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Abstract

A detailed understanding of interaction phenomena of intense ion- and laser 
radiation with matter is important for a large number of applications in differ
ent fields of science, from basic research of plasma properties to application in 
energy science. Energy loss processes of heavy ions in plasma and cold matter 
are important for the generation of high energy density states in general and 
especially in the hot dense plasma of an inertial fusion target. Of special inter
est are phase transitions and the associated time scales when matter passes the 
warm dense matter regime of the phase diagram at high density but relatively 
low temperature. We present an overview on recent results and developments 
of beam plasma, and beam matter interaction processes studied with heavy ion 
beams from the GS1 accelerator facilities.
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1. Introduction

The early theoretical work by Bethe (1930, 1932), Bloch (1933) and later Bohr 
(1948) paved the ground for a theoretical understanding of ion-matter interaction 
and the stopping power of matter. Since the discovery of fission fragments in 
the beginning of the 20th century the interaction of heavy ions with solid or 
gaseous matter has been investigated intensively in experiments, resulting in a 
vast number of semi- or empirical formulas, tables or codes for the mean charge 
of the projectile, its charge state distribution or the stopping power (Lindhard and 
Scharff, 1961; Northcliffe and Schilling, 1970; Ziegler et al., 1985; Hubert et al., 
1990; ICRU, 2005). Despite the vast amount of theoretical and experimental work, 
a proper general microscopic description of the physical processes is still lacking 
or at least needs improvement.

Even less is known about the details of the interaction of ions with plasmas, 
a field with increasing interest especially for astrophysics, where plasma is the 
usual state of matter. Fusion physics is another field that shows great interest for 
beam plasma interaction since accelerators are a candidate for a primary driver 
in inertial confinement fusion, ICF-scenario, where a small pellet, filled with a 
deuterium-tritium mixture, is heated by X-rays in a hohlraum. The X-rays can be 
generated by powerful lasers, Z-pinches or by ion-beam interaction with matter. 
In the latter case the ion beam is stopped in a converter target and its energy is 
converted into X-rays. During the stopping process of an intense bunch of ions the 
converter target will be heated to approximately 300 eV in about 10 ns. Therefore 
the major part of the ion beam energy is deposited into hot and dense matter, 
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which is then a partially ionized plasma. For the optimization of the converter 
parameters a detailed knowledge of the ion-plasma interaction is needed (Badger 
et al., 1990).

2. Accelerator and Laser Facilities at GSI-Darmstadt

The perspectives of intense ion beams to drive an inertial fusion targets motivated 
a number of major accelerator laboratories like LBNL-Berkeley, ITEP-Moscow, 
TIT-Tokyo, University of Paris, Orsay and GSI-Darmstadt to start plasma physics 
research programs to study the interaction of heavy ion beams with ionized matter 
(Logan et al., 2006; Roy et al., 2005; Sharkov et al., 2005; Someya, 2006; Oguri 
et al., 2005; Gardes et al., 1989; Deutsch et al., 1989; Hoffmann et al., 2005). 
Today, the GSI-heavy ion accelerator laboratory in Germany operates the most 
powerful and versatile heavy ion accelerator worldwide and in addition to this 
there is an approved project to build a new accelerator facility at GSI called FAIR 
(Facility for Antiproton and Ion research). This new accelerator (Figure 1) will 
consist of two powerful heavy ion synchrotrons and a number of storage rings 
and experimental facilities for various research projects. The centerpiece of the 
accelerator assembly will be a 100 Tm heavy ion synchrotron. This will extend 
the available beam deposition power from the current level of 50 GW/g by at least 
two orders of magnitude up to 12000 GW/g. Many aspects of high power beam 
physics associated with inertial confinement fusion driven by intense heavy ion 
beams can be addressed there, even though this facility will not provide enough 
beam power to ignite a fusion pellet.

GSI-Darmstadt is also the first accelerator laboratory where in addition to a 
powerful and intense heavy ion beam a high-energy laser beam is available for 
experiments using laser and particle beams simultaneously. The already existing 
laser facility nhelix (nanosecond high energy laser for ion experiments) is cur
rently complemented by a new laser PHELIX (Petawatt High Energy Laser for 
Ion Experiments). This is a laser system in the kJoule regime with the option 
to produce ultra-short, high-intensity light pulses with a total power above 1 PW 
( 1015 Watt). It will be able to produce a light pulse pressure exceeding the pressure 
in the interior of the sun. The full potential of the PHELIX laser will be exploited 
in high energy density physics experiments with the high intensity heavy ion 
beams of the future accelerator at GSI. The unique combination of ion and laser 
beams facilitates novel and pioneering beam-plasma interaction experiments to 
investigate the structure and the properties of matter under extreme conditions of 
high energy density.
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Figure 1. GSI accelerators and the experimental areas of plasma physics. The FAIR project at GSI 
will greatly improve the experimental option for beam-plasma experiments. The arrows point to the 
future experimental areas of plasma physics and atomic physics at FAIR.

3. Heavy Ion Plasma Interaction

Early stopping power experiments for protons and heavy ions in ionized matter 
have used discharge plasma and Z-pinch plasma as well as laser produced plasma 
(Ogawa et al., 2001; Belyaev et al., 1996; Couillaud, 1994; Gardes et al., 1988; 
Hoffmann et al., 1988). The most effective method to determine the ion energy 
loss was based on time-of-flight measurements where the rf-frequency of the 
accelerator was used for timing purposes. The experiments using gas discharge 
plasmas as stopping medium, reached densities up to 1017 free electrons/cm3 and 
plasma temperatures of a few eV for hydrogen plasma (Hoffmann et al., 1990; 
Weyrich et al., 1989; Jacoby et al., 1995). The results show a clearly enhanced 
stopping power of the projectiles in the plasma compared to cold matter. In con
trast to cold matter the projectiles do not interact with neutral atoms but with target 
ions and additionally with a free electron gas. Stopping power models applicable 
for this experimental situation can be based on theories given by Bethe, Bohr 
and Bloch, taking into account the Barkas corrections for the gas case. Since the 
Barkas correction nearly cancels out the Bloch ones we find that the situation 
for partially ionized plasmas can be well described in the frame of the standard 
stopping model, based on the Bethe formalism as suggested by Peter (1988):

d£
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with a0: the Bohr radius, IH: the mean ionization potential of hydrogen, Z2ff: ef
fective projectile charge, mev2: electron mass times projectile velocity, Zt: target 
atomic number, nz,ne: density of plasma ions of charge Z and free electrons, 
respectively, Iz: the mean plasmon energy energy transfer in a collision with a 
plasma ion of charge Z, and ha>P: the plasma frequency. The Coulomb logarithm 
is split up into two contributions. The first term describes the energy transfer to the 
remaining bound electrons in the plasma. As in a plasma a charge state distribution 
is created it is necessary to sum over all charge states Z and take into account the 
varying mean ionization potential of the different charge states. In the second 
term the contribution of free electrons is described. In this case the projectile can 
transfer its energy in collisions to free electrons and by plasmon excitation.

In the case of fully ionized plasma the first term of the equation given above 
is zero. This case prevails in our experiments with fully ionized hydrogen plasma 
from discharges and z-pinches, and we find that in this case the experimental 
data are well represented by the model given by Peter (1988). Figure 2 shows 
experimental data of energy loss measurements for Kr ions in cold hydrogen gas 
and fully ionized hydrogen plasma from discharge plasma. The red hatched area 
is the energy loss expected for Kr ions with different effective charge states. The 
blue graph represents Northcliffe and Schilling stopping values.

Mainly two effects contribute to the stopping power enhancement of ions in 
fully ionized hydrogen plasma:

(a) An efficient energy transfer to the free electron gas.
For free electron densities below 1021/cm3 the plasmon energy ha>P is less 
than 1 eV, thus much smaller than the average of the excitation or ioniza
tion energy of bound electrons in hydrogen. This leads to an increase of the 
stopping power by a factor of up to 2.5.

(b) An increase of the projectile charge state.
Since for a free electron it is nearly impossible to fulfill energy conservation 
and momentum conservation at the same time in a capture process, the dy
namic equilibrium of capture and ionization processes is shifted towards a 
higher mean projectile charge state, which in turn leads to an increase of the 
effective charge Zeff.

The stopping power of ionized matter depends strongly on Zeff. There is no 
simple relation between Zeff and the charge state of the projectile. The experi
mental results and the arguments given above suggest however, that the charge 
state of an ion traversing fully ionized hydrogen plasma is higher than the charge 
state of the projectile under the same conditions of density in cold hydrogen gas.
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Figure 2. Hydrogen discharge plasma to provide fully ionized hydrogen plasma for plasma stopping 
power measurements. Red data points are stopping power data of plasma for Kr ions at 1.4 MeV/u 
and 45 keV/u respectively. The blue data points represent data in cold hydrogen gas. (From Jacoby 
et al., 1995.)

In different laboratories experiments were carried out to measure and calculate the 
charge state of ions passing through ionized matter (Nardi et al., 2006; Kojima et 
al., 2002; Golubev et al., 2001; Dietrich et al., 1992). The GSI plasma physics 
group has dedicated their efforts to extend the experimental data base for the 
stopping power of ions in plasmas to higher densities and higher temperatures. At 
the experimental area Z6, a branch of the UNILAC (Universal linear accelerator), 
an experimental setup has been built up for the investigation of the interaction of 
ions with laser produced plasmas. Therefore a thin foil, mainly a carbon foil with 
a thickness of a few hundred ^g/cm2, is irradiated by the nhelix laser (amplified 
NdYAG laser with À = 1064 nm, energy up to 100 J in 5-15 ns (FWHM)) 
transforming the foil into a dense and hot plasma with densities close to solid 
density and temperatures of over 200 eV in the very hot spot. As the plasma is 
expanding there will be density and temperature gradients, which have to be mea- 
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sured experimentally. At the same time an ion pulse with a length of a few hundred 
/zs, built up of micro bunches with a length of 3 ns FWHM and a frequency of 
108 MHz, is probing the plasma parallel to the laser direction. This means the 
expanding plasma is being investigated each 9.2 ns. The delay between the laser 
and the ion bunch can be shifted with an accuracy of 1 ns. The ions first penetrate a 
still cold part of the foil, and then enter dense and hot plasma, which is expanding 
and cooling. Finally all matter along the interaction path has vanished and the 
ions fly through vacuum with their initial energy. The energy loss as a function of 
time is determined by a time of flight measurement. Additionally a dipole magnet 
behind the target chamber can be used to measure the charge state distribution of 
each single bunch penetrating the plasma. As a result we obtain a set of energy loss 
data and charge state distributions of ions probing expanding plasma. As the target 
conditions with respect to density and temperature during the interaction time are 
important, a set of plasma diagnostic tools is used e.g. laser interferometry for a 
space resolved measurement of the free electron density ne, time resolved X-ray 
spectroscopy for the temperature determination, a visible streak camera measur
ing the expansion velocity, pinhole cameras, etc. Nevertheless, the very dense 
and hot part of the plasma is not accessible with all these diagnostics. Therefore 
results of the plasma diagnostic serve to benchmark hydrodynamic simulation 
of the laser-matter interaction and plasma expansion. From these simulations the 
necessary density and temperature profiles along the ion path can be extracted for 
the theoretical calculation of the energy loss and charge state distributions.

4. Charge State Distribution of Heavy Ions Penetrating Thin Target Foils

The theoretical description of the charge state distributions faces the problem that 
until now no reliable theory or code to calculate all the relevant charge exchange 
cross sections exists. Therefore we used the high resolution spectrometer of the 
Hahn-Meitner Institut in Berlin to measure them along with energy loss data as a 
function of the projectiles charge state, to extract charge state dependent stopping 
powers S(q). Measurements of this type have been pioneered at Harwell and 
Chalk River many years ago and were greatly improved by Ogawa et al. (1992, 
1997) and references therein. Calculations have been carried out by Winterbon 
(1977), Sigmund (1992) and Sigmund and Schinner (2001) and references therein.

4.1. ExperimentalSetup

The investigated system was Argon interacting with thin Carbon target foils. The 
projectile energy was chosen to be 4 MeV/u, a suitable energy for the ion-plasma
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Figure 3. Evolution of the charge state distribution for Ar ions with the incoming charge = 14+.

18+
17+
16+
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interaction experiments. The initial charge state was varied between 14+ and 18+, 
covering over 99% of the equilibrium charge state distribution of Ar at 4 MeV/u.

The thicknesses of the target foils were 8.1, 12, 18, 32.2 and 231.6 /zg/cm2, 
measured by the energy loss of a particles with energies of 5.80 and 5.76 MeV 
emerging from an open 244Cm source. Such thin foils were used on the one hand 
to cover the pre-equilibrium region, so that the evolution of the charge state dis
tributions can be measured to fix the charge exchange cross sections, on the other 
hand to measure a difference in the energy losses as function of the charge states, 

We measured the evolution of the incoming charge states 14+, 16+ and 
18+ using increasing foil thicknesses until charge state equilibrium is reached.

4.2. Charge State Distributions

In contrast to equilibrium charge state measurements, the pre-equilibrium region 
allows to determine the cross sections absolutely. Figures 3 to 5 show the evolution 
of the charge state distributions in this region for the three incoming charge states 
(symbols). To the statistical error, marked by the error bars, a systematic error of 
3% must be added.

The interpretation of these results can be done by model calculations in two 
ways (Blazevic et al., 2000): (a) by solving the coupled-channel rate equations
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Figure 4. Evolution of the charge state distribution for Ar ions with the incoming charge <7jn = 16+.

for the individual charge state probabilities, or (b) by a Monte Carlo simulation 
following the history of each ion on its way through the foil. Both methods need a 
complete set of cross sections for all possible interactions between the projectile 
and the target atoms. In our studies both methods were applied. First the rate 
equation model will be described, which results are shown as lines in Figures 3 to
5.

The solving of the rate equations was performed with the ETACHA code of 
Rozet et al. (1996), taking into account the following processes for the first three 
projectile and target shells including the sub-shells:

• radiative and mechanical electron capture;
• ionization;
• excitation;
• radiative and Auger decay, auto ionization.

The cross sections enter into the rate equations, which can be written as

d Yj (.T ) y--\—i7 = 12
J j

(2)



118 A. Blazevic et al. MfM 52

<u18+
<u17+ 
q t16+ 
q , 15+ 
q 14+

Figure 5. Evolution of the charge state distribution for Ar ions with the incoming charge <7,n = 18+.

where y,(x) denotes the fraction of ions in charge state i including excited states; 
x is the traversed target thickness and denotes the collision cross section 
from state i to state j. The code calculates the cross sections for bare projec
tile ions in the case of capture processes or a hydrogen like configuration for 
the ionization, excitation and decay processes, taking into account the screening 
effects of the residual electrons. As the code was initially written for energies 
above 10 MeV/u, it had to be adapted to the experimental situation. In contrast 
to the equilibrium charge distributions, the data for the pre-equilibrium region 
allows to determine absolute values for the cross sections. Figures 3-5 show that 
charge state equilibrium of Ar ions is obtained with carbon foils of more than 
200 /zg/cm2.

The analysis results in a set of cross sections, which were used in our Monte 
Carlo Simulation to describe the charge exchange processes inside the foil. From 
these calculations we deduce, that even for the thinnest foil and an initial charge 
state of <7in = 16+ far less than half of all ions keep their charge state during the 
passage through the foil. Therefore no measured charge state dependent parameter 
can be regarded as “frozen charge state” result.
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Figure 6. Measured energy loss for varying incoming charge states, AEtøjn = <7out)> of Argon 
projectiles at 4 MeV/u penetrating Carbon foils. BZ corresponds to energy loss calculations with 
the Biersack-Ziegler code SRIM.

4.3. Charge State Dependent Energy Loss

The magnetic field of the spectrometer selects a specific charge state for energy 
loss measurements. Figure 6 shows the AE(q-m = qout) results for thin foils and 
charge states from 14+ to 18+. As discussed above, these values are not generated 
by the “frozen charge state”, since the majority of ions have undergone several 
charge state fluctuations before leaving the foil with ^out. As described in detail 
in Blazevic et al. (2002), we have developed an iterative Monte Carlo simulation 
method to eliminate the influence of the charge exchange and to extract “frozen 
charge state” stopping powers S(q). In other words, we used the charge exchange 
cross sections from the charge state distribution measurements, combined them 
with charge dependent stopping powers and succeeded to reproduce the measured 
energy losses including all the charge exchange effects. The result is plotted in 
Figure 7.

These data can now be used to test some theoretical calculations of the S(q) 
values. Four of them shall be discussed below:

Kaneko derived an analytical formula for S(q) for swift lithium- and 
beryllium-like ions based on first-order perturbation theory. The bound
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Figure 7. Experimental and theoretic charge state dependent stopping power S(q) for Argon ions 
interacting with Carbon.

electrons attached to the ion in the ground state were described by the 
Hartree-Fock-Slater determinant (Kaneko, 1994).

• Schiwietz and Grande developed the CASP code to calculate the impact para
meter dependence of the electronic energy loss of bare ions. This perturbative 
convolution approximation is based on first order perturbation theory, which 
is only valid for fast projectiles with low charges. But using Bloch’s stop
ping power results and a scaling, they could overcome these restrictions and 
derived a unitary convolution approximation (Schiwietz and Grande, 1999).

• Maynard expressed the stopping power of swift heavy ions within the con
vergent kinetic Lindhard theory, based on a modified Bloch correction term, 
devoted to correctly describe the close collisions contribution to the energy 
loss process (Maynard et al., 2001).

• Sigmund and Schinner treated charged particle stopping via a binary scatter
ing theory, assuming free binary collisions governed by a suitable effective 
potential (Sigmund and Schinner, 2000).

Kaneko’s first order perturbation theory is known to overestimate the S(q) 
values for heavier projectiles, so it can be seen as an upper limit. On the other hand 
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the theory of Schiwietz and Grande lacks some correction terms, which should 
increase the calculated stopping powers; hence it is a lower limit for the S(q) 
values. Our experimental data are between these limits.

5. Timescales of Phase Transitions from Solid to Warm Dense Matter

In order to be able to study the stopping power of ions in laser-generated plasmas, 
knowledge of the transient material state of the laser-irradiated target foil, which 
is initially in solid state, is essential. Numerical codes, simulating the interac
tion of the target with the laser and the subsequent hydrodynamic expansion, 
usually assume a cold plasma as initial condition. However, the transition from 
solid to warm dense matter may proceed through different pathways and may be 
completed on different timescales, depending on target material and energy of 
excitation. Here, we can benefit from experimental and theoretical studies on the 
dynamics of a solid during and after irradiation with an ultrashort laser pulse. 
Examples of such studies will be reviewed below.

The time-resolved description of the excitation of the solid and the induced 
phase transitions is a challenging task: On ultrashort time scales the highly excited 
material passes through non-equilibrium states of different kinds. Therefore, the 
theoretical description of the investigated processes may differ strongly from the 
classical descriptions valid for equilibrium or steady-state conditions. A temporal 
separation of the basic processes as excitation, melting and material removal can 
be achieved, applying an ultrashort laser pulse of about a hundred femtosecond 
duration. This allows a separate investigation of each of these key-processes.

Figure 8 shows a schematic view of the typical time scales and intensity ranges 
of some phenomena, discussed in the following. The pathway of the material after 
irradiation depends strongly on the type of material and on laser properties as 
intensity and wavelength. Note that in real laser experiments due to laser intensity 
variations in space, as well as for excitation with ion beams, a large variety of 
these phenomena (and probably further transient states and pathways which are 
not shown) may play a role leading to a rather complex behaviour.

5.1. Absorption of Energy within the Solid

Heavy ions of sufficient high energy lose energy within solid material through 
electronic stopping, thus the energy input proceeds by heating of the electron gas 
of the solid. Also laser energy absorption is usually dominated by free carrier ab
sorption. In metals, free electrons are inherent in the conduction band of the metal. 
At moderate intensities, these electrons absorb photons and thus gain higher en
ergy. Following absorption, this energy is transferred from electrons to phonons by
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Figure 8. Schematic view of typical time scales and intensity ranges of some phenomena occurring 
during and after irradiation of a solid with an ultrashort laser pulse of about 100 fs duration. Exci
tation occurs during irradiation, while the time scale of melting may vary for different processes 
depending on excitation strength. Material removal, i.e. ablation, lasts up to the nanosecond 
regime (Rethfeld et al., 2004). The intensities, this overview applies to, ranges from about IO10 
to 1014 W/cm2.

electron-phonon interaction, that is, lattice heating occurs. For timescales longer 
than the electron-electron collision time, the two-temperature model (Kaganov et 
al., 1957; Anisimov et al., 1974) provides an applicable description for the heat 
transfer and heat conduction for the case of laser irradiation as well as for the case 
of ion impact.

If the timescale of interest is shorter or in the range of the electron-electron 
thermalization time, the two-temperature model is not applicable at first. We have 
extensively studied the dynamics of laser-excited electrons in this regime, includ
ing the influence of a nonequilibrium electron distribution on the electron-phonon 
energy transfer (Rethfeld et al., 2002b).

In dielectrics there is only a negligible amount of free electrons inherent in 
the conduction band. However, in the case of irradiation of a dielectric with laser 
or particle beams of sufficiently high intensity or energy, respectively, ionization 
processes may transfer electrons from the valence band to the conduction band. 
The transient characteristics of electron excitation with visible lasers in the inten
sity regime below IL & IO14 W/cm2 have been studied in Kaiser et al. (2000) and 
Rethfeld (2004, 2006).
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For the case of ion impact on insulating materials, mainly two models of track 
formation are discussed. The first model expects that along the projectile path 
the target atoms are fully ionized, leading to repulsive forces between them. The 
resulting movement of atom is termed “Coulomb explosion” and leads directly 
to material damage (Fleischer et al., 1967, 1975). In contrast, the “thermal spike 
model” provides a description of electron heating followed by electron-phonon 
energy transfer (Toulemonde et al., 2000). This description is based on the two- 
temperature model (Kaganov et al., 1957; Anisimov et al., 1974). The role of 
these two processes is not finally clarified; however, both processes may occur 
successively for certain energy ranges of the impinging ion (Bringa and Johnson, 
2002).

In the following we review different mechanisms for phase transitions occur
ring on different timescales after electronic excitation. The mentioned experi
ments are performed after laser excitation taking advantage of the large lateral 
spatial scale of the laser spot. We believe that the microscopic mechanisms in the 
material are in certain parameter ranges the same as occurring during phase transi
tions of a solid target after ion bombardment. Thus, studies of laser excitation and 
the induced processes may provide general insight also to the physical processes 
induced by heavy ion bombardment.

5.2. Electronically Induced Ultrafast Phase Transitions

As mentioned above, the process of Coulomb explosion is discussed to be respon
sible for damage of dielectric material irradiated by swift heavy ions (Fleischer 
et al., 1967; Bringa and Johnson, 2002). This process is initiated by locally high 
charges occurring after electron excitation leading to ionization of target atoms. 
Repulsive Coulomb forces may lead to material damage and ablation. For the case 
of laser irradiation it was found that Coulomb explosion can lead to removal of 
the top surface layers of excited dielectrics (Stoian et al., 2002; Bulgakova et al., 
2004).

For the macroscopic removal of material by this process, a net charge of the 
surface must be present. If electronic transport rapidly neutralizes the surface re
gion, as may be expected for metals and semiconductors (Bulgakova et al., 2004; 
Stoian et al., 2004), the material does not disrupt. However, in this case one may 
speak about a rapid transition to the plasma state at solid density.

Another rapid, directly electronically induced phase transition to the liquid 
state is known for covalently bonded semiconductors. This rapid transition occurs 
at lower intensities than possible direct transitions to the plasma state at solid 
density, as discussed above. Here, the photo excited high density electron-hole 
plasma may lead to a lattice instability (Stampfli and Bennemann, 1994), resulting 
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in a disordering of the lattice and thus a transition to the liquid state on a time 
scale of approximately 100 fs. This process is often called non-thermal melting, 
since the disordering occurs faster than lattice heating. Experimentally the process 
of ultrafast non-thermal melting was detected directly by time-resolved X-ray 
diffraction (Siders et al., 1999; Sokolowski-Tinten et al., 2001).

Also for metals, processes of ultrafast non-thermal melting have been un
der discussion (Falkovsky and Mishchenko, 1997, 1999), but they are not yet 
unambiguously demonstrated. Most of the studies claiming the experimental ob
servation of ultrafast melting of metals could be explained with the mechanism of 
homogeneous melting discussed in the following subsection.

5.3. Thermal Phase Transitions of the Heated Lattice

The typical time scale for thermal lattice heating due to electron-phonon collisions 
is in the range of a few to tens of picoseconds. However, depending on excitation 
strength, already a few picoseconds after irradiation the crystal may be strongly 
superheated, i.e. the lattice temperature greatly exceeds the equilibrium melting 
temperature (Rethfeld, 2004a). Usually subsequent thermal melting is supposed 
to start at the surface, where the energy barrier for heterogeneous nucleation of 
a liquid layer at the solid-vapour interface is zero. In this case, a melting front 
proceeds from the surface into the material with a velocity limited by the speed 
of sound. A natural limit for the melting time is therefore the thickness of the 
heated layer divided by the melting front velocity. Typical times for melting by this 
mechanism of heterogeneous nucleation are in the range of about 100 nm/103 m/s 
= 100 ps.

In Rethfeld et al. (2002a) the possibility of laser-induced melting of crystals 
due to homogeneous nucleation was considered. It was shown that a sufficiently 
superheated bulk crystal would melt completely in less than one picosecond. Thus, 
the time for homogeneous melting is limited only by the time for lattice heating, 
and is therefore expected to be longer than the time for non-thermal melting men
tioned above, but significantly faster than the time needed for a melting front to 
sweep from the surface through the heated layer (i.e. heterogeneous melting). Ho
mogeneous melting can thus explain experimental observations of rapid melting 
of solids without invoking nonthermal mechanisms (Ashitkov et al., 2002; Siwick 
et al., 2003).

Also molecular dynamic simulations have confirmed the microscopic view of 
melting by homogeneous nucleation (Jin, 2001). For the case of laser excitation, 
extended molecular dynamic simulations have shown the dynamics of short-pulse 
laser-induced melting, studying in detail the interplay of homogeneous and het- 
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erogeneous melting mechanisms (Ivanov and Zhigilei, 2003a, 2003b; Lorazo et 
al., 2006).

5.4. Further Phase Transitions

Once the material has lost the crystalline order, further phase transitions are usu
ally connected with a remarkable density decrease. In this case, the timescale of 
phase transition strongly depends on the spatial dimensions of the heated volume 
and the position of a possible free surface where expansion may be initiated.

The timescale of expansion can be estimated by dividing the spatial target 
dimensions with the sound velocity. Typical timescales for the density decrease 
of laser-heated material are in range of 100 ps. Note that the liquid-gas phase 
transition is connected with a strong drop of sound velocity, resulting in a complex 
density profile during expansion (Sokolowski-Tinten et al., 1998; Anisimov et al., 
1999; Zhakhovskij et al., 2000).

In the case of ion bombardment of larger volumes, the material in the center of 
the target can be kept in the state of warm dense matter at solid state density for 
long times up to the range of 100 ns (Tahir et al., 2005).

6. Summary and Open Problems

The perspectives to use intense ion beams as drivers has initiated many ex
perimental and theoretical programs to investigate ion beam plasma interaction 
phenomena. It was clearly demonstrated that fully ionized plasma consisting of 
bare ions is a very effective stopping medium. The stopping power enhancement 
is almost a factor of 40 for Kr ions at an energy of 45 keV/u passing through a 
fully ionized hydrogen discharge plasma. This is well explained by the effective 
energy transfer in collisions with free electrons and the higher charge state of 
projectile ions in a fully ionized plasma. Enhanced charge states of heavy ions in 
plasma were observed in experiments and we have a sufficient theoretical mod
elling for this phenomenon (Nardi and Zinamon, 1982; Boine-Frankenheim and 
Stockl, 1996). This led to the proposal to use plasma strippers for accelerators, 
where foil strippers or gas strippers are routinely used to generate ions in high 
charge states for effective acceleration (Alton et al., 1992; Neuner et al., 1999; 
Oguri et al., 2000).

It is very difficult to generate a plasma situation of fully ionized ions and free 
electrons for materials other than hydrogen. In the case of carbon this requires 
plasma temperatures well above 200 eV, a situation which is expected to prevail 
in the converter material of a in inertial fusion target. The PHELIX laser system 
at GSI (Neumayer, 2005) is designed for this experiment. Here the problem is not 
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the temperature but the fact that the plasma conditions have to be provided in a 
way to be suitable for ion beam-plasma interaction experiments. To this extend a 
large focal spot of the order of 1 mm with low temperature and density gradients 
is necessary and this is an experimental challenge, which has not yet been met.

In the situation where the plasma ions still have bound electrons the experimen
tal data base is very small. In the case of z-pinch plasma an enhanced stopping 
power has been observed, but there are no reliable charge state measurements 
available. Therefore efforts are underway to revisit the problem of projectile 
charge states inside matter with new high resolution spectroscopy (Rosmej et 
al., 2005) and to scale the results to plasma target conditions with less bound 
electrons, free electrons, changes in binding energies and screening.

For the theoretical description of the charge state distributions, the cross sec
tions must be scaled to plasma target conditions. This allows to simulate the 
passage through the laser generated plasma, giving information about the charge 
state history of the projectiles. Combined with the charge dependent stopping 
powers S(q) for bound electrons together with the energy transfer to the free 
electron gas a microscopic description of the energy deposition of swift ions in 
plasmas will be given.

We have reviewed studies on the dynamics of a solid during and after irra
diation with an ultrashort laser pulse of moderate intensity. For a pulse duration 
in the subpicosecond regime, the basic processes as excitation and subsequent 
phase transitions are temporally separated. We have discussed electronically in
duced ultrafast “non-thermal” phase transitions as well as mechanisms of thermal 
phase transitions, following lattice heating. Qualitatively, the results can be di
rectly applied to the studies of ion tracks in solids, where similar mechanisms 
are discussed. For a quantitative adaptation, the specific geometry and parameter 
range of ion-solid interaction has to be taken into account.

In future, we will study phase transitions induced by a high-intensity laser 
and ion beam pulse, transforming the initial solid directly to the plasma state. 
A detailed understanding of the materials pathway on a nanosecond timescale is 
essential for the interpretation of time-resolved experiments on the interaction 
of ions with laser produced plasmas. The initial conditions for corresponding 
hydrodynamic simulations of laser-matter interaction and plasma expansion must 
be improved; ideally, also phase transitions should be taken into account. To this 
end, the transient description of the dynamics of a solid during and after laser 
irradiation should be provided for a large range of intensities and timescales. 
Specific features of solid carbon and hydrogen will be studied.
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