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Abstract

The electron heating process in an ECR 1on source is affected by the electromagnetic
properties of the plasma chamber and by the coupling properties of microwave generators
with the chamber itself.

Hence, the theoretical and experimental study of these properties is very important in order to
improve the transfer of the electromagnetic waves energy to the plasma electrons.

In this report an analytical and numerical characterization of the SERSE plasma chamber
resonant modes is presented along with an experimental and numerical characterization of the
microwave coupling.

PACS.: 41.20.Jb, 52.35.Hr, 50.50.Sw, 52.70.Ds, 52.70.Gw



1. Introduction

At the INFN-LNS, the ECR ion source SERSE is employed to produce relatively low
currents of high charge states ions to be accelerated by the K-800 superconducting cyclotron
for nuclear physics experiments. The electromagnetic characterization of the plasma chamber
together with the waveguide branching up to the DC-break represent a fundamental step to
have a better understanding of the coupling between the microwave generators and the plasma
chamber. The code used for such modelization is the CST MICROWAVE STUDIO™ (CST
MWS) which is able to calculate the resonant frequencies of the vacuum chamber and
determine the scattering parameters to analyze the coupling between the cavity and the
microwaves ports.

Figure 1 shows a scheme of the SERSE ion source with a detailed view of the injection

and extraction flanges. In the injection flange there are the gas inputs, the hole for the biased
disk (used to increase the amount of electrons in the plasma), and the microwaves ports
(WR62 type) named WG1 and WG2. This flange it is also drilled with holes for pumping; the
diameter of the holes is below 8/4 in order to minimize microwave leaks and plasma
formation outside the chamber. Similar holes are also present in the extraction side, with
aperture for the ion beam extraction.
Then it is possible to model the chamber with a resonant cylindrical cavity with apertures in
both end flanges. The first part of the report will present the results of the numerical
calculations with the CST MICROWAVE STUDIO™ code [1], whereas the second one
present the experimental results and a comparison between simulated and observed data.
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Figure 1: Scheme of the SERSE ion source and injection and extraction flanges.




2. Numerical simulations

From the theory of the resonant cavities we know that inside a cylindrical cavity the
propagation of electromagnetic waves is allowed only for a discrete set of frequencies given
from the equation:

2
w=c(fl)+h2 (1)

[

where c is the speed of light, » is an integer and / is the eigenvalue of the Helmotz equation:
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where ¢ 1is the longitudinal component of the magnetic field for TE modes, or the
longitudinal component of the electric field for the TM modes.

If we consider a cylindrical cavity with circular section with radius a and length /, the
equations that determine the allowed frequencies for TM and TE modes are respectively [2]:
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where: x,, and x,, are respectively the zeros of order v of the Bessel functions of order # and
its first derivative. In a metallic resonant cavity there are losses due to the dissipation of
electromagnetic energy on its walls. These losses determine an attenuation of the
electromagnetic field when the external excitation is removed. For this reason we introduce
the quality factor Qo, defined as the ratio between the total energy, averaged on a period,
contained in the cavity, and the mean energy dissipated in a period.

According with the previous formalism, we define two different expression to calculate
v, for TM and TE modes respectively:
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In these equations u,is the magnetic permittivity of the cavity metallic walls (with
conductivity o).

A first model to simulate the cylindrical cavity with the same dimensions of the SERSE
chamber is a cylinder which length is 450 mm and the radius is 65 mm without holes and
filled with air (¢, =1).

If we suppose to haven’t any energy losses, the CST MWS eigenmode solver simulator is
very efficient to calculate the resonant frequencies. This solver calculates the first N
frequencies and the related field diagrams [1]. In this way we can perform a comparison
between the theoretical values obtained by solving equations (3) and (4),[3] and the values
obtained by the numerical simulations with the CST MWS code.

The following report presents the results obtained by considering only the SERSE vacuum
chamber as a cylindrical cavity without taking into account the perturbations introduced by
the holes in the injection and extraction flanges.

Taking into account that the SERSE plasma chamber is aluminum made
(o =3.77-10" [S/m]), table 1 summarizes the comparison between the first 20 resonant
frequencies and their relative Qs factors obtained by the CST MWS simulation and the
theoretical values.

Hereinafter the relative difference between simulated and theoretical values is presented,
obtained by subtracting the simulated value to the theoretical one and dividing by the latter.
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Table 1: Comparison between simulation and theoretical values for the first 20 modes.

Mode | Frequency [HZ] Frequency [Hz] Qo 0]

Simulation Theoretical value Simulation Theoretical value

1| TE,,, | 1.39175002¢+009 | 1.39197046e+009 | 2.1477¢+004 | 2.147463675¢+004
2 | TE,, | 1.50657203¢+009 | 1.50680259¢+009 | 2.4058¢+004 | 2.405928249¢+004
3 | TE,; | 1.68056512¢+009 | 1.68084538e+009 | 2.7847e+004 | 2.785686543¢+004
4 | TM,,, | 1.76500198e+009 | 1.76526966e+009 | 2.8990e+004 | 2.911217902¢+004
5| TM,,, | 1.79615027¢+009 | 1.79642267¢+009 | 2.5926e+004 | 2.607670317e+004
6 | TM,,, | 1.88650291e+009 | 1.88679800e+009 | 2.6507e+004 | 2.672459447¢+004
7| TE;, | 1.89747674e+009 | 1.89787860e+009 | 3.2297¢+004 | 3.234869821e+004
8 | TM 5 | 2.02813798e+009 | 2.02849546e+009 | 2.7431e+004 | 2.770993075e+004
9 | TE, 5 | 2.14426675¢+009 | 2.14489162e+009 | 3.7079¢+004 | 3.710953678e+004
10| T™My,, | 2.21118464e+009 | 2.21167263e+009 | 2.8592e+004 | 2.893402434e+004
11| TE,;, | 2.26607027¢+009 | 2.26658251e+009 | 2.1572¢+004 | 2.175528805e+004
12| TE,,, | 2.33834214e+009 | 2.33886053¢+009 | 2.2461e+004 | 2.265208433e+004
13| TE,s | 2.41171738e+009 | 2.41269389¢+009 | 4.1827¢+004 | 4.186224604e+004
14 | TM 5 | 2.42623949¢+009 | 2.42695544e¢+009 | 2.9914e+004 | 3.030953835e+004
15| TE,;; | 2.45404723¢+009 | 2.45459889¢+009 | 2.3851e+004 | 2.406086788e+004
16 | TE,, | 2.60737741e+009 | 2.60801797e+009 | 2.5588e+004 | 2.587491667e+004
17| TM y¢ | 2.66550963e+009 | 2.66657916e+009 | 3.1323e+004 | 3.177061786e+004
18 | TE,; | 2.69361254e+009 | 2.69509524e+009 | 4.6428e+004 | 4.645696139¢+004
19| TE,s | 2.79209856e+009 | 2.79291507e+009 | 2.7711e+004 | 2.797911184e+004
20| T™M,,, | 2.81174989e+009 | 2.81267565¢+009 | 3.6700e+004 | 3.674760264e+004

Figures 2 and 3 show very good agreement between results of the simulations and theoretical

values. In particular it can be noticed that for the resonating frequency the difference is less
than 0.055%, whereas for the quality factor the difference is less than 1.5%.
However the figures show that increasing frequency the difference between the two

values grows up; in particular we notice that for each mode the values obtained from the

simulations are higher than the analytical ones. This probably means that could be a sort of
systematic error that further studies on the mathematical aspects of the CST MWS eigenmode

solver could eliminate.
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Figure 2: Relative difference between theoretical and simulated frequency resonance (first 20
modes).
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Figure 3: Relative difference between theoretical and simulated quality factor (first 20
modes).
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Our goal is to achieve a resonable agreement between theoretical values and
simulations up to the SERSE working frequencies (18 GHz). In this case we will be able to
compare our calculation with the S-parameters measurements on the source as described in
the following paragraph. CST MWS simulations also allow the determination and plotting the
field distribution inside the vacuum chamber for each resonant mode.

Figure 4 shows the electric field diagram for the mode TE;;; , i.e. the first resonant mode.
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Figure 4: Mode TE,,, : trend of the absolute value of the electric field on the external part of
the structure and on the three planes: x-z, y-z e x-y.

Starting from these results, it is interesting to formulate a new model of the plasma
chamber, considering the holes for microwaves injection, ion extraction, vacuum system and
gas injection.

However the specific characteristics of CST MWS eigenmode solver, which do not permit
to perform simulations with open structures, will certainly complicate such a job. For this
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reason further studies will be necessary in order to define a model able to represent the real
plasma chamber structure even using other codes (e. g. Ansoft HFSS™).

3 Experimental results

In order to characterize the SERSE plasma chamber in terms of mode distribution and
then to study the coupling of different microwave generators, some measurements have been
performed by using a vector network analyzer (Agilent N 5230 A PNA L-Series) able to work
up to 50 GHz. These measurements have been performed in absence of plasma inside the
source plasma chamber.

The waveguides WG1 and WG2 (see figure 1) were connected respectively with the port 1
and 2 of the network as shown in figure 5. The results reported in the following pages
represent the scattering parameters measured by the instrument.
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Figure 5: Experimental set-up for the S-parameters measurements.

The Si1 parameter indicates the power reflected by the plasma chamber through the
waveguide WGI and the S22 the one reflected by the waveguide WG2, while the parameter
S12 represents the power measured at port 1 coming from the port 2.

By analyzing these parameters it is possible to characterize the modes that exist inside the
plasma chamber. In fact the frequencies for which we have the minimum values of the S77 or
S22 and at the same time the maxima values of the Si2 parameter occur, they represent modes
excited by the microwaves from the waveguides WG1 and WG2 respectively.

Figure 6 represents a full scan in the whole operating range. Below 9 GHz the cut-off of the
WR62 waveguide occurs, consequently there is no longer wave propagation inside it,
consequently, we are not able to experimentally validate the results reported in table 1.For this
reason we concentrated our efforts in investigations mainly around the frequency of 14 GHz
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which is a source value often used during normal operations; results and comments at higher
frequencies will also be presented.

Figure 7 and 8 show, respectively, the measured data in a narrow range around 14 GHz
(13.95-14.05 GHz). It must be remarked that we have a point each 125 kHz
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Figure 6: Measured scattering parameters in the 9-18 GHz frequency range.
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Figure 7: Measured scattering parameters at 14 GHz.
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Figure 8: Measured scattering parameters at 18 GHz.

These parameters were measured without the DC-Break (a 0.5 mm thick TEFLON foil) which
isolates the microwave generators from the source plasma chamber that it is maintained at
high voltage. The effect of the DC-Break on the coupling is shown in the figures 9, 10 and 11
(for frequencies near to 14 GHz) and in the figures 12, 13 and 14 (for frequencies near to 18
GHz). It can be clearly noticed that the trasmitted power at both operating frequencies (figure
11 and figure 14) shows an attenuation due to the insertion of the TEFLON foil which is more
critical at 18 GHz. However, in different operational points, the trasmitted power remains
pratically unchanged at 14 GHz, then particular care must be taken in the choice of the
operating frequency to avoid losses. In general, by looking to the pictures 9-14 it seems that
there is no influence on the resonating frequencies, while a clear mismatch is introduced in
both ranges.



—11 -

0r

-20 /\ ﬂ
%) |
2
=-30
o} |

40 -

[ —s,, with DC-BREAK
S, without DC-BREAK
50+

-60 L | 1 1 Il | 1 1 1 J
1395 1396 1397 1398 13.99 14 1401 1402 1403 1404 1405
Frequency [GHz]

Figure 9: Effect of the DC-Break on the waveguide WG1 at 14 GHz.
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Figure 10: Effect of the DC-Break on the waveguide WG2 at 14 GHz.
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Figure 11: Effect of the DC-Break on the Si2 at 14 GHz.
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Figure 12: Effect of the DC-Break on the waveguide WG1 at 18 GHz.
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Figure 13: Effect of the DC-Break on the waveguide WG2 at 18 GHz.
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Figure 14: Effect of the DC-Break on the Si2 at 18 GHz.
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4. Comparison between experimental and simulated scattering parameters

As reported in section 2, specific characteristics of CST MWS simulator in the
eigenmodes domain do not allow to perform simulations with open structures, and for this
reason our model of the plasma chamber (considered as a completely closed cavity) is
oversimplified. However a rather simple approach to the open cavity problem conststs of the
use of a time domain analysis including waveguide ports [4]. These waveguides boundary
ports are used to simulate an infinitely long waveguide, e.g. a rectangular waveguide, a
coaxial cable or a micro strip line. These ports need to be located at the boundaries of the
calculation domain and will then be automatically extended to infinity [1]. As we have
performed a series of experimental measurements of the S-parameters, it is possible to
compare simulated and measured data taking into account a more accurated model of the
plasma chamber, considering the two waveguides connected at the source microwaves inputs
WGI and WG2 (according to figure 1). The computation domain is discretized by an
algorithm named PBA (Perfect Boundary Approximation). The discretization factor is very
important for the accuracy of the simulated data, but its excessive enhancement generates a
considerable increase of the simulation time. Then the coupling between the resonant cavity
and the two WR62 waveguides has been simulated by using the CST MICROWAVE
STUDIO Transient solver. Figure 15 shows the CST MWS workspace with the simulated
structure, it consists of a resonant cavity in vacuum (&, =1) with radius 65 mm and length
450 mm, with aluminum walls (& = 3.77 -107 [S/m]) which is connected with two WR62
waveguides (15.799 mm x 7.899 mm).
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Figura 15: Main window of the CST MICROWAVE STUDIO and simulated structure.

The input signal is provided through the ports by setting the frequency range of a
Gaussian pulse. The time domain solver calculates the development of fields through the
time. The program calculates the answer to this pulse and, by using the Discrete Fourier
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Trasform (DFT), it provides the S-parameters in the frequency domain defined as the ratio
between the output signal spectrum and the input signal spectrum.|[2]

In the following figures we will show the results of the simulations, remembering that
the S11 parameter is related to the power reflected by the WGI port, whereas S22 is related to
the WG2 port. As before (see section 3), the frequency for which there is a minimum for Si/
or for S22, and at the same time S72 (or S27) has a maximum, is a resonant frequency of the
cavity. Hence by combining the information about the scattering parameters it is possible to
characterize completely the coupling properties of our system (plasma chamber plus
waveguides).
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Figure 16: Simulated scattering parameters in the 9-15 GHz frequency range.

Figure 16 shows the behaviour of the four S-parameters from 9 to 15 GHz.

The Si2 and S2/ parameters are quite similar. It is clearly noticed that in proximity of
9.3 GHz occurs the cut-off frequency of the waveguide (for frequencies below the cut-off,
wave propagation is not possible in the waveguide). Above this frequency the figure shows
the presence of resonant modes. Now, it is interesting to show a comparison between
simulated and measured data. We report again the figure 7 that shows the scattering
parameters around 14 GHz, while the figure 18 shows a detail of the figure 16, with a
frequency span of 100 MHz centred on 14 GHz.
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Figure 17: Measured scattering parameters at 14 GHz.
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Figure 18: Simulated scattering parameters from 13.95 GHz to 14.05 GHz.

It must be pointed out that in the simulation (figure 18) we have only a point each 70
kHz while in the measure we have only a point each 125 kHz. Taking into account this
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consideration it is clear that the density of modes shown in figure 17 is lower than the one
shown in figure 18.

This first approach to the problem is sufficient to show that an accurate simulation of the
electromagnetic properties of the plasma chamber is possible, by optimizing simulations times
and plasma chamber modelling, and by using more powerful calculation tools.

5. Microwave generators spectrum contents

The last part of the experimental measurements is related to a spectral characterization of
the microwaves that feed the plasma chamber.
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Figure 19: Scheme of the experimental apparatus.

These measurements have been performed by using the following instrumentation:

= Spectrum Analyzer HP 8565 E [4], remotely controlled through GPIB
interface by Agilent VEE Pro-test 7.0 which allows to change the setting of the
main measure parameters (Span' and Resolution Bandwidth?).

= HP E4444A program, employed for the analysis of the experimental spectra.

= CPI Traveling Wave Tube Amplifier (TWTA) model VZM-6993J2, with a
frequency range of 8-18 GHz and 300 W maximum power.

= R&S SMP 02 Signal Generator

! Span: The frequency span defines the total amount of frequency spectrum captured by the instrument.
? Resolution Bandwidth (RBW): Controls the frequency resolution of the instrument.
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At the beginning we investigated the spectra of the signal emitted by the TWTA when
it is directly connected with a matched load, afterwards we connected the TWTA to the
SERSE plasma chamber using the WG1 microwave port and we inspected the microwave
radiation coupled to the WG2 input with the spectra (figure 19).

The spectra were obtained when a plasma was inside the source vacuum chamber. In the
following the most interesting figures are shown.

Figure 20 shows a spectrum acquisition for TWTA at 14 GHz with the following parameters
set-up:

SPAN =500 Hz

RBW =3 Hz
Microwave Power = 246 W
Central Frequency = 14 GHz
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Figure. 20: Spectrum of the microwave radiation acquired at microwave input WG2 with the
TWT connected to the WG microwave input: Harmonic principal (14000000958,83 Hz) (14
GHz - 246 W power introduced - 16 W power reflected).

We can notice that figure 20 features the presence of lateral peaks. The same peaks
have been obtained in measurements with dummy load directly connected to the generator
[6].

It is worth to notice that the lateral peaks are symmetrically displayed with respect to the main
one with power ratios smaller than 35 — 45 dB, and a frequency shift of 50 Hz integer
multiples.

This characteristics appears also acquiring the second harmonic of the amplified signal.
Figure 21 shows the spectrum acquired at 28 GHz, because of the low signal level we expect
that this effect is weak concerning the plasma heating.

In fact the absolute level of such harmonic is about 40 dB below the principal harmonic level,
so that the electric field is affected only slightly, about 1%.



~- 19—

SPAN =500 Hz
RBW =3 Hz
Microwave Power = 246 W
Central Frequency = 28 GHz

-60

-65

70+

-80

[dBm]

-85
-90

-95

A }

28 28 28 28 28 28 28 28 28 28
Frequency [Hz] % 10

Figure. 21: Spectrum of the microwave radiation acquired at microwave input WG2 with the
TWT connected to the WG microwave input: Harmonic principal (28000001918,67 Hz) (14
GHz - 246 W power introduced - 16 W power reflected).

6. Conclusions

The results presented in this report represent a first step towards a complete electromagnetic
characterization of the plasma chamber of ECR ion sources. In particular the data shown in
section 2 demonstrate that it is possible to determine numerically a limited (at present)
number of cavity modes by using an oversimplified model, considering the plasma chamber
without holes. The only way to simulate correctly the cavity characteristics is the time domain
simulation, as seen in section 4. This technique has permitted to obtain a first rough
comparison between simulated and measured data, as again observed in section 4. In order to
provide more accurate results, a series of simulation will be done in the time domain by using
more powerful computers, allowing a better discretization of the calculation domain.
Therefore, further studies of the coupling between microwave generators and source vacuum
chamber in presence of plasma are planned.

Figure 22 shows the set-up which will be employed in such measurements: a reflectometer
with high isolation will be used to precisely measure the reflected power. Finally a
comparison between measurements with and without plasma will make possible the study of
the influence of the plasma on the electromagnetic characteristics of the SERSE ECR ion
source.
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Fig. 22: Experimental set-up for the next S-parameters measurements when a plasma is

present inside the ECRIS chamber.
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