











































































































































































































3.8 The electromagnetic field inside the CAPRICE ECRIS 61

Figure 3.11: CAPRICE ECRIS Electric field amplitude in the yz plane (at x =0)
at three different frequencies: 14.49, 14.5, 14.51 GHz.
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Figure 3.12: CAPRICE ECRIS Electric field amplitude in the plane yz (at  =0)

and in the zx plane (at y = 0) at 14.5 GHz for two settings of the matching

plunger: 25.05 mm (top) and 20.05 mm (bottom) of distance with respect to the
plasma chamber azxis.
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3.4 Plasma filled resonant cavity

As discussed in section 1.5.2 a magnetized plasma can be described as an
electrically anisotropous medium. According to the propagation’s direction
and of the polarization and of the frequency of the electromagnetic wave
propagating inside a plasma, the refraction index assumes the expression
indicated in table 1.1. The dependance on the plasma oscillations and then
on the electron density affects these values. An ECR plasma, due to the
confinement magnetic field distribution, contained in a plasma chamber is
not uniform: several electron energies and electron densities are present.
In fact this plasma can be separated into a high density plasma inside the

x 10"
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Figure 3.13: Electron density as a function of the electric permittivity for a not
magnetized plasma.

resonance volume and a lower density plasma in the outer region of the
resonance volume. For this reason the definition of a model to calculate the
electromagnetic field inside an ECRIS when the plasma is present is complex.
However, it was possible to simulate the CAPRICE ECRIS electromagnetic
field when the plasma chamber is filled with a medium with an electric
permittivity lower than 1. This assumption takes into account the definition
of electric permittivity of a non magnetized plasma indicated in (1.41). If the
electric permittivity is in the range 0.6—1 the corresponding electron density
is indicated in figure 3.13. These values are in agreement with the values
of the electron densities expected inside an ECR plasma. By including in
the model reported in the figure 3.10 a medium filling the plasma chamber
with such electric permittivity it is possible to analyze the electromagnetic
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Figure 3.14: Electric field amplitude at 14.5 GHz in the yz plane (at x = 0) when
the medium filling the plasma chamber has an electric permittivity in the range
(1-0.6).
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field which can be excited inside the CAPRICE ECRIS. In figure 3.14 the
electric field of this ECRIS is shown at 14.5 GHz and 1 W power when the
electric permittivity of the medium filling the plasma chamber varies from
1 (top figure) to 0.6 (bottom figure) in steps of 0.1. The differences on the
electromagnetic field patterns are clear. A more detailed analysis should
be possible if the electric permittivity featuring the plasma was defined
according to the proper electron density. Future investigations in this field
are planned.

3.5 Microwave coupling to the plasma filled cham-
ber

In order to investigate the presence of standing waves in plasmas we carried
out several experiments at INFN-LNS with a plasma reactor. The device,
shown in figure 3.15, is used for environmental applications and it is based
on the same physics principles of the Microwave Discharge Ion Sources,
generally used for industrial applications or as proton sources in nuclear
physics.[72],[73] The plasma chamber is a stainless steel cylinder 268.2 mm
long, with a radius of 68.5 mm. Three NdFeB permanent magnets rings gen-
erate an off-resonance magnetic field along the plasma chamber axis. In the

Langmuir Mass
probe spectrometer

Optical-
= window

Magnetron-
“Coaxial connector

) _Pumping system ;

WR284 waveguide port LP position-
# Vacuum gauge flange
Gas injection

Microwave
probe
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magnet

Figure 3.15: Plasma reactor (left) and experimental set-up (right).

injection flange the gas inlet is located together with a W R284 rectangular
waveguide, placed on the cavity axis, operating in the T'E1¢y dominant mode,
connected to a Magnetron (operating at 2.45 GHz and providing up to 300
W CW power). In the opposite flange are connected the plasma diagnostics
devices like the microwave probe and the Langmuir probe (inserted inside
the plasma chamber off axis with a slope of 14° with the probe tip positioned
at z= 17.2 cm inside the cavity). We used this testbench to investigate the
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standing wave formation inside the resonant cavity in presence of plasma.
A Vector Network Analyzer (VNA) has been used to measure the reflection
coefficient with and without plasma. The microwave frequency feeding the
plasma was provided by the Magnetron at 2.45 GHz and we analyzed the
plasma properties in terms of the reflection coefficient with the VNA in the
1 —3 GHz frequency range. The VNA was connected to the coaxial connec-
tor (a series of attenuators were used to reduce the coupled power) and the
plasma effect on the resonating modes existing inside the resonating cavity
was characterized. We measured the resonant modes of the cavity in vac-
uum at the microwave probe and from the WR284 waveguide. Figure 3.16
shows the results of this measurement. The numerical calculation, with the

T e

—— probe
— WR284 waveguide

Reflection coefficient [dB]
a

2
Frequency [GHz]

Figure 3.16: Reflection coefficient measured at the two microwave inputs.

equation (3.13), of the resonant modes in the 1 — 3 GHz frequency range
is reported in table 3.3 where the resonating frequencies measured with the
VNA are also included: since many of the calculated modes are excited and
only minor differences exist with the measured frequencies, a good agree-
ment is found. The Langmuir probe insertion at z = 17.2 cm, introduced
the perturbations on the reflection coefficient already described in section
3.1.2 and visible in figure 3.4. Some of the measured modes have resonant
frequencies close to calculated ones. However the introduced perturbations
by the Langmuir probe forbid the determination of the TE or TM modes.
The plasma is created by switching on the Magnetron generator and differ-
ent operating conditions of gas pressure and microwave power (gas pressure
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Table 3.3: Resonant modes inside the plasma reactor in the 1 —3 GHz frequency
range.

Mode Calculated resonance | Measured resonance | Measured resonance
frequency frequency frequency
[GHz] probe [GHz] WR284 [GHz]
1 TEi1,1 1.39896 1.3978
2 | TMo,1,0 1.67507 1.6731
3 TFE11,2 1.70123 1.6897
4 | TMo, 1.76585 1.7534
5 | TMo,3 2.01378 1.9822
6 | TE11,3 2.11092 2.0838
7 TE> 1,1 2.19960 2.2091 2.2089
8 | TMo,,3 2.37005 2.3687
9 | TEans 2.40320 2.4033
10 | TE11,4 2.57732 2.5288 2.5287
11 | TMia0 2.66896 2.6925 2.6975
12 | TE21,3 2.70872 2.6975 2.6975
13 | TEo1,1 2.72685 2.7198
14 | TMiq, 2.72685 2.7198
15 | TMo,1,4 2.79352 2.8191 2.8191
16 | TEo1,2 2.89358 2.8956 2.8956
17 | TMia,2 2.89358 2.8956 2.8956

in the range of 0.1-0.9 mbar and microwave power in the range of 40-70 W)
were analyzed with good reproducibility. It must be once more remarked
that this analysis cannot determine which modes are really excited inside
the plasma chamber, but only that a electromagnetic modal structure is
preserved even in presence of plasma. This is clear by looking at the figure
3.17. The microwave power is 70 W and the gas pressure is 0.7 mbar. By
making a comparison with the vacuum condition some modes are shifted in
frequency by the plasma, some others disappear and a few modes appear
only in presence of the plasma. Therefore, the plasma formation modifies the
S11 structure due to the different coupling between electromagnetic waves
and plasma, however a resonating structure is still preserved as a sign of
the presence of standing waves also when the plasma is created inside the
chamber.

In order to define which modes existing in vacuum and listed in the table
3.3 shifted to higher frequency, we used the measurement of the electron
density with the Langmuir probe. If the chamber is supposed to be filled
by a homogeneous and non magnetized plasma the corresponding electrical



3.5 Microwave coupling to the plasma filled chamber 68

0 L
m
=,
8 5
Q
=
[
(o]
(]
=
K]
8
= -10+
[}
14
without plasma
—— 0.7 mbar 70 W microwave power
15 I i I |
1 15 2 25 3

Frequency [GHZ]

Figure 3.17: Effect of the plasma creation on the reflection coefficient measured at
the probe port.

permittivity is given by the equation (1.36) where the pulsation related to
the collisions can be neglected:

w2
€plasma = €0 1- w_g (322)

Where w = 27-2.45-10° rad/sec and the plasma pulsation wp is a function
of the electron density according to the equation (1.6). Therefore, the change
in the electrical permittivity from €, = 1 to € = €pgsmq determines a
variation of the resonant frequencies, because of the change of the € = €ge,
in the equation 3.13.

A frequency shift was observed in the reflection coefficient with the RF
power and with the gas pressure and it has been correlated with the electron
density measured by means of a Langmuir probe. At 70 W of microwave
power and 0.7 mbar of gas pressure an electron density value of 6 - 10
m ™3 was measured with the Langmuir probe inserted at z = 17.2 cm. By
inserting this electron density value into the equations (1.6) and (3.22) it
is possible to reconstruct the mode frequency in the vacuum condition for
the modes measured at 2.28 GHz and 2.913 GHz. In particular for the first
mode the frequency in vacuum is around 2.2091 GHz (a mode is present also
before the LP insertion around this frequency). By using the same value of
permittivity for the mode at 2.913 GHz the resonant frequency in vacuum
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Figure 3.18: Reflection coefficient without plasma and with plasma vs frequency
around the TEs 11 mode (top figures) and the TMy 1,4 mode (bottom figures) at

different gas pressures and 70 W power (left) and at different microwave powers
and 0.7 mbar pressure (right).
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should be around 2.8 GHz. It is assumed that the shifting mode is the closer
one with frequency of 2.8191 GHz. According to the resonance frequency
calculation (see table 3.3), the above frequencies can be the two resonant
frequencies related to the modes: T'E5 11 and T'My 1 4.
The procedure to use the measured electron density in order to determine
the mode shift when the plasma is created can be inverted.
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Figure 3.19: Peak variation with respect to the calculated resonance frequencies
2.2091 GHz and 2.8191 GHz with the gas pressure for fized microwave power (left)
and with the power for fized gas pressure (right).

In fact if there is a shift of the resonant frequencies due to a change of the
plasma reactor parameters (gas pressure or microwave power) this is due to
a variation of the plasma conditions in terms of the electron density, which
can be calculated proper from this frequency shift. Figure 3.18 describes
the variation of the reflection coefficient in terms of a resonance frequency
shift with the gas pressure (left figures) and with the microwave powers
(right figures). In fact the resonances existing inside the plasma chamber
in vacuum shift to higher frequencies by decreasing the gas pressure or by
increasing the microwave power. This observed effect is due to the change
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of plasma density for the different operating conditions. The effect of the
plasma on the reflection coefficient is a resonance frequency shift shown in
figure 3.19 due to a decreasing value of the electrical permittivity in equation
(3.13).
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Figure 3.20: Electron density variation with the gas pressure for fized microwave
power (left) and with the microwave power for fized gas pressure (right).

The frequency shift can be also used to determine the electron density
once the mode in vacuum is identified as described above. By applying the
hypothesis that the modes shifting to higher frequency are the ones above
reported, two electron densities curves can be obtained. The figure 3.20
shows the calculated electron density with the equation (1.6) (where w), is
function of the electric permittivity calculated from the frequency shift). A
comparison with the measurement of the electron density with the Langmuir
Probe is reported and we found a good agreement between the measurement
results and the calculation.

3.6 Microwave coupling to the CAPRICE ECRIS
plasma

The experiment described in the previous section was carried out on a test
bench where a microwave discharge plasma reactor was operating. Even if
we obtained interesting results concerning the microwave propagation and
the standing wave formation inside a plasma, such a system is not an ECR
ion source. The magnetic field is almost off resonance for the whole plasma
chamber, thus determining no charged particle confinement and low energy
of the electrons. Furthermore no correlation between the electromagnetic
field and the ionization efficiency or the beam parameters can be observed.
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Figure 3.21: CAPRICE ECRIS and experimental setup to measure the standing
wave formation.

Then we carried out experiments to validate and to measure the standing
wave presence in an ECR plasma with the CAPRICE ECRIS installed on
the ECR Injector Setup (EIS) testbench of GSI and shown in the picture in
figure 3.21. The ion source main features are largely described in the section
4.2.1.

Here it is important to point out which additional components were
included in the experimental set-up. In order to measure the reflection
coefficient with and without the plasma a coaxial probe was guided into the
oven housing up to the end of the first stage (the first section of the plasma
chamber visible in figure 3.10) of the plasma chamber where a tip long 11
mm with 3 mm diameter was inserted (figure 3.22). The choice of the length
was due to avoid the maximum power transfer (occurring when the probe
length into the plasma chamber is A/2) to the probe in the range 13.5 — 15
GHz which corresponds to the wavelength range 22.2 — 19.99 mm. The
mantel and the internal pin were guided into a bellow (in order to adjust
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L

Figure 3.22: Coazial probe inserted into the oven housing (right) and view of the
internal tip inside the plasma chamber (left).

the pin position inside the plasma chamber from 11 mm to 16 mm) out of
the oven housing. In order to avoid that the power feeding the plasma can
be coupled into the housing a sliding contact was mounted at the end of
the oven housing and dielectric (alumina) rings were mounted in the mantel
of the coaxial connector to maintain a diameter continuity along the first
stage. The mantel was also drilled and alumina pins of 0.6 mm diameter
were inserted into the mantel to block the internal probe thus avoiding any
bending of the pin for the heating due to the plasma. The mantel and the pin
were connected to a hermetically sealed N connector like shown in figure 3.22
(right). In order to shield the measurements device from the high voltage
applied to the source, a dielectric foil was inserted into two coaxial to WR62
waveguide adapters (see figure 3.21). Then a cable 15 m long (attenuating
around 10 dB) was used to connect a Network Analyzer placed inside the
control room to the connector. Argon and Helium gas were injected into
the source at pressures around 10~° mbar through remotely controlled valve
connected to the pipe soldered in the oven housing. A Traveling Wave
Amplifier driven by a synthesizer was used to create the plasma and the
reflection coefficient measured at the waveguide inputs was measured by
recording the forward and the reflected power at two directional coupler
mounted along the injection waveguide line.

The use of a synthetizer allowed us to adjust the microwave frequency
feeding the plasma from 14.5 GHz which is the usual operation frequency
to a value where the microwave coupling was improved. It was found a
stable behavior of the ECRIS with an improved extracted beam intensity at
14.6 GHz. This result is described in figure 3.23 where the drain current, the
Ar8t current, the reflection coefficient measured at the waveguide input and
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Figure 3.23: Drain current, Ar®t current and reflection coefficient variation with
the microwave power for two settings of the microwave frequency. The bottom right
figure is the charge state distribution at 70 W power for the two frequencies.

the charge states distribution are shown. Due to the improved microwave
coupling (visible in the reflection coefficient plot) an increased drain current
and an enhanced production of higher charge states was measured. In the
next chapter a detailed analysis of the effect of the variation of the microwave
frequency on the CAPRICE performances is reported. For the experiment
here illustrated the microwave frequency, for the reasons above described,
was set to 14.6 GHz. Then a plasma was created from the microwave input
with a power increasing up to 70 W at steps of 10 W and simultaneously the
reflection coefficient was measured in the 13.5—15 GHz frequency range with
the Network Analyzer connected to the coaxial probe. The results of this
measurements are shown in figure 3.24. The frequency feeding the plasma
is clearly coupled to the coaxial probe. The resonances measured in vacuum
conditions shift toward higher values with the microwave power. This result
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Figure 3.24: Reflection coefficient measured at the coaxial probe when the plasma is
created at the waveguide input for different microwave powers.

can be better visualized in figure 3.25 where the ranges 14.1 — 14.4 GHz and
14.65 — 14.95 GHz are shown.

According to the method described in section 3.5 the resonance shift was
used to calculate the electron density in the CAPRICE ECRIS at different
power level. Figure 3.26 shows the results of this calculation when the
resonances shift, shown in figures 3.25, with the microwave power increase.
A value around 10'6 m =3 is obtained for both cases. This value is lower than
the expected value. It has to be remarked that the method used to calculate
the electron density assumes the electric permittivity on a non magnetized
plasma and furthermore in an ECR plasma the electron density is mostly
concentrated inside the ECR volume.
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Figure 3.25: Detailed view of the plot in figure 3.24 in the ranges 14.1 — 14.4 GHz
(left) and 14.65 — 14.95 GHz (right).

3.7 Plunger tuning on the CAPRICE ECRIS

An interesting investigated effect is connected with the tuning of a plunger
to enhance the microwave coupling to the plasma. We analyzed experi-
mentally the effect of the matching impedance variation due to the plunger
adjustment with the CAPRICE ECRIS. The CAPRICE ion source injection
system consists of a cubic copper matching box where the WR62 waveguide
line, connecting the microwave supply to the ion source, is mounted. The
gas feeding system or the oven housing constitute a coaxial line, inside the
first stage, where the electromagnetic wave is transmitted into the plasma
chamber. Inside the copper box a cylindrical movable plunger (the diameter
is 46 mm) is used to optimize the impedance matching between the elec-
tromagnetic wave and the plasma filled chamber. However, this structure
movement determines a volume modification which affects the electromag-
netic field inside the matching cube and inside the plasma chamber. We
previously simulated this effect with CST Microwave Studio and the re-
sults are shown in section 3.3. We already analyzed the effect of a small
movement (1 mm) on the Ar®" beam current and on the beam shape at
GSI in 2009.[74] The analysis of the charge states distribution shown that
its maximum shifted from the Ar®* to the Ar°* and the beam current of
Ar5T increased by 7.4% without changing the forward power (around 60
W). The Ar®T beam shapes recorded on the viewing target presented small
variations. We investigated the effect of the variation of this plunger over
the complete range of movement (around 16 mm).[69] It has been set to a
distance of 25.05 mm from the plasma chamber axis for the optimization
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Figure 3.26: Electron density variation with the microwave power calculated by
measuring the resonances shifts at 14.2 GHz and 14.8 GHz.

of the source parameters to obtain a charge state distribution with a max-
imum on the Ar8t with a microwave power of 100 W at 14.5 GHz. Then
we varied the position from the inner position to the outer position while
the Ar®t and the drain current were measured. Figure 3.27 shows the effect
of this variation (the horizontal scale indicates the distance in millimeters
with respect to the central axis) on the drain current (left) and on the Ar®*
current (right). In these figures the transmission coefficient (referred to the
right scales), calculated according to the equation (3.23), is also included
and the currents evolution during the movement are compared.

Reflected power
Transmission coefficient =1 — f p

3.23
Forward power ( )

In the equation (3.23) the forward power is the microwave power sent
to the ion source and the reflected power is the one reflected by the ion
source. A fine impedance matching can be obtained by changing the physical
dimensions of the system composed of the injection box, of the coaxial line
and of the plasma loaded cavity. There is a difference in the transmission
coefficients of the two figures; this is due to the hysteresis of positioning
during the movement because of the lack of a control loop.

Figure 3.27 points out that the drain current and the Ar8t current can
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Figure 3.27: Effect of the plunger variation on the drain current (left) and on the
Ar®t current (right) and on the transmission coefficient (right scales).

be enhanced by adjusting the plunger position. It was then possible to
optimize the Ar®t current production by setting the plunger position to a
distance of 22.5 mm from the central axis. At this point the current of Ar8*
attained its maximum of 115 pA. At this plunger position it was interesting
to measure the Argon charge state distribution and compare it with the
one measured when the piston was set at a distance of 25.05 mm from the
plasma chamber axis. Figure 3.28 (left) shows the measured charge states
distributions for the two piston settings. It is evident that the optimization
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Figure 3.28: Effect of the plunger tuning on the Argon charge states distribution
for three settings of the plunger at 14.5 GHz (left) and at 14.119 GHz (right).

of the coupling of the electromagnetic wave with the plasma filled chamber
is useful to optimize the production of the highly charged ions. It is then
possible to change the equivalent plasma impedance experienced by the mi-
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crowave generator by using movable plungers because of the variation of the
electromagnetic field in the ionization chamber due to change the physical
dimensions of the resonator constituted by the plasma chamber and of the
injection box as it was simulated and described in section 3.3. This phe-
nomenon depends on the coupling of the electromagnetic wave to the plasma
loaded cavity where an intrinsic mode distribution is present. This varia-
tion of coupling determines the amount of power entering into the cavity
according to the excited mode. This significantly affects the heating rapid-
ity and other plasma parameters like the EEDF.[75] It is possible to change
the equivalent plasma impedance experienced by the microwave generator
by using movable plungers or else by changing the microwave frequency
feeding the plasma. This effect, called frequency tuning will be described
in the following chapter. By changing the microwave frequency it will be
demonstrated that the ionization efficiency increases with a consequent en-
hancement of the production of highly charged ions. For the same setting
of the source a frequency where this enhancement occurred was 14.119 GHz
(see section 4.2.3). For this frequency the charge state distribution was mea-
sured for different positions of the plunger. The result is shown in the left
bar plot in figure 3.28 (right). The plunger positions indicated in the legend
as a distance from the plasma chamber axis are: 25.05 mm was the ini-
tial position; 22.05 mm was the position where a maximum of the Ar8t was
measured in the case of the frequency excitation of 14.5 GHz (for this setting
of the frequency the highest charge state current decreased) and 28.75 is the
position where the maximum of the Ar®t production was measured for an
excitation at 14.119 GHz. Then the two effects can be combined together
to increase the high charge state ions current. This optimization process
could proceed in a different sequence by changing frequency and position of
the plunger, respectively. However, if the power is not increased or if the
other parameters of the ion source remain unchanged a saturation of the ion
currents in higher charge states is expected. This results will be discussed
in the section 4.5 where the effect of the piston tuning and of the frequency
tuning will be compared.

By increasing the power it was also possible to analyze the piston tuning on
the higher charge state Argon ions like the Ar'!'*. The measurement results
shown in figure 3.29 are obtained by measuring the Ar8t, A%t and Ar!'lt
(which was multiplied by ten in this figure in order to make a comparison)
current when a microwave power of 450 W at 14.5 GHz was sent to the
source and the piston position set to 24.98 mm of distance from the plasma
chamber axis. The noisy measurement is an indication of the high plasma
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Figure 3.29: Effect of the plunger tuning on the Argon beam currents and on the
transmission coefficient (black line referred to the right scale).

instability due to the strong variation of microwave coupling. In fact during
this experiment the power levels feeding the plasma filled chamber ramped
from a few tens of watt (at frequencies where the reflection coefficient had a
maximum) up to 450 W (at frequencies were a condition of optimum match-
ing was fulfilled) and vice versa. This change of power coupled to the source
may have caused this noisy signal dynamic. When setting the piston po-
sition to a distance of 19.88 mm from the plasma chamber axis the Ar'l*
current can be increased from 1 uA to 4 pA. It is possible to conclude that
the ECRISs equipped with a matching plunger have the advantage that it is
possible to optimize the high charge state ion production by simply adjusting
the microwave coupling to the plasma.



Chapter 4

The frequency tuning and
the double frequency heating

The development of better performing ECRIS providing higher intensity
beams of high charge state ions is requested at present accelerator facili-
ties. Together with the projects of ECRISs working at higher microwave
frequency with confining magnetic fields up to 4.5 T on axis there has been
a spreading interest in developing techniques to improve the performances
of the existing ECRIS or of those under development. The variation of mi-
crowave frequency is a promising aspect for suchlike improvement. Several
experiments confirming this assumption have been carried out in the last
years and interesting interpretations of the results of this ”so called” fre-
quency tuning effect have been proposed. Another technique successfully
used to enhance the ion beam current is called double frequency heating and
consists in the multiple injection of two electromagnetic waves at different
frequencies into the ion source. This chapter illustrates the experimental in-
vestigations we carried out on the efficient applicability of these techniques
for the production of intense beams of highly charged ions.

4.1 Application of the frequency tuning on the
ECRIS

The choice of the operating frequency of the electromagnetic wave igniting
the confined plasma of an ECRIS is fundamental for the ion beam pro-
duction. In fact, it was proven that the variation of the ECRIS operating
frequency affects the ion source performance, according to the so called
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”frequency tuning effect” [70], [76]. The results of this technique were con-
firmed by several experiments at different laboratories as for the full perma-
nent magnet ECRIS Supernanogan developed by Pantechnik [77] where this
method has been used to enhance the performance of the produced beam
[78]. The origin of these performance improvements has to be researched in
the variation of the excited resonant modes which determines a change of
the parameters and conditions of the plasma when the frequency is changed.
Some explanations of the relationship between the choice of the frequency
and the plasma conditions have been formulated [67] and simulation results
indicating how to select the microwave frequency have been provided as well
[79]. These studies are based on the assumption that the plasma chamber
is a resonating cavity and by varying the microwave frequency different res-
onant modes can be excited and this affects the plasma properties. Within
this section the experimental measurements to prove these assumptions will
be described and commented.

4.1.1 Experimental evidences and observations on the per-
formance variation

The electromagnetic field excited inside the plasma chamber of the ECR ion
sources plays an important role, by affecting the EEDF, the electron heating
and the ionization efficiency as we theoretically investigated (see section
3.2). Several measurements have been carried out to prove the previous
statements and the firsts date back to the end of '90s [80]. In fact, in 1996 G.
D. Alton proposed new techniques based on the use of high power, variable
frequency, multiple discrete frequency or broadband microwave radiation,
to enhance the performances of the existing ECRIS. The explanation of the
effect produced by these techniques was the creation of a large ECR plasma
volume thus permitting the coupling of more power into the plasma. This
translates into the heating of a much larger electron population to higher
energies and then into the enhanced production of higher charge state ions
with higher intensity.[81] One year later he was able to demonstrate that
the frequency domain technique can be used to enhance the performance
of a traditional B-minimum ECR ion source. He studied at the Oak Ridge
National Laboratory the performances in terms of high charge state ion
production capability of a Caprice ECRIS, when excited with high-power,
single-frequency, or multiple-discrete-frequency microwave radiation. Figure
4.1 confirmed that the frequency dependence is determined by the modal
structure of the plasma chamber in combination with a TEM injector.[80]
The enhancement of the ECRIS performances with the use of a frequency
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Figure 4.1: Current intensity of Ar8T versus microwave frequency measured at low
RF injection power levels for the integrated TEM injection system.

tunable generator was then confirmed in 2002 by S. Gammino et al.. In fact,
they observed a different behavior of the CAESAR and of the SERSE ECRIS
installed at INFN-LNS, when they were operated by means of a travelling-
wave-tube-based generator with respect to the standard operation by means
of a klystron-based generator. In figure 4.2 an increase for the highly charged
ion, when the ion sources were set with the same parameters except for the
type of generator, is clearly visible. [82]

Several explanation of these results and measurements were carried out
but, since the only one difference between the two generators, was the dif-
ferent frequencies of operation (the TWT was driven by a DRO set to a
frequency different of a few hundreds MHz with respect to the one of the
Klystron) this opened the way to the next experiments carried out by the
INFN-LNS team to support the effect of the variation of the microwave
frequency on the ECRIS performances. Recently, this technique has been
investigated and a breakthrough experiment, described in the next section,
has been performed at GSI a few years ago [70]. The investigation of the
effect of the variation of the frequency on the beam quality and on the
beam emittance was carried out at JYFL [83] where a set of measurements
was performed. These experiments pointed out that the frequency tuning
can have a remarkable effect on ion beam intensity and quality. Figure 4.3
shows that the beam structure varies strongly with the microwave frequency
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Figure 4.2: Measured current for the highest charge states of Argon obtained with
the CAESAR ion source at 150 W (left) and of Oxygen obtained with the SERSE
ion source at 200 W (right).

as an indication of the plasma-wave coupling variation during the frequency
change. In recent times experiments were carried out also at CNAO, Pavia
and with the Caesar ECRIS installed at LNS-INFN [75] where the X-Ray
spectra for several frequencies have been measured without a remarkable
effect.

Figure 4.3: Structure of the Ar°t ion beam at different plasma heating frequencies:
a) 14.050 GHz, b) 14.090 GHz, and ¢) 14.108 GHz.

Besides the experiments reported, some theoretical model have been pro-
posed to explain the origin of these variations and the influence on the
plasma particles motion. Single particle and particle-in-cell (PIC) simula-
tions are particularly useful for the electron dynamics calculation: the effect
of magneto-static and electromagnetic fields can be evaluated. A model
proposed by D. Mascali et al. explained the variation in the performances
in terms of charge states and extracted current by taking into account the
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different patterns of the electromagnetic fields on the resonance surface.[67]
They were able to demonstrate that the shape of the plasma present in-
side the ECR surface, which in turn depends on the excited electromagnetic
mode, influences the ion motion up to the extraction region, where the ion
beam is formed. With this model they explained the different shapes of the
extracted beam experimentally observed in [70] obtained at two different
microwave frequencies (see picture 4.4).

Figure 4.4: (a) and (b) Front view of the ions positions after 100 us; (c¢) and (d) Ex-
tracted beam shape experimentally observed at two different microwave frequencies
in the case of the CAPRICE ion source as described in [70].

4.2 Operation of the CAPRICE ECRIS with ap-
plying the frequency tuning

We performed with the CAPRICE-type ECRIS installed at GSI an inter-
esting investigation on how the frequency tuning can affect the ion source
performances in terms of beam current, production of higher charge states
and beam quality. In 2008 we operated this ECRIS with a klystron generator
driven by an analog oscillator sweeping in the 14.46 — 14.54 GHz frequency
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range and the current and shape of helium ion beams were measured. Figure
4.5 shows the results of the frequency tuning effect on the extracted current.
Here the total beam current is divided by three to compare its evolution
with the Het and He?t evolution with the frequency. In figure 4.5 the
reflection coefficient (dashed line referred to the right scale) is included and
a clear relationship between the reflection coefficient and the beam current
is visible.
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Figure 4.5: Frequency tuning effect on the beam current extracted by a CAPRICE-
Type ECRIS.

In 2010 we replaced this generator with a Traveling Wave Tube Am-
plifier (TWTA) driven by a synthetizer sweeping in the 12.5 — 16.5 GHz
frequency range and the measurements of the ion beam current and shape
were extended to a larger frequency range. This experiment was carried
out by operating the source with a maximum power of 150 W because the
TWTA was not able to handle high levels of reflected power. For this rea-
son, in 2011 we performed an experiment including a waveguide isolator able
to accept up to 650 W and the effect on the high charge state ion produc-
tion of the frequency tuning was then analyzed. Recently we operated once
more the CAPRICE ECRIS with the frequency tuning technique in order
to investigate the effect on the production of metal ion beams.
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Figure 4.6: Cross section of the CAPRICE ECRIS.

4.2.1 The CAPRICE ECR ion source description

The CAPRICE ECRIS is a compact ion source thanks to the iron yoke and
to the small dimensions of the plasma chamber (long around 160 — 180 mm
length with a 64 mm diameter). The detailed description of the main fea-
tures of the ion source can be found in [84]. In figure 4.6 the cross section of
the CAPRICE source installed at GSI in the EIS testbench are shown. The
magnetic confining field is generated by two solenoid coils (1.2-1.3 T is the
maximum longitudinal magnetic field at the injection and at the extraction)
indicated in green in the picture in figure 4.6. A NdFeB permanent magnet
sextupole combine to the longitudinal field a radial confinement (there are
several version of the CAPRICE sources equipped with 1.0 T or 1.2 T mag-
netic field at the plasma chamber wall). The microwave injection system is
composed by a waveguide to coaxial transition inside a copper cube where
the WR62 rectangular waveguide is connected. Inside the copper cube the
gas inlet (or the oven housing for the metal ion production) is mounted.
The extraction system is composed by a plasma electrode (biased together
with the plasma chamber at 12—15 kV), a ground electrode and a screening
electrode negatively biased (usually at —2 kV).

4.2.2 The experimental set-up

In order to measure the effect of the frequency tuning on the CAPRICE
performances, the microwave injection of the ion source was modified. In
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fact some components, for instance the waveguide vacuum window, were
changed and some passive devices like the high directivity directional cou-
plers were inserted in the waveguide injection line. Furthermore the mi-
crowave generator has to be equipped with a variable oscillator or else a
wideband microwave amplifier driven by a sweep generator must be used.
Some components of the beamline of the testbench have been used to mea-
sure the effect of the frequency tuning on the ion source performances. The
layout of the EIS testbench, where the ions source is installed, is shown in
the figure 4.7 and it is described in [85].

ECRIS: CAPRICE ECR lon Source
SO: Solenoid

QS:  Quadrupole Singlet
MS: Magnet Spectrometer
DC1-3: Diagnostic Chamber

P—
Tm

e

ECRIS DC1SO DC2 QS

Figure 4.7: Layout of the FIS testbench.

The main elements of the beamline are: a diagnostic chamber DC1
(where Faraday Cups, emittance measurements or viewing targets devices
can be mounted) a focusing solenoid, a second diagnostic chamber DC2,
a quadrupole singulet, a dipole for the mass over charge ratio separation,
a third diagnostic chamber DC3. The Faraday Cups inside the diagnostic
chambers DC2 and DC3 can measure the beam intensity. The variation
of the beam current with the frequency was measured with the Faraday
Cup at the DC3 position and by recording the drain current at the high
voltage power supply for the total current. In order to measure the effect
of the variation of the microwave frequency on the beam quality, viewing
targets mounted on feedthroughs remotely controlled are inserted inside the
diagnostic chamber along the beam line. We have chosen all the diagnostic
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chambers indicated in figure 4.7 to monitor the beam shape: before and
after the extracted beam focusing solenoid (DC1 and DC2, respectively)
and in the diagnostic box DC3 after the magnet spectrometer. During the
frequency sweeps the forward power and the reflected power were measured
simultaneously with the beam current or with the beam shape.

4.2.3 The effect of the frequency tuning on the ion extracted
current

Frequency
Sweeping
Generator

DIRECTIONAL DIRECTIONAL
COUPLER COUPLER
MEASURING MEASURING CAPRICE

THE THE ECRIS
FORWARD REFLECTED
POWER POWER

Figure 4.8: Block diagram describing the main components of the microwave injec-
tion system used for the frequency tuning measurements.

A signal generator produces the electromagnetic wave, which power is
amplified by a TWTA, feeding the plasma. Figure 4.8 shows the block dia-
gram describing the microwave injection. The used TWTA covers the 8 — 18
GHz frequency range and it is able to provide an output power up to 650 W.
The maximum manageable power reflected to the amplifier was restricted to
80 W, then the microwave power feeding the plasma was kept lower than 150
W. The automatic level control of the output power of the amplifier was al-
ways active. For frequencies higher than 16.5 GHz high reflected power was
measured and the TWTA was not able to handle it over a long time. This
may be due to the confining magnetic field which is no longer adequate for
these high frequencies. A digital signal generator working in the range from
1 to 20 GHz was used. Since the calculated minimum distance between two
resonant frequencies of the CAPRICE vacuum filled plasma chamber, when
assumed as a cylindrical resonating cavity, in the specified frequency range
is around 500 kHz, steps of 200 kHz were chosen. A dwell time of 20 ms
for each step has been set. Then one measurement ranging from 12.5 GHz
to 16.5 GHz had a duration of about 400 seconds. We analyzed the plasma
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properties by measuring, for different ion source conditions, the reflection
coefficient with the two directional couplers of high directivity inserted in
the waveguide line. The forward power and the reflected power were mea-
sured with two probes. Argon as a main gas and Helium as a support gas at
gas pressures around 4% 107% mbar were used. We measured the ion currents
of the charge states Ar™t, Ar8t and Ar°"T with a Faraday cup inserted in
the DC3 diagnostic chamber; the drain current of the high voltage power
supply of the extraction has been recorded simultaneously.

During the current measurements, while the frequency swept, the ion source
parameters were kept constant. First the ion source parameters were set to
optimize the Ar®+ production at 14.5 GHz. This is the operating frequency
of the CAPRICE ECRIS provided by the klystron oscillator which is the
device used for the normal operation of the ion source. During the prelimi-
nary frequency sweeps there were values where we experienced a mismatch
condition and then the forward power at the output of the TWTA was de-
creased to 100 W for all the next experiments: the maximum Ar®t current
for this setting of the source was around 75 pA with a drain current of
2.36 mA. With these ion source conditions the frequency sweep was ramped
from 12.5 GHz up to 16.5 GHz. During the frequency sweep the reflection
coefficient, the analyzed ion currents and the drain current were recorded
simultaneously and the measurements results are shown in figure 4.9. The
reflection coefficient indicated in the upper figures 4.9 has been calculated
with the formula:

(4.1)

R ted
Reflection coefficient = 10 - log;, ( eflecte power)

Forward power

In the equation (4.1) the forward power is the microwave power sent to
the ion source and measured with a power probe connected to one of the two
WR62 directional couplers, while the reflected power is the one reflected by
the ion source and measured at the power probe connected to the second di-
rectional coupler. By analyzing the reflection coefficient shown in the upper
figures 4.9, it is clear that the plasma chamber has a resonating behavior.
This result was already found in 2008 [70]. We observed a correlation be-
tween the peaks of the reflection coefficient and of the current amplitude in
particular where the impedance matching condition is fulfilled (when there is
no reflected power). The Argon drain current and the charge states currents
are affected by the choice of the operating frequency; for instance the Ar8*
current ranges from a few puA up to 200 uA and the evolution is similar to
the Ar™*. However at the frequencies where both currents present a peak,
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Figure 4.9: (Top) Ion current for 8 different Argon charge states, reflection coeffi-
cient (dashed line referred to the right scale) and total ion current (bottom) for the
Argon beam as a function of the microwave frequency.

the Ar®* is quite higher than the current of Ar™* (for instance at 14.119
GHz the difference between the two currents is a factor two). An opposite
behavior is visible for the minima of the current amplitudes where the Ar7+
current is higher than the Ar®T current. The Ar®t beam current rise up to
80 nA within the considered frequency range and starting from 15.64 GHz
tends to lower values even if the reflected power is less than 10%. This
results seems to be correlated with the confining magnetic field restricting
the ion source operation to lower frequencies. The total beam current is
indicated in the bottom figures 4.9 and it is varying with the frequency with
the same evolution of the charge states current. We checked the obtained
results for several runs by repeating the measurements during the frequency
sweeps and no remarkable variations were recorded on the beam currents
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Figure 4.10: Argon charge states distributions for thirteen different frequencies in
the 14 — 15 GHz frequency range.

and on the reflection coefficients. Then a good reliability of the measure-
ments results is expected.

The frequency tuning effect was also analyzed on the other Argon charge
states by comparing the charge state distributions for different frequencies.
The analysis was restricted to the 14 — 15 GHz range and, within this range,
the most interesting frequencies (i.e. where the Ar®t current was mini-
mum and maximum) the charge state distributions were chosen from the
frequency sweeps. In figure 4.10 the Argon charge state distributions are
shown for thirteen frequencies. It is useful to restrict our analysis to the
most significative ones and figure 4.11 shows six of them. The inset of this
plot indicates the reflection coefficient. The highest Ar®* current was mea-
sured at 14.119 GHz and at this frequency the lowest current of the lower
charge states was measured (measured at 14.57 GHz as well). The Ar®t
is more than doubled, with respect to the standard operation frequency
of 14.5 GHz. It is also important to mention that at 14.119 GHz and at
14.995 GHz the power feeding the plasma was the same (almost the same
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Figure 4.11: Argon charge states distributions for siz different frequencies in the
14 — 15 GHz frequency range.

measured reflection coefficients) but the enhancement of the higher charge
states is quite different. Different reflection coefficients can be related to
similar charge state distributions like at 14.0 GHz and 14.46 GHz where the
current of the higher charge state is quite low.

The microwave coupling varies, while the frequency sweeps and for this rea-
son the reflection coeflicient presents a strong variation. This is related to the
fact that the coupling of the electromagnetic waves to the plasma changes
by changing the microwave frequency. The amount of power feeding the
plasma varies during the sweep and if higher charge states are requested the
microwave power has to be increased.[5]

At high power the frequency tuning can be more effective for the high charge
state production. In order to validate this assumption it is interesting to
show in figure 4.12 the Ar™" and Ar®t beam current evolutions for two
different power levels, 50 W and 100 W. All the other ion source parameters
remained unchanged. The beam currents are restricted in the frequency
range from 14 to 15 GHz. At 50 W the curves of Ar’t and Ar8t current
are very similar but at 100 W higher values of current are obtained, a pro-
nounced difference between the two curves appears and the frequencies at
which the current peaks occur are shifting by a few MHz.[69]
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Figure 4.12: Argon beam currents course with the frequency for different microwave
powers.

4.2.4 Enhancement of the current of highly charged ions

In order to analyze the frequency tuning effect on the high charge state
ion production the power provided to the source had to be enhanced and
for this reason we included a waveguide isolator in the waveguide injection
line. The block diagram shown in figure 4.13 describes the modified set-up.
The water-cooled waveguide isolator included in the WR62 waveguide line
is characterized by a low insertion loss and a high insulation (around 20 dB)
among the covered frequency range of 12.5—18 GHz. The CAPRICE source
parameters were set in order to maximize the production of the Ar''* ion
current at 14.5 GHz and 450 W microwave power and then a frequency sweep
was run in the 12.5—16.5 GHz frequency range. During the frequency sweeps
the Ar8t, Ar%t and Ar''* jon currents were measured. The evolution of
these ion currents with the frequency is shown in figure 4.14.

In this figure the Ar''* values are multiplied by a factor 10 in order to
better visualize the comparison with the other charge states. With respect
to the measurement reported in the previous section, the currents were more
noisy and less stable during the sweep. This behavior, already observed in
[83] can be explained by analyzing the reflection coefficient measured with
the set-up described in figure 4.13 and shown in the dashed line of figure
4.14. During this experiment the power levels coupled to the plasma ramped



4.2 Operation of the CAPRICE ECRIS with applying the frequency tuning 95

Frequency
Sweeping DIRECTIONAL DIRECTIONAL
Generator COUPLER COUPLER
MICROWAVE MEASURING MEASURING CAPRICE
ISOLATOR THE THE ECRIS
FORWARD REFLECTED
POWER POWER

Figure 4.13: Block diagram describing the main components of the microwave in-
jection system used for the frequency tuning measurements at high power.
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Figure 4.14: Argon beam currents and reflection coefficient (dashed line referred to
the right scale) during the high power frequency sweeps.

from a few tens of watt (at frequencies where the reflection coefficient had
a maximum) up to 450 W (at frequencies were a condition of optimum
matching was fulfilled) and vice versa. This change of coupled power may
have caused this noisy signal dynamic.

Figure 4.14 clearly shows that it is possible to enhance the current of
the highly charged ions, i.e. Art and Ar!''*, by changing the microwave
frequencies with respect to the 14.5 GHz default setting. In particular one
frequency where this enhancement occurs is 13.221 GHz. It has to be men-
tioned that during the experiment described in the previous section one
optimized frequency was 14.119 GHz. However, the frequency where the
highest Ar8t and Ar®t current peak was measured was around 13.29 GHz
(see figure 4.9). Since some source parameters, like the plunger position, the
balance of gases and the position of the plasma electrode, are not the same
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as in the previous experiment, the two optimized frequencies are different
and a direct comparison cannot be done.

By keeping the source parameters in the condition corresponding to figure
4.14 the beam currents were measured at different microwave powers for
two microwave frequencies: 13.221 GHz which is the optimized one and 14.5
GHz.

Table 4.1: Currents of Argon beams expressed in A for different power levels at
two microwave frequencies.

MICROWAVE POWER [W]
250 300 350 400 450 500 5§50

14.5 [13.221| 14.5 [13.221| 14.5 13.221) 14.5 |13.221) 14.5 [13.221| 14.5 [13.221| 14.5 [13.221
GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz | GHz

Ar* 345 (664 (309|668 2902|463 |27.9|63.9 265 |39.2| 257|357 | 26.6 | 36.5
Art* 652 ( 71.7 | 60.7 | 64.5 | 589 | 66.7 | 57.2 | 71.3 | 551 | 68 | 54.3 | 66.4 | 54.7 | 64.7
ArP* |116.2| 99.4 (112.1| 87.8 [110.3| 98 [111.2|109.5(105.9|105.9|109.3 |103.5|106.8 [103.9
Ar* |180.4|144.5|186.2 (101.2 | 185 (160.8184.2 |173.5|185.4 |182.8|187.9 |174.7 |180.9 | 166
Ar'* 1219.3(175.9 | 232 |147.8|244.3(230.1 |252.4 | 259.6 | 259.5 | 297.3 | 262.3 | 280.8 | 265.3 | 267.6
Ar®* |226.9)283.7 |270.2 (267.4 (290.5 (361.6 | 295.9 | 377.2|310.5 | 449 |327.1| 445 |310.9| 421
Ar®* 60.6 (127.1| 72.9 (140.5| 85.3 |162.5| 92.3 |175.4| 96.4 |204.6 |104.2|202.1 |104.1 | 207.8
A" 1078 | 4 1 585 | 1.3 6 15 | 64 [ 18 | 7.7 [ 20 | 85 | 22 | 96
Ar'?* | 0.04 |0.21 | 006 (028 |008| 09 | 01 |0.85 013 1 013 | 1.1 | 014 | 1.2

The charge state distributions were measured at these two frequencies
for microwave powers ramping from 250 W to 550 W in steps of 50 W. The
results of these measurements are reported in the Table 4.1. During these
measurements the other source settings were not varied. The measured
current values reveal how the increase of power can be effective only for the
higher charge states (i.e. above the charge state 8+). For the production
of lower charge states it is clear that the power levels must be kept low in
order not to provide higher energies for the electron heating [5].

In order to visualize the enhancement of current for the higher charge states
(above 8+) when the frequency is changed from 14.5 GHz to 13.221 GHz it
is useful to plot the values contained within this table. Figure 4.15 shows
the ratio of the two current values for the last four rows of table 1. The
Ar'2* can be increased from 5 times to almost 9 times by increasing the
power and by choosing an optimized feeding frequency. The result contained
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in this figure demonstrates how effective is the choice of the frequency for
the high charge state ion production. It is also confirmed that the choice
of the microwave frequency can improve the ionization efficiency. In fact
the ion currents for the lower charge states are higher if the ion source is
operating at a frequency which is not optimized for the production of high
charge states.
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Figure 4.15: Current enhancement of Argon high charge states ions for different
MiCTOWaAVE POWETS.

One important observation is that if the power increases a shift of the
resonant modes towards the higher frequencies is also expected, as confirmed
by the experimental evidences reported in section 4.1.1. For this reason for
each power level the optimized frequency could not be the one measured at
450 W and indicated for the comparison of the current levels in table 4.1.[86]

4.2.5 The effect on the beam shape

Beam inhomogeneities and aberrations can be observed by monitoring the
beam shape and, for this purpose, the viewing targets revealed to be a
powerful diagnostic tool.[56] The viewing target technique to measure the
ion beam properties in terms of quality and shape has been described in
section 2.5.2 where the viewing targets have been introduced.

We made use of this beam diagnostic tool to measure the variation of the
beam properties when the frequency tuning is applied to the CAPRICE
ECRIS. In 2008 we analyzed the beam quality at GSI with the beam viewers
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on a helium beam when the microwave frequency was swept from 14.46 GHz
to 14.54 GHz. In figure 4.16 the He?" and the drain current evolutions with
the frequency (left) and the beam shape (right) right after the extraction
(at the diagnostic chamber DC'1 indicated in figure 4.7) are shown. Figure
4.16 shows that the beam intensity distribution is inhomogeneous and that
this distribution changes with the microwave frequency, while keeping all
the other parameters constants.[70
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Figure 4.16: Evolution of the He**, of the drain current (left) and of the beam
shape (right) with the frequency.

The experiment was repeated in 2010 at GSI with the experimental set-
up indicated in the section 4.2.2. Along the beamline shown in figure 4.7
the viewing targets have been mounted on feedthroughs in order analyze
the effect of the frequency tuning by recording the shape of the ion beam
with a camera during the frequency sweep. The variation of the ion beam
shape was measured in the diagnostic chamber DC?2 and DC3. The beam
shape during the sweep was analyzed for different settings of the ion source.
First the ion source was optimized for Ar®t (see figure 4.9) and then the
Faraday Cup was taken out from the DC3 and a viewing target was inserted
along the beam line and, while the microwave frequency swept, we recorded
the Ar™, Ar8t and Art beam shapes. A selection of images extracted
from the videos are reported in figure 4.17. In this figure the corresponding
frames taken from the measurement of the focused beam shape at the DC2
plasma chamber are included in the first column. These images are recorded
when the focusing solenoid was set to optimize the transmission of the Ar8*
beam current and the visible rings are the unfocused charge states. The



4.2 Operation of the CAPRICE ECRIS with applying the frequency tuning 99

reported frames are corresponding to the first four frequencies indicated in
figure 4.11: 14.0 GHz and 14.46 GHz (minimum Ar8t intensity), 14.119 GHz
(maximum Ar®t intensity) and 14.5 GHz is the usual operation frequency of
the CAPRICE ion source when the klystron provides the microwaves feed-
ing the plasma. For the frequencies where the minimum of Ar®" current

Figure 4.17: Argon beam, at different microwave frequencies, on the targets located
behind the focusing solenoid (first column) and behind the dipole for Ar™, ArSt
and Ar97T, respectively.

is measured, 14.0 and 14.46 GHz, the focused beam shape seems to remain
unchanged concerning the orientation of the arms. At 14.0 GHz the image
is brighter and this can be related to the higher intensity measured at the
Faraday cup with respect to 14.46 GHz. It is worth noting that at 14.46
GHz the reflection coefficient is at the minimum (see caption of figure 4.11)
between the analyzed frequencies. The beam recorded in the DC3 remains
similar but for the Art some differences between the two frequencies are
present. This is a further confirmation that a fundamental role is played by
the electromagnetic field pattern which influences the heating rapidity, and
the ion confinement time [75].

The beam shapes at 14.119 GHz (optimum performance for the highly



4.2 Operation of the CAPRICE ECRIS with applying the frequency tuning 100

charged ion production) and the usual 14.5 GHz operation can be com-
pared. Concerning the focused beams, recorded on the DC2, at 14.119 GHz
is bigger and brighter than the one at 14.5 GHz and the orientation of the
arms is turned clockwise by more than 40° with respect to the beam shapes
at 14.0 — 14.46 GHz. The brightness of the images at DC3 is higher at
14.119. The beam shapes measured at DC3 remain unchanged with the
exception of the shape of the Ar®t ion beam which presents some minor
changes. The similar shape of all the charge states on this position for all
the analyzed frequencies can lead to the following observation: even if the
focusing solenoid and the magnetic quadrupole singlet located in front of
the analyzing dipole magnet were set differently for the three charge states,
and for different current intensities, the "hyperbolic shape” of the beam is
preserved.[69] Then it is possible to observe that while the beam intensity
is very sensitive on the effect of the frequency tuning the beam shape is
affected by the magnetic structure of the beam line and a variation of the
frequency affects the brightness of the image as an indication of the variation
of the beam intensity.

4.2.6 Application of the frequency tuning for the production
of metal ions

We carried out an interesting experiment in order to achieve higher charge
state ion current for a Titanium beam produced at GSI for the future nuclear
physics projects. The element used for this experiment was natural Tita-
nium (*87%), while the requested beam to be injected into the accelerator
will be the enriched material °*T%. Concerning the metal vapor production
no differences involving the oven construction have been observed when us-
ing the natural or the enriched material. Since the melting point of the
Titanium is higher than 1600°, the High temperature Oven described in
section 2.4.4 has been used for this purpose and around 200 mg of 43T have
been introduced in the crucible. The goal of this experiment was to produce,
by applying the frequency tuning technique, a stable beam with sufficiently
intensity of a beam of ions with charge state higher than 84 (Ti%F, T4,
Ti1°..). The normal operation of the source for this purpose make use of a
Klystron microwave generator working at 14.5057 GHz providing a power
up to 350 W to the ion source. We replaced this generator with a Traveling
Wave Tube Amplifier driven by a synthesizer (initially set at 14.507 GHz)
providing a power around 250 W for the whole duration of the experiment.
Additional Helium gas was used to stabilize the plasma. The heating of the
oven usually takes half a day of operation while the applied voltage is slowly
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Figure 4.18: Ti%* (top) and Ti''* (bottom) evolution varying the microwave fre-
quency.

ramped until a sufficient power (in this case a power of 200 W was enough
but this value is sensitive on the type of oven and of the material inserted)
was reached in order to obtain a few tens of 7't and the spectrum was free
of Oxygen charge states, indicating that the outgassing phase of the oven
is finished. When the source parameters were set to obtain the condition
”A” indicated in table 4.2 a frequency sweep was carried out to measure
the variation of the beam intensity for the 7% and for the T%''* with the
frequency. The results of this current evolution is shown in figures 4.18.
We observed a different behavior of the 7% with respect to the 7'+
during the frequency sweeps. First a noisy 7%t current was measured with
respect to Ti''* current. Then while at 14.5057 GHz the Ips+ = 49 uA
and no enhancement was gained by changing the microwave frequency, the
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Table 4.2: CAPRICE ECRIS settings for the *8Ti ion production.

Setting Oven power Inj coil current Ext coil current  Gas pressure

A 234 W 1228 A 1078 A 4.8 1075 mbar
B 262 W 1237 A 1099 A 7.8-107% mbar
C 269 W 1163 A 1094 A 8.8 -10~% mbar
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Figure 4.19: Titanium charge state distribution for three microwave frequencies
(same source settings: the condition "A” in table 4.2).

Iri+ = 13 A can be enhanced up to 34 pA if the frequency is changed
to 13.725 GHz, for instance, which is one value where an increase of the
intensity was measured.

After this sweep it was then possible to identify some frequencies where the
Ti"'* had a maximum like at 13.725 GHz and 13.214 GHz and, for these
frequencies, the charge state distributions, shown in figure 4.19, revealed
the current gain when the frequency tuning is applied for the production of
metal ion beams in particular for the higher charge states like the T3''*.
Since it was previously observed that the electromagnetic field distribution
is sensitive on the plasma parameters, if the electric power provided to the
oven is increased (and consequently the gas pressure inside the plasma cham-
ber) also the frequencies, where the maximum of the currents was measured,



4.2 Operation of the CAPRICE ECRIS with applying the frequency tuning — 103

120 T
Il 14.5438 GHz ECRIS setting B

[ 14.5017 GHz ECRIS setting B
[] 14.5017 GHz ECRIS setting C
1001 I 15.63 GHz ECRIS setting C

Current [ A ]

Ti charge states

Figure 4.20: Titanium charge state distribution for three microwave frequencies and
different settings of the ion source (see table 4.2).

can vary. For this reason in figures 4.18 it is shown the effect of varying the
source setting (mainly by increasing the oven voltage) into the ”B” (for the
Ti''*) and ”C” (for the T and Ti!''*) conditions described in the table
4.2. Once more it is possible to identify some frequencies where the current
of the Ti®F is enhanced with respect to the 14.5017 GHz frequency (a more
stable beam was obtained by slightly change the operating frequency with
respect to the 14.5057 GHz previously used). Due to the higher gas pres-
sure it was expected a decrease of the current of the highest analyzed charge
states. For this reason a change of the frequency is not longer effective for
the enhancement of the T%''* current. All these results are summarized in
figure 4.20. After almost 48 hours of operation the beam was stable and the
ion source worked continuously without any adjustment of the parameters
with the exception of the oven power which was increased for compensating
the consumed material leading to a slow decrease of the current over the
time. Like the gaseous plasmas also the plasmas obtained from a ionized
vapor of a metallic element is sensitive on the variation of the frequency
and this is visible in figure 4.21 (left) where the drain current is plotted
over the frequency for the three source setting above mentioned. During the
frequency sweeps, like described in the previous paragraph, the directional
couplers and the power probes for measuring the forward and reflected power
where used. Then it was possible to measure the reflection coefficient during
the frequency sweeps. This is shown in figure 4.21 (right). A resonant be-
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Figure 4.21: Titanium drain current (left) and reflection coefficient (right) evolution
by varying the microwave frequency.

havior of the source is preserved but it is interesting that the distribution of
the resonances is almost constant, when the source parameters are changed,
with respect to the measurement carried out with a gaseous plasma.

4.3 The double frequency heating

The trend to increase the operating frequency together with the confining
magnetic field permits to achieve higher plasma densities which are neces-
sary to increase the ion current for higher charge states [5]. As shown in
the second chapter, the state of the art ECRISs are mainly using operation
frequencies above 24 GHz with magnetic field values up to 4.5 T for con-
finement, i.e., SECRAL ion source at IMP (Lanzhou) working at 24 GHz
[36], SC-ECRIS at RIKEN ([33] (Japan), VENUS ion source at LBNL [87]
and the European MS-ECRIS, designed to work at 28 GHz [40]. In order
to reach the desired current intensity of high charge states most of these
ion sources are using feeding systems with two electromagnetic waves at
different frequencies [88],[89]. This technique, so called ”double frequency
heating”, or "multiple frequency heating” when more than two frequencies
feed the plasma, is revealed to enhance the ion current intensity. Since 1994,
this technique has been used to improve the production of highly charged
ions. In [80] G.D. Alton et al used a multi discrete injection system to feed a
CAPRICE-type ECRIS with up to three electromagnetic waves thus demon-
strating that the charge-state populations for Argon and Xenon ions move
toward higher values when excited with two and three discrete-frequencis.
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In 2005 the 10.5 GHz ECRIS at Argonne National Laboratory was operated
with a 10.5 GHz klystron and an 11 — 13 GHz TWTA.[90] A factor 2 en-
hancement of the beam intensities for the higher charge states was obtained
from the source with two-frequency heating over single-frequency heating.
Some possible explanations of this increase of current have been provided in
the past and some guidelines for the choice of the two frequencies have been
given [91], [64]. However, in most of the cases this choice is made according
to the available microwave generators without a possibility for fine tuning
of the provided frequency which, as we have largely shown in the previous
section, is mandatory to maximize the effectiveness of this technique. The
next section reports the results of the experimental measurements of the
performances of a CAPRICE-type ECRIS when the double frequency heat-
ing is applied after that the application of the frequency tuning technique
allowed to select the operation frequencies.

4.4 Operation of the CAPRICE ECRIS with the
double frequency heating

Frequency
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Figure 4.22: Block diagram describing the main components of the microwave in-
jection system used for the double frequency heating measurements.

We used the CAPRICE ECRIS installed at GSI to carry out experiments
to investigate the effect of the double frequency heating on the production of
high charge state ion beams. In section 4.2.3 the variation of the ion current
intensities of Ar™*, Ar®t and Ar°T in the range 12.5 — 16.5 GHz has been
described. The Argon charge state distributions were analyzed for different
frequencies and we found that for some of them an enhanced intensity of the
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higher charge states occurred. For instance, at 14.119 GHz the current, with
respect to the standard operating frequency (14.5 GHz), enhances from 75
to 180 pA for the Ar®t and from 14 pA to 65 pA for the Ar®t at 100 W (see
figure 4.11). The frequencies 14.119 and 14.5 GHz were selected to analyze
the CAPRICE performances in terms of higher current and production of
higher charge states when the double frequency heating is applied. Figure
4.22 shows the block diagram describing the experimental set-up. A power
combiner was used to send to the TWTA two electromagnetic waves with
different frequency provided by two sweeping generators. With this experi-
mental set-up it was possible to explore the double frequency heating when
one frequency is fixed (to 14.5 GHz in one case and to 14.119 GHz in another
case) and the second one sweeps in the 12.5—16.5 GHz range. First, we kept
at 100 W (the output power of each generator was balanced) the amount
of power feeding the plasma in order to compare the results of the double
frequency heating with the measurements of single frequency sweeping. We
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Figure 4.23: Effect on the reflection coefficient of the double frequency heating for
two settings of the fized frequency and comparison with the single frequency tuning.

set the ECRIS parameters including the magnetic field, the gas pressure,
the extraction voltage, etc, to the same values as used for single frequency
sweep analysis with the charge state distribution optimized for the Ar®*
intensity and they have been kept constant during this experiment. We
analyzed the double frequency heating by measuring the Ar™, A8t and
Ar®t currents and the drain current. Concerning the forward power and
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the reflected power they have been measured simultaneously but, with the
double frequency heating the power probes cannot distinguish the respec-
tive measured values of forward/reflected related to each of the two waves.
The forward power and the reflected power indicated in equation (4.1) are
each the sum of the respective power value related to the fixed frequency
and the one related to the sweeping frequency. The reflection coefficients
calculated with the formula (4.1) are shown in figure 4.23 where the one
related to the single frequency sweep, already shown in the upper figure 4.9,
is also included. Figure 4.23 allows to make a comparison between the two
techniques concerning the behavior of the ion source. As expected, in the
case of the two frequencies the minima of the reflection coefficient are higher
because of the higher level of reflected power due to the superposition of the
two waves. It is interesting to observe that these minima occurs at almost
the same frequencies for both techniques. Since the frequencies when a min-
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Figure 4.24: Effect on the drain current of the high voltage power supply of the
double frequency heating for two settings of the fixed frequency and comparison
with the single frequency tuning.

imum of the reflection coefficient occurs does not vary it can be expected
that the peaks of the ion current are located at the same frequencies for
the two heating methods. This assumption can be confirmed by analyzing
the figure 4.24 where for the drain current of the high voltage power supply
is shown for the two techniques. During the single frequency sweeping the
drain current varies from around 1.4 mA to 2.8 mA while with the double
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frequency heating the range of variation is 0.6 mA with a reduced dynamic.
The drain current is more stable with the frequency when the second fre-
quency sweeps instead of the single frequency tuning. In the first case 50 W
are provided at one fixed frequency and the effect of the sweeping of a second
frequency with a power of 50 W produces a different coarse of the current
with respect to the single sweeping frequency (and the same power). This
is also visible in figures 4.25-4.27). The more stable behavior of the ion cur-
rent with the frequency is also observed in the evolution of the Ar™t current
shown in figure 4.25. A possible interpretation of this result can be found in
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Figure 4.25: Effect on the Ar™" current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

the power provided by the two methods. In the case of the single frequency
tuning 100 W are provided to the source and during the frequency sweep
when the impedance matching is not fulfilled the sent power is completely
reflected (see figure 4.23). In the case of the double frequency heating just
50 W of the total forward power of 100 W are associated to a sweeping fre-
quency and at the frequencies where the power is not coupled to the plasma,
one half of the total power are provided at a fixed frequency which is well
coupled to the source (14.5 GHz or better when the fixed frequency is an
optimized one). The behavior of the Ar®* and Ar®* in the range 12.5—16.5
GHz is also more stable in the case of the double frequency heating and this
is confirmed by analyzing the figures 4.26 and 4.27. Here the average level
of the ion current is higher with respect to the case of the single frequency
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Figure 4.26: Effect on the Ar®T current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

tuning but for the frequencies when a current peak occurs the level is higher
in the case of the single frequency tuning. The comparison is carried out
between the single frequency tuning and the double frequency heating when
one of the two frequencies is set to 14.5 GHz.

Another important results of this experimental analysis is connected to the
choice of the fixed frequency. This choice in fact allows to enhance the ion
currents of the higher charge states as already observed in [90]. A com-
parison concerning the double frequency heating for the two values of fixed
frequencies, 14.5 GHz and 14.119 GHz, can be carried out. The drain current
is 0.2 — 0.4 mA higher (see figure 4.24) when the fixed frequency is changed
from 14.5 GHz to 14.119 GHz. A very important results concerns the high
charge state production: with respect to the 14.5 GHz fixed frequency, with
the choice of 14.119 GHz the higher charge states tend to higher ion currents
when increasing the frequency (See figures 4.26 and 4.27).

There is a strong difference when the operating frequency is optimized ac-
cording to a frequency tuning. In fact when operating in the double fre-
quency heating and when optimizing one of the two frequencies (14.119 GHz
for the considered setting of the ion source) the current increases linearly
with the second frequency (with respect to the 14.5 GHz fixed frequency).
This is, for instance, the case of the Art current which enhances up to 30
A (see figure 4.27).
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It is possible to summarize the found results and make a comparison between
the single frequency and the double frequency sweeps: the evolution of the
ion currents and of the reflection coefficient remains almost the same with
the frequency between the two techniques. The ECRIS performances can be
further optimized when the double frequency heating technique is used. In
fact the single frequency tuning can be used to find optimized frequencies to
be used for operating in the multiple heating mode. In order to investigate
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Figure 4.27: Effect on the Ar®t current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

the effect on the Argon ion beams of the choice of the power between the
fixed frequency and the sweeping one we changed the power distribution be-
tween them by doubling the power of the fixed one in one case and the power
of the sweeping one in the second case. In both cases two fixed frequencies
were chosen and even in this case the possibility to set the fixed frequency
to an optimized one, obtained with the fine tuning of the frequency, made
possible to increase the beam intensity. This is shown in figure 4.28 where
the evolution of the Ar®t current is reported when 150 W of total power are
distributed between two waves in different fractions, one of fixed frequency
and a second frequency sweeping from 12.5 GHz to 16.5 GHz. Once more
the single frequency sweeping carried out at 100 W is included in the figure
for comparison. We noted small differences on the Art ion current when
the frequency is not optimized, like 14.5 GHz and the power is differently
distributed. For the optimized frequency, 14.119 GHz, up to a factor 2.5 of
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enhancement is recorded when the power of the fixed frequency is doubled
with respect to the sweeping one. Then, when one of the two frequencies
is optimized, the average level of the extracted current remains high with
respect to a not optimized frequency (like 14.5 GHz) and it is increasing
with the second frequency (quite evident above 15 GHz). It came out from
this measurement that it is more effective to increase the power at the fixed
frequency. By observing this figure it comes out once more that the choice
of the optimized frequency obtained in a previous experiment applying the
frequency tuning, hence is very important for using the double frequency
heating at higher power.[69]
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Figure 4.28: Ar®t current - Different power distributions between the two waves.

4.4.1 Effect of the double frequency heating on the current
of highly charged ions

In the previous section we pointed out that it is possible to enhance the pro-
duction of high charge state ions, with the double frequency heating with
the increase of the power of the fixed optimized frequency and the decrease
the second one carried by the sweeping frequency. In order to confirm this
result also for the higher charge states ions, the microwave power has to be
increased. For this reason we modified the experimental set-up by including
the waveguide isolator described in section 4.2.4 and shown in figure 4.29.
With this arrangement we were able to send up to 550 W, distributed by
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Figure 4.29: Block diagram describing the main components of the microwave in-
jection system used for the double frequency heating at high power.

two waves at different frequency, to the CAPRICE ECRIS. In section 4.2.4
we demonstrated that the microwave frequency can be used as an optimiz-
ing parameter and this can strongly modify the charge state distribution
thus increasing the ion current of the higher charge states. The results of
the high power experiment revealed that for the frequency 13.221 GHz an
enhancement of the high charge state production was measured. Then we
analyzed, for this frequency, the high charge state production in combination
with the double frequency heating technique and the results are compared
with the ones obtained when the fixed frequency is 14.5 GHz. Figures 4.30
show the results of measurements of the Ar%t and the Ar!''* beam currents
when two frequencies are provided to the source: a fixed one (13.221 GHz
or 14.5 GHz, respectively) and a second frequency sweeping in the range of
12.5 + 16.5 GHz. The power provided to the amplifier by the two waves is
the same so that a total power of 450 W is injected into the ion source for
comparison with the single frequency sweeping operation. As observed for
lower power the choice of the fixed frequency determined an enhancement
of the intensity mainly at the frequencies where a current peak occurs.

Then we analyzed the Ar°t and the Ar''* beam currents when one fre-
quency (13.221 GHz) is fixed and a second frequency sweeps in the 12.5—16.5
GHz frequency range with different settings of the power levels. The results
of this measurement for the Ar°t and the Ar''* beam current, respectively,
are shown in figures 4.31 and it is clear that the increment of a few tens
of Watt is enough to increase the ion current. The confirmation that the
optimized frequency chosen as one of the two frequencies allows to increase
the highly charged ion production is clear by observing the Ar''* current in
the middle figure 4.31. In fact once the optimized frequency is chosen with a



4.4 Operation of the CAPRICE ECRIS with the double frequency heating 113

—— 450 W sweeping
225W @ 14.5 GHz 225 W sweeplng
— 225W @ 13.221 GHz 225 W

Frequency [GHz]

—— 450 W sweeping
225 W @ 14.5 GHz + 225 W sweeping
— 225W @ 13.221 GHz + 225 W sweeping

5 1
Frequency [GHz]

®

)

A" Current [uA ]

A

>N

<}

16.5

N
o

Figure 4.30: Effect on the Ar®* (top) and Ar''* (bottom) current of the double
frequency heating for two settings of the fixed frequency and comparison with the
single frequency tuning.

frequency tuning experiment, the addition of a second wave with low power
(just 50 W) can enhance the high charge state ion current by optimizing
the microwave coupling as shown in the bottom figure 4.31. This result is
very important for the future projects making use of ECR ion sources fed
by Gyrotron oscillators to operate with the double frequency heating. In
fact it would be expected that in such a case it is possible to provide a
few hundreds of watts by a TWTA in addition to the power provided by
the Gyrotrons in order to get the advantages of a tunable double frequency
heating for the enhancement of the production of highly charged ions.[86]
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4.5 Comparative analysis of the frequency tuning
and of the plunger tuning

In section 3.7 we described the technique of the plunger tuning for the match-
ing impedance optimization. The variation of the physical dimensions of the
system composed of the injection box, of the coaxial line and of the plasma
loaded cavity can produce a variation on the beam current like observed
in this chapter with the frequency tuning. In both cases, in fact a fine
impedance match can be obtained. The existing modes inside the plasma
chamber can be excited by changing the microwave frequency or by chang-
ing the volume at fixed frequency. During the frequency tuning experiment
described in section 4.2.3 the plunger was set at a distance of 25.05 mm from
the central axis during all measurements. Then we moved the plunger in-
side the injection box to 22.5 mm of distance from the central axis where the
current of Ar®t attained its maximum of 115 uA as described in section 3.7.
For this setting of the ion source the microwave frequency has been swept
in the frequency range mentioned above. The results concerning the Ar8*
current are shown in figure 4.32. As expected at 14.5 GHz now a maximum

140

—— x=25.05mm
— x=22.5mm

TN
fy ik \J‘u \ \(t ‘ ﬁ \;INVM"“"‘M

0 i i i
125 13 135 14

A current [uA]

N

14.5
Frequency [GHz]

Figure 4.32: Frequency tuning effect on the Ar8t current for two plunger positions.

of the Ar®t current is present. Almost all peaks are shifted in frequency
and amplitude. The value of 14.119 GHz does no longer correspond to a
maximum of the Ar®T current in the frequency range between 14 GHz and
15 GHz. The reason of this variation of the peaks has to be researched in
the different modes distribution, now present inside the plasma chamber, as
noted in figure 4.33 showing the reflection coefficient versus the frequency for
the two plunger positions. A similar dependence can be expected when any
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kind of perturbing structure, like biased discs, Langmuir probes, or ovens
for the metallic ion beam production, is inserted into the plasma chamber
as already reported in [62].
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Figure 4.33: Frequency tuning effect on the reflection coefficient for two plunger
positions.

According to the different current amplitudes, shown in figure 4.32, fig-
ure 4.34 shows the charge state distribution measured for these two differ-
ent positions of the plunger. In this figure we included a comparison with
the charge state distribution related to the optimized case of 14.119 GHz
frequency. Is is clear that the plunger tuning plays the same role as the
frequency tuning. The two methods to optimize the impedance matching
can be used simultaneously (see blue bar in figure 4.34). In this case, since
the frequency was changed to the optimized one the tuner was set to the
position where the Ar8t current was the highest. This optimization process
could proceed in a different sequence by changing frequency and position of
the plunger, respectively. However, if the power is not increased or if the
other parameters of the ion source remain unchanged a saturation of the ion
current of the higher charge states is expected.
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Conclusions and future
perspectives

The theoretical and experimental investigations presented within this re-
search work provided useful explanations on the performance enhancement
of the Electron Cyclotron Resonance Ion Sources, in terms of production of
more intense beams of highly charged ions, when techniques based on the
tuning of the microwave coupling to the plasma filling the chamber of such
ion sources are applied.

The obtained experimental results showed that the current, the charge states
and even the beam shape change by varying the microwave coupling to the
plasma, by tuning the microwave frequency (according to the so called fre-
quency tuning effect) or by modifying the volume where the plasma is con-
tained. The theoretical explanation of the variation of these ion beam prop-
erties has been related to the difference in the electromagnetic field pattern
over the resonance surface, i.e. that region where the electrons resonantly
interact with the incoming wave, when the microwave frequency provided
to the source, or the physical dimensions of the system, are changed. This
explanation is in agreement with the assumption that the plasma chamber
is a resonating cavity for the electromagnetic wave feeding the plasma. We
demonstrated that the electromagnetic field distribution inside the cavity of
an electron cyclotron resonance ion source can be changed significantly by
means of frequency variations thus having a huge effect both on the spatial
distribution of minima and maxima and on the amount of energy coupled
from the feeding waveguide to the cavity. The resonant modes have com-
pletely different patterns and some of them are more effective on the accel-
eration of the confined electrons and on the rate of ionization and, therefore,
on the plasma formation. The confirmation of this assumption was provided
by means of a series of measurements performed with a network analyzer
connected to a plasma reactor operating at 2.45 GHz, according to the prin-
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ciples of the Microwave Discharge Ion Sources (MDIS). We obtained an
electromagnetic characterization of the plasma chamber in terms of possible
excited resonant modes with and without plasma and we observed that the
plasma dynamics strongly depends on the structure of the standing waves
that are generated. We observed a shift of the resonant frequencies when the
gas pressure or the microwave power were varied. By linking the shift to the
decrease of the electric permittivity due to the variation of the electron den-
sity, this latter parameter was calculated. We compared the measurements
of the plasma electron density with a Langmuir probe to the calculated val-
ues and a good agreement was found.

We also investigated the microwave coupling on a CAPRICE-type ECRIS,
installed at the GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,
by featuring the existence of standing waves inside the plasma chamber for
different conditions of the plasma. The microwave coupling variation by
using a matching plunger was also investigated and the effects on the beam
current extracted by this ion source were measured. The plunger tuning
provided comparable results on the intensity variation as the frequency tun-
ing. We demonstrated that these techniques can be used simultaneously for
the enhancement of the high charge state production. The use of a match-
ing plunger on an ECRIS provides interesting advantages concerning the
normal operation and the performance optimization. However, the determi-
nation of the electromagnetic field patterns is complicated for the complex
geometry which this system introduces. Then, only electromagnetic sim-
ulators can calculate the electromagnetic field inside these geometries and
in this research work we used CST Microwave Studio and interesting re-
sults were found. The geometry of the CAPRICE ECRIS was reproduced
and the effects of the plunger tuning and of the frequency tuning were an-
alyzed for different parameters like the microwave frequency or the plunger
position. The presence of a non magnetized plasma was considered in the
model by including a medium with an electric permittivity lower than one.
Future investigations on the different distributions of this medium inside
the plasma chamber are planned. Furthermore the model of a magnetized
plasma, which will reproduce the plasma contained inside the plasma cham-
ber of the ECRIS, is considered to be included and evaluated. This will
improve the consistence of the simulation results and the effect introduced
by the presence of the ECR plasma will be investigated more precisely. The
simulated model showed that a different electromagnetic field pattern, with
respect to a first order approximation of the chamber as purely cylindrical,
exists inside the plasma chamber when all the ECRIS components, i.e. like
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the plasma electrode or the matching plunger, are taken into account. The
introduction into the plasma chamber of any perturbing object, like probes
or biased discs, has proven to perturb this electromagnetic field pattern,
thus affecting the ECRIS performances. This assumption has been con-
firmed by the experimental results reported within this work. The reported
measurements hereinafter resulted to be relevant for the ECRIS knowledge
and operation, because they confirmed the validity of the theoretical model
describing the frequency tuning and the double frequency heating.

The experiments largely described in the fourth chapter provided interesting
and important results concerning the operation of the ECRIS when making
use of the microwave frequency tuning and of the superposition of different
microwave sources feeding the plasma. The effect of the frequency tuning
is more pronounced for higher charge states. A variation of the intensity
and the shape of the extracted ion beams with the frequency is the main ef-
fect. We measured the variation of the microwave coupling by changing the
frequency and, by analyzing the reflection coefficient, a resonant behavior
was observed. We also observed a clear relationship between the resonances
of the reflection coefficient and the current intensity and an enhancement
of the current for the highly charged ions was measured. Some frequencies
were identified where the current of the higher charge states was more than
doubled and this effect was more effective for the higher charge states. This
result was confirmed by operating the CAPRICE ion source with higher
microwave power. The measurements of the charge state distributions re-
vealed how the frequency tuning is more effective on the higher charge states
and how important is the choice of the microwave frequency for the normal
operation of the ECRIS and for the optimization of the beam properties.
The performance improvement when applying this technique is confirmed
for ions obtained by elements both gaseous and metallic.

In conclusion, it is possible to state that the electromagnetic field pattern
inside the chamber plays an important role to determine the current density
distribution of the extracted ion beam and its total intensity. In particular,
we demonstrated that the frequency tuning can be a powerful method which
permits, just by changing the operating frequency, the optimization of the
coupling between the electromagnetic wave and the plasma filled chamber.
However, since the ECRIS performances depend on the plasma character-
istics which are also function of the gas pressure in the cavity, and on the
magnetic field used for its confinement, the relationship between the per-
formance enhancements and the different plasma conditions have still to be
investigated. The interest of the scientific community in the use of the fre-
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quency as a "knob” to tune the ion source performances pushes toward new
developments and better understanding of this technique. Emittance mea-
surements and investigations on the X-ray production when this technique
is applied are also planned. The knowledge of the ion trajectories and of
the energy transferred to the electrons can provide additional information
to the comprehension of the frequency tuning.

Another investigated technique within this research work is the double fre-
quency heating. It is based on the plasma feeding by different frequencies
and, by applying this technique, the performances of the ECRIS in terms
of the beam current intensity, particularly of the higher charge states, can
be enhanced. This has been clearly demonstrated. We pointed out that
when operating with double frequency heating the choice of the frequencies
allows a further enhancement of the intensity of the higher charge states.
The efficient application of this technique cannot be separated by the fre-
quency tuning for the choice of the operation frequency. We observed that
the higher charge states tend to higher currents when the second frequency
is increased. We also demonstrated that the power distribution between
the two waves is also important. By feeding the ECRIS plasma with two
frequencies, the power of one of them can be a small percentage of the other
and this setting was sufficient to obtain a remarkable increase of the ion
current and of the high charge state ion production. This results turned out
to be important for the future developments of the next generation ECRISs
making use of higher magnetic fields and operating with Gyrotron genera-
tors providing microwave frequencies higher than 24 GHz at power levels in
the 10 — 15 kW range. Future investigations will make use of these ECRIS
to validate the advantage of the double frequency heating by combining,
as a microwave injector, a system composed by a Traveling Tube Amplifier
(providing a few hundreds of Watt at a variable frequency) and a Gyrotron
Generator (providing a power of several kW at a fixed frequency). The
availability of the MS-ECRIS ion source to be assembled at GSI will allow
to carry out these promising investigations.
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