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We experimentally realize cavity cooling of all three translational degrees of motion of a levitated
nanoparticle in vacuum. The particle is trapped by a cavity-independent optical tweezer and coherently
scatters tweezer light into the blue detuned cavity mode. For vacuum pressures around 10~ mbar, minimal
temperatures along the cavity axis in the millikelvin regime are observed. Simultaneously, the center-of-
mass (c.m.) motion along the other two spatial directions is cooled to minimal temperatures of a few
hundred millikelvin. Measuring temperatures and damping rates as the pressure is varied, we find that the
cooling efficiencies depend on the particle position within the intracavity standing wave. This data and the
behavior of the c.m. temperatures as functions of cavity detuning and tweezer power are consistent with a
theoretical analysis of the experiment. Experimental limits and opportunities of our approach are outlined.
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Introduction.—Arthur Ashkin pioneered the use of light to
control minute particles. His early work on optical tweezers
[1,2] is currently experiencing a renaissance in the modern
field of levitated optomechanics. This rapidly developing
field optically manipulates mesoscopic particles in vacuum
to investigate thermodynamics [3] and rotational dynamics
[4,5] on the nanoscale, or—quite practically—pushes the
limits of ultrasensitive sensing [6-9]. All of these areas of
levitated optomechanics rely on tightest control over the
center-of-mass (c.m.) motion of the levitated particle. The
resulting experimental c.m. cooling efforts can be divided
into an active and a passive approach. For active cooling, the
particle c.m. position is measured and—using electronic data
processing and subsequent negative feedback—applied back
to the oscillator [ 10—12]. In contrast, passive cooling is based
on the idea of introducing a cavity with a narrow optical
resonance, which can be used to lower the particle’s c.m.
energy via enhanced anti-Stokes scattering [13].

Passive cavity cooling was first applied in atomic
systems [14-22], but has soon been adapted to levitated
optomechanics [23-25]. There, experiments focused on
one-dimensional cavity cooling realized by directly driving
the cavity. The particle was trapped via an additional
intracavity light field [26], or via a hybrid electro-optical
trap [27,28], achieving minimal temperatures of <0.3 K
along the cavity axis.
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Going back to Ashkin’s early ideas, in our experiment,
we minimize technological complexity and increase the
level of control by trapping the particle in an optical
tweezer, which—similar to Ref. [29]—is geometrically
independent from the cavity. However, in contrast to
Ref. [29], our tweezer light is near-resonant to the optical
cavity. Therefore, the particle coherently scatters tweezer
light into the cavity, which is slightly blue detuned from the
optical frequency of the tweezer trap, leading to position-
dependent cavity cooling of all motional degrees of free-
dom. At certain positions and for low vacuum pressures, we
measure temperatures lower than a few hundred millikelvin
for all axes. Along the cavity axis, minimal temperatures in
the few millikelvin range are reached.

Experimental setup.—Our apparatus is shown in Fig. 1.
Laser light at a wavelength A = 1550.0(5) nm is split into
two beams. The first laser beam with frequency
w, = 2rc/A, where ¢ is the speed of light, is modulated
by a phase modulator (PM) to generate a lock beam that is
coupled into our optical cavity. The z polarized lock
beam with an optical power of 11(1) uW is back reflected
from the cavity and detected with a photodiode (PDppy).
From the photodiode signal a Pound-Drever-Hall error
signal is derived [30], which we utilize to stabilize the
cavity length L = 6.46(8) mm by means of piezoelectric
transducers (not shown). The locked cavity with resonance
frequency @, supports a Gaussian mode with waist wy =
48(5) pm. The cavity with linewidth k=27x1.06(8) MHz
and finesse F = mc/(kL) = 22(2) x 10* is built from
two identical mirrors with absorption A = 45(6) ppm,
transmission 7 =99(9) ppm and radius of curvature
ROC = 10.0(1) mm.
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FIG. 1. Simplified experimental setup. A single nanoparticle is
levitated in an optical tweezer trap and positioned in the mode of
an optical cavity. The particle is driven by the trapping light and
scatters into the cavity mode and into free space. This scattered
light is detected by the cavity photodetector PD, and by the free
space photodetectors PD, and PD, ,, respectively.

The second laser beam is frequency shifted by A and used
for trapping. The resulting light at frequency w; = @, — A is
coupled into the vacuum chamber via a polarization-main-
taining optical fiber. Inside the chamber, the approximately x
polarized light is collimated and sent through a lens with
numerical aperture NA = 0.83, which forms an optical
tweezer trap [focal power P, = 0.50(5) W] for a SiO,
particle with 136 nm nominal diameter. A second identical
lens is rigidly mounted to the first one and collimates the light
again, which is then distributed to two free space detectors.
One of them (PD,) is measuring the particle ¢c.m. motion
along the z direction, while the second, a quadrant photo-
detector (PD, ), detects the particle c.m. motion along the x
and y direction [10]. Measured c.m. trap frequencies are on
the order of Q, , . =~ 27z x {0.12,0.14,0.04} MHz.

Similar to Ref. [31], the particle in the tweezer trap is
positioned in the center of the Gaussian mode of the locked
cavity with a three-dimensional (3D) resolution on the
50 nm scale. Experimentally, we optimize the coupling of
the particle to the cavity mode by scanning the particle
position in the x, z plane until we reach a position where the
signal on the photodiode PD,, is maximal. Additional to the
detector PD,, which detects the trapping light the particle
scatters into the cavity, we use a camera to assure that the
spatial profile of this scattered light is Gaussian. In our
measurements, the central signal is the 3D c.m. position of
the cavity-coupled particle, which we deduce from the
voltages of PD, ,, PD, and PD,. The corresponding time
traces are recorded with a sampling rate of 5 MHz.

Results and discussion.—For our measurements, which
are all taken with the very same single nanoparticle, we
follow the calibration and temperature estimation protocols

outlined in Ref. [32]. In short, the calibration relies on the
equipartition theorem, while the temperatures are estimated
from the areas of power spectral densities calculated from
the calibrated signals of PD,, and PD,. In general, we
concentrate on cavity cooling of the c.m. particle motion in
all three spatial dimensions. Throughout the manuscript,
data corresponding to motion along x, y, and z are depicted
in blue, green, and red, respectively. Additionally, up to
three different particle positions relative to the standing
wave axis (y) of the cavity field are considered. A particle
positioned near the node, steep slope, or antinode of the
standing wave is represented by different markers (circle,
diamond, and inverted triangle). In the experiments, we
distinguish those positions by measuring the PD, signal. A
low, medium, or high signal corresponds to circle, dia-
mond, or inverted triangle, respectively.

In our first measurement, displayed in Fig. 2, we study
the 3D temperatures 7 and damping rates y of the particle as
a function of gas pressure p,,. For cavity cooling by
coherent scattering, the cavity is blue detuned from the
tweezer light (A = 2z x 400 kHz). Figures 2(a)—(c) show
that the temperatures along all axes decrease, as the
pressure and therewith heating due to interaction with
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FIG. 2. Three-dimensional cavity cooling of an optically
levitated  nanoparticle by  coherent scattering (A =
27 x 400 kHz). The cooling is compared for a nanoparticle
positioned at the node (circle), steep slope (diamond), and
antinode (inverted triangle) of the cavity standing wave.
(a)—(c) Particle temperatures. (d)—(f) Particle damping rates.
Both, temperatures and damping rates decrease as a function
of gas pressure and are position dependent. Solid lines represent a
combined fit to a two bath model and a damping rate model.
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room temperature gas molecules are reduced. Along x and
y we observe lowest temperatures 7', ~# 100 mK and 7', ~
3 mK at the node, limited by interaction with residual gas.
For z, however, we find lowest temperatures 7', ~ 80 mK at
the antinode, starting to level off around a pressure of
1073 mbar. The observed position-dependent cooling can
be understood by considering the mean optical gradient

force Fyp,q acting on the particle via the tweezer and the

cavity electric field Ey, o ¢/, and E,  cos(ky + )i,
respectively. Here, k = 27/ and ii; is the unit vector along
direction i. We choose the equilibrium position of the
oscillating particle as origin x, y, z =0, even though in
practice the optical tweezer is shifted and not the cavity.
This leads to a phase ¢ of z/2 for a particle at the node, and
0 for a particle at the antinode of the intracavity field.
Calculating the gradient force via F arad & V|EtW +E, | one
finds that the dominant ¢ dependent terms scale with
sin(¢)it, and cos(¢)it,. Such a position-dependent energy
exchange results, together with the fast cavity dissipation,
in expected optimal cooling for ¢p = z/2 (particle at node,
circle) along y and for ¢p = 0 (particle at antinode, inverted
triangle) along z. The observed optimal cooling for ¢ =
7/2 along the x direction is explained by the tweezer light
being not perfectly polarized along x. This imperfection
turns into a feature as one realizes that the main axis of the
resulting tweezer trapping potential is not perfectly
orthogonal to the cavity axis, which results in cooling
along x induced by the same mechanism as described for y.
A more detailed theoretical description of the observed
effects can be found in Ref. [33].

In a quantitative approach, we fit the data in Figs. 2(a)—(c)
to a two bath model with an additional heating rate (7T i)
possibly arising from optical trap displacement noise [34]. In
this model, the particle temperature along direction i is given

by Ti = (ygasTgas + <Tnoise>)/(7gas + yc.i)’ where Yei is the
damping rate due to cavity cooling, ygg & pgys 1S the
damping rate due to gas molecule collisions, and T, ~
300 K is the gas temperature. We find a heating rate of
(Thoie) = 33(27) K/s which would correspond to an opti-
cal trap displacement noise of about 10~4 m/+/Hz [34]. We

observe (Tyis) to be an order of magnitude higher in z
direction compared to x, y, which might be connected to the
particular response of our experimental system to mechanical
noise. A more detailed analysis of the noise in our system is
ongoing work.

Figures 2(d)—(f) display the damping rates y;, which are
extracted as the full width at half maximum from the
respective power spectral densities. Following Ref. [35], we

\/(}’NLJ’)2 + (ygas + 7c,i)2
where ynp; is the broadening of the linewidth due to
nonlinearities of the trapping potential. At pressure
Pgas 2 | mbar, gas damping dominates. Nonlinear broad-
ening, proportional to the particle temperature, is most

model the damping rates as y; ~

pronounced in the regime between 10~' and 107> mbar
(hump in data) where cavity cooling is not very efficient yet
but gas damping has already decreased significantly. At
sufficiently low pressure and for efficient cavity cooling,
the damping rates level off, and y; — y.; reaching in the
best case 2z x 1.3 kHz. Solid lines in the plot are obtained
by simultaneously fitting the two bath model to the data in
Figs. 2(a)—(c) and the damping rate model to the data in
Figs. 2(d)—(f).

In our second measurement, see Fig. 3, we study cooling
and also heating rates via a time resolving switching method.
Cavity cooling is turned on by switching the detuning A from
27 x 20 MHz to 2z x 400 kHz and turned off by switching
from 27 x 400 kHz to 2z x 20 MHz. The temperatures at
every instant of time are given by the areas of the power
spectral densities of short snapshots of the recorded time
traces after digital noise filtering. Since the nanoparticle
occupies a thermal motional state, we analyze the average
of more than 150 realizations. We measure at pg,s =
3(3) x 1073 mbar, as there the nanoparticle motion is mainly
damped by cavity backaction, see Figs. 2(d)—(f), and the
experiments are not influenced by mechanical drifts of the
setup, which occur on the minute timescale. The damping
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FIG. 3. Cavity cooling and reheating time traces of a nano-

particle at pg,s = 3(1) x 1073 mbar averaged over > 150 real-
izations. Markers and colors as in Fig. 2. (a)—(c) At t = 0 cavity
cooling is turned on and the decrease of 7', T, and T, is shown
over time. (d)—(e) At t = 0 cavity cooling is turned off and the
increase of T, T, and T', is shown over time. Solid lines represent
fits of the particle temperatures to a bounded exponential growth
model.
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rate is therefore equal to the cavity cooling rate, and it can be
extracted from monitoring the nanoparticle temperature as a
function of time after switching the cavity cooling mecha-
nism on as shown in Figs. 3(a)—(c). We determine the cooling
rates by modeling the data as bounded exponential growth
Ti(t) =T+ (To; — Tei)e 7" for i € {x,y,z}, with
time 7, cooling rate y.;, starting equilibrium temperature
Ty, and end equilibrium temperature 7. The fitted
rates agree better than a factor of five with y.; shown in
Figs. 2(d)—(f). We attribute the respective deviations to
pressure measurement uncertainties and drifts of system
parameters (e.g., tweezer power, particle position). The
reheating data in Figs. 3(d)—(f) are analyzed analogously,
resulting in reheating rates of ~2z x 2.5(5) Hz that coincide
for all axes and positions and are limited by gas reheating

[10]. We remark that the trap displacement noise (7 ;.. ) does
not influence the measured rates but only the c.m. temper-
atures T; [33].

So far, we have used a detuning A = 2z x 400 kHz and
a tweezer power Py, = 0.50(5) W. Those parameters are
identified as ideal for efficient cavity cooling in Fig. 4.
Figures 4(a)—(c) show the position dependent particle
temperatures as a function of detuning. Since the cavity
linewidth is large compared to the mechanical frequencies
of the particle (x > €, , ), the optimal detuning A = 2z X
400 kHz is approximately the same for all three oscillators.
For A <27 x300 kHz, we enter a regime where ¢* >
|A|Q,, . and the system becomes dynamically unstable
which results in particle loss [33,36]. Here, g2 27 x
10 kHz is the light-enhanced optomechanical coupling
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FIG. 4. Detuning and power dependence of 3D cavity
cooling at pg,, = 3(1) x 10~ mbar. Markers and colors as in
Fig. 2. (a)-(c) At tweezer power P, = 0.50(5) W the nano-
particle temperatures increase as the cavity detuning A reaches
values Z«x. (d) Nanoparticle temperatures for best cooling
positions of the particle as function of tweezer power at detuning
A =27 x 400 kHz.

rate [33,37]. At large detunings, A 2 2z x 10 MHz, we
observe no influence of the cavity on the particle c.m.
temperatures. This motivates the chosen detuning of 2z x
20 MHz for switching off cavity cooling in the experiments
shown in Fig. 3. The dependence of cooling on the tweezer
power is shown in Fig. 4(d). Sweeping the power from 0.24
to 0.5 W results in stronger cavity cooling and lower
particle temperatures. At powers around 0.5 W, however,
we observe a saturation of the c.m. temperatures. These
observations can be explained by noting that the cavity
cooling rate scales with the power P. At higher powers P,
however, the quadratically growing heating rate [34]
(T hoise)  QF P> becomes more relevant and could
limit the achievable minimal temperatures. The results of
Fig. 4 are well in agreement with a detailed theory,
see Ref. [33].

Conclusion and Outlook.—Our lowest c.m. temperatures
T are currently limited by gas pressure and noise, which
probably arises from position fluctuations of the trap center
[34]. After solving those technical problems, the minimal
mean phonon number along y would be reduced from its
current value on the order of 100 to 72, ~ k/(4Q,) ~ 2, [37].
As shown, cavity cooling in the fast cavity regime
(k> Q,, ) keeps T, and T, simultaneously so low, that
the trapping potentials along all axes can be considered
fully harmonic, and detrimental coupling between the axes,
which can lead to heating of T, is negligible.

To realize c.m. ground state cooling (n, < 1), we plan to
combine our passive cavity cooling approach with active
cooling [12,38]. Such a cooling protocol is promising as the
scattering into the cavity mode is highly favored due to the
Purcell effect [39-41]. For our system, close to cavity
resonance, a fraction f =n/(n+ 1) Z 80% of the overall
scattered power would be emitted into the cavity, where
n = (6FA*)/(x*wj) = 4.4(3) is our Purcell factor. This
high fraction f of the scattered power, containing most of
the particle position information along y in a very clean
Gaussian cavity mode, can be measured by PD, via a
homodyne scheme [26]. This homodyne signal can then be
utilized for feedback ground-state cooling [10,12], with the
cavity acting as a measurement enhancement device
that ensures a high collection efficiency for photons
scattered off the particle [42]. Realizing the c.m. motional
ground state would introduce levitated optomechanics into
the realm of quantum physics [37,43] and enable the
study and usage of mesoscopic nonclassical states of
motion [25,44].

This research was supported by the Swiss National
Science Foundation (No. 200021L_169319) and ERC-
QMES (No. 338763). R.R. acknowledges funding from
the EU Horizon 2020 program under the Marie
Sktodowska-Curie Grant Agreement No. 702172.
C.G.B. acknowledges funding from the EU Horizon
2020 program under the Marie Sktodowska-Curie Grant

123601-4



PHYSICAL REVIEW LETTERS 122, 123601 (2019)

Agreement No. 796725. We thank M. Frimmer,
E. Hebestreit, R. Diehl, F. Tebbenjohanns, F. van der
Laan, A. Militaru and P. Mestres for insightful discussions.

Note added.—We have recently become aware of related
experimental work by Deli¢ et al. in the Aspelmeyer group
in Vienna [45].

“rreimann @ethz.ch

[1] A. Ashkin, Phys. Rev. Lett. 24, 156 (1970).

[2] A. Ashkin and J. M. Dziedzic, Appl. Phys. Lett. 28, 333
(1976).

[3] J. Gieseler and J. Millen, Entropy 20, 326 (2018).

[4] S. Kuhn, A. Kosloff, B.A. Stickler, F. Patolsky, K.
Hornberger, M. Arndt, and J. Millen, Optica 4, 356 (2017).

[5] H. Shi and M. Bhattacharya, J. Phys. B 49, 153001 (2016).

[6] G. Ranjit, M. Cunningham, K. Casey, and A. A. Geraci,
Phys. Rev. A 93, 053801 (2016).

[7] E. Hebestreit, M. Frimmer, R. Reimann, and L. Novotny,
Phys. Rev. Lett. 121, 063602 (2018).

[8] F. Monteiro, S. Ghosh, A. G. Fine, and D. C. Moore, Phys.
Rev. A 96, 063841 (2017).

[9] S. Kuhn, B. A. Stickler, A. Kosloff, F. Patolsky, K. Horn-
berger, M. Arndt, and J. Millen, Nat. Commun. 8, 1670
(2017).

[10] J. Gieseler, B. Deutsch, R. Quidant, and L. Novotny, Phys.
Rev. Lett. 109, 103603 (2012).

[11] T. Li, S. Kheifets, and M. G. Raizen, Nat. Phys. 7, 527
(2011).

[12] F. Tebbenjohanns, M. Frimmer, A. Militaru, V. Jain, and L.
Novotny, arXiv:1812.09875.

[13] V. Vuleti¢ and S. Chu, Phys. Rev. Lett. 84, 3787 (2000).

[14] P. Horak, G. Hechenblaikner, K. M. Gheri, H. Stecher, and
H. Ritsch, Phys. Rev. Lett. 79, 4974 (1997).

[15] J. Ye, D. W. Vernooy, and H. J. Kimble, Phys. Rev. Lett. 83,
4987 (1999).

[16] V. Vuleti¢, H. W. Chan, and A. T. Black, Phys. Rev. A 64,
033405 (2001).

[17] J. McKeever, J. R. Buck, A. D. Boozer, A. Kuzmich, H.-C.
Nigerl, D. M. Stamper-Kurn, and H. J. Kimble, Phys. Rev.
Lett. 90, 133602 (2003).

[18] P. Maunz, T. Puppe, 1. Schuster, N. Syassen, P. W. H.
Pinkse, and G. Rempe, Nature (London) 428, 50 (2004).

[19] S. NuBmann, K. Murr, M. Hijlkema, B. Weber, A. Kuhn,
and G. Rempe, Nat. Phys. 1, 122 (2005).

[20] D.R. Leibrandt, J. Labaziewicz, V. Vuleti¢, and I.L.
Chuang, Phys. Rev. Lett. 103, 103001 (2009).

[21] M. Wolke, J. Klinner, H. KeBler, and A. Hemmerich,
Science 337, 75 (2012).

[22] M. Hosseini, Y. Duan, K. M. Beck, Y.-T. Chen, and V.
Vuleti¢, Phys. Rev. Lett. 118, 183601 (2017).

[23] O. Romero-Isart, M. L. Juan, R. Quidant, and J.I. Cirac,
New J. Phys. 12, 033015 (2010).

[24] D.E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J. Ye, O.
Painter, H. J. Kimble, and P. Zoller, Proc. Natl. Acad. Sci.
U.S.A. 107, 1005 (2010).

[25] O. Romero-Isart, A. C. Pflanzer, M. L. Juan, R. Quidant, N.
Kiesel, M. Aspelmeyer, and J. 1. Cirac, Phys. Rev. A 83,
013803 (2011).

[26] N. Kiesel, F. Blaser, U. Deli¢, D. Grass, R. Kaltenbaek, and
M. Aspelmeyer, Proc. Natl. Acad. Sci. U.S.A. 110, 14180
(2013).

[27] J. Millen, P.Z.G. Fonseca, T. Mavrogordatos, T.S.
Monteiro, and P.F. Barker, Phys. Rev. Lett. 114, 123602
(2015).

[28] P.Z.G. Fonseca, E. B. Aranas, J. Millen, T.S. Monteiro,
and P. F. Barker, Phys. Rev. Lett. 117, 173602 (2016).

[29] L. Magrini, R.A. Norte, R. Riedinger, 1. Marinkovi¢,
D. Grass, U. Deli¢, S. Groblacher, S. Hong, and M.
Aspelmeyer, Optica 5, 1597 (2018).

[30] R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough, G. M.
Ford, a.J. Munley, and H. Ward, Appl. Phys. B 31, 97
(1983).

[31] P. Mestres, J. Berthelot, M. Spasenovi¢, J. Gieseler, L.
Novotny, and R. Quidant, Appl. Phys. Lett. 107, 151102
(2015).

[32] E. Hebestreit, M. Frimmer, R. Reimann, C. Dellago, F.
Ricci, and L. Novotny, Rev. Sci. Instrum. 89, 033111
(2018).

[33] C. Gonzalez-Ballestero, P. Maurer, D. Windey, L. Novotny,
R. Reimann, and O. Romero-Isart, arXiv:1902.01282.

[34] M. E. Gehm, K. M. O’Hara, T. A. Savard, and J. E. Thomas,
Phys. Rev. A 58, 3914 (1998).

[35] E. Hebestreit, Ph. D. thesis, ETH Zurich, 2017.

[36] K. Kustura, C.C. Rusconi, and O. Romero-Isart, arXiv:
1809.09499.

[37] M. Aspelmeyer, T.J. Kippenberg, and F. Marquardt, Rev.
Mod. Phys. 86, 1391 (2014).

[38] C. Genes, D. Vitali, P. Tombesi, S. Gigan, and M.
Aspelmeyer, Phys. Rev. A 77, 033804 (2008).

[39] A. Kuhn and D. Ljunggren, Contemp. Phys. 51, 289 (2010).

[40] H. Tanji-Suzuki, I. Leroux, M.H. Schleier-Smith, M.
Cetina, A. Grier, J. Simon, and V. Vuleti¢, Adv. At. Mol.
Opt. Phys. 60, 201 (2011).

[41] M. Motsch, M. Zeppenfeld, P. W. H. Pinkse, and G. Rempe,
New J. Phys. 12, 063022 (2010).

[42] B. Rodenburg, L.P. Neukirch, A.N. Vamivakas, and M.
Bhattacharya, Optica 3, 318 (2016).

[43] M. Aspelmeyer, P. Meystre, and K. Schwab, Phys. Today
65, No. 7, 29 (2012).

[44] O. Romero-Isart, Phys. Rev. A 84, 052121 (2011).

[45] U. Deli¢, M. Reisenbauer, D. Grass, N. Kiesel, V. Vuleti¢,
and M. Aspelmeyer, following Letter, Phys. Rev. Lett. 122,
123602 (2019).

123601-5


https://doi.org/10.1103/PhysRevLett.24.156
https://doi.org/10.1063/1.88748
https://doi.org/10.1063/1.88748
https://doi.org/10.3390/e20050326
https://doi.org/10.1364/OPTICA.4.000356
https://doi.org/10.1088/0953-4075/49/15/153001
https://doi.org/10.1103/PhysRevA.93.053801
https://doi.org/10.1103/PhysRevLett.121.063602
https://doi.org/10.1103/PhysRevA.96.063841
https://doi.org/10.1103/PhysRevA.96.063841
https://doi.org/10.1038/s41467-017-01902-9
https://doi.org/10.1038/s41467-017-01902-9
https://doi.org/10.1103/PhysRevLett.109.103603
https://doi.org/10.1103/PhysRevLett.109.103603
https://doi.org/10.1038/nphys1952
https://doi.org/10.1038/nphys1952
http://arXiv.org/abs/1812.09875
https://doi.org/10.1103/PhysRevLett.84.3787
https://doi.org/10.1103/PhysRevLett.79.4974
https://doi.org/10.1103/PhysRevLett.83.4987
https://doi.org/10.1103/PhysRevLett.83.4987
https://doi.org/10.1103/PhysRevA.64.033405
https://doi.org/10.1103/PhysRevA.64.033405
https://doi.org/10.1103/PhysRevLett.90.133602
https://doi.org/10.1103/PhysRevLett.90.133602
https://doi.org/10.1038/nature02387
https://doi.org/10.1038/nphys120
https://doi.org/10.1103/PhysRevLett.103.103001
https://doi.org/10.1126/science.1219166
https://doi.org/10.1103/PhysRevLett.118.183601
https://doi.org/10.1088/1367-2630/12/3/033015
https://doi.org/10.1073/pnas.0912969107
https://doi.org/10.1073/pnas.0912969107
https://doi.org/10.1103/PhysRevA.83.013803
https://doi.org/10.1103/PhysRevA.83.013803
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.114.123602
https://doi.org/10.1103/PhysRevLett.117.173602
https://doi.org/10.1364/OPTICA.5.001597
https://doi.org/10.1007/BF00702605
https://doi.org/10.1007/BF00702605
https://doi.org/10.1063/1.4933180
https://doi.org/10.1063/1.4933180
https://doi.org/10.1063/1.5017119
https://doi.org/10.1063/1.5017119
http://arXiv.org/abs/1902.01282
https://doi.org/10.1103/PhysRevA.58.3914
http://arXiv.org/abs/1809.09499
http://arXiv.org/abs/1809.09499
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevA.77.033804
https://doi.org/10.1080/00107511003602990
https://doi.org/10.1016/B978-0-12-385508-4.00004-8
https://doi.org/10.1016/B978-0-12-385508-4.00004-8
https://doi.org/10.1088/1367-2630/12/6/063022
https://doi.org/10.1364/OPTICA.3.000318
https://doi.org/10.1063/PT.3.1640
https://doi.org/10.1063/PT.3.1640
https://doi.org/10.1103/PhysRevA.84.052121
https://doi.org/10.1103/PhysRevLett.122.123602
https://doi.org/10.1103/PhysRevLett.122.123602

