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ABSTRACT

The coherent interaction of Rydberg helium atoms with microwave fields in a 1/4 superconducting coplanar waveguide resonator has been
exploited to probe the spectral characteristics of an individual resonator mode. This was achieved by preparing the atoms in the 1s55s S,
Rydberg level by resonance enhanced two-color two-photon excitation from the metastable 1s2s°S, level. The atoms then traveled over the
resonator in which the third harmonic microwave field, at a frequency of Wy, = 27 x 19.556 GHz, drove the two-photon 1s55s°S; —
15565 S, transition. By injecting a sequence of Ramsey pulses into the resonator and monitoring the coherent evolution of the Rydberg state
population by state-selective pulsed electric field ionization as the frequency of the microwave field was tuned, spectra were recorded that

allowed the resonator resonance frequency and quality factor to be determined with the atoms acting as microscopic quantum sensors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024176

Hybrid quantum systems comprising gas-phase Rydberg atoms
coupled to solid-state superconducting microwave circuits are of inter-
est for a range of applications in quantum information processing."”
The development of these systems was inspired by proposals for
hybrid quantum processors with cold polar ground-state molecules
coupled to coplanar waveguide (CPW) resonators integrated into
superconducting circuits.” The use of atoms in Rydberg states with a
high principal quantum number, #, offers the opportunity to exploit
the large electric dipole moments (= 1000 e a, for values of n = 50)
associated with microwave transitions between Rydberg states® to
achieve higher single-particle coupling rates than expected for polar
molecules. This has motivated theoretical work on the implementation
of quantum gates,”’ quantum-state transfer,”” microwave-to-optical
photon conversion,'”"* and studies of new regimes of light-matter
interactions'* with Rydberg atoms coupled to superconducting
circuits.

The challenges in realizing a hybrid Rydberg-atom-
superconducting-circuit interface arise primarily from the susceptibil-
ity of Rydberg states to electric fields emanating from the cryogenically
cooled superconducting chip surfaces. Studies have been reported in
which transitions between Rydberg states were driven by microwave
fields propagating in normal metal'” and superconducting'®'” CPWs
cooled to low temperatures. These permitted the characterization of
stray electric fields and the microwave field distributions above the

CPW structures. The results of this work motivated the use of (1)
helium (He) atoms in these types of experiments to minimize detri-
mental effects'® associated with surface adsorption, (2) microwave
transitions between Rydberg states for which the sensitivity to stray
electric fields is minimal or can be minimized through the application
of electric, magnetic, or microwave dressing fields,'”** and (3) CPW
resonators with geometries in which the center conductor can be elec-
trically contacted to the ground planes to minimize charge build up,
e.g., 4/4 CPW resonators.

Following these guidelines, the first demonstration of an interface
between Rydberg atoms and microwave fields in a superconducting
CPW resonator was recently reported.”’ In this work, Rydberg He
atoms were coupled to the w.s = 27 X 19.556 GHz third-harmonic
field in a 4/4 resonator. This field was resonant with the two-photon
15558%S; — 15568 %S, (|55s) — [56s)) transition, which, because of
the similarity in the static electric dipole polarizabilities of the |55s)
and |56s) states, exhibited a low sensitivity to residual uncancelled
stray electric fields of =50 mV/cm within 100 um of the surface of the
superconducting chip. Here, we build on this work and report
atom-resonator-field interactions with coherence times up to 0.84 us
and cavity-enhanced Ramsey spectroscopy of the Rydberg-atom-
superconducting-circuit interface.

In the following, an overview of the experimental apparatus is
first provided. The results of time-domain measurements of Rabi
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oscillations in the Rydberg state population, arising from the coherent
interaction with the resonator field, are then presented. This is fol-
lowed by a discussion of the cavity-enhanced Ramsey spectroscopy
performed in the frequency domain. The measured Ramsey spectra
have been compared to the results of numerical calculations of the
time-evolution of the Rydberg state population in the presence of the
resonator field, to allow the spectral characteristics of the resonator
mode to be determined from the experimental data.

The experiments were performed with pulsed supersonic beams
of metastable He (mean longitudinal speed oy, = 2000 m/s; 50 Hz
repetition rate).”’ After passing through a 2 mm-diameter skimmer
and a charged particle filter, the atomic beam entered the cryogenically
cooled central region of the apparatus depicted schematically in
Fig. 1(a). Between electrodes E; and E,, the atoms were excited to
the 1s55s°S; level (]55s)) using a the resonance enhanced 1s2s 3§, —
1s3p 3P, — 1s558°S, two-photon laser excitation scheme.”* The laser
beams were focused to ~50 yum FWHM beam waists to limit the spa-
tial spread of the excited atoms in the y dimension. Rydberg-state
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FIG. 1. (a) Schematic diagram of the cryogenically cooled interaction region in the
apparatus. Note: electrodes E; 4 are located above the NbN chip in the y dimension
and partially transparent in the figure. (b) Pulsed potential applied to Es for
Rydberg-state-selective electric field ionization. (c) Electron signal recorded at the
MCP detector for atoms excited to the |55s) and |56s) states, following ionization
in the field generated by the potential in (b).
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photoexcitation occurred for 1.6 us, resulting in the preparation of
3.2 mm-long ensembles of excited atoms.

The Rydberg atoms then traversed a 10 x 10 mm niobium nitride
(NbN) superconducting chip (silicon substrate; 100 nm-thick NbN film;
critical temperature T, = 12.1 K), where they interacted with the third
harmonic microwave field in a 4/4 superconducting CPW resonator
(length: 6.335 mm; center-conductor width: 20 um; and insulating-gap
width: 10 um). This resonator was capacitively coupled at the open end
to a U-shaped CPW [see Fig. 1(a)]. The resonator resonance frequency,
res, Was selected to lie close to the field-free |55s) — |56s) two-photon
transition at wss,ses/2 = 21 X 19.556 499 GHz (the quantum defects
of the |55s) and |56s) states are 0.296 6693 and 0.296 668 8, respec-
tively™). When the atoms passed above the straight section of the reso-
nator aligned with the atomic beam axis, pulsed potentials were applied
to E; and E,, which were oriented parallel to, and located 10 mm above,
the NDN chip surface in the y dimension. This allowed the compensa-
tion of stray electric fields at the position of the atoms above the surface.

After passing the NbN chip, the atoms entered between Es and
E¢ where Rydberg-state-selective detection was implemented by apply-
ing the pulsed potential in Fig. 1(b) to Es while E5 was maintained at
0'V. This resulted in a time-varying electric field that ionized the |56s)
state at an earlier time than the |55s) state. The resulting electrons
were accelerated out from the cryogenic part of the apparatus to a
microchannel plate (MCP) detector operated at 295 K. The electron
signal recorded at the MCP, for atoms prepared in the |55s) and |56s)
states, is displayed in Fig. 1(c). By choosing appropriate detection time
windows, the signal from each state could be isolated and monitored.

The coherent interaction of the Rydberg He atoms with the
microwave field in the CPW resonator was studied by stabilizing the
temperature of the NbN chip to Teyp = 3.9K so that the frequency
and quality factor of the third harmonic mode, as determined from
microwave transmission through the U-shaped CPW using the circle
fit method,” were s = 27 x (19.55612+0.02) GHz and
Q = 239020, respectively. The coherence time, T,, of the atom-
circuit interface was then determined by injecting a
w, = 21 X 19.556 49 GHz pulse of microwave radiation into the res-
onator to drive the two-photon |55s) — |56s) transition. The duration
of this pulse was adjusted while the population of the |56s) state was
monitored, with the results presented in Fig. 2. Data were recorded
with ~1 Rydberg atom prepared in each cycle of the experiment to
minimize dephasing arising from fluctuations in collective contribu-
tions to the atom-resonator coupling. The value (uncertainty) associ-
ated with each data point represents the mean (standard deviation) of
3 repeated measurements each comprising 250 experimental cycles.

The contrast and coherence time of the Rabi oscillations in Fig. 2
result from a detuning A of w,, from ss,s6s/2. Estimates of A and
the coherence time T, were obtained from an error-weighted least-
squares fit of a model function, representing the time-evolution of the
population in a two-level atom driven by a microwave field of constant
strength and frequency, to the experimental data (continuous red
curve in Fig. 2). Under these conditions, the population, Pses, of the
|56s) state is

QZ
Pss(t) = ﬁ [1—e /™ cos (Qf)], 1)
where Qq is the resonant Rabi frequency and Q = {/Q2 + (2A)°.

The best-fit function, displayed in Fig. 2, yielded values of
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FIG. 2. Experimentally recorded (black points) and calculated (continuous red curve)
Rabi oscillations in the population of the [56s) state for , = 2m x 19.556 49 GHz.

Q = 27 x (1.57+0.04) MHz, A = —27 x (0.54%0.01) MHz, and
T, = 0.84*0.12 us. This coherence time was limited predominantly
by residual shot-to-shot fluctuations in the number of atoms coupled
to the resonator field and their spatial distribution and motion.

To exploit the atoms in this coherent interface as microscopic
quantum sensors to probe the spectral characteristics of the resonator
mode, cavity-enhanced Ramsey spectroscopy was performed. In these
experiments, a pair of 50 ns-long microwave pulses (Ramsey pulses),
separated in time by 100ns, were injected into the resonator. The
FWHM spectral width of these pulses was ~27 x 17 MHz and, there-
fore, larger than the ~27 x 8 MHz FWHM spectral width of the reso-
nator mode. The time-dependence of the microwave field in the
resonator upon injection of these pulses was dominated by the build-
up and ringdown in the mode. This can be seen from the calculated
response of the resonator field in Fig. 3, following the propagation of
the Ramsey pulses through the CPW. In these calculations, the micro-
wave field strength in the resonator, F,(t), was evaluated by solving
the second-order differential equation

PE(1)
2 Qo

where I1(¢) is the pulse-sequence envelope.

Cavity-enhanced Ramsey spectroscopy was performed with a
power of 12 dBm output from the microwave source, which was gated
to generate the Ramsey pulses (the attenuation between the source
and the NbN chip was —22.5dB). The contribution from the resona-
tor to the Ramsey spectra was studied with the NbN chip operated at
three temperatures and, hence, values of w.s and Q. A first measure-
ment, black points in Fig. 4(a), was made for Tq,, = 3.8 K. At this
temperature e, as measured by CPW transmission, was detuned
from wsss565/2 by ~ —2mx0.38 MHz. The corresponding
Lorentzian resonance profile of the resonator mode is indicated by the
dashed blue curve. From these data, it is seen that the spectral overlap
of the resonator mode with the |55s) — [56s) transition yields a

Wres 8Fl1(t) + wfesF,u(t) — H(t)efiw,,t’ (2)
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FIG. 3. Sequence of microwave pulses (red shaded bands) injected into the CPW
resonator for cavity-enhanced Ramsey spectroscopy and the corresponding calcu-
lated time-dependence of the microwave field within the resonator (continuous blue
curves).

Ramsey spectrum that reflects the resonant enhancement of the
microwave field at the interface. The Ramsey fringes in this spectrum
have FWHM spectral widths of 27 x (1.295+0.014) MHz. However,
the amplitude of the spectral profile is not symmetric about the central
fringe because of the coupling to the resonator. The incomplete con-
trast of the fringes reflects the finite T, coherence time of the interface.

Additional spectra were recorded by adjusting the value of Teyip
to detune the resonator further from @ssgses/2. For Ty, = 4.0 K
[Fig. 4(b)], tres, measured by CPW transmission, lay ~ — 27 x 5.33
MHz from sss56s/2. In the corresponding Ramsey spectrum, the
intensity is reduced compared to that in Fig. 4(a) because of the
reduced enhancement of the microwave field under these conditions.
For Ty = 4.5 K [Fig. 4(c)], the resonator resonance frequency was
detuned by —27 x 30.02 MHz from wss,565/2 and, as seen in Fig.
4(c), no population transfer to the |56s) state was observed.

To infer the spectral characteristics of the resonator from the
spectra in Fig. 4, semiclassical calculations were performed to treat the
time-evolution of the Rydberg-state population in the presence of the
resonator field. These involved integrating the Bloch equations for a
single two-level Rydberg atom coupled by a two-photon transition to
the resonator. The differential equation solved had the form

% = A(t) x 7(t) = T - 7(1), 3)
with A(f) = (g* Re[F,(t)*], " Tm[F,(£)*], 0556565 s where g* is the
normalized atom-resonator-field coupling strength and I" represents
the decay rates of the components of the Bloch vector, 7, in the o, 7,
and o, dimensions.

In these calculations, it was assumed that (1) the |55s) and |56s)
states represent a two-level system, the time evolution of which can be
described by a Bloch vector. (2) The evolution of this Bloch vector
reflects that of a single ensemble-average two-level atom, and the mea-
sured populations correspond to the ¢, component. (3) The dynamics
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FIG. 4. Cavity-enhanced Ramsey spectra of the Rydberg-atom-superconducting-circuit
interface. The experimental data (black points) were recorded for (a) T = 3.8 K, (b)
Tap = 4.0 K and (c) Tenip = 4.5 K. The spectral characteristics of the resonator deter-
mined from CPW transmission measurements are indicated by the dashed blue curves.
The continuous red curves in (a) and (b) represent a spectrum calculated by fiting cres
and Q (represented by the continuous blue curves) to the data.

of this ensemble-average Bloch vector are driven by the spatially aver-
aged microwave field experienced by the atoms. (4) The microwave
field in the resonator is described by the equations of motion of a
damped classical harmonic oscillator. (5) On the experimental

ARTICLE scitation.org/journal/apl

timescale (0-1 us), decoherence of the atom results only from ensem-
ble dephasing and not because of relaxation. (6) The dephasing of the
atom-~circuit interface accounts for contributions from the spatial dis-
tribution and motion of the atoms.

The time evolution of the Rydberg state population was evaluated
to calculate Ramsey spectra by specifying the timing of the microwave
pulses injected into the resonator and the values of wyes, Q, Wsss 566>
and g*. For each set of these parameters, the population of the |56s)
state at the end of the Ramsey sequence was determined. Spectra were
then obtained by repeating the calculations for the range of microwave
frequencies of interest.

To determine e and Q from the measured spectra, these were
chosen, together with g*, to be free parameters in an error-weighted
least-squares fit. The resulting best-fit spectra, corresponding to the
measurements at Tepip = 3.8 and 4.0 K, are indicated by the red curves
in Figs. 4(a) and 4(b), respectively. The corresponding values of g*
were ~27 X 0.3 Hz/(V/cm)®. These calculated spectra are in good
quantitative agreement with the experimental data. The spectral profile
of the resonator obtained by fitting the experimental data is indicated
by the continuous blue curve in each panel. The values of s and Q
measured by CPW transmission and those obtained by fitting the
Ramsey spectra—with uncertainties obtained from the diagonal ele-
ments of the covariance matrix— are summarized in Table I. From
these data, it is seen that the values of wfets obtained from the Ramsey
spectra are similar to those measured by CPW transmission, wyc™.
The sensitivity of the Ramsey spectra to the value of Q is not so high
for resonators of the kind used here with quality factors of ~2500. The
quality factors, Q, obtained from the Ramsey spectra are similar to
those determined by CPW transmission, Q™**, but the uncertainties
are larger.

The results presented in Fig. 4 demonstrate that cavity-enhanced
Ramsey spectroscopy at a hybrid Rydberg-atom-superconducting-cir-
cuit interface allows the Rydberg atoms to be exploited as microscopic
probes of the instantaneous spectral characteristics of the resonator.
The characteristics of superconducting CPW resonators depend on
the properties of the microwave field injected into them. Since the
peak intensity and spectral distribution of the microwave field were
different for the CPW transmission measurements performed in a
continuous, i.e., cw, mode and the cavity-enhanced Ramsey spectros-
copy that was performed in a pulsed mode, the differences in the
parameters in Table I are not unexpected. In future experiments, it
will be of interest to employ higher-Q resonators that will cause more
pronounced distortions to the spectra. Higher Q factors could be
achieved by (1) working at lower microwave frequencies by identifying
suitable alternative atomic transitions, (2) operating the resonator at
temperatures further below T, or (3) refining the NbN chip fabrica-
tion process. Together, these advances will pave the way for the use of

TABLE |. Spectral characteristics of the 4/4 CWP resonator measured by CPW
transmission (meas) and determined by cavity-enhanced Ramsey spectroscopy (fit)
for Tenp = 3.8 and 4.0K (see the text for details).

fit meas
TChiP Wies Wres

(K) (2mx MHz) (2nx MHz) Qﬁt Qmess

19556.12+0.02 3700 = 1800 2470 %= 20
19551.17+0.02 2100 £1700 2310 %20

3.8 19 558.8 = 0.5
4.0 19 549.7 + 3.6
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coherent Rydberg-atom-superconducting-circuit interfaces for appli-
cations in optical-to-microwave photon conversion and the imple-
mentation of long-coherence-time microwave quantum memories.

This work was supported by the Engineering and Physical Sciences
Research Council under Grant No. EP/L019620/1, the EPSRC Centre for
Doctoral Training in Delivering Quantum Technologies, and the
European Research Council (ERC) under the European Union’s Horizon
2020 Research and Innovation Program (Grant No. 683341).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

Z-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, “Hybrid quantum circuits:
Superconducting circuits interacting with other quantum systems,” Rev. Mod.
Phys. 85, 623 (2013).
2G. Kurizki, P. Bertet, Y. Kubo, K. Molmer, D. Petrosyan, P. Rabl, and J.
Schmiedmayer, “Quantum technologies with hybrid systems,” Proc. Natl.
Acad. Sci. U. S. A. 112, 3866 (2015).
3P. Rabl, D. DeMille, J. M. Doyle, M. D. Lukin, R. J. Schoelkopf, and P. Zoller,
“Hybrid quantum processors: Molecular ensembles as quantum memory for
solid state circuits,” Phys. Rev. Lett. 97, 033003 (2006).

“J. M. Raimond, M. Brune, and S. Haroche, “Manipulating quantum entangle-
ment with atoms and photons in a cavity,” Rev. Mod. Phys. 73, 565 (2001).

5]. D. Pritchard, J. A. Isaacs, M. A. Beck, R. McDermott, and M. Saffman,
“Hybrid atom-photon quantum gate in a superconducting microwave reso-
nator,” Phys. Rev. A 89, 010301 (2014).
®L. Sirkany, J. Fortigh, and D. Petrosyan, “Long-range quantum gate via
Rydberg states of atoms in a thermal microwave cavity,” Phys. Rev. A 92,
030303 (2015).

7K-Y. Liao, Z-T. Liang, J. Liang, W. Huang, and Y.-X. Du, “Hybrid
superconductor-atom quantum interface with Raman chirped shortcut to adia-
batic passage,” Opt. Express 27, 29639 (2019).

8K. R. Patton and U. R. Fischer, “Ultrafast quantum random access memory
utilizing single Rydberg atoms in a Bose-Einstein condensate,” Phys. Rev. Lett.
111, 240504 (2013).

SL. Sarkany, J. Fortdgh, and D. Petrosyan, “Faithful state transfer between two-
level systems via an actively cooled finite-temperature cavity,” Phys. Rev. A 97,
032341 (2018).

TOM. Kiffner, A. Feizpour, K. T. Kaczmarek, D. Jaksch, and J. Nunn, “Two-way
interconversion of millimeter-wave and optical fields in Rydberg gases,” New J.
Phys. 18, 093030 (2016).

ARTICLE scitation.org/journal/apl

TB. T. Gard, K. Jacobs, R. McDermott, and M. Saffman, “Microwave-to-optical
frequency conversion using a cesium atom coupled to a superconducting reso-
nator,” Phys. Rev. A 96, 013833 (2017).

12]. Han, T. Vogt, C. Gross, D. Jaksch, M. Kiffner, and W. Li, “Coherent micro-
wave-to-optical conversion via six-wave mixing in Rydberg atoms,” Phys. Rev.
Lett. 120, 093201 (2018).

Bp. Petrosyan, K. Molmer, J. Fortdgh, and M. Saffman, “Microwave to optical
conversion with atoms on a superconducting chip,” New J. Phys. 21, 073033
(2019).

14G. Calajé and P. Rabl, “Strong coupling between moving atoms and slow-light
Cherenkov photons,” Phys. Rev. A 95, 043824 (2017).

5. D. Hogan, J. A. Agner, F. Merkt, T. Thiele, S. Filipp, and A. Wallraff,
“Driving Rydberg-Rydberg transitions from a coplanar microwave waveguide,”
Phys. Rev. Lett. 108, 063004 (2012).

16C. Hermann-Avigliano, R. C. Teixeira, T. L. Nguyen, T. Cantat-Moltrecht, G.
Nogues, I. Dotsenko, S. Gleyzes, J. M. Raimond, S. Haroche, and M. Brune,
“Long coherence times for Rydberg qubits on a superconducting atom chip,”
Phys. Rev. A 90, 040502 (2014).

77T, Thiele, J. Deiglmayr, M. Stammeier, ].-A. Agner, H. Schmutz, F. Merkt, and
A. Wallraff, “Imaging electric fields in the vicinity of cryogenic surfaces using
Rydberg atoms,” Phys. Rev. A 92, 063425 (2015).

18H. Hattermann, M. Mack, F. Karlewski, F. Jessen, D. Cano, and J. Fortagh,
“Detrimental adsorbate fields in experiments with cold Rydberg gases near
surfaces,” Phys. Rev. A 86, 022511 (2012).

9L, A. Jones, J. D. Carter, and J. D. D. Martin, “Rydberg atoms with a reduced
sensitivity to dc and low-frequency electric fields,” Phys. Rev. A 87, 023423
(2013).

20D, W. Booth, J. Isaacs, and M. Saffman, “Reducing the sensitivity of Rydberg
atoms to dc electric fields using two-frequency ac field dressing,” Phys. Rev. A
97,012515 (2018).

ZIA. A. Morgan, V. Zhelyazkova, and S. D. Hogan, “Preparation of circular
Rydberg states in helium with n > 70 using a modified version of the crossed-
fields method,” Phys. Rev. A 98, 043416 (2018).

22M. Peper, J. Deiglmayr, F. Merkt, C. Sanna, and H. B. van Linden van den
Heuvell, “Magic Rydberg-Rydberg transitions in electric fields,” Phys. Rev. A
100, 032512 (2019).

23A. A. Morgan and S. D. Hogan, “Coupling Rydberg atoms to microwave fields
in a superconducting coplanar waveguide resonator,” Phys. Rev. Lett. 124,
193604 (2020).

245, D. Hogan, Y. Houston, and B. Wei, “Laser photoexcitation of Rydberg states
in helium with n > 400,” . Phys. B 51, 145002 (2018).

25G. W. F. Drake, “High precision theory of atomic helium,” Phys. Scr. T83, 83
(1999).

265, Probst, F. B. Song, P. A. Bushev, A. V. Ustinov, and M. Weides, “Efficient
and robust analysis of complex scattering data under noise in microwave reso-
nators,” Rev. Sci. Instrum. 86, 024706 (2015).

Appl. Phys. Lett. 117, 204001 (2020); doi: 10.1063/5.0024176
Published under license by AIP Publishing

117, 204001-5


https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1103/PhysRevLett.97.033003
https://doi.org/10.1103/RevModPhys.73.565
https://doi.org/10.1103/PhysRevA.89.010301
https://doi.org/10.1103/PhysRevA.92.030303
https://doi.org/10.1364/OE.27.029639
https://doi.org/10.1103/PhysRevLett.111.240504
https://doi.org/10.1103/PhysRevA.97.032341
https://doi.org/10.1088/1367-2630/18/9/093030
https://doi.org/10.1088/1367-2630/18/9/093030
https://doi.org/10.1103/PhysRevA.96.013833
https://doi.org/10.1103/PhysRevLett.120.093201
https://doi.org/10.1103/PhysRevLett.120.093201
https://doi.org/10.1088/1367-2630/ab307c
https://doi.org/10.1103/PhysRevA.95.043824
https://doi.org/10.1103/PhysRevLett.108.063004
https://doi.org/10.1103/PhysRevA.90.040502
https://doi.org/10.1103/PhysRevA.92.063425
https://doi.org/10.1103/PhysRevA.86.022511
https://doi.org/10.1103/PhysRevA.87.023423
https://doi.org/10.1103/PhysRevA.97.012515
https://doi.org/10.1103/PhysRevA.98.043416
https://doi.org/10.1103/PhysRevA.100.032512
https://doi.org/10.1103/PhysRevLett.124.193604
https://doi.org/10.1088/1361-6455/aac8a1
https://doi.org/10.1238/Physica.Topical.083a00083
https://doi.org/10.1063/1.4907935
https://scitation.org/journal/apl

	d1
	f1
	d2
	d3
	f2
	f3
	f4
	t1
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26

