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Introduction

The problems of building a successful Fusion
Reactor are enormously complex but the basic require-
ments for 'breakeven' are reasonably straightforward
and were stated many vears ago by Lawson. For a D-T
reaction which produces a 14.1 MeV neutron and a 3.5
MeV (-particle these regquirements are: (i) T = 10 kev
and (ii) ot = 10'* where T is the temperature of the
reacting components [assumed to have a Maxwellian
energy distribution), n is the particle density in en®
and 7 is the time required for the burn in seconds.
Two fundamentally different approaches have been made
to meet these conditioms. In the first approach the
charged particles are confined in a 'magnetic bottle"
and the confinement time scales as B = where B is the
magnitude of the magnetic field and n lies between 1
and 2. Obviously the plasma heating time should be
comparable but less than the confinement time. The
second approach is characterized by not demanding any
confinement at all. TIn this case 7 = r/cg is the
disassembly time of a body of size r and ¢~ 10°
cm/sec at T = 10 keV is the free expansion velocity.
Since the second approach operates on a very much
shorter time scale the power requirements and the in-
tensities of all quantities are proportionately much
higher, Thus the heating energy delivery and absorp-
tion times have to be extremely short.

There are several applications for accelerated
particle beams in both these approaches but it is clear
that the requirements imposed and types of accelerators
needed are quite different for the two cases. The main
applications in magnetic confinement systems for which
accelerators have found use are: -

(i) Plasma production
(23

(ii} Plasma heating
f1ii) Direct fusion between beam and target
(iv) Magnetic field shaping by internal beam

currents.

[n the case of inertial confinement systems the only
alternative source of energy to high power pulses of
charged particles are high power lasers.

The requirements on particle energy are relatively
nodest; 9.1 to 1O MeV appears to be the range covering
most of these applications, HBut because power require-
ments are large the beam currents range from 10 - 10 A.
The available accelerators fall into two categories:
low power (Md level, ® 0.1 sec pulses) which have been
primarily developed for large volume systems like
tokamaks and mirrors, and high power (~ 107 MW level,
107 sec pulses” sources. We will now take up some
specific applicaticns of these sources and conclude
with future requirements for these accelerators dic-
tated by the needs of the different schemes for achiev-
ing 'breakeven' conditioms.

Plasma ileating in Yoroidal Systems {Tokamaks)-

The main energy loss in a svstem with closed
lines of force e.g. the Tokamak is by diffusion across
the lines of force. The characteristic times for
particle and enerzy confinement are - ~ a /D and
7 where a is the radius of the plasma column
and D and ¥
regpectively,

“m~al
are the diffusivity and heat conductivity
f the particles interact only through
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c1a3517al cou omb collisions then D scales as
(R/a) 2 where q = (5 a®3/RI), I is the
torOLdal current (A), R and a are the major and minor
radii (cm) and B is the toroidal field (G). Notice
that in a toroidal system D is enhanced by the factor
&R/a) /O 2 ~ 10° over the conventional diffusivity for
a system with straight lines of force. On the other
hand if '"mieroturbulence' or enhanced fluctuations
driven by plasma currents, density/temperature gra-
dients etc., are dominant a pessimistic scaling T/B
could result. The actual situation is probably between
these two limits.' The heating power required can be
roughly estimated for a plasma volume V

P = nIv/T = £(R/a, T, B) ,
a function only of the toroidal field, for fixed R/a
and T, once we have recognized that nt = 10** and
T = a%/D. The ohmic dissipation of the externally
induced toroidal current provides some fraction of this
heating and typically heats the plasma to T, ~1-3
keV in present day machines. Bowever, it 1s too
optimistic to assume that ohmic heating is sufficient
to raise the temperature to ignition. This ignition
occurs at a temperature when the energy of the Q-
particles is deposited within the plasma. Fig. 1
shows a calculation by Sweetman® from which it is clear
that ohmic heating alone is unable to take the temper-
ature beyond 4 keV, The ignition temperature in this
case is ~ Z0 keV. This gap can be crossed only with
the help of additional sources of energy. GEven for a
""breakeven" experiment it is essential to have
auxiliary energy source otherwise the polgidal B
T /B is limited to (1 + 13/{1.6)%)" 12 yhich is
well below the limit B R/2a for MHD stability;”
here the poloidal flelg B = 1/5a MG, 1 is in MA.

The currently favored technique for auxiliary
heating is by the injection of a beam of energetic
neutral H or D atoms into a Tokamak plasma and because
of their neutrality they are not inhibited from cross-
ing the magnetic surfaces. The mean free path for
charge exchange and ionization of an atom between 20
and 100 keV is given by2

where E is the neutral energy in keV, n_ 1is the elec-
tron density in em”. When ) is comparable to a,
maximum beam absorption is obtained by tangential in-
jection. The heating time is roughly given by the
slowing down time of the fast ion by collisions with
the background, Experiments® on the ATC machine at
Princeton University have demonstrated plasma heating
by neutral beams. A 100 keV beam of H 1nJected lntc
an ohmically heated plasma of density n ~ 1.5 x 100
at T, & Z20 eV produced an incremental increase in ion
temperature of AT, = 110 ev.

The neutral beams are generated® by extracting
ions from a plasma source of which there are currently
two types (i) the duo PICatron developed at QOak Ridge
and (ii) the filament developed at Berkeley LBL. The
plasma meniscus is accessible through a multiple-
aperture (%-L mm dia. holes or & mm X 7 cm slits}
plate. Thus a large plasma surface is utilized to



produce many parallel ion beams with high current
density using only electrostatic focusing by accel-
decel electrode system. Current density of o4 ~ 0.5
A/cm® over tens of cm® are presently achieved with ex-
tracting electric fields of 100 keV at total energies
of 15-40 keV., After acceleration the ions are imme-
diately injected into a gas (H_) cell. About 30-20% of
the ions are charge-exchanged into a neutral beam. The
capability of the LBL source is 20 A, 20 keV, 30 msec
while the Oak Ridge source is rated at 5 A, %0 keV,

300 msec.

Direct Fusion between Beam and Target

The idea of direct D-T fusion reactions between a
deuterium beam and a suitable tritium target was con-
sidered and rejected a long time ago on the grounds
that almost all of the beam energy will be utilized in
needless heating and scattering since the coulomb cross
section is so much greater than the fusion cross
section. This idea was revived recently by Dawson,
Furth and Tenney5 who recognized that the ion slowing
down time by coulomb collisions can be increased by
maintaining the plasma electron temperature above 5 keV.
If the injected ion produces Q times its initial energy
in fusion reactions before slowing down then the Lawson
criterion is replaced by 7 Q > 1- ﬂp where and T,
are the efficiencies of conversion to electrical energy
from plasma and fusion products respectively. The
maximum value of Q is approximately 4 for injected
energies 150 ~ 200 keV and for this Q the nt can be
reduced by approximately a factor of 10 from the Lawson
figure,

A machine based on this concept and dubbed the
Tokamak Test Fusion Reactor” is under serious consider-
ation by ERDA. A comparison of nT for 'breakeven" for
this machine is shown in Fig. 2 . A 40 M4, &0 kev,
~ 30 msec beam is used mostly to raise the plasma tem-
perature as quickly as possible. A 20 M4, 120 keV ~
30 msec beam is injected next to provide energetic ions
for the reactor phase. This stage is followed by a
magnetic compression stage which further raises the
plasma temperature by a factor 1.3% - 1.71 and the in-
jected ion energy by 1.55 - 2,25, The neutral in-
jection system consists of 1£ LBL, -0 keV injectors of
40 M7 output and a pulse time of 4% msec and & LBL,

125 keV injectors furnishing, 70 MW, with pulse time of
%2 msec. An alternative system consists of 24 ORNL,
50 keV injectors of 10 MW output for 500 msec.

High-Power Electron Accelerators

Cevelopments in pulsed high-power electrical
technology have led to very powerful electron beams with
energy content and power up to & MJ and 10°" W, Some
aspects of the E-Beams have been covered in the sessions
on "Collective Acceleration and Intense Beams'. The
technology is based on the principle of slow charge and
rapid discharge of energy reservoirs of successively
shorter time scales, Tn a typical system the first
stage is generally a Marx high voltage generator. The
output of the Marx charges a transmission line or some
variant connected via a switch to a diode in which the
beam is actually generated. “he minimum pulse duration
is determined bv the jitter of the switches which close
in times of the order of a few nsec. The maximum pulse
duration is determined by the ability of the diode to
withstand the voltage. [n practice, plasma is gener-
ated at cathode and anode surfaces because of the large
amount of energv deposited and the diode shorts in the
time ~ 107 nsec it takes this plasma to cross the gap.

Although these high power electron beams were
originally developed for the purpose of generating
large dosaze of flash x-rays they have now found
several other uses. In controlled fusion their main
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application is for plasma heating at very rapid rates
and for D-T pellet compression. The success of these
applications depends on our understanding of the
physics of interaction between a beam and plasma.

E~Beam Interaction with Dense Plasma

The nature of beam-plasma interaction is a strong
function of plasma electron density n, and temperature
T, the ratio of beam to plasma density ny/n, and the
beam energy mcay. At high plasma densities and low
temperatures the characteristic time for beam energy
loss as determined by classical two-body coulomb
collisions is 7 = Y/@rneric &n Ay where r, and )4 are
the classical electron and debye radii respectively
and fy = ld/re. The characteristic stopping length is
expressed conveniently as £ =~ 0.2 ¢/p cm where ¢ is the
beam energy in MeV and p is the target density in
grams/cm®. Calculations by Rudakov and Samarsky,7
Yonas et al.® and Clauser® indicate that a metallic
target in the form of a spherical shell of radius ~ 1
mm and thickness ~ 0.2 mm when irradiated by a beam
of ~ % MeV electrons with a total emergy/pulse of 5 MJ
in times of order 3 ~ 10 nsec compresses by ablation
of the outside layer to yield a net output of power.
Electron accelerators answering to these requirements
are currently not available but one sees no serious
technical constraints on attaining these particulars.
Indeed such short pulse machines are being studied in-
tensively at Sandia and have been reported on at this
conference.

The direct energy loss of the beam by collisions
can be supplemented by the decay of the plasma return
current which normally equals the injected beam
current and helps neutralize the beam's self magnetic
fie}d.lo The decay time T4 of this current is
mga®/c® where o is the plasma conductivity and a is the
beam radius. The bulk of the beam energy is absorbed
in the ohmic dissipation of this current in a time
T A fY/Nre> Ta (for Nr, >> v) where N is the number of
beam electrons per unit length, The ratio of 7 to 7,
is given by
'Z/T

- ~ ( 3 2y ( fo g A
/TC \ne/nb}(J Te/mc ' {&n ub/i, \ s

e

neka. Situations may arise where the ohmic
dissipation becomes comparable to the direct loss of
energy by the beam.

where A =
e

E-Beam Interaction with Low and Medium Density Plasma

At densities much lower than solid densities and
higher temperatures the classical time scales become
very long and collective many-body effects emerge as
the dominant mechanism for beam-plasma interaction.
Tkis interaction is a two-step process on the micro-
scopic level. In the first stage the beam generates
electrostatic Langmuir waves of wavelength }/0— =
c/we, [me = (ﬁrneer/me\‘ ', the plasma frequency |

through the well known streaming instability, The
growth rate T is given by # —*/nb/ﬁ a, " w, when
the angular spread of the beam -2 287 > =/% « +7= and in

the opposite situation T = y'l“nb/ne\we. For the

instability to take place at all one requires I' > v_;

the plasma electron collision frequencv. The angular

spread of the beam increases as a result of this inter-
action and we shall give below an estimate of this in-
crease. The wave energy Wy builds up very fast in a
time of order a few times I ~ until nonlinear processes
become important. Two such processes have been iden-
tified: 'i} self-trapping of a fraction of the beam
electrons in the potential well of the Langmuir waves



and (ii) a parametric instability driven by the Langmuir
waves that excites short wavelength fluctuations

, 1/> .
12 quy > {m /m; """, where 2r/q is the wavelength and
m, and w; are the electron and ion mass respectively.

In the case that the initial angular spread of
the beam at injection is small the saturated level of
Wy is controlled by the trapping process and computer
simulations lead tol®

)5/2

Ws/nbmcgv ~ % s/(1 + s ,
- 3 /o
where s = % 5“v(nb/2 ner/“ and B8 = (1 - 1/+°) /“.
This saturation level greatly exceeds the threshold

wk/nTe > (kxdfg required for the second process, and

the energy in the primary spectrum is pumped to short
wavelength fluctuations. This stage can be approx-
imately described by

1
= W, =- "W (1)
o g © Pq
1d - Tw - w {2)
2 qt 94 P q q
where at t = O, W = W, the saturated level, Tp R
. 1/2 by s
(me/mi\ « (wk/nT) “ w, is the growth rate of the

parametric instability and v is the damping rate of the
short-wavelength fluctuations., At low densities v
represents Landau dawmping and at higher densities the
damping could be collisional. The characteristic time
7_ for the evolution of this stage is approximatelyl‘

- 1/ 1
l s / \5 fe ( \Y /2 7.
T (me,mi, (Wg/nT) W,

provided ' >> v, The case where the initial angular
spread is large so that the Lwo-stream growth rate is
much wesker and comparable to T_ has been treated by
Papadopoulos™® by including the term TkW on the right
hand side of Eq. (1).

"he second stage described by the parametric
instability can also be viewed as a process of con-
densation of the energy in the Langmuir waves into
regions of diminishing size.’®»?® This oceurs because
the Langmuir waves exert a negative pressure - VW, on
the plasma. The limit of this process can be visual-
ized as a state where all the wave energy now resides
in a number of "blobs'" whose spatial extent is of the
order of a few times M g- Any further condensation
probably leads to very rapid damping. The effect of
these short wavelength fluctuations on the beam is to
cause it vo increase its angular spread. A beam
electron moving at a velocity much greater than the
thermal velocity "sees'" these "blobs" as a stationary
distribution of localized electric fields. The individ-
nal scattering events lead to a diffusion in velocity
with a characreristic time T UAS\Q/DCQ. For scat-

tering through a radian 2% ~ 1 we obtain

= /g /mT Y (T e /"

Tf this time is comparable to some of the other char-
acteristic times for wave growth and decay estimated
above there may be considerable reduction in the
cificiency of energy transfer between the beam and
plasma. [ hope this brief discussion is a sufficient
indication of the complexity of the collective inter-
action and why no single estimate of the stopping
length is available. Elaborarte computer simulations
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and well designed experiments are the best guide in
this regime,

Application of E-Beams to Plasma Heating

Tokamaks

The use of intense E-beams for Tokamak heating
has been suggested.li It offers the advantage of rapid
heating of plasma electrons and subsequent equilibra-
tion with the ions on the time scale of (mi/me) v;i

where Vei 1s the electron ion collision frequency.

Since the heating time is much less than the confine-
ment time for E-beam injection the total heating energy
is minimized and the required energies are not much
beyond the present capabilities of the largest ma-
chines. However, there are a number of problems that
have to be investigated before E-beam heating is a
serious contender:-

(i) Successful injection and trapping of E-
beams into a Tokamak plasma contained in a high
toroidal field. Some initial success has been obtained
in injection experiments conducted by the Cornelll? and
p.1.1% groups.

(ii) Plasma loss to the walls and increased
impurity generation in the injection process.

(iii) Loss of beam electrons to the walls at
injection port and elsewhere releasing impurities.

{iv) Effect of beam currents on macroscopic
plasma stability; the stability may in fact be im~
proved.

(v) Pulse repetitive rates for high power

E-beams would have to be considerably improved to match
the rest of the Tokamak system.

Multiple Mirrors

E-beams are inherently more suited to schemes
that directly take advantage of their high power.
are strong competitors to systems that require high
power lasers e.g. the D-T pellet compression’>” scheme
and medium density, high B, CO, laser heated, scheme
13

They

proposed by Dawson et al, in which the heated plasma
is confined in a very long solenoid with the ratio of
length to radius of order 10°. Budker® has proposed
a variation of the Dawson scheme in which the magnetic
field (~ 100 kG) of the solencid is not high enough Lo
confine the plasma but is sufficient to reduce the
transverse heat conductivity to tolerable levels. The
plasma pressure is transmitted to the confining rigid
container walls through a layer of verv dense cold
plasma near the wall. The end losses are reduced by
providing several magnetic mirrors in tandem on each
side of the solenoid. 7The length £ of each mirror is
adjusted to equal the ion mean free path ), so that
the particle motion along the field lines is a rardom
The leakage velocity
through the ends is decreased dv a factor of M i/
compared to that through an homogeneous field, where

M is the mirror ratio Bmax/Bmin' In Budker's design

a reactor would consist of a conducting shell ~ 10 m
in length with an internal diameter of 13 cm with
about 1C mirrors, ¥ = 7 on either side. A plasma of
density 107 cm’ is heated by E-beams to a thermal
energy content of 107 MJ with a lifetime of 177} sec.
The requirements on the E-beams are 137 eV, 137 A and
pulse times of ICT* sec. Present day capability of
machines of this power is onlv for pulses of 10 ° sec.
Thus, much further technological development is

walk instead of a free flow.



necessary for this application.
LINUS

E-beams have also been proposed for preheating of
plasmas in the density range 1007 - 10'® em® for re-
actors based on the principle of magnetic compression
by imploding metallic liners (LINUS).®! 1In this scheme
most of the heating energy is provided by magnetic
compression so that existing technology is capable of
delivering the required preheat energy.

High Power Ton Accelerators

Quite recently high power, high voltage elec-
trical technology, which is the basis of E-beam devel-
opment, has been applied to create pulsed multi-
kiloampere ion beams at energies ranging from 0.1 - 2.0
MeV by Humphries et al.?® 1In a diode in which both
cathode and anode are capable of emitting electrons and
ions respectively the ratio of the space charge limited
electron and ion current densities is j;/j, =(Zmeﬁni)l¢
where Z is the ion charge number. Thus electrons carry
away almost all of the power delivered to the anode and
the plain diode is quite inefficient for ion-beam
production.

A simple device shown in Fig. 3 alleviates this
problem, Two cathodes are located symmetrically on

each side of an anode made of a highly transparent mesh.

A fraction T of the electrons arriving at the anode
pass through and are reflected by the opposite cathode.
Thus, a large fraction of the emitted electrons circu-
late in the device and only a fraction 2(1 - T)/(1 + T)
of the equivalent current for a solid anode constitutes
the drain on the external power supply. The fraction
of the electrons that actually collide with the anode
deposit their energy to produce a plasma for ion
emission. Successful results have been obtained from

(1) coating metal anode meshes with hydrocarbons, (ii)
nonconducting nylon meshes and (iii) aluminized my lar
sheets of appropriate thickness for high energy 2 1 MeV.
Electrons produced at the cathode edge are affected
strongly by the fringing electric field and follow an
orbit that quickly takes them to the opaque anode
holder, A magnetic field of sufficient strength par-
allel to the triode axis helps to prevent these elec-
trons from drifting outwards and improves the device
performance significantly. If one of the cathodes is
removed to infinity the reflecting electrons form a
virtual cathode at approximately the same distance as
the actual cathode anode gap. Eliminating one of the
cathodes allows for easy ion extraction. At the high
achieved ion-current densities ~ 10 A/em® the propaga-
tion of unneutralized ion beams over any distance is
not possible because of strong space charge repulsion.
However, the ion beams in this device emerge auto-
matically neutralized because they pick up an equal
number of electrons from the surfeit of electrons
around the cathode. These electrons need only a small
fraction (me/mi) of the ion energy to follow the beam.
Thus, the beam is able to propagate in a good vacuum,
unlike E~beams, with divergence properties determined
by the initial emittance. Proton currents in excess
of 3 kA at current density ~ 10 A/cm®, and total
protons per pulse in excess of 10%% have been achieved.
The best device efficiency, at 100 keV, achieved is L42%
which is pretty close to the maximum possible of 50%.
The current density is also close to the space charge
limit. Table I summarizes the experimental data.

Pulsed Proton-Layer

The earliest application of relativistic elec-
trons to a fusion device was suggested by Christofilos
He proposed the "Astron" in which relativistic elec-
trons were injected into a magnetic mirror to form a
circulating layer of electrons [E-laver). When the

23

Table I
T = Proton Energy/Total Energy Input fvldt
Machine 100 kv 500 kv, 7 Q 150 kv 5 MW
Marx Blumlein Blumlein CREB
Ton Energy ~ 100 keV 300 kev 120 kev £ MeV
fon Current Tow PLOA Tox 7,050 A 2 X 3,300 A ~ 5,000 A
Pulse Width ~ 20 nsec ~ 5C nsec ~ 50 nsec < 30 nsec
Current Density ~ 10 A/em® ZOA/em ~ 0 Afem” ~ 30 Afcm”
Efficiency 9 o7 Lod
Type of ions proton proton proton proton &
att
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density of this circulating current reached a level sucu
that Nr_ > vy, where N is the number of electrons per
unit length of the layer, the diamagnetic field of the
E- layer would equal the external field. Any increase
of the current density beyond this level would:result
in a region in which the lines of force would be closed,
surrounded by a region of open lines of force of the
mirror field (see Fig. %). The plasma is confined in
the region of closed lines of force which has ideal
properties from the point of view of MHD stability.

The plasma is heated by the energy delivered to it by
the E-layer in collisions and the system was viewed

as a gteady state reactor. This concept ran into two
difficulties. Given a realistic rate of plasma diffu-
sion the size of the ensuing containment region de-
manded relativistic electrons ~ 100 MeV for a 'break-
even" device. The synchrotron radiation from electrons
of this energy is prohibitive and their energy is lost
in a time less than that required for fusion. However,
Christofilos pointed out that this difficulty can be
overcome by using high energy ~ GeV protons (instead of
electrons) which have negligible synchrotron loss. The
second difficulty arose when it was found experimen-
tally that successive injection of pulses of & MeV,

650 A, 300 usec from an induction electron accelerator
did not increase the E-layer axial current density but
only increased its total length keeping the field re-
versal factor constant. Fortunately the Cornell
group,®* working with an intense E-beam of 500 kv,

40 kA, < 100 nsec was successful in producing field
reversal in single pulse injection because the pulse
had far more electrons than were needed for field re-
versal of the layer.

Encouraged by the success in producing intense
ion beams from high power ion accelerators described
earlier we can now begin to discuss reversed P-layers
by single pulse injection. However, the proton energy
required for a “breakeven" situation is still very
much in excess of what is possible from diode tech-
nology. To overcome this limitation Sudan and oct?>
suggested the adiabatic magnetic compression of a P-
layer, formed by single pulse injection, to the re-
quired energy.

P-Layer Compression

Let the proton layer be of thickness A, mean radi-
us R and length L such that A/L << 1 and A/R << 1 (see
Fig. 4). 1In our calculations we assume for simplicity
that L >> R but our results will be qualitatively
correct even if L ~mR. In order for the P-layer to be
in equilibrium at these high current densities it has
to be electrostatically neutralized by an equal number
of electrons. The P-layer is located in a region of
good vacuum and we exclude the possibility of electron
conduction along the lines of force from external con-
tainer walls. The compression time is assumed much
smaller than the time taken by the flux to diffuse
through the layer b=oAr®/c®. 1In this limit both the
axial flux éa through the layer and the poloidal flux

trapped within the layer ép are conserved i.e.

3 = -rR?(B
ex

a + 4mT/L) = const. ,

@P = orR(271A/L) = const. ,

where I = IB + I, 1s the net azimuthal current composed
of the beam current I, and the electron current Ie and

Boyx 18 the external magnetic field.
tion of flux we obtain

From the conserva-

Ruw = const. N

1740

where is the mean azimuthal beam velocity. Thus th

beam current Iy = Neuw/2nR scales as

RZ1

p = const. s

where N the total number of beam ions is assumed to be
conserved. The variation of A with compression is ob-
tained from the constancy of the radial invariant

Jp ~'u2/aB where is the betatron frequency and the

transverse beam pressure & npm; v®. An expression for
gy including the effect of self %1e1ds is given by

o

1/2
5=Q[1+@@/QAJ ,

where ( = unI,LB

Q= eB /m c is the cyclotrod frequency in the external
field.®*In"the limit that { << A/R, wq ~ Q and A is
determined by the spread in beam gyro centers, i.e.

/2
x B
/uqj

is the field reversal factor,

AR w2 U_L/Ucp ex

In the opposite limit [ > A/R we have ag =

(hwuweI/miLA)l The transverse beam pressure is now
balanced by the self-field i.e.
p = nbmiu? B /qr = onI®/1® .

Since = N/2mrRLA and u o« (u I/LA) e we have
b e (u L/REI°) s

pression of a uniform B

It is easy to see that the com-

e does not increase the axial
energy in a collisionless beam. From the conservation
of the longitudinal invariant v®/w we observe that L

remains constant., A consistent so{ution to all the
constraints gives us

TR® = const. I_R® = const.
BexR2 = const, A/R = const.
{ = const, L = const.

and u®/u® = const.
1@

Defining C to be ratio of final to initial extermal
magnetic field, the ion energy increases as C, Ip

increases ag C and the curreat density as C '©. It
is, in principle, possible to achieve breakeven con-
ditions by compression to high magnetic fields of a
few hundred kilogauss. Tor field reversal the number
of injected ions required is 2 10'7; and the injected
energy ~ 1 MeV. Such a layer can be formed by in-
jection through a magnetic cusp®” or by alternative
techniques. TInitial experiments already indicate that
such injection is feasible.®‘ Towards the end of the
compression phase plasma is created within the P-laver
by the introduction of D-T pellets which are rapidly
ionized. Plasma heating takes place by collisions of
the ion beam with the confined plasma., The character-
istic slowing down time for the protons is greater
than their scattering time for T, ~ 10 keV and proton
energy ~ 100 MeV. The topology of the magnetic field
creates a natural divertor for the impurities from the
walls which are swept away along the open lines of
force.

Conclusion

I hope I have been able to demonstrate that
particle accelerators play a key role in the fusion



program even though these high power and high current
accelerators have little resemblance to the accelera-
tors of high energy physics. The target for the
development of neutral beam accelerators is dictated by
the heating requirements for the succession of even
bigger Tokamaks leading to '"breakeven'" and finally
reactors. The current enthusiasm about direct fusion
between beam and target plasma in both closed and open
systems creates a strong incentive for increasing the
particle energy capability of these accelerators to

100 ~ 200 kev. This goal is probably accomplished by
straightforward extrapolation of present techniques.
Developments in E-beam technology take two different
directions. On the one hand, inertial confinement D-T
pellet approach requires highly focussed beams of short
duration ~ 3 - 10 nsec while other approaches involving
plasmas of medium density require high power capability
over much longer durations of 107° to 10°* sec. than
presently achieved. This is a serious challenge. In-
tense ion-beam technology is still in its infancy.
However, its promise should encourage rapid develop-~
ment and it may have applications beyond the Fusion
Program.
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