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Recent experimental results with lower hybrid P
heating on the Adiabatic Toroidal Compression (ATC)
machine at PPPL have indicated a need to look into & B =_E_
larger RF heating systems. This paper is intended P Sa
to project to the reader the state of the art of
existing equipment which could be used for lower . q I-l
hybrid heating of a plasma as well as some of the °
physics restraints which establish the requirements
for this equipment. At the present time the fre-
quency range around 1-5 GHZ %ooks atEractlve because where B. = main torroidal magnetic field
of two aspects: First, physics requirements select
this frequency range as being optimal to produce BP = main poloidal magnetic field
the best heating results for existing and proposed . .
. . . . a = minor plasma radius
experimental machines. Secoad, the engineering
prospects appear favorable in that the equipment R = major plasma radius
required does not need extensive development in this I = plasma current

frequency range, and the coupling systems require
waveguides rather than an antenna system internal
to the vacuum vessel,

The frequency range, power, efficiency, and
pulse length of a high power rf system are discussed
as they might be applied to the TFTR Tokamak facility
as well as on a full scale reactor. Comparisons
are made of the size, power output, and costs to
obtain microwave power sufficient to satisfy the
physics requirements. )

A new microwave feed concept is discussed
which will improve the coupling of the microwave
energy into the plasma. The unique advantages of
waveguide feed systems is apparent when one considers
the practical problems associated with coupling
sunn’ementary hearcing erergy into a reactor.

Requirement for Auxiliary Heating

Auxillary heating in tokamaks is being exploxred
from three aspects; Neutral Injection, Ion Cyclotron
Resonance Heating (ICRH), and Lower Hybrid Heating
(LHH). This paper concentrates on Lower Hybrid heat-
ing as 1t presents some attractive features for
present as well as future tokamak devices.

Some type of auxiliary heating must be used to
supplement Ohmic Heating in Tokamaks, Ohmic Heating
will not be adequate to raise the plasma temperature
to reaction levels for two basic reasons, First,

the plasma resistivity is inversely proportional to
h i

q in practice is generally greater tl
However, if the current is increased to th4
where q decreases to less than 2, the pI:
becomes unstable. Thus, ohmic heating cam;
us so far as we must rely on other or auxi
methods for heating the plasma. )

The use of Lower Hybrid heating appead
tive from several aspects. The most fundan
advantage is the availability of power souj
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where BT = main torroidal magnetic field

BP = main poloidal magnetic field
a = minor plasma radius

R = major plasma radius

I = plasma current

q in practice is generally greater than 2 or 3.
However, if the current is increased to the point
where q decreases to less than 2, the plasma
becomes unstable. Thus, ohmic heating can only take
us so far as we must rely on other or auriliary
methods for heating the plasma.

The use of Lower Hybrid heating appears attrac-
tive from several aspects. The most fundamental
advantage is the availability of power sources.
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Recent experimental results with lower hybrid
heating on the Adiahatic Toroidal Compression (ATC)
machine at PPPL have indicated a need to look into
larger RF heating systems. This paper is intended
to project to the reader the state of the art of
existing equipment which could be used for lower
hybrid heating of a plasma as well as some of the
physics restraints which establish the requirements
for tl. ; equipment. At the preseat time the fre-
quency range around 1-5 GliZ looks attractive because

f two aspects: First, physics requirements select
this frequency range as being optimal to produce
the best heating results for existing and proposed
experimental machines. Second, the engineering
prospects appear favorable in that the equipment
required does not need extensive development in this
frequency range, and the coupling systems require
waveguides rather than an antenna system internal
to the vacuum vessel,

The frequency range, power, efficiency, and
pulse length of a high power rf system are discussed
as they might be applied to the TFIR Tokamak faciliey
as well as on a full scale reactor. Comparisens
are made of the size, power output, and ccsts to
obtain microwave pcwer suff*cient to satisfy the
physics requirements.

A new microwave feed concept is discussed
which will imnrove the coupling of the microwave
energy into the plasma. The unique advantages of
waveguide feed systems is apparent when one consliders
the practical problems associated with coupling
sranTementary heating erergy into a reacter,

Reguirement fer Auxiliarv Heating

Auxiliary heating in tokamaks is being explored
from three aspects; Neutral Injection, Ion Cyclotron
Resonance Heating (ICRH), and Lower Hyhrid Hearting
(LEY), This paper concentrates on Lower Hybrid heat-
ing as it presents some azttractive features for
present as well as fuzure tokamuk devices.

Some type of auxiliary heating must be ised to
supplement Oanic Heating in Tokamaks. Ohmic Hearing
will not be adequate to raise the plasma temperature
to reaction levels for two basic reasons. Flrse,
the plasma resistivity i{s inversely proportional to
the temperature so as we heat the plasma the resis-
tivity decreases, he efficiency of heating or the
energy absorpzion falls off as the resistance
decreases. If one considers the fundamental TR
relationship of the power absorption or dissipation
in the plasma, one could ‘ncrense the current, how-
ever there is a fundamental current limit which is
related to the q of the %achinc ~ that is:
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The use of Lower Hybrid heating appears attrac-
tive from several aspects. The most fundamental
advantage is the availability of power sources.
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In large microwave heating systems for tokamaks,

thfee fundamental engineering problems must be solved.

1. Generation of the microwave power,
2. Transmisslon to the tokamak device.
3. Coupling of the energy to the plasma,

Microwave Power Generation

To a large extent, microwave power generation
has evolved as a result of the broadcast industry
and Deparrment of Defense effort. High power (50 kW)
CW klystrons were developed for commercial UHF TV,
while multimegawatt klystrons were developed for high
power radar tracking facilities. Unfortunately,
there appeared to be a large gap in power/pulse width
performance between a 50 kW klystron and a 5 MW
klystron capable of pulse widths on the order of
tens of usec's. The deep space program helped f£ill
this gap as the recuirement for long pulse or CW
high power microwave tubes became necessary for long
range tracking, satellite communication and radar
mapoing of terrestfal bodies, Xlystrons capable of
1/2 M4 CW in the S band region are now available.

Proposals have been received from vendors to
build 1 MW long pulse klystrons and the feasibility
of 2 MY klystrons is now being explored,

As experiments progress in the Lower Hybrid
regime, we continue to lookx into large microwave
systems to determine their feasibility, costs and
space requirements. Table 1.0 shows the basic
specifications for LH systems which now exist or
are being proposed at PPPL,

Table 1.0

Existing and Propcsed PPL LY Systems

Frea, Power Pulse Width
Hl 155 Yz 15 kW 3 msec
ATC 800 Muz 200 kW 20 msec
PDX 1.1 Guz 5 MW 0.3 sec
TFTR 1-2 GHz 50 MW 0.5 sec

Transmission System

Transmission of the rf power from the power
source to the tokamak 1s relatively easy at these
low microwave frequencies, The transmission losses
do not become serious until the transport distance
starts to exceed 100 to 200 ft. Power density in
the wave guide is not a limiting factor., Some
component development is necessary, howcver, it does
not appear to be a major stumbling block. In par-
ticular, large high power isolators or circulators
will be required to effectively isolate klystrons
from the plasms load., Dependent on machine para-
meters, the plasma coupling can vary widely, caus-
ing severe mismatch conditions which must not be

been designed to handle the voltage
main problem to be solved is a ther
should not be too serious consideri
bandwidth requirements,

Coupling System

One of the most critical elemen
system is the coupling system -~ the
hardware and the plasma are in close
coupling systems and feeds present
difficult and yet attractive feature
heating system, Initial experiments
open ended wavegulde as the feed mec
microwave energy. Experiments with
promising results (see Figure 1).
induced temperature as a function of
number of eV per watt is very encour
entire plasma were heated by this a
ing efficiency would te on the order
should be pointed out, however, that
out the plasma volume has not been d
of yet,

500EV

3
Figure 1 - ATC Lower Hyb:
Heating Test Results

The attractive part of the wav
the fact that no discrete component
must be placed within the vacuum ve
one does encounter a problem at the
interface, The high power/low pres
can lonize the gas left in the wave
a barrier to further transmission o

Experiments are now being cond
waveguide feeds, i.e. a phased arra
type of feed system seems to hold ¢
better coupling and deeper penetrat
energy into the plasma.

Future Systems




pting systems for tokamaks,

ymicrowava power,
e tokamak device.
ergy to the plasma,

" Generation

rowave power generation

| the broadcast industry

fforr, High power (50 kW)

for cemmercial UHF TV,

ons were ceveloped for high
fities. Unforrunacely,

ge gap in power/pulse widrh

klystron and a 5 M4

widths on the order of

space program helped £1i11

it for long pulse or CW
became necessary for long

communicarion and radar

es. KXlystrons capable of

glon are now available,

eceived from vendors to
trons and the feasibilicy
peing explored,

pss in the Lower Hybrid
K into large microwave
feasibility, costs and
1.0 shows the hasic
fems which now exist or

d PPL LY Svstems
Power Pulse Width

3 3 msec
®W 20 msec
My 0.3 sec
MW 0.5 sec

rf power from the power
relatively easy at these
b, The transmission losses
bil the transport distance
00 ft. Power density in
'{imiting factor. Some
‘necessary, however, it does
‘stumbling block., In par-
isolators or circulators
stively isolate klystrons
gpendent on machine para-

' vary widely, caus-

ng problems must be solved,

been designed to handle the voltage gradients, The
maln problem to be solved is a thermal one which
should not be too serious considering the narrow
bandwidth requirements,

Coupling System

One of the most critical elements of the rf
systen is the coupling system -~ the point where the
hardware and the plasma are in close proximity, LU
coupling systems and feeds present one of the most
difficult ané yet attractivz features of an rf
heating system, Initial experiments utilfzed an
open ended waveguide as the feed mechanism for the
microwave energy. Experiments with this feed gave
promising results (see Figure 1), This shows.the rf
induced temperature as a function of time. The
number of eV per watt is very encouraging, If the
entire plasma were heated by this amount, the heat~
ing efficiency would be on the order of 40Z. It
should be pointed out, however, that heating through-
out the plasma volume has not been demonstrated as
of yet,
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Figure 1 - ATC Lower Hybrid
Heating Test Results

The attractive part of the waveguide feed is
the fact that no discrete compoments such as coils,
must be placed within the vacuum vessel. However,
one does encounter a problem at the waveguide wirdow
interface., The high power/low pressure combin.:iou
can ionize the gas left in the waveguide setting up
a barrier to further transmission of microwave energy.

Experiments are now being conducted for multiple
waveguide feeds, i.e. a phased array scheme, This
type of feed system seems to hold the promise of
better coupling and deeper penetration of the rf
energy into the plasma.
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nerformance between a 50 kW klystron and a 5 M<
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high power microwave tubes became necessary for long
range tracking, satellite communication and radar
mapding of terresrtial bdodies, XKlystrons capable of
1/2 MJ CW in zhe S barnd region are now availahle,

Proposals have heen received from vendors to

build 1 MW long pulse klystrons and the feasidility
of 2 MW klystrons is now belng explored,

As experiments progress in the Lower Hybrid
regime, we continue to look into large microwave
systems *o determine their feasibility, costs and
space requirements, Table 1.0 shows the bhasic
speciffhacions for LH systems which now exist or
are being proposecd at PEPL,

Table 1.0

Existing and Pronosed PPL LH Systems

Fraa, Power Pulse Width
Hl 155 Mz 15 kW 3 msec
ATC 8N0 vz 200 kW 20 msec
PDX 1.1 Gz 5 MW 0.3 sec
TFTR 1-2 GHz SO M 0.5 sec

Transmission System

Transmission of the rf power from the power
source to the tokamak is relatively easy at these
low microwave frequencies, The transmission losses
do not become serious until the transport distance
starts to exceed 130 to 200 ft, Power density in
the wave guide is not a2 limiting factor. Some
component development is necessary, however, it does
not appear to he a major stumbling block. In par-
icular, large high power isolstors or circulators
11 he required to effectively isolate klystrons
rom the plasma load. Dependent on machine para-
meters, the plasma coupling can vary widely, caus-
ing severe mismatch conditions which must not be
reflected back to the output klystrons. Since, how-
ever, the systems will have a relatively narrow
Yandwidth, development of these components should
not be too difficult,
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Of some concern also is the development of
high power ceramic windows which can efficiently
transmit the microwave energy while providing a
reliable vacuum break where the waveguide inter-
faces with the tokamak device, Again, the task
does not appear formidable, as wincdows have already
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microwave energy. Experiments with this feed gave
promising results (see Figure 1). This shows.the rf
induced temperature as a function of time. The
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The attractive part of the wavegulde feed is
the fact that no discrete components such as coils,
must be placed within the vacuum vessel. However,
one does encounter a problem at the waveguide window
interface, The high power/low pressure combinarion
can lonize the gas left in the waveguide setting up
a barrier to further transmission of microwave energy.

Experiments are now being conducted for multiple
waveguide feeds, i.e. a phased array scheme, This
type of feed system seems to hold the promise of
better coupling and deeper penetration of the rf
energy into the plasma.

Future Systems

To date, the microwave systems built for LH
heating have been relatively small. We are presently
planning larger systems for use on the tokamaks which
are in the building or planning stages. One such
system is a 5 MW, 1,1 GHz system being considered
for use on the PDX machine, Figure 2 is a simplified
block diagram depicting the major components,

You will note that there are 6 - 1 MW klystrons
shown. (We've allowed for 1 dB of loss.)
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Figure 2 - Proposed 5 MW L Band System
for PDX Lower Yyhrid Heating

These tubes are an extrapolation of the exist-—
ing 1/2 MW klystrons. A system such as this would
be approximately 50% efficient, i.e. rf output/dc
power input, and would operate at a voltage o}
about 80 xV,

It will take approximately 2-1/2 years to
design and build this system and will require about
55 man years of labor. The overall program cost by
the time of completion (considering escalation,
contingencies, etc.) will be on the order of $7M.

/Considering this system as a stepping stone to
a larger one for TFTR machine, we project that the
size of an rf system would be on the crder of 30 to
50 MW, To generate this power we would envision the
development of a 2 MW klystron. This system would
be comparable in size to the presently proposed TFTIR
Neutral Injection system,

A concept in simplified form is shown in
Figure 3.

In this system we would uvse 30 - 2 MJ klystrons
and 15 high voltage power supplies. It's possible,
for a slight cost increase, to be able to design
the presently proposed TFTR Neutral Injection power
suppiies so they can be shared by this rf system,

A system this size would probably cost on the
order of $30M. This considers escalation, contin-
gencies, and development, This cost is somewhat
the same as that of the TFTIR Neutral Beam system
costs. A building about 160' X 160' would be
required to house this system (this includes every-
thing from the AC breakers to the waveguide outputs
of the klystrons).
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