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7. ITER external heating systemsus

AITER has plans for EC,
NBI and IC

ANBI: heating, current
drive, fueling, rotation

A IC:heating, wall
conditioning, impurity
copited

EC: start-up, heating,

current-drive, instability

mitigation/control,
impurity control

A Loarte et al 2025 Plasma Phys. Control. Fusion 67 065023

B Swiss https://www.iter.org/machine/supporting-systems/external-heating-systems
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=L |TER external heating systems
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=PFL  ITER external heating systems

Assembly Hall

—

Outline 1Y

A 1. Sources

A
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=L 1. The source: The gyrotron 5
The THz Gap

- . 0.1 10 1.0 1.0 0.1 10.0
(ECRH, ECCD) 106 ——— — - ||
A fx 80-170 GHz* s , Cisfon] Tl
Gridded Tube Devices
A PX 1 MW* s
*DEMO (200GHz, 2MW?) & o Pm"io;:‘“u’sTEdK\ kﬁmed
VA ¢ o CC-TWT
’ 2
; o 103 BJTIC \ \
o
A Low-power gyrotrons 8 2| i 2 -
(DNP-NMR spectroscopy) & ‘ &
> =~ [E=1T
g 10 [FEL|
A f ’ 260 GHZ 1. Fujit GaA MESFET\\\\ ! \
. Fujitsu - GaAs ~
APx 100 W T H 2 Cri:e.- SiC MESFET S \
101 H 4 Rayiheon - GaAs PHEMT 1= (FE— [ solid State|
5. TRW - GaAs PHEMT :||MPATT ] Devices
10 2.1 1 10 100 1,000 10,000 100,000
Frequency (GHz)
W Swiss Colin Joye, MIT, 2004
Plasma

Center



=L The gyrotron for ITERI{EWersiog

Collecto
Electron Bea

Quasi -optical mirror system

Mode converter (+30kV)

Cavity (+30kV)

Beam duct (+30kV) Collector sweeping coils

Output window (CVD diamond)

: . Beam
Superconducting magnet coils Output Bea

Anode (+30kV)
Cathode ( -50kV)
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=7l Key Elements of the Intera

A Generate coherent Electromagnetic
radiation by stimulated emission from a
beam of relativistic electrons.

AMagnetized electron beam
Am —

B 4 Cavity
A High kinetic energy

Ar p —
Am —

Il Swiss
Plasma
Center
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Key Elements of the Interactidream

A Electron trajectory:
A Guiding center radius

A Larmor radius (gyromotion)

ao
l —_—

Inlo

AL [T Y

A Electron beam dispersion relation

5 imr— o

......




ePFL  Key Elements of the Interaction: EM wave in cavity

AElectromagnetic wave supported by the
cavity (TE-modes in cylindrical cavity)

ADispersion relation
'?"rQ TQ ’?‘Q HF]
1 hh 00/ - v

L

For a finite length cavity with perfectly conducting B.C.
- A

RT N Q
> Ny

v

" Peme QL Q+ R fixes the frequency

Center




ePFL  Key Elements of the Interaction: EM wave in cavity

AElectromagnetic wave supported by
the cavity TEp, pq
A Longitudinal profile (high-power -> g=1)

TCV dual frequency, TEzs 71
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ePFL  Key Elements of the Interaction: EM wave in cavity

AElectromagnetic wave supported by
the cavity TEp, pq
A Longitudinal profile (high-power -> g=1) A Transverse profile (m,p)

26,71
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=PFL - Magnetic Field Alignment

AThe cavity has anechanical axis
defined by the gyrotron
construction

A The magnetic axisis defined by the
SGsystem

AThe magnetic and mechanical axes
need to be aligned at very high

precision (. 1 1% mm)

Il Swiss
Plasma
Center

y [m]
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Wave Particle Interaction )

Alde_al dispersion relation (infinite long
cylinder with constant radius)

TCV dual-frequency

170 -
AThe resonance interaction occurs when
160
O i iy ’ m T~ N
w|Q Q | T Qu 5150
AGyrotron: 'Q é T g _ |
TWT interaction
130
z Gyrotron interaction
b %_ el — 120 - .
-3000 -2(;00 -1 OIOO (I] 1 OIOO 20I00
by tm™]
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Wave Particle Interaction !

A Equation of motion for an electron in an

TCV dual-frequency

EM field ol
A— QO ® &)
160
8 (1) é T Since€Q é m ¥
2150
AEnergy exchange for the electron: g
A D (50 i i N TWT interaction
3 Gyrotron interaction
Only the perpendicular energy {s 120 1
converted in EM wave energy RO : e

K, m™
W Swiss

Plasma
Center
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=PFL Bunching mechanism ’

A Depending on the relative phase between the electron gyromotion and the
electromagnetic field, electrons may gain or loose energy.

A The relativistic cyclotron frequency depends on energy

_QCO _ eBZ.O Jlf yT = QC \l’

Q. = & = Negative mass instability
C . Q
y o ymg lifrl = Q.f
Ex
'\
These electrons gain
W energy and will then _
rotate slower Bunching:
>~ Accumulation
! These electrons of particules
loose energy and in a region of
will then rotate faster
m swss ) phase space
Plasma
Center
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Beam duct (+30kV)

The electron gun

Collecto
Electron Bea

Quasi -optical mirror system

Mode converter (+30kV)

Cavity (+30kV)

: . Beam
Superconducting magnet coils Output Bea

Anode (+30kV)
Cathode ( -50kV)

Collector sweeping coils

Output window (CVD diamond)
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=PFL ThdVlagnetroimjection Gun (MIG)

Insulating
ceramics

Emitter

Hollow
electron
beam

Il Swiss
Plasma
Center

Cathode Anode




=PFL Thd\/lagnetrolnjectlon Gun (MIG)

Il Swiss
Plasma
Center

Acceleration Voltage : 80 to 90kV

Operating Current : 25 to 45 Amps (for IMW RF)
Emitter: Porous W, with BaO, CaO, Al,O4
Temperature: 900-950 °C

Thermalization time: 30-40min

Current density: <5A/lcm?

A=

‘,.5

N 1
{
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=PFL The cathode

A One of the most essential components of all vacuum electron devices, to
which the gyrotron belongs. The gyrotron typical warranty (~4000h of
filament heating) is essentially determined by the cathode/filament life time.

Table 1.1 Performance data of different types of thermionic cathodes applied in commercial tubes
in the sequence of introduction. Lifetime is specified for the DC current densities given

Cathode type Abbreviation | Top [K] | Jgc [A/cmz] e® |eV] | Lifetime References
Tungsten W 2520 1-4 4.5 >1000 h Chapter 5
Thoriated Th-W 2000 2-4 2.6 10 kh [1, 80]
tungsten
Ba oxide Ox 1050 1-4 14 20 kh Chapter 4,
(1, 80]
Ba dispenser, W | W-TorSorB | 1300 3 2.05 >20 kh Chapter 2,
base [1, 80]
Ba M or Os/Ru-I | 1300 10 1.85 20-130 kh | Chapter 2,
dispenser, Os/Ru [1, 80, 86]
coating
Impregnated Ba | Imp. Scand. 1300 15 1.7 >10 kh Chapter 3,
scandate [1]
Ba scandate: SDD 1320 40 1.45 >4000 Chapter 3,
B Swiss SF:z 03 doped [87]
Plasma disp.
Center

G.Gaertneret al, Modern Developments of Vacuum Electronics, Springer, 2020



=PFL The dispenser cathode

Pellet

Sleeve

Filament

Il Swiss
Plasma
Center

Impregnant /
—> | |=—1micron

Polished Surface

Tungsten
Grains

Grain avg. dia. - 4.5u
Pore equivt. dia. ~ 3u
- 3 x 10° pores/cm?

001" |

Avg. interpore distance - 6p
Thickness of emissive layer
< 1 atomic monolayer (- 4 A)

MC Green, Tech Rep, July 1981

A.S. Gilmour, Principles of Traveling wave Tubes, Artech House, 1994
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=F7L Gyrotron Beam Ducts

Collector

Electron Beam

Dimple wall
mode converter (+30kV)

Cavity (+30kV)

Beam duct (+30kV) Collector sweeping coils

Output window (CVD diamond)

Output Beam

Anode (+30kV)
B Swiss Cathode (-50kV)
Plasma
Center
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=L Beamductstrategies

European / USA gyrotrons beam ducts
Stacked copper and absorbing rings
Complex asymmetric 3D geometry
Complex modelisation

Challenging and costly to
manufacture

o T T Io

Il Swiss
Plasma
Center

G. Gantenbein, IEEE Trans. on Plasma Science, 38

BeO-SiC

, 1168 (2010)

22



=PFL - Beamductstrategies L

Il Swiss
Plasma
Center

Japanese gyrotrons beam ducts

A Conical smooth-wall dielectric loaded
beam duct

Successfully used in JAEA high-
power gyrotrons

Cylindrical symmetry

Much simpler modelisation

To o Iw

SiC

23



=PFL Gyrotron Collectors

Collector

Electron Beam

Dimple wall
mode converter (+30kV)

Cavity (+30kV)

Beam duct (+30kV) Collector sweeping coils

Output window (CVD diamond)

Output Beam

Anode (+30kV)
B Swiss Cathode (-50kV)
Plasma
Center

24



=PFL Cooling techniques

Il Swiss
Plasma
Center

Example: Dual-frequency TCV
gyrotron (1MW)

A Total dissipated power: 2MW

A Power density: 0.5kW/cm?

A Thermal equilibration time: 5-6s
A Material: Cu (OFHC)

A Turbulent flow

A Hypervapotron like structure

A Flow (H,O deionized): 1500l/min
AT, ~ 300AC

25



=L Technological limit

APower density limit: 500W/cm? (time-averaged)

ATechnological solutions:
AMaterial (Cu-OFHC, CuCrZr, GlidCop)
ACooling
AUniformity of power deposition, electron beam sweeping
ADepressed collectors (Single stage, Multi-stage)

ALifetime of the collector
AThermo-mechanical fatigue due to cyclic thermal loads

Il Swiss
Plasma
Center

26



=PFL Uniformitpf powetleposition 27

AWithout any external effect, the electrons from the spent beam are
following the field lines of the SC magnet

0kV
7 Power density
~ 2kW/cm?
- (Schmid et al. 2007,
: - Dammertz et al. 2005)
Conducting | }DC break Vp

(SCM) _

Main M

Magnet

. i Need to spread the power deposition

Pr;lssr?'la Gun T& = X _Sk‘] [
Center Magnetl |~ 5. %




=PFL Differentypes of collecteweepingystems

Systems using only a
magnetic field

—

Magnetostatic

Y

-
-

—/

With an

alternating
magnetic field

High-frequency
(f ~100 — 1000 Hz)

/

Gycom (TCV 500kW,
82.7 GHz)

Il Swiss
Plasma
Center

V.N. Manuilov, Gyrotron collector systems: Types and capabilities, Infrared Physics & Technology, 2018

Adiabatic With violated Low-frequency
adiabaticity (f ~10—=150Hz)
) , \
With local Magnetically —
inhomogeneity of the shielded Long|th:||naI
i scanning
magnetic field

A
\

Azimuthal

scanning

J

T

TH1506 (TCV 118GHz)

TH1510 (TCV 84/126 GHz)

Y =,
"\ TH1507 (W7-X)
TH1509U (ITER, DTT) &

28
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=PFL Gyrotron launcher & Internal Optics

A Output coupler

A Separate the spent Collector
electron beam from the
RF beam

Electron Beam

A Conve_rt the TE,, _ Hiwhewall
mode into a Gaussian-  mode converter (+30kV)
Beam TEMgq Cavity (+30kV)

Beam duct (+30kV) Collector sweeping coils

Output window (CVD diamond)

Output Beam

Anode (+30kV)
B Swiss Cathode (-50kV)
Plasma
Center
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cPrL

Il Swiss
Plasma
Center

The Mode Converter or Mode Launcher

APurpose: Convert the
TE, , mode into a nearly
Gaussian beam radiating
outside the waveguide

30



=PFL - The Mode Launcher

AVlasov launcher

A Low efficiency of wave conversion (80%)

A Diffraction effects in the waveguide

A Need to use quasi-optical theory

A Dimple-Wall Waveguide Antenna
(Denisov launcher)

A Apply a smooth perturbation to the
waveguide surface

)
= &

Figure 5. Approximate shape of deformed surface of the waveguide wall.

B Swiss
E';f{gf G.S. Nusinovich, Introduction to the Physics of Gyrotrons, The Johns
Hopkins University Press, Baltimore and London, 2004

31



=PFL - The Denisov Launcher

159 mm l 1207 mm

A Dimples are used to couple
the eigenmode to the smooth
waveguide to well chosen
adjacent modes

T R I A R R I SR IR B

A Concentration of wall current AN
in spots =
A Gaussian beam-like radiation 0=
pattern 160 170 180 190 200 210 HZIZ(IJHIZHI z/mm
C spkwem] H [Radiating Aperture]
Wall currents in unfolded dimple-wall launcher
Jin et al., "High-Efficiency Quasi-Optical Mode Converter for a 1-MW TE32,9-
] grviss Mode Gyrotron," in IEEE Transactions on Plasma Science, vol. 41, no. 10, pp.

Center 2748-2753, Oct. 2013



=PFL Numerically Optimized Mode Launcher )
A Mirror-line launcher
AConsi der each Brillouin zone as a ¢

surface to optimize output.

Hz (On launcher wall), linear
| L

d/rad

8 ] ‘ ] | B LB | | ! | B | LI I 1
50 100 150 200 250 300
z/mm

A Fundamental Gaussian mode content: 96.26% at launcher aperture.
A Perturbation gor-0.22mm< gp«0.26mm.

z/mm

B Swiss
Elgr?{gra J. Jin et al., 16th Joint Workshop on Electron Cyclotron Emission and Electron

Cyclotron Resonance Heating (EC16), Sanya, China, April 12-15, 2010



"L The Quafptical Mirror System )

Synthesized or
Quadratic mirror

Output beam waist
Close to window

APurpose: Direct output
beam to window,
maximizing the Gaussian
content and minimizing

trapped (stray) radiation Synthesized or

Quadratic mirror
Quasi -
elliptical

mirror Dimple -Wall mode converter

Il Swiss
Plasma
Center



=PFL GyrotrohVindow

Collector

Electron Beam

Dimple wall
mode converter (+30kV)

Cavity (+30kV)
Beam duct (+30kV)

Anode (+30kV)
B Swiss Cathode (-50kV)

Plasma
Center

Collector sweeping coils

Output window (CVD diamond)

Output Beam

35



=PFL Thavindow

AThe window acts as a
vacuum barrier between the
extremely good gyrotron
vacuum <108-10° mbar)
and the outside world.

AThe power distribution at
the window is Gaussian.

AThe absorption is extremely
low for CVD diamond

AThe polarization of the wave
IS linear (horizontal for a
gyrotron mounted vertically)

Il Swiss
Plasma
Center
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cPrL Tha\"ndow Role: Vacuum barrier

. Material: CVD diamond
Losses: Few tens of W (Tan d: 1. 105-1. 104)
Permittivity: e=57
Thermal conductivity: s ~ 2000 W/m/K
Difficulty: High temperature Brazing,

Cu and diamond thermal expansion
coeffs are very different.
Unit price: ca. 100ku

Il Swiss
Plasma
Center

G. Aiello, Fusion Engineering and Design, 2021



=PFLWindovwransmission/absorptiquoperties

£=5.67 diamond window, thickness=1.499 mm A For a Single dISk gertrOH
0- window, the window
o transmission is optimal at
] a discrete frequencies
T 101 defined by:
g 154
2 J
©
C 20 0 —_
5 2] < 1% 3] f = n [Hz]
8 .25-
30 n=2 n=3 d: window thickness
-35 . - .

— c: speed of light
40 60 80 100 120 140 160 ] ) o
frequency (GHz) 7. dielectric permittivity

n: integer
B Swiss

Plasma
Center



=PFL Gyrotrons for ITER

Japan Russia

AITER requirement:

AP =1 MW for 3600s
A Frequency: 170 GHz
A Global efficiency: 50%

A 5kHz full power modulation

Il Swiss
Plasma
Center
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Center

Development and challenges

Alncrease of power or frequency: P > 1.5 MW f > 200 GHz ?
Almprovement of the efficiency: 60-70 % ?

A Multi-frequency gyrotrons

Almprovement of the reliability

A Industrialisation

40
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Il Swiss
Plasma
Center
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Power/Frequency increase

A Some power is dissipated in the interaction
region (cavity) due to ohmic loading

Cooling
structure

A The cooling technology limit is 2.5 kW/cm?

Interaction

region

A Challenge: the power dissipated in the
cavity scales as 2

A Increasing the radius would decrease the
dissipated power density, but increase the
probability of mode competition
(overmoded structure)



=PFL - Monomodsystem: Tk rectangular

A Example of fundamental WR6.5 waveguide

Aay oi dheal e
\ f " A
= - @

Q

-
e
e

............. 0 S N

- 165mm 0825mm 110-170 GHz
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=PFL  High power gyrotrons are stromgiynodestructures -~

DNP gyrotron (263GHz, 150W, TE-,) ITER EU gyrotron (170GHz, IMW, TEj;; )
R=25mm R =20mm

268 ‘ \ w 180
N A |
266 TES L ;
264, e S ,7//"(/ i 1761, //// {
i ¥ 4 174 Ao ]
262\ v, < g
\\\\ T /// / 172 NS S /////?:/
260:’ \ ﬁ,s . ~ 1 170" 52—1:;';;;7—;;:;:5;?’
258, P : 168| /
256, ] e
~1000 ' —~500 0 560 1000 -1000 -500 0 500 1000
Ky Im™'] ky [m™]
Lo Ty )
i [ o TE7,2 ' e,
g 0.8 fres.2 s Ny
© [ . Tesa
.,5) 0-6r5?4 TE4,3 R .
c [ TEB, ] 1
3 0.4} ~ 2°° =T
8 [ TeR4 5 e
02 [ ] 3 0. T . ra:u
© TEI) 1 1 L2 Efﬂ' . -l .:M
0.0! TEgt @ e ® L P, e
240 250 260 270 280 0z . e % (I A
. *, i kil
f [GHz] el LW 8 LRl k B
- Swi o e 170 o e
f[GHz]
Plasma Weakly overmoded

Center

Strongly overmoded



=P7L Improvemenk theefficiencySSDC and MSDC -

A Single Stage Depressed Collector (SSDC)

AMain idea: Reduction of the installed electrical power

A Increase the total efficiency
A Reduce the collector wall loading

A Example of gyrotron without depression scheme

Col |l efctor

Body

Il Swiss Z
Plasma
Center




=P7L Improvemenf theefficiencySSDC and MSDC -

A Single Stage Depressed Collector (SSDC)

AMain idea: Reduction of the installed electrical power

A Increase the total efficiency
A Reduce the collector wall loading

A Example of gyrotron with a SSDC depression scheme

Collector

Body

.

Il Swiss z
Plasma
Center




=P7L Improvemenf theefficiencySSDC and MSDC -

AThe depression voltage is
limited by the lowest
Kinetic energy of the
electrons

A Avoid electron reflections
towards the gun

A Set the maximum total
efficiency (~50%)

Il Swiss
Plasma
Center

Window
Kb

Diamond

<

(d) Distribution function

of electron beam

Resonator
input

Resonator
output

At collector

]

onator
T

‘ Launcher

K. Sakamoto, Nuclear Fusion, 1994



=PFL - MultirStageDepresse@ollectors (MSDC) )

AAdvanced concept of beam collection
Alncrease further the efficiency
ADecrease the heat load

ADifferent concepts
AMagnetic field
A Non adiabatic transition
A Azimuthal magnetic field
AElectric field
A Electrostatic lenses (TWT)
A Cross-fields

Il Swiss
Plasma
Center



=PFL - MultirStageDepresse@ollectors (MSDC) )

Electron trajectory,
~ Jf no wall were present
N
\

- . Potential ¢1, o9
A Cross-fields depressed ey W, We compliealy dlssesbisl] ) ——

\

Col | eCtor / i T \‘ with distributed electrostatic potential
A Most promising concept

Trajectory of electron e
-

A Sort the electrons according with initial energy Wy, Wy =
to their kinetic energy

Transverse electric field E | |
(produces drift of electrons)
— Lo =
Parallel electric field £
— > (decelerates electrons)

/ <>
z2=0 / Magnetic field line B
(assumed entry g
of electron beam) Slope of electron trajectory

I. G. Pagonakis et al., IEEE Transactions n Plasma Science, Vol. 36, No. 2, April
2008

Il Swiss
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Center




=PFL - MultiStageDepresse@ollectors (MSDC)

10[ AN O
0 (]
= =
7.5 o
c u] rJJ
— — o
T |5 7
o
a 2.5¢
0

20 40 60 80100
Kinetic energy in keV

AVery promising concept

A Calculated efficiency up to B Ell etal.. IEEE
L ) 65% Transactions on Electron
B. Ell et al., Realization of the First Devices, vol. 70, no. 3, March
_ MW-Class Gyrotron Multistage A : T 202
- E}’;‘;ﬁa Depressed Collector, PhD thesis, ACha"englng manUfaCturlng 023

Center KIT, 22.07.2025



cPrL

Internal RF losses
(ohmic + diffractive)

Electronic efficiency
gyrotron physics)

weak margin of improvement

N\

€out Tlel

7

ngy’r‘o

\ B 1 — ncol(]- - nel)

\

Total
gyrotron efficiency

Depressed Collector elficiency

possible margin of improvement

» Gyrotron efficiency can be increased by

developping the multi-stage depressed col-

lector
B Swiss : ; o
Plasma ! G. Ling et al., TEEE Trans. Plasma Science, Vol.28 (2000), p.606
Center

13* EFPW, Padova, 14-16 December 2005

GyrotrokfficiecyithDepressecbllector

35%

T]cl

€

out

I
\O

0%

Neoss = 20% (single-stage)

Neoime = 65% (multi-stage)’

(theoretical value, to be demonstrated expe-

rimentally)
6188 =
0.6
0.55 : multi-stage
o) 4
;’-[; 0‘5; single-stage
= 045
04
0.35
0 02 04 06 08
ncol
S. Alberti, CRPP-EPFL 22
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MultHFrequency gyrotro

A Quasi-Optical mode converters
can be designed for more than
one mode

AExample: QST ITER gyrotron

AThe cavity is capable of exciting
many different TE, , modes by
varying the beam parameters

AR,
A Pitch factor

A Cyclotronic frequency

AThe QOMC is much more
selective

iz
|
voltage |°

Bodv (CPD)

Figure 1. Appearance of gyrotron tube and a schematic view of
gyrotron complex with a matching optics unit.

TE;;,; mode (170 GHz)  TEjso mode (137 GHz)  TE 4, mode (104 GHz)

Figure 2. Electric field distributions of TE3 11, TE3s0, and TE g7
modes in cavity resonator (radius 20.87 mm).

R. Ikeda, Nuclear Fusion, 2023
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(a)

(b)

100

99

98

97

MultHFrequency gyrotrons

(Original design)

(Modified design)

170 GHz 137 GHz (@ 170 GHz 137 GHz
0 |
g ‘ 2 ‘ '
" o . :
o, ' P é . |

(Asbitrary aspect-ratio) § (Arbitrary aspect-ratio)

170 GHz 137 GHz 104 GHz 12 2 by, |70 GHz 137 GHz
V 15 8 % \ / N/

(Window diameter : 85 mm)

Power transmission ¢fficiency [%0)

G—---:::Q;;::::g.:::::::g: """" AC) .

170 GHz (Original)
2137 GHz (Original)
43104 GHz (Original)

MC M1 M2

(Window diameter : 85 mm)

..
L Ty

---- 8. e (3] 99
NG e @170 GHz (Modified)
i SR 98
N, 9 +137 GHz (Modified)
N 97
‘B 104 GHz (Modified)
9
3 NT WIN NC M1 M2 M3

R. Ikeda, Nuclear Fusion, 2023

104 GHz

M Gz

AV E]

Power transmission efficiency [%o]

—

WIN

[ap] Susuagun 1m0



=PFL  ITER external heating systems

Outline

Ve

A

A 2. Transmission lines
and components

Ve

A

Il Swiss
Plasma
Center

seismic breaks 9

pumpout TEEs

switch-loads
elliptical polarizers

power monitor mitre bends —
CF flanges + tapers +DC break 0 >
gyrotrons

DC breaks

RF Building

F. Gandini, Fusion Science and Technology (2010)
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=PFL - Types of propagation

AWaveguide, Transmission lines (ITER, DIII-D, HL-3, TCV)
ALinearly polarized modes LPy; [ HE

ARef: E. J. Kowalski et al., Linearly Polarized Modes of a
Corrugated Metallic Waveguide, IEEE-TMTT, 58 (2010)

AFree space, quasi-optical propagation (W7-X, DTT, DEMO)
AlLinearly polarized modes TEMy,,[ Gaussi an mode

ARef: G. Michel, Matching of the ECRH transmission line of W7-X,
Fusion Engineering and Design (2012),

Il Swiss
Plasma
Center
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"L QuasOptical propagation; A

55

A 10 Gyrotrons

1 MW class gyrotron L }‘

A 40m Quasi-Optical
transmission line (atm
pressure) quasi-optical transmission line

A 10 single-beam WG : ;

A 2 multi-beam WG

W7-X

A Diamond windows at ' N
the two interfaces
(gyrotron and plasmay)

H.P. Laqua, 2021 [8]

95% efficiency




=7l Waveguide, Transmission line, ITER ’

. - . Gandini et al. EC H&CD TRANSMISSION LINE FOR ITER
A Tritium handling (nuclear plant)

A HE;; waveguide . |CF flange
“lipti i 5 MOU
- . - : Plane Switch |Polarizer | MB ] o
ARequirement: O 90% g Polarizer [+ Load MB e
.. . window MB = iyrotror
transmission eﬂ:|C|ency ot Pump & w\_ =" 7| Window
valve g N e = \ Cryo

mugncl

A Multiple TL components:

A DC breaks

A TEMy to HE,; coupler L[—r :
- '

A Miter Bends (MB) and

ks Load l:’:\]!nR L
I’?“_"‘_‘[’: Equatorial % '

H oy ks
A Pump.

o= |

E . g
Polarizers ; 34 =
: £ &
A Switches HITX L. ‘& [Portcell] '
Crvostat
; : [Tokamak Hall] [Assembly Hall] [RF Building]
A Loads EC launcher |

. Fig. 1. Schematic of a generic TL.
A Pump-out sections a .

o Swiss A Valves

Conter F. Gandini, 2010 [10]



=PFL - Matching Optics Unit (MOU) )

A Couple the wave to
the transmission line

A Shape the beam
exiting the gyrotron to
optimize the coupling
to the HE11 mode in
the transmission line

AMinimize higher order
modes

Il Swiss
Plasma
Center



cPrL

Waveguide, Transmission line, ITER

ATransmission lines (Aluminium)

A prototype electron cyclotron transmission line assembly. Photo: US ITER

Il Swiss
Plasma
Center
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PFL LinearlfPolanze@.-P) modes aorrugatedVG )

Il Swiss
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Center

A Since the radiated rfpower from the gyrotron is linearly polarized, the
excited modes in a corrugated WG are also linearly polarized?,,,

(@) (b) 0

LMoy ud /
{ W A\
Z

Fig. 1. (a)Cylindrical circumferentially corrugated waveguide with a radius of
a. The corrugations are defined by w, w., and d. For low-loss characteristics,

thg corrugation depth is d = A/4. (b) Illustration of the variables in the cylin- Z. = fr(' = a) _ Zo tan(kd) 1)
drical geometry. s(r=a)
l is the wavenumber and Zj is defined by the corrugation

@  H since kd="¥¢

LWy — W2 fHp
7y = —j w2 [l 2
0 J ™ 0 (2)

E. J. Kowalski et al., Linearly Polarized Modes of a Corrugated Metallic Waveguide, IEEE-TMTT, 58 (2010)



=L | inearlyPolarize@_P) modes @orrugatedVG

Xmnr\ [cos(me)
E. r,¢) =AJ, == ) 8
y,mn( 7/’) m ( % sm(md)) 3 (8)
- Ak XmnT cos(me)
H:L',mn(T7 (/)) — _sz e : ( 9
Wit a sin(mao)
Fig. 2. Field vector and magnitude plots for: (a) LPm/HE” and
(b) LPy2 /HE 2. (Amplitudes are normalized.)
Il Swiss
E';f{gf E. J. Kowalski et al., Linearly Polarized Modes of a Corrugated Metallic Waveguide, IEEE-TMTT, 58 (2010)
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*FLLinearlyPolarize@_P) modes aorrugatedVGi]
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SELECT LP MODES WITH CORRESPONDING DEGENERATE MODES

TABLE I

Mode | X,., | Degenerate modes
LP()l 2.405 HEll
LPY | 3.832 |  TEq, HEy,
LP) | 3.832 | TMoa, HEy
LPy; | 5.136 HE3:, EHy2
LP02 5.520 HEIQ
LP3; | 6.380 |  HE4, EHa;
LP(&) 7.016 TEq2, HE2:
LP'Y | 7.016 |  TMos, HEg;
LP22 8417 HE_‘;2, EHlii
LPo3 | 8.653 HE15
LP3; | 9.761 HE .o, EHas
LP{? | 10.17 TEo3, HE23
LP{Y | 1017 |  TMoa, HEa3

(a)

QO
QO
B

Fig. 3. Field vector plots demonstrating the construction of LP modes from TE,
TM, and HE modes. The added modes have identical propagation constants.
(a) TMy, + HE,; rotated 43° = LP{S. (b) = TE¢; + HEy; = LP{%.
(¢) EH,» rotated —90° 4+ HEj3, rotated —90° = LP&). (d) EH > rotated
180° + HE3, = LS.

E. J. Kowalski et al., Linearly Polarized Modes of a Corrugated Metallic Waveguide, IEEE-TMTT, 58 (2010)

61



=PFL | ossem corrugate@VG

Nucl. Fusion 58 (2018) 106041

1 X 10’3
\ EH12 \ EH22
0.8 \ ™
= \ \ W pooHEAL
3 0.6\ g \\\
- \ % L
2
% me —
0.2 \\
900 120 140 160 180 200
Frequency (GHz)

Figure 2. Attenuation of corrugated waveguide.

Il Swiss
Plasma

Center Y. Oda et al, Nucl. Fusion, 58, 106041
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A63.5 mmdiameter WG
AMaterial: 6061-T6 aluminum

Attenuation, a, defined as:
P(z2)= R Exp(-2 a z)
a[Np/m] = 0.1151 a[dB/m]



=PFL - Waveguide, Transmission line, ITER

Falcon Test facility, SPC-EPFL / FAE

Il Swiss
Plasma
Center



*Ft WCcomponertharacterizatioon FALCON
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Center

e shot 8915 ~ front
sessraes shot 8915 - back
e shot 8935 - front
sessvess shot 8935 - back

45}

Miter bend

0 500 1000 1500 2000 2500
66 M z [mm]

Figure 5. The change in the axial temperature profiles for the
original (8915) and misaligned shots (8935) shown in Fig. 4 for
both the front (solid) and back (dashed) side. SS WGs show the
change in the TL heating pattern when the MOU mirror is mis-
aligned. The relatively high thermal mass coupling between the
waveguides appears as a notch centered at ~1300mm, and at each
end. (N.B. The drop in AT at each end of the "back" side, shifted
with respect to the front side, is due to the size of the reflector -
the back is no longer visible to the camera at the extremes.) A
sketch of the miter bend and stainless steel waveguides with cou-
plings is shown below the graph.

T. Goodman et al, High power mm-wave loss measurements of ITER ex-vessel waveguide components at the FALCON test facility at the Swiss

Plasma Center, hiips://doi.org/10.1051/epjconf/202327704010
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=L Modepurityandlossesn corrugatedVG

Table 2. Measured mode content at long TL output.

Table 4. Transmission efficiency of TL for multi-frequency

170 GHz (%) 137 GHz (%) 104 GHz (%) Operalion‘
HE,, 093.1 925 94.0
HE,» L1 19 0.9 170 GHz 137 GHz 104 GHz

: . ¢ :
iﬁ“ + I;l_lb];' ?2 (1}: g:: Gyrotron output power 430 kW 320kW 260 kW
TE{UE:HE 2! 03 0.9 01 Transmission power efficiency
)2 22 . . : anomiood P 3 ‘ (o7 [ ) 26
TMos + HEn 0.9 0.1 <0.1 Transmission efficiency at 96.7% 94.2% 90.2%
Total 97.4 97.6 96.3 MOU
Transmission efficiency at 93.8% 95.1% 93.7%
Table 3. Measured mode content at short TL output. long TL
170 GHz (%) 137 GHz (%) 104 GHz (%) Eggéril?mlss%?)efﬁcwncy 90.7% 89.6% 84.5%
ong
HE,, 94.4 91.9 92.7 Mode purity
HE,» 0.3 L6 IS HE,, mode purity at MOU 94.4%  92.6%  92.7%
TEy + HEy, L5 1.6 s output
TMy; + HE; 0.2 1.5 0.2
By + HE, 08 e 01 HE,; mode purity at Long 93.1%  92.5%  94.0%
TMos + HE» 0.3 0.1 <0.1 TLend
Total 97.4 97.3 95.2
B Swiss
i Y. Oda et al, Nucl. Fusion, 58, 106041
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Polarization of ENvave

AMore generally: tilt of the ellipse »
(relative to the x axis)

AThe wave polarization is in general
elliptical

AParticular cases

At i+ linear polarization

AT —t circular polarization

For ECRH and ECCD experiments, one needs to
control the angles » and =

66
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EPFL - Polarizers

A Universal polarizers composed by two
metallic mirrors with grating on the surface,
allowing the control of the polarization

A Polarizer rotator
A Elliptical polarizer
A Use of mirrors with grating

Upper face l Q

Lower face

Il Swiss
Plasma
Center

Mirror actuator for real-time

control of polarization

€

Q Qi € €AY 0 Q

67

Example, GA design




=PFL Transmission line components

Diamond Window Unit Switch

GCC

Isolation valve



