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OUTLINE

• INTRODUCTION TO BURNING PLASMAS

• EXAMPLES OF FRONTIER SCIENCE

IN BURNING PLASMAS

• COMMENTS ON HOW TO EXPLORE THIS

EXCITING NEW REGIME



HAS BEEN EXTENSIVE COMMUNITY EFFORT TO DEFINE BP SCIENCE

• 1999 FUSION SUMMER STUDY (SNOWMASS)

• 2000 UFA BURNING PLASMA SCINCE
WORKSHOP I (AUSTIN)

• 2001 UFA BURNING PLASMA SCINCE
WORKSHOP II (SAN DIEGO)

• 2001 FESAC BURNING PLASMA PANEL
REPORT



Plasma Requirements for a Fusion-Dominated Plasma

Power Balance

Paux-heat + n2 <σv> UαVp/4 - CBT1/2ne
2Vp

 =  3nkTVp/τE + d(3nkTVp)/dt

where: nD = nT = ne/2 = n/2,  n2 <σv> UαVp/4 = Pα is the alpha heating power,

CBT1/2ne
2Vp

 is the radiation loss, Wp = 3nkTVp and

 τE = Wp/(Paux-heat - dWp/dt) is the energy confinement time.

In Steady-state:

 nτE =                       3kT                  

    <σv> Uα (Q+5)/4Q - CBT1/2       

where Q = Pfusion/ Paux-heat

Q = 1 is  Plasma Breakeven,       Q = ∞  is Plasma Ignition

DMeade


DMeade
Palpha/(Palpha + Paux-heat) = Q / (Q + 5)

Navratil
D  +  T   =  n(14.1MeV)  +  He(3.5MeV)
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Central Ion Temperature (keV)

Tokamaks 1993-99

Laser  1986
Direct Drive

Q ~ 0.001

Q ~ 0.0001

Laser  1986
Indirect Drive

Q  = WFusion/WInput

Deuterium - Tritium Plasmas

             How Close Are We to the Burning Plasma Regime?

Ignition

Q ~ 10

Tokamaks 1990-1999

Tokamaks  1980
Stellarator  1998

Stellarator  1996

Tokamak  1969 (T-3)

Reversed Field Pinch(Te)   1998

Field Reversed Configuration 1983-91

Spheromak 1989

Tandem Mirror 1989
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 “Reactor Plasma 

Conditions”

ST  1998

Performance Extension

Proof of Principle

Concept Exploration

Deuterium Plasmas

Reactor Plasma  Conditions
(Alpha Dominated)

Q ~ 1

Q ~ 0.01

Q ~ 0.00001

Q ~ 0.001

Q ~ 0.01
NIF

LMJ
NIF

LMJ

T-3
1965

T-3
1968

Laser  1996
Direct Drive

W = energy

DMM DS9

ST 2001

Stellarator  1999

ST  1999

DMeade
The tokamak is sufficiently advanced to permit the design, construction and initiation of a next step burning plasma experiment within the next decade that could address the fusion plasma and self-heating issues for magnetic fusion.



THERE ARE TWO TYPES OF BURNING PLASMA ISSUES...

• GETTING THERE & STAYING THERE:
+ ENERGY CONFINEMENT FOR Q ≥ 5
+ STABILITY AT REQUIRED PRESSURE FOR Q ≥ 5
+ MAINENANCE OF PLASMA EQUILBRIUM LONG ENOUGH

+ POWER, FUELING, & REACTION PRODUCT CONTROL

• NEW SCIENCE PHENOMENA TO BE EXPLORED
+ Q ≥≥≥≥ 5: ALPHA EFFECTS ON STABILITY & TURBULENCE

+ Q ≥≥≥≥ 10: STRONG, NON-LINEAR COUPLING BETWEEN
ALPHAS, PRESSURE DRIVEN CURRENT, TURBULENT
TRANSPORT, MHD STABILITY, & BOUNDARY-
PLASMA

+ Q ≥≥≥≥ 20: STABILITY, CONTROL, AND PROPAGATION OF THE
FUSION BURN AND FUSION IGNITION TRANSIENT
PHENOMENA



MANY NEW AND EXCITING PHENOMENA TO STUDY IN A BP

NEW ELEMENTS IN A BURNING PLASMAS:

SELF-HEATED SIGNIFICANT ISOTROPIC ENERGETIC
BY FUSION ALPHAS POPULATION OF 3.5 MEV ALPHAS

SOME KEY NEW PHYSICAL EFFECTS EXPECTED:

• ALPHA EFFECTS:
+ m=1 SAWTOOTH FOR NORMAL q-PROFILE PLASMAS

+ ALFVéN EIGENMODES DRIVEN BY SUPER-ALFVéNIC ALPHAS

• HIGHLY NON-LINEAR INTERACTION OF ALPHA SELF-HEATING
WITH STRONGLY COUPLED ADVANCED TOKAMAK PLASMAS

• PLASMA/BOUNDARY INTERACTION - EDGE PLASMA EFFECTS

• BURN CONTROL AND TRANSIENTS AT HIGH Q ≥ 20



ALPHA PARTICLE EFFECTS:  KEY DIMENSIONLESS PARAMETERS



COMPLEX TAE MODE SPECTRUM IN BP ⇒  LARGE ALPHA TRANSPORT

  



MAJOR DISCOVERY OF THE 1990’s:
ION TURBULENCE CAN BE ELIMINATED

095-99 jy

● Color contour map of fluctuation
intensity as function of time from
FIR scattering data
— Higher frequencies correspond

to core, low to edge

● Total ion thermal diffusivity at time
of peak performance
— H = 4.5     W = 4.2 MJ

β = 6.7%     βN = 4.0
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SHEARED FLOW CAUSES
TRANSPORT SUPPRESSION

● Simulations show turbulent
eddies disrupted by strongly
sheared plasma flow

Gyrokinetic Theory Experiment
● Turbulent fluctuations are

suppressed when shearing
rate exceeds growth rate
of most unstable mode
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BURNING PLASMA SYSTEM IS HIGHLY NON-LINEAR...

BASIC COUPLING OF FUSION ALPHA HEATING:



BURNING PLASMA SYSTEM IS HIGHLY NON-LINEAR...

ADD ALPHA DRIVEN TAE MODES:



BURNING PLASMA SYSTEM IS HIGHLY NON-LINEAR...

ADD COMPLEX PHYSICS OF ALPHA DRIVEN TAE MODES:

Navratil
• No longer predictive in burning plasma regime



BURNING PLASMA SYSTEM IS HIGHLY NON-LINEAR...

ADD COUPLING TO ENERGY TRANSPORT, BOOTSTRAP CURRENT,
MHD EQUILIBRIUM & STABULITY, AND TURBULENCE SUPPRESSION:

Navratil
• Experiments are essential to understand this strongly coupled regime



Edge pedestal scalings very uncertain...

• Wide range of theory & expt. evidence: ∆/R ∝ ρ∗θ (JT-60U, JET), ρ
2/3−1/2
∗θ , β

1/2
pol ρ

0
∗

∆

r

pedβ     ∼ ∆  β/d dr
β

• Making two assumptions (and use Uckan formula for q95RIp/(Ba2)):

1. Width ∆ ∝ √
ερθ ∝ ρq/(κ

√
ε) (scaling preferred by two largest tokamaks)

2. stability limit ∂β/∂r ∝ [1 + κ2(1 + 10δ2)]/Rq2 (rough fit to JT-60U, Koide et.al.,
Phys. Plasmas 4, 1623 (1997), other expts.), get:

Tped = C0







nGr

nped
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1 + κ2(1 + 10δ2)

[1 + κ2(1 + 2δ2 − 1.2δ3)]

(1− (a/R)2)2

(1.17− 0.65a/R)







2
AiR

κ2a

(Hammett, Dorland, Kotschenreuther, Beer, PPPL-3360 (1999))

DMeade
Hammett, Dorlandpresented at UFA BPS - Workshop1
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JEK - BP2001
NATIONAL FUSION FACILITY

S A N  D I E G O

DIII–D

Pedestal Temperature Requirements for Q=10

Device Flat ne Peaked ne Peaked ne w/ reversed q

IGNITOR

FIRE

ITER-FEAT

5.0 5.15.1

4.0 3.44.1

5.6 5.45.8

*

* n    / n      = 1.5 with n      held fixed from flat density caseeo ped ped

11.4 MW auxiliary heating

l

l 50 MW auxiliary heating

v

v 10 MW auxiliary heating

w

w flat density cases have monotonic safety factor profile



GENERIC SCOPE OF

TOKAMAK BURNING PLASMA SCIENCE



How to Proceed with BP: Two Paradigms

Three Large Tokamaks

JT-60 U

JET

TFTR

Burning Plasma Tokamak

Long Pulse Adv.Tokamak

Point Neutron Source

LHD

Advanced 
DEMO

Decision

Long Pulse
Adv. Stellarator

Innovative Confinment Program

Parallel Modular Steps

Advanved
Integration

Step

ITER DEMO

Decision

Alternate Configuration

Integration Step

One Step to DEMO:  Engineering Driven

Modular Strategy: Science Drives Next Steps

Three Large Tokamaks

JT-60 U

JET

TFTR



Panel Recommendation Fully Endorsed by FESAC August 2, 2001

3.  The US Fusion Energy Sciences Program should establish a proactive US plan on burning plasma experiments
and should not assume a default position of waiting to see what the international community may or may not do
regarding the construction of a burning plasma experiment.  If the opportunity for international collaboration
occurs, the US should be ready to act and take advantage of it, but should not be dependent upon it.  The US
should implement a plan as follows to proceed towards construction of a burning plasma experiment:

• Hold a “Snowmass” workshop in the summer, 2002 for the critical scientific and technological examination of
proposed burning plasma experimental designs and to provide crucial community input and endorsement to the
planning activities undertaken by FESAC.  Specifically, the workshop should determine which of the specific
burning plasma options are technically viable, but should not select among them.  The workshop would further
confirm that a critical mass of fusion scientists believe that the time to proceed is now and not some undefined
time in the future.

• Carry out a uniform technical assessment led by the NSO program of each of the burning plasma experimental
options for input into the Snowmass summer study.

• Request the Director of the Office of Energy Sciences to charge FESAC with the mission of forming an
“action” panel in Spring, 2002 to select among the technically viable burning plasma experimental options.  The
selected option should be communicated to the Director of the Office of Science by January, 2003.

• Initiate a review by a National Research Council panel in Spring, 2002, with the goal of determining the
desirability as well as the scientific and technological credibility of the burning plasma experiment design by
Fall, 2003.  This is consistent with a submission of a report by DOE to congress no later than July, 2004.

• Initiate an outreach effort coordinated by FESAC (or an ad-hoc body) to establish an appreciation and support
for a burning plasma experiment from science and energy policy makers, the broader scientific community,
environmentalists and the general public.  This effort should begin now.



How to Proceed with BP Experiment: Two Paradigms

Three Large Tokamaks

JT-60 U

JET

TFTR

Burning Plasma Tokamak

Long Pulse Adv.Tokamak

Point Neutron Source

FRC
ST, etc

Advanced 
DEMO

Decision

RFP
Adv. Stellarator

Innovative Confinment Program

Parallel Modular Steps

Advanved
Integration

Step

ITER DEMO

Decision

Alternate Configuration

Integration Step

One Step to DEMO:  Engineering Driven

Modular Strategy: Science Drives Next Steps

Three Large Tokamaks

JT-60 U

JET

TFTR
? Commercial

Prototype

Commercial
Prototype

• Favored by Europe, Japan, and Russia: takes one large step towards
  development of fusion energy - "reactor orientation"

• Necessarily large step (≥$5B); not in US

• Several Moderate Sized (~$1B) facilities in each major
  party US, EU, JA,...

• Favored Approach at Madison Forum 1998, and in HR4

• Size & scope better matched to US Fusion Energy Science Program:
  reduce technical risk & greater flexibility

• Strengthens US scientific infrastructure, focus 
  on US interests in fusion science

• International financing & organization have æ "deferred" construction
  several times.
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COMMENTS & DISCUSSION POINTS

• TWO PARADIGMS ARE BOTH BASED ON A GENUINE DESIRE BY
THEIR PROPONENTS TO DEVELOP FUSION ENERGY.

• REVIEWING 1996 PHYSICS TODAY ARTICLE BY STIX AND
SESSLER, ITER REDESIGN AND PROGRESS IN FIELD HAVE
ADDRESSED SOME OF THEIR SPECIFIC TECHNICAL CONCERNS,
BUT CORE CONCERN REMAINS:  INTEGRATED “ITER-LIKE” STEP
IS PREMATURE AND ILL-SIZED.

• WISH MY COLLEAGUES IN THE FUSION PROGRAM WILL LISTEN TO
EACH OTHER AND PARTICIPATE IN THE FESAC PROCESS TO
REACH COMMUNITY CONSENSUS ON BEST WAY FOR US
PROCEED:

THEN WORK TOGETHER TAKE THIS IMPORTANT BURNING
PLASMA STEP.




