Fusion and Plasma Physics are at the Core of
Nature's Most Powerful Self-Driven Systems
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Can we Solve the Mystery of Producing a
ﬁllFStationary Self-Sustained Fusion Fire??
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Confining a Fusion Fire

A Grand Challenge for Science and Technology
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Fusion is an Outstanding Physics Challenge
and is Connected to Other Outstanding Challenges

December 1999

Past, present and future {‘;3\5
oo

Ten Outstanding Physics Challenges

« Quantum gravity presentsthe ultimate
challengeto theorists

* Explaining high-T . superconductors

» Unstable nuclel reveal the need for a
complete theory of the nucleus

* Realizing the potential of fusion energy
» Climate prediction is heavy weather

e Turbulence nearsafinal answer

» Glass physics: still not transpar ent

» Solar magnetic field poses problems

» Complexity, catastrophe and physics

» Consciousness: the physicists view



Fusion Does Work at Large Size

Why is it so difficult in the lab?

SOHO




Relevant Reactions for Fusion in the Laboratory
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Fusion Cross Sections and Reaction Rates
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For Example:
PDT = nNp N1 <OCV> (UOL + Un)
=5.6x10 7 <ov> np nt watts m-3 , hote: <ov> ~ T2 @ 10 keV



The Grand Challenge, Science and Technology for Fusion

Plasma
Confinement
and External

Heating

v
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Key Plasma Performance Metrics

e Fusion Gain (Qp)

* Fusion Energy Density
e Duty Cycle/Repetition Rate

Key Engineering Metrics
* First Wall Lifetime
e Availability/Reliability
e Environment and Safety
e System Costs
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There are Three Principal Fusion Concepts

Spherical Inertial

gravitational

transient compression
drive (laser-D/l, beam)
radial profile
time profile

electrostatic

Toroidal Magnetic

surface of helical B lines
twist of helix
twist profile
plasma profile

toroidal symmetry

\

F—

Reactivity
Enhancement

muon catalysis
polarized nuclei

others?



Plasma Requirements for a Burning Plasma

Power Balance

2 1/2 2
Paux-heat + N <ov>U.V /4-C.T“ne"V, = 3nkTV /T +d(3nkTV )/dt

where: np = ny =n/2 = n/2, n? <ov> U 0CVIOI4 = P, is the alpha heating power,
CBT“ Znezvp Is the radiation loss, Wp = 3nkTVp and

Tg = Wp/(Payx-heat - dW,/dt) is the energy confinement time.

In Steady-state:

3kT
<ov> U_(Q+5)/4Q - CT'?

nTg

where  Q = Pggion/ Paux-heat

Q =1 is Plasma Breakeven, Q = oo is Plasma Ignition
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Status of Laboratory Fusion Experiments
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Comparison of Typical Plasma Parameters for
Inertial and Magnetic Fusion

Inertial Magnetic
T, (keV) 10 10
n (m'3) 6 x 10°° 3 x 10°°
Te (sec) 10710 2

radius (m) 10 1



Why is Confinement a Challenge for Magnetic Fusion?

A D-T reactor at a fuel density of 1020 m-3 requires

Tg ~ 1lsecond, T; ~ 10 keV

Te~10keV  vig ~ 6x 107 m/s

Assume a container with

radius ~ 1 m (typical radius for a magnetic bottle)

Then the number of bounces
N ~ Vig/ 1 ~6x 107

~ 30 coulomb collisions under typical conditions



Toroidal Magnetic Chamber (Tokamak)

IT g = field line cycles long way (toroidally)
Bp for one one cycle short way(poloidally)

1

g >1 tokamak configuration

Ip produced by inductive drive or
pressure driven boostrap current.

Axisymmetric Magnetic Configuration
« axial current, |+, produces toroidal magnetic field, Bt

* toroidal current, Ip , produces vector potential, Aq) and poloidal field, Bp

Axisymmetry ensures that:
» magnetic field lines lie in nested magnetic surfaces given by = 27:RA¢

 charged particles are confined to within & of magnetic surface due to
conservation of canonical angular momentum
2mH = pR? + pz2 + (pg - €RA)? + e®(R 2) 5 ~ mv/eB

RZ P




Toroidal Magnetic Confinement

7

Nested Magnetic Surfaces (\J = constant)

Plasma pressure = f(/)

q=q(Y)

/

projection of single particle orbit

Toroidal Asymmetry can cause plasma loss

« small magnetic field perturbations can have large effect at resonant surfaces
» particle collisions (would allow present tokamaks to be near ignition)

» plasma instabilities (main limit in present fusion devices)
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Tokamak Fu.sio'n Test Reaétor

"h.h _Ili = - -1-H




Comprehensive Diagnostic Systems have been
Developed to Investigate Fusion Plasmas

Spatially and Time Resolved
— Typically ~50 diagnostic measurements

Equilibrium magnetics

Core profile diagnostics
Neg, N, Ti, Te, Zeff’ Zi’ vV
) = Detection

Internal magnetic field profile, Bg, g . S) )N
Surfaces ~

~

Core and edge turbulence ng, T

Edge and divertor Tg, ne, Ze, radiation,
neutral pressure

(@

Beam

095-99 (modified DMM)



Plasma Instabilities Limit Fusion Plasma
Confinement

Small-Scale Electrostatic Turbulence (fluctuating electric field, dE)

v = dExB/BZ, ilons and electrons both drift across the magnetic field
preserving charge neutrality

| >r; instability wavelength ~ ion gyro-radius

D~ vVt correlation random walk step size

Small-Scale Magnetic Turbulence (fluctuating magnetic field, dB)

V = VthermaldB/B, mainly loss of electron energy

Large-Scale Large-Amplitude Magnetic Instability

plasma pressure sufficient to distort even tear the magnetic field,
similar to solar flares. Can cause total loss of plasma in a tokamak.



FUSION POWER IS DETERMINED BY
MACROSCOPIC STABILITY

* Plasma stabillity is largely determined by

2nT
B /2,

B

e Fusion power

pfus =E ndnt<0-fusv> - n2T2 - 18284

fus

 Denser, hotter plasma makes more fusion.

Magnetz’c Fusion ‘E nergy






Simulation of a Plasma Disruption
Driven by High Plasma Pressure

Nonlinear 3-D Fluid Computation



WAVE-PARTICLE INTERACTIONS ARE
CRITICAL FOR PLASMA SUSTAINMENT

 Plasma heating and current-drive

- By beams of energetic neutral atoms
- By radio-frequency waves

 Plasma self-heating by o particles

e Discovery of the self-driven “bootstrap”
plasma current has revolutionized toroidal
systems.
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•   Discovery of the self-driven “bootstrap” 
    plasma current has revolutionized toroidal
    systems.
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Neoclassical Theory Prediction of
Self-Driven Plasma Current Confirmed*
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 PLASMA SURFACE VOLTAGE IS WELL MODELED BY INCLUDING BEAM -
DRIVEN AND SELF-DRIVEN (BOOTSTRAP) CURRENTS.

e ENABLED DESIGN OF ADVANCED TOKAMAK , SPHERICAL TORUS, AND
STELLARATOR.

* seminal experiments were done on the Wisconsin Levitated Octupole
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* seminal experiments were done on the Wisconsin Levitated Octupole


Plasma Science Areas in Magnetic Fusion

Macroscopic Stability

Wave-particle Interactions

Transport and Microturbulence

Plasma-wall Interactions

Self-heated Plasmas
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•   Self-heated Plasmas


Wind Tunnel Experiments on Plasma Confinement
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Measured Transport is
Much Larger than Neoclassical Transport
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* Wrong profile, scaling with B and collisionality
« Better than no magnetic field by 10°
« Additional processes: turbulence
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Localized Turbulence Measured via BES

e Beam Emission Spectroscopy: measure local density turbulence from
fluctuationsin light emitted from injected neutral HO beam:

( BES Viewing Geometry )
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Reconstruction of Spectral Data

Showing

dies In TFTR
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« Consistent with simulations of ion temperature gradient (ITG) instabilities

University of Wisconsin Madison
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Turbulent Fluctuations Suppressed When ExB Shearing Rate
Exceeds Maximum Linear Growth Rate of Instabilities

. . . . . TFTR
Gyrokinetic Simulations Experiment
o Turbulent eddies disrupted by * Bursts of fluctuations are suppressed
strongly sheared plasma flow when E" B shearing rate exceeds
growth rate of most unstable mode
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Z. Lin et al, Science 281 (1998) 1817



Physics Requirements for Next Step Experiments

Study Physics of Fusion Plasmas (transport, pressure limits, etc.)
Same plasma physics if p* = p/a, v+ =v./ vy and p are equal

Requires BR> to be equal to that of a fusion plasma

Study Physics of Burning Plasmas (self heating, fast particle stability, etc)
Alpha heating dominant, f, = P_/Ppea = Q/(Q+5)
Q =function of nT:T, e.g., Lawson diagram

NTeT = B x function(p*, vx, B) is true in general

NTT =B X (BR5/4), if Tz is given by ITER98H empirical scaling at fixed

beta

Alpha particle confinement requires Ip(R/a) = 9, Ip(R/a) ~BR



Magnetic Fusion Pathways to Self-Heating
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High Energy Physics

ll'l;l'Il
s Accelerators Enable Discovery.
H E P % Accelerators
facilities T @ dlectron
plotted by | W hedon T LtHe
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Wesley Smith, U. Wisconsin

October., 1999



International Thermonuclear Experimental Reactor
(ITER)

Parties

US (left in 1998)
Japan

Europe

Russia

PfUSiOI'I ~ 1,500 MW
for 1,000 seconds

Cost ~ $10B

Japan, Europe and Russia are continuing to work on a reduced size
version with a goal of reducing the cost to ~$5B.

Demonstrate the scientific and technological feasibility
of fusion energy for peaceful purposes.




The Rosetta Stone for Fusion

Fusion Energy Fusion Science

plasma physics nTeT p*, v*, [ (BRO/4)

burning physics Q = Pg,;s/Paux-heat foc = Poc/(l:’aux-heat + Poc)

time s, min, hr Tes Tskin: €tc

flexibility low high
availability high low

technology nuclear enabling

Fusion Science and Fusion Energy
have different languages, metrics, and missions.



Fusion Ignition Research Experiment

(FIRE)

LN BeCu ("HTS")

Design Goals

= 20m, a=0.525m

= 10T, (12T)*
W= 3.8 GJ, (5.5 GJ)*
|, = 6.5 MA, (7.7 MA)*
Ea)lpha > B+ Rusion ~ 200 MW
Q~10, Tt~ 0.55s
Burn Time 0J20s (12s)*
Tokamak Cost < $0.3B

Base Project Cost < $1B

* Higher Field Option

Attain, explore, understand and optimize alpha-dominated plasmas
to provide knowledge for the design of attractive MFE systems.
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1 1/2 -D Simulation* of Burn Control in FIRE
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* The Tokamak Simulation Code (TSC) is one of several plasma simulation
codes. |Click here http://w3.pppl.gov/topdac/
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* The Tokamak Simulation Code (TSC) is one of several plasma simulation codes. 
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Concluding Remarks

The capability now exists to produce and control fusion plasmas
for detailed investigation in the laboratory. However, fusion
reactors based on the present state of knowledge are large and
iInnovations are needed for an attractive reactor concept.

Recent developments in plasma diagnostics and computer
simulation of three-dimensional non-linear phenomena now allow
detailed comparison of theory and experiment.

New insight into the physical processes causing plasma transport
could lead to an advanced toroidal configuration that would have a
significant impact on the attractiveness of magnetic fusion.

The FIRE compact high field tokamak could address many of the
generic fusion science issues including: self-heated plasma physics,
many of the long pulse advanced tokamak issues and could
begin the study of self-heated self-organized plasmas
in a $1B class experimental facility.

http://fire.pppl.gov


DMeade
 

DMeade
 

DMeade
 

http://fire.pppl.gov

- 3 . e . .
Laboratories to Explore Explam *
and Expand the Frontiers of SC|ence




L] l . il . - : '._

N 4 : : ds N 2
.« FIRE can help Solve the Mystery of Producing
a Stationary Self-Sustained Fusion Fire.
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