
IFP Activity Report 2005-2006 39

4. Microwave applications and instrumental facilities for wave
plasma physics

4.1 Testing of the Flight Model-Flight Spares components for Planck-LFI
instrument

PLANCK is the ESA mission (to be launched in 2008) designed to measure the
anisotropy spectrum of the Cosmic Micro-wave Background (CMB) to the full extent of
cosmological relevance and make quantitative measurements of CMB polarization. Its optical
system consists of a Gregorian telescope coupled with two instruments, High- and Low-
Frequency Instrument (HFI and LFI), on the focal surface. The HFI includes an array of
bolometers from 84GHz  to 1THz . The LFI includes an array of pseudo-correlation
radiometers spanning the range 27-77 GHz in three 20% frequency bands, centered at 30,
44 and 70 GHz, with 2, 3, and 6 array elements. Each LFI radiometric chain consists of a
front-end section, cooled at 20ºK, with a corrugated horn feeding an Orthomode Transducer
(OMT) that splits radiation in two linear orthogonal polarizations and feeds the Front End
Module, that compares the input power with the emission from a 4ºK reference load.

 

The signal is delivered to the Back End Module for detection with two pairs of long
rectangular waveguides, one pair for each polarization, grouped in a single module.The 11
antennas and the intricate pattern of waveguide modules are clearly visible in Fig.4.1.1. IFP
has been in charge of the tests on LFI passive components since the prototyping phase in
2000. During 2005 and 2006, the Flight Module and Flight Spare components were
successfully tested. The measurement techniques were improved with respect to those used
in previous years, allowing a precise assessment of performance before and after vibration,
and a validation of the manufacturing process. The horns test matrix was expanded with
respect to the original plan, allowing the detection of any problems in the integration with
OMTs by inspection of the sidelobes in the co- and cross-polar pattern. Optical simulations
of the LFI main beam have been carried out considering the measured feed as source and
computing the pattern scattered by the two reflectors of the Planck telescope using the
electromagnetic software GRASP (TICRA). The results reflect the high quality of feed
manufacturing and the high level consistency between simulation and measurements at feed
level (see Fig 4.1.2).

Fig. 4.1.1 - LFI on the support frame, ready
for integration on the satellite payload
(courtesy Alenia Spazio div. Laben).

Fig. 4.1.2 -
Comparison of the
measured and the
simulated  beam
pattern at 70GHz
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IFP also participates to the calibration campaign of the LFI until its delivery to ALCATEL
ALENIA SPACE France for the next stage of integration before launch.

4.2 A cusp plasma device for plasma studies and technological applications

A steady state plasma device has been built at IFP. The magnetic field confinement
has a cusp configuration. A 3D view of the plasma device is shown in Fig.4.2.1.

Fig. 4.2.1. 3D layout of the cusp experimental device

The cusp magnetic field configuration is obtained by two bundles of coaxial solenoids.
Each bundle carries the same electric current but the directions of the current are opposite.
The solenoids are powered by a single power supply (60 kW, 1200 A). The main
characteristics of the magnetic system are listed in Table I. All the coils are powered at a
current intensity of 1000 A.

TABLE I. Characteristics of the magnetic system

Length between point cusps (PC) 78 cm
Line cusp (LC) radius 19 cm
Peak magnetic field at PC 0.4   T
Peak magnetic field at LC 0.25 T

The vacuum vessel is a customized cusp geometry stainless steel AISI 304L. The main
disk-shaped chamber has an inner diameter of 550 mm and is 70 mm wide. The plasma
source is fed with gas through a mass flow controller (FC in Fig.4.2.1) that maintains a
discharge pressure from 10-3 to 10-2 Pa. Vacuum pumping is provided by turbomolecular
pumps (TPs) located at the line cusp (two 60 L/s) and at the out-point cusp (230 L/s). In
order to monitor the concentration of neutral particles at the line and out-point cusp, two
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residual gas analyzer (QMS1 and QMS2) have been used, with independent differential
pumping systems.

The plasma is generated by a microwave beam at 2.45 Ghz, fed into the vacuum
chamber through a rectangular quartz window situated near the in-point cusp, where the
magnetic field reaches a maximum value. The beam propagates through a decreasing
magnetic field until it is absorbed at the electron cyclotron resonant (ECR) magnetic field
(87.5 mT) approximately situated at 3 cm with respect to the center of the cusp magnetic
field (with 1000 A of current in each coil). The power deliverable by the microwave system is
up to 3 kW.

A Langmuir Probe (LP) has been used to determine the electron temperature (Te) and
the density (ne). The LP is mounted through a vacuum flange at the line cusp and can be
swept radially along the line cusp plane thanks to a remotely controlled linear motion drive. A
typical profile of ne and Te is shown in Fig.4.2.2.
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Some technological experiments on the cusp plasma device have been carried out, in
particular to investigate the dissociation of methane in a plasma environment and its
conversion to hydrogen, and on the effects of dust on plasma fluctuation spectra.

The main goals of the future experiments we planned are: 1) to achieve an high-ionized
plasma (close to 100%); 2) to apply a rf electric field at the line cusp plasma by means of the
two ring shaped electrodes, at a frequency close to the ion cyclotron frequency. The plasma
so produced will allow studies of ponderomotive force effects as well as ion plugging and ion
species separation. These investigations are of interest to fusion technology as a basis to
process and separate the impurities coming from the exhaust gas that is pumped out from
the vacuum vessel of a tokamak like ITER.

4.3 Measurements of fluctuations spectra in a Carbon dusty plasma

Studies of the effects of the presence of dusts in plasmas are mainly related to two
different branches of science: astrophysics and nuclear fusion. Dust is something common in
the space environment. As far as nuclear fusion is concerned, it is expected that dust
produced by the erosion of the material walls will be present in the region of the scrape off
layer (SOL).

The presence of charged dust particles can change the amplitude and the spectrum of
the plasma fluctuations due to the dissipative effects of the charging collisions of plasma
particles with dust, which produce fluctuations of the dust charge. The discreteness of the
dust particles also induces plasma fluctuations different from the usual thermal fluctuations
associated to the discreteness of electrons and ions. The relative importance of the two
processes depends on the dust-charge density. Measurements of the plasma density and of

Fig. 4.2.2 - Electron temperature and
density profiles taken with the ECR
plasma source at the line cusp plane
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the potential fluctuations in selected parts of the spectrum in the presence of dust therefore
can be used as a diagnostic of the main properties of the dust.

An experimental campaign has been carried out using the cusp plasma device Omega
operating at IFP to study the effects of dusts on the plasma characteristics. The cusp device
is a favorable setup to this purpose because it confines a quiescent and unmagnetized
plasma (in the central zone of the magnetic cusp configuration) at low neutral pressure,
occupying a large volume. To be as close as possible to the actual conditions of the SOL
region of tokamaks, carbon dusty particles have been produced by methane dissociation in
an Argon-Methane discharge. Different concentrations of Ar-CH4 have been used. A set of
experiments with Ar-NH3 has been carried out in order to compare gas mixtures with similar
molecular structures respectively without and with dusts. Fluctuation measurements have
been performed by means of an electrostatic probe located in the center of the cusp
geometry and biased at the ion saturation voltage. Typical spectra, obtained using different
gas mixtures, are shown in Fig.4.3.1.

The results show an increase of the intensity of the low frequency branch of the fluctuation
spectrum with increasing dust density (i.e. at higher concentrations of methane). These
results are in satisfactory agreement with theoretical previsions and look promising for the
future development of a dusty plasma diagnostic.
The experiment has been done in collaboration with the Max-Plank-Institut, Garching,
Germany, the University “Federico II”, Naples, Italy, and the University of Molise, Italy.

4.4 Methane cracking and hydrogen production in Ar plasma at atmospheric
pressure

Hydrogen is one of the possible future energy carriers to replace fossil fuels. A main
issue to be solved for this to become a reality is that hydrogen should be produced from
clean and renewable resources.

An IFP team, in cooperation with the Istituto per l’Energetica e le Interfasi (IENI), is
deeply interested in H2 generation through the processes of methane plasma cracking. To
this purpose, we have built a plasma reactor that works at atmospheric pressure using a low
temperature plasma such as that produced by a dielectric barrier discharge (DBD). A DBD is
a widespread technique to produce atmospheric-pressure non-thermal plasmas. To produce
a large volume, uniform, non-thermal plasma we have built a cylindrical reactor (see
Fig.4.4.1). powered by a high-voltage pulse generator (6 KV – 30 KV) with pulse width of
about 10 ns and repetition rate from 1 kHz  up to 100 kHz.

The main goals of the experiment are:
- study and development of the DBD plasma reactor with evaluation of the discharge

parameters;

Fig.4.3.1 - Power spectra of the
density fluctuations in Ar (red
curve), mixture Ar+50 % NH3
(violet curve) and Ar+50 % CH4
(blue curves).
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- study of methane and hydrocarbons cracking with a non-equilibrium pulsed nanosecond
glow discharge at high pressure, to increase the efficiency and the hydrogen selectivity;

- optimization of the cracking efficiency, the H2 selectivity and minimization of the energy
consumption by different electrodes configurations;

- study of the methane and hydrocarbons cracking with the addition of small amounts of
water vapour, to test different plasma conditions;

- evaluation of  the effects of the addition of a magnetic field. If a stationary magnetic field is
superimposed in the discharge region by means of solenoids, the electron transport
properties are enhanced thanks to the increase of the electron free path, with
consequent growth of the atomic-molecular reactions between electrons and gas
particles;

- development and testing of an adequate H2 permeable membrane geometry to increase
the selectivity of hydrogen in the reaction volume. Pd-alloy membranes seems to be
promising for this application because of their high permeation rate for hydrogen and
negligible rate for other gases.

The following diagnostics will be employed to measure the plasma and gas parameters
and to monitor the methane cracking reactions: 1) optical emission spectroscopy (ES); 2)
gas-chromatography, to understand the reaction dynamics; 3) scanning electron microscopy
(SEM); 4) transmission electron microscopy (TEM), to study the morphology and structure of
the produced hydrocarbon film or soot; 5) Langmuir probe.

Fig.4.4.1 - Atmospheric pressure plasma reactor for dielectric barrier discharge.

The program is supported by INTAS international project (Hydrogen Technology and
Biomass Conversion for Energy Generation 2005 INTAS Ref. Nr 05-1000005-7664). Since
April 2006 we are working in collaboration with the IENI - CNR, the Centre National de la
Recherche Scientifique (CNRS), France - Moscow Institute of Physics and Technology,
Russia – the Institute for Structural Makrokinetics and Materials Science, Russia and the All-
Russian Research Institute for Fire Protection, Russia.

The coordinator of the project is Dr. Iskender Gökalp, Director of Laboratoire de
Combustion et Systèmes Réactifs, CNRS, France.
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4.5 Planning and objectives of a flexible plasma facility for scaled plasma
experiments (GyM)

In 2006 IFP has started the implementation of a modern experimental device aimed at
performing specific scientific and technological investigations on plasmas of interest for the
European fusion programme. The GyM machine is a linear magnetic trap where a low
density plasma is produced and contained in a cylindrical vacuum chamber by means of an
externally applied strong magnetic field produced with a coaxial set of 10 copper coils
carrying an electric current up to 1 kA. It is aimed to produce fully ionized, collisionless
plasmas with main parameters (plasma density, temperature, magnetic field) suitably scaled
from large fusion devices (like JET and ITER) in such a way that experimental investigations
of drift instabilities, and of the associated plasma transport properties, can be performed at
the same values of certain relevant dimensionless parameters. The device can be used, with
minor modifications of its magnetic configuration, also to study various technological plasma
applications, with possible spin-off for multi-charged ion production for accelerators, ion
implantation in solid matter, and other frontier fields.

The experimental programme will be carried out in collaboration with the CRPP-EPFL,
Lausanne (which provided on loan the magnetic field coils, three sections of the vacuum
chamber, and the mechanical support structure), and IAP-RAS, Nizhny Novgorod. In large
plasma confinement devices, several interrelated physical processes take place at the same
time, which cannot be investigated individually by control and suppression of those
processes which are detrimental. On the contrary, in an appropriately designed small device
it is possible to drive, study and control a single instability and therefore to extract pieces of
information about its scalings with few relevant dimensionless parameters. If such key
parameters take values of the same order of magnitude as in large devices, although the
dimensional physical parameters are very different, the validity of the results of the small-
scale experiment can be extended, to a certrain extent, to larger devices. The case of the
drift instabilities in a magnetized plasma is a pertinent example. They are mostly electrostatic
and are caused by spatial gradients of the plasma density and temperature. Drift modes are
believed to be responsible for the leakage of plasma energy from a tokamak plasma, and the
presence of toroidal and poloidal plasma velocities can be stabilizing or destabilizing factors
for these modes. In a tokamak discharge, radial gradients of toroidal and poloidal plasma
velocities cannot be controlled separately. In addition the use of RF or of neutral beams
injected to drive a toroidal rotation also induce a plasma heating, modifying Te/Ti. The key
parameters varying at the same time, it is very difficult to discern among their different roles.
This kind of investigation can be performed in a relatively simple way in a small-scale
plasma, provided each possible exciting and stabilizing mechanism, as for example Te/Ti, the
radial gradients of ni, Ti, the longitudinal plasma flow, the azimuthal plasma flow, controlled
while maintaining the other parameters almost fixed. Following these ideas, the construction
of GyM, which is a flexible, multi-purpose, and easily diagnosable device, where last-
generation radio-frequency (RF) sources (gyrotrons) will be used to produce, sustain and
shaping the plasma, has begun. Following the criteria of scalability discussed above, typical
physical parameters have been identified: ne≈109–1011 cm-3, Te≤30 eV, Ti≈Te in low density
regimes, B≈1–5 kG. GyM will have a modular structure that will include a source region for
plasma generation (A), the experimental region (C), and an intermediate transition region (B).
A suitable differential pumping in the region B will be needed in order to remove all neutrals
from region C, where the experimental investigation will be performed.

The plasma expected to be produced in GyM can be easily diagnosed by probes of
various kinds (Langmuir probes, plug probes, Mach probes, and gridded energy analyzers),
which can be easily inserted into the plasma to give radial and axial profiles of the density,
the temperature, the flows and the excited electrostatic fluctuations. In large-scale plasmas,
like existing and future tokamaks, probes cannot be used except in the very peripheral region
of the plasma column. In a dilute plasma they can give the spatial distributions of the main
physical parameters with very good resolution. Ion energies and flows can be adequately
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measured by means of ion energy analyzers. The implementation of specific diagnostics for
the excited waves, as reflectometry and probe techniques, is foreseen together with
spectroscopic measurements for detecting ion flows. The circular magnetic field coils will be
mounted on rails in order to have the possibility to change easily the relative position. In such
a way, several magnetic configurations will be rmade available: classical magnetic mirror,
end-cusp magnetic configuration, central magnetic cusp with variable width.

In the early phase of the experimentation, the plasma will be produced and shaped by
means of heated filaments and RF at 2.45 GHz. In a later phase, a gyrotron will be used, to
apply RF at 28 GHz, power 15 kW, CW, to produce, sustain and shape the plasma-target. An
essential part of the experimental programme will be the implementation of a plasma-target
fully sustained by RF. A highly ionized plasma is expected under ECR conditions sustained
in a linear trap by the gyrotron source. The plasma density in ECR discharges can be varied
up to values close to the cut-off density (about 1 013 cm-3 at 28 GHz) controlling the
microwave power level and the gas injection rate. Being ionized inside the linear trap, the
plasma will escape into the drift chamber along the magnetic field lines with the ion-acoustic
velocity. The mean free path of a neutral before ionization will be rather small (≤1 mm),
therefore the neutral flux from the source to the experimental chamber is expected to be also
negligibly small. The plasma density profile will be adjusted placing the specially designed
grids (diaphragms) at the input of the experimental chamber. Such grids can shape the radial
density profile according to the radial distribution of the grid transparency. Control of the
power deposition and the neutral gas injection rate will allow varying the electron
temperature in a limited range. An additional control of the electron temperature profile can
be possibly realized by varying the microwave intensity distribution across the quasi-optical
beam and the localization of the EC absorption zone.

The construction of the GyM device at IFP-CNR has started and the experimental
programme to be carried out is under defintion. The machine will be a “tool” of IFP-CNR for
testing new physical ideas and technological applications of RF produced plasmas, having
the possibility of a careful control of plasma parameters. The scientific and technological
programme of GyM will be open to external collaborations and proposals.
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