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ITER-Relevant First Mirrors Unit With Integrated
Mirror Cleaning System Utilizing Capacitive
Coupled RF Discharge
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Eugene Mukhin™, Victor Modestov ™, Georgiy Marchiy ", Ivan Tereschenko*,
Meder Minbaev ™, Pavel Shigin™, Lucas Moser, and Michael Walsh

Abstract— Basic principles are discussed for a first mirrors
unit (FMU) design for International Thermonuclear Experimen-
tal Reactor (ITER) optical diagnostics, equipped with an RF
capacitive coupled discharge cleaning subsystem. A nontunable
RF prematcher device is shown to be desirable in the proximity
to the discharge load to avoid excessive heating of an in-vessel
RF feeder part. A possibility of satisfactory RF prematching
with a simple nontunable L-shaped circuit is demonstrated for
the experimentally measured RF discharge impedance variation.
The structure of an FMU RF power distribution circuit is
suggested, consisting of an RF prematcher, an RF power meter,
and, when required, an RF decoupler of a DC-grounded water-
cooled mirror. Planar implementation of an RF prematching
device is recognized as the most feasible and universal, as a
result of analysis of various base element types. Three options of
RF-decoupled mirror cooling manifolds are discussed, revealing
an optimal selection of their electric and dimensional parameters.
A structural implementation of a planar RF prematcher ceramic
parts fastening is suggested, taking into account their integrity
under inertial, neutron, and thermal loads expected during
ITER operation. Successful pilot tests of the RF prematcher
performance and structural integrity demonstrate the promise
of the described design approach.

Index Terms— Ceramic parts fastening, electro-thermal device
modeling, first mirrors unit (FMU), full-wave simulation,

Manuscript received 3 January 2024; revised 17 May 2024; accepted
21 May 2024. Date of publication 11 June 2024; date of current version
13 September 2024. This work was supported in part by the ITER Organiza-
tion for providing Conceptual Design of the First Mirrors Unit, Equipped with
the RF Mirror Cleaning System, under Contract 4200003194 and Contract
4300001626; and in part by the Ministry of Science and Higher Education
of the Russian Federation for providing the Finite-Element Structural and
Thermal-Electric Simulations, under Contract 075-15-2022-311 and Contract
0034-2019-0001. The Associate Editor coordinating the review process was
Dr. Tuan Guo. (Corresponding author: Dmitry Samsonov.)

Dmitry Samsonov, Eugene Mukhin, Georgiy Marchiy, Ivan Tereschenko,
and Meder Minbaev are with the Laser-Aided Diagnostics of Plasma and
Plasma-Surface Interactions Laboratory, Ioffe Institute, 194021 Saint Peters-
burg, Russia (e-mail: d.samsonov@mail.ioffe.ru; e.mukhin@mail.ioffe.ru;

georgiy.marchiy @mail.ioffe.ru; i.tereschenko@mail.ioffe.ru; meder@mail.
ioffe.ru).

Andrey Kamshilin is with HFP, 394030 Voronezh, Russia (e-mail:
kaa@hfpower.ru).

Terentev are with Russian Technolo-
Russia (e-mail: rtechster@gmail.com;

Gennadii Marinin and Denis
gies, 195279 Saint Petersburg,
den2006 @list.ru).

Ivan Kirienko and Victor Modestov are with the Mechanics of Materials
Laboratory, Peter the Great University, 195251 Saint Petersburg, Russia
(e-mail: kirienko_id @spbstu.ru; vmodestov @spbstu.ru).

Pavel Shigin, Lucas Moser, and Michael Walsh are with the Port
Plugs and Diagnostics Division, ITER Organization, 13067 Saint Paul
Lez Durance, France (e-mail: Pavel.Shigin@iter.org; Lucas.Moser @iter.org;
Michael. Walsh@iter.org).

Digital Object Identifier 10.1109/TIM.2024.3412226

impedance matching, International Thermonuclear Experimental
Reactor (ITER) optical diagnostics, passive devices and circuits,
planar circuits, plasmas, RF mirror cleaning, RF power distri-
bution.

I. INTRODUCTION

ROTECTION and maintenance of optical components

faced in the present-day fusion devices are expected to be
a far more serious problem for the next-step burning plasma
devices. All in-vessel optical components of International
Thermonuclear Experimental Reactor (ITER) diagnostics are
being designed and developed to be subjected to severe envi-
ronmental conditions while they typically need to meet high
requirements for optical stability. Along with stability of the
spatial position and shape of the reflecting surface, this means
retaining specular reflectance in a spectral range specific to
each optical diagnostic.

Contamination with plasma-induced erosion products is one
of the recognized reasons for the decrease in reflectivity of
the “first” mirrors (FMs), located in the line-of-sight of the
fusion plasma [1], [2]. Deposits result in a significant reduction
and spectral alterations of optical elements. Even fairly thin
and transparent deposits can change dramatically the mirror
reflectance spectra due to the interference phenomena [2], [3].
Distortion of data obtained with various optical diagnostics
may impact the ITER safe operation. Therefore, the develop-
ment of in situ cleaning and deposition-mitigating techniques
is a key factor in the construction and operation of optical
diagnostics in ITER. A number of FMs must be actively
cleaned in order to retain reflectivity during the machine
lifecycle.

Currently, treatment of contaminated mirror surfaces with
ions extracted from a local DC/pulsed DC [4] or RF [5] dis-
charge is the primary candidate technique for mirror cleaning
in ITER. The main focus has been on RF discharge plasma,
which is intended to eliminate both conductive and dielectric
contaminants with minimal damage to the mirror surface.
To implement RF cleaning, the FMs must be equipped with an
appropriate local capacitive RF discharge subsystem, assuming
that the discharge is excited between the mirror, acting as an
RF-driven electrode, and the surrounding structures operating
as a grounded electrode.

The first mirrors unit (FMU) is typically located behind
the diagnostic first wall (DFW) [6], [7]. In major of optical
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diagnostics, it is presented by paired mirrors in a dog-leg con-
figuration, aimed to suppress streaming neutrons and radiation
flux along the optical path. This “periscopic” configuration
considers two neighboring mirrors, that in practice requires
cleaning both of them due to contamination particles transport
features and/or redeposition during the cleaning process.

The severe ITER conditions impose certain constraints on an
FMU design. Mirrors, as well as surrounding structures, may
require active water-cooling. Limited space typically reserved
for the FMUs requires minimizing the dimensions of the
equipment accompanying the FMs.

The effectiveness of the RF mirror cleaning can be charac-
terized by an average cleaning rate and spatial homogeneity.
They depend on the bombarding ions’ energy and current
density spatial distributions over the mirror surface. The latter,
in turn, is determined by the RF power supplied to the
discharge plasma, the discharge excitation frequency, gas com-
position and pressure, the relative position of RF electrodes,
the geometry of surrounding structures, and external B-field
direction/magnitude [8], [9]. For each contamination species,
these parameters should be selected, considering maximum
cleaning efficiency, while maintaining the required mirror
optical properties along its service life. The mirror cleaning
technological scenarios are being developed in accordance
with ITER policies [10], [11].

The amount of RF power, required to clean a mirror,
is mainly determined by its dimensions and the external elec-
trical circuit that feeds the discharge. The operating frequency
and gas species are selected, taking into account the so-called
cleaning selectivity, i.e., the ratio of sputtering rates of con-
taminating deposit and mirror material [9]. The gas pressure
primarily affects cleaning spatial homogeneity and transport
of redeposited material. A combination of discharge geometric
and operating point parameters, as well as an external feeding
circuit, determines its properties as an electrical load.

Guidelines for choosing an RF mirror cleaning subsystem
parameters values are currently being elaborated in the course
of a broad front of research and development initiated by the
ITER Central Team in collaboration with Domestic Agencies,
and address both the physical and technical aspects of the
problem. Topics covered include the resistance of candidate
mirror materials to damage by impinging ions [12], the
effectiveness of cleaning various contaminants in different
discharge operating conditions [13], [14], [15], the dependence
of plasma parameters on electrode geometry [16], the sputtered
neutrals transport [17], the spectroscopic end-of-cleaning indi-
cator [16], the influence of the supplying electrical circuit [18]
and of external magnetic field [19] on the cleaning RF
discharge, the effect of grounded surfaces sputtering [20], and
the potential plasma-chemical effect of D, on contaminants
removal [21]. The findings of extensive laboratory research
to date allow for limiting the considered RF power range,
in most cases, from 200 to 2000 W, and the frequency range
from 10 to 100 MHz. The most likely gas choice is He, which
is less damaging to the mirror surface [15], [13], although
Ne, Ar, and D, are also being explored as having widespread
atomic masses among the accessible gases.
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Detailed development of the mirror cleaning scenarios
requires taking into account the feasibility of the RF discharge
power supply system in an ITER environment. The general
requirements are described in [22] and [23], as well as the
problems that arise during the transition from research on RF
mirror cleaning to implementation in a real FMU, and the first
experiments reproducing the operation of parts of a real ITER
RF mirror cleaning system.

In [24], experiments on RF mirror cleaning are presented
in a realistic ITER 55.C2 Edge Thomson Scattering periscope
configuration with ~250 x 200 mm? mirrors at a distance of
20-30 cm. Comparable average energies of ions bombarding
the electrode were achieved for both DC-decoupled and DC-
coupled mirror-electrode, with the comparable values of RF
power delivered to the discharge. The ion flux in the latter
case was 10 times higher. The ion energy and flux onto the
grounded walls adjacent to the mirror was comparable to that
onto the mirror. The ion flux reduced by tens of times with
distance from the mirror, while the ion energy decreased by ~4
times, ending up near the wall material sputtering threshold.
It was found that the discharge gets unstable as supplied RF
power increases above 400 W. These circumstances highlight
the importance of properly selecting the design and materials
of the surrounding ground surfaces. The cleaning rate was
different several times across the mirror surface, taking values
of order 1-10 nm/h for various metal and oxide contaminants
at an ion energy of <150 eV for a 40 MHz He discharge.

The purpose of this article is to present the basics and some
key radio engineering and mechanical engineering details of
a possible approach to an FMU design, equipped with an RF
cleaning system.

The ITER IO selected the ITER 55.G6 IR Thermography
diagnostics as an exemplary system for developing conceptual
FMU design since it shares some key design constraints with
a number of other systems: two water-cooled mirrors that
are relatively close and of average dimensions, the FMU
is not located in the DFW or deep within the diagnostic
shielding module (DSM), and no mirror cleaning functions
were implemented prior to the start of work. This system is
aimed on monitoring the surface temperature and the power
loads on the ITER divertor targets and the related baffles.
The mirror optical stability is being solved within the separate
study, and is not discussed here.

This article is structured as follows. Section II provides
the problem formulation and general description of the devel-
oped FMU concept. Section III discusses the principles for
the development of an FMU RF power distribution circuit,
including the characterization of an RF discharge plasma as
an electrical load, and RF power distribution circuit imple-
mentation options with a focus on planar design. Section IV
is devoted to the mechanical design of the planar RF pre-
matching device, including the approach to fastening the
ceramic plates of the RF planar prematcher, and ensuring their
integrity under ITER-relevant inertial, thermal, and neutron
loads. Section V describes the pilot experiments to address
the operability and structural integrity of the planar RF
prematcher.
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TABLE I
INPUTS FOR 55.G6 FMU DEVELOPMENT

Mirror # M1 M2
Surface area (cm?) 52 127
Angle between the surface 60 45
normal and the B-field (deg)

Mirror surface shape Planar

196 (shortest)

Distance between mirrors (mm) 250 (centers)

Port EQ#17 central DSM

55.G6 FMU conceptual design

Fig. 1.  (a) Location of the 55.G6 FMs. (b) 55.G6 FMU arrangement,
developed for installation into the EQ#17 DSM.

II. DESIGN AND INTEGRATION OF THE 55.G6
PERIScoOPIiC FMU

The 55.G6 IR Thermography front-end optics is located in
the ITER Equatorial port EQ#17 and is based on a double-
mirror periscope. Both mirrors marked M1 and M2 in Fig. 1(a)
must be water-cooled, since they will be subjected to intense
neutron and gamma irradiation, resulting in a high volumetric
heat release. The FMU location in the DSM of the port
EQ#17 is shown in Fig. 1(a), while the main quantitative input
parameters are summarized in Table 1.

Both mirrors must be supplied with RF power to enable their
independent cleaning. The need to connect metallic cooling
tubes to the mirrors is imposed using an RF power supply
scheme, which is compatible with a DC short-circuited mirror-
electrode [10]. To reach effective cleaning, such a scheme
requires a power of 1-2 W*cm™! to be supplied to the mirror-
electrode [18]. The highest cleaning selectivity for He is
reached at the frequency of 80 MHz [9].

Closely spaced and cross-influencing FMU subsystems,
such as the mirror fastening unit and the RF mirror cleaning
system, suggest their joint development. To ensure controlled
integration as well as smooth optical and electrical initial
adjustments, it is also desirable to isolate the FMU in a
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Fig. 2. Detailed view of the 55.G6 FMU conceptual design. (a) M1 mirror
assembly. (b) FMU housing.

separate assembly. Fig. 1(b) shows the arrangement of the
55.G6 FMU in the EQ#17 DSM, developed following the
mentioned principles.

The DSM design proposed by the ITER Central Team is
used for port EQ#17. It is made as frames with vertical bulk-
heads [see Fig. 1(a)], assuming, that the diagnostic equipment
is mounted between them, and the remaining volume is filled
with neutron shielding blocks. The installation and removal
of the designed FMU are intended to be compatible with
remote handling (RH) procedures [25]. To compensate for
the possible influence of insufficiently rigid bulkheads on the
stability of the mirrors angular position, the M1 and M2 mirror
assemblies, located in the immediate vicinity of the DFW
of the DSM, are structurally united by a single supporting
structure. The developed FMU has overall dimensions of
535 x 475 x 170 mm and a weight of ~90 kg. Two mirror
assemblies of a similar design [see Fig. 2(a)] are mounted on
a rigid self-supporting housing [see Fig. 2(b)].

Each of them is equipped with an RF plasma cleaning sys-
tem and consists of a mirror body [see Fig. 2(a-1)], water cool-
ing tubes combined with the RF-decoupler [see Fig. 2(a-2)],
case combined with electric shields [see Fig. 2(a-3)], RF elec-
trical connectors [see Fig. 2(a-4)], and the individual planar
RF power distribution circuit [26], consisting of the prematch-
ing system and the RF power sensor [see Fig. 2(a-5)]. The
water tubes are welded to the mirror body and DC-grounded,
following the ITER Electrical Design Handbook requirements
[27, Sec. 8]. The RF-decoupler is designed as a shorted
quarter-wave transmission line stub, filled with dielectric to
reduce physical length, and to prevent parasitic breakdown.
The RF-decoupler has no bends between the mirror and the
grounding point which improves its feasibility.

After the grounding point, the water tubes no longer need to
be shielded and could therefore be bent. This allows for their
optimum routing upon the interfacing point with the DSM
cooling circuit, providing also enough space to comply with
orbital welding and other RH requirements.

Along the mirror edges, the so-called sacrificial areas with
a width of ~10 mm are introduced, where the cleaning will
be unavoidably highly inhomogeneous due to the edge effect.
The mirror body is electrically isolated from the grounded case
through dielectric inserts at the attachment points. The vacuum
gap of 1 mm thickness is arranged between the mirror body
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and the case, which is small enough to prevent ignition in this
gap of a stable RF discharge even in an easily ionizable gas.

The mirror assemblies are nested on the seats [see
Fig. 2(b-1)] on the housing [see Fig. 2(b)]. The space reser-
vation [see Fig. 2(b-2)] for a shutter driver is allocated inside
the dust-protected volume. The housing elements are arranged
to form a grounded shell enclosure [see Fig. 2(b-3)] around
the light path, preventing dust penetration to the mirrors.
This shell enclosure is also important for the volume shape
control, where the RF discharge plasma exists, in order to
tailor the E-field distribution. This helps suppressing local
parasitic nonself-sustained RF discharges, as well as shaping
RF discharge plasma to improve cleaning uniformity and sup-
press/redirect/sink unwanted walls sputtering and redeposition
by local surface features: patches of biased electric potential,
surface texturing, low-sputtered material, etc. [20]

The housing is attached to the DSM bulkheads via interface
panels (4), one of which also accommodates a RH electrical
connector. In order to dissipate neutronic heat flow, both
the supporting structure and mirror assembly housings may
require active water cooling, in addition to the mirrors.

Some of the features of the presented FMU can be compared
with those of other systems being developed in parallel. The
FMU of ITER 55.E1 Core-plasma CXRS system [28] com-
prises a “stacked” structure consisting of a housing mounted
on the DSM and recessed in the DFW, a ~85 x 170 mm? FM,
a cooling block, and an adapter flange for mirror alignment.
Indirect active water cooling of the mirror is provided by
structural contacts with the cooling block via 10 mm thick
ceramic plates, which also operate as electric insulation,
enabling supplying electric potential to the mirror to drive
the cleaning discharge. The mirror rear surface is insulated
with a gap of <2 mm to grounded surfaces. An interesting
design feature is the ability to replace the mirror with no need
to readjust it. The mirror is preassembled in an appropriate
environment with a cooling block, and when replaced, this
assembly is attached to a flange that was once adjusted and
secured to the FMU housing. The DSM is employed as a
common “optical bench” for the three front end mirrors. These
features are mentioned to demand very high manufacturing
and assembly precision for the entire FMU, as well as an
even higher precision for the mirror assembly with the cool-
ing block. The extensive design coordination with the port
integrator is anticipated as well. During the system lifespan,
100-500 mirror cleaning cycles with a 60 MHz RF discharge
are projected. To this end, the design features a rigid in-vessel
coaxial RF feeder with no additional RF power distribution
devices. The electrical circuit analysis, which confirmed the
efficiency of this approach, is yet not presented, however.
Some design components, like the electrical interface between
the mirror and the RF feeder, appear to have been initially
designed for DC cleaning, because, as described in [29], the
final choice between DC and RF cleaning was not taken during
earlier development phase, which also claims a more detailed
analysis of RF performance [30]. The indirect mirror cooling
approach, which appears to have also originated from DC
cleaning, appears to be simpler from an “electrical” viewpoint,
and more robust than the direct active cooling considered
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here. However, its applicability to an arbitrary system may
be limited by the ability of the thermal interface to sink heat
at specific ratios of incident radiation to mirror size.

The FMU of the ITER 55.G1 Wide Angle Viewing Sys-
tem [31] is equipped with two dog-leg mirrors, secured on a
common flange ensuring their relative alignment, and a pneu-
matic shutter. A distinctive feature of this FMU is a conical
element (called a pyramid) limiting the field-of-view to avoid
parasitic light. All elements are enclosed inside the housing,
which consists of three parts. Despite all elements of the
FMU including mirrors and the housing being actively cooled
(via @4 mm water channels), the average mirror temperature
of 165 °C is expected during operation. Mirror assemblies
are cooled indirectly with the use of a 2.5 mm thick Al,O3
ceramic insulating layer between the stainless steel 316L(N)-
IG optical mirror and the CuCrZr-IG substrate with water
channels, which are screwed through multiple RF-insulating
ceramic T-spacers. As with the proposed design, the structural
integrity of these T-spacers, together with their influence on
mirror surface distortion, demands further investigation. It is
noted [32] that FMU mirrors may require some position
corrections during the diagnostic commissioning to partially
compensate for various residual adjustment errors, resulting
from intrinsic modeling uncertainties (e.g., thermal expansion
coefficients values and potential discrepancies with respect to
the built).

Given optical inputs, structural, and other constraints, the
FMU design starts with determining the electrical parameters
and the elemental base of the RF power distribution circuit,
since they have a decisive influence on the design along with
ensuring the stability of the position of the reflecting surfaces.
After that, housing is constructed around the electrical ele-
ments, taking into account the requirements for the shape of
the shell enclosure, the available space reservation, and RH
requirements.

III. RF POWER DISTRIBUTION INSIDE THE FMU

The design of any electrical system starts with defining
the load parameters, which is complex impedance Z; in the
case of an RF load. Unlike broadcasting systems, where RF
load is typically an antenna with almost constant impedance,
the RF discharge impedance is subject to some variation,
depending on the operating point: driving frequency f and
power W, working gas composition and pressure p. In tech-
nological vacuum facilities utilizing RF discharge, the problem
of changing load impedance during the process is commonly
solved with tunable RF matching devices, located outside
the vacuum chamber. Unlike laboratory systems that operate
in normal environments, the in-vessel components of an RF
power distribution system in ITER will be subjected to intense
thermal, inertial, and irradiation loads. This circumstance
severely restricts the range of applicable design solutions and
materials.

A. Measurement of the RF Discharge Load Impedance

The initial guess of Z; for further calculations of the
RF power distribution circuit was revealed from a series of
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Fig. 3. Measured RF load impedance values Z; = R + jXQ.
5002 Ll 1 TLII {L, Z(), a}

|
| Z,
|
|
|
| boundary

Fig. 4. “Classic” RF discharge power supply scheme with an ex-vessel RF

matching box.

capacitive RF discharge load impedance measurements. The
measurements on the 55.G6 FMU mock-up mirror-electrode
M1 were taken using an ex-vessel RF matchbox. The mirror
electrode measured 100 x 100 mm and had a vacuum gap
of ~1 mm. There was no external magnetic field applied. The
load impedance Z; was measured for He in the pressure range
of p=1.5—10Paand Ar at p = 0.7 — 7 Pa. The driving RF
power W ranged from 50 to 300 W, and the frequency was
f = 81.36 MHz. The measurements were carried out using the
two-step method discussed in Appendix I. The load impedance
Z of interest is hereinafter defined as the capacitance of the
rear side of the electrode, connected in parallel with the RF
discharge plasma impedance. The measured Z; values are
presented on the normalized Smith chart in Fig. 3. To facilitate
further analysis, the measured points cloud is restricted to the
continuous region, bounded by points Py, ..., Ps.

Despite the measurements being taken over a wide range
of discharge operating parameters, the measured Z; values
turned out to be concentrated in a fairly narrow region. This
can be explained by the fact that the “constant part” of Z;, i.e.,
mainly the electrode backside capacitance, contributes more
than the “variable part,” which is the RF discharge plasma
impedance.

B. Analysis of the RF Power Distribution Circuit Structure

It is worthwhile reviewing the applicability to the ITER
environment of a ‘“classic” RF discharge power supply
scheme with a tunable LC matching device, which is
commonly employed in technological facilities. In ITER,
the tunable matcher can only be located ex-vessel (see
Fig. 4).

It is connected to the load impedance Z; by a section
of the @6 mm mineral insulated (MI) coaxial cable which
is assumed at ITER as an in-vessel feeder for RF power
delivery to mirror cleaning systems. The cable segment TL;
has a length L, relative dielectric permittivity &, =~ 2.5,
characteristic impedance Z; ~ 50€2, and attenuation « in the
range of 0.15 — 0.3 dB/m, depending on temperature [33].
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TABLE I

OPTIMAL RF DISCHARGE POWER SUPPLY CIRCUIT PARAMETERS USING
AN EX-VESSEL RF MATCHING BOX

L(m) Zy(Q) C;(pF) Ly (mH) C; (pF) Py (%)

5 50 191 47 165 54
18 106 58 134 64
] 50 196 38 176 41
17 111 43 173 51

(b)

(@) K

A 0.40 \

/ OIS

/ ! \
/ 0.03 5 | \
lo 110050 0.01
\ | Ppif2 %
\ bl /
\ P ,

P3 % No pre-matching ///
* Pre-matching

\ : 3
X L

Fig. 5. Effect of RF impedance prematching on the reflected power. (a) RF
power reflection from the load without matching (red) and with prematching
(blue) using and LC circuit with L ~ 71 nH; C ~ 64 pF. (b) L-shaped
network suitable for prematching the RF discharge load impedance.

= o
AT pax!?*

The upper loss estimate is taken in the calculations below,
since the cable will heat up during operation.

The length L will be at least 5 m for the ITER equatorial
ports, and ~8 m for the divertor ports. Without loss of
generality, the example Z;o = 13.6 — j12.3  is taken, which
corresponds to the center of the region Py, ..., P4 in Fig. 3.

Table II displays the numerically optimized values of
Ci, Ly, and C, for the best load matching, i.e., the lowest
reflected power and the highest power P, deposited in the RF
load. The cable and the load are the only lossy elements in
this circuit, hence the loss in the cable is Pr = 100% — Py.
The calculation was performed for two Z, values: conventional
50 € and the one providing the highest P;. In the latter case,
Z, remained free throughout the optimization.

The calculations above indicate that the optimal Z, value is
close to |Z,|. In this case, the maximum P; would be 64% or
51%, however, this would require the use of a nonstandard
cable. In other cases, P; will be 54% or 41%, which is
explained by the highly lossy MI cable section becoming part
of the oscillatory RF circuit. Instead of this not-very-efficient
discharge power supply scheme, an RF “prematching” circuit
could be installed in the immediate vicinity of the load to
correct its parameters in such a way as to increase P; and
reduce Pr.

1) Idea of a Nontunable RF Load Impedance Prematching:
The region of Z; variation [see Fig. 5(a)] is bounded by circles
of equal RF power reflection 0.31 < |l"|2 < 0.40.

Without impedance matching, this requires roughly triple
the input power, and nearly doubling it in the case of a MI
cable with high loss used as the in-vessel feeder part. This
is undesirable because the total input power is limited by
the capabilities of the vacuum feedthroughs and MI cables,
considered for use in ITER.
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An RF prematching device located in close proximity to
the load would allow for minimizing the RF circuit section
between the impedance matcher output and the load, which
is where the increased reactive power and, hence, loss are
concentrated. Given the limited range of materials and tech-
nologies permitted for use inside the ITER vacuum vessel,
the design of such a device should be extremely simple and,
if possible, require no adjustments after installation.

The simplest RF matching circuit is an L-shaped circuit
with two reactive elements. At a fixed frequency, such a circuit
transforms any single impedance point into any other target
value [34]. Nonadjustable circuits cannot reduce an impedance
region to a single point. However, for a limited Z; variation
region, the spread around the target impedance can be small
enough to effectively reduce the RF power reflection and heat
load on the RF feeder in-vessel part.

There are eight possible L-shaped LC circuit struc-
tures [34], each capable of matching a semi-infinite region.
Certain of them should be picked so that the region of Z,
variation is entirely within this permitted region. Fig. 5(b)
depicts an L-shaped circuit, that meets this condition, pro-
viding the region of matched Z; standing far enough from
the “inaccessible zone” boundaries.

The parameters of the matching circuit were chosen by
numerical optimization. This optimization goal was to find
L and C, which provide the transformed impedance values
region fit inside the circle of the lowest |F|2. At L~ 71 nH
and C =~ 64 pF, the transformed impedances [see Fig. 5(a)]
fit within circles 0.005 < |T'|*> < 0.03. The feasibility of the
obtained values should also be concerned. Too low L and C
values will cause challenges in manufacturing and adjusting,
as well as a large influence of parasitic reactance, affecting
operational stability. Implementing too big values may appear
challenging due to parasitic self-resonances, as well as struc-
tural integrity and integration considerations.

In the presented RF cleaning system architecture, the
mirror-electrode must be water-cooled. The delivery of cooling
water to the mirror-electrode via metallic tubes introduces
some additional impedance, plugged in parallel to it. A poor
choice of this impedance value will result in inefficient RF
power deposition into the discharge, as well as RF electrode
voltage drop, hindering discharge ignition. To achieve reliable
RF decoupling without interfering with the rest of the circuit
operation, the decoupler input impedance |Z | must be much
higher than the load impedance |Z, |.

In order to monitor in situ the discharge state, it is
highly desirable to install an RF power sensor close to the
load. Directional coupler is currently considered the most
ITER-compatible sensor type. Given the significant attenuation
of the reflected wave in MI cable over long distance between
signal detection and measurement points, a signal level of
several Watts is desirable for stable measurement. This sug-
gests a coupling coefficient of —25 dB would be sufficient.
To measure not only Pj, but also Z;, a directional coupler
with a tailored design should be positioned between an RF
prematcher and a load.

Fig. 6 demonstrates a block diagram of the FMU RF power
distribution circuit, summarizing the findings of the study.
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Fig. 6. Block diagram of the RF power distribution circuit inside the FMU
mirror assembly.

Together with the RF power distribution block diagram
definition, an ITER-compatible element base should be deter-
mined for its implementation. This defines the feasible range
of element values, their dimensions, power handling capability,
etc.

C. Element Base for the RF Power Distribution Circuit

The choice of an RF circuit’s basic elements is determined
by its electrical operating modes, available materials, and
the proposed design solutions. Unfortunately, the applicabil-
ity limit for both lumped and distributed elements appears
within the considered frequency range of 10—-100 MHz [35].
Due to dimensional features, lumped elements may have
self-resonances and parasitic interactions at 30 MHz, leading
to the risk of miscalculation, tuning instabilities, and sub-
sequent uncertainty in the resulting circuit properties [36],
[37]. In turn, distributed elements at 60 MHz typically have
dimensions, comparable to those of surrounding structures in
the ITER port, which complicates their arrangement inside
the available space reservation. Deviations from the expected
parameters may also arise at short electrical lengths, due to a
breach of the assumptions under which the distributed-element
models are valid.

The subject of the following analysis is to reveal the limits
for Z; matching, achievable using various basic elements,
as well as reflection and insertion loss provided by an RF
power distribution scheme that utilizes them. The feasibility
of an RF prematcher employing various basic element types
was investigated, including coaxial stubs, lumped LC ele-
ments, stacked coaxial junctions [38], and planar distributed
elements [39], [40].

1) RF Prematcher Based on MI Cable Stubs: As a starting
point, estimates for two RF prematching circuits are provided
below, based on short-circuited MI cable stubs. The trivial case
of a matching circuit according to Fig. 5(b) is the reactance
Zr, connected in parallel to Z; [Fig. 7(a)]. In this case,
a single reactive element is utilized rather than two. A detailed
discussion in Appendix II reveals that despite a considerable
power performance, it only allows matching a limited range
of Z L-

In turn, a prematcher with two stubs [Fig. 7(b)] allows
for matching Z; over a considerably wider range, but at a
cost of ~25% power loss and difficulties with precise initial
adjustment. Therefore, an RF prematcher based on MI cables
is only applicable in cases where either Z; is assured to
fall into the permitted zone, or the power budget allows
dissipating ~25% without overheating the feeder components.
The finite-element method (FEM) estimates 320 °C for a
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(a)

TL

Fig. 7. Schematic of an RF prematcher utilizing short-circuited MI cable
stubs. (a) Single stub. (b) Two stubs.

i

Terminating
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connections Foil thickness: 100 pm

Fig. 8. Planar implementation of an RF power distribution circuit, consisting
of an L-shaped LC prematcher and a reflectometer.

total dissipation of ~35 W/m in the MI cable. The maximum
allowable mirror surface area therefore depends on actual stub
lengths and is estimated to be 200 cm?.

2) RF Prematcher Based on a Planar LC Circuit: Lumped
elements were rejected due to difficulties in preventing RF
breakdown and arrangement. The electrical and dimensional
efficiency of the prematcher utilizing stacked coaxial junc-
tions [38] was no worse than that of planar elements. However,
planar elements were chosen for this specific application,
since they provide a flat layout, which turned out to be
more feasible in the available dimensions. This choice was
also made easier because planar RF reflectometers are more
compact and advanced in manufacturing and adjustment.

Fig. 8 shows an example of a planar board layout, which
implements the circuit illustrated in Fig. 6. It contains the
L and C elements, located on the common dielectric plate
with the bi-directional RF reflectometer. Alternatively, planar
elements can be stacked to save space.

To ensure acceptable current density, the thickness of the
planar conductors should be at least five RF field skin depths.
Considering margins for the surface roughness and current
density inhomogeneities, this results in a values range of 50—
100 pm. The dielectric thickness of 10 mm in the prematcher
zone is chosen mainly to achieve the required C value, with
little effect on the L value. In the reflectometer zone, it is
selected to ensure a given characteristic impedance of the
corresponding transmission line segments. When the reflec-
tometer is behind the prematcher, it requires a characteristic
impedance of 50 €2 to operate correctly, resulting in a dielectric
thickness of ~30 mm. All planar conductive topology ele-
ments are arranged in the middle between the ceramic plates.
Section IV discusses the structural implementation of a planar
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Fig. 9. (a) Circuit schematic showing a shorted A/4 RF decoupler. (b) Circuit
power balance.

RF power distribution board, including the choice of dielectric
material and metallization technology.

3) Shorted A/4 RF Decoupler: The most promising and
studied [10] way of RF decoupling the water-cooled mirror-
electrode utilizes structural combining the water supply tubes
with the so-called “metallic insulator’—a short-circuited RF
transmission line stub with a length of 4 of an operational
wavelength A. The tubes are connected to the cooled mirror
base on one end and grounded on the opposite end. After
this grounding point, the tubes routing has no effect on the
qualities of an RF decoupler.

The input impedance of a lossy shorted stub is defined as

Zy, = Zotanh(al+jBl) (D

where Z; is the stub characteristic impedance, « stub line
attenuation, 8 = 2x / A——Tline propagation constant, and [—
stub segment physical length. When tuned ideally, a lossless
(o« = 0) stub does not impact current and voltage distributions
in the rest of the circuit, as |Z7;|— oco. Nonideal tuning (I #
A/4) makes both [ and Z; impacting currents and voltages in
the rest of the circuit. On the one hand, this can be utilized
as a degree of freedom in circuit optimization, enabling even
simplification of an RF prematcher by removing one of the LC
elements. On the other hand, this complicates circuit analysis
and tuning. In the design described here, the choice is left to
an ideally tuned RF decoupler, whereas the case of a reduced
length will be analyzed in further development. In a lossy line
(¢ # 0), when [ = A/4, expression (1) simplifies to Z7; =
Zocoth(al) =~ Zy/al. Thus, as « increases, Z7; becomes real
and decreases, requiring careful consideration during detailed
development.

A circuit schematic along with the circuit power balance in
dependence on Zy/« ratio is shown in Fig. 9.

Dielectric permittivity &, = 8.3 is assumed for the ceramic
filling, which corresponds to [ = [/ (e)'/? ~ 326 mm,
where [y is length with vacuum filling. For the assumed
Z;, the Pp reaches 90% when Zy/a ~ 49 Q m/dB, which
corresponds to Zy;, ~ 1.3 k2.

The coaxial line appears to be the most promising transmis-
sion line type for building an RF decoupler. Being shielded
by design, it provides no radiative RF power loss and no
interaction with surrounding structures or the RF discharge
plasma. For example, to avoid such undesirable interaction,
an unshielded twin line requires a distance of at least 5-7
distances between its conductors and the surrounding struc-
ture [41, Section 11.5], [42], [43], which forces dimensions
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Fig. 10. Cross section of the RF decoupler with (a) separate inlet and outlet
tubes and (b) nested tubes.

increase. Being filled with a solid dielectric, a coaxial line
appears more advantageous in mitigating parasitic discharge,
while an unshielded twin line is more likely to cause parasitic
plasma ignition.

For a coaxial line, Zy and « depend on its cross section
shape, wherein o« decreases with increasing Zy. The total
line attenuation o« is equal to the sum of the dielectric
op and the conductors «c attenuation: ¢ = ap + ac.
While ap~f(e,)"/?tans does not depend on the line con-
figuration, but only on the dielectric material characteristics,
ac ~ ( f,ocar)l/ 2F(D,d), where pc—material resistivity,
F—function, decreasing at constant line characteristic inner
dimensions d with increasing outer dimensions D. The value
of Z, at sufficiently high frequencies is expressed as Zy, =
(e)"?/cC¢, where c is the light velocity in vacuum and C¢
is the linear capacitance. Zy is dependent on the configuration
of the line conductors and filler medium.

For a line with a complex-shaped cross section, Zj, and
o may be difficult to reveal analytically [44], but this can be
solved numerically, for example, by FEM [45], [46]. The inner
conductor dimensions appear to be constrained from below by
the minimum outer diameter of the tubes recommended by
ITER [47, Section 12.2.18, 12.2.3]. The effect of dimensions
on the Zy/« ratio is analyzed below for two design options.
In respect of engineering gap, the target value Zy;, =20 Q is
assumed.

The first design option is that the inlet and outlet cool-
ing tubes are embedded separately in the central conductor,
which drives a nearly rectangular cross section, convenient
for layout design and manufacturing [see Fig. 10(a)]. The
inner conductor outer surface is composed of cooling tubes
and a conductive filler in between. This cross section shape
is defined with four parameters: the tube outer radius ry, the
tubes center-to-center distance d, and the gap thickness along
the longer and shorter sides w, and t,, respectively.

Another design option [see Fig. 10(b)] involves nesting
the tubes one inside the other, resulting in a cross section
shape similar to the well-studied circular one. To ensure
undisturbed water flow, the cross-sectional areas of the inner
and outer tubes should be approximately equal. For a fairly
task-appropriate inner tube outer diameter of 10.2 mm and a
wall thickness of 2 mm, the cross section area is 30.2 mm?
and the minimum inner diameter of the outer tube is 12 mm.

Dependences of Z7; of a shorted A/4 line of both cross
section kinds on the geometric parameters, revealed with FEM,
are discussed below. Fig. 11(a) depicts a family of isolines with
Zin = 2 k2 as d varies between 10.2 and 30.2 mm. Smaller d
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Fig. 11. Coaxial RF decoupler input impedance dependencies on geometric

parameters. (a) Isolines Zy = 2 k2 in dependence on d. (b) Isolines
Zin = const with d = 10.2 mm for the layout with separated cooling tubes.
(c) ZN in dependence on r, with r; = 5.15 mm for the layout with nested
cooling tubes.

demands smaller w, and #,. Both parameters show rather fast
saturation, and neither exhibits an extremum. Therefore, d is
driven mostly by “structural” rather than “electrical” consider-
ations. Probably, d is limited from below by restrictions on the
wall thickness between the water channels, whereas w, and
t, must be set based on ceramic strength. There is no evident
reason to have w, # f,.

For reference, Fig. 11(b) displays the Z;y dependence on
w, and 7, at selected minimum value of d = 10.2 mm. The
minimum dimensions turn out to be sensitive to the material
tan 8. At low tan8 ~ 1073, conductor and dielectric losses are
of the same order, while at tan § ~ 10_2, dielectric loss already
has a decisive contribution to Zpy. Fig. 11(c) plots Zy versus
outer radius r, for a nested-tubes line with an inner radius
r; = 5.15 mm. In this case, at tand = 5- 1073 the target value
of Zin = 3 kQ is reached at r, ~ 9.8 mm.

The tube cross section, required for sufficient mirror cooling
affects significantly the RF decoupler efficiency, and hence
appears an important design parameter. The nested line turns
out to be less demanding in the sense of dimensions, but its
ITER-compatible implementation may turn out to be more
complex.

A coil-based RF decoupler, as discussed in Appendix III,
may also be considered alternatively to a “metallic insulator.”

4) Topology Parameters of the Planar RF Prematcher Ver-
ification by Finite Element Simulation: The validity of the
RF prematcher parameters calculated using the electrostatic
approximation was verified by the full-wave FEM simulation.
The coupled thermal-electric problem was simulated for the
structure depicted in Fig. 8, and the simulation parameters are
listed in Table III. These simulations show [see Fig. 12(a)]
that at the frequency fj, the planar RF prematching circuit
provides a maximum P, in the range of Z; values that are
close to, but not equal to the initially estimated target values.

This discrepancy illustrates the drawback of the electro-
static approximation, which fails to account for all of the
effects associated with the RF electromagnetic field distribu-
tion in a 3-D structure. To avoid this inconsistency, an RF
prematcher topology should be synthesized using full-wave
simulation/optimization, taking into account also the elements
interfacing with the prematcher. It is essential as well to
analyze the RF prematcher tolerance to the Z; variation
depending on the discharge operating point.
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TABLE III
THERMAL-ELECTRIC SIMULATION PARAMETERS
Parameter Value Comment
Load impedance  (2-j2); See Fig. 3 for the

range bounding (2-j20);  experimental data on the
points Z; (Q) (20-j2);  ~100x100 mm 55.G6
(20-j20)  mirror M1
Frequency f; Assumed optimal for
(MHz) 80 mirror cleaning selectivity
[9]
Forward RF Worst-case estimation for
power P at the a DC-coupled scheme,
pre-matcher assuming the power of 1-2
input (W) 500 W/cm? absorbed in the
plasma [18], and
considering RF loss in the
pre-matcher
Ambient and Fair assumption, based on
initial 100 ITER policies [48, Sec.
temperature Ty, 4.3.2.1]
To (°C)
Dielectric loss Worst-case assumption for
tangent tan § 102 the neutron irradiated AIN
(unitless) [49]
Dielectric
thermal 30
conductivity k
(W.m' K1)
Relative
dielectric 9 AIN dielectric assumed
permittivity &, [50]
(unitless)
Surface Assumption for a polished
emissivity a 0.2 ceramic surface
(unitless)
TMAX (cc)
-2 276
-4
-6 248
g 8 221
:J = -10
E :i 194
-16 167
-18
0 140

201
2 4 6 8 101214 16 18 20
Re(z,) (Q)

20
2 4 6 8 10121416 18 20
Re(Z,) (Q)

Fig. 12. Results of the planar RF prematcher thermal-electric FEM simulation
in dependance on load impedance Z;. (a) Load power Pr. (b) Maximum
board temperature Tyax.

The maximum steady-state prematcher board temperature
Tvax in the region of the highest P, values is of 160 °C—
210 °C [see Fig. 12(b)], with a temperature gradient of no
more than 5 C*cm~' over the entire Z; variation range.
Interestingly, there is no direct correspondence between the
Tvax and Py profiles.

IV. STRUCTURAL DESIGN STUDY OF THE PLANAR RF
PREMATCHING DEVICE

Following the ideas outlined above, the design of an FMU
with an RF power distribution system should address two
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major problems: assuring the spatial stability of optical sur-
faces and the structural integrity of ceramic parts. The optical
stability problem is being resolved separately study and is not
considered in this study.

For ceramic parts, the following failure risks have been
identified: 1) expansion due to external thermal cycling; 2)
internal RF power loss; 3) swelling produced by neutrons; and
4) cracking caused by inertial impacts from electromagnetic
or seismic events.

The limiting mechanical properties of ceramics are estab-
lished by probabilistic parameters and degrade with neutron
irradiation. Therefore, the stresses on the ceramic elements
should be kept as low as possible to the strength limits to
ensure their structural integrity. It is also desirable that the
partial destruction of the ceramic part without its removal from
the assembly volume does not result in the complete failure of
the entire assembly. It is known that the compressive strength
of ceramic materials is times higher than their bending,
shearing, and tensile strengths [51]. As a result, the design
must ensure the action of predominantly compressive forces
on the ceramic parts.

The choice of AIN as a dielectric in the RF prematching unit
and RF decoupler was based on [49], which investigated the
degradation of RF and mechanical properties of several types
of ceramics under the action of neutrons. Other candidates
include Si3Ny4, which has a lower dielectric permittivity, and
ZrO,, which has the highest mechanical strength, as well as
a very high dielectric constant ¢,~ 27. This enables ZrO, for
the use in situations where increased mechanical loads act, i.e.,
as insulating elements in mirror-electrode fastening, or where
a significant reduction in electrical length is required.

Planar topology can be implemented either with commer-
cially available ceramic plating technologies such as novice
transient liquid phase bonding [52], traditional direct bond
copper (DBC) [53], active metal brazing (AMB) [54], thick
printed copper (TPC) [53], [55], or by simply folding a
metal foil between the ceramic plates. Consideration should
be given to the durability of the metallization layer under
thermal cycling and neutrons, as well as to the effect of the
metallization process on the strength of ceramics [56]. The
DBC and AMB processes cause an interface layer between
ceramics and metal that can be tens of micrometers thick
and exhibit semiconductor characteristics, resulting in extra
RF power loss and subsequent structure heating. The low-
temperature co-fired ceramics (LTCC) technology [57], [58],
and the idea of replacing a ceramic board with one created
utilizing aluminum deep oxidation technology [59] are both
potentially interesting. However, their application to the ITER
in-vessel environment is yet unclear.

A. Fastening Principle for Ceramic Parts, Ensuring
Structural Integrity Under Mechanical, Thermal, and
Neutron Loads

Fig. 13(a) shows a schematic of the ceramic fastening,
which compensates for thermal, neutron, and inertial loads.
The ceramic plates 4 are supported with a snug fit by base
plates, milled on surfaces A and B of the steel housing 1.
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1 - housing; 2 — removable cover and walls; 3 — clamp; 4 — ceramic plates;
5 — springs; Ai — expansion gaps;
B, Cand A, D - base plates along the Y and Z axes

Fig. 13. Ceramic parts fixation in the FMU prematcher. (a) Schematic (YZ
view). (b) Exploded view of the FMU RF prematcher design.

Clamp 3 provides nondeforming pressing of the ceramic parts
to the base plates, while the base plates are also machined on
surfaces C and D. Cover 2 with preloaded springs 5 closes
the force loop, providing pressing and fixing ceramic parts in
three orthogonal directions. The snug fit of the ceramic plates
to each other and to surface A-D is critical to ensuring the best
performance of this fastening principle. Therefore, all of the
surfaces in the force loop must meet a high shape tolerance.

Other important considerations include selecting the proper
springs preload and expansion gap A between the clamp and
the housing. On the one hand, the fixation of ceramic parts
must be sufficiently rigid to prevent their fracture as a result
of separation with subsequent collision during inertial impacts.
On the other hand, it must be flexible enough to avoid fracture
owing to overstress caused by thermal expansion or swelling.
Since these requirements contradict, there is some optimal
spring preload.

Both the spring preload and the minimum A values were
quantified, using the estimate of the forces, acting on the
structure under inertial and thermal loads. This assessment
was performed for an RF prematching device based on
four stacked ceramic plates with realistic dimensions of
105 x 80 x 10 mm.

B. Summary of Neutron, Thermal, and Inertial Loads

The total neutron fluence estimation at the FMU location
was based on the MCNP simulation results available for
the Equatorial port EQ#11 [60, Table 2], since the envi-
ronment in port EQ#17 is similar. Total neutron fluence of
~1.7 x 10 cm™? was estimated according to the SA-
2 scenario [61] by multiplying the revealed neutron flux of
~10" cm? - s7! at the FMU location by the total D-T fusion
phase duration of 1.7 x 107 s (i.e., 4700 h).

An estimate of ~0.5% swelling linear expansion of the
ceramic parts at the aforementioned fluence was made
using the data from [62, Fig. 6]. A decrease in flexural
strength from 360 to 270 GPa and in thermal conductivity
from 170 to 30 W-m~!-K~! was reported [63] for AIN.

The estimated fluence turns out to be close to the micro-
cracks onset threshold of 8 x 10%°-2 x 10?! cm~2. Micro-
cracking occurs along ceramic bulk grain boundaries due to
the anisotropy of swelling, which entails a more pronounced
further degradation of the ceramic properties and observed
discrepancy between microscopic and macroscopic volume
change [62]. Annealing at 200 °C-1300 °C is known to
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Fig. 14. VDE II response spectra at the FMU mounting points (see Fig. 1
for axes direction).

partially restore the dimensions of the swollen ceramics [64],
[65], [66].

Depending on the port location and the distance between the
FMU and the fusion plasma edge, the neutron heating power
density at the FMU location ranges from ~0.3 to 1 W-cm™3
in the fusion plasma operation (FPO) mode [61, Table 4].
Additionally, a heat flux will act on the surfaces in line of
sight of the plasma, originating from radiation and charge
exchange from plasma. The intensity of this heat flux on the
DFW surfaces facing the plasma is estimated at 35 W#*cm ™2
[67], [68]. However, depending on the system location and
viewing factors, it can be significantly attenuated when passing
through the diagnostic channel in the DFW. For example, [69]
reports a power of 5 W, almost uniformly distributed over the
surface of a 150 x 60 mm mirror [70] with an input aperture
of ~@10 mm. Taking these considerations into account, the
range of this flux can be estimated as of ~107*~1 W*cm™2,

In the Baking mode, the port walls will be heated up to
200 °C-240 °C, and conductive heating of all structures inside
the port should be ensured to the same temperature. In the FPO
mode, the port wall temperature is maintained at ~70 °C.

The mirror cleaning system is not intended to operate in
these two modes, so it will not self-heat due to internal RF loss.
However, the FMU must survive these states without damaging
the ceramic parts, as well as maintain the optical surfaces in
their proper positions.

The above FEM estimate of the loss in the RF prematcher
during the cleaning system operation predicts a volumetric
release of 5%—7% of the input power. With an input power
of 500 W, such a loss will amount to ~35 W. The remaining
power is distributed between the mirror surfaces and the FMU
walls by ion and electron bombardment, as well as optical
emission caused by inelastic collisions in the RF discharge
plasma.

To summarize, a reasonable limit of the FMU structures
heating in any operating mode of <280 °C-300 °C can be
assumed. Temperature gradients should be carefully consid-
ered throughout the detailed FMU design, as the ceramic
attachment is sensitive to uneven spring loading.

The highest inertial loads are expected during the electro-
magnetic event vertical displacement event (VDE II) [71].
Fig. 14 depicts the acceleration response spectra for all three
port axes in this loading scenario.

The first eigen frequency of the RF prematching device
structure, revealed from the FEM simulation, appeared
of 4021 Hz. This is significantly higher, than the zero-period
acceleration (ZPA) cut-off frequency for the given response

Authorized licensed use limited to: SRM Institute of Science and Technology. Downloaded on September 18,2024 at 13:12:08 UTC from |IEEE Xplore. Restrictions apply.



SAMSONOV et al.: ITER-RELEVANT FMU WITH INTEGRATED MIRROR CLEANING SYSTEM

@) ®) 4 AR, pm

working stroke
=670 pm

..................

von Mises (MPa)
0 8 16 24 32 40 48
.

Fig. 15. Assessment of the Az gap and spring parameters. (a) Influence of
the clamp/ceramic stack expansion on the change in A. (b) Force characteristic
of the spring. (c) Geometric configuration of the spring. (d) Stress distribution
in the spring compressed to /,,.

spectra. At the first eigen frequency, in the case it is higher
than the ZPA cut-off frequency, the structure moves like a
rigid body with ZPA, without any inertial effects [72, Sec.
4.2]. Such a high value of the first eigen frequency is ensured
by the high structure rigidity: the structure is compact and has
sufficiently rigid fastenings.

The maximum ZPA value of 47 m*s~! (~5 g) applies along
the port Z-axis. The stress acting on the plates under the
inertial loads can be quantified by estimating the stress-strain
state of the RF prematching unit under an equivalent static
load equal to the maximum ZPA. An equivalent static load of
10 g is assumed conservatively in the further estimations.

C. Choosing the Expansion Gap A and Spring Parameters

The expansion gap A is determined by the difference
between the elongation of the clamp due to thermal expansion
and the elongation of the ceramic plates caused by thermal
expansion and swelling. The spring parameters are determined
by the required pretension and by the oscillating mass, com-
prised of the clamp and the stack of ceramic plates.

The gap and spring characteristics are estimated for the
Z-axis as the most indicative, since the highest elongations
and inertial loads act along it. The gap Ay shrinks as the
temperature rises since the metal elongates more than the
ceramic. On the contrary, Ay increases under the action of
neutrons since the ceramic swells significantly while the metal
almost does not swell. To keep the device operable, the gap
should remain nonzero: Ay = Azg + Azs — Azc > 0,
where Azo—initial gap at 20°C when the ceramic is not
swelled, Azg = 145 pum—absolute thermal elongation of
the ceramic plates stack heated from 20 °C to 320 °C, and
Azc = 533 pm—absolute thermal elongation of the clamp
[see Fig. 15(a)].

Choosing Azy = 500 um, we get Az(320 °C) = 500 +
145 —533 = 112 um. The maximum operating temperature at
which the equality Azc = Azo+Agzs is fulfilled is 387 °C. The
residual gap Az(320 °C) can be increased by selecting a larger
Azo value. However, this should be done carefully, because
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a large thickness of ceramics, not covered by the clamp, can
lead to the RF power leakage with following decrease in the
device efficiency. A parasitic RF discharge may also appear
in the spring cavity.

For the spring parameters assessment, the oscillating mass
of 1 kg is assumed, considering a ~30% safety margin.
Therefore, a force of 100 N will act on the spring under
an inertial load of 10 g, which should be countered by
the spring pretension force under some initial compression
ho. The maximum spring compression, corresponding to the
maximum expansion of ceramics (expansion of the metal can
be neglected in the first approximation) is h,, = ho + Azs +
Azsy = 1757 pum, where Azsy = 525 um represents the
swelling of ceramic plates. The spring shape and material
should be chosen so that the maximum compression h,, is
less than h,, which corresponds to the spring material yield
strength. A suitable spring material for this application is
660 grade steel, which has a yield strength of 671 MPa at
100 °C [73, Table 2]. For the feasibility reasons, a minimum
spring stiffness should be sought. From this position, it seems
optimal to use a stack of two flat springs, which force
characteristic is shown in Fig. 15(b). The working stroke of
such a springs stack is 1313 pum, which exceeds the required
stroke of Azs + Azsy = 670 pum. The spring design is
depicted in Fig. 15(c). The maximal compressive stress at
the h,, tension is of 480 MPa, resulting in a yield strength
margin of 1.4. A more accurate calculation of the spring
characteristics should be performed, taking into account the
refined device parts elongation under the realistic temperature
distribution, as well as the temperature dependency of the
materials parameters.

D. Strength Evaluation of Ceramic Plates Under the Inertial
Impact

Ceramics are classified as brittle materials, with their
strength determined by fracture toughness and the character-
istic size of inevitably present flaws such as voids, foreign
inclusions, grain size inhomogeneities, and surface and volume
microcracks. The crack growth rate is determined by the
so-called stress intensity factor: K; = oY (am)'? (2), where
2a,—length of largest crack, o—acting stress, Y—shape
factor, characterizing the shape, size, and location of the cracks
[74, eq. (2.55)].

Fig. 16(a) shows the distribution of maximum principal
stress o) in the stack of loaded ceramic plates, revealed
from the FEM simulation. Positive values of o, correspond
to tensile stress, while negative values indicate compressive
stress. As mentioned above, we are primarily interested in the
positive values of o7, since ceramic resists tension worse than
compression [75, Section 19.6].

The maximum tensile stress in the ceramic plates ojmax =~ 2
MPa occurs in the contact zone with the base plates. Assuming
the maximum random initial crack size for ground AIN
parts 2a,, =~ 100 um [76], we estimate K; and the crack
growth rate under the action of ojmax. Since the maximum
stress is localized on the plates surface, the surface crack is
estimated with the shape factor Y, determined by the following
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Type: Maximum Principal Stress
Unit: MPa
Deformation Scale Factor: 10000

Fig. 16. Ceramic plates stack strength FEM estimation. (a) Maximum prin-
cipal stress o7 distribution. (b) Surface semi-elliptical crack parameterization

[illustration to (2)].
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Fig. 17.  Vibrational test of the ceramic plates fastening the planar RF
prematcher. (a) Applied impact corresponding to a VDE II event in ITER
port vertical direction. (b) Mock-up with vibration transducers installed on
the i250/SASM shaker.

expression [see Fig. 16(b)]:
2—0.82
y = ( a/cly ~13 @)

3 3.25
[1 — (0.89 — 0.57/a/c) (a/S)‘~5]

where y = [1.1 + 0.35(a/S)*1(a)'/*/c,a = 50 pm—the
minor semi-axis of an elliptical crack, ¢ the—major semi-axis
(estimated as ¢ = a), and § = 2.5 mm is the thickness of a
single ceramic plate (for simplified form, see [74, Fig. 2.19]).
The estimated K; = 0.018 MPasxm /2 is much lower than the
critical value Kic ~ 3.2 MPa* m/? for AIN [77]. A typical
dependence of the crack growth rate v on K; for ceramic
materials has a “slow growth” threshold K;o [78], which
occurs at very low crack growth rates of vy < 10710 m#*s~!.
The experimental data on v(K;) for AIN [77, Fig. 9] shows
vo= 1.5-107"" m/s at K;o = 2.8 MPa s m/?. For the case
under consideration, K;<< Ko, thus crack growth rate turns
out to be negligible (much lower than vy). Thus, the proposed
ceramic plates fastening scheme provides K; value for AIN
plates ~100 times lower than those that onset crack growth.

V. PILOT EXPERIMENTAL VERIFICATION OF THE PLANAR
RF PREMATCHER

A. Vibrational Test of the Ceramic Plates Fastening

The resistance of the proposed ceramic plate fastening was
confirmed by a vibration test of the RF prematching device
mass-dimensional mock-up [see Fig. 13(b)]. The worst-case
broadband random vibration spectrum [see Fig. 17(a)] corre-
sponding to the VDE II event (see Fig. 14) was applied to the
mock-up along the Z-axis (see Figs. 1 and 3).

Prior to the main test, the frequency response of the
mock-up assembly and adaptor support depicted in Fig. 17(b)
was measured in the 5-1000 Hz range using a low-signal
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Fig. 18. 55.G6 FMU full scale mock-up. (a) Installed inside the vacuum
chamber. (b) Mirror M1 cleaning with an 80 MHz Ar RF discharge at 3 Pa,
150 W.

sinusoidal sweep. The measurements revealed the eigen fre-
quencies of the support in the range of 500-600 Hz, which
is consistent with preliminary FEM simulations. The mock-up
itself had no eigen frequencies in the swept range, indicating
that the proposed ceramic fastening design is sufficiently rigid
for the use in ITER.

The primary impact was applied for 30 min. The following
visual inspection revealed no chips, cracks, or other flaws on
the ceramic plates.

B. RF Performance of the Planar RF Prematching Device

The performance of the planar RF prematching device was
checked experimentally as part of the built 55.G6 system FMU
mock-up (see Fig. 18).

Fig. 19(a) depicts the power reflection coefficient |I'|* at
the system input with RF prematching, measured for He RF
plasma in the pressure range of 1-10 Pa and RF power range of
50-300 W for the discharge circuit with DC decoupling. With
a fixed setting of the prematching device LC elements, the
IT'|? value did not exceed 5% across all operating points. The
precise |T'|? minimum for each operating point was achieved
by a slight adjustment of the operating frequency fr. Tuning
was made between 79.3 and 84.1 MHz [see Fig. 19(c)], which
is of ~5% of the base frequency of 80 MHz. This has little
effect on mirror cleaning effectiveness, and can be used to
improve the RF cleaning of diagnostic mirrors in ITER. The
optimal frequency fr is clearly dependent on pressure for
both gases, while the dependence on input power is much
less pronounced.

It should be noted that the best |'|* values were achieved
after some adjustment of the prematcher conductors’ topology,
compared to the initially calculated and fabricated one. This
confirms the justification for using the full-wave 3-D simula-
tion for topology synthesis, as well as highlights the need to
develop a prematcher initial adjustment technique.

For the Ar discharge, with the same prematcher setting, the
maximum |I"|? value reached 33%, which is explained by the
shift of Z; variation region due to a gas change.

The negative DC self-bias Ugjas of minus 100-120 V
occurred on the mirror-electrode for He discharge in the RF
power range of ~50-150 W [see Fig. 19(b)], corresponding
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Results of the pilot experiment with planar RF prematching device with (a)—(c) He and (d)—(f) Ar discharge in dependence on RF power and gas

pressure. (a) and (d) RF power reflection coefficient IT'|?. (b) and (e) RF electrode self-bias Ugpas. (c) and (f) Frequency fr at which the best RF matching

achieved.

to the power density of 0.5-1.5 W-cm™2. The position of the
maximum of the energy distribution function of ions bom-
barding the mirror-electrode under the considered discharge
conditions will be ~30 eV higher than the absolute value of the
observed Ugas [13]. This energy range appears advantageous
since the sputtering yield of the FM materials (Mo or Rh)
by He ions is substantially lower than that of Be or B [79],
[80], which are the primary anticipated components of mirror
contaminating deposits.

This allows for minimal damage to the mirror [12] while
maintaining a suitable cleaning rate of 1-10 nm/h [15], [81].
Similar Ugpas values were achieved for Ar [see Fig. 19(e)].

With an ex-vessel RF matching device used instead of the
prematcher, the Ugjas value never dropped below —30 V under
the same experimental conditions, indicating a low power
supplied to the RF discharge. As pointed out in Section III,
the missed power was likely dissipated in the ~40 cm long
in-vessel RF feeder segment (RG-213, LCF78-50 or MI cable
PK316 50-3-71) that connected the mirror-electrode to the ex-
vessel RF matching device. Excessive power dissipation in the
RF feeder was confirmed in this scenario by its rapid heat up,
whereas no overheating occurred when the prematcher was in
place.

VI. CONCLUSION AND OUTLOOK

A study of the design principles of the FMU of an ITER
optical diagnostic system, equipped with cooled mirrors and
a mirror cleaning system, utilizing a local RF discharge,
is proposed on the example of the 55.G6 system. The RF
discharge load impedance is recognized as a major design
input, along with reflecting surfaces shape and spatial position.

It is demonstrated that a passive preliminary RF match-
ing circuit, located directly adjacent to the mirror electrode,

increases the amount of RF power delivered to the RF dis-
charge while notably reducing the power dissipation and heat
load in the feeder in-vessel section. This prematching device
appears to be a novel approach to RF plasma technology
systems, although it does raise some design challenges.

Analysis of a prematcher, based on ITER-compatible 50 ©
MI cable segments revealed, that a single stub in parallel to
the load is applicable to a limited range of load impedances.
A prematcher, based on L-shaped MI cable stubs, may appear
as compromise solution for systems with small mirrors, with
the overall RF power budget split between loss in the stubs
and RF discharge load.

Implementing RF prematcher, whether planar or based on
MI cable stubs, requires the development of an initial adjust-
ment process.

Three options for mirror cooling manifold implementation
that provide mirror-electrode RF decoupling from a grounded
housing are explored. An approach to choosing their optimal
geometric parameters is described, which helps to minimize
their influence on the RF discharge, while retaining minimal
dimensions. An RF-decoupler in the form of a quarter-wave
“metallic insulator” is preferred over an inductive low-pass
filter at ~80 MHz. While both devices have comparable
dimensions, a coil self-resonance in the 40-120 MHz range
is particularly sensitive to dimensions and material properties,
complicating design and tuning. Further enhancements to the
RF prematcher and RF decoupler are underway to reduce their
size. Utilizing RF decoupler length as a degree of freedom for
initial adjustment, in conjunction with RF prematcher circuit
layout, is one of the promising ways for such dimensions
minimizing.

An approach is being developed that applies full-wave RF
simulation to synthesize a planar RF prematcher topology,
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1 — RF power source; 2 — RF matching unit (together with the DC-break unit
in case of DC-decoupled scheme); 3 — vacuum RF feedthrough with in-vessel
feeder section; 4 — RF electrode; 5 — RF discharge plasma; 6 — vacuum
chamber; 7 — RF reflectometer, 8 — reference RF load; 9 — Vector Network
Analyzer. Points: @ — RF matching unit input; b — RF matching unit output;

¢ — RF electrode connection point.

Fig. 20. Measuring the capacitive RF discharge impedance by the substitution
method. (a) and (b) Schematic for step 1 and step 2.

as well as to analyze of the effect of load impedance deviations
and circuit design features on the efficiency of the RF power
delivery to the discharge.

Pilot experiments were carried out to demonstrate the RF
performance and structural integrity of the ceramic compo-
nents of the planar RF prematcher designed utilizing the
described principles. The details of the corresponding experi-
mental campaign will be described in a further article.

The principles of fastening the mirror-electrodes are being
developed to ensure reflecting surface shape and spatial posi-
tion stability within required tolerances as well as electri-
cal isolation from the grounded housing. The requirements
for shell enclosure shape optimization will be primarily
addressed to prevent redeposition on mirrors and mitigate local
nonself-sustaining RF discharges.

APPENDIX A
RF LOAD IMPEDANCE MEASUREMENT

The load impedance Z; was measured with a two-step sub-
stitution method as follows. On the first step [see Fig. 20(a)],
having set the RF discharge (5) operating point (f, W, p...),
the reflected wave is minimized by adjusting the matching unit
(2) to minimize Uy observed at the reflectometer (7) output.

The residual reflection of Ug/Ur < 0.1 is acceptable.
On the second step [see Fig. 20(b)], the matching unit (2)
is disconnected from both the vacuum chamber (6) and the
RF power source (1), while its settings are kept unchanged.
The reference RF load (8) is then connected to the point a,
while the vector network analyzer (9, VNA) is connected to
the point b for measuring the complex impedance value Zy,.
Following the substitution principle, the impedance Z; of the
in-vessel RF feeder section (3) together with Z; is a complex
conjugate to Zy. Finally, Z; is reduced to the electrode (4)
connection at the point ¢ and hence to Z; .

The need to reswitch the circuit with each measurement
may lead to a significant scatter of results by the substitution
method. Hence, the actual region of impedance variation may
appear even narrower. There are alternative in situ impedance
measurement methods like directional couplers or VI-probes,
which do not require circuit reswitching. However, these
types of instruments possess their own types of uncertainties,
which may result in comparable or even higher measurement
errors. An alternative way of RF discharge impedance mea-
surement [82], also employing substitution principle, is used
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Fig. 21. Range of load impedance values which can be matched at 80 MHz
using a parallel shorted stub of 50 & MI cable.

in [30]. However, as in this case, error analysis for it is
unknown.

It seems, that for the practical purpose of developing an
RF prematching system, the relative change in Z; is more
important than its absolute value. Therefore, the best value of
experimental data can be achieved by measuring the relative
change in Z; using some in situ method, with absolute
referencing by the substitution method at several operating
points.

APPENDIX B
RF PREMATCHER BASED ON MI CABLE STUBS

The circuit input impedance with a single-stub prematcher
[see Fig. 7(a)] is expressed as Zy = ZpZy/(Zp +
Z;). Fig. 21 illustrates the range of Z; real and imagi-
nary parts, at which the power reflection coefficient |I'|> =
[(Zin — 50) /(Zix + 50)|% remains below 0.05. The color scale
indicates the physical length Lg of a short-circuited coaxial
MI cable stub, required to achieve corresponding impedance
Z7, at 80 MHz, which in turn is determined according to (1).

A single stub appears insufficient to match the whole Z
region Py, ..., P4 in Fig. 3(c), since the matching range is
only partially overlapped with the target. The matching range
can, however, be shifted by choosing another stub Z; via a
nonstandard MI cable.

A larger matching capability is provided by an L-shaped
circuit with two MI cable stubs. Fig. 22(a) shows where
|F|2< 0.05 for points Py, ..., Py in dependence on each stub
TL; and TL, length (Lg; and Lg,, respectively). Fig. 22(b)
shows the corresponding matching circuit power balance.

APPENDIX C
CoIL-BASED RF DECOUPLER

A widespread method of RF decoupling of cooled compo-
nents in technological facilities utilizes coil-twisted cooling
manifolds connected in parallel with the load. The example
circuit in Fig. 23(a) contains a load impedance Z;, an induc-
tive RF decoupler Zf, and a prematcher L-circuit, configured
and tuned according to Section III-B. Fig. 23(b) shows the
power balance in the circuit versus the coil inductive reactance
Xr =Im(Zp). The coil quality factor of 200 is assumed.
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Fig. 22. Performance of an L-shaped prematching circuit based on 50

MI coaxial cable stubs. (a) Stub lengths for IT? < 0.05. (b) Circuit power
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Fig. 23. Coil-based RF decoupler. (a) Circuit schematic. (b) Circuit power
balance.

At Xr > 500 €2, the minimal P; becomes >90%, while at
Xr > 1.8 kQ the difference between minimal P, power value
and its value at Xy — oo approaches 1%.

To evaluate the feasibility of an inductive decoupler, con-
sider X = 500 Q as a reasonable compromise between its
dimensions and efficiency. Since RF decoupling is required
for both the input and output tubes, and the coils appear
to be connected in parallel, the value of each should be
doubled. In the estimates below, the minimum DNG6 tube with
an outer diameter of 10.2 mm is considered [47]. To mitigate
parasitic interaction with surrounding structures and suppress
RF breakdown, it is desirable to enclose the coil with a
conductive shield and fill the interior volume with a solid
dielectric.

Coil parameters were computed using Coil64 v1.2.12 soft-
ware with further FEM correction for self-resonance. The X p
growth rate increases sharply as the frequency approaches
the parallel self-resonance, which turns out to be the first,
while it changes the sign behind the resonance, rendering
the prematching circuit of the selected structure inoperable.
Unfortunately, it was not possible to find the coil parameters
that provide X far from the self-resonance, since increasing
the turns count ¢ shifts the self-resonance below the oper-
ating frequency, and decreasing it reduces Xy unacceptably.
Table IV lists a compromise coil parameter set when the
operating frequency was close to resonance on the inductive
branch, but with sufficient tolerance in coil parameters to
prevent qualitative change in the input impedance.

Fig. 24 depicts a sketch of the coil-based RF decoupler
and its frequency response as derived from FEM simulations.
A sensitivity analysis revealed that changing the winding
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TABLE IV
RESULTING PARAMETERS OF THE 80 MHZ COIL-BASED RF DECOUPLER

Turns count £ 2.1
Inner diameter (mm) 50
Pitch (mm) 20
Clearance to housing (mm) 10
Dielectric filling &, 3.8 (quartz)

Weight (kg)
Winding length (mm)

~0.7 (including water)
~60

() (b)

. 1044
RF power in

g 10°
3 i
_— I
10? ' t=2.0 —t=2.1
| t=22 t=2.3
—t=24 t=2.5

To mirror
(water+RF in/out)

101 I
60 65 70 75 80 85 90 95 100
f (MHz)

Fig. 24. (a) Conceptual design of the coil-based RF decoupler. (b) FEM-sim-
ulated coil frequency response.

pitch or coil radius by ~0.1 mm leads to a satisfactory
change in coil absolute impedance |Zp| by ~10-20 €.
Quartz was used as having the lowest permittivity &, =
3.8 among ITER-compatible solid dielectrics. The grounded
shield already has no meaningful effect when the gap is of
>4-5 mm. The springiness of the solenoid will require special
attention during detailed development to ensure that the coil
dielectric cover is structurally stable against inertial loads.

Nested tubes can minimize the needed coil inductance while
increasing the resonance frequency. However, structural imple-
mentation of this kind of solenoid is thought to be problematic.
The use of a coil-based RF decoupler in this particular FMU
design appears to be difficult owing to self-resonance and
issues in preventing RF breakdown.
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