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Current 28 GHz system

 Resonanceat 1T (Ol1l-mode)
e Cut-off at ~0.97 x 10¥° m-3

* 30% single pass absorption
efficiency
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Cut-off densities for the kth harmonic:
n2 "% = 9.65 x 10'8k2B2
nX 0% = 9.65 x 108k (k — 1)B?

B=1T O1-mode - ~9.7 x1018 /m3

H. Zohm et al, FUSION SCIENCE AND TECHNOLOGY VOL. 52 AUG. 2007
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Ne [101°M~—3]

70 GHz ECRH would allow for higher density operation

%%

70 GHz ECRH would provide access to
higher density plasmas by:

* Increased magnetic field (1.25T)

Higher density yields:

—— 70 GHz - 100kW
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Second harmonic (k=2)

Higher ECRH absorption efficiency
Improved electron ion- coupling

Lower penetration depth of neutrals

Cut-off densities for the kth harmonic:

n2 "% = 9.65 x 10'8k2B2

nX 0% = 9.65 x 108k (k — 1)B?
B=1T O1-mode - ~9.7 x1018 /m3
B=1.25T X2-mode - ~3.0 x102? /m?3

B
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H. Zohm et al, FUSION SCIENCE AND TECHNOLOGY VOL. 52 AUG. 2007

Predictions based on 1SS04 scaling (Yamada 2004)
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Other Experiments with similar parameters?

Helically Symmetric eXperiment

e The pre-predecessor of Wendelstein 7-X, called
Wendelstein VII-A (1975 to 1985)

* R=2m

* a=12cm

* Equipped with a 70 GHz ECRH systems

- lon temperatures in the range of 100 — 150 eV

Bo /T/ | neg /1018 m=3] | Teq /keV/ | Tio [keV/ | Wp k[ | Mexp

28 GHz 0.5 1.2 0.15 0.15 | 0.55 A P X WVI-A ECRH T0GHz
w- . !
0-mcde L0 ) ? #63 £59c-:'.73 #03 432 - 450

ist harm. 0.9 0.4 0.1 0.1 0.45 lkev] (%]
70 GHz L1 1.0 0.15 0.25 0.8 "9 e
X-made 1.25

2nd harm. 2.4 0.7 0.1 0.50 0.9

Table l: Compsrison of major plama perameters for 2B GHz first harmonic end 70 GHz 05

second harmonic heating.

The totel incident power was sbout the same for all data shown (170 - 180 kW).

V Erckmann et al 1986 Plasma Phys. Control. Fusion 28 1277 Fig, 6: Electron temperature end density profiles for on-exis (solid line) and off-axis (dashed line)
heating. The arrows indicate the position of the resonance layer & = 2Qge.
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70 GHz gyrotron: 500 kW for 3 s

RESEARCH ARTICLE | OCTOBER 25 2001

Helically Symmetric eXperiment

* Fabricated by CPI Full performance ECRH experiments at W7-AS @
. . . . G. Michel; H. Laqua; H.-P. Lagua; H. MaalRberg; N. Marushchenko: Ch. Fuchs; W7-AS Team
Delivered to IPP Garchlpg in 2000 and A Cont Proc. 505, 354957 (00T ._
operated at W7-AS until 2001. hitps://doi org/10.1063/1.1424209

* For 500 kW output power, it requires
55 kV, ~25 A (main power supply) and
25 kV for the depressed collector

- _ - 4' A
£ : : z 14
= - 4 Electron beam
PALO ALTO, CALIFORNIA i Collector
SERIAL =] Energy

MADE I US.A 3 RF beam
r . ‘

I
Output window
VGE-8071 70 GHz, 500 kW Gyrotron
Factory Test Protocol |
February 22, 2000 TL“;;;.;’W

50kV

Mode converter

Super conducting

M/ magnet (SCM)
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Gyrotron Magnet

Helically Symmetric eXperiment

* Liguid helium cooled

superconducting magnet ADVNARAACNETICS N/,

R IWIVINWINk I I1%wY; [19%.

* Liquid nitrogen shield.

* Four coils with NbTi
strains in a copper matrix

e B™28T

e Alignment mechanism

OPERATING INSTRUCTION MANUAL
FOR
SUPERCONDUCTING MAGNET SYSTEM

Table 4-1

Main Cavity Field Profile Requirements

Pt?sition 28 kG Flat 31 kG Flat 28 kG +2% 28 kG - 2%
inches) (kG) (kG) Taper Taper
% ~0.5 28.0 kG 31.0 kG 27.7 kG 28.3 kG
: +/-0.14 +/-0.15 +/-0.14 +/-0.14
~ y Pre R
é . 0.0 28.0 kG 31.0 kG 28.0 kG 28.0 kG
P o +/-0.14 +/-0.15 +/-0.14 +/-0.14
.‘;, 0.5 28.0 kG 31.0 kG 28.3 kG 27.7 kG
: +/-0.14 +/-0.14 +/-0.14 +/-0.14
g Cathode 1.8 kG 2.0 kG —— ——
H Z=-13" +/-0.2 +/-0.2
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High voltage gyrotron power supply

Gyrotron VGE-8071 Helically Symmetric eXperiment
22 T T

20

Aim for 300 kW operation ol
0-60kV,20 A

Pulsed (100 ms every 3 min)

14

12

[ J
Ibeam (A)

Brake Switch system to shut-down in less T
than 10 ps to limit the injected maximum
energy into the gyrotronto 10
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Power supply from JEMA - Spain

Helically Symmetric eXperiment

ID | Parameter Value
1 Vout nominal 60kV
e Cost: S698k (in 2020) Vout range 20-60kV
2 Minimum ramp-up/down time 100 ps
o Settling ti <50
* Input: 480V 3-phase ctling time s
Time delay <100ps
. Max overshoot +/- 500V (at the output
* 14 power capacitor modules at ~1.3 kV terminals of the PS)
3 Vout accuracy bandwidth <+/- 0.5% (+/-300V)
* 28 Booster converters 4 | Vout steps <1k
5 Vout ripple <0.5% peak to peak of
nominal value (300Vpp)
6 Nominal output current 20 A
Output current range: 0-20A
Fast Shutdown time <10 ps

Charge delivered into gyrotron in case of output short circuit | <100mAs (<10 Joule)
or arcing in the gyrotron

9 Maximum pulse length 100 ms
Minimum pulse length 2 ms
10 | Maximum duty cycle 1/1800

Table 2.3. Functional parameters

Manufacturer AVX
Model FFLRG6V0118KIE
Capacitance 1100 uF

e m a Nominal voltage 1300 V

IRIZAR GROLJ RMS max Irms 79 A @ 50°C

Surge current (Is) 19800 A
N° of capacitors in parallel 10
Datasheet reference #Ref[9]
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Gyrotron Transmission line designed by K. Likin w

Helically Symmetric eXperiment

Transmission line based on corrugated —_
waveguides (8.64 cm ID) provided by IPP
Greifswald

« MOU close to gyrotron

* K-spectrometer

* 5 miter bends —

e Dummy load

* Custom-made smaller waveguides (6.35 cm 0
ID) from last miter bend to vacuum window

[( l
l: 0.852 -
0.274

R — 't O. 203

|

0.249

ofrugation of 8.64 cm ID waveguides in in mm
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Use of ellipsoidal mirror to reduce losses

e Matching Optics Unit (MOU) based on one ellipsoidal mirror?

e Use of ellipsoidal mirrors in miter bends to minimize losses . Ellipse ™,
": to revolve \'il

i ]

\ {000 X /

\ Beam Axis | Perpendicular /

. 71 to the mirror ol
"‘-v... ol -—""’
h‘b-h..--’ | -—-'__.-—"-..‘
Mirror

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 30, NO. 3, TUNE 2002

Passive High-Power Microwave Components

Manfred K. Thumm, Fellow;, JEEE, and Walter Kasparek
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Designs by Konstantin Likin

Beam shape to fit into the HSX
vacuum vessel and avoid
overheating of the mirror Internal Mirror

Welding to

* 5cm beam width HSX Vessel

 5-degree cone

Vacuum vessel opening

Center of internal mirror

Welding to

ot

== Width of the vacuum vessel opening — 98 mm

10/27/2025 Benedikt Geiger- UW ECRH workshop 15/20



06>
(\\Aﬁ Outline w

Helically Symmetric eXperiment

« Motivation for a new gyrotron at HSX
« 70 GHz gyrotron
« Power supply

« Transmission line

« Absorption modeling

« Conclusion & outlook

10/27/2025 Benedikt Geiger- UW ECRH workshop 16/20



TRAVIS (2018a) modelling

Helically Symmetric eXperiment

Marushchenko N.B., Turkin Y. and Maassberg H. 2014
Comput. Phys. Commun. 185 165

% About TRAVIS — x

* TRAVIS ray tracing

code employed at
HSX

©2005-2012 Max-Plank Institut fir Plasmaphysik, Greifswald
hitp:ifwww.ipp.mpg.de

The program simulates
Electron Cyclotron Resonance Heating and
Current Drive using ray tracing technigue

« Consider 5cm !
diameter beam GUlversion 2019.05 (YearMaonth)
. Build: Dec 10 2020
with a cone of 5
degrees WENDELSTEIN 7-X ].f
 Simulation of 31 ) i -
rays
y 0o NE TE
* Consider typical “E
HSX profiles shapes T 015E DB—
- T.>1keV S >
S g L osf
— Peaked n_ and = -
. v E |_CIJ u
T, profiles < oosg 03
e Lot Liviiiiinn Liviiin, \ D§ ......... Lot Liviiiiinn i iiiii
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
rfa rfa
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X2 — mode heating provides excellent absorption

* X2-mode heating with 70 GHz

e High absorption >50% for a large range of
temperatures and densities

e Operation new cut-off might be possible
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O2-mode heating is very limited

Helically Symmetric eXperiment

¢ 02-mode heating at 1.25 T has a 03, e 3 E

cut-off density of : :
6.0 x101° /m3 0.225;— 2.25;—
 However, only weak absorption D-15§— 15—
predicted by TRAVIS for 3 keV
0o0vaE 075k
plasma : :

S Lveriiin Lviriins, Levirrns Ay S Lveriiin Lviriins, lviriinr,

* 2.5% single pass absorption for % 0.25 05 0.75 1 "0 0.25 05 0.75 i

perpendicular launch

* 12% single pass when considering dP/Y, [Mv/mS] ADSOrbed=0.00497MW ( 2.5%)
. . 0.2
2-deg angle (X-mode contribution)
027 0.15
$=181.99° - i Plane Z=0.031 1+ asas
— 14109 01; — 14129 018 P, [MW] 0.1
1 3321 D | 13298 009 0.0s
12533 _mi . ‘ 1.2464 . I I
12139 \ 12049 a 0.25 0.5 0.75 1
11745 1.1631 ria
— 1.1351 '02; — 11215
10956 _— I T ‘xl BT Ry o7
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Summary & Outlook w

Helically Symmetric eXperiment

HSX currently installing a 70 GHz gyrotron
System will deliver 200 kW for 100 ms
* Density operation with n_> 2 x 101/m3 possible

* Expected first 70 GHz plasmas mid of next year

Thank you!
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