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Abstract

High energy heavy ions were generated in laser produced plasma at moderate laser energy, with a large focal spot size
of 0.5 mm diameter. The laser beam was provided by the 10 GW GSI-NHELIX laser systems, and the ions were observed
spectroscopically in status nascendi with high spatial and spectral resolution. Due to the focal geometry, plasma jet was
formed, containing high energy heavy ions. The velocity distribution was measured via an observation of Doppler
shifted characteristic transition lines. The observed energy of up to 3 MeV of F-ions deviates by an order of magnitude
from the well-known Gitomer ~Gitomer et al., 1986! scaling, and agrees with the higher energies of relativistic self
focusing.
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1. INTRODUCTION

The generation of high energy ion beams ~Zhidkov et al.,
1999; Pegoraro et al., 2004; Shorokhov & Pukhov, 2004;
Balakirev et al., 2004; Malka & Fritzler, 2004!, and high
energetic and intense X-ray bursts ~Magunov et al., 2003;
Fukuda et al., 2004! is a well known phenomenon in inter-
action processes of short and ultra-short laser pulses with
matter. Ion generation from laser plasmas with long laser
pulses and comparatively low power was studied by many
groups recently ~Stepanov et al., 2002; Rafique et al., 2006;
Khaydarov et al., 2005!. This is partly due to the fact that
these ions have a great potential as powerful ion sources for
heavy ion accelerators ~Haseroth & Hora, 1996; Alexeev
et al., 2002; Ogawa et al., 2003!. While in both cases the
underlying phenomenon of particle production seems to be

quite different, it is a non equilibrium process in both cases
which gives rise to the fast ion emission process.

The interest in laser plasmas and interaction phenomena
of heavy ion beams with ionized matter at the GSI heavy ion
accelerator laboratory stems from the fact that heavy ion
beams are viewed as a potential driver for inertial fusion
~Sharkov, 2002; Koshkarev, 2002; Hoffmann et al., 2000!.
Thus there is a tradition to investigate accelerator related
issues like beam transport phenomena in laser plasma chan-
nels ~Penache et al., 2002!, and interaction processes of
heavy ion beams with dense, beam heated matter ~Varentsov
et al., 2003!. From earlier experiments with fully ionized
hydrogen discharge and pinch plasmas it is well known, that
ionized matter has an increased stopping power for heavy
ions ~Hoffmann et al., 1990; Jacoby et al., 1995; Roth et al.,
2000; Hasegawa et al., 2003!, and that the charge state of
heavy ion beams passing through plasma is considerably
altered ~Dietrich et al., 1992!. In order to achieve plasma
parameters which extend far beyond those of discharge and
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pinch plasmas a laser Nd: glass laser system with total laser
beam pulse energy well above 100 J was installed. The need
for high laser energy in ion-beam laser-plasma experiments
is quite obvious, since the diameter of the ion beam is on the
order of 1 mm, and therefore the laser plasma has at least to
be as large, or even larger to avoid steep temperature and
density gradients in the interaction zone. Currently at GSI
laser systems with a kilojoule beam and petawatt capability
~Neumayer et al., 2004! is under construction for high
energy density physics experiments with intense laser and
particle beams ~Hoffmann et al., 2005!.

2. THE NHELIX LASER SYSTEM AT GSI

The first high energy laser system that became operational
at GSI is the nanosecond high energy laser for heavy ion
experiments ~NHELIX!. This system has recently been
improved significantly. Due to major changes in the system
layout, the quality in terms of temporal and spatial beam
homogeneity was improved, while at the same time the
output energy was raised to 120 J. This could be achieved
with the available number of amplifiers, which significantly
brought down the cost for the upgrade. Moreover, a second
front-end with shorter pulse length was integrated into the
laser amplifier chain. Therefore the NHELIX system is now
capable of delivering one beam with 120 J in 14 ns ~ns-
beam!, while the second beam line is still under construction
and is supposed to provide 5 J in 0.5 ns ~sub ns-beam!.

The power level of these two beams is of the same order
of magnitude; their application at the plasma physics exper-

iments is different. The high energy pulse with rather long
pulse duration is primarily used to generate a high density
plasma from thin solid state targets, while the second beam
with short pulse length in comparison to the heating pulse
and the timescale on which the hydrodynamic expansion of
the plasma takes place, serves as a diagnostic tool. This
more complex and versatile setup enables a great variety of
experiments in the field of plasma physics, especially in
combination with the petawatt high energy laser for heavy
ion experiments ~PHELIX! laser, which is expected to
deliver first light on the kJ level to the experimental area by
the end of 2005 ~Neumayer et al., 2005!.

The actual laser configuration is of the master oscillator-
pulsed amplifier ~MOPA! type.Amaster oscillator ~Nd:YAG!
generates a low energy pulse for amplification, that is fol-
lowed by rod amplifiers ~silicate-glass!, whose diameter
increase stepwise up to 64 mm for the last amplifier. As
the laser light fluence is well below the saturation level, the
same amplifier can be used multiple times to increase the
energy of a beam, e.g., in a double pass configuration, or one
can even use the same amplifier to gain energy for pulses
coming from different oscillators. The latter configuration
was realized with the first two amplifiers; see Figure 1 for
the outline of the NHELIX laser system and Table 1 for an
overview of the main optical components.

Laser beams, ns-beam as well as the sub-ns beam are
launched into the first amplification section. The insertion is
done with a thin film polarizer that transmits the ns-beam
~p-polarized! and reflects the sub-ns beam which is im-
pinging under the Brewster-angle with s-polarization. Since

Fig. 1. Outline of the NHELIX laser system.
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these beams are propagating parallel but with perpendicular
polarization, they can be separated again with a polarizer.As
the fluence is on the order of 1 J0cm2 a thin film polarizer
has to be used, which provides the highest available damage
threshold but has a poor extinction ratio ~;200:1!. A mar-
ginal misalignment—the two beams propagate under a small
angle—allows blocking of the objectional energy, which
has passed the polarizer, by the pinhole of the following
spatial filter.

The ns-oscillator is a commercial Coherent Powerlite
8000. Due to its non-ideal elliptical transversal profile the

beam is reshaped with a custom made cylinder telescope.
After passing this optical system, the laser beam is circu-
larly shaped. The improvement in terms of the spatial inten-
sity distribution is shown in the images on the right-hand
side of Figure 2.

Before transferring the ns-beam to the next amplification
section, it is first spatially reshaped with a soft polarizing
aperture ~SPA!. This SPA consists of a birefringent plano-
convex lens, a second plano-concave BK-7 lens to compen-
sate for the optical power of the first lens and a thin film
polarizer. The linear polarization of the incoming beam is

Table 1. Main optical components of the NHELIX laser system
(Please see Fig. 1 for abbreviations.)

Long pulse chain Short pulse chain

d @mm# magn. L @mm# d @mm# magn. L @mm#

isolator: nFI1 10.00 isolator: pFI1 10.00
npSF1 1.60 656 npSF1 1.60 656
npAmp1 15.87 220 npAmp1 15.87 220
npSF2 1.61 658 npSF2 1.61 658
npAmp2 25.40 232 npAmp2 25.40 232
SPA 24.00
isolator: nFI2 25.00
nSF1 1.19 1525 pSF1 1.11 1922
nAmp1 32.00 475 pAmp1 44.50 235
nAmp1 32.00 pSF2 1.12 1719
nSF2 1.54 684 pAmp1 44.50 235
nAmp2 45.00 450 pSF3 1.33 1770
nSF3 1.43 855 pAmp1 44.50 235
nAmp3 64.00 680 pSF4 1.00 4056

Fig. 2. Beamshape of the long pulse front-end: Oscillator profile before and after the cylinder telescope.
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rotated according to the thickness of the birefringent lens.
Taking into account the polarizer, the total power transmis-
sion of the SPA is now a function of the beam radius,

T ~r! � cos2�1

2
Dn
p

l

r 2

R
�, ~1!

whereDn�0.009 denotes the difference between the refrac-
tive index of the ordinary and extraordinary wave; l �
1064 nm is the laser wavelength, R �1197 mm the radius of
curvature of the birefringent lens, and r' 12 mm is the so
called zero transmission radius, which depends on Dn, l,
and R. The calculated transmission is shown in Figure 3
together with the part of the beam that is reflected at the
polarizer. One can clearly see the ring shaped intensity
distribution, while the asymmetry is due to the inhomo-
geneous intensity distribution of the incoming beam.

Since the gain in rod amplifiers increases with radius due
to absorption of the pump light on its way to the center of the
rod, an initially Gaussian shaped intensity profile changes to
a flat top like distribution along the amplifier chain. The
SPA attenuates this effect, while it helps at the same time, to
control diffraction at hard apertures in the laser chain.

The overall extracted energy strongly depends on the
input beam profile and was measured to be on the order of
20%. As the maximum laser energy which can be extracted
from the system is not limited by a lack of pump power, but
by the damage threshold of the optical components, the loss
of energy at the beam shaping element could easily be
compensated by slightly increasing the pump power of the
amplifiers.

After reshaping the beam with the SPA, it is relay-imaged
to the double pass amplifier. Due to thermal induced birefrin-
gence of the amplifying media and the limited extinction
ratio of the separating polarizer, there is always some part of
the radiation propagating backward within the chain. To
prevent damage, a faraday isolator with 25 mm clear aper-

ture was integrated. The pulse is then guided to the booster
section with a 45 mm and a 64 mm amplifier.

As long as the PHELIX laser beam is not yet available,
the long pulse beam is used to produce a hot dense plasma,
e.g., for energy loss experiments with electron temperatures
in the order of 200 eV and electron densities up to solid state
density. A small part of the sub-ns beam ~some mJ! is
coupled out and frequency doubled to probe the plasma by
means of Wollaston interferometry. This diagnostic has
recently been set up and provides a space resolved distribu-
tion of the free plasma electron density with time resolution
given by the pulse length ~0.5 ns! of the probe beam.

After the final amplification section for the sub-ns beam,
which is realized as a geometrical triple pass, the pulse is
expected to deliver 5 J of energy. This high power ~10 GW!
pulse can be focused on a medium-Z target that will serve as
an X-ray backlighter. However there are plans to use higher
harmonics of this beam for collective Thomson scattering
~Glenzer, 2000!. This will lead to new insights into the
physics of the expanding plasma and it will serve as an
alternative temperature diagnostics.Together with the PHELIX
laser that will deliver up to 1 kJ laser energy in 1 ns, the new
configuration of NHELIX will act as a powerful diagnostic
laser system.

4. FAST PARTICLE GENERATION
IN PLASMA JETS

The detailed analysis of laser generated plasmas was moti-
vated by stopping power measurements of ionized matter.
While energy loss measurement of ions in matter is an
established research topic which has developed from a basic
research into a field with numerous applications, the history
of precise measurements of the stopping power of high
energy heavy ions in plasma is relatively brief. Due to
limited availability of powerful ion accelerators, this topic
was addressed mainly in a few laboratories in France, Ger-

Fig. 3. Calculated transmission of the SPA and spatial distribution of the extracted energy.
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many, Russia, and Japan. ~Weyrich et al., 1989; Chabot
et al., 1998; Golubev et al., 1998; Mintsev et al., 1999;
Maynard et al., 2002; Kojima et al., 2002!. The technique to
measure the ion beam energy loss has reached a rather
mature state; however, the precision of plasma parameter
measurement is still limiting the overall experimental error
margin. This is even more pronounced for transient laser
plasma, where the transit time of the ion through the plasma
is comparable to plasma dynamic time scale. Therefore it is
of utmost necessity to measure the plasma parameters with
time and spatial resolution, and to rely on plasma simula-
tions where a detailed measurement is not yet possible.

The aim of the current experiment therefore was a detailed
characterization of laser plasmas generated by the NHELIX
facility for beam plasma interaction experiments. The results
we report here were partly obtained before the NHELIX
upgrade and in part after the completion of the upgrade
described above, and we wanted to compare the reproduc-
ibility of observed effects.

For the previous experiment the NHELIX laser system
was used with pulse duration of 15 ns and laser beam energy
of between 12 J and 17 J only. The laser radiation was
focused with a plane-convex lens ~beam diameter 80 mm,
focal length f �130 mm! onto a solid Teflon target. The lens
has a central aperture to let the ion beam pass through, for
beam plasma interaction experiments. With a spot size of
about 0.5 mm a comparatively low flux density of about
1012 W0cm2 was achieved on the target. This constitutes an
extremely extended plasma source. In order to obtain differ-
ent laser fluxes on the target surface, the distance between
the lens and the target was varied. In Figure 4a the experi-
mental scheme is shown. The laser pulse is impinging onto
the target from the right. A pinhole image with open shutter
shows the development of a plasma plume which has a high
directionality, and therefore, we refer to it as a plasma jet.
This image was taken after the NHELIX upgrade. For
comparison we show in Figure 4b an image taken before the
upgrade, under almost similar conditions. Figure 4c shows a
two pinhole image. Each pinhole has a diameter of 200 mm
and shows the image of a laser generated C-plasma. One
pinhole was covered with a polypropylene ~1mm!0Al ~0.2mm!
filter to take an image including the soft X-ray regime down
to 300 eV and the other pinhole was covered with a 5 mm Ti
filter for images in the hard X-ray regime above 1.5–2 keV.
The hard X-rays consist of Bremsstrahlung mainly and
show a predominantly cylindrical expansion of the plasma
with an observed length of the plasma jet of about 30 mm,
whereas the low energy image ~above! is blurred by an
expanding plasma cloud emitting low energy radiation.

The Bremsstrahlung emission is the dominating feature,
indicating that the C-target is completely ionized. The demag-
nification factor of the image on the X-ray film is 3, the
C-target has a thickness of 110 mm, and the images were
taken with laser energy on the target of 100 J, a pulse length
of 14 ns, and a laser focus of 2 mm. This corresponds to a
laser intensity of 2.3 � 1011 W0cm2. To our knowledge,

these results are the first observation of X-rays with more
than 1.5 keV for such low laser flux intensity.

Both figures show a directional expansion of the plasma.
Spectra were taken simultaneously under two different angles
in order to be sensitive for Doppler shift effects. We attribute
the jet phenomenon to ring shaped focus geometry, which
was due to spherical aberrations of the final focusing lens
with small f-number.

A similar effect was reported recently from the PALS
laser facility in Prague ~Jungwirth, 2005!.

5. SPACE RESOLVED X-RAY SPECTROSCOPY

Within the non-invasive methods for plasma diagnostics,
spectroscopy holds a prominent place.

X-ray spectroscopy of He-like and Li-like ions allows to
probe the hot, dense region of the plasma, and to measure
relevant plasma parameters like electron temperature and
density. Moreover today’s spectrometers allow high spectral
resolution with space resolution at the same time. Thus it is
possible to follow the energy loss and the charge state
development of heavy ions moving inside a target with
spectromicroscopic methods ~Rosmej et al., 2002!. The
necessity of spatial resolution led to the development of
focusing spherically bent crystal spectrometers with spec-
tral resolution ~FSSR! ~Faenov et al., 1994!. This crystal
geometry simultaneously allows to cover a large spectral
range and obtaining spectra simultaneously with high spec-
tral ~l0Dl� 4.000! and with high spatial resolution ~Dx �
20– 40 mm!. The FSSR spectrometer can work in two con-
figurations: With one-dimensional ~1D! spatial resolution
perpendicular to the direction of the spectral one and with
two-dimensional ~2D! spatial resolution—the second spa-
tial resolution is in the direction of dispersion. The maxi-
mum spectral resolution is obtained in the 1D scheme. This
requires the crystal and the detector to be placed on the
Rowland circle, analogue to the Johann scheme for cylin-
drically bent crystal spectrometers. For the spatial resolu-
tion the respective distances of the crystal to the emitting
source and the crystal to the detector follow the simple
equations,

a � R cos w0cos 2w ~2!

b � R cos w,

where w is the Bragg-angle subtended by the crystal plane
and the emission source, a is the distance crystal-source and
b the distance from the crystal to the detector. In the 2D
scheme the detector is placed outside the Rowland circle.
Therefore two spatial dimensions can be observed simulta-
neously. The determination of the respective geometrical
parameters is more complicated in this case, than in the 1D
case ~Young et al., 1998!. One should note that the spectral
resolution in the 1D-case does not depend on the plasma
size. In Figure 5, a scheme of both possibilities is presented.
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6. EXPERIMENTAL RESULTS

The spherically bent crystals, which allow spatial and spec-
tral resolution in the X-ray regime, open the possibility to
observe the plasma ion behavior beyond the critical density,
and thus provide a probe for the hot spot region.

The presence of high energy ions well above the ther-
mal energy in plasmas which are created by long pulsed
lasers over thick targets was confirmed in different facili-

ties, including the NHELIX laser at GSI ~Rosmej et al.,
2002a; 2002b!. The effect was proven with the Doppler
X-ray spectroscopic method ~Rosmej et al., 1999!. By means
of two FSSR with different angles to the target direction
the Doppler shift is quantifiable. One of the spectrometers
is placed perpendicular to the laser beam axis, which is
also perpendicular to the main plasma expansion direc-
tion. A second FSSR is placed under a large angle with
respect to the target surface.

Fig. 4. Scheme of the spectroscopic ion energy measurement using the Doppler shift method ~Rosmej et al., 1999!. ~a! The image
shows the actual set-up. The laser energy was up to 100 J and the plasma was investigated with a pinhole camera and two spatially
resolving spectrometers with a high spectral resolution. One spectrometer was placed in a way, that it observed the plasma from 08 to
the target surface, while the other spectrometer was positioned with a large angle to detect a possible Doppler-shift of the fast ions. The
image in the background shows a plasma jet of approx. 30 mm length. ~b! This pinhole image was taken before the NHELIX upgrade.
~c! Carbon plasma image of a dual pinhole camera. The lower 200 mm pinhole was covered with 5 mm Ti, the upper 200 mm with 1 mm
C3H6 � 0.2 mm Al. The expanded plasma has a compact cylindrical expansion in laser direction.
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The comparison of both spectra allows the detection of
Doppler-shifted spectral lines. If the ions are moving with a
high velocity out of the plasma, their emitted spectral lines
will have a blue Doppler-shift. This shift Dl can be related
to the ion’s velocity according to:

Dl � l0

vjet sin a

c
. ~3!

Here Dl is the un-shifted line in the ion’s reference system,
vjet the velocity of the ions, a the angle with respect to the
target surface and c the light velocity.

Since the observed velocities are small with respect to the
velocity of light the relativistic Doppler effects does not
play any role for the spectra measured in perpendicular
direction to the jet expansion. Figure 6 shows the results of
the recent experiments compared to the data from experi-
ments before the NHELIX upgrade taken from ~Rosmej
et al., 1999!. In the fluorine spectra from ~Rosmej et al.,
1999! the line shape of the Lya line measured in 558 is
clearly different from the line measured in 58. This strong
blue asymmetry was explained as a result of the expansion
dynamics that correspond in large Doppler shifts from non-
thermal expansion. The symmetric line profile from the line
recorded in 58 shows that the motion of fast ions occurred
normal to the surface. The arrow in the image corresponds
to the Doppler-shift that ions with 3.6 MeV will produce.

We wanted to point out that the measured energy in this
case is well above the energy expected by the Gitomer
scaling curve. Whereas at Il2 � 1012 Wcm�2 mm2 we
measure a maximum energy well above 3 MeV, the scaling
by Gitomer would predict 30–50 keV only.

Our recent experiments were performed with the aim to
explore the relation of the suprathermal ion energy and the

laser intensity, using the NHELIX laser at GSI. The targets
were massive Mg-disks. In the new set-up after the NHELIX
upgrade we used two FSSRs with detection angles of 48 and
258, respectively. Their wavelength range were set to cover
the resonance line Hea ~w!, inter-combination line y and
dielectronic satellites 1s2lnl ' r 1s 2nl '' ~Gabriel, 1972!.
The spectra are shown in Figure 6b. The laser energy was
45–50 J, corresponding to 5 �1012 W0cm2 at the position of
the smallest possible focus. With a moderate spectral reso-
lution of DlDl� 2000 and Eq. ~3! ions with kinetic energies
of more than 160 keV can be detected with the Doppler
spectroscopy. However, no Doppler shift asymmetry of the
emission lines was detected in this case. Anyhow we could
not observe a plasma jet in the x-ray pinhole image, too.

7. CONCLUSION

The existence of ion energies well above the Gitomer scal-
ing was observed in many experiments. At higher laser
intensities this may well be attributed to relativistic self
focusing ~Hora, 1975; Ehler, 1975!, and the effect of rela-
tivistic self-focusing or of its suppression is of utmost
importance for plasma block generation, which is currently
discussed also for a new fusion scheme in current literature
~Osman et al., 2004; Hora, 2004, 2005; Wilks, 2005; Badziak
et al., 2005!. The exact cause of the observed plasma jets is
not known for this experiment. Detailed parameter studies
of future planned experiments will probably give more
insight.

In the experiment we present here, we did not detect the
particles with a particle detector far away from the target.
On the contrary we used spectroscopic methods to detect the
high energy ions at their place of origin. It is well known that
plasmas are a very efficient medium to slow down energetic

Fig. 5. FSSR scheme. ~a! one-dimensional setup, where the detector is placed on the Rowland circle. ~b! two dimensional setup, where
the detector is placed outside the Rowland circle.
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heavy ions. Therefore it comes as no surprise to us that the
energy we measure with spectroscopic methods is higher
than the energy measured with particle detectors. However,
the underlying mechanism for these energies to occur is still
unclear. We therefore propose to do systematic studies for
the possibility of acceleration of MeV ions using ns-laser
pulses with reasonably low laser intensities at different laser
laboratories to investigate this effect and apply particle
detection and spectroscopic methods at the same time. Most
suitable for this kind of measurement campaign seem to be
the laser installation PALS in Prague and NHELIX0PHELIX
at GSI-Darmstadt.
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