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Abstract" Fusion, Magnetic Confinement

H.L. Berk

An overview is presented of the principles of magnetic confinement of

plasma,s for the purpose of achieving controlled fusion conditions. Sec. 1

discusses the different nuclear fusion reactions which can be expl,oited in

prospective fusion reactors and explains why special technologies need to be -

developed for the supply of tritium or SHe, the probable fuels.

[n Sec. '2 the Lawson condition, a criterion that is a measure of the qual-

ity of co,nfirmment relative to achieving fusion conditions, is explained. In

addition, an overview is given of the principal energy loss mechanisms that

are present in a magnetically confined plasma.

In Sec. 3 fluid equations are used to describe plums confinement. Spe-

cific confinement configurations are considered. The first examples given

are for azimuthally symmetric pinches, which are of infinite extent in the

z-direction but confined in the radial direction. These solutions are shown

to be paradigms for the tokamak, the reversed field pinch as well as the

open-ended mirror machine. The tokamak configuration is then discussed

in toroidal geometry, where it, is noted that a current drive mechanism, as

well as a vertical field to prevent plasma, expansion, needs t,o be provided. In

addition, compact toroids and stellarator configurations are discussed.

In Sec. 4 the orbits of particles in magnetic and electric fields are dis-

cussed, lt i_ noted that c__llisions prevent perfect confinement, and estimates



are made for the rate energy is _ost by collisional processes. In open-ended

mirror machines, the power losses due to collisions are comparable to the

power that can be produced by tile fusion reaction. This difificulty has lead to

the development of the tandem mirror concept., where electric fields, together

with magnetic fields, are used to improve energy confinement. For tokamaks

it is shown that orbital excursion from magnetic flux surfaces, together with

collisions, leads to so-called neocl_.<ssicaldiffusion, where transport, losses are

significantly larger than would be estimated from the cross-field transport, of

a plasma in a uniform magnetic field.. Simple physical arguments are given to

estimate neoclassical transport coefficients. One of the most important trans-

port mechanisms is the bootstrap current where it is found that the radial

pressure gradient of a. tokamak can by itself generate a significant fraction oi"

the required tokamak current.

In Sec. 5 stability considerations are discussed. It is noted that confine-

ment system:s usually need to satisfy stability constraints imposed by ideal

magnetohydrodynamic (_IHD) theory. Otherwise, rapid disruption of the

plasma configuration is likely. As a result, the most favorable configurations

are not determined by the highest values of kinetic pressure (for fixed mag-

netic pressure) that can be achieved irt equilibrium theory, but, by the highest

values of kinetic pressure that can be achieved on the basis of stability the-

ory. Some of the stability constraints imposed by MHD stability theory may

be significantly altered by having energetic particles in the system and some



proposed examples are given. A brief discussion is given of microinstabili-

ties, which are short wavelength oscillations that are responsible for so-called

anomalous transport, a crucial aspect of plasma confinement.

The paper culminates with a summary of experimental progress in mag-

netic confinement. Present experiments in tokamaks have reached the point

that the conditions ne(:essarv to achieve fusiotl are being satisfied,
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INTRODUCTION

Nuclear fusion is the combining of light nuclei to form more massive ones

with the conversion of nuclear binding energy to kinetic energy. This energy

conversion process is the source of heat irl the stars and in the Sun. If this

reaction can be replicated on Earth in a controlled manner, there would exist

an energy source to supply mankind in perpetuity.

In order to a,chieve tile fusion reaction, charged nuclei have to approach

to within distances of lO -_2 cm of each other for nuclear transitions to occur.

However, this close approach is impeded by the Coulomb repulsive force of

the positively' charged nuclei. Only if particles have enough kinetic energy,

so that they can penetrate this Coulomb barrier, can the fusion reaction take

piace. Hence, to achieve fusion it is necessary to heat the fuel to a sufficiently

high temperature so that particles ca.n penetrate close to each other's nuclear

core. Then a nuclear fusion environment can be created where the kinetic

energy released by the fusion reaction products maintains the temperature

of the fuel.

'Fhe fusion environment is at a temperature even greater than that. found

in the Sun. In order to achieve this environment technologically, special con-

ditions are required to establish insulation of the fuel from the surrounding

"cold" Earth temperature. Otherwise the energy losses to the neighboring

environment will exceed the energy produced by' the fusion reaction. The

task of prod_tcing adequate heat confinement is the crucial aspect of the con-

.... ,t, 1111, , , rl,t, ,r , I, " ,, ........ I1_'='=r¢' "=I='','_,1",,11_,',r' = ,,,_..... '11_111",lr , rl=l'"'' " " ......I'lllllll"'=*' II]l_llII'J_i_'_,I=iHl!l'_ '_,!11[_ _
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trolled fusion program. As will be described here, great progress has occurred

since the program initiated in the 1950s, yet much more is needed in order

to achieve one of the great challenges to mankind; Earth-based energy from

controlled fusion.

1. ENERGY FROM THE FUSION REACTION

Only a few fusion reactions have sufficiently high rates and energy gain to be

exploitable in a practical fusion reactor. As a result the issue of what fuels

are available for use on Earth when controlled fusion is feasible, is significant

and is discussed in this section.

1.1 Fusion Reactions

The three most important fusion reactions for energy applications are

3He + 7_,+ 3.3 MeVd+d--, t+p+4.0MeV

d+t +4He + n + 17.6 MeV

d +3He .._,4He + p + 18.3 MeV

Figure 1 shows the cross-section and reaction rates of these three reactions.

These curves show that the energy dependence of the rate of fusion reactions

decreases rapidly below the energy of maximum reactivity, a manifestation

that the Coulomb barrier can quench the fusion reaction. A fusion environ-

r_lent must achieve ternp_ra, tur_s in excess of the ideal ignition temperature,
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lia_,a, which is the lowest temperature for which a self-sustaining fusion reac-

tion can be achieved when energy losses only clue to bremsstrahlung radiation

are accounted for. For the d-t reaction Tia¢_ais 5 x 10r kelvi,l, or in units more

comrnonly used by research workers, 4 kilo electron volts (kev). For the d-d

and d-:_He reactions the ideal temperatures are 30 and 40 keV respectively.

1.2 Fuel Availability

One of the principal motivations for using controlled fusion for energy is

the availability of fuel reserves. Among the reactions listed in Fig. l, the

d-d reaction clearly is a fuel resource with virtually inexhaustible supply.

Deuterium is a stable isotope of hydrogen, which is stored in sea water with

a natural abundance of I part in 6500. The energy content of 1 liter of water

from the d-d reaction (:3 x 10Ujoules)is equivalent to the energy content

of about t00 liters of oil. The effective energy content can even be raised

substantially if the tritium and aHe products produce further fusion reactions.

With deuterium extracted from sea water, if energy is consumed at a rate

of l0 _1joules/year, the d-d reaction can provide an energy source for ,,_ l01°

years.

The main drawback of the d-d reaction is a relatively low reaction rate

: and yield, which makes its implementation more difficult as compared to the

d-t and d-a He reactions. Of the two, d-t has a clear advantage in achieving

a fusion environment, as the ignition temperature is appreciably lower and



reaction rates are higher than the d-3 He reaction. For this reason the first

planned demonstration of controlled fusion conditions is based on the d-t

reaction.

As a long term energy source, the d-t reaction is feasible, although not

as directly' as with the d-d reaction. Tritium is an unstable element with a

half-life of 19 )'ears. Hence tritium must be constantly bred during reactor

operation. Breeding is possible via the nuclear reactions

_, +'_Li ---+t +4 He + 4.8 MeV

1_+rLi _ t +4 He + rl,- 9.5 MeV.

Both reactions car: be used to produce tritium. The n-6Li reaction is

exothermic and if the released energy is exploited, the effective yield per

d-t reaction would be 21 MeV. Though the rLi reaction is endothermic, it

does not appreciably degrade the energy output of the entire d-t cycle. 6Li

: has a natural abundance of 7.,5% while rLi has a n_tural abundance of 92.5%.

Thus as tritium will ultimately be bred from lithium, it is the availability

of lithium that governs the energy potential of the d-t reaction. The offi-

-= . _ " I 'J'/ciallv estimated econom:cal y extractable lithium reserves are equivalent

-- to about one thousand years of energy supply. Lithium is also found in sea

- water, which if economically extractable, would imply an energy reserve on

- the scale of millions of years.

- Despite its long term potential, the implementation of fusion energy based

on d-t has several difficulties. The need to breed tritium complicates reac-2

2

_ tor design and since it is radioactive, there will be siting restrictions. There

=

=

=
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is controversy about whether the hazards, associated with the long lived rx-

dioactive material generated from the neutrons produced by the d-t reaction,

are a significant environments,1 concern (though it is generally agreed that

such problems are far less severe than with fission reactors). Perhaps the

most significant problem is whether the long term integrity of containment

vessels cat: be maintained under t.he continuous flux of 14 MeV neutrons -

(advar'_'ced materials research is needed to demonstrate that walls can be fab-

ricated from material that anneals with minimum deterioration from defects

caused by neutron bombardment).

These concerns give impetus to the desire to exploit the d-SHe fusion

reaction, which by itself produces only charged fusion products (though some

neutrons are produced from the d-d side reaction). Another potential benefit

of '¢he d-'_He reaction is the possibility of directly converting charged fusion

products to electrical energy with an efficiency of "-, 80%, whereas energy

derived from energetic neutrons needs first to be converted to heat, so that

the ultimate conversion to electricity is limited to a thermodynamic energy

efficiency of < 40%.

Unfortunately there is crucial uncertainty in the d-SHe cycle which is that

of fuel availability. Though ai-le is a stable element, it is light enough to escape

the Earth's gravitational field. Hence only trace amounts of SHe are found on

Earth. Paradoxically, 3He is present on the moon [Wittenberg, et al., 1986].

The :_Iqe,which originates in the flux of the solar wind, is embedded in lunar
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rock. [t, has been estimated that this _He source can supply mankind with

energy for hundreds of years, On a_longer t;ime scale, one can e_nvision, space

travel to the la,rger planet, s, Jupiter and Sa.turn, where the gravitation_,l field

is strong enough to retain :_He, An alter'native scenario is that, Earth-ba, sed

sources 0.'."_tte can come from other fusion reactors operating ,on d-d or d.,t

react iorJs, Neutron producing reactors could be sited iu remot, e are a,s and

supply :_,[tefor electricity produciu_._ _He reactors close to populated ,,_rea_.

Th.e above discussion indicates t,hat wit,h appropriate t,echnological progress,

the fusion reaction from sever'al fuels ca,n provide civilization wit,h a long term

energy source, The choice of fuel cycle will depend on the qua,lity of l_heen-

ergy confinement schenle that, is devised, the environmenti_l ,,._tanda,rds tha, t,

are deemed acceptable, and the technologies that are developed in the future.

1.3 Magnetic Confinement

Still, the first major step remains to :be proved: i,e. can a controlled fu-

sion Earth-ha,seri environment be established? There haz !been consider-

able progress towards answering this question, but much more information

is needed from future research, This article is devot, ed to explaining the

principles in magnetic confinement, where an ionized g_,_ (commonly called

pla,smas) is isolated from the s_lrrounding "'cold"' environment by ma.gnetic

pressure,

In the s_bse(tuent sections we present the following material: In Sec. 2
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we discuss the confinement parameters t,ha.t must be achieved if the energy

produced from the fusion react, ion is t,o exceed the energy required to produce
t

the hot, pla.sma conditions necessary for copious fusion reactions to occur. In

addition we will present, an overview of the principal energy loss mechanisms

a,ssociated with a confined hot plasma. In Sec. 3 we discuss magnetically

confined equili_)riurn and give an example several confinement schemes, In

,.'5'e.c.".4. we examine in more detail the mechanisms for particle, confinement

and transport for two of the most import, ant confinernent concept;s, t.he mirror

m._,chine and the toka.ma,k. The viability of a plasma confinement concept

usually depe",ds on t,he stability of the configuration, An overview of sta,bility ,

considerations is given in Sec. 5, Finally, in Sec, 6 past, progre.ss and the

present st,at,es of magnetic confinement resea,rcl'l is discussed,

2, INTRINSIC ENERGY LOSS MECHANISMS

2,1 Lawson Criterion

Ali fllsion confinement schemes rely on heating a pEasma in a configuration

tha.t is sufficiently well insnla, ted from its surroundings. The Lawson crite-

rion, the product of the part.icle density n and energy lifetime r arising from

ali possible loss mechaI:tisms, is a measure of how ctose a given configura-

tion is t.o creating a fl_sion environment, it is obtained by observing that,

a plasma (with say equal nt.i,L_berof electrons and hydr'ogenic ions) with a

"e ' '_ electron temper(emper'ature 7" (throtlgh(.)t_t. 5 (., we a.ssurne and ion a.t.ures
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are equal), electron density n., ant| lifetime r, loses power density .Pe, at a

rate Pe = 3nk'F/r. In order to have a self-sustaining fusion reaction, this

power loss must be compensated by the energy produced by, the fusion reac-

tion. It is envisioned that. charged fusion products will be contained in the

svst,em with their kinetic energy being absorbed by the background plasrna,

while fusion produced neutrons escape the plasma region. A self-sustaining

reaction (a burn) occurs when the pov'er production of the charged particle
.

fusion products compensates the thermal energy )',sses of the pla_sma. Thus
:I

the criterion for a fusion t)ttrn is
I

(I) .

where (err,) is the fusion reaction rate averaged over the background ion

distribution functions (o"is the fusion cross section, u = relative ion velocities,

and 7 a numerical factor that depends on the fuel mixture (for d-d, 7 = I/2,

for d-t, 7 = nd n,/n '2 < 1/4, etc.; the subscripts d and t refer to deuterium

and tritium) and Wr the energy of the charged fusion products. From Eq. (1)

the Lawson criterion follows

r.

3kT
,,r > -(nr)r., "(2)

where the right-hand side ,:lepends on temperature and fuel mix. Figures of

r_.rvs. temperature, for the optimum fuel mix is given in Fig. 2. One observes

: that r_r values in _.x(es.s of 10:° m.":_s is needed to achieve self-sustaining

: fusion.

=

=

II
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A less stringent, modified Lawson criterion applies to the condition for

obtaining net. energy when energetic neutrons are produced. For the d-t

fuel cycle with 6Li used for the breeding of tritium, 22 MeV per reaction is

relea.sed, with only 3.5 MeV going into charged products inside the plasma.

With a 40% heat conversion efficiency, the critical nr that is needed to achieve

fusion en_'rgy is reduced by a factor of 2.5. However, external power must

then be continuously supplied to this so-called "wet-wood burner" mode of

operation.

2.2 Loss Mechanisms

The feasibility of attaining fusion energy depends on devising thermal insu-

lation so that Eq. (2) can be satisfied. There are several intrinsic power loss

mechanisms that place upper bounds on nr including: radiation, diffusive

losses due to collisions, convection due to disassembly of the equilibrium, and

diffusion clue t.o small-scale turbulence. The composite toss rate can be writ-

ten as 1/r = E,l/ri, with r,-' _,the effective energy loss rate per electron-ion

pair) for each individual mechanism.

2.2.1 Bremsstrahlung

Radiation due to bremsstrahlung is a basic loss mechanism and is due tc the

radiation emitted by electrons colliding with themselves and witb ions. The
=
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power radiated, Pbrem, is given by

3nkT
P,r .m= (:3)

'r'brem

= _. rt/2/Zeff m-as where Tl0k is the plasma tempera-with n%r_m ') 8 x 102_ "_ok

ture in units of I0 kev and Z,_. = _, Z]n,/rz_ with Z, the atomic number of'

species i. The subscript, e refers to electrons. As bremsstrahlung is not. signif-

icantly reabsorbed by t.he plasma in configurations appropriate to controlled

fusion, the losses are not reaciily recycled back into the system (except per-

haps with some thermodyllamic efficiency "-,35--40%). Impurities sputtered

from the wall can accumulate in plasmas and can cause significant increase

in the bremsstrahlung loss rates even if the hydrogen component is not suffi-

ciently diminished. Hence the suppression of impurity accumulation is criti-

cal in plasma containment. Becau.se of bremsstrahlung losses many possible

neutron-free fusion reactions cannot be used for fusion power production.

Examples include: p +tl B --, 3a q- 8.7 MeV, p +6 Li -_'1 He+nile+4 MeV,

etc.

2,2.2 Synchrotron radiation

The other important radiation process with significant energy loss is syn-

chrotron radiation. This is single particle radiated power dt:e to cyclotron

motion of electrons in a magnetic field which is given by

3n 7'
P,,,,,,c= --- (4)

rsync

'' ,r .... I,, ,,...... rll"l'' " _ ........ '1' a , i[i,,,,iq ' _l'l ,11,_11, "li,i, _llliiil," f)l DIii''' .... II'P' ' _[',lll,)llpll,",,,l_V,I qnr' T'[/[ _r_[lg_l_- IV_NI_,
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with

.97 x 10_',:¢m-3s

/'_ Tsync -- .i.,lO k

with 3 = 4HokY / /3_ t,he ratio of kinetic pressure to magnetic pressure, a fun-

<tamental plasma parameter ill magnetic fusion. If t,he radiated power would

propagate witholtt t'_lrther absorption, this parasatic loss mechanism, would

severely effect the viability of llearlv every magnetic fusion concept. Fortu-

llately, most of the radiation is reabsorbed by the plasma, and even escaping

radiation can be reflected b\' (,xternal conducting walls and reabsorbed by the

plasma. (?alculations show t llat synchrotrott losses is not, a constraining loss

mechanism in a d-t reactor, whereas they do constrain d-d or d-SHe reactors

to operate at, moderately high fl values (typically fl _> 15%).

2.2.3 Diffusion

The other important mechanism that determines plasma lifetime is particle

diffusion. In subsequent sections we shall describe magnetic containment

coi_tigurations in which the particle orbits are isolated from the surround-

ing walls. However, binary collisions and fluctuating fields cause particles to

deviate from their orbits, and eventually these particles diffuse to the walls.

Energy losses due to binary collisions can be reliably calculated. Such losses,

together with radiation, ,,stablish the intrinsic containment properties of a

given configuration. Ii_ t_roi_lallv .,,liaped devices collisional losses are gener-

ally compatible with reactant operation. In open-ended devices, these losses

,,, .... _ ", .... ,, '_'lrl','q,ln.... ',r ' ,ql ' "'_' I'Pl' .e ' lr "' Iii "_v, _rq,, "'IF_, " '" 'r'I'_r_'"_II"_l'T'"_'_-'_"_r''_'W'_"_'_'
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are a significant, constraint for power production.

2.2.4 Turbulence losses

Losses due to fluctuations from inste_bilities appear to govern t,he lifetime of

almost every magnetic fusion experiment that, }:as been developed. Roughly,

these losses can be categorized in two forms, those due to macroinstability

and those due to microinstability. In macroinstability, the unstable mode

affects the entire plasma col:lh::: and 'he loss of integrity' of the confinement

scheme, h: such cases :he losses are usually incompatible with achieving

energy production. However, in some cases macroinstability is localized to

the plasma interior, and the integrity of the thermal insulation can still be

maintained.

In microinstability the instnbility structure is on a small scale compared

to the plasma size. These fluctuations cause stochastic motion of particles,

much like that produced by collisional diffusion. Typically it is this diffusive

process that appears to determine thermal containment time of even the best

contained plasmas. The detailed rnechanisrns for such losses are not fully

understood, and the theoretical and empirical description of these losses are

still being established [('allen, 1992].

The control of these st_lf-irlduced fluctuations is a key to obtaining the

plasma parameters nee(led to fulfill the Lawson condition. Such fluctuations

can have a beneficial effect. For exampie they can prevent the build-up of

unwarranted impurity ii: rh( • plasnla ce_:ter or they can allow dynamo action
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to steadily maintain the magnetic structure of a configuration that would not

be possible to sustain in absence of fluctuations, lt now appears that at least

in tokamak experiments, that the natural fluctuation level is compatible with

t.he achievement of controlled fusion conditions.

3. MAGNETICALLY CONFINED EQUILIBRIUM

In order to prevent heat from escaping from a confined hot plasma to the

cold surroundings, a means of providing both confinement forces and thermal

insulation is needed. Magnetic fields can in principle provide both properties.

Many different magnetic field configurations have been proposed. Roughly

the proposals can be divided into two c!asses, toroidal and open-ended. In

the former case the trajectories of magnetic field lines lie on a surface of a

torus, as shown in the spiral lines in Fig. 3. Charged particles, which con-

stitute the plasma, move nearly parallel to these field lines, and as a result

under many conditions the particles remain inside the torus. In open-ended

machines the trajectories of magnetic field lines inside the plasma reach the

surroundirlg wall as shown in the two configurations of Fig. 4. However,

particles are inhibited from reaching the wall if the magnetic field strength

increases toward the wail.

In this section we will discuss some basic ideas in magnetic plasma con-

tainment and show how they have been specifically applied to various con-

tainment concepts.



17

3.1 Magnetohydrodynamic Equilibrium Equations

To understand containment one ca.n examine solutions of the magnetohydro-

dynamic (.MHD) equilibrium equations, which take the form

jxB=V.P
(5)

V x B = _zoJ

where B is the znagnetic tield, j tile current density, and lP the generalized

momentum flUX ten,or, lt is freqtlently appropriate to take IP as isotropic,

whereupon IP = pi with p the scalar pressure and I the unit dyadic (pressure

isotropy is established if the particle lifetime is longer than the collisional re-

laxation time to a Maxwellian distribution). These equations can be written

in stress conservation form,

v,n=o, (6)

with the stress tensor given by, 1I = BB B2 ][- IP One can show from the¢._o 2/JO '

virial theorem that Eq. (5) only allows soluti.ons if on a surface, S, bounding

the containment volume, the "force," f II. ndS is nonzero, with n the unit

normal vector to the bounding surface S. This means that in order to obtain

equilibrium one must supply an external anchor. One type would simply

be plasma leaning against external solid material walls. This method is

not generally satisfactory since thermal heat losses would usually be too

large (nonetheless there are serious "wall containment" concepts, such as

originally proposed by B_l(lker, that axe being developed that depend upon

the relatively low heat con(t_ction across magnetic fields to obtain the needed

z

2
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tb.ermal insulation [Ryutov, 1975]). The more standard technique is to have

magnetic coils, which establish external magnetic fields that carl isolate the

plasma from wall contact. In turn these coils need to be anchored by external

forces.

3.2 Two-Dimensional Pinch Solutions

To begin to understand the solutions of Eq. (5), it is informative to consider

a system that is unbounded in the z-direction, symmetric in the 0-direction

(where 0 is the angle about the z-axis), arid contained radially in r. If we take
',_

- the momentum flux tensor P as isotropic, P = p I (note p is the particle

pressure) and the magnetic field of the form B = SBr(r)+ 0 B0(r), the

general solution to Eq. (5)is
=

- p(_)+ _ p+ _ = (7)
2#0 2#0 2#0

,,'here (a(r)) = 2r -2 g dfr'a(r').
=

There are several issues that this form illustrates. First of all, at a wall
_

..

--: r"= o, the pressure, p(a), can vanish, and the averaged contained pressure is

- then

B._(.)+ B_(a)- <B_)
(p) = " (8)

'2_*0

We see that the particle pressure can be expressed in terms of a containment

= parameter,

<:_)= 2,,o(p> (9). B_(a)
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where B._(a) is also the applied external magnetic field if there are no embed-

ded external current carriers inside the plasma. Equation (7) then becomes

with

\Ve now note that there is freedom in specifying bz or bo. The cue where

bo = 0 is the "theta pinch" solution, where the nomenclature arises because

in such a configuration the plasma current is in the 0-direction. In this case

one can show that 1 > b'_(r), hence (J> .<_ 1. This is why /3 is frequently

used as a measure of effectiveness of stored plasma pressure with respect to

an applied magnetic field.

[n principle the greatest effectiveness in confining plasma is obtained with

the z-pinch solution where plasma currents are in ti_e z-direction and B_ = 0.

This case does not require any external n_agnetic field toachieve radial con-

tainment (note that the 0-pinch is unbounded in the z-direction, which is why

the virial thai)rem is not violated). Thus from just its equilibrium properties,

the z-pinch is extremely attractive for fusion application. Unfortunately, in

its most basic form the z-pinch is highly unstable and drastic modifications

of the configuration is usually considered necessary to have a tractable con-

cept. Nonetheless, interest in the pure z-pinch continues today. Novel ideas

for stabilization are being investigated by Lehnert in the Ex-trap experiment

[Drake, et al._ 1989]. There is also considerable interest by several groups in

the high density fast z-pinch produced from thin fibers, e.g. [Haines, et al.,

............ ,.. , =..... _, _................ :_,___
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1991], where the time scale for producing fusion energy might be more rapid

than the tirne scale for instability to develop.

The most direct way to stabilize a z-pinch is to have simultaneously both

_-directed and ()-directed cu_r. ts.'t,', In Eq (7) the kinetic pressure and the

magnetic pressure due tc . are completely interchangeable. In the limit

of zero kinetic pressure, the solution is a "force-free solution" where the

plasma currents are par_dlel t,o the magnetic field so that the magnetic force,

j x B = 0. There is a class of solutions where the direction of B, changes inside

the discharge, and such solutions are characteristic of the Field Reversed

Pinch (RFP), one of the important; _ ncepts in controlled fusion research.

Another prototype solution contained in the structure of to Eq. (7) is

where B= is nearly constant within the discharge and the plasma beta is low.

Typically, ,/3== 2#op/B_ << I while /30 = 2,Lop/B_ _ 1. Such discharges

are stable for a wide range of parameters and are the basis of the so-called

tokamak, the lead concept for achieving fusion by magnetic containment.

._Iany issues in tokamak containment will be discussed later.

Both these "low-3" solutions sacrifice high-i3 effectiveness in exchange for

achieving stability. Beta values ,,- 10% have been achieved in these concepts

and the determination of the upper permissible beta is one of the important

questions under investigations in controlled fusion.
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3.3 End Stoppering

The MIlD solutions presented thus far do not exhibit axial containment. For

axial containment we either have to "stopper" the ends or wrap the straight

solutions into a torus. First we discuss end stoppering.

Axial stoppering can be achieved by varying the magnitude of the mag-

netic field along the S-axis if the pressure tensor is anisotropic. As particle

orbits in a magnetic field causes the pressure tensor to be symmetric about

the magnetic field direction, while the parallel component is unaffected by

the magnetic field, the pressure tensor lP, takes the form

_' = p_(I- hb) + pll_,b (11)

where b is in the direction of the magnetic field, p± the perpendicular pressure

and Pll the parallel pressure. The component of Eq. (ll) along the magnetic

field gives the relation,

OPil -(PJ- - Pll)OB
0,--7= s o_ (lz)

where ,s is the distance along a field line. This equation allows the pressure

Pll to be contained along the magnetic field if B increases towards the efr&.

This axial containment is an example of the mirror principle, In Sec, 4 we

will study in more detail how electric and magnetic forces act on particles to

achieve containment.
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3.4 Toroidal Configurations

The two-dimensional pinch solution is frequently considered as a mathemat-

ical limit of a large aspect ratio toroidal system. However this "attachment"

of ends of a nearly straight system onto itself, brings in many new physical

features, some of which is discussed in this section and others in Sec. 4.

3.4.1 General considerations

To study containment irl toroidal configurations, Eq. (5) has to be solved

in three-dimensional geometry. A typical three-dimensional configuration is

shown in Fig. 3. In such a configuration there is a toroidal axis of radius

(the dashed curve in Fig. 3) on which a magnetic field closes on itself.

Frequently Ro is constant, but in principle Ro can vary as it does in some

concepts. The other field lines wrap around the toroidal axis as indicated

by the lightly drawn spirals in Fig. 3. The winding number of a field line is

the ratio of the number of times it wraps around poloidally (the short way

around) to the number of times it wraps around toroidally (the long way

around). The winding number is commonly called the rotational transform

t, and its inverse, l/t, is denoted as q, the safety factor, which is a parameter

closely related to plasma stability. A convenient set of coordinates, shown in

Fig. 3, is the toroidal angle ¢, the poloidal angle 0, and the radial distance

to the magnetic axis r. For a toroidally symmetric configuration one can

. readily show that if the rotational transform is irrational, a single field line
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is constrained to lie on a surface. Such a "magnetic flux" surfaces can also

be attained in configurations that are not axisymmetric. This property leads

to the stellarator concept, to be discussed below, where the flux structure

can be formed directly from external magnetic coils, rather than the internal

plasma current.

8.4.2 Vertical field

In a toroidal pinch, there will be a toroidal plasma current, lp_ that produces

Be fields. The average self.rn_gnetic force, (I v x B:,> with B., the magnetic

field produced by I v, produces the so-called hoop fl)rce directed outward in

the R-direction. This self-force tends to produce expan,_ion of the current

ring. To obtain confinement, this force must be compensa_ted by an external

vertical magnetic B_, directed such that lr,_ × B_ i,s in the -I_-direction.

[:'or a torus of large aspe(t the magnitude of B_ is found to be

B_ = _ In a 2"F _, +(30i' (13)

where Bo(a) is the poloidal component of the magnetic field that is gener-

ated by the plasma current, Ir, ,_, :'_"------_-_ (3o> = 2#0 f_' drr p(r)/a2B_(a)_0

is the average beta with respect to the magnetic field and e,. (the internal

inductance) is _ quantity of order unity that depends on the detailed cur-

rent profile. The need of such an external vertical field c_n be viewed as

consequence of the virial theorem.

From Eq. (13) one infers that the intrinsic 3-value with respect to the
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vertical field is large with J _ R/a. Suct_ high beta values can arise if t.he

toroidal magnetic field,/_, is zero. Itowever, stability considerations demand

the presence of an external toroidal magnetic field, B_,, which considerably

reduces the '3 that can be achieved. In the RFP the toroidal B_, and poloidal,

Be, magnetic fields arc comparable in magnitude, while in the tokamak B_

is considerably larger than Be, t,ypically B_,/Be _ R/a.

We also note that toroidal magnetic fields are typically produced by mag-

netic field coils where the coils are wound through the hole in the plasma, as

° shown schematically in Fig. 5a. In Fig. 5b the plasma region and toroidal

field coil is shown as it exists in the Text tokamak. The inner coil structure
=

gives rise to complications that would be worthwhile to avoid if an alternate
.a

:. configuration proved suitable. This is a motivation for the study of compact
2

toroids where there are no external coils through the plasma hole.

3.4.3 Compact toroids
_

:ks .3 _ a/R appears to be a limitation of confinement, increased 3-values is-

_a achieved by increasing aiR. The extreme is to have a/R ,._ 1. If in this ca.se

: one eliminates the external toroidal field coils entirely, and one need not have
.:2

hardware through the inside of the torus. Instead, the plasma can reach the

_-_ axis of the machine, and one has a configuration known as a compact toroid.

_- To discuss the struct_lre of the magnetic fields in a compact toroid, we

....

,, _,"_flfl''r''_'_......... I_ll'........'_",,,'_',,,""_I,,'......,1_',,',' _l' ......... t_I''0' ',,'........."J'lllltlr"'_.....'>_J__,"l,_'"'I_II!l},,lt?_,l,"'q_'l,'"',¢_,_,,,",,,,_I_r_,i,,,,i_,,,jji,,<'r", ,lip,litl''"'"'_-
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introduce a. magnetic flux function _,p where

Ba = 2:rR

The magnetic field t.hen lies along contours of constant _,;. A schematic

figure of the flux surface of a compact toroid is shown irl Fig. 6. The z-axis

is an axis of revolution. Ttle poloidal magnetic field is closed and reverses

direct, ion inside the separatrix (tile separatrix is the curve that intersects the

points marked by ×, which separate the closed and open field lines). The

closed field lines is t_he region of containment. Outside the separatrix the

field lines are open, and the plasma that reaches these outer lines, a_swell

as plasma reaching the :-.axis, flow towards the walls. By in large, the flux

surfaces are produced by the toroidal plasma current. However, the hoop

force still needs to be compensated for by an external vertical magnetic field,

just as in the large aspect ratio case.

As an example, a prototype analytic solution for the flux f.,_, without

toroidal field, which satisfies Eq. (,5)is

R_ ,:2]
I_'p -- 4_t,max _ - [.R 2 - R, 2- c1,2 (14)

where

_'ma, x RO2 /._0 PO

'2lr ---- T 2(]. 4'" (_2/4) ' P"_" P0_)P/_'m_

R and : are radial axial cylindrical coordinates indicated in Fig. 6 and F_

a constant. The plasma pressure is confined to the region _p > 0, and

the curve _.,p --- 0 defines the separatrix. For this solution t_he separatrix

5

A

........................... ,-...,_--._-,.... ._, .-._-;;p:;:'-:. ,;.;;,-:::-:v:-:- V-.:-'_':. :.,,.::":';;:-_:-;_';:._...... :..;:, ;::'-:-_;_z:Z/:,T_:: _



26

forms an ellipsoid of revolution with major axis Ro in the radial direction,

and Ro/c_ in the z-direction. The required external magnetic field, Be×t is

directed in the ::-direction. The needed external field, B,xt, can be expressed

in terms of a beta condition 3o = 2#opo/B_._t, with po the pressure at the

0-point of Fig. 6 where the poloidal magnetic field vanishes. For a spherically-

shaped separatrix (c_ = I), 30 = N,'_swhile for an. axially elongated separatrix

(c_ _ 0), ,30 = 1.

Another type of compact toroid, known as the spheromak, is one where

the plasma also carries poloidal current, so that toroidal magnetic field ex-

ists inside the containment region, but not outside the separatrix. In these

configurations the role of kinetic pressure and magnetic field pressure from

the toroidal field are nearly interchangeable. Now, both the kinetic pressure

and toroidal magnetic field pressure maximize at the 0-point and vanish at

the sepa.ratrix.

A third type of compact toroid is astron [Christofolis, 1962]. This is

a configuration where current carriers are energetic particles. In this case

the external magnetic field, /?ext, confines the energetic particles in orbits

that are essentially the betatron orbits that appear in the theory of particle

accelerators. The dominant momentum flux associated with the orbits of

this configuration is

with mb and nb and mass and density of the energetic part.icles and vo the

............... _'_....................... _"*_-_'''_'_"_:-'_'-_t_-_:'_'_:_" ; ........ :-'-i: :_,':-i _-....... ;i.......... ]72""_ __ ......................................................................
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(tirected 0-directed velocity component. Now Eq. (5) needs to be solved using

Eq. (1.5) for IP. Ifthe current formed by this beam of energetic particles is

intense enol_gh, the shape of the poloidal magnetic fields is similar to that

obtained with the other compact toroid solutions.

3.4.,1 Inductive voltage drive

The diverse toroidal (oltcepts ctiscussed thus far will only Inst a magnetic

diffusion time _lilless ttlagrle,tic tlux is "pumped" into the configuration. The

_tiffusive nature of tile' ctischarge can be inferred from combining Faraday's

induction law, Ohm's law, and Amp6re's law, which leads to a diffusion-like

equation for the flux, t;,p, which is essentially of the form,

0_'7, l

c)t o'_L0

with o"the electrical conductivity. Unless a source of flux is present, Eq, (16)

predicts that the magnetic configuration, decays with a characteristic time

,o_,__ -4 Ta/2(eV)/Z_.,sec where a is the minorr,tl given by r_I _ --T'- _ 4 x l0 a _

radius in meters, ir_(eV) the electron temperature in electron volts and the

electrical conductivity is o"= 1.3 x l0 a T;_/2(eV)/Z_ siemens/m with Z_- the

mean atomic number of the discharge. Sample diffusion times are: r M =

6 x 10-asec for a = 0.'2 m, F, = 50eV which are typical of startup parameters;

r._t = 1.0min for a = 1.0 m, 7_ = 3kev which are typical parameters for

present-,,tay tokamaks, r.tt = 0.8 hrs. for a = 2m, f = 15keV which are

t.yplcal of fusion reactor parameters, We observe that stronger magnetic flux
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pumping is required for small devices at low temperatures than for large

devices at high temperatures.

The most obvious flux pump mechanism is to [ink magnetic flux, just as

one does in a transformer, as shown irl Fig. 7. The flux g)/_in the solenoid

core is t/'F = BF A,_ where BF is the magnetic field in the solenoid and AF

the cross-sectional area of the solenoid. If BF changes from BFM to --BFM,

it follows from Faraday's law that a voltage _'k is imposed on the core plasma

_. = -'_q*' ,4 In turn, the w_ltage is ohmically dissipatedgiven by VF = at .:_t F.

bv the plasma, so that _,'F = -AF g._r_ - Ij'R. with Ip the plasma current9t

V the, "uxthat
be pumped is limited to 2A,-BF, then for a fixed current and resistance the

solenoid can supply voltage for a time, rF, given by tF = 2BFM AF/Ip'R.. This

ohmic method of magnetic flux pumping will allow a reactor to operate on

the scale of hours. Though quite long by today's standards, ohmic magnetic

flux pumping implies periodic shut-down and start-up of the reactor, which

is not desirable from several engineering considerations (one of the more

significant reasons is that the many start-up phases lead to large changes in

the wall temperature which cause continual thermal stress that eventually

cause wall fracture). Hence, alternate flux pumping techniques, frequently

called current drive, are desirable [Fisch, 1987]. For example, radio frequency

waves have been used to drive steady plasma currents through a variety

of mechanisms. Though less efficient than ohmic drive, they do offer the

,i ,i i, Jnp , ,.i,.., ,lll,,V, llll ,,i, ii. H i_ ,,,qqr ,. ril_pI . -, 111"'"-' 73 --3i _ ,ITI ,Ip,a ', ,, '1plt _Prt_ nii rll .... . ' r_ illl i,i II,
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possibility of achieving truly steady state operation in a toroidal machine

where plasma current is needed to form nested flux surfaces.

3.4.8 Stellarators

A way to avoid the need for driving current in a toroidal plasma is to design

a stellarator configuration where flux surfaces form solely from the current in

the external coils. The _h.monstratiotl that "vacuum magnetic fields" form

flux surfaces can be inferred from the properties of a periodic stellarator with

helical symmetry and arbitrarily large aspect ratio. Consider a cylindrical

coordinate system (r, 0, z), with the system extended in z, and define a phase

variable ¢, = 0 - ac with a a constant. The vacuum magnetic field can be

expressed as B = _, which with V. B = 0, requires Laplace's equation to

be satisfied, _rb = 0. A helical stellarator solution has the form

rb = t3oz + - ___ beD.(far) sin(&/_) (17)
n=l

where /e(.r) is the Bessel function of imaginary argument. The field lines

generated by these solutions lie tangent t.o a helical flux function _n,

C¢P 2 ,.-ro

=/30 .-7-- bex (e  )coe0. (is)
'_ t.'=l

These solutions are the first approximations to the fields that can be gener-

ated in a torus with a large aspect ratio (Ro/a)> 1 where Ro and a are typical

major and minor radii). Ilelical solutions are obtained by winding the exter-

nal current carrier in a helix .I.l/g times around poloidally for each toroidal
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turn, with M an integer and a = M/fRo. The pitch of the coil is M/g.

Examples of the shapes of constant helical flux contours at fixed z generated

from various coil configurations, are given in Fig. 8. At a given poloidal

cross-section there are g-current paths flowing in one direction (shown by the

symbol _ in Fig. 8a) and perhaps g-current paths in the opposite direction

(shown by the symbol _?i). If the latter set of currents are absent the config-

uration is called a heliotron or torsatron; with a torsatron a single coil forms

toroidal and helical fields. The magnetic field lines inside the torus wind

around the magnetic axis with a rotational transform that is less than the

pitch of the current loops. The rotational transform increases with increasing

radial distance until a separatrix is reached (in these figures the separatrix

are the contours that cross on themselves), where the rotational transform

equals the pitch. At radii outside the separatrix, field lines are not contained,

but intersect the wall. Unlike a typical tokamak, q = 1/L decreases away from

the magnetic axis.

In practice a straight system must be wrapped into a large aspect ratio

torus as in Fig, 8b. Observe that the magnetic flux surfaces twist to follow the

external helical currents. However, strict helical symmetry is broken by t,he

toroidal shape. With strict helical symmetry it follows from Eq. (18) that the

magnetic fields inside the separatrix have nested flux surfaces. With helical

symm, _"v broken (as it must be in a true toroida, l symmetry), it is not at all

obvious that a field line generates a magnetic flux surface rather than filling a

.... , ' ' ,,_., ......................... ,,r, .... " " _1'_....... ,'_,,,,, r_.... , .... , .... _l'r_r,_".......¢W-,_-t,'_'r'_",_-r-,'_ _'-
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volume of space. Fortunately, the flux surface property is retained over a large

volume surrounding the magnetic axis. However, flux surfaces disappear near

the separatrix (there field lines meander over a finite volume) and additional

structure irl the field lines (so-called magnetic islands) arise near surfaces with

rational rotational transform. With proper coils, an acceptable volume of

mostly nested magnetic surfaces can be designed. Within these good surfaces,

pl.asmas can be retained to beta values comparable to what is possible with

tokamaks.

Historically, the stellarator concept was one of the pioneering confinement

concepts in controlled fusion. The three-dimensional aspect of the configu-

ration made design and analysis difficult, and progress in the field (in part

due to poor design choices) lagged behind tokamak research. In more re-

cent years, as a result of clearer conceptual ideas of the stellarator concept,

very promising experimental results have emerged in stellarator research. To-

° clay, the stellarator concept, with its multiple design options and its intrinsic

truly steady state nature, is a leading alternate to tokamaks as a means for

achieving fusion-grade plasmas [Carreras, et al., 1988].
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4. PARTICLE ORBITS AND CLASSICAL TRANSPORT IN MAG-

NETICALLY CONFINED PLASMAS

4.1 Particle Orbits in Magnetic and Electric Fields

Without magnetic and electric fields or collisions, a particle in nn enclosed

volume moves ii1 a straight line _tnt,il it hits the surrounding wall. Mag-

netic and electric fields ('ali be designed to prevent the particles from hitting

bounding surfaces. 'File orbits are deternfirled from the equations of motion, ""

dr dv

v = (-/7; Mj d--{ = ej(v x B + E) (19)

with Mj and e'_ the mass and charge respectively of species j. When B

is spatially uniform and E = 0, the particle motion perpendicular to the

magnetic field is a circle with a radius Pi = vj./_j, (known as the Larmor

radius) about a point called the guiding center, c,j. the speed of the velocity

component perpendicular to the magnetic field and _ = ejB/Mj is the
_

cyclotron frequency of species j. However, the parallel velocity, vii =_v.B/B,

remains constant and the particle moves without containment parallel to the

magnetic field in a manner shown in Fig. 9a. With a homogeneous static

electric field present perpendicular to the magnetic field, a particle takes on

an additional drift motion, vE = E x B/IBI 2, giving rise to a motion shown

in Fig. 9b, with the motion of the guiding center being perpendicular to the

=_ direction of E.

The motion we have described has not taken into account collisions be-

_

£
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tween particles ciue t.o the binary ('.oulomb interaction. Because of the long-

range nature of the Coulomb potential, the many small angle deflections

arising from collisions with relatively large hnpact parameters, are more im-

portant than the large-angle-deflections arising from collisions with small

impact parameters. The small angle deflections cause the particle pitch an-

gle 0 = cos -t vii/ v[ of a species, j, to change by 90° in a characteristic

scattering tir.ne ra, which is given by

tzcri ,_ 1.5 x t0t°A t/2 Ei(keV)/Z 3
(2o)

,z_.r_ = 1.5 x lOt°(M_/M,) t/_ E_/2(keV)/(1 + 1.5Z)

where Ej(keV) is the energy of species j in keV, j - i refers to ions, j _=e

refers to electrons, ,4 and Z refer to the ions' atomic mass and number

respectively, and we assume only one ion species for simplicity.

As a particle scatters, the guiding center of a particle likewise deflects,

and in a scattering time t = tj, the guiding center is deflected by roughly

one Larmor radius. For time scales much longer than ra. the evolution across

field lines is described by' random walk theory. The diffusion coefficient, Di,

for species j is given by Dj = &:c_/At with &xi is the random step size that

occurs after a time At. In our case, Ax = #.i and At = tj, which gives the

"classical" diffusion coefficient of a particle in a straight magnetic field,

'2

Da._ P_, (21)
7")

When collisions are taken into account in fields where E and B are mutu-

ally perpendicular, particle <tiffusion across field lines gives rise to a thermal
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conduction coefficient .X'_ Di. ,'ks a result, for a slab model of a plasma,

with the magnetic field it: the ,:-direction _nd an electric field ii: the :c-

direction, and with the plasma confined in x within a characteristic spatial

scale Lp >> Pi (Pi = V/27;/Tni ), the characteristic lifetime for energy confine-

ment, Trh is

I,_

where for _, we use Eq. (20) with E, = T;. As L_ >> Pi, the energy lifetime

: is many 90° deflection times.

In addition collisions prevent the unbounded acceleration of particles

-- when a parallel electric field is present. With collisions the parallel equa-

tion of motion gives roughly

" dvll Ell

dt = ej M i vll/r j

-- with a steady-state solution vii = ej Etl rj/Mj which produces a plasma cur-
_

_- rent

Jll = -en_(t'lle - viii) _ re n,. e2 EII/M j -= _rEII
-

with e the magnitude of the electron charge. Within a numerical coefficient

this value of cr reproduces the electrical conductivity used in Eq. (16).

-

_2 4.2 Spatially Varying Fields

: By considering magnetic and electric fields that vary slowly in space com-

pared to a Larmor radius, and slowly in time compared to a cyclotron period

,,
,,,

" ,r_" _' '.. ...........-_-,,n-_to-_,t_-._.-_ :::::: .,_;;,_.. ,, '1_'l_ _ r
i
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,_ 1/¢Oc,one candemonstrate particle containment along the magnetic field.

Under these conditions the quantity ,:i _-_m(vL --vs)'a/B is an adiabatic

invariant, i,e. it remains conserved to high accuracy during a particle's mo-

tion. As a consequence of this invariance, the parallel velocity of tile guiding

center, vii, is given by

vt1= ± (s - _ B(_)--_,_(_))_/_ (23)
d

1
where -VG = E, £" = _ mt, 2 + ej_ is the total conserved particle energy,

B(s) = lBl and _ is the electrostatic potential. From Eq. (23) it is clear that

if the magnetic field is increasing, a particle can be contained along the field

line. Specifically, when _I,= 0, the particle containment condition is

.__ Bo tv_'° > - (24)
132 _me_x-

where Bm,,x and Bo are respectively the maximum and mid-plane values of the

magnitude of the magnetic field, 13a.0is the speed of the velocity component

+ perpendicular to the magnetic field, the subscript 0 refers to its value at
=;

the mid-plane, and R is called the mirror ratio. This type of containment

- is referred to as mirror containment, where particles that satisfy Eq. (24)

oscillate between two turning points inside the mirror peaks (for an axially

-_ symmetric machine where B(-s) = B(s) the turning points are at s = ".._Sr

where B(sr)/Bo v_/v 2: = / J.o)' Particles for which V_o/V 2 < 1/R are in the

so-called loss cone and they leave the mirror machine irt one transit time.

The particles that satisfy Eq. (24) are axially trapped and remain there



36
J

for many axial bounce periods. The limiting lifetime, r,_, is determined by

collisions causing a particle to pitch-angle scatter into the loss cone. This

time is roughly r,c "-_rs(t - I/R) for R- t << 1 and r,c ",_rj In R for R >> l,

with rj given by Eq. (20).

In the absence of parallel electric fields, electrons are lost more rapidly

than ions as r, ce/r_ci _ (M_/Mi) 1/_ (T_/-EI) a/2. Hence the plasma will charge

up positively, producing an axial electric field pointing outward towards the

mirror peaks. This field reinforces the containment of electrons and weakens

the containment of ions. The magnitude of the negative potential adjusts so

that the axial losses of electrons and ions will be equal. Thus the electrostatic

potential is of intrinsic importance in the containment of plasma in a mirror

machine. It is referred as an ambipolar potential as it regulates the charged

particle loss to occur with nearly zero current flow.

The containment condition for ions and electrons with an ambipolar po-

tential is obtained using Eq. (23) by demanding that the turning point ST lie

inside the mirror peak position at s = .s_,. This modifies tile containment

condition given by Eq. (24), to,

vo_ 2ejA_

where A_ = O(0)- O(s_,_). For ions, where the charge ej = Ze is positive,

we see that ali ions with kinetic energy in the mid-plane less than ejA¢/(R-

1 - Ecrit are lost in one transit.

On the other hand, for electrons, where es = -e is negative, the con-
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1 M_ _,0_ <tainment region is enhanced. Ali low energy particles for which :_

e-_¢/(R- l) -" Ecrit are trapped independent of pitch angle. Such particles

can only be lost if during their diffusion process they gain energy. Electrons

with mid-plane kinetic energies greater than Ecrit are lost by pitch-angle

scattering caused by collisions.

In mirror machine operation the ambipolar-potential eA¢ is generMly

several times the electron temperature T_, which, as we shall see, is an order

of magnitude less than the ion mean thermal energy. Hence, most elec-

trons are trapped independent of pitch angle, where they remain for many

collision times. Thus the bulk of electrons relax to nearly a Maxwell dis-

tribution . Only a high cnergy tail of electrons whose density is roughly

n_exp(-eA¢/T_), do not thermalize since these electrons are lost by pitch-

angle scattering, ttence, the effective rate of loss, v,(Ax_), of electrons with

an ambipolar potential present is roughly

v_(A_)_-- exp , .
re T,.

If q-\¢/(R- I) < _i, the ion loss rate is somewhat reduced, but ba.sically

comparable to 1Iri given by Eq. (20). Thus equating the electron and ion

loss rates, we find that the ambipolar potential is roughly given by

(26)

Typically this factor .-. 5 while -Ei/T_ ". 10. The reason why such a large

ratio of E,/T_ can be maintained in steady state is because a typical ion is
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lost with an energy somewhat less than its mean value Ei, while a typical

electron is lost with a mean energy e_ + T_ >> 7_.

4.2.1 Q-value in mirror machine

The ratio of the power produced by fusion to the power lost by classical col-

lisions is frequently referred to as Q. Detailed solutions of the Fokker-Planck

equation (the equation tllat describes the diffusive evolution of particle distri-

bution functions due to multiI)le small angle scattering) in mirror geometry

show that Q can only slightly exceed unity for the d-t reaction. This result

severely limits using a simple mirror machine for net energy production from

the fusion reaction. Therefore, various methods to enhance the efficiency

of energy production have been proposed. One simple procedure is to di-

rectly convert the energy flux of outgoing ions to electrical potential energy

so that the effective Q value then becomes Qo/( 1- rI) where Q0 is the original

Q value and 77is the ultimate fraction of the outgoing energy that can be

reintroduced into the plasma (71--_0.7 is a realistic expectation).

4.2.2 Electrostatic potentials in tandem mirrors

An alternative idea is the tandem mirror concept, where parallel electric

fields are actively used to enhance the containment. A schematic of a basic

tandem mirror configuration is shown in Fig. 10. There is a central cell mirror

containing the bulk of the energy where the potential is negative with respect

to the surrounding end cells so that, ions can be contained, while the end cells
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are separate mirror machines whose electrostatic potential with respect to the

wall is positive so that electrons are contained as they are in a conventional

mirror machine. This potential structure can be established if the mean

ion energy in the end plugs is larger than the central cell ion temperature.

ttowever, because of the much larger volume of the central cell, most of the

energy is stored there. The role of end plugs is to serve as a containment dam

that comes from the electric field structure. Pitch-angle scattering of ions in

the central cell does not cause particle ion loss, while the potential between

the plasma and the end wall prevents pitch-.angle scatteriu,g of electrons from

causing particle loss. The bulk losses only arise from pitch angle scattering

of ions and electrons in the high energy tail. The ions in the plugs are

susceptible to the usual mirror losses, but their low inventory of total stored

energy dim!nishes the seriousness of these losses. As a result the Q value of

a tandem mirror can be increased substantially above that predicted for a

simple mirror machine. Even further improvement in Q can be designed by

actively controlling the ambipolar potential and forming so-called thermal

barriers. The dotted curve in Fig 10 indicates how the potential would look

like with a thermal barrier. With a thermal barrier present, the temperatures

of electrons in the plug and central cell can be decoupled, which ultimately

allows the ions in the plug to have a mean energy comparable to that in the

central cell. Hence the parasitic losses due to collisions in the plug is not as

severe as in the more conventional tandem mirror, and the Q-value can be

" ' ' ,, ,' ,'' ' ,'l, lllll ...... " " "" '_ Irllr II, I, .... I',1,1111 , _, ', ' Hl_r' ' I_ I1 _l h'r' "ll'lrl_ll ' _ II'*ll[_'t_il"r i_-r*Tff'r'l'l'qt'_'_'t1_i"h't_ -"
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improved still further.

4.3 Orbits in Toroidal Field

The alternative to an open ended system is to have a toroidally shaped

plasma. Then to the extent particles follow field lines, one would expect

containment inside the torus. However, toroidal containment is more subtle

as particle trajectories differ somewhat from the trajectory of a magnetic

field even in the absence of electric fields. For example, consider the simplest

magnetic field to return on itself, which arises from a straight wire, and has

the form

Ro
n = B, $ (27)

where ¢ is the toroidal angle about the z-axis, (_ a, unit vector in the C-

direction, R the major radius, and Ro a convenient constant denoting the

typical major radius. A magnetic field line in such a field is a circle of radius

R. However, such a field does not allow charged particles to be contained in

a closed volume. The magnetic field given by Eq. (27) has a finite magnetic

' VlBI- and field line curvature (b. V)b = -R/Rfield gradient

where b = B/IB I is the unit vector along a magnetic field line (note that in

vacuum magnetic fields where 17 x B = 0, b x (b. 17)5 = b x VlBI/IB[).

From Eq, (19) one can show that magnetic gradients and field line curvature

produce an orbit drift velocity, vD, transverse to the magnetic field given by

vi. b x VIBI
vD = t'_ b x (b. V)b + --- (28)

_,_ 2,.,.,,: B '
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In the field given by Eq (28), particle trajectories primarily follow the

directed field, but in addition the drift velocity in Eq (28) causes the orbits

to drift indefinitely irl the negative 5 direction transverse to the magnetic

field with a speed

'a. v R (29)
VD-- y-t- Cdc .

To prevent unbounded motion a poloidal magnetic field needs to be

present One simple way of establishing such a field is with a current ring

carrying a current 1,0 at a major radius R = Ro, which gives a magnetic

field B0 = Boo0 ro/r if r << R, with Boo = _Lol_o/2_r r0, where r is the minor

radius and ro is a constant Such a configuration is referred to as a hard core

pinch or levitron Alternatively, the toroidal current can be produced by the

various toroidal diffuse pinches where the plasma carries toroidal current, as

described in the previous section The magnetic field then has the generic

form

Ro + (ao)B = B_, _i7 q

with q(r) the inverse rotational transform. In Fig. lt we show typical drift

orbits of positive charged particles in this field projected unto a _ - constant

: plane when Vll/V >> (r/R) L/2 In addition, not shown in the figure, there

is rapid oscillatory motion about the drift trajectory due to the Larmor

motion Figure l la is for passing particles, a terminology that applies to

those particles where Vll/V > (2r/R) _/2 These particles always circulate

in a fixed 0-direction The dotted line denotes the magnetic flux surfaces

=
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formed from the magnetic field given by Eq. (30). One should note that

co-moving particles i.e. those particles whose sense of motion produces a

current along tile magnetic field that is in the same sense as the prevailing

current (in Fig, I ta the prevailing current points towards the reader) is shifted

, inwards, while counter-moving particles (i,e, those particles that move in the

opposite direction) are shifted outwards. This asymmetry produces a bias

that helps sustain current in a toroidal discharge. This current bias also exists

in the electron motion, The trajectory's structure can be understood by

" noting that the particles' velocity is primarily tangential to the flux surface.

However, the additional drift velocity causes a positively charged particle .

moving in the clockwise direction to move radially away from the flux surface

when it is below the mid-plane. This outward displacement is compensated

when the particle is above the mid-plane where the drift velocity takes the

particle back to the flux surface. A similar argument holds for the counter-

clockwise rotating particle. The overall excursion from the flux surface 6r

_,_x (recallp isthe Larmor radiusv±/w_) isinward[or co-

moving" particles (particles moving parallel to the current) and outward for

"counter-moving" particles as indicated in Fig. fla. -.

On a flux surface the magnetic field varies, and the mirror ratio on the

flux surface is approximately

R= B_,(R=Ro-r) l+e= _ t + 2e (31)
B_(R = R + r) 1-e

with e = r/R the inverse aspect ratio. If v_/v_. < 2e, particles are mirror



43

trapped or: the flux surface and they are constrained to remain on the outside

of the torus. They are referred to as "trapped" particles. The orbit of a

trapped particle, projected unto a cross-sectional plane where ¢ is constant,

is shown in Fig. l lb. Because of the shape of the trajectory, the orbit of

a trapped particle is referred to as a "banana" orbit. These orbits are still

contained in a finite volume, but their orbit width given by

_r _ qP -
el/2 -- rb ,

is somewhat larger than a passing particle.

4.4 Neoclassical Diffusion

The complications of the orbit structure in a toroidal magnetic field cause an

enhancement of the previously estimated classical diffusion. The appropriate

theory is called neoclassical diffusion [Galeev, et al., 1979] and we now present

a heuristic discussion of it,s implications.

Using random walk theory, we estimate the diffusion coefficient of a par-

ticle by noting that a particle will diffuse an orbit width of its trajectory,

Ar, in an effective collision time r_.a. The diffusion coefficient, D, can be

estimated as,

D = Ar'2/r_ef , (32)

while the overall energy containment time is then given by

a 2 a 2

rE -_ D Ar 2 r,._ ,
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The majority of particles are passing and their effective relaxation time is a

900 scattering time ra (ra is either ri or re,, given in gq. (20), depending on

the type of particle), while their mean displacement is Ar _ qp. Hence, the

diffusion coefl:icient for passing particles, Dp_s, is given by Dp_s _ q2 p_/r2,

with pj the Larmor radius of species j. However, this value for the diffusion

coefficient turns out to be too small. Surprisingly, it is the diffusion of the

trapped particle minority that primarily determines the containment charac-

teristics. This is because At' is larger for a trapped particle than for a passing

particle and r_.n is shorter. For a trapped particle Ar _ qp/e 1/2, which is the

characteristic deviation of a trapped particle from a flux tube, and r,_ ,_ rje,

which is the characteristic time a trapped particle remains trapped. The

shorter r,n arises because of the diffusive nature of the Coulomb collisional

process. Hence if ra is the time for _ particle to diffuse 90° in velocity space,

ro sin _ A0 would be the characteristic time to diffuse a pitch angle width A0;

for trapped particles sin AO _ R- 1 -,- e1la where R is the mirror ratio on the

flux tube of a tokamak, tlence the diffusion coefficient of a trapped particle is

Dtr_p _- Ar2/reff _- q2 p'a/e'a tj. The fraction of phase space that is occupied

2 by trapped particles is approximately sin A0 ,_ e1/2, and hence the global

- diffusion coefficient due to both trapped and passing particles is'

_ D ,_ e1/2 Dtr_p + Dpa.ss _ ra - e-_+l-

Clearly the contribution to the D from the trapped particles is more lm-

:, portant than from the passing particles. The global energy lifetime due to
-e

_2
• . . ........... ,,.,_..................... _._...... ,_.,_

'_" _-"""_"_ _:'....... :_ ;'"_"....... :":_':'::_"::: ""_7"--_. ........................................"................ ,; ... A-_- _-.'_--.---..-____.._m-.._-,-----,.-,.,..g_._-__
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thermal conduction is then determined by

' a213, a 2 .IZTi

nrc _ -D--_ )a/a(a/Ro

with pi the ion Larmor radius. The large factor a=/p_ ensures that the intrin-

sic thermal conduction losses in a tokamak can satisfy the Lawson criterion

for ignition by a large nlargin.

4.4.1 Bootstrap current

The so-called bootstrap current is another important collisional effect, lt

arises because: (1) co-rotating particles tend to be shifted inward while

counter rotating particles are shifted outward; (2) the primary diffusion pro-

cess is significant only when particles are trapped or nearly trapped. As

a consequence the statistical weight of a particle, even when it is pass-

ing, is determined by its weight when it was trapped. At a given radius

r the co-circulating passing particles then have a weight of trapped parti-

cles that were centered around an inward shifted radius r -qp/e 1/2, while a

counter-circulating particle has an equal weight shifted to the outward radius

r ..,_qp/e 1/_. The current density at the flux surface r is then given by

where r_+ is the density (proportional to the statistical weight) of co-moving

particles and n- the density of counter moving particles, Using n+(r +

' " '........ " ....... " .....................'_"__'+'_"_'_'"_" _::"""<-:--'< ":':: :":'""::..........:7'_.,e-'7,;:......71.......... .'7".7T'] Ii..............
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2qp/e 1/._) _ n- r) we find the bootstrap current density

On qp
iii _ -2e: Or e112Vth.

This can be a substantial fraction of the current required to maintain a

discharge. It allows for a substantial decrease in the current drive needed to

maintain a steady-state tokamak.

4.4.2 Ware pinch

,-ksthe bootstrap current results from a spatial gradient that "drives" current,

it follows from an Onsager relation that a toroidal electric field will induce a

radial spatial gradient. The phenomena is called the Ware Pinch.

In this phenomenon the C-directed electric field that is being used to drive

current is not quite parallel to the magnetic field. For passing particles there

is an inward flow speed E x B/IB 2 _ E_ BelBl 2. However, the flow speed

is too slow for trapped particles, which actually move inward at the speed

E_/Be. This enhanced speed arises for the following physical reason.

If we use Eq. (23) to determine the turning of a trapped particle with the

electric potential given by ¢F= f' da' E(s'), one finds that the turning points

are displaced. As a result, a banana orbit is shifted as shown in Fig. llc. In

the figure shown, the particle spends more time above the mid-plane than

below the mid-plane. The downward curvature drift then directs the particle

towards the flux surface more frequently than away from the flux surface. As

a result after averaging over a particle's bounce orbit, a trapped particle will
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move inward at an inward radial speed given by

/, _. t:7¢
Be

where E¢ is t_ken positive if it is in the direction of the prevailing toroidal

: current. As only trapped particles with a density n T ._ (r/R)l/2ni move at

this rate, the actual inward flux is

" (r),l'a E,,,,r ,,, 5 0-7'=

- 4.5 Radial Electric Field

_ "['he effect of radial electric field can also cause a profound change in particle
!

- containment. Because electrons move rapidly along the field lines forming

flux surfaces, there is a strong tendency for a magnetic flux surface to be
=

- an electric potential surface. Consequently, the strongest electric fields in a

tokamak tend to be normal to the flux surface. Such an electric field produces

the standard E x B drift, whose flow is tangential to a flux tube, nearly in the
-

- 0-direction. This motion alters the characteristic displacement of a particle
=

_ from a flux surface. Without an electric field, the magnetic drift motion

--_ of particles causes a typical radial flow speed v_ _.. (v_+_)/w_.Rthat
_

- alternates towards and away from the flux surface, with a radian frequency

:2-- _.'b_ Vll/qR in the poloidal direction, giving rise to a displacement 6rb =

- q(vl]+ v'2_ .u/2)/_,'o. t:,llfrom the flux surface. With a radial electric field
=__

present, the particle has an additional poloidal velocity component VEO

_

'' ..... ' ..... 'J' ............... '_ ..... ',1_11 ' 1,1 ' pl, lr, ] ....... ],_,1I1,,I ii,D, r] It' ' ' '' _1 h"" illi'/ilt "lq ..... "' "'li " "d [)}il'ff-'[I ? _-I'q'-''¢'l'_f*'ll*_['gf '_
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cEnB, which should be added to the/)-component of the parallel flow, giving

a total 0-compoi_eflt flow speed ue = _ (t'll + (tUF_e/e). Hence the circulation

frequency is ".'b _ ue/r = (t,lt + quEe/e)/qR, and the radial displacement

is 6rb ._. q(u_ + t,_.)/[,.'c (ull + q "_-_)]. Without a radial electric, field, the

largest particle displacement occurs for small ull/v where the distribution of

particles peak. The radia.l electric field changes the region of phase space for

which the displacement froxn _ flux tube is maximum. Instead of vii .._ 0,

the displacement maximizes at, ull " _s'e/e. It is then possible for the large

particle displacement t.o _,tt'ect only particles in the tail of the distribution

function where there are relatively few particles, while ali the particles in the

bulk remain close to the magnetic surface.

Recent tokamak experiments, e.g. [Asdex Team, 1989], have found that

there is a profound improvement of plasma containment from more usual

discharges in the so-called H-mode regime. In this regime the radial electric

field in the plasma near the edge is found to satisfy the condition vth <

q t'Ee/e, and the radial electric field appears to be an essential element in

controlling particle transport.

4.6 Orbits in Stellarators

In stellarators, where toroidal symmetry is broken, particle containment can

differ profoundly from systems with toroidal symmetry. In the latter case

with a finite rotational transform, the particle displacement from a flux tube
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is guaranteed to be some factor of a Larmor radius. Hence with toroidal

symmetry present, _s B becomes larger the particle displacement from the

flux surface becomes smaller. The lack of toroidal symmetry allows special

classes of particles to deviate substantially from the flux surfaces, to dis,

tances that can be comparable to the machine size itself, independent of

the magnitude of the magnetic field. In the absence of electric fields, the

particles most susceptible to this large deviation are those that are mirror

trapped by the magnetic field modulations due to the combined toroidal and

lmlical field structure. They form so-called super banana orbits, where in one

bounce t.ilne the orbit appears like a trapped banana orbit. As the magnetic

: moment is conserved, the banana orbit moves with the magnetic field at the

banana tip, remaining collstant. This constraint in itself does not guarantee

: orbit containment. Thus, many stellarator configurations in the absence of

radial electric fields have inherent lot s regions. With a radial electric field

present, orbits will remain closer to flux surfaces, and containment can be

improved. However, as the electrostatic potential tends to be comparable to
_

the temperature of the plasma, it is very difficult to modify the containment

properties of the energetic particles. This particularly applies to the charged

fusion products that need to be retained in a reactor during ignition. Hence

: the large orbit displacement from a flux surface will give rise to a direct par-

ticle loss of a relatively large fraction of the fusion products in a stellarator

,) _ Cyt\= (perhaps _ ..o/o), Such _t factor does not quench ignition scenarios, but

_

=
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does introduce additional problems. For example, losses tend to be concen-

trated in specific places of the wall, which induces very special heat load and

sputtering problems that need to be addressed in reactor designs.

5. PLASMA INSTABILITY AND ANOMALOUS TRANSPORT

A plasma is characterized by several intrinsic and disparate spatial and tem-

poral scales. Hence, even in the same system, several different types of insta-

bilities can arise that cause different responses. Long wavelength instability

can cause rapid disintegration of a configuration, or can establish a thresh-

old which prevents operation above a critical beta value. Short wavelength

instability tends to saturate at relatively low perturbed field values, so that

while the integrity of a system can still be maintained, the plasma transport

is frequently enhanced above intrinsic losses.

5.1 Ideal MHD Theory

A first approach to describe plasma stability is to use ideal magnetohydrody-

namic (MHD) theory. Irl this model, viscosity, resistivity and heat conduction

are ignored, and the plasma pressure satisfies the ideal gas law. In Sec. 3

we discussed equilibria that arise from the MHD equations. If these equi-

libria are perturbed, the time-dependent response determines whether small

perturbations remain small or grow to finite values. The former case implies

: stability, while the latter situation implies instability.
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5.1.1 Simplified dynamical model

When a plasma is described by the ideal MHD model, the method of deter-

mining stability is a generalization of the principle of virtual work, that is

readily' illustrated in a one-dimensional system with two ,degrees of freedom.

A potential I/'(_) is given, say, in the shape of Fig. 12 with { the position and

_: _" the potential. The equation of motion is given by

<12( av( )
t- -0. (33) -

dt 'a ?)_

In Fig. 12, equilibrium points exist at positions (a), (b), (c), and (d), where

al,"/O = O.

• From the principle of virtual work the stability of the equilibrium points

are determined from the sign of t,he perturbed potential energy,

<SI,V= 202V(E")
O{2

where _, is the equilibrium point where °Y-gA---04 = 0, iT( _ {-.(i is an arbitrarily

small displacernent, from _, and _SW is the virtual work thai, must be applied
g

:_- to displace the system. If 6W > 0 for every arbitrarily small displacement,

the system is locally stable and an initially small perturbation will remain

small, while if 6I,V < 0, an initially small perturbation w'ill grow to finite and
=

perhaps even infinite amplitude. [:'or'this one-dimensional system the sign of

_W is equivalent to determining the sign of Oal//O_;"2.

: In the simple system shown in Fig. 12 it is clear that initially small

: deviations about points (a) and (c) lead to finite deviations from these points,

_ =

ii II ,i ,I ' . Ii ii _ ,'li q ' _lli rt f' 1411 I{fl_lll llffltfl _' (1'' lgl'tf'' , *i II Jit'* _'sll _ll_ _lJl IlJlg#lljl, ii plll_ i Ii]l'Jr ,t' ''rl,l_jl ]]lp..... "I_ll , i','r_ge_'-_--i'_'._.-_
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while small deviations from points (b) and (d) remain small. The system

illustrated here is simple enough that we can ascertain that a small deviation

about point (c) leads to a bounded oscillation between points c_and/_. With

a small amount of dissipation present, one expects a state initially at (c)

to relax to either points (b) or (d). However a small deviation about point

(a) can quickly lead to an unbounded excursion. Hence this simple example

illustrates how instability can lead to rapid disruptions or to a. nonlinear

bounded state that can eventttally relax to a stable state.

5.1.2 Generalization to plasmas

These relatively simple considerations can be applied to more complicated '

systems with many degrees of freedom and even to systems where the degrees

of freedom form a continuum, as it does with the MHD equations; see for

example [Friedberg, 1982] for a detailed derivation and detailed application

of the method. If one can show that the virtual work (or as it is frequently

called, the MHD energy) is positive for every possible small displacement,

stability of the ideal MHD equations is guaranteed. The MHD energy is a

very physical quantity which describes the change, caused by distortion of

the configurational energy stored in magnetic and thermodynamic energies.

An isolated system can only evolve with its total energy (including addi-

tional positive kinetic energy) conserved. Hence, if the MIlD energy of the

configuration increases for every possible distortion, it is clear that such per-

turbations are prohibited from spontaneously evolving to large amplitudes

,i ..... 'Ill i, ,_ 1,1 _l,l' 'Pl ' I I_ '}l' .... _ ..... _[' ...... Ii inl_,lll I.... rll'"l' I 'fllg ")['"r"l''r I'l_lli_-_N'gil'3__l _-
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since the system will have more energy than in the equilibrium state. How-

ever, if MItD energy is negative upon distortion, it is energetically possible

for the system to evolve from small amplitudes, with the excess energy taken

up by the kinetic energy of the flow.

5.1.3 Role of field llne curvature

Ftore the detailed expression for tile MHD energy, one can show that the field

line curvature plays a major role in determining MHD stability. Consider for

example the plasma contained in tile rnagnetic configurations shown in Fig. 4.

In Fig. 4a the field lines are convex with respect to the contained plasma,

while in Fig. 4b the field lines are concave. Recall that the curvature is

= (b. V)b and fi is the normal to the flux surface generated by B, so

that b.n = 0. One naa}' also note that ifb._' x B _ 0, as is the case of

a system with negligible 3, then b x _ = b x V[BI/IB[. The MHD energy

principle demonstrates that the configuration shown in Fig. 4a is unfavorable

towards stability, while the configuration shown in Fig..4b is highly favorable

to stability. For a low beta system this is the same as saying that systems

where lbl decreases outwardly are _lnfavorable to stability, while systems

where lbl increases outwardly are favorable to stability. Intuitively, one can

argue that a plasma with a pressure, p, and mass density, nM, has a mean

conserved magnetic moment 11._ p/rt3IB, so that the force density on the

plasma is F = -nlzVlBI. For increasing lBl, as one mo_,'es away from the

confined region, there is an ii_ward force which restores plasma perturbations,
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while if lBl decreases outwardly the force is outward and causes perturbations

to convect outwardly.

Magnetic mirror machines offer a particularly insightful example of the

importance of field line curvature. In a symmetric mirror machine the field

line curvature is always unfavorable for stability at the mid-plane. This

almost always causes symmetric mirror machines to be MHD unstable except

under very restricted conditions.

To obtain a concave-outward field line curvature system, as shown in

Fig. 4b, one needs to forsake azimuthal symmetry. For example, two axially

aligned Helmholtz coils with currents flowing in the same direction can es-

tablish a simple mirror machine with unfavorable field line curvature in the

mid-plane. Placing four current-carrying rods parallel to the coils' axis but

radially displaced and with the currents in the rods alternating in direction,

as shown in Fig. 4b, leads to a magnetic field with favorable concave field

line curvature properties nearly everywhere.

Experimentally, the entire character of plasma containment in mirror rna-

chines was decisively improved once minimum B fields were used that pre-

vented the extremely disruptive curvature driven mode from being excited.

5.2 Deviation from MIlD stability guidelines

The need to break azimuthal symmetry leads to several technological side

problems such as' stress problems at high fields, difficulty of access (e.g.,

r
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for ttie injection of neutral beams), increased single particle orbit loss, etc.

Hence, considerable interest has remained in devising systems that are ba-

sically simple mirrors that maintain azimuthal symmetry, lt is conjectured

that instability can be attained by creating plasmas that do not obey the

dynamics of an ideal MHD system.

5.2.1 Passive current carriers

The most common idea is to piace an in situ current carrier within the

plasma where the current carrier does not respond to the displacements of

the plasma. The energetic particle beam in the astron concept is a proposed

example of one such current carrier. A passive current carrier can create a

min-B field in a symmetric configuration, which can then produce stability

in the MHD response of the background plasma. The crucial question is

whether the current carrier indeed acts as a passive current carrier and this

question needs further study. There are numerous experimental studies in

mirror machines and tokamaks that show stability enhancement with ener-

getic particles in the system [e.g. Perkins, et al., 1963; Dandl, et al., 1971;

JET Team, 1991]. There are also regimes where new instabilities appear to

be caused by the energetic particles.

5.2.2 Finite Larmor radius stabilization

Another idea to achieve stability in a symmetric mirror machine, is to ex-

ploit, the finite orbit size of the bulk plasma ions, which can lead to a plasma
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response that differs from MHD predictions and to so-called finite Larmor

radius stabilization [Rosenbluth, et al., 1960]. This mechanism readily sta-

bilizes the shorter wavelength modes, but has difficulty in stabilizing longer

wavelength modes. In fact a mode that corresponds to a nearly rigid displace-

ment of the plasma column is extremely difficult to stabilize. This mode can

be stabilized at either extremely low densities (far below densities of interest

in fusion) or at relatively high beta where currents induced in neighboring

conducting walls can serve as a passive feedback mechanism to restore the

rigid displacements of the column. At intermediate densities active feedback

mechanisms or ponderomotive force from radio frequency fields is needed to

achieve stability.

5.2.3 Migma concept

An example of a finite Larmor radius concept is the Migma [Maglich, 1988]

experiment. Here the machine size is roughly two ion orbits and ali the ion

orbits pass close to the axis of the machine. In this device, stability at low

density has been achieved, but it is below the threshold density predicted

for the onset of the unstable displacement mode. Further experiments are

needed to test stability for the predictions of finite orbit theory.

5.3 Stability in Tori

In toroidal devices MIlD Stability based on the constraints imposed by field

line curvature is very important The stability criteria are somewhat subtle
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to apply. The curvature direction alternates in sign, being unfavorable to

stability at major radii R greater than that of the magnetic axis R_, while it

is favorable to stability at major radii R less than Ro. The net result depends

on the average of the two effects.

8.3.1 Line average stabilization

For a low-beta circular tokamak, average favorable curvature arises if the

safety factor satisfies q > 1, while unfavorable average curvature arises if

q < 1. Tokamaks generally operate with most of tile flux tubes having

q > 1. Irl fact irl the center where q < 1, periodic bursts of instability is

usually observed, so-called sawtooth oscillations. Though these instabilities

are driven by the unfavorable curvature, ideal MHD theory usuMly does

not properly predict these instabilities. They are usually a manifestation of

resistive instability, which we shall shortly explain.

5.8.2 Beta stability limit

When both good and bad curvature exist on a field line, unstable pertur-

bations try to localize in the bad curvature regions. This causes the field

lines to bend, which according to the energy principle induces a stabilizing

"bending energy." At sufficiently low beta, ideal MHD theory predicts sta-

bility for a toroidal system since the destabilizing energy perturbation driven

- by the unfavorable curvature cannot compensate the bending energy. Only

above a critical beta value. 3_, can a perturbation be localized to the bad

=
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curvature region and overcome the stabilizing bending energy, Tile result is

that overall stable operation is limited to beta values below 5c, commonly

called the Troyon limit [Troyon, et al., 1984], which is typically _c _ 2 I,

(with I_ = lL0Ip/a B_,, lp the plasma current, a the minor radius, and B, the

toroidal field).

5.3.3 RFP stability

If a perturbation has a given pitch along the torus, this pitch can be identical

to tile rotational transform on one magnetic surface. On that :surface there

is no bending energy produced by tile perturbation. However, if there is

magnetic shear, i.e. q varies with the flux surface _b(i.e. Oq/Oga ¢- 0), bending

energy is produced on neighboring field lines which allows for a stable MHD

response for beta values below the appropriate critical /3c. Only if there is

a flux tube where Oq/O_ = 0 can MHD instability occur at extremely low

beta. In pinches, where q << I there will be a surface where Oq/O_ = 0 if

the toroidal magnetic field does not reverse and this region is a source of

virulent instability. When toroidal field reversal is achieved, experimentally

there is a dramatic decrease in the magnetic fluctuation levels. As a result

the reversed field pinch (tlFP), where toroidal field reverses direction inside

the pl_ma, is considered the most interesting low-q toroidal configuration,.



59

5.4 Resistive Stability

If plasma displacements can be localized to bad curvature regions without

inducing the stabilizing bending energy then curvature-driven modes can

be excited at low beta values. In ideal MHD theory', the ideal Ohm's law,

v × B + E = 0, with v tile plasma flow speed, forces stabilizing bending

energy to be induced when a displacement is localized on a flux tube. With

finite resistivity', r/, the Ohm's law is altered to

v :,<B + E = rlJ ,

with J the plasma current. The finite resistivity then allows plasma to slip

through magnetic field lines. As a result the plasma displacement can be

localized to the unfavorable curvature region, without inducing stabilizing

bending energy [Furth, et al., 196"3]. Thus, due to plasma resistivity, insta-

bility can arise from the unfavorable curvature even at low beta.

When this mechanism applies instability growth rates are much slower

than the growth rates typicM of MHD instability'. This mechanism gives rise

to the sawteeth magnetic signals inside the q = I surface of tokamaks. The

instability causes rapid thermal mixing of the plasma inside the q = 1 surface. ."

However, as the plasma, is stable outside the q = 1 surface, the integrity

of the thermal insulation is maintained on the outside of the plasma. In

fact the sawtooth oscillations have the favorable feature of preventing high

Z impurities from collecting in the center of these discharges which would

cause severe energy losses [toni radiation.
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The RFP is also prone to resistive instability and the level of magnetic

fluctuations is much larger in the RFP than in the tokamak. Here stability

tends to be caused throughout the plasma as q is much less than unity every-

where. There is a concern whether the thermal insulation properties needed

for fusion can ultimately be achieved with this instability drive present.

In addition to the curvature instability drive, the current profile itself is

a source of instability. Here again resistivity allows the current profile drive

t,o manifest itself at low beta, whereas MHD theory would predict stability.

In RFP plasmas these current drive instabilities force the configuration to

relax close to the lowest energy state consistent with the amount of magnetic

flux (or as it is frequently called, magnetic helicity) pumped into the system.

This state is one with toroidal field reversed in the inside of the plasma

relative to the outside, and it is maintained indefinitely with a fixed amount

of input voltage. Simple diffusion theory for a symmetric equilibrium predicts

that a reversed field state cannot be continuously maintained. However, a

3-dimensional dynamo-like effect that is driven by magnetic turbulence is

what allows the maintenance of a reversed toroidal field [Taylor, 1986].

5.5 Microinstability

Another class of instabilities of irnportance, quite different from MHD driven

instabilities, are referred to as microinstabilities. They generally are of short

wavelength (compared to the system size) and their fluctuations do not gen-
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erally lead to cat,astrophic disassembly, but rather to an enhancement of

transport. Even in MHD favorable systems, it is the microinstabilities that

often determine the intrinsic containment time of a plasma system.

A homogeneous plasma at a fixed global temperature T, is of course in

thermodynamic equilibrium and is free of instability. Any departure from

thermodynamic equilibrium leads to intrinsic "free energy" drives that have

the potential to cause instability and thereby to cause relaxation to the ther-

modynamic equilibrium state at a rate more rapid than predicted by binary

collisions.

5.5.1 Velocity space instability

The farther away a system is from thermodynamic equilibrium, the more vir-

ulent the drive of the free energy. In simple mirror machines where the ion

kinetic distribution is not Maxwellian, there is a velocity space containment

condition that must be satisfied, which is given bY Eq. (24). As a consequence

the distribution function will have a "inverted" population of particles such

that the phase space density of low energy particles is less than that of higher

energy particles. Such a situation gives rise to a laser-like instability (gen-

erally called loss cone instability) in which the inverted distribution tries to

relax through coherent oscillations (generally at harmonics of the ion cy-

clotron frequency) to a "monotonic" state where the phase space density is

a decreasing function of energy. However, as the low energy particles are not

contained, rapid loss arises on the scale of the particle bounce time.
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In order to sustain a simple mirror plasma it was found to be necessary to

supply low energy particles, either through a gas feed or through a low energy

particle gun. In the 2X-IIB experiment it was found that with these tech-

niques it was possible to achieve tt high beta steady state plasma. Particles

were injected at high energy and were contained for a classical slowing down

time. The low energy phase space region was filled primarily with plasma

arising from the external source, which either prevented instability, or c_used

_ low enough fluctuation level that heated slightly the low energy source but

did not greatly perturb the energy containment properties of the high energy

particles. The limitation of this method was that the electron temperature

was constrained to remain low (typically T_/T, _ 0.01 with T, < lOOeV) and

the high ion energy lifetime could not exceed several milliseconds.

One of the pleasing features of the tandem mirror configuration is that

the loss cone instability can be prevented. In the center of a tandem mirror

the ions do not have a loss cone because these particles are contained by the

electric field. In the end cells the loss cone drive is quenched by the outflow

of particles from the center. As a result tandem mirrors routinely operate

without loss cone instability.

5.5.2 Drift wave instability

In toroidal plasmas one is generally not concerned with velocity space in-

stabilities. However, as intrinsic temperature and density gradients must

exist to thermally isolate the system from the walls, the system cannot be
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in global thermodynamic equilibrium. The intrinsic gradients give rise to a

diamagnetic flow rate which from the equilibrium equations are

B ×Vpi _
Jj = B,a = e a rzj UDj

where the species j can refer to electrons or ions and t'Di i,_diamagnetic drift

frequency of species j. In a frame m¢,ving at the equilibrium E × B speed,

V De and VDi would be the mean flow speed of electrons and ions respectively.

These flows are in opposite directions and it is impossible to find a reference

frame where the overall flow of every specie can be ignored. These equilibrium

flows are the free energy source for instability. If we consider a perturbation

with a spatial dependence proportional to exp(ik.r), a low frequency response

will arise near the angular frequency _o ,,_ k'VDj, lt is found that when

instability arises at this frequency, it causes anomalous relaxation of th,

plasma. Often the magnitude of the growth rate "yapproaches that of the

£ real frequency. ..

- 5.6 Turbulent Diffusion
_

The rate of diffusion caused by drift instabilities can be estimated by _he_

following mixing length argument. A wave with an electric field amplitude

aE will grow until the E x B drift, velocity of the wave forces the plasma to

displace a wavelength in a growth time, i.e.
-

= 5Exb 1
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where 6r iS the plasma displacement by the wave. The resulting wave break-

ing then forces sal_uration. Thus, we have a random motion ar _ 1/lc in a

correlation time r = 1/7 _ 1/kvDj, Taking the diffusion coefficient to be

D_nom _ 6r 2/r, gives

D_mom_ _ , "
ejkBn Or

If k _ 1/r, this diffusion coeflqcient yields so-called Bohm diffusion (taking

, _.')

r ,W '-_ 1)

DBohm_ _
eB

Such diffusion produced by drift waves is possible in a shearless system. In

tokamaks and other toroidal devices, the magnetic shear often forces the

wave number to scale as the ion Larmor radius p,, giving rise to a modified

Bohm scaling

Tj PiDMB -._
eB Lp

with L_'_= VlnTjI/nTj,

It appears that tokamak data is roughly consistent with modified Bohm

. scaling. However, the interplay among the number of degrees of freedom is

: sufficiently complicated that a definitive description of turbulent transport

still needs to be developed and it is currently an extremely active research

area [Callen, 1990].
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6. STATUS OF MAGNETIC FUSION RESEARCH

6.1 Historical Overview

The quest to achieve controlled fusion developed soon after the successful

development of the hydrogen bomb in the 1950s. The rapid success of new

scientific technology, including fission power, produced great optimism that

controlled fusion could be achieved relatlively quickly. However, the insta..

bility problems in plasma containment were not fully appreciated. Indeed

many research groups initially inferred the achievement of thermonuclear

conditions when neutrons were produced in experiments. It usually turned

out that these neutrons resulted from runaway ions produced by the large

electric fields associated with the turbulent disruption of the plasma.

By the early i960s a general pessimism pervaded the program, as plasma

confinement in nearly ali devices was poor, with confinement properties often

being attributed to Bohm diffusion. During this difficult period the subtleties

needed to achieve good confinement began to be appreciated.

Major breakthroughs developed, often due to the understanding of

"kitchen" physics, i.e. the solving of problems associated with wall condition-

ing, impurity control, vacuum conditions, etc and due to the understanding

of how to achieve configurations that would be stable to gross instabilities.

Experimental results demonstrated relatively long-lived containment in a va-

riety of concepT,s. "i"he experimental concept that, received the greatest ap-
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preciation was the tokamak, which has become the leading magnetic fusion

concept and is at present, the most developed. There have been important

breakthroughs in other concepts as weil, including: mirror machines, RFP,

compact toroid, and stellarators.

By the mid 1970s the success of multiple approaches to achieving fusion

and the appreciation of the need to develop a long-term energy source, lead to

a broad support by the U.S. government of many approaches in magnetic fu-

sion. However, budgetary constraints became important in the United States

fusion program in the L980s. As a result, most of the research programs not

connected to tokamaks, were terminated, often before scientific issues were

clarified. Thus, crucial questions in ascertaining the potential usefulness of

many of the approaches are unanswered. In some cases they can be addressed

in fusion programs outside the United States, where significant research fa-

cilities exist in stellarators, RFP and mirror machines.

To present an overview of progress in magnetic fusion in somewhat more

detail, we shall give a brief status report of the approaches that are alternate

to tokamaks and then present a more detailed status report of the tokamak

concept.
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6.2 Status of Non-Tokamak Concepts

6.2.1 Mirror machines

Initial mirror machines experiments were in symmetric mirror fields, and

if the density was not too low, they demonstrated poor confinement due

to the destabilizing curvature driven instability. A major breakthrough oc-

curred [Ioffe. et al., 196,t] when it, was demonstrated that the placement of

quadrupole coils to form ai: ,_IHD stable rain-B cor_figuration, resulted in an

order of magnitude incroase in the containment time.

The next major breakthrough ii: mirror research was the demonstration

that high beta plasma can be sustained by neutral beam injection [Coensgen,

: et al., 1976]. This experiment also demonstrated the importance of neutral

beam technology, which was rapidly applied m tokamak and stellarator re-

search.

An apreciation, that the energy gain of a mirror machine under fusion

conditions needed to be improved, then led to the invention of the tandem

mirror concept [Dimov, et al., 1976; Fowler, et al., 1977]. The experimental

group at the Livermore Laboratory demonstrated feasibility of the tandem

mirror and in particular showed that loss cone instability can be completely

suppressed as first suggested by a theory [Post, et at.., 1966]. The attempt

to improve the t.andem mirror concept by creating thermal barriers proved

5_: to be illusive, ,.kt present the (',,.kNIN[A-10 tandem mirror, the only tandem

mirror which is an operation in 1992, in Tskubo, Japan has shown that at
d

_ql

d
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relatively low density that quiescent long-lived tandem mirror plasmas can

be obtained with therrnal barrier operation [Miyoshi, et al., 1992]. The major

improvement needed is to increase the operational density and the life time

of the thermal barrier.

Though simple mirror machines have marginal applicability as an energy

source, they may have a special uniqueness for application as a 14 MeV neu-

tron source which will be needed for testing the properties of materials that

surround a fusion reactor [Berk, _:'tal., 1990]. A d-t plasma in a mirror ma-

chine carl supply neutron intensity to achieve a needed fluence in the shortest

possible time and at relatively low cost, because a high beta (which allows

a high intensity), and small volume (which reduces overall cost) plasma can

be achieved. Currently, studies of this application are ongoing in several

laboratories, and may lead to a resurrection of interest in mirror machine

research.

6.2.2 Reversed field pinch

,Many different high beta pinch concepts were examined in the 1960s. The

most successful ultimately turned out to be the Zeta experiment (which orig-

inally was designed, as a stabilized z-pinch) where a quiescent operational

region was observed [Robinson, 1969]. In this regime the toroidal magnetic

field in the center was reversed from its direction at the edge. Surprisingly,

the reversal could be sustained by toroidal voltage, despite the prediction of

two-dimensional diff_lsion theory that it would not be sustained.
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Though the Zeta experiment was terminated, perhaps prematurely in

light of its discovery, the reversed field pinch configuration has been now

studied in many facilities worldwide. These experiments have demonstrated

reduced fluctuation level and improved containment with increasing temper-

ature. These results are consistent, with the theoretical underst_mding that

the plasma will try to relax towards its lowest energy state and the relaxation

process allows a steady plasma to be maintained through turbulent dynamo

processes. [n principle this mechanism can be extended to achieve steady

operation with nor>Ohmic helicity injection.

Though magnetic fluctuations in an RFP are low compared to most other

high beta pinches, the fluctuations are appreciably higher than in tokamaks,

and are present close to the plasma edge. Such fluctuations lead to impurity

buildup, heat loading problems, and the penetration of magnetic fields into

the walls which in turn enhances fluctuations. It is foreseen that by increasing

the current and temperature of an RFP, the fluctuation level will decrease,

e_s the rate of relaxation needed to remain close to the lowest energy state

is reduced. The verification of this conjecture is the principal goal of the

European group in Padua, Italy, who are presently building a large machine

that will have a plasma c_lrrent of .1*legamps [Antoni, et al., 1989].

0.2.3 Compact toroids

Anotheroff-shootofpinchresearchwas thestudyofcompacttoroids.Early

it was found that by programming the wall currents in a theta pinch ex-
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periment, the _-directed magnetic fields could be reversed into an elongated

compact toroid without any apparent toroidal magnetic field. However, typ-

ically, these experiments would disrupt relatively rapidly due to the onset

of a rotational instability. By appropriate preparation it was demonstrated

[Eskov, et al., 1979] that elongated field reversed theta pinches can be made

free of the rotational instability. After a great deal of study these results

were confirmed by other experimental teams. In the 1980s it was shown in

Japan that min-B quadrupole fields could be used to insure MHD stability

[Ishimura, et al., 1989].

An alternative approach to compact toroids started in the late 1970s

with the study of spheromaks, a compact toroid which has both toroidal

and poloidal magnetic fields. Several novel ideas were developed to form

plasmas using pulsed techniques. Both the poloidal and toroidal magnetic

flux needs t_ be embedded in the plasma during its formation phase, and

then the plasma has to be guided into a storage region where it is contained.

[n the more successful experiments a relatively high electron temperature was

attained, T_ > 100eV [Yamada, et al., 1989], and external magnetic helicity

injection was used to sustain the configuration [Jarboe, et al., 1983].

Perhaps the first compact toroid conceived was the astron concept

[Christopholis, 1962]. Here field reversal is to be achieved with the cur-

rent produced by energetic particles whose Larmor radius is comparable to

the radius of the plasma. The demonstration field reversal has been achieved
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[Andrews, et al., 1971], but there is still difficulty in achieving hot plasma

containment in an astron configuration.

One possible future direction in compact toroid research is to merge the

astron and field reversed theta pinch concepts. The joint system should

stabilize the so-called tilt instability [Rosenbluth, et al., i979], an MHD

instability that might otherwise prevent the achievement of reversed field

theta pinch devices with relatively small Larmor radii.

Finally, it should be noted that the reversed field theta pinch is an intrin-

sically high beta device. If su.itable plasma confinement can be successfully

achieved the configuration would be especially suitable for advanced fuel cy-

cles, such as d-nile, since synchrotron radiation losses would be insignificant

and the fusion power production density would be high, while the total power

production would be moderate due to the system's compactness [Kernbichler,

et al., 1992].

6.2.4 Stellarators

Progress in stellarators was initially very slow, in part because of the compli-

cations in designing 3-dimensional magnetic fields. For example, it was found

that stellarators were frequently built improperly without magnetic flux sur-

faces existing. Careful field design by the research team at the Max Planck

Institute lead to more favorable stellarator containment by the late 1960s

[Berkl, et al., 1969], Further innovations by the Kyoto group in ,Japan were

able to show that plasma containment in stellarators is comparable to similar
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size tokamaks [Uo, et al., 1977]. With these studies the research teams tbund

that by heating with r.f. field or with high energy neutral beams, confine-

ment times could be achieved that were similar to that in comparable size

tokamaks. Further, it was shown the radial electric field coeld be controlled

to significantly improve particle containment, even those of the injected high

energy particles.

The stellarator has considerable flexibility of design, and indeed new inter-

esting designs emerge every few years. Some of the more interesting magnetic

field design concepts that have emerged are [Grieger, et al., 1992]: modular

magnetic coils which allow for ready disassembly for maintenance; magneti,,c

field design that can minimize the particle excursion from a flux tube; pro-

duce large stabilizing magnetic shear; produce favorable min-B properties,

etc.

Stellarators are now the principal backup to tokamaks. The often-cited

advantages of stellarators over tokamaks are that stellaral, ors have been free

from the catastrophic disruptive loss to which tokamaks are susceptible and

that there is no need for an elaborate current drive mechanism. The com-

plexity of a s_ellaraLtor is also its virtue as the optimum stellarator is probably

yet to be designed. A large stellarator (LHD) is now under construction in

Nagoya, Japan, and plans for a large stellarator exist in Garching, Germany.
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6.3 Status of Tokamak Research

Tokamak research achieved a major breakthrough irl 1968 when a favorable

regime operation was reported [Artsimovich, et al., 1968]. The favorable

regime was ra,ther narrow, with too strong a current producing violent MHD

instabilities since q < 1 on axis, whereas too weak a current could not pro-

duce enough power to sustain the discharge. The discovery of a window of

favorable operation truly changed the direction of controlled fusion research.

Many research groups throughout the world converted to tokamak research.

A great deal of progress hns occurred since the initial breakthrough was

reported in 1968. Some of the crucial developments are described below.

6.3ol Impurity control and fueling

Impurity control of the discharge has improved greatly by the development

of wall preparation and fueling techniques. Initially tokamaks operated with

a high Ze_("- 5- 10), whereas presently Zen < 2 is now standard in tokamak

operation. Recently, technology has been developed for injecting pellets that

allows for central fueling which often leads to substantially improved con-

finement characteristics at low Z_,n. However, the issue of whether impurity

build-up can be prevented over extremely long pulse times (> 10sec) and

under high heating power, remains crucial and will be investigated in future

experiments.
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6.3.2 Auxiliary heating

Auxiliary heating is generally necessary at high temperature as ohmic heating

loses its effectiveness because, at fixed current, the heating rate is propor-

tional to 7_-3/_. Only if large plasma current densities are present, which

can occur in high field machines with B_ > l0 Tesla, is it conceivable that

ohmic heating can bring a plasma to ignition conditions. The advances in

neutral beam and radio frequency technologies have enabled the achievement

of the needed plasma temperature for producing fusion. For example, the

TFTR experiment at Princeton, New Jersey, and the JET experiment in

Culham, England have produced plasmas with ion temperatures in excess of

20 keV and electron temperatures of -,, I0 keV. In the TFTR experiment the

best confinement characteristics are obtained in the "supershot" regime [Bell,

et al., 1989], where neutral beams directly fuel the center of the discharge.

Neutral beams have also been used in TFTR to simulate collective alpha

particle effects of a fusion-producing plasma [Wong, et al., 1991; Heidbrink,

e.t al., 1991]. In the JET experiment, high energy tails have been generated

with ion cyclotron heating that simulate the effect of charged energetic fu-

sion products in the plasma [.JET Team, 1991]. In this experiment sawteeth

instability is eliminated, perhaps as a result of hot particle stabilization of

MHD instability.
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6.3,3 Plasma shaping

The shaping of a tokamak plasma has become a crucial feature in tokamak

performance. The initial tokamak experiments were with circular-shaped

poloidal cross-sections which lead to a relatively low critical beta values for

the onset of MHD stability. By means of plasma shaping, MHD stability

properties can be substantially improved. Recently the D-III-D tokamak, a

shaped tokamak at General Atomic in San Diego, has achieved peak beta

values of 40% and an average beta value of ,-- 10% [Lazarus, et al., 1991].

It is believed that this plasma can test the so-called second stability regimes

[Coppi, et al., 1979], where stability can be attained in a tokamak even at

high beta. If such a high beta stability regime can indeed be achieved it

makes d-aHe operation feasible in a tokamak.
_=

o In addition, with shaping it is easier to cause field lines near the edge to be

deliberately diverted to the wall (such field line design is called a divertor).

The purpose is to decouple the properties of the plasma-wall interactions

from the properties of the confined plasma and thereby prevent impurity

buildup in the plasma although impurities are being generated at the wall.

In addition, it is found that divertor operation facilitates H-mode operation,

where the plasma develops a sharp pressure gradient at the edge and the

overall plasma confinement increases by a factor of ,-_ 2- 3 from the usual

. operating scenario [Jackson, et al., 1992].

: Another type of shaping is that of the current profile. It has recently
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been observed [Zarnstorff, et al,, 1991.] that there is better confinement if the

current profile is altered from the natural profile reached in steady operation.

Techniques to develop favorable current profiles in steady state need to be

developed.

6.3.4 Current drive

Non-inductive current drive techniques have made considerable progress.

Tokamak currents have successfully been driven by r.f. sources (at lower hy-

brid and electron cyclotron frequencies) and by neutral beams. At low plasma

currents, these current drive mechanisms have allowed long time plasma op-

eration [Jacquinot, e{ al., 1992] in many large and small machines. However,

these current drive schemes are intrinsically less efficient than the inductive

(ohmic) drive methods and the efficiency decreases at higher densities. In

reactor operation at relatively high beta, the requirements of current drive

are lowered by the large bootstrap current induced and it is conceivable that

an acceptable current drive efficiency can be achieved [Cordey, 1988].

In addition to the above mentioned current drive mechanisms there are

alternate ideas being investigated, such as magnetic helicity injection [Jarboe,

1983], that was first studied in RFP research.

Without current drive the duty cycle of a tokamak reactor needs to be

_ high and thermal stresses, due to wall cooling and heating as the tokamak

-- is turned on and off, need to be minimized. The JET facility ha_ recently

shown that the plasma current can be reversed by A,C. cycling of the ohmic

_
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drive [Tubbing, 1992}, They demonst, rated that the time interval in which

no plasma equilibrium exists carl be short ,-_ 1.sec. This mode of operation

can conceivably mitigate the heat stress problem.

6.3,5 Achieved confinement parameters

Finally, we note that tile progress in tokamak containment can be summa-

rized in Fig, 1,3, which preser_ts values of the parameter, nrT, which have

been achieved in various tokamaks during the last two decades. One observes .

that the quality of plasma confinement now being achieved in tokamaks is

nearly equivalent to achieving energy breakeven with the d-t fusion reaction.

In addition, the JET facility [JET Team, 1992] has now actually operated '

with d-t, producing Q _ .I5 in a lean d-t mixture (Q ,-_ .45 would have

been produced in an optimum d-t mixture in the same experiment; in ad-

dition, plasma confinement conditions that would have produced Q > 1 in

an optimum d-t mixture was produced in a d-d discharge). Similar runs are

being planned for TFTR. An international collaboration, ITER, is now being

formed to design and build a tokamak that will achieve ignition and exhibit

prolonged operation with fusion produced alpha particles [Tomabechi, et al.,

1991].

: 6.4 Conclusion

The advances in tokamakresearch has reached the point that the next major

step is the building of an ignition experiment and possibly to study the
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system during the burn phase, It is proposed that this experiment be run

by an international collaboration, which is now called ITER. In addition,

work on smaller size tokamaks is necessary to better understand phy:._ical

phenomena and find ways that the intrinsic operation in tokamaks can be

improved. As the advances in tokamak have often occurred in unplanned

areas, substantial improvements can certainly be expected.

Research in alternate confinement schemes have not had the sal,, ,L_pport

as tokamaks and it is not surprising that their achievements lag behind the

tokamak. Some of these schemes may evolve to reactor grade concepts, while

others might be highly favorable for non-energy producing applications such

as: a compact neutron source for material testing or a compact source for

producing medically desired radioactive isotopes. Research in these concepts

have frequently contributed significantly to the overall progress in the physics

of plasma containment or to the generation of technological tools. Hence, the

controlled fusion program will continue to profit by continuing its support of

alternate directions of research.
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GLOSSARY

ambipolar potential: Tile electrostatic potential a plasma establishes

for maintaining overall charge neutrality.

anomalous transport: The transport in a plasma due to self-generated

electromagnetic fluct uat ions.

banana orbit' 'Flle sllape of an orbit of particles in a tokamak which

are trapped by' tile incr¢'asing magnetic field,

beta' The ratio of kinetic pressure of a plasma to the magnetic field

- pressure.
_

_j

= classical transport: A theoretical description of transport of a plasm_

: in a uniform magnetic field.

: compact toroid' A confinemeat concept of a toroidal plasma without

magnetic field coils through its center.
7

Lawson criterion: The product of density and plasma lifetime which

is a parameter that measures the quality of plasma confinement in regard to

- what is needed to achieve fusion cor,ditions,

= magnetic flux surfaces" The surface on which magnetic field lines lie , -

= in a toroidal confinement, ,'oncept.

Magnetollydrodynamics (MHD): The flui descriptio_l of ionized

. gases.

= MHD energy' The ;_erturbe,,t energy of a system described by the MHD

: eqttat ioL ::,
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mirror machine: A confinement concept consistin.g of open-ended mag-

netic field lines with the magnetic field intensity increasing towards the ends.

neoclassical transport' A collisional transport theory that is based

on the finite orbit size due to drift orbit excursions in tokamaks and other

plasma confinement machines.

pinch' A generic p]asma confinement configuration with large plasma

currents.

plasma: Ionized gas

reversed field pinch' A pinch device where the toroidally directed field

reverses between the plasma center and the edge.

rotational transform: The numbpr of times a field line winds around

the poloidal cross-section of a torus for each time it winds around the toroidal

cross-section.

safety factor (q)' The inverse of the rotational transform; q > 1 gen-

erally indicates stability in tokamaks, while q < 1 indicates a likelihood of

instability.

stellarator: A three-dimensional magnetic configuration that does not

require large plasma currents to achieve plasma containment.

tokamak: A pinch-like configuration with a strong toroidal magnetic

field and a strong toroidal c_lrrent carried by the plasma.
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Figure Captions

1. The solid curves are reaction rates averaged over a Maxwell,an distri-

bution as a function of temperature (in keV units) and dashed curves

are cross-sections as a function of center of mass energy for the d-d,

d-t, and d-3He fusion reactions.

2. Lawson diagram for sustaining fusion burn for the d-d, d-t, and d-atte

reactions.

3. Typical toroidal configuration showing coordinates (Z, R, ¢) and (r, 0, ¢).

4. Two mirror configurations which are examples of open-ended machines.

Tile symmetric mirror (a) tends to be MHD unstable. With a quadrupole

: field, shown in (b) stabilizing concave-shaped field lines are produced.

5. (a) In the usual toroidal configuration the plasma is surrounded by

o external toroidal field (:oils as indicated schematically by the heavy

lines with arrows. (b) The plasma region and field coils are shown for

. the Text tokamak, at The University of Texas, Austin. The central
.

: region is the structural support as well as the magnetic flux column

- that is used as a transformer to drive plasma current
z

6. Schematic flux surface of a compact toroid. The 3-dimensional config-

uration is envisaged by evolving this plot around the z-axis. Closed

-_- poloidal field lines are closed inside the separatrix curve passing through

_

"2_-

=

' ,q ,,t,,qt _rlT '11 I]} 'IP_ ' ( r?-'_'r_"-_--
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the points labelled ×. Outside tile separatrix, field lines are open, The

poloidal flux maximizes at the poloidal field null inside the toroid where

Be = 0 and which is indicated by the points labelled 0. There are no

external current carriers penetrating the torus. A toroidal field inside

the toroid can arise from plasma currents flowing along poloidal field

lines.

7. Transformer link to a toroidal plasma. The change of magnetic flux

inside the central transformer column supplies toroidal voltage to the

plasma.

8. (a) Magnetic surfaces showing separatrix points, and separatrices for

g = 1,2,a and 4 stellarators and for the g = 3 torsatron. (b) Three-

dimensional view of coil set of an g .-=2 classical stellarator (Wendelstein

VII-A) showing the twisting magnetic flux surface (from Nuclear Fusion

28, 1613, R. Carreras, et al.)

9. (a) Me,tion of a charged particle in a uniform magnetic field. (b) Motion

of a charged particle in uniform electric and magnetic fields that are

perpendicular to each other. The particle guiding center moves irl a

plane perpendicular to E.

10. (a) Electrostatic potential and (b) magnetic field in a tandem mirror

configuration as a f(lnction of the distance s along a field line (note that

the negative .s region is a reflection of the positive .s region). _i and _
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are the containing potentials for ions and electrons. With a thermal

barrier present, _b is the potential that isolates electrons in the central

cell from the end plug.

Ii. Particle motion ia a tokamak projected onto a fixed ¢ cross-section.

In (a), particles moving counter to the toroidal current are shifted to

orbits that are olLtside the clotted flux surface, while particles moving

with the toroidal c11rrent have orbits interior to the flux surface. The

orbit of a trapped particle is shown in (b) and (c). In (c) the orbit is

displaced due to a toroidal electric field, giving rise to an overall inward

drift motion.

12. Potential diagram for one-dimensional motion.

13. Fusion parameter r_rETi versus central ion temperature T_(0) for a. num-

ber of machines worldwide in the period 1965-1991 (figure published

with permission from .JET ,Joint Undertaking, which retains copyright

of the material).
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