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Controlled Fusion Physics - Experimfc tal 

You probably have all heard the story about the newly-hired farmhand 
who delighted the farmer by doing every specific job that he was assigned ex
tremely rapidly and competently - until the day that the farmer asked him to 
sort out a mixed barrel of apples into two piles - big apples and little apples. 
Half a day later the farmer looked in on the new man and fouid him completely 
unstrung, with hardly a dozen apples sorted. You know the p;t.ich line - "I don't 
mind the job - its the damn decisions that are getting to me." 

Well, I sympathize with the new farm hand, because the title of my 
talk is so broad - and the work involved goes back so many years - over two-
decades in fact - that the main problem is in deciding what to discuss and what 
to leave out. I am sure that not everyone will be happy with my choices - but 
that's the way it is. 

Before I talk about particulars there is one aspect of the topic 
that became apparent in the course of organizing the material for the talk. 
It seems to me that in looking back over the years during which experimental 
fusion research has been going on this work can roughly be divided into three 
different phases. To be sure these phases overlap each other - but the dis
tinctions are still there. 

The first phase was the one that was probably both the most fun and 
the most frustrating in its own way. It was one you might characterize by the 
subtitle "Ignorance is bliss". That was the time when there were dozens of 
approaches being proposed and tested - mostly on a small scale, and when every 
proponent was sure that his particular approach held the key to unlocking the 
door to fusion power. I should remark that, iii my opinion tin's p:\ase - the 
introduction of new ideas and the critical re-examination of old onc-s-contir.uas 
to be a very important part of experimental fusion research. The difference 
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now is that these new and old approaches can often be evaluated in the light 
of what is by now a highly developed experimental and theoretical background. 

The second phase was the one during which the realization dawned 
that plasma is a very complicated state of matter, that intuition as a guide 
to plasma behavior is more often than not incorrect and that there was a press
ing need for better understanding and better correlation with theory. I suppose 
you could call this phase "reality therapy." 

The third phase of fusion research, the one which has now been reached 
by some approaches, and the one which must eventually be faced by any approach 
relates to the quantitative requirements that must eventually be satisfied in 
orJer to achieve fusion. This, phase mi ant De calUd the "Fish cr cut bait" phase. 
Achieving net fusion power is the ultimate goal of the fusion program and this 
goal necessarily involves uemandinq quar.titativa requirements on the plasma 
temperature, density and confinement time. 

Four approaches are now in the brink of this difficult stage of actually 
trying to demonstrate the required parameters for a fusion reactor, and I shall 
cor.centrate my talk on them. These are the tokamak, the mirror machine, the cheta 
pinch and the newest member of the club, laser fusion. In all these areas, exper
imenters are now in the process of finding out in quantitative terms whether con
finement can be good enough to serve as the basic of a serious engineering devel
opment of a fusion power system over the next twenty-five years. 

This is a new ball game. Probably its most distinctive character is 
that the scale of the critical parameters of the experiment becomes an important 
factor. The classic example of this truism is of course the tokamak - the front-
runner in the fusion race today. 

The good news is that tokamaks have achieved an ni product of density 
12 -3 and confinement greater than 10 cm sec and ion temperatures of about 1 keV. 

Either looking back, measured against experiments of the 60's or looking forward 
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to the requirements of reactor, this is indeed an impressive achievement. 
13 -3 Moreover it is hoped that ni will reach 10 cm sec in the new, large tokamaks 

now coming into operation at the Kurchatov Institute and Princeton. 
Is there any bad news? well, maybe or maybe not. From the viewpoint 

of the new bal"i game, it is not enough only to expect that at some size a toroidal 
device must finally be large enough so that the plasma lifetime against diffusion 
will be long enough. For machines are already becoming very large. Here for 
example is the PLT machine, about to come into operation at Princeton. 

So the issue is already is quantitative one, one must know the diffusion 
loss rates and how it scales quantitatively. 
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What are the facts? Well, if we take them at face value, the confine
ment times in tokamaks have not changed very much since their first successes. 
The slide shows a spattering of data points taken over the years with several 
different tokamaks - such as the Soviet T-4, Princeton ST, Oak Ridqe ORMAK - plus 
one recent point from TFR, the French tokamak that is the largest one now in 
full operation. Although TFR shows a high ni, this value saturates and does 
not improve appreciably - in fact, it drops as the current is increased toward 
the 400 kiloamps or so that were anticipated as a possible operating regime 
for this machine. At least with the present crop of machines, t seems to be 
stable within a factor of 2 of those values first achieved several years ago. 

Are there explanations for the apparent near constancy of T - and what 
might these explanations have to say about the future course of tokamak research? 

Let us first understand the actual physical situation in a tokamak. There 
are two important field qualities - the main toroidal field that varies between 
about 20 and 60 kilogauss in today's machines. On this is superimposed 
the field from the tokamak current, producing a helical field pattern, as well 
as ohmically heating the plasma to produce a radially-dependent electron temp
erature in the plasma. This temperature gradient exists whether or not the 
ohmic heating is supplemented by other means - such as compression in ATC or 
neutral beam heating - in it and in ORMAK. 

The source of the problem seems clearly intrinsic to the nature of the 
tokamak itself, and the way it is necessarily operated. 

Of necessity, the helical field lines of the tokamak create a series of 
mirror cells having regions of bad curvature as they wind around the tokamak. 
These cells can trap particles for a greater or lesser time - + his time will 
of course then depend on the collisionality of the plasma - that is on its 
temperature and its density. Second, the fact that there exists a gradient 
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in electron temperature means that there is a conductivity gradient - with 
thp current tcndina to flow in the highest conductivity renio.is - that is 
those regions nearest the axis. There is always therefore a gradient in 
current density present in the tokamak, the magnitude of which depends on, 
for example, the operating current, 

A tendency to concentrate current can lead to a tendency to stimulate 
unstable MHD modes. This can happen even when the plasma column seems 
grossly stable as a whole. Clearcut evidence of internal hydromagnetic 
activity was first shown on ST, and has since been observed in TFR. The 
slide shows the evidence from ST as reported by Von Goeler et al. This 
internal MHD activity causas abrupt transport of the plasma within the 
center regions of the plasma, and therefore must adversely affect the over
all containment time, the more so the higher the plasma current. Internal 
MHD activity must surely play a role in tokamak behavior. 

There is also evidence that changes in collisionality - that is, 
changes in the lifetime and fractional concentration of trapped particles -
can influence the confinement. Recently, striking results have been ob
tained in the HIT AICATOR experiment, where it is found that T increases 
with n. This kind of behavior is suggestive of trapped particle effects 
and indicates that the best values of nt are obtained by operating in a 
more collisional parameter regime where trapped particle effects are 
spoiled. But, to get these best results the collisionality must be much 
higher than would be expected as fusion temperatures are reached. 

What does it all mean - and which effects are going to call the tune 
as higher circulating currents and plasma temperatures are attained? The gen
eral consensus is that we must await the results from the new large 
tokamaks - T-10 in Moscow and PLT in Princeton - to resolve these issues. 
They represent a sufficient scaleup in size to show whether both temperature 
and T can indeed be made to scale up as they should with increasing 
machine size. 



-6-

How goes it with the theta-pinch? Linear theta-pinches, with their 
rapidly rising axial field that shocks and compresses a dense plasma 
column, made it to high beta values years ago. <Jow lookinq toward fusion 
PT requirements, experiments have been underway at LASL and Garching 
with high beta toroidal stellerators. The key problem has been to solve 
the special MHD equilibrium and stability issues that arise 1n this kind 
of a field geometry - namely a long skinny torus. By now some important 
aspects of the theory have been proved out, including the existence of an 
equilibrium, the predicted growth of an m = 1 MHD instability, and the 
suppression of higher order MHD modes by finite orbit effects. The slide 
shows all of these effects - in capsule form - no equilibrium under wrong 
conditions, equilibrium, and the onset of m = 1 instability. 

LASL is now pushing toward the use of wall stabilization and feedback 
techniques to control their HHD problems, being encouraged by the agreement 
with sharp-boundary theory that they have founti thus far. Their critical 
question will be whether, if they stabilize the fast-growing m = 1 mode, 
they will then find slower growing modes that must also be dealt with. 
Their planned experiments should be able to address this important physics 
issue. 

Meanwhile, they have not forgotten "old reliable" - the linear theta 
pinch, and are looking into ways of stoppering its ends and into new ways 
of heating that could lead to a linear fusion reactor concept - a concept 
that is attractive in many ways. 
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What is the present situation in mirror machines? As Fred Coensgen 
said yesterday, things are looking up. For many years it seemed that the 
confinement times of mirror machines operating in the 10 - 10 particle 
density regime were stuck at a few hundred microseconds, more or less 
independent of the plasma ion temperature. This temperature ranged from 
a few hundred volts as in the PR-6 experiment (which was in the lower 
density range) up to a few kilovolts as in the older 2X experiments at 
higher densities. Except at the highest densities, where collisions 
dominated sufficiently, the loss rates were definitely faster than the 
classical calculated rates, and the nx values were correspondingly lower. 
Further-mere, nx did not seem to increase with increasing ion temperature, 
as it should according to classical predictions. 

Paradoxically, the confinement times were neither long enough to 
consistently agree with classical rates, nor were they on the other hand 
ever found to be anywhere near as short as would have been predicted by 
instability theory, in particular as it applied to plasmas with steep 
radial density gradients of the values encountered in 2X11. In this ex
periment, as in PR-6, the plasma column was only a few ion orbits in diam
eter. Small diameter plasmas were expected to suffer rapid losses from an 

instability - called the drift cyclotron loss-cone instability - drift 
cone for short - that feeds itself fron a coupling between an azimuthal 
electron drift wave and the ion motion. This mode was predicted to be 
rapidly growing at 2XII plasma diameters. Yet obviously the observed con
finement time was too good - at least over the limited range of ion temp
eratures that could be investigated. 

The Livermore 2XIIB experiment was built to try and break the log jam 
of limited ion temperature by using megawatts of 10 to 20 keV neutral beams 
to drive the temperature up. The slide shows 2XIIB with its multiple 
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neutral beam sources. This amount of heating power guaranteed that the 
plasma coulu be heated to the 10 keV ion temperature range and to high beta 
values in a matter of a hundred microseconds or so. 

The good news is that after a period of limited results, Fred found 
an operating regime where the confinement times increased as did the m 

values. The results he reported indicated confinement times of order 
5 milliseconds at the highest ion temperatures - of order 13 keV, as 
compared to the 300 microseconds or so that had been the previous limit. 
The way this was accomplished was to stabilize the plasma through the use 
of a colder plasma component flowing along the field lines and into the 
mirror region. The plasma stream had the effect of at least partially 
filling the loss cone and suppressing instability. The fact that even a 
partial filling of the loss cone should stabilize the drift cone mode was 
not a new idea. Effects of this kind had already been predicted and were 
suspected to have been seen in both PR-6 and 2XII. What 2XIIB did was to 
do it in a more controlled manner and at higher ion temperatures than had 
ever been reached before. The slide that summarizes the results of several 
measurements of nt vs. E in 2XIIB with a plasma stream. There seems to 
oe no doubt but that confinement tine is increasing with io.i temperature. 
Within experimental error, the data even seem to be consistent with the 
theoretical ta'c dependence. 

What about the questions that the new 2X1IB results raise? First 
off - will confinement time continue to increase with increasing ion 
temperature? As in the tokamak we cannot be sure. But equally important 
is the question whether the amount of plasma stream needed to stabilize 
will decrease as the diameter of the plasma column - measured ion-ion orbit 
radii - increases, as it should by theory. The plasma stream represents 
an extra energy drain - one we would like to minimize. If the theory is 
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correct less and less plasma stream will be needed as the plasma diameter 
is increased, becoming negligible as reactor dimensions are approached. 
As in the tokamak, scale now is the critical parameter. There is still 
more quantitative experimental work that can be performed in 2XII8 to 
start along the scaleup path. However, it could take a larger mirror 
machine than any now in existence to permit attempting another order of 
magnitude increase in containment time. 
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Laser pellet fusion is also starting its climb up the nt scale. 
Here as in magnetic confinement the issues heavily involve both technology 
and fundamental physics questions. The basic idea of pellet fusion is 
well known to everyone - the physics involved is subtle. I will not attempt 
to go into any detail, especially since I am not qualified to speak with 
authority on this subject. At this point it appears that the basic idea -
rapidly heating arid compressing the pellet by ablation of its outer parts 
is a sound one. The slide shows a summary of tie status of these experi
ments - the compressions achieved are significant. To a first approximation, 
the IIT and ion temperatures are about the same as those in a tokamak, 
which shows that lasers are coming up fast. But there is clearly a long 
way to go. 

As I would understand it, probably the main physics iss>ie yet to be 
resoTved is in the area of hydrodynamics of the compression process. Again, 
only after a sufficient scale-up in laser power will these issues be ade
quately resolved. The slide shows a model of a very large laser system now 
under construction at Livermore. Note ttu standard "two meter" Livermore man. 
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ln conclusion, 1 would like to return to a point I made earlier, 
namely, the continuing need for invention and innovation, and also for a 
re-evaluation of discarded ideas in light of new knowledge and new tech-
noloqy. One recent examole that it is ought to inspire inventors pvpry-

% where is the Elmo Bumpy Torus (EBT) experiment at Oak Ridge. Here we have 
a marriage of the mirror configuration and a torus that has the potential 

i'-
> for longer containment times than the mirror and higher S values than a 

tokamak. Here is a picture of the device. The magnetic configuration is 
| a bumpy torus, that is, a circular array of simple mirror coils. This 
| would normally be unstable. To stabilize the system, electron 
I cyclotron heating is applied between each of the 24 mirror coils. This 
s creates in each mirror region a high brta, hot electron plasma in the 
I 
>• shape of an annular ring. It had been shown previously that these mirror-I | confined electron plasmas are stable, possibly on account of line-tying 

.»• 

1 to neighboring walls. In theory, the combined fields of the bumpy torus 
* together with the self-fields of the electron rings should provide a 
s toroidal container stabilized by the average minimum-B principle. Recent 

experiments appear to confirm this prediction. A toroidal plasma with a 
density over 10 cm and ion temperatures 20 - 90 eV (and hotter electrons) 
was created and HHU fluctuations were suppressed unoer prooer conditions 
of electron ring parameters. 
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Who can say whether the ultimate fusion power system will be one of 
these ideas I have discussed today, or a combination, or something else entirely? 
Or perhaps, as some have said, if one will "work", all will work. Then the real 
question will be what design or designs will best meet the economic needs Qf the 
times. In any case, we will need all the data we can get and that will mean 
carrying as many approaches as possible forward through all three stages of 
scientific development, including that of the big machines. 
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