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Plan of the talk

* Introduction

 LHCD system description.
— Physics
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— Long pulse operation issues
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e Future plans
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Introduction

e Steadystate Superconducting Tokamak (SST1)
aims to sustain/maintain plasma for long
pulse (1000 seconds) CW operation.

Parameter Values
<> 2x 102 em™3
<Te> | keV
B, 3T
R(] 1.1 m
SSTI a 0.2m
machine I, 220kA
K 1.7-1.9
) 0.4-0.8
Configuration Double null type
Gas Hydrogen
A
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Non-inductive CD with LHCD

* Lower Hybrid Current Drive (LHCD) system is
the main system which aims to drive plasma
current non-inductively for its CW operation,
after Ohmic phase.

Parameter Values
Io 3.7GHz
Power 2.0 MW (CW)
Antenna type Conventional grill
No. of sub-waveguides 32 nos. x 2 rows (64 nos.)
LHCD Periodicity Omm
system Sub-waveguide size 76 mm x 7mm
Septa thickness 2mm
A¢ 60°-160°
ny 1.54.0
i Power flux 3 kW/cm?
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LHCD Scheme
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How to launch travelling waves

antenna grill:

\__-/ top view (schematic):
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phasing for asymmetric launch
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Importance of phasing

Phasing steers the wave in preferred direction.

Higher the waveguide elements better is the
representation of the wave (more close to true
wave representation) i.e. sharp spectrum.

= C/f * 1/A * @/3600 here A is periodicity of antenna

A N// = N// /W here W is total width of antenna



LH antenna on SST1

2 x 32 grill antenna for SST1 machine
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Power handling capabilities
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Theoretical background

Incremental power absorbed by the electron is
AP~ nm.v, |Av Ve
Incremental change in current is
AJ ~ neAv.
The efficiency of LHW is
AJJAP ~ e/ MV | Veon
x eV 2/ nm,_
o N, = (for fixed density)

As for suprathermal electrons (v, >>v, ), the
collision frequency is proporhonHI to n/evI |3
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For SST1
n,<=7x10%cm3; B, =3T

fisp._g - B)X

Cold Plasma LH Dispersion Relation

700
Mag. Field (G) | 30000
a00
Max. Den. [F1eld/cc) | 0.7
Edge Density (*1e13/cc) | 0.01 S0
Frequency [GHz.) | 37 il 400
]
n_parallel 225 = 300

Major radius (m) | 1.1 200
Minor radius (m) | 0.2

100 Ly

Major Radius R {m)

Accept set values Plat n_perp”2 v/s density Plot n_perp”2 along major radius




n,<=1.7x103 cm>3B, = 1.5T

Edge Density [*1e13/cc) | 015

Frequency (GHz) | 37 o

2

n_parallel 2.25 =
Major radius (m) | 1.1
Minor radius (m) | 02

For SST1

<) disp_gui2 Q@@
Cold Plasma LH Dispersion Relation
Mag. Field [G) | 15000
Max. Den. (*1e14/cc) 017

Major Radius R (m)

Accept set values Plot n_perp”2 w/s density Plot n_perp”2 along major radius




Landau damping (wave — particle interaction)
E Electrostatic wave, k| | E
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Wave absorption

v: collision frequency
®<Vv: low temperature plasmas
collisional damping
all particles involved
®>V: fusion plasmas

collisionless damping
only some resonant particles (electrons, ions) involved

A

f(v)
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LH Antenna on ADITYA

2 x 4 grill antenna placed Inside ADITYA
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ADITYA & LHCD parameter

ADITYA Tokamak

LHCD parameter

Major radius

Minor radius

Toridal magnetic field
Density

Temperature

Plasma current
Plasma shape

Loop voltage

Plasma duration
Additional heating
Frequency

Power

Antenna type
Antenna position
Total no. of sub-waveguides
Sub-waveguide dimensions
Pulse width

Output mode

RF source

Critical crater energy
HYV protection device

0.75 m

0.25 m

08T

~2 x 10" em ™3

~400 eV

200 kA max.

Circular

24 V max.

200 ms max.

ICRH, LHCD & ECRH
3.7 GHz

120 kW

Grill antenna

2 mm behind LCS

8 (2 rows x 4 columns)
76 mm X 7 mm

~1s

TE o (0-degree phasing)
Klystron based (500 kW CW)
10 J

Rail gap type crow bar system
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ADITYA-LH Layout
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Elevation View

=F

R =

13. ADITYA vacuum vessel
14. Clamping joint with radial port
15. Unit-1 of pumping duct assembly

L )

16. Unit-2 of pumping duct assembly
17. Unit-3 of pumping duct assembly
18. Circular port for the vacuum pump
19. Flexible Bellow
20. Grill type antenna

. RF window

21
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24. Vacuum pump

o

th=t

1

. Flaring waveguide modules
. Flexible waveguide

. Directional coupler

. Phase shifter

. Divider section

. 80 m long, dual Al waveguide line
. SPDT switch

. Directional coupler

. Isolator

. DC Break 18
. Klystron



In-vessel description

Al-wire-vacuum seal Unit-2
Unit-1

)
i

\ N

Plasma / I Pressurized Line
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RF Window

DC Break with vacuum seals

1]
Vacuum region

==

Vacuum Vessel MWM

Grill ;
Vacuum pump Al-wire-
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Power reflection coefficient

Counts/sec

Plasma response to LH power
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More power needed ....
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LHCD system used for ECR breakdown
studies at lower toroidal magnetic

field

20 Shot ; 95267 25 > ¢
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Comparison between ECR assisted/
unassisted startup

Shot : 95257 15-Feb-2006 04:34:11 PM
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DI/dt and breakdown time
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Port flange

Bellow

HIGH POWER
COMBINER

FOUR PORT

CIRCULATOR Invessel
narrow
waveguide

module

Vacuum
window

Vessel sector

N

\—PHASE SHIFTER |

DIRECTIONAL [/ \—SPDT SWITCH

-1 *8 COUPLER
NVESSEL NARROW | | j
WAVE GUIDE MOOULE !,'

FORT FLANGE —

GRILL ANTENNA—

L_DUMMY LOAD
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HP Divider section




Transforming module

* The length of the transmission line is ~2.0m

eUnique process - CNC milled long copper plates are
stacked sequentially

*Enclosed in SS enclosure for pressure compatibility.

eAvg. insertion loss of —0.6 dB, and avg. return loss of —
20 dB.

eMeasured cross talk is ~ -45 dB.

eActively water cooled for CW operation.

) 13 Feb 2004 16:02:52
@ 10 dB/ CH2 LOG6 10 dB/ REF @ dB
- 1.#-22.834 dB 3 700.919 000 MHz $21  1:-.61340 dB 3 700.010 000 MHz

PR PRm
L
Cor v — Cor
ﬁ\ o
) : +

CENTR 3700.000 MHz SPAN 100.000 MHz START 3650.000 MHz STOP 3750.688 MHz

-
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HP component development

24. 5. 2001 :
High Power CW water dummy load developed &
tested at 3.7 GHz in IPR

EBD s 1u 3mo 10.678 nF 3 760.000 000 MH

yaL: seo VA U104 |

™ MARKER/1.
3.9 GHz"

. e I ‘
vad Assembled view of Dummy load |
\"
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Invessel multiwaveguide module

LOG 18 dB/ REF 0 dB
§11  1:-26.415dB 3 £98.810 8806 MH=z
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CENTR 3706.808 MHz SPAN 160.868 MHz

© 1 Hov 2884 16:58:19

CHZ LOG 16 dB/ REF dB
§21 1:-.34768 dB 3 698.818 8608 MH=z

START 3650.888 MHz STOP 3750.008 MHz




Vacuum window development
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Vacuum windows, a very
important part of LHCD system is
designed, developed & tested at
IPR.

Single and multiple windows,
comprising of ceramic material
(Al,O,) and different flange
materials like copper, copper
alloy, SS, titanium, etc.
developed successfully.

Vacuum brazing of multiple
window carried out successfully
in collaboration with CEERI.

The window showed an insertion
loss of about 0.15 dB with a
return loss of better than 25 dB
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Thermal management of grill antenna
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Typical tube parameter

Main characteristics of the klystron tube

Frequency (GHz) 3.7 Max. load VSWR ~1.2
Power (KW-CW) 500 Type of drive Solid state
Beam voltage (kV) 65 Efficiency (%) ~40
Beam current (A) 20 RF drive power (W)  5-7

Gain (dB) ~47
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IllkV (ac) Voltage Variation system: It
varies input ac voltage for HV DC PS.

YU155 tetrode based AMPS

Solid state based crow bar system

1000s). Remote control & monitoring.

(Thyristor based)

i

2kV, 100mA Bias Voltage PS: It is used to|]]AMPS Control

Filament PS: 12V, S0A,

Soft Start 130kV

Iselatian,\@yer V"ltagf &| |Magnet PS: Providesgbeam
Over Current Protection. | |collimation.

suppress dark current that flows when|[synchronization if necessary DC

anode pulse is ;&%Qt/z’gﬂs power supply is||and coq@‘_%l"lz“gt;r_(gigegmﬁi'm
designed to float at 120kV DC. in its linear range.




HP Klystron test results

Site Acceptance Test of klystron # 103063

1000 | | |
Q00|+ e e T T T e e .
ekl r --------- - - ; & = —r
L s o s e o e e E
B00|—----------ro- o o o e o o o B
= | ' ! ! | = E
5 9500 —------------ ---- Fooo- o - : : : bty . . . . s~ - - e -
= f ) A i
(o]
= : : : : : ; : :
400 —--------- » Ao R oo oo rooeeee e frooeeee e I +
300 - A A T T A A BE— L
: : Collector Power (Calorimetry measurements) ' '
=== RF power (Detector measurements) : :
200 === RF power (Calorimetry measurements) |.....____.___ b .
100

0 200 400 600 800 1000 1200 1400 1600
Time(Seconds)
0 | I I I I I I I |
(0] 200 400 600 800 1000 1200 1400 1600
Time(Seconds)
Time(Seconds)

Stationary & efficient thermal management
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On-line display of important parameter

LHCD Cooling Panel

X

Select DLs J DL-3 J DL-2 J DL-1 J Plot Data Calibrate J Set Channel J
_ 17-May-2012 17:51:28
- 1376 _ 238.320
_ 29.63 _ 20 774.559!
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RHVPS working principle
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OperaﬁOn with RHVPS (Relevant for ADITYA operation)

29-5-2012-9-beam_voltage
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Mhmma
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Typical RF output @ 50kV

Tek ...  @AcqComplete MPos:39%60ms  Measue  1eK  .Jl. @ AcqComplete MPos:3000ms  TRIGGER

+
¥ Type
CH2 Source
Mean T b CH2
-4.374 P,W\MM AR CH2)
{l
CH3 Off ! Slope
Pk-Pk fl Rising
i +
CH4 Off | rrl
7 Pk-Pk NOrma
29 -
- 'ul.'.-‘-i"_ 4 P i
I 9004 M 100ms CH2 200my M 100ms CH2 J 352mY
- 29-May—-12 1613 19-Jul-121652  <10Hz
wd,
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Simulation work

e Several simulation codes have been used to
establish LHCD performance.

— ACCOME
— TSC/LSC

* Under collaboration with CEA for LHCD
activities (A. Becoulet, G. T. Hoang, Y. Peysson,

J. Decker, V. Basiuk, M. Goniche, et. al.),

recently we have modelled LHCD performance
using CRONOS package.

aR 40



The Current Drive Module

Magnetic equilibrium

Current & energy transport
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A set of three tools

- C3PO: Universal ray-tracing
multi-wave (LH, EC, EBW, light)
arbitrary dielectric tensor (cold, warm, hot, relativistic)
arbitrary vectorial tokamak magnetic equilibrium
- LUKE: 3-D relativistic bounce-averaged drift kinetic
solver: thin banana limit, arbitrary tokamak magnetic
equilibrium, anomalous fast electron radial transport
consistent with quasilinear theory, multi-wave (LH, EC,
EBW), runaway electron avalanches, bootstrap current.
Time evolution (Crank-Nicholson), fully implicit or reverse
time scheme (1=+), incomplete LU matrix factorization,
parallel + distributed processing (MUMPS, PETSc,...)
-R5-X2: Relativistic bremsstrahlung (e-i + e-e)
multi-model (classical, semi-quantic, fully quantic)
arbitrary tokamak magnetic equilibrium and diagnostic
configuration. Pile-up modeling.

02/12/2012 [1IS-2012, 2-6 Dec.,2012,Ahmedabad,INDIA.
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The CRONOS Platform

Impurities,
radiations, ITC

Self-

Fusion power,o. [consistent

particle dynamics, [«Soupling
SPOT \

Equilibrium solver Input
HELENA parameters
~
Sawteeth, Pellet Transport
ELMs, recon- injection, coefficients:
nections _\GLAQUELC NCLASS...
MHD stability,
MISHKA, CASTOR \ Transport
solver t— t + At
Linear stability, (1.5D)
gyrokinetics,
KINEZERO
Model of plasma ———
for edge+SOL, S":l:‘tla::f d
(SOL-ONE) P

'I‘){ 02/12/2012

LH wave propag. &

absorp., el. distrib. func.

C3PO & LUKE

1//

ICRF wave propagation,
resonating ion distrib.

function, PION

NBI deposition &
distrib. function,
SINBAD +SPOT

ECRF wave
propagation, REMA

[1IS-2012, 2-6 Dec.,2012,Ahmedabad,INDIA.
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Typical simulation scenarios
considered for SST1

Case 1 Case 2 Case 3

K 1 1.8 1.8

) 0 0.7 0.7

B, (T) 1.5 1.5 3.0

1, (kA) 110 150 220
N, (1012 m3) 0.75 1.2 1.5
T, (keV) 1.37 1.7 3.1
T,, (keV) 0.55 0.67 1.2

R
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T[n)w,)=T,[n N1 -1:[n, J T, [, 1 - 92 J¥ + T, [, ]

Typical profiles parameter assumed
for LUKE input

T.[n,]/T,[n,]=0.03

a;=1and a, = 0.5, either for ion or electron populations.
For all simulations, Zeﬁ =2, and its profile is considered to be flat.

Calculations are performed for a hydrogen plasma with carbon as the single fully
stripped impurity. From the effective charge Zeﬁand the electron density profile,
it is possible to calculate the corresponding ion density profile, without the use
of an impurity transport model.
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Typical plasma parameter (case-3) for SST1

0 0.5 1 0 0.5 1 0 0.5 1

02/12/2012 1IS-2012, 2-6 Dec.,2632, Ahmedabad,INDIA. P 46



Observation of two distinct regime (single pass & multipass)
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Ray trajectories, upshift of N, and
deposition profile for various cases
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Up-down launch

0.4 ! ; g , , Z =+ 44.5mm (dashed line)

0.3;
0.2;

0.
0l

Z (m)

-0.2¢

Z =-44.5mm (full line)

-0.3¢

03 02 00 0 01 02 03

R-R (m)
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Profile is broader and radially in
for bottom launch
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Conclusions and future plans

(1 LHCD is a mature method used in a large number of tokamaks

M In India, we have developed two LHCD systems for ADITYA and SST1
tokamak

[ Design criterion for LHCD system is highlighted.

[ A test bed to validate HP CW klystrons for rated power has been
successfully developed.

[ The klystrons have been tested for CW operation at rated power on
water loads.

d At present two klystrons would be operated using a single
modulator.

[ If successful, all the four klystrons would be operated with single
modulator.

M Finally all the four klystrons would be operated by single RHVPS.

1 The LHCD components (inside machine) is being integrated for

d
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