
The “Science First”  Approach to Fusion Research

Bruno Coppi

Massachusetts Institute of technology

Cambridge, MA 02139

National Research Council, Washington, D.C.

September 2002







I) Preaching Immorality   
  

 
Good Practical Sense 

(by Trilussa)*  
 

When, at night, they spread the rumor 
That a Ghost was roaming around on the castle, 

All the crowd ran and, staring at it, 
Fell on their knees with their arms crossed. 
But an old man stayed standing, and frankly 

Wanted to say that nothing was there. 
 

Then he reconsidered: “ It would be a folly to speak out. 
I, without doubt, see that it is a bed sheet: 

But, rather than saying the truth by myself, 
I prefer to err in the company of everyone else 

Therefore, it is a Ghost, without argument.”  
And he too went down sheep-like with the rest. 

 
 

 
 
*Trilussa was a popular poet in the vernacular language of Rome in the 1800’s. 
 
 
II)  Preaching Morality 
 

 
As Dag Hammarskjold wrote in his 

Posthumously published book “Markings:”  
“You cannot play with the animal in you 

without becoming wholly animal, play with 
falsehood without forfeiting your right to 

truth, play with cruelty without losing your 
sensitivity of mind.  He who wants to keep 

his garden tidy does not reserve a plot for weeds. 
 
 
 
 



The “ Science First” Appr oach to Fusion Resear ch

The “ Science First” approach recognizes the fact that (meaningful) fusion burning plasmas are intrinsically self 

organized physical entities for which we have limited means to make reliable theoretical predictions.  The first priority is, in fact, that 

of closing the gap of knowledge necessary to identify the defining characteristics of a working fusion reactor.

Therefore, a set of near term experiments, based on existing knowledge of the physics of magnetically confined plasmas and on 

technologies that do not require major new developments, is needed, which should be designed to achieve values of the “ criticality 

parameter” Kf in the range 2/3 < Kf  ≤ 1.  Like in the case of particle accelerators, it is essential to devote substantial resources to 

technology, but this should be oriented mostly toward the actual construction of these experiments.  (Here , Kf = Pα/ Ploss, Pα is the power emitted as α–

particles by DT fusion reactions and PLoss is the rate of energy loss from the plasma.)

The problem of demonstrating and understanding controlled fusion has been recognized as one of the fundamental problems of 

physics.  The route to a reactor through scientific understanding can not be substituted by risky “ one shot” approaches suggested by 

the mirage of imagined power station concepts.  There are other areas of science that may be considered for comparison such as that 

of cancer research for which the idea that short cuts could be taken, away from well proven scientific practice, cannot find credibility.

Without denying the goal to construct actual fusion power stations, I think that we should pay more attention to the near term products 

of fusion research.  This includes, for instance, the technology of high field magnets, the development of basic plasma physics 

concepts and phenomena that are relevant to space physics and to astrophysics.

Looking ahead, beyond the needs of present day experiments, it is prudent to say that high field superconducting magnets will be 

important for future steps, as well as the development of new materials, the formulation of new structural concepts, etc.  Therefore an 

increase of funding for fusion research should include investments in these areas taking into account that the results emerging from 

these efforts have a high probability of being useful for other fields of science and technology.



As next steps in fusion research beyond proving ignition, it is possible to envision an experiment aimed at studying the burn 

conditions of tritium poor plasmas and a demonstration high field experiment that produces more energy than it consumes.  In fact, 

high field toroidal plasma experiments have shown that they can confine plasmas with such high densities that their reactivity can be 

significant even when the fraction of tritium is considerably less than the canonical 50% in a deuterium-tritium mixture.

With these perspectives in mind, my opinion is that the US should have a near term meaningful experiment on fusion 

burning plasmas.  If this is Ignitor-like, based on the same criteria of simplicity and stability and making use of the experience 

gained with the Ignitor program, and if a site with good credits is chosen, the US can certainly afford such an experiment.

In the nearer term, the US could collaborate with the ongoing Ignitor program by selecting a small group of active scientists 

and engineers with hands on experience to participate in the full range of Ignitor activities that are ongoing.

Rather than entering immediately into negotiations on ITER-FEAT and setting deadlines, I propose that the best experts in 

the US, on the physics and the technologies relevant to meaningful burning plasma devices, work at a fast pace on an “ ITER-

Physics” experiment suitable to be constructed by an international consortium.  The relevant design would not include tritium-

producing blankets, be of more compact dimensions than ITER-FEAT, have higher poloidal fields, higher safety factors against the 

main instabilities and involve drastically smaller costs and shorter construction times.  Cost-benefit considerations, made on the 

basis of the physics parameters to be achieved with reasonably good probability, should guide the choice of the main machine 

components and of the types of magnets to be adopted.

Once the main characteristics of the ITER-Physics device are identified, this could be the subject of realistic and meaningful 

negotiations with our colleagues from overseas.



Ignitor -like Device (Example)

The machine would have

• The same toroidal and poloidal fields as Ignitor

• The same aspect ratio as Ignitor

• A 47% larger volume

• The same plasma current that the present ITER design would have for equal safety factors (qa ≅ 3.6) 

• The same flexible poloidal field system as that of Ignitor, based on the DIII-D design.

• The same kind of conducting material, copper at 30 K
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If the dimensions are increased further, the magnet technology to be adopted has to be different from that of Ignitor, 

because of current skin effects, and be of the type proposed for the Candor concept.  This is an experiment studied to 

approach D-He3 ignition conditions on the basis of present technologies and advanced (but reasonable) plasma physics 

notions.





BASIC NON-BURNING PLASMA CONFINEM ENT EXPERIMENTS

DEVELOPMENT OF HI GH FI ELD SUPERCONDUCTING MAGNETS, OF ADVANCED 
STRUCTURAL CONCEPTS, OF SPECIAL MATERIALS, ETC.

HIGH FI ELD BURNING PLASMA EXPERI MENTS àààà IGNITION 
(e.g. Ignitor , Ignitor-like US Exper iment)
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The Ignitor strategy

Use compact, high field limiter 
configurations to reach ignition at low 
temperature, high density, and trigger the 
thermonuclear instability.

Low βpol and a small q = 1 region provides 
a defense to ideal MHD and resistive m = 1 
internal modes.
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(i.e. the plasma ignites 
before the start of the 
pulse flat top)



Ohmic Ignition (No RF applied)



IMPORTANCE OF TIME SCALE RATIOS 

a) Ignition : onset of the thermonuclear instability 
b) Freidberg Report 

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
. 

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  
Purity param. Zeff 1.7 1.4 1.2  

   Current 
redistribution time 
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qψψψψ= safety factor  for  plasma stability    I p = plasma current    = confining (poloidal) magnetic fieldpB

The poloidal magnetic field pressure is the driving 
parameter of the Ignitor design
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Le misure dello spettro di turbolenza 
negli esperimenti con pellet mostrano 
la differenza tra confinamento 
migliorato (triangoli verdi) e non 
(triangoli viola)
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I dati si riferiscono a due scariche con 
pellet e mostrano l’evoluzione nel 
tempo del numero m e del parametro   
k rho che permane al di sotto della 
soglia per i modi ITG in entrambi i casi
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Il miglioramento del confinamento si manifesta con la presenza 
di celle convettive più piccole (m grandi)
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The Ignitor R&D program has included the 
construction of full size prototypes of key 

machine components 
(I llustrations of other  components can be supplied, if requested)



Selected site for 
Ignitor

Rondissone



C.E.S.I

ENEL Center  of Rondissone (cour tesy of ENEL)





Endorsement of 
the Ignitor 
Consortium 
Corporation by 
the Regional 
Government of 
Piedmont



Excerpts from

FROM YEARNING TO BURNING  

Possible broad-brush guidelines for  “ burning plasma” thinking

By M.Rosenbluth (December  6th, 2000)

… we ultimately judge ourselves and are judged by others in terms of progress towards the fusion goal, both in understanding 
and in performance.

… the point at which science and the fusion energy goal converge is in a burning plasma experiment. It is there that we confront 
the unresolved issues of transport scaling, self-heating, burn control, and alpha physics, and also demonstrate that fusion energy 
is more than a fantasy.

The Fermi paradigm that a good scientific experiment is one with a 50% chance of success may apply here, although for such a 
major venture the bar should no doubt be somewhat higher, at least for meaningful partial success.

In view of past history and present …. it seems prudent to look for the least costly experiment which has a high probability of 
success, both in answering the most critical science issues and in serving to convince the world that fusion is a scientific 
possibility.



There seems to be general agreement that a Q of 10  for a few energy confinement times is needed to qualify as a convincing 
burning plasma experiment.

Flexibility to explore different confinement scenarios, and adequate power (including Ohmic) for extensive experiments with H 
or D are highly desirable. At this time it would appear that only the Tokamak is mature enough to qualify for a burning Next 
Step,…

There is evidently a huge cost saving in going to an inertial Cu high field machine with limited pulse length. …. such limited 
evidence as exists suggests that once a discharge has been established, its disruptivity in late flat top stages decreases radically 
so that very long pulse physics issues may be secondary. … Confinement steady state, alpha slowdown, limited information on 
He buildup and diffusion, and some understanding of current evolution are issues determining pulse length desirability.

How does transport scale with size (rho*) as we approach reactor scale? We can expect much progress in theory and simulation 
over the next years but the problem is so complex that a benchmark at relevant size is surely required.

What effect will a high alpha population and self- heating have?… We are very short on experiments and nonlinear theory is 
still rudimentary. Here is the core of “burning plasma physics” .

Ignitor 
approach

Ignitor approach



A decision on whether a divertor is necessary could have a big impact on cost. This seems indicated by cost 
comparisons between Ignitor and Fire designs. A higher current (and thus plausibly better confinement) can be obtained 
if the chamber is fully utilized, and difficult disruption engineering problems with shaping coils are avoided with limiter 
discharges.

We need to study in the next few years other enhanced confinement modes such as those observed with peaked 
profiles in high field machines. This suggests CMod experiments to supplement those underway on FTU in support of 
Ignitor. In accordance with the minimal cost-limited objectives philosophy I am suggesting, the non-diverted option with 
its modified boundary physics must be seriously considered. It may be a large cost reducer.

With the philosophy of minimal cost and risk in pursuit of the 2 key objectives, low beta appears to be a plus…. 
On the other hand any precise current profile control will be very doubtful although perhaps not needed at low beta.

….a strong case can only be made with regard to the toroidal , strong external field concepts, but these seem now 
the  most promising ones.

Let’s move expeditiously from Yearning  to Learning!

We should have a flame 
before worrying about the 
boiler (J. Dawson)


