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Abstract

Differentiating characteristics of magnetic confinement

systems having externally generated magnetic fields that are "open',
are listed and discussed in the light of their several potential

advantages for fusion power systems, lt is pointed out that at this

stage of fusion research "high-Q" (as deduced from long energy
confinement times) is not necessarily the most relevant criterion by

which to judge the potential of alternate fusion approaches for the

economic generation of fusion power. An example is given of a

hypothetical open-geometry fusion power system where Iow-Q

operation is essential to meeting one of its main objectives (low
neutron power flux).

I) Introduction

One obvious way to differentiate between classes of magnetic

confinement systems, that use externally ,generated magnetic fields

. is via the topology of their fields. Here by "the topology of the field"
we mean whether the field lines of the externally applied field are

, "closed", le., are "endless" in that they are contained within a

toroidal confinement region (as in a tokamak), or "open", that is,

leave the plasma confinement zone at either end of an essentially

linear system (for example, as in a magnetic mirror system):
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lt should be noted that the distinction that we have adopted

here between "open" and "closed" systems, since it relates to the

topology of the externallvgenerated magnetic fields, includes in the

class of open systems not only mirror machines but RFC's (Reversed-

i Field Configurations), RFM's (Reversed-Field Mirrors), and sphero-
I

:, maks, ali of which share the same topology of the externally

generated field. Thus, in the discussion to follow, many of the

points made apply to ali of these various types of open systems.

, A fact that is perhaps not as generally recognized as it shouldI

be is that the seemingly academic topological distinction between

' closed and open confinement systems has a profound influence on the

i ways that the two contrasting approaches can be implemented
t

practically, i+e., as fusion power systems. This difference 'between

. the two systems impacts on such fundamental questions as the
accessible plasma regimes' (temperature, density, plasma beta

' values, fuel cycles, pulsed or steady-state operation, etc.), on wall

, loading problems, energy recovery strategies, ash removal, and a

host of other physics and/or economically related factors.

The comments in this paper are aimed at a discussion of some

of these topologically related differences between the two systems.

lt is hoped that one of the by-products of such a discussion will be

to .encourage fusion researchers to take a broader view of the
magnetic fusion problem than the more usual one, the one that

contends that the main criterion by which to compare approaches is

"energy confinement time". By extension, energy confinement time

governs the attainable fusion energy-multiplication factor, i.e., the
Q value that can be achieved. In the final analysis, capability for

attaining a high Q is only one of several criteria for judging the

economic potential of a magnetic confinement approach. High

attainable Q may, in fact, turn out to be secondary to other criteria

that are more significant in the context of comparative economic

viability.
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.The thesis will be advanced that there are many probable

economic and other advantages of open systems over closed ones

that at the very least justify a continued search for ways to exploit

' these advantages. This line of reasoning is intended to apply

especially to those ways that put minimal demands on the weakest

' feature of some open-ended systems, namely their in-some-cases

low Q values, as exemplified by the simple mirror machine with its
well-known end losses. We will, therefore, pay special attention to

Iow-Q systems, their properties and their virtues.

II) Differentiating Characteristics ,of Open Systems

We begin the discussion by listing those characteristics of

open systems oftopological origin that differentiate them

operationally from closed systems. Not every embodiment (Mirror,

1 Tandem Mirror, RFC, RFM, etc.) possesses ali of these
' characteristics, but each possesses some of them.

,.

1) Open field topology permits the formation of "absolute

magnetic wells" in which the vacuum field possesses a non-zero
minimum within the confinement zone. In such fields, as shown both

by theory [1] and experiment [2], plasma beta values approaching

unity can be attained and ali low-frequency instabilities of MHD
origin are suppressed (for non-field-reversed configurations).

2) Plasma losses can be preferentially directed to occur along the
field lines, out the ends (natural "diverter" action). In such cases

there is no requirement for the radial boundary of the plasma to be

near the plasma chamber wall, thus no requirement that there should

exist a radial temperature gradient at the outer boundary of the

plasma. This circumstance has at least two important conse-

quences' from the physics standpoint, the possibility of eliminating

(or minimizing) radial temperature gradients in the plasma can lead

lo the suppression of an important class of plasma instabilities,
ones that are probably playing a significant role in enhancing the

rates of radial transport in closed systems, such as the tokamak.

-3-

I

q_, '111 " q_ "_11"'_P_ '""111_lr'



,

From the engineering and economic standpoint, the elimination of

physical contact of the plasma with the chamber wall (or with a

nearby, diverter surface)greatly relieves severe heat-transfer and
' ,

sputtering-life problems that are endemic to closed systems. In an

open system the end-exiting fields lines can be extended and spread
0

out so that they only encounter physical surfaces that are both far-
removed from the main body of the plasma and are of large area. A

concomitant, and important, result of having the plasma exit at the
ends is that under the right'circumstances it would permit the use

of direct converters of the high-efficiency electrostatic type [3],

both to recover energy from charged fusion reaction products and
from unburned fuel ions.

3) Open field line topology permits the introduction, conditioning,

and translation of plasma entities along the field lines, in at one end

and out the other. This property, first exploited in the multi-stage

magnetic compression mirror experiments at Livermore [4], has

many practical consequences. First, it would permit the separation

of the regions of plasma formation, fusion reaction, and energy
extraction (by direct conversion). Second, open line topology could

facilitate both the fueling and the ash removal problems (heated fuel

in at one end, unburned fuel ions and fusion ash out the other end).
_

" 4) Open systems can employ linear, i.e., solenoidal, magnetic

I fields. Such fields are highly advantageous an engineering
from

standpoint when it comes to achieving high magnetic fields, lt has
been estimated [5] that expected technological advances in high-

field superconductors and in high-strength unidirectional fiber

composites (to resist purely radial forces) should, in time, permit
the design of solenoidal fields with strengths in the range of 20 to

50 T. Particularly at the high end of this range it seems not

possible to envisage toroidal-geometry field coils of usual aspect

ratios with fields as high as this, owing to the intractability of the

3-D force problems involved.
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5) By exploiting mirror-related properties of plasma confinement
it is possible both to establish and tO control electric potentials

within the plasma, including the possibility of maintaining electric

. fields parallel to the magnetic field lines in cases where it is

advantageous to do so. These potentials and electric fields have

' various practical applications, including enhancing confinement (as

in a Tandem Mirror)and/or controlling the direction of exit of the

plasma ions or. electrons to facilitate ash removal and direct
conversion.

6) .By contrast with toroidal systems., where particles can only
exit after diffusion across the confining field, open systems can

much more readily operate near to a "collisionless" state, i.e.., one
where collisional randomization is not complete and where the ion

(or electron) distribution functions can deviate substantially from a
maxwellian. There are circumstances (for example, fusion systems

involving colliding ion beams) where it may be highly advantageous

to be able to employ non-maxwelli..tn distribution functions. Another

consequence of the ability to operate with ion distribution functions
that are not colliSion-dominated is that such distribution functions

are better suited than maxwellian distributions for high-efficiency

direct conversion. (The narrower the energy distribution function of

the ions is, the higher the efficiency of a given electrostatic direct

converter will be.)

7) Linear systems of open geometry may lend themselves to a

"modular" design approach, something more difficult, if not

impossible, to achieve with closed geometry at usual aspect ratios.

For example, the central section of a "FM (Tandem Mirror) could

consist of many identical linear modules, resulting in superior

accessibility and ease of construction as compared to a toroidal
t

system.

8) Open-ended systems of the Mirror or TM type, as has been

demonstrated experimentally [6,7], have the ability, through their

access to the emerging field lines at the ends, to control the
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potential of the plasma relative to the chamber walls, including
control over the radial distribution of that potential. ' This control

can be used to enhance confinement either through limiting or

through inducing plasma rotation, and for the stabilization of

certain classes of plasma instabilities. This situation is to be ,

contrasted with that prevailing in closed Systems where the

inherent inaccessibility of interior field lines makes it virtually

impossible to control either the magnitude or the interior gradients

of the plasma potential.

9) A qualitative, non,quantifiable, characteristic of open

systems, exemplified in part by the preceding list of attributes, is
J their flexibility. By "flexibility" we are here implying both theirI

adaptability to a wide variety of plasma regimes (high beta, high

plasma temperature, non-maxweElian distributions, etc.) and their

suitability for innovative improvements. By contrast, for closed

systems the requil'ement for closure within the confinement
chamber of ali field lines on which containment is to be effective

introduces severe constraints on the flexibility of such systems

with respect to accessible plasma regimes and with respect to

innovative improvements.

If an outside observer, one not familiar with the actual history

of magnetic fusion research as it has developed, were to read the

above list, I believe he might wonder greatly at the present world-
wide distribution of research effort on fusion. In the next section I

will explore what I believe are some of the reasons why things are

the way they are.

III) Fusion in the Balance

For the last twenty years the magnetic fusion effort has been

increasingly dominated by research into closed systems, in

particular the tokamak, but also including stellarators and RFP's as

cousins. There have been good, and wholly understandable reasons

why this trend began, and why it has reached its present dominant
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state. These reasons were stated articulately, early on, by that

pioneer and champion of the tokamak, Lev Arzimovlch. His
reasoning, as well as that of many that have followed him is based

' on the issue of energy confinement time. I can do no better than to

quote Arzimovich [8] by an excerpt of his summary talk given at the
q

1968 I.A.E.A. Fusion Conference in Novosiblrsk in the U. S. S. R.:

" ....... The question Is often asked as to which plasma

system is better - the closed trap or the mirror machine, lt is

unlikely that a final answer to this question will be obtained in the

near future, since both have their advantages and d_'awbacks ...... "

"However, there is one important point which should not be
ovE.rlooked. Let us assume that we are cor_paring two systems .. a

closed and an open system with identical plasma densities and
identical ion temperatures. Which of these systems will give the

longer containment time? Let us take as our optimum an open trap

in which ali types of instability are suppressed. In this ideal open

trap the plasma containment time would be of the order of the
interval between two ion-ion collisions. Thus, the ratio of the

containment time of a plasma in a closed system to that of a plasma

in an ideal mirror trap would be of the same order of magnitude as

the number of Coulomb collisions experienced by an ion while it is

the former system. Let us take by way of example the third device

of the Tokamak family. At a plasma density of the order of

5xl 013 cm "3 and a hydrogen ion temperature of the order of 0.5 keV,

the ion would experience several dozen collisions while it is in the

device. Thus, the containment time of a closed trap that is by no

means ideal is many times greater than that of an ideal (and as yet

non-existent) mirror machine ...... "

Within the assumptions that he made, Arzimovich's statement

, is impeccable logically and is a persuasive and powerful argument

for strongly pursuing the closed system option at a time when the

whole concept of achieving fusion-relevant confinement times was

seriously in doubt. The same type of argument has been repeatedly

I
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applied in support of building the increasingly large tokamak

' facilities that we have witnessed over the years. Nor has the

tokamak failed to produce ever better confinement times, as

predicted (on the basis of empirical laws) many years ago.

i

Thus it seems entirely logical that the authorization and

construction of ever larger and more expensive tokamak systems

should continue to be a major part of the fusion effort, based on the
fact that the tokamak is the only device that has demonstrated

confinement that comes closer and closer to the fusion goal with the

passage of years.
I

I This having been said, a critical eye would see that there is aI

certain circularity to the programmatic logic that has been applied,
I

rlow world-wide, in setting the course of fusion research. In
i

applying the confinement parameters (essentially the Q fa"+or) as
essentially the sole determinant of progress toward the fusion goal

an important point has been lost. The point is the one made at the

beginning of this paper' " .... high Q is only one of several criteria

for judging the economic potential of a magnetic confinement

approach."

The issue here is one of balance. If the last twenty years of

fusion research had seen a less extreme swing toward a nearly total

programmatic commitment to the tokamak, coupled With a more

balanced programmatic support for alternative approaches, the

picture might now be different. But "might-have-been" arguments

are usually fruitless. What is important ts to re-examine the

present program balance dispassionately and see if it needs to be
changed or left as it isr and for what reasons, pro and con.

An essential element of any re-examination process would be

to assess the long-term importance of the Q p.arameter as a figure-

of-merit for fusion power systems. Certainly net energy is a

bottom-line requirement for a fusion power system, but this does

not necessarily imply that Q >> 1 must be a goal of every fusion
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system. In the next two sections I will discuss a hypothetical

fusion system where it would actually be advantageous to operate at

a low Plasma Q value, in order to achieve a highly desirable result,
' in this case minimization of neutron flux from the fusion reactor.

' IV) The Virtues of a "Low Q" Life Style

Maximization of Q, as lt is usually defined in the fusion

context, simply implies the minimization of the power that must be

recirculated to heat the plasma to fusion temperatures. By this

definition "ignition" occurs when Q approaches infinity. By impli-

cation "it is a good thing" to reduce recirculated power to an
absolute minimum, whence the use of Q as a figure-of-merit for

progress toward the fusion goal. But, as stated earlier, the ultimate
goal of fusion is not the simplistic one, Q _ oo, but rather it is the

pragmatic one, "to generate power at a competitive cost, and with

superior environmental and safety characteristics as i3ompared to

other energy sources". As the search for practical fusion power

proceeds towards its goal, we must pay increasing attention to the

pragmatic goal, which may or may not involve a quest for ever-
higher Q values.

There exists a modern-day example of a highly practical power

generator which operates very successfully at what fusion

researchers would call a very low Q value. That is, the amount of

power recirculated internally is large compared to the net power

output. The economic practicality of this device was not achieved

by the route of increasing the equivalent Q value, but by increasing

the efficiency of its "injector" and "direct converter" (as they would

be called by analogy with a fusion power system).

1"he device in question is the gas turbine. Its main components
are:

d

1. A compressor and fuel injector (the "Injector").

2. A combustion chamber (the "reaction chamber").



3. A turbine (the "direct converter"), from which power is

reclrculated to drive the compressor through a connecting
shaft.

lt is a historical fact that .the first attempts to get net power

from a gas turbine failed, owing to the circumstance that the

efficlencles of the cornpressor and the turbine were too low to

permit a net power output. Those first tests had to be carried out

using an electric motor connected to the power shaft in order to

make up for the (.negative) power output of the gas turbine. Only

through continued improvement In the efficiency of the compressor/

turbine system was it possible to make the gas turbine into a

practical device. Even so, modern gas turbines typically operate

with recirculated powers that are 3 to 4 times greater than their

net shaft output power. Yet for many applications they are

eminently satisfactory and useful power generators.

We here suggest that there exists a possible development path

for fusion that parallels that of the gas turbine. That is, one where

the emphasis is on the twin goals of achieving an "adequate" Q value

(which actually in principle might be smaller than unity), while at

the same time the technology of injection and direct recovery is

developed (always with an eye to cost)to tile point where useful net

power can be obtained from the fusion s_stem.

By relaxing the (sometimes myopic) concentration on achieving

high Q there is opened up a much wider' variety of possibilities for

the confinement system itself, lt is entirely possible, I would say

even likely, that within this wider range of possibilities there exist

systems that are better suited to developing into economically

viable fusion power systems than is the tokamak.

lt is at this point that I believe that the earlier-cited

"flexibility" of open-ended systems could come to the fore. Because,

as also noted earlier, open systems are uniquely well adapted for
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ease of injection and for ease of coupling to a high-efficiency direct

converter, they are prime candidates for the pursuit of the Iow-Q

option.
,

Admittedly, there Is a certain element of d#-j,_ vu In what was

' said in the previous paragraph. In a paper given In the 1976 I.A.E.A.
Fusion Conference, Molr et al. [9], describe a reactor-study example

of a simple mirror system using exactly the approach described

above. Though one would not claim that that particular design would

represent a useful power system, the general combination (some

form of open-ended system fed by high-efficiency injectors and

coupled to a high-efficiency direct converter) could form an
economically attractive power system, even if the fusion Q value

was not far different from unity.

The intent of this section is to state the case for broadening

the attention of the fusion community to issues beyond a search for

ever-higher Q values, and to encourage a lock at Iow-Q systems for

their potential advantages, in the next section I will sketch out a

hypothetical "fusion power system" where the goals are, first, to
use the D-He3 fusion cycle with direct conversion of the fusion

energy to electricity, and second, to operate in a plasma regime that

permits the near-suppression of satellite neutron-producing D-D

reactions. To accomplish both of these goals it will be seen that it

is essential to operate at as J.g_w.a Q value as is practical. High-Q

operation is counter-productive of the stated goals.

V) A Hypothetical D-He3 "Linear Collider"

What t am about to describe is neither the result of a thorough

theoretical investigation nor of a serious reactor study. Nor does it
v

represent in any sense a "proposal". lt is simply a "back-of-the-

envelope" sketch of a conceptual fusion power system that is aimed

at achieving the goals of using the D-He3 cycle with direct conver-

sion to electricity while at the same time suppressing as far as is

practicable the generation of neutrons from satellite D-D reactions.



The fusion power system to be described is conceptually

extremely simple' as the name given lt implies, tt Is to use the
single-pass encounter of two Initially monoenergetic beams, one of

D and the other of He3 to generate D-He3 fusion reactions. The

beams are launched within, and guided by a long high-field solenoid

that in this simple embodlment need only provide "confinement" for

the beams during their residence time In the tube. After their

mutual encounter the unreacted beam components, and the proton and

alpha particle reaction products, exit from the ends of the solenoid

and eventually transit through an' electrostatic direct converter

where their kinetic energy is converted to electricity, a portion of
which is recirculated to power the injectors, the balance being

delivered to the transmission line. Figure 1 is a schematic

representation of this "linear" collider" type of fusion power system.

The concept of colliding beams in fusion systems has been

considered before, for example in the paper by Jassby [10], where he
describes the use of displaced maxwellisn ion distributions in a

tokamak to create a "colliding beam" situation. His concept,

however, is very different from the one described here, the

antecedents of which are lost in the mlsL, of antiquity.

Irl the diagram, ml is the efficiency of the injectors and 1lR is

the efficiency of the direct converter (no thermal conversion is
used.)

Descriptively, the mode of operation of this linear collider

might go as follows: Time-synchronized plasma columns consisting

of parallel-directed, monoenergetic deuteron or helium-3 ions and

accompanying electrons are repetitively launched at each other from
opposite ends of the solenoidal "confinement chamber". As soon as

they encounter each other the counter-streaming beams begin to

fuse with the release of energetic protons and alpha particles. At

the same time the "temperature" of the ions of each beam begins to

grow as they scatter against the ions of the other beam and with

each other. However, since the energy release per fusion reaction is
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, Figure 1

Schematic Power Flow Diagram of a D-He3 ."Linear Collider"

much higher than the total kinetic eneLgy of the _beam ions, the
interactior._ time of the two beams can be limited to a.time much

less than the time for complete burn, .provided that the efficiency of

both the injector systenl and the direct converter is high enough, lt
follows that under these circumstances the growth in the "tempera-

ture" of the deuteron component can be limited, and, corre-

spondingly', the number of neutron-producing D-D reactions can be
reduced to a small fraction of what it would be in an D-He3 plasma

in. collisional equilibrium at the plasma, temperatures required for

that reaction to be self-sustaining in, say, a tokamak.

Limiting the growth in temperature of the ions by limiting

their mutual scattering has the synergistic consequence of

- !3 -



increasing the attain,able efficiency of the direct converter and thus
enhances the recovery of energy from the unreacted beam

components. Efficient recovery of the kinetic energy of the beam
ions in turn reduces the fusion burn-up fraction, f, required to

achieve net energy. The power-balance equation for the "enhanced

Q", (QE >1 required for net power) of a D-He3 linear collider is as
fo Ilows"

'QE.= Wl+W2 I_._Rj > 1 for net power. (1)

Here Wfus is the charged-particle energy release from the D-He3

reaction (18.3 MEV), and W1 and W2 are the D_and He3 beam kinetic

energies, respectively. The maximum point in the D-He3 reaction

probability occurs at an energy (of the D relative to the He3) of
about 500 keV. lt follows that for colliding beams the energy of

each beam should be about 125 keV to give the same relative energy.

This circumstance gives an automatic factor-of-two advantage of

colliding beams, over a reacting plasma, in calculating the fusion

, power balance. Another advantage is that in the colliding-beam case

every "primary" collision carries with it the possibility of a D-He3
reaction, whereas in the usual maxwellian case (and with a 50-50

D-He3 mix), only half of the ion-ion collisions are of the "right" kind.
These factors of two help to alleviate the daunting task of achieving

net power from a single-pass "ion-collider" situation.

An example will illustrate the numbers involved, in particular

the burn-up fraction that would be required to achieve net power,

The parameters assumed are as follows'
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W l = W2 - 125 keV, _11= 0.8, _IR = 0.9".

When these parameters are inserted in Eq. (i) there results for

' QE, as a function of the burn-up fraction, f'

' QE = 188f,

so that QE - 1.88 if the burn-up fraction is 0.01. This value of f

represents a sufficiently small burn-up fraction to justify the
consideration of the ion-collider concept, if other qUantitative

requirements can be met. To evaluate these we need to consider

some plasma physics issues.

; We begin the discussion by evaluating and comparing two

elementary quantities for the colliding beams, a "mutual-scattering

mean free path", and a "fusion energy regeneration mean free path".

The ratio of these two will provide a rough estimate of the degree to

which our second goal, minimization of satellite DDn reactions, can
be achieved.

From collision theory such as that given by Spitzer [11] for a

"test particle" (here a deuteron) moving through a "field" of He3 ions

of low temperature (in their frame) we have the relation for the

growlh in "perpendicular energy" of the test particle ("type 1") to
the fraction, _, of the initial energy as:

< (AV-L.)2> 11

, 2 = e, (2)
V12

' * Note that direct conversion efficiencies approaching this value

have been demonstrated in the laboratory [12], even with a plasma

characterized by a broad ion-energy distribution. With a narrow,

"beam,-like" energy distribution higher efficiencies are possible.

-15-
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with the associated mean free path given by the relation involving
the Spitzer scattering time t_ and cross-section, Cs'

f2 e,znat
= = ' CS = W 2 ',,/

X, V1 t_ n i_ s ,

I '
! ,

! Correspondingly, we have for the "fusion energy regeneration"
' mean free path the expression'
|
!
!

, [ 1n_o,_ k _; J' (4/

where C12 is the fusion reaction cross-section between "type 1"

(deuterons) and "type 2" (He3) nucleii, n2 is the He3 ion density, and
Wf is the fusion energy release (18.3 MEV).

J

We may also define the total kinetic energy of the two beams
in terms of the energy of the "type 1" ions (relative to the "type 2"

ions) at the minimum total energy point (motionless center-of-mass
in the lab frame)'

I M2 jw,,w_= -MI:-M w_. (s)

The ratio of the two mean free paths is a measure of the

degree to which the ion temperature arising from ion-ion scattering

can be minimized and still regenerate the beam energy from fusion
energy release. Putting in constants, with InA- 17, and with

energies in keV, this ratio is given by the expression:

tie 1'_cf M1 [W12Wf]. (6)--;L 4.5x1017 1 + M 2



When this expression is evaluated for the D-He3 reaction at Its

point of maximum reaction cross-section there results for this ratio

k
8

, -- = 1,54_,
Xr

From this result it follows that the mean free path for energy

regeneration by beam-beam collisions is actually shorter than that
for temperature growth by ion-ion scattering for _ < (1.54) 1 = 0.65.

(Parenthetically the ratio of mean free paths for the D-T reaction at

maximum cross-section, counting charged particle energy
release, is very nearly the same as that for D-He3, being 1.65_.)

The upshot of the previous calculations is to indicate that it is

possible to visualize a colliding beam situation in which, by virtue

of high injector and direct converter efficiencies, it is possible to
obtain net fusion power without a concomitant large growth in the, ,

thermal temperature of the deuteron beam, i.e., with the possibility

of minimizing the generation of neutrons from satellite D-D

reactions. We now consider a much more difficult aspect of the

problem--the plasma densities and associated plasma column

lengths required if "single-pass" operation is to be demanded. (We

will later discuss how this latter requirement might be alleviated.)

Given the reaction cross-section it is a straightforward

matter to estimate the plasma density/length relationship as a

function of burn-up fraction for colliding D and He3 beams. Figure 2

shows this relationship, for two different beam plasma densities,

1 016 cm -3 and 1017 cm -3. This figure is a plot of the burn-up

. fraction vs the beam interaction length for two different plasma
densities, 1016 cm-3 and 1017 cm"3.

,i

The picture of the "D-He3 Collider" that emerges from the

numbers on the plots in Fig. 1 is that of a very long, small bore, high
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field solenoid, capped at each end by injector/direct converter
assemblies, the whole, being located in a long tunnel below the

surface of the earth. One is immediately reminded of the "particle

colliders" and TeV energy ion accelerators in use or under

construction by high-energy particle researchers. Their devices also

consist of high-field magnets located within deep-lying tunnels.

One such is the completed LEP facility at CERN, with its 27 km-long

tunnel, and the projected SSC in Texas, which is to have a 80 km-

long tunnel, lt would therefore seem not out of the question to

consider D-He3 ion colliders with comparable lengths, say 10 km, if

the cost of a small-bore "featureless" solenoidal superconducting

magnet this long is found to be economically acceptable.

Since the fusion power density for ions colliding at the

maximum point of the D-He3 reaction cross-section and at beam

densities of, say, 10 is cm 3 is approximately 200 kW/cm 3, the

diameter of the plasma column can be quite small, perhaps as small

as a centimeter or two, even for relatively low duty cycle operation.



On the other hand to suppress "firehose" and "two-stream"

instabilities in the propagating and colliding plasma columns the

solenoidal magnetic field would probably have to be high, 20 to 50 T,

' depending on density. As noted at the beginning of this report lt Is
not out of the question to consider such fields, considering develop-

ments now underway.
, ,

NeedlesS to say, one of the most difficult problems to solve

would be to design the high-efficiency launchers for the ion streams

(which might be broken up, machine-gun-like, into a series of short
columns). These launchers could perhaps be based on collective

effects and one might take advantage of magnetic convergence at the

ends to achieve the required density. No pretence Is made here of

having a workable solution to the injector problem, but lt does not

appear to be one without a solution.

Finally, as a cross,check on the rough estimates obtained from

collision theory, some preliminary evaluations have been made using

a computer code developed by Rambo and Denavit [13]. This code

simulates the processes occurring in two inter-pene.trating plasma

streams, including modeling of collision effects. Thus far the code

results are not far different from those obtained from the simple

estimates, except that they give greater detail, for example as to

density changes in the columns and the growth of the electron

temperature with duration of the interaction.

For the computer runs the plasma densities were 1017 cm-3 and
the interaction lengths were of the order of 1 km. The initial

electron temperature was taken to be 20 eV, a,_d the energy of the
deuteron stream relative to the He3 strearn was 700 keV. Figures 3,

4, 5, and 6 illustrate, respectively, the initial electron densities of
u

the two streams (twice as high for He3, Z = 2), the electron tem-

perature _ position, the ion "thermal" temperatures _ position, andJ

the ion densities vs position, the latter three ali being evaluated at

60 microseconds after launch (about 0.5 km of interaction distance).
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Note particularly that the deuteron temperatures range from "zero"
at the left-hand end up to a maximum of about 40 keV. Because of

the steep energy dependence of the DDn cross-section the neutron

yield, as integrated over the column length, should be orders of

magnitude smaller than that expected from a D-He3 plasma in

collisional equilibrium at fusion temperatures. . '

In summary of this section, some rough estimates have been

given of the parameters of what has been called a "D-He3 collider",

an open-ended magnetic confinement system aimed at the twin

objoctives of derlvlng power by direct conversion from the fusion of
D-He3 while at the same time suppressing as far as possible the

generation of neutrons from satellite D-.D reactions. To achieve

these objectives lt was seen 'to be essential to operate in what has

been called in this paper a "low-Q" mode of operation, one which

then permits the minimization of coulomb-collisional effects, The
other obvious attributes of Iow-Q operation Is that lt puts mlntmal

demands on the "confinement" component of a magnetic confinement

fusion system, Instead shifting the emphasis to the achievement of

high efficiency from the fuel Injection and heating systems and from

the energy recovery components of the system,

Vi) Opening Up Fusion Research?

Midway through this report the thought was raised that "What
is important is to re-examine the present program balance dispas-

sionately and see If it needs to be changed or left as it is, and for

what reasons, pro and con". As I see it the situation in magnetic

fusion research is this: the early concern In fusion research that the

concept of "magnetic confinement of a fusion plasma" mlgh,t be

invalid has been thoroughly dispelled, thanks mainly to the

performance of several generations of tokamaks. While this has

been going on there have been equally Impressive advances In plasma

theory, fusion plasma technology, and In the understanding of the

economic and environmental goals that fusion power systems must

achieve to compete and to be accepted by society. Yet lt must be

- 22 -
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obvious to ali that despite ali of these advances there has been such

a narrowing of the fusion research effort Itself as to place the

program at risk in the classic "ali of one's eggs In one basket'

syndrome, and one where the yu_ are becoming more and more
expensive, well before the construction of a demonstration fusion

' power plant Is even being contemplated, As noted earlier, this state
of affairs seems somewhat anachronistic, In that its orlglns go back

two decades In time, when there was a real concern about the

validity of the concept of magnetic fusion, Thls early programmatic

bias, together with the "bandwagon effect" can explain what has

happened, Given the present situation, what should be done about It,
If anything? lt Is the central thesis of this report that, having

shown that magnetic confinement "works", we should now be less
J

concerned,.wlth the goal of driving Q "to Infinity and beyond", and be
more willing to devote a larger fraction of the world magnetic

fusion effort to Investigate the potentialities of Iower-Q systems

which may offer more attractive end products than the extrapolation

of the tokamak principle offers, lt Is the thesis of this report that
open-ended systems have a great deal to offer In meeting such an

objective,

+
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