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Multiframe Interferometry Diagnostic for Time and Space Resolved Free
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Abstract: Whereas the energy loss of ions penetrating cold matter is understood and several theories, codes and tables
exist, the interaction with plasma is scarcely investigated and only a few experimental data exist. Therefore the interaction
of heavy ions penetrating hot and dense plasma is explored at the GSI Helmholtzzentrum fiir Schwerionenforschung using
powerful lasers to create a plasma and ions from the UNILAC accelerator to probe the target. For the interpretation of the
experimental data it is crucial to know the plasma parameters like density and temperature as a function of time and space.
Therefore a multiframe laser interferometry has been developed to fulfil the requirements. The set up of the interferometry
is presented as well as some results of the free electron density distribution of expanding carbon and aluminium plasma at

different times.
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INTRODUCTION

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. The
pioneering theoretical work by Bethe [1, 2] Bloch [3] and
Bohr [4] founded a theoretical base for the understanding of
ion-matter interaction and the stopping power of matter,
while experiments resulted in a number of semi- or empirical
formulas, tables or codes for the stopping power [5-9], or the
mean charge of the projectile and its charge state distribution
[10-13]. Despite the vast amount of theoretical and
experimental work, a proper general microscopic description
of the physical processes has started only during the last
decade [14-17] and needs more improvement.

Even worse is the detailed knowledge 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 features great
interest for beam plasma interaction since accelerators are a
candidate for a primary driver in inertial confinement fusion
[18], where a small pellet, filled with a deuterium-tritium
mixture, is heated by X-rays in a hohlraum, or as final igniter
of an already compressed fuel capsule [19].

Early stopping power experiments for protons and heavy
ions in ionized matter have used discharge plasma and Z-
pinch plasma [20-24]. The experiments using gas discharge
plasma as stopping medium reached densities up to 10'” free
electrons/cm’ and plasma temperatures of a few eV for
hydrogen plasma [25-27]. The results show a clearly
enhanced stopping power of the projectiles in the plasma
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compared to cold matter. In contrast 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. The
situation for partially ionized plasmas can be described in the
frame of the standard stopping model [28,29], based on the
Bethe formalism as suggested e.g. by T. Peter [30]:

dE. 16ma’l> 7 eff | & 2m V> 2m v’
St S e HZ”Lﬁ{Z(Z,—Z)nZIn[ 2 l+n,In| —=
zZ=0

e
dx mev, 1z hw,

with ag: the Bohr radius, /};: the mean ionization potential of
hydrogen, Z,.q: effective projectile charge, mevzz electron
mass times projectile velocity, Z;: target atomic number, ny,
ne: density of plasma ions of charge Z and free electrons,
respectively, Iz : the mean excitation energy of the target ion
with charge Z, and /w,,: energy of the target plasmon. 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. Mainly two
effects contribute to the stopping power enhancement of ions
in fully ionized hydrogen plasma:

(@ A more efficient energy transfer to the free electron gas.

For free electron densities below 10*' c¢m? the

plasmon energy /iy is less than 1 eV, thus much
smaller than the average of the excitation or
ionization energy of bound electrons in neural atoms.
This leads to an increase of the stopping power.
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(b)  Anincrease of the projectile charge state.

Since for a free electron it is nearly impossible to
fulfil energy conservation and momentum conser-
vation at the same time in a capture process, the
dynamic equilibrium of capture and ionization
processes is shifted towards a higher projectile charge
states, which in turn leads to an increase of the mean
and herewith the effective charge Z, o.

The stopping power of ionized matter depends strongly
on Z, . There is no simple relation between Z, . and the
charge state of the projectile. The experimental 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. In different
laboratories experiments were carried out to measure and
calculate the charge state of ions passing through ionized
matter [31-34].

EXPERIMENTAL SET UP FOR ENERGY LOSS
MEASUREMENT OF IONS PENETRATING PLASMA

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 generated plasma [35]. Therefore a thin
foil, usually a carbon foil with a thickness of 100 ug/cm?, is
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irradiated by the nhelix [36] or the Phelix [37] laser
(amplified Nd: YAG laser with A = 1064/1053 nm, energy up
to 100 J in 5-15 ns (FWHM)) transforming the foil into a
dense and hot plasma with densities up to a few percent of
solid state density and temperatures over 200 eV in the
hottest area (see Fig. 1). This geometry, with a large laser
focus spot size (1 mm diameter generated by a random phase
plate), twice as large as the ion beam, has been chosen to
create a plasma, that is transversally homogeneous for the
ion beam and that is expanding at least for some ns almost
one-dimensionally in its centre. Hence, in contrast to
experiments described in e.g. [22], where the plasma
expands orthogonally to the probing ion beam there are
density and temperature gradients only along the ion beam
axes, which have to be determined experimentally.

At the same time the plasma is generated, an ion pulse
with a length of a few tens us, built up of micro bunches with
a length of 3 ns FWHM and a frequency of 108 MHz, is
probing the plasma parallel to its expension direction. This
means the expanding plasma is being investigated every 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
colder part of the ionized foil, and then enter dense and hot
plasma, which is expanding and cooling. Finally, after
several hundreds of ns, all matter along the interaction path
has expanded so far that no energy loss is measurable 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
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Fig. (1). Experimental setup for the interaction experiments of ions with laser driven plasma.
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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 ., time resolved X-
ray spectroscopy for the temperature determination, a visible
streak camera measuring the expansion velocity, pinhole
cameras, etc. Nevertheless, the very dense and cold part of
the plasma, being too dense for laser penetration and too
cold and opaque for radiation spectroscopy, is not accessible
to most of 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.

MULTIFRAME INTERFEROMETRY

The problem described above requires plasma
diagnostics sophisticated enough to determine key plasma
parameters such as temperature and free electron density
with both space and time resolution during the interaction
time. Hence an interferometer was developed and
constructed to determine the electron density with spatial
resolution and simultaneously at different times in a single
laser shot, leading to a time resolution of the expanding free
electron density.

This diagnostic provides images of the interference
pattern with a time difference of 1.5 ns and allows

optical ring

4

Fig. (2). Experimental setup of the multiframe interferometry.
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determination of the free electron density up to a maximum
density of 3 x 10% cm™. Fig. (2) shows the experimental
setup of the multiframe interferometry. Before the
interaction of the probe beam with the plasma, a pulse of the
Nd: YAG laser with a pulse length of 500 ps is frequency
tripled, resulting in a wavelength of 355 nm. This
wavelength corresponds to a critical electron density
(Nee[em™] = 1'1021/k2[um]) of 8¢10%'cm™ up to which the
probe beam theoretically can permeate the plasma. In
practice, the actually measurable maximum electron density
is lower.

The time resolution of every single image is given by the
0.5 ns (FWHM) pulse duration of the diagnostic laser, while
the time in between two frames corresponds to the time of
circulation in the optical ring (see Fig. 2). As the pulse is
circulating in the ring a half wave plate gradually turns the
polarization direction at each turn and part of the pulse
energy is transmitted at the second polarizer. The inset image
in Fig. (2) shows the pulse train generated in the optical ring.
In order to be able to separate these pulses spatially, the ring
is adjusted so that the subsequent pulses leave the ring under
a small angle with respect to each other. At the plasma
position the different beams sufficiently superimpose, while
in the far field, at the focal position of the first imaging lens,
it is possible to separate the subsequent pulses with micro
mirrors. A separate Wollaston interferometer for each pulse
measures the optical path difference induced by the
interaction with the plasma, which allow for the calculation
of the free electron density.

EXPERIMENTAL RESULTS
Fig. (3) illustrates spatial electron density distributions
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Fig. (3). Spatial electron density distribution for three frames.

perpendicular to the target surface at the centre of the
Gaussian focal spot of the heating laser pulse. The three
distributions correspond to the first three pulses and show
the time evolution of the free electron density measured at
the same experiment, within a single shot of the plasma
generating laser, with the following parameters:

. laser energy: 57 J

. wave length: 1064 nm

. pulse length: 10 ns (see inset in Fig. (3))
. focus diameter: 1 mm

. target: 100 pg/cm? carbon foil

For the experiment depicted in Figs. (4, 5) an Al foil with
a thickness of 205 pg/cm? was irradiated with the Phelix
laser (A=1053 nm, energy: 119 J, pulse lengths: 13 ns
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Fig. (4). Interferometry pattern and deconvoluted free electron density of an expanding Al plasma heated with the Phelix laser.
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Fig. (5). Free electron density distribution of the expanding Al plasma along the y=0 axes at two different times.

FWHM, focal spot diameter: 1 mm). Fig. (4) shows on the
left side the fringe shifts in the interferometry pattern due to
a refraction index dependence of the free electron density.
The laser irradiates the target from the right side. The
vertical dark shadow emerges from the target holder. The
foil was mounted on the right side. After 10 ns the ablation
pressure has pushed the foil back for a few hundreds pm, so
it appears on the left side. This means, that x = 0 is the initial
position of the target foil at the time t = 0 ns, it is not the foil
surface at times later than 10 ns. The pictures on the right
side show the free electron distribution after deconvolution
of the phase shifts extracted from the pictures on the left.
Taking line outs at y = 0, which is the middle of the
Gaussian laser intensity distribution, one gets curves like
shown in Fig. (5). This kind of data or even the complete
2-D results as shown in Fig. (4), can serve now as a hard
benchmark for hydrodynamic simulations.
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