
New Approaches to New Approaches to 
Ignition and Ignition and 

Developments for Developments for Developments for Developments for 
Fusion Energy Sources*Fusion Energy Sources*

B. Coppi
Massachusetts Institute of Technology

Cambridge, MA

2008 International Sherwood Fusion Theory Conference, Boulder, CO, March 30 – April 2, 2008 

Sponsored in part ENEA of Italy and by the U.S. Department of Energy.



Unexpected discoveries
• Investigating the physics of fusion burning plasmas in depth is likely 

to produce unexpected discoveries that can facilitate greatly the 
path to a significant fusion reactor.

• The best example of this is the discovery of the delayed neutrons in 
the fission process that has made the control of fission reactors 
practically possible.practically possible.

• A more recent example in plasma physics is the discovery of the 
spontaneous rotation phenomenon that is expected to be present in 
fusion burning plasmas and may have beneficial effects.

• Less recent findings are those of the increase of plasma purity with 
density and the “Profile Consistency”.

• A very recent breakthrough was achieved on LHD, with the 
discovery of the IDB (Internal Diffusion Barrier) regime of super-
dense-core plasmas







Christmas ‘07 greetings from the Director 
of the LHD device, Dr. O. Motojima



M. Zarnstorff, DPP07
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Reactor Relevant Plasma 
Regimes
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Instabilities at All Scales
Macroscopic Modes:

Internal m = 1
Ballooning Modes + α-particles
ELMs

Mesoscopic Reconnecting Modes involving 
Fishbone Modes due to α-particles

Contained Magnetosonic Modes

~  is not a recommended design criterionSl
Eατ τ



Ignitor

J. Sheffield



Plasma Current IP 11 MA
Toroidal Field BT 13 T
Poloidal Current Iθ 8 MA
Average Pol. Field Bp 3.5 T
Edge Safety factor qψ 3.5
Pulse length 4+4 s
RF Heating P <12 MW



R 1.32 m
a 0.47 m
κ 1.83 
δ 0.4
V 10 m3

S 36 m2

13 T, 11 MA Scenario
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Ohmic Ignition 
Te0 , Ti0 11.5, 10.5 keV
ne0 1021 m-3

nα0 1.2 × 1018 m-3

Pα 19.2 MW
βpol, β 0.2, 1.2%
τE 0.62 s 



 

















     











τE 0.62 s
τsd 0.05 s
Zeff 1.2

A. Airoldi and G. Cenacchi
Nucl. Fusion 41, 687 (2001)

13 T, 11 MA
Extended Limiter 
Configuration
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The Ignitor Strategy 

1. High current for Bp , mostly Ohmic heating + fusion ’s
2. Minimal reliance on additional heating

nτT : high density, moderate τE, low temperature
n/nlimit <  0.5, low β ‘s consistent with known stability limits
τα,sd << τE , τburn >> τE

2. Minimal reliance on additional heating
3. No transport barrier  less impurity trapping in the main

plasma
4. High edge density, low edge temperature  naturally

radiative edge, less sputtering
5. Extended limiter and Double X-point Configurations
6. Up-down symmetry to minimize unbalanced stresses.



RF Accelerated Ignition

Ignition can be accelerated
by the application of modest
amount of ICRH during the
current rise.
The full current flat top is
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The full current flat top is
available to study the plasma
under ignition conditions.
(Note that ignition occurs
when only Ohmic heating is
present)
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ignition scenarios (JETTO code).



Double Null Configuration

v Magnetic field up to 13T 
v Plasma current up to 9MA
v Ramp-up time 3.6s for 

current and magnetic field 
v Pulse length (8s) 

Nov. 12, 2007

v Pulse length (8s) 
consistent  with mechanical 
and thermal requirements

G.Cenacchi, A.Airoldi and B.Coppi - BP8.00066



ICRH Physics
The application of modest amounts of ICRH power (3-6 MW), 

either during the current rise or the pulse flat-top, can be used to 
increase the temperature in a range of accessible plasma regimes 

and provide a safety margin for the attainment of ignition. 
The available frequencies of the ICRH system can cover the 

range of operation at magnetic fields from 9 to 13 T. Different 
heating scenarios are considered:heating scenarios are considered:

B (T) H/D/T T/He3 D
9 1st,2nd,3rd at x-0.5 2nd,1st at x - -0.5
10 1st,2nd,3rd at x-0.9 2nd,1st at x- -0.25 1st at x- -0.95
11 Out of res 2nd,1st at x--0 1st at x- -0.75
12 Out of res 2nd,1st at x-0.2 1st at x- -0.6
13 Out of res 2nd,1st at x-0.4 1st at x- -0.4

A. Cardinali, R. Maggiora
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The Multiple Barrel, High Speed 
Ignitor Pellet Injector (IPI)

A four barrel, two-stage pneumatic pellet injector is under
construction in collaboration between the ENEA
Laboratory at Frascati and Oak Ridge National
Laboratory. The goal is to reach pellet velocities of about
4 km/s, capable of penetrating near the centre of the
plasma column when injected from the low field side.
The innovative concepts at the basis of the Ignitor Pellet
Injector (IPI) design are the proper shaping of theInjector (IPI) design are the proper shaping of the
propellant gas pressure front to improve pellet
acceleration, and the use of fast valves to considerably
reduce the expansion volumes which prevent the
propulsion gas from reaching the plasma chamber.

S. Migliori, A. Frattolillo



Ignitor is the “Largest” among 
Presently Proposed Experiments

Given the high value of the average poloidal field and the
relatively low temperature at ignition (e.g. Ti0 ≅ 10.5 KeV),
it contains the largest number of orbits of thermal nuclei,
for the same value of the magnetic safety factor q.
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TIME SCALE RATIOS
Relevant Parameters ITER FIRE IGNITOR 

  @ qa = 3 

ITER 
IGNITOR 

Pulse flat top tpulse (s)  400 20 6 66 
Criticality param. Kf  = Palpha / PLosses 2/3 2/3 1 a)  
Minor radius a (m) 2 0.595 0.47  
Peak el. temperature Te0 (keV) 25 13 11.5  
Profile param. αT (parab) 1 1 2  

 
a) Ignition : onset of the thermonuclear instability 
b) Freidberg Report (FESAC Burning Plasma Report, September 2001) 

MESSAGE: IGNITOR IS AS “STATIONARY” AS ITER (66/65 ≅≅≅≅ 1) EVEN WHEN 
THE LONGEST PHYSICS TIME (the collisional current redistribution time τcr

coll) 
IS CONSIDERED. Note that τcr

coll may not be physically relevant. In fact, the 
current redistribution could be controlled by collective processes in the 
considered regimes. In this case τcr

eff < τcr
coll

. 

Profile param. αT (parab) 1 1 2  
Purity param. Zeff 1.7 1.4 1.2  

   Current 
redistribution time 
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High Field, High Temperature 
Superconducting Magnets 

The recent discovery of a new HT
superconductor material operating in
high magnetic fields opens exciting
new possibilities for fusion reactors

The Ignitor design is the first to
adopt this material for the two largest

MgB2 has the advantage of a
relatively high superconducting
temperature, and excellent
superconducting properties, without
compromising its affordability and
robustness, even when made into
wires.adopt this material for the two largest

poloidal field coils.
wires.







Conclusions
Achieving ignition is essential both in terms of 
exploring the relevant non-linear plasma 
dynamics and providing the basis for a net 
power producing D-T reactor
Ignitor is the only experiment that can reach 
ignitionignition
The completed Ignitor design is self-consistent 
(physics and engineering)
The physics of burning plasmas, auxiliary 
heating and fuelling systems, diagnostics, 
control methods, RH procedures, in Ignitor will 
all be reactor relevant


