzio, L. Jiang, and R. J. Schoelkopf, Phys. Rev. Lett. 115, 137002
(2015).
35
J. Kelly, R. Barends, A. G. Fowler, A. Megrant, E. Jeffrey, T. C. White, D.
Sank, J. Y. Mutus, B. Campbell, Y. Chen, Z. Chen, B. Chiaro, A.

Appl. Phys. Lett. 107, 162601 (2015)
Dunsworth, I.-C. Hoi, C. Neill, P. J. J. OMalley, C. Quintana, P. Roushan,
A. Vainsencher, J. Wenner, A. N. Cleland, and J. M. Martinis, Nature 519,
66 (2015).
36
J. B. Chang, M. R. Vissers, A. D. Corcoles, M. Sandberg, J. Gao, D. W.
Abraham, J. M. Chow, J. M. Gambetta, M. B. Rothwell, G. A. Keefe, M.
Steffen, and D. P. Pappas, Appl. Phys. Lett. 103, 012602 (2013).
37
K. Geerlings, Ph.D. dissertation, Yale University, 2013.
38
T. Brecht, M. Reagor, Y. Chu, W. Pfaff, C. Wang, L. Frunzio, M. H. Devoret,
and R. J. Schoelkopf, e-print arXiv:1509.01119 [cond-mat.supr-con].
39
A. Bruno, G. d. Lange, S. Asaad, K. L. v. d. Enden, N. K. Langford, and
L. DiCarlo, Appl. Phys. Lett. 106, 182601 (2015).
40
A. R. Brown, P. Blondy, and G. M. Rebeiz, Int. J. RF Microw. C. E. 9,
326 (1999).

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.132.173.246 On: Fri, 20 Nov 2015 16:10:31

