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ABSTRACT

In this paper the radiofrequency (RF) heating of tokamaks
by means of the fast magnetosonic wave in the ion cyclotron
range of frequencies (ICRF) is examined. Using linear weak
damping theory the RF heating expressions for each species
are derived. Possible mode conversion processes which may
occur in tokamak reactors are then examined. Wext, various
parametric processes are examined for reactor conditions.
Except possibly near the RF launching structure, no insta-
bilities are calculated to be excited. Next, experimental
results are surveyed far various: RF heated .tokamaks.

In the next section, a space-~averaged, time~dependent
startup model is used to describe the role of RF heating to
ignition of a tokamak reactor. The computational point model
code simultaneously solves the ion and electron energy
balance equations. Conduction, convection and radiative losses
are compared with ion and electron wave heating processes
together with alpha particle heating from fusion reactions.
The model shows that 150~225 MJ (75 MW, 2-3 sec) of RF power
is needed to ignite a 700 Mwé fusion reactor when the RF
heating is overlapped with the current~rise phase of operation.

Since RF heating at the second ion harmonic is a non-
Maxwellian process, in the third section quasi-linear theory
is used to derive RF velocity space diffusion terms which
are then inserted in a two dimensional velocity space Fokker-

Planck code. Using this code, only an 11% difference in the
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reactor Q is found from a purely Maxwellian case. Due to the
collisionality of reactor plasmas, it appears that high energy

ion tail formation is suppressed.
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1
I REVIEW OF ICRF HEATING

I-A INTRODUCTION

For a fusion reactor to reach the required ignition
temperature of 7-10 keV, it appears that ohmic heating alone
will be insufficient. The power supplied to the plasma through
ohmic heating is

2

5 (1)

Poh= E¢J¢= nJd

where n is the plasma resistivity. Neoclassical theory predicts

that the plasma resistivity will be(l)
_ _ 1/2 -1
M= nsp(l .95(r/R) + 1.95(r/R)) (2 )
where nsp is the Spitzer resistivityfz)
_ ‘ 3,.-3/2
nsp— 6.53x10 Te 1nA (cgs) . (3)

3/2 and for

The ohmic heating expression is proportional to T;
Te>l keV, becomes negligible (see figs.(II-B-8,16)).

The two main candidates for providing the additional
power are neutral beams and radiofrequency (RF) heating. A
comparison of the relative merits of neutral beams and radio-
frequency heating, utilizing the fast magnetosonic wave at
the second harmonic of deuterium, may be found in an EPRI
report by Scharer, Conn, and Blackfieldf3) The difficulty
with neutral beams, whose physics is well understood, lies
in the feasibility of obtaining sources. Neutral .beams must

have high energy (150-300 keV) for plasma penetration, large

current (1-3 A/cmz) while having an overall efficiency > 50%.



Due to the rapidly decreasing electron stripping cross section
with increasing ion energy, negative ion sources must be used.
Much experimental work remains to be done im the area of
source development.

Several RF frequency ranges appear to be attractive for
supplying auxiliary heating power and are reviewed in papers
by Scharer, Blackfield and others(3_62 A particularly attractive
regime, from the standpoint of available power supplies and
present day experiments, is the ion cyclotron range of
frequencies (ICRF). Most of the theoretical work, briefly
reviewed in Secs. I-B,C,D , has been done by Adam and Samain(7—9)
at Fontenay-aux-Roses; Weynants, Messiaen and Vandenplas(lo—ls)
at the Ecole Royale Militaire in Belg m; Stix, Perkins et al

(3-6,28-37)

at USC, and Scharer,
Mau,.McVeyAand Blackfield at Wisconsin.

ICRF heating experiments have been performed on several
tokamaks including ST, ATC, TFR, TO-1, TM-1Vch, T-4 and pLT. >0 %2
Other experiments are being planned for ALCATOR, T-10, DIVA,
and JET. In section I-E, past experimental results and future
heating proposals are surveyed.

In Sec.I-B, expressions for RF heating with the fast
magnetosonic wave at the second harmonic of deuterium are derived
using Vlasov theory. These expressions are then added to fluid
energy balance equations in Sec.II-A. Through space averaging
of these equations, a point model computer code is used to
investigate several possible RF startup scenarios for NUWMAK(35’46)

in Sec.II-B.

Possible mode conversion processess which might occur



within a reactor are discussed in Sec.I-C and Appendix A. In
Sec.I-D parametric instabilities which may result from the
plasma being heated by the RF are examined.

In Sec.III-A the derivation of the Fokkfnglanck equation
to which are added RF induced quasi-linear diffusion terms
(Sec.III-B) is reviewed. The resulting equation is solved using
a two dimensional velocity space Fokker-Planck code, HYBRID III.

In Sec.III-C several RF startup scenarios using HYBRID III are

examined.



I-B REVIEW OF VLASOV PLASMA THEORY

I-B-1 Cold plasma theory

To optimize an auxiliary heating scheme, the supplementary
heating power should be deposited in the core of the plasma.

(50)

Conn and Kesner have shown that ignition criteria. are

lowered when the density and temperature profiles are peaked
at the center. Physically, as space-time studies have verified(él)
when the profiles are peaked at the plasma center, ignition
can occur there. A burn wave is formed and propagates outwards,
igniting the remaining plasma. Through the use of core heating,
the power requirements for supplementary heating can be reduced.
For a reactor to reach ignition, approximately 50-100 MW of
additional power will be needed. In the ICRF range (f~25-200 MHz),
power supplies on the order of megawatts are already available.
This, and the fact that core heating is feasible, makes ICRF
heating desirable.
In cold plasma theory, both the fast and slow waves can
propagate parallel to an externally applied magnetic field,
Bo (see fig.(I-B+l)). To minimize heating and radiation damage
to the RF launching structure, either a waveguide or coil
must be placed outside of the plasma (fig.(I-B-2)). Therefore,
any ICRF wave launched must propagate across magnetic field
lines in order to heat the center. In the tokamak configuration
(fig. (I-B-3)), ions rotate about field lines in a left-handed
sense. To have ion cyclotron heating, it is desirable to have

a large left-handed component ¢f the wave electric field. Ion



cyclotron heating occurs when the electric field rotates with
the ions and the field oscillates with the local gyroperiod
(Doppler shifted in a hot plasma). When this occurs, the ions
are accelerated with a corresponding damping of the wave. The
slow or ion cyclotron wave is a left-handed polarized wave, soO
on first impression one would expect this to bé a desirable
heating mode. In fact, this wave was used to heat the Model C
stellerator at Princeton.

In a tokamak, a slow wave excited at the plasma edge must
proceed up a steep density gradient. The perpendicular wave-
number,k,, increases as the wave propagtes up this gradient.
Near the plasma surface, the slow wave reaches a cutoff where
ky;> © , called the perpendicular ion cyclotron resonance. Here
the slow wave may be mode converted into an outwardly propa-
gating electrostatic ion cyclotron or ion Bernstein wave

)54’20’54’55) The resultant electrostatic wave may then

(I.B.
be quickly damped by electron Landau damping, causing undesira-
ble heating near the plasma surface. Surface heating leads to
enhanced radiation losses and increased wall sputtering.

Through the proper adjusting of the RF generating frequency
and matching of the loading impedance, ion heating at the plasma
center can be achieved using the fast wave. The fast wave, in a
hot plasma, propagates at all angles to the external magnetic
field (fig.(I-B-4)). For this reason, this paper will concentrate

on fast wave heating, specifically at the second harmonic. Funda-

mental heating is briefly discussed in Appendix A.
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I-B REVIEW OF VLASOV PLASMA THEORY

I-B-2 Hot plasma theory

When the RF driving frequency WEW g v the fast wave is
mainly a right—-handed circularly polarized wave which undergoes
little ion cyclotron damping. On solving the wave equation
for an unbounded plasma, for higher harmonics (n=2,3), an
appreciable left-handed component appears. In NUWMAK with

w=2w fig. (III-B«ll) shows that IE+|/|E_|m o(l).

cd’

In hot plasma theory, ions are heated by the fast wave
through finite ion gyroradius effects, shown in fig. (I-B-5).
The electric field vector of a left-handed circularly polarized
wave, [E+[, is plotted in both space and time. The direction of
the D.C., external magnetic field and the sense of the ion
gyromotion are also shown. At various points along the ion'
trajectory, the ion . velocity may be synchronous with the wave
electric field vector., At these points energy may be exchanged
between the particle and wave, depending upon~thecibnmwvelocity
space distribution. For point and space~time calculations,
Maxwellian particle distributions are assumed. For second
harmonic heating, energy exchange is possible when the ion
gyroradius equals one quarter of the wavelength of the fast
wave. Hence, harmonic heating preferentially heats ions with
finite gyroradius.

Perkins(lg) has shown that only the fast wave can become
a normal mode of a tokamak when w=nwci(n=l,2,3) is located in

the center. An eigenmode structure enhances the heating proper-
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(reproduced from Ref. 37)



12

ties of the fast wave. Eigenmodes enhance the wave electric
field and increases the loading resistance of the launching
structurefls) Besides heating ions, the fast wave may also
heat electrons through Landau and transit time damping when
v¢"§ vthe(see Appendix D).

Unlike neutral beams, the fast magnetosonic wave does not

have a maximum density cutoff, therefore, wave -penetration. :

is not a problem. However, there is a low density cutoff, below

which no eigenmode is possible55'56'57) For small values of kis)
k, v Opi _w
T L L . (4)
c W .
ci
For a radial eigenmode to,be formed k, 2n/2a, From eq.(4),
the minimum or critical density needed is
_ 12 -2 -3
n, = 1.64x10 (mi/me)(ﬂa) cm (5)

where Q=w/wci and a= the plasma minor radius (cm). For NUWMAK

nc¢ I.2'£ 10ll cm_3, which is.easily met. =

with w=2wcd,
Z"5?’n‘ff.:i.near wave theory will be used to calculate the power
flow to each species, since the wave damping mechanisms are
weak and mode conversion and parametric processes are neglected.
In weak damping theory, the power deposited in the plasma from

oscillating electric fields is(24'58)

P = wBe (B2.8)/2 (W/cm) (6)

where K° is the anti-hermitian part of the dielectric tensor.
—)
E

K and will now be obtained for an unbounded hot plasma

starting from the NMlasov+Maxwell equations(sg)

Sf 9f g of
L+ e + 2 (cE + vxB)s —% =0 (7)
ok ar of v
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where o = species (e,d,t) and

> > . > > >
nu(r,t) =n8”wéfa(r,v,t) dv

3
VxE 4+ %»%% =0,
> >
EEREY S
3»% = 4mp ,
VeB =0 .

(8)

(9a)

(9b)

(9¢)

(94)

Expanding E,E and f about their equilibrium positions

E fO + fl ’
B=B_+ By (10)
+
E=E + E1 ’
to zeroth order , eq.(7) becomes
of
0 4 395 gﬁ~( E vxB_ )V f =0 (11)
+ v o + el cEg + v o ) vio = .
ot o o o
» — +
Assuming that f_ fo(v).
do_ v VE =0 (12)
o o,
so that to first order
af of
1, 1 a q
o _ O o > . =H:w_.._,,_u - e LAV -
aE& T T m c10E0+VXBo) vvfl mwé$?E1T¥§§E2}§V?° (13)
. o o, o - - L Q"
With fl (E+w) + 0 as an initial condition, and
o
Eo = 0 R
> >
_ i(kex~0t)
E1 = Ele (14)

i (kex~wt)
el * X~ ,

using integration along the unperturbed orbit; “that



of ~
_ 9y G ) K-%(T) = ﬁ%(T) -i® (1)
£, == = [ =/ | - )T + = E,
a o 0 AV -
(15)
> >
with T = t-t', ®(1) = kK- (%-X'), and £, = £ el (krx-wt)
o o

Assuming that there are no density gradients and orientating

the coordinate axis so that k_=0, the unperturbed particle orbit is

> . . N
v' = vlcos(w0ur+e)% + vysin(o T+6)9 + Va2 . (16)

Defining the current density jk as

) - ->
S ¥ q R, <VE> s <V > fvfk dv , (17)

o o

Maxwell's eqgs. yield the following expression for jk

> iw

Jk = Ir (e - I)'El (18)
where w2
N Z’Hroo Bfo N — .
e(k,w) =T + 2 f@@f vldvlfvudv"fdr V__a, |- kevyg, kv | -1 (1)
>, W w
ov' (19)
Expressing emio(t) ,(59)

2 z J (k»p )J (k 0y Je wl[n(w T+8)-n'0+({k,Vq w)r]
R S t X
n .

here = v,/w_ -
w Pa v/ ca '

the dielectric tehsor may be written as

2
. w? _ mp& § “ T afoa kyof
e(k,w) = (1- —52)1 = g e [av oo T

n=-—o

oa] Hu(vl’v";n)
3?; nwczfnv"—w
(20)

where
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’> . -y
,_2' ‘2 .-
n &Ed 52 ivenwg g Venwg o o
J.
2 nn n
kg k, k,
'jfvfmn 2 2
= ' t - '
I, " I In v (T)) ivevyd J) (21)
&
Vil
L e ;2 ivev,J J! v232
k, n n“n n
. - ® ag (&) -
where [dv = 2w£v&deH£dv" ¢ I, = J,(8), I = - and

£ = k*pa

The wave equation may be written as

RJON

- - ==
(k x(kxE;) + E'Ey) = 0, (22)

£

or in matrix form

" -
K, ™ Koy K, ,*Nully
. .2
K K. :=n K I E = 0.,(23)
X Yy Yz 1 !
2
K2x+n"n$ sz Kzz—nl
o = 8% > _ck .
defining K = =% , n = = and assuming a bi-Maxwellian
W
m
fo = foe" T(V'L/TJ_OL'F V"/Tua) . (24)
o o

To third order in A = kipi/Z the tensor elements aré5’6’37’60’61)

2 4 6
K= A, + Ajny + A,n, + Azng + ...

XX 1



- 6
ny = Co + Cln* + Can + C3n_L + ..
- 2 4 6
Kyy = BO + Bln& + an* + B3nL toeee
- 2 4 6
Kyz =F_  + Fny + Fong + Fany + ... (25)
K =E_ + E n2 + E n4 + E,n; +
XZ o 1+ 27* 37k ce
- 2 4

KZZ = GO + Gln’L + Gan + G3n* + ...

where

_ o s 2,150 a 3.0
A= 1+ gpasl C,= 1§pu”a(§‘D1 6D5+3D3)

- _ a_a0 . s (_28.a_ 28 a_,. 0
By= 2§pana(sl S3) C3= lgpang( 3 D1t3 Pp74D3
A= Yo n_ (2s%-45%+35%) F =—i¥y (-5'%s!%)

27 1PN (7517%52%753 0=THLY (50 *5]
A= Yo n (-1s%+345%35%+25%) F.==iJy n_(35'%-45!%s:%)
3 q & 3712 T2 3'374 1 5 O @ o} 1 2

_ . 2 eqt0, 15,40 a0, 1c00
B,= A, Fz—vngana( 55 +5=6] —355 +5S3")

_ o o o s 3,535:2_28,,0,22_ ,0_4,,0
By= gpuna(4so—ssl+282) Fa "léYu”a(E“So 351 t37 53 7353
B,= )p n? (~125%+3 2% -85%+35%) E = Yy D! (26)

2 5 o a o2 1 2273 o q 1

_ 3 a_97.0 50,0 a, 2.0 _ PR P
B3= gpa”a(zoso"3 S1*+375,383+35,) Eq 7 gYana( 2D; "+Dy ")

c =i¥p DY £ = Ty n2 (20! %-2D:%+p1%)
o TLPa”1 2”7 LYo 371 2 7273

i an® o _ 3¢ Tn0, 1l o _q,0 15,0
cl_lgpana( 4D;+2D5) E3= gYa“a( 3P +37Dy D3 tgPy )
—— a - 2 (3,0 o0 1l.oa
Go l+§pawo G2_4§pana(§wo 2Wl+§w2)

G,=4Yp n_ (~Wl+w3) G,=4Yp n? (~20%+20% ~w%+in®)

1 g & o 1 4 o &0 3021 263

where e
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Vi_w2 wé
o ) 1/2
n. = v o,= ——— (Ty /Tu,)l r Vu,= 2Ty /m_ ) '
a o o, o, o o' o
4(1);102 zwv“;akll
kav
1/2 o _ ,0,,0 vy 0, 0
Vi (ZT*a/ma) ' Sn = Zn+Z-n (1wT)(Yn+Y_n) '
KuVu
o_ o0 _ O v a_ o
Dn— Z Z“n m (1-T) (Yn Y‘_n) '
e (27)
O_ 0,0, -0 O _ "7c6 . Oy, 0 -0 O
Wh_ gnYn+£—nYwn W (1 T)(EnanE”ann) '
N
o oo, o0 &g o 0 o a0
Sn = Yn+Y_n- T(l—T) (an-Y_n) P Yr1 =1 + EnZn P
N
o a o &g O, 0
[ — - o - =
Dn = Yn Y—n m (1 T)(Yn+Ywn) ’ T (T"a/Tla) ’
w-ne
: a _ WTRYE o : (62)
with gn = and Zn is the Fried~Conte Integral
k“v"a
2
[e o] —tx
2% = 71/2 p 8 ax : (28)
n o.
R XwmE
= n
From Onsager's relations(63), the remaining elements are
K. . = =K
Xy ¥X
K = =K (29)
yZ 2y
sz - sz )

Eqg. (23) has a nontrivial solution when(64)

det[§j= 0 . (30)

Eg. (30), the dispersion equation, has the following form

Ani + Bni + Cni + D =0 . (30")

Using the solution for a cubic equation(65), eqg. (30")
may be solved for complex ki given a real k, and w. Assuming
that the plasma density has the parabolic profile

n(r)=no(l-(r/a)2), and magnetic field neglecting poloidal
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field effects is B=BO(RO/(Ro+r)), eqg.(30') can be solved
locally, at each point along the minor cross section. Fig. (I-B-6)
displays ki for NUWMAK (see Table(III)).
Thé smallest root of the dispersion equation corresponds
to the fast wave root while the next smallest root corres-

(6)

ponding to an Ioh.Bernstein (I.B.) wave. Mau has examined
eqg. (30') taking into account the effects due to gradients
in density, temperature and magnetic field. For parabolic
density and temperature profiles, the fast wave root is
unchanged while the I.B. wave becomes evanescent on the
inside of the torus. The -effect of gradients in UWMAK IIIlog)
is shown in fig. (I=B-7).

To obtain the RF heating terms which will be added to
the fluid energy balance equations in Sec.II-A, egs. (6) and (25)

are used together with the observation that for ions (with n=2,3)

&k, | >> |k |, |K . (31)

22 Xz

YZI
Therefore, the 3x3 tensor K can be approximated by the
following 2%2 tensor
K K '
= XX Xy :
K = K K (32)
yx Yy
Defining E, as that component of the electric field which

rotates in the same sense as the ions,

E, = E_+ lEy . (33)
From eq. (25)
a _ ..a _ _a
KXX = r*lKXy = KYY [ (34)

On combining egs. (6), (25), (29),(32-34), the following
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(reproduced from Ref.6)



21

expression for the power deposited in the ions from finite

ion gyroradius heating , with T$a= T"a= Ti (i=d,t) is obtained

1/2 nel
: T % w2.Re|A, l 2
Pl = o’pi &, |%e [Cwmnwg ) kv p 1% o/m3y |
4k"vthi
. (35)
with n = 2 for 4
= 3 for t .

Expressing the toroidal magnetic field, assuming large aspect

ratio as
- Bo ' rsind
B = = Bo(l F\v*i{—-) ’ (36)
1+(r/R)sinb
eqg. (35) becomes
1/2 n-1
T/ ¢ Re[k | —w2cin?2
pl (r,0) - — O Pi B, [2e7YS10%0 (g/n3)
aVins
(37)
. Mciof
where y-= ﬁﬁ:;;;z-. Weio~ 93B,/M; and w= nw_; = -

For electron heating, |K is the dominant term in

XXl

the dielectric tensor, so the following reduced 2x2 tensor

may be used in eq.(6), (with n=0)

=
2

K K 2
Yy Y (38)

sz Kez

The power deposited to the electrons from Landau and transit

time damping (i

e
Ea O

Dwith T, = T, = T_ is

1/2
T €o leelkll Vthe |E

w2 4k, Y
ce

2
the) (W/m3), {39)

|2e—(w/k"V

where eds8.(23) and (38) have been used to express EZ in
terms of Ey' Using egs. (23) and (32) to express EY in terms

of E+ '
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|1—><121Eyl2 ' (40)

where

- i I 2
X = nlEX/Ey = lexy/(Kxx Nw) . (41)

For a single ion species,
1/2k
1V l . (42)

"“Vehi%ei

lEylz = [1+X2||E+|2 , where %2 = 5%

Averaging over a magnetic flux surface and assuming

that |E |= |E+(r)[, eqg. (37) becomes
1/2 -1
2T s e w2 lReA |
1 1 o pi i 2 2
(r}y>, = 5= [ P~ d6 = I (vy2/2)|E, ]|
RF 9 T o RF 4k"vth o +
(W/m3) . (43)
For y%/2 >>1, eq.(43) becomes
i sowPlRIRex In"l [ |2
<P_-_(r)>, = E . (44)
RF 6 4nwcior +

Egs. (43) and (44) show that the ion heating is strongly
peaked at the plasma center. For harmonics n>1, ion finite
gyroradius heating preferentially heats ions with large v,.
This heating process will tend to produce a high energy ion
tail in the perpendicular velocity distribution. For this
reason, ion higher harmonic heating is inherently a non-
Maxwellian heatlng process. Fundamental (n=1) and electron
heating are Maxwelllan procéssesslnce tails are not produced.
Since fluid codes assume that the heating process is Maxwellian,
this assumption will be examined in Sec.III.

Thermal effects and the 1/R variation in the B field

lead to ion heating over a finite width of the plasma's

minor cross section, called the cyclotron resonance layer.
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From egs. (43) and (44) this width ,AR, is (fig.(I-B-3)

2k“vthiR

- r n= 1,2’3, .« o e (45)

AR = %
(v/2) Mo

In eq.(30'), assume now that ki is real and that w has

a small imaginary component, Yne For second harmonic
nmT ci
heating , with EEEETS'<<1’ using eq. (30) and magnetic flux
iTivi

surface averaging,

n k2T
; A4
YZmCl = Z%—m—i ¢ N; = ni/n , and 1=d,t(4) . (46)
i“ci
For electron heating(4)
8e—lw1/2kATi
Y = : (47)
Bmiwci

Since these damping decrements are found to be large
compared to possible parametric instabilities (Sec.I-D),
these possible instabilities can be neglected when modelling
the RF heating of a reactor.

Fig. (I-B~6) shows that there is a finite region of the
tokamak cross section where the real parts of k, of the fast
and I.B. waves coalesce. Within this region possible mode

(22,26,27,30,31,37) may compete with

conversion processes
the weak linear damping processes. These heating mechanisms

will now be examined.
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I~C MODE CONVERSION PROCESSES

Since the fast wave root coalesces with the ion Bernstein
(I.B.) root over a finite region of the plasma, it has been

proposed(17,26,32,66)

that some of the fast wave energy may
couple to the I.B. wé&e “(fig.(I—B—G)). In experiments,

the "-cavity Q has beéﬁ'épproximately one order of magnitude
lower than predicted by weak damping theory. In experiments
using deuterium plasmas, impurity hydrogen has always been
present in concentrations of several percent. A smaller Q can
be explained(34'37) by mode conversion occuring at the ion-
ion hybrid resonance layer (see Appendix A) present in these

(22)

experiments. Perkins has theorized that this effect will

be small when the proton concentration np

. n 1/2 n 1/2
np < 2chp(2Ti/mp) v 200 TkeV (48)

where n is the toroidal mode number.
In NUWMAK where n=50, np needs to be less than 25% which is
easily satisfied.

Three possible heating mechanisms involving mode

conversion in the ICRF range have been investigatedSZZ'27’37’107'108)

In this section the possibility of mode conversion occurring

d“=9§2 is discussed. The two other

processes both involve the presence of the two ion hybrid

in a D~T reactor when w/wc

resonance surface within the plasma. Ion-ion hybrid resonance
heating (Qd=l) and fundamental minority species heating (Qd=1)
are examined in Appendix A.

The dispersion equation (30) derived earlier assumed

that various modes propagate independently within the plasma.
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To investigate the mode conversion problem, the wave equation
is used. For small variations in the plasma parameters over

a wavelength(27'37)

r €d.(30) may be inverse/ Fourier trans-
formed by replacing

ky > iﬁi (49)
for a slab model with ky=0.

The wave equation takes the following form

d’E_, (x) d"E_ (x)
ax)=—gf— - b(x)—Lf— + c(x)E_(x) = 0 , (50)
dx_. dx

and a WKB solution found in the regions far from the confluence
zone (|b|?>>]|4ac]).
Examining the WKB solution of eq. (50) at the two edges

(37)

of the confluence region, McVey obtains the following

transmission coefficient

7| = &™™V2 (51)

and reflection coefficient

IR| = |1~e7"| (52)
where
R w_,B
n o« “QEEQ" and B = nT/Bg ) (53)

Due to the 1/R variation in the toroidal field, mode
conversion processes are not symmetric about the plasma
center for waves incident from either side. Therefore, a
high field side (HFS), where B>B and a low field

res layer
side (LFS) where B<Bres layer will be defined. The.:.=
coupling process depends upon the value of k, excited. The
effect of the poloidal field on k, is discussed in Sec.IV.

Por k=0, a fast wave incident from the LFS is coupled
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to an I.B. wave in the resonance layer. The I.B. wave is
evanescent on the HFS. Energy is recoupled to the fast wave
which propagates towards the LFS and is reflected at the
reactor wall. Therefore, the resonance layer acts as a
reflecting wall for a fast wave propagating from the LFS. A
standing wave forms, but the eigenmode has a reduced cavity
width. Surface heating of electrons may result. The fraction

of incident fast wave energy coupled to the I.B. wave is

A, =1 - |T[%~ [R[?= ™™ 72N (54)

where
3/2..2 , I
n = Rng %BO/T) . (55)

When a fast wave with k,=0 is incident from the HFS,
there is strong coupling at the harmonic resonance layer
to an I.B. wave with a coincident phase velocity. In this
case, the second harmonic layer appears as an absorbing
layer and heating occurs in its vicinity. The fraction of

incident energy coupled to the I.B. wave in this case is

A, =1~ |T]2=1 """ | (56)

h
Egs. (54-56) show that coupling to I.B. waves appears to be
the dominant heating mechanism in reactor plasmas.

1

For k"§»0.05cm— , the above coupling picture does not

l), the

change. For intermediate values of k, (v0.15cm”
confluence region, and therefore the coupling between the
fast and I.B, waves, decreases. For reactor plasmas and
large k4, (>0.3cm™!), the confluence region shrinks to a
point, thereby uncoupling these two modes. For large values

of kg (>0.2cm"l), finite ion gyroradius effect is the

PR - PO ~
- —— e P Y £ 4]
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dominant heating mechanism, with the I.B. wave being strongly
evanescent in the coupling region.

In smaller machines the confluence width is smaller,
thereby reducing the minimum value of k, needed to avoid mode
conversion. In PLT and TFTR, k, need only be larger than 0.12cm

Since the fast and I.B. waves are uncoupled for large
k., this range of k, would appear to be suitable for reactor
heating. However, McVey(37) has shown that for large k, in a
reactor, the fast wave is almost totally absorbed through
ion finite gyroradius effects within one pass of the wave
across the minor cross section. It appears that there cvan be
only .a small enhancement of the eigenmode for this range of k.

For second harmonic heating of a reactor, an intermediate
value of k, (v0.lcm 1] seems preferable. Mode conversion
processes, if present, should not be the dominant heating
mechanism. Toroidal eigenmodes, though perhaps reduced in Q,
will be excited to enhance plasma heating and increase the
loading resistance. Ion heating of the plasma core should be
possible.

Before examining the experimental results obtained
from ICRF heating experiments, the possibility of parametric
instabilities being excited by the RF which can lead to

undesirable surface heating will now be briefly surveyed.
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I-D PARAMETRIC INSTABILITIES

In the presence of a fast magnetosonic wave, electrostatic
oscillations may be excited, grow in amplitude, and heat the
plasma through various linear and nonlinear processes. Such

instabilities may be caused by parametric effects whereby an

(69,70)

RF pump wave decays into either two I.B. waves or an I.B.

and an ion acoustic wave568’69’72'73)Instabilities may also

(69,70)

result from nonlinear Landau damping effects when the

pump wave is in resonance with the plasma oscillations through

particle motion. The additional effects of two ion speciesf7l’74—76)

density, temperature, and magnetic field gradiéhtsf75)and

(76)

saturation mechanisms have been explored. Experimentally,

parametric excitation of ion-ion hybrid modes(77), I.B. modes

(78)
and drift waves(go) in low density linear plasmas have been
observed in good agreement with theory in the Princeton L-4
device (fig.(I-D-1)). For a single ion species in L-4, the
parametric excitation of a non-resonant ion cyclotron quasi-
mode has been seen(79)when the RF pump frequency woichi.This
process may take place near the plasma surface during the RF

heating phase of a reactorf79)

Unfortunately, most of the
theoretical work in the ICRF range deals with pump frequencies
at the fundamental ion frequencies for deuterium and hydrogen.

These results will be briefly reviewed. The subject of parametric

instabilities is far from complete, and much additional work
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needs to be done experimentally as well as theoretically

for a D-T plasma with pump frequency w=2wcd.
In a thermal plasma, to have unstable oscillations

which could lead to plasma heating, the excited plasma modes

must have a frequency w smaller than the pump frequency w0569)

In addition, the modes must have large k, to be coupled to

the pump wave(69)

» limiting the possible excited modes to
either I.B. or drift waves.

The dominant nonlinear mechanisms depend upon the ratio
of the electron drift velocity induced by the pump wave to the
plasma sound speed Ue/cs . When Ue/cs> l, as in collisionless
shock waves, fast high frequency beam instabilities may be
excited(70), In fusion reactors, Ue/cS < 1, otherwise the
magnetic field associated with such a large amplitude pump
wave would disturb the magnetic surfaces and lead to enhanced

particle losses(70)

. Therefore, only the slower instabilities
driven by three wave interactions or inverse nonlinear Landau
damping are thought to occur within a reactor. First, the
possible instabilities present in a single ion species are
investigated. These instabilities are driven by the relative
velocity between ions and electrons. Later, the additional
effects produced by the presence of a second ion species are
examined.

I.B. waves may be excited by direct resonant amplifica-

ion(68,70)

t or by off resonant excitation via inverse nonlinear

Landau damping(69'7o)

(69)

in a single ion species. Martin and
Samain investigate I.B. oscillations in a toroidal con-

figuration, taking into account the existence of the magnetic
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surfaces as well as the nonuniformity of the static magnetic
field. They assume that Ti/Tezl and that the mode
undergoes no linear Landau damping, that is Iw-nwci]>>k..vthi

and w>>k,Vv where w is the excited mode frequency. Finally,

the
only the case where the excited mode wavenumber §=(kl,k"),

klpthe<<l with the harmonic number n<<k_,_pthi<<wpi/wci is
examined. An upperbound is calculated for the heating rate
Yy, SO as to not itself induce nonlinear effects. With

En/neT<< 1, they find that

1/2

v << oy R/ Y2 (/) (wci/wpi)5/2 (57)

where r is the radius of heating and pthi=vthi/wci'

For NUWMAK,

Y << 80 sec™! | (58)

For the electric field of the pump wave Ee to produce

effective heating
E.> 20B(v /c) (w_./w_.) (p /R)l/2 (CGS)
~ thi ci’ “pi thi = (59)

For NUWMAK, E.>300V/cm, which is larger than the average

0
RF induced electric field (see fig.(III-B-11)). If the RF
electric field is highly nonuniform, this process may compete
with linear damping.

Harms et a1(71) examine both the resonant amplification
of one I.B. and one ion acoustic wave or of two I.B. waves,
and the off resonant excitation of these modes via inverse
nonlinear Landau damping. They find that the threshold for

excitation of acoustic waves by a magnetosonic pump wave is

too high for this process to occur in reactors. However, the
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threshold for I.B. excitation is much lower and will now be
examined for the reactor regime.

Harms et al(7l) assume that kopthe<<kpthe<<l and that
wci<wo<wlh' and w<wlh; where:-lh designates.lower hybrid,
the pump wave is (ko,wo) and the electrostatic oscillations
are (E,w). Only cases where the pump wave propagates perpen-
dicular to the external magnetic field and where Wy ~Wy=w for
the excited modes (wl,wz) are considered. For the amplification

of I.B. waves, wr/kLcs<<l with r=1,2, they find possible

.. For resonant amplification,

instabiliti - .| <<
es when |w _-no_;|<<w_;

an additional condition is that Rew , =0 _= Rewl.
However, the I.B. wave,(wl,ﬁl), which is excited,
undergoes strong Landau damping when k, 'is large. The instability
disappears when
_ 1/2 1/2 1/2 .
le/kzcsls (2m) klpthi(me/mi) (Ti/Te) (60)

I N A I T

This instégiii£§ has a sharp cutoff when kLADizl, where

ADi= (Ti/4ﬂnie2)l/2; therefore, there is no instability when
-1/2 1/2 1/2 (61)
kyrps>a(2m) (T/T;) 7 "o g0qy) AN
by
wpi

where o is a numerical factor less than 1.

Inverse nonlinear ion Landau damping can be important
only when |w2iwo—nwci|<k“cs. This nonlinear process is small
compared to electron nonlinear Landau damping which suffers
the same cutoff for k, as given in eqg. (61).

Since Landau damping increases with increasing k,;, three
wave decay processes can only be important when the pump

wave excites modes with small k;. Using eqg.(61), these

R o

S S5 SR SR
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processes can be neglected when

(2m) "2 e 0 0P <1, (62)

ce’ci

Woi
which is the case for reactors.

When eq. (62 is applicable, off resonant excitation of

I.B. waves may occur when [wol/z < |wl|<< |mo|§ A destabili-
zing process is inverse nonlinear electron damping. At this
time , it is unclear whether electrostatic modes with small
enough k, will be excited to avoid cutaff: Twd ion species
effects will now be reviewed.

Harms et al(72)

investigate two cases where I.B. waves
are excited and propagate parallel (case A), or nearly
perpendicular (case B) to the pump wave. They assume an
infinite, homogeneous, collisionless background plasma with
pump frequency greater than any excited mode frequency. The : .
I.B. waves may become unstable through either the ion
cyclotron decay instability or nonlinear Landau instability .
for low values of the pump electric field |Epf. In two

species plasmas these instabilities are excited by the relative
drift motion of the different ion species induced by the

pump wave.

The ion cyclotron decay instability results from a fast
wave decaying into two I.B. waves whose frequencies corres-
ponds to the two ion gyrofrequencies(74’76). Sperling(76)
finds that the threshold for this instability decreases as
Te/Ti increases and is _.smaller than the instabilities

which might be present in a single ion species plasma when

Ti/Te<< 1.
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Returning to the work of Harms et al(72), for case A,

§=EL||§O, the relative motion of the two ion species produces
the instability. For case B, ky, 1 kO and k,# 0, the insta-
bility arises from the electron-ion drift so the threshold. is
similar to that obtained for a single species.

For case A, the growth rate for the resonant instability

is
. -1/2 ~1/2 |w_.~w ;
Ip= (2m) |wiwe (PehaPeht! &cd+wct lEpyI (63)
w;i cd “ct
v 1 -
. 3.5X104|Epy| () ™2 sec (64)
for a D-T plasma with
IE' [ i' = H/Tesla
] to=
By <1008 (%4Pena)min B 5 em/100v.
L k - y
91 +Ptha 124 P
For a reactor with Ti=Te
(k1P thd)min®6S ¥aPengt 25 - (65)
For case B,
- - 21/2 -1/2
T =(2m) 1/2 wiwp (PnaPent! o [s'(g_ J)-s' (& 2)]E
B 52 CREETI) pi e,l e, py
pi cd “ct
; £ 2 - (66)
where S'(£)= d exp(—gz)I e 4 HERE-E >>1, and
dat 0 ' k v,
2 z i
WY = NW .
ci
For reactor plasmas
. 4ov (v -1 (67)
FB— 2.7x10 Epy(Ti) sec N6/,
with
E' [}
Py << 10H (k#pthd)min . ¢ (68)
VT
St k2Ptha
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In Harms' analysis, collisional damping is neglected. For

this to be the case, Epy must be so large that F>>Yc so that

2

] t

EL 22N (hgop o) with N'= n_cm’/10% (69)
e — e e

1 (klpthd)min

For NUWMAK, an average value of Eéyﬁ .3 (see fig.(III-B-11l)).
The growth rates for cases A and B are

r,e 3.5x10° sec”t (70)

and

PB: 4.0><103 sec_l.

(71)
From eq. (46), the average damping rate due to harmonic heating
is

~ 6.5x10° sec™T. (72)

Y
Zde

Since You >>T resonant instabilities for I.B. waves are

3
cd AT B

not expected to be significant heating mechanisms. In
addition for Ti> 1 keV, case B gan not occur since egs. (80)

and (81) cannot both be satisfied,

E' << 60 and E' >> 70. (73)
Py 120

Since inverse nonlinear damping occurs only for case B, this

process will not cause significant plasma heating either.
Besides examing heating rates, the threshold electric

field needed to cause an instability can also be calculated.

(74) calculate the threshold for the ion

Sperling and Perkins
cyclotron decay instability in an H=D plasma. for
wch/k"<<(Te/me)l/? Their results are reviewed and applied to

a B~T plasma under the assumption that they do not vary greatly.

For the above range of k,, the electron susceptibility is
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only weakly affected by the pump field so nonlinear effects
due to electron-ion drift are smaller than those caused by
ion-ion motion. Hence, the threshold for two ion instabilities
are lower. The threshold for twp I.B. waves to become unstable

is given by(74’81)

2_
v, = (3TRy) I Ta/2
43 9Py

2
s (74)
2 T 2
m

3
2(Teme)ln(T.mh/me)
2T

IZC
“h

where 4N is the relative ion velocity and

m Te/Ti

= qiTe/mi'

a- Ba™h
q;= ni/ne c

L
The threshold for this instability is determined principally
by ion damping of the I.B. waves.

To determine the above threshold, the relative ion
velocity needs to be calculated. For a fast wave propagating
essentially orthogonal to Bo' this velocity is

VhB. ‘

cE ® Wy 0oy cd)(m ~dpY cd mdg® ch) (75)

When wozl.Sw and E is the maximum electric field,

ch

Vi o~ CE/B . (76)

Combining egs. (74 and (7¢)!, the minimum value of the electric

field needed to obtain this instability is

1/2 /
£ = 61B|Tele (ln(mh/m )) Cg (
c 2 -
2mh cSd

for a 50~50 .p=y plasma with T= 1. For NUWMAK, E would :be

E = 3kV/cm . (78)

Except possibly near the RF exciting structure, this insta-
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bility should not occur if the calculations for a D-T plasma
do not differ greatly from those done for D-H.

Sperling and Perkins(75)

show that while temperature
and density gradients do not greatly affect this threshold
for reactors, magnetic field gradients may introduce a mis-
match in the wavenumber which, if large, can increase the
threshold.

(79)

Ono et al investigate the parametric excitation of

an ion cyclotron quasie=mode. PFor typical edge parameters-
Ti=Te=20eV, B,=20-30kG, and neutral density of 108 3em™3-

this instability will occur when

5 . {
E > 60 V/cm (793

This instability might occur in the vicinity of the launching
structure and cause surface heating.

Finally, a general review was written by Porkolab(Bl)
of all the parametric processes which might occur in a reactor.
In this paper, he states that the threshold for ion cyclotron
drift wave excitation is

)l/zB

Tci
kc

*
*
E i 2(w w where w is the dfift frequency. ( (8D)

For NUWMAK, to excite drift waves, E» 70V/cm, which is larger
than the expected averagecRFsinduced electric field.

In summary, the fast magnetosonic wave may couple to

(68,81) (70,81)

drift or acoustic waves , decay into I.B. waves.

or ion cyclotron wavess71’74’75’78'81) in multi-species

plasmas, or decay into ion cyclotron quasi-modes near the

plasma surface578’79'8l) The coupling to drift waves may occur
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near the plasma surface, where the pump wave electric field
is expected to be large. Hence, undesirable surface heating

may result(al)

. Excitation in two ion species of an I.B.
wave may result in this wave decaying into a low frequency
ion acoustic wave and an ion cyclotron quasi-mode, which is
then damped by nonlinear ion cyclotron damping, resulting

(812 More experimental work and

ingtrongperpendicular heating
theoretical work in the area of fusion plasmas needs to be
done. No parametric instabilities have been observed in any
of the ICRF experiments reviewed in Sec.I-E. At this time,

it appears that parametric effects can be ignored except

possibly in the vicinity of the RF launching structure.
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I-E EXPERIMENTAL RESULTS

Fast wave experiments have been performed on several
tokamaks throughout the world (see Tables I-IV). The first
ICRF heating of a tokamak in the US was performed on the

ST machine at Princeton (1972-74). Fundamental and second

harmonic heating was examined in two phases. In phase 1582-84’86)

low levels of power (PRF<500 W) were used to investigate the
wave generation problem. Using an RF frequency of 25MHz, a
single half turn coil was encapsuled in ceramic, electro-
statically shielded from the plasma, and placed in the
shadow of the limiter on the HFS. Poloidal modes m=0,l1 were
excited and a wave damping length of 1lm was measured for
fundamental heating. For second harmonic heating, T, of the
main body increased from 120eV to 175eV and a lkeV ion tail
was observed. Wave generation efficiencies of 40% for

fundamental and 50% for second harmonic heating were obtained.

(84-86)

In phase II » higher RF power levels (P__<1 MW)

RF
were used. This time two 1/2 turn coils seperated by m/8

radians (43cm) obtained wave generation efficiencies > 90%.

Poloidal mode m=~1 and toroidal modes with 4<|n|<9 were
excited with an attenuation length approximately three times
the circumference of ST. For RF pulses of 75-150kW for

5~10ms, ATi¢lOOeV and AT. nv500eV within 1lms after the RF
E Tatail
was first on. Ti had no tail but increased from 100eV to

"

200eV, indicating that global ion heating was obtained with

an overall heating efficiency of 20%584'86)For later studiesfss)

AT . .
l&bod§3 times.
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To heat at the deuterium second harmonic with an RF
frequency of 25MHz, the toroidal B field had to be lowered to
16kG. For stability , the Ohmic heating current was lowered
to 65kA. Due to this degraded operation, the dominant loss
mechanism for the heated ions was through the particle orbit
loss cones. The RF driven tail, containing 8-40% of the total
ion energy was subject to these cones and subsequently,
20<-200kW of power &ggfﬁost, reducing the overall heating
efficiency. Disruptive instabilities caused by increased
impurity influx prevented the use of RF pulses longer than
l~2ms for RF energy > 100J. Even with this degraded operation
of ST, the RF overall heating efficiency was comparable with
that of neutral beam heatinc on ATC. Eigenmodes,:ion heating
and tail formation were observed to be in general agreement
with theory.

In TFR(87789)

low power (PRF<lkW) experiments were
performed using a V-shaped coil, 40cm long, 60cm wide, located
at a plasma minor radius of 19cm. The power was supplied by
a tuneable amplifier of frequency 50-75MHz. A,itwo-étub 2
matching network transformed the loading impedance to 50Q
from a resistance ..€ 1Q}. Toroidal eigenmodes were observed
but the measured cavity Q of 50 was lower than predicted. A
stronger than anticipated absorption occured when the
cyclotron resonance layer was located at the plasma center.
When the toroidal B field was changed from 34-49kG, with a
resultant sweep of the resonance layer across the plasma
cross section, asymmetric wave damping occured in the

deuterium plasma but not in hydrogen. Jacquinot et a1(67)
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theorize that these phenomena are caused by mode conversion

at the two ion hybrid resonance surface due to the presence

of impurity hydrogen (see Sec.I-C). Similar effects were found in
ATC, TM-1, and T-4.

For the high power experiments in TFR(88), 100kw
20ms pulses were used. With better impurity control than on ST,
the electron density increase during heating was less than 10%,
indicating fhat little additional impurities entered the
plasma from the RF. A high power (120kW), 50-90MHz, power
generator was used with a 55% efficiency. Two 1/2 turn coils,
98cm long, excited the m=0 mode when 180° out of phase, or
m=1 when in phase. An RF pulse 5-27ms was supplied 100ms after
plasma initiation. During heating, the loading resistance
increased from 1Q to 4-8Q.

With the m=0 mode, toroidal eigenmodes were excited. Whereas
a wa&e cavity Q of up to lO5 was expected, Q was typically
less than 104, indicating that two ion resonant absorption
might have been occuring.

Preliminary results show that Ti increases by 150eV to
200eV with no significant tail formation for ion temperatures
up to 5keV. If mode conversion processés are dominant, little
tail formation would be observed.

(30,91) sed the ST 25MHz generator.

Experiments on ATC
ATC, with a toroidal B field of 17kG, was well:osuited:forf r
deuterium second harmonic heating, which requires B of 16.4kG
for an RF frequency of 25MHz. Unlike ST, ATC was operated

at full current so that an order of magnitude more RF energy

was supplied.
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Fast waves were launched in ATC with a 1"x 1/4" cross
section, 135° arc length, copper strip encased in a ceramic
sheath. For peak RF power of 200kW, the pulse length of 10ms
was comparable to the ion energy confinement time of 5-1lms.
The power dropped substantially during the pulse so that the
average RF power supplied was only 145kW. The RF pulse length,
being long compared to the equipartition time for both the
ion main body (.lms) and tail (2ms),led.to the determination
that the heating was not limited to tail production nor to
minority ion heating.

An ion body temperature increase from 200-400eV in both
the parallel and perpendicular directions indicated an overall
heating efficiency of 10-40%. A lkeV high energy ion tail was
observed. The amount of RF energy supplied was limited by the
occurance of the m=2 MHD oscillation which led to plasma
disruption. During heating, n, increased less than 30%.

In ATC it was unclear whether the deuterons were directly
heated by the RF or indirectly heated by impurity protons.

(100) observed proton heating while deuteron

Experiments in T-4
heating occurred only in the vicinity of the attenna. However,
on T-4 power could only be coupled during the occurrénce of
toroidal eigenmodes lasting only a few hundred microseconds.
This time length was much shorter than either the deuterium or
hydrogen equipartition time as well as the deuteron heating
time.

The Russians have studied fundamental and second harmonic
heating on T0-1, TM-1Vch and T-4. In T0—1(92_95), the ion

temperature increased 30eV from 90+30eV to 150+30eV using
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fundamental heating.

In TM—chh(96-99)

+ for low power experiments (<20kW),

a single loop launched a fast wave with a frequency of 22MHz.
For fundamental heating, a low Q of 5-16 was measured. For
second harmonic heating, toroidal eigenmodes were excited with
an RF pulse length (.4ms) comparable to the energy confinement
time (.3ms). The wave generation efficiency was 40-50%.

For the high power experiments, two asymmetrically placed
coupling coils obtained generating efficiencies of 80-90% for
power amplifier input levels of 150kW (w/mci=Q=2) and 1MW (Q=1).
With m=0, toroidal eigenmodes were again excited. In the
deuterium plasma, the mode quality was again decreased, due
possibly to the presence of a 1% concentrationfof impurity’ protons.
= The pulse was increased for these experiments to .8ms.
being limited, as in ST, by impurities. High energy proton
tails led to unconfined bannana orbits with a resulting loss
in heating efficiency. For RF power greater than 100kW, an uncon-
fined, hdgh energy deuteron tail was formed.

4(100)

In T~ ~1MW, f=23MHz, ICRF heating for 1<Q<2

’ PRF
was examined when B varied from 10kG to 35kG. To simulate a
possible reactor launching structure, an uninsulated stainless
steel loop was placed between two limiters to prevent possible
shorting. 50kW of power produced a high energy ion tail at the
second harmonic. Again, where a Q of 3000 was predicted, a

0 of only 300 was measured again an indication of possible
mode conversion being present.

(101)

In the Japanese tokamak DIVA , second harmonic heating

of a deuterium plasma with and without impurity protons,
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using a mode tracking feedback system similar to the one on
TFR is planned. A 1/2 turn coil, similar to those on ATC and ST
will deliver up to 200kW for f£=25-30MHz (Q=1) and f=48-60MHz
(2=2) corresponding to Bo=l6—20kG.

For a base ion temperature of 150eV, preliminary experi-
ments have already increased Ti 1.5 times, lms after the RF
was applied. During heating ng increased less than 20%. 65% of
the input power went to the plasma with 30% being absorbed
by the bulk ions resulting in an overall heating efficiency of
20%. Toroidal eigenmodes of short duration (20-30us) compared
to the pulse length of lms were excited. The antenna loading
resistance increased during this time by a factor of 2-3.

Low power antenna coupling experiments are being carried

(103), MICROTOR and MACROTOR(loz). Antenna

out on ERASMUS
designs are being tested and the coupling and mode selection
problems investigated.

Finally, high power experiments are being planned for PLT.
ICRF experiments with BO from 25-46kG will be performed by Cole-

stock, Hosea et al(104)

with a goal of inpreving-on the present
heating efficiencies of 20-40%. They plan to minimize the
density buildup now occurringwhich is thought to be caused by
surface heating in smaller devices. They will attempt to clarify
the importance of mode conversion processes by operating in
D—He3 at the second harmonic of He3, thereby eliminating all
possible hydrogen resonances. The concentration of protons in

a deuterium plasma will be varied and RF together with beams

14

will be used to heat a 10 cm-_3 plasma to over 5keV.

PLT will use two 1/2 turn coils to excite m=0,*1,*3
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poloidal modes. The larger machine is expected to have a
longer ion confinement time and have a greater number of excited
toroidal modes. Preliminary experiments have excited high Q
modes, even in the presence of several percent hydrogen. Mode
tracking will be used to optimize coupling. Mode tracking times
of over 200ms during the discharge have already been achieved.
In summary, ICRF experiments with absorbed power up to

200kW with overall heating efficiencies up to 40% have been
accomplished. Wave generation efficiencies over 80% are easily
échieved’using simple loop antennas. Bulk ion heating without a
decrease in the ion energy -aonfinement time has been observed.
Direct ion heating, rather than increased ohmic heating from
increases in impurity concentrations has doubled Ti‘ Ion
tail formation in v, indicates second harmonic heating is
Sécurfing.Toroidal eigenmodes have been seen to agree well with
cold plasma theory and mode tracking has been successfully
carried out on TFR and PLT. ICRF heating has been shown to
be as efficient as the neutral beam heating of ATC.

However, it is still unclear as to whether deuterons are
heated directly by the RF or by energetic protons which may
not be present in reactors. Lower than expected Q's have been
measured. This decrease in Q or enhancement in damping at the
second deuterium harmonic is thought to be caused by the
presence of impurity hydrogen. Hydrogen impurity may lead to
enhanced cyclotron damping or Landau damping at the two ion
hybrid resonance surface. ICRF heating may also lead to an
influx of impurities and enewmgéfiedions in the tail may be lost.

Though much has been accomplished, the exact heating
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mechanism(s) is not known. It is not clear how present
experiments scale up to reactor conditions. The launching
structure has not been optimized and no experiments used wave-
guides which have been proposed for reactors. 2RCEGLS.

As machines get larger, it is expected that impurities and
unconfined tail ions will not besserious problemsprBhéugh. an
éxpected increkase-in:the number of modes present may hinder
trackingymogde, tracking may not even be needed. Efficient
heating has been accomplished without coupling to eigenmodes.
Obviously, more experimental work needs to be done.

Having surveyed the various heating processes which may
occur within a plasma, in Secs. II and III and Appendix D,
various possible ICRFr-heated reactor plasmas-are:simulatddussipg
fluid codes (Sec.II and Appendix D) or a Fokker-Planck code
(Sec.III). The only heating processes that are assumed to
occur are the linear finite ion gyroradius and electron
Landau and transit time damping. Sec. I has shown that this
assumption appears to be a reasonable one as far as reactor

plasmas are concerned.



(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

47

References

R. Hazeltine, F. Hinton, M. Rosenbluth, Phys. of Fluids
16, 1973, p. 1645.

Lyman Spitzer, Jr., Physics of Fully Ionized Gases,
Interscience Publishers, 1962, p. 139,

J.E. Scharer, R.W. Conn, and D.T. Blackfield, Study of
Fast Magnetosonic Wave Heating and Neutral Beam Heating
at Large Tokamaks, EPRI ER-268, Sept. 1976.

D.T. Blackfield and J.E. Scharer, "Preliminary Study of
Supplementary RF Heating in a Tokamak Reactor," University of
Wisconsin FDM-118, January 1975.

B. McVey, "Supplementary RF Heating of a Tokamak Plasma
in the Ion Cyclotron Range of Frequencies," University of
Wisconsin Report PLP~716, February 1977,

Tak Kuen Mau, "Radio-Frequency Heating and Propagation in
Tokamak Plasmas in the Ion Cyclotron Range of Frequencies",

University of Wisconsin (Ph.D, Thesis), 1977.

J. Adams and A. Samain, "Chauffage par Absorption Cyclotronigque",
Rappert du Groupe d'etude du Chauffage d'un Plasma Confine
dans une Configuration Magnetigque de Type Tokamak Report
EUR-CEA-FC~579.

J. Adams, "Ion Heating Mechanisms Based on the Absorption
of the Fuse Hydromagnetic Wave Around the Ion Cyclotron
Frequency", Symposium on Plasma Heating and Injection,
Varenna, Italy (1972).

J. Adams, "Etudes des Possibilities de Chauffuge du Plasma
de TFR par Absorption de L'onde Hydronagnetique Rapide”,
Report EUR-CEA~-FC-711l, October (1973).

A.M. Messiaen, P.E. Vandenplas, "Comprehensive Theory of
Radio~Frequency Absorption by a Magnetized, Hot Electron-Ion
Plasma Column", Nuc. Fusion 11, 556 (1971).

A. Messiaen, P. Vandenplas, "Comprehensive Theory of RF
Energy Absorption by a Hot Ion-~Electron Plasma Cylinder
Excited by an Arbitrary Electromagnetic Field", Plasma
Phys. 15, 505 (1973).

A. Messiaen, P. Vandenplas, "Bounded Plasma Theory of
Radio-Frequency Heating of Toroidal Machines", Report

61, Lab. Phys. Plasmas, Ecale Royale Militaire (Brussels,
1974) .

A. Messiaen, P. Vandenplas, "Bounded Plasma Aspects of the
RF Heating in Toroidal Devices (Varenna, Italy, 1974).



48

(14) A. Messiaen, P. Vandenplas, "Toroidal Plasma Resonances
and Electron Transit Time Damping for Heating Large
Thermonuclear Tori", Phys. Letters 49A, 475
(1974) .

(15) A. Messiaen, P. Vandenplas, "The Present State of Research
Into Plasma Heating and Injection Methods", Euratom Advisory
Group on Heating and Injection, pp. 62-62A (1974).

(16) A. Messiaen, P. Vandenplas, "Radio-Frequency Heating of
Large Thermonuclear Tori", Fifth Conf, on Plasma Physics
and Controlled Nuclear Fusion Research (Tokyo, 1974},
Paper IAEA-CN-33/C4-2.

(17) R.R. Weynants, "Ion Heating at Twice the Ion Cyclotron
Frequency in Reactor Oriented Machines", Phys. Rev. Letters
33, 78 (1974).

(18) R.R. Weynants, "A High-Temperature, High Density Reduction
of Harmonic Ion-Cyclotron Heating Efficiency", Symposium
on Plasma Heating in Toroidal Devices (Varenna, Sept. 1974},

(19) F.W. Perkins, "Hydromagnetic Wave Heating of Tokamak Plasmas,

"Symposium on Plasma Heating and Injection (Varenna, Italy),
1972,

(20) F.W. Perkins, M. Chance, J.M. Kindel, "Hydromagnetic Wave
Heating of Tokamak Plasmas", Third International Symposium
on Toroidal Confinement (Garching, 1973).

(21) M.S. Chance, F.W. Perkins, J.L. Sperling, "Ion Cylotron
Heating of Tokamaks-Theoretical Considerations", Princeton
University, Plasma Physics Laboratory (unpublished).

(22) F.W. Perkins, Nucl. Fusion 17, 1197 (1977).
(23) T.H. Stix, Nucl. Fusion 15, 737 (1975).

(24) T.H. Stix, "Fast Wave Heating of a Two Component Plasma",
Princeton University, PPPL MATT-1113.

(25) T.H. Stix, Third Symposium on Plasma Heating in Toroidal
Devices, Varenna (1976), PPPL Report 1309,

(26) D.G. Swanson and Y.C. Ngan, Phys. Rev. Letters 35, 517
(1975) .

(27) D.G. Swanson, Phys. Rev. Letters 36, 316 (1976).

(28) J.E. Scharer, T.K. Mau, D.T. Blackfield, B.D. McVey,
"Fast Magnetosonic Wave Heating at the Second Ion Cyclotron
Harmonic in Tokamak Plasmas", Proc. Seventh European
Conference on Controlled Fusion and Plasma Physics, p. 145,
Lausanne, Sept. 1975.



(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

49

T.K. Mau, "Preliminary Studies on RF Heating of Ions in
Tokamak-Type Plasmal, University of Wisconsin Report
PLP 599 {(1975)." 7"

J.E. Scharer, B.D. McVey and T.K. Mau, Nuc. Fusion 17,
297 (1977). J.E. Scharer, and T.K. Mau, 3rd Int'l Meeting
on The. and Exp. Aspects of Heating Tor. Plasmas,
Grenoble (1976) Vol. 1 p. 179.

J. Jacquinot et al, Phy. Rev. Letters 39, %1977) 88.

J.E. Scharer, J. Beyer and D.T. Blackfield, "Scaling of
Ton Cyclotron Frequency Range Heating to Reactor Size",
Proc. 3rd Top. Conf. on RF Plasma Heating, (Pasadena,
1978) paper D7-1. _

J.E. Scharer and D.T. Blackfield, Bull. Am. Phys. Soc.
21, (1976) 1158.

J.E. Scharer and D.T. Blackfield, Bull. Am. Phys. Soc.
22, (1977) 1185.

J.E. Scharer, D.T. Blackfield, T.K. Mau and J.B. Beyer,
"Fast Magnetosonic Wave Heating of the NUWMAK Tokamak
Reactor", Submitted to Nuc. Fusion

D.T. Blackfield, et al., Bull. Am. Phys. Soc. 23, (1978)
821.

Brian McVey, "A Ray Tracing Analysis of Fast Wave Heating
of Tokamaks", University of Wisconsin Report PLP 755

(May 1978) (PhD. Thesis).

B.D. McVey and J.E. Scéharer, Proc. 3rd Top. Conf. RF Plasma
Heating, @ asadena, 1978), Paper D6-1.

J. Adam, et al., "Wave Generation and Heating in the ST
Tokamak at the Fundamental and Harmonic Ion Cyclotron
Frequencies", Proc. 5th Int'l Conf. on Plasma Phys. and
Contr'l. Nuc. Fusion Res. (Tokyo, 1974) Paper IAEA-CN-
33/A 3-2

V.L. Vdovin, N.V. Shapotkovskii and V.D. Rusanov, Proc.
3rd Int'l Meeting on The. and Exp. Aspects of Tor. Plasmas
(Grenoble, 1976), Vol. 2, p. 347.

H. Takahasi et al., Phys. Rev. Letters 39, (1977) 31.

V.V. Buzankin et al., "Experiments in Magnetoacoustic
Heating of Plasma in Tokamak T-4", 6th Int'l Conf. on
Plasma Phys. and Cntr'l. Fus. Res. (Berchtesgaden, 1976)
Paper IAEA CN35/G1l0 Vol III p. 61.



(42)

(43)
(44)
(45)
(46)

(47)

(48)

(49)

(50)
(51)

(58)

(59)

(60)

50

TFR Group, "Magnetosonic Wave Generation and Damping in the
TFR Tokamak Near the Ion Cyclotron Frequencies", 6th Conf.

on Pl. Phys. and Nuc. Fus. Res. (Berchesgaden, 1976),

Paper IAEA-CN-35/G8, IAEA (Vienna,1977) Vol. ITI p. 39.

see 38.

J.C. Hosea, Princeton University Report MATT-1129 (May 1975).
H. Takahashi, Princeton Univ. Report MATT-1140 (Oct. 1975).

B. Badger et al., University of Wisconsin Dept. of Nuc.
Engineering Report FDM-330.

Hasegawa.e&kals, Phys, Rev. Letters-35,7.41975)5370.275) 370,
F.W. Perkins and C.F. Karney, "Axisymmetric Alfven
Resonance Heating of Tokamaks", Bull. Am. Phys. Soc.

23, (1978) 864.

B. Badger et al., University of Wisconsin Fusion Design
Memo Report UWFDM-191 (Dec. 1977).

J. Kesner and R.W. Conn, Nuc. Fus. 16, (1976) 397

K. Audenaerde, R.W. Conn and M. Gordinier, "Periodic Gas
Puffing (PGP) Mode for Long Burn Operation of Divertorless
Tokamaks", Bull. Am. Phys. Soc. 23, (1978) 909.

B.W. Reed et al., Princeton Univ. Report PPPL-1410 (Dec. 1977).
S5.J. Buchsbaum, Phys. of Fluids 3, (1960) 418.

D.G. Swanson, Phys. of Fluids 18, (1975) 1269.

G. Cattanei, Phys. Rev. Letts. 27, (1971) 980.

J. Hosea and R. Sinclair, Phys. Fluids 13, (1970) 701.
W.M. Hooke and J. Hosea, "Wave Generation and Heating
Near the Ion Cyclotron Frequency in the ST Tokamak",

Vth Europ. Conf. Contr'l Fus. and Plas. Phys. (Grenoble,
1972).

G. Bekefi, Radiation Processes in Plasmas, John Wiley &
Sons, Inc., N.Y. (1966) pp. 9-12.

S. Ichimara, Basic Principles of Plasma Physics, A
Statistical Approach, W.A. Benjamin, Inc., Reading, Mass.
(1973).

T.H. Stix, The Theory of Plasma Waves, McGraw-Hill, N.Y.
(1962).




{61)

(62)

(63)

(64)

(65)

(66)
(67)

(68)
(69)

(70)

(71)

(72)

(73)

(74)
(75)
(76)
(77)

(78)

(79)

(80)

(81)

51

D.G. Swanson, Phys. Fluids 10, (1967) 428.

B.D. Fried and S.D. Conte, The Plasma Dispersion Function,
Academic Press, New York (1961).

L.D. Landau and E.M. Lifshitz, Electrodynamics of Continu-
ous Media, Pergamon Press, Oxford (1975).

B. Noble, Applied Linear Algebra, Prentice-Hall Inc.,
New Jersey (1969).

M. Abramowitz and I.A. Stegun, Handbook of Mathematical
Functions, Dover, New York (1964).

Y.C. Ngan and D.G. Swanson, Phys. Fluids 20, (1977) 1920.

J. Jacquinot, B.D. McVey and J.E. Scharer, Phys. Rev.
Letters 39, (1977) 88.

A.A. Ivanov and V.V. Parail, JETP Letters 35, (1972) 494.
N. Martinov and A. Samain, Plasma Physics 15, (1973) 783.

K.D. Harms, G. Hasselberg and A. Rogister, Nuc. Fusion
14, (1974) 251.

K.D. Harms, G. Hasselberg and A. Rogister, Nuc. Fusion
14, (1974) 657.

A.B. Kitsenko and K.N. Stepanov, Sov. Phys. Tech. Phys.
18, (1974) 902.

A.B. Kitsenko, V.I. Panchenko and K.N. Stepanov, Sov.
Phys. Tech. Phys. 18, (1974) 905,911.

J.L. Sperling and F.W. Perkins, Phys. Fluids 17, (1974) 1857.
J.L. Sperling and F.W. Perkins, Phys. Fluids 19, (1976) 281.
J.L. Sperling, Phys. Fluids 20, (1977) 2104.

M. Ono, R.P.H. Chang and M. Porkolab, Princeton Univ.
Report PPPL-1325 (Feb. 1977).

M. Ono, M. Porkolab. and R.P.H. Chang, Phys. Rev. Letters
38, (1977) 962.

M. Ono, M. Porkolab and R.P.H. Chang, Princeton Univ.
Report PPPL-1395 (Dec. 1977).

M. Ono, M. Porkolab and R.P.H. Chang, Princeton Univ.
Report PPPL-1434 (April 1978).

M. Porkolab, Nuc. Fus. 18, (1978) 367.



(82)

(83)
(84)
(85)
(86)
(87)

(88)

(89)
(90)
(91)

(92)

(93)

(94)
(95)
(96)
(97)
(98)

(99)
(100)
(101)

(102)

52

W.M. Hooke and J.C. Hosea, Princeton Univ. Report
MATT-940 (Nov. 1972).

J.C. Hosea and W.M. Hooke, Phys. Rev. Lett. 31, (1973) 150.
see 44.

see 45.

see 38.

TFR Group, "Excitation and Damping of the Fast Magneto-
sonic Waves in TFR Near the Harmonic:Cyclotron Frequency",
3rd Int'l. Meeting on The. and Exp. Aspects of Heating,
Tor. Plasmas (Grenoble, 1976), Vol. I, p. 87.

TFR Group, "ICRF Heating in TFR Preliminary Observations
and Prospects for Further Developments", Joint Varenna-
Grenoble Int'l. Sym. on Heating Tor. Plasmas (Grenoble, 1978).
see 42.

see 40.

H. Takahashi, Princeton Univ. Report MATT-1374 (Oct. 1977).

N.V. Ivanov, I.A. Kovan and E.V. Los', JETP Letters 14,
(1971) 128.

N.V. Ivanov, I.A. Kovan and E.V. Los',"Excitation of

the Spectrum of Natural Oscillations of the Plasma Pinch
in the Tokamak TO-1", Translated from Atomaya Energiya
32, (1972) 453. '
N.V. Ivanov, I.A. Kovan, et al., JETP Lett. 16, (1972) 60.
N.V. Ivanov, et al., JETP Lett. 20, (1972) 39.

V.L. Vdovin, et al., JETP Lett. 14, (1971) 149.

V.L. Vdovin, et al., JETP Lett. 17, (1973) 2.

V.L. Vdovin, V.D. Rusanov and N.V. Shapotkovskii, 5th
Conf. Plas. Phys. and Nuc. Fus. Res. (Tokyo, 1974).

see 39.

see 41.

DIVA Group, "Preliminary Results of ICRF Heating in Diva",
Joint Varenna-Grenoble Int'l. Sym. Heating Tor. Plas.
(Grenoble, 1978).

G.J. Morales and R.J. Taylor, "ICRF Heating in the

MACROTOR Tokamak", Joint Varenna-Grenoble Int'l. Sym.
Heating Tor. Plas. (Grenoble, 1978).



(103)

(104)

(105)

(106)

(107)
(108)

(109)

53

V.P. Bhatnagar, et al., "Magnetosonic Resonance Heating In
The ERASMUS Tokamak", Joint Varenna-Grenoble Int'l. Sym.
Heating Tor. Plas. (Grenoble, 1978).

P.L. Colestock, J.C. Hosea, et al., "ICRF Heating in PLT",
Joint Varenna-Grenoble Int'l. Sym. Heating Tor. Plas.
(Grenoble, 1978).

W.M. Hooke, F.W. Perkins, et al., "Propsal for the High-
Power ICRH Wave-Heating Facility for the PLT Tokamak",
Draft Copy (April 3, 1978).

J. Adam, "Design Study foroIon Cyclotron Heating in JET",
Fonteny-aux-Roses Report n- 1147 (Feb. 1976).

F. Fidone and L. Gomberhoff, Plasma Phys. 20, (1978) 689.
R. Klima, et al., Nuc. Fusion 15, (1975) 1157.

B. Badger, et al., Univ. of Wisconsin Fusion Design Memo
Report UWFDM-150 (July 1976).



54
it POINT MODEL

I11-A REACTOR STARTUP

In this section, we examine various ways in whfch a reactor may
be heated to ignition using RF auxiliary heating. Time varying
temperature as well as various heating and loss mechanism curves
are obtained by solving the time dependent ion and electron energy
balance equations. The RF heating terms are calculated assuming a
Tinear, weak damping, finite Larmor radius theory. A computer point
code, based on a spatially independent, "0-D" model is used to solve
the energy balance equations. The energy balance equations can be

. v . (]’2,3)
obtained from the Boltzman equation,

ol o,
5

> > E.J_ > > > > _ .
+v . ij + s (E+v x B) vvfj = Cj (M)

vhere Cj is the Fokker-Planck collision operator.(4)

By taking the second velocity or energy moment of Eq. 1 we obtain

CHRE R Ve GKIT. +0.) - nkT.Y - v
= (5n. kT.)=-9v+« (KT.l'. +0.) - n.kT.V . V.
5t (7 My KT5) = - V- (G KT;Ts + Q; Ni* i
.e. « V. + nm. .d
+ nse; E VJ m [ v CJ. v (2)
> > > 9 3
. = -V. f. 3
Q; = [ vlv V)7 Fidy (3)

where use has been made of both the particle and momentum conservation
equations.(])

Averaging over a magnetic flux surface yields the spatially
dependent fluid energy equations for both electrons and ions. For

electrons we have
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n<<ov>
3 (3 _ i DT -
55'(§'nekTe) - 4 EVoe ¥ 7 37 [r(Q T kTere)]
e e
" Qei - Prad * Porm * Ping * PrF (4)

where a source term for an external injection of power either from}RF
or beams as well as loss terms from Bremsstrahlung and synchrotron
radiation have been added. The radiation loss terms are calculated
assuming that a local Maxwellian temperature occurs for the electrons
over time séa]es much longer than the relaxation scale in Eq. 1.

The ion equation is

3 (3 ] or L1138
5t G mkTy) = e U+ g S Qg + S k)
i i .
Qi *Ping - Pext Pre (5)
where
Ng> Ny = electron and ion densities, with ny = np +ng
T, T. = electron and ion temperatures, with Ty = TT due to the short idn-ion
& 1 equilibration time '
e Uai = fraction of alpha energy to electrons and ions
Qei = electron-ion rethermalization term
Prad = Bremsstrahlung, line, recombination and synchrotron

radiation losses
POhm = Ohmic heating
e 3 N . .
PINJ’ PINJ = electron and ion heating sources from beams

P .. = charge exchange energy loss

T'e» T = electron and ion particle fluxes

L
m
O
!

i = electron and ion energy conduction terms

PEF, P;F = electron and ion RF power absorption terms
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To obtain the particle flux terms in Egns. 4 and 5 we
examine the particle conservation equation of the zeroth moment

of Eq. 1

ar (T 7t 5, (r {6)

where Sp (r,t) is the particle source due to neutral beams, pellet

(1)

injection, or gaé puffing and we may write

ani
Iy =05 5% (7)
(kT )
_ e,i
Qe,i - Xe,i or . (8)

To obtain the ion-electron equilibration term in Eqns. 4 and 5
we use the classical expression which is in agreement with experimental
results,

3n

O, =—= & k(1. -T.), (9)
el Ty my e i

=

vihere Tos is the electron-ion equilibration time which for the neoclassical

(5)

banana regime is given by

1/2

3/2
3 m, T

e
: . (o)
2e4ni2nA

T,. =
ei 4(2W)1/

The Ohmic heating term is evaluated from the neoclassical model
Porm = Eg%% (1)

E,. =n Jd (12)
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where Mne is the neoclassical resistivity obtained from the Spitzer

resistivity by(]’6)

Mc = Ngp L1 = 1.950/R)/2 4 Lo5(r/R)T!

The energy loss from Bremsstrahlung may be written as(z’s)

- -31 2. 1/2 3
PB = 4,8 x 10 Zeff o Te watts/cm

with Te in keV.

The synchrotron loss term is(8)

. 1/2 5/2
P, = 1.55 x 107141 - r )V2[5. + 17(5- n13 —f"-———é-—-T
syn 1/2
where
A = aspect ratio

I

"w

Te in keV

wall reflectivity

BT = toroidal field in Tesla

a = minor radius

W/cm3

(13)

(14)

(15)

Q
Finally Eqns. 4 and 5 become(’)
el = 4.28 x 10 'nn T Te) - 2_ (rn EIE) Sl (rn V.T)
ot : X el T 3/2 1.5r or e Xe Br r ar eee
e
+4.17 x 10"° {nan <ov> U +E - T+ p. (U -
X Mpit <OV~ VYoe inj'"be

e
- P —PS}+PRF

B

and

* ) Uge)

(16)
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on, T, n (T-T) 1 oT

- - a_ iy 13
5t 4.28 x 10 " "nyn, 377 YT e (rox; 577 - ¢ 57 (myVTy)
e
+4.17 x 1015 {npny <ov> - U . + P (U, + f(EQ)U )}+P1
' o1 <90 Yoi ¥ Ping (Upi * FIE ) 0i ) 4Pge (17)

Te,(i) is the electron (ion) temperature (eV), Bp is the poloida].magnetic
field (Gauss), Ne (1) is the electron (ion) den;ity'(cm"B), V, is the ion
velocity (cm/ms), J is the toroidal current density (amp/cmz), E is the
toroidal electric field (volt/cm), r is the radius (cm), t is time (ms),
Xe, (i) is the electron (ion) thermal diffusivity (cm2/ms), nyc ¥s the neo-
classical resistivity (ohm-cm), D is the diffusion coefficient (cm2/ms),
Ubi,(e) is the fraction of beam energy going to ions (electrons), and

f is the fraction of deuterons in the neutral beam which undergo fusion

p

as they slow down in a tritium target plasma. P repre-

B> 'S’
sent Bremsstrahlung, synchrotron radiation, respectively (watts), and

Eg 1s the beam energy, and P%ge is the ion (electron) power absorption

(watts).

Since the point code is spatially independent, we need to eliminate
the gradients in both the conduction and convection terms. Therefore,

we may replace the conduction term by(lo)

where Te is a characteristic thermal conduction time. For the convection

term we have(]o)

%-%?-(r nVT) - gI. (19)

D
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where T is a characteristic thermal diffusion time.

Qualitatively, we can replace T, and Ty by
. 2
1,3 a
T ->»
¢ Xie (20)
2
a

where a is the plasma minor radius and D is the diffusion coefficient,
and x is the thermal conduction coefficient.

(11)

To calculate D and Xi,e we first must examine single particle orbits.
Particles may travel along magnetic field lines which, if closed and in

the absence of drifts, result in no particle losses. However, due to the

1/R variation in the magnetic field, as a particle travels along a éi&en
field line it passes through regions of varying field strengths. For a
maxihum magnetic field strength on that line of Bmax particles with

energy E < “Bmax will be reflected from the high magnetic field regions

and become trapped in weak magnetic wells, undergoing periodic motion

between reflection points. The bounce frequency for this periodic motion

is approximately

Wy = = V2¢ (22)

where ¢ = r/Rand q is the safety factor

rB
a9 (23)
p

Besides this bounce motion, particles also experience an effective

gravitational force again caused by the inhomogeneity in the magnetic
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field. The resultant drift of particles may be characterized by the

velocity

~ (mv. 2
VD = (mv,~ + uB) T ~ 8 R (24)
The combination of bounce motion with drift produces a banana-shaped

orbit whose width is given by

2V

D
AY’T = 'Jb— a3 2p6/e_ = 2q D//E_ ' (25)

VTm
where Pe = BB -

B
“p

A general particle diffusion coefficient may be defined by
D~ (Ax)z/At where AX is the mean spatial step size caused by the
scattering process during the time At. In the absence of bounce
motion and drifts, simple Coulomb éo]]isions produce particle transport.

For low B machines, the classical diffusion coefficient is written(]]) as

2
D ~ Veip (26)
where p, the gyroradius, is the step size and
4/2n niZ2 e*ann
Vi = ' = electron-ion collision frequency. (27)

ei 3/2
3%5; Ty

However, when banané orbits are present in tokamaks, this simple
diffusion picture becomes more complicated.

For low v, the trapped particles have a step size on the order of
the banana width rather than their gyroradius. This step size is valid

when the collision frequency for the scattering of trapped particles
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out of the region of trapped particle velocity space is small compared
to the bounce frequency. Since Coulomb collisions are small angle

processes we define

v V.- .
90° e
Voep ~ LY (28)

The condition for trapped particles to be considered "collisionless"

is that

3/2 )
Veff < @ Or v < €7 Vo /Rq (29)

In this "neoclassical" regime, the diffusion coefficient due to

trapped particles is

2 2 2 -3/2 30
D~Veff(ArT) fT-\:pqa ()

where fT is the fraction of trapped particles

fr = g—'“-?i-lz/z;“ (31)
min
For ions in this neoclassical regime Xi ~ D.

Since plasmas in tokamaks are neither spatially uniform nor
Maxwellian, they are subject to both macroinstabilities and micro-
instabilities. Microinstabilities may be driven by velocity space
anisotropy or temperature, density and pressure gradients. Micro-
instabilities lead to enhanced or "anomalous" transport of which,
for tokamaks, the most important kind are those driven by the various
gradients present in all tokamaks.

In an inhomogeneous plasma, there is an apparent drift of

particles in the BXVn direction given by
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=T 1dn_.p 2)
Ve = B ndr r YT (32)
where r = effective plasma radius = (l—gﬂd‘]
n n dr
When there exists an Ee in the BXVn(8) direction, with wave number ke;
this field produces a drift wave with frequency
we = kgVp . (33)
Since %-< ke < pi—] we may have a range of drift frequencies with
) Ve . D
~-d _ thi i
“smin Y " v ¥ (34)
n
) vV, . :
. d thi
Wrmax = E;'~ ro (35)

There is no energy or momentum exchange between species since Ee causes
both ions and electrons to drift in the Eé XE'direction, hence no in-
stability develops. However, various mechanisms exist which may retard
one of the drifting species, resulting in a net exchange of either
momentum or energy with the drift wave causing an instability to grow.
These mechanisms which result in enhanced transport may be classified

between various natural frequencies in the plasma Wamin Wy and
2

w*max,

the curvature drift frequency wp = keVD' In tokamaks, we usually have

. < . <L . << < .
“Dmin < Yrmin “hi Yemax < “pe

Therefore, we may order the various types of instabilities due to drift
waves in order of decreasing collision frequency.

For Veff ~ Wpg but v < Wemax? '-€-» trapped particles collide
before a full bounce period is completed,drift dissipative modes develop

and we have the following "pseudoclassical” transport coefficients
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2 2
Xe ~ Coueipee and D~ Clveipee ' (36)

with C0 =10 and C] = 10/3 for NUWMAK.

For veffe < Wpas veffe > Wxmin trapped particles bounce before

undergoing Coulomb collisions, hence are "collisionless". When a
temperature gradient exists, these collisions do not retard the EXB
drift of the trapped electrons and the dissipative trapped electron

mode develops with transport coefficients

3 £3/2 2 J
€ “min “min withoJ | =1 3T (37)

m* .
. min e Br ar
Vei

Xe ~

D~ e ~ X

A For Veffe < Ype> veffe < Wy~ 0.1 (r/pee) Wrmin

again we have a dissipative trapped electron mode instability
developing. However, in this lower collision frequency regime the

effective wave number k of this mode is determined by the magnetic shear and we

obtain
m. B
Xe ~ CoVeiPos where C, = 0.06 ¢'/2 4T 1D
e
(38)
b < €Xe ~ X5 = constant of order 102 depending

upon the magnetic shear
0 = rn/L >0 = r‘n/LS
Finally for v << w, . the frequency of this mode is below the
effi bi

ion bounce frequency. The drift wave in this case is supported by

only trapped particles and we have
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5/2 2 2 '
e/ r‘. w*min , (39)

2
(1+ T /T,)

D ~ Xo ~ X5 ~

Vei
In the point code, all of the above transport coefficients are
first calculated and the largest values for D and Xj.e @re used in
the energy balance equations.

To eliminate the spatial dependency in density and temperature,

we use the following expressions for the average density and temper-

ature(g’]o)
n =2 f2 lrirdr (40)
a
a
- fo n(r) T(r) rdr 1)
fg n(r) rdr

where both T(r) and n(r) are assumed of parabolic form

, r2 o
nr) = 2 Ny (1 - —ﬁ) (42)
a

T(r)

r2 B ..
2 To (1 - —50 (43)
a
where o and B are set equal to 1 for the cases we analyze.
Since NUWMAK is noﬁcircu1ar, a shape factor S is defined(]o) by

circumference of plasma (44)
circumference of prescribed circular plasma

so that the stability factor q is given by

(45)

mlw
W=

S
q ='§
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where A is the aspect ratio of the smaller inscribed circular plasma
and Bp is the poloidal field at the plasma edge.

In the point code, we assume that through some fueling mechanism,
such as low energy neutral beams or pellets, the density of deuterium
and tritium remains constant, although the ratio of the two species
may vary if neutral deuterium beams are used. The resultant alphas

from both main body and TCT fusions are calculated and we may find

the resultant electron density by the charge neutrality condition
Ng = Np + np + 2n (46)

We now spatially average the RF heating expressions (Sec. I,

Egs. 39, 44) and assuming the parabolic expressions (42,43) and

défine
3 e W 2 (r) R <k12> v12:h1' (r) . 2 a
PRFT = 3 e [E.| rdr/[rdr (47)
2=2 Yeio 0
0 2 Weg (r)

where ¢ = 59—-= 2 for deuterium and 3 for tritium °

ci
22
7w ..
a _1/2 2 - f €10,
T ey whe (M) 2 2 kv, 2 (v)
PRFE = K o <ki> Vihe (r) (1 + x°(r)) [E.]" e the rdr
0 Yee (r)
a (48)
[ rdr
0

In the expressions for PRFI and PRFE we have previocusly averaged

kf over the resonant heating zone whose width is given for both ion species by
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2 ka Vth'l R

- (49)
L Wei

AR =

while for the electrons, AR is taken to be the entire plasma cross
section since electron Landau heating as well as transit time magnetic
pumping occur over the entire plasma radius. Uith this model we

have neglected possible effects due to coupling problems as well as

multiple modes. With this we find that

2 2 a 2k?> v2 . (r)] 2-1
PRFI z IE, | 200y = thi 50)
L= e R w s (r - dr 50
og=p Paggpat o 4 2wl (r)
= PRFI* |E, |2
2 2 2 2 2.2
|E, | & W c(r) -25w" . [KEv
PRFE = <k?> * nl/2 ey (r)y (1 + xz(r))e cio”™ thedr ({51)
= 2kea w Z(r) the
ce
- ] 2 52)
= PRFE' |E_| (
TOTAL RF INJECTED POWER = |E+|2 x (PRFI' + PRFE') x VOLUME . (53)

In the point code, we input the total power deposited in the plasma;

therefore, we normalize lE+|2 such that

£ |2 = TOTAL RF_INJECTED POER (54)
[ELI" = {PRFT" + PRFE') x VOLUME -
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II-B NUWMAK POINT CODE RESULTS

There are several possible scenarios for an RF heated reactor

startup(]2'14).

As shown in Table 4, we first examine a non-
circular tokamak of minor radius 1.25 m, major radius of 5.00 m, non-
circularity factor of 1.33, toroidal B field on axis of 60 kG which
determines the RF frequency used as 92 MHz and plasma current of 6.48
MA which results in a thermal energy output of 2300 M4¥. The average

14 cm_3, while the plasma

electron density is approximately 2.00 x 10
is a 50-50 mix of D and T. Also initially, T1=Te=]‘0 keV
for Figs. 1 thru 9, while for the latter figures TizTe=3OQ eV!

First of all, in Fig.II-B-1, a moderate amount of power may be
supplied for a relatively long time, or left on during the entire
burn time in the case of a driven reactor. In Fig; IT-B-1 we supply
RF power levels of 50, 70, 80 and 100 MW for a full 3 seconds. We
notice that for power levels of 80 MW and above, an equilibrium ion
temperature of 15 keV can be achieved within 3 seconds.

By going to higher RF power levels supplied over a shorter time,
we may increase the duty cycle of the power reactor. In Fig. II-B-2,
for power levels above 125 MW supplied for 1 second, an equilibrium
ion temperature of 13.5 keV may be achieved as early as 1.5 seconds
after the RF heating phase, thereby decreasing the startup phase by
as much as 1.5 seconds. The equilibrium temperature in Fig. II-B-1 is
higher than the one in Fig. II-B-2 because the continuous sunply of RF
power in the driven case causes the plasma to reach a higher equilibrium.
If the RF was shut off in the driven case, the plasma would then re-

lax to the equilibrium value of the undriven case. In addition Fig. II-B-2
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shows that for power levels of 100 MW and below the plasma never reaches
ignition and the plasma temperature subsequently drops once the RF is
turned off. |

In Figs. II-B-3 thru 9 we deal with the case of 175 MW supplied
for 1 second. In Fig. LI-B-3, we notice that in the first second of
operation Ti is greater than Te because most of the RF power is supplied
to the ions (see Fig. II-B-7). However, 800 ms after the RF ¥s turned on,
Ti becomes so high that a significant number of fusions occur. The
resultant alphas deposit most of their energy in the electrons as they
thermalize causing Te to become greater than Ti’ reaching a steady sta%e
value of 15 keV as compared to that-of 13.5 keV for the ions. The alpha
power to the electrons as shown in Fig. II-B-3 rises sharply after 800 ms
and eventually reaches an equilibrium vaTue of 360 MW. The kink in the
alpha curve corresponds to the sudden loss of RF heating power at the
time.of shut off.

In Egs. (50) and (51) an averaged value for kE was used. In
2.1/2

2

Fig. 1I-B-4 we have the averaged value <k for each species when ki is
averaged over either the resonant heating zone of each ion species as
shown in Fig. II-B-5 or, for.the case of the electrons, over the entire
. plasma cross section. In Fig. II-B-5, the resonant width for deuterium
increases from 6.6 cm to 23 cm while that of tritium spreads from
5.5 ¢cm to 18.8 cm as Ti increases.

Figure I1-B-6 displays the magnitude of the spatially averaged electric
field |E,|. We notice that |E,| drops from a peak value of 1040 V/m
to that of 280 V/m with increasing time. As time increases, the plasma
conductivity increases, hence the magnitude of E, must decrease if we

wish to supply a constant amount of power to the plasma.
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In Fig. II-B-7, we see the amount of RF power supplied to each
species. Most of the power supplied goes to the ions though it does
decrease from an initial high of 175 MW to 160 MW. As the plasma
temperature increases, the power flow to deuterium decreages from
170 MW to 120 MW. This decrease is partially compensated by an in-
crease of power flow to tritium, which rises from 7 M4 to 40 MW.

The remaining power is deposited in the electrons, reaching a‘peak
before shut off of 15 MW. As the temperature fncreases, power flow to
the electrons increases because the expression in the exponential
factor of the electron heating term decreases. Ih addition we see
rore power going to the tritium at the expense of the deuterium be-
cause of the ratio $§~~ Ti'

Figures II-B-8 and 9 show the terms in the electron and ion
energy balance-equations: Dashed lines indicate energy:-losses and
solid lines indicate heating terms. In Fig. II-B-8, we see that at these
high plasma temperatures the Ohmic heating term is quite small, de-
creasing from 7 M4 to 1 MW. After 500 ms, the alpha heating term be-
comes so large that even if mode conversion processes were present
causing most of the power to be deposited in the electrons, our
results would still be the same. As Fig. II-B-3 shows, since T, = T,
the electron-ion equilibration time is quite short, indicating that
heating of the electrons would drag the ion temperature along with it,
thus not changing our results. Equilibrium is reached when the loss
terms equal the heating terms. In the case of the electrons, at

equilibriwn as shown in Fig. 1I-B-8, the electrons lose 18 MW from

synchrotron radiation, 28 MW from Bremsstrahlung, 235 MW through con-
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duction and convection, and since Te > Ti at equilibrium, the electrons
lose 80 MW to the ions from the equilibration term. However, as shown
in Fig. II-B-3, the electrons receive 360 M{ from the thermalization

the alphas. As for the ions at equilibrium, Fig. LI-B-9 shows that the
ions lose 195 MW through conduction and convection, but receives 80

MW from the electrons due to the equilibration term and a]soAreceives
115 MW from the thermalization of the alphas.

Finally,in order to fncrease the duty cycle of a reactor while
at the same time use a lTower level of RF power, it may be possible to
heat during the Ohmic-heating current-rise phase of operation. Figure II-B-10
shows the amount of RF power to each species as well as the total amount.

In- this case, the RF power is ramped linearly up to 75 MW in‘3 seconds
and then kept at this power level for an additional.l second after the
current rise period. We see that the power to the ions reaches a peak
value of 72 MW after 3 seconds and then decreases to a value of 68 MW.
During this time the poﬁer to deuterium also peaks at 3 seconds with a
value of 60 MW before it declines to the final value of 48 MW. Again
we see a steady rise ih power to tritium up to 20 MW as well as to the
electrons, up to 7 M. The drop in power to the deuterium while

the rise in power to both tritium and electrons may be explained as
before.

In Fig. II-B-11, we notice that during the Ohmic-heating current
rise period, the plasma current is assumed to rise linearly in 3 seconds
from 1 MA to its %ina] value of 6.5 MA. During this period, by assuming
that g, the safety factor, or consequently, the plasma current density

remains constant, we obtain a plot of the increasing plasma minor
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radius also displayed in Fig. II-B-11. At 1 MA we have a corresponding
plasma minor radius of 50 cm while at the full current of 6.5 MA the
corresponding final minor radius is 1.25 m.

In Fig. II-B-12, by looking at the plot of the ion and electron
temperaturas, we see that equilibrium is achieved after a total time
of 4.4 seconds or 1.4 seconds after the Ohmic-heating current-rise
period. This time is approximately 1.5 seconds sooner than that
obtained in Fig. II-B-1. While this time is essentially identical to

that obtained in Fig. I1-B-3, Tower power levels were used.

Figures II-B-13 to II-B-14 refer to the RF heating scheme derived
for NUWMAK(]S) when parameters are given in Table 1. Figure II-B-13 shows
how the ion and electron temperatures as well as the amount of alpha power
deposited in the electrons varies with time. From 0.0 to 4.0 seconds the
plasma is ohmically heated while from 4.0 to 6.0 seconds 75 MW of RF power
is assumed to be deposited in the plasma. As seen in Fig. II-B-13, the
plasma reaches the equilibrium ion temperature of 13.2 keV and 15.4 keV
for the electrons 500 to 1000 ms after the RF is shut off. As seen in
Figs. II-B-13 and II-B-16, the alpha power to the electrons rises sharply
1500 ms after the RF is turned on reaching an equilibrium value of 370 MW,

Figure II-B-14 shows the plasma minor radius and current changes
during the current rise-RF heating phase of operation. The plasma current
rises linearly from 1.0 MA to 5.2 MA in 5.5 sec while the plasma minor
radius increases from 38 cm to 112 cm in such a way as to keep the safety
factor q at a value of 2.6 at the edge. When the RF is supplied the plasma

radius is initially at a value of 92 cm which is 82% of its final value.



83

16— l i

S

(KeV)

RE
o

(&Y

T%MPERATU

oL | | | l I

0 1.0 2.0 30 4.0 50
TIME (sec)

Fig. II-B-12 Magnetosonic wave heating to ignition for an RF puilse
ramped from O to 75 MW during the 3 sec. plasma current
rise and then constant 75 MW for an additional 1 sec.

6.0



TEMPERATURE (KeV)

15

84

T T T T T T
Te
o] =
ALPHA
POWER TO
, ELECTRONS
51 ‘ s
| £ \-r F
| POWER
|
[
|
|
|
. , / |
e ] L= 1 |
9] 3 4 5 6 7

Fig.

II-B-13

TIME (sec)

Startup scenerio for NUWMAK. The plasma is
ohmicly heated for 4.0sec and then heated
with an RF pulse of 75 MW for 2.0 sec.
Besides T, and T , the amount of alpha
power dep%sited $n the electrons is shown.

300

200

100

POWER (MW)



85

120
1O 8
100
—~ 90 6
=
O
O 80
EzA
o
I
® 70 4
a
O
P
'S 60
50 2
40 _RF_PULSE __ |
A
I
|
30! ] 1 ] ! 1 : 0
05 10 20 30 40 50 60
TIME (sec)
Fig. II-B-14 Evolution of the plasma current and minor

radius during the startup phase for NUWMAK.

CURRENT (MA)



86

In Figure II-B-15, we see the amount of RF power deposited in each
species. Most of the power supplied goes to the ions, decreasing slightly
from 75 MW to 74 MW. As the plasma temperature increases the power flow
to deuterium decreases from 73 MW to 56 MW while that to tritium increases
from 1.6 MW to 18 MW. For the ions <k§> = 2.45 cn”? where kf is averaged

2 and

over the resonant ion width while for the electrons <k§> =1.5 cm”
kf is averaged over the entire plasma cross section since electron heating
occurs throughout the plasma. The electron heating term is again small be-

cause the exponential factor in Eq. 51 is larger, thus making PRFE small.

The magnitude of the spatially averaged electric field |E+l drops
steadily from a peak value of 980 V/m to 212 V/m.

Figures II-B-16 and II-B-17 show the terms in the electron and ion
energy balance equations. Dashed lines indicate energy Toss mechanisms
while solid Tines indicate heating terms. After 1700 ms, the alpha heating
term becomes so Targe that even if mode conversion processes were present
causing most of the power to be deposited in the electrons, our results
would still be the same. As Fig. II-B-13 shows, Ti P the electron-
jon equilibration time is quite short, indicating that heating of the
electrons would drag the ion temperature along with it, thus not changing
our results. In the case of the electrons, at equilibrium as shbwn in
Fig. II-B-16, the electrons lose 15 MW from synchrotron radiation,

25 MW from Bremsstrahlung, 200 MW through conduction and convection, and
since T, > T, at equilibrium, the electrons lose 70 MW to the ions from

the equilibrium term. However, as shown in Fig. II-B-13, the electrons
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receive 310 MW from the thermalization of the alphas. As for the ions at
equilibrium, Fig. II-B-17 shows that the ions Tose 168 MW through
conduction and convection, but receives 70 MW from the electrons due to
the equilibration term and also receives 98 MW from the thermalization

of the alphas.

Earlier NUWMAK studies showed that 75 MW of RF power was needed to
heat the plasma ignition when the RF was supplied after the ohmic heating-
current rise phase. By overlapping the RF heating phase with the current
rise phase, we need only provide 75 MW for 2 seconds. Thus, Tess energy
is needed to heat the plasma to ignition and the plasma reaches equilibrium

3 seconds sooner, thereby increasing the duty cycle.
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ITTI FOKKER-PLANCK THEORY AND RF HEATING

As shown earlier (Sec.I~B), second and third harmonic
heating are inherently non-Maxwellian processes in the
absence of a substantial number of ion~ion collisions. Ions
with large v, are preferentially heated, resulting in the
formation of a high energy tail which has been observed in
several experiments (see Sec.I-E).

A Fokker-Planck calculation has two important functions.
First, the point and space~time codes use the fluid equations
and are, therefore, only valid for Maxwellian plasmas. A
Fokker-Planck calculation can check the validity of this
assumption. Secondly, it has been suggested that when a high
energy ion tail is formed, more fusions will result. The
amount of supplementary power needed by a plasma to reach
ignition can thereforedbérreduced: Fekker-Planck calculations
can give a better estimate on the amount of RF power needed
if tails are produced., than a fluid code.

In Sec.IITI-A the Fokker-Planck equation in the form
used by the two spherical velocity dimensions (v,0), . . ...

(3)

HYBRID II is derived. In Sec.III-B, the quasi-linear RF

(15,16) is calculated while in Sec.III-C,

(21)

diffusion operator
various "RF - startup scenarios using the RF code HYBRID III

are presented for NUWMAK.
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III~A FOKKER~PLANCK THEORY

The Boltzman transport equation(l’z)

 which describes
the statistical transport of particles in a plasma, is

used to obtain the Fokker=Planck equation. This equation is

of of of of
_°L+§._:9‘_+§_._:9‘.=——°i> + s, (1)
ot or a oV ot c

where fa(§,$,t) is the distribution function for species "o
of

in the six dimensional phase space (;,3) and __g) is the

c

(1,3<6,8~11) °F

Fokker-Planck collision operator in spherical

. . > > . ,
coordinates (see Appendix B), Su(r,v,t) is a particle source

t "
-

= . . .
term and F is the force acting on species "a

Since HYBRID III is a spatially independent code,

of

e —

ar

(2)

1l
o

The forces which act on species "a" are assumed to arise
only from an external magnetic field about which fu posses

azimuthal symmetry. Therefore,

% 3f

F O =

e X =0 |, (3)
T 9V

and eq. (1) becomes

of - of

—»»9‘—=————°i>+sa. (4)
ot ot /Jc

To eq. (4) may be added Ca: a charge-exchange term;

Ta: a toroidal effect term representing finite particle and
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energy confinement times; Aa an alpha particle heating

(6,11-14
term ). Eg. (4) then has the following form
of | afa
T T FE ) TSy TG T Tyt A, - R (5)

To incorporate the RF heating tetm,:the abeve equation

is first written for each species, dropping the "a" subscript

<xf+§v§§+5

of =9of
5 F

3f 1 0 me,medf, £

szsin 6 P

2~
QX

of _ . 1
38 - Nl T3
v

where F=4nz4e4/m2, n_ is a normalizing density, ¥ is the

o
normalizing velocity and the terms A,B,..F contain integrals
of the distribution function and of the independent

variables.

In a tokamak, losses occur due to cross field
transport. Since the Fokker-Planck code assumes
no spatial dependence, these losses,Ta, are modeled by
specifying particle (Tp) and energy (TE) confinement times.

The convective losses are then given by the term —f/Tp and
3

the conductive losses by a term w—iéw%z?gé which is added to
v ov E
eq. (6). To obtain an expression for the RF heating term,LD;F,
(15)

quasi-linear theory as developed by Kennel and Engelmann

(16)

and Stix must be reviewed.
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III-B QUASI-LINEAR THEORY

Quasbitidesnrtheory describes the evolution of a distri-
bution function under the action of a spectrum of uncorrelated
waves, an inherently stochastic heating process. Stix(lG) has
argued that this formalism is applicable to the study of ICRF
heating when the plasma is sufficiently collisional that the
collisions destroy wave-particle coherence between successive
transits of the particle through the resonant heating zone,
shown in fig.(III-B~1l). Reactor plasmas should be sufficiently
collisional.

In deriving the RF heating terms, the following assumptions
are made:

1) a nonrelativistic, collisionless, infinite spatially

uniform plasma exists in the absence of wave excitation

2) the plasma is in a constant valued static B field

oriented along the z axis with no curvature

3) no static electric field exists
4) direct nonlinear coupling between waves can be neglected
5) the spatially averaged distribution function changes

slowly compared to a gyrpperiod and the characteristic

times of the wave motion

6) the constant B field is strong enough that the particles'
gyration frequencies are larger than the frequencies

and growth rates of the waves

The last assumption implies that there is no strong
dependence of the spatially averaged distribution function

on the azimuthal velocity about the constant magnetic field, i.e.

9f
% o . (7)
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This assumption also will allow the spectrum of excited modes
to be approximately axially symmetric and allows for strongly
anisotropic spectra providing that the time variation of the
averaged particle distribution is small during one particle
gyration.
Quasi-linear theory starts with the Vlasov equation(z).

Let f+(f,$,t) be the distribution function for singly charged

ions, either deuterium and tritium, and let f_(?,z,t) be the

corresponding function for electrons. The Vlasov equation is

+
9f™, = + e
5T + v %f + -

t
—(cE + wxB).2L - o | (8)

>
t v

Qo

Assume now that fi, E and B can be expressed as the sum
of a spatially independent part and a small, rapidly fluctuating
part due to the waves. Let s£* be the fluctuation part of the

distribution function so that

fa3r sef =0 . (9)
Then
3 L >
£ (9,0 = " (@,t) + [IE st §, ey etR0X (10)
(2m)
with
g = lim § [a’r £5(F,7,¢) (11)
V=

. +
where V is the volume of integration after Fourier analyzing f

in space. The magnetic and electric fields may be written as

3 LD >
d°k ke
B(r,t) = B2 + | 3 B (t)e X
(2m)
(12)
3 >
BE,t) = [EEF (p)elkeX

(2m)
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To transform from Cartesian to cylindrical geometry

Ve = v,cos¢ Vy = v,8ing V, = Vu (13)
kx = k,cosy ky = k,siny kz = ky (14)
Defining
(E_+iE_ ) (E_-iE )
L _ X v'k R _ X y'k no_
% T 177 T 17— %k T (Bl (15)
2 2
(B.+iB ) (B.-1iB )k

L _ X k R X "
s ve s v (16)

where (R,L) stand for the right and left handed rotations of
the electric and magnetic fields about BO in the z direction.

Eq. (8) can be written as

St Ai i d k' 2 + SR -
L 8f, = P g™ + 7f_(-z-—)—j(pk w1 8E e + PLSEL ) (17)

where
£i =2 + i(k,v, + k,v,cos(¢-¢y) - J )
k 3t nVay irva iw ’
B -
k + v
and eﬁ -1y BLe_l
R +1w - |oR +1w
[EXJ [?k] B Qt = qBO/mic
x By

where due to the axial symmetry of the wave properties,

ei, Bi and Bi are rotated by the angle .

The second term in eq.(l7) represents nonlinear mode-mode

coupling and can be neglected. Eg. (17) becomes

= P g . (18)
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+
Assuming that g~ is a constant in time and replacing

QI Q
s

by —ivk where Vi is the complex wave frequency
Vi = Wt Ly (19)
to lowest order

k,v,t‘ —lbk —k&v&cos(¢nw)—ﬂ+%$-ﬁ
[ pbrkovesin (o w) ]
=0 exp -

{1]Ak¢—kLv*51n(¢ w)J

2, exp +
T T,
(20)
with Ak = vk-k"v“ .
On inverting eq.(20)
oF - wllt +
] F 21
where, to lowest order
J J (A,-mQ,)o ¢ (A, -mQ_ ) ¢"
-y nm i (nem) Pmio—8 2" Tde " [exp (A—X— % )
(Lk k.) an——ﬁ:exp(l(n m) §-1i o, Jap' [exp( o3y ]
kyvy (22)
where I, = Jn( o )
Using Faraday's law
9B
- -1 "k 23)
VB < - S ' (

. 9 .
and considering only the fast time scale where 5 T Tives

R iy . _
R gl e ~ . 1A ky e ~ s
e i(¢-y) )k G+ k3 N (H iv, 9 )
i R ol M T I vi 3¢
L '-llb 1]
S ) N iA k e
~+ - =-i(¢-y) )k k 9 + iv, 9
Py = ¥ ( )4 o (- )y o(24)
k M, 5 k ViV 3 2vk VvV, 9¢
{ . L ~iy R _iv
ik e, e =~ e
e Tk k )2 + e :
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- = _3______ - k“' o
where Gk = BVL V;‘H (25)
~ _ a a
and H = vymem—— =V SN 26
wSvT " Vase (26)

The spatially averaged Vlasov equation using Fourier

transforms is then

3 \
E: + a’k [2+ 10+ N4 —17+
39" _ 39 _ .. 1 f~———~[ (L ) TP +P (L ) P }g
3 - g = o 3w (2m ~k vy Pk “Kevgt o ok
3. . (27)
f d k3(D + D" )g .

(2m)

+
The spaceraveraged distribution functions g <have been
assumed be effectively constant over times on the order of
+
gyroperiods and the characteristic wave periods. Expanding g~

in powers of 1/Q_, i.e.

g =gty t O(l/Q )t oy (28)

x
x £ 91
x

to lowest order, using eq. (7)
2 =0 . (29)

Eq. (29) shows that to lowest order, the spatially averaged
distribution function is independent of the Larmonr phase ¢.
To expand gi using eq. (28), the mean diffusion time for the
particles must be long compared to the particles' gyroperiod.
To first order

39°  3g; 3

99, 91 1 Lk ~y

%‘ 3¢ T - (D,
N 3 2, 1 om 3 Dk

+ D (30)

+
k)go ®
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2T  93g
1
Since [ == d¢ = 0,

0 90

+ 2w 3
g 1 f d’k ,nt ~+ +

= 7= dof (b .+ D_ )g (31)

ot L (2ﬂ)3 +k k !

where the zero subsript has been dropped. Since

2T .
[ et ™Mogy = 218 (nem) (32)
o
+ 2 3 A A * %
é% = lim 97 f——g—kgi{(Gk+ 3—%—) (ei K
V> nM  V(2m) n % ’
(ei é +eMg %i ) E
%i I (E;)*} n,k 'k k'nn,k g: (33)
n,k n k . (\)k“kuvu-ngi)
R iy EB_—1iy
g, e J ..+ g e J
where e . = K ntl k n-i (34)
' /Z
and K _ v:“ (AanQ;) H
nok = gl m S : (35)
1 k'L
In the limit of Y™ 0
+ 2 3 ~ A A
8 - 1im ¥ I& [ — 9K e+ K s (0, ~kyva-na,) |2 |G, }gF
Bt Ghe & M2 C yzm3 K Vvy k £ 150, k! Pk
(36)
here gi = si + Lu T ¢* apda lim ﬁ = —ﬂ-a Setting f =gi
W n,k” "n,k v, nk Y70 mk v, Tk : a
of 2 3
O _ 4 Te d 'k _ 2
3T = lim ] — 7 L S (urkeva-nu ) [0, L |“LE, (38)
Vreo v m vV(2m)
n o
KoV 13 k,?
where L = (1 o )VL‘BV* + o V. (39)

and
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iy ~iy
1 .. - e Vu
eﬁ;k’ 3 (E,~iE )k n+tl * §:‘“(E +iE ) xIn-1 vl(Ez)kJn
. (40)
with Jn: Jn(k¢vl/wca) .
Setting y=0, assuming a monochromatic spectrum of waves

and transforming to spherical velocity coordinates

of 2 of

o _ me . 2:1 3 2 2 a
3 '8—;(1-'2- IEX+1EY| {\—;2- g{,ﬂ 5(1’1(1) w+k..V..) (visin®6" ——a—v
a
kv of, 1 3
vsinb ( =~ -cosh) ) + —— w=(J_ .8 (nw_ _-—wt+k,v,)
- W 28 vzsine 96 "' n~1 ca
Bf of

(~vsin 6(——2-— cose)g—— + 31n6(——z - cose) 3ea )}

of

, ‘

e 12,1 9 2_.2,.%%q _
+ ——7-IEX—1EyI = 5% n+16(nw ~wtkaVy) (vsin®0) o

8m v

of
Vsine( M —COSS) OL)"“ 1 9 ( 6(1’1()) "‘(1)+k“V“) (41)
w 96 2 . 26
v sinb
Bf

(-vsin 6(—42-—cose) + s1n6(~L— - cose)2 afa

vsi o x5 )}

2 of

rel 2,1 .2 2 2 .2, %0
+ ~——-|E"[ {—7 J2 ctn®88 (nu_ ~wtk,V,) (visineis—=

8m v

o
K v (e 1 3 2 . 2
vsin® ( ~%~ —cose)86 ) + 5 55-(Jnctn eé(nwcu—m+k"v")
v sin®
of k"V zaf

(—vsinze(k“:)V ncose)——9-+ sin@ (=%~ ~ cosb) 5529 }
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Kennel and Engelmann have assumed that a spectrum of
randomly phased modes exists in order to justify the concept
of particle diffusion caused by several random velocity displace-
ments. A monochromatic rather than a spectrum of waves can be
used if a plasma ion, having passed through the resonant heating
ione, encounters many collisions so as to forget the phase of
the cyclotron heating field before it passes through the

heating zone again. The time between passes through this zone
is(ls)

ATp = TRq/v, (42)

and the variation in Tp is given by(16’17)

ATP o ﬂRqu"/vf . (43)

After half a poloidal rotation, Coulomb scattering causes:. an
RMS deviation, Av,, on the order of (<Av"§21p)l/2 , where

(17,18)

<Av,>% is the diffusion coefficient . Ions . "forget"

the cyclotron phase between transits when wciATp>>l or

<(Av,) 2> 1 1

5 >> > , (44)
Vau (w, st )" T
ci'p P
where the diffusion coefficient is(l6’l7)
E_
2. _ o CF
<(Av,) > = ; e G(2eV)
8ﬂan§ZZe4lnA 2 (45)
Cf: ) r zf:mf/Zka
m
f
_ 0 (x)-x0' _ 2 %
G(x) = (x) xg (x) , ®(x) = 173 ? exp(—yz)dy

2x ™ o]
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gnd f denotes the background plasma field particles. For NUWMAK,
with Tf210kev, Rfvzl, v"zvthi, and G(x)(ls)z.l, Tp22.6XlO_6sec and
the inequality incgg. (44) yields l4OSec—%T>> .7sec-l .

Using eq.(41), the following RF diffusion terms may then be

added to the general diffusion terms derived in eq. (6),

e 2 g s . .

ARF =0 BRF = Cvgg;nxefv , wcﬁF = —C¥§136%2w31m6¢b307u

. , 2 2 .
DRF =0 ERF = =Cvsif”8ik.v/bregsbtost) (46)
F = CVsinb (k v/w—cose)2
RF "
where
C = |E_+iE |2J2 +|E_-iE |2J2 +|E |2J2ctn26 §(nw . =w+k,v,)
X y n-1 X vy n+l " n ci now

3222e2nO (47)

and JnEJn(klvl/wci) .
To eliminate the delta function the diffusion equation can be

integrated around the minor radius in a manner similar to Stix

to obtain the following expression for C(l7) (see Appendix C)
2.2 2 2
c -+ |E+| Jn_lB/(32ﬂéZ e“n_nw_, E) (48)
with & = (l-(B)Z(ESSig— —1)2)1/2 where w is the cyclotron
a wH+k, vV, ' cio

frequency at the major radius ,R, and a is the minor radius

at which the ions are heated. Similar equations may be derived
for E_ (Jn_l is replaced by J.+1) and the E, (J,-q is replaced
by Jnctne) terms. In the next section, numerical results for

the RF heating of NUWMAK using quasi-linear theory are presented.
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III-2. NUMERICAL RESULTS-FOR NUWMAK USING HYBRID ITI .

In this section the time evolution of both the ions
and electronsdistribution functions are examined during reactor
startup(Zl). Again, the dispersion relation for a fast magneto-
sonic wave propagating in a D-T plasma is solved for complex K,
given a real w and k, which can be established by an array of
launching structures distributed toroidally around the torus.
o

Every 5 or 10 time steps, k, and DRF

new densities and temperatures. The wave equation is also solved

are recalculated using the

to obtain both the magnitude of the RF electric field locally
in the plasma and the relative phases between E+,E_ and E,.

As before, the possible effects which might occur if
mode conversion proceeses were present are neglected. In
addition, a suitable launching structure which excites only a
single eigenmode is assumed to exist. Though alpha particles are
also resonant at the second harmonic, in the 100 MW case,
the alpha density is less than 1% of the total ion density as
shown in fig. (III-C-1). Since RF absorption is proportional to
density, the alphas absorb a small amount of power which is
ignored.

Figs. (III-C-1-6) use the NUWMAK sized tokamak parametgrs
given in Table 5. Figures (III-C-3-5) show the assumption
that the ion distribution remains Maxwellian during the reactor
startup underestimates the reactor Q = Fusion Power Out

Auxiliary Heating Power
by 11%. A large hot ion tail is not observed in Fig. (III-C-6a).

For NUWMAK, both the ion isotropization time as well as the ion

slowing down time are on the order of 20-30 ms. Since the plasma
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RF Power = 100 MW !
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Fig. III~-C-3Fusion reactor Q = Fusion power/Auxiliary heating power
for the nonmaxwellian case as compared with the maxwellian assumption
for a 2.5 sec 100 MW RF pulse.
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with the maxwellian assumption for a 2.5 sec 100 MW RF pulse.
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is heated for 3000ms, tail formation may be supressed by
the collisions. Figure(III-C-6b) shows that the RF heats the ions
isotropically,
In Figs.4III-C-7-10), the parameters in Table § are used
to examine the feasibility of using NUWMAK in a TCT mode. Contrary

(17), the

to the results obtained in an earlier study by Kesner
reactor Q is lowered when neutral beams are replaced by RF. In
the earlier study, the effect of resonant tritium ions was
ignored. On including this effect, up to 80% of the RF power
goes to heating the background tritons. The RF clamping effect
on the deuterium beams is much lower than previously computed.
Keeping the total input power constant requires that the beam
current decrease with increasing RF power. This results in
fewer TCT fusions with a corresponding decrease in reactor Q.
Figure III-C-7 shows how Q scales with the total amount of
injected power as well as the percentage of RF power supplied.
Figure III-C-8 shows this scaling for the total fusion power.
In Figs. (III-C-9-10), how Q evolves with time as the fraction
of RF power is changed is shown. In fig.(III-C-10), Q drops
in the 100% and 75% neutral beam cases after l.4sec. This
decrease in Q occurs because of the pollution of the tritium
target caused by the high current deuterium beams. The buildup
of deuterons in the plasma lowers the probability of a fast
deuteron colliding with a triton; hence, the number of TCT
fusions is lowered.

Figures (III-C-11-12) show the RF electric field and complex
kf for a 100MW RF pulse for 2.5sec. In the hot plasma case,

there is & sizeable percentage of the electric field rotating
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in the same sense as the ions

By
E—

o % . (49)

The jump in the electric field at l.0sec corresponds to a jump
in kf. In HYBRID III, unlike either the point or space-time
calculations, kf is evaluated at a single point (r=0) rather
than averaged over the entire heating zone. There is a sharp
bend in kf(r) near r=0 (see fig.(I-B-5)). Though relatively
insensitive to temperature (Rekf changes from l.250m:2 to
l.45cm_2) there is enough of a dependence to cause this bend to
shift in position causing this small jump in ki. As shown

in figs.(III-C-3-5), there is no corresponding discontinuity

in the plasma heating.

In conclusion, it has been shown that the Maxwellian
assumption used in fluid codes is fairly accurate though Q is
underestimated by 11%. A sizeable percentage of the RF electric
field rotates an the same sense as the ions which leads to
cyclotron damping of the ions. Finally the'#&actor Q drops

when NUWMAK is operated in the TCT mode when beams are replaced

by RF due to a decrease in the number of TCT fusions.
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Appendix A

Ion-TIon Hybrid Resonance and Fundamental Minority Species

Heating in Reactor Tokamaks

The alternative schemes of ion-ion hybrid resonance and
*

(22,27,37,107,108)

fundamental minority species heating involve

the presence of the ion-ion (two ion ) hybrid resonance layer

within the plasma. This surface is located at(27)
+¥X, £ d t
XgfgtXete ed e
where Xd = concentration of deuterium, fd = me/Md
Xt = concentration of deuterium, ft = me/Mt

At this resonance surface, where the ions oscillate 180o out of
phase with each other, an incoming fast wave may either be reflected
or mode converted into an I.B. wave and then damped by Landau
damping.

In the following analysis, k, is assumed to be small enough
so ion cyclotron resonance width AR (Eg. (45), Sec. I) does not
overlap the ion-ion resonance surface. Any electron absorption
which is small for small k, is also neglected. In addition, the
concentration of minority species is assumed to be greater than 10%.

Wwith k, small, cold plasma theory may be used to obtain the

following dispersion relation(37)
2 (R—n%)(L—n%)
k2 = 2 (2)
< 2 2
c S-n

*
All Refs. refer to those listed at the end of Sec. I.
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2 2
where R = 1 - — R L =1 - L — RO
w(w+w ) wlw-w_ )
cO o cQ
S = (R + L)Y/2 .

Using Sec. I, Eg. (50) the following differential egquation

describing the mode coupling at the resonance surface is

obtained:
2 2
2 2 (R(x)=-n,) (L(x)-n,)
.d—E%_).{.% 3 E(x) = 0 . (3)
dx c S(x)-n,
R(x), L((x) and S(x) are expanded about n% = S(x) in a Taylor
series to find that
2
d E (x) 2 w
+ kg (1l-=) E_(x) =0 (4)
2 © X y
dx
2 w2 d 2 2 d 2
where kg = = 3= ((L—n")(R-n"))/Eg (s-n})

e}

—(L—n%)(R—nﬁ)

& ((z-nd) (r-n?))

The derivatives are calculated at that value of x where
(37)

2 . . . . .
S(x) = n,,. McVey again obtains transmission and reflection

coefficients of the form of Sec. I, Egs. (54) and (55) where
n =k W . (5)

In a fusion reactor, the resonance layer appears as a

reflecting barrier for a fast wave approaching from the LFS and
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as an absorbing layer from the HFS.

For two ion resonance heating, a fast wave is launched from
the HFS and propagates to the plasma center where the two ion
resonance layer is located. There, it mode converts into an
I.B. wave which is rapidly Landau damped and heats the electrons.

For fundamental minority species heating, a fast wave is

launched from the LFS with frequency f = f with deuterium being

cd’
the minority species. The deuterium cyclotron resonance is then
located between the launching structure and the two-ion resonance
surface. As the fast wave propagates inwards, energy is first
absorbed in the cyclotron resonance layer. The remaining

transmitted fast wave energy is reflected at the two-ion resonance
surface and is again absorbed in the deuterium cyclotron layer, there-
by enhancing the fundamental ion heating.

Unfortunately, Perkins(zz) finds that for a fusion reactor,
these heating processes are less efficient than second harmonic
heating. They both tend to suppress the toroidal eigenmodes,
which results in a lowering of the RF antenna loading resistance.

A high loading resistance is desirable since RF power can be more
easily coupled to the plasma. In addition, two-ion resonance
heating has the undesirable feature of reguiring the wave to be

launched from the HFS where space is limited and cooling of the

launching structure is more difficult.
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Appendix B

The Fokker~-Planck Collision Operator

In HYBRID IIXI, the Fokker-Planck collision operator(8)

is used for afu> . From Appendix A and Refs. (3-6)
c

ot
of oh 2 2
LJ):—a.fr_—}_a_-bla .fag(},
r 3t /c - Qo 2 . os Ty (1)
o v v dVaoV >
dVIOV
where I and ha are the Rosenbluth potentials(4)
= Z(Zs)zl A JE @Y [F-vr [ady (2)
Iy = 7 ) 1nh ojfa (¥ Vv A
B "o
-5
m Z £,(v")
2 B 3>
hoo= Y1+ (&) %1nn (B a3
o g mg % aB lg__zll (3)
mom, 2dA
_ (o8B D 2E,1/2  _
and AaB = (m +m‘)r —= max (m &,B 1/2 (4)
o B "e e
o is the fine structure constant =~ 1/137
AD is the electron Debeye length = (Te/4'rrnee2)l/2
_ - -
n, = fdvfe(v)

E is the mean energy of the particles of species "a" or "B"

ry is the classical electron radius(7) = e2/mec2 (5)
and Fa = 4WZ§e4/m§ . (6)
In egs. (1-6) fa is normalized so that

n, = [f,(Mav . (7)

*
All Refs. refer to those listed at the end of Sec.IIT
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Eq. (6) has the following form , dropping the "a" subscript

(o3

- —V-(th)+%VV;(fVVg) (8)

e N
-~
Q2|

ot
—

c

(8)

which may be written as

LA%) - VYV _ g.yh)f + (V-VVg-Vh)-vE + VI VVE (9)
r&5e) e 3 5

= (%V"g—vzh)f + (V(V2g)=Vh) -VE + 2(VVg) : (VYE)  (10)
where V* = VVeyV = v2(v2 .

To express Eq.(5) in the two dimensional spherical coordi-
nates (v,8) used in HYBRID III, VVg:VVf must first be
transformed from cartesian to~-spherieal coordinatés: (see fig.$-1).

Defining the partial derivative of a vector, Ai by

Eﬁi- = A. (11)
Vie i,k
the covariant derivative of a vector Ai may be written as(g’lo)
Ajk = Py~ Tikhy (12)
where F?k is the Christoffel symbol of the second kind(g'lo)
A e

jk

where rij is the metric tensor and r the associate metric

tensor such that

.rlk = rkjr.. = ¢§

riJ 5i . (14)
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Defining
(ul,uz,u3) = (v,0,y) ' (15)
then(lo)
axi Bxi
r.. & 70— s— ' (16)
jk auj Buk
and
1 0 0
= 0 v2 20 (17)
g AR
¢ o vzsinze
since
sinfcosy sinfcosy coso
{gé{]ij = vcosfbcosy vcostsiny vsinbcosy. (18)
~vginfsiny -=vsinbd (9]
From Eq. (14)
1 0 0
[g]jk = o 1/v® o (19)
0 0 l/vzsine .

Combining egs. (17),(18), and (13) the Christoffel symbols of

the second kind are(g’lo)
0 1xv o] 0 0 1/v
1 r? p3
T~..= L L.=[L/v 0O 0 ©, .40 0 cosb
ij: [ 1] ‘ 1]
0 k 0 0 J=inBdoad 1/v cos8 0

Let VfEAi in eq. (12), then
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3 (af/0u.)
- i m 9f
V(Vf)i;k = F""'gﬁ]—{'——— rik EXTM " (21)
N, m
so that r—
3¢ 3%f 15Iaf .
3v2 3vo8 =990
5% 15F 0%f . wof
VVE = V(VE), , = + 0
ik ] avae VO gt BV
2 . 2 .
0 0 v sin 09f+sinbcos6af |
ov
where
af _
37 C 0 . (23)

To find V(Vg). = VVg , simply replace f by g in eq. (22).
ik

Since VVf and VVg are both second rank tensors, they may

.(10,11)
be contracted thwrough the use of the metric tensor r
: - Jik_Jjl _
VVgeVVE = rr g,klf,ij (24)
2 2 2 2 2 2
g g 2 £
% - 2 - g + (;f‘gvae - l?’ggigvge + l4 ° 7+ l3 3%)8
av. 9V v \4 2v- 936 2v 26
oo od%g .1 39 1 3% af 1 4 cos®8dg (,s
3 2 36 3 9vaB’'dv 4 2 90
2v~ 36 v Vv sin6
2
~1_2%  cotd 3g,3f
3 3vao 3 v’ 96 °
v 2v
Since V*=VV.VYV , in a similar manner
4 4 4 3 3
4 _ £3%g , £ 3% £ 9 £ 3 3g
fV'g = = + ——%-+ —— -
2 59t T % avi202 | 29% ael | 293 3 e 2v3 3623y
2 2 (26)
+ £ 3%g + Fcotf 32 g A (1- Sos 6) 3" g
2 2 3 9063v 4 2 2 "
v 3V v v-sin6 20

(22)
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Referring to eq. (10)

2 _ _f 9 ,20h, £ 3 , . 3h ‘
(V°h) £ = = 57 (viss) « —5——— 5g(sinésg) (27)
v v sinb
while
20yeye = o (1 3 239 1 9 1 '3 _. o3g, 3f
V(Vig)-VE = av(vz 57V 5!} * sineg av(vz 55o1n058) a7 +
2
1 3% 2% 1 3 1 9 ,.. .93g 1 of
3w Rl > 55 (5Tnp 3o (sin®sa)) 5 57 - (28)
Finally
= - 3dh3f 1 3h 3f
VheVE = - 2 22 7 59 5% - (29)

By inserting egs.(25=~29) into eq.(10), eqg.(l) becomes

1,9f 1 3G 1 oH
() = e b ee—— (30)
I''3t’c V2 v vzsine 6
where
_ of af 1
G = Af + B:S-a—-‘-’— + C 35 ¢ (31)
- of of -
H_Df+E-8—‘; + Foae s (32)
and
.2 .3 2 , 3
_ v_ 37g 3°g g 23h 19%g 137g
A = xe = + Vv - -V © =5 + =
2 8V3 aV2 oV v v362 28v862
32 (33)
cotbag cotb: g
v 9V + 2T B6ov
2 .2
_ v 23
B =3 (34)

@
<
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2
~_ L1 39 1379
C=-% 5 *%5%0 (35)
. .2 . | . 2
p = Sin6d g . sinb 3”°g 4 8in6 d37g 1 g
2v% 393 Z  3v23e v.oovel 5 3.ine 9°

2
cosb6ad . ~oh
+ ‘—vz'——% - s:LnBB—e— (36)

2v L)
1 3g , 13%
E = sind [’ v 36 T 3 3vie ] (37)
sin682 sinf 3g
P o= 2 g"" 2v_ ov (38)
2v© 9386

In HYBRID ITI, 6 is the angle between v and the magnetic

or 2 axis. A normalizing velocity x may be defined as

v = ¥x (39)

where V is a constant. The pasticle distribution functions

may then be normalized by

. 3
i "__‘ v _ =
Fo = K; fa(v,e,t) where K, = na(t 0), (40)

so that eq. (27) becomes, again dropping the "a" subscript

3F K 1 3G 1 oH
GRle =3 (3 go + ———— 2o ) (41)
tc v x 9xX x"sinb 9
where
— = OF = OF

(43)

jar}
1
3
+
t
%)%
+
Hjy
¥/ Eeb)]
&=
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and egs. (28~38) are the same with v +x, g»G,h+H, where

25 Kg
G, = ) 1nAaB§5E— g (44)
o
B o
Zg KB ma
H, =) Inh o — g (It &= )h, . (45)
B8 Z o B8
[0
The Rosenbluth potentials are defined(3’8)
4
Vg = ~87F (46)
and
2
V°h = ~471F . (47)

To solve eqgs.(46) and (47), F, g, and h are expanded using

Legendre polynomials(lo)
M
F(x,0) = } v.(x)P.(cos8) , (48)
3=0 ] J
M A
g(x,08) = } G.(x)P. (cosb) (49)
§=0 J J ’
M A
h(x,0) = } H,(x)P.(cos8) , (50)
5=0 J J
where
=1 P (u) = Po(w) = 2(3u%-1)
PO = r 1 H: = U r 2 v = 5 M Y
(51)

1 2 . . .
P3u) = z0u"-3u) 3Py () - (23-1yuPy (W) + (G-1)Py_, (W)
4 = cosh = 2,3, ...

Using egs. (48-50)
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o ( 4T % . . x‘j+ 47 j
2 —p— R T a ' ——r——
Hy (x) 3371 g dx 'V, (x*) ! * 3T fdx vy (x") 3 (52)
" 4 X x‘j+2 1/2- x 2
G. (x = . ——mra— d ""‘-*"—"‘— l"‘ “1‘—"—‘
(53)
47 < X~
(437-1) x x!

Defining the functionals

M, (£(x)) = [ £(y)yr Jdy (54)
J X
X .
N (£(x)) = é £ (y)y2Hlay (55)
_ 7 3-3
R.(£(x)) = [ £(y)y” “dy (56)
J X
X .
Ej(£(x)) = [ £(y)y*Hay (57)
o]

egs. (52) and (53) become

o 4 -j-1 j

. T e (VL) + 1. (V. 58
HJ 25+ ( x NJ(VJ) b e MJ(VJ)) (58)
~ _ 4t 1 -j~1 j+2
Gj 231 m( X Ej (Vj) + X Mj (V]) )

(59)
1

1-3 J
-1yt X Ny (Vg 4+ xRV

In a similar fashion, the electron collision operator

may be calculated. Since the- electrons in HYBRID III are

SF R oo ia velocity space, all the sNgular
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assumed to be isotropic in velocity space, all angular
derivatives in egs. (33)-(38) are set to zero and the

angle dependent components in the Rosenbluth potentials are
dropped. The angle dependent terms in egs. (33)~(59) are
retained for o=d,t. At each time step, the functionals

egs. (56)-(59) are evaluated. These determine the Rosenbluth
potentials which in turn are used to evaluate the collision

operators.
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APPENDIX C

From Sec.III-B "eq.(47), one term of C may be written as

Lk . 2
C = ———§~§——-G(nwca—wkkwy;)Jnél (1)
32Z%e n,

where J = I, kevy/w ) -
With

ky = Q“"‘l)q/qR (2)

and with m=0, 1=50 and R=RO=500 cm,

ky= -.1 em™t = - ks (3)
so that
2
IE.|.| ' 2 4
C = —r— S(nwcuww—kuv“)JnFl . (4)
3277 e nO
On averaging over 60
2 .
N R m \
<C>e 2 Jnvl f 6(nwcd—w-—k"v“)de . (5)
327Z2%e ng 0
Letting
x = nﬂ N anaORO (6)
- ea R +asinb
(o]
then
dx = - nwcaOROacose ae = - EEQEQEE as . (7)
(Ro+asin6)2 Ronwcoco

Therefore
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nwcuéRo
de = - ~—7—4L~ dx . (8)
ax sin®
S i i = -
ince sin® (R/a)(nwcao/x 1)

cosd = (1 -(r/a)?(nu_,_/x -1)%)1/2= £(x) . (9)
Therefore
nw R
as = - C%Q——~dx (10)
ax“ g (x)
and
2.2
|E, |3 R _nw T
<c>, = - + n;lzo‘ [o¢Te) 6(x-k“Vu-w) ax (11)
327Z27e n,a o} X g(x)
2
_ IE I n- lRonw ao
- 2 2 (12)
321z%e noamwtk;vﬁkﬁg(xo)
where
_ R, 2, e 2,1/2
E(XO) = {1 ( =) (m 1)°} . (13)
Since w+kiv, =.nw
coo ,
2.2 2.2
_ [E+| Jn—lwcaoRo - IE+l anlR
Crg = 5 3 = 73 (14)
327%e noaﬂnwcaE(xo) 321Z°%e noanwcaoi(xo)
with wcazwcuo .

A similar procedure may be used to derive the other two terms

of the expression for C given in Sec.III eq. (48).
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Appendix D
Low Frequency Alfven Wave Heating

D-1. Theory of Alfven Wave Heating

In this section the feasibility of heating a fusion test reactor is
examined. Due to the assumed near term time frame of the TETR(Z) machine,
with its TCT mode of operation, an RF heating technique which compiements
the primary neutral beam supplementary heating is considered. The concept
of RF clamping of neutral beam heated plasmas seems attractive but the
analysis is complex and no theoretical work on this subject has been
published. The initial rationale was that by heating the electrons to
sufficiently high temperatures, one could improve the efficiency of producing
beam-plasma fusions. The beam would have a higher probability of slowing
down on the tritons rather than the electrons. In Appendix D-2, the results
of heating TETR by electron Landau damping of the Tow frequency fast
Alfven wave are examined.

However, a test reactor need not operate in a TCT mode. Perkins(1)
has investigated the feasibility of heating TFTR (see Tables (. 1~2 '))
using 50 MW of RF power at 50 MHz at the second harmonic of tritium.

Since TFTR is a mixture of 50-50 D=T,one does not need to rely on neutral
beam produced TCT fusions for heating. By heating at the second harmonic
of tritium, the deuterons do not see a resonant frequency, consequently,
mode conversion processes should not occur.

Since TETR must use neutral beams we now investigate a possible
heating scheme first proposed by Stix.(3) Stix suggested that the
heating of electrons would be possible using the low frequency fast
magnetosonic or compressional Alfven wave where WS, 5 - Through the
resonant excitation of this mode, the plasma would be heated by both

electron Landau and transit time magnetic damping.
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Both Landau damping and transit time damping involve energy gb-
sorption by electrons travelling along B with the phase velocity of
the excited RF wave (w-k"v"e=0). In Landau damping, the force
accelerating the particle is qE while the transit time force is —uVE.

K

vz and

From the weak damping formula (Sec. I, Eq. (3)), the Kyy’ sz,
K,, dielectric terms with the electron resonance condition satisfied
lead to energy absorption by the electrons.

There are several advantages to heating at this Jow frequency.(3)
First of all, from the general dispersion relation of Eq. (30) in
Sec. I, Towering the frequency tends to increase the wavelength of the
excited wave and thereby reduces the mode density. This effect enables
mode tracking to be more easily accomplished with a resultant better
coupling between the RF and the plasma. Secondly, the electron heating
processes are well known, both theoretically as well as experimentally
verified. Thirdly, the driving frequency is well below the cyclotron

frequencies of most of the possible impurity ions which may be prevalent in

reactors (0,Fe and C) so that RF induced sputtering should be reduced.

In addition, no nonlinear processes which might lead to plasma surface
heating have been seen at this low frequency. Finally, at this low .
frequency regime (.1-1. MHz) RF power supplies in the MW range are

already available and the coupling of the RF to the plasma may be done with
simple coils.

An alternative low frequency heating scheme proposed by others(3"8)
makes use of the continuous spectrum modes which are strongly coupled

to the critical Tayer where the shear Alfven wave dispersion relation is

satisfied
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k2p2
N R (1)
R R |

This heating scheme, called resonant Alfven wave heating, makes use of the
nonuniformity of the plasma. The RF power is coupled to a surface wave
which is a cutoff electromagnetic wave rather than a surface eigenmode in
the fast wave case. To couple to a surface wave one must choose ky, the
wavenumber perpendicular to both the density gradient and Bo’ larger than
ki, so that the driving frequency wo<k1VA for the minimum A1fven speed.

For TETR parameters (see Table (. 1)), the driving frequency would have to
be between 56 kHz and 184 kHz which is far below our proposed freguency.
Therefore, this heating process should not compete with proposed fast wave
heating. In addition to using slow wave heating, one would need kl<p;]

so as to prevent finite Larmor radius coupling between the shear and compressional
waves.(14)

The plasma nonuniformity allows the shear Alfven, magnetosonic and fon

acoustic waves to all be coupled together. A singularity arises in the MHD

equations where

w = kg vplr=r ) . (2)

This singularity causes wave phase mixing which dissipates the excited

wave energy. This dissipated energy flows to other waves with continuous
spectrums such as Landau damping. Ohmic and viscous dissipation destroys
the reversibility of this process and the dissipated energy is converted

to thermal energy.
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The externally applied oscillating magnetic field resonantly mode
converts to a kinetic Alfven wave which propagates in the higher density
side of the conversion zone. The kinetic Alfven wave may then decay into
another Alfven wave and an jon acoustic wave. For (Teﬁ5T1) the ions are
heated through nonlinear ion Landau damping. In addition, Landau damping
of the mode converted kinetic wave leads to electron heating.(g)
For low B machines the ratio of ion heating to electron heating is
given by(8)

T -1
i

(dTe/dt) ( m

e

so that most of the power flows to the electrons. Since these heating
processes occur after mode conversion, undesirable surface heating can be
avoided. Unfortunately, Stix(3) has stated that this heating process is
inherently Tow Q (Q~3). Therefore, coupling to the plasma may be difficult.
For this reason as well as the fact that the frequency needed is well
below the frequency we propose to heat TETR with, we do not examine
resonant Alfven wave heating further.

For a given density and machine size, Eq. (2) in Sec. I can be
viewed as a Tow frequency cutoff, below which no toroidal eigenmodes may be
excited. For the proposed heating frequency of w = .OTde, we cannot

satisfy this equation since Eq. (2) yields

nga? > 1.5 x 1090 . (4)

Since we have chosen this frequency so as to avoid coupling

to the shear wave, as well as to insure having significant electron heating
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(w/k..v.,e ~ 1), we cannot expect to have eigenmode enhancement, However,
as we show in the next section, fast wave heating still obtains high Q's,

even without the presence of toroidal modes.

D-2. Fast Alfven Wave Electron Heating of TETR Pjasma

In this section we investigate the heating of TETR with the Jow
frequency fast Alfven wave, w = 0.0Tde, corresponding to a frequency
of 300 kHz in a 40 kG toroidal field. Mode conversion effects can be
neglected since no hydrogen resonance occurs within the device. In the

limit of weak damping, the power absorbed is given by

2
wzewzvelelze_(w/k”ve) 3
P, = D (watts/cm®) (1)
87T-|/2wgeczkn
with
4mn e2 1/2
2kTe 1/2 -eB ( e )
v = ( ) w = W = m
e Mg ce mgC pe e
with V. x B = 4mJ neglecting the displacement current.

c

In order for an appreciable amount of power to be absorbed by the

electrons, k., was chosen to be 0.00] cm']. Since k, is small, hot plasma
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effects can be neglected and one may use cold plasma theory in calculating

k;' For fast magnetosonic waves in an unbounded plasma we can write

4 2

= 2 4 1/2 ,r,.2 2,041/2
k_L = [kn - 2k° ku + kO RL/S] /[kO - ku/S] (2)

with kg = w?/c? and R, L, S defined by Stix.®) We obtain k, = 0.003 cm!

13

for TETR with an average density of 7.5 x 10 cm'3.

The quality factor Q may be calculated in order to obtain an estimate
of the absorption of the RF power in the walls. The Q of the walls is

approximately given by

Q,=2a/s where § = (quU)—]/Z

§ 1s the skin depth and o is the electrical conductivity. At room temperature

for 316 stainless steel o = 3.33 x 106 (Qm)"] and QW = 1600 while at 500°C

-1 ,
o= 9.5 x 10° ©OMm=m) © i the resultant q, = 850.

The Q of the plasma may be defined as

2
| ol 2o Wk vg)
Q= 5 = ?52 5
p
e m Ve (mee

[

where U = |B_|%/8n
At Te = 1 keV, Qp = 3660 while at 10 keV, Qp drops to a value of 160.

1

Qp approaches a minimum value when k, = .001 cm ' and w = .01 Wegr This

minimum value does not change as long as k,/w is constant. Qp increases
when either k, or w is changed. Qp is relatively sensitive to changes in

Te as can be seen from the two values given above. On the other hand, Qw
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may be raised to an acceptable value by raising both the frequency and
Kn. Thus, due to the plasma volume to surface area and magnetic field
intensities in TETR the use of Tow frequency fast Alfvén wave heating
does not seem attractive. However, for larger devices and higher toroidal
magnetic field strengths, this technique is more attractive. ‘
The electron power absorption density given by Equation (3) was included
in an explicit fluid model space-time code which solves both ion and electron
energy balance equations as well as the particle balance equation used in the point

code. The ion and electron equations are again given by Sec. (11-A)(10)

on.T. (T, - T) 1, 3T,

ii_ -11 e 9 _iy. 13
st - 428 x 10 nin, —m—+ par or (x5 1 oae(eny Vi Ty)
+4.17 ]0]5 {npne <ov> - U . + P, (U +‘f(Eg)U )} (3)
X T V70T Pai T Ting \Ubi Eg’ o
and
on T (T. - T.) aT
ee _ -11 i e 1 9 _ ey 13
5t - 428 x 10 "'ngn, T 3/2 T T5 o (rnexe or ) r ar(rneveTe)
e
+4.17 1015 tnane <ov> U +E*J+P. . (U + fcil)u ) (4)
: X Nt <0V> Yoe 72 Y inj' be Eb ae
- PRF - PB - PS} .

Ti,(e) is the ion (electron) temperature (eV), ni,(e) is the ion (electron)
density (cm_3), Vi,(e) is the ion (electron) velocity (cm/ms), J is the
toroidal current density (amp/cmz), E is the toroidal electric field (volt/cm),
r is the radius (cm), t, is time (ms), Xi’(e) is the ion (electron) thermal

diffusivity (cmz/ms), Ubi’(e) is the fraction of alpha energy going to ions
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(electrons), and f is the fraction of deuterons in the neutral beam which
undergo fusion as they slow down in a tritium tafget plasma. PB and PS
represent bremsstrahlung and synchrotron radiation, respectively (watts),
(given in Sec. (II-A)) and Pep Ts the injected RF power (watts),
In Equation (3), B, was norma]ize: so that B, = Bzodm(klr)(3) where B o is
go = PRF/ZwZRo fo Ji(klr)rdr where R is the major

radius, a is the minor radius and PRF is the amount of injected RF power.

a constant such that B

The initial temperature and density profiles were assumed parabolic
with Te=Ti and taken to be 500 eV and 2 x 10]¢ cm'3 at the center and 135 eV

and 1.9 x 10]3 cm_3

at the edge. The diffusion coefficients were optimistically
taken to be one-tenth the value of that obtained using trapped particle

modes scaling. (see Sec. (II-A)).

We decided to first examine the m=1 mode which peaks the electron
temperature and RF injected power near the edge as shown in Figures D-1 = .
and D~2.It was thought that by heating the electrons near the edge, the neutral
beam particles would impart their kinetic energy more efficiently to the ions
resulting in more beam plasma fusions. Figures P=2.° and .D=3" display the
electron and ion temperature profiles as they evolve in time when 50 MW of RF
power was used to preheat the plasma for 500 ms before 150 MW of neutral beams
were turned on. The electrons reached an average value of 5 keV with a peak
near the edge of 12.5 keV after 500 ms. The ions, after the 500 ms, reached
an average value of 2 keV with a peak near the center of 2.4 keV. However,
as seen in Figures .D-2° and D=3 ! within 300 ms after the neutral beams
are turned on, the plasma reaches the same operating conditions as those
obtained with neutral beams without an RF preheat. Similar results were
obtained when 150 MW of RF was used to preheat the electrons for 500 ms. In
this case the electrons reached a peak of 29.8 keV with an average value of

24.0 keV while the ion temperatures were 2.4 keV and 4.0 keV respectively.
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Electron temperature profile when 50 M{ of RF power is supplied in the initial
500 ms of heating. After 500 ms, the RF is t%rne off and 1250 MW of neutral
beams are injected. In the RF phase k” = 1079%em™!, w = 10~ wCp and the m=1 mode
was assumed.

Figure D-2
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SO T ' l ’ I

radius (cm)

Ion temperature profile when 50 MW of RF power is supplied in the initial
500 ms of heating. After 500 ms, the RF is turned off and 150 MW of neutral

beams are fnjected, In the RF phase, Ky = 10-3em-1, o = ]O‘ZwCD and the m=1 mode
was assumed.

Figure D-3



When the 150 MW of RF was used, the neutral beams produced more fusions in
their initial 50 ms than without the RF preheat. However, the 150 MW of RF
power produced less than 0.1 MW of fusion power in the preheat phase while
the neutral beams would have produced over 50 MW of power in this same
period. Therefore, any increase in the efficiency of the neutral beams was
not great enough to offset the initial loss of fusion powef. TETR reached
the same operating parameters as those without an RF preheat within 300 ms
because both Tp and TE érerf the order of 100 ms, Tp and Tp are purposely
kept short in order that a high flux of neutrons can be obtained for the
various engineering and materials tests.

We then proceeded to investigate the possibility of increasing the
amount of alpha fusions by dividing 150 MW of injected power between the
RF and neutral beams. Figure D=4 " is a plot of the power from the alpha
fusions as the RF power varies from O to 50 MW while the total input power
is kept constant. In Figure . D75 we notice that the injected power to the
ions, and consequently the jon temperature, drops as the proportion of RF
power increases. In Figure .ﬁési,we see that though the injected power
supplied to the electrons increases, PB’ the power_supplied to the electrons
from the neutral beams decreases, as does the beam power supplied to the
ions. We also notice that as the amount of RF power increases, the power
delivered to the electrons via alpha fusions and ijon-electron collisions, as
well as the diffusion power caused by colder electrons leaving an area rather
than entering decreases. The net result of this is that as the RF power is
increased, the jon temperature steadily drops from an average value of |
13.4 keV to 10.0 keV while the electron temperature rises slightly from
9.2 keV to 9.4 keV. Therefore, there appears to be no advantage to

using RF heating in this manner for the TETR tokamak.
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Alpha fusion power
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at 150 M. w = 10-éwcp, ky = 10-3cm™) and t = 1.5sec. 1In addition, an m=1 mode and the diffusion coefficients
one-tenth those of trapped particle scaling were assumed.

Figure D-4
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Supplemenfury power to ions
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Power supplied to the ions from the neutral beams as the RF injected power mmlmm from 0 to 50 MW.
The total injected power remains constant at 150 Md. In this case, w = 10~%ucp, kj; = 10-3cm=1 and
t = 1.5 sec. In addition, the m=) mode and the diffusion coefficents one-tenth trapped particle
scaling were assumed.

Figure D-5
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Power supplied to the electrons as the RF injected power varies from 0 to_ 50 zzwﬂ;m total injected

power remains constant at 150 Mi. In this case, w = _o-msno. k = S-wa..d and t = 1.5 sec. In addition,
the anw mode and the diffusion coefficient being one-tenth of n_._m value in the trapped particle regimes were
assumed.

" Figure D-6
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Since Tp and T are short, the profile re1axation time is on the order
of 300 ms as compared to a burn time of 60 s. Consequently, RF heating
profile effectsdo not alter our results. However, transport scaling
may be quite important. If different scaling is assumed so that the
neutral beams could not heat the electron temperature past 8 keV, the RF
power would make the beams more efficient in creating fusions. Above 8 keV,
QF, the ratio between fusion output power and injected power only slightly
increases as the electron temperature increases. However, when trapped
particle scaling is assumed, the manner in which TETR operates essentially
precludes RF efficient utilization of the fast Alfvén wave to heat the

electrons and provide more fusion output power from the neutral beams.
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TABLE 4

'REACTOR PARAMETERS

a =125 cm ‘ = 1.95 10" 3
R = 500 cm | Ry = Ay = .975 x 104 en™
no T
A=4 Fe..g_g_e_:._.rﬁl.g_g.z .0'[
max max
S =1.33 T, = Ty = 1.0 keV
I = 6.48 MA £ =92 MHz
B, = 60 K& Kk, = 0.1 cm”!
P < 2300 MW ki ~ 1.6 cm']

Toroidal mode number = 50



Tokamak Parameters

Toroidal Field (kG)
Major Radius (cm)
Minor Radius (cm)
Qutput Power (mwe)
Reactor Q

Plasma Parameters
Plasma Volume (cm
Tritium Density (cm'3).
Initial Deuterium Density (cm'3)
Tritium Energy Containment Time (sec)
Deuterium Energy Containment Time (sec)

3

Tritium Particle Containment Time (sec)
Deuterium Particle ‘Containment Time (sec)

Initial Temperature (Td =T, = Te) (eV)
Energy of Deuterium Beams (keV)
Beam Pulse Length (ms)

RF Heating Parameters
Toroidal Mode Number
Parallel Wavenumber (cm'])
Minor Radius of Heating Calculation (cm)
RF Frequency (MHz)
RF Power (M)
RF Pulse Length (sec)
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TABLE 5

50
0.1
50
57.5
100
2.5

0.1

o for'Eo > 15 keV
0.1 for Eo < 15 keV
667

200

3000

50
0.1
50
5.75
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