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Nanoparticle-assisted acceleration of laser-irradiated low-density He ions
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We report on a surprisingly efficient acceleration of ambient gas ions in the presence of a laser-irradiated
nanoparticle. Near-infrared laser pulses with an intensity of 2 × 1015 W cm−2 are used to irradiate a single CsCl
nanoparticle surrounded by a helium gas with a density of around 1015 cm−3. In this interaction He+ ions gain
higher maximum kinetic energy than Cs+ and Cl+ ions. We suggest that He+ ions are accelerated by a positive
charge at the nanoparticle surface whereas the movement of Cs+ and Cl+ ions is interlinked to the expansion of
the nanoplasma electrons. Our results reveal an essential contribution of the environment to the interaction of
intense light with dense matter.
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The interaction of nanoscale targets (with sizes from 10
to several 100 nm) with intense near-infrared (NIR) laser
pulses has remained in the focus of extensive research for sev-
eral decades. Fascinating observations of unexpectedly high
ionic charge states [1], ions with megaelectronvolt energies
[2,3], energetic electrons [4,5], and x-ray radiation [6,7] reveal
highly efficient absorption of the laser pulse energy. Novel
phenomena, e.g., creation of shock waves in nanoplasmas
[8], controlled electron emission from SiO2 nanoparticles
[9–11], mapping laser absorption by ion emission measure-
ment [12] or accelerating electrons in nanoplasmonic resonant
systems [13], have been observed in laser-irradiated nanopar-
ticles. Attractive application areas for laser-irradiated clusters
and nanoparticles include generation of high-order harmonics
[14–16] or the development of tabletop laser-electron accel-
erators where laser-irradiated nanoparticles should serve as
a localized and controllable source of electrons for injection
[17,18].

To understand the complex interaction dynamics of
nanoparticles with intense laser light an idealized case of
a single isolated nanoparticle in vacuum is commonly con-
sidered. Little attention has been paid to the environment
surrounding the nanoparticle. This picture might be incom-
plete since a substantial amount of uncondensed gas can be
present in supersonic cluster beams as seen in high-resolution
photoelectron spectra [19,20]. The ionization dynamics of
clusters might remain hidden in the experiment due to the
presence of an uncondenced gas in the cluster beam [21].
Furthermore, a laser-irradiated nanoparticle can considerably
influence the dynamics of its environment as well. For in-
stance, model calculations predict a significant enhancement
of the kinetic-energy cutoff in atomic photoelectron spectra if
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atoms are ionized in a local plasmonic field in the vicinity of
a nanoparticle surface [22]. The interaction of intense lasers
with dense matter and its environment is actively explored
for the optimization of laser-driven proton acceleration. In the
target normal sheath acceleration scheme a laser-irradiated
thin foil is commonly used as a target [23–25]. Different
modifications to the surface of the foil have been investigated
recently in order to enhance the laser energy absorption, e.g.,
creation of a preplasma by the target ablation [26,27], cover-
ing the surface of the foil with a monolayer of nanoparticles
[28] or by purging the solid target with an atomic gas [29].

In this Letter we investigate how the acceleration dynamics
of an underdense plasma is influenced by the presence of
a single laser-irradiated nanoparticle. In our study a single
CsCl nanoparticle (of ∼200-nm diameter) is placed into a
He gas of 5 × 1015 cm−3 density and irradiated by an in-
tense femtosecond NIR laser pulse. We use ion time-of-flight
(ToF) mass spectrometry to discern between ionic fragments
originating from the nanoparticle (mainly Cs+, Cl+, and H+
coming from water in the nanoparticle) and He+ ions from
the gas environment. This species-selective study allows us
to unambiguously disentangle key mechanisms of ion accel-
eration: (i) nanoparticle-independent He+ acceleration driven
by Coulomb repulsion of laser-created plasma channel [30],
(ii) expansion of nanoparticle ions (Cs+, Cl+, and H+) driven
mainly by hydrodynamic forces [31], and (iii) nanoparticle-
assisted He+ acceleration, which we attribute to the electric
field on the nanoparticle created by fast escaping electrons.

The experiment was performed at ELI Beamlines in the
Czech Republic at the MAC end station [32]. CsCl nanopar-
ticles with a diameter around 200 nm were injected into a
vacuum chamber through the “Uppsala injector” [33,34]. The
injector consisted of a gas dynamic virtual nozzle (GDVN)
[35] producing an aerosol from 0.1% CsCl solution in water.
Aerosol droplets were then delivered to the vacuum chamber
via an aerodynamic lens stack (ALS) [36]. Water from the
droplets evaporated on the way to the ALS exit leaving intact
CsCl nanoparticles covered with a water layer [34,37] in the
interaction region. In the process of guiding and focusing the
nanoparticle beam, helium was used as the carrier gas, having
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FIG. 1. (a) Representative single-shot ion ToF traces of three dif-
ferent hits of a laser-irradiated CsCl nanoparticle in gas environment
(blue, yellow, and red lines, labeled “hit”) and a single-shot trace of
only the laser-irradiated gas (top dashed gray line, labeled “miss”).
Traces are vertically offset for clarity. Ph. stands for photon peak.
ToF positions of ions with zero kinetic energy are indicated by gray
vertical lines. (b)–(d) Maximum energy of individual ions versus
maximum energy of Cl+ ions for single-shot hits: (b) Cs+ ions,
(c) H+ ions, and (d) He+ ions. Black dashed line at 250 eV in (d) is
an averaged value of maximum He+ energy as extracted from an
analysis of 120 traces of misses.

a number density in the interaction region of ∼5 × 1015 cm−3

[30]. Note that the combination of a GDVN and ALS creates
a target that consists of different atomic species inside the
nanoparticle and in the surrounding gas.

The nanoparticle beam was irradiated by a 1-kHz 800-nm
laser with a pulse duration of 120 fs (FWHM) and a peak
intensity of 2 × 1015 W cm−2. The focal spot diameter was
around 25 μm. Ions or electrons after the interaction were
detected with the same microchannel plate detector placed in
the direction perpendicular to both the laser and the nanopar-
ticle beams. Electrons were detected in the drift mode. To
estimate the electron kinetic energy a retarding voltage was
applied to the drift tube. Ions were accelerated by pla-
nar electrodes providing a homogeneous electric field of
300 V mm−1. The laser polarization was towards the ion or
electron detector. Single-shot data were acquired and, subse-
quently, sorted for hits and misses of the nanoparticle. Hits
were identified by the appearance of a photon peak that
originates from UV and x-ray photons formed in the laser-
nanoparticle interaction [4,38]. The photon peak is not present
when only gas interacts with the laser. The hit rate was around
25%.

Single-shot ion ToF spectra of laser-irradiated CsCl
nanoparticles in He gas environment are shown in Fig. 1(a).
Ions with initial zero kinetic energy are expected to form a
peak at ToFs indicated by the gray vertical lines. The observed
shorter ToFs of individual ion peaks indicate that ions have a
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FIG. 2. Measured electron ToF traces of CsCl nanoparticles and
the surrounding gas irradiated by a strong NIR laser pulse (peak
intensity 2 × 1015 W cm−2). (a) Light gray lines: averaged ToF traces
of the surrounding gas (misses). Color (dark gray) lines: averaged
ToF traces of nanoparticle hits. Retardation voltages applied to the
drift tube are indicated next to each line. Fast and slow electron pop-
ulations are indicated. The top axis indicates the expected electron
energies for the retardation voltage of 0 V. (b) Measured signal at
short ToFs (fast electrons). Light gray line: averaged ToF trace of
misses. Color (dark gray) lines: averaged ToF traces of nanoparticle
hits for three different retardation voltages.

nonzero initial kinetic energy. For determination of ion’s max-
imum kinetic energy we analyze the shortest ToF of each peak
that corresponds to fastest ions with initial direction towards
the detector. We theoretically calculate the ToF for each ion as
a function its initial kinetic energy and take the kinetic energy
that matches the experimental shortest ToF. Note the shot-to-
shot fluctuations in the ion spectra of hits. This is attributed to
the different positions of the nanoparticle in the focal volume
and to a possibility of hitting more than one nanoparticle. Our
observation is in line with the findings of Refs. [39–41] where
ion ToF spectra of single nanoparticles were sorted accord-
ing to simultaneously measured coherent diffractive images.
Figure 2 shows electron ToF traces measured under the same
conditions as the ion traces in Fig. 1(a). The top axis indicates
expected electron energies determined from their ToF for a
retardation voltage of 0 V. Electron ToF traces were first
sorted for hits and misses and then averaged over about 1000
single-shot measurements. For nanoparticle hits, fast electrons
with energies in the keV range are observed [Fig. 2(b)].

The main observation of our Letter is presented in
Figs. 1(b)–1(d). Although single-shot maximum kinetic en-
ergies of Cs+, H+, and Cl+ ions show mutual correlations
[Figs. 1(b) and 1(c)], maximum kinetic energies of He+ ions
split into two fractions: slow (with maximum kinetic energy
of around 250 eV) and fast (with maximum kinetic energy
of around 1 keV) [Fig. 1(d)]. He+ maximum energies are not
correlated to the kinetic energies of Cl+, Cs+, and H+ frag-
ments. Note, that the maximum kinetic energy of the fast He+
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fraction of ∼1 keV is higher than the maximum kinetic
energy of the Cl+, Cs+, and H+ fragments. This is sur-
prising because Cs+, Cl+, (and H+ coming from water in
the nanoparticle) ions originate from the nanoparticle with
a solid density of around 1022 cm−3 (overdense plasma),
whereas He+ ions arise from the background gas with a
substantially lower density of ∼5 × 1015 cm−3 (extremely
underdense plasma with ne/nc = 3 × 10−6, where nc = 1.7 ×
1021 cm−3 is the critical density for 800-nm light).

In electron ToF traces of hits two electron fractions are
observed: slow electrons with kinetic energies up to 200 eV
(and a mean energy of 60 eV) and fast electrons with energies
in the keV range (Fig. 2). The slow electron signal contains
contributions both from the nanoparticle and the surround-
ing gas, which cannot be separated in this measurement. To
characterize the energies of the electron populations we apply
a retardation voltage to the drift tube of the electron ToF
spectrometer. The signal from the slow electron population
disappears almost entirely when a retardation voltage above
150 V is used. The fast electron signal, originating only from
the nanoparticle, first increases with the applied retardation
voltage due to focusing of the electron trajectories onto the
detector and then decreases because electrons do not arrive
at the detector [Fig. 2(b)]. This confirms that the signal at
short flight times (∼1.5–20 ns) can be attributed to electrons
and not only to photons. From the signal measured with the
highest applied retardation voltage of −2 kV and from the
electrons’ ToFs we estimate the energy of the fast electrons
to be in the range of 2–20 keV. The large uncertainty in
the determination of the fast electron energies is due to their
very short flight times and to the limited range of retardation
voltages that could be applied.

In the following, we discuss: (i) the laser interaction with
the background He gas as it is revealed from ion and electron
signal of misses, (ii) the dynamics of the nanoparticle explo-
sion based on the observation of accelerated Cs+, Cl+, and
H+ ions and the slow population of electrons. Finally, we turn
to (iii) the mutual interaction of the exploding nanoparticle
and the He gas environment where a distinct nanoparticle-
assisted acceleration mechanism of He+ is revealed.

(i) The interaction dynamics of intense laser pulses with the
background He gas can be understood from the single-shot
ion ToF traces of misses [Fig. 1(a), light gray dashed line],
which look very similar for each shot. All ToF traces of misses
contain moderately accelerated He+ peak as revealed by a
slight broadening and a shift of this peak towards shorter ToF.
Additionally, a small H+ and background H2O+ peaks are
observed. The estimated maximum kinetic energy of He+ ions
is around 250 eV. The appearance of this slow He+ signal is
well understood from our previous study [30]. Helium gas
is ionized at the leading edge of the laser pulse. The laser
field drives electrons from the laser axis by the ponderomotive
force, and a positively charged He+ plasma channel is cre-
ated. This channel explodes due to Coulomb repulsion forces,
leading to acceleration of He+ ions. For our conditions we
expect He+ maximum energy to be ∼200–400 eV [30], which
agrees with the experimentally determined averaged value of
∼250 eV extracted from an analysis of 120 single traces of
misses [Fig. 1(d)]. In electron spectra of misses (Fig. 2, light
gray lines) electrons with maximum kinetic energy of below

200 eV are identified, which corresponds to the above thresh-
old ionization cutoff expected for our laser intensity [42].

(ii) Single-shot ion ToF traces of hits contain accelerated
ions from the nanoparticle (Cs+, Cl+, and H+) with maxi-
mum kinetic energies of several 100 eV. The maximum kinetic
energies of Cs+, Cl+, and H+ ions show mutual correla-
tions [Figs. 1(b) and 1(c)], indicating a common acceleration
mechanism of these species. The acceleration mechanism of
nanoparticle ions is well understood in terms of a hydrody-
namic expansion of a nanoplasma [8,31,43]. Under intense
irradiation conditions atoms inside the nanoparticle are ion-
ized by tunnel ionization. A small fraction of created electrons
(typically around 1%) can escape the nanoparticle and leave
a positive charge behind. Most of the activated electrons
are trapped by the Coulomb potential and build a quasineu-
tral nanoplasma inside the nanoparticle. Trapped electrons
drive the nanoparticle expansion due to hydrodynamic
pressure.

We have modeled the nanoplasma dynamics by the model
of Ditmire et al. [31]. In the calculation we used an
Ar nanoparticle with a diameter of 84 nm exposed to a 800-nm
pulse with 120-fs FWHM pulse duration and a peak intensity
of up to 1016 W cm−2. The hydrodynamic model cannot in-
clude the two atomic species (Cs and Cl) in the nanoparticle,
but Ar serves as a good model system with similar mass
and ionization energy as Cl. In the nanoplasma model, the
nanoparticle is treated as a uniform sphere, and electron ion-
ization, heating, and nanoparticle expansion are described by
rate equations of the corresponding quantities. The calculated
maximum ion energy is 700 eV, in agreement with measured
Cl+ and Cs+ energies [Fig. 1(b)]. The predicted electron en-
ergy is around 100 eV, which corresponds to the measured
energies of the slow electron population [Fig. 2(a)]. These
slow electrons, trapped inside the nanoparticle, drive the
hydrodynamic expansion of the nanoparticle with a character-
istic speed being the plasma sound speed:

√
ZkBTe/mi. For our

case, ion charge Z = 1, electron temperature kBTe = 70 eV
and ion mass (for chlorine) mi = 35.45 amu, the plasma
sound speed is 1.4 × 104 ms−1. This leads to a characteristic
expansion time of ∼7 ps in which the nanoparticle doubles its
radius. The explosion of Cs ions is even slower and should
not affect the He acceleration, which takes place on a shorter
timescale.

(iii) We now turn to the combined explosion of the
nanoparticle and the surrounding gas. How does the highly
ionized nanoparticle affect the surrounding He+ ions? As
is known from laser-driven ion acceleration experiments
[23–29], He+ ions cannot be directly accelerated by the laser
field. Instead, they are accelerated by the electric field of the
nanoparticle. According to general understanding, fast elec-
trons, which leave the target very quickly, are not involved in
the dynamics of the nanoparticle expansion, and their contri-
bution is commonly not considered [24]. We suppose that fast
electrons from the nanoparticle are created by a rescattering
process [9,38,44,45] on a timescale of the laser pulse duration
(120 fs) and escape from the nanoparticle long before the
expansion process sets in (e.g., 5-keV electrons travel 13 μm
in around 300 fs). We suggest that the fast electron population
creates a charge on the nanoparticle that can lead to an accel-
eration of the surrounding He+ to kinetic energies of ∼1 keV.
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FIG. 3. (a) Calculated He+ energy spectra for Rmax =
13 μm, Qmax = 8 × 105e and different values of charge Q/Qmax.
Maximum He+ energy Emax is indicated. (b) Calculated maximum
He+ energy as a function of Q/Qmax. Other parameters are the
same as in (a). The inset shows a schematic geometry used for the
calculation.

In order to evaluate the energies that He+ ions can gain
in the field created on the nanoparticle after the fast electrons
have left, we assume a simplified stationary case where fast
electrons have already expanded to a few micrometer distance
from the nanoparticle, but the nanoparticle expansion has not
yet started. We consider a nanoparticle with radius R, a posi-
tive charge Q on its surface, and a quasineutral core [inset in
Fig. 3(b)]. We show that ions accelerated by the nanoparticle
field can gain energies in the keV range. The stationary model
applied here is valid for the first few picoseconds after the
laser pulse before the nanoparticle expands and the positively
charged shell at the nanoparticle surface is destroyed.

The charge Q, determined by the number of fast electrons
that have left the nanoparticle, is estimated by considering
suppression of the nanoparticle electric field by the laser field
Elaser [46]. The maximum charge Qmax that can be built on the
nanoparticle by this process is Qmax = 4πε0R2Elaser, where
ε0 is the vacuum permittivity. For R = 100 nm and laser in-
tensity of 2 × 1015 W cm−2 we get Qmax = 8 × 105e, where
e is the electron charge. For the following calculations we
consider Q/Qmax < 1 in order to take into account partial
suppression of the potential barrier and a lower local laser
intensity at the position of the nanoparticle.

Considering a spherical nanoparticle with charge Q, the
electric field at a distance r from the nanoparticle center is
E (r) = Q/(4πε0r2). He+ ion with charge Ze (Z = 1) at po-
sition r is accelerated by this field to energy,

E (r) = Ze
∫ Rmax

r
E (r′)dr′ = QZe

4πε0

(
1

r
− 1

Rmax

)
, (1)

where the upper limit for the integration Rmax is taken to
be the focal spot radius (Rmax = 13 μm). As will be shown
later, the exact choice of Rmax does not affect the main out-
come of the calculation.

Considering the number dN of ions in a shell with radius
r and width dr to be dN = 4πr2n dr (where n is the helium
number density), we obtain the ion energy spectrum,

dN

dE = 16π2ε0n

QZe

1(
1

Rmax
+ 4πε0

QZe E
)4 . (2)

Calculated He+ spectra are shown in Fig. 3(a). The max-
imum He+ energy for each spectrum is taken as a value for

which the number of He+ ions falls below 1, indicated by
a dashed line in Fig. 3(a). This is a more reasonable value
than the absolute maximum energy evaluated from Eq. (1) for
r = R (i.e., for a He+ ion initially located at the nanoparticle
surface). The maximum He+ energies [Fig. 3(b)] are on the
order of 1 keV, in a good agreement with the experiment.

The calculated He+ energy spectra [Eq. (2)] depend mainly
on the charge Q. This is because charge Q, determined by the
number of electrons that have left the nanoparticle, defines
the strength of the electric field that accelerates He+ ions.
Nevertheless, for different values of Q the maximum He+

energy is on the order of 1 keV. The term 1/Rmax in Eqs. (1)
and (2) is considerably smaller than other terms, thus, the
specific choice of Rmax does not change the calculation out-
come. The spectra do not depend on the nanoparticle radius
R because of the chosen definition of the maximum energy.
Therefore, an uncertainty in R and a probable distribution of
nanoparticle sizes do not affect the calculated He+ energies.
Accordingly, our calculation explains well the observed He+

energies with a limited number of input parameters. For a
more accurate calculation of He+ acceleration in the presence
of the nanoparticle, a detailed numerical model containing
dynamics and collective effects is needed.

In conclusion, we have demonstrated an efficient accel-
eration of low-density He+ ions to ∼1-keV energies with
medium laser intensities. The critical role in this process is
played by the nanoparticle. We suggest that the accumulated
positive charge on the nanoparticle surface creates an electric
field that accelerates He+ ions in the surrounding gas. The
maximum kinetic energy of the He+ ions gained through
this interaction is higher than the maximum kinetic energies
of Cs+, Cl+, and H+ ions, which are driven mainly by the
hydrodynamic explosion of the nanoparticle. The acceleration
mechanism presented here is not restricted to the interactions
with a strong NIR field because highly ionized nanoparticles
can also be produced by intense x rays [39–41]. For example,
detecting ions (together with plasma emission) from the inter-
action of nanoparticles with intense x-ray pulses is a promis-
ing application for on-line data reduction at high-repetition
rate experiments at free electron lasers [41,47]. Therefore,
the acceleration mechanism shown here should be of high
relevance for large number of systems, including rare-gas
clusters, (bio) molecules in a gas environment, and nanotar-
gets prepared by the laser ablation, irradiated by intense lasers
within a broad photon-energy range from NIR to x rays.
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