|IC Principles: Technology Overview
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The ICRF System

Heating via lon Cyclotron Range of Frequency{ICRF) waves has reactoirelevant features

A No density limit to couple power to high density plasmas, increasing absorptia@ificiency with b,
A Direct ion heating possible in DT plasmas

A Impurity control by heating thecentre

A Technology available for continuous operation

A High efficiency and Modest price ($/MW), commercially available sources

Flexible Heating System
A Existing technology spans frequency range fdrigh-field concepts ~ 120 MHz @ 12 T
A Heating / current drive (k// spectrum)

A Various heating schemes
V' Minority heating
V' 2nd harmonic heating / higher harmonic heating
V' Synergy with NBI
V etc..
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The ICRF System

Any ICRF System can be divided inb the following main areas:

(1) Power evolution between the generator and the antennRF powerA be prop
A Depends orthe antennaand onthe layout of the impedance matching circuit

(2) Power coupled from the antenna to the plasma: The powd be efficiently co
A Depends oithe antennabut is particularly sensitive to the characteristicthefplasm

erly transferred to antenna

upled to the plasma
ain SOL

(3) Power absorption inside the plasma: The coupled RF powé& be efficiently absorbed in the plasma
A Dependnthe antennabut also on th@lasma core parametersand onthe equilibrium magnetic field
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ICRF System Components

An RF system is composed of:
A AC/DC power supply system
A DC/RF converters system

A Transmission line system

A Antenna system + Auxiliarysystem interfaced with Tokamak Antenna/Launcher

Type of component
vs. System

ICRH

Frequency range

25 to 120 MHz

DC Voltage level 10-30 kV
RF Tube Tetrode
Transmission line Rigid Coaxial

Radiating loops

HV DC RF Sources
Supplies

Transmission Lines/
Decoupler/Tuning

Eight-strap
antenna

RF waves
in plasma,, SN
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High Voltage PowerSupply: AC/DC

A The energyis taken from the 50 Hzgrid at 22 kV level from onsitesubstations

Each HVPS supplies RF source: 1 driver stage & 1 end stage.

Dry type multisecondary transformers and Pulse Width Modulation rectifiers.

Modular solution provides HVDC output with precise control, low ripple, fast dynamic
response and minimal stored energy.

Dynamic adjustment of anode voltage allowing optimization of RF tubes working point

22V Bus
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RF Source: Converting from DC to RF

Two major competing RF Power Technologies for use IlCRF System:

A Vacuum Electron Devices (VEDS)
I Tetrodebased
I Dircodebased

A Solid State Amplifiers Tetrodes

I Large number of connectors results in more possible feptmms
I Increases mechanical design complexity ‘
I High losses compared to VEDs

I Under developmerfor DTT andSPARC

Kathleen Quinlan DTI 2024
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EIMAC -4CM2500 Power Tetrode

Top view Bottom view

Anode

Screen (g2)

(With Kapton
insulation)

Maximum ratings:

Anode voltage 27 KV Characteristics:
Screen grid voltagze 2500 V DC Type of cathode Thoriated tungsten
Control grid voltage - 1000V DC Hleatlng D“ECTTDC
Anode direct current 190 A Plllament voltage 155V
Peak cathode current 800 A Filament current 640 A
Screen dissipation 20 kW Max surge current 1500 A
Grid dissipation 8 kW Operating position vertical, heater terminals
Anode dissipation 2.5 MW down
@ ASIPP Chengdu, China ITER International School, July 20-24,2026



RF Cavity

A Tetrode tube fits in base of cylindrical
cavity.

A Low impedance line transformation to
match tube impedance to 50 ohm output
line.

A The low impedance line is movable and
expandable to provide matching over
entire frequency range.

A Cavity components are forced air
cooled.

A Anode cooling will be fed through
center conductor.

@ ASIPP Chengdu, China
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Solid-State ICRH transmitters at SPARC

A Transistors Mounted On Cavity Endplates
V Commercial transistor drains are coupled directly to the ca
V Magnetic coupling loops extend axially into cylindrical cavit athieen Quiian DTI 2024

V The cavity output is a coaxial transmission
V which then connects tavo central axial tuning slugs, not by tuning

individual transistors

Transistor module placement in one Internal view cavity showing ) SS—
segment of combiner top plate  coupling loops and transmission line Dr. Marcel2023 IEEE Pulsed Power Conference
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Solid-State ICRH transmitters at SPARC

AT ' ' o
A Some information can be obtained from YouTube, as shown in the picture below.

R C A Some transmitters and some transmission systems have already been installed

OO U UANORNONN |
V The cavity W’
V' which ther (y .
— : .

individual |

il
lilﬁibz

““““

Transistor modul®#&ce o) vy
segment of combiner top plate  coupling loops and transmission line

y HTUVVITTY
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Solid-State ICRH transmitters at DTT

ENEA is procuring two soligtate broadband ICRH
transmitters, first in the world, to be used in DTT.

They consist i128 RF -~
modules of 11 kW
adapted from a reliable

|| design, routinely used In
Y ~ broadcast transmitters.

They will deliver an outpupower of 1.2 MW for 50 s in the
frequencyrange 6390 MHz, using more thatt500transistor
and 600 plugn power supplies with a waplug efficiency
Iarger tharb2%. S. CeccuzziFED2025

S. CeccuzziEEE2025

as
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Transmission lines

The two main elements of a transmission line are thellowing:

A the vacuum windows as the interface with the antenna
I To ensure the vacuum integrity of the torus, to lgon@d mechanicalgualities andbviouslygood RFproperties
I Power handling capability: 1 to 2 MW for long duration time.

I Special attention has to be devotedhe shape and the design of the ceramic windovirs order to withstand the
required large voltage.

I To day,currents up to 1 kA and voltages up to 50 kV have laehneved

A Pressurized transmission lines are made of large diametepaxial transmission lines in order to
withstand the large RF voltages

I Active cooling needed (HighowerCW operation)

Teflon supports O- sealing ring

Contact spring

| (- \ 7 /‘ | o ‘ L
Inner ¢

onductor

Joint and Teflon support ~ Coaxial line structure
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Example of Transmissionlines

Reducer Test
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pulses. 3600 s pulse.

S.V. KulkarnillS 2012

W. Helou,CWRF2022
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ICRH Antennas

A An ICRH antenna integrates electromagnetic, vacuum, mechanical,
and protection functions

. . PR [Septum-‘l 'Side Iimiter‘
Excite fast magnetosoniovaves; Array- (. g >
Current straps current Amplitudes and Phases set the N i ¥ | Plasma |
spectrum Coaxial A o e
transmission | ] & §.-=——# Induced
RF return conductor and structural o ' : 1., RF current
Antenna box — <] -
support s ,\ Confining
. t J P , :
Faraday screen Suppress electric field parallel to the 3 e A Mi?;‘:"'c
static magnetic field 8| \wo™ :
Bring RF through vacuum and ~"“\'\‘?5_74;, Y Al g o)
Vacuum TL withstand roughly 40i 50 kV at high ™ [Box| L EEN
VSWR , Z. L\ |Faraday
Active RF current straps | screen |

Shared objective: sustain plasma coupling within allowable Vmax, Emax, and RIess limits
Colas L, Nucl Fusion 2022
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ICRH Antennas

ICRH antenna typically consist of multiple-straps, located in tokamak ports

A To date they are made from inductive loop antennaearrying poloidal RF current.

A A Faraday shield is required to impose wave polarization, to avoid parasitivading into other wave
modes and prevent direcistreaming of particles into antenna

I Optically closed screens have been used in ATC, PLT, TFRABOEX, TFTR. The corresponding RF losses ente
theuse of active cooling, as in JET with Nickel screens.

I Optically open screens and the use of a good condaiidar to reduce RF losses and to use only radiatomhiing,
as in JET with Beryllium screens.

A They are also in close interaction with the T

Vacuum feedthtrough
|—

/,/ ,;// 2 0,

i =

Optically closed Faraday screen Optically open Fardy screen Designed forlong pulse (activecooling) Antennaintegrated in the Tokamak
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The ICRF Systems in major fusion facilities

Generators

Frequency
(MHz)

Units

Total Power
installed

(MW)

Total Power
injected

(MW)
Max Voltage
(kV)
Pulse length
(s)

Antennas
Number

& asirp

LHD
TH/CPI
25-
100MHz

(mainly38
.5MHZz)

9 MW (6
MW
connected
to 4
antennas)

35(transm
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line)
5000
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test

4

Chengdu
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3
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WEST C-Mod KSTAR EAST

TH

25-70

12

3.5

30

1000

JET
TH
23 - 57
(excludin

g 39-
41MHz)

16

32

A2:16
ILA: 4.76

A2: 35
ILA: 42

20

4 (+1)

ITER
TH

40-55 (to
antennas)

35-65 (on
test load)

8+1
spare

24

(+3
spare),

40-
55MHz

20

45

3600
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C-Mod ICRF System

RF Cavity
RF Cavity

A Four 2.5 MW tubes (4680 MHz)
A Two 2-strap antenna and one 4strap antenna.

@ ASIPP Chengdu, China | ITER International School, July 20-24,2026 18



C-Mod ICRF Antennas

M
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\

A Main auxiliary heating source for-®od

A Minority heating.

A Mode conversion heating and current drive.
A 1CCD on sawtooth control

YR | AT 58 A Energetic particles study

/ RN GGECEBERG A S A ICRF sheath and RF metal wall interaction.
A Alfven waves/instabilities

N
il

*
L}
-

4
| X\

!

G

6 Field aligned antenna has replaced the conventional four
strap antenna S.J. WukitchAPS2012
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JET ICRF System

A 32 MW RF source power

A 5 antennas

A However, the RF source
utilization rate has been
rather low.

A Usually about 5 MW

avallable to plasma Fig. 2. (Left) Back view of the JET ITER-like antenna housing witg cight attached measurement adaptors. (Right) Front view of the JET
ITER-like antenna and moveable plexiglass water tank filled with salty water solution.

A new ITER like antenna being tested on JET.

M. Vrancken Fusion Eng. Design, 2007
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NSTX HHFW System

A 30 MHz, 6 MW

A HHFW electron heating
A HHFW current drive

A Edge loss mechanism

1 ?
Stubs [—V

Lime stretchers

Lomz 9" Limes

Decoupler Loops

[ NSTX HHFW antenna ]
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WEST ICRF System

Chengdu, China

A 3 antennas, each at 4 MW, 380 MHz

A Minority heating
A Antenna and plasma interaction study

A Antenna loading study
A Mode conversion study
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ASDEX Upgrade ICRF System

A 4 generators, 2 MW each. Frequency from
30 to 120 MHz

A The 2 MW rf generator manufactured by
ASIPP.Frequency from 24 to 61 MHz

A 4 Antennastwo 3-strap antennand two
2-strap antenna

A Minority heating
A Antenna impurity study

A Antenna matching study
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DIll -D ICRF System

— —
- -

A 3 generators, 2 MW each. Frequency
from 30 to 120 MHz
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A Fast wave heating

l
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:
:
:
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A Fast wave current drive

A Fast wave and neutral beam

Interaction Fig. 3. One of the two newer FW antenna arrays in DIII-D.
The antenna is usable over the 60- to 120-MHz band,
with a self-resonance at ~ 115 MHz. The array is
~0.75 m wide. Here, the Faraday shield elements are
bent into a U-shape perpendicular to the plane of the
picture. The protective limiter surrounding the antenna

18 also visible.

Pinsker, Fusion Science and Tech, 2005
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EAST ICRF System

A 8 generators, 1.5MW each. Frequency
from 25to 70 MHz

|
-l-I =.
|

A Two 3-strap antennas Since 2026 and
6MW connectedo 2 Antennas

A Minority heating

[l

A Antenna loading study ==

A Antenna and plasma interaction study =

A Antenna matching study
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HL -3 ICRF System

A 4 generators, 1.5MW each. Frequency from

25 to 50 MHz
Gho

A Two 2-strap antennas and 6Medénnected (=)—

to 2 Antennas . e H
@

A For a Deuterium plasma, the hydrogen =
minority and the 2nd harmonic of e
Deuterium are the main ion heating rearuy
schemes with f=33MHz at BO=2.2T. Gh _ ! ﬂ

@

A For aDeuteriumTritium plasma, the
fundamental H& and the 2nd harmonic of
Tritium with f=25MHz at BO=2.5T are
considered.

Ling-Feng Luet al2026Nucl Fusion66 086032
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SPARC ICRF System

A 22 generators, 2.0 MW each. Frequency+120Hz

A 14 Antennasrranged at 7 midplane ports

A The system design allows powering a pair of antennas with up to thri
transmitters (one for the outer straps and one for each of the inner st ¢

A 3He minority and 2 harmonic T heating at ~12 T, and H minority ané

harmonic D heating at ~8 T.

Transmission 3
lines

~—Z1F8 %4 _/,," p
2 . / X

%
Neutron
shielding

Maria UsoltsevaBRFPPC2025
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DTT ICRF System

A 4 generators, 1.2MW each. Frequency from 60 to 90 MHz
A 2 Antennas, On axis Minority heatifig(H),D(Hes)

A In particular, grid tube technology was abandoned in favour of
solid-state one, a-8trap antenna concept was preferred, and 3 dB

hybrid couplers were chosen in place of conjudate

stub  phase
tuner  shifter
T |- |—n— central -
3dB e — 3dB LI strap , g
hybrid hybrid N efrsap | g
> e oo |— AL [ 2
rightstrap | | @
X T |- |—n— el | ) N
L1 - e = 3dB LN strap 8
hybrid hybrid N g
|ef v
[ g ol UL e j :
19}

S. CeccuzziFED 2025
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ITER ICRF System

A 2 Antennaseachl0 MW CW, 4055 MHz Pone Bgekfuncfion .
> ’ ' Vacuum Transmission
A 9 RF sources: 4 per antenna + 1 spare. bane (‘tlkorif@fd}’: -
A Each RF source: 2 chains & 3 dB combiner
A Bulk plasma heating through minority di42
harmonic
Faraday SIS 7= Stbiam

Screen =

Front Window

Service T-stub (double barrier)
W. Helou CWRF2022
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Typical Vacuum Tubes

A RF power amplifiers: the vacuum tubes andhe transistors.
A Part of the Vacuum tubes: the grid tubes, the linear beam tubesnd the crossesdfield tubes.

4 N/ N
Vacuum Tubes Transistors
4 N7 N
Grid Linear Beam Tubes Bipolar Junction Transistor (BJT)
Tubes Field Effect Transistor (FET)
Klystrons Junction Gate FET (JFET)
Triodes Travelling Wave Metal Oxide Semiconductor FET
Tetrodes Tubes (TWT) (MOSFET)
Pentodes Gyrotrons power MOSFET
Diacrodes Inductive Output Vertically Diffused Metal Oxide
Tubes (I0T) Semiconductor (VDMOS)
. J J Laterally Diffused Metal Oxide
r Crossed-field Tubes | S e icon ductor-(LD M 0s)
Silicon Germanium (Si1Ge)
Magnetrons Gallil{m Ars.enfde (GaAs)
S JAN Gallium Nitride (GaN) y

E. Montesinos CERN Accelerator School Proceedin@®24
Power Vacuum Tubes Handbook 2nd Edition
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A

A

Tetrodes

1904Diode, John Ambrose Fleming

1906 Audion (first triode), Lee de Forest

1912 Triode as amplifier, Fritz Lowenstein |
The first diode prototype

1913 Triode oO0higher vacuumoFemih@Diodd, IB04Ar no |l d

1915 First transcontinental telephone line, Bell

1916Tetrode, Walter Schottky

1926 Pentode, Bernardu3ellegen

Thales TH62&8Iiacrode 1998
1998Diacrode, Thales Electron Devices
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Structure of Tetrode

A A vacuum tube is a sealed tube containing vacuum which allows free passage of elec
current

V The catr_lodels the electrode_ that contains
the heating source from which electrons \L

~ |
Control 733 :
are released 2 i N
V The anodeis the electrode that receives Sereer N ! o
.y . gri :
thosg electrons thus providing an electric ’ |
path in the tube L :
V The gridsis an additional electrode by
which the current flowing in the anode | |
circuit can be controlled by another £ ; Control
potential Grid
Grid
\_!__/ Anode

_ R.G.CarterCERN, 2013
@ ASIPP Chengdu, China ITER International School, July 20-24,2026 33



Basics of Grid Tube

A From triode to tetrode amplifier

Triode
A Modulating the grid voltage proportionally modulates the /:\
anode current Atiz:le Q@ o
A Placingq negative voltageonto the grid will have the effect Q@ T@ T
of repelling some electrons back to the cathode T T T
A Limitations ———
V Parasitic capacitor Anode/gl Ugl © Q
V Tendency tmscillate Control Grid el e
— ’\(R /
Cathode
&
Filament

E. Montesinos CERN Accelerator School Proceedin@®24
Power Vacuum Tubes Handbook 2nd Edition
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Basics of Grid Tube

A From triode to tetrode amplifier

V The introduction of the screen grid reduces the anode
control grid capacitance and hence the feedback / \
g p Ua ! |
V This improves the gain and stability Anode w@\';, e
= efef
Tetrode ===
A Screen grid Ce
T Ug2 Ugl
V Positive (lower anode) ScreegGrid Cm‘% G eee
V' Decouple anode and g1
V' Higher gain = — ’(R /
A Limitations —
V Secondary electron at&o °
V Anode treated to reduce secondary Filament
emission

E. Montesinos CERN Accelerator School Proceedin@®24
Power Vacuum Tubes Handbook 2nd Edition
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Vacuum Tubes based power amplifier Triode and Tetrode

[riode amplifier circuit

Low power triodes (~ 10 kw) can now be completely
replaced by solid state amplifiers. |

output e
voltage —_ "plate supply”
— DC power
— source
input
Tetrode ampilifier circuit voltage )
R% _
R %
"screen” =
] _—_ "plate supply”
__________ ' — DC power
—  source For power above ~10 kW, we use

=
VWA
[|
Il
!

< tetrodes for power amplifier

Input
UDIE[)age @

@ ASIPP Chengdu, China ITER International School, July 20-24,2026 36



Typical Tube Specifications

A Gain & Power Levd Amplification: mwW to MW

LPA 50dB
(wide band solid state )

HPA-1 20dB
(TH595/4CW25000B)

Expected Max. Output

Gain Power Level

HPA-2 14dB
(TH781/4CW150000E)

HPA-3 14dB
(TH628/4CM2500KG)

950-45dB 3-10mW 300W /chain
17-18dB 240-190W  15kW /Chain
12-13.5dB 8.0-5.6KW  125kW /Chain N
11-13.5dB 120-67KW  1.5MW /Chain

y,

@ ASIPP Chengdu, China |

ITER International School, July 20-24,2026
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Hi-pot Test

A Before inserting the tubes in the cavity-ptit test wagonducted on the tube

< NOENAL BNOS I ¥ 30
ax NSO (V.10 384 ) il
X0 3 WOUDALOUS LLLS
A 1
™ 1

i NOLLN3LLY

K(gr)-G1 5KkV

& Increase the radius of test

G1(gr)-G2 5kV 0 OK
aera to 5 meters for50kV

K,G1,G2 - 20 kV ~200pA OK

Anode ( gr.)

A Open tube didrt test beyond 5-20 kV due tgpossibility of X-Ray exposure

Thales, HV Tests ,2021
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Operation & Possible failures

Factors of influence Damage in the tube Limiting factors

Filament voltage too high
Dissipated power on the grids
RF losses due to harmonics

Cathode deformation

Caifodeliemperaitic Cathode decarburization

More than one on/off cycle per day

Cathode cycling Cathode deformation Mains failure
Bad tuning
Overvoltage and Grids damaged due to flashes betwe« Accidental circuit mismatch
Overcurrent KG1 or G1G2 Defective protective devices
Defective damping circuits
: . Bad cooling
Overheating Outgassing or even melting of the Bad tuning

anode or of thease of the tube Accidental circuit mismatch

Bad contacts
Vacuum Drop of emission Corrosion
Overheating

E.MontesinosCAS course on "RF for Accelerators"
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Cathode

A Greater the cathode temperature’Y strictly linked to filament voltage, less the cathode lifetime

HEATING SEQUENCE

A Too high cathode temperature
/i

I Accelerate decarburization process @ 7 \@;*
I Tends to deform cathode shape
A TOO IOW CathOde tem perature SWITCH ON RAMP SWITCH OFF RAMP

® ®
I" |
i/ l
A Heater voltage, always with gradual application and gradual if

shutdown
A The ramp allows cathode assembly, cathode and its support, to AFTER SEVERAL ON/OF CYCLES

absorb differences caused by thermal expansion
A Tube lifetime depends on the duration of the ramp, and on the gn/off

I Reduce thermal electrons flow
I Slow down the process of thorium diffusion to the surface

A Asaruleofthumb, -5 % Fil ament Voltage Y

l
\
1
|
|
!

‘__.--—--——--.___‘__“\:l

I —_—

o
-~
|-

==

e i e

|
|
cycling frequency as well il |
A It is advised to keep heater voltage to nominal, during short ~ ] o
transmitter interruptions o i
E.MontesinosCAS course on "RF for Accelerators”
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External arcing between Anode and G2 Internal arcing on G2

Ceramic crack due to internal metallization
of the ceramic, perhaps due to over filament

E.MontesinosCAS course on "RF for Accelerators"

J 8

Overheating due to lack of air cooling

=

@ ASIPP Chengdu, China ITER International School, July 20-24,2026
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Theoretical efficiency

Because the amplifier is never completely efficient there is always some conversion of energy
Into heat. The greater part of the heat is dissipated in the anode of a tetrode

A The principle of conservation of energy requires that, in the steady
state, the total input and output power must balance that is Heat out

PRFz'n +PDC1’n :PRFout-l_Heat

. e : ' RF t
A The efficiency of the amplifier is the ratio of the RFoutput power REp il power 0”,
to the total input power
P P
E fﬁCiency _ RF out ~ RF out
pCin T Iy RF in Iy DC in DC power in

A The other main parameter of the generic amplifier is its gain in
decibels given by
R.G.CarterCERN, 2013

P
. RF out
Gain(dB)=10log,,| —*
PRF n Tetrodesfor fusion Gain is usually 13-15dB

and efficiencies between 50 % and 70 %.
R.G. Carter, R.F. power generation, Proc. of the CERN Accelerator S&@id)
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General Principlesof Tetrode Amplifier

Anode

A The tube is operated in thegrounded grid configuration

V with coaxial input and output circuits.

Resonant
Cavity ——— |

V Grids held at RF ground isolate input from output

A The outer conductors of the coaxial lines are ajround

D.C. blocking
capacitors ]

potential

Control
Grid

V Separated from the grids biyc. blocking capacitors

A The anoderesonator is a reentrant coaxial cavity

O Cathode

V Separated from the anode byl&. blocking capacitor | Arrangement of a tetrode amplifier

A The anode HVconnection and cooling water pipes are

brought in through the centre of the resonator

A Output is capacitively or inductively coupled

R.G.CarterCERN, 2013 Circuit of a groundedyrid tetrode amplifier
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Example of Tetrode Amplifier

A The input and output cavities need a special design considering

the widebandrequirement of operation. 2t RV,
A High Power of RFGenerator with Wide frequency Range ' —”f"‘;/mm
V Output: Double coaxial cavity 4m in length! il D_m; g{%
V Outside: Matching stub tuner. ST Forced air to
V Inside: Tuning stub tuner Al cool cavity
V Frequency range:25MHz < f < 100MHz ' "T/
A DC bias conditions relative to cathode , L
V Anode voltage positive Mathing | |
V Screen grid positive (~ 10% Va)
V  Control grid negative St { 1o
. i

Output cavity DrimarytoScconduy
; capling

('A

11

i

Load coupling

Input cavity

Tetrods

Coupling capacitor Co

Input 7 F M
|«
hput hput 4
[¥[glly]
Primary tuning Secondary tuning I
- TGl Gl G2 G2

Curr. P.s.' .\ P.S. Vaolt P.S Wolt
' F.Qurr.

&
g
g

RE input

A

Second tuning First tuning .
Ch
K

Design concept of input and output cavities FPA cavity at LHD and EAST
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Amplifier Classes

A The operation of tuned amplifiers is designated as class A, B or C according to the

fraction of the RF cycle for which the tube is conducting.

Table 2: Classes of amplifier

Class Conduction Maximum Negative grid bias  Gain increasing  Harmonics
angle theoretical increasing increasing
efficiency
A 360° 50 %
AB 180° to 360° 50 % to 78 %
B 180° 78 %
C < 180° 78 % to 100 %

A ClassB usually used forFusion
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Class B operation

A Amplifiers for fusion are normally operated in, or closeo, class B in which the

tube conducts for half of each cycle.

To

Control grid bias set so that anode current is zero when no RF inpt

To

This ensures that the tube orlynducts during the positive half
cycle of the RF input voltage
Conduction angle = 180

Resonant circuit makes anode voltage variation sinusoidal

0 il 120 180 240 300 3a0

Va >V, always

Phase (degrees)

o To Io Do

—V1/V0 Theoretical efficiency ~8%

=-===11/10
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Steadystate High Power Generator in LHD

A Test of RF generatorusing
dummy load:
1.6MW/5,000sf=50MHz

A lon pump current is a

monitor in the vacuum tube:

0.6pA is lowvacuum
pressure foroperation.

A Increase intemperature of
co-axial transmission line is
up to 100°C with air flow of
2m/s.

@ ASIPP Chengdu, China

2 D-1.6M-5000S, G-1.6M/IC, G-96 2
| | | | | |

RF Power 5

—h
(8]
|

Temperature

RF Power [MW]
|

O
o
|
o
U

lon Pump Current

[0, 001X] "dway ‘[yn]

0 0
-1000 0 10002000 3000400050006000

Time(sec)

R.Kumazawa US-EU-Japan RF Technology Workshap09
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The Limits of Tetrodes Capability

A Gridded tubes operation at high frequency, long pulseegime, is

limited by internal RF losses.

A Additionally, VSWR can be critical, especially if under any phase
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The Limits of Tetrodes Capabillity

A Dependence of Limitationof RF power output onfraction of reflected RF power
i (Ref.):1.5%< Ref. <14.7%1.3<VSWR<2.2)
A |4 is increased with ref. =>then RF output power idimited with Interlock (Isg,<5A).

A lon pump current is an important
parameter to indicate the pressure
in the vacuum tube.

A There is a close relatiorbetween
screen gridcurrent, | g and lon
pump current.
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