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DIAGNOSTIC MEASUREMENTS ARE CRITICALLY IMPORTANT
TO THE SUCCESS OF A BURNING PLASMA EXPERIMENT

● Diagnostic measurements are needed for
� Safety of staff
� Hardware Protection
� Plasma control (burn control)
� Physics measurements  ⇒⇒⇒⇒   scientific understanding

● Diagnostic measurements are key to making relevant contributions to
ICCs

● Excellent science and success of mission require:
� High quality
� High reliability
� Adequate coverage and resolution (spatial, temporal)

● Radiation environment is the key new limitation/constraint
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ASSESSMENT PROCEDURES AND  CRITERIA

● Support of mission

● Physics requirements sufficiently defined

● Flexibility and redundancy of important measurements

● Appropriate installation and commissioning schedule defined

● Sufficient resolution (time, space) and coverage

● Ability to maintain proper calibration

● Availability and survivability in radiation environment
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ASSESSMENT PROCEDURES AND  CRITERIA (continued)

●  Very different levels of design activity
� ITER: relatively large effort over many years
� FIRE: small effort so far
� IGNITOR: efforts limited to a few systems, conceptual work

●  No Attempt to look at individual systems
� No verification of individual diagnostic feasibility
� No verification of possible integration of each system

● Concentrated on identification of limiting factors
(generic issues)
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FUNDAMENTAL LIMITATIONS
(Generic Issues)

● Radiation environment
� Neutron flux is the issue for most diagnostics – not fluence

● Port Access

● Need for beam-based diagnostics,

● Cost
� Conventional wisdom: similar set-> similar cost regardless of size

Does this apply?

● R&D needed for some key diagnostics
Example: lack of convincing alpha-measurement, a possible limitation on alpha
physics
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OVERALL ASSESMENT AND REMAINING ISSUES

FIRE

● OVERALL ASSESSMENT: Proposed diagnostic set is plausible, should be able to
support the mission
� Diagnostic integration has been initiated
� Measurement requirements and justification well defined
� Good port access
� Draft of an implementation plan

● Remaining Issues
� Need for a diagnostic neutral beam (MSE, CXRS), R&D needed
� Radiation effects – requires additional design and R&D
� Erosion and deposition – potential impact on some optical systems

(calibrations)
� Coverage for 2 divertors
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OVERALL ASSESMENT AND REMAINING ISSUES

IGNITOR

● OVERALL ASSESSMENT: Proposed diagnostic set is NOT sufficiently defined for
full evaluation:
Should be able to support ignition mission
Serious concerns for physics evaluation
� Integration: machine mostly designed prior to considering diagnostics
� Measurement requirements and justification NOT well defined
� Access is severely limited
� No implementation plan

● Remaining Issues
� Neutron flux is large – needs additional design and R&D
� No plans for diagnostic neutral beam – alternate measurement approaches

have many open issues
� Lack of access
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OVERALL ASSESMENT AND REMAINING ISSUES

ITER

● OVERALL ASSESSMENT: Proposed diagnostic set is credible, capable of
supporting the mission, and scientific and technical objectives
� Diagnostic design has been an integral part of machine design

ITER98 →→→→ ITER02
� Measurement requirements and justification well defined
� Large port access
� Credible implementation plan

● Remaining Issues
� Beam diagnostics – issues defined and being addressed
� Neutron environment – mitigating solutions identified; R&D ongoing
� Erosion and deposition – potential impact on some optical systems

(calibrations)



Diagnostics

EEEEAAAAOOOO
020708tst

BENEFITS TO DIAGNOSTIC DEVELOPMENT

● Fusion product measurements – and in self heated plasma conditions
(FIRE, IGNITOR, ITER)

● Development of reliable diagnostic systems able to operate in harsh
radiation environment
(FIRE, IGNITOR, ITER)

● Development of compact, radiation resistant diagnostic systems
(IGNITOR)

● Developing diagnostics with tight standards for reliability
(FIRE,  ITER)

● Novel calibration and maintenance techniques
(FIRE,  ITER)

● Real time feedback on profiles of self heated plasmas – Burn control
(FIRE,  ITER)
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INTEGRATED SCENARIOS:  ASSESSMENT PROCEDURES

● 0-D  Assessment (FIRE & ITER)

● IGNITOR is transient and 0-D inappropriate.  Operating space defined by
1 1/2 D approach

●  1 1/2-D Assessment

●   Identification of critical issues in 1 1/2 D

● Device capability to examine Advanced Tokamak (AT) research
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0-D  ASSESSMENT PROCEDURES
FIRE & ITER

●  Start with reference operating points defined by advocates

●  O-D analysis of flattop operating points, display POPCON

●  Use confinement scaling IPB98(y,2)
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●  Vary parameters around operating point, parameters varied
n(0)/<n>, T(0)/<T>, ττττHE*/ττττE,  n/nGR,  H98

●  Operating space defined as Q > 5, PAUX < PAUX-MAX , ββββN <  2.0, n/nGR < 1.0,
PLOSS/PTHR < 1.0

●   Examine two extensions to IPB98(y,2) scaling recommended by the  Transport
Physics Group, (1) Additional parameter and (2) core-pedestal



POPCON OPERATING SPACE FOR FIRE
WITH ADVOCATE’S ASSUMPTIONS.
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O-D OPERATING SPACE: FIRE

●  FIRE has significant operating space for burning plasma physics, but
must obtain H98 > 1.0 to be robust to variations in uncertain parameters  

●  FIRE benefits from density peaking, but it is not required for operating
space if H98 achieves values above 1.0

●  FIRE’s impurity specification of 3% Be is considered inconsistent with
experimental data and ITER projections, it should be lower

●  The justification for FIRE’s assumption of H98 > 1.0 can be seen in JET
and ASDEX-U data and in the ‘’additional-parameter’’ confinement
scaling as a consequence of FIRE’s plasma shaping and n/nGr.



POPCON OPERATING SPACE FOR ITER
WITH ADVOCATE’S ASSUMPTIONS.
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O-D OPERATING SPACE:   ITER

●  ITER has significant operating space for burning plasma physics, and
can maintain such operating space with H98 values below 1.0, making it
robust to uncertain parameters 

●  ITER would benefit from density profile peaking, but it is not required for
its operating space

●  ITER’s reference operation at n/nGr=0.85 is at the edge of the database
where data is sparse, but ITER can operate at lower n/nGr values

●  Its observed that ITER’s operating space is consistently at higher
temperatures than FIRE’s, and leads to higher <ββββαααα> values

●  Overall, with IPB(y,2), ITER has an operating space that is more robust to
uncertain parameters and has access to higher Q values than FIRE

� Use of ‘’additional-parameter’’ extension of IPB(y,2) scaling removes much of
ITER’s robustness
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0-D  ASSESSMENT PROCEDURES
Confinement scaling

ADDITIONAL PARAMETERS
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ADDITIONAL PARAMETER SCALING ILLUSTRATES IMPACT
OF TRIANGULARITY AND DENSITY
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1 1/2-D  ASSESSMENT PROCEDURES

●  Start with reference operating scenarios defined by advocates

●  Two codes  used extensively
— Baldur (Lehigh): using MMM energy and particle transport, pedestal physics

model, fixed boundary, coronal equilibrium or non-equilibrium radiation
model, prescribed heating sources, sawtooth model, etc.

— TSC (PPPL): using GLF23 and MMM95 energy transport, density profile and
magnitude prescribed, pedestal T adjusted to provide ττττ E, coronal equilibrium
radiation model, prescribed heating sources, ττττ He * = 5ττττ E prescribed, free-
boundary, feedback control of Ip, R, Z, and shape

●  Additional simulations carried out with GTWHIST and CORSICA

●  Determine required/or predicted Tped in combination with GLF23 or MMM and
auxiliary power requirement for given Q or fusion power

●  Coppi-Tang thermal diffusivity used for IGNITOR L-mode, scaled for comparison
with energy confinement time scaling ITER97L

●  Evaluate critical issues, using above codes and WHIST, TRANSP, ONETWO



Fusion gain depends on profile and heating
assumptions in  Ignitor,  TSC  simulations

Linear density ramp Use ITER97L scaling

Results taken at t = 6 sec or max Pαααα
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BALDUR:  Pedestal model –MMM core transport

0

1

2

3

4

5

6

7

8

0.2 0.3 0.4 0.5 0.6

nped / nGW

T p
ed

 (k
eV

)

IGNITOR

0

1

2

3

4

5

6

7

8

0.2 0.3 0.4 0.5 0.6

nped / nGW

T p
ed

 (k
eV

)

FIRE

0

1

2

3

4

5

6

7

8

0.2 0.3 0.4 0.5 0.6

nped / nGW

T p
ed

 (k
eV

)

ITER

0

5

10

15

0.3 0.4 0.5 0.6 0.7 0.8 0.9

<ne>/nGW

Fu
si

on
 Q

IGNITOR

0

5

10

15

0.3 0.4 0.5 0.6 0.7 0.8 0.9

<ne>/nGW

Fu
si

on
 Q

FIRE

0

5

10

15

0.3 0.4 0.5 0.6 0.7 0.8 0.9

<ne>/nGW

Fu
si

on
 Q

ITER



EAO

Integrated scenarios

TPED�=�3-6�keV REQUIRED FOR Q�=�10 IN FIRE

• Result is robust to model: both GLF23 and MMM95 produce
similar result.
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ISSUES RAISED FROM 1 1/2-D ASSESSMENT

Q is sensitive to

●  Density peaking
basis for significant density peaking not well founded

●  Pedestal temperature (pressure)
— Generally range of pedestal temperature obtained is considered reasonable,

based on range of parameters evaluated:  density, auxiliary power,    core
transport model  , etc.

— Typical range for FIRE & ITER, Q = 10:  Tped ~ 3 – 6 keV, increasing with
increasing Paux

— IGNITOR: reduced current divertor H-mode, Tped ~ 4 keV, Q ~7
                 full current H-mode, Tped ~ 3  keV,  Q = 10
 Basis for high quality limiter H-mode?

●  Auxiliary power, especially for stiff transport models

●  Zeff and impurity species

●  Sawtooth and sawtooth radius –
An issue for IGNITOR if sawtooth is not avoided,  peaked L-mode profiles
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‘’THE NEXT STEP BURNING PLASMA EXPERIMENT SHOULD BE
CAPABLE OF ADVANCED TOKAMAK RESEARCH’’  

(1999 Fusion Summer Study, Development Path Issues subgroup report)

●  Present vision of an attractive tokamak fusion power plant: (demo/prototype)
— Steady state
— Low recirculating power (high self-driven bootstrap current)
— Pulsed is acceptable, but less attractive

Requires high average power (high duty cycle, long pulse)

●  The next step burning plasma experiment should contribute to developing the
scientific basis for the ‘follow on step’ towards the vision of a steady state high
performance fusion power plant

●  A frontier physics issue in the self heated burning plasma regime is the ‘’strong
nonlinear coupling amongst fusion alpha particles, pressure driven current,
turbulent transport, MHD stability and boundary plasma behavior’’
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KEY REQUIREMENTS FOR ADVANCED TOKAMAK BURNING
PLASMA EXPERIMENTS

● Strong Plasma Shaping

● Current profile control capability

● Active MHD control
— Resistive wall modes
— Neoclassical Tearing modes

● Long pulse capability: τDUR/τCR > ~ 2 – 3

● Detailed profile measurements
— Spatial and temporal resolution
— Current profile:  j(ρ,t), 
— Pressure profile:  (ne, Te, Ti, Vϕ, ni, α-particles, etc.)

● Transport (pressure profile) control capability

⇒⇒⇒⇒ Flexibility to pursue alternate operational scenarios
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FLEXIBILITY TO EVALUTE ADVANCED TOKAMAK PLASMAS  

●  FIRE, IGNITOR, and ITER all have the capability to transiently access AT modes
— ITER has capability to pursue near steady state
— FIRE can pursue longer pulse at reduced toroidal field & current

τDUR/τCR > ~ 1 – 3  

●  FIRE, IGNITOR, and ITER all have plans for important profile measurements
— Complete, good resolution measurements are critical to developing the

scientific basis (and extrapolation to the future)
— Developing and assessing advanced regimes in IGNITOR would benefit from

measurement of the current profile

●  FIRE and ITER both have current profile control capability and active MHD control
capability.

●  FIRE is a high triangularity double null divertor which is calculated to be favorable
for high beta, high bootstrap fraction plasmas
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ITER AT OPERATING SPACE CONSTRAINED
BY DIVERTOR POWER HANDLING LIMITATION

• Simulations held SOL
power fixed and varied
input power to reach
prescribed bN.
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Integrated scenarios

LARGE FIRE AT OPERATING SPACE REQUIRES
INCREASED DIVERTOR RADIATION

• Developing radiative
divertor solutions for AT
operating regimes is a
challenge for ongoing
research program.
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FIRE: OVERALL ASSESSMENT AND REMAINING ISSUES

• Assessment
– FIRE has significant operating space for burning plasma physics at Q �=�10.

• Benefits from triangularity and modest density.
– Capability to pursue near steady-state AT with current profile and  MHD

control and extensive (DNB?) diagnostic set for tDUR/tCR� ≈�1-3.

• Remaining issues
– Pedestal requirements Tped�≈�3-6 �keV, but predictive capability is still not

firmly established.
• Partially driven by uncertainties in core transport models.

– H98(y,2)�=�1.1 required in base scenario.
– Access to high density peaking needed at lower H98(y,2), but no well-

founded basis for this peaking.
– AT operating space assumes high divertor radiation.
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Integrated scenarios

IGNITOR: OVERALL ASSESSMENT
AND REMAINING ISSUES

• Assessment
– Plausible operating space exists for Q�>�10.
– Advanced performance accessed via forming ITBs through current ramp

and heating modification of current profile.
• Remaining issues

– Governing core transport assumed to be L–mode, but not certain (limiter
H–mode is seen in present-day tokamaks).

– Reference scenario assumes density peaking factors above 2.
• Larger confinement factors (H97L�=�1.3-1.6) required with broader

density profile.
– If sawtooth is active and flattens temperature profile still larger

confinement is required (H97L�=�1.7-2.0).
– Basis for Z eff�=�1.2 specified by advocates unclear.
– Current profile and MHD control for AT not emphasized in Ignitor plans.



EAO

Integrated scenarios

ITER: OVERALL ASSESSMENT AND REMAINING ISSUES

• Assessment
– Large and robust operating space for burning plasma physics with

H98(y,2)�≤ �1.0, with flat density profile
– Capability to pursue near steady-state AT with current profile and  MHD

control and extensive diagnostic set.
• Remaining issues

– Reference operating point at n/nGr = 0.85 at edge of database: Is operation
with lower density as desirable?

– Pedestal requirements Tped�≈�3-6 �keV, but predictive capability is still not
firmly established.

• Partially driven by uncertainties in core transport models.
– Use of “additional-parameter” (d,n/nGr,n/nped) extension of IPB(y,2) from

JET database removes much of this robustness for ITER.
– AT operating space limited by divertor power handling.
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Integrated scenarios

BENEFITS TO MODELING EFFORTS

• A frontier physics issue in the self heated burning plasma regime is the
“strong nonlinear coupling amongst fusion alpha particles, pressure
driven current, turbulent transport, MHD stability and boundary plasma
behavior.’’
– This is what integrated modeling is about.

• Burn control (ITER and FIRE).

• Propagation of fusion burn (Ignitor).

• Complete diagnostic set is required!
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PHYSICS OPERATIONS ISSUES FOR ASSESSMENT

●  Experimental Plan/Research Schedule:
— From Commissioning to BP operations
— Program elements
— Number of pulses to execute mission

●  Device-specific operational attributes:
— Pulses per year, availability
— Tritium inventory/retention
— Maintenance, component upgrade/replacement
— Disruptions, other off-normal events
— Wall-conditioning, disruption/vent recovery

●  Flexibility attributes:
— Operating domain, AT access
— Enabling technology issues

(variety of auxiliary heating, active control, first wall, etc…)
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OVERALL ASSESSMENT AND REMAINING ISSUES

FIRE

● OVERALL ASSESSMENT: Proposed operational plan is detailed and consistent,
able to support the scientific and technical mission
� Detailed, well-coordinated operational plan, schedule
� Tolerance of disruption EM loads with and without mitigation
� Maintenance/upgrade plan credible

● Remaining Issues
� Number of pulses, operational schedule, availability assumptions
� Disruption thermal loads can exceed Be melt limits
� Operating space limits
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FIRE OPERATIONS PLAN PROVIDES GENEROUS TIME

BETWEEN SHOTS FOR CAREFUL PHYSICS ANALYSIS
FIRE Experimental Plan

0 2 4 6 8 10 12 14 16

1st
Plasma

• Control
• Cleanup
• Fueling
• Diagnostics
• Operations
• RF tests

Full
Field

• InitialRF
  Heating
• Plasma
  Power
  Handling
• Initial 
  Physics
  studies

Full RF
Power

DT
Capable

Startup
Diag

2nd set
Diag

DD
Diag

DT
Diag

LHCD

• Alpha
   heating
• Energy
  transport
• Fast
  particle
• Particle and   ash
  removal

• Global Burn control
• Transient Profile control
• Transient Adv Tok

Years from 1st plasma

Shots/ 2yr 4000 4000 4000 4000 3500 3500 3500
Full B Shots/ 2yr 300 300250 500 600 500 300

30,000
3,000

Original*
Limits

DT Energy(GJ)/ 2yr 6,500

controlled hands-on Remote Handling  for in-vessel, hands-on outside TF

Remote Handling Checkout

3500
300

1000 1000 1000 1000 1500 1000

 AT and ITB Experiments (~12 years) 

 H-Mode (~7 yrs) 

D/ 
DT

D/ 
DT

D/ 
DT

D/ 
DT

AT
Mod

H D D D/ 
DT

D/ 
DT

D/ 
DT

D/ 
DT

Tritium Burnup(g)/2yr 2 2 2 2 3 2

• Optimization of AT modes
• Non Inductive Profile control
• Improve Divertor and FW  power handling
• Extend pulse length

FIRE Experimental Plan7h

Q~ 5 -10 (short pulse initially, extend to full power and pulse length) 

PULSE RATE = 0.3 HR-1 :
3 HRS OF ANALYSIS TIME
PROVIDED BETWEEN
SHOTS ALLOWS DETAILED
STUDY AND PLANNING FOR
SUBSEQUENT DISCHARGES

~3000 FULL-POWER SHOTS
SUFFICIENT FOR MISSION?
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OVERALL ASSESSMENT AND REMAINING ISSUES

IGNITOR

● OVERALL ASSESSMENT: Proposed operational characteristics have many
credible elements under present definition, but significant  unresolved issues
exist.
� Large number of discharges provided in 10-year operational plan
� Flexibility includes access to limiter and possibly DN operating space

● Remaining Issues
� Disruption thermal and EM loads
� Operating space, AT access
� Number of pulses/year, operational schedule, availability assumptions
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IGNITOR PROVIDES LARGE NUMBER OF PULSES IN 10 YEAR

OPERATIONS PLAN

Ignitor First 10 Years Operation Plan
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OVERALL ASSESSMENT AND REMAINING ISSUES

ITER

● OVERALL ASSESSMENT: Proposed operations plan is sound, capable of
supporting the scientific and technical objectives
� Operational plan and justification well defined
� Credible schedule, pulses for mission
� Tolerance of disruption thermal, EM loads with and without mitigation
� Maintenance plan detailed, mature
� Technology mission flexibility, staged approach

● Remaining Issues
� Tritium retention
� Toroidal asymmetries in disruption thermal loads
� Operating space limits
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ITER OPERATIONS PLAN HAS LARGE # OF FULL-POWER

DT DISCHARGES

12000 OUT OF 18000
TOTAL PULSES ARE
FULL POWER DT
EQUIVALENT

TRITIUM RETENTION IN
CARBON DIVERTOR LIMITS
LENGTH OF CAMPAIGNS?
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BENEFITS TO OPERATIONS ISSUES

● Disruption experience, mitigation approaches in BP regimes
(FIRE, IGNITOR, ITER)

● Tritium handling, inventory, supply
(FIRE, IGNITOR, ITER)

● High heat flux PFC’s: Carbon (ITER), High-Z  (Ignitor: Mo; FIRE, ITER: W),

Low-Z, Be (FIRE, ITER)

● Remote handling, maintenance of high-activation materials
(FIRE,  ITER)

● Operation, reliability of SC coils (ITER)
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Development Path:  Criteria for Success

! Commercial Fusion is the goal of development path scenario

! Top-Level metrics and goals for fusion power are identified by various national
programs (i.e., FESAC Panel on Priorities & Balances):

1) Safety & environmental goals: low-level waste and no evacuation
a. Requires that fusion core is constructed entirely of low-activation material;
b. Requires intense 14-MeV neutron source and development and testing of power

technologies using low-activation material.

2) Operational goals: High capacity factor and ease of maintenance
a. Requires early integration of integration of physics and technology in order to

develop extensive reliability/maintainability data.

3) Economic Goals: 0.7-1.5 times of present costs of electricity
a. Requires advanced tokamak mode (steady-state) operation;
b. Requires advanced technologies, in particular, high-efficiency blankets.

! We have used relevant power plant studies, e.g., ARIES-RS, ARIES-AT, etc., or similar
studies overseas, e.g., SSTR to derive physics and technology requirements.
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Development Path:  Physics Requirements

! A pulsed-tokamak with no bootstrap assist would be ~3 times of the fusion cost goal.
While such a pulsed-plasma power plant is technically feasible and closest to present
tokamak experimental database, it is improbable that any technological advances could
make such a system competitive with other sources of energy.

! As a whole, development of advanced tokamak modes (i.e., steady-operation with >50%
bootstrap fraction) is necessary for an acceptable tokamak-based fusion power plant.

! The advanced tokamak mode closest to present experimental achievement is a steady
state, first stability (ββββN ~ 3) plasma. A fusion power plant based on first-stability steady-
state plasma together with advanced technologies, specifically high-field magnets such
as ARIES-I, would have acceptable performance.

!  Advanced tokamak modes based on reversed shear together with advanced
technologies lead to attractive power plants that are projected to meet fusion power
requirements.  At “lower” range of possible ββββN, high-field magnets should be used to
achieve a reasonable power density (such as ASTTR-2), while at the higher range of βN,
the high performance of the plasma lead to a lower demand on technology
extrapolation.
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Contribution of Burning Plasma Experiments to
Development of ICCs

!  A burning plasma experiment, if properly planned and executed, can make substantial
contribution to fusion development (e.g., integration of plasma support technologies).

!  A tokamak BPX must deliver benefits that are generic to a range of magnetic
confinement concepts:

o It should have a broad range of operating space so that it can explore
fundamental burning plasma physics issues in a wide range of dimensionless
parameters.

o Plasma must be well diagnosed including characterization of anomalous
processes.

o A strong base program in theory and simulation is needed to couple BPX results
to ICC concept development.

!  In a portfolio approach, the knowledge base from a BPX with the portfolio of ICC
experiments up to Performance Extension stage will be required to achieve the
predictive capability needed to determine the best fusion embodiment.
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ITER-Based Development Path

Base tokamak physics

ITER

P
lasm

a physics

ST, stellarator, RFP, other ICCs

M
ajor F

acilities
F

usion T
echnologies

14-MeV neutron source

Base fusion power technologies

Base Plasma Support technologies

Decision to proceed with
tokamak-based fusion

ETR/DEMO/PROTO

Electricity Production

Volumetric neutron source



Development Path

EAO

ITER-Based Development Path
!  It is highly unlikely that an ITER-class experiment would be the only large tokamak

experiment in the world.

! An international tokamak research program centered around ITER and including these
national performance-extension devices have the highest chance of success in
exploring burning plasma physics in advanced tokamak modes.

! ITER will provide valuable data on integration of power-plant relevant plasma support
technologies.

! It probably leads to shortest development time for fusion

However,

! An ITER strategy would have larger initial cost.

! ITER strategy must confront all of the major next-step physics and technology issues.

!  The consequences of technical failure of a single device are high.  Modification and
upgrade would be costly and may prohibit test of some ideas.

!  An international agreement on siting, cost-sharing, project management, etc. is
required.
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FIRE-based Development Path

Second Phase Third Phase

1985 2005 2020 2050

Advanced 
DEMO

Attractive
Commercial
Prototype

Long Pulse Adv. Stellarator

Non-Tokamak Configurations

Reduced Technical Risk

Fourth Phase

Increased Technical Flexibility

Streamlined Management Structure

Faster Implementation

Better Product/Lower Overall Cost

Commercialization
Phase

Choice of
Configuration

Scientific
Feasibility

Fusion Science and Technolgy
Feasibility

Electric Power
Feasibility

Economic 
Feasibility

Spherical Torus, RFP

Spheromak, FRC, MTF

Three Large Tokamaks

JT-60 U

JET

TFTR

Several Large Facilities

Burning D-T 

Adv. Long Pulse D-D

Materials Develop

Technology Demonstration

Scientific Foundation

(the overall portfolio approach  includes IFE)

Base Program

Scientific Simulation Initiatives
Plasma Science

Fusion Technology

Modular Strategy8e
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FIRE-based Development Path

!  Reduces initial facility investment costs and allows optimization of experiments for
separable missions.

o A domestics burning plasma experiment is possible.

!  A lower risk option as it requires “smaller” extrapolation in physics and technology
basis.

!  Provides further optimization before integration steps, allowing perhaps a more
advanced and/or less costly integration step to follow.

However

! It requires accompanying high-performance DD device(s)
o An international portfolio

! A follow-up integration step is necessary, may lead to a longer development path.

!  Thorough examination of integrated burning plasma physics in advanced modes is
limited by low number of full-power DT shots.
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IGNITOR-Based Development Path

! Early demonstration of an important fusion milestone, burning plasmas.

! Low initial facility investment cost.

However

! Because of its short pulse length, IGNITOR cannot thoroughly investigate burn control
and/or advanced tokamak modes.

! Require an ITER-FEAT-class or a FIRE-class development path scenario to follow.

! Fusion development time is increased by ~10 years.

! IGNITOR is a strong candidate as the center piece of a national base program in support
of ITER-based or FIRE-based development scenarios
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Principal Advantages of Different Development Scenarios

ITER:
!  Early exploration and optimization of integrated burning plasma, steady state (AT)

operation, and plasma support technologies.
! Minimizes number of steps (and time) to tokamak-based fusion power.

FIRE:
! Early exploration of integrated burning plasma and steady-state (AT) operation.
!  Reduces initial facility investment costs and allows optimization of experiments for

separable missions.
!  Provides further optimization before integration steps, allowing perhaps a more

advanced and/or less costly integration step to follow.

IGNITOR:
! Early demonstration of an important fusion milestone, burning plasmas.
! Low initial facility investment cost.

Concept Optimization (No burning plasma experiment)
! Early exploration of steady-state (AT) operation in a DD device.
!  Leads to possibly less expensive and more attractive follow-up burning plasma and

integration steps.
! Low initial facility investment cost.
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JOINT MEETINGS BETWEEN EXPERIMENTAL APPROACHES
AND BURNING PLASMA GROUPS

• ITER (Wednesday AM)
– Operating Space

• Pedestal
requirements

• H at ne/nG�~�0.85
– AT operating space
– Tritium retention
– Increased risk, single

large facility
– Advantages/disadvantage

s of International
approach

• FIRE (Thursday AM)
– Operating Space

• Pedestal
requirements

• H = 1.1 in base
scenario

• Density peaking –
basis, impact

– AT operating space
– Sufficient # of pulses for

mission
– Disruption thermal loads
– Deferred integration and

longer development time

• Ignitor (Friday AM)
– Operating Space

• Core transport,
H97L�>�1.

• Basis for ne peaking
• Impact of sawtooth

– Flexibility to pursue
advanced performance

– Disruption loads
– Need for subsequent

integration BPX


