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Figure 2-7 - SPIDER RF Circuit

The main parameters of the circuit are reported in Table 2-2.

Table 2-2 - Main parameters of SPIDER RF circuit

parameter Id value unit
ISRF-OSCx rated power Pn 200 kW
ISRF-OSCx frequency range 09-1.1 MHz
ISRF-OSCx max output
voltage with a load 0?50 Q! vn 3160 v
ISRF-OSCx output impedance 50 Q
Zoof TL 50 Q
Cp (composed of a couple of 10 oF
capacitors Cp1l and Cp2)
Cs (composed of the Cs1 and

. . 1.5 nF
Cs2 series capacitor)
RF estimated coil inductance 9 H
(when coupled with plasma) H
RF coil estimated equivalent
resistance (when coupled with 2.3 Q
plasma)
Z (impedance used to link the S?tln%s 0
RF circuit to the Body Source) ¥ IS nlll(rily o

! This is calculated from the rated power and its nominal output impedance.
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insulator. Figure 2-11 proposes a sketch of the top part of the driver, an in particular the turns at higher
voltage.

The regions which configure as triple junctions are identified as “A1” and “A2, the E-field value in
correspondence to “A1” is produced by the voltage applied between the top turn and the FS (V1 in
Figure 2-11).

The electrons emitted in the triple junction regions can be accelerated by the E-field due to the turn to
turn voltage (Vrr in Figure 2-11), bridged by the DC surface or by the comb surface (not represented
in the sketch).

DC

backplate |

FS ——> EMS

Desired plasma

gapl

Figure 2-11 — Sketch of the top part of the driver: the high E-field regions are highlighted

The RF drivers adopt a design very similar to that of ELISE [10] in terms of geometry and materials,
which experienced breakdowns in the ion source backside [46]. These breakdowns occurred randomly
outside of the drivers and limited the RF power injected into the plasma and thus the ion source
performance.

To increase the voltage hold off capability of the drivers the best idea is to reduce as much as possible
the E-field: some hints for possible design improvements (increase the distance between the coil and
the driver case) can be derived by the results shown in Figure 2-9.

However, the results of FEM analysis only are not sufficient for the verification of the driver insulation
design since other macroscopic parameters such as the total voltage [47] [48], the operational
frequency (most of the literature is for dc, industrial frequency, lightning impulse or for > 100 MHz),
the electrode materials, the residual pressure [49] [50], can play a role in the voltage hold off and need
to be taken into account.

For this reason the development of a test facility (presented in chapter 3) suitable to experimentally
investigate the driver insulation design and to perform parametric studies versus the cited macroscopic
parameters was launched.

This approach allows to complement the FEM analyses with experimental results on suitable mockups
of the SPIDER driver, whose design is presented in chapter 4.
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3 High Voltage Radio Frequency Test Facility

The High Voltage RadioFrequency Test Facility (HVRFTF) has been developed with the aim to be a
simple, accessible and flexible device to characterize the dielectric strength in vacuum of the RF
drivers of SPIDER and MITICA ion source and to effectively addresses the issues related to their
voltage hold off when subjected to their operating radiofrequency E-fields and pressure.

The operative conditions of SPIDER and MITICA in terms of voltage, pressure, E-field and materials
are summarized in Table 3-1 together with the HVRFTF requirements, generally larger so that it will
be possible to derive also operational limits.

Table 3-1 - SPIDER and MITICA operating conditions, HVRFTF requirements

PARAMETER UNiT | SPIDER/MITICA HVRFTF
Gas species - H», D2 Ar, N2, He, Hz, D>
Pressure Pa 0.065-0.070 0.005-10°
Voltage (rms) kV 12.2 up to 17
Frequency MHz 0.9-1.1 0.9-1.1
Conducting - Cu, Stainless Steel Cu, Stainless Steel
materials
Dielectric - Alumina C799, Alumina C799
materials Vespel SP-1 Vespel SP-1

Fused Quartz

The properties of the dielectric materials which will be tested are listed in Table 3-2.

Table 3-2 - Dielectric materials properties at 1 MHz

PARAMETER UNIT | ALUMINA C799 [51] | VESPEL SP-1[52] | FUSED QUARTZ [51]
Dielectric constant - 9.6 (w10 MHz) 3.55 3.78
Dissipation factor - 1-1073 3.4-107 1.4-103
Dielectric strength MV/m 17 22 n.a.
Volume resistivity at 20 C | Qm 102 10'4-10" 10%°
Surface resistivity Q n.a. 10'°-10'® n.a.

As far as the dielectric materials are concerned, fused quartz at the moment is not used in SPIDER and
MITICA drivers, but was considered as possible candidate for the driver of ELISE [10].
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4 Studies for the definition of the
Device Under Test

In order to verify the voltage hold off of a driver, it is necessary to recreate its working conditions
when inside the ion source (gas species, pressure, sinusoidal voltage at the operating frequency), and to
test it by increasing the applied voltage amplitude up to the breakdown.

Nevertheless, besides the complexity and cost of this type of Device Under Test (DUT), this approach
prevents to test different design solutions in terms of geometry and materials and also the possibility to
perform parametric studies, for instance with a varying gap .

On the contrary, simpler DUT geometries in a flexible arrangement allow these opportunities, and thus
they are preferable, provided that they are able to reproduce with sufficient accuracy the operating
conditions of interest.

Figure 4-1 shows the cross section sketch of several geometries of electrode pairs, which have been
studied; their suitability for the DUT to be tested with HVRFTF is discussed below.

T TR T
S @, N, &R
e =

T, @, S

Figure 4-1 - Sketch of the cross section of different DUT: a) Planar circular electrodes, b) plane-
sphere DUT, c) plane-tip DUT, d) plane-tube DUT. The same configurations with a dielectric
slab in between the electrodes are e),f),g),h).

They can be grouped into two categories of DUT:
e DUT composed only of electrodes without dielectric material (a,b,c,d of Figure 4-1);

e DUT composed of electrodes with a dielectric material interposed in between them (e,f,g,h of
Figure 4-1).
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Figure 4-13 - DUT configuration f): E-field as a function of the gap

4.2.3 Configuration g): Plane-disk-tip

Configuration g) is characterized by a local intensification of E-field at the tip surface. The E-field
values are much higher than those of the driver in gap2, while they are lower in gap]1.

The E-field map is shown in Figure 4-14 for gap2 of 0.1 mm, while the E-field as a function of gap2 is

shown in Figure 4-15.

4.511e+007 : >4.
4.273e+007 : 4.!
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3.561e+007 : 3.

Density Plot: |E|, V/m

Figure 4-14 - DUT configuration g): E-field map
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Figure 4-15 - DUT configuration g): E-field as a function of the gap

4.2.4 Configuration h): Plane-disk-tube

Configuration h) is the most similar to the driver geometry, provided that the driver radius is much
larger than the radius of the coil conductor. The E-field map is shown in Figure 4-16 for gap2 of
0.1 mm, while the E-field as a function of gap2 is shown in Figure 4-17: as can be seen, the E-field is
similar to the one produced by the driver for gap2 in the order of 0.1 mm.

Density Plot: |E|, V/m

Figure 4-16 - DUT configuration h): E-field map
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the capacitance depends on the permittivity of the dielectric material while the resistance depends on
its loss angle.

The parallel representation of the DUT, shown in Figure 4-23 b), is convenient to be used in some
cases.

CDUT

- *
T CDUT

R DuUT

2DUT:RQUT - Xepur ZDUT:[(RDUT*)_% +(- Xepy)
Xepur=(@Cour)™ Xcpur*=-j(@Cpyr*)™
Figure 4-23 — Series and parallel equivalent circuital representation of the DUT

The geometry, the gap and the dielectric materials are parameters that can be varied during the
experimental campaigns. Moreover, the vacuum vessel acts as a third electrode too, and creates an
additional capacitance in parallel to the DUT impedance. The equivalent impedance of DUT and
vacuum vessel are taken into account for the design of the circuit used to generate the high voltage
described in chapter 5.

The capacitance and resistance of the DUTs considered suitable for the HVRFTF have been calculated
through electrostatic and current flow analyses respectively, with the help of 2D axisymmetric finite
elements models. The electrical parameters of the PCE have been calculated for a gap of 100 um and
50 mm, while for the Plane-Disk-Sphere DUTs they have been calculated with disk thickness of 8 mm,
fixed gapl = 2 mm and for gap2 of 10 um and 50 mm. Alumina was assumed as dielectric material,
since it is the material used in SPIDER for the driver case, and furthermore it is characterized by the
highest permittivity (see Table 3-2) resulting in the highest capacitance.

The obtained values for the capacitance and the resistance, for both the series and parallel
representations are reported in Table 4-2. The loss angle of Alumina is not the highest and in principle
with Vespel or Quartz the equivalent series (parallel) resistance could be higher (lower), but it is clear
that the DUT resistance can be neglected when looking at the values in Table 4-2.

Table 4-2 - Electrical parameters of the DUTs with alumina as dielectric material (where Cpur
and Rpur refer to the series representation, Cour’, Rout” to the parallel representation)

DUT ID | Description Gap Cour Rour Cour” Rour”

PCE Planar Circular Electrodes | 100 um — 50 | 177 - 12 pF 0Q 177 — 12 pF -
diam. 108 mm mm

PDS8 Plane - Dielectric Disk - | 10 pm—50mm | 11— 10 pF 67mQ — | 11-9pF >1GQ
Sphere diam. 8§ mm 1.9 mQ

PDS40 | Plane - Dielectric Disk - | 10 um—50mm | 13 pF—10pF | 162mQ — | 13pF—-10pF | > 1 GQ
Sphere diam. 40 mm 7.8 mQ

PDS50 | Plane - Dielectric Disk - | 10 um—50 mm | 14— 10 pF 164 mQ — | 14-10pF >1GQ
Sphere diam. 50 mm 3.6 mQ

PDS60 | Plane - Dielectric Disk - | 10 um—-50 mm | 15-11 pF I57TmQ —| 15-11pF >1GQ
Sphere diam. 60 mm 4.2 mQ
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S Studies for the generation of High Voltage

Radiofrequency high voltage sources are not industrial products. Common RF voltage sources
available in the market are oscillators or RF amplifiers and they are specifically designed for
laboratory, broadcasting and induction heating applications. For our application the use of RF
amplifiers is preferable, since they are full controllable voltage source and, differently from the
oscillators, their operation is not influenced by the load.

Both oscillators and RF amplifiers are available for a wide range of power and for relatively low load
impedances, usually 50 Q resistance, which is very different from the DUT impedance listed in Table
4-2.

The exploitation of the resonance principle to produce the required high voltage was identified as a
viable solution, with the constraint that the impedance seen by the amplifier has to be matched to its
output impedance to extract its full power. The description of the general approach and its application
for the design of the RF circuit are given in the following paragraphs.

5.1 Matched resonant circuit

A L-type matching network is composed of a couple of reactances jXi and jX», two kinds of L-type
matching networks are possible, as shown in Figure 5-1:

2LOAD
ZLOAD

normal L-type reversed L-type
matching network matching network
Figure 5-1 — Normal and reversed L-type matching network

An arbitrary load impedance Zi,aa may be matched to any impedance [38] by a normal L-type
matching network or by a reversed L-type matching network. Sometimes both normal and reversed
types allow the desired matching.
The reversed L-network was selected for our scope; it is characterized by a series resonance between
jX> and the parallel of jXi and Zroap..
A key point is related to the definition of the Zjoaq: the first choice could be the assumption of the DUT
impedance, but a variable capacitance as load would require a variable inductor as matching network
component, which is not convenient neither for the construction, nor for the operation point of view. In
addition the inductor would introduce a significant variable stray resistance, to be considered in the
design of the matching network itself, making the design even more complex. In fact, not only the
reactances, but also the stray resistances contribute to the modification of the input port equivalent
impedance (Zin), thus to the achievement and maintenance of the matching conditions.
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e A is the cross section of the rod [mm?];
e L isthe rod length [m].

4:.m7-E-s3 5 (21)
kaisk = 3-(1—1}2)'R2.10
Where:
o kaisk 1s the elastic constant of the disk [N/m];
e Eis the Young’s modulus of the material [N/mm?];
e s is the thickness of the disk [mm];
e v is the Poissons’s coefficient [-];
e R s the radius of the disk [mm].
The equivalent elastic constant keq is given by (26):
1 1\7*! (22)
o= (1)
kdisk krod

The rod used in HVRFTF is made of AISI 304L Stainless Steel (E=193 GPa=193 kN/mm?), its cross
section is A=452 mm? and its length is L=0.8 m: koa results 109.1 MN/m.

The disk is made of AISI 304L, is 2 mm thick, its diameter is 45.5mm, v is 0.3: Kgisk results
13.7 MN/m.

The equivalent elastic constant is keq = 12.2 MN/m; the weight of one electrode (of the PCE pair) is
Melectrode=1.25 kg

The mechanical resonant frequency results fo = 497 Hz, in line with the modulation frequency
observed.

The main question is what triggers the mechanical vibrations: the pumping system is not the cause,
since the modulation was measured also with pumping system switched OFF.

Nevertheless, this limit affects the PCE only since the calculated capacitances of the other DUTs
(Table 4-2) with very short gaps are orders of magnitude lower than that of the PCE.
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Figure 6-18 — Comparison of shots #440 (gap = 0.6 mm) and #514 (gap = 1 mm), pressure 0.25 Pa

During subsequent pulses the maximum voltage reached by the RF circuit was only of 8.7 kV, against
the 10.3 kV of shot #514, and many sparks were observed between the electrodes. The operating
frequency decreased by about 1.4 kHz too.

At last the PCE were tested again in vacuum (without gas injection) for gaps of 0.1, 0.2, 0.3 and
0.4 mm and many sparks were generated between the electrodes, which means that the surface of the
electrodes was probably crinkled.

To understand the reason of the lower voltage reached by the circuit, each component was inspected.
Nothing was noted, and once disconnected from the feedthrough the circuit reached 10.8 kV.

The hypothesis is that the lower voltage issue is related to a modified behaviour of the components
placed within the VV; once opened the VV, a blackening of the larger Pyrex tube due to plasma
sputtering was observed. The stainless steel sputtered on the tube probably increased the equivalent
capacitance of the DUT.

Both the top and the bottom electrodes were visibly damaged after the test campaign as can be seen in
Figure 6-19.

TOP

Figure 6-19 - Pictures of PCE after the second test campaign
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Both electrodes surface were observed under an optical microscope available at Consorzio RFX.
Figure 6-20 shows two typical pictures of the microscope view with the minimum and the maximum
magnification. The maximum dimension of the marks is of about 0.5 mm; many marks overlap (many
discharges on close points).

ki ! ¥ XK
& ¥ . X iy

Figure 6-20 — Magnifications of the electrode surface under an optcal microscope
(pictures taken through the microscope ocular)

6.2.1 RF circuit characterization

The measurements acquired during the experimental campaign are analyzed in the following in order
to characterize the behaviour of the RF circuit.
Figure 6-21 shows the voltage applied to the DUT (blue markers) and the operating frequency
(magenta markers) as a function of the gap, for pulses when the breakdown was not triggered. The
behaviour is similar to the one observed during the first test campaign, the frequency is slightly lower
(effect of the series capacitance replacement).
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Figure 6-21 — Voltage (blue markers) and frequency (orange markers) as a function of the gap
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Figure 6-22 shows the DUT impedance (blue markers), calculated as the ratio between DUT voltage
and DUT current, as a function of the gap. The DUT equivalent capacitance (orange markers) is
calculated taking into account the frequency dependence of the gap, and with the hypothesis that the

DUT impedance is purely reactive.
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Figure 6-22 — DUT impedance (blue markers) and equivalent capacitance (orange markers)
(hypothesis: DUT impedance is purely reactive)

Figure 6-23 shows the peak value of the E-field between the electrodes, calculated as ratio between the
peak value of the DUT voltage and the gap, as a function of the gap: the maximum value of about
55 MV/m was reached for a gap of 0.2 mm, while during first test campaign 45 MV/m were reached
for a gap of 0.25 mm. The results obtained for 0.1 mm were not used since the measurements were
affected by modulation.
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Figure 6-23 — Electric field as a function of the gap
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6.2.2 Characterization of the gas discharges

Figure 6-24 shows the DUT voltage as a function of the pressure: blue dots represent the maximum
value achievable with the available RF circuit, red dots represent breakdown voltages.
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Figure 6-24 - Voltage applied to the DUT as a function of the pressure: red dot markers are
breakdown voltages, blue dot markers are power supply limits

The threshold for the breakdown is shifted to the left side with respect to the first test campaign: at
0.5 Pa the breakdown voltage is higher than 7 kV and for some gaps it did not happen; at 0.75 Pa the
breakdown voltage is higher than 5 kV, against some hundreds of volts without the Pyrex tubes.
Nevertheless the discharge path length did not shorten, in fact the pressure threshold for the calculation
of the Paschen left asymptote is still 0.5 Pa.
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Figure 6-25 - Voltage applied to the DUT as a function of the pressure: markers of different
color identify different gaps

Figure 6-25 is the same as Figure 6-24, showing the maximum voltage with different colours in
dependence of the gap. This representation allows appreciating the effect of the gap on the breakdown
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voltage (red dots in Figure 6-24): the breakdown voltage (for pressures of 0.5 Pa and 0.75 Pa) depends
on the gap, even if the tendency is not clear. In fact for the gaps 0.8, 0.9, 1.0 mm the breakdown
voltage increases with the gap, but it is lower with respect to the breakdown voltage at 0.5 mm.

6.2.3 Issues and improvements of the HVRFTF arrangement

The results obtained in the second experimental campaign showed the effectiveness of the provisions
implemented after the first experimental campaign; in particular a wider operating region has been
explored.
However the target to achieve a complete breakdown between the electrodes with small gaps has not
been reached yet; instead only sparks were seen without a visible influence on the measurements. This
fact is under evaluation: either sparks do not influence the measurements or they are not detected by
the transducers (which nevertheless have a large bandwidth) or they are not stored by the data
acquisition system.
An improvement of the diagnostics is planned to better detect the sparks, the following provisions will
be implemented:

e Increase the sampling frequency of the data acquisition system;

e Installation of a photomultiplier to detect the occurrence of sparks and to measure their light

intensity;

e Installation of a CCD camera to capture DUT frames during shots.
Furthermore the instantaneous pressure and the gap are to be acquired by the data acquisition system.
All data coming from the diagnostics will then be stored on the MDSplus server, with a coherent time
base.

The other important improvement in progress is the upgrade of the high voltage generation circuit
which is necessary to reach the target DUT voltage and to control the operating frequency; its main
tasks are:

e The procurement and installation of vacuum variable capacitors (being delivered to Consorzio
RFX within the end of 2017)
e The procurement of a powerful amplifier to reach at least the nominal voltage of the driver.
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Conclusions

The work carried out during my Ph.D. was addressed to develop a test facility called “High Voltage
RadioFrequency Test Facility” (HVRFTF), in order to characterize the dielectric strength of the drivers
of the RF ion source of the SPIDER and MITICA projects of the ITER Neutral Beam Test Facility
(NBTF).

Basically, the experimental arrangement worked out consists of a vacuum vessel capable to host
different types of driver mock-ups (called “Device Under Test”, DUT, in the thesis), a gas injection
and pumping system to supply the desired gas species, and a RF circuit designed to produce the
required high voltage.

My studies were first addressed to identify the HVRFTF requirements. The difficulty in working out a
mock-up of the SPIDER RF driver, with a simplified geometry but capable of reproducing similar
operating conditions in terms of applied voltage and E-field amplitude, has been faced studying several
possible solutions and then working out a configuration of planar-spherical electrodes, with a dielectric
disk interposed in between. The analysis carried out showed its capability in reproducing the E-field in
the driver, with the same gaps and voltage.

The development of an efficient RF resonant circuit, for the generation of the desired high voltage at
1 MHz to supply the DUT, turned out to be quite challenging, as regards in particular the target of
assuring the matching condition against the variable impedance of the load and stray impedances; I
worked out a careful design of the circuit components to meet the requirements minimizing the power
losses.

I conceived a flexible test arrangement, which allows the variation of the quantities influencing the
voltage hold off, such as pressure, geometry and materials of the devices under test, in order to
perform parametric analyses which can suggest insights for future driver improvements.

As for the experimental part of the project, a very important goal achieved is that the HVRFTF,
developed from scratch, has been completed and entered into operation in 2016. The first experimental
campaign with the preliminary RF circuit supplying a couple of planar circular electrodes allowed
substantiating the basic test arrangement. The design approach was confirmed experimentally and the
models used for the design were validated. Moreover it was possible to gain confidence with the
operation of the testbed, to discover issues related to some specific operating conditions and to identify
possible provisions.

With the second experimental test campaign, the provisions adopted allowed the extension of the
operational range of the facility and the achievement of a voltage up to 10 kV rms. However, the
capability to generate and detect the breakdown is still to be improved: currently the only detected
breakdowns are related to glow discharges between the high voltage electrode and the vacuum vessel
for relatively high pressures (= 0.25 Pa), larger than that at which the driver RF coil will operate.

Some sparks between the electrodes were observed for lower pressures and small gaps, but not
followed by a complete breakdown. This may be due to a voltage not sufficient to cause and sustain a
breakdown or to a not sufficient capability of the data acquisition system to detect and acquire it.
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Furthermore, an unexpected behaviour of the RF circuit, characterized by mechanical vibrations of the
DUT, further limited the voltage with a gap of 0.1 mm, which otherwise could have been characterized
by the highest E-field values.

Presently, the driver mockups and the components for the final circuit are being procured; they will be
implemented in the RF circuit for the next test campaigns in 2018. The plans for the next year are to
reach the target voltage across the DUT and to investigate breakdown conditions. More in general, the
tests will be addressed to provide support to the operation of SPIDER, to the development of the
MITICA beam source drivers and to improve skills and knowledge on radiofrequency, in line with the
basic scope of the RF R&D task.

Finally, few words about my personal development: this Ph.D. experience has represented a very
significant growth under several points of view: in fact, besides an improved capability to carry out
both theoretical and experimental research work, I have also grown in the capability of coordinating a
research task. In fact, since 2015, I have carried out these activities in the role of Work Package
Manager of the RF R&D task of the NBTF workprogramme, thus managing the task work according
to the received directives. In this role, I have identified the subtasks regarding the design, realization
and operation of the facility and managed the contributions of about six to eight persons among
students, researchers and technicians.
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7 Appendix

I Air core single layer solenoid model
To design an inductor suitable for the RF circuit of the HVRFTF, it is necessary to take into account
not only the inductance but also its stray parameters which strongly influence its impedance (modulus
and argument) at high frequency.
One of the fundamental parameters is the resistance of the inductor at the resonance frequency: it
reduces the Q factor, thus the voltage gain and it increases the power losses of the circuit. In literature it
is found that the single layer solenoid construction type is the best candidate to be used as inductor at
high frequency since it presents lower stray capacitance with respect to multiple layer solenoids.
A set of models has been developed in order to:
e calculate the inductance, resistance and stray capacitances of the inductor starting from the
geometry of the inductor and from the materials properties;
e calculate the impedance of the inductor versus frequency, starting from the inductor electrical
parameters, as previously evaluated.
The input data for the models are the geometry of the inductor (Figure 7-1) and the properties of the
materials used to build the inductor.

P rc

b o d
[y

Figure 7-1 - Notation for inductor geometry

o

The desired output is the impedance as a function of frequency, in the range in which the inductor will
be used. A set of models has been developed with Python to achieve this goal: at first the electrical
parameters of the inductor are calculated and then they are used to calculate the impedance as a
function of frequency.
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Li  Resistance

The calculation of the resistance is based on the method proposed by S. Butterworth, and using
experimental coefficients found by R.G. Medhurst. This method has been cited recently in [64].

The high frequency resistance is calculated as:

Ry =Rgc"H- @ (23)
Where:
e Ry is the de resistance of the straight wire which will be wound in a coil;
e H= V2zt1 , if z > 5, otherwise it is not accurate. H is the ratio between the resistance of the

straight wire at high frequency and the dc resistance of the straight wire;
d , . . L . ..
o z= TW % is the ratio between the wire diameter and the penetration depth divided by square

root of 2;
e dw is the wire diameter in [cm];
e fis the frequency [Hz];
e pis the resistivity of the wire [Q cm];
e @ is an experimental coefficient ratio between the coil resistance at high frequency and the
resistance of the straight wire at the same frequency.
Lii  Inductance
The self-inductance L of the coil is calculated as presented in [61] by G. Grandi et al. exploiting the
geometric symmetry and neglecting the influence of skin and proximity effects the inductance:
N-1

L = N Ll + 2 Z(N - k)Ml,k‘l-l (24)
k=1

Where L is the self-inductance of each turn and Mik+1 are the N-1 different mutual inductances
between the turns, calculated as:

Ly = g g(lni—f -3) (25)
Myl = %D [(é - c) K(c) - %E (c)] (26)

e D is the coil diameter;
e rc is the radius of the conductor;
o K(c),E(c) are the elliptic integrals of the first and second kinds;
2 __ D% |
- DZ+(kp)?’
e pis the pitch winding.

e C
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Liii Capacitances

The script calculates the stray capacitances of the coil as presented by G. Grandi et al. in [64].

The authors of the paper assumed that the turn to turn stray capacitance Cy can be calculated with the
formula of the capacitance per unit length of a couple of infinitely long parallel conductors placed in a
homogeneous medium:

T2 DeyE,

in| o+ () - 1]

Cee = 27)

Where:
e D is the coil diameter;
e rc is the radius of the conductor;
e pis the pitch winding.

The turn to shield capacitance Cis is calculated using the formula of the capacitance per unit length
between an infinitely long straight conductor and a parallel conducting plane.
2m%Deye,

|22+ (&) -]

Ces =

Where:
e D is the coil diameter;
e rc is the radius of the conductor;
e his the distance between the shield and the coil winding.

For the inductors without shield the Cis is the capacitance to ground and it is calculated with the same
formula, with a distance from the “shield” (the ground) of 2 m. This is a strong approximation, and if
necessary in the future the model can be improved.

Liv Calculation of the impedance of the inductor

The impedance of the inductor at a given frequency is calculated starting from the electrical parameters
(resistance, inductance, turn to turn capacitance and turn to shield capacitance), the number of turns and
the type of connection symmetric or not with respect to ground (with terminals floating or with a
terminal grounded).

Making reference to the Figure 7-2 representing the inductor’s equivalent circuit and depending on the
type of connection the code calculates the impedance in two different ways:

e In case of symmetric circuit: starting from the equivalent components representing the centre of
the inductor’s circuit and moving towards the terminals (A and B of Figure 7-2), following the
electrical rules;

e In case of asymmetric circuit (if one terminal is grounded): from the equivalent components at
ground potential (for instance terminal B of Figure 7-2) moving towards the other terminal (for
instance terminal A of Figure 7-2), following the electrical rules.

Note that if one terminal is grounded the capacitance Cis connected to that terminal is short circuited.
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lCts Cy I s Cy Cis o l

L, = L/n
Figure 7-2 - Inductor’s equivalent circuit

The calculated impedance Z is a complex number. The real part is called “effective resistance” (Re)
and the imaginary part is called “effective reactance”: From the latter is possible to calculate the
effective inductance Le. To be noted that the effective resistance can be different with respect to the
resistance of the inductor Ry as well as the inductance.
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I  Air core single layer solenoid model validation by means of test campaign

A reliable estimation of the inductor impedance versus frequency is very important to predict its
behavior and its suitability to achieve the performances requested to the resonant circuit.

A wide-range test campaign was launched to characterize by a direct measurement of the impedance
modulus and argument as a function of frequency some sample inductors realized with circular
conductors but different geometries. The main purpose of the test campaign was the validation of the
models developed, which are required to design the HVRFTF inductor.

The test campaign included additional tests on inductors built with different design concepts (i.e.
rectangular conductor, litz wire, coupled solenoids) in order to understand the relative merit and
achieve possible improvements in terms of energy efficiency (reducing the effective resistance).

I1Lli Instrument and method
The impedance of the inductor as a function of frequency has been measured with the impedance meter
HP4194A, connecting the inductor directly to the “impedance” port (frequency range 100 Hz -
40 MHz).
The data has been acquired with a PC via GPIB port, stored in a csv file and analysed with Python a
script.

Table 7-1 - Main characteristics of impedance meter HP4194A

Min Max Resolution
Frequency range 100 Hz 40 MHz 1 mHz
Impedance range 10 mQ 100 MQ 100 pnQ

One of the fundamental parameters of the matching resonant circuit for the HVRFTF is the resistance
shown by the inductor at the resonance frequency. Its value influences:

e the quality factor (Q factor) and therefore the gain (of voltage) of the resonant circuit;

e the value of capacitances being used for the resonant circuit and matching network;

o the efficiency (power losses to produce high voltage) of the circuit.
The main issue is that the value of the resistance (~ 1 Q) is some orders of magnitude lower than the
value of the reactance of the inductor at 1 MHz (~ 100 Q), therefore the direct measurement of the
resistance with the impedance meter is not reliable.
To overcome this problem the arrangement of a resonant circuit composed of a series capacitor Cs, a
parallel capacitor C, and the inductor L to be tested in a configuration similar to the one used for
HVRFTF is used, as shown in Figure 7-3.
The port AB of the circuit is connected to the impedance meter and the impedance as a function of
frequency of the circuit is measured.

A Col Co2
-
Cs
L
Cp po—
B R

Figure 7-3 - Measurement of the resistance of the sample inductors

The connections Col and Co2 affect the impedance seen from port AB, but with the approximation of
Figure 7-4 and neglecting the stray parameters of the capacitors, using (28), (29) and (30) it is possible
to derive the impedance of the inductor at the resonant frequency.
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Figure 7-4 - Measurement of the resistance of the sample inductors — simplified equivalent circuit

Zp =ZAB — ZCs (28)

1 1 1 (29

ZL Zp ZCp )
ZL = RL(f) +j 2nfL (30)

Where RL (f) is the effective resistance of the inductor at the frequency f.

To measure the value of the resistance RL at different frequencies, different capacitances values
(different capacitors) should be used. At the moment only Cs = 25 pF and Cp = 250 pF are available at
the laboratory.

ILii Sample inductors

The geometry of the sample inductors, the measurements and the model results will be presented in the
following paragraphs, below details on the design and realization are given.

For each inductor the data are presented as follow:

e Geometry of the inductor with the notation presented in Figure 7-1;

e FElectrical parameters calculated with the model (Appendix paragraph I), starting from the
geometry and with the assumption of having a terminal grounded;

e A plot showing the measured impedance and the simulated impedance (calculated by numerical
simulation) as a function of frequency;

e Electrical parameters derived from both direct measurement using the method explained in
paragraph IL.i (this measure is not available for all the inductors, since some of them were
disassembled before the method was developed) and simulations.

The first inductors which have been tested are air core single layer solenoids of different sizes, made by
winding a wire of circular cross section.
Inductors F2, F4, G and H are based on different concepts and in particular:

e F2 (F4) is composed of two (four) single layer solenoids coupled and paralleled;

e G is made by winding a litz wire;

e H is made by winding a wire with rectangular cross section.
They have been tested in order to verify possible improvements in terms of efficiency (smaller
effective resistance) with respect to coil made with conductor of circular cross section.
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Il.ii.a Inductor 1

Inductor 1 is the smallest inductor in terms of dimension which has been tested:

Table 7-2 - Inductor 1 geometry

parameter id value | unit
Coil diameter D 0.022 m
Conductor radius | rc 0.00045 | m
Pitch p 0.001 m
g Number of turns | n 22 -
0 1. Fy 3 resistivity 0 1.7E-8 | Qm
Figure 7-5 - Sample inductor
1
Table 7-3 - Calculated electrical parameters at 1 MHz of inductor 1
parameter id | value | unit
Resistance RL 613 | mQ
L 7.23 | pH
Turn to turn capacitance Ctt 4.12 | pF
Turn to shield capacitance Cts 042 |pF
Impedance ZL 455 | Q
Simulated effective resistance Re 614 | mQ
Simulated effective inductance Le 7.2 uH
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