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Abstract

Plasma instabilities limit the ECR Ion Sources perfor-
mances in terms of flux of the extracted highly charged
ions by causing beam ripple and unstable operation condi-
tions. In a 14 GHz ECRIS (Atomki, Debrecen), the effect
on the plasma instabilities in an Argon plasma at Two Close
Frequencies heating scheme (the frequency gap is smaller
than 1 GHz) has been explored. A special multi-diagnostic
setup has been designed and implemented consisting of de-
tectors for the simultaneous collection of plasma radio-
self-emission and of high spatial resolution X-ray images
in the 500 eV - 20 keV energy domain (using an X-ray pin-
hole camera setup). We present the comparison of plasma
structural changes as observed from X-ray images in single
and double-frequency operations. The latter has been par-
ticularly correlated to the confinement and velocity anisot-
ropy, also by considering results coming from numerical
simulations.

INTRODUCTION

Electron Cyclotron Resonance (ECR) Ion Sources (EC-
RIS) are used to produce highly charged plasmas and ion
beams [1]. The ion beams are usually injected into to a high
energy accelerator to provide high energy ions mainly for
nuclear and particle physics experiments. Demand from
the users were strongly motivating the improvement and
development of ion source performances since the appear-
ance of the pioneer ECRISs.

To produce highly charged ions hot plasma should be
generated. Due to the magnetic confinement of the charged
particles the velocity distribution of the energetic electrons
is strongly anisotropic in the plasma. This anisotropy can
cause plasma kinetic instability [2] limiting the energy con-
tent of the plasma and therefore the number of the extracted
highly charged ions.

Appearance threshold of the kinetic instability was in-
vestigated intensively. Strong correlation between the mag-
netic field configuration of the source and the onset of the
instability was found [3]. The instability always raises
when the Bmin/Becr exceeds a value around 0.8 (where Buin
and Bgcr are the minimum magnetic field and the resonant
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magnetic field, respectively). This value slightly varies
with the other operation conditions of the ion source (gas
pressure, microwave power). Recent study [4] shown that
the spectral temperature of the plasma is increasing mono-
tonically toward the threshold value and then saturates. En-
ergy content of the plasma cannot be increased anymore,
the electrons losses caused by the unstable condition dom-
inates the plasma processes.

Several experiments demonstrated that the plasma sta-
bility and therefore the ion beam stability can be improved
by applying two frequency heating of the plasma. Both two
far (resulting in two well separated ECR heating zones) and
two close (frequency gap is comparable with the scale-
length of the resonance) frequency heating were investi-
gated [5, 6].

While the beneficial effect of the multiple frequency
heating is proved [7] the mechanism and the dynamics of
the processes caused by the second frequency are still not
fully known. Therefore, we have investigated the effect on
the plasma instabilities in an Argon plasma at Two Close
Frequencies Heating (TCFH) scheme using two diagnostic
tools; a two-pins RF probe connected to a spectrum ana-
lyzer (SA) and an X-ray pinhole camera.

Parameters of the radiofrequency spectra (obtained by
the RF probe) can be used as an indication of stable and
unstable plasma conditions and a quantitative estimation of
the strength of the instability can be done [6].

The high spatial resolution X-ray images (taken by the
pinhole camera) are used to monitor the structural changes
of the plasma when the second frequency is injected.

Furthermore, numerical simulation to investigate the ve-
locity distribution of the plasma electrons were done to in-
terpret the complex information obtained by the help of the
two diagnostic tools.

EXPERIMENTAL SETUP

Argon plasma were generated by the 14 GHz, room tem-
perature Atomki ECRIS [8]. The B-minimum trap consists
of two room temperature coils and of a NdFeB permanent
magnet hexapole. The radial magnetic field measured at
the plasma chamber wall is about 1.1 Tesla while the axial
magnetic peak fields along the axes of the plasma chamber
are 1.26 T at the injection side and 0.95 T at the extraction
side. The minimum value (Bmin) is 0.39 T.
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The plasmas were heated by single and double frequency
mode. The first 14.25 GHz signal was amplified by a klys-
tron while the second tuneable one was provided by a TWT
Amplifier operating in 13.6 GHz - 14.6 GHz frequency
range. Microwaves were launched through only one wave-
guide by mixing the two RF signals before the plasma
chamber by a power combiner. Both the forwarded and the
reflected powers were measured at the closest possible
point to the plasma chamber.

Schematic drawing of the experimental setup can be
seen in Fig. 1.
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Figure 1. Drawing of the experimental setup with the two
diagnostics tools.

The injection plate of the plasma chamber was adapted
to the X-ray imaging: the area of the Al made circle shape
injection plate was divided into two regions in the ratio 2:1.
The smaller area was used for microwave and gas injec-
tion, furthermore to insert the RF-probe directly inside the
plasma chamber. The larger part was closed by an Al mesh
to form closed resonant cavity and to provide transparency
for X-ray imaging at same time.

The X-ray pin-hole camera for 2D space resolved spec-
troscopy [9], consisting in a CCD camera and a lead pin-
hole. The CCD camera is made of 1024 x 1024 pixels and
sensitive the range 500 eV - 20 keV. It was coupled to a
Pb pin-hole (thickness 2 mm, diameter ® = 400 pm) and
placed along the axis, facing the chamber from the injec-
tion flange. A Titanium window with 9.5 pm thickness was
used to screen the CCD from the visible and UV light com-
ing out from the plasma. A multi-disks (disks with the same
thickness and different hole diameter) lead collimator [10]
was used as extra shielding, developed to acquire X-ray
picture at up to 200 W of total incident power with appro-
priate signal over noise ratios. The magnification of the im-
aging system was 0.244.

A two-pins RF probe was connected to a Spectrum Ana-
lyser (SA) in order to detect the plasma emitted EM waves
in GHz ranges characteristics of the kinetics instabilities.
The flexible two-pins RF probe has an outer diameter of
4mm and a pin length of 3.5 mm. The pin distance is 2 mm.
The Spectrum Analyser is operated in the range
13-15 GHz. The resolution bandwidth was 3 MHz with a
sweeping time of 400 ms.
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ANIZOTROPY VS. Bmin/Becr

We have performed simulation of plasma electrons in the
magnetic trap of the Atomki ECRIS under ECR conditions
in single frequency heating (SFH) mode to investigate the
effect of the Bmin/Bgcr to the anisotropy of the plasma
electrons by changing the resonant frequency (conse-
quently the resonant field). The simulation was done by
TrapCAD [11, 12], which is a numerical code using a sin-
gle electron approach neglecting the particle-particle inter-
actions. The electron heating using the electron—cyclotron-
resonance process is calculated by assuming a simple RF
field but using realistic magnetic field configuration. A cir-
cularly polarized plane wave is assumed propagating along
the z-axis. The electric vector of this type of wave is rotat-
ing in the x-y plane of the chamber. A 4th-order Runge-
Kutta method is applied for the integration of the magnetic
field line equation. The Lorentz force integration is pro-
cessed by a time-centered leapfrog scheme explicitly solv-
ing the motion equations. The time-step of the code was set
to be 3ps.

SFH mode was modelled by running the code for 15 con-
figurations. The RF frequency was scanned from 11 GHz
to 18 GHz with 500 MHz steps. The corresponding ratio
Bmin/Becr is increasing from 0.6 to 0.99 by changing the
frequency from 18 GHz to 11 GHz. 100,000 electrons were
started from the resonant zone with 5.5 eV initial average
kinetic energy both for parallel and perpendicular velocity
components. Simulation is ended after 200 ns (i.e. after
many RF cycles and thus giving the opportunity to the
whole simulated electron bunch to interact with the wave),
while the RF power was set to 200W which corresponds to
134 V/cm electrical field in the given cylindrical ECRIS
plasma chamber.

Figure 2 shows the average kinetic energy of the elec-
trons related to the parallel and the perpendicular compo-
nents. The “anisotropy parameter” has been then calculated
as the ratio of the average kinetic energy corresponding to
the parallel and perpendicular velocity component of the
electron: An = <E_I>/<Ell>. Dependence of “An” as func-
tion of the Bmin/Bgcr is plotted in Fig. 3.
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Figure 2. Average Energy of the parallel (EII) and the
perpendicular (E _I) velocity components of the non lost
electrons.
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Figure 3. Dependence of the anisotropy parameter.

This plot underlines the escalation of the anisotropy to-
ward higher Bmin/Becr ratios. The escalation starts close to
the experimentally observed 0.8 threshold value and rap-
idly rises above 0.95. In the next section we will compare
the anisotropy changes effected by the second frequency
with the experimental results obtained by the X-ray camera
and RF diagnostic system.

RESULTS AND DISCUSSION

We were taking series of X-ray images and RF spectra
in single and in two frequency operation mode. In single
frequency operation mode the frequency was swept from
13.6 GHz to 14.6 GHz with 50 MHz frequency steps at
fixed incident microwave power (200 W). At two close fre-
quency operation the microwave power provided by the
TWT was fixed at 120 W (also in this case the frequency
was swept from 13.6 GHz to 14.6 GHz with 50 MHz fre-
quency steps) while the power launched by the fixed fre-
quency klystron was always 80 W.

Plasma-self Emitted RF Spectra

In stable plasma conditions cases the observed frequency
spectra typically show the pumping RF peak(s) only. How-
ever, in unstable plasma cases the spectra characterized by
high number of plasma self-emitted sub-harmonics. By
considering the number and the intensity of the sub-har-
monic peaks a quantitative parameter estimating the insta-
bility strength (Is) can be calculated [6]. In the paper [6]
we demonstrated that the TCFH regime is able to dump the
instabilities: it was possible to observe that the instability
strength drops dramatically by adding the second pumping
wave, see Fig. 4.

We have also shown that the spectral structure of the
self-emitted radiation (subharmonics are detected along
with the main frequencies) in TCFH mode always follows
an empirical law; every time, the emission has been ob-
served to occur at frequencies lower than the lowest of the
two pumping frequencies. As an example, we present two
SA spectra recorded at single frequency (13.9 GHz and
14.25 GHz) and one spectra recorded at 14.25 GHz +
13.9 GHz in double frequency heating mode (in all three
cases the total net power was 200 W): they are shown, re-
spectively, in the sequence of plots of Fig. 5. This tendency
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indicates that the plasma density distribution is rearranged
at TCFH mode, becoming denser in the central region of
the plasma chamber (where the B-field is lower).
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Figure 4. Instability strength as function of the applied fre-
quency in single and in two frequency operation mode.
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Figure 5. RF spectra measured by the spectrum analyser
corresponding to single (13.9 and 14.25 GHz, at 200W)
and to double frequency heating (13.9 GHz +14.25 GHz,
120 W + 80 W) operation mode.

Plasma Images

X-ray images of the plasma were taken with long
(50 seconds) exposure time, while the read-out rate was
1 MHz. The Analogue Digital Unit (ADU) corresponding
to every pixels and finally read by the CCD is proportional
to the product of the number of incident photons and their
energies. The images are able to reveal the energy content
of the plasma. Figure 6. shows a typical plasma images. We
can identify several distinctive areas in the image contain-
ing information about the Argon plasma, the losses of the
electrons on the plasma electrode and on the cylindrical
plasma chamber wall. In order to directly observe the struc-
tural changes of the plasma we have selected several ROIs
(Regions of Interest) corresponding to different radial po-
sitions of the plasma. ROI-Hole gives information about
the energy content of the plasma centre, while the ROI-
Side characterizes the side areas of the plasmoid.
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Figure 6. Typical plasma image (in logarithm scale) taken
of Argon plasma generated at 13.9 GHz (single frequency
mode), 200W. The exposure time was 50s.

We defined a parameter corresponding to every individ-
ual image to describe the degree of the concentration of the
plasma in the central region of the chamber. This parameter
is calculated as the ratio of the (area normalized) ROI-Hole
(black rectangle in Fig. 6) counts of the central region and
ROI-Side (red rectangle in Fig. 6) counts as the side re-
gions of the plasma.

The higher this ratio, the plasma is more centralized. We
have calculated this parameter both for single and double
frequency scans and we have compared them at those fre-
quencies where the instability was pronounced (i.e. Is pa-
rameter is higher than 7 mW) at single frequency operation
mode. These frequencies are 13.6 GHz, 13.8 GHz,
13.85 GHz, 13.9 GHz, 14 GHz, 14.05 GHz. The corre-
sponding centralization parameters are plotted in Fig. 7.
This figure together with Fig. 4 clearly demonstrate that at
two close frequency heating mode the instability is effec-
tively damped by the second frequency, meanwhile the
plasma is rearranged to be denser in a central region of the
plasma. This observation is in good agreement with the
tendency obtained from the RF spectra, presented in Fig. 5.
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Figure 7. Centralization parameters at single and two fre-
quency operation mode.
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Comparison with Simulation Results

The effect of the second frequency to the anisotropy was
investigated by the simulation code and compared with the
experimentally obtained Is parameters and the centraliza-
tion parameters. Figure 8 shows these parameters in single
and in double frequency operation modes (combination of
13.9 and 14.25 GHz). Each blue bar of the histogram rep-
resents the normalized anisotropy. The red curve is the ex-
perimentally measured Is parameter, the grey bars indicate
the centralization parameter, while the green rectangles re-
port the average energy of the electrons in each simulated
configuration. It can be seen that, in addition to the three
experimentally investigated working point, we simulated
also other two conditions in which the RF power of the two
waves used for TCFH has been increased with respect to
the experimental case. This plot shows that: at the same net
power cases the anisotropy and the average energy de-
crease when we apply two close frequencies (in the simu-
lation) and the plasma becomes more centralized mean-
while the instability is damped effectively. The additional
simulated points when the TrapCAD runs in TCFH at
higher total net powers, by increasing the power for both
frequencies in parallel, showing that it is in principle pos-
sible to increase the average energy of the electrons (even
above the energy corresponding to 13.9 GHz) and maintain
anyway the anisotropy at low level.
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Figure 8. Comparison of simulation (sim.) and the experi-
mental (exp.) results.

SUMMARY

We have presented experimental and simulation results
corresponding to stable and unstable plasmas heated in sin-
gle and two close frequency heating schemes. Non-linear
increase of the anisotropy of the simulated electrons in the
velocity phase space was observed around the well-known
threshold value (Bmin/Becr ~0.8) at single frequency. Insta-
bility strength and the anisotropy is moderated by applying
two close frequency heating. It was also shown that when
the instability is effectively damped by the second fre-
quency the structure of the plasma is changes remarkably,
the plasma becomes more centralized. One can conclude
that the TCFH is making the parameter space broader and
improving the plasma confinement allowing to extend the
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operation conditions (using a higher amount of RF power)
at Bmin/Becr values that are impeded by the onset of strong
plasma instabilities at single frequency heating.
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