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TOKAMAK PLASMA HEATING WIiiI INTENSE PULSED ION BEAMS

I • IwrR(~ ucTwIt

Rracently, sources of very intense ion b.~~~ have become available.

Experimental Mvances,1,2 as well as theoretical umderetaeding3° of

th. production of such beams, cont inua to proceed rapid ly. Ths

I. avai labili ty of these beams na turally leads to the proposal of uses

to which they may be put • Severa l such suggest ions have recently

been advanced.7 In this paper we propose and evaluate the use of

intense ion beams for toI!amelr heating.

Similar propos als have been mad. for intense electron beams, but

the probtam of transport ing in electron beam from an external inj ection

point across magnetic surfaces to the plasma interior appears to be

difficult (cf. R.f. 8 for progres s on this topic).

Intense ion beams can actua lly be charge neutralized after

they are produced by dragging along an equal nu~~~er of electrons .

(In this mode it is possibly more accurate to talk of an intense

“p lasma beam”, but we shall stick to the term ion beam becaus. of the

way the beam is produced.) As is well-known ,9 1
~ such a neutralized

group of ions . and electrons can move across a vacuum magnetic field ,

essentially uniapeded, if (.~~Ifl~ )2 )~ 1 
~~pi ~~~ 

are the ion pla~~~
and gyro frequencies in the beam), by sett ing up surface polarization

charges in such a way that the electric field in the bea is - y~ x p~.
This has been veri fied experimsntally~

0’11 in a uu~~ er of studies

with p lasma guns and laser produced plasmas. Thus the pr opagation

1~ote: I~~USU4P aab~~tt.d Ispisasber $0, 1978.
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of an ion beam from an external beam production point to th. edge

of a pl.~~~ may be possible, although , as we shall
see later , th.re are some i~~ortan t co~~licatiug effects which alter
this siepis picture . The propagat ion of the beam across a magnetic
field in a pi~~ma and the dsposit ion of beam energy in the plasma
presents a more coep lex prob lem, whose solution is of great ieportan.ce

for the applicat ion proposed here .

The organ ization of the rest of this paper is as follows • In
Sections II and III we discuss the production and extraction of ion

beams • In Section IV we study beam propagation across a magnatic

field in a vacuum. It is shown that the polarization fields, in
addition to allowing beam transport across B, also cause the beam to

expand along B • A slept . criterion for such beam spreading to be
ieportant is given . Section V discusses cross-field prop agation

and energy depositio n in a pls . In Section VI we consider the use

of intense ion beams for plasma heating in tol amels.
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II • BEAN PRODUCTION

Tb. siep test conception of an ion diode accelerator is a p lanar

anode-cathode gap in which th. anode and catho de ar e capable of

itting ions and electrons respectively. Solution of this probl em

for space charge limited f 105,12 shows that the ratio of ion to electron

currant density is (j ~/j~ ) • 1.85 (Za~/iiui~ )1. Since the electrons

and ions both fall through the sams potential energy difference ,

this is also the ratio of power delivered to the ion beam to power

delivered to the electron beam . Thus most of the energy goes to

electrons, and the ion energy efficiency is low. The basic problem

is thus to prevent energy from being given to electrons so that the

energy delivered to the gap goes to producing the ion beam. Recently,

two methods of accoeplishius this hav e been demonstrated : (1)  the

reflex triode,~ ’
3 5  and (2) the magnetically insulated ion diode.2’

3
’
6

A schematic illustration of a reflex triod. is shown in Fig . I.

Two cathodes are located at x — ± L on either side of an anode at

a — 0. The anode material and construction are such that electrons

easily pass through it. Assuming perfect transmission, .lectro n..

would sieply be emitted from on. cathode -
~~~~~ collected at the other

with zero velocity. Thus no energy would be given to the electrons.

tons are extracted from both sides of the anode surface and pass

through the two cathodic, as shown in Fig. 1. In practice, the anode

is not coepletely transparent to electrons (e.g • electron scattering

in the anode will lead to a distribution of electrons trapped in the

3
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gap potentia l well1) ,  and this allows increas ed ion currents as

well as a small electron current collected at the anode. Nevertheless,

ion energy efficiencies14 in excess of 6O~ have been achieved ( for

both beams ). Qirrently ion beams energies ~ 1 MV • and currents ‘~~

1 kA/ cm2 have been produced . It is to be expected that imich higher

energies and currents will be reported in th. near future. One dis..

advantage of the ref lex tri ed. is that two beams propagating in

opposite direction s are produced . Thus one ~~st find a way of siail-

tanaously utilizing both beams (or else settle for one half of the

possib le energy efficiency). Various schemes for inj ecting both beams

are possible, but will not be discussed her e .

Figure 2 illustrates a magnetically insulated ion diode. Th.

basic idea is that a megz~. - 

~c field of the proper str ength is applied

para llel to the anode and cathcite surfaces and prevents the flow of

electrons across the gap but is not strong enough to prevent ion f low.

Roughly speaking, the ion Larmor rad ius (based on the ion velocity in

falling through the applied gap voltage) exceeds d, the gap spacing,

but the s~~~ quantity for Slectro ns is less than d.  (Of course there

is some modification of the sbov. statement due to self-consistent

electron and ion charge and currant density with in the gap t cf. Ref. 3].)
Related to the slept. picture of —agnetically insulated ion diodes

in Fig . 2 is the recent discovery35 that pinched electro n diodes

(cf. Pig. 3) can have high ion efficiencies. Here the magnetic

insulation is from magnetic fields that ari se naturally rather than

— ~~ _ —---—— — —a-~ — .. 
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from externally applied magnetic fields • The magnetic field creat ed

by the current in th . diode tightly pinches th. electrons to the axis

but does not influence the more massive ions • In this way the ion

beam to electron beam current rati o is greatly ei~kanced, especially

for large aspect ratio diodes (i.e. R/d in Fig . 3 large).16

If on. considers an anode-cathode gap with applied voltage V mega-

volts , then, accordi ng to the L ngiaj ir-Chitd law, the ion current

density produc ed (in amperes/cm2) is

3 60 V~/~ /d~ (1)

(where d is in centimeters ) if it is assumed that no el ectrons are

present . In actual fact, th. presence of electrons in the gap allows

the possibility that the space charge limited ion currant can be

enhanced by a factor ~ (~ ~ j ~1j ~~) . For example, reflex triode

operation with enhancements as large as 102 has been observed ~~~~

Finally we note a limitation on the current pulse time. Generally,

plasma is formed on the anode and cathode surfaces • In the absence of

a magnetic field these pla e expand toward each other. This results

in shorting out the gap (called “gap closure”) at a time

t tc
;d/(va + v c) (2) 

~~~~~~~ . . . ~~~~~~~~~~~~ 
—

~~~~~~~ 
— 

-- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



where v and v are the anode and cathode plasma velocities • For
a C

valnes of tc 140 namosec have been measured for d • 0 .34cm.

Application of a ggwtic field transverse to the gap has been observed 1?

to have the beneficial effect of greatly increasing ~~ so that longer

current pulses would be possible (e.g. in magnetically insulated diodes).

6 

~~~~~~~~~~~~~~~~ 
.

. 
... 

-

, 
.
~~ 

, . .



III . BEAM INJECTION

As an *r*eple of how an ion bum can be inj ected into a toI’~~~k ,

consider the situation shown in Fig . 1~. A reflex triode is situated

in a guide tube which leads into the side wall of a toks,.*k. The

triode and the guide tube are subjected to a longitedinal guide field

which curves to merg. with the main tofr ~~~*~r magnetic field . The ion

beam emerging from the right side of the triode is neutralized by

electrons dragged off pla sma on the outside surface of th. cath ode .

Thus a neutralized beam will propagate down the drift tube. As the

bean reaches the end of the guide tube , the field lines curve to

eventually be at right angles to the initial beam velocity . This

problem is similar to that of plasma motion along a curved magnet ic

field analyzed years ago by Schmidt? Schmidt demonstrated that for

~~ C~2~ a polarization field will be set up by charge separation

within the beam due to adiabatic guiding center inertial drifts,

where ia the beam velocity in th, guide tube • The quantity ~ , is

actually slightly lees than - a ~ by an ~~~mt of ord er

Thus the bean moves essentially unimpeded by the magnetic field .

In orde r for the above considerations to be valid the beam density

sust be sufficiently large that ~~ (2~ . From the t ng.uir ..Child

Law the beam density is

7
I
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n — 3 x l 0~
1 o V/d2(cm 3) (3)

where V is in MV and d in cm, and we have included the enhancement

factor ~ introduced in Sec • II • n can be further increased by con-

verging the ~ - field in the guide tube. As will be evident from

the e~mnple treated in Sec. VI, the condition w~~ >>~ 1~ can be easily

achieved .

One could equally well use a pinched electron diode15 in Fig . 1~

The applied longitudinal field could be small compared to the self-

consistent pinch field in the diode , thus leaving the diode character-

istics uneffected. On the other hand, the pinch field exists for

only a short time and so does not diffuse through the conducting

electrodes . Thus , once the ion bean emerges from the right aide of

the cathode it is in the purely longitudina l applied field and is

not effected by the pinch field .

It is less obvious how to inject a neutralized beam to travel

perpendicular to the applied tokamak field , if a magnetically insulated

ion diode (Pig. 2) is to be used. The problem is that the applied

insulating field will exist on both sides of the cathode (it will

probably be in existence long compared to the ~ - field diffusion

time through the cathode ) and will prevent electrons from being dragged

off the side of the cathode as the ion beam emerges . Thus the emergent

ions are unneutralized and will only propagate a distance of the order

$ of their Larmor radius , a distance too short to be of interest in this

application . It may be possible to get around this limitation, but

it appears to be difficult.

8
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IV. PROPAGATION OF TRE BEAM IN VACUUM

As was shown in the previous section, when th . ion bean passes

from the guide pipe into the tokamak in which it propagates perpendicu lar

to ~~, a polarization electric field is set up which gives the necessary

a ~ drift . Due to the cylindrical geometry, outside the beam, this

polarization field has a component para llel to ~~. This leads to forces

on the bean such that the bean tend s to expand along the magnetic field .

As it expands, the density decreases so prop agation becomes more

difficult. This expansion along the field app ears to be the doi~i4n .nt

affect which limits the distance the beam can pr opagate in the vacuum .

This effect is demonstrated below.

In the reference frame moving with the init ial beam velocity,

the beam acts like a dielectr ic with dielectric constant

e € ( i  + w~~fl~~). We assume that the beam is initially of circular

cross-section with radius r • a. Thus once the beam enters the tokamak

and is propagat ing (along y, say ) perpendicular to the main magnetic

field , ~ — B~~,, the induc ed electric field can be found by transferring

to a frame moving with ~~~~ In this frame we solve Laplace ’s equation

in the plane perpendicular to the beam velocity , V2
~ — 0, using

cylindrical coordinates (r , 0) where 0 is the ang le to the a axi s • The

boundary conditions at the bean edge and the condition at infinity

are continuity of ~ and t~~/~r at r • a (e — €
0 

for r > a and

t • c,, Ci + (w~~d~~~)2] for r < a )  and ~~~~
-+ - E~ x at r -‘ ~~, where

E0 — V01. We find that the induc ed z-component of electr ic field

outside the beam is

9
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B1 
— (a/r )2B0 sin 2011 + (C~j/epj )2) ~~ (lea)

and the electric field in the bum is constant and purely in the a-

direction,

- ~~ 2E~,/E2 + 
~~pi~~i~~~ ’ ( Jeb )

The polarization surface charge density at r - a can be cmlculated

from the difference between the normal fie lds inside and outside the

beam. The result is

p (0 ) — 2*~ E0cos 0 (5)

From the surface charg e density, the force per unit area in the z

direction can be calculated from F1( 0)  — E
~

(r — a+ ) p (e ) to be

F ( 8 ) . 2  _~..E&~!~___._ sin 8 cos~0 ( 6)z 

~

Note that P is directed outward from the bean, ? (0 ) > 0  for iT > 0 > 0

afld Fz ( e ) < O f O r 2 T T > e > T T .

The way in which the beam will expand along the field line due

to the presence of this force is not at all obvious. Probably the

electron polar ization charge layer will initially expand such

10
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faster than the tons in the positive charge layer . The electrons will

o~gy be arrested when sufficient positive charge is left behind

to reverse the sign of the parallel force . Th. electron sheath may

expand along a field line for a distance co~~arab le to the radius of

the bum so that the charge layer may become grossly distorted .

As a very crude approximation, we will say that the beam expands

outward ret a(n1ng an elliptical shape of major radius b and minor

radius a equal to th, initial radius. Then, integrating Eq. (6)

(assn~ing >D 
~~~ over 0 to determine the total outward force ,

vs find an approximate equation for b

d2 b Ta2 
2

dt~ 
~~~~~~~~~~~~~~~ 2 — 

~N~~
a€oEo , (7

where n0 is th. initial beam density . From ( 7)  a rough expression

for the time for the beam to expand along z by its own radiu s is then

given by

T
B ~~~ ~~~~~~ 

(8)
ci

While the beam propagates forward at speed V , the positive and

negative sheaths on the top and bottom only propagate forward at

about V/2 since the electri c field is reduced to approximately zero

at the outer edge of the sheaths .~~ Thus the sheaths are constantly

falling behind the beam and are being replenished from the interior.

11
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From the expression for the surface charge density, we find that

the thicimess of the sheath is given by

2€
~~~~ ~~— V B cos 0 . (9)

If the sheath falls behind at a velocity V/2, one can calculate that

the t ime for the beam to lose half its particles du. to sheath loss

is given roughly by

~~~~
W j T

b d o )

where T
b 

is the time dura tion of the beam pulse. Clear ly, since

W
pj~ Tb >> 1 for cases of practical interest, we see that >>

so that expansion along the field lines is the dominant effect limiting

the propagation of the beam in vacuum.

Another possible physical effect which can stop the beam propagation

in the vacuum is short circuiting along a field line . That is, if the

sane magnetic field line passes through both the positive and negative

polarization charge layer, current can flow along the field line and

short circuit the charge separati on. Bowever, as was pointed out in

similar work on octupo lea,10 the distance along the field lin, between

the positive nd negative charge layers szist be short (not such longer

than the radius of the beam) in order for this to happen. This is

quite reasonable intuitivel y. If an electron , after leaving the charge

T.~.



p.-

layer , has trave led a long distance and has not reached the positive

layer , it leaves behind positive charge which will pull it back along

the field line .

For .r~~~te, in a tok k the magnetic field lines fill nested

magnetic surfaces so that an electron traveling along a field line

which passes through the negat ive charge layer will ultimately pass

throu gh the positive charge layer ; and hence it might be thought that

the field could be shorted out . This consideration, however, is

irrelevant not only because the distance an electron sust trave l is

such longer than a beam radius, but also because 211R/c is typical ly

longer than the duration of th. beam ~

I
3,3
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V • PROPAGAXION AND ENERGY DEPOSITION IN THE PLASMA

kiter the beam has propagated from th. wall through the vacuum

region of the tofr—b , it enters the p lasma. We now discuss qualitatively

how the be can pr opagate and daposit its energy. To begin, assume a

two dimensional picture with no variation along ft. Since ~~

the electric field in the bum suit be small in the frame moving with

the initial beam velocity, y~,, ( the beam acts like a perfec t conductor)

so that the surface of the bean is approximately an equipotential . Since

the plasma, when it ~ a ft drifts remains along equipotentiats, the plasma

does not interpenetrate the beam but rather is pushed out of its way.

Such a two dimensional flow pattern in the frame moving with the beam

is shown in Fig . 5 in the plane perpendicular to ft. Of course the

geometry is not two dimensiona l, but cylindrical. Each magnetic field

line in the beam sust be at a different potential in order to maintain

the polarization electric field which convects the beam. However the

potential of the background p lasma is the sane on differe nt field lines .

Therefore the background plasma attempts to short circuit the polarization

field and stop the beam at the outside of the tokai~~k plasma, rather than

the center . At the present tim the dynamics of the short circuiting

process is not clear to us. However , even if short circuiting occurs

a sufficiently intense beam will pr opagate through the plasma. To see

this imagine that the polari zat ion field is completely shorted out so

that the forward motion of the beam is conver ted to cyclotr on motion. Then

the di .giistic current on the beam surface can exclude the tokanak

magnetic field as long as the ~~~~~~~ magnetic field energy density is

smaller than the beam energy density, or that the (unneutrali zed) beam

15
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I
current is large enough to give field exclusion . On. can easily show

that this reduces to

V / V  > 1, (ii)

where VA is the Alfven speed in the bean. If Eq. (Il) is satisfied,

the beam will exclude tho magnetic field as shown in Pig . 6 and

penetrate the plasma. In order to show the existence of such a mode

of bean propagation with magnet ic fie ld exclusion in the bum interior ,

the kppsndtx demonstrates a self-consistent beam equilibrium with the

above properties.

Such a flow pattern shown in Figs. 5 and 6 is unstabl. to the

Eelvin-lielwholtz instability a Long as the beam velocity is less than

aJ~ VA where VA is the Alfven speed ,18 CThis is analogous to the result

• for the ion-ion instability28 where the plasma and beam do interpenetrate .

There the beam velocity sust be less than twice the Alfven speed for

instability to be possible.) As long a V <2V
A
) the spacial growth

length of the Kalvin-Helisholtz instability is given by18

( p p ) *
k (12 )

where ~~~ are the meas densities of the beam and pla respec-

tively. Assuming that the wave n*~~er which gives most effective

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ass.i~4 qg that

about five growth Lengths are needed to mix the bum end pLa~~~, one

can choose th. bean radius and density so that

15 
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a 1J dr(PbPp (r))1/(pb+P (r)) 5 , (13)

where r 0 is the radius of the plasma. This is an approximate condition
for the beam to propagate to the plasma inte rior .-

~~~~~ deposit its
energy there. If the beam and centra l pla sma densities are equa l,
then from ( 1.3) the beam radius should be about one tenth of the plasma
radius, where we assume a pla~~~ density profile of the form

P~ (o) (1 — (r/r0)!J.

16
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VI • TOKAMAX HEATING : AN UAI~ U

We now discuss the prob lam of heat ing a reacto r 20 to a te~~erature

of 10 key with intense ion b . .  Assuming a pulse time 1 , the total

energy of the bean pulse is

E.5, — VIr — 2 x  I0 10 tTa3V~ /21n
0

in Megaj oules. If the tokanak has major radius k and the plasm. has

radius r~ (both in cm), and aver age density (in ca~~ ), than the energy in

Megajoules to heat the electrons and ions to a temperature of 10 key

is

a .6.1~ x l O~~
1
~~~w2 r2R.p p

Taking a voltage of 5 Megavolt, (r
e

/a) — 10, /n0 — 0.5 and ¶ — 3 a lO~~
eec, we find that about ten pulses are needed for a reactor with a

radius of 5 meters . If the central plasma ( and beam ) density is 5 a lO13ca~~,

and the magnetic fie ld is 5 a l0~ Gauss, then Eqs. (11 ) and (I)) are

satisfied , and V <a/ i  VA . Thus the beam should deposit its energy

near the canter of the plasma. Using Eq. (3) we obta in far this

~~~~~le d 0.1 clIr*cm. Finally , let us note that for ion bean heati ng

of tok~~~1r. there are many possible par ters to vary including beam

voltage, current, puls. tims, bean rad ius and injection angle. This

flexibility increases the likelihood that par ters can be found for

which the beam will pr opagate to the canter of the pla and deposit

its energy there.

__________________________ 
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APPEND IX: Equi libr ia for Cross Field Beam Propagation in P lasma

In this appendiz we will show that it is possible to produce a

magnetically shielded region . through which the beam can propagate .

Our interp retation is that the head of the beam meets the plasma at

one point and stops. In stopping , it sets up a diamagnetic current

which cancels the aithient toka mak field , allowing the rest of th, beam

to propagate through . Thus the beam front is continuously peeled off ,

creating a field free region behind it through which the remainder of

the beam propagates.

For simplicity, consider a two dimensional situation in the (x,y)

p lane perpendicular to B(y)~~, with the beam propagating in x. Since

background plasma is assumed to short out any electric fields, we set

~ 0 in the laboratory frame . The beam ions are assumed to satisfy

the Vlasov equation so tha t the beam ion áistribu tion function depends

only on constants of the motion, F~ — Pi (v~
2, v~, 

~~~ 
where

- + Vy
2
~ P,~ - rn~v~ 

- eA(y), and 8(y) ~ dA/dy. Since the

electrons are usach less massive we use the fluid equations . From the

y - coeq onent of the beam electron momentum equation we have -dp5/dy

- i
~ 

dA/dy — 0 or — -dp ,I4L, where 5, is the beam electron current

(which is in the x direction) and p5 is the electr on pressure . Now

using the V x B Maxwell equation we have

d2 dp~~~
dy~ 

— 
~~~~~ 

[~
(
~

) - dA J ~ (Al )
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where

which can be written Ji (A ) — - dpi I dA, after using a parts integration,

where the yy beam ion pressure is

~~ 
(A) — mifv

2 Fi d3v.

Now imiltiplying Eq. (Al ) by dA/dy and integrating over y we obtain

i 
(

~~~
)2 + p5(A) +p i (A) — 

2 B0
2 

, (A2 )

where p 5 and 
~~ 

go to zero away from the beam, B~ is the external

magnetic field outside the beam. Equation (A2 ) is, of course, just

the y-component of the total pressure equation .

We now demonstrate how a magnetically shielded equilibrium can

be formed . It seems reasonable to assume that the beam electron

random velocity is roughly the same as the beam ion random velocity,

thus the electron pressure is isuch less than the ion pressure . We

will begin by neglecting the electron pressure. However, as we will

shortly sea, a small electron pressure is necessary for the formation

of the magnetically shielded equilibrium.

For concreteness, let us pick an ion distribution function:

— N 6 (v~-v~~)6 (v - ~ A) 6 (v ). (A3 )
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Then if electron pressure is neglected, Eq. (A2 ) reduces to

]~ (
~ 

)2 + 
~~~~~~~~~~~~~~~~~ (1 - 

~~~~~~~~~~~ 

)2)* — ~ 8 (*4)

Equation (All. ) is analogous to the equati on of a particle in a potential

~ (A) — P NMv2 [1 
(

~~~~~~
)2]

~~ shown in the solid curve of Fig. 7, where

A is analogous to the particle position and y to time . There are two

types of solution : class 1 where ~~~— >  N0Mv~0, and class 2 where

< N0Mv~ . The vector poteuti:l and magnetic field are shown

as a function of y in Fig. 8. Notice that class 1 solutions are the

only reasonable solutions for magnetically shielded beam propagation

since the magnetic field does not change sign on crossing the beam.

Also since B(+ ~ ) — B(- ~), there is no net ion current in the x direction .

However, class 1 solutions do not completely exclude the field unless

B2 
— N Mv2 

, in which case the zero of B is infinitely far from the21.L0 0 .Lo -

position where B — B0 . Notice that the condition for field exclusion a.

is simply that v~0 > V
* 
as stated in Sec. V.

In order for B(y)  to go to zero in a finite space the potential

c(A ) us~ist have a sharp , rather than smooth, top (discontinuous dA /dy)

as shown by the dashed curve in Fig . 7. Since the electron pressure

is very small compared to the ion pressure , and the electron Larmor

radius is roughly m/M compared to the ion Larmor radius , then the

electron pressure p5 (A )  can reasonab ly be considered to have a sharp

maxiusim as in Fig . 7 .
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P.-

To go back to the description of A(y)  via the analogy with particle

motion in a potential field, if the particle energy is equa l to the

maxiusim potential energy, then the partic le comes to rest on top in a

finite t ime . It can then remain at rest for any arbitrary time, and

finally roll off the other aide . The vector potentia l and magnetic

field corresponding to such a solution of Eq. (*2 ) is shown in Pig .

9 . Notice that there is an arbitra ry sized region having B — 0

through which the remainder of the beam can propagate .

Finally, we should point out that the nature of the equilibrium

we have calculated is independent of the particular form of F~ . As

long as P t (A) has a maxi~~~ point somewhere, and 
~e (A) has a sharp

top at the msxiimnn of p~ (A ) ,  such a magnetically shielded equilibrium

can form.
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ELECTRONS

IONS IONS
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I
ELECTRONS I

CATHODE ANODE CAThODE
x — O  x — d

(b)

Fig. 1 — Reflex triode: (a) electrode configuration ;
(b) electrostatic potential versus x

I
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IONS

ANODE CATHODE
(x =O) (x=d )

Fig. 2 —  Magneticafly insulated ion diode. Electrons are confined by the magnetic
field to the cross-hatched sheath region adjacent to the cathode

I
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EMERGING
_ _ _  

ION
BEAM

ANODE CATHODE
FIg. 3 —  Electron pinch dlod , showing typical electron orbits In the self.conaistent

azimuthal magnetic field and typical Ion orbits (which are essentially straight)
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GUIDE TUBE
1~

TOKAMA I(
WALl.

Pig. 4— MagnetIc field lines in guide tube and near tokamak wall.
A reflex triode Is shown schematically In the guide tube.
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EAM

4 4

Fig. 5 —  Plasma flow around beam on equipotentlals in the beam frame

t
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Fig. 6 — Magnetic field line exclusion by the beam
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MV~0
- 

. a
Pig. 7 —  ~,(A) versus A. Solid line is contribution of ions alone.

Dashed line illustrates the effect of electrons.
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CLASS I SOLUTION

A(y ) B (y)

CLASS 2 SOLUTION

8( y )

y 

______•_
___, 

y

PIg. 8 — Two cissies of solution for Eq. (A4) (with ion pressure only)
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A( y)

- 7
B ( y )

FIg. 9 —  Solution with electron pressure Included

I .
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