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We present single-shot electron velocity-map images of nanoplasmas generated from doped helium
nanodroplets and neon clusters by intense near-infrared and mid-infrared laser pulses. We report a
large variety of signal types, most crucially depending on the cluster size. The common feature is
a two-component distribution for each single-cluster event: A bright inner part with nearly circular
shape corresponding to electron energies up to a few eV, surrounded by an extended background
of more energetic electrons. The total counts and energy of the electrons in the inner part are
strongly correlated and follow a simple power-law dependence. Deviations from the circular shape
of the inner electrons observed for neon clusters and large helium nanodroplets indicate non-spherical
shapes of the neutral clusters. The dependence of the measured electron energies on the extraction
voltage of the spectrometer indicates that the evolution of the nanoplasma is significantly affected
by the presence of an external electric field. This conjecture is confirmed by molecular dynamics
simulations, which reproduce the salient features of the experimental electron spectra.

I. INTRODUCTION

The generation of nanoplasmas in clusters and
nanoparticles by intense femtosecond laser pulses is be-
ing widely studied, both for exploring fundamental light-
matter interactions under extreme conditions, and in
view of potential applications. Nanoplasmas absorb laser
light very efficiently and convert it into fast electrons [1],
highly-charged ions [2], and energetic radiation [3, 4].
Therefore, nano- and microplasmas bear the potential to
serve as sources of extreme-ultraviolet (XUV) and x-ray
radiation [5], as compact accelerators for charged and
neutral particles [4, 6], and for high-harmonic genera-
tion [7, 8].

The ionization dynamics of clusters and nanodroplets
induced by intense near-infrared (NIR) pulses is fairly
well understood, owing to dedicated experiments and de-
tailed model calculations [3, 4, 9, 10]. Initiated by tunnel
ionization [11], an ionization avalanche is launched within
a few optical cycles mainly by electron-impact ioniza-
tion, thereby releasing a large fraction of electrons from
their parent atoms or ions (inner ionization) [12]. These
quasi-free electrons remain trapped in the space-charge
potential of the cluster and mainly determine the optical
response of the resulting nanoplasma. Some electrons are
directly emitted by the combined action of the laser and
the Coulomb field of individual ions (outer ionization).
Depending on the pulse duration or the delay between

short pulses in a dual-pulse scheme, resonant absorp-
tion occurs, thereby further enhancing the yield, charge
state and kinetic energy of emitted ions [13, 14]. As the
nanoplasma heats and charges up, it starts expanding
and electrons evaporate out of the collective Coulomb
potential of the cluster core. This leads to a thermal
distribution of free electrons characterized by an essen-
tially exponential energy dependence [15–19]. Finally,
slow electrons and ions partly recombine in the course of
the expansion. Highly excited neutral and ionic species
formed during this phase can decay by correlated elec-
tronic decay processes, as recently observed [18–21].

Helium (He) nanodroplets are a special type of rare-
gas clusters due to the extremely high ionization energy
of He atoms and the unique superfluid nature of He
droplets [22]. When doping He droplets with impurity
atoms or molecules, the latter tend to aggregate inside
the droplet or at the surface where they form a clus-
ter. Electrons emitted from this dopant cluster by tun-
nel ionization then act as seeds to ignite a nanoplasma in
the entire He droplet [23, 24]. Thus, doping He droplets
with various types of atoms or molecules in an adjustable
quantity offers an additional control knob to tune the
susceptibility of the droplets to intense NIR pulses [23–
25]. In particular, the addition of a few dopant atoms
with low ionization energy such as xenon (Xe) can dras-
tically reduce the intensity threshold for nanoplasma ig-
nition [23–26]. Furthermore, electron spectra of ionized
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He droplets are relatively simple to interpret due to the
simple electronic structure of He and the large spacing
between atomic levels [19].

Experimentally, He nanodroplets can be created in
a wide range of sizes spanning many orders of magni-
tude [27, 28]. Dopant clusters formed by aggregation
are mostly located inside the nanodroplets, the only ex-
ception being alkali metals [26]. In contrast, neon (Ne)
clusters solid nanocrystallites. The location of dopants
picked up by Ne clusters inside or at the surface of the
clusters is less well defined [29, 30].

He nanoplasmas have mainly been studied using ion
detection techniques [24–26, 31]. Recently, time-of-
flight (TOF) spectroscopy of electrons has revealed ad-
ditional details about the dynamics of He nanoplas-
mas [19, 21, 32]. However, so far only averaged data
over many laser shots and nanoplasma hits have been
reported. In this paper, we present for the first time
single-shot electron images from individual He nanoplas-
mas driven by intense NIR and mid-infrared (MIR) fem-
tosecond laser pulses. We show typical examples of indi-
vidual velocity-map images (VMIs) recorded under differ-
ent conditions, and we systematically analyze large sets
of VMIs to identify important trends and dependencies.
By simultaneously recording electron VMIs and ion TOF
mass-over-charge spectra we find that electron and ion ki-
netic energies are strongly correlated by a simple power
law.

The salient feature of the VMIs is a mostly centro-
symmetric intensity distribution with greatly fluctuating
size and brightness for each plasma explosion. We show
that this feature can be described by a simple heuris-
tic model based on a homogeneously charged spherical
electron cloud. A more complete classical molecular dy-
namics (MD) simulation shows that the external elec-
tric field applied in the VMI spectrometer for extracting
electrons and ions influences the electron energy distri-
butions. Simulated velocity distributions and electron
spectra are compared with the experimental data.

II. METHODS

A. Experimental setup

The nanodroplet apparatus resembles the one we have
used previously [14, 24, 26]. The main novelty is the
implementation of a combined VMI and TOF detector,
capable of detecting energetic electrons and ions, see
Fig. 1, [33]. The He nanodroplets, respectively Ne clus-
ters, were produced by a supersonic expansion at high
stagnation pressure (p0 = 20-50, 10 bar) and low tem-
perature (T0 = 9-15 K, 37-41 K) through a thin-walled
nozzle with a diameter of 5 µm for He and 20 µm for
Ne. The size of He nanodroplets was estimated based
on literature data [27]; the Ne cluster size was calculated

Figure 1. Schematic illustration of the experimental setup.
The He droplet source, doping cell and spectrometer are con-
tained in differentially-pumped vacuum chambers separated
by beam skimmers. Electrons are imaged on imagin detector
on the top of the spectrometer; ions are detected by a Daly
type time-of-flight (TOF) detector on the bottom. The laser
beam is back focused into the He droplet beam at right angles
by a spherical mirror (f = 75 mm).

using Hagena’s scaling law [34]. Doping with Xe atoms
is achieved by passing the clusters through a doping cell
containing Xe gas at adjustable pressure, see Fig. 1. The
size of the Xe dopant cluster is estimated based on the
Poissonian pick-up statistics while taking into account
the shrinkage of the He droplets induced by the aggrega-
tion of a dopant cluster [35].

NIR (800 nm) laser pulses of 35 fs duration (FWHM)
with a repetition rate of 3 kHz are focused into the cluster
beam using a back-focusing mirror with a focal length of
75 mm. With a pulse energy of up to 200 µJ, the peak
intensity ranges up to 1.5×1015 Wcm−2 as inferred from
the distribution of charge states of strong-field ionized
xenon atoms [36]. Most of the measurements presented in
this work were measured at a pulse energy of 80 µJ. A few
experiments were carried out using a high-repetition-rate
(100 kHz) MIR laser centered at a wavelength of 3.2 µm
which provides pulses with energy up to 100 µJ and a
length of about 6 optical cycles (50 fs) [37], yielding peak
intensities up to 4× 1014 Wcm−2. This laser system was
located at the ELI-ALPS Research Institute in Szeged,
Hungary.

The detector consists of a compact VMI spectrome-
ter capable of detecting high-energy electrons [33], and
a TOF ion spectrometer placed on the opposite side
which is based on a Daly type detector [38], see Fig. 1.
The VMI and TOF spectrometers were synchronized to
the laser trigger using a delay generator. One advan-
tage of the single-shot VMI technique is that very short
exposure times in the microsecond range can be used,
which reduces the background level. In most of the mea-
surements we adjusted the experimental parameters such
that on average less than 10 % of the images contained
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a nanoplasma hit to ensure that the rate of images con-
taining two or more hits remained low. Given the tight
focusing of the laser beam and the low number density of
doped He droplets in the interaction region, multiple hits
induced by the same laser pulse can be safely excluded.

B. Molecular dynamics simulations

The molecular dynamics (MD) simulation method for
the interaction of a cluster with the electric and magnetic
field of a linearly polarized NIR Gaussian laser pulse was
described previously [9, 39, 40]. Starting from neutral
atoms, electrons enter the MD simulation, when the cri-
teria for tunnel ionization (TI), classical barrier suppres-
sion ionization (BSI) or electron impact ionization (EII)
apply. This is checked at each atom in the course of the
trajectory, using the local electric field at the atoms as
the sum of the external laser electric field and the contri-
butions from all ions and nanoplasma electrons. Instan-
taneous TI probabilities are calculated by the Ammosov-
Delone-Krainov (ADK) formula [41], EII cross sections
by the Lotz formula [42], calculating the ionization en-
ergy with respect to the local atomic Coulomb barrier in
the nanoplasma environment [43]. The electron dynam-
ics is treated relativistically. Three-body electron-ion re-
combination (TBR) is automatically accounted for in the
MD simulations.

Ion-ion interactions are described by Coulomb poten-
tials, ion-electron and electron-electron interactions by
smoothed Coulomb potentials. Interactions between neu-
tral atoms and of neutral atoms with cations are dis-
regarded. Accordingly, the formation of He+N cationic
complexes as well as collisional kinetic energy transfer
between neutral atoms and between neutral atoms and
cations is not accounted for. The Pauli repulsive poten-
tial between electrons and neutral He atoms is taken as
a sum of pairwise forth-order Gaussian functions located
at every neutral He atom, V (rij) = V0 exp

(
−r4ij/σ4

)
,

where rij is the He-electron distance, V0 = 1.1 eV [44],
and the exponent σ = 1.2 Å is chosen such that the ef-
fective range of Vij is about half of the He-He distance
(3.6 Å) of the neutral droplet. The Xe-Xe distances are
4.33 Å (bulk), He-Xe distances 4.15 Å [45]. The simu-
lations are carried out for He2171Xe23, NIR pulse peak
intensities I = 2 × 1014 Wcm−2, and a FWHM pulse
duration of 35 fs. For these laser parameters, the He
droplet is nearly completely ionized; the ionization de-
gree depends very little on the initial conditions of the
trajectories, so that averaging over a set of trajectories
that is usually necessary in case of doped He droplets
[39, 40] is not needed.

Simulations are carried out for static homogenous elec-
tric field strengths of 0.5, 1, 2 and 10 kV/cm. To mimic
the VMI detection, a plane is placed perpendicular to
the direction of the static electric field, and the Carte-

sian coordinates and velocities of the extracted electrons
are recorded upon passing the plane. The plane is placed
in a sufficient distance (5 mm) from the droplet center
to avoid that ions reach the plane during nanoplasma
expansion. To achieve simulation times of 10 ns and
more, necessary for the electrons (including latecomers)
to reach the plane, each trajectory is subdivided into
parts. The first 4 ps covering the laser-cluster interac-
tion, initial nanoplasma expansion and the vast major-
ity of three-body electron-ion recombinations (TBR) is
carried out with a short time step of 10−4 fs. After
this initial part, the recombined electrons are removed
from the simulation by unifying them with their corre-
sponding host ions, reducing the ion charges accordingly.
This “recombination step” not only reduces the number
of electrons to be further propagated but is also a nec-
essary prerequisite to increase the MD time step, since
the recombined electrons with tight orbits around their
host ions and binding energies on the order of several eV
would otherwise require to continue the simulation with
the small time step to guarantee energy conservation.
In the subsequent parts of the simulation, the MD time
step is increased successively up to about 0.1 fs, as the
interparticle distances increase. Correlated electronic de-
cay processes, which could transfer energy from excited
He atoms and ions to neighboring atoms or to quasi-free
electrons on the picosecond-nanosecond timescale [21, 46]
and which could give rise to additional features in the
electron kinetic energy spectrum, are not included in the
simulation.

III. RESULTS

In usual photoionization experiments of atomic or
molecular beams, the ionization probability per laser shot
is kept well below one to avoid blurring of electron VMIs
and broadening of TOF peaks by space-charge effects. In
contrast, in this experiment a single laser pulse creates a
large number of electrons and ions when the nanoplasma
is formed; consequently, we may expect that the detected
electron distributions are dominated by Coulomb repul-
sion between the electrons. Only electrons directly emit-
ted by outer ionization during the laser pulse produce an
extended distribution that is not affected by the space
charge. Thus, we may expect to measure two main com-
ponents in the electron VMIs; a dominant structure at
low energies due to the extraction of nanoplasma elec-
trons by the static electric field, and a more energetic
one due to direct laser-induced outer ionization.

Indeed, all measured VMIs containing nanoplasma
electrons feature a two-component distribution, as shown
in Fig. 2. It is important to note that the brightness and
structure of the electron distributions greatly vary from
shot to shot. The top panels a)-d) show selected VMIs
for large He droplets composed of 2 × 105 He atoms on
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Figure 2. Selected single-shot electron VMIs of He nanoplasmas induced by intense NIR laser pulses. a-b) Typical VMIs for
large droplets consisting of 2× 105 He atoms doped with 40 Xe atoms. e-h) Typical electron VMIs for smaller droplets (2× 103

He and 8 Xe atoms). The arrows in e) indicate the direction of propagation of the laser (~k) and its polarization parallel to the

detector plane ( ~Efield). The He beam propagates parallel to ~Efield. The bottom row shows electron spectra inferred from the
small-droplet images (middle row).

average, whereas the middle panels e)-h) are for small
droplets composed of 2×103 He atoms. The bright inner
circular spot mostly has a rather flat intensity profile and
a well-defined outer edge for the case of large droplets.
The intensity level inside the inner spot is nearly con-
stant irrespective of the spot size, resulting in high total
brightness for large spots.

For small droplets, a great shot-to-shot variation of the
structure of the bright inner spot and the ratio of inner
spot vs. the diffuse outer distribution is observed. This
can be seen in the kinetic energy spectra inferred from
panels e-h) by an inverse Abel transformation [47], see
lower panels in Fig. 2. The peaks at energies . 1 eV
result from the central spot, whereas the extended shoul-
der at & 2 eV in the two spectra in the middle is due
to the scattered electrons around it. As the latter com-
ponent is distributed over a large area of the detector,
it is notoriously difficult to unambiguously discriminate
it from noise. The VMI technique is generally better
suited for detecting low-energy charged particles than
broad, high-energy distributions, in contrast to field-free
time-of-flight methods [21, 48] and electrostatic analyz-
ers. Therefore, in this work we refrain from a detailed
analysis of the diffuse energetic electron component. For
large He droplets, isolated events were observed where

Figure 3. Selected single-shot electron images of Ne clusters.
a-d) Large Ne clusters consisting of on average 6000 Ne atoms
doped with 10 Xe atoms ionized by a MIR laser pulses. e-h)
Ne2000Xe8 and their respective electron spectra (bottom row)
ionized by NIR pulses.

the inner spot deviated from a perfect circular shape,
showing dents [panels c) and d)] or slightly oval elonga-
tions. These distortions indicate that the shapes of large
He droplets deviate from the spherical symmetry, which
is well-known from x-ray diffraction experiments [49, 50].

Similar experiments were carried out with Xe-doped
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Figure 4. Electron spectra of averaged VMIs for different
He cluster sizes compared to Ne clusters. The inset shows an
example of the averaged VMIs for He droplets of size 3 × 104

He atoms doped with on average 40 Xe atoms. The outermost
white circle indicates the edge of the imaging detector.

Ne clusters, see Fig. 3. In panels a-d), Ne clusters with
an estimated mean size of NNe = 6 × 103 atoms were
irradiated by intense MIR laser pulses; panels e-h) show
VMIs of Ne clusters of size NNe = 2 × 103 irradiated
by NIR pulses. The general structure of the VMIs is
very similar to that of He droplets: a bright inner spot
surrounded by a diffuse cloud of more energetic electrons
with variable brightness and radius. While small Ne clus-
ters mostly generated circular inner spots, for large Ne
clusters the inner feature tends to significantly deviate
from the circular shape. This is likely a direct mani-
festation of a non-spherical shape of the Ne clusters and
should be studied in more detail both experimentally and
theoretically. The nonuniform shape of the diffuse cloud
around the inner spot in a)-d) is due to technical issues
with the spectrometer present in these measurements.
Likewise, the low-brightness region in the upper part of
the inner spot is due to a reduced sensitivity of the de-
tector. When bright nanoplasma VMIs are recorded at a
high repetition rate, degradation of the detector is a se-
rious issue. The electron spectra inferred from the VMIs
in e)-h), shown in the bottom row, have a similar struc-
ture as the electron spectra of small He nanodroplets.
This indicates that single-shot VMIs of nanoplasma elec-
trons are not particularly element specific but rather re-
flect the generic dynamics of electron emission out of a
nanometer-sized quasi-neutral expanding plasma.

Assuming that the VMI technique is in principle appli-
cable to imaging of nanoplasma electrons, we can convert
the measured radial intensity profile into an electron ki-
netic energy distribution according to electron-trajectory
simulations validated by calibration measurements [33].
Fig. 4 shows electron spectra obtained in this way from
averaged VMIs recorded for various mean sizes of He
droplets and Ne clusters. For every cluster size, around
100 images containing nanoplasma signals were averaged.

As an example, the inset displays the resulting average
image for He droplets of mean size NHe = 3× 104 atoms.

The electron spectra show a pronounced peak structure
where the peak position shifts from 0.1 up to 3 eV as
the mean He droplet size increases from NHe = 3 × 103

2×105. The electron spectrum for Ne3000 clusters doped
with on average 8 Xe atoms closely resembles the one of
He3000 doped with 10 Xe atoms. Thus, by varying the
mean cluster size in the shown range, the kinetic energy
of emitted nanoplasma electrons shifts by more than a
factor of 10.

More detailed information should be obtained by an-
alyzing the individual single-shot VMIs. This was done
in two steps. First, those images containing clear signals
from nanoplasma electrons were identified by integrating
a small area around the center of the image and com-
paring the result with a fixed threshold value. In most
of the measurements, a maximum of 10 % of images con-
tained hits and the rest contained only small numbers
of electrons emitted from the residual gas or from small
He clusters in the size range 100-1000 atoms. Second,
the radius of the inner bright spot was determined by
a simple algorithm that computes the derivative of the
radial intensity profile. The radius is then defined by the
largest negative value of the radial derivative. This ra-
dius value is directly converted into energy corresponding
to the maximum of the distribution, Emax. The integral
of the area within the radius is converted into the total
number of electrons by analyzing the brightness of single
electron hits on the detector measured in the background
images.

Fig. 5 a) shows the resulting histograms of Emax values
for the individual shots used in Fig. 4. The solid lines
are fits by a Gaussian function. Overall, both analysis
methods are in good agreement. For large He droplets,
the peaks in Fig. 5 a) are slightly narrower than those
in Fig. 4. This is expected, as in the histogram anal-
ysis [Fig. 5 a)], the peak width is solely determined by
the scatter of Emax, whereas the shape of each individ-
ual electron spectrum is not accounted for. For small
clusters, the peaks extend further towards low energies
Emax < 0.1 eV, indicating that a large number of VMIs
with small inner spots are present, which contribute less
to the averaged images (Fig. 4). The mean values of the
Emax distributions shown in a) and from additional mea-
surements are depicted as squares in Fig. 5 b). As shown
by the solid line, these mean values 〈Emax〉 closely follow
a linear dependence of the number of He atoms.

When we apply the same procedure to VMIs recorded
for varying Xe partial pressure in the doping cell, we ob-
tain the data shown in Fig. 6 b) for He and Ne clusters
of different sizes. The data show no significant variation
of the nanoplasma electron energy as a function of the
number of Xe dopant atoms embedded into the clusters.
Thus, the nanoplasma is primarily determined by the
size of the He or Ne host cluster, whereas the Xe dopant
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Figure 5. a) Histograms of the electron peak energies Emax

of the single-shot VMIs that were averaged in Fig. 4. The
data points are the energies for the different He and Ne clus-
ters sizes. The solid lines are Gaussian fits. b) Cluster size
dependence of the mean peak energy for the He data found in
a) including additional cluster sizes. The red line is a linear
fit of the experimental data.

cluster only facilitates the ignition of the nanoplasma,
as previously shown [23–26]. For higher doping levels,
scattering and destruction of the He droplets by multi-
ple collisions with Xe atoms in the doping cell reduces
the signal rate [26]. A minimum of about 5 Xe atoms is
needed to ignite a He nanoplasma, whereas Ne nanoplas-
mas are measured even at the lowest doping levels of 1 Xe
dopant atom per cluster on average. This is due to the
lower ionization energy of Ne, which makes pure Ne clus-
ters more prone to strong-field ionization as compared
to He nanodroplets. The overall similar behavior of Ne
clusters and He nanodroplets with respect to their doping
dependence of the nanoplasma ignition indicates that the
structure of the cluster (solid vs. superfluid) is not deci-
sive for the dopant-induced activation of a nanoplasma.

Similar to the doping dependence, the intensity of
the laser pulses significantly influences the abundance of
nanoplasma events, whereas the mean electron energy
is only weakly affected. Fig. 7 shows the intensity de-
pendence for He nanodroplets doped with Xe atoms ex-
posed to NIR laser pulses and for He droplets, doped
with water, exposed to MIR pulses at different intensi-
ties (note the colored axes on the top and bottom of the
figure). In both cases, the signal rates follow a nearly lin-
ear rise with laser intensity. However, the mean electron
energy remains nearly constant within the experimen-
tal uncertainty. This is due to intensity averaging over

Figure 6. Dependence on the number of dopant atoms.
a) Fraction of VMIs containing nanoplasma electrons for dif-
ferent He and Ne cluster sizes ionized by NIR pulse. b)
Mean electron peak energy. The blue symbols correspond
to He droplets of different sizes, the red symbols correspond
to Ne3000.

the volume of the laser focus; while a few droplets are
hit by the laser in the center of the focus and generate
more energetic electrons at higher laser intensity, a large
number of droplets in the periphery of the focal volume
experience a reduced local intensity, which may still be
sufficient for igniting a nanoplasma. These droplets lead
to an enhanced signal rate with rising laser intensity but
contribute mostly with low energies. Owing to the single-
shot method, we can select only the brightest nanoplasma
images thereby selecting events where the largest droplets
are exposed to the peak intensity. These selected images
(not shown) clearly display enhanced electron numbers
and energies when the intensity increases.

One advantage of the electron VMI technique is the
possibility to combine it with ion detection. To demon-
strate this capability, we ignited He nanoplasmas from
calcium-doped He nanodroplets with intense MIR pulses
and measured electron VMIs and ion TOF traces for ev-
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Figure 7. Laser intensity dependence. a) Nanoplasma hit
rate for He droplets irradiated by NIR and MIR pulses at
different intensities. b) Electron peak energy for the two laser
types. Notice that the blue axis (bottom and left) corresponds
to the NIR data and the red (top and right) to the MIR data.

ery hit. The upper part of Fig. 8 shows typical electron
VMIs and correlated ion TOF traces. The bright fea-
ture in the VMIs (large number of emitted electrons)
clearly correlates with an intense and broadened He+

peak indicative of high ion kinetic energies. Even fully
ionized He atoms, He2+, are visible as a small peak in the
TOF spectrum shown in the top right panel. The fact
that it appears at a value of m/q slightly below 2 is due
to the high He2+ kinetic energy causing peak deforma-
tions [14, 24–26]. In contrast, low-intensity VMIs corre-
late with narrow He+ and He+2 peaks in the TOF traces,
indicating low ion kinetic energies and incomplete frag-
mentation or ion dimerization occurring in a nanodroplet
that is only partly ionized (bottom VMIs panels). The
red lines are Gaussian fits to the peaks.

The widths σ of the He+ peak fits are converted into
ion kinetic energies Ei by the following procedure: Us-
ing the SIMION simulation software, TOF traces were
simulated for a large number of ion kinetic energies E′i
in the range 0-30 eV following an exponential distribu-
tion ∝ exp(−E′i/τ) [cf. Fig. 12 d)]. At higher ion en-
ergies E′i > 25 eV, the efficiency of our detector signifi-
cantly drops because energetic ions tend to miss the sen-
sitive area of the detector. Therefore, at Ei & 10 eV
the reported ion energies have to be considered as lower
bounds. The simulated He+ TOF distributions can be
fitted to the measured peaks, thereby providing an empir-
ical relation between the TOF peak widths σ and τ ≡ Ei.

Figure 8. Selected single-shot electron VMIs of He droplets
of size 104 He atoms doped with calcium atoms, irradiated by
MIR pulses and ion TOF mass-over-charge spectra measured
simultaneously. Blue lines are the experimental data, red lines
are Gaussian fits. The bottom panel represents ion kinetic
energies inferred from the fits vs. electron peak energies for
individual correlated electron VMIs and ion TOF traces. The
red line is a power-law fit.

The bottom panel of Fig. 8 shows Ei for He+ vs. electron
peak energies inferred from the corresponding electron
VMIs. Each blue dot represents one measurement of a
correlated electron VMI and ion TOF trace. The red line
is a fit of the power law Emax ∝ Ex

i resulting in x = 1.65.
This model predicts Ei = 290 eV for Emax = 1 eV and
Ei ∼ 104 eV for Emax = 10 eV.

DISCUSSION

The evolution of a laser-induced nanoplasma is a com-
plex dynamical phenomenon that involves various pro-
cesses of light-matter interactions and collisions on the
length scale of atoms and of the cluster as a whole.
These include tunnel ionization, inverse bremsstrahlung,
electron-impact ionization, plasmon-enhanced resonant
absorption, three-body recombination, etc. [3, 4]. Ac-
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cordingly, sophisticated numerical model calculations,
such as MD simulations, are usually required to capture
the most important aspects of the nanoplasma dynamics.

Nevertheless, we attempted to come up with a simple
analytic model to reproduce the most pronounced corre-
lation visible in the VMIs despite their strong shot-to-
shot variation, namely that of size and brightness of the
inner spot. This model is based on the expansion of a
homogeneous spherical distribution of charges of radius
R (electrons in our case) driven by Coulomb repulsion.
According to Islam et al. [51], the initial radial charge
density distribution

dP

dr
=

3r2

R3
Θ(R− r) (1)

transforms into a final kinetic energy distribution

dP

dE
=

3

2

√
1

ER

1

ER

√
E ·Θ

(
1− E

ER

)
, (2)

where

ER =
e2

4πε0

(
4

3
πρ

)1/3

N2/3 (3)

is the cut-off energy. Here, Θ is the Heaviside step func-
tion, N is the number of electrons in the sphere and e is
the elementary charge. In this way, we obtain a simple
power law dependence ER ∝ N2/3 under the assumption
of a constant initial density ρ = 3N/(4πR3). Here, ER

can be identified with Emax in the experimental electron
spectra and N is derived from the integrated brightness
of the inner spot.

The correlation of Emax and N is represented in Fig. 9.
The data points are obtained by binning Emax and N val-
ues from a total of about 1000 VMIs for every He and
Ne cluster size. The error bars indicate the dispersion
of the data within each bin, resulting from 10-200 VMI
measurements per data point. The solid lines are fits of
Eq. 3 to the data. Surprisingly, despite of the simplic-
ity of our model, the experimental data for both He and
Ne clusters are well reproduced by the fits. Due to the
limited range of sizes of Ne clusters accessible in the ex-
periment, the Ne data were constrained to N . 3× 103.
The inset shows an overview of the data and fits at low
energies.

The only free fit parameter is the prefactor in Eq. 3
which yields ρ = 0.05-0.2 e µm−3 for He nanodroplets,
where e is the electron charge. The smallest value
is obtained for small droplets at low NIR intensity
I ∼ 5 × 1014 Wcm−2, the largest value is obtained for
large droplets and I & 1015 Wcm−2. These values are
much smaller than the atom density of He nanodroplets,
0.022 Å−3. This is expected in view of our tentative in-
terpretation that the relevant electron density responsi-
ble for the lower-energy component is the one in the more

Figure 9. Peak electron energies as a function of the number
of nanoplasma electrons. The data points represent the mean
values of the distributions of electron peak energies for differ-
ent He and Ne cluster sizes. The solid lines represent the fits
based on Eq. 3. The inset shows a closeup of the low-energy
region where the Ne data points are concentrated.

dilute electron beam extracted by the external static elec-
tric field of the VMI spectrometer, see below. In the hot-
ter nanoplasma created by more intense pulses in large
droplets, the electrons appear to be extracted more eas-
ily, i. e. at an earlier stage of the nanoplasma expansion
when the electron density is higher. While the insight
into the physics of nanoplasmas gained from this model
certainly is rather limited, it is still useful for predicting
the energy of nanoplasma electrons merely based on the
detection of their yield.

Up to this point we have discussed our results assuming
that the VMI technique applies when detecting electrons
emitted from a nanoplasma. However, we find indica-
tions that the evolution of a nanoplasma, in particular
the emission of electrons, is affected by the static electric
field present in the VMI spectrometer. Fig. 10 shows the
mean electron peak energies as a function of the voltage
applied to the extractor electrode of our spectrometer.
The electric field (in V/cm) in the interaction region is
given by a factor 0.2 times the extractor voltage (in V).
We see a clear trend of increasing detected electron en-
ergies for higher electric fields, roughly following a linear
dependence. The extrapolation toward zero electric field
indicates a finite value of the electron energy which is a
factor of 0.7 lower than the values presented above, mea-
sured at an extractor voltage of 1.9 kV. Thus, to compare
with field-free measurements or simulations, the reported
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Figure 10. Dependence of the mean electron peak energy on
the extractor voltage for He8000Xe12 irradiated by NIR pulses.
The red line is a linear fit of the data.

Figure 11. Theoretical time-evolution of a nanoplasma ig-
nited by an intense NIR laser pulse in the presence of an
external homogeneous electric field (F = 1000 V/cm). The
laser polarization is horizontal and the electric field points
upwards.

energies should be scaled accordingly.

To get a better understanding of the impact of a static
electric field on the evolution of a nanoplasma and on the
extraction of electrons out of it, we have carried out MD
simulations with and without an external homogeneous
electric field. Fig. 11 shows snapshots of the simulation
at various times after the maximum of the laser pulse. A
NIR laser pulse of 35 fs duration (FWHM) and a maxi-
mum intensity of 2 × 1014 Wcm−2 was applied to a He
nanodroplet consisting of 2171 He atoms doped with 23
Xe atoms. The polarization of the laser is horizontal,

Figure 12. Comparison of theoretical and experimental re-
sults. a) Simulated electron velocity distribution for a doped
droplet, He2171Xe23, exposed to a NIR pulse in an electric
field of F = 1000 V/cm. b) Selected experimental electron
VMIs for He8000Xe20 ionized by NIR pulses in the presence
of an electric field of 25 V/cm in the interaction region. c)
Electron kinetic energy distributions from the simulation (col-
ored lines) and the experiment (black line). d) Corresponding
simulated ion kinetic energy distributions.

and the electric field F = 500 V/cm points upwards.
Electrons, neutral He and Xe atoms as well as ions are
represented by differently colored beads.

In the early stage t . 430 ps (top frames), electrons
(white dots) are emitted in two rather distinct distri-
butions; a diffuse and nearly isotropic cloud is created
shortly after the laser pulse (see frame at 61 ps), and
one highly directional component of electrons is extracted
downwards along the electric field axis at t & 100 ps. At
t > 1 ns (bottom frames), the expanding cloud of ion
cores (pink beads) slowly move upwards along the elec-
tric field.

From these simulations we can extract both spatial and
velocity coordinates of electrons as they pass through a
plane located 5 mm below the droplet. Since the electric
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field in the simulation is homogeneous, the VMI condi-
tion is not fulfilled. Nevertheless, we can compare the
distribution of velocity components perpendicular to the
electric field with the measured VMIs, see Fig. 12. The
VMI shown in panel b) is a typical instance of a class of
images where the bright central spot has a diffuse edge
[cf. Fig. 2 f)]. Such images make up about 5 % of all
hits. Indeed, the simulated distribution of transverse ve-
locities, shown in Fig. 12 a), resembles the experimental
VMI in many respects. It shows two main components: A
speckled background of fast electrons, and a more com-
pact circular cloud in the center. In addition, a small
bright dot in the center indicates a small contribution
of electrons with nearly vanishing energy. Note that the
correspondence of simulated and measured distributions
holds even in absolute terms, see the velocity scales on
the top of panels a) and b). We take this as a confirma-
tion of our interpretation of the central spot as resulting
from the extraction of nanoplasma electrons by the exter-
nal electric field. Fig. 12 c) shows the distributions of the
simulated transverse electron kinetic energies for electric
field strengths F = 0, 0.5, 1, 2, and 10 kV/cm as colored
lines. Clearly, an increasing electric field gives rise to
a growing shoulder structure extending up to 0.6 eV at
F = 10 kV/cm (blue dashed line), which is not present
without electric field (red line). Electron energies in-
ferred from this shoulder are depicted in the inset. The
black line depicts the electron spectrum obtained from
the Abel inversion of the average of 5 images of the same
type as that shown in panel b), arbitrarily scaled in in-
tensity. It qualitatively resembles the simulated spectra
at low electric field. However, the electron energies in-
ferred from the simulated spectra fall significantly below
the average of experimentally determined electron ener-
gies (Fig. 10), despite the higher electric fields used in
the simulation. This deviation is likely related to the ap-
proximations made in the MD simulations, cf. Sec. II B.

Fig. 12 d) shows the ion kinetic energy distributions
derived from the simulated ion velocity components per-
pendicular to the electric field, for several values of F
and for the field-free case. The energy distribution of the
field-free simulation (blue curve) is distinguished by a
significantly stronger low-energy component in the range
0-20 eV. A low-energy component in the ion kinetic en-
ergy usually indicates the presence of an electron-rich
nanoplasma core [52, 53]. The partial suppression of the
low-energy component in the ion energy spectra is con-
sistent with the extraction of nanoplasma electrons by
the static electric field.

Clearly, this study should be further extended to
fully characterize the electric-field dependence of elec-
tron emission from a nanoplasma in various regimes of
laser intensity and droplet size. The fact that the sim-
ulated electron spectra do not reproduce the exact peak
structure in most of the experimental spectra at ener-
gies exceeding 1 eV (Fig. 2 and 3) is likely due to the

relatively small size of the He droplet used in the simula-
tion (He2171Xe23). Larger droplets emit larger amounts
of electrons at higher densities which likely give rise to
a more pronounced shoulder in the spectra, eventually
evolving into a peak. Unfortunately, simulations of large
He droplets are prohibitively costly for this work. Ad-
ditionally, the inhomogeneous electric field of the VMI
spectrometer may cause distortions of the velocity distri-
butions due to the coupling of longitudinal and transverse
degrees of freedom with respect to the electric field.

IV. CONCLUSION

In conclusion, we presented the first dedicated exper-
imental study of single-shot VMI of electrons emitted
from He and Ne nanoplasmas induced by intense NIR and
MIR laser pulses. The images are characterized by large
shot-to-shot fluctuations of the brightness and structure
due to the large variation of cluster sizes and of laser in-
tensities seen by each cluster as it is hit at different posi-
tions within the laser focus. This puts some demands on
the data storage capacities, sorting and analysis meth-
ods to cope with the large amount of image data. To
clearly map systematic dependencies, typically a mini-
mum of about 100 images have to be recorded per set
of parameters. Despite the rather high intensities used
to strong-field ionize the clusters, the electron emission
patterns are circularly symmetric to a high degree. Only
slight dents and elongations along the laser polarization
were observed for the highest intensities & 1015 Wcm−2.
The VMIs of both He and Ne clusters feature a generic
two-component structure consisting of a central bright
spot and a diffuse cloud of electrons around it. Likewise,
VMIs measured for MIR and NIR laser pulses are very
similar, which supports the concept that electron emis-
sion is mostly determined by the intrinsic dynamics of
the nanoplasma. The initial structure of the clusters (su-
perfluid, solid) and the characteristics of the laser pulses
only play minor roles once the threshold for avalanche
ionization is reached. The most sensitive parameter that
determines the yield and energy of emitted electrons is
the cluster size.

We have demonstrated the possibility to record elec-
tron VMIs and ion TOF traces simultaneously on a shot-
to-shot basis. Bright electron images clearly correlate
with large yields of singly and doubly charged He atomic
ions, whereas low nanoplasma electron yields correlate
with singly charged He+ and He+2 ions. Electron and
ion kinetic energy are found to be related by a simple
power law. Despite the large shot-to-shot variations, a
clear correlation of the brightness (number of nanoplasma
electrons) and size of the inner spot (maximum electron
energy) is found. It is consistent with a simple power law
derived for an expanding spherical cloud of electrons. A
more realistic MD simulation including a static electric
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field unravels the mechanism of electron extraction out of
the expanding nanoplasma. It shows that the resulting
transverse kinetic energy distributions of electrons signif-
icantly differ from the electron spectrum obtained in the
case of field-free expansion in that they feature a shoulder
structure around 0.5 eV. Thus, simulated electron spec-
tra reproduced the experimental spectra well for a certain
class of events. The results of the simulations are sup-
ported by VMI measurements at varying spectrometer
voltages. The transverse electron energy inferred from
the electron images clearly depend on the spectrometer
electric field, consistent with the result of the simulation.

In general, the VMI technique has the advantage of
collecting all electrons emitted into the full solid-angle,
which makes it sensitive enough that entire electron spec-
tra can be measured for individual clusters and nan-
odroplets. Moreover, with this technique, electrons and
ions can be detected simultaneously giving more insight
into the ionization dynamics. However, the concept of ex-
tracting accurate kinetic energies by inverse Abel trans-
formation of the measured images breaks down because
the spectrometer field interferes with the expansion dy-
namics of the nanoplasma. To what extent the measured
electron distributions can be reliably related to the field-
free electron spectra or to other characteristics of the
nanoplasma (degree of inner ionization, electron temper-
ature, initial cluster shape, etc.) remains to be further
investigated both experimentally and by means of simu-
lations. Likewise, the effect of the spectrometer field on
the nanoplasma dynamics should be elucidated for dif-
ferent regimes of nanoplasma formation such as extreme-
ultraviolet and x-ray cluster ionization [16, 17, 54, 55].
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[37] N. Thiré, R. Maksimenka, B. Kiss, C. Ferchaud,
G. Gitzinger, T. Pinoteau, H. Jousselin, S. Jarosch, P. Bi-
zouard, V. Di Pietro, E. Cormier, K. Osvay, and N. For-
get, Highly stable, 15 W, few-cycle, 65 mrad CEP-noise
mid-ir OPCPA for statistical physics, Optics express 26,
26907 (2018).

[38] N. Daly, Scintillation type mass spectrometer ion detec-
tor, Rev. Sci. Instrum. 31, 264 (1960).
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