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1. EXECUTIVE SUMMARY

This report investigates the feasibility of a steady
state tokamak power reactor driven by lower hybrid waves. Our
results indicate that such a reactor may be possible, and the
characteristics of a reference steady state reactor are pre-
sented. Special emphasis is made to identify the constraints
and potential problems involved in the steady state current-
drive scheme that need further study. The physics and engi-
neering results are summarized in sections 1.2 and 1.3,
respectively. Section 1.4 presents the main conclusions and

Section 1.5 discusses some problems requiring further studies.

1.1 INTRODUCTION

The use of radio frequency (rf) waves near the lower hy-
brid frequency to drive steady state electron current in
tokamaks has been proposed recently.[l1,2] In the proposed
scheme, a continuous current is generated by electron Landau
damping of rf waves traveling in only one direction parallel
to the magnetic field. The wave carries net parallel momen-
tum, which, when absorbed by resonant electrons, drives the
toroidal current necessary for plasma confinement. With this
scheme, steady state tokamak operation becomes possible.

The engineering advantades of the steady-state, rf-
driven reactor include an improved reactor duty cycle, elimi-

nation of a thermal storage system, lower reécirculating losses




in the ﬁoloidal field system, lower cost of the poloidal field
system, lower cost and high maintainability of an rf system over
a neutral beam heated system, and lower crack growth in the first
wall and blanket due to cycling. The disadvantages include
recirculating losses in the rf system and more stringent impurity

control requirements.

The conceptual design of an rf-driven, steady state toka-
mak experiment has been carried out at General Atomics.[3] There
has also been a study on the design constraints of steady state
tokamak power reactors confined by rf-driven currents.[4] The
present study differs from Ref. 4 in several major ways:

1) The present reactor designs are based on centrally
peaked current profiles, instead of surface currents considered
in Ref. 4. The reason for using centrally peaked current profile
is to minimize extrapolation from experimentally established
MHD stability in tokamak devices. The reference design in this
report duplicates the plasma 6f the High Field Compact fokamak
Reactor (HFCTR).[5]

2) The hot ion mode operation,[6] i.e., the decoupling
of electron and ion temperatures at ignition and high ion
temperature, is identified as a means to enhance the ratio of
fusion power output to dissipated wave power.

3) Accessibility and propagation of the lower hybrid
wave in plasma is taken in account in detail. Effects of

possible nonlinearities are examined.




4) High efficiency microwave components are identified
and a microwave circuit designed.

5) Direct recovery of the reflected rf wave is introduced
to relieve the stringent requirement on wave-plasma coupling
efficiency while maintaining the same plant efficiency.

6) A comparison of the overall plant efficiency and cost
of the original HFCTR design and the present rf-current-drive

system has been made.

1.2 WAVE-PLASMA COUPLING AND CURRENT GENERATION

Special attention is paid in this study to the figure of
merit Q, defined as the ratio of fusion power output to the
dissipated wave power for current generation. With due con-
sideration of constraints imposed by wave-plasma coupling
processes, Q is varied over a wide range in parameter space.
The maximun Q occurs for average electron temperature
Té ~ 16 keV. At such temperature, the electron and ion tem-
peratures decouple and Te < Ti. Besides enhancing Q, this

"hot ion mode" operation also leads to longer thermal runaway

time and, hence, reduces poloidal field coil requirements.




It is also found that Q increases with magnefic field as well
as plasma density. Thus steady state current generation by
lower hybrid wave is especially suitable for high field, high
power density tokamak power reactor designs. The parameters
for a reference reactor with moderate size, high field, high
power density, and a Q of 40 are given in Table 1.

The physics problems involved in the rf-current drive
scheme can be divided into two parts: the current generation
process itself and how the wave gets to where the current is
to be generated. Experimental evidence for the existence of
the former is meager at present, but several experiments are
either underway or are being planned. They will be summarized
in Section 2.2. Considerable data on wave propagation are
available from recent lower hybrid heating experiments, Some
of the observed phenomena may be unfavorable for the current
generating purpose. The experimental data will be reviewed
and their implications for steady state current-drive discussed

in Sections 3.1 and 3.3.

1.3 REACTOR ENGINEERING

Two engineering aspects for the steady-state current-
driven tokamak reactor have been studied. Firstly, a high-
efficiency microwéve delivery system has been identified. Se-
condly, a rough cost estimate has been made comparing the

reference steady-state reactor specified in Table 1 with the




original HFCTR design. It should be pointed out here that the
differences between the two reactor designs lie not only in
steady-state operation, but also in hot ion mode operation and
the use of a long-pulsed, lower hybrid microwave power deliv-
ery system.

A microwave circuit designed primarily for high-efficiency,
rather than low initial cost, has been identified. Microwave
power reflected from the plasma due to imperfect wave-plasma
coupling can be retrieved through the direct energy recovery
channel. A 50% efficient microwave delivery system could be
built with previously developed benchmark components. With
a device development program, an overalllefficiency of 75%
can be projected. Such high microwave efficiency facilitates
economical operation of a moderate-Q plasma in a steady-
state tokamak reactor.

Steady-state operation retards crack growth rate but does
not prevent swelling or embrittlement of the first wall, as
discussed.in Section 6.2.B. Thus there may be no first-
order gain in stainless-steel first wall life operating at
450° C if only normal operation conditions are considered.
However, both pulsed and steady-state operations'are susceptible
to first wall degradation and destruction by plasma disruption,
and disruptions may be less lilely in the steady-state case.

The elimination of thermal energy storage by steady-state

operation is not found to be a major cost consideration, as




discussed in Section 6.2.C. Impurity and alpha-particle con-

trol problems in a steady-state reactor are not substantially

different from that for pulsed reactors with burn periods long
compared with alpha build—pp times, typically 100 seconds.

With rf-assisted start-up and current-drive, moderate
reductions in equilibrium field coil power and strong reduc-
tion in ohmic heating coil power appear to be possible. Para-
sitic losses in generators, transformers, and rectifiers as-
sociated with the high-pulsed poloidal field coil power can be
reduced by the use of rf-assisted start-up alone. The equi-
librium coil power required for plasma thermal stability con-
trol during burn is reduced for hot ion mode operation because
of its long thermal runaway time. However, hot ion mode opera-
tion also makes reactor ripple requirements more stringent and,
hence, complicates divertor design. An assessment of the com-
pefing effects, in comparison with the pulsed HFCTR design, is

presented in Section 6.2.E.

1.4 SUMMARY AND CONCLUSIONS

The feasibility, the plasma and engineering character-
istics, and economic implications of steady-state tokamak power
reactors with rf-driven current have been studied. A wide
reactor parameter space is surveyed, and a reference steady-
state power reactor compatible with the High Field Compact
Tokamak Reactor (HFCTR) [5] is considered in specific. The

following results emerge from this study:




1) Steady state>current generation by lower hybrid
wave is especially suitable for high field, high density
tokamak power reactor designs, as Q_increases both with
magnetic field and plasma density (Q = fusion power / rf
power dissipated by current generation).

2) For a moderate size (R = 6m), high field (By=7.5T),
high power density (PF = 9,1 MW/m3) reactor of the HFCTR
configuration, values of Q as high as 40 may be obtained
for a centrally peaked parabolic current profile. Even
higher Q can be attained if the current is more concentrated
near the plasma edge.

3) The recirculating power required for such high Q
steady state reactors may not be higher than that for a
pulsed, ignited reactor.

4) For high Q operations, the steady state current
driven reactor may potentially reduce the cost of electricity
by up to a factor of two when compared to a pulsed tokamak

reactor.

5) The hot ion mode (Te < Ti) operation is advantageous
for the steady state reactor in several ways: Q is increased
by about 30%; the optimum operating electron temperature is
lowered; and the thermal runaway rate is greatly reduced.

6) The availability of efficient, high power, continuous-
wave microwave delivery system makes steady state current

driven by lower hybrid wave more attractive than current-




drive schemes using higher frequency waves.

7) Thevhigh magnetic field requirements may be relaxed
by increasing the major radius of the reactor; allowing the
current to concentrate near the plasma edge; operating at

Lower Q.

1.5 PROBLEMS REQUIRING FURTHER STUDY

This report presents a first-cut study of the feasibility
of a steady state power reactor utilizing rf-driven currents.
Due to the lack of experimental data and the full theoretical
understanding of the physics involved, the study is based on
several major assumptions and approximations; these assumptions
and approximations are discussed in sections 5.3 and 6.2.E.

A number of further outstanding problems remain.

(1) High intensity and high temperature effects: the present
study is based on the quasi-linear theory. High wave intensity
and high plasma temperature may introduce nonlinear and

relativistic effects which will modify the value of Q.

(2) Startup: the present study considers only the case where
the reactor is already in steady state operation. The startup

of a steady state reactor has not been examined. An attractive




option is to start with a very low temperature discharge and
use rf wave for heating as well as current drive. Such a
scenario may eliminate most of the ohmic transformer but will

require a rf system with variable frequency and spectrum., With-

out extensive transport calculations and technological advances
in microwave systems, such an option. remains speculative.

(3) Nonlinear effects: nonlinear effects observed in recent
tokamak heating experiments will be deleterious to the current
driving scheme (see section 3.3). These effects should be
thoroughly underétood and prevented in the steady state reactor.
(4) Control of plasma edge characteristics: turbulence at the
plasma edge may prevent wave penetration or scatter the wave.
It is‘desirable if the plasma edge characteristics can be con-
trolled in a reactor. Interaction of the mainly toroidally-
directed travelling wave with a divertor-created scrape-off
layer may suppress current generation at the plasma edge.

(5) Current profile: the present study is based on centrally
peaked parabolic profiles. Other current profiles, for example
the skin current configuration of Ref. 4, can have higher Q or

require lower magnetic field, thus making the steady state

reactor version even more attractive. The equilibrium and
stability of these current profile configurations need to be
studied taking into account classical MHD as well as various

microinstabilities.




(6) Waveguide design: the characteristics of waveguide arrays
consisting of fifteen or more elements need further study.
Effects of possible coupling between adjacent waveguide arrays

should also be investigated.

(7) The effect of impurity concentration on the efficiency
of steady state current generation should be studied.

It is clear that the above questions must be resolved
experimentally, as well as theoretically, before the feasibility
of a rf-driven steady state tokamak power reactor can be fully

assessed.
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2. CURRENT GENERATION BY RF WAVE

2.1 QUASI-LINEAR THEORY FOR CURRENT GENERATION

Consider an rf wave with ehergy'Ez, parallel
phase velocity v, and frequency w traveling in a plasma
with electron temperature Te and density n,. The wave
distorts the electron distribution and produces a
plateau in the region of resonant particles.

Binary collisions of the resonant particles with other
plasma particles tends to restore thermal equilibrium,

thus establishing stationary wave absorption.

Since the wave travels in only one direction, the

‘asymmetric electron distribution thus created will result
in a net current in the direction of the wave's phase
velocity.

After averaging over velocities perpendicular to
the magnetic field, the one dimensional quasi-linear equation
for an electron distriﬁution function £ in the presence of

rf field is given by [ 7 1:

i L 2 1\oE, £ ,
3 " Bu [(’”w) u+u2] (1)
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where

U= v,/ Ve
- 172
Ve = (2Te/me)
T = vu3t

4 2
41T(Zi + 2)nee znA/mev

- 3.2
D = DQL/vu Ve © [Sﬂ/(zi

<
0

3
Z .
+ 2)1 (1/netutn) €, /2 (eu) /301

DQL is the quasi-linear diffusion coefficient, Zi the
charge of the ion species, and &R the real part of the di-
electric function of the lower hybrid wave. In the steady

state, the electron flux in velocity space vanishes, and

the solution of Eq. (1) is given by:

ce™ u < u
_a [0 a2 + 1] 120,
A S o mlugu (D)
o

. 2D°uf + 1]/%00 —u2
2™ 2

\C € 2D uz + 1 N u, <u

o 2

where DO = Du and the constant C is determined by

Jf(u) du = 1. In Egq. (2), the rf wave spectrum is assumed

to be

€ = €tk 4y Sugu, (3)

and zero elsewhere, Akz = kzl - k22 = (u)/u1 - w/uz)/VTe.
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With large rf power flux, Dou2 >> 1, Eq. (2) reduces to

C exp(-uz) u < uy
— _.2
f(u)={ C exp( ul) u; £ u s ou, (4)
2 2 2
C exp(—ul + u, - u ) u > u,
. 2,,-1 . .
with C = [vV7 + (u2 - ul) exp(-ul)] . The electron distri-

bution Eq. (4) is shown schematically in Fig. 1. It can

be seen thaf the electron distribution function at u > u2

greatly exceeds the original Maxwellian distribution. Thus

current is carried not only by resonant electrons with

u, < u < u but also by the tail electrons with u > u

1 - 2’ 2°
Figure 2 shows the fraction of total current carried by
resonant electrons under the plateau. In reactor type
plasmas, u; < 2, u, < 2.5, half or more of the current
generated by rf wave will be carried by the fast tail
electrons. |

The current density generated can at once be

obtained from Eg. (2) by integrating over velocity space

) l/ZDo
1 ‘(IZDC,u1 + 1) . 1-1 /21)0
J = 5 neevTefm(ul) c l (ZDO —)) .(2D0u2 + 1)
2 1-1/2D Efgfi;i_f 1/2D° 1

13
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whichswhen Dou2 >> 1, reduces to

J=yn, e vy £ (u)ll + £ () (u, - u)]1 H@d - ud
(6)

= 8.5 x 107n20T2/2[1 + fm(ul)(u2 - ul)]_lexp(-uf)
(u22 - uiz) A/m2 (6a)

3

where fm(u) = (1/Vn) exp(- u2), N,, = ne/lo20 m ~, and

20
temperatures are given in KeV.
The variation of rf power flux as it penetrates radially

into the plasma can be derived from quasi-linear results [7]

129
r 9r (rvg.:.gkz) - T 2Ykz gkz (7)

y, = Yokz _‘ri w? 1 -u? (g)
k + 3 - © 2 €
z 1+ 2Du 8 (1+ wpe/ﬂez)wpe(kle)3 1 + 2Dud " .

Here, vy, is the quasi-linear corrected damping rate, v9; =

dw/ok,; is the perpendicular group velocity, w__, Qe the

pe
electron plasma and cyclotron frequencies, and AD the Debye
wavelength. All of these quantities are a function of r
through density, temperature and magnetic field profiles.

The power dissipation density of an rf wave with spectral

width Ak, is given by:

zl
p = L ey €z I
2

z (9)
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When Du® >> 1, Eq. (9) can be approximated as:

1 (10)
Py = 3vu; v,i,engme(aeRm/Bm)fm(ul)R‘n(uZ/uI)K
=9 x lO9 ngoT;l/zexp(—ui)ln(uz/ul)K. W/m3 (10a)

In reality, thé lower hybrid wave propagates in a well-defined
resonance cone. However, since we are only interested in
power dissipation and current generation, toroidal and azimuthal
variations will be averaged out by electrons streaming in and
out of the resonance cone. Thus, Eq; (7) will form a model
for the radial propagation of the rf wave. The total power
dissipated by the rf wave is.given by
P e = 4ﬂ2RJaPDrdr

where a2 = a2(252-1)1/2, and the shape factor S is defined by
S = plasma circumference/27a.

Equation (10a) is obtained with Zj = 1. Examining Eg. ( 6)
and (10) show that while the current generated is independent

of Z;. The power dissipated scales as (2 + zi)/3. Higher 32;

increases the collisionality of the plasma, hence more rf power
is required to maintain the current carrying'plateau in the
electron distribution function. Except for the factor K,

Eq. (9) is the same result derived in Refs. [1,2] by integrating

15




the collision operator. The corrective factor K accounts for
effects neglected in the one-dimensional analysis such as
pitch angle scattering and perpendicular velocity space
flattening in the resonant region. By solving the stationary
two-dimensional Fokker-Planck equation numerically, Karney
and Fisch found that K= 0.39 for Z; =1 [8]. 1In general the
value of K is quite sensitive to %; because at high Zj, the
flattening in perpendicular velocity ié greater. At Z; = 3
and 5, K=0.28 and 0.23 respectively [8]. Thus, less power is
required to generate current than predicted by one~dimensional
analysis. 1In a separate study conducted at General Atomics,
the time-dependent two-dimensional Fokker-Planck equation is
solved numerically [3]. This study also found that for times long
compared to the turn-on time, the two-dimensional code predicts
more current per power dissipated than the one-dimensional_result [3]
The quantity J/Pp indicates the effectiveness of current
~generation by rf wave. Equations (6) and (10) show that J/Pp is
independent of T,, inversely proportional to ng, and varies rather
rapidly with the phase velocity of the rf wave. High phase
velocity waves are more effective in driving current, as is
evident from J/Pp versus.nzz.= ckzz/w plot of Fig. 3. However,
the absolute amount of current generated is very small if the
phase velocity is much larger than the electron thermal velocity.
The width of the rf wave spectrum also affects J/PD. For fixed
Ny, = c/ulvTe = ckzl/w, a broader spectrum (larger Anz =

n,, - n, > 0) will lead to higher J/PD. However, the value of the

16




parallel refractive index of the wave is limited in a plasma
by accessibility criteria among other constraints. In present
day tokamak plasmas with Te v 1 KeV, rf waves with n, o 5
will be used to generate current. Accessibility conditions
will not pose a serious problem and broad rf spectra can

be used. The situation is very different in reactor type
plasmas. At T, > 10 KeV, rf waves with n, < 2 will be re-
quired for current drive. In this case the accessibility
criteria which determine the minimum value of n, allowed in
a plasma will pose a serious constraint. Fig. 3 shows that
a narrower rf spectrum will lead to higher J/PD. It will be

shown below that rf waves with very narrow rf spectra will

be required to generate currents in reactors.

In high temperature reactor plasmas; e.g., Te = lBIKeV,
u; = 2.5, u/c = 0.51, electrons may become relativistic.
Relativistic effects will be more important for tail electrons’
with u > Uy > ug- Relativistic effects are not included in the
present study. However, to fully investigate the feasibility of
steady state tokamak reactors driven by lower hybrid waves, a
relativistic quasi-linear theory calculation must be carried out
because it will provide additional correction factors to the
J/PD value. As relativistic effects will not be important in
present day rf current drive experiments with relatively low
temperature plasmas, scaling theories will be required to use

available data in feasibility studies of rf driven steady

state tokamak power reactors.
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2.2 EXPERIMENTS ON CURRENT GENERATION BY LOWER HYBRID WAVES

Until recently, experimental evidence for rf driven steady.
state current has been non-existent. However, during the past
year there have been two reports on the experimental observation
of transient current generated by electron Landau damping of
unidirectional hybrid waves [9,10].

An eight-ring slow wave structure was used in the
Princeton L-3 linear device to generate pulsed unidirectional
waves [9]. With adjacent rings phased at 90° with respect
to each other, 85% of the rf power propagates in one direction.
The wave generated current was found to be directly proportional
to the power level of the rf pulse. With 17 watts of rf power, 35ma
of current has been generated. In this experiment, resonant
electrons left the plasma through the end of the linear machine
in a time shorter than the collision time, thus the quasi—;inear
plateau of the electron distribution function has not been
established [9].:

An rf current drive experiment has also been carried out
in the General Atomic Octopole run in a divertor tokamak mode.
Upon application of 5 msec pulses of up to 33 kW of rf power, a
significant increase in the time derivation of the current dI/dt
was observed when the rf wave traveled in the same direction as the
inductively driven electron flow. When the rf wave traveled
counter to the electron flow, a decrease in dI/dt was observed.

With a central electron temperature of 25 eV, an estimated current

18




of 370 Amp was generated by an rf power of ié KW [10]. 1In
this experiment, however, the direction of wave propagation was
controlled by the direction of the toroidal field rather than
the antenna phasing. This observed pPhenomenon has not been
explained. Also, the interpretation of experimental results
was complicated by the fact that rf heating of the bulk
temperature lowered the bulk resistance, causing an increase
plasma current [10].

The feasibility of generating steady state current
by rf waves for toroidal plasma confinement remains to be
proven in toroidal plasma experiments. Several such experiments
are under way of being planned [11-13].

ToroidalAcurrent generation by lower hybrid waves will be
carried out in Versator II tokamak at MIT. A six waveguide
array with continuously variable phase difference has been
constructed. In the current drive experiment,an 800 MHz wave with
a spectrum of nz==6-12 will be used. For initial parameters of
T, = 275 ev, n_, = 2 x 1013 cm -3, Ip== 40 KA, and absorbed rf
power of 75 Kw, an additional toroidal current of 20 KA is
expected according to recent transport code calculations.
Preliminary experimenEEl fésﬁits ére expectéd in a few
months [11].

In an experiment planned at the Argonne National Laboratory,

an rf wave with a pulse length short compared to the heating time

will be used to generate current. By using a short wave injection

19




time the complication of current increase due to rising
plasma temperature can be avoided [12].

Another rf current generation experiment is being
planned for the PLT tokamak in Princeton. A six waveguide
array will be capable of delivering up to 1 MW of 800 MHz
~wave power in 500 msec pulses. Assumihg only 1/16 of the
microwave power will be effective in generating current,
due to uncertainties in wave-plasma coupling, a current
change of n 140 KA is expected. This experiment has the
option of using more waveguide units to lower the rf wave
power flux in case non-linear effects occur. This may be
the definitive experiment to test the feasibility of rf
current generation. However, it is not scheduled before

the fall of 1980 [13].
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3. LAUNCHING AND PROPAGATION OF LOWER HYBRID WAVE

In this chapter we will examine these problems
drawing information from existing theories as well as from
available experimental data. The propagation model to be

used in subsequent analysis will also be described.

3.1 PHASED WAVEGUIDE ARRAYS

The frequency of rf waves to be used for current
generation is of the order of a few gigahertz. The free
space wavelength of these waves is in the decimeter range
so that open-ended waveguide structures (grills) can be used
to launch the microwave into the plasma. The waveguide
array method is desirable because it avoids coils or antennas
inside the vacuum chamber. The vacuum window can be placed
behind a waveguide bend so that it will not be subjected to
neutron bombardment.

The launching grill consists of an array of properly
phased rectangular waveguides. This system has been studied
in detail theoretically by Brambilla and others [14-16]. 1In
general, the first peak in the rf spectrum is given approxi-
mately by [17].

n, = cN Ad/wL (11)

21




where N is the number of waveguides in the array, A¢ the
phase difference between adjacent waveguides, and L the total
width of the array parallel to the toroidal field direction.
The rf wave spectrum is narrower with increasing N. The
relative pﬂasing A¢ can be adjusted so that a unidirectional
wave is launched.

The grill system and the Brambilla theory have been
tested in several experiments. 1In the experiments on
Princeton's H-1 linear device and ATC tokamak, waveguide-
plasma coupling efficiency of 90% was obtained without the
aid of any matching devices [17, 18]. The H-1 experiments
were carried out with several waveguide designs. With a
quadruple waveguide array, a nearly unidirectional wave with
5 dB asymmetry between upstream and downstream power was
launched when A¢ = 60°. Another important practical result .
of this experiment was the lack of sensitivity of the
reflection coefficient with respect to the plasma density
gradient. The H-1 observations agreed quantitatively with
the Brambilla tﬁeory. In the ATC experiments [18] with a
double waveguide, however, only gualitative agreement with
the Brambilla theory was obtained. There was no quantitative
agreement with theory for reflection as a function of A¢. 1In
the Alcator A experiments [19] with a double waveguide,
results of transmission as a function of A¢ were Qualitatively

different from theoretical predictions when the power flux
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exceeded 1 KW/cmz. Results similar to Alcator A were obtained
in experiments on the JFT-2 tokamak [20,21]. With a four-
waveguide array system, it was found that the rf wave

spectrum within the plasma was not controlled by A¢ variation

when the power flux exceeded 0.5 KW/cm2

[20]. The Alcator A
and JFT-2 results were interpreted in terms of nonlinear
effects [19, 21]. The effect of possible nonlinear processes
to the current driving scheme will be discussed in more detail
in section 3.3.

All presently available experiment data were obtained
with waveguide arrays consisting of four elements or less,
(2 six waveguide array will be used in the Alcator C and PLT
lower hybrid experiments). To generate current in tokamak
reactors, however, arrays consisting of fourteen to twenty
elements will be required because of the narrow wave spectrum
necessary for current driving purpose (n.z ~ 1.5, An.z ~ 0.3).
Effects of the finite size of the partition dividing the
waveguides, and possible coupling between different waveguide

arrays warrant further study.

3.2 PROPAGATION OF LOWER HYBRID WAVE

Properties of lower hybrid waves have been studied
extensively both theoretically [22, 23], and experimentally
in linear [24] as well as toroidal [25] machines. Various
lower hybrid heating expériments [18-20, 26, 27] have also

provided confirmation of the linear theories.

23




A slow wave launched by a waveguide array under ideal
conditions propagates in a well defined resonance cone in the
r-z direction towards the plasma center. The distance traveled
in the axial (2z) direction is approximately of the order of
r(mi/me)l/2 [23]. In the current driving scheme the freéuency
of the wave will be greater than the lower hybrid frequency

anywhere in the plasma, so that there will be no resonance layer.

Under the cold plasma electrostatic model, the dielectric

function of the slow wave is given by

w? k \? 0o K, 2 fo Y
egliw) =1 - =B ) - -2 E) -2 (12)

where k2 =k, + ki. Setting €, = 0 yieldé the dispersion relation

R
/2 Caw
XYz _ v _ 02 .2 _1 _Z_
2 gmUH [mUH lme mpi m k I }
which gives the Trivelpiece - Gould mode (w =_wp k /k) at

the plasma edge where w ~ At the plasma center where

pe’
w << wpe’ Eg. (13) gives the lower hybrid wave, dispersion relation

2 2 2 2
w” = ey (1 + mikz/mek ) (14)
2 _ 2 2 _ 2 2
where wr wpi/(l + wpe/ne) and wy, = e + Q. The

perpendicular group velocity is

|v

| = wZ 02 k2 /K%l

pe e UH (15)

g,
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k, = k(~eg/e) /2
€5 = 1 - (wpe/w)2
e = 1+ (w,/20% = tu;/w)?

The parallel refractive index of the slow wave must
be ﬁigher than a critical value or it will
be converted into the outward propagating fast wave [28,29].
The fast wave is reflected at the critical layer and trapped
as surface waves. in the plasma. In the ATC experiments,
for example, only 77% of the wave energy coupled into the
plasma via a double waveguide penetrated deep into the
plasma [18]. Such surface waves are undesirable for current
generating purposes. The accessibility conditions'are
given in terms of npor the lower cut off value of the

parallél refractive index of the slow wave,

= - w2 -1/2
n, > nye = - wt/ag)"t @ 2o, (16a)
. = 2
nz > n'LC O.)pe/Qe + [1 + ((Dpe/ﬂe) Q- Qe Qi/w2 )]1/2’ o > wc. (16Db)
2 _ 2 1/2 .
where w, = pte/zﬂ )y [ (1 + 4$2e/wpe - 1]. If w in

Eq. (L6a) is replaced by the lower hybrld frequency, Wrg!

then Eg. (l16a) becomes n, > (1 + w /Q )l/2 which is the
accessibility condition used in Refs. [ 2] and [ 4)]. This
condition is incorrect in the context of the present problem
because there will be no lower hybrid resonancé layer in the

plasma.
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As the lower hybrid wave travels into the hot
plasma center, it may suffer linear mode conversion into

into heavily damped hot ion waves [30]. This process may

be favorable for the purpose of lower hybrid heating because it

effectively transfers wave energy to the ions, but it is
clearly unfavorable for current generation. To avoid
linear mode conversion, we require that n, be less than

an upper cut off value n_. [30]

uc
\ T -1/2
2 4
c w W 3 e 3 w
n < = — + -5 =+ 3% 5303
z © Buc 2v. Wl Qq, 2T, "8 2

To satisfy Egs. (16) and (17) simultaneously imposes a
minimum value on the frequency of the lower hybrid wave,
i.e., w > Wroin® For typical parameters of interest in
reactor plasmas Wein ~ 1.4 - 1.7 wLH(¢). Figure 4
plots n; e and n,c as a function of plasma radius assuming
parabolic density profile and w= ZwLH(¢). As can be
seen, there is a window of n, accessible to the plasma

center. This window will be considerably narrower or even

disappear if lower frequency is used.

As the wave propagates in the plasma, it will suffer
electron Landau damping, i.e., power is dissipated to
generate current. With a Maxwellian electron distribution,
the wave will be completely damped in a short distance

1

if nzTe/z(KeV) >5. However, the quasi-linear plateau will

be raised in a time of the order of collision time
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T, = mivi/[4ﬂ(zi + 2)nee42nA]. In the steady stéte, the rf

wave power flux will decrease by one half over a distance

Ll/2 = S/2PD

where S = Ivg |€,is the wave power flux. Thus, for the
1

wave to reach the plasma center without being completely

dissipated, it is required that
n, < no = cul/VTeuZCp

2 _-1/2

1/2
20 Te

Cp = $2nF7X103 n ln(uz/ul)a/sl

. . . . . 2
where the plasma radius a is in meters and € is in MW/m".

Decay of the lower hybrid wave via various types of
parametric instabilities may also occur. Besides transfer-
ring energy to the heavily damped ion quasi-modes, para-
metric instabilities would also greatly distort the lower
hybrid wave spectrum, and thus have to be avoided for
current.generation purpose. It has been shown that for
tokamak-like plasmas, the parametric instability with
greatest growth rate occurs for rf frequencies in the
range of l<<w/wLH(¢)< 2 [31]. In the ATC lower hybrid
heating experiments, parametric instabilities in the
bulk plasma were observed only for w/mLH(¢) < 1.9 [32].
Therefore, to avoid parametric instabilities in the

bulk plasma, we pick the rf wave frequency to be twice the
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central lower hybrid frequency wLH(¢). However, this may
not prevent parametric instabilities occurring at the plasma

surface as will be discussed in the next section.

The various regions for wave-plasma interaction

described above are depicted in Fig. 5. We see that n

LC
decreases with higher B, while Nye decreases with higher
Te as given in Egs. (16) - (17). Since electron Landau

damping is the mechanism responsible for current genera-
tion, we choose the operating rf frequency to be in that

region.

The parameter n, is very important in determining
current generation efficiency as is apparent from Fig. 3.
In slab geometry, n, is a constant for propagation into
a perpendicular density gradient. However, in toroidal
geometry, n, varies because it is coupled to other com-
ponents by the curved magnetic field lines [33]. 1In general,
the variation of n, is complicated, and must be carefully
taken into account in designing reactor current drive.

Since n, is usually barely greater than n for reactor

LC
current drive, any downshift of n, will result in the in-

accessibility of the wave. For the present study, however,

the reference parameters (Bo ~7.57, n_~ 1020 m-3) are

e
such that wpe/Qe < 1. In this high toroidal field config-
uration the poloidal contribution to the variation of n,

is negligible, and we can approximate [33]
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nz(r) = nz(a)(R + a)/(R + r) (20)

where nz(a) is taken at the outer edge of the torus where
Bo is lowest.

3.3 NONLINEAR EFFECTS

Many nonlinear effects may occur in the plasma in
the presence of a strong wave [34]. It has been observed
experimentally that density fluctuations of the plasma [35]
can focus the lawer hybrid resonance cone azimuthally and

modulate its radial location [36].

Edge plasmas are especially susceptible to nonlinear
effects because of.their low density and temperature. It
has been shown theoretically that at high intensity the
waveguide-plasma coupling can no longer be predicted by
the Brambilla theory. Instead, both the reflection coef-
ficient and the spectrum launched will be functions of the
wave intensity [37]. Furthermore, when the oscillating
velocity Vs of the resonant electrons in the rf field is
large so that they become trapped, electron Landau damping
will be radically modified. 1In such case the quasi-linear
theory of section 2.1 is no longer valid [37]. Resonant

electrons will be trapped if [37]

- 1/2
wg = (eEk/m) >> vy (21)
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where Wy is the bounce frequency, E the electric field

and Yy, is given in Eg. (8) with D = 0. The parameter
YL/wB is plotted in Fig. 6 for £ = 2.8 GHz, S = 0.5 KW/cmz,

n,6 = 1.5, Bo = 7.5 T.

Another nonlinear effect, parametric instability,
has been observed in many tokamak experiments. In both
the ATC [32] and the Wega [26] lower hybrid heating ex-
periments, ion heating were only observed accompanied
by parametric decay spectra. Parametric instabilities
were also reported in the Alcator A [19] and JFT-2 [21]
lower hybrid'heating experiments. Parametric insta-
bilities are deleterious to rf current drive in
several ways. First, it may cause unwanted energy
deposition in the plasma surface. Second, it transfers
wave energy to the ions which carry little current.
Third, it may destroy the unidirectionality of the lower
hybrid wave crucial for current generation. Fourth, it
may cause a large shift in k, = n_w/c. The last two
effects are apparent from the frequency and wave vector

matching conditions for parametric decay processes
wo =Wy +uy K, o= kK +EK (22)

where the subscript o refers to the original wave,
and 1,2 refer to the daughter waves. Equation (22) has
been verified in many experiments [38]. In typical cases,

the k-vectors of the two daughter waves point in nearly
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opposite directions. The daughter waves may still be able

to penetrate into the plasma and contribute to heating,

but a large shift in the n, of the daughter wave such as

that observed in Alcator A [19] greatly reduce the effective-

ness of the current driving scheme.

Lower hybrid waves inside a plasma can excite a host
of parametric instabilities [36]. Near the plasma center

where w/w < 2, nonresonant decay into ion quasi~-modes

LH
may occur [40]. This was the effect observed in ATC and
Wega [20,32]. According to these experiments, this in-~
stability can presumably be avoided by choosing the rf
frequency such that m/wLH > 2 everywhere in the plasma.

At the edge of the plasma where w/mLH >> 1, resonant decay
into cold lower hybrid wave and ion-acoustic wave or ion
cyclotron wave may occur [31]. This has been identified

as the decay process observed in JFT-2 [21]. The convective

threshhold power per grill above which resonant decay will

be excited a unidirectional wave is given by [31]

1
/2 2.2 2 |3/2
1.9 x 104 &y M| w B Cs “Lg
Pen = T n I |mlay - Q. W
p4 z e| pi ck w
‘ 3/2 1/2 -
_ VT w Te i -bj w= 82
QC = 1+ T - Il(bi)e exp |- Iy
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where Ly' Lz are the dimension of the waveguide in y and 2z

. . 2 2 2 _ 2
directions, wpi = 4ﬂnee /mi, Cs = Te/mi’ Vo = 2Ti/mi'
_ _ 2 : s
Qi = eB/mic, bi = (k, vTi/Qi) /2, and Il is the modified

Bessel function. The threshhold depends on the plasma edge
parameters. Using parameters relevant to the reference
reactor of the study, i.e., B = 6T, n,6 = l.6, £ = 2.86 Hz,
L/L, = 2.5, T, = T; = 1 KeV, ng = 101°n73, a threshhold
value of Pih - 9MW is predicted by Eq. (23). The total rf
power required to drive the reference steady state reactor
is approximately 60 MW in the ideal situation. Thus it

appears that resonant decay instability may be avoided by

distributing the input power into eight or more port units.

32




4. CHARACTERISTICS OF NEARLY IGNITED PLASMAS

At ignition, the electron and ion energy equations

are given by:

(L -G)P, + P -P,  -P -P,_~-P . =0 (24)

D ec cyc br ei
G,P, - P, *+ P, =0 (25)
where Pec, Pcyc' Pbr' Pei’ and Pic denote electron transport

loss, cyciotron radiation loss, bremsstrahlung loss,
electron-ion energy equilibration loss, respectively.

Pec is determined by the empirical scaling law time [41]

and Pic is determined by the neo-classical confinement time.

P, is the alpha power density produced by fusion. Gi is

the fraction of alpha energy transferred to the ions.

B__ = 0.69 T_/a’ (26)
Pio = 0.27 (n,o/T )% (7,/A) (27)
oy - 588 % 107101 2 5/2 o 11/4 (28)
p_, =1.83 n2 (T - T,)/T."> (29)
Ppe = 71 % 107 n3, w2 : (30)
6, = (2/x){8nl(l + x ~/x)/(L + /x)°1/6

+ tan"l{(2/x - 1)/V31//3 + 0.3} (31)

where x = 106.9/Te. All temperatures are in KeV, B in T,'

power density in MW/m3, current in MA. Parabolic density

and temperature distributions were assured.
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For a given average electron temperature Te' the ion
equation (25) can be solved for Ti, then the electron equa-
tion (24) is solved to give the minimum density required
for ignition, Hign' The minimum current required for con-
finement is determined by MHD stability consideration. If

the maximum allowable poloidal beta is given by Bpf_A-‘- R/a,

then (32)

_ - = - _ 1/2
I> Ip = acS [21rne(Te + Ti)/’A(l Pa)]
where ¢ is the speed of light and To is the ratio of alpha
pressure to the thermal plasma pressure
_ -2 -5,2 -6,,3 “
Fa = 10613 + 1.2x10 T, + 5>{10 T, + 2.5x10 Te' (33)

The current generated must also be able to confine the alpha
particles. Theory predicts that in order to confine the
alphas, the product of current and aspect ratio, IA, must
exceed a certain value ([42]. A rough estimate of this

value for a circular plasma is IA > 7.5 MA [42]. (In all cases

considered for the study, this condition is satisfied.)

Figure 7 plots Ti and Hign as a function of Té for

R = 6m, A =35, Bo = 7.5T. Two processes for alpha slowing
down are considered. The curves marked "C" give the result
for the classical mode in which classical slowing down time
for the alphas [43] has been used. In the classical mode
given by Egs. (31) and (33), 0.1 < G; < 0.4 [44] and

0 <T,<0.3 for 5KeV < T_ < 30 KeV. The curves marked "A"
give the result for a possible mode in which the alphas are

slowed down anomalously via velocity space instabilities [45].
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In this case it is assumed that the alpha slowing down time
is much less than the classical slowing down time. In ad-

dition, most of the alpha energy will be deposited in

~

the ions so that Gi - 1 and Faz 0. The anomalous transfer

of alpha power to ions facilitates ion-electron temperature

decoupling, i.e., Te << Ti’ which is favorable for current

~generation.

The plasma density is limited by the ignition criterion

on the one side and the plasma pressure on the other,

n, <n_<n__, wi
ign = “'e max’ th

_ 7 2 5 . .
R = BtBo/Bn[(l + ra)Te + Ti] (34)

where Et is the averaged ratio of the plasma kinetic pressure

to the magnetic field pressure.
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5. CURRENT GENERATION EFFICIENCY IN A TOKAMAK REACTOR

An important figure of merit for an rf-driven tokamak

reactor is:

1

-1
= =2
PF/PD = 1.25 Eane<0V>DT [2 [ PD pdé]
_ 0

0
i

where Ea = 3.5 MeV, <0v>DT is the average fusion cross-
section, 21T2Ra2PD is the rf power required to generate Ip.
In this chapter we systematically study the variation of Q

with various plasma parameters.

We pick the parameters of the high field demonstration
power reactor HFCTR [5] as our reference set, R = 6m,
_ _ _ _ 3 _ _ 2
a=1.2m, Bo = 7.5 T, n, = neo(l 07, Te = Teo(l 7).,

T, = T (1 -p2). We will use in our model B

i = Bo(l + p/A)..

t
The deuterium-tritium mixture is 50-50 and Zosg is taken

to be 1. With fixed R, A, Hé, Te’ and B_, plasma elongation
increases Ip, but it also increases the plasma cross section,
so that the current density J remains approximately constant.
Since Q is determined by the current and power densities,
plasma elongation will have little effect on the value of Q.
Therefore, we will consider a circular reactor when in&es-
tigating the effects of plasma parameters on Q. Plasma

shape factors will be taken into account when we consider

total fusion power of the reactor.
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5.1 CENTRALLY PEAKED CURRENT PROFILE

For a given Te and He’ the value of Q varies with the
plasma profiles. Table 1 shows the effect of density,
temperature and current profiles on Q. In general, a more
peaked profile will yield a lower Q. Since J/PD « l/ne,
more gradual density and current profiles mean there are
more electrons at the low density region to carry current
effectively, thus leading to higher Q. By the same argu-
ﬁent, it can bé seen that much less rf power is required
to generate the‘surface currents proposed in Ref. 4. 1In
fact, we find that as much as a factor of 1.5 improvement
in Q over a parabolic current profile can be obtained if all
current is generated in the p = r/a > 0.7 region. However,
because of the qﬁestion of the stability of surface currents,
we have only considered centrally peaked current profiles

in this study.

To demonstréte centrally peaked current'profiles can
be generated by lower hybrid waves when essential propagation
characteristics are taken into account, we have solved Eg.
(17) numerically for numerous boundary conditions. The in-
cident wave power flux and spectral shape are taken as vari-
ables. The wave spectrum is then divided into 100 divisions
each of the form of Eq. (3). Accessibility constraints and
n, variation are included in the design. One of the best

results is shown in Fig. 8. Figure 8 depicts the variation of the
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lower hybrid wave spectrum as it propagates into a plasma
with parabolic density and temperature profiles. The dotted
curve in Fig. 8 gives Doy according to Eq. (16), and the
spectral peak is seen to shift to higher n, according to

Eg. (20). The initial increase in €>kz is due to the de-
crease in V9; as n, increases with (1 - p). The decrease

of é;kz near the plasma center is due to Landau damping of the
wave. The portion of power flux which reaches the plasma
center without being absorbed continues propagating and
suffers further damping. Eventually, a small portion may
emerge unabsorbed from the plasma and is either lost or
reflected at the wall. As can be seen from Fig. 8, in

order to generate current effectively, a very narrow rf

spectrum is required. This would demand careful waveguide

design.

The rf wave driven current profile is depicted in the
insert, which is centrally concentrated except for a slight
depressién in the middle. To generate enough current for
MHD stability with this particular rf wave spectrum and plasma
parameters, 3.3% of the fusion power has to be regenerated
as dissipated rf power, i.e., Q = 30. This value of Q
does not take into account the small portion of the wave
spectrum which is reflected due to mode conversion to fast
waves. Thus a reasonable current profile can be generated
by lower hybrid waves with a reasonable spectrum. With the

same plasma parameters, different rf spectra will generate
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very different current profiles. For example, a broader
spectrum with less spectral intensity will result in

surface current profile with higher Q value.
5.2 PARAMETER STUDY

The value of Q as a function of various plasma para-

meters will be examined for a parabolic current profile

I = I (1 -p) (35)

2ma?

J J pdp = Ip (36)

Although one may not be able to find a wave spectrum that

will generate an exactly parabolic current profile, we

have shown in the last section that while simultaneously
taking into account wave propagation effects, a centrally
peaked current profile can be generated with Q ~ 30. Fixing

a hypothetical current profile allows a systematic examination

of current generating efficiencies.

The following procedure is used. For a set of plasma
parameters, the local current density is determined by

Egs. (35)-(36). By setting w = ZwLH(O), n,=n in Eq. (6)

LC
we can find n,y as a function of p and then use Egs. (10)

and (33) to determine Q. Since the maximum of n; . usually
occurs at some position ®m # 0, we have let nLC(p <pm) =
nLC(pm) to insure correct accessibility. In most cases the

value of n, lies in the range 1.2 < n_ <2.0. Typically,

4
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hzl/n22 n 1.06 - 1.2. Thus, a very narrow rf spectrum is

required for current generation, in agreement with the case

depicted in Fig. 8.

We have assumed that the rf wave will propagate radially
inward from the low magnetic field side of the minor cross
section. In general, if we assume wave propagation in the

high magnetic field side, i.e., B, = Bo/(l—g/A), Q will

t
increase by v 15%. In reality, the rf wave spirals in fol-
lowing the resonance cone and passes through both the high
and low magnetic field sides before reaching the center.
Howevér, this complex propagation behavior is not taken into
account in our model as discussed in Section 2.1. We will
adopt the lower Q values obtained with B, = Bo(l + p/A) in

t
this study.

Since Ny increases with rf wave frequency f = w/2w,
Q decreases with f. The dependence of Q on f is depicted in
Fig. 9, where the circles mark the minimum f required for
penetration into the plasma center as determined by acces-
sibility and linear mode conversion. The crosses in Fig. 9
mark where f equals twice the center lower hybrid frequency.
We have picked w = ZwLH(O) in order to avoid parametric
instability. Higher Q can be achieved if lower frequencies
can be used. Classical alpha slowing down time is used.
(Except for the dashed curve of Fig. 11, all results pre-

sented in this paper are for the classical mode).
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The variation of Q‘with the parallel index of refraction
of the wave is shown in Fig. 10. The rapid decline of Q
as n,, increases is expected by inspecting Fig. 3. It is
obvious that the wave spectrum inside the plasma must be
well under control for the current drive scheme. An upshift
in n, will lead to a large drop in Q, a downshift in n, may
lead to inaccessibility of the wave to the plasma center.
For this reason alone,current generation by lower hybrid
wave will be more difficult to achieve than lower hybrid

heating of the plasma.

Figure 11 shows Q as a function of Té. The initial

rise of Q with Té comes from the rapid increase of P, with

F
Ti. The drop of Q with higher Té is caused by the gradual

saturation of P, at high Ti coupled with the required increase of

I_ with T The maximum Q for the classical mode occurs

P e’
at around 15-18 KeV. This Q versus Té behavior agrees
qualitatively with Ref. 4. The maximum Q obtained in the
anomalous mode is ~ 10% more than the maximum Q for the
classical mode. This can be explained in terms of the
former's higher Ti for more fusion power and lower Te’
Hign for lower Ip. Since the anomalous alpha slowing down
time is not experimentally verified, we selected the

lower value of Q resulting from the classical alpha-slowing-

down time.

The fusion power PF scales as ng. The rf power re-

quired to generate sufficient current for MHD stability,

3/2

PDIP/J, scales as n,” . However, the actual variation
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of Q with He as shown in Fig. 12 is much slower than ni/z.

This is due to the implicit dependence of Q on Hé through

accessibility criteria.

From the discussion of Section 3, we see that n; .
decreases with higher magnetic field, thus higher Q can be
achieved with larger Bo‘ Figure 13 depicts the variations

of n; . and Q with B, for several reactor sizes. Equation (32)
shows that the current density required for MHD stability
decreases for the larger plasma cross-sectional area,

Jp = Ip/ﬂ;? « YA/R. Since Q is mainly determined by current
and power dénsities, larger reactors (i.e., larger major
radius designs) are expected to result in lower current
densities and higher Q values. In order to achieve a

specific Q value, a trade-off between larger reactor size

and higher magnetic field at plasma can be made, as is

shown in Fig. 14. From the above discussion it follows that

for fixed Te and Hé, Q decreases quite rapidly with

- —_ ey = oy 2 v . 3
Bt = 87rne(Te + Ti)/Bo as depicted in Figure 15.

The total fusion power of a reactor can be increased
by increasing He + R, a, or plasma elongation. While e-
longation leaves Q essentially unchanged, larger Ee and R
both enhance Q. The dependence of Q on aspect ratio is more
complex. For a fixed magnetic field at toroidal coils BTQ'

the field at plasma axis Bo increases with increasing A. This

will enhance Q as is apparent from Fig. 13. On the other
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hand, Egqg. (32) shows that current density required for

'MHD stability goes as A1/2

, and for fixed Té, Ti will be
less in reactors with larger A. Both of these effects

will decrease Q with increasing A. Figure 16 depicts the
total fusion power and Q as a function of the aspect ratio
of a reactor with R = 6 m, S = 1.5 and BTo = 13 T. The
field at the plasma axis is Bo = BTo(l - 1/a - d/Aa), where
the distance from plasma edge to the toroidal coils, d,

is taken to be 1.4 m. By varying A from 3 to 5, Q changes
by less than ten percent. Thus, high power density reactors
can be achieved by going to smaller A and larger ﬂé, with
limits imposed by wall loading and plasma pressure con-

siderations only.

The design parameters of a 2500 MW reactor with Q = 40
are given in Table 1. The lower hybrid wave spectrum neces-
sary to provide this Q is given in Fig. 17 as a function of

radial position.

5.3 DISCUSSION

The values of Q in section 5.2 were obtained using

several assumptions. These assumptions are discussed below.

(1) The wave propagates in from the low magnetic field side

of the torus. The value of Q may increase by an estimated
5 - 7% if wave propagation through both high and low

magnetic field regions are taken into account.
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(2) A purely unidirectional lower hybrid wave is assumed.
Any residue wave flux traveling in the opposite direction

will reduce Q.

(3) An optimum wave spectrum is assumed everywhere inside
p

the plasma. This is clearly idealistic. By comparing the
results of sections 5.1 and 5.2, a ~20% reduction in Q is
expected if the rf wave spectrum is fixed at the boundary

only instead of everywhere in the plasma.

(4) The power loss due to waves reflected as fast waves
is neglected. The value of Q will be reduced if these

losses are taken into account.

(5) A parabolic current profile is assumed. Q will be

larger for a more gradual current profile.

(6) Inspection of Egs. (5) and (8) shows that for a wave
power flux

-3 2
S.¢ > 10 n,, T, fn Anz (W/cm*)

the current generated as well as the power dissipated

Z

will be essentially independent of Sr (£ is in GHZ). If

£

Eg. (37) is not satisfied, power dissipation will increase

(37)

rapidly due to the finite slope in the distribution function.

However, in all situations considered in this study, Eq. (37)

is easily achieved. On the other hand, since J and Pd are

independent of Srf' the only wave parameters that can be used

to control the current profile are those of the wave spectrum.
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(7) The present analysis is based on the assumption that
Zogf = 1. For steady state power reactors, especially for
designs without a divertor, the effect of a considerable

concentration of impurities and alphas must be taken into

account.
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6. REACTOR ENGINEERING

6.1 HIGH EFFICIENCY MICROWAVE ENERGY DELIVERY AND

RECOVERY SYSTEM

The most distinctive engineering feature of the rf
current-driven steady-state tokamak reactor is the con-
tinuous wave microwave power delivery system. Even af-
ter a realistic loss inventory has been made for a lower
hybrid energy delivery system, overall system efficiency
is high, permitting economical continuous operation of a
moderate-Q plasma. Because of its high, steady-state
recirculating power, the system differs from a previous
design of a lower hybrid heated tokamak[46] by being de-~
signed primarily for high efficiency, rather than low
initial cost.

The reference microwave circuit is shown in Fig-
ure 18. Power output from crossed-field amplifiers is
sent through circulators into a copper-phased waveguide
grill of the type described in Section 3.1. The re-
flected wave is recirculated through a direct energy
recovery system. This microwave circuit includes sever-
al distinct features:

(1) The drivers that convert dc to rf power are
crossed-field émplifiers (CFA) which have considerably
lower gain than klystrons at the same frequency. How-

ever, the input power to CFA is not dissipated as in a
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klystron, but is carried as a traveling wave to the out-
put. Furthermore, unlike klystrons, a CFA can support a
moderate amplitude, backward-traveling wave without effi-
ciency degradation. Because of the last property, only a
modest degree of protection (15 db) is required at the
output circulator. Thus ferrite loss is minimized.

(2) A simple, cheap and efficient direct energy
recovery System.may be achieved by directing the reflected
power through each output circulator into the input port
of an adjacent CFA, which feeds a vertically adjacent
waveguide in the plasma-coupling grill. 1In this way, the
reflected power is not subjected to the dc-to-rf conver-
sion inefficiency of the tubes, and it travels to the
output ports nearly losslessly. Direct energy recovery
compensates for the inefficiency caused by imperfect
wave-plasma coupling.

(3) sapphire windows and copper waveguides are
selected as the lowest loss materials at S-band frequen-
cies (2-3 GHz). The incremental efficiency offered by
silver-coating the copper waveguide is too trivial to

justify the expense.

6.1.A Benchmarks in Efficient Production of S-Band
' Microwave Power

Each component of the high-power microwave de-~

livery has demonstrated high efficiency and reliability
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in previously documented benchmark systems. Some bench-
mark values of component efficiencies are listed below.

e In 1964, Skowron and Brownl[47] demonstrated a
crossed-field amplifier which developed 400 kW CW
at a frequency of 3,000 MHz, a gain of 9 db and an
overall efficiency of 72%. The electronic effi-
ciency of the tube, exclusive of power dissipated
at the cathode, in the straps, and in circuit losses,
was at least 80%.

® A zero degree cut sapphire window was shown by
Goldfinger[48] to be capable of transmitting 1 MW of
power at 8 GHz for 31 minutes without failure.
Transmission of 35 kW/cm2 was demonstrated by John-
son[49] with window losses of only 1.7 W/kW.

e Circulators protecting the klystrons in the
Alcator C lower hybrid heating experiments provide
over 35 db of isolation, with anlinsertion loss of
only 0.23 db at C-band (4.6 GHz).[50]

e Waveguide and rectifier losses are available
from manufacturer's specifications. Typical trans-
former and bus losses were taken from the Westing-
house Transmission and Distribution Reference

Book.[51]

6.1.B Energy Inventories for Reference Design

A loss inventory of the reference design is shown

in Fig. 19. The cases of no reflected power and 20%
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reflected power are calculated. In the case of no re-
flected power, a 50% efficient delivefy system could be
built in the ﬁear future with previously developed bench-
mark components. Assuming there will be a component de-
velopment program, and following a recent‘technical assess-
ment[52], a CEA with an efficiency of 85% and a gain of 15 db
can be projected. With these figures, a 73% efficient
system is obtained. In all subsequent analyses, we as-

sume that a successful development program will occur.

The assumption is based on technical projections[52, 53]

and the observation that, if the tube development pro-

gram costs $2-4M and the cost of electricity is $0.3/kW-hr.,
the investment would be returned in a few months of opera-
tion of a single reactor.

With perfect coupling to the plasma, an overall ef-
ficiency of 73% is predicted for a developmental system.
With 80% coupling and no direct energy recovery, this is
reduced to 58%, but with direct recovery the overall ef-
ficiency is restored to 68%. For the reference design,
with Q=40 during steady state and Q=25 for heating to
ignition, this represents a recirculating power loss of
91 MW. Component ratings are shown in Table 3. Notice
that the regulated dc power supplied to the crossed-field
amplifier can actually be less than the rf power out,
since the entire delivery system to the plasma is behav~-

ing like a large resonator.
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6.2 EFFECT OF STEADY-STATE OPERATION ON REACTOR
ECONOMICS '

6.2.A Introduction

The benefits of steady-state operation of tokamaks
over pulsed operation are difficult to quantify because
of the lack of self-consistent designs to be used as the
basis for comparison, as well as fundamental physics and
engineering uncertainties inherent in both concepts.

The most obvious gain with steady-state operation
will be the increase of averaged electrical power by a
factor of iﬁversed duty cycle. Other potential advan-
tages associated with steady-state current drive in
takamaks are:

(1) First-wall life could be enhanced through
the elimination of fatigue failure. Conversely, first-
wall loading could be increased for the same design life.

(2) The size of the ohmic heating transformer
could be reduced.

(3) The equilibrium field coil power supplies
could be derated, because they would no longer need to
be rapidly pulsed during machine start-up.

(4) An expensive poloidal field system motor-
generator-flywheel set would not be necessary to buffer
start-up and shutdown loads from the utility line.

(5) An expensive thermal storage system, neces-
sary to prevent excessive temperature drop in the steam

generator feedwater, could be eliminated.
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The steady-state system also presents several ad-
ditional difficulties and potential disadvantages.

(1) Recirculating power would be high, because
of the continuous auxiliary heating associated with a
steady-state current drive.

(2) In so far as the current-driving rf supplies
do not contribute to the bulk heating of the plasma,
they would represent an additional cost.

(3) Impurity control requirements are more
severe for a steady-state tokamak reactor than for a
pulsed reactor..

(4) If high temperature operation is necessary
to provide sufficiently high Q in a relatively compact
plasma, then ripple requirements will be more severe than
for a pulsed plasma.

The gains and disadvantages of steady-state opera-
tion and the trade-offs between them will be considered
in more detail in the following sections. A crude estimate
of the potential cost reduction for the steady-state cur-
rent-driven reactor concept will be provided in the last

subsection.
6.2.B First wall Life

The effects of neutron swelling, brittle fracture,

creep crack growth, and fatigue damage on first wall life
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have been considered in this study following the methéds of
Prevenslik[54] and Mattas.[55] It is found that, while
it appears obvious that lifetime and first-wall loading
limitations are less restrictive for steady-state reac-
tors than for thermally pulsed reactors, there is no ob-
vious first-order advantage for a stainless-steel first
wall operating at 450° C‘ and facing the HFCTR plasma.
Nor is it clear how to extrapolate to the permissible
use of significantly higher wall loadings and first-wall
temperaturs, using the ORNL/Westinghouse demo blanket
cooling concept.

In comparing the first wall .lives of pulsed
vs. steady-state operation, the effect of plasma disrup-

tions, a question not previously considered to be rele-

vant to first-wall design, may be the dominant life-limiting

factor. This problem depends on the properties of
ignited tokamak plasmas and needs much further study.
The structural integrity of structural materials
in a fusion first-wall design has been studied by
Prevenslik[54] for the ORNL/Westinghouse demo blanket
design study[56] and parametrically by Mattas and
Smith[55] as part of the Tokamak Power Plant Systems
Program at Argonne. A study by Méyer[57] concluded
that, over a broad range of wall loadings, steady state

fusion reactors could support nearly twice the wall loading
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as 500 s-cycle pulsed reactors. Meyer's technique used
fatigue damage analysis, neglecting swelling, brittle
fracture, and creep crack growth. All of these were
included in the above-mentioned studies by Prevenslik and
Mattas, whose methods are in rough agreement, where they
coincide, and will be used in this discussion.
Prevenslik_analyzed~a first wall design, believed at
this time to be near optimal, for the case of a 105 pulse
design life, 4 MW/m2 neutron wall loading, a lithium blanket,
helium cooling and a stainless-steel structure. The most
limiting factor was excessive deformation, due to neutron
swelling, with a safety margin of only 1.28 before the
cooling gap is increased by 30% For the reference case,
the coéling channel gaps were fairly small, only 0.076 cm
at a cylinder nose. Using Mattas and Smith's curves, if
the cooling channel gap were doubled with an attendant in-
crease in coolant pump power, the increase in wall life to
double the original swelling would be only about 16%, because
most of the wail life is during the gestation period when
little swelling occurs. Swelling is also a rapidly increas- -
ing function of temperature at the reference design point. !
Smith and Mattas indicate that raising the temperature from
450 C to 500 C would double the swelling by end of life.
Thereforé, it appears that any design with steel and high-
velocity coolant is limited by excessive swelling limitations

to a design life of approximately two years at a neutron wall
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loading of 4 MW/m2 and maximum temperatures of 450 C or
higher, independent of whether the reactor plasma is pulsed
or unpulsed.

The second most limiting factor in Prevenslik's analysis
was brittle fracture, which had a safety margin of 4.3, but
was stated to be based on inadequate data on elevated tem-
perature ductility loss in irradiated stainless steel. Us-
ing the Fast Breeder Reactor (FBR) Core Components Criteria
for predicting brittle fracture, the elastic stress intensity
factor Km must be limited to less than two-thirds of the

ax

irradiated plane strain fracture toughness KI The plane

c*
strain fracture toughness decreases under irradiation with
the loss in ductility, independent of the number of cycles.
For the reference design case, extrapolating from Mattas and
Smith's curves, the loss in fracture toughness is roughly

a factor of three, corresponding to a tenféld reduction in
uniform elongation. The elastic stress intensity factor is

a function of the initial crack size and the crack growth
rate. Below 425 C, creep-crack growth independent of cycling
is negligible. For the reference design case, fatique-crack
growth was 4.5 x loﬂl)cm/cycle, corresponding to a total
growth of 4.5 x 10™° cm. The initial crack depth is 0.04 cm,
corresponding to the sensitivity of NDT methods of flaw de-
tection. Since the elastic stress intensity factor is pro-
portional to the product of the square root of the crack

depth and correction factors based on crack shape, the

change in the stress intensity factor due to a 10% change
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in the crack length must be negligible. Therefore, even
in a steady-state reactor with no crack growth at all, FBR
design criteria allow no benefit over the cycled case, be-
cause the brittle fracture toughness ratio will decrease
as the first wall embrittles. However, since material em-
brittlement saturates at an asymptotic value of fracture
strain, brittle fracture limitations can be overcome for

a steady-state reactor, if the asymptotic toughness is
greater than 1.5 times the initial stress intensity
factor.

The third most limiting factor in Prevenslik's
analysis is cooiant leakage due directly to excessive
crack growth, where 0.1 the original crack length is spe-
cified as the highest acceptable crack growth. For the
reference design, the safety margin was 89, corresponding
to a safety margin of 1 at approximately 107 cycles.

Since this corresponds to a 20-year life for the refer-
ence design, it is not limiting in the neighborhood of
this design.

A major consideration when comparing the lifetime
of pulsed and unpulsed first walls is that the unpulsed
reactor must have a very efficient impurity control me-
thod, probably a divertor, and that the pulsed reactor
will also require good impurity control. This requirement
implies that the charged-particle energy striking the
first wall should be small. It now becomes feasible to

consider decoupling first-wall cooling from the reactor
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thermal cycle. For example, in Prevenslik's report, it
was assumed that, with a divertor, the first wall could
be operated at a maximum temperature of 270° C., while
the maximum blanket temperature would still equal 500° C.
By allowing coolant to inlet near the first wall and out-
let at the rear of the blanket, it is conceivable that
the blanket could be designed so that temperatures are
high ('\a500o C.) only where neutron irradiation is low.

In this case, since the steel is held below the swelling
threshold of 350° C., swelling is negligible. Similarly,
crack growth in the first wall is neglibible. By assum-
ing the elimination of all bending stress in the first
wall cylinders, Prevenslik calculates a safety margin of
12 against brittle fracture. With the obvious caveat
that the divertor itself has limitations in handling a
high particle heat flux, it appears that neutron wall
loading could be significantly increased for either pulsed
of steady-state operation. Conversely, neither pulsed nor
steady-state first-wall designs would be significantly
lifetime limited by operation with a divertor at lower
first-wall temperatures and 4 MW/m2 wall loading. From
the above consideration, the possibility emerges that both
pulsed and steady-state tokamak reactor first~wall designs
will be . dictated primarily by their response to off-normal
conditions, rather than by fatigue life at normal operat-

ing conditions.
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Prevenslik[54] and Onegal58] have attempted to
make first-order calculations of the effects of plasma
disruptions on first-wall lifetime. Both authors state
that their work is based on crude assumptions, and nei-
ther attaches significant predictive ability to his
analyses. The major uncertainties in the analyses in-
clude whether disruption-free operating régimes can be
identified for ignited plasmas, whether disruptions can
be predicted and prevented, whether disruptions will de-
posit plasma thermal energy evenly over an inner wall
surface or whether it will be deposited locally, and
whether the direction of motion of plasma disruptions
can be infallibly predicted. Onega's study indicated
that a 316 stainless-steel first wall would be destroyed
due to thermal fatigue after about 450 disruptions, de-
positing a 185 MJ thermal energy plasma evenly on the
inside first wall. Prevenslik concluded that a 10 ms
pulse of 75 MW/m2 would destroy a first-wall module by
brittle fracture in a single pulse, before vaporization
occurs.

Ignited tokamak plasmas appear to be particularly
prone to disruption during the plasma shutdown phase.

If plasma current is run-down while the plasma is still
at thermonuclear reactor temperatures, large negative
skin currents will be formed around an unchanged bulk

plasma current, which may be unfavorable for MHD
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stability. However, if the plasma is cooled before the
current is reduced, it could violate the Bt/RO limit on
plasma density[59] and is predicted to disrupt. Therefore,
since fatique life from ordinary nondisruptive operation

may not be limiting, there are three alternative comparisons
between pulsed and steady-state first-wall designs, depending
on experimental results with ignited tokamak plasmas.

(1) If plasma disruptions are a frequent phe-
nomenon, associated with plasma shutdown, only
steady-state reactors are viable as a commercial
reactor concept.

(2) If plasma disruptions are relatively infre-
quent, but not completely eliminated, and are un-
related to plasma shutdown, there will be essen-
tially no difference between the designs of steady-
state and pulsed first-wall systems.

(3) If plasma disruptions can be totally elimi-
nated, it may be possible to increase first wall
lifetime and wall loading, using a steady-state
plasma, but it is unclear whether the advantage is

really a major one.

6.2.C Poloidal Field System

I1f the plasma current were started slowly by the
application of lower hybrid waves, the voltage require-
ments of the equilibrium field coils and their power

supplies might be greatly reduced. However, as the
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recent studies by Brombergl[60] and Schultz[6l] imply,
the equilibrium field (EF) coil voltage requirements
during steady-state burn in a thermally unstable regime
could be quite high. For a plasma not in the hot-ion
mode, an EF coil requirement comparable to the current-
swinging requirement for start-up is needed to hold the
plasma radial position against the oscillating radial
pressure.[60] However, the rf-driven steady-state
current reactor operates in the hot-ion mode, and the
ratio of the thérmal runaway time to the energy confine-

ment time is much higher, /TE = 6, as shown

runaway
by Bromberg.[62] _This thermal runaway time is sufficiently
long that particle transport effects may become significant,
stablilizing the plasma temperature.

Closely related to the advantages of possible
power supply reduction for the equilibrium field coils
;s the potential of drastically reducing the size of the
ohmic heating coils. However, it must be kept in mind
that plasma radial controllability requires sufficient
power to respond to a perturbation from the desired
equilibrium on the order of parameter measurement error
in a time on thé order of plasma current and temperature
decay times in order to avoid frequent plasma-wall col-
lisions. This condition is generally always satisfied

by present-day inductive current run-up systems, but it
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may be violated by a system which minimizes start¥up re-
quirements. An ohmic heating coil or an ECRH delivery
systeﬁ will still be needed for plasma initiation, and
some ohmic heating coils may be needed to prevent unde-
sired skin current oscillations, while using the equilib-
rium field coils to stabilize temperature perturbations.

Ehst[4] has simulated a scenario in which start-
up occurs in an EPR-size plasma over a period of 32
seconds, followed by a nine~-second main heating‘phase.
If Ehst's scenario can be realized with realistic con-
trollability constraints added, the net flux swing during
a cycle will be very small, and the overall cost of the
ohmic heating system will be greatly reduced. This will
increase the possibility that high electric field induc-
tion for initiation from a low-current OH coil will be
more desirable than rf-assisted initial breakdown. As
Ehst observed, an unsaturated ferromagnetic slug in the
machine center will reduce the equilibrium field current
requirements by attracting the plasma. It will also re-
duce ohmic heating coil current requirements by approxi-
mately one-half, without a magnetic path return leg.

The trade-off between steady-state current-driven
and conventional pulsed tokamak reactors is as follows:

@ It is possible that ohmic heating coil current,

but not voltage/turn, requirements can be greatly

reduced by rf current-driving. There is thus a
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real prospect of largely eliminating the cost of the
ohmic heating coil and power supply.

® Equilibrium field power supply requirements
are determined by controllability for low temper-
ature, thermally unstable operation, whether or not
the reactor has steady-state current drive.

® A steady-state current-driven reactor in the
hot~ion mode has the potential for significant
reduction in active power supply requirements, par-
ticularly if disruptions on shutdown are permitﬁed.

® The voltage/turn requirements of both EF and
OH coils will probably be dbminated by protection
against disruptions for all cases.

® The need for a motor-generator-buffer set for
the steady-state current-driven reactor is unclear.
Some sort of line buffering would pfobably be
needed if several hundred to a few thousand MVA
were required for plasma temperature control; but
the trade~-off between motor-generator-flywheels,
reactors, synchronous condensors, and no buffer at

all cannot be made at this time.

6.2.D Thermal Storage

An advantage of a steady-state rf current-driven
reactor over a pulsed tokamak is that there will be no

need for a thermal storage reservoir to permit steam
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generation during the dwell time between plasma pulses.
As evaluated by Buchanan,[63] a simple increase in the
water level of the steam generator, accompanied by a
valved pressure reduction during the dweil period, will
permit continuous electrical generation at negligible
additional cost. This was confirmed for the case of the
HFCTR scenario.[5] During the twenty-second dwell time,
the boiler steam temperature was permitted to drop to
25° C., while boiler pressure was reduced by 4 MPa.

The HFCTR design conservatively recommended a second
thermal resefvoir, in order to insure against prolonged outages
due to short delays in reestablishing good plasma burn condi-
tions. For concepts requiring secondary heat exchangers, in-
cluding all blankets cooled by radiocactive lithium or lithium
salts, a fluidized bed heat exchanger waé assessed by Buchanan
to add negligible additional cost for thermal storage. The
NUWMAK conceptual tokamak reactor [64] recommended the use

of the phase transition in a Li_,Pb eutectic blanket to

62”738

store energy between pulses. If the lithium blanket in HFCTR
were replaced by L162pb38’ the enthalpy of phase transition
would supply 40 seconds of temperature regulation. If this
‘approach is feasible, it would also reduce thermal cycling in
the blanket structure and the rest of the heat transfer and
steam generation system. If the incremental costs of two

or all of these alternatives are indeed negligible, redundant

thermal storage can be provided.
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6.2.E Reactor Cost Estimate

It should be emphasized that a quantitative com-
parison between the costs of steady state and pulsed
tokamak reactors cannot be made without much better
scenario definition and justification than those avail-
able from any previous reactor study and much better
knowledge of the disruption histories of the two alter-
natives. However, for the basis of contrast with the
recirculating power and microwave equipment costs of the
steady state reactor, a rough comparison between
the reference steady-state tokamak reactor specified in
Table 1 and the original HFCTR design is made here.
® The short time duty cycle is.increased from 85% in
the HFCTR pulsed design to 100% in the rf current-driven
reactor for a cost savings of 1.18.
® The ohmic heating coil and power supply current
ratings are reduced by a factor of ten, for a cost
savings of $96.3 M.
® The equilibrium field coil power supply voltage ra-
tings are reduced by a factor of two, for a cost savings
of $6.3 M.
® The equivalent power requirements of the motor-
generator set are reduced by a factor of two. There is
no flywheel. The cost saving is $17 M.
® The ripple coils and their supplies are eliminated

for a savings of $6.5 M.
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reactor has decreased from $1,263.0 M to $987 M.

® The recirculating power dissipated by parasitic
losses in the poloidal field circuits of HFCTR is 125 MWwW.
This is reduced in the steady-state reactor by 75 MW.

® Because of the reduced ac swinging of the EF coil

in the hot ion mode, the electric power for cryogenic

refrigeration losses in the TF coils are reduced by 3 MW.

® Electric power for cryogenic losses in neutral beam
cryopanels is reduced by 2.0 MW.

® Electric power for cryogenic losses in the OH and
dipole coils is reduced by 2.0 MW.

® The corresponding decrease in the cost of the cry-
ogenic refrigeration system is $2 M.

® The averaged power for the neutral beam power supply
system of 4.4 MW is eliminated.

® The ripple coil losses of 1.0 MW are eliminated.

® The cost of the neutral beam system in HFCTR is
listed as $100 M, but this should be $140 M.

® Plant availability is arbitrarily assumed to increase

by 10% by virtue of the fatigue-free steady-state operation.

® Building costs of electrical plant structure and
reactor support structure are reduced by $7.5 M, with
the replacement of the neutral beam system by lower

hybrid.

Therefore, before adding the cost and recirculating

power of the lower hybrid rf system, the cost of the HFCTR
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net electrical output has increased from 648 to 892 MW,

or 1,027 MW gross minus 135 MW recirculating, instead of

870 MW gross minus 22 MW recirculating. Plant availabil-

ity increased from 70 to 77%. Thus, even without predict-

ing dramatic improvements in reactor economies due to

first wall life, an upper bound on the improvement in

HFCTR economies is a factor of 1.9, if the cost of current
driving were negligible.

For the reference case, with a Q of 40, the steady-

state power into the plasma is 61.5 MW. Assuming that a
Q = 25 or 100 MW rf system is needed to heat the plasma to
ignition, the cost of the rf microwave equipment is $75 M,
as shown in Table 4. With the assumption of 80% ef-

ficient coupling into the plasma with direct energy recovery,
the recirculating losses are 91 MW, as calculated in section
6.2. The net electrical output is then 801 MW at a building
and equipment cost of $1,062 M. Therefore, the improvement
in reactor economics over the HFCTR, predicted by the above-
mentioned models and assumptions, is a factor of 1.6. With
the given models, the cross-over value of Q for the current-
drive at which the overall economics of the steady-state
reactor would equal those of the original HFCTR is Q = 11.
We repeat the caveats that both designs are probably incon-
sistent because of the lack of a divertor and that the physics
uncertainty associated with this comparison is extremely high.

It should also be noted that the economies of the present
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reference design over the HFCTR are caused by the com-
bination of steady-state operation, operation in the hot-
ion mode and replacement of neutral beams by microwave
heating, and are not a function of steady-state operation
alone. Nevertheless, we believe that the above analysis
supports the following encouraging conclusions:
® The steady-state current driven reactor concept
has the potential for making the cost reductions of a
factor of about two, believed to be necessary to allow
commercial fusion reactors to compete directly with
conventional sources of electricity, such as coal or
nuclear-power.
® The recirculating power requirements of a high-Q
driven reactor are not necessarily higher than the
recirculating power for a pulsed, ignited reactor,

. when burn control power is taken into account.
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Table 1
REFERENCE PARAMETERS FOR A REACTOR WITH Q = 40 AND ’ARABOLIC

CURRENT PROFILE

Machine Parameters:

major radius R 6.0 m
plasma halfwidth a 1.2 m
aspect ratio A 5.0
plasma shape factor § 1.5
field at plasma Bo 7.4 T
field at coil BTo 13.1 7T
plasma volume Vp 317
first wall area Ay 475

Plasma Parameters:

safety factor g(a) 3.4

average toroidal beta Et .038

plasma current Ip ' 5.3 MA

electron density n_ 2,0x 102 (1~ ¢*)m™?
electron temperature T, 23(1 - p?) KeV

ion temperature T, 34(1 - p?) Kev

Zotf 1

Microwave System:

frequency f ) 2.79 GHz
spectral location n, 1.5 - 1.6
total wave power Prf 72 MW

total waveguide area AG 14.5 m
average wave power flux § 5 MW/m2

Power Production:

total fusion power ﬁfvp 2900 MW
average fusion power density 5f 2.1 MW/m3
plasma Q 40

duty cycle 100%
neutron wall loading 4.7 Mw/m2
average thermal power Pth 2930 MW

gross electric power (35% eff.) 1027 MW

recycled electric power as

microwave °1 Mw
other recycled electric power 135 MW
net electric power 800 MW
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mn mt mj Q
.8 .8 .8 38
.é ' .8 1 37
.8 1 1 36
2 .. .8 1 36
1 1 1 35
1 1 2 33
1 2 1 33
2 2 2 28
" TABLE 2

Effect of plasma profiles on Q = PF/ED .
m - m m,
n=n (1 -p?) " T=1(@-p? ", I=J @1 -p? 7,
o o o
R=6m A=5, B =7.5, §=1, T =15 ReV,

Ti = 22 KeV, n .= nigns 0.57.
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Table 3

Microwave Component Ratings for Lower Hybrid Steady-State

Current Driven Tokamak Reactor

High~-voltage rectifier 144

g

Regulated high-voltage d.c. supplies 133 MW

Power Crossed-Field Amplifiers 135 MW
Input Amplifiers 3.4 MW
Circulators 156 MW
Waveguide 156 MW
Windows : 148 MW
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Table 4

Cost of Microwave Power Delivery System for Bulk Heating

and Current Driving of Steady-State Tokamak Reactor

High-voltage regulated d.c. supply,
including rectifier and rectifier-transformer
Output Stage Crossed-Field Amplifiers
Driver Amplifiers
Circulators
Waveguide
Windows

Miscellaneous Microwave Components

TOTAL

77

$17.0
38.2
1.2
1.7
7.8
5.0
3.8

2 2B B =2 =2 =2 R

=

$74.7




FIG. 1.

Schematic diagram for the parallel electron

distribution function. The dashed line gives
the undisturbed Maxwellian distribution. The
solid line gives the distribution function in
the presence of rf wave with phase velocity

u; £ usu,. Current is carried by electrons.

in the shaded portion.
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FRACTION OF CURRENT CARRIED BY
RESONANT ELECTRONS

FIG. 2.

Fraction of rf generated current carried by

' resonant electrons.
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FIG. 3.

Effectiveness of rf current gene;ation as a
function of the parallel refractive index of

the lower hybrid wave.
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FIG. 4. Radial profile of accessibility condition (nLc)

and mode ‘conversion layer (nUC) . Slow wave with

no<n, < nye can propagate. [Te = 15 KeV,

B =7.57T, 0, = 1090073, 4 = 20, (0)1.
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FIG. 6. Trapping parameter as a function of electron tem-

perature. Trapping will occur if YL/‘”B < 1.
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FIG. 7. Averaged ion temperature (solid curves) and ﬁi n (dashed curves) as a func-

g
tion of fe' Curves marked (A) are for classical alpha-slowing down and (C)

for anomalous alpha-slowing-down. [R = ém, A = 5, Bo =757,S =1].
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— 0

FIG. 8.

Variation of the slow wave spectrum as it propagates from the plasma -

edge (p = 1) to the center (p = 0). The dashed curve shows n . The
rf-driven current profile is depicted in the insert. [R =6 m, A = 5,

B,=7.5T, =1, T, = 14 KeV, T = 19 ReV, 7, = 0.59, n = n_ (1-p°),

= - 2 = = = =
T To(l p°), £ = 2.21 GHz, IP 2.4 MA, Q PF/PD. 33].
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FIG. 9.

2.0 25
RF FREQUENCY f (GHz)

Fusion to rf power ratio as a function of rf
frequency for several electron temperatures.

The circle marks for each case w = wmin and the

cross marks w = ZwLH(O). [R=6m A=25, Bo=7'5T’

S=1, T = 15 KeV, ?i = 22 KeV, n =n_ (1 - %),

e

T To(l pe), J Jo(l p“)s n nign].
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FIG. 10.

Fusion to rf power ratio as a function of parallel
index of refraction. The circles mark the minimum
n, allowed by accessibility condition. [R = 6 m,
A=5 B =7.5T, §=1, T, = 15 KeV, n=neo(1-p3),
T—To(l p°), J Jo(l p4)1.
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FIG.

11.

10 l | | |

5 10 15 20 25 30
Te(keV)

Fusion to rf power ratio versus Ee' Solid curves: classical alpha-
slowing-down; dashed curves: anomalous alpha—slowing-dbwn. [R=6 m,

A=5,B =7.5T, §=1, n, = Eign, n = neo(l %), T = T (1 -p2),

J=J3Q-0%, = 2, (0) 1. |
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FIG. 12. Dependence of Q on averaged plasma dénsity

[R=6m, A=5, B

T;
J =

o

=7.5T7, §S=1, T

e

= 15 KeV,

= - a3 = N

JO(l - pz)r w =
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FIG. 13.

Accessibility condition of the lower hybrid wave, oo as a function

of magnetic field (dashed curves). The solid curves give the corres-
ponding fusion to rf power ratio for several size reactors. [A = 5,

s=1,n,=n_( 2%, T= T (1 2%, J = J @ -0%), T, = 15 KeV,

e

Ti = 22 KeV, n, = 0.57, w = ZMLH(O)].
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Trade off between reactor size and toroidal mag-

netic field strength.
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15.

4 6 8
B (%)

Fusion to rf power ratio versus averaged toroidal
beta for several plasma densities. [R = 6 m, A=5,
= T o= T = = -n3

T

T (L - p?), I =0J_(1 - p?), w=2w,(0)].
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Fusion to rf power ratio (solid curves) and the

corresponding total fusion power (dashed curves)

versus aspect ratio for two plasma densities.

[R=6m, BTo =137, d=1.4m, S =1.5,

e

— _ _ .3
15 Kev, Ti = 22 KeV, n, = neo(l p?),

T
T

T (1 - p%), J = J (1 - p?), £ = 2.48 - 2.75 Ghz].
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Spectrum of lower hybrid wave as a function of

radial position necessary to provide the Q for

the reference reactor of Table 1.
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Figure 19
Loss Inventories for Microwave Power Delivery Systems for

Perfect and 80% Coupling to the Plasma
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