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My Background

The background knowledge comes from

1) Auburn Univ., USA (10 years)
(BS, MS and PhD on CAT Stellarator)

2) EPFL-SPC, Switzerland (16 years)
(EC system on TCV)

3) ITER Organisation, France (13 years)
(EC system Section Leader)

4) UKAEA, UK (~4 years)
(STEP HCD Group Leader)
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Outline

Please ask questions at any time

A Heating & Energy Balance

A Heatinganda CUIrent Drive

A HCD Options / ITER HCD System
A HCD mix Assessment

A STEP HCD System / Path Forward
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Heating and Energy Balance: Q b
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Parasitic Loads and Lack of Efficiency
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Fusion Sankey Diagram e
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Fusion Sankey Diagram i
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A Heating & Energy Balance

A Heatingand CUITENTt Drive

A HCD Options / ITER HCD System
A HCD mix Assessment

A STEP HCD System / Path Forward
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Heating and CUIrent Drive 8
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Why Current Drive??? -
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Central Solenoid

Simplest Magnetic Bottle
A Toroidal coils

Tokamak has:

A Toroidal field coils

A Poloidal field coils
A Central solenoid
(plasma current)

Toroidal Field coils
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Need a twisting Magnetic Field b
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Need a twisting Magnetic Field b
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Tokamakos field Pol\™
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How to achieve a Twisting Magnetic Field L
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Tokamak
Uses a transformer
to drive current

PRIMARY COIL SECONDARY COIL

Stellarator
Uses complex colls

Primary: Secondary:
Central Plasma
Solenoid
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Tokamakos field Pol\™
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Central Solenoid However:

PRIMARY COIL SECONDARY COIL

MAGNETIC FLUX

A transformer:

U AC: Alternating
Current

U Current change in
primary coil

U Generates the
magnetic flux

U Generates current in

Plasma Current the secondary
Generates a Poloidal field

. Twisting Field Lines
(about axis) J

Poloidal + Toroidal
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Tokamak is Inherently a Pulsed Device b
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Central Solenoid Current

Upper current Limit

Lower current Limit

solenoid current

Plasma Current

[\ /[

Continuous Reactor: Replace transformer with:
A HCD (10 to 20%)

Plasma Current

APlasmaself-gener at ed fiBootstrapo ct
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HCD fills the Gap b
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Start of Ramp-up
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HCD fills the Gap

Mid Ramp-up

Target profile
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And eventually
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Reactoro0s Requirement

1) Provide the missing current 2) Maximise kA / MW
— . P arasitic
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What is the optimum HCD System for STEP \gz=
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HCD Option Viable Frequency Range

NB Neutral Beam NA
lon Cyclotron (IC) 20 to 60MHz s
D
RF é o
Helicon Wave (HW) 100 to 700MHz »n O

Lower Hybrid (LH) 31to 8 GHz
Electron Cyclotron (EC) 30 to 360 GHz S =
<5
MW ® o
Electron Bernstein Wave (EBW) 30 to 360 GHz

Explore pros / cons of each system
Use ITER HCD as an example
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A Heating & Energy Balance

A Heatinganda CUIrent Drive

A HCD Options / ITER HCD System
A HCD mix Assessment

A STEP HCD System / Path Forward
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| TERG6s Opti mum HCDg™
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~2000: Combination of neutral beam, radio waves and microwaves

Power: Baseline (Upgrade)

Neutral Beam
Injectors
- 33 MW (50MW)

v/ 4 .::::
ey
NG >
Y O

Microwaves (170GHz)
20 MW (40MW)

Radiowaves (~45MHz)
20 MW (40MW) .

= - Ay B
= 4\

Radiowaves (~7 GHz)
0 MW (20MW)
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| TERG6s Neutr al B e a g™
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Pr o6 s:

A Proven experience on
existing fusion devices

A Workhorse for ITER
(most critical HCD system)

A High Current Drive efficiency

A Independent of Magnetic
field

Conos:

A Very large opening required
In the blankets

A Low grid efficiency ~25%

A Significant footprint next to
tokamak

A Challenging maintainability
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1 MV Neutr al

Residual Acceleration Source
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Neutral Beam System plus Ancillaries e

Duct Source TL  Source PS TL PS PS
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| T E Radsowave System b
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(lon Cyclotron, IC)

Pr oods

A High plug-to-plasma efficiency ﬂ "
A Heats ions and electrons |
A Source and PS are less costly i ;

A HW and LH: offers high edge current
drive efficiency

ConoOs
A IC: Low current drive efficiency

A Requires large antenna close to
plasma (<10cm)

A Challenge to couple power to plasma
A Occupies significant blanket volume
A Challenging maintainability
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| T E Rédsowave System e
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| TERO6s Microwave G
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(Electron Cyclotron, EC)

Pr oos
A Moderate current drive efficiency
ALowest 0 / KA cost

A Minimal impact on tokamak integration
and tritium breeding

A Effective in all phases of the plasma
cycle

A Least complicated maintenance
strategy

Conos
A Heats only electrons

A Microwave source costly and
limited life expectancy
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EC system as an nSu

170GHz O1-MaVe beams
launched from either the upper or equatorial ports
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EC system plus Ancillaries s
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Control System
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2023: Revised ITER HCD mix B
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~2000: Combination of neutral beam, radio waves and microwaves

~70MW P Neutral Beam
Injectors
Microwaves (17OGHz)
20 MW e 4 @ 33 MW (50MW)

o
o

~10MW
Radiowaves (~45MHz)

20 MW

Dropped

Radiowaves (~7 GHz)
0 MW

2023: New Power mix with increased microwave power
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A HCD Options / ITER HCD System
A HCD mix Assessment
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Ideal HCD System for a Commercial Reactor? g
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Balance oPhysicsEngineering@nd FinancialCriteria

Evaluation Criteria

Current Drive inside mid radius
g Current Drive outside mid radius
5 Current Profile Tailoring

Plasma Start-up
Plug to Plasma Electrical Efficiency
_g’ Tritium Breeding
§ Exposure to Neutrons
UCCT Technology Readiness Level
RAMI

T Cost of HCD system
% Cost/Impact to Tokamak
'L% Cost/Impact to building
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T2

ldeal HCD System for a Commercial Reactor? \g:=

Energy
Authority

Balance ofPhysicsEngineeringand FinancialCriteria

Evaluation Criteria How well can it:
Current Drive inside mid radius 1) Drive current per MW injected
38 Current Drive outside mid radius 2) T 4 Il or the current
% Current Profile Tailoring 3) Initiate the plasma
Plasma Start-up

Plug to Plasma Electrical Efficiency . _
_g’ Tritium Breeding r:g Jpiasma tArget
§ Exposure to Neutrons é _
.L%D Technology Readiness Level — Jecotstrap

RAMI |

= Cost of HCD system rho
I% Cost/Impact to Tokamak
'I-EI— Cost/Impact to building
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Ideal HCD System for a Commercial Reactor? g

Energy
Authority

Balance ofPhysicsEngineeringand FinancialCriteria

Evaluation Criteria What is the ImpaCt_t(_)'
— _ _ 1) Plug-to-plasma efficiency
Current Drive inside mid radius
S Current Drive outside mid radius
2
5 Current Profile Tailoring
Plasma Start-up
Plug to Plasma Electrical Efficiency
_E’ Tritium Breeding
§ Exposure to Neutrons Swiss Cheese Factor
? Technology Readiness Level
- Holes decrease the tritiun
RAMI ' breeding capabilities
T Cost of HCD system
(&}
S Cost/Impact to Tokamak
C .
T Cost/Impact to building 1) Resliance to neutrons

2) Required R&D
3) Maintenance and Remote Handling
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Ideal HCD System for a Commercial Reactor? g

Energy
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Balance oPhysicsEngineeringand FinancialCriteria

Evaluation Criteria How does it impact:
Current Drive inside mid radius 1) Costof the HCD system (150MW)
n . . . .
%; Current Drive outside mid radius ~£10 to £15 per W
= Current Profile Tailoring
Plasma Start-up 2) Cost to the Tokamak
: — (ease of integration)
Plug to Plasma Electrical Efficiency
_E’ Tritium Breeding
Qo
_g Exposure to Neutrons
UCCJD Technology Readiness Level
RAMI /

— Cost of HCD system 1) Cost to the Tokamak Building
% Cost/Impact to Tokamak
-
T Cost/Impact to building
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