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ABSTRACT Propagation of a high intensity (∼ 1019 W/cm2) ul-
trashort (∼ 35 fs) laser pulse through a cloud of water spheres
(150 nm diameter) results in hot electron driven proton acceler-
ation up to 1 MeV. It is suggested that during the propagation
of the short pulse through the low density wing of the cloud,
the leading pulse pedestal is reduced owing to absorption by the
preplasma created. Then, the high-intensity peak of the pulse
propagates through this underdense plasma and interacts with
the high-density inner part of the cloud, which has not been
transformed into an underdense plasma so that a sheath acceler-
ation process at each individual microsphere can take place. The
observed proton spectra show strong modulations, which are
interpreted within the framework of a known fluid-expansion
model incorporating two hot-electron populations with signifi-
cantly different densities and temperatures.

PACS 52.50.Jm; 52.38.Kd; 41.75.Jv

1 Introduction

Conversion of a significant part of laser energy into
kinetic energy of fast ions is one of the most striking features
obtained in relativistic laser interaction with dense matter. Es-
pecially, proton beams with particle energies of several MeV
have a large potential for imaging of dense plasmas [1]. Fur-
ther possible applications such as techniques using nuclear ac-
tivated samples [2, 3] rely on proton energy and average beam
flux. Up to now an optimized laser–target concept in terms
of laser energy consumption cannot be given. This motivates
further investigation of the underlying processes of ion ac-
celeration with lasers. Besides intense-laser interaction with
foils [4–13] having thicknesses of several microns or tens of
microns, no other target concept could be demonstrated to be
capable of proton emission with energies in excess of several
MeV. Spherical water-droplet targets have been used recently
to generate protons and deuterons with MeV energy [14, 15].
Emission of energetic protons with energies up to 1 MeV
could be achieved from thin foils having an extension of about
0.1 micron [5]. It is worthwhile to irradiate smaller and less
massive targets because the intense laser field can directly ex-
cite all atoms if the target is smaller than its skin depth at
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the laser frequency. In this case, for sufficiently high laser in-
tensity, Coulomb explosion [16] results. Clusters, which are
one kind of such ensembles, have been intensively studied
(see e.g., [16]) and highly charged ions with MeV-energy (see
e.g., [17]) have been produced. Besides Coulomb explosion,
the space charge of the energetic electrons confined to the
cluster plays an important role in driving the hydrodynamic
expansion [16] provided the cluster is large. Both effects ef-
ficiently transfer laser energy into kinetic energy of the ions.
Simulations in laser fields above 1020 W/cm2 [18], for large
clusters, yield cluster charges large enough to generate pro-
tons with MeV-energies–higher than achieved by cluster ex-
plosion until now.

In this paper, we report on interaction studies of a cloud
of water microspheres (diameter ∼ 150 nm) with ultrashort
intense laser pulses, particularly with regard to energetic-
proton emission. To our knowledge, this is the first experi-
mental demonstration of MeV-proton emission from laser-
driven micro-objects that are definitely smaller than the
incident-laser wavelength. Here, a low-debris water-spray
target system is exposed to laser pulses (35 fs, 600 mJ) that
are about3 to 10 times shorter and have an energy 10 to 40
times lower than used in previous proton-generation experi-
ments from solid thick foil targets [9, 11]. These experiments
demonstrated proton-beam generation with particle energies
in excess of 10 MeV. Similar laser parameters as used here
have been also applied to foils [10, 12, 13] and to single wa-
ter droplets [14, 15], giving maximum proton energies in the
1–2 MeV range. The spray target opens new aspects in laser-
plasma physics because it extends the parameter range of
cluster sources, especially of those from hydrogen and deu-
terium, which need cryogenic valve techniques [19] for the
large cluster sizes desired.

2 Experimental

The experiments have been carried out with 35-fs
laser pulses at 815-nm center wavelength from the MBI High-
Field Ti : Sa-laser [20]. For the present experiments, pulses
with energies up to 600 mJ and a beam of 70 mm diameter are
focused by a f/2.5◦ff-axis parabolic mirror. Interaction inten-
sities of ∼ 1019 W/cm2 have been estimated from the energy
content in a focal area with a diameter of ∼ 6 µm. Measure-
ments with a third-order correlate showed a temporal contrast
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of our amplified Ti : Sa laser pulses at ∼ 10−7 of the pulse peak
in its 1–2 ns extended pedestal. A newly developed pulsed wa-
ter spray is used as target source. It is based on the expansion
of superheated water through a nozzle into vacuum. Detailed
characterization of the spray [21] gave a number density of
droplets near the nozzle of 1011 droplets/cm3 for a droplet
diameter estimated at 0.15 µm. The mean atomic density near
the nozzle is > 1018 atoms/cm3. The laser is focused at about
1 mm below the jet nozzle outlet. For this study, two identical
Thomson parabola spectrometers registered the ion emission
at observation angles of 0 (laser propagation direction), and
135 degrees. The spectrometer entrance pinholes have a diam-
eter of 200 µm in a lead plate of 1 mm thickness and are
placed at a distance of 35 cm from the source. Either CR-39
plates [22] or microchannel-plates were used for ion detec-
tion. The phosphorous screen of the MCP was imaged with
a cooled CCD-camera. The single-particle response of this
detection system was evaluated with alpha-particle emission
from a Am241-source. Typically a magnetic field of about
0.27 T and electric fields of (2–6 kV/cm) have been applied.

3 Results and discussion

3.1 Laser-pulse interaction with a spray

Figure 1 depicts ion-spectra recorded on CR-39
plates from the spray source at 0 degrees and 135 degrees
in comparison with a single-droplet source [14] (15 microns
in diameter) irradiated with similar laser parameters. Proton
and ion (O1+) traces extend up to similar cutoff energies. For
the spray, ion emission is more pronounced along the laser-
propagation direction, in contrast to the single droplet where
an enhanced signal in number density (and, slightly, in cut-
off energy) [14] is visible in 135-degree emission. Several
small micro-spheres in the spray are excited along the laser-
beam propagation, which enhances the source brightness in
forward direction (0 degree) in comparison with the backward
direction (135 degree). Because the ions are produced inside
the spray-target, they have to penetrate the surrounding tar-
get material, which leads to absorption. This effect is clearly
visible in the bleaching of the proton-trace at lower energies

FIGURE 1 Laser (35 fs, (7 ± 3) × 1018 W/cm2) produced proton and
oxygen–ion traces from water micro-spheres in a spray (a, b ∼ 2000 shot
accumulation) and from single large droplets (c, d ∼ 100 000 shot accumu-
lation), observed emission in laser propagation direction (a, c) and in 135
degree (b, d) to it; p – denotes the proton traces, the others are O-ion traces
of respective charge states (photographs of exposed CR39-plates)

and in the complete absorption of low-energy oxygen ions.
Furthermore, different proton path lengths through the spray
can account for the differences between the 0-degree and 135-
degree signal.

Most importantly, protons have been observed with ener-
gies up to 1.5 MeV. These are emitted by objects with a size
smaller than the incident laser wavelength. This has never be-
fore been observed for cluster-targets. In principle, the water
microsphere contains enough molecules to build up, after ion-
ization, an enormous Coulomb potential. Estimating the num-
ber of particles in a dsp = 150 nm diameter sphere with a par-
ticle density of no = 3 ×1022 cm−3 and assuming a charge
state of Z = 1 per particle as well as a relative dielectric
constant εr = 1, one arrives at a sphere potential of Epot =
Zeo

2dsp
2no/12εo ∼ 1 MeV. This assumes that the respective

electrons acquire sufficient kinetic energy to escape from the
Coulomb attraction of the ions. In our case, their energy dis-
tribution is mainly determined by the ponderomotive poten-
tial Up of the laser: Up(eV) = 9.33 ×10−14I(W/cm2)λ2(µm).
At ∼ 1019 W/cm2 and λ = 800 nm one derives electron en-
ergies of ∼ 600 keV. This sets an upper limit for the net
charge that can build up. The influence of such a poten-
tial on the emitted energetic electrons has been observed
in experiments with single water droplets [14]. Calculations
by Nishihara [18] suggest that at ∼ 1019 W/cm2 all elec-
trons can escape from our microsphere, which in the pro-
cess attains a potential of around 1 MeV. The ion energies
we observe are already slightly above this hypothetical limit.
Hence, we believe that mere Coulomb repulsion of pro-
tons from a charged micro-sphere cannot account for our
observations.

The observation of MeV ions expelled from microparticles
with sub-wavelength extension gives rise to the the assump-
tion that an essential fraction of them had been exposed to
the peak of the pulse before the single 150-nm microdroplets
expanded to below critical density. An acceleration mechan-
ism in a rarefied plasma as described by Sarkisov et al. [23]
appears unlikely for ultrashort pulses at our intensity. In ex-
periments [23], emission of helium ions with energies up
to 6 MeV from laser-heated channels produced with sub-ps
pulses at intensities of about 2 ×1019 W/cm2 in underdense
plasmas has been observed perpendicular to the laser propa-
gation. Along the laser propagation no energetic ions have
been observed. Because this definitely disagrees with our
observations, we can rule out such an acceleration scenario
for interpreting our results. Due to the pedestal of the ultra-
short pulse, preheating and expansion of target material occur.
At a moderate plasma expansion velocity of 107 cm/s, the
0.15 µm thick microsphere expands to critical density within
20 ps. Using Ditmire’s estimate of the cluster explosion time
(1) of [16]) with an electron temperature of ∼ 50–1000 eV
(derived from X-ray emission at various laser intensities), we
infer a disintegration time of the microsphere between 10
and 40 ps. Using low-contrast pulses, few-micron-thin foils
failed to yield energetic [10]. In contrast, 3 µm-thick foils [8]
with highly contrasted pulses produced copious hot protons.
Likewise, Maksimchuk et al. [5] demonstrated 1-MeV proton
emission from foils with a thickness below 1 µm irradiated
by frequency-doubled laser pulses having enhanced temporal
contrast.
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Probably, if we had only a single or a few micro-spheres
exposed to the laser beam, these would already expand dur-
ing the pulse pedestal prior to the arrival of the peak intensity
of the laser pulse. The essential difference between our spray
target and single thin-foil targets lies in the spatial distribution
of the former. From the average density (∼ 1011 cm−3 micro-
spheres) and extension (2 mm) [21], one can estimate that
each light ray along its path through the spray hits about 100
micro-spheres. Due to the interaction of the pulse–pedestal
with the target, the energy of the former can be dissipated by
pre-plasma formation in the low-density wing of the spray tar-
get and the overall pulse contrast increases, while the pulse
continues to travel toward the high-density part of the tar-
get. Then, in the inner part of the target, the high-intensity
peak of the pulse interacts with micro-spheres that still have
an overcritical plasma density. This accounts for the emission
of highly energetic ions. The whole process is very delicate:
an enhancement of the pedestal level by a factor of 2 . . .3
completely eliminated the energetic ion emission. The sce-
nario proposed is reminiscent of an “inverse” plasma-mirror
effect: The usual plasma mirror reflects high intensities and,
thereby, enhances the contrast outside of the plasma. In con-
trast, here, the pre-plasma diminishes the pedestal and the
pulse peak is transmitted up to the region where it can inter-
act as a “high-contrast” pulse with the microspheres. Just how
effective particle or cluster clouds can dissipate laser light
of moderate intensity, can be also deduced from work where
a special “machining” beam [24] is applied to blow away
the outer lower-density part of a cluster cloud so as to allow
propagation of the main pulse to the its high-density center.
Symes et al. [24] found that with such a “machining” beam
of about 1015 W/cm2 one can transfer the illuminated part of
the cluster cloud into an underdense plasma region with an
energy deposition of about 100 mJ per mm so that a high-
intensity pulse delayed by 2 ns is not affected and will propa-
gate up to the undisturbed cluster-cloud region. Similarly our
pulse pedestal “machines” the target and is consumed in the
process.

For the intensities we are applying here, the disintegration
of a large cluster or a small spherical object is also governed
by the hydrodynamic pressure [16]. This pressure is built up
by the hot electron population produced. Hot electrons pen-
etrating the small target and escaping from the surface form
a charged double layer, which enables ion acceleration (sheath
acceleration or TSNA-mechanism [25], respectively). The

FIGURE 2 Single shot proton spectra in
laser propagation direction: Image of a spray-
spectrum from the MCP-screen (left) and
evaluated spectra (right) from left trace in
comparison to a spectrum of a large droplet

majority of hot electrons are trapped by the positive charge,
which they are leaving behind. Due to their high energy, they
dissipate their energy slowly, and the field survives for several
100 fs. (Proton acceleration up to 1 MeV needs approximately
140 fs in a field of 1 MV/micron.) Because the strength of the
field that drives the ion acceleration is a function of the hot-
electron density, small objects can build up a sufficiently field,
too, provided the object does not disintegrate prior to the ar-
rival of the high-intensity peak of the pulse.

4 Characteristic features of proton spectra

In order to investigate the emitted proton spectra
in more detail, single-laser-shot ion spectra were recorded
with a MCP-detector instead of the CR-39 plate. An MCP-
picture of ion emission in the laser propagation direction and
the evaluated spectra of the proton trace are given in Fig. 2.
A remarkable modulation in the proton spectrum is obvi-
ous, which is different from observations in recent experi-
ments with foil targets for different laser parameters [9, 10].
This appearance of modulations is reproducible. Their de-
tailed structure is subject to fluctuations. This is similar to
other experiments [26] where wiggles in the ion spectra were
seen, too. However, their modulation depth is at least one
order of magnitude smaller than ours. Allen et al. [26] sup-
posed that co-accelerated heavy ions (e.g., carbon or oxygen)
give rise to the modulation in the proton spectra and mod-
eled such a scenario. In principle, modulations in ion spectra
have already been observed and explained [27] for acceler-
ated ions at laser intensities that were lower by several orders
of magnitude. These model calculations have shown that the
ion-spectrum modulation occurs upon a certain difference of
cold and hot components in the electron energy distribution.
For our extremely short pulse, pronounced discontinuities in
the electron spectrum are likely. Because we have observed
modulations in the proton spectrum already for single large
water droplets (cf. Fig. 2), one can conclude that the modu-
lations in the proton spectra from the spray are not entirely
generated by superposition. (In a Rayleigh-range of 70 µm
times 2w0 = 6 µm we have about 200 micro-spheres [21].)
The assumption of different electron temperatures could be
verified with the help of hard X-ray bremsstrahlung spec-
tra from single large droplets [28]. In the case of the spray,
this diagnostic means gives only limited access, because the
much smaller microspheres are more transparent for ener-
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FIGURE 3 Left: Electron spectrum from
1 dim LPIC++ code simulation: interaction
of a 35 fs, 9×1018 W/cm2 laser pulse with
a 150 nm extended hydrogen target at criti-
cal electron density (the lines 1 and 2 show
two exponential fits corresponding to tempera-
tures of 20 keV and 320 keV; right: proton
spectrum from the spray (cf. Fig. 2) and simu-
lated spectrum with electron temperature com-
ponents Tcold = 35 keV and Thot = 320 keV
together with a electron density relation of
ncold/nhot = 10 using a fluid expansion model
(cf. description in the text)

getic electrons [21]. Due to a similar laser heating of the
microspheres, which is justified by their larger extension com-
pared with the laser skin depth, we can also assume a multi-
component hot electron temperature. Moreover, the result of
a one-dimensional particle-in-cell code (LPIC++) shown in
Fig. 3 (left) verifies for this small object an electron energy
distribution with different temperature components. Further
evaluation of ion spectra within the framework of LPIC++ is
described by Busch et al. [29]. In Fig. 3 (right) we show how
within the fluid-model approach [27] single deep modulations
in the spectrum can be simulated. This model can describe
a single deep dip in the proton spectrum obtained from large
droplets [28], whereas in the case of the spray target the form
of the spectra is much more complex and several dips occur
(Fig. 3). Due to the presence of a significant number of oxygen
ions in different charge states (Fig. 1), it seems possible that
a similar mechanism as discussed in [26] is also possible that
can explain the modulation in the high-energy tail of the spec-
tra. Superposition effects from different microspheres and the
influence of heavy ions on the proton beam have to be investi-
gated further.

5 Summary

In summary, we have demonstrated MeV-proton
emission from a spray of water microspheres. We propose
that, similar to high-intensity laser interaction with clusters,
an essential fraction of the microspheres is exposed to the
peak-intensity region of the laser pulse before their disassem-
bly. This is possible because the pedestal of the laser pulse
might be lowered during its propagation through the target
cloud. This effect needs further experimental verification. If
confirmed, highly-energetic-electron-driven explosion of the
microspheres can account for the observations.
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