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Ultrafast electron cooling in an expanding
ultracold plasma
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Plasma dynamics critically depends on density and temperature, thus well-controlled

experimental realizations are essential benchmarks for theoretical models. The formation of

an ultracold plasma can be triggered by ionizing a tunable number of atoms in a micrometer-

sized volume of a 87Rb Bose-Einstein condensate (BEC) by a single femtosecond laser pulse.

The large density combined with the low temperature of the BEC give rise to an initially

strongly coupled plasma in a so far unexplored regime bridging ultracold neutral plasma and

ionized nanoclusters. Here, we report on ultrafast cooling of electrons, trapped on orbital

trajectories in the long-range Coulomb potential of the dense ionic core, with a cooling rate of

400 K ps−1. Furthermore, our experimental setup grants direct access to the electron tem-

perature that relaxes from 5250 K to below 10 K in less than 500 ns.
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U ltrashort laser pulses provide pathways for manipulating
and controlling atomic quantum gases on femtosecond
timescales. In particular the strong light-field of a fem-

tosecond laser pulse is able to instantaneously ionize a controlled
number of atoms in a Bose–Einstein condensate (BEC). Above a
critical number of charged particles, the attractive ionic Coulomb
potential is large enough to trap a fraction of the photoelectrons,
thus forming an ultracold plasma1.

Well-controlled ultracold plasmas in the laboratory provide
benchmarks for multi-scale theories and can shed light on
extreme conditions present in inertial confinement fusion2, the
core of Jovian planets and white dwarfs3. As depicted in Fig. 1,
the plasma density inherited from the BEC surpasses the densities
achieved so far in supersonic expansion4 and magneto-optical
traps (MOTs)1,5–7 by orders of magnitude. Strongly coupled
plasmas, where the Coulomb energy exceeds the thermal energy,
are of particular interest because the charge carriers develop
spatial correlations8 and self-assembled ordered structures. A
recent work9 approaches this regime by laser cooling of the ions.

In small clusters ionized by ultrashort laser pulses, strongly
coupled plasmas can be realized as well. In such systems, the
interplay between interparticle Coulomb energies and molecular
bonds is essential to understand energy transfer between electrons
and ions10–12 (see Fig. 1). Recent experiments have studied
charged particle dynamics at solid-state densities in finite-size
nanoclusters13–15 and observed the emergence of low-energy
electrons16.

Photoionization of a BEC with a femtosecond laser pulse
enables access to an unexplored plasma regime with high charge
carrier densities above 1020 m−3, cold ion temperatures below
40 mK, and hot electron temperatures above 5000 K. Density ρ
and temperature T entirely determine not only the coupling

parameter but also the dominating length- and timescales in a
plasma. Compared to macroscopic ultracold neutral plasmas
(UNPs) at MOT densities, these initial parameters allow for
creating a micrometer-sized plasma with large charge imbalance
and high plasma frequencies where the Coulomb energies initially
exceed the ionic thermal energies by three orders of magnitude.
Such an initially strongly coupled microplasma with a few
hundred to thousands of particles bridges the dynamics and
energy transfer studied in photoionized nanoclusters and UNP.
Moreover, this plasma regime allows neglecting three-body-
recombination and interatomic binding energies in the theoretical
description, which are relevant in UNPs or ionized nanoclusters,
respectively. This considerably simplifies theoretical models of the
dynamics for benchmark comparisons.

Here, we report on the dynamics of ultracold microplasmas
triggered in a 87Rb BEC by a femtosecond laser pulse. Our
experimental setup grants access to the electronic kinetic energy
distribution with meV resolution by combining state-of-the-art
techniques of ultrashort laser pulses and ultracold atomic gases.
So far, the electron temperature of ultracold plasmas has only
been inferred indirectly by comparing the fraction of spilled
electrons in an extraction field17, the free plasma expansion18, or
the three-body recombination rate19 to theoretical models. We
directly observe an electron cooling from 5250 K to below 10 K in
<500 ns, which is in excellent agreement with charged particle
tracing (CPT) simulations that we have performed in parallel.
The small number of particles involved in our microplasma is a
key feature that allows for an accurate comparison between
experimental results and simulations. In addition, the dynamics
investigated here reveals striking effects that cannot be captured
by a hydrodynamic description such as the ultrafast electron
cooling and the increasing electron coupling parameter
approaching unity6. Such a laboratory experiment that grants
access to additional, microscopic observables, allows testing the
validity of macroscopic models, thus leading to a better under-
standing of similar systems in nature.

Results
Ultracold microplasma. We experimentally investigate the
dynamics of an ultracold microplasma by combining ultracold
quantum gases with the ultrashort timescales of femtosecond
laser pulses. As shown in Fig. 2a, a 87Rb BEC is locally ionized by
a single laser pulse at 511 nm wavelength with a full width at half
maximum (FWHM) duration of 215 þ20

�15 fs. Whereas earlier
photoionization studies in 87Rb BECs applied nanosecond laser
pulses20, here, the pulse duration is significantly shorter than the
timescale for the electron dynamics given by the inverse electron
plasma frequency

ω�1
p;e ¼

ffiffiffiffiffiffiffiffiffiffi
meϵ0
ρee

2

r
¼ 1:3 ps; ð1Þ

where me is the electron mass and ρe is the initial electronic
density. Therefore, the initial plasma dynamics is not perturbed
by the laser pulse and the creation of the charged particles can be
considered as instantaneous.

A high-resolution objective with a numerical aperture of 0.5
focuses the femtosecond laser pulse down to a waist of w0 ≈ 1 μm
leading to peak intensities up to 2 × 1013W cm−2 (see “Meth-
ods”). The number of ionized atoms can be tuned from a few
hundred to Ne,i ≈ 4000 in a controlled manner via the pulse
intensity. At the highest intensity, the ionization probability
reaches unity within the center region of a cylindrical volume
depicted in Fig. 2b21. The radius of 1.35 μm is determined by the
laser focus, while the height of 5 μm is limited by the target, thus

Fig. 1 Number density and temperature diagram of plasmas. Plasmas
occurring in nature or prepared in the laboratory span several orders of
magnitude in size, temperature, and number density. The majority of
naturally occurring plasmas are weakly coupled (Γi < 1); however, the
intriguing regime of strongly coupled plasmas (Γi > 1) is realized in
astronomical objects like Jupiter’s core or white dwarfs. The dynamics in
this challenging regime can experimentally be approached by ultracold
neutral plasmas, ionized nanoclusters, and ultracold microplasmas, where
the latter investigated in this work (highlighted by a white circle) bridges
the length- and timescales of the former two.
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providing a locally ionized volume within the atomic cloud (see
Supplementary Note 1).

As depicted in Fig. 2c, the photoionization of 87Rb at 511 nm
can be described as a nonresonant two-photon process. The
excess energy of 0.68 eV is almost entirely transferred to the
lighter photoelectrons. Due to the low initial ionic temperature of
Ti ≈ 33 mK dominated by the photoionization recoil, we attain a
remarkably high initial ionic coupling parameter of Γi= 4800,
which compares the Coulomb energy to the thermal energy per
particle

Γe;i ¼
e2

4πϵ0ae;ikBTe;i
: ð2Þ

Here, Te,i describes the electron/ion temperature determined by

the mean kinetic energy per particle and ae;i ¼ 3
4πρe;i

� �1=3
denotes

the Wigner–Seitz radius at the electron/ion density ρe,i. As both
the interparticle distance and the kinetic energy of the ions
increase during plasma evolution, Γi decreases rapidly (see
Supplementary Note 7).

As a key feature, this experimental setup grants access to the
atomic density via absorption imaging as well as the energy
distribution of the photoionization products (Fig. 2a). A tunable
electric field separates electrons and ions and directs them onto
opposite imaging microchannel plates (MCP) (see “Methods”).
Using CPT simulations, the spatial distribution on the detector

can be assigned to an electronic kinetic energy distribution in a
quantitative manner (see “Methods”). The simulated detector
images for different kinetic energy at ±Uext= 300 V are depicted
in Fig. 2d: photoelectrons resulting from two-photon ionization
(0.68 eV) or from above-threshold ionization (ATI) processes
(3.1 eV)22,23 can be clearly identified.

Measurement of electronic temperature. Figure 3a–c shows the
averaged electron signals measured for increasing laser pulse peak
intensities. For low intensities (a) the dominant structure on the
detector is the spatial distribution of the electrons emerging from
the nonresonant two-photon ionization process with a kinetic
energy of 0.68 eV, corresponding to an initial electron tempera-
ture of Te ≈ 5250 K, in excellent agreement with the trajectory
simulation results (Fig. 2d). For the highest intensity shown (c), a
second class of electrons appears stemming from the three-
photon ATI (compare to Fig. 2d).

As a central result, in (b) and (c) a narrow peak appears,
corresponding to electrons having a very small kinetic energy. At
these intensities, the number of photoionized atoms exceeds the
critical number of ions N* ≈ 960 required for plasma formation at
our excess energies, and a fraction of the photoelectrons is
trapped and cooled in the resulting space charge potential
generated by the unpaired ions. Experimentally, the threshold
intensity depends on the density of the atomic target, which gives
a clear evidence of a critical number of ions required for plasma
formation (see Supplementary Note 6). This rules out low
energetic electrons directly created in the strong-field ionization
process as reported at high Keldysh parameters24 or speculated in
alkali atoms at high intensities22,25.

Figure 3d shows radially averaged electron distribution in the
depicted circular sector in Fig. 3a. The vertical lines mark the
limit of the distributions obtained from trajectory simulations for
0.01 and 0.68 eV depicted in Fig. 2d. At the lowest laser intensity,
the kinetic energy distribution is flat up to the energy
corresponding to two-photon ionization. At the higher intensity,
a large fraction of cold plasma electrons is concentrated below the
1 meV line, which corresponds to a temperature lower than 77 K.

An increasing number of generated ions deepens the space
charge potential, which not only enables trapping more electrons
in the plasma, but also significantly decelerates the escaping
electrons. This can be clearly seen in the averaged spectrum
(Fig. 3d) but also as a decrease of the area of the kinetic energy
distribution in Fig. 3a–c.

The plasma dynamics is reproduced by CPT plasma simula-
tions including the mutual Coulomb-interactions between all the
charged particles (see “Methods”). Figure 3e, f showio/ion
numbers of Ne,i= 500 (e) and 4000 (f) with an initial electron
energy of 0.68 eV, which are in excellent agreement with the
measured kinetic energy distributions in Fig. 3a, b. In the
simulations, slow plasma electrons emerge only above the critical
charge carrier density required for plasma formation.

The extraction field sets the expansion time towards the
detectors and, thus, the velocity resolution can be tuned from
10meV at ±Uext= 300 V to the 1 meV level at ±Uext= 5 V
(corresponding to static electric fields of 162 and 4.6 Vm−1 in the
center, respectively). Figure 3g shows the spatial extent of the
low-energy plasma electrons as characteristic elliptical structure
for an extraction field of 5 V. The trajectory simulation results for
different initial energies are depicted in Fig. 3i. Comparison of
Fig. 3g, i yields a measured kinetic energy of the plasma electrons
of ~1 meV, which corresponds to a final electron temperature
below 10 K. Figure 3h shows the plasma simulation result for
Ne,i= 4000. Even in this experimentally challenging regime, the
measurements and the plasma simulation almost perfectly agree.

Fig. 2 Detection of ionization fragments after ultrafast ionization of a
BEC. a A single femtosecond laser pulse locally photoionizes a 87Rb BEC.
The created photoelectrons and ions are separated by an electrical field
produced by the two extraction meshes at tunable opposite voltages ±Uext.
Their kinetic energy distribution is converted into a spatial information
during the expansion toward a microchannel plate assembly and a
phosphor screen, which is imaged by a high-speed camera. b At laser peak
intensities of 1013W cm−2, the femtosecond laser pulse ionizes the
majority of atoms within a micrometer-sized cylindrical volume creating a
charged particle ensemble immersed in the BEC. c At a central wavelength
of 511 nm, 87Rb is ionized from the 5S ground state via nonresonant two-
and three-photon processes that correspond to electron excess energies of
0.68 and 3.1 eV, respectively. d Simulated electron detector signal after
tracing the particle trajectories for three different initial kinetic energies at
±Uext= 300 V. The spatial extent on the detector reflects the kinetic energy
distribution of the electrons.
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Ultrafast dynamics. Beyond the excellent agreement with the
measured kinetic distributions, these CPT simulations grant
access to the dynamics of each particle. They reveal two cooling
mechanisms occurring on distinct timescales: an ultrafast cooling
during the plasma formation (picosecond timescale) and a sub-
sequent process driven by the Coulomb expansion of the ionic
cloud (nanosecond timescale).

Figure 4a–e shows snapshots of the CPT simulations for an
ultracold microplasma consisting of a few thousand charged
particles. While UNPs are realized at low excess energies
(typically below 0.13 eV)5, we are able to create an ultracold
plasma at high excess energies (0.68 eV), corresponding to an
initial electron temperature of Te ≈ 5250 K. Therefore, the
majority of photoelectrons leaves the ionization volume within
a few picoseconds, while the ions can be regarded as static
(Fig. 4a).

The decrease of the electronic density in the plasma reduces the
amount of shielding between the ions, which thus gain potential
energy. In addition, this charge separation process gives rise to a
space charge potential that strongly decelerates the escaping
electrons (Fig. 4b). As a result, the kinetic energy of the electronic
component is converted to potential energy of the ions. Whereas
half of the electrons entirely escape the ionic core (escaping
electrons), the other half is trapped within the evoked space
charge potential (plasma electrons, see Supplementary Note 4 for
definition). Figure 4f displays the evolution of the mean total
electron (light blue line) and ion energy (red line) per particle
determined by the sum of kinetic and potential energy of each
component. In addition, the kinetic energy of the plasma
electrons (dark blue line) is shown. Within the electronic
expansion, 50% of the plasma electrons’ kinetic energy is
transferred onto the potential energy of the ionic component
within the first 7 ps. On this timescale, the trapped electrons are
cooled down from 5250 K to about 2500 K, yielding an ultrafast
cooling rate for electrons of ≈ 400 K ps−1. Disorder-induced

heating of the electrons is negligible as the associated temperature
of TDIH ≈ 70 K in this density regime is exceeded by orders of
magnitude by the initial electron temperature9.

The large charge imbalance of our plasma strongly influences
the many-body dynamics. As depicted in Fig. 4c, the electrons are
trapped in orbital trajectories within the Coulomb potential of a
quasi-static ionic core. This leads to an oscillatory exchange of
energy between the captured electrons and the ions (see Fig. 4f).
The period of 2π/ωp,e ≈ 8 ps of these oscillations is consistent with
the inverse of the initial electron plasma frequency given in Eq.
(1). This energy transfer between the individual electrons and the
ions is predominantly in phase during the initial electron
expansion but it dephases over time leading to a damping
behavior (see Supplementary Note 4). In contrast to UNPs, here,
the ionic plasma period always exceeds the evolution time,
preventing ionic thermalization.

On a nanosecond timescale, the potential energy stored in the
ions gradually translates into the kinetic energy leading to a
Coulomb explosion of the plasma (Fig. 4d, e). Whereas UNPs
typically exhibit hydrodynamic expansion after an equilibration
due to the electrons thermal pressure26, in this work, the
positively charged plasma expansion is dominated by the
Coulomb pressure of the charge imbalance, yielding an
asymptotic expansion velocity of the root-mean-square (rms)
ion radius of 418 m s−1 (see Supplementary Note 4). This is in
reasonable agreement with the expected hydrodynamic expansion

velocity vhyd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBðTe;0 þ T i;0Þ=mi

q
¼ 710m s�1 for tion tem-

per/ion temperature Te/i,06. The ionic expansion leads to a further
reduction of the electronic temperature down to Te ≈ 100 K
within tens of nanoseconds. The simulations reveal an increasing
electron coupling parameter toward Γe= 0.3 approaching sig-
nificant coupling (see Supplementary Note 7).

The evolution of the mean kinetic energy of the plasma
electrons as well as the depth of the effective space charge

Fig. 3 Direct measurements of the electron kinetic energy. a–c Measured time-integrated electron distributions at ±Uext= 300 V and peak intensity of
I0= 0.17, 0.38 and 1.9 × 1013W cm−2 (mean detector image over 18, 23, and 22 realizations). A clear signature for the electrons at the two-photon excess
energy is obtained (compare Fig. 2d). As the number of ionized atoms exceeds a critical value, an ultracold plasma is formed signalized here by low kinetic
energy electrons (b). At the highest intensity, the fraction of slow electrons grows and the signature for three-photon ATI electrons is visible (c). d Radially
averaged spectrum of the recorded electrons at I0= 0.17 and 0.38 × 1013W cm−2 within the circular sector depicted in a. At high intensities, a bright
narrow peak appears, corresponding to electrons with kinetic energies below 10meV. A clear shift of the photoelectrons toward lower energies resulting
from the deceleration imposed by the ionic core can be observed. The vertical dashed white lines depict the radii of the electron distributions obtained by
trajectory simulations for Ekin,e= 0.01 and 0.68 eV (see Fig. 2d). e, f Plasma simulation results for different electron/ion numbers and an initial kinetic
energy of 0.68 eV. For Ne,i= 500 (e), we solely observe the two-photon signature while for Ne,i= 4000 (f), slow electrons are produced as consequence
of the ultracold plasma dynamics. g Measured electron distribution for a peak intensity of I0= 1.2 × 1013W cm−2 at a lower extraction field of ±Uext= 5 V
(mean detector image over 14 realizations). h Electron distribution obtained for ±Uext= 5 V extraction field after plasma simulation with Ne,i= 4000 for an
initial electron kinetic energy of Ekin,e= 0.68 eV. i Trajectory simulation results for initial kinetic energies of Ekin,e= 0.1, 1, and 5meV (same spatial scaling
as g and h).
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potential during the plasma expansion are shown in Fig. 4g for
CPT simulations for different extraction fields (see Supplemen-
tary Note 5). In addition, the expected electron kinetic energy
progression given by adiabatic cooling during the plasma
expansion Ekin;eðtÞ ¼ Ekin;eð0Þð1þ t2=τ2expÞ is shown (dotted blue

line)6. Here, τexp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
miσ

2=½kBðTe;0 þ T i;0Þ�
q

denotes the plasma

expansion time and σ is given by the initial rms ion radius. The
observed electron cooling rates during the plasma expansion
largely follow the prediction by the hydrodynamic model.
However, the initial ultrafast electron cooling is not captured by
this model.

The decrease of the ionic density over time lowers the binding
Coulomb potential to the point where its gradient is exceeded by
the extraction field27. At this point, the plasma electrons are
escaping the space charge potential and are drawn to the detector.
Hence, the final electron temperatures can be controlled by the
extraction field, which determines the plasma lifetime and thus
the duration of the electron cooling process. Without extraction
field, electrons can be cooled down to sub meV energies in <1 μs.

Plasma lifetime. We determine the lifetime of the microplasma
experimentally by implementing a gated detection scheme. In
order to separate the slow plasma electrons from the fast escaping
electrons, a short repulsive voltage pulse is applied onto
the electron extraction electrode after a certain time tdelay to repel
electrons that have not yet passed the electrode (see Supple-
mentary Note 9). The resulting accumulated electron signals for
different time delays are depicted in Fig. 5a. The escaping elec-
trons arrive on the detector within the first 200 ns and display a
homogeneous signal as expected for photoelectrons at 0.68 eV

kinetic energies at these low extraction fields. Up to 600 ns, only a
small fraction of cold plasma electrons is detected leaking out of
the plasma during expansion. In the last 400 ns, the fraction of
plasma electrons significantly increases as the expanded plasma is
torn apart by the extraction field.

For a quantitative analysis, Fig. 5b shows the corresponding
spatially integrated electron counts for different extraction
voltages. One can clearly distinguish two plateaus that can be
associated to the escaping electrons arriving first and the plasma
electrons delayed by several hundreds of nanosecond5. The arrival
time distributions obtained from the plasma simulations show an
excellent agreement with respect to their temporal profile (see
Fig. 5b solid lines, vertically scaled with one free parameter).

Figure 5c shows the electron arrival rates obtained from the
time derivative of a double-sigmoid fit to the data in Fig. 5b (see
Supplementary Note 9). The plasma lifetime corresponds to the
time delay between the arrival of escaping and the plasma
electrons. The measured lifetimes are plotted for the different
extraction fields in Fig. 5d. For the lowest extraction field we
achieve a lifetime of 498(46) ns, which is in excellent agreement
with the calculated vanishing time of the space charge potential in
Fig. 4g.

Discussion
In summary, we have experimentally realized an ultracold plasma
in a charge carrier density regime unexplored so far, which
supports an initial ion coupling parameter of Γi= 4800. We have
directly measured electron cooling from 5250 K to below 10 K
within 500 ns, arising from the unique combination of a high
charge carrier density and a micrometer-sized ionization volume.
The CPT simulation results are in an excellent agreement with

Fig. 4 Ultrafast dynamics of a charged ultracold microplasma. a–e Snapshots from a CPT simulation tracing the electrons (blue) and ions (red) right after
strong-field ionization of an ultracold atomic cloud. An initial homogeneous distribution of ions at a density of ρ= 2 × 1014 cm−3 and electrons at a
temperature of Te≈ 5250 K is created in a micrometer-sized volume (a). The initial kinetic energy of the ions corresponds to a coupling parameter of Γi=
4800 according to Eq. (2). The electrons leave the ionization volume on a picosecond timescale and are subsequently decelerated by the core of remaining
ultracold ions (b). While the outer electrons escape, the inner electrons are bound onto orbital trajectories in the ions’ attractive Coulomb potential forming
an ultracold plasma (c). On a nanosecond timescale the ionic component expands driven by Coulomb repulsion and further cools the electrons to
temperature below 100 K (d, e). f Picosecond time-evolution of the field-free plasma simulation with the total energy per particle for the electrons
(light blue) and the ions (red) and the mean kinetic energy of the electrons captured within the plasma (dark blue). g Evolution of the kinetic energy of
the trapped plasma electrons and the effective depth of the space charge potential on the nano- to microsecond timescale for field-free expansion
(dark blue/red), ±Uext= 5 V (blue/red) and ±Uext= 300 V (light blue/red) as well as the theoretically predicted kinetic energy evolution for adiabatic
electron cooling (dotted blue line).
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the measurements and reveal an ultrafast energy transfer of 50%
of the initial electron energy onto the ionic component within the
first plasma period yielding an ultrafast initial electron cooling
rate of ≈ 400 K ps−1. The high degree of experimental control
over the initial state, together with the almost perfect agreement
of the CPT simulations, provides a unique model system to
investigate the validity of statistical plasma models.

Besides the fundamental interest in the plasma dynamics, the
low electron temperatures and enormous cooling rates may be
used in the plasma-based ultracold electron sources28 (see Sup-
plementary Note 11). The generated low-emittance electron
bunches can be utilized for seeding the high-brilliance particle
accelerators29 and coherent imaging of biological systems30. Our
system links the contemporary source designs utilizing
MOTs31,32, where the electron–cathode interactions are negli-
gible, and traditional state-of-the-art electron sources33–35, where

the emittance is fundamentally limited by such interactions. Our
density regime indeed promotes an electron cooling mechanism
based on their interaction with the ionic core acting as photo-
emission cathode.

By exploiting the toolbox of ultrafast dynamics further, our
experimental setup allows investigating more advanced dynami-
cal schemes. The impact of the plasma geometry can be studied
by taking advantage of the nonlinearity of the strong-field ioni-
zation process in order to shape the ionization volume beyond
Gaussian distributions. The interaction between several micro-
plasmas, launched simultaneously within a BEC, can also be
explored. Moreover, pump-probe schemes utilizing a second
synchronized terahertz pulse for controlling the plasma evolution
can offer direct experimental access to the ultrafast dynamics of
the microplasma.

The photoionization of a BEC instead of a magneto-optically
trapped gas paves the way toward plasmas supporting strong ion
as well as electron coupling, mimicking conditions in gas planets3,
confinement fusion2, or even more exotic systems like quark-
gluon-plasma7. Indeed, strong coupling can be reached by tuning
the wavelength of the femtosecond laser close to the ionization
threshold, thus reducing the initial kinetic energy of the electrons
by orders of magnitude. Below the ionization threshold, the large
spectral bandwidth of the femtosecond laser pulses shall prevent
Rydberg blockade effects and enable an efficient excitation of a
dense ultracold Rydberg gas, which can form strongly coupled
plasma by avalanche ionization4,36,37. Finally, disorder-induced
heating as limiting process for Coulomb coupling, can be sup-
pressed by loading the condensate into a 3D optical lattice that
establishes an initial spatial correlation38.

Methods
87Rb Bose–Einstein condensates. The 87Rb atoms, evaporated from dispensers,
are captured in a 2D MOT used to efficiently load a 3D MOT. Bright molasses
cooling allows reaching sub-Doppler temperatures (TD= 148 μK). The atomic
cloud is then loaded into a hybrid trap39 combining a magnetic quadrupole field
and a far-detuned dipole trap at 1064 nm and further cooled by forced radio-
frequency evaporation. The dipole trap beam transports the ultracold ensemble
into the center of the imaging MCP detectors. After further evaporative cooling in a
crossed dipole trap, quantum degeneracy can be reached.

A BEC with N= 4.2(3) × 104 atoms is held in the far-detuned optical dipole
trap at trap frequencies of ωx,y= 2π × 113(3) Hz and ωz= 2π × 128(1) Hz
providing a peak atomic density of ρ= 2 × 1014 cm−3.

Femtosecond laser pulses. In this work, we use laser pulses with a central
wavelength of 511.4 nm and a bandwidth of 1.75 nm (FWHM). The duration of the
Gaussian temporal profile is 215 þ20

�15 fs (FWHM), measured by autocorrelation. A
detailed description of the pulse generation can be found in ref. 21.

The pulses are focused by a high-resolution microscope objective with a
numerical aperture of 0.5 onto the optical dipole trap. The focal waist is measured
with an additional, identical objective to w1= 0.99(3) μm and w2= 1.00(5) μm.
The pulse energies, Ep, are inferred from the measured averaged laser power, P, at a
pulse repetition rate of 100 kHz, taking the mirror reflectivities as well as the
calibrated transmission of the objective and the shielding mesh into account (see
Supplementary Note 10). With the measured quantities, the applied peak
intensities I0 are determined by

I0 ¼
2P0

πw1w2
ð3Þ

with the peak power P0 ¼ Ep=
ffiffiffiffiffi
2π

p
τ

� �
including the rms pulse duration

τ ¼ τFWHM= 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ln ð2Þp� �

. The resulting pulse intensity distributions as well as the
atomic density distribution allow determining the initial electron/ion distributions
within the ionization volume (see Supplementary Note 1).

Charged particle detection. The experimental setup enables direct detection of
electrons and ions on opposite spatially resolving detectors. For this purpose, an
extraction field accelerates the charged particles onto the detectors. In this work, we
analyze the recorded photoelectron kinetic energy distribution.

The static extraction field is created by two opposing mesh electrodes at ±Uext,
which consist of gold-plated etched copper meshes with about 70–80%
permeability. After passing the meshes, the electrons are post-accelerated toward
two MCPs in Chevron configuration with a channel diameter of 12 μm and a

Fig. 5 Time-resolved photoelectron detection. a Cumulated electron
signals at an extraction field of ±Uext= 5 V for time delays of 0, 200, 450,
600, 800, and 1000 ns after the femtosecond laser pulse (vertical dotted
lines in (b). The signals are averaged over more than ten realizations. For a
better contrast, the two first images are scaled to their maximum intensity,
while the others are normalized to the maximum intensity of the last
image. b Accumulated electron counts measured at peak intensities of 1.2 ×
1013W cm−2 for different extraction fields at ±Uext= 100 V (light blue line),
±Uext= 25 V (blue line) and ±Uext= 5 V (dark blue line) as a function of the
maximum arrival time. The counts are spatially integrated over the full
detector area. The vertical error bars are given by the standard deviation
over all realizations, while the horizontal ones indicate the time uncertainty
of the repulsive voltage pulse (see Supplementary Note 9). The solid lines
show the vertically scaled results of the corresponding plasma simulations.
c Electron time-of-flight distributions obtained by the derivative of double-
sigmoid fits to the data in (b). The two peaks represent escaping and
plasma electrons. d Plasma lifetime for different extraction fields.
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channel pitch of 15 μm attached to a P46 (Y3Al5O12:Ce) phosphor screen. The
emitted light from the phosphor screen is recorded by a high-speed camera, which
is operated at a frame rate of 1000 fps. The detection efficiency for electrons η ≈ 0.4
is given by the product of the transparency of the extraction meshes and the open
area ratio as well as the quantum efficiency of the MCP. In order to ensure a
constant, optimal quantum efficiency for all extraction voltages, the electrons are
post-accelerated onto the same front potential Ufront= 268 V of the MCP.

Absolute electron numbers are challenging to obtain. Indeed, when decreasing
the extraction field, the absolute detection efficiency decreases as electrons with the
high kinetic energies cannot be detected efficiently. Moreover, the high flux of
plasma electrons on a small part of the MCP area as seen for ±Uext= 300 V in
Fig. 3c leads to electron depletion in the microchannel material and, thus, a
systematic underestimation of the number of incident electrons in this part of the
detector. Furthermore, detection of low kinetic energy electrons is notoriously
challenging and typically limited by residual electric and magnetic fields. Therefore,
it requires high experimental control over such stray fields (see Supplementary
Note 3).

CPT trajectory simulations. In order to obtain a full simulation of the experiment
(including the charged particle detectors), trajectory simulations are performed
using the electrostatics as well as the particle tracing module within the COMSOL
Multiphysics® software40. For this we include the 3D computer-aided design
geometry of our setup into the simulation. The use of finite element methods
allows calculating the electric potential landscape produced by the different elec-
trodes (see Supplementary Note 2). In addition, a global magnetic offset field of
370 mG perpendicular to the detection axis and the ionization beam axis is
included, which is used in the experiment to center the electron signal onto the
detector. The trajectory simulation results in Fig. 2d are obtained for mono-
energetic ensembles of electrons having randomized positions within the ionization
volume and velocity directions. Due to the expansion during the time of flight, the
spatial extent of the electron signal grants access to the underlying velocity
distribution.

CPT plasma simulations. The CPT simulations of the plasma dynamics are car-
ried out with the particle tracing module within the COMSOL Multiphysics®

software40. For these simulations, Ne,i electrons and ions are randomly distributed
in a cylindrical ionization volume. The particles are created monoenergetically
according to the two-photon excess energies whereas the distribution of velocity
directions is randomized. For t > 0, the 3D differential equation of motion is solved
numerically for all particles including Coulomb interaction. Typical calculations for
Ne,i= 4000 and few microseconds of time evolution last between 5 and 22 days
while being paralleled on 35 processing units (2.2 GHz) corresponding to a CPU
time of a few hundred days.

The divergence of the interparticle Coulomb potential UC(r) is circumvented by
introducing a bounded interaction potential

~UCðrÞ ¼
UCðrÞ; r > r0
UCðr0Þ; r ≤ r0

�
ð4Þ

where r denotes the interparticle distance and r0= 20 nm the cutoff radius, which
is chosen well below the mean initial interparticle distance. The simulations
furthermore neglect interactions with the remaining neutral atoms and radiative
energy losses of the charged particles.

Beyond macroscopic quantities such as the mean kinetic energies of the
electron/ion ensembles, the plasma simulations offer detailed access to the
dynamics at a single-particle level (see Supplementary Note 4)41.

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

Code availability
Any custom computer code used in this study is available from the corresponding author
upon reasonable request.

Received: 29 June 2020; Accepted: 16 December 2020;

References
1. Killian, T. C. Ultracold neutral plasmas. Science 316, 705–708 (2007).
2. Murillo, M. S. Strongly coupled plasma physics and high energy-density

matter. Phys. Plasmas 11, 2964–2971 (2004).
3. Ichimaru, S. Strongly coupled plasmas: high-density classical plasmas and

degenerate electron liquids. Rev. Mod. Phys. 54, 1017–1059 (1982).

4. Morrison, J. P., Rennick, C. J., Keller, J. S. & Grant, E. R. Evolution from a
molecular Rydberg gas to an ultracold plasma in a seeded supersonic
expansion of NO. Phys. Rev. Lett. 101, 205005 (2008).

5. Killian, T. C. et al. Creation of an ultracold neutral plasma. Phys. Rev. Lett. 83,
4776–4779 (1999).

6. Killian, T., Pattard, T., Pohl, T. & Rost, J. Ultracold neutral plasmas. Phys. Rep.
449, 77–130 (2007).

7. Lyon, M. & Rolston, S. L. Ultracold neutral plasmas. Rep. Prog. Phys. 80,
017001 (2017).

8. Viray, M. A., Miller, S. A. & Raithel, G. Coulomb expansion of a cold non-
neutral rubidium plasma. Phys. Rev. A 102, 033303 (2020).

9. Langin, T. K., Gorman, G. M. & Killian, T. C. Laser cooling of ions in a neutral
plasma. Science 363, 61–64 (2019).

10. Ditmire, T. et al. Explosion of atomic clusters heated by high-intensity
femtosecond laser pulses. Phys. Rev. A 57, 369–382 (1998).

11. Saalmann, U., Siedschlag, C. & Rost, J. M. Mechanisms of cluster ionization in
strong laser pulses. J. Phys. B: At., Mol. Opt. Phys. 39, R39–R77 (2006).

12. Fennel, T. et al. Laser-driven nonlinear cluster dynamics. Rev. Mod. Phys. 82,
1793–1842 (2010).

13. Bostedt, C. et al. Clusters in intense FLASH pulses: ultrafast ionization
dynamics and electron emission studied with spectroscopic and scattering
techniques. J. Phys. B: At., Mol. Opt. Phys. 43, 194011 (2010).

14. Gorkhover, T. et al. Nanoplasma dynamics of single large xenon clusters
irradiated with superintense X-ray pulses from the linac coherent light source
free-electron laser. Phys. Rev. Lett. 108, 245005 (2012).

15. Kumagai, Y. et al. Following the birth of a nanoplasma produced by an
ultrashort hard-x-ray laser in xenon clusters. Phys. Rev. X 8, 031034 (2018).

16. Schütte, B. et al. Low-energy electron emission in the strong-field ionization of
rare gas clusters. Phys. Rev. Lett. 121, 063202 (2018).

17. Roberts, J. L., Fertig, C. D., Lim, M. J. & Rolston, S. L. Electron temperature of
ultracold plasmas. Phys. Rev. Lett. 92, 253003 (2004).

18. Gupta, P. et al. Electron-temperature evolution in expanding ultracold neutral
plasmas. Phys. Rev. Lett. 99, 075005 (2007).

19. Fletcher, R. S., Zhang, X. L. & Rolston, S. L. Using three-body recombination
to extract electron temperatures of ultracold plasmas. Phys. Rev. Lett. 99,
145001 (2007).

20. Ciampini, D. et al. Photoionization of ultracold and Bose-Einstein-condensed
Rb atoms. Phys. Rev. A 66, 043409 (2002).

21. Wessels, P. et al. Absolute strong-field ionization probabilities of ultracold
rubidium atoms. Commun. Phys. 1, 32 (2018).

22. Schuricke, M. et al. Strong-field ionization of lithium. Phys. Rev. A 83, 023413
(2011).

23. Hart, N. A. et al. Selective strong-field enhancement and suppression of
ionization with short laser pulses. Phys. Rev. A 93, 063426 (2016).

24. Blaga, C. I. et al. Strong-field photoionization revisited. Nat. Phys. 5, 335–338
(2009).

25. Pocsai, M. A., Barna, I. F. & Tökési, K. Photoionisation of rubidium in strong
laser fields. Eur. Phys. J. D. 73, 74 (2019).

26. McQuillen, P., Strickler, T., Langin, T. & Killian, T. C. Ion temperature
evolution in an ultracold neutral plasma. Phys. Plasmas 22, 033513 (2015).

27. Twedt, K. A. & Rolston, S. L. Electron evaporation from an ultracold plasma
in a uniform electric field. Phys. Plasmas 17, 082101 (2010).

28. Claessens, B. J., van der Geer, S. B., Taban, G., Vredenbregt, E. J. D. & Luiten,
O. J. Ultracold electron source. Phys. Rev. Lett. 95, 164801 (2005).

29. McCulloch, A. J. et al. Arbitrarily shaped high-coherence electron bunches
from cold atoms. Nat. Phys. 7, 785–788 (2011).

30. Speirs, R. W. et al. Single-shot electron diffraction using a cold atom electron
source. J. Phys. B: At., Mol. Opt. Phys. 48, 214002 (2015).

31. Engelen, W. J., van der Heijden, M. A., Bakker, D. J., Vredenbregt, E. J. D. &
Luiten, O. J. High-coherence electron bunches produced by femtosecond
photoionization. Nat. Commun. 4, 1693 (2013).

32. McCulloch, A. J., Sheludko, D. V., Junker, M. & Scholten, R. E. High-
coherence picosecond electron bunches from cold atoms. Nat. Commun. 4,
1692 (2013).

33. Zhang, H. et al. Field emission of electrons from single lab6 nanowires. Adv.
Mater. 18, 87–91 (2006).

34. Ehberger, D. et al. Highly coherent electron beam from a laser-triggered
tungsten needle tip. Phys. Rev. Lett. 114, 227601 (2015).

35. Zhang, H. et al. An ultrabright and monochromatic electron point source
made of a LaB6 nanowire. Nat. Nanotechnol. 11, 273–279 (2016).

36. Robinson, M. P., Tolra, B. L., Noel, M. W., Gallagher, T. F. & Pillet, P.
Spontaneous evolution of rydberg atoms into an ultracold plasma. Phys. Rev.
Lett. 85, 4466–4469 (2000).

37. Mizoguchi, M. et al. Ultrafast creation of overlapping Rydberg electrons in an
atomic BEC and Mott-insulator lattice. Phys. Rev. Lett. 124, 253201 (2020).

38. Gericke, D. & Murillo, M. Disorder-induced heating of ultracold plasmas.
Contrib. Plasma Phys. 43, 298–301 (2003).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20815-8 ARTICLE

NATURE COMMUNICATIONS |          (2021) 12:596 | https://doi.org/10.1038/s41467-020-20815-8 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


39. Lin, Y.-J., Perry, A. R., Compton, R. L., Spielman, I. B. & Porto, J. V. Rapid
production of 87Rb Bose–Einstein condensates in a combined magnetic and
optical potential. Phys. Rev. A 79, 063631 (2009).

40. COMSOL Multiphysics® v. 5.4. COMSOL AB, Stockholm, Sweden. www.
comsol.com (2018).

41. Ayllon, R., Terças, H. & Mendonça, J. T. Electron trapping in freely expanding
ultracold neutral plasmas. Phys. Plasmas 26, 033501 (2019).

Acknowledgements
The authors would like to thank Thomas C. Killian, Nikolay M. Kabachnik, and Andrey
K. Kazansky for fruitful discussions. We thank Bernhard Ruff, Jakob Butlewski, Julian
Fiedler, Donika Imeri, and Jette Heyer for contributions during an early stage of the
experiment. This work is funded by the Cluster of Excellence “CUI: Advanced Imaging of
Matter” of the Deutsche Forschungsgemeinschaft (DFG)—EXC 2056—project ID
390715994 as well as by the Cluster of Excellence “The Hamburg Centre for Ultrafast
Imaging” of the DFG—EXC 1074—project ID 194651731.

Author contributions
Setup and operation of the experiment was performed by T.K., M.G., J.S., and P.W.-S.
Measurements, data analysis, and simulations were performed by T.K. and M.G. with
support from J.S. and P.W.-S. The experiment was coordinated and supervised by J.S.,
P.W-S., K.S., and M.D. The manuscript was written involving all co-authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20815-8.

Correspondence and requests for materials should be addressed to T.K.

Peer review information Nature Communications thanks Scott Baalrud, Duncan Tate,
and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20815-8

8 NATURE COMMUNICATIONS |          (2021) 12:596 | https://doi.org/10.1038/s41467-020-20815-8 | www.nature.com/naturecommunications

https://www.comsol.com
https://www.comsol.com
https://doi.org/10.1038/s41467-020-20815-8
https://doi.org/10.1038/s41467-020-20815-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ultrafast electron cooling in an expanding ultracold�plasma
	Results
	Ultracold microplasma
	Measurement of electronic temperature
	Ultrafast dynamics
	Plasma lifetime

	Discussion
	Methods
	87Rb Bose–nobreakEinstein condensates
	Femtosecond laser pulses
	Charged particle detection
	CPT trajectory simulations
	CPT plasma simulations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




