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We propose a source for high-brightness ion and electron beams based on the ionization of an effusive atomic
beam which is transversely laser cooled and compressed. The very low transverse temperature (mK range) and
the relative low density of the starting atomic sample ensure excellent initial conditions for obtaining bright and
monochromatic charge sources. In contrast to the standard photoionization techniques used by similar sources,
we utilize field ionization of Rydberg atoms. This approach allows a substantial reduction of the required laser
power and copes differently with the problems of the energy spread created during the ionization process and of
the stochastic space-charge effect. Theoretical modeling and prospective ideas of this emerging technology are
given.
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I. INTRODUCTION

Well controlled, monochromatic, and spatially focused
electron and ion beams are invaluable tools in many research
fields such as semiconductor and material sciences, data
storage, surface studies (imaging, lithography), and biology.
They are also becoming increasingly related to the emerging
nanotechnology industry, for instance, as highly localized
fabrication or diagnostic tools [1,2].
Recently, experimental realizations of novel ion or electron
sources based on the ionization of laser-cooled atoms have
been reported [3–20] and have shown the potential of these
new sources. Due to the low temperatures associated with laser
cooling, the ion (or electron) beam originating from the cold
sample has an extremely narrow angular spread. This means
that ion or electron sources based on the ionization of cold
atoms would have the ability to create very small focal spots
with relatively strong currents. Up to now, all experimental
realizations have been performed in a magneto-optical trap
(MOT) using direct ionization of the atoms. This leads to
some limitations, especially in terms of flux (i.e., ion-electron
current) and, because of the presence of magnetic fields, used
to confine the neutral particles.
In this paper, we shall present ideas to overcome these
problems based on the high flux given by a transversely lasercooled and compressed atomic beam which is excited into a
Rydberg state and subsequently ionized in the presence of an
electric field. With our method, currents in the 10 nA range are
achievable but, as we will show, Coulomb repulsion between
charges (space-charge effects) are likely to seriously reduce
the beam brightness. Nevertheless, there are operating regimes
(current, energy, spot, and time domains) where our system
still represents an advancement with respect to existing ion
and electron sources.
We shall briefly describe the current status of this ionand electron-beam technology and of existing realizations.
Finally, we detail our proposition on how to achieve some
of the unique capabilities of these ultracold sources. We recall
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here the main expected advantages related to these sources as
follows.
(i) The initial energy dispersion of a 100 μK MOT atomic
source is in the 10 neV range; the same applies to the transverse
energy dispersion of a laser-cooled atomic beam.
(ii) Available atomic species range from alkali and alkaline
atoms to noncontaminant gases and other elements of technological interest.
(iii) Ionization produces ions and electrons, so a reverse
voltage would transform an ion source into an electron source.
(iv) The beam current can be controlled in real time, up
to the femtosecond level and down to the single-particle limit
solely by varying the laser intensity.
(v) The high brightness of this source will allow strong
focusing even at very low beam energies. This makes possible
the manipulation and the control of particle interactions at the
nanometer level with eV beam energy.
II. CHARGED PARTICLE SOURCES AND DEVICES

In this section, we will briefly review the state-of-the-art of
ion- and electron-beam devices as well as of their applications,
based on both standard and cold atom technologies. The
brightness B of a beam provides a measure of how much
current can be concentrated on a small spot and is defined as
B = I /(A),

(1)

where I is the beam current, A is the beam surface area, and
 is the beam solid angle [21]. This is a simplified definition
valid for uniform current density and uniform angular spread
uncorrelated with the particle position. A more complete
discussion on the brightness can be found, for instance, in
the book by Reiser [22] or in Ref. [23]. In our calculations we
will make use of the definition given in Ref. [24]. The reduced
brightness, defined as
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Bred = B/U,

(2)
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where U , the beam energy (usually expressed in eV), is a
fundamental quantity that characterizes the ability to create
a small focal spot with enough current to be useful. For a
monoenergetic beam, it is an invariant along the beam path in
the absence of aberrations and interactions between particles
[23]. Another useful figure of merit of a particle beam is the
emittance, defined as the product of the beam focus diameter
with the angular spread. The brightness of a beam is given by
the ratio between current and the product of the emittances in
the two transverse axes.

TABLE I. Properties of state-of-the-art electron sources: beam
density, emission current, source (cathode) size, reduced brightness,
and energy spread.
Gun
Density (nA nm−2 )
Current (μA)
Size (μm)
Bred (A m−2 sr−1 V−1 )
V (eV)

W

LaB6

Schottky

CFEG

2 × 10−5
200
100
105
1

2 × 10−4
80
20
106
0.5

0.2
200
<1
107
0.4

0.5
5
<0.1
108
0.3

A. Focused ion beams

A focused-ion-beam (FIB) system uses an ion beam to
raster over the surface of a sample in a similar way as a
scanning electron microscope. A FIB machine consists of the
source, the focusing or accelerating column, the sample stage
and, often, a device to simultaneously monitor the results of the
process. The beam energy is typically 30 keV. At this energy,
ion currents of 1 pA and 100 pA can be focused to spot sizes of
2.5 nm and 15 nm, respectively. In the latter case, the current
density in the core of the beam approaches 2 × 10−4 nA/nm2
(20 A/cm2 ). FIB machines have many applications, including
in situ cross sectioning and analysis of a fabricated device,
specimen preparation for transmission electron microscopy,
milling (where material is removed), gas-assisted chemical
vapor deposition (where material is deposited), mask repair
and micromachining, scanning ion microscopy, secondary ion
mass spectrometry (where secondary ions are generated and
collected as the beam is scanned), and lithography [25]. In
standard FIBs, the source is typically a gallium liquid-metal ion
source (LMIS), used for its high surface tension and low vapor
pressure. It has one major drawback, namely contamination of
the treated surfaces by Ga+ is inevitable. Other LMIS are also
available, such as gold, gold alloys (Au-Ge, Au-Si), indium,
and bismuth. They are used for very specific applications and
their diffusion is much more limited.
For several decades there has been much effort to develop
noncontaminant ion sources instead of LMIS. In particular, it
is worth mentioning gas field ion sources (GFIS) [26], such
as the Carl Zeiss Orion nanoFIB [27], which can provide for
example noble gas ion sources. Although they can attain very
good brightness and small energy spread, stability and ease of
use remain a concern. Their use as FIB sources is therefore
limited. Other well established ion sources for FIBs with
noble gases, hydrogen, and oxygen are the plasma sources.
Their performances are very good when high currents (tens
of nA) are required but, conversely, their focusing properties
are fair. In general, what makes an ion source suitable for
FIB applications is the ensemble of qualities such as the high
brightness, the low-energy dispersion leading to chromatic
aberrations, the long-lasting life, the reliability, and ease of
use during operation.
B. Electron beams

Similarly, electron sources are used in a wealth of research
fields and application domains that often require ultimate
spatial control combined with precisely defined and tunable
acceleration energy, as in the case of the scanning electron

microscopes (SEM). The standard electron sources can produce remarkable results, but brightness, stability, and energy
monochromaticity are now regarded as the limiting factors [2].
The goal for the next generation of microscopes, which can be
roughly seen as a 0.1 nm probe, energy spread approaching or
below 100 meV and 1 nA current, will certainly not be reached
with the standard electron sources such as tungsten filaments (W), lanthanum hexaboride (LaB6 ) thermionic sources,
Schottky thermoassisted field emission guns, or cold field
emission guns (CFEG). In particular, as indicated in Table I,
no reliable electron source with energy spread below 0.3 eV
has been obtained for electron microscopy. Furthermore, in
standard setups, the implementation of a monochromator
to reduce the energy spread degrades the brightness and
limits the spatial resolution to several tens of nanometers.
State-of-the-art SEM microscopes, like the Magellan XHR
SEM by FEI [28], are able to produce electron beams with
tunable energy between 1 kV and 30 kV and resolution of the
order of 0.9 nm. Lower energies are also possible (down to
50 V) but at the expenses of resolution.
The use of laser-cooled atoms, such as those produced in a
magneto-optical trap at a temperature of tens of micro-kelvin
and corresponding energy dispersion of only 1 neV, seems
promising to solve this problem. In particular, very low
landing voltages (1–100 V) are expected with good spatial
and energy resolutions. Such low-energy electrons can be
very useful to induce, control, orientate chemical reactivity, to
initiate selective dissociative processes [29], or realize faster
electron-beam chemical lithography [30].
Essentially, all standard ion or electron sources have very
high emitter current densities (see Table I), which produce
strong space-charge effects and degrade the energy spread.
In contrast, cold atom sources, such as transversely cooled
atomic beams, can have a flux higher that 1010 particles per
second through a 100 μm spot [31]. If fully ionized, they
would produce currents of ∼1 nA, but with very small current
density (10−10 nA nm−2 ), reducing space-charge effects and
associated energy spread degradation. Small energy dispersion
added to the very low initial velocity arising from the cold
temperatures obtained by laser cooling should lead to a
source with unprecedented performance. Consequently, ion
or electron sources based on laser cooling of atoms can have
simultaneously lower emittance and higher brightness than
conventional sources. While in standard sources the emittance
is lowered by making the source as small as possible (tens of
nm), in cold sources it is the angular spread to be drastically
reduced, leading to a lower emittance. As we will show in
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Sec. III D, these good expectations for cold sources are
somewhat limited nevertheless by space-charge effects.
C. Laser-cooling technology and magneto-optical trap sources

It is clear from the previous discussion that efficient
ionization of laser-cooled atoms and subsequent extraction of
charged particles will provide a bright source of ions (or electrons). Indeed, laser-cooling techniques can greatly increase
phase-space density, defined as the number of particles within
a given position and momentum region, of an atomic sample.
On the other end, Liouville’s theorem states that, without extra
knowledge about the microscopic distribution of the particles,
electrostatic or magnetic fields are not able to enhance the
phase-space density or, similarly, the reduced brightness of a
sample.
Atomic samples with 107 –109 atoms can routinely be
trapped in magneto-optical traps (MOTs) at temperatures of
some hundreds of μK. Further and more complex cooling can
lead to lower temperature (μK) or even to quantum degeneracy
(Bose-Einstein condensation). To date, the list of optically
trapped stable elements includes all alkali metals, all noble
gases in metastable states, all alkaline-earth elements, and
several other elements: Cr, Er, Ag, Yb, Hg, Cd, Dy, and Tm
(see Refs. [32–35] for the most recent achievements). Less
demanding is the transverse cooling of an atomic beam which
has been realized also with other atomic species such as Al,
Ga, Fe, In [36–40] and is in perspective for Si, Tl and other
atoms of interest for nanoscience, such as boron, phosphorus,
and arsenic [41–44].
The idea that, by efficiently ionizing and extracting charged
particles, ultracold atoms may become a source of ions or
electrons started in 2003 with the theoretical suggestion to
ionize cold atoms for nanotechnology purposes [45,46]. This
proposition emerged from previous fundamental studies of
ultracold plasmas realized either by direct laser photoionization [47] or by the technique, initiated at Laboratoire Aimé
Cotton [48], of laser promotion to highly excited (Rydberg)
states which eventually ionize [49]. It has been shown that,
even when starting with motionless atoms, collisions and
stochastic Coulomb interaction between closed neighbors
increases the plasma temperature to Te ∼ 10 K for the electron
and Ti ∼ 1 K for the ions. Nevertheless, this is still at least
two orders of magnitudes below the thousands of kelvin
typical of conventional electron and ion sources. Based on
this knowledge, more detailed proposals, by the group of J.
McClelland at NIST (Gaithersburg, USA) [4,50,51], and by the
group of O. J. Luiten and E. Vredenbregt, from the University
of Technology in Eindhoven (Netherlands) [3,5,6,24,52,53],
have confirmed that sources based on cold atoms could
perform ground-breaking experiments. For example, the ion
source, called magneto-optical trap ion source (MOTIS) by
the NIST group and ultracold ion source (UCIS) by the Eindhoven group, has a potential reduced brightness higher than
107 A m−2 sr−1 V−1 , as compared to the best FIB with a
measured reduced brightness of 106 A m−2 sr−1 V−1 . In 2007 a
group of the Lawrence Berkeley National Laboratory proposed
another type of source based on a beam of neutral alkali-metal
atoms excited in a pulsed mode where on average only
one electron per pulse is generated [54]. Such a “Rydberg

photocathode” source would deliver a sub-pA current, but
should achieve an emittance and brightness approaching the
quantum limit.
Then, NIST and Eindhoven groups reported results of
their experiments [4,5]. These are based on near-threshold
photoionization of a laser-cooled and trapped atomic gas.
Using an extraction field of ∼ 1 kV/cm with ∼ 1 μs rise
time, a preliminary ultracold plasma extraction experiment
had been realized, showcasing the low emittance, even if not
yet comparable with the state-of-the-art LMIS [3,52]. Later, a
similar extraction of ions was realized with an average energy
as low as 1 eV and an energy dispersion of 0.02 eV [3].
This value is to be compared with the several hundreds of
meV obtained by standard sources for electrons, or even a
few eV for the liquid metal ion source. These results were
limited to pulsed sources and to low currents (tens of pA).
More recently, the US team has expanded the capabilities of
their focused-ion-beam system by demonstrating nanoscale
focusing of low-energy chromium and Li ions (between 0.5
and 3 keV) [8,16]. Using time-dependent electric fields,
the Eindhoven team reported in Ref. [12] an ion source
temperature as small as 1 mK. They were able to control
the phase-space distribution of the ion beam, creating new
possibilities to correct the spherical and chromatic aberrations
that presently limit their spatial resolution [10,11]. Recently,
an Australian group joined the community showing impressive
spatial shaping capability by producing arbitrarily shaped
high-coherence electron bunches from cold atoms [14,17]. All
this activity explains why the US company FEI and the French
company Orsay Physics, are involved in collaboration with
NIST and Eindhoven groups (for FEI) and with the French
authors of this article (for Orsay Physics). If such a source
became a real industrial prototype, it would offer perspectives
for new and potentially impressive applications. Moreover, it
would be the first time that “laser cooling” techniques lead
to real industrial development [55]. We would also like to
mention a complementary technique, based on extraction of
laser-cooled trapped ions, which has been developed by K.
Singer’s group at Ulm (Germany) [9,56]. Competing with
techniques based on scanning tunneling microscopy (STM), or
on pierced AFM tips, this method should allow precise control
of the amount and of the positioning of an ion at very low
energies (<1 keV). Potential applications of this source include
the fabrication of scalable solid-state quantum computers and
deterministic doping, which is critical for the advancement of
nanoelectronics. This method works for almost all chemical
elements, but is slow, with a rate similar to what is possible to
realize (∼10 Hz) with on-demand schemes for particle delivery
based on laser-cooled atoms [57].
III. HIGH-FLUX COLD BEAM SOURCES

The use of standard magneto-optical traps as laser-cooled
setups lead to some limitations: in terms of brightness, because
of the limiting density and temperature in a MOT [24], of flux,
because of the relatively small flux of incoming trapped atoms
(109 atoms/s typically, corresponding to ∼100 pA), of static
fields, because of the presence of magnetic field to confine the
neutral particles, and of geometrical constraints, because of
the several laser beams required to produce a MOT. A source
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FIG. 1. (Color online) Sketch of the ultracold electron-ion source. An intense effusive atomic beam is transversely cooled and compressed
using laser-cooling techniques. Electrons or ions (depending on electrode polarities) are produced by laser excitation to Rydberg states that are
then field ionized. The beam is finally focused and accelerated, for instance, in a FIB column.

based on a high-flux atomic beam could overcome some of
these limitations. Indeed, very recently, the NIST group [58]
reported measurements and modeling of an ion source based on
a laser-cooled atomic beam. They already demonstrated a total
current greater than 5 nA and they predict that they could focus
a 1 pA beam into a spot smaller than 1 nm. Although we cannot
expect to have lower emittance than a MOT, the constraints on
flux, magnetic field, and on geometry can be reduced. We will
describe now some ideas towards the experimental realization
of such a source. This source starts with the realization of a
sufficiently cold and dense laser-cooled atomic beam with a
large number of atoms, followed by an efficient laser ionization
process. Success requires several ingredients, which have to
be carefully tackled, as follows.
(1) A sufficiently “good” atomic source in terms of flux,
density, number of atom, and energy dispersion.
(2) Efficient ionization process to create a bright monochromatic source.
(3) Extraction optics that do not degrade the properties of
the source.
(4) Beam transport optics that do not degrade the properties
of the beam.
(5) Efficient coupling with existing experiments and realization of industrial prototypes.
The effusive oven aimed to produce a high-flux atomic
beam and, from that, a bright ion-electron source is sketched in
Fig. 1. The beam is transversely laser cooled to sub-millikelvin
temperature and compressed, for instance, in a magnetic
quadrupole field to a sub-millimeter diameter [59], which
increases the brightness of the atomic beam by several orders
of magnitude [60]. High densities could be obtained directly
after the effusive oven, without bothering for laser cooling
and compressing the beam. Nevertheless, in this case the
brightness would be substantially lower because of the residual
divergence of the effusive beam.
To produce an electron or ion beam, we propose a method
for the ionization and extraction, based around laser promotion
of atoms to highly excited (Rydberg) states. The excited atoms
from the atomic beam will then enter a region of slightly higher

electric field where they are field ionized. We notice that the
atomic ionization by way of Rydberg excitation has already
been used in both an effusive atomic beam [61] and for cold
atoms [3] but not with the scheme discussed below.
A. Atomic source

Because laser cooling of cesium is well known in our
laboratory [62] and because of its very good secondary ion
mass spectrometry (SIMS) capability, we choose to develop a
cesium beam. In order to have a compact and already almostcollimated beam, we choose a recirculating oven design
(Ref. [63]). Recirculating ovens are more demanding than
standard effusive ovens but have the great advantage that the
effused element usage is minimized so, in principle, it need
only be reloaded after thousands of hours of operation [64].
Briefly, the oven is composed of a candlestick that is inside
a larger reservoir containing the cesium (see Fig. 2). The
candlestick is heated at high temperature while the reservoir is
kept just above the melting point of the cesium. Liquid cesium
can get to the head of the candlestick through a wick and it is

FIG. 2. (Color online) Simulations of the collimation of the Cs
atomic beam after being emitted from the recirculating oven.
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TABLE II. Characteristics of the “useful” atomic beam in the
different region of the apparatus as shown in Fig. 1. The final flux
2 × 1012 atoms/s corresponds to a current of roughly 300 nA.
Region
Divergence (mrad)
Flux (atoms/s)
Diameter (mm)
Energy spread (meV)

1

2

3

4–5

43
2 × 1014
2
52

0.1
5 × 1013
10
52

0.1
5 × 1013
1.5
52

0.1
2 × 1012
1
500

effused from there. A hole in the reservoir wall allows a small
part of the effusive beam from the candlestick to come out
while the greater part can flow back and be recirculated.
The flux increases with the oven temperature, but similarly
the longitudinal mean velocity also increases with temperature,
making the transverse laser cooling harder. Thus there is an
optimal temperature for the oven. In the following, we choose
to study the case of an ∼182 ◦ C (455 K) cell creating a flux
of Cs atoms as high as 2 × 1014 per second, with few tens of
milliradians divergence, a mean velocity of ∼317 m/s, and a
transverse energy spread (FWHM) of 50 meV [63].

collimated, as most of them present a small divergence
angle.
Simulation of the compression has also been performed
in a very similar way. For instance, with a two-dimensional
quadrupole magnetic-field gradient of 1 mT/cm and a 20cm-long zone, the theoretical result is impressive, with an
atomic beam not only cooled but also compressed to a very
small radius. However, the model does not take into account
losses due to collisions, which limits the experimental density.
Estimating the maximum possible compression of an atomic
beam in a nonuniform magnetic field and effect of transverse
sub-Doppler cooling and compression is not easy. A limitation
of an atomic beam density to a value on the order of 1012 /cm3
has been proposed [70], but we shall be more conservative here
and take densities reached in a MOT, i.e., a density of cold
atoms of nearly 1011 atoms per cm3 . This constrains the beam
diameter to be roughly 1.5 mm [59,71]. Taking this limit as
a more realistic value and a transverse temperature of 15 μK,
which is easily achieved using sub-Doppler effects, lead to
results that are summarized in Table II. Before ionization, for
realistic parameters we predict an atomic flux of 5 × 1013
atoms per second, with a 200 m/s axial velocity, and a
divergence of only 0.15 mrad in a 1 mm beam radius.

B. Control of the atomic source: Laser cooling and compression

Collimation and compression of an atomic beam has
already been well studied in our laboratory [65], as well as
by several other groups (for example, Refs. [60,66,67]).
In this proposal, we study the collimation and then the
compression of our source in two distinct zones, but clearly a
single zone may also work and would actually simplify the
experimental setup. Two-dimensional (2D) transverse laser
cooling is performed using four beams. A very long cooling
zone allows complete cooling but this would require very
intense lasers. As a compromise we have designed a first
collimation zone 12 cm long. In order to be close to the saturation intensity and using our experimentally available power
(of 20 mW per beam) we choose the lasers to have an ellipsoidal shape of 1 cm × 12 cm. In order to give realistic values
for what can be expected for our source, we have simulated
this cooling using a simple Doppler cooling code [68] using
a realistic model for the Cs atom. From the simulation, we
optimized the detuning of each beam to be half of the natural
linewidth of the atomic transition [6s(F = 4) → 6p3/2 (F  =
5)]. We would like to mention that experimentally both subDoppler and strong-field effects have been observed to enhance
the cooling process [65,69]. Thus the theoretical values we
give are in fact quite conservative and it should be possible to
have greater values in a real experiment. From the simulation,
we end up with a collimated (divergence <0.5 mrad) beam of
5 × 1013 atoms per second. Some trajectories are displayed
in Fig. 2 and the results are summarized in Table II. Due
to mechanical constraints the source is actually at 67 mm
from the cooling stage, but a future design with a closer
cooling stage is under consideration. Because the fastest atoms
move too quickly to be cooled, only transverse velocities of
atoms below 200 m/s are well collimated. This results in a
collimated flux which is reduced by a factor 10 compared to the
initial flux. However, higher velocity atoms are also naturally

C. Control of the atomic ionization: Rydberg excitation
and field ionization

To produce a useful charged particle beam, the atomic
beam has to be ionized without degrading the low-temperature
properties of the source, i.e., without increasing the energy
spread and the transverse temperature of the charged particles
Typically, strong extraction fields (>1 kV/cm) are used to
reduce the particles’ transport time and thus damp the harmful
effects of Coulomb interactions [24]. This leads to important
limitations if using the direct photoionization technique. One
problem arises from the differential voltage: even with very
small 10 μm laser ionization zone, an extraction field value of
1 kV/cm already creates an energy dispersion of 1 eV, which is
not much better than standard sources. Another problem is that
nearly 10 W of continuous laser power is needed to efficiently
photoionize an atomic beam [72]. Without an extra optical
cavity, 10 W is really at the edge of the current industrial
laser capability. In order to solve both problems, we propose
to use field-ionized Rydberg atoms [73], rather than direct
photoionization.
The main principle of the scheme exploits the fact that
Rydberg states ionize at a very specific electric field: of
∼ 400 × ( 30
)4 V/cm for alkali-metal atoms. Consequently,
n
a well-conceived electric-field configuration should allow all
Rydberg atoms to be ionized at nearly the same voltage
producing a very monochromatic beam. Furthermore, the cross
section for excitation to a Rydberg state is higher than the
one required to photoionize the atom, by a factor of the ratio
between the energy-level spacing (n to n + 1) and the laser
linewidth [73]. Thus, compared to the direct photoionization,
the laser power needed is reduced by a factor 104 for n = 30
and a 10 MHz linewidth laser. This means that only hundreds
of milliwatts of continuous laser power are required to convert
an atomic beam into Rydberg states.
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The idea to laser promote to Rydberg with subsequent instantaneous field ionization at a given voltage looks interesting.
Nevertheless, several details have to be studied, including the
following.
(i) The efficiency of the Rydberg excitation.
(ii) The effect of the limited Rydberg lifetime before the
field ionization.
(iii) The effect of the noninstantaneous Rydberg ionization.
(iv) The effect of an electric-field gradient.
To achieve the greatest possible current, laser promotion
to highly excited (Rydberg) states will have to occur at
high efficiency for the entire beam. Near 100% excitation
efficiencies are possible using coherent excitation schemes
[75,76], but we shall be more conservative here and assume
only a 10% excitation probability with incoherent excitation. In
fact, high excitation efficiencies would probably be prevented
by a dipole blockade effect created by the fact that Rydberg
state energies are shifted out of resonance by their dipoledipole interaction with neighbors [77]. Furthermore, we would
like to avoid high densities of Rydberg atoms which create a
force between atoms, leading to motions that can degrade the
brightness of the beam, as well as create a plasma [49,78,79].
Hence our aim is simply to reach a Rydberg density of few
1010 atoms/cm3 . We do not detail here the lasers we are going
to use to ionize the cesium atoms but one simple solution
would be the continuous ionization procedure already used
in our team for Rydberg experiments [78]. In that case, after
the 852 nm cooling laser, we used a 10 mW diode laser at
1470 nm followed by a (780 nm) Ti:sapphire laser. With such
a laser focused to a diameter of 1000 μm, the transfer to
the Rydberg state easily occurs within 500 ns [80], that is to
say, well before the ∼ 200 m/s atoms leave the interaction
zone. To ensure the atomic energy levels are not shifted out of
resonance, an electric field homogeneous over the excitation
volume is required.
After excitation, atoms have to travel until the point where
they are field ionized. Fortunately, the radiative lifetime of n
Rydberg states ( being the orbital angular momentum of the
valence electron) is long, on the order of several microseconds.
A useful very simplified formula to estimate the lifetime in zero
field is [78,81] n3 ( + 1/2)2 × 10−10 s. This formula does not
include the blackbody effect [82] which, for a temperature T ,
increases the decay rate by roughly 2 × 107 300T K n−2 (s−1 ) [83].
In electric field the  values are mixed and the lifetime is
modified, but taken the conservative value of a pure ns state,
a typical state with n = 30 as a lifetime on the order of 10 μs.
With a beam velocity of 200 m/s the atoms can travel roughly
2 mm before decaying. In the proposed scheme atoms, during
their travel, will see a higher and higher electric field until they
reach the ionization point.
Looking at a typical Stark map (Fig. 3), we see that when
the field increases, several avoided crossings between the Stark
levels occur. As a consequence, the field-ionization rate of the
Rydberg atoms would depend on the rising speed of the electric
field up to the classical ionization limit. In order to minimize
this effect, we suggest excitation to a Rydberg state at an
electric field just below the classical ionization limit.
Another difficulty arises from the fact that Rydberg atoms
do not instantaneously ionize at a definite electric-field value.
In fact, the ionization effect is a tunneling phenomenon and

FIG. 3. (Color online) Energy levels of the sodium Rydberg state
n = 20, > 1 versus the electric field [74]. The dotted line is the
classical ionization limit. The position of two stabilized states are
shown in the two boxes. The red dot indicates a possible excitation
zone and the arrow a typical path toward ionization.

is not so abrupt in an electric field as we have suggested.
Rydberg atoms are ionized at an increasing rate as the electric
field increases. Because the voltage at which atoms are ionized
is proportional to the position of the atoms along the beam,
creating a very monoenergetic ion (or electron) beam requires
the atoms to ionize at the same longitudinal position. Because
of the beam velocity, this means that the atoms have to be
ionized very quickly, and thus the electric field E must thus
increase rapidly in space.
In order to estimate the required electric-field gradient E  ,
we take the formula for the ionization rate [E] for a hydrogen
atom [84] and consider the simple case of v = 200 m/s
atoms entering an ionization field region where a constant
electric-field gradient E  is present.
We calculate the ionization
t


probability P (z0 + vt) = e− [E(z0 +vt )]dt of the atoms along
their trajectories. We then extract the distance z between
an ionization probability of 0.2 and 0.8. The resulting energy
dispersion V is shown in Table III. These results correspond
to the so-called “red” (m = 0,n2 = n − 1 [84]) states of
the hydrogen atom, but we have checked that the result is
not crucially dependent on the chosen state. Obviously a
more detailed model for cesium would be required, but the
qualitative behavior will not be modified. It is also possible to
take into account the velocity dispersion of the neutral atomic
beam, but the results are affected by less than a factor 2, and
thus we neglect this effect.
As expected, a very large gradient is needed in order to
preserve a good monochromaticity. This leads to experimental
constraints in the electrode design. We finally note that this
problem can be reduced by using “exceptional” Rydberg states
which, due to crossing or interference effects, ionize faster that
standard ones. Unfortunately, for Cs almost no experimental
study of such states exists. Based on a crude estimation using
such an existing state (two of them are shown for Na in Fig. 3)
[85–87] leads to an improvement of a factor 10 for the energy
dispersion. It means that use of these special Rydberg states
would result in a dramatic improvement of the characteristics
of our source.
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TABLE III. Effect on beam chromaticity of the ionization of the Rydberg levels. ∞ indicates direct photoionization, just above the
threshold. E0 is the ionization field, E  the electric-field gradient, z the spatial ionization length, V the resulting energy dispersion,
Vcurve = (3r 2 /8)E  (for r = 100 μm) is the energy dispersion due the transverse field gradient, and Vphoto = w0 E0 (where w0 = 10 μm is
the waist of the ionization laser) the energy dispersion in the case of direct photoionization. The state 30e is an exceptional one (see text).
n state
∞
100
50
40
30
30
30e
30
20
10

E0 (kV/cm)

E  (kV/cm/cm)

z (μm)

V (V)

Vcurve (V)

Vtot (V)

Vphoto (V)

1
0.006
0.1
0.24
0.7
0.7
0.7
0.7
3.5
45

0.1
1
10
1
10
10
100
100
100

10
5
14
4
140
15
1.5
1.5
10
160

1
0.003
0.1
0.1
10
1
0.1
0.1
3
500

0.00375
0.0375
0.375
0.0375
0.375
0.375
3.75
3.75
3.75

1
0.00675
0.138
0.475
10
1.38
0.475
3.85
6.75
504

1
0.006
0.1
0.24
0.7
0.7
0.7
0.7
3.5
45

A steep gradient leads to other complications, such as the
production of forces on Rydberg atoms, but this is negligible
[88,89]. Moreover, the longitudinal field gradient leads, by
Gauss’s law, to a radial field gradient and thus to a curvature
of equipotential lines and to a lens effect, as shown in Fig. 4.
This has two consequences: first, an increase of the energy
spread and, second, the formation of a crossover somewhere
downstream on the beam, also visible in Fig. 4. The first arises
because, even if the atoms are all ionized at the same field E0 ,
depending on their distance from the axis r, they are not ionized
at the same voltage. Indeed, using first-order expansion of the
voltage and of the field in cylindrical geometry, i.e., V (z,r) ≈
V (z,0) − V  (z,0)r 2 /4, we find that V = (3r 2 /8)E  . This
strongly limits the possible field gradients. For instance,

FIG. 4. (Color online) Electrodes (with cylindrical symmetry
with internal diameter of 3 mm) and axial electric field (picture from
Simion software). The voltages from left to right, 789, 493, 325, 45,
and 45 V, have been chosen to illustrate the n = 30 case where a
1 kV/cm field and a 10 kV/cm/cm gradient is needed. The two
curved lines are equipotential.

with r = 0.1 mm a beam with only V = 0.4 V would
require E  ∼ 10 kV/cm/cm. Combined with the effect of
the noninstantaneous ionization given in Table III this would
lead, for n = 30, to a beam with 1 eV energy dispersion,
which is not negligible, but is already a factor 5 better than
standard FIBs. The last two columns of Table III compare
the energy spread for the Rydberg ionization scheme with
standard photoionization. For this comparison we made a
“worst case analysis” by considering a longitudinal beam waist
w0 = 10 μm for the ionization laser, and the value r = 100 μm
for the radial extension of the Rydberg excitation, producing
large energy spreads for the largest field gradients. In Refs.
[4,5] the authors used respectively 10 and 32 μm ionization
laser waists for very low ion currents. Table III shows that
the Rydberg ionization scheme is in general worse than direct
photoionization unless for high n > 40 Rydberg states or for
exceptional ones. For low currents it is reasonable to consider
such small ionization waists, but to attain large currents, larger
waists (and laser powers) are required. Thus we can conclude
that for high current, where high acceleration would be
required to avoid Coulomb effect, Rydberg excitation is better
to have an energy spread which is competitive with LMIS
ones. Also at low current, or low-energy (acceleration) beam,
Rydberg excitation can lead to an energy spread improvement
as compared to the direct photoionization scheme but one has
to properly choose the target Rydberg state, using either high
n values or exceptional (but surely existing) Rydberg states.
To conclude, the requirements on the electrodes to produce
a monochromatic beam from Rydberg atoms are stringent,
requiring an excitation zone of uniform electric field (almost
no gradient) then, 2 mm later, a zone with a high gradient.
A possible realization, simulated using Simion software, is
proposed in Fig. 4. The fast modification of the gradient is
achieved with three thin electrodes separated by only 300 μm.
In order to avoid arcing, the geometry never creates an electric
field higher than 100 kV/cm in vacuum, nor higher than
10 kV/cm on insulating (ceramic) arc length [2]. Other
electrodes can be used for postacceleration and to control the
extra fields necessary to avoid creating spherical and chromatic
aberrations. Moreover, these will be strongly reduced by the
high reduction ratio focusing lens that will be present in the
focusing column.
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D. Charges extraction: Space-charge effects
on the energy spread

The performances of any proposed charge source will
eventually be limited not only by the initial density and
temperature of the plasma but also by the ability to extract
charges. During the latter phase, space-charge effects due to
Coulomb explosion may degrade the characteristics of the
ion and electron beams. Space-charge effects will appear
ubiquitously, for instance, in cold atom sources based on
photoionization and on Rydberg field ionization. In this section
we will evaluate these effects for our source.
For ions, results from the NIST and Eindhoven groups show
that, at least for low ion currents, even by using weak electric
fields in the V/cm range, it is possible to reduce these effects
and to have a very monochromatic ion beam [5,15,24].
For electrons, photoionization or field ionization of lasercooled rubidium atoms shows a transverse temperature down
to 10 K (1 K ≈ 0.086 meV) [7]. It is not clear if from an atomic
beam the situation might be different and if in our setup lower
electron temperatures can be achieved. By a careful control
of residual electric and magnetic fields and by using low field
acceleration out of a laser ionized atomic beam, an experiment
from Hartmut Hotop’s group (Kaiserslautern, Germany) shows
a very high monochromaticity (10 meV) for a 100 pA electron
current [72]. In such experiments (see also [90–93]), the atomic
beam is not laser cooled, but the charged extraction problem
should be similar to our experiments using cold atoms. From
Ref. [72], where they analyzed the energy broadening due to
the photoion space-charge effect, we may expect an energy
broadening of the electron distribution given by
Velectron ∼ 16 meV/nA.

(3)

This formula does not include possible broadening effects
associated with electric fields needed to extract the electrons
and thus may be regarded as a lower limit for the given
geometry when using the photoionization technique.
One conclusion that can be drawn from these experimental
findings is that at low ion (1 pA) and electron (100 pA)
currents, space-charge effects during the extraction do not
limit the new source’s performances. However, it would be
important to have the possibility to attain large currents for
integration reasons, in order to keep the experimental time as
short as possible.
Consequently, it would be important to increase the beam
current without creating too much chromatism or degrading the
brightness. This may result difficultly because the differential
voltage problem mentioned previously requires the use of
a small electric field. On the other hand, the space-charge
effects that dominate at large currents require a large electric
field in order to reduce the interaction time and the Coulomb
explosion. We will analyze here the case with our ionization
scheme that proceeds through Rydberg states.
To model the space-charge effect within our accelerator
we have performed numerical simulations using the general
particle tracer (GPT) code taking into account all pairwise
Coulomb interactions. We found it difficult to simulate the
full (electron and ion) plasma because of complicated orbits
of electrons around the surrounding ions. Therefore, we
simulate only a given type of particles. This is clearly a bad

FIG. 5. (Color online) Simulation of a 10 pA electron beam
produced by laser ionization of a sample of cold atoms. Left (a):
trajectory simulation with electrodes of cylindrical symmetry with
internal diameter of 2 mm. Right (b): spot size (for 50% of the beam
particles) for several initial electron temperatures with an acceleration
field of 12.5 V/cm.

approximation for electron beams because, as mentioned in
Ref. [72], the electron energy broadening is also due to the
field created by the ions. Indeed, ions are moving slowly and
create stray electric fields that affect electrons. Fortunately, the
experimental results summed up into Eq. (3) already give the
final result. Therefore, to perform simulations for electrons,
we start with an electron energy distribution matching the
results of Eq. (3). For instance, for a 10 pA beam we create the
initial distribution with an axial size σz E = 0.16 meV. MillieV energy resolution can be achieved in a weak extraction
field, either by using direct photoionization or by using high
(n ≈ 100) Rydberg states (see Table III). Optimization of the
spherical aberration of an optimal focusing lens is beyond the
scope of this article and we have simulated only the very simple
lens design shown on Fig. 5. As discussed previously it is not
easy to predict the initial electron temperature. We thus have
performed the simulation for temperature ranging from 10 K
down to 1 mK. We define the spot size as the radius containing
only half of the particles—those with the best focusing. Such a
simple electrostatic lens already focuses the low (8 eV) energy
beam on a small spot and with a small energy dispersion
(3 meV). This is below the energy resolution required
(typically <10 meV) to determine the vibrations of molecules
on surfaces. The standard source for such experiments, as in
high resolution electron energy loss spectroscopy (HREELS),
uses a 10 pA current but focused only on 1 mm. Therefore, by
allowing one to perform energy losses at high energy and high
spatial resolution, our low-energy (0–20 eV) electron source
can be very useful for investigation of vibrations of molecules,
of surface structure, or of dispersion of surface phonons. It
can also be used to induce, control, and orientate chemical
reactivity, for instance, by initiating selective and efficient
dissociative processes [29]. The realization of electron-beam
chemical lithography using our source can therefore be much
more precise and an order of magnitude faster than actually
performed [30].
It is difficult to predict what will be the reduced brightness of the source. Achieving very high brightness requires
low electron temperature. However, one important point to
remember is that, if the longitudinal energy spread does not
enter in the brightness definition, only the transverse one
does, the beam brightness is not constant in the presence of a
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significant energy spread due to the buildup of a correlation of
the transverse particle positions and the longitudinal particle
momentum [94]. The chromatic aberration limits the spot
diameter to dc = Cc α(E/E), where Cc is the chromatic
aberration coefficient (generally on the order of 1 cm) and α
is the convergence angle (generally not bigger than 10 mrad).
Thus, even if the brightness of our source is not high, the
focusing capability of this highly monoenergetic (small energy
resolution E), low-energy electron is relatively high as
shown by Fig. 5.
For an ion beam the situation is simpler to simulate. In fact,
as the electrons move quickly, the electric field they create
very rapidly disappears. Because of this, when simulating an
ion beam their effects can be neglected. For the simulation we
use the simplest possible electric-field configuration, namely
a constant and homogeneous field, to study the evolution
of the beam properties. This is not in contradiction with
the field configuration described above (homogeneous +
gradient) field as we are calculating here only the effects of the
Coulomb interactions, the effects of the gradient on the energy
spread being already evaluated in Table III. The only problem
arises from the presence of the crossover present in Fig. 4
that, for very high currents, creates strong Coulomb effects.
Nevertheless, it can be compensated and brought outside the
region of interest by an appropriate choice of the electrode
potentials. Furthermore, the use of exceptional Rydberg states
will allow use of other electric-field configurations that should
reduce this problem.
The starting point of the simulation is an ion beam with
characteristics given in the last column of Table II and by
the previous results. It is obviously not possible to simulate
a continuous beam. Thus the simulation is performed using a
limited number of particles. The flux of atoms, with 200 m/s
axial velocities (100 m/s rms dispersion), is simulated by
setting up to 40 000 particles with a Gaussian distribution of
positions (100-μm-diameter and 1-μm-long zone). As shown
in Table III, the 1-μm-long zone is achievable using a standard
Rydberg state for an accelerated field of 1 kV/cm or by using
an exceptional Rydberg state for higher fields. The 0.1 mm
radial size was chosen in order to facilitate the laser excitation
and to reduce any spherical aberrations in the following lenses.
The uniform electric field varies in the range of 1–100 kV/cm.
Results are shown in Fig. 6 where the transverse energy spread
and the reduced brightness of the beam along its trajectory are
plotted. Because the energy spread and brightness depend on
the beam fraction (the radius) considered, we give results for
the particles inside a phase-space volume containing half of the
particles as explained in Ref. [24]. Clearly a high acceleration
field is required in order to preserve a high brightness. But
a large field would produce a too high longitudinal energy
spread due to the voltage difference in the ionization area. On
the other hand, Fig. 6 shows that the brightness reduces due
to heating in the transverse plane even after the initial phase
of acceleration, i.e., after few mm. As it is apparent from this
figure, a general result is that only ion beams with less than
1 nA current are allowed without incurring into a dramatic
decrease of the brightness.
In our simulations we also tested the influence of the initial
distribution of charged particles, in particular, a random versus
a uniform distribution of particles. It is known in fact that

FIG. 6. (Color online) GPT simulations of the acceleration part
for of an ion source of several different currents (1 pA–10 nA),
with σz = 1 μm and R = 50 μm. The reduced brightness of the 50%
“best” particles after an acceleration along z created by uniform
electric fields of 100 kV/cm (a), 10 kV/cm (b), and 1 kV/cm (c).

disordered-induced heating, or Boersch effect, due to random
positioning of the charged particles, can have a large effect on
the brightness [15,24]. This could be a real concern especially
when using direct photoionization, while the use of Rydberg
field ionization can help to solve this problem through the
“Rydberg dipole blockade,” i.e., the possibility to avoid laser
excitation of close Rydberg neighbors [77,80,95–102]. Our
simulation shows that, in our conditions using a sufficiently
high number of particles, the results of Fig. 6 become only
very slightly worse (less than a factor 2) when the atoms are
randomly distributed.
We have checked that results for other initial beam
diameters depend only on the current density. For instance,
a 100 nA beam with a 1 mm diameter would lead to similar
results as the 1 nA beam with a 0.1 mm diameter. For high
acceleration fields the obtained reduced brightness can be
similar or even greater than Bred = 106 A m−2 sr−1 eV−1 for
a gallium LMIS.
E. Coupling with existing setups and realization
of industrial prototypes

One key feature of these sources based on cold atom
ionization is the low-energy dispersion. This means that our
monochromatic source can work at lower kinetic energies
than 30 keV (standard for FIB) with similar performances,
in contrast with the other sources which are degraded at
lower beam energies. By fitting this source into an existing
FIB column, this shall open the way to a generation of
focused-ion-beam instruments.
Similarly, as “cold” electrons are also available after
the ionization process, a “simple” voltage reversal should
provide a bright electron source. With such a source we
could manipulate and control particles with eV beam energy.
Ultimately, for low currents at a very low beam energy, we can
hope to focus on spots size close to the diffraction limit.
Finally, we note that although performances look very
promising, the experimental realization is difficult. For instance, it is obvious that for the real apparatus the greatest care
has to be taken during the instrument conception to provide
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good alignment to the optical axis, good laser stability in terms
of intensity, wavelength, and beam alignment, to make the
instrument rigid, tolerant to room-temperature fluctuations.
Equally important are the high stability of high voltage
(HV) power supplies, of the external parameters including
mechanical isolation, shielding of external fields, and roomtemperature stabilization.
IV. CONCLUSIONS

We have proposed an ion or electron source based on the
field ionization of laser-excited Rydberg atoms created in a
laser-cooled atomic beam. The apparatus is under construction
in our laboratory. We have discussed in detail here all issues
about laser cooling, excitation, and ionization. Moreover, we
have studied the effects of inter-particle Coulomb interaction
during charge extraction (space-charge effects) on the performances (brightness and energy dispersion) of the proposed
source.
The proposed ion or electron source should allow for
focusing of a very low-energy beam on a much smaller
spot than previously achievable. Unfortunately, the effects
due to space-charge interactions seem to severely limit the
performances of our source for large currents. Nevertheless,
the proposed source represents an improvement with respect to
the existing standard source in a definite range of currents and
beam energies. The method of going through Rydberg states
is promising, as compared to the already used photoionization
method, because it requires orders of magnitude less laser
power and could in principle take care of the disorderedinduced heating by using the Rydberg blockade effect. This
Dipole-blockade technique may have other interests such as
to allow the production of a fast and (quasi-)deterministic
single ion or electron source [103]. The use of other ionization
techniques such as rare-gas ionization with strongly focused
synchrotron radiation combined with the penetrating field
technique may be also useful to limit the differential voltage
problem [93,104].
The improvement in terms of beam monochromaticity and
the capability to focus low-energy ions or electrons on a
small spot can be used to perform microscopy, spectroscopy,
and lithography experiments with unprecedented resolution.
High-energy resolution of the monochromatic sources can also
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France with a “Bourse de stage d’approfondissement.”

[6] S. B. van der Geer, M. J. de Loos, E. J. D. Vredenbregt, and
O. J. Luiten, Microsc. Microanal. 15, 282 (2009).
[7] G. Taban, M. P. Reijnders, B. Fleskens, S. B. van der Geer,
O. J. Luiten, and E. J. D. Vredenbregt, Europhys. Lett. 914,
46004 (2010).
[8] A. V. Steele, B. Knuffman, J. J. McClelland, and J. Orloff, J.
Vac. Sci. Technol., B: Microelectron. Nanometer Struct. 28,
C6F1 (2010).
[9] W. Schnitzler, G. Jacob, R. Fickler, F. Schmidt-Kaler, and
K. Singer, New J. Phys. 12, 065023 (2010).
[10] M. P. Reijnders, N. Debernardi, S. B. van der Geer, P. H. A.
Mutsaers, E. J. D. Vredenbregt, and O. J. Luiten, Phys. Rev.
Lett. 105, 034802 (2010).

033424-10

HIGH-FLUX MONOCHROMATIC ION AND ELECTRON . . .

PHYSICAL REVIEW A 88, 033424 (2013)

[11] M. P. Reijnders, N. Debernardi, S. B. van der Geer, P. H. A.
Mutsaers, E. J. D. Vredenbregt, and O. J. Luiten, J. Appl. Phys.
109, 033302 (2011).
[12] N. Debernardi, M. P. Reijnders, W. J. Engelen, T. T. J. Clevis,
P. H. A. Mutsaers, O. J. Luiten, and E. J. D. Vredenbregt, J.
Appl. Phys. 110, 024501 (2011).
[13] A. J. McCulloch, D. V. Sheludko, S. D. Saliba, S. C. Bell,
M. Junker, K. A. Nugent, and R. E. Scholten, Nature Phys. 7,
785 (2011).
[14] E. Vredenbregt and J. Luiten, Nature Phys. 7, 747 (2011).
[15] A. V. Steele, B. Knuffman, and J. J. McClelland, J. Appl. Phys.
109, 104308 (2011).
[16] B. Knuffman, A. V. Steele, J. Orloff, and J. J. McClelland, New
J. Phys. 13, 103035 (2011).
[17] S. D. Saliba, C. T. Putkunz, D. V. Sheludko, A. J. McCulloch,
K. A. Nugent, and R. E. Scholten, Opt. Express 20, 3967
(2012).
[18] N. Debernardi, R. W. L. van Vliembergen, W. J. Engelen,
K. H. M. Hermans, M. P. Reijnders, S. B. van der Geer,
P. H. A. Mutsaers, O. J. Luiten, and E. J. D. Vredenbregt,
New J. Phys. 14, 083011 (2012).
[19] W. J. Engelen, M. A. van der Heijden, D. J. Bakker, E. J.
D. Vredenbregt, and O. J. Luiten, Nat. Commun. 4, 1693
(2013).
[20] A. J. McCulloch, D. V. Sheludko, M. Junker, and R. E.
Scholten, Nat. Commun. 4, 1692 (2013).
[21] C. A. Brau, in What Brightness Means, Proceedings of the ICFA
Workshop. Held 1-6 July 2002 in Chia Laguna, Sardinia, Italy,
edited by J. Rosenzweig, G. Travish, and L. Serafini (World
Scientific, Singapore, 2003), pp. 20–27.
[22] M. Reiser, Theory and Design of Charged Particle Beams
(Wiley-VCH, Weinheim, 2008).
[23] C. Lejeune and J. Aubert, Adv. Electron. Electron Phys. Suppl.
A 13, 159 (1980).
[24] S. B. van der Geer, M. P. Reijnders, M. J. de Loos, E. J. D.
Vredenbregt, P. H. A. Mutsaers, and O. J. Luiten, J. Appl. Phys.
102, 094312 (2007).
[25] J. Gierak, Semicond. Sci. Technol. 24, 043001 (2009).
[26] N. V. Tondare, J. Vac. Sci. Technol. A 23, 1498 (2005).
[27] http://www.youtube.com/watch?v=tu_vgh8zm-i or
http://
www.zeiss.de/c1256a770030bce0/webviewtopnewsalle/
871d197f6a58a078c1257a7c00229140?opendocument.
[28] http://www.fei.com/products/scanning-electron-microscopes/
magellan.aspx.
[29] C. R. Arumainayagam, H.-L. Lee, R. B. Nelson, D. R. Haines,
and R. P. Gunawardane, Surf. Sci. Rep. 65, 1 (2010).
[30] A. Lafosse, M. Bertin, and R. Azria, Prog. Surf. Sci. 84, 177
(2009).
[31] P. Meystre, Atom Optics, Vol. 33 (Springer-Verlag, New York,
2001).
[32] K.-A. Brickman, M.-S. Chang, M. Acton, A. Chew,
D. Matsukevich, P. C. Haljan, V. S. Bagnato, and C. Monroe,
Phys. Rev. A 76, 043411 (2007).
[33] S. De, U. Dammalapati, K. Jungmann, and L. Willmann, Phys.
Rev. A 79, 041402(R) (2009).
[34] S. H. Youn, M. Lu, U. Ray, and B. L. Lev, Phys. Rev. A 82,
043425 (2010).
[35] D. Sukachev, A. Sokolov, K. Chebakov, A. Akimov,
S. Kanorsky, N. Kolachevsky, and V. Sorokin, Phys. Rev. A
82, 011405(R) (2010).

[36] R. W. McGowan, D. M. Giltner, and S. A. Lee, Opt. Lett. 20,
2535 (1995).
[37] S. J. Rehse, K. M. Bockel, and S. A. Lee, Phys. Rev. A 69,
063404 (2004).
[38] B. Smeets, R. W. Herfst, L. P. Maguire, E. T. Sligte, P. Straten,
H. C. W. Beijerinck, and K. A. H. Leeuwen, Appl. Phys. B:
Lasers Opt. 80, 833 (2005).
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