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Abstract

New perspectives have been opened up in the field of laser—matter interactions due to recent advances in laser technology,
leading to laser systems of high contrast and extreme intensity values, where the frontier of maximum intensity is pushed
now to about 10%2 W/cmz. Many striking phenomena such as laser-acceleration of electrons up to the GeV level, fast
moving ions with kinetic energies of several 10s of MeV, as well as nuclear physics experiments have already actuated
a broad variety of theoretical as well as experimental studies. Also highly relativistic effects like laser induced electron-
positron pair production are under discussion. All these activities have considerably stimulated the progress in
understanding the underlying physical processes and possible applications. This article reviews recent advances in the
experimental techniques as well as the associated plasma dynamics studies at relativistic intensities performed at the
Max-Born-Institute (MBI). Interactions of a laser pulse at intensities above 10" W/cm2 with water- and heavy-water
droplets, as well as, with thin foils are discussed. Rear and front side acceleration mechanisms, particle dynamics
inside the dense target, proton source characteristics, strong modulations in proton and deuteron emission spectra, and
finally generation of quasi-monoenergetic deuteron bursts are the topics covered in the article.
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1. INTRODUCTION

Recent high intensity laser-plasma interaction experiments
have shown unique features such as the acceleration of elec-
trons to energies of 1.2GeV (Lifshitz, 2006), the acceleration
of ions to a few 10s of MeV, and many other phenomena
(e.g., see Umstadter, 2003). At present, in spite of extensive
studies, the mechanisms of ion acceleration are still a matter
of discussion. Ions are created and accelerated either at the
rear surface (Snavely et al., 2000; Mackinnon et al., 2001;
Hegelich et al., 2000, 2002), through the self-consistent
electrostatic accelerating field generated by fast electrons
escaping in a vacuum (so-called target normal sheath acc-
eleration (TNSA) mechanism), or at the irradiated target
front surface (Clark et al., 2000a, 2000b; Maksimchuk
et al., 2000). To explain this controversy about the origin
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of high-energy ions, Sentoku et al. (2002) have proposed
the ion acceleration scenario through stochastic heating of
electrons, which suggests that for both of these experiments,
the origin of the ions is the same and that the only difference
is in the plasma thickness: whether or not the plasma extends
to the rear surface. Particle-in-cell (PIC) simulation studies of
the proton acceleration at both front and rear sides of the
target (Sentoku et al., 2003), have shown that at the laser-
irradiated target surface, the laser pressure sets an electric
field, which sweeps electrons from the interaction region,
and induces front-surface acceleration (FSA) of ions into
and through the target. Here, the laser intensity, pulse
length, and target thickness are playing a decisive role.

PIC Simulations suggest a variety of mechanisms that may
be responsible for acceleration at the front surface: formation
of multiple collisionless electrostatic shocks at high plasma
density (Denavit, 1992; Silva et al., 2004; Wei et al., 2004),
a solitary wave produced by shock-wave decay in a plasma
slab irradiated by an intense picosecond laser pulse
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(Zhidkov et al., 2002), or a mechanism wherein the
ponderomotive pressure of the short laser pulse displaces
the background electrons, and the ions are accelerated by
the electrostatic field of the propagating double layer
(Shorokhov & Pukhov, 2004).

Up to now, it is not clear which process, rear or front
surface acceleration, is dominant. Since unambiguous exper-
imental observations by different groups explained by invok-
ing different acceleration scenarios, it is likely that specific
experimental conditions used in different experiments, such
as laser pulse duration, pulse shape/contrast, or target prop-
erties play a fundamental role. PIC simulations (Wilks ez al.,
2001; Pukhov, 2001) and observations (Zepf et al., 2003;
Karsch et al., 2003) show that ions can be produced at the
front and the rear sides simultaneously, even if the generation
processes are quite different.

In this paper, we discuss peculiarities of the ion accelera-
tion from the rear and front sides of thin foil targets, irradiated
by ultrashort (sub 50 fs) high intensity (~10'® Wem ™ ?) laser
pulses. Space charge displacement due to resonance absorp-
tion and the action of the laser ponderomotive force on the
electrons are leading processes. The investigations showed
that the laser pulse contrast plays a fundamental role for the
interaction (Kaluza et al., 2004; Ter-Avetisyan & Nickles,
2006). This is, to our knowledge, the first observation of
ions accelerated from the front and the backsides of thin
foil target, where the difference of their origin were selected
by emission direction, which is coupled to different accelera-
tion scenarios. Under these circumstances, the entire ion
acceleration scenario can be controlled. A simple geometry
of laser-target interaction is used to elucidate the particle
acceleration dynamics.

Another important point is the dynamics of the plasma
development and the ion acceleration. The latter is crucial
for the understanding and possible controlling the accelera-
tion processes. The ions are produced either with a very
broad instantaneous energy (velocity) spread during a very
short time period, or the ion energy is a function of time
and the instantaneous energy (velocity) spread is relatively
small. Therefore, time-resolved measurements are required
to learn more about the acceleration dynamics in the
plasma, e.g., which ions are accelerated first, and what in
turn, is their influence on the acceleration of the other ion
species (Hegelich et al., 2002). In order to record the
emitted high-energy ions temporally resolved in dependence
on both their charge states and energies, we have developed a
diagnostic (Ter-Avetisyan et al., 2005b) consisting of a modi-
fied Thomson-parabola spectrometer. For this purpose, a
pulsed electric field as an under damped harmonic oscillation
was applied to the deflecting plates in the Thomson spec-
trometer. As a result, the trajectories did not only reveal the
energies of the particles due to their deflection in the mag-
netic field, but also their temporal evolution according to
the applied electric pulse shape. The applied time delay
between the plasma creation and the applied electric field
should be the sum of the acceleration time in the plasma
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sheath and the time of flight (TOF) of the ions. The last
one can be calculated from the ion energies measured in
the spectrometer because the geometry of the experiment is
known. The temporal relation between the applied electric
pulse shape and the delay, as well as the measured modulated
ion spectrum, and the TOF will characterize the temporal
evolution of the ion acceleration.

Laser energy transfer to the target, electron transport, ion
generation, and acceleration processes are complex phenom-
ena, which are governed by the target internal electric and
magnetic fields. The measurement of these fields is one
essential prerequisite for the further understanding of
energy transport and energy conversion triggered by laser
fields of relativistic strength. Protons with energies of
several MeV up to 10s of MeV have already been used to
trace strong electric and magnetic fields in laser produced
dense plasmas, in preliminary demonstration experiments
(Borghesi et al., 2001). The beamlike characteristics of the
generated ions, such as high collimation, high particle flux,
and short pulse duration have been demonstrated, making
them attractive for new applications. Recently Cowan et al.
(2004), and Borghesi et al. (2004) reported on laser
accelerated proton beams with very low emittance values
of ~107>mmmrad and ~10~' mm mrad, respectively.
These features in combination with the spatial stability of
the source are the principle requirements for using these
beams in radiographic imaging experiments. However,
small fluctuations in the acceleration sheath could change
the position of the proton source on the rear side of the laser-
irradiated target. An observation of these small fluctuations
has become possible with a Thomson spectrometer combined
with a high spatial resolution (Schreiber et al., 2006).
Thereby we analyze the beam spatial fluctuations and the
partial divergence of protons emitted off thin aluminum
foils. Thus, we obtained not only additional properties of
the angular or spatial emission of the source, but also
aspects of its temporal evolution can be discussed.

Also, it turns out that almost all perspective applications in
laser-driven ion acceleration depend on the production of
nearly monoenergetic proton and ion bunches with high
beam quality and reliability. In particular, post-acceleration,
and beam transport in new compact MeV accelerators
(Habs et al., 2001) would greatly benefit from a monoener-
getic spectrum; imaging radiography (Cobble et al., 2002;
Borghesi et al., 2002, 2005) can be improved in terms of
resolution and contrast. In contrast to laser acceleration of
electrons, however, the experimental results on laser accel-
eration of ions over the last few years have only exhibited
broad energy spectra. Recently Hegelich et al. (2006) and
Schwoerer et al. (2006) have reported on the experimental
observations of ion and proton emission, correspondingly,
in a narrow energy band. There is also a proposal for GeV
laser-ion acceleration made by Yin et al. (2006). Here, we
report on the laser acceleration of deuterons from a special
target system (heavy-water droplets) with ultra-short, ultra-
intense laser pulses, leading to the observation of a rather
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sharp peak in the energy spectrum (Ter-Avetisyan et al.,
2006). The results can be explained by a simple physical
model related to the spatial separation of two ion species
resulting from a high contrast laser pulse excitation of a
finite-volume target. Recently Albright et al. (2006) have
developed an analytic model that predicts the mean energy
and quality of monoenergetic ion beams with substrate
material and light-ion layer composition and thickness.

2. EXPERIMENT

In the experiments, thin foils or droplet targets were irra-
diated by <50fs, 700 mJ Ti: Sapphire laser pulses
(Kalachnikov er al., 2002). With an f/2.5 off-axis parabolic
mirror, a maximum vacuum intensity of (1-2) x 10" W /
cm” was reached. The temporal contrast of the laser pulse
was characterized by a scanning third order cross correlator
with a dynamic range of 10'°, having a temporal resolution
of 150 fs, and a scanning range of + 200 ps. The pulse
shape several ns before main pulse was controlled by a fast
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Fig. 1. (a) Image from the MCP-phosphorous screen of an emitted ion spec-
trum from a heavy water droplet taken from a single laser shot in backward
(135° to laser propagation) direction (right blob — “zero” point: radiation
impact along spectrometer axis, Z-ion charge state, m-ion mass, v-ion vel-
ocity). (b) Evaluated ion emission spectra. The fall of the oxygen ion
numbers for charge states 4, 5, and 6 at higher energies is blended by the
“zero” point signal. The deuteron cut off energy is around 1 MeV.
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photodiode with a temporal resolution of about 300 ps. In
typical operating conditions, the amplified spontaneous
emission (ASE) pedestal of the laser pulse in a temporal
window of several picoseconds before the pulse peak had a
relative size of about 5 x 10~’. Driving the amplifier of
the Ti: Sapphire laser with specifically delayed pump mode
could reduce the ASE pedestal. This led to a reduction of
output pulse energy up to 550 mJ, but to an improvement
of the ASE level down to 10~ %, The pulse shape close to
the peak was unchanged, and in both cases, no pre-pulses
preceding the main pulse were observed.

Measurements of the ion energies were carried out with a
Thomson parabola spectrometer, where the ions were
detected by 40 mm diameter multi-channel plate (MCP)
detector coupled to a phosphor screen, and a Charge-
Coupled-Device (CCD) camera. The whole system is absol-
utely calibrated and enables single-particle detection (for
further details, see Ter-Avetisyan et al., 2005b). The back-
ground pressure in the experimental chamber was a few
times 10~ ° mbar and in the spectrometer even lower. This
sensitive detection setup makes it possible to measure in
one single laser shot the ion spectrum in absolute terms. At
the detector plane perpendicular to the ion propagation direc-
tion, the energy spectra of different ion species are detected
along different parabolas as visualized in Figure la for the
spectra from heavy water droplet target. Evaluated spectra
from these traces are depicted in Figure1b. For emission direc-
tion resolving measurements, three Thomson spectrometers
with an acceptance angle of 256 nsr were positioned around
the target at 0°, 45°, and 135° to the laser propagation direc-
tion. Spatial and energy distributions of the ions were
measured for normal and 45° laser irradiance of the target.

3. ION ACCELERATION FROM FRONT OR
REAR TARGET SURFACE

The absorption mechanisms of intense laser radiation at the
target are the basic processes in laser-matter interaction.
Inverse bremsstrahlung and resonance absorption are very
familiar. Whereas inverse bremsstrahlung has a maximum
absorption when the irradiation is normal to the target
plane, resonance absorption can drive efficiently electrons
to high energies at non-normal angles of laser incidence.
These electrons create a smooth density and temperature
profile in the interior region of the target, with a maximum
in a direction normal to the target.

At high-intensity laser irradiation, the ponderomotive
force (Wilks et al., 1992; Lefebvre & Bonnaud, 1997,
Kruer & Estabrook, 1985) starts to play a decisive role. In
contrast to inverse bremsstrahlung and resonance absorption,
which causes the quiver motion of the electrons in the oscil-
lating field of the laser, the ponderomotive force accelerates
the electrons in the laser propagation direction if the laser
intensity gradient is high enough; e.g., if the laser pulse
length is shorter than its focal spot diameter. The pondero-
motive force drives the electrons with a step- or plateau-like
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density profile, and has a strong directionality along the laser
propagation direction. The laser energy transfer to the hot
electrons could also be carried by fast plasma waves
through the nonlinear ponderomotive force (Tajima &
Dawson, 1979) and by the laser field itself (Pukhov et al.,
1999). These mechanisms are not mutually exclusive. Their
relative contributions depend strongly on the particular
target and laser parameters, and could give a contribution
to the generation of electrons and, in turn, to ion acceleration
mechanisms.

In experiments by Stein et al. (2004), irradiating planar
targets with intense 100 fs laser pulses at angles less than
45° to the normal, it was shown that indeed two groups of
separately located hot electron populations were present at
the target rear side. The authors attribute that to the electrons
resulting from resonance absorption (e in Fig. 2) propagat-
ing in the target normal direction whereas; the ponderomo-
tively-accelerated electrons (e, in Fig. 2) propagate in the
laser irradiation direction. In terms of ion acceleration, it is
obvious that both electron populations at the target rear
side would create electrostatic fields that accelerate ions/
protons according to so-called target normal sheath accelera-
tion (TNSA) mechanism (Clark et al., 2000a, 2000b). This
means that, at the target rear surface, one also has two
sources from which the ions are accelerated (Fig. 2). The
acceleration direction of ions from the rear side is normal
to the target, while ions from the front side of the target
could be accelerated also in the direction of the ponderomo-
tively driven electrons. Those ions propagate through the
target, leaving the target rear surface in the laser propagation
direction. Therefore, one can expect ion emission in two
directions: either in the laser propagation direction due to
ponderomotively driven electrons, or normal to the surface
due to electrons driven by resonance absorption, depending
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Fig. 2. Schematic of the experiment, showing two ion beams accelerated
due to the hot electron populations created by resonance absorption (eg)
and ponderomotive acceleration (e, ) directed normal to the target surface
and in the laser irradiation direction, respectively. Both electron populations
at the target rear side would create electrostatic fields separated in space that
could accelerate the ions. The ions from the rear side will be accelerated in
the direction of the target normal, whereas the ions from the front side are
accelerated not only in the target normal direction due to (eg) electrons,
but they could also be accelerated in the direction of the ponderomotive elec-
trons (e, ); that is, in the direction of laser propagation.
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on which laser energy absorption mechanism is dominant.
If both mechanisms are equivalent, one could observe a
widely spread proton emission as described by Fuchs et al.
(2005). Therefore, measuring the angle-resolved ion emis-
sion as well as spatially resolved ion source characteristics
under conditions where the laser energy absorption mechan-
isms are well defined, one could clarify whether the ions
come from the front or rear surface of the target.

In our experiments, thin (20 wm) planar Mylar foil targets
were irradiated with a “high” (10_8) and “low” (5 x 10_7)
laser pulse contrast with a pulse peak intensity of 1.2 x
10" W/cm2 (Ter-Avetisyan & Nickles, 2006). At normal
laser incidence on the target and with an improved laser
pulse contrast of up to 105, an ion spectrum was registered
only in the target normal direction. Ions were emitted neither
at 45° (in contrast to Fuchs et al., 2005) nor at 135° to the
target normal. In this interaction geometry, it is obvious
that the hot electrons, no matter how they are created, will
build up the acceleration field at the target rear side. This
in turn accelerates the ions either from the front or rear side
of the target only in a direction normal to the target. This
result is in agreement with (Clark et al., 2000a, 20005) and
many others, which have reported ion emission at an angle
within 15°-20°. In the spectrum, one can identify protons,
carbon ions from C'™ up to C**, and weak C° ion signals.

When the target was turned to 45° with respect to the laser
incidence, we measured in the direction of laser propagation
only protons and C** ions (Fig. 3). Following the argumen-
tations by Ter-Avetisyan and Nickles (2006), the ions emitted
in the laser propagation direction should stem only from the
front surface (Fig. 2), accelerated by the ponderomotively
driven electron population from the front surface.
Additionally, according to our supposition above, one
could also expect two ion sources at the rear side of the
target emitting ions normal to the target (Fig. 2). In order
to prove this, we performed an energy-dispersed pinhole
imaging of the source (for more details cf. Section 4). The
source at the target rear surface was imaged with high mag-
nification on a MCP detector plate by placing the entrance
pinhole of the Thomson spectrometer (with a diameter of
30 pm) at a distance of 5 cm from the source. This made it
possible to image the ion source with a 15 times magnifi-
cation, and simultaneously to record the ion energy distri-
bution (for further details, see Schreiber et al. (2006)). The
two parallel proton traces measured in the direction normal
to the target surface (Fig. 4) are indicative of two separate
proton sources. Figure 4 also shows that the parabolas are
not perfect. This coincides with our findings (Schreiber
et al., 2006 see Sec. 5) that the source position for protons
is variable. Notice that the two parallel traces in Figure 4
are changing in a similar manner, which indicates a
complex source dynamics.

The second source (or second proton trace) appeared only
when protons were measured in the laser propagation direc-
tion. It is worth noting that C** ions measured in the laser
direction are of the highest charge state that can be ionized
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Fig. 3. (a) CCD picture of accelerated ion spectra; and (b) deduced proton
spectra at 45° laser incidence on the target measured in the direction of laser
propagation. Here C** ions and the proton signal could be identified. There
is no signal from low charge states of carbon ions.

(Ammosov et al., 1986) at the laser intensities used, and
which could then undergo an acceleration process. This is
in good agreement with a model calculation given in
Hegelich et al. (2002), that all carbon ions are sequentially
ionized up to C**. This picture is a particular characteristic
of highly contrasted laser pulses. Additionally, the protons
from the front side have a plateau-like spectrum with a
sharp cut off (Fig. 3). This is consistent with predictions of
PIC simulations (Silva et al., 2004; Wei et al., 2004), that

electric deflection

magnetic deflection

Fig. 4. CCD picture of the proton spectrum at 45° laser incidence on the
target measured in the direction of the target normal. Two parallel proton
parabolas show the existence of the two sources of proton emission.
Figure shows that the parabolas are not perfect. This coincides with our pre-
vious findings (Sec. 5) that the source position for protons is variable.
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the interaction of collisionless electrostatic shocks formed
at the front surface are responsible for the observed plateau
structure in the ion spectrum, and that the plateau provides
a direct signature for shock acceleration at the front surface
of the target.

In contrast to that, at the same 45° laser to target normal
irradiation, but at a reduced laser pulse contrast with a
“typical” level of 5 x 10”7, no ions or protons were regis-
tered in the laser direction, and no second ion source was
observed. These observations are consistent with a picture
of the interaction where laser energy absorption is dominated
by resonance absorption. Figure 5 shows the emitted ion
spectra in the direction normal to the target at four succes-
sively increased laser intensities (from Figs. 5a to 5d). An
increase of laser pulse intensity (Fig. 5) is accompanied by
a growth of the mean ion charge states. First, at the intensity
of 2 x 10" W/ecm?> we have ions C'", C*", and C**
(Fig. 5a), then at 3 x 10" W/ecm®> — C**, C**, and C**
(Fig. 5b), at 5 x 10" W/cm? — C**, (Fig. 5¢), and finally,
when the laser intensity is about 10" W/ cm?, only protons
are detected and no more carbon ions could be recorded
(Fig. 5d). That means that the number of carbon ions has dra-
matically decreased a recedes below the detection limit of the
experimental setup (acceptance angle of the Thomson spec-
trometer is 256 nsr), while the laser intensity was increased
only by a factor of two.

An increase of ions charge state (Z) with an increase of
laser intensity (Figs. 5a, 5b, 5c) could be understood as an
increase of the acceleration field, which shows also increased
cut off energy of the protons. But with an increase of average
ion charge state, Coulomb force in the ion beam starting to
play a decisive role. An ambipolar acceleration force
increases linearly with an ions charge state (~Z), while
Coulomb repulsion increases as ~Z°. Therefore, the ion
beam before being accelerated or during the acceleration
process could explode. Coulomb explosion takes place
homogenously into 47 and the number of ions in the detec-
tion solid angle decreases by at least two orders of magni-
tude, which is already below the detection limit of the
setup (Fig. 5d). As a result, pure proton beam is detected.

This is an important feature of short pulse and high inten-
sity laser-plasma interaction, when the sharp increase of
accelerating field sharply increases the ion charge state, and
as a result, the ions explode. In contrast to that, at relatively
long laser pulse interactions (Hegelich et al, 2006;
Brambrink et al., 2006b), more smooth increase of the accel-
erating potential takes place, and the charge accumulation
effect could be avoided. Additionally, Brambrink et al.
(2006b) have shown that the ion front divergence is 1.6
times smaller than that of the protons, therefore, the proton
front could not be affected by accumulated charge, which
we see also in the experiments, and the rear side target struc-
tures could be detected (Brambrink et al., 2006a).

It is worth noting that no ion emission was observed at
135° in any case. Additionally, in contrast to the protons
from the front side, which have a plateau-like spectrum
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Fig. 5. Ata laser pulse contrast level of 5 x 10, the emitted ion spectra measured in the direction of the target normal at 45° laser inci-
dence on the target for four successively increasing laser intensities: (a) 2 x 108 w/ em?; (b) 3 x 108 w/ em?; (¢) 5 x 10" W/ cm?;
and (d) 10 x 10"® W/ cm? are shown. On the top the CCD pictures of the ion spectra, and on the bottom the corresponding evaluated

spectra are shown.

with a sharp cut off energy (Fig. 3), the proton spectrum from
the rear side (Fig. 5) shows a rapidly decreasing distribution.

4. TIME RESOLVED PARTICLE DIAGNOSTICS

For investigations of the particle acceleration from high-
intensity laser plasmas very often Thomson mass spec-
trometers are used, which have both a high enough resolution
to resolve the energy and charge states of the ions, and
enough sensitivity to allow absolute measurements also in
a single laser shot. However, those records contain only
information about ion energies that were finally accumulated
during the acceleration process, but no information about the
dynamics of the plasma development, and the ion accelera-
tion. The latter is crucial for the understanding and possible
controlling the acceleration processes. Therefore, time-
resolved measurements are required to learn more about the
acceleration dynamics in the plasma, e.g., which ions are
accelerated first, and what in turn, is their influence on the
acceleration of the other ion species (Hegelich ef al., 2002).

In the spectrometer, a pulsed electric field was created by
the voltage having a shape of an under damped harmonic
oscillation and a tuneable delay relative to the laser pulse
(Ter-Avetisyan et al., 2005b). This oscillating electric field
modulates the trajectories of the ions when they propagate
through the spectrometer, in a similar way, as if their travel-
ing time in the deflecting plates is shorter than the half period
of the applied electric field. Additionally, at different time
delays, different parts of the ion energy spectra will be modu-
lated. The applied time delay (AT') between the laser pulse
and the electric pulse is the sum of the time from the
moment when the ion was “born” (#;), and the traveling
time up to the electric plates of the spectrometer (I/v):
AT =1ty + [/v. With the measured ion energy or velocity
(v) as well as with the known traveling distance (/=
(48.4 + 0.1) cm), the arrival time (//v) of the ion in the spec-
trometer can be determined. Then one can evaluate the time

(tp), that is necessary for different ion species to be accele-
rated. Several such “snapshots” are presented in Figure 6,
with time delays of (a) 66.8 ns, (b) 142 ns, and (c) 182 ns.
Here a heavy water droplet is used as a target. In Figure 6,
a bright spot on the left is formed by energetic photons
moving along the axis of spectrometer. The ions and
protons, which are reaching the spectrometer before or after
applied deflecting voltage pulse, form a bright horizontal
line in all images in Figure 6. At first, the deuterons are arriv-
ing at the spectrometer (Fig. 6a), and only they are deflected
in the pulsed electric field applied with the delay of 66.8 ns
corresponding to the time-of-flight (TOF) of deuterons. All
other ions are dispersed by the magnetic field of spec-
trometer, but they are overlapped in the bright line of the
images. Then, at the delay of 142 ns, the oxygen ions with
the deuterons are deflected (Fig. 6b). At the larger time
delay only oxygen ions can be seen (Fig. 6¢).

The time resolution is calculated by Ar= (Al/l + Av/v)-
I/v. Tf the relative error of the measured ion velocity is not
more than Av/v & 1%, which is mainly defined by the geome-
try of the detection system, and if the accuracy of the distance
measurement is Al ~ 0.1 cm, then the time resolution of the
system can be estimated as: Ar< 0.01-//v. For our setup,
the time resolution of the high-energy end (cut off) of the
measured ion spectra (around 1 MeV for deuterons) would
be At < (4 — 5)-10'%s. It is obvious that the time resolution
of the setup could be improved by increasing the accuracy of
the ion velocity measurement. This could be done by both
an increased dispersion of the spectrometer and a reduction
of the distance between the spectrometer and the source
while keeping the relative distance accuracy. Thus, an
increased signal at the detector additionally would allow one
to reduce the entrance pinhole diameter of the spectrometer.
The latter helps further to increase the resolution. Practically,
the time resolution could be improved up to a ps-level.

However, already the time resolution of Az < (4 — 5).
10~ ' s could be sufficient to investigate the ion acceleration
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Fig. 6. Images of deflected ion traces by the modulated electric field as a function of the ion velocity and their respective arrival time in the
spectrometer: The deuterons show clearly the shape of the electric field which is applied to the field plates of the spectrometer with a delay
of (a) AT = 66.8 ns, (b) 145 ns, (c) 182 ns to the laser pulse. Oxygen-ions appear definitely later at (b) 145 ns and (c) 182 ns to the laser
pulse and show mainly one bump for each ion species. (From left to right: remaining deuterons in (b) and 0**, O*", 0*", O°*, 0°" are
subsequently visible). In (d), (e), and (f) these snapshots of the ions from (a), (b), and (c) are shown in comparison with simulated spectra,

correspondingly, when all ions start at the same instant.

dynamics in a laser plasma source. With the assumption of
simultaneous ion acceleration, the simulated spectra are
shown in Figures 6d, 6e, and 6f. They correspond to the
measured spectra 6a, 6b, and 6¢. The calculations are in
good agreement with the experimental results and clearly
reproduce the shape of the measured ion spectra. This
shows the proof of principle and allows one to interpret the
temporal scenario of the ion emission under our experimental
conditions as follows: The deuterons and oxygen ions are
accelerated simultaneously and are delayed on the way to
the spectrometer only due to their velocity difference,
which is measured via the difference in the arrival times at
the detector.

5. ENERGY-DISPERSED PINHOLE IMAGING OF
THE PROTON SOURCE

Here we analyze the spatial stability and the partial diver-
gence of protons emitted from thin aluminum foils as a func-
tion of their energy. Thus we obtain not only additional
properties of the angular or spatial emission of the source
but also address some aspects of its temporal evolution.

In previous studies (Busch et al., 2003; Ter-Avetisyan
et al., 2004, 2005a, 2005b) we used the Thomson spec-
trometer in a 1:1 imaging mode: an entrance aperture of
200 micron in diameter was located at a distance of 30 cm
from the ion source under investigation. The imaging plane
of the ion traces was also at a distance of 30 cm behind the
aperture. Laser irradiated tiny water droplets (Busch et al.,

2003; Ter-Avetisyan et al., 2005b) produced perfect para-
bolic traces from all registered ions. This demonstrates that
the magnetic and electric field geometry inside the spec-
trometer produces no artefacts in the ion trajectories. In
experiments with planar target foils however, kinks or
small bumps in ion traces became visible when strong ion,
mainly proton, emission occurred.

In order to study the phenomenon in detail, we set up a
Thomson spectrometer in a 1:15 imaging mode: A 30 pwm
pinhole is at a distance of 5 cm from the source and the detec-
tor screen location is 75 cm behind the pinhole. The electric
and magnetic fields were placed 14 cm in front of the detec-
tor screen. With this disposition we can look at an area on the
target rear side with an extension of + 400 wm with respect
to target centre with a resolution of about 30 micron.

An example of recorded proton emission spectra from
13pm aluminum foil target with magnification of 1:15 is

B-field
E-field
deflection

U

Fig. 7. Photograph of an energy dispersed proton trace, which is detected
with a multichannel plate and phosphorous screen imaging device and a
pinhole Thomson spectrometer. The proton trace detected with a magnified
imaging ratio of 1:15.
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depicted in Figure 7. The occurrence of such a wiggled trace is
reproducible. The explicit shape varies from shot to shot while
similarities between adjacent shots are clearly visible. The
high energy part of the emission between the cut off and
about 50% of the cut off energy obeys the expected ideal para-
bolic trace. The observed phenomenon is a property of the
emitting proton source and it is not due to a possible injection
of additional charged particles into the spectrometer. This has
been verified by either putting an additional aperture ata 4 kV
potential in front of the spectrometer entrance and/or switch-
ing a grounded short-circuit to the electrical field plates. Our
apparatus is a combination between a pinhole camera and a
spectrometer.

The fact that we detect non-blurred, although wiggled,
parabola traces confirms a small normalized emittance (trans-
versal temperature) of proton beams (<<0.01 mm mrad)
demonstrated by Cowan et al. (2004). In our setup, the
whole beam illuminates the pinhole and we detect a trace
with a certain spread. This spread is a measure of the diver-
gence of the small beamlet cut out by the pinhole. We call it
the partial beam divergence. The position of the trace at the
detector is determined by the emission coordinate from the
target surface as well as by the energy of the ions. The
latter determines the deflection angle inside the spectrometer.
Three parameters define the particle orbit. There are the two
angle coordinates (we call them the target emission coordi-
nates); and the emission from the virtual target point that pro-
duces an ideal undisturbed Thomson parabola trace crossing
the registered “zero” point at the detector plane.

Figure 8 shows the result of reconstruction of the emission
source position using the measured traces shown in Figure 7
(cf. details in Schreiber et al., 2006). The changes in the
target emission coordinates and the decrease of the partial
beam divergence with increasing proton energy are shown.
The partial beam divergence values, one can calculate from
the present geometry (distance of the source to the detector),
and trace the spread. A beam analysis across the whole beam
would require an array of pinholes, the so-called pepperpot,
which gives a possibility to determine the beam emittance.
However, from derived numbers, one can give an estimate
of the lower limit of the beam emittance as (2-3) x
10~* mm mrad for (2-3) MeV proton energy, and about
1072 mm mrad for (0.2-0.3) MeV proton energy. These
values show that the proton beam is well suited for appli-
cation in imaging experiments.

6. FUSION NEUTRONS REVEAL EXPLOSION
CHARACTERISTIC OF DROPLETS

The ion emission from high intensity laser irradiated targets
can be measured directly while the ion dynamics inside the
dense targets is difficult to access. Under these circum-
stances, the fusion neutron spectroscopy has been shown
(Habara et al., 2003; Hilscher et al., 2001) to be a powerful
tool, because neutrons produced in fusion reactions penetrate
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Fig. 8. Result of the analysis of the recorded proton emission shown in
Figure 7. The source emission coordinates x and y are plotted as a function
of proton energy.

dense matter almost undisturbed, while their energies reflect
the ion kinematics inside a target.

Additionally, laser driven neutron sources could be estab-
lished with the 2.45 MeV D(d,n)-fusion neutrons with a
pulse within ~5 ps in the near vicinity of a 100-micron
extended source. The advantage of such a neutron source
relies on a relatively low laser energy input of a few
hundred mJ. Given sufficient flux, such a neutron pulse can
be used to expose a piece of solid matter, where, due to the
energetic neutron impact, a change in its structure takes place.

In our experiments, four neutron detectors were positioned at
observation angles of 0°, 135°, 90°, and 45° relative to the laser
beam at distances between 322 and 349 cm, viewing the target
through 2 mm aluminum windows for neutron TOF measure-
ments. The detectors consist of a liquid scintillator (NE213)
with a diameter of 12.7 cm, and a thickness of either 2.54 cm
or 5.08 cm, which is coupled to a 4 inch photomultiplier
tube. Directly in front of each scintillator a 6 cm thick lead
brick wall was positioned in order to reduce the amplitude of
the prompt +y-pulse. On-line measured thresholds for the
neutron detection were used to calculate the detector efficiencies
(more details cf. Schniirer et al., 2005)). As with heavy-water
targets, a single droplet within a train of droplets and newly
developed pulsed water-spray have been used (Ter-Avetisyan
et al., 2003). A single droplet has a diameter of about 20 pm
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(Hemberg et al., 2000) and a droplet-separation in the train of
70 pm (centre to centre). Detailed characterization of the
spray gave a number density of droplets near the nozzle of
10" droplets/ cm® with a droplet diameter of 0.15 pwm. The
mean atomic density 1 mm below the nozzle where the laser
is focused is >10'® atoms/cm’. In a Rayleigh-range of
70 pm X 2w = 6 pm about 200 micro-spheres are exposed
to the focused laser radiation. In the following results on
single droplet targets as well as spray targets are described.

6.1. Single droplet target

In respect to the spherical symmetry of the target and the
observed angular particle emission characteristics in our
experiment (Busch et al., 2003), we define the inward and
outward accelerated deuterons from the droplet. In order to
infer data for the inward accelerated deuterons, which
should be responsible for neutron generation, a careful analy-
sis of the whole target system is indispensable. A closer look
at the target system itself reveals that the neighbor droplets in
the train of droplets cannot be neglected. Thus, in our system,
we have always two secondary droplet targets, one above and
one below the target droplet, which are seen by the target
droplet with a solid angle of about 2 x 90 msr.

The quantification of different neutron sources in the exper-
iment requires a careful calibration of the whole detector
arrangement (cf. details in Schniirer et al., 2004). The uncer-
tainties of the neutron detection efficiencies of all four detec-
tors and neutron background were measured. The scattering of
2.5 MeV neutrons from structures in the MBI target room area
was calculated with the FLUKA-code (2002).

The neutrons have an isotropic angular emission profile.
Only a small amount is produced inside the exploding
droplet, while a significant number of neutrons are produced
from secondary droplet targets by direct bombardment of the
radially ejected deuterons. Additionally, it appears that the
neutrons in the forward direction (0°) are more energetic
than those in the backward direction (135°) (in Figs. 9a
and 9b correspondingly), which indicates that these neutrons
must have been produced inside the target droplet by ener-
getic deuterons preferentially moving in the forward direc-
tion. This finding is corroborated by the observation that
the energy deviations are almost symmetric to 2.45 MeV:
about +300 keV at 0° and —200 keV at 135°. This finding
is very similar to the reported (Hilscher et al., 2001)
neutron energy distributions in a solid target. This means
that those deuterons, which are accelerated inside the dense
droplet, are mainly moving along the incident laser axis.
This is in clear contrast to the accelerated deuterons from
the droplet surface inward; the outward acceleration into
47 sr is clearly influenced by the target-droplet geometry.

6.2. Spray target

In order to find a promising laser-target concept for efficient
fusion neutron production, a methodological approach is
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proposed for the comparison of different experimental
results. This approach quantifies differences in the target
neutron-emission characteristics in relation to the irradiation
conditions used (cf. details in Ter-Avetisyan et al., 2005a).
In a deuterium-cluster target irradiated by a high intensity
laser, the deuteron ions produced due to the Coulomb
explosion were emitted isotropically. Depending on the
average density and the geometry of the target, the deuterons,
which have sufficient energy for thermonuclear reactions
(see Zweiback et al., 2000), can collide with deuterons
from nearby clusters and with deuterons inside the clusters
in the cold plume. In general, the laser-heated plasma
volume is smaller than the cluster plume. The neutron gener-
ation volume is determined by the deuterons, which escape
the plasma and initiate a D(d,n) reaction within the surround-
ing cold plume of the jet. Therefore, the neutron generation
volume is much larger than the plasma volume. This geome-
try can be defined as the “beam-target fusion.” The number
of neutrons (N,,) produced in the cold matter is estimated as

N, ~ Np -nh - lIp- < o, >, 1))

where Np is the number of accelerated deuterons, defined as
Np = n3-Vg; i is the density of the accelerated deuterons;
Vs is the source volume; ng is the density of target deuterons;
I71s the path length through the cold plume; and <o ,> is the
velocity-averaged fusion cross section as given in Brown and
Jarmine (1990).

From Eq. (1), it is obvious that for cluster or gas targets, a
huge plasma volume can offset a low fusion cross-section
due to a low deuteron kinetic energy and/or low concen-
tration nLT) in the target, as shown in Zweiback et al
(2000). This will increase the number of accelerated deuter-
ons and the number of fusion neutrons, respectively. As an
example, a comparison of the fusion neutron yield from
exploding deuterium clusters at different focusing geometries
was made in Madison et al. (2003), where the estimated
difference in the plasma volume by a factor of 10 gave at
least a 20 times higher fusion yield. Numerical simulations
done in Golovizin and Schep (2003) suggested that the
neutron yield might also be increased by shock heating
of a large volume during a time longer than the disassembly
time of the originally irradiated plasma volume. Furthermore,
in various experiments with gas, cluster or spray targets, the
value /7 in Eq. (1) (which is defined by the target jet expan-
sion geometry) is relatively similar, while there are huge
differences in the created plasma volumes due to the different
focusing geometries used. For all these different conditions, a
comparative description has to be found that also includes the
interaction geometry. Because the generated energetic
deuterons can be measured in absolute terms, and also
the number of neutrons created due to deuteron-deuteron
collisions is measured directly, we suggest in the following
to incorporate the number of accelerated deuterons in a
comparison of neutron production from different target
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Fig. 9. Neutron TOF spectra from the (a), (b) droplet and (c), (d) spray target measured at 0 and 135 degrees to the laser pulse propagation
direction, correspondingly. For the droplet target (a), and (b) the neutron yield integrated between 2.0 and 3.0 MeV amounts to 72 and 48
n/sr shot, respectively. The thin solid curve at about 2.45 MeV corresponds to the expected neutron energies from reactions in the neigh-
boring droplets while the dashed line is the result of simulation calculations employing the PIC model (details Schniirer et al., 2004, 2005).
The spectral shape of the neutrons from spray target, (c) and (d), is calculated using 8 x 10'® deuterons, which are assumed to be emitted
isotropically from the centre of the spray and interacting with a sphere of cold D,O. (Sphere radius is 1 mm and the effective areal density is

18 wg/cm?).

systems. Then such an essential geometrical parameter as
the plasma volume can be scaled with the number of
produced deuterons, and, correspondingly, the number of
neutrons.

Therefore, we compare the different target systems by
means of the ratio of the number of generated neutrons per
accelerated deuteron and incident laser energy or, in other
words, the D(d,n) reaction probability per laser pulse
energy. The ratio N,,/Np is the D(d,n) reaction probability.
This includes the efficiency of the energy transfer from the
laser to the deuterons, and makes it possible to separate the
“plasma volume” effect, when comparing different exper-
iments. Thus an improved characterization of the prospects
of a target system for neutron production is possible.

The measured TOF neutron spectra from two neutron
detectors positioned at 0° and 135° are displayed in Figures
9c and 9d, respectively. The neutron TOF spectra, calculated
(Fig. 2, solid line) with a deuteron spectrum similar to the

measured deuteron emission spectrum, describes well the
measurement, assuming a simple model: the produced deu-
terons collide with a sphere of cold D,O matter around the
interaction point. The radius of this sphere is 1 mm, and its
effective area density is 18 pg/ cm?’. The value is deduced
from the average density within the 2 mm extended cloud
determined by Ter-Avetisyan et al. (2003). Due to the inter-
action geometry, all D(d,n) reaction angles between 0° and
180° are possible, resulting in high and low energies, respect-
ively, for forward- and backward-emitted neutrons.
Employing the measured energy distribution and assuming
8 x 10" deuterons emitted isotropically into 4 sr, the
experimental neutron TOF spectra (Figs. 9¢c, 9d) are repro-
duced quite well. The values of 500 + 60 and 515 + 60 neu-
trons/sr per pulse are obtained at 0° and 135°, respectively.

From each 0.6 J laser pulse energy, 6 x 10° neutrons were
produced by about 10'' accelerated deuterons (TOF
spectra in 0° and 135° is depicted in Figs. 9c and 9d
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correspondingly). This corresponds to a D(d,n) reaction
probability of about 6 x 107®. A comparison to cluster
targets, made on the basis of available data shown in
Table 1, shows the reaction probability in the spray target
to be two orders of magnitude larger. This finding is appar-
ently due to both the considerably higher deuteron energies
and the larger effective target thickness in the spray target.

Recently, neutron emission was investigated from a low-
density foam target and the ions bulk acceleration mechan-
ism inside the target was demonstrated (Li et al, 2005).
The foam and the spray targets have indeed several simi-
larities. The beam target situation of the spray target results
in an isotropic emission of neutrons as shown in Figures 9c
and 9d, and is similar to those angular positions of Li
et al. (2005) where the isotropic component is dominant.
But of course, the details depend also on the ion energy,
and additionally, one would need aerial density of each
layer of the foam in order to compare with the droplet size
of the spray target. These data from the paper of Li et al.
(2005) was not possible to extract. First of all and most
important, the effective target thickness is three orders of
magnitude larger, 5-25 mg/ cm?, whereas the spray target
has only 18 g/ cm?. This explains also the huge difference
in the number of emitted neutrons per shot.

7. STRONG DIPS IN PROTON AND DEUTERON
EMISSION SPECTRA

Deep dips in MeV ion spectra are measured from water and
heavy water droplet targets of ~20 pm diameter irradiated
by intense ultrashort (35 fs) laser pulses. It is worth noting
that no appreciable isotope effect could be observed. A
typical camera picture taken with a single laser shot,
showing ion traces from a heavy water droplet, is shown in
Figure 10. The deuteron spectrum deduced from this
digital CCD-image is shown in the inset. The most interest-
ing features in the picture are the clearly visible dips along
the deuteron trace observed in backward (135° to the laser
axis) as well as in forward (laser propagation direction) emis-
sion. The occurrence of the spectral dips was reproducible in
the experiment, although the exact position, depth, and fine

Table 1. Laser driven fusion neutron sources
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structure varied from shot to shot due to small variations in
the laser parameters and beam alignment in our setup (cf.
details in Ter-Avetisyan et al., 2003).

The existence of these dips is ascribed to the generation of
multi electron-temperature plasma, which is confirmed in our
experiments. An existing fluid model (Wickens & Allen,
1981) based on hot-electron components with significantly
different temperatures is consistent with the behavior we
observe in the ion spectra. The dip in the velocity distribution
corresponds 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 of self—similar flow, where the ions experience a
rapid acceleration due to an abrupt increase in the electric
field. This increase occurs at the location in the expanding
plasma where most of the cold electrons are reflected, corre-
sponding to a step in the ion charge density (See Fig. 6 in
Wickens & Allen, 1981). The depth of the dip as a function
of the peak field is a sensitive function of the hot-to-cold
electron temperature ratio 73,/T, in the ion spectra, while
the position in the spectrum depends on the hot-to-cold elec-
tron density ratio n;/n,.

Figures 11a and 11b compare experimental proton and
deuteron energy distributions from single laser shots with
calculations based on the theory of Wickens er al. (1978).
A reasonable fit for the depth and position of the dip in the
proton spectrum (Fig. 11a), is obtained when the hot-to-cold
electron temperature ratio 7),/T,. is assumed to be about 9.8,
and the hot-to-cold electron density ratio n,/n. is about
1/100. Individual electron temperatures 7. = 7.5 keV and
T, = 74 keV compare quite well to the range of temperatures
derived from the X-ray emission measurements, which we
performed in the experiments (Ter-Avetisyan et al., 2003).
Here, T, is lower by a factor of about two, but this can be
due to the restricted linearity range (<50 keV) in the X-ray
measurement. Also, if one takes into account that the bulk
ion energy scales with the hot electron temperature as
Eion=4.5 T, (Silva et al., 2004), a mean ion energy
Eion = 330 keV would be derived, in a remarkably good
agreement with the ion temperature inferred from the ion
slope (Fig. 11a). The numerical data fit of high energy tail

Laser parameters

Target Neutron yield (into 4 ) Energy (J) Duration (fs) A (nm) I max (W/ cm?) D(d,n) Reaction probability /per Joule
D, gas® 1 x10° 62 1000 1.05 2 x 10" 1.6 x 1078
DO spray* 6 x 10° 0.6 35 0.8 1 x 10" 75 %1078
D, clusters® 2 x 10° 10 100 0.8 2 x 10%° 50x 1071
CDj clusters® 1% 10° 25 100 0.8 5 x 10" 6.8 x 1071

$Fritzler et al. (2002).
“Ter-Avetisyan et al. (2005a).
SMadison er al. (2003).
“Madison et al. (2004).
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Fig. 10. The image from the MCP-phosphorous screen of an emitted ion
spectrum (deuterons — most intensive parabolic trace, others — oxygen,
right blob — “zero” point: radiation impact along spectrometer axis) from
a heavy water droplet taken from a single laser shot in backward (135° to
laser propagation) direction with the Thomson spectrometer. In inset: deu-
teron spectrum

of the proton spectrum delivers about (300 + 50) keV ion
temperature.

Another example of a deuteron energy distribution
obtained from a heavy water droplet is presented in
Figure 11b, where the cut off energy occurs at about
0.55 MeV. Here the model with a hot-to-cold electron temp-
erature ratio Tj,/T.= 7.7 and an electron density ratio n;/
n.= 1/25 fits the measurement quite well. The individual
temperatures are 7. = 11 keV and T, = 85 keV. The model
shows convincingly how small changes in 7. and n. may
have large effects on the spectral shapes.

The model provides a good simulation of the observed
spectral dips, and allows us to establish important parameters
such as hot- and cold-electron temperatures and the respect-
ive electron density ratios.

8. QUASI-MONOENERGETIC DEUTERON BURSTS

Here, we report on the generation and laser acceleration of
bunches of energetic deuterons with a small energy spread
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at maximum energy up to 2 MeV. This quasi-monoenergetic
peak within the ion energy spectrum was observed when
heavy-water microdroplets were irradiated with ultra-short
laser pulses of about 40 fs duration and high (10~®) temporal
contrast.

The crucial laser parameters of this experiment are the
pulse intensity and the contrast ratio, which is the ratio of
the prepulse to the pulse peak intensity. In a high-power
laser system, each pulse is accompanied by a prepulse of
ASE. This low-intensity prepulse might modify the target
density profile and affect significantly the interaction of the
main ultra short pulse by altering the dynamics of the hot
electron population, which, in turn, is responsible for the
buildup of the acceleration field at the rear of the target. A
high contrast of the laser pulse favors the generation of a
large number of hot electrons. The density profile is very
steep and the laser energy is thereby efficiently absorbed in
a thin skin layer near the solid target surface via Brunel
absorption (Brunel, 1987).

In our case, when the ASE level was reduced down to
1078, the target was transparent for the prepulse, and the
main pulse was interacting with an unperturbed target.
Then the low energy deuterons gradually disappear and
the energy spectrum transforms to a narrow peak as
shown in Figure 12a. The selectivity and directionality of
the ion acceleration mechanism can be seen from compari-
son of the deuteron energy spectra in the forward (0°) and
near-backward (135°) directions (Figs. 12b and 12¢). The
fast ions are moving predominantly in the forward direc-
tion, while the backward propagating deuterons have an
energy distribution similar to the slow deuterons moving
forward. It is interesting to note that the characteristic
energy of this slow deuteron component is of the same
order as the energies of oxygen ions with charges 2, 3,
and 4. The fact that the oxygen ion energy decreases
with the ion charge indicates the highly non-stationary
ion acceleration process. Very likely the sheath electric
field at the rear side of the target is not sufficient for
efficient ionization of the oxygen above the charge 2.
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Fig. 11. Single shot proton (a) and deuteron (b) spectrum with typical dips along the trace: squares — experiment, line — simulation

(parameter cf. text, Sec. 7).
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Fig. 12. Emitted ion spectra from laser-exposed heavy-water droplets:
(a) Thomson-parabola traces of the ion emission (deuterons and oxygen
ions) in the forward direction from a heavy water droplet. The color
picture shows the dominant deuteron emission in a narrow energy range at
high energy. The bright circle in the upper left corner is formed by neutrals
and energetic photons are moving along the axis of the spectrometer.
(b) Scan of the deuteron energy distribution in the forward direction.
(¢) Simultaneously emitted deuteron spectra in the backward direction.
Here the “monoenergetic” part is left. Only low energy deuterons are
visible. The total deuteron energy in the backward direction is less by a
factor of two than in the forward direction, whereas their number in the
low energy part is higher than in the forward direction.

The ions O and O™ are created later in time and are less
strongly accelerated.

Concerning the narrow energy distribution, two scenarios
have been proposed recently. The first one is the hetero-
genic model (Esirkepov et al., 2002) suggesting that a
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thin layer of light ions (protons or deuterons) is deposited
on the surface of a target made of heavy ions. It is
evident that such a model does not apply to our conditions,
where the targets were created in situ, and cannot have any
contamination layer. This implies that the effect of the
narrow deuteron energy spectrum is related to the limited
mass of the target combined with a very short pulse
excitation.

A model of a homogeneous mixture of light and heavy
ions (Tikhonchuk et al., 2005; Gurevich et al., 1972; Allen
et al., 2003; Bychenkov et al., 2004; Kemp & Ruhl, 2005)
relies on the spatial separation of the light and heavy ions
in the electrostatic electric field created by the hot electron
population. At a low ASE level, the oxygen ions do not
move during the main pulse, and they create the necessary
potential jump. All light ions crossing the plasma edge will
be accelerated in this potential to the same energy.
Therefore, the presence of heavy ions creates the low
energy cut off in the energy spectrum of the light ions.

The limited-mass targets have three important advantages.
First, they support the planar acceleration geometry only at
small distances on the order of the target size; second, they
confine the accelerated electrons, which have to rest relatively
long time near the target surface allowing the ion acceleration
within the target size and prevent their further angular
spreading. This is different from the planar geometry,
where the fast electrons could be spread along the target
surface. The measurements of Cowan ef al. (2004) and
Fuchs et al. (2003) reveal the ion emission source size in
the foil targets on the order of 50—100 pwm, which is five
to 10 times larger than the laser focal spot; third, they
enable the electrons to access the rear side by passing
around the target. Recent calculations suggest that, in
addition to the electron pulse propagating through the
target, electron currents flow along the spherical surface of
the droplet because it is isolated and not grounded. In case
of a perfectly symmetrical focusing of the laser pulse at the
front target surface, the two electron currents could overlap
in time and space at the rear side of the target and strongly
enhance the electric field.

The formation of the preplasma deteriorates the deuteron
peak formation. The target is surrounded by plasma corona
of about the same length as the initial target diameter.
Then the divergence of fast electrons is much larger, they
spread out and their density and temperature decrease
quickly. Evidently this has a negative effect on the sheath
electrostatic field.

The essential conclusion is that the short acceleration time
combined with a large potential drop forms a quasi-
monoenergetic peak-like ion energy distribution. This scen-
ario is also confirmed by the energy spectra of oxygen ions
emitted, as are the deuterons, predominantly in the forward
direction.

Figure 13 shows some examples of generated monoener-
getic bunch of protons together with deuteron spectra of
Figure 12a at similar interaction conditions. The Ilatter
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Fig. 13. Examples of generated mono-energetic bunches of protons together
with deuteron spectra of Fig. 12a) at similar interaction conditions. The latter
means that the pulse-to-pulse laser energy fluctuations are within a few
percent.

means that the pulse-to-pulse laser energy fluctuations are
restricted to a few percent. The observed quite strong vari-
ations of the ion peak energy could be attributed to uncon-
trolled prepulse variations in the time scale of a few ps.
Under the condition of a low ASE intensity, these vari-
ations may affect strongly the density profile in a sub-
micron scale, the efficiency of the laser energy absorption
and the electron acceleration. Consequently, the proton/
deuteron cut off energies might be extremely sensitive to
such laser pulse intensity (or energy) fluctuations.
Changes can also be connected with the beam pointing
variations on the surface of tiny water droplets. However,
it has to be said that the present data allowed us to
compare the maximum energies of protons and deuterons
emitted from the normal and heavy water droplets. We
found that the proton energy is twice smaller than the deu-
teron energy. This is particularly consistent with the accel-
eration scenario discussed above, where the velocities of
both light ion species, the protons, and the deuterons, are
the same.

The theoretical analysis shows that the peak formation
in proton/deuteron spectra is fully defined by the level
of oxygen ionization at the rear side of the droplet,
which is thought to be very sensitive to the laser
energy, and the resulting concomitant preplasma level at
the front of the droplet. This point could not be resolved
from present experimental data. Further development of
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the experimental techniques is necessary for an undis-
turbed detection of the oxygen ionization stages with
online controlled all critical experimental parameters in
each interaction shot.

9. SUMMARY

Recent progress in the study of phenomena in relativistic
laser—matter interactions at MBI has been reviewed in this
article. Here, we present some final thoughts, conclusions,
and hints at plausible future developments.

The developed comprehensive set of on-line ion diagnos-
tics, which are complementary one to another, is a very power-
ful tool for laser plasma interaction studies. Accessible
parameters in the experiments are: the highly resolved ion
and electron energy distributions, X-ray emission spectra,
highly resolved spatial characteristics of the ion source,
temporal evolution of ion emission as well as laser para-
meters like intensity and contrast. Most of the parameters
could be measured simultaneously from a single laser shot.

We would emphasize the importance of use divers diag-
nostics in each experiment, which only would allow unam-
biguously demonstrate the ion acceleration processes in
their whole complexity, providing a set of data for theor-
etical interpretation. A complex dynamics of laser-driven
ion acceleration for systems ranging from isolated small
targets (droplet), clusters (spray), and thin foils were inves-
tigated. New and unexpected phenomena have been found:
the dips in the ion spectrum, ion emission source charac-
teristics, and distinct absorption mechanism responsible
for energy transport and redistribution among the plasma
components, etc. Still many challenging effects need to
be understood and interpreted, such as nearly “monoener-
getic” deuteron and proton bunches from laser-droplet
interactions, and the plasma instabilities inside thin foil
targets, in particular, in extremely strong Coulomb and
laser fields.

We have demonstrated that the laser-plasma ion accelera-
tion has considerable potential as well in terms of active con-
trolling the acceleration processes and tailoring the ion beam.
They include ultra short and high contrast laser pulses, poten-
tial of different target systems and interaction geometries. It
is expected that the near future will be characterized by a sig-
nificant enhancement of the proton/ion cut off energy, the
stable generation of monoenergetic proton/ion beams with
low emittance as well as a high efficiency. This will have
an impact on many foreseen applications and will encourage
further activities for the optimization of laser plasma-based
accelerators.

Significant advances in laser technology (Danson et al.,
2005; Neumayer et al., 2005) are likely to continue to be
achieved for some years to come, hopefully leading to
further enhancements in extremely short and high-intensity
pulses and a sizeable jump in the achieved power. These
developments will surely stimulate the emergence of new
ideas and more advanced diagnostic developments for
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measuring the effects not even thought of today. All of this is
guaranteed to open up new research areas, push currently
active ones to new frontiers, and generate further excitement
in the field of laser—matter physics.
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