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Abstract

Small water droplets ~20 micron in diameter! have been exposed to intense ~; 1019 W0cm2! laser pulses in order to study
ultrashort ~; 35 fs! laser pulse driven ion acceleration. Ion emission spectra registered simultaneously in forward and
backward direction in respect to the incident laser beam carry similar integral ion energy but show different ion cutoff
energies. With simple model estimations on basis of the confined and spherical geometry of the droplet-target, we
inferred acceleration field strengths of about ~0.7–2! MV0mm. Up to 9% of the incident laser energy is converted to
kinetic energy of ions, which have been accelerated to energies above 100 keV and up to 1.5 MeV. A laser pedestal at an
intensity of about 10�7 of the peak intensity at 1–2 ns in front of the pulse peak still limits the achievable cutoff energies
of emitted protons from the droplet. The observed increase of cutoff energies with an enhanced temporal contrast of the
laser pulse is elucidated within a simple acceleration model.
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1. INTRODUCTION

With the advent of the chirped pulse amplification ~CPA!
lasers ~Strickland & Mourou, 1985! and its further develop-
ment, new perspectives of efficient laser driven particle
acceleration were opened ~Bauer, 2003; Deutsch, 2003;
Magunov et al., 2003!. In general, these processes relied on
the fact that matter can be highly excited with intense light
fields, using a moderate amount of energy within an ultra-
short time interval. The laser pulse energy is efficiently
transferred to hot electrons and a strong charge field is built
up which in turn can accelerate ions to higher energies. The
kinetic energy of these fast moving ions can approach
several tens of MeV ~Malka, 2002; Mourou et al., 1998;
Nakajima, 2000!, which is a significant part of the incident
laser energy. This striking feature has actuated already a
broad variety of work concerning the study of underlying
physical processes and possible application. Especially pro-
ton beams with particle energies of several MeV have a large
potential for imaging of dense plasmas ~Borghesi et al.,
2001, 2005!. Further possible applications are techniques
using nuclear activated samples ~Santala et al., 2001;

Yamagiwa & Koga 1999! which rely on proton energy and
average beam flux.

Huge electric fields produced by charge separation during
relativistic laser matter interaction are discussed in this
paper within the framework of different mechanisms, for
instance, ponderomotive expulsion of electrons and the
so-called “target normal sheath acceleration” ~TNSA!
~Hatchett et al., 2000!. At a typically produced field strength
of 1 MV0mm ~Hegelich et al., 2002! a proton at rest needs
about 470 fs to be accelerated to an energy level of 10 MeV.
But the laser pulse does not need to be long because the
lifetime of the acceleration field is determined by electron
dynamics in the plasma, and can thus exceed the laser pulse
duration. Recently, experiments ~Mackinnon et al., 2002!
and simulations ~Dong et al., 2003! have shown the enor-
mous potential of laser pulses with a high temporal contrast
for laser driven ion acceleration. Several applications need a
certain flux, which is connected with the pulse repetition
rate and the target debris problem. Up to now, optimiza-
tion of laser–target concepts in terms of laser energy con-
sumption and temporal pulse parameters motivate further
investigations.

In this paper, we will report on interaction studies focus-
ing on proton and deuteron acceleration from isolated tar-
gets. Ultrashort intense laser pulses with duration shorter
than the anticipated acceleration time for MeV-protons
are exposed to single water droplets ~Karsch et al., 2003;
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Ter-Avetisyan et al., 2004!, and we put emphasis on the
determination of specific parameters of the ion acceleration
process.

2. EXPERIMENT

The experiments were carried out with 35 fs laser pulses at
810 nm center wavelength from the MBI-high-field-Ti:Sa-
laser ~Kalachnikov et al., 2002!. For the present experi-
ments, up to 800 mJ pulses in a beam of 70 mm in diameter
are focused with an f02.5 off axis parabolic mirror. Inter-
action intensities of;1019 W0cm2 were estimated from the
energy content in a focal area with a diameter of; 6 mm. A
commercially available capillary nozzle ~Micro Jet Compo-
nents, Sweden! is used as a target source. With the nozzle,
liquid water or heavy water is injected into the vacuum
chamber. The water jet decomposes after a few millimeter of
propagation into a train of droplets which were well charac-
terized ~Düsterer, 2003; Hemberg et al., 2000!. The droplet
diameter is about 20 mm. The laser is focused at about
10 mm below the jet nozzle outlet. For our studies, two
identical Thomson parabola spectrometer registered the ion
emission at observation angles of 08 ~laser propagation
direction!, and 1358. The spectrometer entrance pinholes
with a diameter of 200 mm are placed at a distance of 35 cm
from the source. Microchannel-plates ~MCP! were used for
ion detection.

3. LASER ENERGY TO ION KINETIC
ENERGY TRANSFORMATION

Figure 1 shows an example of a proton spectrum obtained
from an irradiated droplet. Ion numbers were calculated
with the single particle response factor of the MCP-CCD
~charge-couple-device!, detection assuming an isotropic ion
emission from the droplet. This assumption is justified
within a determined limit by previous experimental obser-
vations: Simultaneous registration of the ion emission with
four Thomson spectrometers and covering an observation
angle of 135 degree gave a signal variation within a factor of
2 to 3 ~Busch et al., 2003!. Furthermore, the integral ion
emissions were validated in experiments studying fusion
generation in heavy water droplets ~Schnürer et al., 2004a!.
Averaging over several 104 shots, a conversion of about 2%
of the incident laser energy on target into deuterons kinetic
energy above 20 keV could be deduced from the determined
ion emission.

An energy level of up to 9% was deduced from laser
energy compared to proton kinetic energy within 120 keV
and 1 MeV, and about 3% from laser energy to all oxygen
ions with energies between 40 keV and 800 keV could be
deduced. These values are above conversion ratios for MeV-
ions at about 1%, which were obtained with an order of
magnitude longer ~several 100 fs up to 1 ps!, and more
energetic ~10 J–50 J! laser pulses ~e.g., Hegelich et al.,
2002!. The comparison relates to an energy interval of the

ions between the cutoff energy down to about 10% of the
cutoff energy. Figure 1 shows the proton spectrum in a
logarithmic; linear plot. Clearly two branches of the spec-
trum are visible which one can assign to proton-temperature
parameters, 170620 keV and 630620 keV, respectively, if
an exponential fit of each branch is done. A weighted
average of the two branches of about 370 keV would follow.

Both populations are separated by a “dip” in the spectrum
at about 450 keV. The occurrence of such dips is a relevant
feature under our conditions, and is discussed on the basis of
an expansion model ~Wickens et al., 1978!, in more detail
see Busch et al. ~2004! and Ter-Avetisyan et al. ~2004!. In
this model, briefly, the dip in the velocity distribution cor-
responds to an internal electrostatic sheath appearing due to
hot- and cold-electron isothermal expansion, where ions are
strongly accelerated in a small region. This dip develops in
a region where the ions experience rapid acceleration due to
an abrupt increase in the electric field. The dips in proton
spectra emitted from water droplets vary in its position and
its modulation depth, which we ascribe to small fluctuations
in laser parameters as the beam is pointing on the droplet.
We observed dips throughout the whole range of proton
energies registered with our spectrometer. In recent theoret-
ical studies, multispecies plasma effects and the influence of
electron cooling are discussed ~Bychenkov et al., 2004!.

Our result shows that laser pulses, which are shorter than
the anticipated acceleration time of ions, can establish an
efficient acceleration. The acceleration parameters for the
present experimental conditions will be derived with a sim-
ple estimation.

Fig. 1. Proton emission from a 20 micron H2O-droplet exposed with a
single laser pulse. Proton emission at 1358 ~cf. text !.
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4. CORRELATED ION EMISSION
FROM A DROPLET

From the equations of motion it follows that an ion with
mass mion and charge q can acquire a kinetic energy of
Wkin � q2 Eacc

2 0 ~2 mion! tacc
2 in the Eacc electrostatic field

during an acceleration time tacc. From a symmetrical target
like a sphere, which is uniformly excited, one would expect
a perfect isotropic ion emission. Under our irradiation con-
ditions, the target spheres are exposed by the laser from one
side, which could initiate non-isotropic conditions. This has
been looked at in more detail with two Thomson-MCP-
spectrometers in order to register synchronously the single
pulse ion emission in “forward”-direction ~corresponds to
the laser propagation direction! and “backward”-direction
~corresponds to an angle of 1358 to the laser propagation
direction!. Such a combination of two obtained spectra is
shown in Figure 2.

Here we traced the emission of energetic deuterons from
driven heavy water ~D2O! droplets. The high-energy cutoff
value of the deuterons emitted to the backward direction is
about twice as much as the value in forward direction. On
the other hand, the deuteron numbers per energy bin are
higher for the forward emission. It is worth noting that this
dependency is a general characteristic for the ion emission
of water and heavy water droplets under our conditions. On
basis of estimations of the electron density in our confined
droplet target ~Busch et al., 2003!, and the laser energy
conversion in hot electrons ~Schnürer et al., 2000b!, we can
derive acceleration field strength of 0.7 to 2 MV0mm ~cf.
Busch et al., 2003!.

Different ion energies can result from different accelera-
tion field strengths and variations in the acceleration time.
Because we focus the laser radiation on one side of the
droplet ~the front-side!, one could easily assume that we can
create due to the necessary propagation of the electrons,
different hot electron populations in terms of energy, and

number density on the front- and back-side1 of the target.
On the other hand, as shown in Figure 2, the emitted number
of deuterons per energy bin from the backside is higher. By
integrating both spectra gives 0.26 mJ sr�1 and 0.27 mJ sr�1

for the backward- and forward-accelerated deuterons, respec-
tively. These similar numbers show that the ion emission
seems to be quite symmetrical concerning the term of energy
transformation, and that the ion acceleration is driven by a
hot electron population on both sides which is quite similar
concerning its total energy.

The correlated ion-spectra will be an interesting bench-
mark for a complex computer modeling of small spherical
targets in order to get a better insight into the acceleration
scenario. A possible reason, propagation effects of the hot
electrons in the target might become visible under our
experimental conditions, caused by the ultrafast excitation
of the hot electron population and its lifetime.

5. ION ACCELERATION IN DEPENDENCE ON
LASER INTENSITY AND PULSE CONTRAST

The laser intensity was varied by changing both ~1! the laser
energy with an attenuator using the angular transmission
dependence of polarizators in the system or ~2! the laser
pulse duration due to varying the grating separation in the
pulse compressor. The observed cutoff dependence from
laser intensity is shown in Figure 3. The shaded areas
correspond to values measured from different experiments
~see references in figure caption!. The line guides the eye
concerning a cut off energy scaling with the square root of
the laser intensity.

1Backward accelerated ions originate from the front-side; forward accel-
eration refers to the backside ~or rear-side!.

Fig. 2. Correlated deuteron emission from a 20 micron D2O-droplet:
Forward emission ~in laser beam propagation direction!–empty triangles,
backward emission ~1358 to laser beam propagation direction!–full triangles.

Fig. 3. Laser intensity dependence of cutoff-energies of laser-plasma
accelerated protons: data points within area 1–this work, area 2–Spence
et al. ~2003!, areas 3–Maksimchuk et al. ~2000!, Nemoto et al. ~2001!, area
4–Clark et al. ~2000!, Allen et al. ~2003!, areas 5–Mackinnon et al. ~2002!,
theoretical prediction 6–Dong et al. ~2003!, dashed lines show a square-
root scaling in respect to the laser intensity.
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As visible, the maximum cutoff energies cannot be observed
at the maximum incident laser intensity. At lower intensi-
ties, the cutoff energies scale approximately with the square
root of the laser intensity, as it was observed in several other
experiments which were additionally depicted in Figure 3,
and which fit roughly to this intensity-scaling.

We assume that our observed brake-up of cutoff ion-
energies at our highest intensities is connected with the
temporal contrast of the laser pulse. Measurements with a
third order correlator ~Kalachnikov et al., 2005! have quan-
tified an ASE-pedestal of the pulse at a; ns time duration,
with an intensity between 10�7 to 10�8 of the peak intensity
~1018–1019 W0cm2!, in dependence of pumping conditions
of the laser amplifiers ~Kalachnikov et al., 2005!. The
resulting intensity of 1010–1012 W0cm2 is sufficient for
producing different pre-plasma conditions on the vacuum-
target interface, which influences the laser energy absorp-
tion, the resulting hot electron creation and the following
ion acceleration. In the Appendix, we suggest a simple
extension of Mora’s ion-acceleration model ~Mora, 2003!,
in order to infer a connection between the hot electron
energy and the ion cutoff-energy. Thereby, ion-acceleration
from an already heated surface provides lower energetic
ions than from a cold one. This simple model shows how the
ion energy is related to the ratio of the maximum electron
energy ~maximum Debye-length! and a start-energy of the
electrons ~start Debye-length!. This start parameter is depen-
dent on the pre-heating conditions. Different pre-heating of
the target-surface can result from different laser pulse con-
trasts. Recently, ion acceleration from the rear-side of thin
foils was investigated in dependence on foil thickness and
laser pulse contrast ~Kaluza et al., 2004!. Here we are
looking to ions, which are accelerated from a laser-irradiated
front-side of the target. Pre-heating provides a more extended
pre-plasma with a reduced plasma density gradient. Such a
situation was modeled with the one-dimensional LPIC��
~Lichters et al., 1997! code. The calculated ion-spectrum
becomes less energetic if due to a lower temporal laser pulse
contrast, the high intensity peak of the pulse interacts with a
more extended pre-plasma. This simple model can give
some interpretation for our experimental findings concern-
ing the ion spectra originating from the front-surface emit-
ted in backward direction. In principle, a more complex
scenario need to be modeled: In formed pre-plasma multi-
dimensional effects as relativistic self focusing of the laser
radiation can occur, which in turn increase the laser intensity
and thus the hot electron energies. This can lead to an
increase of the acceleration fields and corresponding ion
energies at the rear-side of the target. Such effects are not
covered by a one-dimensional modeling. But such effects,
which have been seen with plane foil targets, have not been
observed with the droplet target under our irradiation
conditions.

In an additional experiment, we checked the dependence
of the deuteron cutoff energy on the laser pulse contrast. We
used the possibility that the ASE-level of the pumped Ti:Sa

amplifier crystals can be modified by changing the temporal
delay of the pump pulse. Doing so, a change of the ASE-
pedestal level from 10�7 to ~2–5! � 10�8 ~intensity in
relation to the pulse peak! was measured with a third order
scanning autocorrelator ~Kalachnikov et al., 2005!. This
intensity ratio is an average value from several thousand of
pulses while scanning the range between 300 ps to 10 ps in
front of the pulse peak. With such a variation in the contrast
ratio, we could observe a clear effect on the ion spectra. Two
corresponding spectra recorded in backward emission direc-
tion are displayed in Figure 4.

It is clearly visible how the cutoff energy of the deuterons
is shifted to higher energies if the temporal contrast ratio of
the laser pulse is enhanced. Also the conversion of laser
energy to ion kinetic energy is slightly enhanced if one
compares the integrated spectra. In case of the laser shot
with the higher contrast, the incident laser energy is reduced
to about 70% ~that is,; 500– 600 mJ! because of the pump
delay manipulation. Our experiments show how critical the
temporal pulse contrast influences the ion spectra if ultra-
short laser pulses are used. As an example, recent simula-
tions with ultra-thin ~40 nm! foils predict proton energies
up to 40 MeV for a 50 fs laser pulse interaction at about
1.5 � 1019 W0cm2 ~Dong et al., 2003!. In order to exploit
fully the capabilities of ultrashort laser pulses thin targets
need to be used for increasing the energy density of the
produced hot electrons and the related acceleration field
strength. This behavior was experimentally demonstrated
by Mackinnon et al. ~2002! with sizing down the target
thickness from several tens up to three microns. In order to
pump targets having a ; micron extension efficiently, a
temporal contrast in the order of 10�10 must be envisioned,
which keeps the target at a high density up to the interaction
of the peak of the laser pulse.

Fig. 4. Measured deuteron spectra from 20 micron D2O-droplets in 1358
backward emission in dependence of two different ASE-pedestal levels of
the ultrashort pulse: triangles–contrast at maximum laser pulse energy,
dots–reduced ASE-pedestal ~values cf. text!.
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6. SUMMARY

By exposing small water ~H2O or D2O! droplets with ultra-
short ~; 35 fs! and intense ~; 1019 W0cm2! laser pulses, we
could demonstrate a high conversion efficiency of several
percent of the incident laser energy into kinetic energy of
ions, which were accelerated to energies above 100 keV and
up to 1.5 MeV. Taking advantage of the repetitive laser and
the droplet target together with an online read-out of the
signals from Thomson mass-spectrometers allowed us to
study in detail the dependence of the ion acceleration on
laser pulse energy, temporal pulse duration, and contrast. A
temporal pulse contrast, of about 10�7 at 1 to 2 ns in front of
the pulse peak, limits under our conditions the achievable
cutoff energies of protons and deuterons. This is also visible
in the brake-up of the cutoff energies if the full laser energy
is supplied to the target. An increase of cutoff energies is
observed with an enhanced temporal laser pulse contrast. A
simple ion acceleration model for a pre-heated surface is
suggested to account for this behavior, and also one-
dimensional PIC-calculations show a cutoff lowering if an
additional plasma ramp is introduced due to pre-heating.
Correlated ion emission spectra in forward and backward
direction in respect to the incident laser beam show different
ion cutoff energies, but they carry similar integral ion energy.
From simple model estimations, we inferred acceleration
field strength of about 0.7–2 MV0mm. A further understand-
ing of the experimental results needs more complex model-
ing as discussed here.
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APPENDIX

In order to calculate the energy, an ion with charge Ze0 and a mass
mi can acquire in a temporal varying electric field E~t ! we solve
the equation of non-relativistic motion:

dv

dt
�

Ze0 E~t !

mi

, ~1!

by integrating

v �
Ze0

mi
�

t0

t

E~t ! dt, ~2!

and v� v0[ v—velocity, t0—start time.
Using Mora’s ~Mora, 2003! approach of a self similar electric

field Ess~t !� kTe0~e0 cs t ! ~kTe–laser intensity dependent electron
energy–hot electrons, cs � ~ZkTe0mi !

102–ion sound speed! which
was created due to the intense laser driven charge displacement we
have:

E~t ! �
~kTe mi !

102

Z 102e0 t
. ~3!

With ~2! and ~3! follows

v � � ZkTe

mi
�102

ln� t

t0
�, ~4!

and for the ion-kinetic energy Ekin � ~mi 02!v2 we obtain

Ekin �
Z

2
kTe ln2� t

t0
�. ~5!

The maximum possible time for gaining energy we identify with
the flight time of the ion through the zone of the build-up electric
field E~t !which has the characteristic extension of the Debye–length

lD � � «0 kTe

e0
2 ne

�102

, ~6!

~«0–absolute permeability, ne–electron density!.
Because ~5! becomes singular for t0r 0 we set the start point t0

at a low electron temperature kTe cold with a small lD cold when the
high intensity interaction begins. For an accelerated motion one
has t0t0 � ~s0s0!

102. So, finally using for the path length s[lD and
~6! we arrive to

Ekin �
Z

2
kTe ln2� kTe

kTecold
�104

. ~7!

The start parameter kTe cold can be interpreted as a measure of the
pulse contrast. Low contrast yields higher kTe cold and less kinetic
ion energy. As examples we would have from ~7! with Z � 1,
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kTe � 600 keV and kTe cold �100 eV: Ekin � 2.4 � kTe �1.4 MeV for
a 100 eV pre-plasma ~low laser pulse contrast! and for kTe cold �
1 eV : Ekin � 5.5� kTe � 3.3 MeV for a 1 eV pre-plasma ~high laser
pulse contrast!. The possible parameter variation one can put in ~7!
covers a factora, which is depending on different model approaches

between 2 and 12 if Ekin �Eion �aThot �akTe is written in a simple
scaling form ~Wilks et al., 2001!. Here we suggest a simple
modification how a could be influenced using a cold electron
temperature-parameter of the surface from which the ions are
accelerated.
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