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Microwave Heating and Current Drive 

system for Tokamak Power Plants

Mark Henderson and Colleagues from UKAEA, Univ. of York, 
SPC, ITER, é
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ñMicrowaves are Greatò

Roddy Vann 17.06.2025
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My Background

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)

The background knowledge comes from
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Outline

Please ask questions at any time

ÅHeating & Energy Balance

Å Heating and Current Drive

ÅHCD Options / ITER HCD System

ÅHCD mix Assessment

ÅSTEP HCD System / Path Forward
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Heating and Energy Balance: Q

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

POUTPUT

As viewed by a Physicist:

PIN

Heating power

~20%

~80%

Q =
POUTPUT

PIN

> 1 Near term goal

Plasma
Boundary
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 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Engineering Perspective: QENG

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

QENG=
PGrid-OUTPUT

PGrid-iN

> 1

Plant
Boundary

 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Pgrid-OUTPUTPGrid-IN

Physics Q



Fusion Industry School 2026: HCD7

 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Parasitic Loads and Lack of Efficiency

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

QENG=
PGrid-OUTPUT

PGrid-iN

> 1

Plant
Boundary

 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Pgrid-OUTPUTPGrid-IN

Parasitic Loads:

Å Magnets

Å Cooling

Å Control

Å Fueling

Å Diagnostics

Å Heating

Steam to Electrical 

Conversion Efficiency

30 to 40%

Physics Q
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 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Example of a ~1.5GW Fusion Burn

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

QENG=
0.6 GW

0.5 GW
~ 1.2

Plant
Boundary

 - Better communication :

 - Interface management

 - Complete and consistent  set  of requirements

 - Fully documented digital twin

Result

Solution

mbse-capella.org

Pgrid-OUTPUTPGrid-IN

~1.5GW

+ ~0.6GW

~0.5GW

Physics Q
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Fusion Sankey Diagram

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Sankey Diagram

PAncPHCD

PFusion

PNet

PElec

Pthermal

PHCD-waste

kA

Pparasitic
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Fusion Sankey Diagram

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

PAncPHCD

PFusion

PNet

PElec

Pthermal

PHCD-waste

kA

Pparasitic

~1.5GW

+ ~0.6GW

~0.5GW

~150MW

~200MWTarget:

hHCD ~42%

Today 37%

Dream: ~60%
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Outline

ÅHeating & Energy Balance

Å Heating and Current Drive

ÅHCD Options / ITER HCD System

ÅHCD mix Assessment

ÅSTEP HCD System / Path Forward
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Heating and Current Drive

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Self heats the plasma

Used for steam generation
and

Generating Tritium (via Li)

Pa> PHCD
I/5 ǿƛƭƭ ƴƻǘ ōŜ ŦƻǊ άIŜŀǘƛƴƎέ
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Why Current Drive???

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Simplest Magnetic Bottle :

ÅToroidal coils

Tokamak has:

ÅToroidal field coils

ÅPoloidal field coils

ÅCentral solenoid 

(plasma current)

Toroidal Field coils
Poloidal Field coils

Central Solenoid
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Need a twisting Magnetic Field

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

High Toroidal

Field

Low Toroidal

Field

Problem with Circular Closed field lines
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Need a twisting Magnetic Field

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

High Toroidal

Field

Low Toroidal

Field

Problem with Circular Closed field lines
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Vertically drift apart
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edge
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Solution use helical field lines

Average drift is zero

Ions drifts out

Electron drift in

Ions drifts in

Electron drift out
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Tokamakôs field Poloidal + Toroidal

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Twisting Field Lines
Poloidal + Toroidal 

Plasma Current

Generates a Poloidal field 
(about axis)
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How to achieve a Twisting Magnetic Field

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Stellarator
Uses complex coils

Tokamak

Uses a transformer
to drive current

Primary:
Central

Solenoid

Secondary:
Plasma
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Tokamakôs field Poloidal + Toroidal

Source: https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php

Twisting Field Lines
Poloidal + Toroidal 

Plasma Current

Generates a Poloidal field 
(about axis)

Central Solenoid However:

A transformer: 
ü AC: Alternating 

Current

ü Current change in 

primary coil

ü Generates the 

magnetic flux

ü Generates current in 
the secondary
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Tokamak is Inherently a Pulsed Device

Continuous Reactor: Replace transformer with:

ÅHCD (10 to 20%)

ÅPlasma self-generated ñBootstrapò current  (80 to 90%)

Central Solenoid Current

Plasma Current
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HCD fills the Gap

jPlasma target

jBootstrap

HCD shall provide

jHCD(r,t) = jPlasma(r,t) - jbootstrap(r,t)

Throughout the pulse
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HCD fills the Gap

Flat -top should be :
Hours,

Days,

Weeks,

Months,

And eventually

Years

Profiles change through 

the pulse cycle
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Reactorôs Requirements on an HCD System

1) Provide the missing current 2) Maximise kA / MW

Provide the missing Current

jHCD(r,t) = jPlasma(r,t) - jbootstrap(r,t)

jPlasma target

jBootstrap

Sankey 

Diagram
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What is the optimum HCD System for STEP

HCD Option Viable Frequency Range

NB Neutral Beam NA

RF

Ion Cyclotron (IC) 20 to 60MHz

Helicon Wave (HW) 100 to 700MHz

Lower Hybrid (LH) 3 to 8 GHz

MW

Electron Cyclotron (EC) 30 to 360 GHz

Electron Bernstein Wave (EBW) 30 to 360 GHz
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Explore pros / cons of each system

Use ITER HCD as an example
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Outline

ÅHeating & Energy Balance

Å Heating and Current Drive

ÅHCD Options / ITER HCD System

ÅHCD mix Assessment

ÅSTEP HCD System / Path Forward
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ITERôs Optimum HCD System

Neutral Beam

Injectors 

33 MW (50MW)
Microwaves (170GHz)

20 MW (40MW)

Radiowaves (~45MHz)

20 MW (40MW)

Radiowaves (~7 GHz)

0 MW (20MW)

~2000: Combination of neutral beam, radio waves and microwaves

Power: Baseline (Upgrade)
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ITERôs Neutral Beam (NB) System

Proôs:

ÅProven experience on 

existing fusion devices

ÅWorkhorse for ITER

(most critical HCD system)

ÅHigh Current Drive efficiency

Å Independent of Magnetic 

field

Conôs:

ÅVery large opening required 

in the blankets

ÅLow grid efficiency ~25%

ÅSignificant footprint next to 

tokamak

ÅChallenging maintainability
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ITERôs 1 MV Neutral Beam System

Source: https://www.iter.org/

Source
Acceleration

GridNeutralizer
Residual

Ion
Dump

-1MV0 MV
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Neutral Beam System plus Ancillaries

SourceDuct TL Source PS TL PS PS
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ITERôs Radiowave System

(Ion Cyclotron, IC)

Proôs:
ÅHigh plug-to-plasma efficiency

ÅHeats ions and electrons

ÅSource and PS are less costly

ÅHW and LH: offers high edge current 

drive efficiency

Conôs:
Å IC: Low current drive efficiency 

ÅRequires large antenna close to 

plasma (<10cm) 

ÅChallenge to couple power to plasma

ÅOccupies significant blanket volume

ÅChallenging maintainability
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ITERôs Radiowave System

(Ion Cyclotron)

High Voltage 
Power 

Supplies
Sources

Transmission 
Line

Antenna
(coupling to 

plasma)

Control System Source: https://www.iter.org/
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ITERôs Microwave System

(Electron Cyclotron, EC)

Proôs:
ÅModerate current drive efficiency

ÅLowest ú / kA cost

ÅMinimal impact on tokamak integration 

and tritium breeding

ÅEffective in all phases of the plasma 

cycle

ÅLeast complicated maintenance 

strategy

Conôs:
ÅHeats only electrons

ÅMicrowave source costly and 

limited life expectancy
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EC system as an ñSurgicalò Actuator

Beam steering from external system

(mirrors in upper port)

Power absorbed locally,

where B satisfies:

Microwaves give energy to electrons when 

electron oscillation and microwave frequency 

matches

170GHz Ó1MW mm-wave beams 
launched from either the upper or equatorial ports
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EC system plus Ancillaries
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2023: Revised ITER HCD mix

Neutral Beam

Injectors 

33 MW (50MW)
Microwaves (170GHz)

20 MW

Radiowaves (~45MHz)

20 MW

Radiowaves (~7 GHz)

0 MW

~2000: Combination of neutral beam, radio waves and microwaves

2023: New Power mix with increased microwave power

~70MW

~10MW

Dropped
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Outline

ÅHeating & Energy Balance

Å Heating and Current Drive

ÅHCD Options / ITER HCD System

ÅHCD mix Assessment

ÅSTEP HCD System / Path Forward
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Ideal HCD System for a Commercial Reactor? 

Balance of Physics, Engineeringand FinancialCriteria

Evaluation Criteria

P
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Current Drive inside mid radius

Current Drive outside mid radius

Current Profile Tailoring

Plasma Start-up

E
n

g
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e
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Plug to Plasma Electrical Efficiency

Tritium Breeding

Exposure to Neutrons

Technology Readiness Level

RAMI

F
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c
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l Cost of HCD system

Cost/Impact to Tokamak

Cost/Impact to building
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Ideal HCD System for a Commercial Reactor? 

Balance of Physics, Engineeringand FinancialCriteria

Evaluation Criteria

P
h
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s

Current Drive inside mid radius

Current Drive outside mid radius

Current Profile Tailoring

Plasma Start-up

E
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Plug to Plasma Electrical Efficiency

Tritium Breeding

Exposure to Neutrons

Technology Readiness Level

RAMI

F
in
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c
ia

l Cost of HCD system

Cost/Impact to Tokamak

Cost/Impact to building

How well can it:
1) Drive current per MW injected

2) Tailor the current profile (fill óin the gap)

3) Initiate the plasma

jPlasma target

jBootstrap
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Ideal HCD System for a Commercial Reactor? 

Balance of Physics, Engineeringand FinancialCriteria

Evaluation Criteria

P
h
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s

Current Drive inside mid radius

Current Drive outside mid radius

Current Profile Tailoring

Plasma Start-up

E
n

g
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e
e

ri
n

g

Plug to Plasma Electrical Efficiency

Tritium Breeding

Exposure to Neutrons

Technology Readiness Level

RAMI

F
in

a
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c
ia

l Cost of HCD system

Cost/Impact to Tokamak

Cost/Impact to building

What is the impact to:
1) Plug-to-plasma efficiency

2) How big are the holes in the blankets

1) Resliance to neutrons

2) Required R&D

3) Maintenance and Remote Handling

Swiss Cheese Factor

Holes decrease the tritium 
breeding capabilities
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Ideal HCD System for a Commercial Reactor? 

Balance of Physics, Engineeringand FinancialCriteria

Evaluation Criteria

P
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Current Drive inside mid radius

Current Drive outside mid radius

Current Profile Tailoring

Plasma Start-up

E
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Plug to Plasma Electrical Efficiency

Tritium Breeding

Exposure to Neutrons

Technology Readiness Level

RAMI

F
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c
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l Cost of HCD system

Cost/Impact to Tokamak

Cost/Impact to building

How does it impact:
1) Cost of the HCD system (150MW)

~£10 to £15 per W

2) Cost to the Tokamak

(ease of integration)

1) Cost to the Tokamak Building


