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Introduction
The method of fast ignition of pre-compressed DT fuel pellets using a beam of laser-accelerated ions [1]
is a promising approach to Inertial Confinement Fusion, in which the process of fuel compression is
disentangled form the process of ignition. The requirements on the parameters of the ion beam are
however very stringent, since the ion beam energy of 10-20 kJ has to be delivered into the region of
compressed fuel with transverse dimensions in the range of 20-50 μm in the time interval of 10-20 ps.
Such beams could be conceivably generated by laser-driven acceleration provided that the laser-to-ion
energy conversion efficiency is sufficiently high (i.e. above 10%), so that the energy of the igniting ps
laser pulse does not exceed 100 kJ, which is considered to be a technological barrier.
An original method of improving the laser-to-ion energy conversion efficiency was proposed at IPPLM
[2]. The method is called Laser-Induced Cavity Pressure Acceleration (LICPA) and is based on the
observation that at high laser intensities the beam reflected from the target foil still has quite high
intensity. If the target foil is placed in a cavity with reflecting walls, a substantial part of the energy from
the reflected beam may be redirected back onto the foil through the reflection at the back of the cavity
wall. In this way the reflected laser energy could be recycled, resulting in an enhanced acceleration of
ions instead of being lost from the system, as it happens in the conventional approach.
Method and results of calculations
Particle-In-Cell simulations were performed for laser driven ion acceleration relevant for the ion fast
ignition approach to the inertial confinement fusion. The aim of these simulations was to investigate
the Laser Induced Cavity Pressure acceleration scheme, in which a target foil is placed in a cavity
designed to redirect the reflected part of the laser pulse and thus recycle the laser energy that would
be otherwise lost from the system. This scheme was devised to enhance the laser-to-ion energy
conversion efficiency, which is of crucial importance for the practical implementation of ion fast
ignition. The existing 1D PIC code was extended to multiple spatial dimension and first results were
obtained for LICPA acceleration in a model cavity at ultra-relativistic laser intensity of 2×1022 W/cm2,
where the dominant acceleration mechanism is that of photon pressure. Independently, a 1D PIC
simulation of LICPA at moderately relativistic intensity of 1019 W/cm2, when the acceleration of ions is
due mainly to the sheath induced at the rear side of the target. In both cases a very encouraging
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increase in the laser-to-ion energy conversion efficiency was obtained relative to laser-driven
acceleration in the conventional approach.
The LICPA process was simulated with the Particle-In-Cell method, which is well suited for modeling of
collisionless plasma generated at laser intensities relevant for the fast ion ignition. The preliminary
results from PIC simulations performed for laser intensities of the order of 1022 W/cm2 – when the
dominant acceleration mechanism is the photon pressure - were very promising [3,4]. However, due to
the large computational complexity of the problem they accounted for only one spatial dimension.
Within the present project it was proposed to perform modification in the original LICPA code that
would allow for LICPA modeling in higher number of dimensions [5]. In the new version of the code the
electromagnetic fields are obtained from the evolution equations, with no reference to the Poisson
equation. Discretization of the Maxwell equations was performed in such a way that grids for the fields
and currents are shifted relative to each other. The electromagnetic fields are evolved with second
order equations, which ensures a better numerical stability. The boundary conditions on the inner
cavity walls were assumed to correspond to an ideal conductor. Additional totally absorptive boundary
conditions for electromagnetic fields on the edges of the simulation box were imposed in order to avoid
the spurious effect of reflection at the open box boundaries. An example of simulation results in 2D is
shown in Fig. 1 for a target consisting of a carbon foil of 100 nm thickness, enclosed in a cavity 6 μm
wide and 40 μm deep, irradiated by a laser pulse with linear polarization, 800 nm wavelength, intensity
of 2×1022 W/cm2, duration of 120 ps and 2.8 μm diameter in the waist.

Fig. 1. Distributions of the electric field component perpendicular to the plane of the figure, the number
density of carbon ions and number density of electrons (from top to bottom), recorded 160 fs after the
front part of the laser pulse came into contact with the carbon foil of 100 nm thickness. The energy
spectrum of the carbon ions is also shown. The laser beam has a maximum intensity of 2×10 22 W/cm2.
The cavity is 40 μm long and 6 μm wide.
The effectiveness of the LICPA mechanism was so far verified experimentally at sub-relativistic laser
intensities [2,3], where foils are accelerated by the hydrodynamic plasma pressure, and numerically at
ultra-relativistic intensities [3,4], where the dominant acceleration mechanism is the photon pressure.
However, several interesting laser facilities with a kJ pulse are characterized by laser intensities of the
order of 1019 W/cm2, which are only moderately relativistic. In the laser-driven acceleration of ions from
foil targets at such intensities the dominant acceleration mechanism is the so called Target Normal
Sheath Acceleration (TNSA) mechanism, where ions are accelerated via the strong electric field
generated between the population of electrons expelled from the target and the heavy ions from the
target, which remain almost static. In order to test the effectiveness of the LICPA mechanism for
moderately relativistic intensities a 1D PIC simulation was performed [6] with a laser pulse of 1.05 μm
wavelength and duration of 1 ps, incident on a target consisting of a 2 μm thick Al foil covered at the
rear side with the 11 nm thick hydrogen layer.
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Fig. 2. The spectra of protons accelerated by a laser pulse of 1.05 μm wavelength, duration of 1 ps and
intensity of 1019 W/cm2, incident on a 2 μm thick Al foil covered on the rear side with a 11 nm thick
hydrogen layer: (a) without cavity enhancement; (b) for a foil target placed in a 100 μm deep cavity
(LICPA).
The target was placed in a cavity 100 μm deep. It was assumed that 70% of the laser energy reflected
from the target foil would be redirected back into the target through reflection at the rear cavity wall.
The spectrum of protons recorded 2 ps after the front of the laser pulse came into contact with the foil
and there was no cavity enhancement is shown in Fig. 2.a, while the spectrum recorded for the same
conditions, but with the cavity enhancement included, is shown in Fig.2.b. The presence of the cavity
results in the maximum proton energy being 50% higher (18.8 MeV instead of 12.5 MeV without a
cavity), the average proton energy being three times higher (3.6 MeV instead of 1.2 MeV), and the
laser-to-ion energy conversion efficiency similarly three times higher (12.4% instead of 4.2%).
Conclusions
Progress has been made in developing the PIC code used to simulate the Laser Induced Cavity Pressure
at relativistic intensities. First 2D simulation results for LICPA acceleration at ultra-relativistic intensities
had been obtained. It was also shown that the LICPA mechanism should be an effective tool for the
laser driven ion acceleration at moderately relativistic laser energies as well.
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Introduction
Laser-induced cavity pressure acceleration (LICPA) is a novel scheme of acceleration of dense matter
having a potential to accelerate heavy macro-particles or ion beams with the energetic efficiency much
higher than the achieved so far with other methods [1, 2]. In this scheme, a projectile placed in a cavity
is irradiated by a laser beam introduced into the cavity through a hole and accelerated along a guiding
channel by the thermal pressure created in the cavity by the laser-produced plasma or by the photon
pressure of the ultraintense laser radiation trapped in the cavity.
This paper reports the results of particle-in-cell (PIC) numerical investigations of the possibility of
application of the photon pressure-driven LICPA accelerator for producing fast plasma (ion) bunches of
parameters required for fast ignition of a fusion target. Two cases are considered. In the first case, a 8m carbon target placed in the accelerator cavity is irradiated by a 2-ps circularly polarized laser pulse
of intensity 1021–1022 W/cm2 and the carbon ions are accelerated in the conditions relevant to the ion
fast ignition of DT target [3, 4]. In the second case, a very heavy (0.5 g) Au target is irradiated by a
2.5ps or 10-ps laser pulse of intensity > 1020 W/cm2 and the gold plasma bunch (micro-projectile) is
accelerated to high velocities required for DT ignition in the impact fast ignition fusion scenario of
Caruso and Pais [5]. Parameters of plasma (ion) bunches produced in the LICPA accelerator are
compared to the ones of the bunches generated in the conventional radiation pressure acceleration
(RPA) scheme [6].
Results
In the ion fast ignition scenario, a DT fuel compressed to the density ~ 300 – 500 g/cm3 is ignited by an
intense short-pulse (5 – 20 ps) beam of light ions. Though the required mean energies of ions are fairly
moderate ( E i ~ 10 –50 MeV/amu [4]), other parameters of the beam must be extremely high: intensity
Ii 1020 W/cm2, energy fluence Fi 2 GJ/cm2, total beam energy Eib 20 kJ [3, 4].
For a quantitative estimation of the possibility of achieving the carbon ion beam parameters required
for the fast ignition in the LICPA and the RPA schemes we performed one-dimensional (1D) simulations
using the relativistic 1D PIC code [7]. In the simulations, a circularly polarized 2-ps,
1.06-m laser pulse interacts with a target consisting of a fully ionized carbon plasma forming a
homogenous layer of the thickness LT = 8 µm and the ion number density ni = 1023 cm-3, with an
exponential pre-plasma layer on the front side of the target with the density gradient scale length equal
to 0.25 µm. Simulations were done for the cavity reflection coefficient Rc = 0.64 and the cavity length Lc
= 120 µm.
Fig. 1 presents an exemplary result of the simulations: the dependence of the carbon ion beam
intensity Ii and fluence Fi on laser intensity IL for LICPA and RPA and for the acceleration length
lacc= 200 m. It can be seen that the beam intensity is a factor 10 higher and the beam fluence a factor 2
– 4 higher for LICPA than those for RPA. In the considered range of laser intensities (2.5–8) 
1021W/cm2, both LICPA and RPA produces quasi-monoenergetic ion beams of similar energy dispersions
Ei / Ei ~ 0.3  0.4 , but of significantly different mean ion energies E i : from 7.2 MeV/amu to 41
MeV/amu for LICPA and from 2.2 MeV/amu to 18 MeV/amu for RPA.
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Fig. 1. The carbon ion beam intensity and fluence as a function of laser intensity for ion beams
produced by LICPA or RPA.
In turn, the laser-ions energy conversion efficiency  changes from 23% to 41% for LICPA and from 7%
to 18% for RPA in this intensity range. As a result, for LICPA all the ion beam parameters are well above
the threshold for the ignition at the laser intensity of 51021 W/cm2, which corresponds to 100kJ of
laser energy at the laser focal spot on the target of 35 m. To reach similar, as for LICPA, ion beam
parameters (and the ignition threshold) in the case of using RPA, the laser intensity and energy should
be at least a factor 2 higher.
In the impact fast ignition scenario of inertial fusion, a rapid heating and igniting of the compressed DT
fuel is the result of the impact of a micro-projectile of the mass mp ~ 10-6 – 10-4 g accelerated to the
velocity above 108 cm/s [5]. Here, we consider the impact ignition scheme proposed by Caruso and Pais
[6] in which a ~ 1g micro-projectile made of high-Z material (e.g. Au) and accelerated to ~ 5  108 cm/s
collides with the DT fuel compressed to the density  200 g/cm3. Due to the collision, the projectile is
rapidly collapsing to high densities (>1000 g/cm3) and a large fraction of its energy is transferred to the
fuel in very short time (~ 10-11 s). As a result, a hot spot is created which ignites the fuel. In the
considered case, the minimum kinetic energy of the projectile is ~ 10–20 kJ and the minimum energy
fluence of the projectile is ~ 500 MJ/cm2 [5].
To check the possibility of acceleration of a gold micro-projectile to the required velocities and energies
in the LICPA and RPA schemes we used the same PIC code and the calculation scheme as for
acceleration of carbon ions. The gold (Au10+) plasma target of the homogenous layer thickness
LT = 5 m and the preplasma thickness of 0.25 m was irradiated by a circularly polarized superGaussian laser pulse of L = 10 ps or 2.5 ps (FWHM),  = 1.06 m and the focal spot diameter dL = 80 m
(the target mass corresponding to this diameter  0.5 g). The laser pulse energy EL was assumed to be
of 100 kJ, 200 kJ or 300 kJ. For the LICPA scheme we assumed Lc = 300 m and Rc = 0.75.
The dependence of the plasma projectile energy fluence on laser energy for LICPA and RPA is presented
in Fig. 2. There is also marked the ignition threshold fluence calculated using the hydrodynamic
numerical code in [5]. For LICPA, the projectile energy fluence reaches the threshold value at the laser
energy ~150 kJ, while for RPA the energy fluence is well below the threshold even at EL = 300kJ. In the
considered laser energy range of 100–300 kJ, for LICPA the projectile velocity vp and the laser-projectile
energy conversion efficiency (p) reach the values from 7.6 108 cm/s to 1.6 109 cm/s and from 12% to
21%, respectively, while for RPA vp and p are in the range of (2.4–6.9)x 108 cm/s and 1.2–3.3 %,
respectively. Thus, at the laser energy ~150 kJ, the velocity and the energy fluence as well as the total
kinetic energy of the projectile driven by LICPA attain the values required for the fuel ignition. In the
case of using RPA, the ignition seems to be possible only at EL  500 kJ.
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Fig. 2. The energy fluence of the gold plasma bunch driven by LICPA or RPA as a function of laser
energy.
Conclusions
Our numerical simulations using relativistic 1D PIC code have shown that:
(a) The photon pressure-driven LICPA accelerator employing a picosecond 100 kJ laser driver can
produce – with a high energetic efficiency – quasi-monoenergetic carbon ion beams of mean ion
energies ~ 20 – 30 MeV/amu, energy fluencies > 2G J/cm2 and intensities >1021 W/cm2; the beam
parameters are several times higher than those achieved in the conventional RPA scheme and they
meet fairly well the ion fast ignition requirements.
(b) The LICPA accelerator can efficiently ( 10%) accelerate heavy (~ 1g) micro-projectile to high
8
velocities (> 5  10 cm/s) and the acceleration efficiency for LICPA is almost an order of magnitude
higher than that for RPA; in particular, the LICPA accelerator using a 10-ps laser driver of energy ~
9
150 kJ can accelerate a 0.5 g Au plasma projectile to velocities ~ 10 cm/s required for DT ignition
in the impact ignition fusion scenario of Caruso and Pais.
The results obtained in this paper must be treated, however, as the first step to more comprehensive
studies of acceleration of dense plasma bunches in the LICPA accelerator using, in particular, 2D codes
and a more detailed model of laser-plasma interaction in the accelerator cavity.
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Introduction
The one of the subjects related to shock ignition method (SI) [1,2] that is influence of fast electron
energy transport in laser-produced plasma on efficiency of energy coupling to shock wave in a dense
target is studied. In the experiments the coupling parameter Iλ2 (I and  are the intensity and wave
length of laser radiation) was varied in the range of 1014-81016 Wm2/cm2 (low to high level of fast
electrons effect) at the laser pulse intensity (1-50 PW/cm2) and duration (250 ns) close to that at SI. In
the case of relatively short plasma of PALS experiments the fast electrons are generated due to TNSA
mechanism near the plasma resonance region, while in the case of the SI extended plasma the fast
electrons are generated due to stimulated parametric processes in the lower density plasma.
Nevertheless as shown below, the average energy of fast electrons in the high intensity PALS
experiments is close to that measured in the OMEGA laser SI experiments [3]. Under the action of
tightly focused laser beam the expansion of laser-produced plasma is not planar, therefore the
interpretation of the results was based on 2D numerical simulations and analytical model taking into
account the lateral expansion of ablated material. To determine plasma density and temperature
a 3-frame interferometry and an x-ray spectroscopy were used. The laser energy transferred to the
solid target was determined via measurements of the crater volume created on the target surface.
Experiment
The experiments were carried out at a normal incidence of the PALS laser radiation of the first
(λ1 = 1.315 µm) and third (λ3 = 0.438 µm) harmonics on a surface of planar Al or Cu targets. The pulses
of 120, 290, and 580 J energies (in the 3ω case only two first energies were available) with duration of
250 ps (FWHM) were applied. The values of beam radii (RL) of 40, 80, 120 and 160 m provided the
variation of the incident laser intensity on the target, for example at the laser energy EL=290 J, from
IL=1.41015 (RL=160 m) to IL=2.31016 W/cm2 (RL=40 m). The maximum value of the coupling
parameter I2(8 1016 Wm2/cm2) was achieved at the energy of 580 J for 1ω and RL=40 m while its
minimum value (1.11014 Wm2/cm2) – at the energy of 120 J for 3ω and RL=160 m. The dependencies
of the crater volume cr produced in Al target and the ratio of total number of plasma electrons Ne
(computed on the basis of interferometric measurements of spatial electron density distribution) to
crater volume on the laser beam radius are presented in Figs. 1 and 2. The data of both figures
correspond to experiments with the energy of 290 J of the 1ω and 3ω laser radiation. The similar results
were obtained for Cu target. In the 3ω case, the crater volume (energy transferred to the solid target)
decreases with the decreasing RL despite the increasing intensity of the laser beam that is explained by
lateral expansion of the laser-produced plasma at the negligible role of fast electron energy transfer. By
contrast, in the 1ω case, when at the given intensity the coupling parameter I2 is 9 times larger than in
the 3ω case, the crater volume increases with the decreasing RL (increasing intensity), particularly fast
in the range of small radii of 40-100 µm (large values of IL2). An additional factor of energy transfer
apeares, which is stronger than the lateral expansion effect, that it is natural to associate with energy
transfer by fast electrons. The same conclusion follows from the data of Fig. 2, which show decreasing
the number of electrons providing the creation of thet crater volume with decreasing RL in the 1ω case.
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Fig. 1. Volume of the crater vs the beam
radius at the energy of 290 J of the first and
third harmonics laser radiation for Al target.

Fig. 2. Ratio of electron number to crater volume vs the
beam radius at the energy of 290 J of the first and third
harmonics of the laser radiation for Al target.

The plasma temperatures spectroscopically measured at the distance of 200 µm from Al target surface
irradiated by 230 J of the 1ω and 3ω laser radiation are presented in Fig. 3. The temperature decrease
at the small radii of 1 beam indicates the heating depth growth with increasing intensity. Temperature
in the case of 3ω beam is by a factor of 1.2-1.3 higher than that in the case of 1ω beam.
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Fig. 3. Plasma temperatures at the distance of
200 µm from Al target surface irradiated at
different laser harmonics and focal radii at the
laser energy of 230 J.

Fig. 4. Distributions of mass density, electron and
ion temperatures on the axis of the plasma for Al
target irradiated by the first harmonic beam at 40
µm radius.

Numerical simulation and model
The numerical simulations of the laser beam interaction with Al target were carried out for the energy
of 290 J of the first and third harmonics laser beam with the radii 120 and 40 m using the 2D
hydrodynamic code ATLANT-HE. The code includes refraction of the laser radiation in the plasma,
inverse bremsstrahlung and resonance mechanisms of the laser light absorption, fast electron
generation due to the resonance absorption and its energy transfer with Coulomb collisions. The total
absorption coefficient, coefficient of resonant absorption, fast electron temperature and crater volume
were estimated for 1 and 3 in the cases of radii 120 and 40 m. In the Fig. 4 the dependences of
mass density, electron and ion temperatures on the beam radius are presented.
The analytical model was developed to explain the results of experiments and simulations. It combines
the 1D and 3D self-similar solutions for isothermal expansion of a given mass of material [4] by means
introducing the parameter, which is ratio of laser-produced plasma size and laser beam radius. The
plasma density (a), temperature (Ta) and pressure (Pa) on the ablation surface as well as the efficiency
of energy transfer () to shock wave propagating and creating the crater in a solid target (ablation
loading efficiency) determined by the ablation pressure are described by this model. The results of
calculations of ablation loading efficiency as well as volume of crater is the specific energy for
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evaporation of unit mass of Al target are presented in Fig. 5 and 6. The fast electron transfer provides a
stronger growth of ablated mass and, consequently, stronger growth of the ablation density with
increasing the laser intensity than thermal conductivity wave. At the beam radii of 160 and 120 m the
ablation is provided by thermal conductivity and the lateral expansion effect is negligible for both
harmonics. For large beam radii at both harmonics crater volume depends weakly on radius, and the
ratio of the crater volumes in the 3 and 1 cases equals to the ratio of the absorption coefficients.

Fig. 5. Ablation loading efficiency (curve 1)
and theoretical (curve 3) and experimental
values (curve 3, green squares) of crater
volume vs focal spot radius at energy of
290 J of the 3ω radiation.

Fig. 6. Experimental (curve 1, green squares) and
theoretical crater volume with (curve 2) and without
(curve 3) the fast electron transport and ablation
loading efficiency with (curve 4) and without (curve 5)
the fast electron transport vs the beam radius at the
energy of 290 J of the 1ω radiation.

Conclusion
At the laser intensity of 10-50 PW/cm2 and I2=1016-51016 Wm2/cm2 (the experiments with the
laser pulse energy of 290-580 J for the first harmonic of iodine laser radiation) relevant to the laser
spike in SI approach the dominant mechanism of ablation during the period of 250 ps is the matter
heating by fast electrons. In spite of the lateral expansion, the ablative pressure increases from 100
Mbar for the intensity of 10 PW/cm2 to 300 Mbar for the intensity of 50 PW/cm2, whereas the
efficiency of the laser energy transformation into the shock wave energy is on the level of 2-7%.
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Introduction
Micrometric thin targets have been irradiated in at PALS Laboratory in Prague by using 1016 W/cm2
laser intensity, 1315 nm wavelength, 300 ps pulse duration and different energies and focal positions.
The characterization of produced plasmas has been performed by using ion collectors, semiconductor
SiC detectors, X-ray streak camera and Thomson parabola spectrometry. Time of flight techniques, time
resolved imaging and ion deflection spectrometry have permitted to characterize the laser-generated
non-equilibrium plasma and the electric field driving ion acceleration developed in the rear side of the
target. The maximum ion acceleration can be obtained for optimal film thickness depending on the
laser energy and on the kind of irradiated targets. Special targets containing nanostructures, showing
high absorption and low reflective coefficients, induce resonant absorption effects enhancing the
electric acceleration field. The maximum kinetic energy measured for proton ions was just above 5.0
MeV and the ion distributions can be fitted with Coulomb-Boltzmann Shifted functions.
Experimental investigation
The experiments were carried out with the use of the PALS Asterix laser in Prague. The plasma was
generated from various planar solid targets installed on dedicated holders. Thin aluminum targets with
thickness from 0.1 m up to 50 m without or with nanostructures were employed. The fundamental
wavelength of 1315 nm, the laser pulse duration of 300 ps and the focal spot dimension of 70 m were
used. Generally the laser beam was directed perpendicularly to the target surface with a laser pulse
energy EL ≅ 100 J ÷ 600 J using different focal positions (FP). Vacuum in the experimental chamber was
at a level of 5 × 10 −6 Torr. Ion collectors (IC) and ring ion collectors (RIC) with four different sectors
using thin Al absorber films were employed to reduce the background coming from photons, electrons
and ions and to separate protons from heavier ions. SiC detectors were employed in time-of-flight (TOF)
configuration to detect energetic ions. A X-ray streak camera (SC), with 2 ns exposition time, was
employed for the FP distance evaluation. Details on the used streak camera are given in literature [5]. A
Thomson parabola spectrometer (TPS) was employed as a fast plasma diagnostics of the magnetically
and electrically deflected ions based on their mass-to-charge ratio measurement. TPS parabola
recognition was obtained using a simulation program based on Opera 3D-Tosca [5,6]. The different
detectors were placed at different angles with respect to the target surface, both in backward and in
forward directions, in order to study the ion emission in different irradiation conditions. The
experimental set-up is presented in figure 1.
Results
TPS spectra were obtained for 1 mm Al target irradiation at 170 J laser pulse energy and -100 m FP
distance, relative to electrons and ions detection. The comparison between the experimental parabola
(a) and the simulation datum (c) shows that the electrons up to 2 MeV are detected. The TPS ion
diagnostics was performed using a 1.4 kV/cm electric and 0.06 T magnetic fields.
The TPS spectrum for ions corresponding to the 1 mm Al film, shows protons and all the 13 charge
states of the aluminum. The recognition of the ion species, charge state ad energy was obtained by the
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comparison with the simulation data. In this case the maximum proton energy was about 3.3 MeV and
the Al ion energy of about 3 MeV/charge state, in agreement with ion detection from SiC detectors.

Fig. 1. Scheme of the experimental set-up.
Further investigation included the use of advanced targets with a structure that permits to decrease
the surface reflectivity which increases the absorption radiation and enhances the resonant absorption
effects. The use of special target geometries increased the laser energy which transferred to the plasma
and increased the electric field of ion drive acceleration. Measurements have indicated that an
increment in the proton energy of the order of 20-30% can be obtained by changing the reflectivity and
absorption coefficient of thin films [3]. For the laser intensity of 1016 W/cm2, the flat target thickness is
crucial to obtain the maximum proton energy and it must be optimized to reach the maximum ion
acceleration, according to literature [7]. SiC spectra and TPS parabola allowed for estimation of the
maximum proton energy at 4.5 MeV and a comparison between a SiC TOF spectra and the
corresponding TPS parabolas indicated that a 4.5 MeV protons are accelerated in forward direction for
an advanced 10 micron Al target irradiated at 600 J. This high ion acceleration is obtained using special
conditions of target and of laser irradiation.

Fig. 2. SiC spectrum (a) and TPS parabola (b) indicating a maximum proton energy of 4.5 MeV.
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The Al target surface was treated with sandblasting using micrometric powder grain size at 100 m/s
launched against the Al surface in order to generate high roughness and decrease the reflectivity to the
irradiation laser light. The results reported in Fig. 2 were obtained for a focal position of – 150 m in
front to the target surface, at which self-focusing conditions are induced. The target thickness was
chosen as optimal for flat targets in order to maximize the proton acceleration. As reported in the
measurements of Fig. 3a, at 10 micron thickness the proton energy shows the maximum value while it
decreases for lower and for higher thicknesses. If the target is too thin or thick the electron density of
plasma decreases, moreover proton show energy loss in thick plasmas and their final energy decreases.

Fig. 3. Maximum proton energy vs. Al thickness for flat targets irradiated a t 600 J and FP=-150 m (a)
and angular distribution of ions emitted in forward direction (b).
Conclusion
Measurements reported in this report showed that 4.5 MeV per charge state can be obtained
irradiating thin Al targets prepared so that reflectivity and absorption effects are enhanced. This result
confirms that although the same laser and the same irradiation conditions are employed, in the last
years a significant increment of the ion acceleration was obtained improving the target properties of
composition, structure and geometry. In thick targets, for example, not more that 1 MeV per charge
state was obtained some years ago [8]. Target optimization plays an important role because permits to
enhance the laser energy transfer to the plasma and to increase the electric field driving ion
acceleration developed in the double layers at the rear side of the thin target. Further improvements
can be researched using polarized laser beams that permit to obtain higher absorption effects. Using Au
nanospheres embedded in polymer, for example, the maximum proton energy was increased up to 5.0
MeV, as actual investigations are demonstrating and as will be published in a next article.
The plasma diagnostics system developed in this task has a relevant role to study the plasma
properties. SiC detectors and Thomson parabola spectrometry demonstrated their potential in the
measurements of the kinetic ion energy, charge state, angular distribution and evaluation of the
maximum electric field driven ion acceleration.
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3.2 Magnetised plasma physics and technology
Investigation of intense plasma streams interaction with solid targets at the
PF-1000U device
Principal investigator:
M. Kubkowska; monika.kubkowska@ipplm.pl
Collaborators from the Institute of Plasma Physics and Laser Microfusion:
T. Chodukowski, A. Czarnecka, P. Gąsior, Z. Kalinowska, E. Kowalska-Strzęciwilk, M. Paduch,
T. Pisarczyk, J. Pokorska, E. Zielińska
Introduction
The research presented in this report has been performed in the frame of the task No.2 of the research
project under the contract No. SP/J/2/143234/11 between NCBiR and IFPiLM, Poland. In 2013,
according to the task schedule, two experimental sessions were performed. The first was to conduct
measurements of free propagating plasma streams generated by the modified plasma focus device,
DPF-1000U. The second was to conduct measurements of plasma streams interaction with carbon (CFC
– Carbon Fiber Composite) target located at about 9 cm form the electrode ends at the z-axis. Figure 1
presents modified electrodes of the DPF-1000U device with the additional (in comparison with previous
experiments) gas-puff system.

Fig. 1. Photo of the modified electrodes of the DPF-1000U device with gas-puff system.
Methods and results of research
Measurements of free propagation plasma streams were made for three different voltages: U0 = 23kV,
21kV and 19kV. In the experiments, the vacuum chamber was filled with deuterium at a pressure of 1.2
Torr or 1.8 Torr. Another parameter that had an impact on the parameters of plasma streams
generated by the DPF-1000U was the time between the opening of the valve of the gas-puff system and
time of switching on the device. In described experiments this time was 1.5 ms or 2 ms.
Measurements of plasma streams generated by the DPF-1000U were made by the following
diagnostics: interferometric system which allows to visualize evolution of plasma column with multiframe interferometer covering range of 220ns; system of 4 pin-diode detectors for soft x-ray
measurements; optical spectroscopy for time-resolved measurements and registration of plasma
impurities; system of silver activation counters for total neutron yield measurement and ion diagnostics
(Thomson spectrometer and ion pinhole camera – in cooperation with NCBJ).
On the basis of the optical spectra, in particular on Stark broadening of D-alpha line, electron density
was determined. Figure 2 shows the differences between electron density of plasma streams generated
by plasma focus device without and with applying the gas-puff system. It is clearly seen that the use of
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gas-puff has a significant impact on increased electron density especially in the first phase of the
discharge.

Fig. 2. Comparison of the electron density changes in plasma streams generated by the PF-1000 without
()and with () applying the gas-puff system. The experimental conditions were as follow: U0 =
23kV, p0 = 1.2 Torr, gas-puff 2atm. of Deuterium filled 1.5ms before U0. Experimental points were
received from spectra recorded for 100ns of acquisition time.
The analysis of the electron density distribution in DPF-1000U shows that applying of the gas-puff
system makes plasma streams more stable over the time and plasma streams reach the place where
the target is planned to be located, after about 160 ns.
The results obtained by the Thomson spectrometer showed that the DPF-1000U generates ions, which
are in the energy range of 100 keV - 1 MeV, and the average energy is about 100 - 350 keV.
Measurements of plasma streams interaction with the CFC target were performed in similar
experimental conditions as mentioned above. Spectroscopic measurements showed that the material
ablation occurred which is confirmed by the recorded C spectral lines. The electron density distributions
made by the analysis of the multi- frame interferometry show that the number of electrons increase
before the target surface, an area with heightened electron density is formed, which is probably related
to the interaction of the plasma stream with targets. The maximum number of particles in the plasma
stream generated by the DPF-1000U before the CFC target surface was achieved about 200ns after
maximum compression (fig.3).

Fig. 3. Electron density distributions obtained from the DPF-1000U experiments for discharges
performed with the CFC target, located on the z-axis at a distance of 9 cm from the inner electrode
ends. The distributions were computed on the basis of laser interferometric images taken at different
instants after the maximum compression of the plasma stream (left). The total number of electrons
calculated from the area close to the target surface (width 1cm) in dependence of various times of
plasma expansion for experiment of free propagation plasma streams and with CFC target (right).
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Conclusion
The performed experimental sessions showed a significant improvement of stability and performance
(increase of the electron density) plasma streams generated in the DPF- 1000U device, through the
application of an axial injection of the working gas. The use of the gas -puff valve also had an influence
on energy and the amount of ions generated by the DPF-1000U. The analysis of the experimental
results showed that the interaction of the plasma streams with CFC target makes an ablation of
material. It is worth noting that the experimental results as the initial experimental conditions are used
as the input parameters of the model described in next report. On the basis of the determined amount
of particles, their mass ( 310 - 27kg ) and velocity (about 2105 m/s) the minimum energy density
deposited at the investigated target surface has been determined to be about 1-3 MJ/m2.
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Snow-Plow-Slug – a proposal of a simple model for Plasma-Focus sheath dynamics
Principal investigator:
R. Miklaszewski, ryszard.miklaszewski@ipplm.pl
Institute of Plasma Physics and Laser Microfusion

Introduction
Dynamics of the plasma sheath in the Plasma Focus device, during the axial acceleration, collapse, and
the pinch formation phases can be described quite well assuming MHD model. The full set of the MHD
equations including transport e.g. in the form proposed by Braginski [1] can be solved together with the
electrical circuit equation, e.g [2] providing information on the temperature, density of plasma in the
plasma sheath as well as the sheath velocity etc. For the next phases of the phenomena, namely the
rapid expansion of the pinch, development MHD instabilities and further events, validity of the MHD
model may be doubtful as some of conditions of the model applicability are usually violated (constrains
on the mean free path giroradius, ion collisions frequency).
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As the dynamics of the plasma sheath is at least two-dimensional the set of MHD equations has to be
solved in 2d cylindrical coordinates (r,z). Numerical codes solving equations of the problems are bulky,
complicated and final results, although interesting, are not fully satisfactory due to well-known
problems encountered while solving MHD equations.
Anyway, for practical purposes there is a need of simpler models capable to provide info on gross
behavior of the plasma, useful in the process of the PF device design, optimization and interpretation of
some experimental results.
Two kind of such models are commonly used namely a snow-plow and a slug model.
The first one is based on a simple principle of collecting gas by the plasma sheath’s element that is
pushed by a magnetic piston. The model can be easily extended to the 2d case [3] and connected to the
circuit equation giving a flexible tool for e.g. modeling the mutual interplay of the plasma sheath
dynamics and electric circuit parameters. The important drawback of the snow-plow model is that it
assumes infinitesimal width of the plasma sheath.
The second model, extensively used for various purposes is the Slug model [4] and basing on this
principle Sing Lee and his numerous coworkers have built a flexible tool to model plasma sheath
dynamics and structure in several PF devices including the PF-1000 [5]. The Lee’s model uses rather
simple geometry that mimics the real 2d one (axial motion of a plasma ring connected with radial
collapse of cylinder). But, there is a fundamental problem with the slug model – inertia of the plasma
sheath is not taken into account that results in significantly higher velocity of the sheath in comparison
with the one in the Snow-Plow model.
In the paper a proposal of a new model of the Z-pinch and Plasma-Focus dynamics is presented.
Starting from the well-known equations of the Snow-Plow and the Slug model, the set of three
equation of the Snow-Plow-Slug (SPS) model are derived. The SPS model takes into account inertia of
the plasma sheath (like the Snow-Plow model) and allows to compute the plasma sheath width as the
Slug model. Comparison of results of the three models for the simple case of the cylindrical collapse,
driven by the constant current, is presented.
Comparison of the Snow-Plow and Slug models
Derivation of the snow-Plow and Slug models and resulting equations to be solved are presented in the
Table beneath.
Snow - plow

Slug

Geometry of the model (cylindrical coordinates)

Geometry of the model (cylindrical coordinates)

PM

PD

PM

rp

rp= rs
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Where:
rp – radius of the rear side of the plasma sheath
vp – velocity of the rear side of the plasma sheath
rs – radius of the shock front
vs – velocity of the shock front
PM – pressure exerted by the magnetic piston
PD – dynamic pressure of the gas acting on the shock front
m – mass of the sheath element
Equations of the model are derived from the
equation of motion of a body with varying mass:

d mv p 
dt

rp pm  v p

dv p
dm
m
rp pm
dt
dt

I2
- pressure of the magnetic
rp2

Where pm  

Adiabatic compression of the plasma contained
between rs and rp as well as constant pressure in
the plasma sheath equal to the magnetic piston
pressure is assumed:

dp
dV

0
p
V

From the relations for the shock front:

p  pm 

field exerted on the rp surface.
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drp
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Finally, the following two ordinary differential
equations have to be solved:
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For simplicity the I=const. case is considered
Resulting in the following equation of the Slug
model:
   1 rs2 
drp  2rs

vs 
 2
dt    1rp  
 rp 

3. Snow-Plow-Slug model
The proposed Snow-Plow-Slug (SPS) model takes into account inertia of the moving plasma sheath and,
using the concept of adiabatic compression of the plasma in the sheath, allows to compute its width.
The equations of the model reads:

m

drp
dt

 rp pm   0 rs rs rp

(1)

equation of motion, where driving force (magnetic pressure) is applied to the rp surface, while dynamic
pressure of the gas inflow, to the shock front rs.
The second equation is derived assuming adiabatic compression of the plasma in the sheath:

dp
dV

0
p
V
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Fig. 1. Trajectories of the rp (magnetic field driver radius) and rs (shock front) for SP, Slug and SPS
models.
Expression for the velocity of the shock wave
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 allows to write the second equation of the model in the

form:
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    0 rs rs
The third equation of the SPS model is: m

(3)

that is just a change of the sheath element mass.
Equations of the SPS model can be solved numerically using e.g. Runge-Kutta method. Figure 1.
presents radius-time trajectories for the three models: SP, Slug and SPS.
From Fig.1. one can see, that plasma sheath in the Slug model moves significantly faster than in the
case of the Snow-Plow model, as the former does not take into account the sheath inertia. The plasma
sheath, as described by the SPS model is a bit faster than in the case of the SP model that is a result of
smaller hampering action of the dynamic pressure of the gas inflow (this pressure is applied to smaller
radius rs).
The next steps of the SPS model development will be a comparison of its results with the simple 1D
MHD model and extension of the model to the 2d case.
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Research on interactions of intense plasma-ion streams with a SiC target
in a modified PF-1000 facility
Principal investigator:
M. Paduch: marian.paduch@ipplm.pl
Collaborators from the Institute of Plasma Physics and Laser Microfusion:
V. A. Gribkov, M. Kubkowska, M. Paduch, E. Zielińska
Introduction
Research on interaction of high-temperature plasma with different solid targets is of particular interest
for fundamental physics and practical applications [1-5]. To investigate plasma interaction with chosen
solid materials the use is often made of pulsed and intense plasma streams which contain also fast ion
beams [6]. Such plasma-ion streams can be produced by various plasma accelerators, e.g. Plasma-Focus
(PF) machines [7]. Since a silicon carbide (SiC) is sometimes used in plasma facilities, we have
undertaken some efforts to investigate its resistance to the pulsed and intense plasma-ion streams. The
main aim of the reported experimental studies has been to observe the erosion of a SiC sample during
its irradiation by such plasma-ion streams and to investigate structural changes in the irradiated SiC
target.
The paper reports on studies of the plasma-irradiation resistance of a silicon carbide (SiC). The SiC
target was placed on the symmetry axis of a PF-1000 facility, at a distance of 9 cm from the inner
electrode end. Pulsed plasma-ion streams were generated at p0 = 1.3 hPa D2 filling, and powered from a
condenser bank charged to 380 kJ. Each plasma-ion stream had an averaged density of about 1017 cm-3
and velocity of about 107 cm/s, and it contained fast deuteron beams of energies 80 keV to several
hundreds keV. To investigate interactions of such streams with the SiC target, the use was made of the
optical emission spectroscopy. Those measurements were performed with the essential involvement of
dr E. Skladnik-Sadowska (from the National Centre for Nuclear Research in Otwock near Warsaw). The
recorded spectra were analyzed and attention was paid to analysis of Si- and C-lines. Structural changes
of the irradiated SiC target were investigated by means of a Scanning Electron Microscope (SEM) and
Energy Dispersive X-ray Spectrometer (EDS).
Experimental setup
To investigate behaviour of a plasma-irradiated SiC sample the use was made of the intense plasma-ion
streams generated within the large PF-1000 facility of the Mather type [7].
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Fig. 1. Schematic of the PF-1000 facility and the optical emission spectroscopy of plasma produced
during the irradiation of the SiC target by the intense plasma-ion streams.
The machine was equipped with a modified inner electrode of a 230-mm-dia. tubular shape, that had
the copper front plate with a 50-mm-dia. tungsten insert in its centre. The outer cylindrical electrode
consisted of twelve 80-mm-dia. stainless-steel rods, which were distributed symmetrically upon a 400mm-dia. cylindrical surface. Plasma discharges were initiated between the inner and outer electrodes at
the pure D2-filling (under the initial pressure of 1.3 hPa) and powered by a condenser bank charged
initially to 24 kV, 380 kJ. The maximum discharge current amounted to 1.8 MA in about 5.5 s after its
initiation. The experimental chamber of the PF-1000 facility was equipped with diagnostic ports and
special glass windows, those made it possible to observe the plasma discharges. The investigated SiC
samples were manufactured as cubes of a 1 cm3 volume, and they were placed on the symmetry axis of
the PF-1000 electrodes within a stainless-steel holder designed to prevent a deposition its material
upon the irradiated sample surface. The SiC target was located at a distance of 9 cm from the inner
electrode end, as shown in Fig. 1.
The PF-1000 facility could generate repetitively intense plasma streams (jets) those had an averaged
density of about 1017 cm-3 and a velocity of the order of 107 cm/s, at z = 9 cm from the electrodes ends.
Those streams contained also fast deuteron beams of energies ranging from about 80 keV to several
hundreds keV, and in some cases even to several MeV [8-9]. The energy spectra of such deuteron
beams had the maximum usually in the range of 100-200 keV. The flux density of deuterons of energy
above 380 keV amounted to about 2.4 x 109 cm-2, while that of deuterons of energy above 700 keV
could reach about 109 cm-2 [10].
In order to investigate the interaction of such streams with the SiC target, the use was made of the
optical emission spectroscopy technique. The optical measurements were carried out side-on by means
of a quartz collimator and a quartz optical-cable coupled with a Mechelle®900 spectrometer, that was
equipped with a PCO SensiCam camera and software needed for an analysis of recorded optical
spectra. The irradiated SiC samples were later subject to a detailed surface-structure analysis by means
of a Scanning Electron microscope (SEM) and Energy Dispersive X-ray Spectrometer (EDS).
Spectroscopic measurements
In order to have reference spectroscopic data, preliminary optical measurements were performed for a
free-propagating plasma stream, i.e. without any target. Those measurements were carried out
perpendicular to the PF-1000 axis, in the plane z = 9 cm, using a side-on optical window and the
Mechelle®900 spectrometer, as described above. The main plasma-ion pulse lasted about 0.2 µs, and its
intensity decayed completely in several tens µs. The optical spectra of the free-propagating plasma
stream showed that initially it emitted intense Balmer lines of the working gas (D  and D) as well as
many lines originating from the electrode materials (Cu, W, stainless steel).
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It should be noted that in about 1 s the amount of impurity lines was decreased considerably, but
after about 5 s it increased again, probably due to appearance of some heavy impurities arriving from
the ceramic insulator surface. Nevertheless, on the basis of the measurements performed for the freepropagating plasma streams, it was deduced that during the first phase of plasma-target interaction the
main energetic contribution was delivered by dense deuterium plasma and fast deuteron beams. More
detailed information about plasma parameters (concentrations and temperatures) can be found in
previous publications [2, 7-10].
In the next step, after the positioning of the SiC target inside the PF-1000 chamber, as described above,
a new series of experiments has been performed to study interaction of the plasma-ion streams with
that target. Each plasma-ion stream induced evidently some surface erosion of the irradiated SiC
sample and produced a dense- and hot-plasma layer in front of the target. The optical emission spectra
of the pulse-produced plasma were recorded at an angle of about 100 to the irradiated target surface,
usually with the exposition time texp = 100 ns, and at different time delays in relation to a dischargecurrent peculiarity (dip), that corresponded to the maximum compression of a plasma column near the
electrodes ends. It was estimated that upon the target surface a power flux density from each plasma
stream reached 109 - 1010 W/cm2, and that from fast ions beams amounted to 1012 W/cm2. A typical
example of the spectral lines, as recorded with the exposition time equal to 100 ns and 1 s, is
presented in Fig. 2.
The optical spectra, as recorded at time delays ranging from 0 to 7.0 µs (after the current dip), were
analyzed and attention was paid to identification of Si- and C-lines. It should be noticed that the Balmer
lines originating from the working gas (i.e. D, D and D) could not be used for a quantitative analysis
because of strong re-absorption effects. The recorded spectra contained intense Si-ion lines, ranging
from Si I 579.5 – 615.5 nm and Si II 412.8 – 678.4 nm to Si III 380.6 - 456.7 nm and Si IV 314.9 nm. There
were also identified intense C-lines, ranging from C II 426.7-723.1 nm to C IV 580.1 nm. The emission
dynamics of these spectral lines was studied. During the first phase of the plasma-target interaction
(lasting to about 2 s) the emission of intense Si III and Si IV as well as C-III and C IV lines was observed,
while after larger delays the spectra showed mostly Si II and C II lines. The optical emission from plasma
produced from the SiC target was practically decayed in about 10 s.
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Fig. 2. Optical emission spectra from plasma producedDduring
the irradiation
of the SiC target No.9,
D
which were recorded with the spectrometer exposition time equal to 100 ns, at different instants after
the discharge current dip.
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Surface analysis of irradiated SiC samples
The SiC targets exposed to intense plasma-ion streams were evidently eroded. To study their surface
changes a scanning electron microscope was used. SEM images of the virgin SiC sample and irradiated
samples No. 8 and No. 9, as obtained at different magnifications, are shown in Fig. 3.
From a comparison of the presented images one could see that the irradiation of the SiC samples within
the PF-1000 facility resulted in fritting of the surface layers of the carbide phase and in the production
of droplets of sizes ranging from several to tens microns. The action of thermal stresses resulted in the
formation of relatively long cracks in the sample surface. The photos made at the larger magnification
(×5000, as given in the bottom row in Fig. 3) showed that the irradiated surface had been covered by
micro-particles of micrometer sizes. Those particles were probably the results of the evaporation and
sputtering of the SiC target surface as well as of some erosion of the PF-1000 electrodes and the sample
holder, that led to deposition of the eroded materials.
The SEM pictures of the virgin and irradiated samples were also compared with images obtained by
means of the X-ray analysis. A comparison of the SEM images and EDS mapping of the virgin and
irradiated samples enabled a distribution of different elements to be determined. Some examples of
such images are shown in Fig. 4. In the EDS mapping of the irradiated samples (the middle and bottom
row in figure 4) one could easily distinguish 3 different regions: 1 – zones with a high content of carbon
(red spots), constituting probably the residual graphite; 2 – zones of a high concentration of silicon
(green spots), occupying the major part of the sample surfaces and composed probably of the silicon
carbide; and 3 – zones of a very high concentration of silicon (dark green spots), which probably
contained pure silicon left after the manufacturing process of the composite material. The accurate
determination of quantitative ratios and volumetric parts of carbon, the residual silicon and silicon
carbide phase would require other measurements
Virgin SiC sample

×2000

SiC sample No. 8

SiC sample No. 9

10 m

10 m

10 m

__

__

__

×2000

×5000

×2000

10 m

10 m

______

______
×5000

Fig. 3. Images of the surfaces of the virgin SiC sample and irradiated samples Nos. 8 and 9, as obtained
by means of SEM technique at different magnifications.
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Virgin SiC sample

SiC sample No. 8

SiC sample No. 9

100 m

____

100 m

____

100 m

____

Fig. 4. Results of the surface analysis of the virgin SiC sample and irradiated samples Nos. 8 and 9. The
top row presents the SEM images, the middle row – the distribution of C, and the bottom raw – the
distribution of sI, as measured by means of the X-ray spectral analysis at the magnification ×500.
It should, however, be noted that distributions of the investigated elements upon the irradiated
samples differed considerably from those observed earlier for the virgin surface. After the irradiation
the dimensions of zones with a high concentration of carbon (graphite inclusions) became smaller, and
the total amount of graphite on the sample surface was reduced. The deposition of silicon upon the
sample surface became more uniform.
To identify different elements upon the investigated samples the use was also made of the EDS
technique. For the virgin sample there were recorded characteristic lines of primary materials, i.e.,
carbon and silicon only. For the irradiated samples, in addition to the C- and Si-lines one could also
identify lines corresponding to other elements (such as Cu, Fe, Al and W).
Those admixtures originated evidently from the electrodes and constructional parts of the PF-1000
facility, but their concentration within the irradiated surface was very low (a few promilles).
Summary and conclusions
The main results of the reported studies can be summarized as follows. The performed spectroscopic
measurements made it possible to determine dynamics of the optical emission and to identify the ion
species in plasma streams and plasma produced at the SiC target surface. Some information about
dynamics of the spectral lines emission was also obtained., as described above in Section 3. Surface
investigation of the virgin and irradiated SiC samples showed important changes in the structure of the
surface layer., as described in details in Section 4.
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Compression of the deuterium column injected by gas-puff with imploding
deuterium sheath in plasma-focus discharge
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Introduction
Plasma focuses and z-pinches are effective sources of high-energy electrons and ions. At the presence
of deuterium in the load, the neutrons from D-D fusion reaction can be registered [1-12]. The
deuterium plasma has been studied on the PF-1000 device with the multiframe laser interferometry, X-
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ray, and neutron diagnostics during last ten years [13]. The interferometry imaged the existence and
evolution of toroidal, helical and plasmoidal structures inside the plasma column.
In this paper, we present the results of the study of the compression of the deuterium column injected
in front of the anode region through the gas-puff valve by deuterium plasma sheath formed in the
plasma focus discharge. These experiments were investigated by the multi-frame interferometry and
X-ray and neutron diagnostics with temporal, spatial and spectral resolution.
Compression of the deuterium column injected by gas-puff with imploding deuterium sheath was
experimentally studied using X-ray, interferometry and neutron diagnostics on the plasma focus PF1000 device at the current of 2 MA. The neutron production in the shots with deuterium filling was
similar for both series with and without open gas-puff and dominant neutron yield was produced at the
time of the dip of the current derivative during the decay of the constriction about 200 ns after a
minimal diameter of the pinch. The value of the mean energy of deuterons producing neutrons in the
range of (100-200) keV confirms the beam-target mechanism of neutron production.
Description of the device and diagnostics
The measurements described here were performed within the PF-1000 facility equipped with Mathertype coaxial electrodes of length 48 cm and an anode of diameter 23 cm. In the axial region of the
anode face, the nozzle of the deuterium gas-puff with diameter of 4 cm was placed with its orifice 1.5
cm inside the anode face. Photo is shown in Fig. 1. Therefore in the central region of the anode, the
hole of 3.6 cm in diameter is located except central top of the nozzle with 9 mm in diameter. The
cathode of 40 cm diameter was composed of twelve 82-mm in diameter stainless-steel rods distributed
symmetrically around the anode circumference. The condenser bank was charged to the voltage of 23
kV, which corresponded to discharge energies of 350 kJ. The maximal discharge current amounted to
2.1-2.4 MA. The initial pressure in the discharge chamber (deuterium) 200 Pa.

Fig. 1: Photo of the anode face with the nozzle of the gas-puff
The signals of the voltage, the current derivative in time and the current were measured within the
current collector near the insulator at the bottom of the anode. Temporal resolved soft X-ray (SXR)
pulses in the range of photon energy of 0.7-15 keV were recorded with silicon PIN detector filtered by
Be-foil of 10 m in thickness. For the record of soft X- frames, we used the pinhole camera and the
microchannel-plate detector (MCP) split into four quadrants which registered the photons with energy
above 10 eV with 2 ns exposure time and 10 ns delay between exposures. The pinholes with diameter
of 100 m imaged the radiated source to the MCP detector with the dimension uncertainty of the
frames of 1 mm. The pinholes were filtered with 10 m of polystyrene. The both mentioned filters had
similar transitivity for energy of photons above 700 eV, the polystyrene foil placed in front of the Xframes had additionally the window in the range of 150-300 eV. To determine the time of generation of
the hard X-rays (HXRs) and neutrons, energy distributions of registered neutrons and the mean energy
of deuterons producing neutrons by the time-of-flight method 20, we used three scintillation
detectors coupled with fast photomultipliers situated side-on, downstream and upstream in the
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distances of 7 m 21. The interferometric measurements were performed with a Nd: YLF laser
operated at the second harmonics (527 nm). The laser pulse (lasting less than 1 ns) was split by a set of
mirrors into fifteen separated beams, which passed through a Mach-Zehnder interferometer. These
beams investigated the plasma region with a mutual 10-20 ns delay ranging during 210 ns 22. The
total neutron yield was calculated from the data recorded with four silver-activation counters. The
minimum of the current derivative dip was assigned as t = 0. The uncertainty of the timing of different
signals was about 2-3 ns.
Experimental results
We registered 3 shots with deuterium in the chamber and 5 shots with deuterium in the chamber
together with deuterium from the gas-puff. In all shots, the same initial voltage of the battery and
maximal current of 2.1-2.3 MA were used. The gas-puff operates with the initial pressure of 3×105 Pa
and the time delay of 2 ms between triggering of the gas-puff and discharge current. Taking into
account the collision frequencies and velocities of neutral particles we can estimate that the region in
front of gas-puff is fulfilled by molecules originating from the gas-puff during this time.
The differences of parameters registered in individual shots were relative high and the number of shots
was low to make the truth worthy comparison. Higher differences were registered in the implosion
velocity of the current sheath (about 30% decrease in shots with deuterium jet) and in the energy of
SXR registered by PIN detector (10-20 times higher in shots with deuterium jet). For illustration of the
main parameters of the plasma column, we chose typical shot #9875 without the operating gas-puff
(total neutron yield of 5×1010) and shot #9881 with the deuterium gas-puff jet (the total neutron yield
of 3.6×1010 Both shots were initiated at the same pressure of 200 Pa of deuterium gas in the discharge
chamber.
In images in Fig. 2, we can see the distribution of fringes which enabled calculation of the line number
of electrons (i.e. their number or the same number of deuterons in the column of 1 cm length) and the
line mass (it is mass of the plasma in the dense plasma column per 1 cm length). The deuterium plasma
originated from the gas-puff (imaged and marked in the right picture) is separated from the imploded
dense plasma layer with the higher density of fringes by the layer in which the axial magnetic field was
registered 18, 19. The number of deuterons (6.3±0.7)×1018/cm with the line mass of (21±2) µg/cm in
the imploding plasma sheath (in the distance z = 1.5 cm from the anode) in the left figure could
originate only from the chamber filling. These values for the right picture reach (10.6±1.1)×10 18/cm and
(35±7) µg/cm. The value for the deuterium originated from the gas-puff was estimated from the
difference in both pictures. To this value it is necessary to add the number of deuterons which were
removed by replacing of gas-puff filling 1.3×1018/cm. Then it reached (5.6±1.7) ×1018/cm and (19±5)
µg/cm. The mean electron density in this column cross-section is 3.5×1024 m-3 for both, without and
with the open gas-puff.
In Fig. 3 we can compare images registered at the time of minimal diameter of the pinched column
corresponding to the dip of the current derivative and maximum of the soft and hard X-ray emission.
The line number of electrons and mass of the plasma was calculated similarly as in previous pictures
from the fringes at z = 1,5 cm in the formed plasmoid: 8×1018 and 27 µg/cm in the left picture and
10×108 and 33 µg/cm in the right one (at about 10 % uncertainty). The diameters of both dense plasma
columns have values 1.2 resp. 1.5 cm then, the mean plasma density in the left picture is 7×10 24cm-3
and in the right - 5×1024 cm-3. In the dense plasma column in this region of minimal diameter we can not
separate the external plasma sheath from the deuterium from the gas puff.
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Fig. 2. Interferometric pictures of shots # 9875
(left) and # 9881 (right) registered at the final
phase of plasma and current sheath implosion.

Fig. 3. Interferometric pictures of shots # 9875
(left) and # 9881 (right) registered at the pinch
phase of the plasma column with min. diameter.

Both plasmoids were joined into the bigger one in a higher distance from the anode at the top of the
column. The plasma density in the axial and radial center of the dense column decreases and the mass
is transported partially to the column boundary and dominantly into the plasmoid. The difference could
be caused by the transport of the deuterium originated from the axial region of the column. In both
shots of this phase, the HXR and neutron production is missing.
Summary and conclusions
In this paper we studied the implosion of the deuterium gas injected by gas-puff nozzle by the
deuterium sheath. The overview of some characteristic parameters is summarized in Table 1 for four
series of shots at the initial pressure in the chamber of 200 Pa of deuterium (D) without or with
deuterium (D+D) from the nozzle.
Table 1: Characteristics of the deuterium plasma column formed by plasma sheath without (D) and with
valve stream (D+D).
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Parameter
D
18
-1
Linear number of electrons 10 cm  6.30.7
Mass g/cm
212
vimp 105 m/s
2.50.3
Energy of ions during implosion keV 1.10.2
6-8
Length of the column cm
Maximum of current MA
2.10.2
Diameter of the pinch cm
1.30.2
24
-3
ne in pinch 10 m 
5.01.0
Amplitude of SXR mV
206
SXR FWHM ns
3410
Total energy SXR Vns
0.60.3
Diameter of stagnation cm
2.20.2
24
-3
ne in stagnation 10 m 
0.90.1
10
Total neutron yield [×10 ]
73

D+D
(5.0+5.6)1.0
(17+19)3
2.20.2
0.80.2
6-8
2.20.2
1.30.2
4.91.0
270150
4915
1410
2.60.2
0.80.1
106

The significant difference was registered in the velocity of implosion, in the length of the pinched
column, in the diameter and the mean electron density in the pinch, in the energy of the soft X-ray
emission and in the total neutron yield. Interferometric images make possible to estimate the number
of electrons in the imploded plasma in individual series, as we see in line 1. The line mass of this plasma
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in line 2 was estimated from the multiplicity of the ion charge. In deuterium filling of the chamber
(195) µg/cm deuterium from the gas-puff was compressed by (172) µg/cm plasma sheath.
Interesting characteristic follows from the velocity of implosion presented in line 3. Its mean value was
calculated from the column diameter near the anode registered in the interferometric images during
50-70 ns. This velocity damped on the operating gas-puff. The neutron production in the shots with
deuterium filling was similar for both series with and without open gas-puff.
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Introduction
Plasma focuses are the effective sources of the high energy electrons and ions. With the presence of
the deuterium in the load, the neutrons from D-D fusion reaction can be investigated [1-6]. During last
ten years, the deuterium plasma has been studied on the plasma focus PF-1000 device using the laser
interferometry, X-ray, and neutron diagnostics [7]. The interferometry showed the existence and
evolution of toroidal, helical and plasmoidal structures inside the plasma column. The intense highenergy electron and ion beams were produced in correlation with the formation and disintegration of
the plasmoids and constrictions. The signals of magnetic probes confirmed the existence of azimuthal
and axial components of the magnetic field inside the pinch [8, 9]. The magnetic energy contained in
the constrictions and plasmoids is released during their formation and expansion or decay and it can
contribute to the acceleration of fast deuterons and electrons.
The influence of the applied external axial magnetic field on the neutron production in the plasma
focus discharge was studied formerly for example in 13, where, the applied magnetic field of tenths
of tesla (one order higher then in the presented paper) decreased the neutron yield 10 times and the
anisotropy of the neutron production increased from 1.2 to 1.5.
In this paper, we describe the results obtained using external magnetic field of a few hundredths of
tesla in the region of the pinch on the plasma dynamics and neutron production at PF-1000 using the
interferometry, X-ray and neutron diagnostics at the electrode configuration containing the tungsten
in the anode face.
In this paper, the results of the study of the influence of the applied external axial magnetic field on
the dynamic of the pinch and neutron production is presented following from the measurements using
X-ray, interferometry and neutron diagnostics performed on the plasma focus PF-1000 device with
deuterium as the filling gas at the current of 2 MA and neutron yield above 1010. The permanent
magnets with magnetic field of a few hundredths of tesla were placed inside the anode body and in
front of the end of the dense plasma column. This magnetic field decreases the neutron yield,
depresses the implosion velocity and the velocity of the transformations of internal structures,
stabilizes the pinch column, increases its axial symmetry and indirectly confirms the existence of
internal closed currents inside the pinch structures.
Device and diagnostics
The measurements were performed on the PF-1000 facility equipped with Mather-type coaxial
electrodes of length 480 mm. The cathode of diameter 400 mm was composed of twelve 82 mm
stainless-steel rods (of the same length as the anode) distributed symmetrically around the anode
circumference. The axial region of the anode face of diameter 230 mm was made from the tungsten
plate. (The influence of the evaporated tungsten on the dynamics of the pinch and neutron production
was presented in [12]). The condenser bank was charged to a voltage of 23 kV, which corresponded to
discharge energies of 350 kJ. The discharge current during the pinch phase amounted to 1.1-1.6 MA.
The initial pressure of the pure deuterium filling was 200 - 240 Pa and the total neutron yield reached
the level of 1010-1011 per shot.
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The applied external magnetic field was realized by different configuration of two permanent magnets
with the diameter of 5 cm: the first with induction 0.045 T and the second with induction 0.07 T. The
magnetic field was measured in the axis 1 cm in front of its face. The first magnet was positioned inside
the anode body 2 cm in front of the anode face and/or the second one - 9 cm from the front of the
anode.
The signals of the current derivative and the total current were measured within the current collector
near the insulator at the bottom of the anode. Soft X-ray (SXR) pulses in the range of photon energy of
0.7-15 keV were recorded side-on with a silicon PIN detector filtered by means of a Be-foil of 10 m in
thickness. To determine the time of generation of the hard X-rays (HXRs) and neutrons, energy
distributions of registered neutrons and the mean energy of deuterons producing neutrons by time-offlight method 14, we used two scintillation detectors coupled with fast photomultipliers situated sideon and upstream in the distance 7 m 15. The interferometric measurements were performed with a
Nd: YLF laser operated at the second harmonics (527 nm). The laser pulse (lasting less than 1 ns) was
split by a set of mirrors into fifteen separated beams, which passed through a Mach-Zehnder
interferometer. These beams penetrated the plasma region with a mutual delay ranging from 0 ns to
210 ns 16. The total neutron yield was determined by the four silver-activation counters. The
minimum of the current derivative dip was assigned as t = 0. The uncertainty of the timing of different
signals was about 2-3 ns.
Experimental results
We registered 21 shots with and 26 shots without the external axial magnetic field to compare its
influence on the evolution of the pinch and on the neutron production at the same initial voltage of the
battery, the deuterium pressure, and the tungsten plate in the anode face.
We can make some statistical conclusions based on the differences of the shots with and without
application of the external magnetic fields. The considerable difference was in the total neutron yield.
The applied magnetic field depressed its mean value from 7.2×1010 to 3.4×1010 with the deviation shot
to shot of 50%. The time delay of the mean neutron upstream signal after the side-on decreased only
faintly, from 14.9 ns to 13.7 ns with the scattering shot to shot of 50%. This possible decrease relays to
the decrease of the mean upstream energy of deuterons producing neutrons about 20 %. The maximal
current and the current in the pinch phase remained unchanged (2.00.3) MA resp (1.380.2) MA,
then, the distribution of the discharge current around the dense column in both cases was similar. The
velocity of imploded dense plasma differs, its mean value decreased from (2.20.3)105 m/s to
(1.930.3)105 m/s. In interferograms, we can see the smoother surface of the imploding plasma
sheath, higher symmetry and stability of the pinched column with the depressed lobules, the more
symmetric plasmoids and the higher length and the life-time of the constrictions.
In following text, we describe 2 phases of pinch evolution: the first, at the start of the stagnation with
production of the first SXR, HXR and neutron pulse and the second, at the evolution of instabilities
during the later HXR and neutron pulses.
In shot # 9708, the magnets were oriented with the negative poles against one together; A (-0.045 T)
inside the anode and B (-0.07 T) behind the end of the pinch. Therefore, the orientation of the polarity
in anode region is opposite to that registered by magnetic probes in front of the imploded current
sheath 9. The zero magnetic point is located in front the anode face in the z distance of 3 – 4 cm. The
diffusion time of magnetic field through the plasma can be estimated from 17 using the formula:
τ  L2,
where  is the conductivity,  is the permeability and L characteristic dimension. Characteristic
dimension of the dense plasma layer L is given by its thick about 3 mm. The conductivity depends on
the electron temperature. It can be estimated from the Spitzer formula 18 for the range of electron
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temperatures above 10 eV as  > 4x104 Si. Then, the resulting time of dissipation is above 400 ns.
Therefore, we can expect that the axial magnetic field of the mentioned external magnet configuration
is compressed by the high conductive dense plasma layer during the implosion of the order 200 ns. The
minimal internal pinch diameter of 8 mm was achieved at -10 ns. Assuming the compression of
magnetic lines into this diameter, then it decreases 12.5 times and the magnetic induction increases
(due to square dependence) 156 times to 6.4 T.

arbitrary units

In Fig. 1, we can compare the HXR and neutron signals registered in 7 m distance upstream and side-on.
The intensity of HXRs in this first pulse is dominant and 50 ns lasting moment of the neutron signal is
distinctly separated from the second pulse. The neutron yield reached (4.21.4)109. Then, we can
compare the side-on and upstream component of neutron velocity and estimate the mean energy of
deuterons producing these neutrons. The upper boundary of the side-on energy component, higher
than 2.45 MeV, can be calculated from the difference of the onsets of the HXR and the shifted neutron
signals of 13 ns (with uncertainty 3 ns). It relays to the value of (3010) keV. The same start of the onset
of both neutron signals in Fig. 1 implicates the isotropy of neutron energies and neutrons and the same
maximal velocity of deuterons in directions upstream and side-on, whiles the difference between the
slopes of the signal upstream and side-on (23 –27) ns implicates the mean energy of deuterons in
downstream direction (100-140) keV. Then, the mean energy of deuterons producing neutrons reaches
15030 keV.
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Fig. 1. Shot No # 9708: HXR and neutron signals registered in 7 m side-on (gray) and upstream (black).
The delay of neutrons in upstream direction confirms the beam-target origin of neutron production.
In the following text, we present as an example the shots, # 9729. In this shot the total neutron yield
reached 6.1x1010. The magnet A was placed into the anode body with polarity + and the magnet B at
the distance 9 cm in front of the anode was removed. Then, the applied axial magnetic field influences
the column namely in front of the anode and this influence decreases in the column gradually along its
increasing distance from the anode.

Fig. 2. Shot No # 9729. Interferometry images registered during the second HXR and neutron pulse.
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The transformation of the structures in the plasma column is shown in interferograms in Fig. 2 during
the second, dominant pulse of SXRs, HXRs and neutrons. At 86 ns, one can see the formation of the
constriction and two plasmoids at their ends, the upper marked U and the down marked D near the
anode. The surface of the plasma column region with the plasmoids and constriction has unusually
symmetric and smooth convex form. During 86 and 96 ns, the constriction placed between plasmoids
continues in implosion and injects the plasma into the plasmoids, namely into U. During the next 20 ns
between 96 and 116 ns, the convex shape of the column close to the anode transforms into half-sphere
and the constriction between plasmoid increases its length. Both configurations convex and half-sphere
could be manifestations of the applied magnetic field confined partially inside and partially outside the
dense column which influences the smooth surface of he border. Later between 116 and 126 ns, the
constriction elongates. After 126 ns, the anode half-sphere structure loses its smooth surface and it
transforms into the irregular spherical-like form by the necking of its near-anode region.
The influence of the external magnetic field in this shot takes shape namely by the faster confinement
and by the higher stability of the dense plasma column showing oneself with the symmetrical convex
shape near the anode and later with the half-sphere one. After the decay of the half-sphere carapace,
the symmetrical magnetic confinement was released. It is possible, that the external field, firstly
confined in the dense column, dissipates partially through its boundary into the current sheath and
stabilizes it. Then, the confinement of the external magnetic field in the pinch is limited by the time of
200-300 ns from implosion to the phase of the column expansion and decay. The another visible
example of the applied external magnetic field of is the high length and long life-time of the narrow
constrictions evolving in the column.
Discussion and summary
During the implosion of the plasma sheath, the diffusion of the magnetic lines through it can be
neglected and we can assume that all magnetic lines are compressed into the dense pinch to the value
of 5-8 T. This value is similar to the axial component registered in the pinch structures in the shots
without external magnetic fields. It influences the total value of Bz and stabilizes the column. It
repulsive pressure can decrease the mean value of the velocity of imploding dense plasma from
2.20.3105 m/s to 1.90.3105 m/s.
The compressed magnetic field stabilizes the dense column by influencing its internal and external
currents. It decreases the tearing of Bz component into the helical and toroidal forms and it depresses
the generation of lobules. The lines of the applied magnetic field should dissipate from the dense
column into the pinching current sheath and than they can increase its stability and contribute to the
regular pinching of the column.
The significant influence of external magnetic field was observed in the regions of stronger magnetic
field near the magnet. It supports the stability of the big, dense and stable structures with the life-time
of 50-100 ns. Its appearance confirms the possibility of the presence of the closed internal currents in
the plasmoids observed in shots without applied external magnetic field. Especially, the application of
this field in the downstream end of the pinched column (far from the anode end) helps to establish the
big, dense and stable target for the fusion collisions of fast deuterons, enabling the higher resulting
neutron yield.
Then, we can summarize, that the initial external magnetic field of magnitude of a few hundreds of T
increases the closed magnetic fields in the pinch, stabilizes the column and in average, it depresses the
neutron production to about 50%. The energy spectrum of the registered neutrons and mean energy of
deuterons producing registered neutrons decreased by 20 % in comparison with the shots without the
applied external magnetic field. Then this decrease is caused namely by lower velocity of
transformation of internal structures.
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Krypton Large IMpulse Thruster – KLIMT Functionality studies
Principal investigator:
J. Kurzyna; jacek.kurzyna@ipplm.pl
Collaborators from the Institute of Plasma Physics and Laser Microfusion:
S. Barral, D. Daniłko, J. Miedzik, H. Rachubiński, A. Szelecka
Introduction
The main goal of a 500 W-class Hall effect thruster (HET) developed at IPPLM is to demonstrate the
possibility to operate with krypton at efficiencies close to that obtained with xenon. However, krypton
lower ionization cross section has to be compensated by increasing its mass flow rate in comparison
with xenon. The resulting growth of the thermal loads requires an effective evacuation of excess heat to
a dedicated radiator. The related KLIMT (Krypton Large Impulse Thruster) project had been accepted in
the frame of the 2nd PECS call (proclaimed by The Polish Ministry of Industry) and has been funded by
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ESA since March 2013. The previously reported numerical studies of the operational KLIMT's envelope
are continued and enriched with the experimental investigations of its first characterization when the
thruster is supplied with xenon.
Methods and results of research
HET is a plasma accelerator of cylindrical symmetry in which thrust is produced by ions driven by an
axial electric field E. It can operate as long as it is supplied with gas (propellant) and DC voltage. The
anode, which is usually also a neutral gas dispenser, is placed inside an annular dielectric channel.
Electrons are produced by a hollow emissive cathode outside of the channel – see figure 1. Close to the
open end of the channel, radial magnetic field of induction B is produced. In the resulting E ┴ B fields
configuration electrons are subject to azimuthal drift and can diffuse to the anode across the magnetic
lines, due to collisions with neutrals, channel walls and interaction with azimuthal plasma fluctuations.
The anomalous transport of electrons to the anode is usually modeled with the use of semi-empirical
Bohm formula. Ions that are mostly created in collisions of neutrals with electrons are accelerated by E
field and subsequently expelled from the channel composing a plume of quasi-neutral plasma due to
capturing additional electrons emitted by the cathode. It is worth noting that the density of neutrals
injected by the anode is so low inside the channel that only “capturing” electrons in the region of the
magnetic barrier ensures effective collisional ionization and consequently thrust production. Electron
density ne = 1017-1018 m-3 and temperature Te = 15-20 eV are typical characteristics of quasi-neutral
plasma in the HET channel. Figure 1 shows KLIMT prepared for K&R cathode testing in IPPLM vacuum
facility. For more detailed description of HET's physics and principle design schemes see e.g. [1].
Numerical investigations of KLIMT's performance that were reported in the previous IPPLM Annual
Report indicated that high efficiencies with krypton are possible, with a predicted maximum efficiency
for krypton only a few percent below that of xenon, although at mass flow rates ~50% higher. The
extensive comparative computations were performed in multidimensional space of the operating
parameters for xenon and krypton propellants with the use of time-dependent 1D HETMAn
hydrodynamic code developed at IPPLM in the frame of the HiPER project [2]. The results of the
extended calculations were recently presented at Plasma 2013 Conference and are accepted for
publication [3]. The numerically revealed operational envelope was the starting point for the
experimental investigations of KLIMT's performance and nominal parameters. The test campaign for
KLIMT characterization was provided by ESA ESTEC EPL [4]. The measurement campaign was preceded
by the extensive preparatory phase during which test plans were formulated, a number of documents
were released and some hardware modifications were introduced keeping in mind the interface for the
integration of KLIMT with EPL vacuum facility and the thrust stand.
The first experiments that were performed supplying KLIMT with xenon indicate that the design is
conceptually correct and the thruster can stably operate for several hours.

Fig. 2. KLIMT as ready for inserting into IPPLM vacuum Fig. 3. KLIMT operating with xenon in the vacuum
chamber. For testing a disposable K&R cathode was
facility of ESA PL. The plume of the cathode plasma is
replaced with the HeatWave Lab HWPES 250 cathode. well separated from the plasma jet produced by the
thruster.
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Fig. 4. Data obtained in ESA EPL are added to the
calculated curves of KLIMT's efficiency. The thruster
was always operated at the power less than 500 W. Bfield and the channel length are different than in
numerical simulations.

Fig. 5. Some thrust and specific impulse values as
measured are shown for the comparison with the
numerical results. Although the currents in magnetic
coils were kept constant, B-field varied in time due to
the growth of the HET temperature.

Moreover, the basic thruster characteristics, like e.g. I-V plots, are comparable with those obtained by
numerical calculations, however, the detailed comparison require more accurate investigations. Just for
the illustration several values measured in the experiments were plotted along with the results of the
simulation – see figures 3 and 4. The anode efficiency, thrust and specific impulse points are scattered
for the similar operating parameters, which may indicate that some parameters that were not regulated
directly, eg. magnetic circuit temperature, were not constant during the measurements and that they
must be better controlled in future. It also seems that operating parameters have to be precisely
adjusted to optimize the thruster efficiency. The stretched symbols depicted in figure 3 correspond to
two methods of discharge power estimation. The more extensive experimental examination of the
KLIMT's operational envelope is scheduled for the next measurement campaigns. However, the
characterization of the thruster when supplied with krypton propellant will be done first.
Conclusion
The very first launching and preliminary characterization of IPPLM Hall effect thruster has been carried
out in the frame of the KLIMT PECS project. Several experimentally measured quantities were compared
to the numerically calculated characteristics. The thruster was switched on and off several times and for
some operating conditions it operated stably for 1-2 hours. However, after the fade of the discharge,
when the thruster was too hot, its re-ignition was troublesome.
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Numerical studies of a Hall thruster: Wall-induced Cross-ﬁeld Electron Transport with
Oblique Magnetic Field Lines
Principal investigator:
J. Miedzik; jan.miedzik@ipplm.pl
Collborator from the Institute of Plasma Physics and LaserMicrofusion:
S. Barral
Introduction
Quasineutral Particle-In-Cell model with guiding center approximation of electrons motion (PICelectron-GC/PIC-ion) is employed to assess the inﬂuence of tilted magnetic ﬁeld lines on electrons
transport across magnetic ﬁeld lines. The computations run for one magnetic ﬁeld line reveal that:
highly ion focusing topology increases electrons cross-ﬁeld drift, plasma isotropisation increases for
non-perpendicular magnetic ﬁeld lines.
Methodsandresultsofresearch

Fig.6. Average cross-field drift velocity of electrons towards anode as a function of the magnetic field
tilt angle. A positive angle indicates an ion focusing topology, with a zero angle corresponding to a
magnetic field normal to the walls.
The 1D model is based on the Particle in Cell technique[1]. Electrons motion is approximated by guiding
centers, and when needed the angular position is recovered from magnetic momentum (adiabatic
invariant). It is allowed for magnetic field line to intercept non-perpendicularly with the wall, and a fast
probabilistic scheme was implemented to generate a random gyrophase upon impact having account
for the non-uniformity of the gyrophase probability when filed lines are tilted. The electric field is
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computed self-consitently applying a modified inertia-less Ohm equation. In order to force the ions flux
to the walls within the quasineutral assumption, Bohm condition is implemente
Conclusion
It is found that highly ion focusing topologies result in a greater probability for electrons to collide with
the walls on the high energy side (high potential side) of the magnetic flux tube. Consequently, such
geometry tends to increase the guiding center shift in the cross-field direction upon collision and thus
the wall-induced electron transport. The opposite effect is observed for ion-defocussing topologies. At
the same time, it is shown that oblique B field lines affect the sheath potential and strongly decreases
temperature anisotropy because in such case, transfers of energy between the paralleland
perpendicular directions are possible even during specular reflection of electron on the sheath, which is
by far the most frequent type of collision. This contrasts with the case of a magnetic field normal to the
wall, where specular reflection on the wall sheath conserve energy in the paralleland perpendicular and
directions. Additionally it is demonstrated that, due to the relatively high anisotropy of electron energy,
magnetic mirroring improves insulation of the plasma from the wall in a sizable manner and results in a
decrease of both the sheath barrier potential and of the wall-induced electron mobility.
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Numerical studies on a Hall Effect Thruster: PhD dissertations - the current status and
progress
Principal investigator:
D. Daniłko; dariusz.danilko@ipplm.pl
Collaborators from the Institute of Plasma Physics and Laser Microfusion:
J. Miedzik, S. Barral
Introduction
The Jan Miedzik's and Dariusz Daniłko's PhD dissertations in preparation [1,2] rely on time-dependent
PIC numerical simulations of the discharge in Hall Effect thruster (HET), assuming plasma quasineutrality and using guiding center approximation for electrons that propagate to the anode in the
imposed steady magnetic field. However, while the first one uses 1D description of the guiding center
propagation along the magnetic field line of any curvature, the second one uses 2D simulation in which
cylindrical symmetry of the discharge and magnetic induction field is assumed. In both simulations selfconsistent electric field is the outcome of the given physical model.
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Methods and results of research
The most recent results of Jan Miedzik's numerical modeling are summarized in the separate section of
the current Annual Report [3]. That is why, the following sections are limited to the presentation of the
progress achieved by Dariusz Daniłko. The main goal of the research is to create a 2D Particle-In-Cell
model (in the r-z plane) of the plasma discharge inside the Hall Effect Thruster (HET) channel that
incorporates Monte-Carlo collisions and the guiding center approximation for electrons. In 2013 we
have developed a 1D transport solver for pushing electrons perpendicularly to the magnetic lines. The
code solves Poisson equation to calculate electric field in the direction perpendicular to the magnetic
field. The solver was written to enable communication between a set of 1D simulations written by J.
Miedzik [1]. Figure 1 presents the results of the 1D simulation along the channel of the thruster.

Fig. 7. The profile of the electric field and potential (left) and particle densities (right) along the channel
of the thruster.
The results of the 1D code were presented at the 33rd International Electric Propulsion Conference
(IEPC) in Washington D.C., USA [4]. The Jan Miedzik's thesis is in the well advanced stage and should be
defended in the year 2014. The finalization Dariusz Daniłko's thesis is predicted for the year 2015.
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