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There have been significant developments in supplementary plasma
heating systems over the past faw years. Neutral beam heating has
evolved from a new concept to a proven technique. Various types of
rf heating have been tested. The present technological and experi-
mental status of auxiliary heating techniques in tokamaks, mirrors,
and pinches is reviewed. The possibility that these techniques can
be extrapolated to fusion reactors is examined.

I. INTRODUCTION

The heating of plasmas to fusion tempera-
tures (> 10 keV) is not usually an intrinsic
part of plasma confinement schemes. Rather,
it must be accomplished separately through
one or more supplementary heating systems.
At the timt> of the first APIS Topical Meeting
on the Technology of Controlled Nuclear
Fusion (April 1974), some prospective
methods of auxiliary heating (neutral beam,
radio-frequency heating, etc.) were begin-
ning to be developed and tested, but none
had yet been shown to be capable of sub-
stantial plasma heating. Since that time
a number of auxiliary heating methods have
been tested and found to heat plasmas sub-
stantially. Perhaps raost noteworthy is the
fact that neutral bear heating has roughly
doubled (to > 1.8 keV) the maximum ion
temperatures attained in tokamaks. Along
with these recent successes in heating has
come a growing realization that plasma
heating is not really an "auxiliary" part
of fusion reactors; rather, it is becoming
an integral part of present fusion devices
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and reactor designs, whose cost and com-
plexity is a substantial fraction of the
overall system.

The basic requirements for supplementary
heating systems are:

(1) Availability of adequate energy and/
or power at reasonable cost and in conven-
ient size modules.

(2) Ability to be absorbed and yet pene-
trate deeply enough to provide bulk rather
than simply edge heating.

(3) Processes that can efficiently ther-
malize the absorbed energy with beneficial,
or at least with no significant deleterious,
effects on plasma confinements and

(4) Experimental demonstration of signi-
ficant heating in a manner that can
extrapolated to larger devices.
These requirements can be discussed
detail only in terms of specific supple-
mentary heating systems. However, in order
to provide the context for such a discussion,
we will next deal with the scale of energy
and/or power required.

The required auxiliary energy and/or
power per unit volume can be estimated
simply if we assume that the fusing plasma
is brought up to and/or held at fusion
reaction conditions primarily by the



supplementary heating system. For steady
state or near steady state systems where the
heating is sustained for many energy con-
finement times, the required power (P) per
unit volume (V) is simply the plasma energy
density (3nT) divided by the energy confine-
ment energy time ( T £ ) :

P/V t (3nT)/TE
.14-3,2,

(nrE/10
14 cm"3-sec)

(1)

If the plasma ignites, then the confined
charged particle reaction products can pro-
vide a part or all of this power. For pulsed
systems where the heating occurs rapidly and

the plasma does not react for more than one
energy containwent time, the required energy
(E) per unit volume (V) is

E/V i. 3nT

(2)

This is also the minimum energy required to
produce the initial plasma state in steady
state systems.

Approximate auxiliary heating require-
ments for fusion breakeven conditions are
listed in Table I. Here, the plasma volu^'e
required for breakeven is roughly an order
of magnitude smaller than those of the

fusion reactor systems reviewed by Ribe.(1)

Table I. Parameters and Auxiliary Heating Requirements for Fusion Breakeven Conditions
(n.p >̂  10J* cm'3 -sec, T >_ 10 keV) for the three principal magnetic confinement approaches

Confinement
Approach

Tokamaks
Mirrors
Pinches

Operational
Type

near steady state
steady state
pulsed

10

Volume (m )

200

10
2

Auxiliary Heating
Requirements

0.5MW/m
10Kw/m3

100MW/m3

100 KW
100 HW
100 MJ

The important point to note from these num-
bers is that the auxiliary heating require-
ments are quite large, even for breakeven
experiments. They are even larger in fusion
reactors. Given typical costs in the range
of $0.80-$1.60 per watt, at least for present

(2)neutral beam systems, ' it is readily
apparent that the cost of the auxiliary
heating systems in fusion breakeven systems
can easily run in the ;> 100M$ cost range.

There are two major methods of adding
energy to a plasma: (1) by streams of
particles bringing in additional kinetic
energy, and (2) by electromagnetic means.
The former technique is presently dominated
by neutral beams. The electromagnetic means

include rapid compressional heating and tur-
bulent heating, as well as a wide variety
of proposed wave (or rf) heating techniques.
The various possible heating techniques in
the three major magnetic confinement
approaches — toJamaks, mirrors, pinches —
are reviewed in the following sections.
Since the greatest number of the proposed
heating schemes have been tested on toka-
maks, we discuss most of the schemes first
in terms of tokamak plasma heating before
we go on to discuss their application in
mirrors and pinches. Throughout the follow-
ing discussion on plasma heating systems,
we have tried to elucidate the status of
each system with respect to the four basic
requirements listed above.



II. TOKAMAK PLASMA HEATING

In tokamaks* ' ' the current induced by

the flux change in the transformer provides

both plasma heating and the rotational

transform inLti>e magnetic field required for

equilibrium and qross stability. However,
"(3 A\

it is well known1 • ' that since the plasma
3/2

resistivity decreases as Te ' as the plasme

is heated, ohmic heating cannot heat a plasn

to more than a few keV. Thus, tokamaks re-

quire supplementary heating to reach fusion

breakeven and fusion reactor conditions.

Auxiliary heating in tokamaks may also

have beneficial effects on the plasma equili-

brium and stability. In a general sense

any heating process that changes the electron

temperature profile changes the plasma

current and hence rotational transform pro-

file. Since the rotational transform profile

seems to determine the presence or lack of
(4)

various instabilities^ ' and the level of

transport they induce, if one controls the

electron temperature profile one may be able

to control plasma equilibrium, stability,

and transport. At present neither relevant

theory nor experimental results are well

enough developed to ascertain the viability

of "profile control" by auxiliary heating.

However, one specific example of a beneficial

effect of intense auxiliary heating that has

been developed in some detail is the flux-

conserving •tokamak (FCT) concept' ' in which

the magnetic fluxes are "frozen in" during

the heating process. Much higher 6 (up to

30%) are found to be accessible through the

FCT process than previously thought possible.

IIA. Heutral Beam Heating

This method of heating is the one most

relied upon in present, next generation, and

future tokamaks. A neutral beam source con-

sists of only a few basic parts. First,

there is a plasma source of either the duo-

PIGatron(7' or filament*8' (Berkeley) type.

ions are extracted from the plasma through

a multiple aperture plate and the resultant

ion beam is accelerated to high energy in

a multiple aperture accel-decl electrode

system. Next, the ions go through a charge-

exchange cell where a substantial fraction

is converted to neutrals (cf. Fig.l) The

fraction of the beam that is not neutralized

is bent out of the beam path by a magnetic

field. Since molecular ions (H*, H^, etc.)

are accelerated as well as hydrogen ions

(H ), the neutral beam usually has E , E /2

and Eo/3 components, where t0 is the accele-

rating voltage. As an example of the present

state of the art, the present 10 cm diameter

neutral beam sources on ORMAK produce

about 140 kW of neutrals at 30 keV from an

ion beam of about 10 amperes-equivalent of

hydrogen atom current. A PLT ion beam

operating on a test stand delivers 60 A of

ions at 30-35 keV, for 50 msec* ' Design

goals for this system are 60 amp at 40 keV

for .3 sec. Finally, 150-keV test stands

have been built ut ORM.*10'12' and LBL*1Z*

with the objective of producing 1 MM D° -

beams at 120 keV. As shown in Fig. 1, for

deuterium energies above about 100-150 keV,

reasonably high efficiencies for the neu-

tral beam systems call for negative ion

beams - a step that requires the development

of a new technology. The present status of

neutral beam injector research and develop-

ment work in the U.S.A. is summarized in

Ref. 12.

The energetic neutrals in the beam are

absorbed in passage through a plasma by

charge-exchange and by electron and ion

impact ionization processes. The mean free

path for "ionization" is given by

1 5.5 x 1013cm"3

neA
(E0/l keV), (3)
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FIGURE 1. Efficiency of conversion of *
chargcd~~bcAin to a neutral be^m by passage
through a chsrqe neutralizing coll. HIP
source efficiency is includes in the ovciall
efficiency w l w s shown. (Courtesy of I. 0.
Stewart, bKM-MA<.H-l29!i.)

where n is the plasma density and A is the
atomic number of the energetic neutrals.
This fomuia is taken from work by

Siveetitan ' 1 1 ' and i t valid for 20 keV < F. /A

< 100 fceV. Tor isntscntial injection into a

tokarcafc i t In-: (.con foiind' • that tfce- c r i -

terion ff'r v.. ' f icieni beai. penetration to
peak the be<vi power deposition near the

center i i .

X > a/4 , (4)

where a is the plasma minor radius. For the
potent iaJJy-rorp-convenient'-near-perpemJi cu-
lar inject ••'••. ''* w*»rlc4\ factor in tq.
(4) apparent • « i > s—ct-s •:/ iess than a factor
Of ?.* ' T'IC- ctnoination of IO-S. (3) and
(4) indicitc:. *i upper li;-ft • ' n a for ade-
quate b"i«. ¥'.'^t•«'.!co 4: j jiv-m beam
energy. This functional relationship is
plotted in fij. ?. For present experinens5

have li'.tle difficulty penetrating. In TFTR
with n^a < 10 1 5 and £0/A -- 60 keV, penetra-
tion is reasonable as long as the impurity
level can be kept low enough so that Z ,* «
?.. ror a larger, denser plasma,one can
apparently penetrate adequately only by
going to higher energy and hence probably
to negative ion beams. One possible means

of reducing these potential penetration
difficulties is through a "ripple-injection"
process. * ' The proposed process would
take advantage of the fact that ripples in
the toroidal magnetic field caused by the
discrete coils in turn cause high energy
ions to drift vertically in a tdkamak, either
by trying to drift in and coiiisionally trap
beam ions,' ' or by using the process as an
assist to perpendicular injection of a neu-
tral beam. This concept is presently
being investigated at PPS'l. and ORNL; given
uncertainties in adiabaticity, crgodicity,
etc. in the basic fast iun drift
orbiv i«i/sics, it is too early to say if
ripple injection will prove to be a viable
scheme.

The fast ions that are produced as the
neutral beam is absorbed transfer their
energy and mo,T«nt<m into the background
plasrca as they fiow down by Coulomb colli-
sions with it. ^ e thermalizatIon tirce is
roughly 0.12 ( y i kcV) 3 / 2 A/{ne/10

13 era"3),
which is typically at-out 0.01 to 0.1 sec
and hence short compared to usual or
expected energy containment times. The
stored fast ion component and the n:o.T«ntû
inputs from the neutral beams can in princi-
ple produce distortions of the plasma equi-
librium, stability, and transport.^18'
However, theoretically,the induced pertur-
bations should be sraall and experimentally
nD significant deleterious effects have
been observed except with countcrinjection
in sone initial experiments. The one
significant effect that has been observed
is a difference in the characteristics of
co- versus countertnjection {relative to

the ohmfr current), for plasma currents
(\q\

below 150 kA.1'*' for coinjection the ob-
served heating was in agreement with theory;
for counter-injection there was little or no



heating and the itlassu had a tendency Co
become unstable.*20* This effect is appa-
rently caused by the difference in particle
drift orbits for these two esses and is
negligible in aost future, high current
devices where the current is targe ami the
ratio of fast ion gyroraaiw: in the polottf.il
magnetic field to plawM radium is
S M i U r . f l S ' 2 1 ) Finally, ue should note
that a boats trapping instability has bean

hypothesized*22' in which if the b u s ini-
t ia l ly deposits Kist of i t s energy near the
outer e&qv of the p1a&%> St cay harden thf
energy sticctrus of charge-eaehange n«*!rals
hitting the wall. The neutrals can then
increase the sputtering of ieguiritiet froo
the wall , thereby increasing Z ff at the ,
plants edge, and decrees ing be*a pcne-irAt Ian
(cf. fS<u 2). The result «ay 6e a« "insta-
bil ity" in which the bean p e m m i o n is
iR?£irvd in Urge, hish tfeRSity dcvic«i In
which Z f , i s iffiftortant (ef. f i$ . ?) . So
far no evidence of such an iniiisbi >
been ebscrved in »he present w a l l ,
density e.-pcriKCKls where there it 1 t i t l e
problem with iicnetraUfin.

the f irst tests cf i>««tr<l bc«» hsstiim
in a tsfeaRSfc vw* jw.-rfci'ced en CS.CO* ' 5n
1973. They Shss&S J! v*ry sli^h! (•* 101.}

tan

the Ra »ens

tMS «4t ItfeSwr ifij*tt««K

a s * OSiSK*152 MWGMKtee ii» r^Siisi^

the ion te»;MirsiMre by JS to 5O'£. Recent
very encoursginj high }*cw(.'i- injectilws heating
fn OSKftK^̂  (^ 360 kW UnttcntiaJ tijcctfon)
and Tfft**5' (•« 600 k« pcrpewitculAr injec-
tion} have succeeded in raising tho i»»
t««pcrature fr««t Use 0.5-i.O key iviige to
the 1.5-P.O k#¥ range, in so doing they
have caused the ion temperature to exceed
the electron ten^erature for the f irs t titac
in totamfcs. Also, i t i s important to note

that tht-se ion (ecjwAturcs are the highest
ever reached in tel.;><iaH by any ecam. The
electron t«|><?r.«lur6 has not IHPPIS f«cr«s.cd
significantly, a;*^irvntly tx.<c*uM> (1) the
neutral l*c*a power input is s t i l l less than
the eh»ic fce#li>i<; power, mi (?) the ck'ttnm
cnpr<iy contaJn-i^il tt&y be deteriorating a
bit . the eitperfecnts haw fct*n &o successful
in heating ions fcscau'.t* a subsuetia) frac-
tion of the txsvs (Kn̂ -r H tran«fe< *t<tJ to the
ien&, tni In the abifnee of neutral iniectior.
the ions arc only vvjl.'y in*jtea J; 1W< fcU}
by the cnlHsfonal clcclro«*ien energy iranv*
fcr nro»*s. *' ' Testi of neutral fet»an

at hi«ji.«r pinscr l f « l i . i»

hit*J«ir than tht- eteic heating

l , arc planiw4 f«r fIT {% x-«
and for mm®. UM>rasJs» {% ?-« KM is

'fwictTon of thu
raster it^rf. K*1r» the
*dcqii£t« in the sense of pmMnis U.i>
«^f«;i!i(m profile at the srtatt^t
The ordinal'? H t l« product of the
density and Use diner ••atJiws of
The absciss* is (lie Iteaa energy per nucleon.
Mote that the energy renpiired for penetration
into a fliven plfi<i^ is twice as high for
deuterium as for h/droypn.



In swrury, neutral beams soera to satisfy
the four basic reriuirseents for supplenen-
Ury healing systems l isted in Section 1
quite wel l , with the possible exception of
potential |ttne I ration d i f f icu l t ies in targe,
high density te&araafcs.

US. Iteve (f!f) Keating
healing, which is also referred

to «r, r f {radiof resiliency} heating, encom-

passes healing by electromagnetic waves

f m a vrry l««* {.• t W!<r} to W17 M5I1 f,£ ?ffi)

Cttj) frequencies. The rcajor Attraction of

tf*w ihfiiiiii: ''• Use fstt that larger ftftounts

Of (>o»er t«n t? generated ui'Jt up to 60-70*

efficiency freft presently Available vacuum

tube* {*_ IPS » U . ;_ SO KfJ i«i!j (tficrowAve

{« 3 f»«7, < 3 KK). Hfjhcr frequency

|n>««r Icvt-ts (*• !0 k»).

even liightr freqwtitcy (^ 1J0 f»isi5.

{< 803 m j E I C W J W sources frv She

witfer «<<y.1

st/urcfj .u<> r.J',1 rfikdii

uw 3<Si«5E fre'suffscits, unfor

tlw i»!-e!sU*:i of «s|«!i<:;; i*f

i f * iwH. t f the pt«;ra u*«4i to

m t * l the highest fr«»i«frss*es. the

ret&es $^ t-Hi*: the j»3*s»s-.s is trans*

nt 56 |

sit
It -- ISS Qu} but is

i, fset'pt pti%iitti}? for ies

e,-.itKy is i)c-:.ifJ!)U' in
the itisit tltAt i t is MS.sfJy tltal tlx* ujves
con be «h«ortaH$ in the pUsej , i t QCiicrAtty

iHit xitlrfiat snecidt precautiens the
energy is licpositctf near the plasisa

i i t is then not very useful for
twtli he«tfns. Another cwji l icitt ion that
occurs m the wave frequency is decreased

is that the free space wavelength becomes

larger than the plasma being heated. At

high frequencies ( IK)-300 HHz) the typical

wavetengths are usually short compared to

the plaitn.i %izo and we have either iwltipie

node norrtul modes or wave packets, which

propagate tltng complicated access paths

into the plasraa. The wave launching appar-

atus for the high frequency waves is often

sitply the open end of a microwave horn.

Tor lew frequencies {< 10-30 Mis) the plasma

vacuum chamber bectKr.es a small cavity which

has a fjiato number of combination piasru

and torus spatial eigemnodes. Then, in

order to couple power effectively into the

p1asn«, o»e niust design and test in situ

special Antenna structures.. These structures,

and in |>&t'ticuW their insuletcrs>are po-

tentially vulnerable to sputtering, radiation

ditiritge, snd electrical breakdown. In the

inureediate frequency rcgitne (10 KH2 < f «

300 (t!;K variations in piastre parameter

can cause the eigenftode frequencies to very;

in order to efficiently couple to such vari-

able frequency eigenmodo!) enc uses s mode

tracking i.vsto™ with a fa.'rly broadband, and

hence lexer efficieficy, rf source.

The present theoretical find experimental

status of the various type; of wave

' ' i s , in order of increasing fre-
quency, »i follows: (1) Lew-Frequency
Sheaf Alfvin mve Heatina (3-2 !««).
s>*5ftctshytirc^yitasiie (RJD) theory predicts
resonant «t!>%&t?tion Of w»ve energy at the
point where the c r i t i ca l density for this
node occurs. The wave energy would be
coupled into the plasma through transit-time
and Landau taping. While this scheme has
the potential advantages that accrue at very
low frequency, i t appears to require a com-
plex internal antenna and has not yet been
tested experimentally.



(2) Low-Frequency Fast Alfven (Magneto-
acoustic) Wave Heating (1-10 MHz). The
fast, iiiagnetosonic wave is possible only in
plasmas at least as large as those projected
for TFTR. The energy in such waves could be
weakly absorbed by transit-time and Landau
damping. While heating by this method can-
not be tested until very large fusion devices
fcfecome operational, some of its physics fea-
tures m-«y be explored in smaller devices.
This heating system would h a w a fairly sim-
ple Internal antenna, but would require mode
tracking.

(3) Ion Cyclotron Resonance Heating {ICRH--
fi/f c (-» 30-200 MHz). As the shear Alfven
wave frequency increases up to the ion cyclo-
tron frequency it becomes the ion cyclotron
wave. A number of sn<all c-xperinients have
Shown successful ion cyclotron resonance
heatir.j — i w n notably, a fCO-cV ion tempera-
ture rise was achieved in the racetrack model
C steiiarator. However, since the wavelength
of this mode alu;3 the magnetic field is
quite sr.aH, it becomes progressively more
difficult to design antennas that can launch
this wave efficiently as plasass increase
above their pr»-..v.t sirs.

(4) Ion Cyclctry;: ':3nge-cf-Frequencies (ICRF);
Fast Wave He?ting {f . .< f < ?* c i). In this
frequency range the energy o* -f.e fast Alfven
wave icf. (?; lOcvei is <i:.-..oroed predomi-
nantly by icr cyclotron dating, at ftither
the fundamental or second harmonic of the
cyclotron frequency. Soviet, American, and
French experiment.? have documented the
occurrence of discrete toroidal fast wave
eigenmodes in tokamaks. ' Ion temperature
increases of up to 150 eV have been produced
by ICRF in more than one experiment end this
mode must be considered a leading candidate
for the rf heating of present generation
tokamaks. In current devices this scheme
uses an internal antenna and .requires made

tracking. As the devices become larger it
may be possible to use waveguides for
antennas, but then tha mode spectrum becomes
so dense that it approaches a continuum.
There are'conflicting opinions as to the
difficulty of coupling, and as to whether
bulk or surface heating will occur in these
circumstances. Even if surface heating does
result, then the physics base developed for
ICRF fast wave heating will aid in imple-
menting low frequency heating [cf. (2) abovej
in reactor-sized sy:tems. One cautionary
note on ICRF fast wave heating is that in
experiments on ST it was found to increase
the influx of neutrals into the plasma, and
for energy inputs greater than a few hundred
joules the-efcy to stimulate a disruptive
instability which extinguishes the discharge.
This influx has been tentatively explained
in part by cyclotron resonant absorption
and subsequent wall bombardment by highly
ionized impurities (e.g., 0 n ), and in part
by deuteron resonant absorption at the sur-
face of the plasma. The fact that the ion
drift orbits bombard the wall seems similar
to the fast ion containment problems in

neutral beam injection into tokamaks when
f21)

the plasma current is less than 150 kA;' '
thus, this deleterious effect should go away
in higher current devices such as PLT where
the gyroradii in the poloidal magnetic field
are a much smaller fraction of the plasma
radius. Plans are under way to test ICRF
heating in PLT in 5978.

(5) Lower Hybrid Heating (̂  1 GHz). Theore-
tically, waves launched into the plasma with
frequencies near the lower hybrid frequency
(;vo> ., the ion plasma frequency) can pro-
pagate into the interior of the plasma if
their wave number spectrum has a sufficiently
large component along the magnetic field.
This can be arranged by simple arrays of two
to four waveguides. If the waves do get



into the plasma they tan be absorbed by
electron Landau damping, linear mode conver-
sion, or nonlinear parametric processes.
Experiments on Alcator and ATC have observed
the efficient coupling of energy into the
tckamak plasma, but there appeared to be
little bulk heating of the ions.'?6' There
may have been some edge heating in these
preliminary experiments; however, the- main
channel for energy deposition in the plasma
remains unresolved experimentally.
(6) Electron Cyclotron Resonance Heating
(ECTR-- f -v fce •>. 30-200 GHz). Since this
frequency is usually greater than the plasma
frequency (wDe)> there is little difficulty
with penetration. When o < u>ce it is still
reasonably easy to assure wave propagation
into the center of the plasma. * ' The
mechanism of wave absorption through the
electron cyclotron resonance phenomenon is
fairly well understood. Highly effective
electron heating a: rodest power levels
(< 50 I.W) has b'.--v. cts> -ved in both open
and closed geometry experiments using ECRH.

In summary, in teras of the four basic
requirements for supplementary heating, only
ICRF and CCRH, of all the possible rf heat'tig
methods, h a p '••'•:•> si.:.ci-ssful experimentally.
ICRF seecs w i l /; "opcate for present size
devices; for lartv. r devices it s.a>' go over
to low fiequency '"nft Alfv?n n v e heating

(2) above . The t.;c of tCft'i is apparently
limited only by the- availability of micro-
wave sources of high enough frequency and
power.

I1C. Compression^ Heating
The adiabatic compression technique which

could be thought of as an extremely low
frequency wave heating process, has been
used successfully a number of times in the
past to heat plasmas to high temperatures
and densities.*28'29' The id?a is to pre-
heat the plasma in a relatively weak

magnetic field, and then carry out a (re-
versible) adiabatic compression to a higher
final field strength/30' This heats the
plasma uniformly throughout its volume with-
out distorting the distribution function
if the compression takes place rapidly com-
pared to the energy containment time. In
tokatnaks it is possible to compress the
plasma either by increasing the toroidal
magnetic field strength in time' ' or by
increasing the vertical field, thus dis-
placing the plasma inward in major radius to
a region where the toroidal field strength
is higher.*' Both types have worked
successfully in tokamaks: TUHAN-2 has used
toroidal field compression from 4 to 12 I:G

to increase the plasma energy by a factor
(31)

of 4, in ATC radial compression of a
neutral beam heated plasma has increased the
ion temperature from 0.25 to 0.7 keV. '
Compression in major radius has the great
practical advantage that the process involves
the pulsing of magnetic energies comparable
to those in the poloidal field, rather than
comparable to the 10 tfo'.'s larger energies
in the toroidal field. However, even this
technique is not generally expected to be
used in reactors because of the low volu-
metric efficiency of toroidal magnetic field
utilization in this concept. It might,
though, be used as a slight assist to push
a plasma to ignition.

IID. Turbulent Keating

This process could also be referred to
as stochastic wave heating. However, the
major driving force is the application of a
very large electric field to the plasma
which is lesired to produce drift velocities
larger tiian the electron thermal velocity
and hence a multitude of strong plasma insta-
bilities. The objective is to heat a plasma
very quickly to very high temperatures, where
its subsequent decay is hopefully much slower.



Substantial heating has been demonstrated
12 -3

experimentally in low density.(^ 10 cm ),
small .(< 10 on radius) toroidal plasmas, with
resultant keV temperatures. ' The
Texas Turbulent Tokttnak (TTT) demonstrated
substantial heating at lew densities, but
was plagued by inadequate penetration of the
turbulent heating (skin penetration leng' i
A, c/u ,) at high densities.
III. MIRRORS

Plasma confinement in magnetic mirror
(35'

devices ' i; provided t>y tue vacuum mag-
netic field configuration. Since for the
irreducible coulomb scattering level of
collisions,the particle confinement time
is comparable to the energy confinement
time, plasma particles must be supplied At
roughly the sans rate that plasma heating
occurs. Thus, :Tiac;neUc n:irror machines
typically use hi;h current, high power
neutral tieanis to simultaneously "fuel" and
heat the plasma, rather Mian using rf heating
and then havin; ;o fu«l separately. Since
the ions escape with energies comparable to
the injection energy, the plasms ion tempera-
ture is roughly given by the injection energy.
However, the electron temperature is typi-
cally about f ridr cf rjjnitude lower than
the ion temporal.;!'* because electrons are
only weaHy heated iy the electron-ion
collisio^l rr.:-rg/ transfer pr. cess during
their lifetime in the machine. This, coupled
with the fact that effectm-iy there a m
only two degrees of freedom in a mirror
machine, nukes the plasma kinetic energy
density about nT^ instead of the 3nT in
tokamaks. Thus, for mirror machines the
factor of 3 in Eqs. (1) and (2) should be
replaced by unity.

Magnetic compression has lnng been the
basic scheme for heating gun-injected plasmas
in the 2x-II mirror machine from a few

hundred eV to the 1-10 keV range.(28) The
resultant p'ismas decayed with an anoma-
lously short lifetime of about 400 usec.
While the compression technique is very
useful now, it is not expected that it can
be extrapolated to reactor regtmes because
of the large pulsed energies involved.
Recently, high current neutral beam injec-
tion ( 2O0-300A, 3 HW) has been used to
sir tain the plasma against the anomalous
losses. ' The neutral sources used are
similar to those used in tokaiaafcs; the
status of thot development program has heen
reviewed in Section 11A above. High power
neutral beam injection has also made possible
some very interesting new experiments through
its ability to susioin the plasma energeti-
cally against extra losses. The first such
experiment of this type was the introduction

of a low temperature plasma (36) (through
added streams of neutral gas), whose
presence stabilized the microinstabilitios
causing the anomalous losses ' and there-
by allowed the losses to becoine close to the
classically predicted minimum. A further
experiment along this line was the buildup
of e plasma to high density (•>• 10 cm""')
and energy (T- 10 fceV) fros a low temperature
gun-injected plasma. ' ^his last experi-
ment is very important for mirror machines
since it shows that high density, high
temperature plasstas can be achieved without
compression through high power neutral beam
injection.

Rf heating has not been extensively used
in mirror machines, but may be used for
tailoring distribution functions in attempts
to raise Q in the future. Turbulent heating
from t x 2 drifts has been tried in the Bunv-
out series of,experiments. 'However, since
the required radial electric field can
apparently only be produced by an internal



electrode and very high electric field

strengths are required, it is not generally

thought that this heating method can be

extrapolated to reactors.

In summary, while the nonextrapolatable

compression heating method works well in

mirrors, the introduction of high power

neutral beams into mirrors has made possible

qualitatively new and considerable improve-

ments in mirror-confined plasmas. The im-

provements have come about more hec<)u-p cf

the exira power input available to sustain

the plasma against additional losses than

tiy plasma heating per se. It appears that

neutral hev.a will continue to be the main

"plasma heating" scheme in mirrors, with

little difficulty expected in penetration

even for reactor sized plasmas. The only

caveat is that since the energies required

in fusion tree'.even experiments and reactor

exceed 200 keV, it appears that the beam

technology will have to evolve from positive

to negative ion sources to maintain the

required high electrical efficiency.

IV. PIKCHtS

Since pinches are devices that &re pulsed

very rapidly (< 1 iiS"c rise tines), their

heating requirements are better discussed

in ien-s of '-I1'- amount ar cu-irjy that u i

be Goiiv.-ti-pd qiiicl.'iy to ti.e plasma. Th.ii,

they n ••••'. to >.>e electro'vacr.fitiL energy

delivered to the plasma from capacitor banks

or othoi' energy storage devices through low

Inductance coils. Present theta pinches

use a combination of implosion heating and

compression heating. The implosion heating

is produced by the rapid application of a

current around the preionized plasma column.

This induces an inward and very rapidly

moving magnetic piston that drives a plasma

implosion. After ions are propelled through

the center of the plasma, the piston field

is removed for a short while, and then the

field is reapplied. Ideally the resultant

plasma almost fills the chamber volume and

the plasma kinetic energy is a significant

fraction of the energy derived from ions

moving at the piston speed. After implosion,

a slower adiabatic compression is used to

heat the plasma still further. Recent

experiments in Scyllac' ' have used large

compression ratios, thereby producing plasmas

whose radii(a) are much smaller than the

chamber radius(b). In the future it is

desired to have much less compression in

order to: (1) make possible wall stabiliza-

tion ' which apparently requires b/a >

2-3; and (2) .iiake better use of the chamber

volume. Thus, in the staged theta pinch

reactor designs ' the dominant energy input

conies in the implosion or shock heating

phase, with the compression phase adding

only a little more energy to the plasma.

The power level of most of the plasma heating

techniques discussed in the preceding

sections is too low to assist in the

initiation phase of the theta pinch. How-

ever, if the plasma can be stabilized against

magr.etohydrodynamic instabilities and held

for a fairly long time (e.g., 0.30 sec in

the reactor designs), then it would seen1

that neutral beans and/or rf heatir.g miyht

be helpful in keeping the plasma hot cr in

further heating it.

V. CONCLUSION

The Riost important conclusion concerning

auxiliary heating techniques at present is

that some of them have been developed and

implemented to such an extent that they have

produced significantly higher ion

temperatures — in both tokarcaks and mirrors —

than would have been possible without them.

Along with their success, auxiliary heating

systems are becoming significant cost items.



U present neutral beam heating ir enjoying
the greatest success, having roughly
doubled ion temperatures in lofcamaks to
i.8 keV and having powered mirror plasmas
up to 10-13 keV. The most successful
versions of rf heating are ICRF and ECRH
which, in modest experiments, have produced
modest ten.wature increases. As we look
toward the larger, highw density plasma
devices of the future, neutral injection
may begin to encounter penetration diffi-
culties unless high energy source? ("- 200
keV), probably of the negative ion type,
can be developed. Similarly ICRF may be
limited by the overlapping of spatial
cigenmodes unless it evolves into the low
frequency fast Alfven wave heating [I!B(2)J.
ECRH is apparently only limited by the
availability of high frequency sources at
high enough power levels.
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