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US Contributions to the Fueling, Pumping, Ion andUS Contributions to the Fueling, Pumping, Ion and
Electron Cyclotron Heating SystemsElectron Cyclotron Heating Systems

18 Years until Q = 10 
DT Pulse 400s at 500MW
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It’s harder than it looks

Dr. Otto Octavius aka Dr. Octopus loses control in Spider-man 2
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ITER will allow us to study
• He plasma self heating and control
• neutron damage/capture processes
• tritium recycling

Energy Production Requires a Sustained Burning
Plasma with a Closed Cycle and High Reliability
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ECH transmission lines

ICH transmission lines

Fusion power of 500 MW for 7 minutes
350 MW for 1 hour

5.3 TToroidal field at 6.2 m radius (BT)

15 MAPlasma current (Ip)

2.0 mPlasma minor radius (a)

6.2 mPlasma major radius (R)

300-500 sPlasma inductive burn time

≥ 0.5 MW/m2Average 14MeV neutron wall loading

≥ 10Q - fusion power/ additional heating power

50 MWAdditional heating power

500 MWTotal fusion power
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Up to 16 MW of fusion power (gain ~ 0.6)  has
been produced in the “laboratory”

Joint European Torus (tokamak)

Ion cyclotronIon cyclotron
frequencyfrequency
antennaantenna
~4 MW~4 MW

300M° K

27 MW

16 MW
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Time trace of a “Typical” ITER Burning Plasma
Discharge (500 MWs of fusion power for 400 s)

Solenoid
magnet coils

Pellet fueling
Tritium recovery

Wave and
Beam heating

Pumping

Blankets
Cooling system

Diagnostics
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Modeling and simulation indicate that ITER will meetModeling and simulation indicate that ITER will meet
its performance objectives.its performance objectives.
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Specific issues to be addressed
in D/T phase include:

• Helium ash build-up and exhaust,
control of fuel mix

• Burn control with time-varying
energy, particle and momentum
transport as the q-profile evolves

• Modification of MHD stability due to
q-profile evolution driven by
changes in heating profile,
including bootstrap current
affecting modes which interact with
the alphas, including, monster
sawteeth, fishbones, various types
of Alfven eigenmodes and NTMs

• Interactions of escaping fast alphas
with first wall structures, potentially
resulting in sputtering of impurities

• Intermittent or aperiodic relaxation
phenomena driven by α-heating or
instability drive, potentially leading
to off-normal events (e.g.
disruptions).

New phenomena, expected effects, potential issues -New phenomena, expected effects, potential issues -
Experience on present machines and ITER H, He and DExperience on present machines and ITER H, He and D

ITER - Integrated Research Plan
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Some Assembly Required
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 Overview of Schedule for 2019 1st Plasma

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

First Plasma

   ITER Construction

TF Coils (EU)

Tokamak Assembly

Tokamak Basic Machine Assembly

Ex Vessel Assembly

In Vessel Assembly

  Start Install CS     Start Cryostat Closure

Pump Down & Integrated Commissioning

Start Machine Assembly

2021 2022

   ITER Operations

Assembly Phase 2

Assembly Phase 3

  Plasma Operations

2023

Buildings & Site

Vacuum Vessel (EU)

Case Winding Mockups Complete                               TF10                          TF15

VV Fabrication Contract Award                            VV 05            VV09         VV07

Vacuum Vessel (EU)
CS Final Design Approved                             CS3L               CS3U                CS Ready for Machine Assembly

Construction Contract Award    Tokamak Bldg 11 RFE

ITER - Integrated Project Schedule (draft)
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ITER Experimental Schedule – Option A

2019 2020 2021 2022 2023 2024 2025

First Plasma

ITER Commissioning and Operations

DD & Trace DT Operations

Full DT

First
Plasma

Hydrogen Operations

Hydrogen Operations & Coil Commissioning

Shutdown

Commission

Shutdown

Install In-
Vessel
Equipment,
ECRH & ⅓
Diagnostics

Install Blanket,
Divertors,1st NBI,
ICRH? & ⅓
Diagnostics

2026

Hydrogen Operations

500 MW Fusion Attempt

All H&CD Fully Commissioned

Tritium Plant Ready for Nuclear Operation

Tritium Plant Full DT Throughput

H & He Operations

Pre-Nuclear Shutdown

2027

Install 2nd-
NBI, & ⅓
Diagnostics

Commission

Neutron Diagnostic Calibration

ITER - Integrated Project Schedule (draft)
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Tokamak Tokamak core design detailscore design details

CryostatCryostat

MagnetMagnet
System

VacuumVacuum
VesselVessel

BlanketBlanket

DivertorDivertor

~ 100 ft
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The TF coils will be fabricated by the Japanese
and European teams using conductor supplied by

various participant teams

Toroidal Field (TF) Coils
The U.S. is responsible for 7 modules (6 + 1 spare)
plus the structure that ties them together and links
them mechanically to the rest of magnet system

Central Solenoid (CS)

US ITER will provide Superconducting Magnets:
Toroidal Field Conductor and 7 Central Solenoid Coils
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CS Modules

Inner He penetrations
(supply)

Outer He penetrations
(return)

Inter-sectional butt joint

Terminal “tie-offs”

Current feeds

Development and Testing (D&T) underway to support design choices and develop critical
 manufacturing processes

Wayne Reiersen - PPPL
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1616
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ITER Diagnostic ports
US ITER Instrument and Port Packages

Instrumentation Packages 

Upper IR/Visible Cameras 

Low Field Side Reflectometry 

Motional Stark Effect 

Electron Cyclotron Emission 

Divertor Interferometer 

Toroidal Interferometer/Polarimeter 

Residual Gas Analyzer 

Core Imaging X-ray Spectrometer  

Port Packages 

Upper Ports (U11, U17) 

Equatorial Ports (E3, E9) 

Lower Port Structures (L8) 

 

                

Equatorial Plug Integration

“The most urgent issue is to develop
methods for cleaning and/or mitigation
of the plasma impact on mirror
performance.” (Rubel)

Dave Johnson - PPPL
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Diagnostic Components are Distributed
Across ITER Confinement Zones

Zone In-vessel, Divertor, Cassette,
Port Plug Interspace Port Cell Gallery Diagnostic Hall

Access RH only 12 days after DT run 1 day after DT run restricted unlimited

Maint. Int. several years several months weeks/month days/week unlimited

Hazards of
Environment

ultra-high vacuum, nuclear
heating, thermal

excursions, vibrations,
radiation-induced damage
& signal contamination for
in-vessel sensors, erosion
and deposition on optical

surfaces, high B

radiation-induced
noise in detectors,
thermal excursions

0.1<B<0.5T

periodic radiation
exposure due to RH

transfers, B<0.1T

periodic
radiation
exposure
due to RH
transfers

low hazards, similar to
existing facilities
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C- Mod Reflectometer Electronics Prototypical for ITER
R&D and Design for ITER Reflectometer

• CMOD
- ITER SOL measurements will be in same

frequency range
- CMOD system will allow comparison of full-

phase vs differential-phase SOL
measurements.

- CMOD and ITER reflectometer systems will
utilize frequency multipliers, heterodyne
receivers, and low-frequency delay lines for
the reference signal

• Modeling and optimization of reflectometer
coverage underway

• Prototype waveguide fabricated for ORNL
and UCLA

Waveguide for ORNL/UCLA Collaboration

Greg Hanson, Steffi Diem, Ted Biewer, John Wilgen, John Caughman, Tim Bigelow 
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Drain
Tanks

Lower Pipe Chase

Upper Pipe
Chase

VV PHTS
(Water-to-Air

Heat
Exchanger)

Safety-
Related

Chillers (IN)

Primary Heat
Transfer

Equipment

CVCS Area

Tokamak Cooling Water System

Jan Berry 
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• Two pellet injectors (PI)
provide efficient core and
edge fueling. Provide H, D or
D/T mixture as required by
plasma operations.

• Roughing Pumps (RPS) back
the Torus & NBI cryopumps,
Service Vacuum and
Cryostat.

• Standard Vacuum
Components and Service
Vacuum System (SVC/SVS)
consists of valves, pipes,
auxillary pumps, controls, etc.

 Vacuum and Fueling systems

Tritium
 P

lant

Walt Gardner, Larry Baylor, Steve Meitner, Steve Combs 
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• Two pellet injectors (PI)
provide efficient core and
edge fueling. Provide H, D or
D/T mixture as required by
plasma operations.

• Roughing Pumps (RPS) back
the Torus & NBI cryopumps,
Service Vacuum and
Cryostat.

• Standard Vacuum
Components and Service
Vacuum System (SVC/SVS)
consists of valves, pipes,
auxillary pumps, controls, etc.

 Vacuum and Fueling systems

Tritium
 P

lant

Walt Gardner, Larry Baylor, Steve Meitner, Steve Combs 
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Torus & NBI Cyropumps backed by Tritium Compatible
Rough Pumps - SVC covers everything else

Coconut
shell

carbon on
cyropanels

Cyro
Foreline
Pump

Roots
Pump
Train

Service
Vacuum
System

Client
Distribution

Boxes

Walt Gardner, Larry Baylor, Steve Meitner 
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Pellet Injection - Fueling, ELM Pacing and
Disruption Mitigation Systems

Provide deuterium and tritium fuel to plasma core

Provide pellets to plasma edge for ELM
mitigation

Provide large “shotgun” pellets for
Disruption Mitigation and Runaway
Electron Suppression

Shotgun injector for
disruption mitigation

Actual
Size

~1
0
m

Fueling and
pellet pacing

injectors

Larry Baylor, Steve Combs, Steve Meitner, Dan Fehling, Tom Jernigan 
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Tokamak Exhaust Processing - Tritium Containment
Glovebox with piping, electrical and instrumentation

Bernice Rogers - SRNL 
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ITER microwave,radio wave heating and
beam heating systems
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Black
Increase Ip and ne
with q95 ~ 3

Green
1) constant Ip
2) constant q95 = 5
3) Ip = 11.25 MA
4) Ip = 15 MA

q95 falls to 3.

EC, IC an NB H&CD - H and He Operating Space and
High-Density Full-Current Discharge Development Path
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ECH Transmission Lines
Provide efficient power transfer from 170 GHz gyrotron sources
to plasma heating power launchers (functional spec)

Waveguide transmission lines with internal corrugations to
minimize power transfer losses.
Evacuated lines can transmit up to 2 MWs per line.
~ 3 miles of line - 24 sources to 56 feeds
15 waveguide component types

2.5 “

SwitchPort
Cell

140° miter90° miter

Vacuum pumpout

Tim Bigelow, John Caughman, Stan Forrester 
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M. Henderson (IO)
G. Saibene (F4E)
T.P. Goodman (CRPP)

Cask for Upper
Port Removal and
Transport

ECH Equatorial and Upper Launchers Meet Multiple
H&CD Needs
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ECH Activities Planned for the next 3 years
• Procurement Arrangement expected May 2010
• 140 GHz operation followed by 170 GHz
• High power, long pulse qualification tests 2010 - 2012
• PDR planned for November 2011
• Long lead procurements required to meet need for:

– 4 full transmission lines for 1st plasma ECH startup
– Commissioning of EU, RF, JA and IN gyrotrons

Dummy

Test Waveguide Circuit

Gyrotron with L-box

Grating Box
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CPI 170 GHz (0.5 - 1 MW) Gyrotron is Being Fabricated
VGT-8170 Layout

Cathode

Mod.Anode

Gun 
Coil

Body

Main
Coils

Launcher
Cavity

Collector

Window

Iron Shield

Iron Bm. Spreader

Cryocooler
Service Arm

Superconducting
Magnet Collector

Depression
Ceramic

VacIon Pump

Collector Coil

Oil
Tank

M1
M3

M2

Condition Vcath Vma Vbody Vcoll

70kV, max depression -45 -10 +25 0

70kV, min depression -60 -25 +10 0

80kV, max depression -50 -14 +30 0

80kV, min depression -60 -24 +20 0
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ICH Transmission Line and Matching System

Provide efficient power transfer from 40-55 MHz
radio frequency sources to plasma heating power
antennas (functional spec)
Coaxial transmission lines and matching/tuning
system to minimize power transfer losses.
Pressurized lines can transmit up to 6 MWs per line.
~ 2 miles of line - 8 sources to 16 antenna feeds
14 transmission line and matching system
component types

RF sources (8)

HV Power Supplies (8)

Transmission lines (8)
Matching units (2 sets of 4)

Antennas (2)
Tuning/Matching units (2 sets of 8)

12”

Rick Goulding, David Swain, Dennis Sparks, Andy Fadnek, John Caughman, Wally Baity
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Power from one antenna depends on antenna
phasing, density profile and distance

0π0π00ππ

0π0π00ππ

Z-matrix f-gap scan-2b1

For plasmas with a long
decay length in scrapeoff,
one antenna delivers 20
MW/antenna for all phasings
and ≤16 cm gap

For short decay length, 00ππ
and CD phasings, one
antenna delivers 20 MW for
gap ≤ 17 cm

For short decay length, 0π0π
phasing delivers 20 MW from
two antennas for gap ≤ 16 cm
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Long decay length

Short decay length
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The resonant ring has operated with a circulating
power of 6 MWs for >100s

300 kW Dummy load Feed line
10 db Coupler

Directional couplers

IR viewing port
Cooling panel

Procurement
Arrangement - 2/10

Qualify gas cooled
line

Qualify water cooled
components
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Complete system for one IC antenna

Hybrid splitters
connected in “ELM-
dump” configuration.
Power reflected from
antenna and matching
system is dumped in
load resistor instead of
going back to sources.

Hybrid splitters (Hyb 1-
4) are located in
assembly building.

RF Generators (G 1-4)
are in rf source
building.
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Divertor will use Tungsten and CFC
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Blanket System – Plasma Interaction

• Latest plasma configuration has resulted in significantly different
interaction with the Blanket.

• Prior Blanket was designed for a radiant thermal load from the plasma.
• Present Blanket has a direct conductive heat flux plus the radiant load.

- Startup and Ramp Down
- Limiter
- Disruptions, Vertical Displacement Events, MARFEs
- Neutral Beam Injection Shine Through
- H-L transition
- Runaway Electrons

• Now two First Wall configurations using different heat sink technology.
- Normal Heat Flux (NHF) = 1 MW/m2

- Enhanced Heat Flux (EHF) = 5 MW/m2

Mike Hechler
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First Wall Panels Shaped According to Loads

Rows 14-17 -Shaped for OW
limiter contact

Rows 3, 4 Shaped for
Start Up contact

Rows 1,2,18 Shaped for
VDE down contact

Rows 7,8,9,10 Shaped for
VDE Up contact Rows 11,12 Shaped for

VDE Up contact

Rows 5, 6 Shaped for
MD contact Row 13Shaped for MD

contact
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First Wall and Shield Block Concepts

Contoured  Be Tile Surfaces

Poloidal Slot

FW Attachment
Connectors

Cooling
Connectors

Remote Handling
Connector

Toroidal Fingers

Recessed Edges

Central Support Beam

Knuckle Hinge Attachment

FW Attachment
Connector

Cooling
Connectors

EM Load Key

Toroidal  Fingers         

Electrical Grounding
Straps 

Blanket  Shield
Module

Diagnostic
Shield Module

BSMs set back 3 cm
from adjacent FW
Radiant heat loads
of 0.5 MW/m2 only
require 2 mm thick

Be coating

Raphael Mitteau - IO
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Heat Sink Technologies for First Wall Concept

Enhanced Heat Flux
“Hypervapotron”

Normal Heat Flux

SS 

Be Tiles

CuCrZr

SS Tubing 
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Blanket System In-Vessel Coils

IVC Coil Set
consists of 27
segregated
ELM  and 2 VS
coils, along
with their
feeders.

Upper VS : 240 kAt

Lower ELM :  90 kAt

Mid ELM : 90 kAt

Upper ELM: 90 kAt

Lower VS: 240 kAt

Alex Martin – IO
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Blanket Cooling Manifold Interface

Outboard Manifolds
Alex Martin – IO

Inboard Manifolds

Manifolds’ supply
at upper port
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Steady State Electric Power

Pulsed 
Electric Power Network

570MW Peak Pulse
AC/DC converters

Heating & Current Drive (NBI, RF)
Reactive Pwr Comp (RPC)

Steady State 
Electric Power Network

120MW Continuous
Cooling Water System

Cryo Refrigeration System
All Balance-of-Plant Loads

Charles Neumeyer
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Great projects take time
Notre-Dame Cathedral took approximately 100 years to construct


