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Spontaneous Avalanche Ionization of a Strongly Blockaded Rydberg Gas
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We report the sudden and spontaneous evolution of an initially correlated gas of repulsively interacting
Rydberg atoms to an ultracold plasma. Under continuous laser coupling we create a Rydberg ensemble in
the strong blockade regime, which at longer times undergoes an ionization avalanche. By combining
optical imaging and ion detection, we access the full information on the dynamical evolution of the
system, including the rapid increase in the number of ions and a sudden depletion of the Rydberg and
ground state densities. Rydberg-Rydberg interactions are observed to strongly affect the dynamics of
plasma formation. Using a coupled rate-equation model to describe our data, we extract the average
energy of electrons trapped in the plasma, and an effective cross section for ionizing collisions between
Rydberg atoms and atoms in low-lying states. Our results suggest that the initial correlations of the
Rydberg ensemble should persist through the avalanche. This would provide the means to overcome
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disorder-induced heating, and offer a route to enter new strongly coupled regimes.

DOI: 10.1103/PhysRevLett.110.045004

Ultracold plasmas (UCPs) formed by photoionizing
ultracold neutral atomic or molecular gases [1,2] offer an
ideal laboratory setting to better understand exotic phases
of matter such as dense astrophysical plasmas [3] and laser
induced plasmas [4]. Experimental and theoretical
progress is driven by the potential to reach the so-called
strongly coupled regime [5,6], in which the Coulomb
interaction energy dominates over the kinetic energy of
the ions, giving rise to collective effects and strong spatial
correlations between particles. It is quantified by the cou-
pling parameter I’ = g*/4meyakyT > 1, where a is the
Wigner-Seitz radius, g the electron charge, and T the ion
temperature. In laser-cooled gases, I' = 0.1-2 is readily
achieved, which has allowed the observation and driving of
collective mechanical modes [7]. Reaching deep into the
strongly coupled regime, however, has remained out of
reach partly due to disorder-induced heating (DIH), where
the Coulomb interaction energy due to the initially random
distribution of the atoms is converted into kinetic energy of
the ions [8,9].

Gases of atoms in high-lying (Rydberg) states offer an
alternative approach to study UCPs, as they can be easily
ionized, and the strong Rydberg-Rydberg interactions lead
to dramatic new effects. The spontaneous evolution of an
attractively interacting Rydberg gas into an UCP has been
observed in several experiments [10,11], which initiated
in-depth studies on the ionization mechanisms [12—-14] and
on the electron-ion recombination dynamics towards
Rydberg states [15]. Recently [16], the long-term forma-
tion of an ionic cloud from attractive and repulsive
Rydberg states has been observed, and its backaction
onto Rydberg laser-excitation rates has been characterized.
At the high densities achievable using optical or magnetic
traps, the Rydberg blockade effect [17] gives rise to strong
correlations in the initial gas [18]. Since these correlations
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resemble those in strongly coupled plasmas [19], Rydberg
blockade should help mitigate DIH and provide a path to
new strongly coupled regimes [8,20]. However, mechani-
cal collapse driven by attractive forces [13,21] and aniso-
tropic interactions could destroy the correlations.

In this Letter, we report on the formation dynamics of an
ultracold plasma from an initially spatially correlated gas
of isotropic and repulsively interacting Rydberg atoms in
the blockade regime. Despite the relative stability of repul-
sively interacting Rydberg ensembles, we observe, after a
well-defined but controllable time, a spontaneous ava-
lanche ionization, as evidenced by a sudden increase in
the number of detected ions, accompanied by a depletion
of the ground and Rydberg state populations. We identify
the relevant processes leading to plasma formation, and
using a simple coupled rate-equation model we quantify
the relevant formation rates. We observe that repulsive
interactions delay the onset of avalanche ionization, and
lead to a density dependence which differs significantly
from previous observations [11,22]. We estimate that the
typical time scale for plasma formation is short compared
to the motional dynamics of the ions, suggesting that the
initial correlations should be preserved in the plasma
phase.

The basic principle behind our observations can be
understood in three main stages (Fig. 1). (I) An initially
randomly distributed gas of ultracold neutral atoms is
excited to Rydberg states via a continuous two-photon
laser coupling. (I) Because of the Rydberg blockade,
each Rydberg-excited atom blocks further excitations
within a radius R, leading to density-density correlations
which resemble those of a gas of hard spheres. After a short
time, the Rydberg density reaches steady state; however,
over time Rydberg atoms start to decay by a combination
of blackbody photoionization [12] and ionizing collisions
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FIG. 1 (color online). Generation of an ultracold plasma from
a Rydberg-blockaded gas. (a) An initially uncorrelated gas of
ultracold atoms is prepared in an optical dipole trap (I). By
coherent laser coupling we excite some atoms to a Rydberg state.
The strong Rydberg-Rydberg interactions prevent the excitation
of close-by pairs, leading to spatial correlations (II). After a time
t..; the Rydberg gas is observed to spontaneously ionize into an
ultracold plasma (III). (b) Qualitative dynamics of the involved
populations: ground state atoms N, (solid line), Rydberg atoms
N, (dashed line), and ions N; (dash-dotted line).

with atoms in the ground and intermediate states [23],
which leads to a gradual increase in the number of charged
particles in the system. (III) Once a critical number of ions
N, accumulates the resulting space charge can trap sub-
sequently produced electrons. At this critical time f.;,
rapid electron-Rydberg collisions trigger an ionization
avalanche, leading to the formation of an UCP. Since the
avalanche is triggered by the fast moving electrons the
plasma forms rapidly compared to the motion of the ions.
Therefore the original spatially ordered structure of the
Rydberg ensemble should be preserved. This is predicted
to reduce the effects of DIH by several orders of magnitude
[8]. Finally, after this sudden ionization of most of the
Rydberg ensemble, the continuous laser excitation feeds
the avalanche until the ground state population is fully
depleted.

In our experiments we measure simultaneously the atom
number in the ground or intermediate state N, the Rydberg
atom number N,, and the ion number N, in a small exci-
tation volume through a combination of absorption imag-
ing and ionization detection. Our experimental setup is as
follows: dense atomic samples of up to 1.5 X 10° 3'Rb
atoms in the |55, ,, F = 2) state are loaded into a single
beam optical dipole trap. We hold the atoms in the trap for
a short time to equilibrate at a temperature of 7 = 230 *=
30 uK. We then release the atoms, and let the cloud
expand during a typical time of flight of 200 us to a
radially symmetric Gaussian distribution with e~'/2 radii
of O pagir =28 = 1 wm and o75p =310 = 10 wm. The peak
atomic density is varied between ny, = (1-10) X 10'°cm ™3

while maintaining an approximately constant cloud shape
by reducing the overall atom number during trap loading.

Rydberg atoms in the [555,) state are excited using a
doubly resonant narrow-band two-photon excitation via the
intermediate |5P;,) state. Both lasers are aligned perpen-
dicular to the symmetry axis of the cloud. The first excita-
tion step is realized with a nearly uniform beam at 780 nm
wavelength with intensity /, = 2.9 mW /cm?. The second
laser, at 480 nm, is aligned counterpropagating to the first
and is focused onto the center of the cloud with a Gaussian
waist w = 40 um and a peak coupling strength /27 =
5.8 MHz. The excitation volume V, defined by the inter-
section of the cloud and coupling beam, is approximated
by a cylinder along the coupling beam, of length L =
V270 i = 70 wm and radius R = w/~/2 = 28 um.
To perform the experiment we simultaneously pulse on
both lasers for times ¢ ranging from O to 38 us. During this
time, V expands by less than ~20%. To stop the excitation,
we switch on an electric field which field ionizes the
Rydberg atoms and subsequently guides all ions to a
microchannel plate detector (MCP).

We first investigate the dependence of the Rydberg
population on the density n, for a short excitation time
t = 3.7 us (Fig. 2), at which we can rule out the influence
of spontaneously formed ions. We observe the character-
istic nonlinear dependence and saturation of N, which is a
consequence of Rydberg blockade [24]. The observed
scaling is well described using a classical hard sphere
model in the steady state (solid line in Fig. 2) [25]. In
this model, each Rydberg-excited atom is assumed to

produce an exclusion sphere of radius R, = (2C¢I")/Q?
which reduces the fraction of ground state atoms available
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FIG. 2 (color online). Density dependence of the Rydberg
number for short times. The atoms in |55S) are field ionized
after 3.7 us of continuous laser coupling. Strong interactions
lead to a Rydberg excitation suppression for increasing ground
state densities, in contrast to the interaction-free case (dashed
line). The data are in good agreement with a hard sphere model
(solid line) with a sphere diameter corresponding to the blockade
radius R. =5 pum. The inset shows the spatial correlation
function typical for a Rydberg blockaded gas [18].
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for subsequent excitation. From the strength of the van der
Waals interactions, Cq/27 =~ 50 GHz um® for the
|55, /2) state, and from the intermediate-state decay rate,
I'/27 = 6.1 MHz, we get R, = 5 um. We assume inde-
pendent excitation A X ¢ and deexcitation rates B.
Interactions are accounted for through the fraction of
available ground-state atoms ¢ = 1, which decreases for
increasing Rydberg density and is estimated using the
Carnahan-Starling expression for hard spheres (see
Supplemental Material [26] and Ref. [27]). The ratio
A/(A + B) = 0.38 is constrained by the steady state solu-
tion to the (single-atom) three-level optical Bloch equa-
tions for our experimental parameters. Results of the
analytic model were verified using Monte Carlo simula-
tions of the excitation process.

From this model we derive the steady state N, as a
function of ny assuming homogeneous density and cou-
pling strength in V. As seen in Fig. 2 the hard-sphere model
is in excellent agreement with the data, with the overall
detection efficiency ~0.4 as only adjustable parameter.
From comparison to the data we find that interactions
suppress N, by up to a factor of 8. At the highest densities
the fraction of blockaded atoms 1 — ¢ = 0.9, and the
packing fraction n = 7N,R2/6V = (0.2, which indicates
the presence of strong correlations in the system.

To study the evolution of the system we probe the
ground state atomic distribution using resonant absorption
imaging. This is performed using a second light pulse on
the lower transition, applied 1 us after the end of the
Rydberg excitation. Figure 3(a) shows a sequence of ab-
sorption images of the center of the cloud, recorded for
different excitation times, at a density ny = 2.8 X
10" cm™3. For times longer than ~10 us we observe
the appearance of a hole coinciding with the position of
the focused 480 nm excitation laser. Over 10-20 us the
hole grows until the cloud becomes locally transparent. We
estimate the remaining number of atoms N, in V [shown in
Fig. 3(b)] by fitting to the images the difference of two
peak functions. The time dependence shows initially a slow
decrease of N,, until a critical time 7.5 =~ 12 us, at which
point starts a rapid depletion.

This behavior is a signature of the ionization avalanche
of the Rydberg population. To independently measure N,
and N;, we perform two experiments: in the first, we use an
electric field above the Rydberg ionization threshold, and
we detect both Rydberg atoms and ions using the MCP. In a
second experiment, we switch a field below the ionization
threshold, which has a negligible effect on the Rydberg
atoms but is sufficient to guide the ions to the detector.
After relative calibration of the detection efficiencies
for both experiments, we substract the two signals to
deduce N, and N, individually [Fig. 3(c)]. N, reaches a
quasi-steady-state value =500 after =4 us. Around
tuic = 12 us, the number of ions reaches N; = 120 and
starts to increase rapidly. This number is already sufficient
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FIG. 3 (color online). Measurement of the complete avalanche
ionization dynamics for N,, N,, and N;. (a) Absorption images
taken after different durations of continuous laser coupling on a
cloud of initial density ny = 2.8 X 10'® cm™3. (b) Number of
ground-state atoms N, in the excitation volume. The data are
compared to a rate equation model (see text), accounting for
(solid line) or neglecting (dashed line) the Rydberg blockade
mechanism. Vertical lines highlight the avalanche onset time.
(c) Simultaneously recorded Rydberg atom population N,
(circles) and ion population N; (triangles).

to trap electrons, thus leading to the formation of an
UCP [6], with lifetime =9 ws. Applying a small electric
field during excitation suppresses the avalanche ionization,
thereby confirming that the plasma formation is related to
an accumulation of charges.

The observed dynamics can be described by using a
simple coupled-rate equation model which incorporates
the Rydberg blockade effect, seed ionization processes,
and an avalanche term driven by ionizing electron-
Rydberg collisions (see Supplemental Material [26]). We
neglect the role of Rydberg-ion interactions, assuming the
net charge imbalance is relatively small and the ions are
effectively screened by the mobile electrons. This assump-
tion is consistent with our experimental observation that
the Rydberg resonance does not significantly shift after
plasma formation, but only becomes broadened [16]. On
the observed time scale, the repulsive |555/,) atoms are
not expected to undergo ionizing Rydberg-Rydberg colli-
sions at a sufficient rate to seed the avalanche [28]. Instead,
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we attribute the seed processes to a combination of black-
body photoionization [12] and ionizing collisions either
with ground-state atoms or with the relatively large popu-
lation in the intermediate state |5P; /2> [23]. Once N;
exceeds N, we consider N, = N; — N, electrons to
be trapped in a plasma, which subsequently interact with
the remaining Rydberg population.

We fit the model results simultaneously to a set of
ground state depletion curves, with initial atomic densities
ranging from (0.8-9) X 10'® cm™3. The blackbody photo-
ionization rate is taken from Ref. [12]. This leaves three
free parameters that we extract from the model: the overall
Rydberg excitation rate A from the ground and intermedi-
ate states, the effective seed collisional ionization cross
section o, [29], and the average energy of trapped elec-
trons E,, which constrains both N and the nonlinear rate
for electron-Rydberg collisions vy,,,.

Typical predictions of the model are shown in Figs. 3(b)
and 3(c). The sharp evolution of N, is well reproduced,
although the model does not completely reproduce N, and
N; after the avalanche. We attribute this to three-body
recombination towards Rydberg states counted in the de-
tection process, and to plasma expansion, both not included
in the model. The best fit parameters and uncertainties are
A=(87%03) X102 MHz, o, = 0.73 £0.21 um?,
a factor of 8-15 larger than the geometrical cross section
of the Rydberg atoms (og, = mn**aj = 0.064 pwm?,
where ay is the Bohr radius and n* is the effective principal
quantum number), and E, = (3.0 =0.9) X 1073 eV,
i.e., approximately 60% of the electron binding energy
in |55S,,), similarly to [11]. Given our geometry, E,
relates to N = 26 =7 (typically 5% of the initial
Rydberg number), and to y,, = 0oV E,/m, = (1500 +
200) MHz - um? [22].

To investigate the regimes in which a plasma develops,
we extracted 7. from the data as a function of density
(Fig. 4). We observe a critical dependence, following an
approximate power law of 7. « ny“ with « =1.0%0.1
on the considered density range. We have also studied the
role of the excitation volume by performing experiments
for a shorter time of flight of 100 ws, which leads to a
reduced volume V,.4yceq = V/2. We observe that the onset
times are delayed, since N, decreases slower with V than
the total atom number [6]. This effect is well reproduced by
the model, when accounting for the new geometry with
conserved rates and cross sections.

From the model we conclude that the Rydberg blockade
has a significant effect on the formation of the UCP,
delaying f.; by typically 80% for the data shown in
Fig. 4. In such a time, Rydberg interactions are suspected
to develop strong spatial correlations [18]. Our model
predicts a sudden avalanche ionization of the complete
Rydberg ensemble within =~ 2 wus. Within this time, the
ions only move by at most 600 nm, which is much less than
their average spacing (= R_): thus, the correlations from
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FIG. 4 (color online). Density dependence of the ionization
avalanche onset time 7. (log-log scale). Dark and light symbols
correspond to experiments with excitation volumes V and
Vieduced = V/2, respectively. Circles and triangles correspond
to the |55S /,) and [40S /,) states, respectively. Continuous lines
are the model predictions for 555, /,) for both volumes, using
the same parameters fitted on experiments in V. The dashed line

shows the model outcome in V when neglecting the blockade
effect.

the Rydberg sample are most likely preserved in the ava-
lanche. The observed packing fraction = 0.2 is similar
to the highest considered in [8]: provided the laser cou-
plings are turned off immediately after 7., we expect that
the importance of DIH as compared to final ion interactions
should be strongly reduced.

To further study the effect of Rydberg interactions on the
avalanche dynamics, we compared the dynamics from
different Rydberg states, while keeping all other experi-
mental parameters (in particular () approximately con-
stant. In comparison to [55S /), the [40S /,) state appears
more stable, exhibiting plasma formation in V. .cq Only
above densities of ny =~ 1 X 10'! (triangles in Fig. 4).
Rescaling the parameters .y, 7V, & n**, R. o n*11/6,
and E, « 1/n*? [11], the model accounts for approxi-
mately half of the relative shift in 7.;. This discrepancy
could be due to a different scaling of the ionization cross
section . For the |55D;,) state we observe an imme-
diate production of ions (#;; — 0), presumably due to the
anisotropy of D-state interactions which breaks the block-
ade effect and leads to an increased rate of ionizing
Rydberg—Rydberg collisions [13].

In conclusion, we have experimentally investigated the
spontaneous evolution from a strongly blockaded and spa-
tially correlated Rydberg gas to an UCP. Simultaneous
absorption imaging and ion detection allow us to observe
the complete dynamics of this process. In particular, we
identified a regime in which the ionization avalanche is
faster than the motional time scale of the produced ions,
suggesting a new route to the production of strongly
coupled UCPs with large ionic coupling parameters I'. In
addition, Rydberg states allow for a large tuning of the
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correlation length given by R, o n*!'/%_ Future experi-
ments could directly resolve the spatial structure of the
resultant plasmas, for example, by using atomic species
with more than one valence electron [30], or by using
Rydberg states as a sensitive probe [31]. This would open
promising new avenues to experimentally investigate novel
effects in UCPs, such as liquid-vapor phase coexistences,
critical points [32], and strongly coupled liquid phases.

This work is supported in part by the Heidelberg Center
for Quantum Dynamics and the Deutsche Forschungs-
gemeinschaft under WE2661/10.2; M.R.D.S. V. (Grant
No. FP7-PEOPLE-2011-IEF-300870) and S.W. (Grant
No. PERGO08-GA-2010-277017) acknowledge support
from the EU Marie-Curie program.

*whitlock @physi.uni-heidelberg.de
"weidemueller @uni-heidelberg.de

[1] T.Killian, S. Kulin, S. Bergeson, L. Orozco, C. Orzel, and
S. Rolston, Phys. Rev. Lett. 83, 4776 (1999).

[2] T.C. Killian, Science 316, 705 (2007).

[3] H.M. Van Horn, Science 252, 384 (1991).

[4] B.A. Remington, D. Arnett, R. P. Drake, and H. Takabe,
Science 284, 1488 (1999).

[5] S. Ichimaru, Rev. Mod. Phys. 54, 1017 (1982).

[6] T.C.Killian, T. Pattard, T. Pohl, and J. M. Rost, Phys. Rep.
449, 77 (2007).

[7]1 R.S. Fletcher, X.L. Zhang, and S.L. Rolston, Phys. Rev.
Lett. 96, 105003 (2006); K. A. Twedt and S.L. Rolston,
Phys. Rev. Lett. 108, 065003 (2012); J. Castro, P.
McQuillen, and T.C. Killian, Phys. Rev. Lett. 105,
065004 (2010).

[8] M.S. Murillo, Phys. Rev. Lett. 87, 115003 (2001).

[9] T. Pohl, T. Pattard, and J. M. Rost, Phys. Rev. A 70,

033416 (2004); S.D. Bergeson, A. Denning, M. Lyon,

and F. Robicheaux, Phys. Rev. A 83, 023409 (2011); C.E.

Simien, Y.C. Chen, P. Gupta, S. Laha, Y.N. Martinez,

P. G. Mickelson, S.B. Nagel, and T. C. Killian, Phys. Rev.

Lett. 92, 143001 (2004); E.A. Cummings, J.E. Daily,

D.S. Durfee, and S.D. Bergeson, Phys. Rev. Lett. 95,

235001 (2005).

M.P. Robinson, B. Laburthe Tolra, M. W. Noel, T.F.

Gallagher, and P. Pillet, Phys. Rev. Lett. 85, 4466

(2000); A. Walz-Flannigan, J.R. Guest, J. H. Choi, and

G. Raithel, Phys. Rev. A 69, 063405 (2004); J.P.

Morrison, C.J. Rennick, J.S. Keller, and E.R. Grant,

Phys. Rev. Lett. 101, 205005 (2008); R. Heidemann, U.

Raitzsch, V. Bendkowsky, B. Butscher, R. Low, L. Santos,

and T. Pfau, Phys. Rev. Lett. 99, 163601 (2007).

[11] W. Li et al., Phys. Rev. A 70, 042713 (2004).

[12] I.I. Beterov, D.B. Tretyakov, I. 1. Ryabtsev, A. Ekers, and

N. N. Bezuglov, Phys. Rev. A 75, 052720 (2007).

[13]
[14]

[15]

[16]

[17]
(18]
[19]
[20]

(21]
(22]

(23]

[24]

(27]
(28]

[29]

(30]

(31]

(32]

045004-5

T. Amthor, M. Reetz-Lamour, S. Westermann, J. Denskat,
and M. Weidemuller, Phys. Rev. Lett. 98, 023004 (2007).
P.J. Tanner, J. Han, E.S. Shuman, and T.F. Gallagher,
Phys. Rev. Lett. 100, 043002 (2008).

T. C. Killian, M. Lim, S. Kulin, R. Dumke, S. D. Bergeson,
and S.L. Rolston, Phys. Rev. Lett. 86, 3759 (2001); F.
Robicheaux and J. D. Hanson, Phys. Rev. Lett. 88, 055002
(2002); R.S. Fletcher, X.L. Zhang, and S.L. Rolston,
Phys. Rev. Lett. 99, 145001 (2007); N. Saquet, J.P.
Morrison, M. Schulz-Weiling, H. Sadeghi, J. Yiu, C.J.
Rennick, and E.R. Grant, J. Phys. B 44, 184015 (2011).
T.M. Weber, T. Niederpriim, T. Manthey, P. Langer, V.
Guarrera, G. Barontini, and H. Ott, Phys. Rev. A 86,
020702 (2012).

D. Comparat and P. Pillet, J. Opt. Soc. Am. B 27, A208
(2010).

F. Robicheaux and J.V. Hernandez, Phys. Rev. A 72,
063403 (2005).

D. O. Gericke and M. S. Murillo, Contrib. Plasma Phys.
43, 298 (2003).

S.G. Kuzmin and T.M. O’Neil, Phys. Rev. Lett. 88,
065003 (2002).

P. Pillet et al., J. Phys. Conf. Ser. 194, 012066 (2009).
G. Vitrant, J.M. Raimond, M. Gross, and S. Haroche,
J. Phys. B 15, L49 (1982).

L. Barbier and M. Cheret, J. Phys. B 20, 1229 (1987); A.
Kumar, B.C. Saha, C. A. Weatherford, and S. K. Verma,
J. Mol. Struct. Theochem 487, 1 (1999).

K. Singer, M. Reetz-Lamour, T. Amthor, L. G. Marcassa,
and M. Weidemuller, Phys. Rev. Lett. 93, 163001 (2004);
D. Tong, S.M. Farooqi, J. Stanojevic, S. Krishnan, Y. P.
Zhang, R. Coté, E.E. Eyler, and P.L. Gould, Phys. Rev.
Lett. 93, 063001 (2004).

C. Ates, S. Sevingli, and T. Pohl, Phys. Rev. A 83, 041802
(2011).

See Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.110.045004 for the
rate equation model describing the excitation and ioniza-
tion dynamics.

J. Talbot, P. Schaaf, and G. Tarjus, Mol. Phys. 72, 1397
(1991).

T. Amthor, M. Reetz-Lamour, C. Giese,
Weidemuller, Phys. Rev. A 76, 054702 (2007).
This cross section encapsulates ionizing collisions from
atoms in the ground or first excited state regardless of their
state, thus containing contributions from different ionizing
mechanisms [23].

P. McQuillen, X. Zhang, T. Strickler, F. B. Dunning, and
T. C. Killian, Phys. Rev. A 87, 013407 (2013).

G. Giinter, M. Robert-de-Saint-Vincent, H. Schempp, C. S.
Hofmann, S. Whitlock, and M. Weidemiiller, Phys. Rev.
Lett. 108, 013002 (2012); B. Olmos, W. Li, S. Hofferberth,
and I. Lesanovsky, Phys. Rev. A 84, 041607 (2011).

P. K. Shukla and K. Avinash, Phys. Rev. Lett. 107, 135002
(2011).

and M.


http://dx.doi.org/10.1103/PhysRevLett.83.4776
http://dx.doi.org/10.1126/science.1130556
http://dx.doi.org/10.1126/science.252.5004.384
http://dx.doi.org/10.1126/science.284.5419.1488
http://dx.doi.org/10.1103/RevModPhys.54.1017
http://dx.doi.org/10.1016/j.physrep.2007.04.007
http://dx.doi.org/10.1016/j.physrep.2007.04.007
http://dx.doi.org/10.1103/PhysRevLett.96.105003
http://dx.doi.org/10.1103/PhysRevLett.96.105003
http://dx.doi.org/10.1103/PhysRevLett.108.065003
http://dx.doi.org/10.1103/PhysRevLett.105.065004
http://dx.doi.org/10.1103/PhysRevLett.105.065004
http://dx.doi.org/10.1103/PhysRevLett.87.115003
http://dx.doi.org/10.1103/PhysRevA.70.033416
http://dx.doi.org/10.1103/PhysRevA.70.033416
http://dx.doi.org/10.1103/PhysRevA.83.023409
http://dx.doi.org/10.1103/PhysRevLett.92.143001
http://dx.doi.org/10.1103/PhysRevLett.92.143001
http://dx.doi.org/10.1103/PhysRevLett.95.235001
http://dx.doi.org/10.1103/PhysRevLett.95.235001
http://dx.doi.org/10.1103/PhysRevLett.85.4466
http://dx.doi.org/10.1103/PhysRevLett.85.4466
http://dx.doi.org/10.1103/PhysRevA.69.063405
http://dx.doi.org/10.1103/PhysRevLett.101.205005
http://dx.doi.org/10.1103/PhysRevLett.99.163601
http://dx.doi.org/10.1103/PhysRevA.70.042713
http://dx.doi.org/10.1103/PhysRevA.75.052720
http://dx.doi.org/10.1103/PhysRevLett.98.023004
http://dx.doi.org/10.1103/PhysRevLett.100.043002
http://dx.doi.org/10.1103/PhysRevLett.86.3759
http://dx.doi.org/10.1103/PhysRevLett.88.055002
http://dx.doi.org/10.1103/PhysRevLett.88.055002
http://dx.doi.org/10.1103/PhysRevLett.99.145001
http://dx.doi.org/10.1088/0953-4075/44/18/184015
http://dx.doi.org/10.1103/PhysRevA.86.020702
http://dx.doi.org/10.1103/PhysRevA.86.020702
http://dx.doi.org/10.1364/JOSAB.27.00A208
http://dx.doi.org/10.1364/JOSAB.27.00A208
http://dx.doi.org/10.1103/PhysRevA.72.063403
http://dx.doi.org/10.1103/PhysRevA.72.063403
http://dx.doi.org/10.1002/(ISSN)1521-3986
http://dx.doi.org/10.1002/(ISSN)1521-3986
http://dx.doi.org/10.1103/PhysRevLett.88.065003
http://dx.doi.org/10.1103/PhysRevLett.88.065003
http://dx.doi.org/10.1088/1742-6596/194/1/012066
http://dx.doi.org/10.1088/0022-3700/15/2/004
http://dx.doi.org/10.1088/0022-3700/20/6/011
http://dx.doi.org/10.1016/S0166-1280(99)00134-7
http://dx.doi.org/10.1103/PhysRevLett.93.163001
http://dx.doi.org/10.1103/PhysRevLett.93.063001
http://dx.doi.org/10.1103/PhysRevLett.93.063001
http://dx.doi.org/10.1103/PhysRevA.83.041802
http://dx.doi.org/10.1103/PhysRevA.83.041802
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.045004
http://link.aps.org/supplemental/10.1103/PhysRevLett.110.045004
http://dx.doi.org/10.1080/00268979100100981
http://dx.doi.org/10.1080/00268979100100981
http://dx.doi.org/10.1103/PhysRevA.76.054702
http://dx.doi.org/10.1103/PhysRevA.87.013407
http://dx.doi.org/10.1103/PhysRevLett.108.013002
http://dx.doi.org/10.1103/PhysRevLett.108.013002
http://dx.doi.org/10.1103/PhysRevA.84.041607
http://dx.doi.org/10.1103/PhysRevLett.107.135002
http://dx.doi.org/10.1103/PhysRevLett.107.135002

