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ABSTRACT
NUMERICAL STMULATIONS OF ICRF HEATED TOKAMAK PLASMAS

Donald Thomas Blackfield

Under the supervision of Professor J.E. Scharer

Several computer models are used to examine ICRF heating
in PLT and the conceptual tokamak reactor NUWMAK. A 0-D transport
code which uses trapped particle scaling finds that V240 MJ of RF
energy is required to ignite the 660 MWe NUWMAK reactor.

The complete multi-species 3 x 3 hot plasma dispersion
tensor, accurate for any temperature, for ion cyclotron harmonics
up to five is derived. The dispersion relation which is obtained
is then coupled to a Fokker-Planck code and a 1-D transport code.

Using a 2-D in velocity space, time-dependent Fokker-Planck
code, in which charge exchange, radial losses, radiation and
Ohmic heating are included, we find that over 90% of the RF
power is absorbed through fundamental minority damping by the
protons (nH/ne " 0.1) . The spatially-averaged deuterium tempera-
ture doubles while the protons become nonMaxwellian with a high
energy tail of 18 keV. In NUWMAK, both deuterium and tritium
remain Maxwellian with T =T =T . There is little ICRF Q

DT e

enhancement when fundamental or second harmonic damping is the



iii

dominant heating process.

A WKB slab model is coupled to a 1-D time-dependent
transport code to investigate the spatial aspects of ICRF
heating. In PLT, over 907% of the RF power is absorbed near the
center by the protons, over a heating width of 12-~14 cm. In both
PLT and NUWMAK, a plane fast wave launched from the low field
side is almost completely absorbed before the mode conversion
layer is reached. The occurrence of mode conversion, near the ion
cyclotron resonance layer, does not alter the density and
temperature profiles. Due to the high reactor densities and
temperatures, the dominant heating processes in the ICRF startup
of NUWMAK are electron Landau and transit time damping when the

RF frequency f = nf _ near the plasma center with n = 1,2,3 .

cD
Using "PLT empirical" scaling, 150-300 MJ of RF energy is
needed to ignite NUWMAK.

For PLT, both the Fokker-Planck and space-time simulations
agree with the experiment. For NUWMAK, direct electron heating
dominates and no high energy ion tails are produced. In both
devices the RF power is deposited close to the plasma core.

Therefore, ICRF heating appears to be an attractive auxiliary

heating scheme for tokamaks.,
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CHAPTER 1

INTRODUCTION

1.A. Overview

Auxiliary heating should be required in a tokamak reactor
since Chmic heating alone cannot supply enough energy for a plasma
to reach ignition. Auxiliary heating is now used to investigate
the effects of a higher plasma temperature than that provided by
Ohmic heating alcne on plasma transport and confinement properties.

There are two general types of auxiliary heating currently
being investigated, neutral beams and RF heating. Studies comparing
the advantages and disadvantages of these two types of heating have

(1-2) (3)

been done by Stix s Scharer, Conn, and Blackfield , and

others(h_6).
Under the category of RF heating, several frequency regimes

(h—lO).

have been proposed From the standpoint of both experimental
results and the availability of power sources, the Ton Cyclotron
Range of Frequencies (ICRF) heating seems most promising. In this
thesis, we investigate fundamental minority, second harmonic, and
higher ion harmonic fast wave heating.

We shall briefly review recent experimental results in the
next section. In Chapter 2, we review the 0-D, or point model
fluid description of second and third harmonic heating in a reactor.

In Chapter 3, we derive the complete 3 x 3 hot plasma dispersion

tensor which forms the basis of the Fokker-Planck and 1-D slab model



calculations. In Chapter 4, we examine both PLT and NUWMAK(ll_lQ)

for anisotropy and high energy tail formation due to the presence of
RF. Chapter 5 focuses on ICRF heating using a WKB slab model in
connection with a 1-D multi-species transport code. We look at
fundamental minority heating in PLT and NUWMAK and second and third
harmonic heating in NUWMAK. Results obtained from the three codes,
0-D and 1-D fluid and 2-D velocity space models, are compared in
Chapter 6. Finally, in Chapter 7 we discuss the areas of theory and

computational analysis which need more development.

1.B. Recent ICRF Experimental Results

Some of the earliest experiments involving ICRF heating in a

(13-17) from

(10-21)

tokamak were carried out on the ST machine at Princeton

1972-1974. Further experiments were performed on the ATC and

(22-25)

PLT tokamaks, also at Princeton. ICRF heating is currently
being studied on MICROTOR and MACROTOR(26) at UCLA and on a tokamak
at Cal Tech(27).

In France, extensive investigation of ICRF heating is being

(28-31) ' Tne Russians have studied ICRF in TO-1, TM-Veh,

(L)

done on TFR

(32‘h0). The FRASMUS tokamak

(h2-43)

and T-4 in Belgium also uses ICRF.

Finally, the DIVA tokamak in Japan has ICRF heating.

A review of ICRF heating experiments prior to 1979 on these tokamaks

(b-6,LL)

may be found in several sources .

Since 1978, significant experimental results have been ob-

(43)

tained on DIVA, T-4, TFR and PLT. In DIVA s, second harmonic



(f = 2fCD) ICRF heating experiments have been performed on a deu-
terium plasma with a variable proton minority concentration

(5% < nH/nD < L40%). The plasma in this machine is quite clean,
having 72 ~ 1.

Without electrostatic shielding and a balanced drive antenna,
the overall ion heating efficiency was 40% at most. The remaining
power was coupled to the plasma edge. When the antenna was electro-
statically shielded from the plasma by a Faraday shield and driven in
a balanced RF mode, the ion heating efficiency approached 100%. Net
RF power up to 100 kW was coupled to the plasma, increasing the ion
temperature from 160 eV to L50 eV. The dominant ion energy loss
mechanisms appeared to be through neoclassical thermal conduction
and electron-ion Coulomb collisions. An RF power density up to
1.k W/cm3 was achieved without adversely affecting plasma confinement.

(40)

On T-k , good agreement has been obtained between the

experimentally measured hydrogen minority velocity distribution and

Stix's quasilinear theory(MS). In addition, with Bo = 15 kG,

13 =3

Hé = 1.5 x 10 cm T and PR = T2 kW, the deuterium or majority

¥
species' temperature rose from 150 eV to 260 eV. The m = 0 mode
was excited with RF frequency, f = 23 MHz. Since the minority con-
centration was low (nH/nD N~ 2.3%), the dominant heating mechanism
appeared to be fundamental minority heating of the protons. The
deuterons were heated through Coulomb collisions with the high

energy proton tail. Using Stix's notation, Z = 2.2, ¢ = 12.8 and

<p> v 3.5 x 10_2 W/cm3 appeared to match the measured proton



distribution f(v). Since <p> is low, this implies that there may
be substantial energy losses by RF heated protons escaping through
loss cones.

In TFR(31>, the hydrogen concentration in the deuterium

plasma was varied from 3% to L5% to investigate the effect of varying

minority concentrations on second harmonic ICRF heating. High den-

1k 13

sity (ne(O) =1,2 -1.k x 10 cm3) and low density (ne(O) =5 x 10
cm3) experiments were performed for RF power levels up to 250 kW
with pulse durations from 30 to 60 ms and £~ 60-61 MHz
(B, = L1 kG - L2 ka).

In the high density experiments, v 85% of the RF power delivered
by the generator was coupled to the plasma. Using different power
levels, the peak deuterium temperature increagsed linearly with power

AT_(0) SPRF(kw)

D
———— = 0.7 eV/kW or AT (0)= (1-1)
Prr D <n_> (1013 cm'3)

where PRF is the amount of RF power absorbed in the plasma. A high
energy proton tail (’I‘eff N~ 2 keV) was observed. No energy tail was
seen in the deuterium distribution.

In the high density case, no significant heating efficiency
difference was observed between the m = 0 and m = -1 modes. In
the low density experiments (m=0) the heating efficiency was
halved

2.5 PRF(kW)

<n> (1013 cm_3)

(1-2)

e

ATD(O)



For high density operation 17"V 20 ms, while the low density T., is

E E

8-10 ms. The shorter confinement time leads to greater energy trans-
port losses, thereby reducing the overall heating efficiency.

In the above experiments, nH/n < 5%. In these cases, funda-

D
mental minority heating of the hydrogen species appears to be the
dominant heating mechanism. By varying both the magnetic field and
proton concentration it was shown that the radial position of the
ion-ion hybrid layer determines, to a large extent, the radial posi-
tion of the RF heating. Consequently, this influences the overall
heating efficiency. An analysis of the heating mechanisms is

currently underway.

For low hydrogen concentrations, the ion-ion hybrid resonance

layer(h6)
2 e Xgfp * Xpfy . (1-3)
XDfD + XHfH CD "CH
where XDEEnD/ne, fD = me/MD

Xy EPy/Bes Ty = m /My

lies near the cyclotron layer, both being near the plasma center. In
low proton concentration experiments the RF power was deposited in
the center, resulting in high heating efficiencies. As the proton
concentration is increased (nH/nD'VlS%), the ion-ion hybrid layer

meves near the plasma edge, while the cyclotron layer stays near the



center. In this case the heating efficiency became comparable to the
best result, when both resonance layers were near the center.

The TFR experiments have shown that power levels up to 250 kW
can be coupled to a predominantly deuterium plasma using an all
metal loop. The average ion temperature was raised 150 eV. Finally,
the position of the ion-ion hybrid resonance layer seems to play an

important role in determining the overall heating efficiency.

(2k-25)

Recent PLT experiments ,» which will be analyzed in

detail in Chapters L-6, will now be briefly summarized. Initial low

3 =3

density, low power (Hé nvo1-1.5 x 101 cm = 30-35 kW) resulted

> PRF

in stronger than expected damping of the fast magnetosonic wave with
ATD(O)& 80 eV. Though the deuterium spectra showed no apparent
energetic tail, hydrogen charge exchange measurements showed strong
proton (nH/nD v~ 3%) heating. The strong wave damping and hydrogen
heating can again be explained from the presence of fundamental
minority heating of the fast wave.

Within the past year, PLT has upgraded the amount of power

coupled to 350 kW for an RF pulse length of 100 ms(25). For higher

densities (Eé v o3 ox 1013 cm_3), the average ion temperature at the

center increased 600 eV from 600 eV to 1200 eV. Although no deuteron

high energy tail was seen, a high energy (T V10 keV) proton tail

ef
was. The heating approached saturation to within 10% during the RF

pulse indicating a Tpy of w40 ms.

R

When a minority concentration of 3He was released into the

deuterium plasma, the overall heating efficiency doubled



(AT_(0) ~ 500 eV for P

. 13 -
b gp ¥ 150 kKW with n, "~ 2.1 x 107 em 3). By

heating at the fundamental resonance frequency of 3He, the magnetic
field could be raised from 16.4 kG to 24.6 kG. Therefore, the
plasma current could be raised from 400 kA to 500 kA, increasing
the Ohmic power. The increased magnetic field leads to better
plasma confinement, while the increased Ohmic heating and lowered
charge exchange loss improves the overall heating efficiency.
Therefore, the energetic 3He ions are confined better and can de-
posit more of their energy in the rest of the plasma.

Our goal is to develop a realistic model of ICRF heating
using the fast magnetosonic wave which will predict the plasma
behavior during the ICRF startup of a fusion reactor. To have con-
fidence in the model, we should be able to simulate present day
experiments. In Chapters L4-6, computer simulated PLT results will
be compared with the most recent experimental findings. The next
chapter contains a review of the initial NUWMAK reactor

(11-12)

studies which used the 0-D fluid time-dependent code, POint

Radiofrequency Transport (PORT).
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CHAPTER 2

REVIEW OF O-D FLUID MODEL NUWMAK RESULTS

2.A. 0-D Model

There have been several reactor studies where neutral beams

(1-T).

have been the main auxiliary heating system Recently RF

heating, particularly ICRF, has become more attractive. The overall
heating efficiencies of both systems are comparable. At Wisconsin,

we have begun to examine reactor systems where the dominant heating

(8-10).

source is ICRF The potential advantages of ICRF are

utilized in the reactor designs while potential problems

are brought out.

To design an RF heating system, an estimate of the amount of

power and wave frequency is necessary. For the NUWMAK reactor

(9-10)

study the POint Radiofrequency heating Transport code, PORT,

provided this. Using the computer code PORT, based on a spatially
(8-13)

averaged, time dependent model , the following electron and
ion energy balance equations are solved

aT

&
X 3r )

on b8 x 1070 nn (T, - 7)) 5
e _ e 1 1 e + 1 — (n
ot T3/2 1.5 dr e e
e

=

3 15
AT (rneVeTe) + 4,17 x 10 { nng<ov> Uae} (2-1)
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+E+J-P_ -P_ +P° (2-1 continued).

on. AT, - T aT,

—Ei = 4,28 x 10_11 nenl(Tl ) = — (rn.x —Ei)

9t T3/2 1.5 dr i* 3r
e

105 15 i
-7 3% (rniViTi) + 4,17 x 10 {nDnT <oV> Uai} + Prp (2-2)
where Te(i) is the electron (ion) temperature (eV) (TD = Tp= T,

due to the short ion-ion equilibration time); ne(i) is the elec-

. . -3 _ , .
tron (ion) density (em -) (ni =ng + nT), Ve(i) is the electron
(ion) fluid velocity (cm/ms); r is the plasma radius (cm); t is time
(ms); Xe(1) is the electron (ion) thermal diffusivity (sz/sec);
Uae(i) is the fraction of alpha energy deposited in the electrons

(ions); E is the toroidal electric field (V -« cm_l); J is the

toroidal current density (A - cm—2); P_ is the Bremsstrahlung loss

B
term (W); PS is the synchrotron radiation loss term (W); Pgél) is

the electron (ion) RF heating term (W).

Equations (2-1 and 2-2) are obtained from the second moment

(1L4-16)

of the Boltzmann equation averaged over a magnetic flux sur-
face (see Chapter 5). The heating terms due to the RF and the
slowing down of alphas are added. The radiation loss terms are also

added. Since Ze = 1 is assumed, there are no charge exchange or

rf

impact ionization loss terms. The ion-electron equilibration is

calculated from classical theory while the Ohmic heating term uses



13

neoclassical theory.

The Bremsstrahlung radiation term may be written as(lu’lT)
= -31 2 . 1/2 3
Py = 4.8 x 10 Zopp N Tg (W/em™) (2-3)
. . . (18)
with Te in keV. The synchrotron term is
1
% .5/2
_ 1 3 ng B
Pg = 1.55 x 107241 - )% [5. + 17(5-0) =2 72 (W/en®)  (2-1)
2

where A is the aspect ratio; ro is the wall reflectivity; Te is in
keV; BO is the toroidal B field in Tesla; a is the minor radius in
cm.

PORT assumes that a density feedback control exists which
keeps the total ion density constant, though the ratio nD/nT may
vary in time. The electron density is solved from the charge
neutrality condition.

The fusion alphas, produced at 3.52 MeV, are assumed to slow
down instantaneocusly. The amount of energy deposited to each
species as the alphas slow down is calculated using classical
theory(lh’lg).

Since PORT is spatially independent, the conduction and con-

vection gradients are eliminated by assuming that

2 9Ty 5, nT (2-5)
ar (rn V x 3r> To

w|n

where TCE ag/x, and that



1h

-5% (ynvr) -+ 2L (2-6)

™

R

where % = ag/D.

T, is a "characteristic" thermal diffusion time and ™ is a

"characteristic" particle diffusion time. For the NUWMAK calcula-
. . . . (1k,20)
tions, X and D were calculated using trapped particle scaling .

To eliminate the spatial dependency in density and tempera-

ture, the following expressions for the average density and tempera-

ture are used

_ 0
n = 2 (2-7)
a
and a
J n(r) T(r) rdr
T =2 (2-8)
a
J n(r) rdr
o)
where
r2
n(r) = 2no (1 - ;5) + 0.01 n
and (2-9)
r2
T(r) =2 T (1- =5) + 0.01 T,
a
The dispersion relation used in PORT in the calculsation of
the RF heating terms is somewhat limited. Only w = 2 w = 3w or

CD CT

w=2 Worp heating for the ions could be calculated. Landau and
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transit time damping are the assumed heating processes for the

electrons.

For the w = 2 Wop = 3 Won case, the ion RF heating term

iS(9—lO 921)

- IE+|2 " > v ]
Prp = Z 57 e R | o, (r) 5 ar (2-10)

where 2= 2 for deuterium and 3 for tritium.

The electron RF heating term is (9-10,21)
2 2 2 .2
. a> |5, |% , [® wge(r) 5 (2% 50/ %0 Vipe]
P = ———— 9% ey ér) Q@+ x(r))e rdr
RF 2 2 th
2 ky a wce(r)
o (2-11)
where
L 2
32 <ky> V., (r)
x(r) = the (2-12)

8 kA wci(r)

and <k->is k- (r) spatially averaged over the heating zone. For the
1 i

ions, this heating width is over the cyclotron resonant layer£9_lo’21)

2k, V... R
AR = ———28 (2-13)
Lw .
cio
For electron Landau and transit time damping, the heating zone is

over the entire plasma cross section.
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Assuming a spatially averaged RF electric field E+

i _ ' 2
Prp = PRFL |E |

(2-1L)
e _ ! 2
Prp = PRFE [E [T |

The normalization for |E+| is obtained by assuming that all of the
RF power is coupled to the plasma. This assumption yields a minimum

RF heating system requirement. TE+| is normalized so that

(2-15)

I2 _ Total RF Power assumed coupled to Plasma ,

| B PRFI' + PRFE'

+

By assuming a spatially averaged value for [E+[ and ki(r), we
are implicitly assuming that the RF energy is deposited near the

plasma center where w™2w,.. v 3w Although this may be a good

CD CT’

assumption in present day ICRF heating experiments, Chapter 5 shows

that for reactors, this may not occur.

2.B. Numerical Results

To ignite the NUWMAK conceptual reactor (parameters given in
Table 2-1), 175 MW of RF power for 1 sec. must be provided. The
ion and electron time dependent temperature curves are shown in
Fig. (2-1). Also plotted in Fig. (2-1) is the amount of alpha
fusion power deposited in the electrons. The ignition point is
reached on the steep rise in the curves. Once ignition is achieved,

both the temperatures and alpha power production continue +to




17

increase after the RF is turned off. An equilibrium between the
alpha power and the energy transport is obtained near t = 1.5 sec,
indicated by the levelling of the temperature curves.

The electron and ion energy balance terms are plotted in
Figs. (2-2-3). BEarly in the startup phase Ti > Te since most of
the RF power heats the ions directly. Therefore, the ion-electron
equilibration term is positive (heating) for the electrons and
negative (cooling) for the ions. However, since a majority of the
alpha power is deposited in the electrons, Te becomes greater than
Ti and the ion-electron equilibration term cools the electrons and
heats the ions. This interchange in the dominant heating role be-
tween the RF and alpha power determines which temperature is higher
(Ti >< T, when P >¢ Pa).

In Fig. (2-4) we see that over 98% of the RF power is
deposited in the ions through second and third harmonic damping
with second harmonic damping on the deuterons being dominant. Since
the electron absorption term is small, only a small amount of power
is deposited outside of the cyclotron resonance layer.

As the plasma temperature increases, slightly more electron

Landau and transit-time damping occurs. In the small gyroradius

expansion, the power deposited to the ions goes as
- 2 -

Consequently, as Ti increases, more power flows to the tritium,.
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In Fig. (2-5) the magnitude of the spatially-averaged ]E+l
field is shown. As the plasma temperature increases, the conduc-
tivity increases. To keep the RF power constant, the electric
field magnitude must drop. In Fig. (2-6), the deuterium and tritium
resonance widths are plotted. Since AR o T?, the widths increase in
time. Finally, the magnitudes of <k > = (l<ki?|)% are shown in
Fig. (2-7). Since AR for the deuterons does not equal AR for the
tritons, <k1>D # <1§L>T .

PORT is limited to two different ICRF harmonics, n=2 or 3.
The effects of resonant alphas and impurities being present in the
plasmas are not included. In addition, the small A or gyroradius
expansion used may begin to break down as the plasma reaches igni-
tion. The 3.52 MeV alphas cannot be included in a small gyroradius
expansion since Ad% 0(l). For these reasons, a general dispersion
relation is derived in the next chapter. With this dispersion
relation, the spatial effects which had been neglected will be

examined in Chapter 5.



a = 125 cm

R =500 cm

A=k

S = 1.33
I=6.18M

B = 60 kG
o)

PThermal 2300 Mw

Table 2-1

NUWMAK REACTOR PARAMETERS

ﬁe = 1.95 x lOlu cm
ne = N = 0.975 x 10
nedge edge o1
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LIST OF FIGURES

Te, Ti and alpha power deposited in the electrons for

a 507%D-507%T NUWMAK plasma with PRF = 175 MW.
Electron energy balance heating (solid lines) and
cooling (dashed lines) terms.

Ion energy balance heating (solid lines) and cooling
(dashed lines) terms,

RF power absorbed by deuterium, tritium, electrons and
. i _ D T
ions (PRF = PRF + PRF).

Spatially—-averaged ]E+l RF electric field with PRF = 175 MW.

Time dependent variation in ion cyclotron resonance
heating width,

Rek, (r) averaged over the resonance heating width for the
ions and over the entire cross section for the electrons.
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CHAPTER 3

HOT PLASMA FAST WAVE DISPERSION RELATION

3.A. Hot Plasma Dispersion Tensor

In cold plasma theory, both the fast and slow ion cyclotron
waves may propagate parallel to an externally applied magnetic
field. From space and access considerations of the RF launching
structure, the wave should be launched from the low field edge of
the plasma (see Fig. (3-1)). Any wave generated in a tokamak must
propagate across magnetic field lines and up a density gradient. In
a tokamak a slow wave, when propagating from the high field edge
towards the plasma center, must travel up a density gradient. Near
the inside plasma edge, the perpendicular cyclotron resonance is
reached. Here the slow wave mode may convert to an electrostatic
ion cyclotron or Ion Bernstein wave which propagates back towards
the high field edge<l). The electrostatic wave is strongly damped
by electron Landau and transit time processes. The resulting sur-
face heating may lead to enhanced radiation and particle losses. A
slow wave launched from the low field side is evanescent and cannot
penetrate into the plasma. Therefore, the slow wave does not appear
to be an attiractive mode for core heating in a tokamak.

The fast wave can propagate across magnetic field lines. 1In

a cold plasma with a single ion species, the fast wave near the ion
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cyclotron resonance layer is right-hand circularly polarized.

Since the ions rotate about field lines in the opposite sense,
little ion heating would be expected to occur. However, the
presence of two ion species, together with hot plasma effects, pro-
duces an enhancement of the left-hand component of the RF electric
field. For fundamental and second ion harmonic heating with several
ion species, [E+|/IE_| v0(1) (see Chapters L-5).

The dispersion relation determines the region of wave propa-
gation, evanescence, mode coupling and ultimately the RF power
deposition. To calculate a general, multi-species, hot plasma dis-
persion relation, a local approximation is used. This implies that
each point in the plasma receives no information from adjacent
spatial regions. Density, temperature and magnetic field gradients
are ignored. The effects of density and temperature gradients have
been examined by Mau(e) and found to be small. Therefore, we assume
that each point represents an isotropic unbounded plasma with den-
sity n(ro), temperature T(ro), and magnetic field B(ro). We also
assume a slab model geometry with plane RF electric fields of the

form

i(ky « x + k oz - wt )
E=E e (3-1)

A ~

with ky = 0; z is the direction along BO; x is along the minor

radius at the mid-plane.
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Using the Vlasov-Maxwell equations and integration along un-

perturbed particle orbits, we obtain the following 3 x 3

generalized hot plasma dispersion tensor for slab geometry

(¢]
no

and

XX

o
n

o ekx? P)
n 2 ka (1

(2-5)
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o c n
where Oz =3 2 Z(Cg)
tha
o O
@n Z (Cn)
2.. 2
o 2T Mea 1 BVene 12 0
n kW, ’'a 2 T 2 2 1L Py
co
*=1% 0
n n o
3.B. Fast Wave Dispersion Relation

Previously, a small argument expansion in X << 1 was used

to obtain the fast wave dispersion relation. In Egs. (3-4), both
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the Bessel functions and the exponentials involving A are expanded

in a power series. For example

2 L
Koy A, FAK FAK +AK + . (3-5)

Equation (3-2) has a unique solution when

det|D] = o. (3-6)

A dispersion polynomial in powers of ki is obtained. If the dis-
persion polynomial is inverse Fourier transformed, we obtain a

differential equation of the following form

2 L 6 _
Dy + Dk} + Dk + Dk + ..ut =0 (3-7)
t | 82 1 ah 1 86 _ ( 8)
DO +Dl 3—2 +D2_ﬂ_ +D3 —6+...—O. 3-
X 9X 29X

Equation (3-8) describes the coupling between different
propagating modes within the plasma. This differential equation
may be solved to obtain coupling coefficients between the fast
and Ion Bernstein branches at the ion cyclotron and ion-ion hybrid
resonance layers (See Chapter 5 and Refs. (1,6-19)).

Equation (3-7) and hence Eq. (3-8) breaks down as A

approaches unity. For 3.52 MeV glphas in NUWMAK
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5.2 x 10° T, (T, in ev)
Ay R
o B2 (B in Gauss) (3-9)
k, v 1 em™t
Ay X s> 1 . (3-10)

For 30 keV deuterons in NUWMAK

1.0hk x th T, (T. in eV)
A i i
D ~ 2 )
B (B in CGauss)
K, v 1 oem (3-11)
Ap & -1 (3-12)

If we want to investigate the effects of alphas and hot
ions on the RF power absorption and deposition, the small A expan-
sion should not be used.

Therefore, Eq. (3-6) is solved numerically using the full
3 x 3 hot plasma dispersion tensor (Eq. (3-L4)). The dispersion
relation includes electrons, deuterons, tritons, alphas and carbon
in NUWMAK, and electrons, deuterons, protons and oxygen in PLT
calculations. In the Fokker-Planck code FORCE (see Chapter 4),
the dispersion relation finds k, at a single point (r = 0). In
the space-time codes STICR-I and STICR-II (see Chapter 5), a local
k,(r) is calculated at 117 points across the entire plasma

cross section.
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In the dispersion relation, five harmonics are summed over
(n=0,+1,+2,+3, +4, +5)., Therefore, the RF frequency can
be between 0 and hfci and kl(r) is accurate at any temperature.
Though each speciles may have a different temperature, we have
assumed that each distribution is an isotropic Maxwellian.

To test the accuracy of the dispersion relation code given
in Appendix A, we have examined the same reactor plasma parameters

(20). In Table 3-1, we find very close agreement with

as Stix
Stix's results. In the calculations, we have assumed a real RF
frequency, w, and parallel wavenumber, k, determined by the
launching structure. The perpendicular wavenumber, kL, obtained is

complex. Stix neglects the complex part, which is good approxima-

tion in the case he examines since

| Tmk |

W << ,1. (3—13)

Besides comparison with Stix's case, we compare the hot

Plasma kﬁﬂr) with the cold plasma result(l’Zl)
P~ (8-mp)m +(Rom) (L-m) =0 (3-1k)
where 5 5

o (o +w L)

w_. .
R = z B L = - z Pl ) (3—15)
i ci ci i i
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(3-15 continued)

2
S_R+L=2 “oi
2 K 2
i (0w - 07,)
ci
k202 k%cz
2.2 ® = (3-15)
By =72 B T T2 -
w w
. (16 )
Away from the resonance zone, we find
, (R-n2) (L)
ny A 5 (3-16)
S -n
Z
22
k,c o
where n, = 5 The S5 = n, appears to be a singular or resonant
w

zone. However, near this point, the approximations used in
deriving Eq. (3-16) break down and one should use Eq. (3-1L).

R = ni and L = ni describe cold plasma cutoff surfaces. Hot plasma
effects allow propagation across these surfaces. Chapter 5 shows
that the hot plasma k, is close to the cold plasma value except
near the cyclotron resonance where cold plasma predicts a
singularity.

In conclusion, we have seen that the hot plasma dispersion
relation, which is numerically solved, produces values of k; which
compare well with published and cold plasma results. Having confi-
dence in the accuracy, we next proceed to calculate the effect that
ICRF has on the ion and electron velocity space distributions in

both a present day experiment (PLT) and a conceptual reactor(NUWMAK).
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CHAPTER 4

ANTSOTROPY AND TATL FORMATION IN ICRF HEATED TOKAMAK PLASMAS

L.A.  The Fokker-Planck Equation

ICRF heating has produced velocity space anisotropy in ion
distributions in several experiments to date (see Chapter 1). In
this chapter we examine the ICRF produced anisotropy predicted by
our model to occur in PLT and compare our results with the experi-
ment. Finding good agreement, we proceed to examine the reactor
regime to see if high energy ion tails are formed which enhance
the fusion output, thereby reducing the auxiliary heating
requirement.

To examine the time evolution of particle distributions, we
start with the Boltzmann transport equation(l_B). This equation
describes the statistical transport of particles in a plasma. A
Fokker-Planck collision operator is used which takes into account
small angle Coulomb scatterings between particles (two-body
scattering). Upon adding a source term, due to neutral beam or

alpha particle production, the following Fokker-Planck Equation is

obtained

5f
8 —_

—P 4 .

5t v

o5
)

w

|

[o~]

|

@
R
Lo
@
<

af,
——S-E“—')C + SB (L-1)
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B(;;;;t) is the distribution function in
of
the six dimensional phase space (r,v)and 7ﬂ§' is the Fokker-Planck

for species "B", where f

collision operator in spherical coordinates. S _(¥,¥,t) is the

B

source function and F is the force acting on species "g".
The multispecies, two dimensional in velocity space, O0-D in

real space Fokker-Planck Radiocfrequency heating Code, FORCE, is an

(4-5)

improved version of HYBRID-III. HYBRID-III, which included

quasilinear ICRF heating terms,was an outgrowth of HYBRID—II(6)

developed at Lawrence Livermore Laboratories. Since FORCE is
spatially independent

of
—-——-—_B = 0. (h—g)
ar

Any force which acts on species "B8" is assumed to arise

from an external magnetic field about which f_, possesses azimuthal

B
symmetry. Therefore,

= of

If . L <. (4-3)
B ov

Equation (L4-1) becomes

of §f

_B=_8 -

dt GE)C * SB (h h)

(7-12)

and Eq. (h4-4) takes the following form

df 1 9 = . = -
3-t‘=nr[—§‘a;(Af+Bvﬁ+C_8_f)+
’ v dv )
(4-5)

1 d = = -
—5 5~ 55 (Df + EVOf + 3f)]+s

w2, oL
Vv sin“ 6 v 36
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upon dropping the "8" subscript, where I = TB = hnzg Ab'/m2 and
n =n is a normalizing density; v is a normalizing velocity;

e} oR

and the expressions A,B,C,D,E,F are functions of the distribution
and independent variables (v,8). To this Fokker-Planck equation,

quasi-linear ICRF heating terms are added.

4L.B. Quasi-Linear ICRF Theory

Quasi-linear theory describes the evolution of particle dis-
tributions under the action of a spectrum of uncorrelated waves,

(13)

an inherently stochastic heating process. Stix has argued
that this formalism is applicable to the study of ICRF heating
when the plasma is "sufficiently collisional'. This means
collisions are so frequent that wave-particle coherence is
destroyed between successive transits of the particle through the
resonant heating zone. Appendix B shows that both PLT and NUWMAK

1

satisfy the "sufficiently collisional' condition.

i
Several assumptions are used in ICRF quasi-linear theory.(l )
These are listed in Table L4-1. The last assumption implies that
there is no strong dependence of the spatially averaged distribu-

tion function on the azimuthal velocity about the constant magnetic

field, hence

3T
° - o, L

55 = © (4-6)
This assumption does allow the distribution to be strongly aniso-

tropic, providing the time variation of the average particle

distribution is small during one particle duration.
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(2-3,14)

Beginning with the Vlasov equation, with f+(r,v,t)

describing the ions and f (r,v,t) the electrons, we have

+ +

3f— | = = % e =, - = _
+ v « Vf i'mip (cE + v x B) = 0. (4=7)

ot

+ - —_
We now assume that f—,E and B can be expressed as the sum of
a spatially independent part and a small rapidly fluctuating part
+ .
due to the RF wave. Let 8f— be the rapidly fluctuating part of

the distribution

Jd3r §X = 0. (4-8)

Then

3 = =
27, 7,t) = g T,t) + J Ak set(,0)et™ " X (4-9)
3
(2m)

with

g = lim %—J d3rfi(§,§,t) (4-10)
V-

where V is the volume of integration after Fourier analyzing f in
space.
Fourier analyzing the magnetic and electric fields in

space

- - ~ d"k = ik » x

) = ni e ] (an)3

B(Fa) = | LK 5 () ST (k-11)
E I‘,'t - (2“)3 k e . —_
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Upon transforming from Cartesian to cylindrical coordinates,
assuming real wave frequencies, and expanding g in the power of

+
1/9— to first order, we obtain the Kennel and Engelmann quasilinear

diffusion equation(lh> with qi'+ f
af 2 3
Tﬁ§_= lim “S J d k3 Lyv 6(®-k"v"—n98]en kIZLf (4-12)
Vo n m v(or) > ‘B
where
L:(l_k"v"}_a +1_{}_'18
- W vy 9vy W vy
and
(L-13)
iy -1 Vi
0 =— (E_ - iE) + 9——p(E + iE_) + — (E_)
ko 2 kJn+1 2 x kJn—l V. kJn
with

Equation (L4-12) is for a spectrum of waves and contains a
phase function Setting ¥ = 0, assuming a monochromatic wave spec-
trum and transforming to spherical coordinates, Stix's quasi-linear

diffusion equation is obtained(l3)
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Rewriting Eq. (4-14) in the same form as Eq. (4-5), the

following RF diffusion terms may be added to the terms in Eq.
13,15-16

L2

(4-14)
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Agp = 0
= v 'sin™ 6
Bep = C N
v
- kyv
CRF = —C(VSIHG(T- - COSG))
D=0
RF (4-15)
_ kv
ERF = = C(vsin 6(—Zr~ ~ cosB))
- kv 2
Fop = C((¥sinb (— - cos®)”)
where
) 2 2 2 2
C = : - i : .

{l(EX + 1Ey)Jn_l| + (e, 1Ey)Jn+i| + [E,,3_[Tetn”6t

Q - w+

d(n B W k."V") . (ll-—l6)
2 2
32 ZBe noB

To eliminate the delta function we integrate over a magnetic
flux surface of radius "a" to obtain the following expression for C

(see Appendix C and refs. (13,15-16)).

> 2 ‘ 2 2 2.
C {1E+Jn_ll + |E_ T, 1] + ]E,,Jnl ctn” 64 (41 T)
2 2
32ma ZBe nosnf%(f=0)£
where E+ = E£ + iEY
E = E - iE
- X y
n & (r=0)
£ =a-&? 8 - nHi/2
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In Eq. (L-1k4), the fast wave k, and the RF electric fields
are used. FORCE uses Egs. (3-4 and 6) to find these. Since FORCE
is 0-D in real space, mode conversion is neglected and only the
smallest or fast wave root is used.

Equation (3-2) is solved to obtain the ratios E;/Ei and
Eg/Ei. Ei is assumed real to fix the phase of the electric field.

Taking the second moment of the quasi-linear operator, the follow-

ing power balance equation is obtained

1 2 3f .3 9k
[ E mv 3_-{-: d‘jv = —BTt- = PRF' (L"—l8)

The RF electric field is normalized so that all the RF power is

absorbed to the plasma

mv2 D;Fd3v (4-19)

N

Pop = Input RF Power = g J

where D;F is the RF quasi-linear Diffusion Operator, Eq. (L-1L).

The RF dispersion relation assumes that each species is an
isotropic Maxwellian. To take into account nonMaxwellian effects,

an equivalent Maxwellian temperature 1s used

S| 3 mr (D
T = : (k-20)

2 B
8 J fB(G)d3v

L.c-1. PLT

The effects of Coulomb collisions and the RF quasi-linear
operator on the time evolution of the electron, deuteron, proton,

and oxygen particle distributions will now be examined. A global
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picture is used except in the RF calculations where w = nwcio. PLT
parameters are given in Table L-2.

The fast wave ki increases slightly in time. The real part

is close to the cold plasma value as shown in Fig. (4-1). For PLT

Imk2

5 < 0.1 so the imaginary part may be neglected.
Rek 3

The spatially averaged RF electric field components are shown
in Figs. (k-2-4). Due to the presence of hydrogen in PLT, there is

an increase in the E+ contribution to the wave field

3 N1 (Lh-21)

while the E,, component is much smaller

|Ey] )

v 3 x 100 . (L-22)

5|

The plasma conductivity increases with increasing tempera-
ture. To keep the RF power level constant, the magnitude of the
wave field decreases. The RF power flow to the ions increases in
time since Imki_increases. In Fig. (4L-5) the RF power to deuterium,
hydrogen and electrons is plotted. Over 90% of the power is absorbed
by the protons through fundamental minority damping. There is
very little second harmonic damping by the deuterons. Though
the electrons initially absorb LO kW of power, as the ion tempera-
ture increases this amount drops to 10 kW.

In the PLT experiments,(lT) the plasma reached a steady

state 40 ms after the RF was turned on. All the species appeared
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to be isotropic. Hydrogen was the only species containing a high
energy tail, with an effective temperature of 15 keV.(lT_l8)
In PLT, the bulk plasma ions increase 200 eV in temperature
while the electrons do not appear to be heated.(17’19)
Since the Fokker-Planck collision operator conserves energy,
the entire plasma cannot reach an equilibrium when only a source
term is present. Some of the distributions may reach a steady
state if collisional losses with cooler species balance with the
direct RF heating term and collisions with hotter species.
Ceomputationally, PLT does not reach equilibrium during the

RF pulse. The total system energy increases in time. Since

there are no overall plasme energy loss mechanisms

AEplasma = Egp = 350 kW x 100 ms. (h-23)

Figure (4-6) shows that none of the distributions reach steady
state. The electrons are seen to increase in temperature from
650 eV at t=0 to 1120 eV when the RF is shut off at t = 100 ms.
Since Te < TH at t = 100 ms, the electrons continue to heat to a
temperature of 1200 eV at t = 130 ms. The distributions reach a
steady state 30 ms after the RF is turned off. The deuterium
temperature increases 930 eV during the RF pulse, over 4 times
the experimental value. After the RF is shut off, the deuterons
continue to heat due to hotter protons slowing down on the
deuterons, reaching a steady state value of 1890 eV. The oxygen

closely follows the deuterium temperature.
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Since the protons receive over 300 kW of RF power, T. is the

H
T.
highest tempersature during the RF pulse with EE-% 2.1 at t = 100 ms.
D
Initially Te > TH’ TD, TO so energy flows from the electrons

to the ions and T, drops (Fig. (4-7)). After 10 ms, Te < Ty, power
flows from the hotter protons to the electrons and Te increases
until well after the RF is turned off. Only the protons cool after
the RF is shut off, TH>Te,TD,TO. Al1l species reach the same
temperature v 1.2 keV, 30 ms after the RF is off.

FORCE assumes that electrons are isotropic since the

electron isotropization time is short(ZO)
e Tz/Q 9
T 1077 sec. (L-2L)

isom ETEE;IHKfX
The electrons absorb a small amount of RF power, so they remain
Maxwellian. The deuterons and fully stripped oxygen impurities,
like the electrons, remain isotropic Maxwellians.

Since the protons absorb over 90% of the RF power, we find
a significant deviation in the distribution from the initial Max-

(13,21-24) in the absence of other

wellian. According to theory,
processes a high energy tail, stronger in the vy direction,should
appear. A large high energy proton tail and anisotropy can be
found on examining Figs. (4-8-10). In addition to the overall
heating, the hydrogen distribution becomes elongated in the wvi

direction. The amount of anisotropy increases in time, reaching

a peak value gt t=100 ms of

E
Tog _ *m )
Ty - 28, +e3 (h-22)

H H
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as shown in Fig. (L4-8).

From Figs. (4-9-10) we see a high energy tail forms which is
somewhat stronger in the vy direction. From Figs. (4-11-12), we
see that the hydrogen distribution relaxes back to an isotropic
Maxwellian within 30 ms after the RF is off.

An estimate of the effective tail temperature can be obtained
from examining the log f versus energy plots. The initial Max-

wellian distribution is a straight line. Since

£, o oE/kTg (4-26)

we can define an effective tail temperature

E, - E

2 1
Togt(vy) - h-2m)

Teff = logf(vl

Figure (L4-10) shows in the tail

Tef£F’ Lo kevV. (4-28)

This effective tail temperature is too high when compared to the

experimental wvalue.

The isotropization time for hydrogen in PLT is(go)

1/2 .3/2 2 -1 ,1/2 4
o ™ Tvnfw fan 1 (4-29)
Tiso 7 (-3 + (Ag+3) 173
2/m eyt nhyp Ay
v 3 ms(T, /T, ~ 3). (4-30)

o

The thermal equilibration time for hydrogen on deuterium for PLT

i5(20) 3/2
H,D _ (mDTH ’ mHTD) X 1019 sec (k=31)

Teq. © 1/2
T s npind

My

v 5 ms (TH =2 keV, Ty =1 keV) (h-32)
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(25-26)

while the slowing down time is

3/2 3/2 )
v (By ™ * By

Tolow = 7ln 3/5 3/2 (L-33)

(T + E2/%)

e crit

where

. 1.5 x 10797%n 1o

T = = (h-3k)
p3/2
plasma e

12 ms (EHO =10 keV, T_=1 keV). (4=35)

On the time scale of the experiment (ﬂlOO ms), one expects
to observe a hot anisotropic hydrogen distribution with a high
energy tail. In comparison to the experiment, the overall ion and
electron temperature increases calculated by FORCE are too large.
In addition, the hydrogen distribution is too anisotropic with too
large a tail. There are several factors which might cause this
discrepancy.

The RF power level has been taken to be

_ 350 kW _

3
<PRF> = e = 0.067 W/ en™. (L-36)

The RF effects would be lessened if <PRF> was smaller. However,

from space-time calculétions, we find <PRF> at the center to be
larger than Eq. (4-36). Therefore, the RF induced high energy tail
should be larger in the center, not smaller.

In the previous figures, the RF heating was averaged over a
magnetic flux surface with a minor radius of 10 em. As this radius

increases, fewer ions can satisfy the Doppler shifted resonance

condition.
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w + ann(r) - nwci(l") = 0. ()4-37)

If the total RF absorption is kept constant, as "a" increases, the
amount of electron absorption must increase. This increased elec-
tron absorption would decrease the amount of hydrogen anisotropy and
tail formation. The electron absorption is shown in Fig. (L4-13)

for three different radii, a = 1 cm, 10 cm, 20 em. The decrease in
hydrogen absorption is shown in Fig. (L4-1L). Figure (L4-15) shows
there is little change in the amount of hydrogen anisotropy as a"
increases from 10 em to 20 cm. There is also little change in the
tail formation. Chapter 5 shows for the RF heating zone, a < 10 cm,
the actual amount of anisotropy and tail formation should be even
larger.

Evidently, there must be other processes which greatly
modify the ICRF power balance in PLT. These processes should also
lead to steady state distributions during the RF pulse. Some
possible processes are examined later in this chapter. For now,
realizing that FORCE tends to overestimate the RF heating effects,
we proceed to examine ICRF heating in the reactor regime. By in-
cluding only RF and Coulomb collisions, an upper limit on the RF

induced effects can be obtained.

4.C0-2. Fundamental Minority Heating of Deuterium in NUWMAK

In this section and the next, we examine the effects of ICRF
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heating on particle distributions in the NUWMAK conceptual tokamak
(27-28)

reactor The space-time transport codes STICR-I and STICR-II
assume that ions and electrons are nearly Maxwellian and all ions
have the same temperature. In this section we examine these assump-
tions for minority heating of deuterium in NUWMAK.

The NUWMAK reactor parameters for a 10%D-90%T plasma are
given in Table 4-3. We again assume a global picture using the
average densities and temperatures and a RF power density

_ 150 MW _ 3 _
P C Volome = 0.71 W/ em™. (4-38)

<P
From Chapter 5, we will find that the plasmea ignites with 150 Mw
of RF power provided for 2.0 sec. By neglecting all loss
mechanisms in this and the next section (charge exchange, radiation,
finite radial confinement), an upper limit of the RF effects on the
plasma will be obtained.

Figure (4-16) plots the hot and cold plasma ki_as a function
of time. Imki‘is again small and could be neglected. Figures
(4-17-19) show the value of the spatially-averaged RF electric
field is the same order of magnitude as computed for PLT.

The presence of a minority concentration of deuterons again

produces a large E+ component

——~ 0.1, (4-39)
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Ey as in PIT, is again small

IEHI _3
A~ 1.5 x 107", (L-40)

|E_|

In Fig. (4-20) the solid lines indicate RF power absorption
when only collisions are present. Initially, the deuterons absorb
over 90% of the RF power.

We have assumed a 108 - 109 cm_3 density of fully stripped
carbon impurity at the center. This impurity, having the same cy-
clotron frequency as deuterium, absorbs the remaining RF energy
(initially 3 MW). Since the concentration is quite low, and no
losses are present,the carbon ions become guite hot and nonMax-

wellian. As the carbon ions heat, they absorb more power until

at t = 2.0 sec, they absorb 35 MW. In Fig. (L4-21), we see E

C
E
~ 800 keV with Eg- ~80. The impurities become highly anisotropic
T

with

T

=€ o o8, (h-b1)

T”C

Fig. (4-22) shows that a large high energy tail component appears

and then disappears within 500 ms after the RF is off.

This computational result should not occur in NUWMAK. If

we include a loss term due to finite radial confinement (TC o5 sec),

E

we find that carbon remains cooler and absorbs less power (shown by

the dash line in Fig. (4-20). The carbon absorbs less than 6 MW at
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t = 2.0 sec, becomes cooler, and

:lC

N 1.8 . (L-L2)
THC

From Chapter 5, we find over 60% of the RF power damped by the
electrons before the fast wave reaches the cyclotron resonance
layer at the plasma center. The carbon impurities at the center
should absorb a significantly lower amount of power and, therefore,
remain Maxwellian. If the resonant zone is moved to the plasma
edge, the impurities may absorb a large amount of power and become
highly anisotropic. If their transport out of the plasma is

enhanced, ICRF with w = w,, (r = outside edge) may provide a good

CZ
barrier against impurity penetration to the plasma center.

When the RF is shut off, the system energy continues to in-
crease due to fusion produced alphas which slow down in the plasma.

The steep rise in the fusion energy curve near the RF shutoff (see

Fig. (4-23)) indicates ignition. At the time the RF is turned off

q - FUSION POWER
~ T RF POWER

v 1,27, (L-43)

The electron temperature increases from an Ohmically heated
value of 2.0 keV to 6.3 keV at t = 2.0 sec, reaching a value of 7.2
keV at 2.5 sec (Fig. (4-24)). The electrons remain Maxwellian
during the entire startup phase, being heated only through colli-
sional processes (Ohmic heating being small at high temperatures).

Figure (4-24) shows the initial tritium temperature of 2.0

keV increases to 6.2 keV at the time the RF is turned off. At
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t = 2.5 sec, T,V 7.0 keV. During the RF phase T ~ Te. The

T T

alphas slow down preferentially on the electrons. After the RF is
off and there is a great number of fusion events occuring, the
electrons absorb more fusion energy than the tritons so the elec-
trons become slightly hotter.

The tritons remain an isotropic Maxwellian. This is again
expected since the tritons are only heated by collisions with
hotter species. On the other hand, the deuterons absorb over 90%
of the RF power. One may expect, in analogy to the protons in
PLT, that deuterium becomes nonMaxwellian and hotter than the

other species (excepting the alphas).

From Fig. (4-24) we find that during the RF phase T N Ty
T

At t = 2.0 sec, 7— = 1.03. Both the plots of £(vy), flve) (Figs.
T

(4-25-26)) show that deuterium ions remain isotropic and no high

energy tail develops. Although the deuterons absorb almost 150 MW
of power, they remain Maxwellian. These results, which differ with
PLT, can be explained.

First, the amount of RF energy per minority heated particle

is smaller. In PLT, we have

n 3.5 x 1072 W/particle (h-kk)

while in NUWMAK
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<Ppp” 1
v 2.3 x 107 W/particle. (Lb-L5)

p
The amount of energy available to drive an individual ion into the
tail is less in NUWMAK. In addition, the various Maxwellian pro-

ducing characteristic times (Egs. (4-29,31,33)) are shorter in

NUWMAK
Tiso v 0.4 ms (T /Ty = 3) (h-k6)
TD’T v 2. Tms (T =6 keV, T_ =k keV) (L4=L7)
eq. ) D > T
Toroy "~ O-7 ms (Epy = 10 keV, T_ = 4 keV). (L-L8)

These faster times, together with the lower PRF per particle value
leads to isotropic Maxwellian deuterons. The short equilibration
time causes the tritium and electron temperatures to closely follow
the deuterium temperature.

One reason ICRF appeared to be an attractive heating source
was 1ts potential for producing high energy ions which would enhance

(%)

the fusion output. Rarlier calculations showed Q enhancement for
ICRF heating would be less than 11%. If charge exchange, radiation,

Ohmic heating and radial losses are included,any Q enhancement would

be decreased. When space-time results are examined, we can see there
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should be very little, if any, Q enhancement for minority heating
of deuterium in NUWMAK.

Unlike PLT, it appears a one ion temperature fluid model,
as in STICR-II, is a good approximation for NUWMAK if the
alphas are not included. Initially, we have assumed a Maxwellian

alpha populstion with n, = 8x 108 cm_3

is present in NUWMAK with

a temperature of 2.0 keV. Since the alphas are born at 3.52 MeV,

a high energy tail is formed, shown in Fig. (4-27). The distribu-
tion averaged alpha energy is quite high, shown in Fig. (L-28). As
the plasma heats, the alphas slow down on an increasingly hotter
background, producing an increasing average alpha energy. The

alpha density is only 2.75 x ZLO:Ll cm”3

by the time the RF is turned
off, so the alphas do not absorb any RF power.

STICR-II assumes the alphas instantanecusly deposit their
energy in the background plasma. The alpha temperature is then the
same as the other ions. This is the case for the majority of alphas.
However, since there are a significant number of alphas always in
the process of slowing down, indicated by the tail, STICR-IT over-
estimates the amount of fusion energy during the startup phase,
although the difference is small.

In the NUWMAK reactor, we find

k_L(QE:.Lrnicg)l/2

Koy v g (h-b9)
1 o]
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k;pa vl (k_L vl cm_l) (4-50)

for alphas and

k p

0o .5 (B v 1 em ) (4-51)

for carbon. In this case, the small gyroradius expansion is not
appropriate and one needs to use the complete 3 x 3 determinant
as done in FORCE.

Except for alphas and possibly impurities, the ions and
electrons remain Maxwellian for minority heating in NUWMAK. A
fluid model should be accurate in NUWMAK and is used in Chapter
5. We now examine in our idealized picture a similar plasma to

that used in Chapter 2.

4.C-3.  Second Harmonic Deuterium Heating in NUWMAK

Since fundamental minority heating in the-reactor regime
does not produce high energy tails, we now proceed to the next
higher harmonic. Since

1

S e (0,0 (4-52)

PRF & (kv

second harmonic heating might produce s larger tail.
For this case, we have a 50%D-50%T plasma with parameters

given in Table 4-3. In second harmonic heating ki is larger as
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shown in Fig. (4-29). This larger value of ki should also help
produce a larger ion tail.
By increasing the concentration of deuterium to 50%, the E+

component of the wave field is increased. Figs. (4-30-32) show

1
vo3 (L-53)

while the E, component is still very small

|0
N9 ox lO_h. (L=54)
|E_|

Second harmonic absorption i1s weaker than fundamental
damping. To produce the same amount of RF heating we find the RF

electric field must be larger

||
second harmonic

||
N bl b and - second harmonic

E
l +Ifundamental , -'fundamental

V1.5, (4-55)

The increased concentration of deuterium produces more fusion
alphas for the same plasma temperature. In Chapter 5 we find only
100 MW for 1.5 sec is needed to ignite the reactor. For the same
temperature and total ion density, the amount of increased fusion

power is

P50—50 (
[¢]

I

) (2)
P77 (55 ()

a 10’ ‘10

= 2.8 . (4-56)

Figure (4-33) shows that 97 MW of RF power is deposited in
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the deuterons. Tritium, through third harmonic damping, absorbs
only 0.7-1.0 MW,while 2 MW is deposited in the electrons. In con-
trast with the previous case, the carbon impurities absorb a
negligible amount of RF power (%100 kW) as do the alphas.

Figure (4-3k4) shows ignition is again reached. The total
system energy increases after the RF is turned off and there is

again a steep rise in the fusion energy curve. At t = 1.5 sec

Q~ 1.33. (L-5T)

In Fig. (4-35), the initial electron temperature of 2.0 keV
increases to 4.6 keV at t = 1.5 sec and reaches a value of 5.3 keV
at t = 2.0 sec. The electrons again remain Maxwellian during the
startup phase.

Figure (4-35) shows that the tritium and carbon temperatures

are now equal. At the RF shutoff point,T., = TC = L.6 keV. After

T
ignition, the electrons are again slightly hotter. At t = 2.0
sec, TT = TC = 5.2 keV. Tritium remains an isotropic Maxwellian,
while in contrast with the minority heating case, the carbon im-
purity is also an isotropic Maxwellian. Second harmonic damping
on impurities is small since RF power absorption is proportional
to the density. With the carbon density low, the impurities are
not heated.

The alphas again have a much higher average energy, shown

in Fig. (L4-36) and there is again a high energy component due to
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thermalizing alphas (Fig. (4-37)).
From Figs. (Lk-38-39) we see the deuterons, as before,

remain an isotropic Maxwellian. Although 97% of the RF power is
T

deposited in the deuterons we again find TD N TT (EE-% 1.01 at
t = 1.5 sec, in Fig. (4-35)). The characteristic slowing down,
isotropization, and equilibration times calculated in Egs. (L-L6-
48) together with the decreased amount of RF power per particle

heated

v 3.1 x 10—15 W/particle (4-58)

D

again counteract any anisotropization or tail formation in the
deuterons. If the energy losses are included along with spatial
effects, we can again expect that any @ enhancement will be
negligible. If the shorter characteristic times for NUWMAK are
ignored, to get the same RF power per particle heated as in PLT, one
would need to supply 1000 MW. If the shorter characteristic times
are included, almost 10 GW of RF power would be needed to get the

same amount of anisotropy and tail formation as in PLT.

L.c-4. Conclusions for ICRF Heating of NUWMAK

From examination of fundamental and second harmonic heating
of NUWMAK in our model, we find that deuterons, tritons, and elec-
trons all remain isotropic Maxwellians. Although the deuterons

absorb over 90% of the RF power, the reactor equilibration time
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is so short that TD R TT.

The alphas are not Maxwellian in either case. However, since
they do not absorb a significant amount of RF power, the Maxwellian
assumption used in STICR-II should not affect the RF calculations.
The assumption of alphas slowing down instantaneously does not
change the auxiliary heating requirement since the amount of alpha
energy in the tail during the RF startup is small.

The carbon impurities remain Maxwellian in the second har-
menic heating case. In fundamental heating, we found that impuri-
ties could become quite hot and nonMaxwellian in the absence of any
energy loss mechanisms. When finite radial confinement losses are
included, these effects are greatly reduced. When these results
are coupled with spatial effects, found in Chapter 5, we conclude
that impurities should remain Maxwellian with TngTTgiTC.

We can conclude from our FORCE reactor calculations that a
fluid model with a single ion energy equation should be accurate
for ion harmonic heating with the resonance zone near the plasma
center. There is little tail produced Q enhancement. However, to
be sure of our conclusions, we need to return to the PLT results,

include possible plasma processes which tend to inhibit RF heating

and see if FORCE agrees with the experiment.
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L.D. PIT-Additional Heating and Cooling Processes

In the previous examination of PLT, when only collisions and
RF heating were considered, the results obtained from FORCE differed
substantially from the experiment. Either the RF model is in
error, or other processes must be included. In this section, we
examine several heating and cooling mechanisms which when included,
provide good agreement. We then conclude that if "PLT" scaling
holds in the reactor regime, our results, which found no anisotropy
or tail formation, should be valid for an ICRF reactor startup.

First, there is radial particle and energy transport due to

finite particle (TP) and energy (TE) confinement. To model radial
losses(gg)
of on n
B 3. _ B B
J it ST T8 (4-59)
P
and
i ok E
1 2 ¥ B3y =B, __8 (1-60)
2B ot 3t 8

E

Dimensionally, this transport is modelled by inputing a Tp and g

for each species consistent with the PLT experiment. Equation

(4-5) together with egs. (4-16,18) now become

3
5t 8t g T £ v
8 _ °Ts g 1 5 T
3t 6f> * St Dpp - gt 22 3V 8 (4-61)
TP v TE
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or
1 3 ! '~ 3f ' af
= _ + — + =+
nor{v2 e AT+Bv I+ C =] .
1 _3_ 1 v"’ﬁ v_a_i _i‘_. _l___B_ Lf -
T 5e DT HEV IS+ F Rl 48 - =5 L (L62)
vv sin 8 P 2v B

Recycling in PLT keeps the ion densities constant during
the RF pulse. To model this, we set all the particle confinement
times to infinity. Later, when a neutral gas density is added,
impact lonization creates a source of ions. The various ion par-
ticle confinement times are then readjusted to keep the ion
density constant.

To find the electron energy confinement time we use the
fact that in PLT, the electrons reach a quasi-equilibrium during
the Ohmic heating phase before the RF is on

BEe

el V'[Qé + Eere] =Py * Py (4-63)

where POH is Ohmic heating; Pei is electron-ion rethermalization;

v
%[Qe + Ee Fe] represent conduction and convection losses. Setting

E
Vo[Q' + I’ E ] = -—9 (h—6’4)
e e e L€
E
at equilibrium,Egs. (4-63 and 64) become
-E_
- - Pog * Poy- (4-65)

Since P_, << Pyy, using Eq. (L-65) we fina
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-E
e e :
T, =5— "~ L5 ms (L-66)
E Py

for PLT with I = 350 kA, in agreement with the measured value.

In determining the hydrogen energy confinement time, we
use the result from Chapter 5 which finds over 90% of the RF power
goes to heating the protons in the plasma center. To model this

spatial heating we set

C 2 (4-67)

D =
E~ “RF * 'E’ “RF

where Tg represents the bulk ion energy confinement time. The
correction factor will be shown to be noncritical. Unless

Tg << Tg, not seen experimentally, the hydrogen radial energy loss

i1s small.
. D 0
To find TE and TE, we use a parameter study of tokamak
experiments by Hugill and Sheffield(Bo). The four parameter fit,
reproduced in Fig. (L-L0) is

N2 Eéo.61 g1-57 ;0.88 Ai0.65 (ms)

g (4-68)

where n is in lO13 cm_3; a is in m; B is in kG, Ai is the atomic
mass number. Although PLT was not used in deriving the empirical

fit, they found the experimental value to be close to the fit.

For PLT
Tg v 30 ms
(4-69)
Tg v 110 ms
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using the parameters in Table 4-4. Equation (L-67) becomes

Tg = 60 ms . (L-70)

With only radial losses included in Eq. (L-62), FORCE was
(L)

unable to simulate the experiment Other processes besides
radial transport need to be included. We now examine additional

processes which affect the electrons.

I, D-1. Electrons in PLT

Besides Landau and transit time damping, Coulomb collisions
and radial transport, the electrons are Ohmically heated and
radiate energy away. On colliding with a hydrogen or deuterium
neutral atom, an electron may lose 13.6 eV. Electron impact ioni-
zation increases the ion density and cools the electrons. By
adding these three effects, we may define an effective electron

energy confinement time

P._-P -P_ = — (b=71)

where POH is the Ohmic heating term

_ 2
Por = Ngp ¢ (h-72)

and where n P is the Spitzer resistivity.

S
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PZ is the radiation loss term (see Chapter 5)

Py = nn,L, (4-73)

where LZ is a polynomial fit to the reaction rate(3l)

Lo L_ =
g10 Z

I} B~1n

i
A, (Logy, T)". (b=7k)

1=0

The Ai are numerical coefficients. P is the electron impact

EP
ionization loss term(32)

(-13.6 ev) (b-75)

PEP = ne(n ot n O) <OV

with

ln<cv>EP =

It t~3n

Bi(lnE)i (Lb-76)

i=0

also a polynomial fit with the assumption that ionization cross

o] o
sections for H and D are equal.
*

Since FORCE preserves charge neutrality, an effective TPe is

* %
not needed. However, both a Tp and a TE must be calculated for

the hydrogenic species in PLT.
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4.D-2.  Hydrogenic Species in PLT

Impact ionization and charge exchange may cause the proton
and deuteron densities to vary. We need to model an effective par-
* *
ticle Tp as well as energy R confinement times for each species,

Let R designate the event rate for either ionization or

charge exchange. A deuterium density balance equation can then be

written
an 0 o n
Bg)z REQD - RE;H * R 0 * R 0 v ié (4-77)
ED PD Tp
H,D° | . : . .
where RCX is the rate at which a proton collides with a deuterium

+
neutral, D?,to produce a hydrogen neutral, HO, and a deuteron, D,

Z n.n <ov> . (L4-78)
o ex

H.D
cX

determines the rate at which a deuteron charge exchanges with
a hydrogen neutral, becuming a deuterium neutral with a resulting

decrease in the deuteron density

o
D,H = n.n <ovV> . (4-79)
cx D0 cx
H
R is the rate at which electrons ionize neutral deuterium(32)
ED
R = nn <ov (4-80)
EDo e DO EH
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(32)

while R o is the rate at which hydrogenic ions ionize deuterium
PD
R = (n, +n.)n <ov>__ . (L-81)
pp° H D ° PH
. *H
In an analogous fashion, an effective =t for hydrogen can

P

be written

o o)
a{? - RD,H _ RH},{D + R + R s i;
cx ¢ eg°  pE® L
where
o
D,H™ _
= nn <ov>
cxX D" o cx
H
o)
RH’D Z n.n <ov>
cx H _o cx
D
R = nn <ov
EHo e Ho EH
R = (n, +n)n <go>_,
pr° DT e R
In the energy equation we again assume that

per iconization event. In a charge exchange event,

neutral effectively exchange energies. Therefore,

0Ly g p° _ PD,DO _ PD,HO _

ot = ch cx cx

P -P %
op°  pE®

and for hydrogen

SEH ) PD’HO

ot cx

|
d
o2

H,H® PH,DO - P
cxX cX

- P

HH DH

(L-82)

(4-83)

13.6 eV is lost
the ion and

for deuterium

E
D

= (L-8l)

®

B

T*H (4-85)
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where
o BO
c; =, <0V (Eu - E o)
B B
P _=nn  <ovwg. (-13.6 eV) (L-86)
aB 8
for o = D,H
80 = DO,HO

In the evaluation of the charge exchange and ionization
cross sections, we have again assumed there is no difference

between protons and deuterons. The general hydrogenic species

(32)

charge exchange is
in<ov> _ =) c,(1nE)? (4-87)
cxX ~ 71
i
while the ion impact cross section is

1n<cv>PH = § Di(lnE)i. (L-88)

The Fokker-Planck equation can now be written

3f _ o[l 3 ar , ' af
N noP{V2 57 [Afr+Bv 5 + C 36] +
1 3 ' '~ 3f ' af
T o g P ErEVptE g5l
vv sin 9
f, 1 5 3f £ .13 3F ;
St T EwW Y LT FET T oY } (4-89)
P 2v E Tp 2v TE J
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%€ %0 %0

SB->O and Tp » Tp » Tg

+ = since there are no external sources,
charge neutrality holds, and the impurities have no sources or
sinks.

In the evaluation of the cross sections used in Eq. (h—89),
all species were assumed to be isotropic Maxwellians with tempera~
tures determined from the previous time step. Since the time step
is .0l ms, the distributions do not change greatly over one step
and this approximation should be valid. From Fig. (L-L41) for PLT
with Te, Ti v 1.0 keV, charge exchange is the dominant cross sec-

tion and proton impact is negligible. We now use FORCE to examine

ICRF heating in PLT.

4,D-3. PLT Results

For the average neutral gas density in PLT, we have assumed
n, =2.2x 109 cn3 composed of 10% E° and 904 D° both at a
temperature of 5 eV. This density results in a hydrogen charge
exchange loss comparable to the experiment. A list of parameters
for PLT, with these additional processes included, can be found
in Table 4-4. When Figs.(4-1 and 42) sare compared, we see these
additional processes have a minimal effect on the dispersion re-
lation, since the fast wave ki_is weakly dependent on temperature.
Figures (4-43-L45) show the electric field components are not
significantly changed either.

Again we see in Fig. (L4-U6) that fundamental damping is the

strongest RF heating mechanism; 310-330 kW of RF power is absorbed
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by the protons. From these plots we see the RF heating process is
unaffected by the various additions to the Fokker-Planck equation.
However, the particle distributions are greatly altered.

In contrast with our earlier result, Fig. (4-47) shows the

plasma now reaches a steady state, with T Av40-60 ms, comparable

RF
to the experiment. The total system energy at t = 100 ms is now

3 3

lower due to the losses, 3.4 x 10° keV/cm3 compared to 8.4 x 10t
keV/cm3. Figure (L4-L8) showsall the distributions reach equilibria
40-60 ms after the RF pulse is turned on. In good agreement with
PLT, the spatially averaged electron tempersture does not increase
significantly during the RF pulse. The FORCE code obtains
AT~ Lo ev.

FORCE has the average deuterium or bulk plasma ion tempera-
ture increasing 150 eV, in agreement with PLT. The average proton
energy increase is now 450 eV as compared to 2240 eV calculated

T

previously. At t = 100 ms, EE-% 1.8.
D

Figure (4-L49) shows the importance of Ohmic heating, radial
and radiation losses on the electron temperature. The amount of
power in Ohmic heating (v550 kW) and radial transport (vL60 kW)
is larger than the total RF power (350 kW). Radiation losses
cancel the direct RF electron absorption term. Since the Ohmic
heating term is larger than the radial transport term, a rise in
the electron temperature might be expected. However, Te> T

D’ To

and the electrons lose energy via collisions. The high energy
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protons which slow down on the electrons do not provide enough
power to counteract the electron collisional losses. After the RF
is turned off, Te drops. The drop in Te causes an increase in the

while the radial losses decrease

Ohmic power since P =*'T;3/2

OH

since P Te. The net result is little electron heating.

Radok
Deuterium radial (v360 kW) and charge exchange (v190 kW)
losses are large as shown in Fig. (L4-50). Second harmonic absorp-
tion is minimal (< 2.5 kW). For the average deuterium temperature
to rise 150 eV, over 550 kW of power must be received from col-
lisions with electrons and high energy protons.

From Fig. (4-52) we see the low concentration of hydrogen
results in small charge exchange (v30 kW) and radial losses

(v20 kW). The dominant terms in the hydrogen energy balance are

RF heating and Coulomb collisions with the cooler species. Setting

H

e = TD would raise the radial losses to “45 kW, still a small

E

amount. Unless Tg << 60 ms, which has not been observed, the RF
correction factor in Eq. (4-67) has a small effect. The small
radial and charge exchange losses and the large amount of direct RF
heating cause the protons to become much hotter than the background
deuterons and electrons.

The initial Maxwellian electrons and deuterons again remain

Maxwellian during the RF heating phase. The deuterons, although

being heated during the RF pulse, remain isotropic.
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The protons, which absorb most of the RF, become nonMax-
wellian. Figure (4-51) shows the protons becoming slightly aniso-
tropic during the the RF pulse. The amount of anisotropy at

T, T

3 e
s T V1,17 as compared to = ~1.29
1" "

t = 100 ms has now decreased
predicted before. This anisotropy again disappears within 30 ms
after the RF pulse is off.

The hydrogen temperature is now lower than in our idealized
picture, dropping from 2.55 keV to 0.76 at t = 100 ms.

In comparison with the earlier model, Figs. (4-53-54) show
that a smaller high energy tail forms which quickly disappears

once the RF is off. Figure (L4-55) shows the effective hydrogen

tail temperature, 18 keV, agrees with the experiment.

I E, Conclusions

We have seen that besides RF heating and collisions, Ohmic
heating, radial, charge exchange and radiation losses are impor-
tant in interpreting the RF heating experiments in PLT. When all
these processes are lncluded, FORCE obtains good agreement with
the experiment.

Only the protons become nonMaxwellian with an effective
tail temperature of 15-20 keV. The protons absorb over 90% of the
available RF power through fundamental minority damping. The pro-
tons are slightly anisotropic and quickly isotropize once the

RF is off.
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The deuterons, which make up the bulk of the plasma, double
in tempersture. They remain Maxwellian, being heated by collisions,
not by the RF. The electrons are not heated substantially. The
oxygen impurities have little affect on RF absorption. All these
results agree well with the PLT experiment.

In the reactor regime, our idealized model has shown that
there is little Q enhancement. Both the deuterons and the tritons

(13)

are Maxwellian with T ¥ T . Stix finds tail formation because

D T
he neglects other processes such as radial transport and charge
exchange. In addition, his reactor model has a lower plasma
density which leads to longer slowing down and isotropization

times. Finally, Stix assumes much higher power densities than are

needed in NUWMAK. For £ = 10

<PRF>

D

— = 6.5 x 10'lh W/particle (4-90)

while for ¢ = 100

<PRF>

D

= 6.5 x 10_13 W/particle. (h-91)

n

For NUWMAK, € should be less than 3.

We have seen that alphas do not absorb much power. The im-
purities should not absorb much RF power when the resonance zone
is near the plasma center. Any additional processes which could

be added to our idealized model would decrease further any RF
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induced nonMaxwellian effects.

The space-time codes STICR-I and STICR-II discussed in the
next chapter assume isotropic, nearly Maxwellian distributions with
only a single ion temperature. FORCE has shown this to be an
accurate picture. A Fokker-Planck formulation is not needed.
However, FORCE has shown, as has the experiment, that for PLT this

assumption is not wvalid. A1l the species, except the protons, are

isotropic Maxwellian with TD = TO. However, the protons are
T
nonMaxwellian with TE- NVv1LT7 at €t = 100 ms. Since the protons are
D

only slightly anisotropic, the fluid equations should still be
valid.

However, FORCE neglects several effects which the space-~time
codes include. The Fokker-Planck degeription neglects all spatial
effects, using only a spatially-averaged density and energy for
each species. FORCE also assumes w = nw (r=0) everywhere (RF
heating is concentrated near the center). FORCE neglects both
mode conversion processes if present, and absorption outside of
the cyclotron resonance layer. These spatial effects may lead to
a further reduction in any ICRF induced effects in both NUWMAK and
PLT.

Although the PLT space-time code STICR-I has only one ion

temperature, we are able to incorporate into the RF calculations a

separate hydrogen temperature



where CH is an input variable greater than 1.
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(4-92)

We shall see that

CH plays an important role in determining the mode conversion

threshold in PLT.
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[

Table 4-1
Quasi-Linear RF Assumptions

Nonrelativistic, collisionless, infinite, spatially uniform
plasma exists in the absence of wave excitation.

There is a constant, static magnetic field, Bo’ with no
curvature oriented along the Z axis.

No static electric field exists.

Direct nonlinear coupling between waves can be neglected.
Spatially averaged distribution functions change slowly
compared to the gyroperiod and characteristic times of

the wave motion.

The constant magnetic field is strong enough that particles
gyration frequencies are larger than the damping rate of the

waves.
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Toroidal field (kG)
Major radjus (cm)
Minor radius (cm)

Plasma volume (cm3)

Initial
Initial

T
P

e

Leff

k,(cm™ ")

Minor radius of heating (cm)
RF frequency (MHz)

RF power (MW)

RF pulse (sec)

Atstep(ms)

-14
PD/ND (x10

W)

Table 4-3
NUWMAK
Fundamental
60.4
512.5
144 .0
2.1 x 108
3.0 x 10"
3.0 x 10'3
2.7 x 1014
1.0 x 10
8.0 x 10°
2.0
2.0
-1
0.2
10
46
150
2.0
0.5
~1.8

Second Harmonic

60.4
512,

N-—l
P
O O O O oo O — &
XX X X X X X O o

N N0 = = =W

8

~ 1
0.2

10

92

100
1.5
0.5

~ 0.33

79

10

1014
14

10
10
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Table 4-3 (cont.)
at RF Shutoff

Fundamental Second Harmonic
RF shutoff (sec) 2.0 1.5
PR (M) ~ 0.26 ~ 1.6
PRe (M) ~ 114 ~ 97
Prp (M) -~ 0 ~ 1.6
pEF (MW) < 35 ~ 0.07
Prp (M) ~ 0.008 ~0
Pa (MW) ~ 190 ~ 130
Q ~1.27 ~1.33
AEe (kev) 6.4 3.9
AEy (keV) 6.8 4.0
AET (kev) 6.6 4.0
AEc (kev) < 800 4.0
|E,[(V/cm) ~ 3.1 ~7.9
[E_|(v/cm) ~ 33.2 ~ 24.0
|E. | (V/cm) ~ 0.05 ~ 0.02
nc(cm'3) > 4.5x109 ~ 9.1x1010
na(cm-3) 2.76x10") 1.80x10"!



Toroidal field (kG)
Major radius (cm)
Minor radjus (cm)
Plasma current (kA)

Plasma volume (cm3)

ﬁD (cm'3)
ﬁH (cm'3)
n (cm'3) (oxygen)

z

0

Initial T.=T,=T. (eV)

D H 'z
Initial Te (eV)

T0 (ev)

RF power (kW)

n_ (em™3) (1024°-90%0°)

Table 4-4
PLT

16.4

130

45

400

5,2x10°

.2.50x10'3

1.95x101 3

1.95x1012

4.46x101

2.2x108

300
650
5

350

~ ~ 1 3 —
MN MIMoOMO T NT TUO O
—
3
v
S

~

—
—
3
wn
~—

Zeff

ko (cm™ 1)

RF frequency

(MHzZ)

RF pulse (ms)

At (ms)

step

Minor radius

at heating
(cm)

PH/NH(X10

-14

81

150
200

45
30
60
110
~ 2.0
0.1

100
0.02

10

~ 3.5
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Table 4-4 (cont.)
At RF Shutoff

Pee (ki) ~ 16 P (k) ~ 26
PR (kW) ~ 2.4 Pl iy (k) =~ 22
P (KH) - 332 P2 diay (KH) ~ 2.
PEr (ki) ~ 0,06 AE, {eV) 55

Poyy (ki) ~ 534 AE (eV) 227

P, (kW) ~ 17 AE, (eV) 685
Pep (kW) ~ 1.5 AE, (eV) 255
Poagiar (KW ~ 460 [E,|(v/em)  ~ 3.3
PD. (ki) ~ 186 [E_[(V/em)  ~ 39.5
pD (ki) ~ 370 |E.|(V/em)  ~ 0.01

radial
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CHAPTER 5

SPATTIAL ASPECTS OF ICRF HEATING IN TOKAMAK PLASMAS

5.4, 1-D Fluid Model

In this chapter we investigate the spatial aspects of ICRF
heating in PLT and NUWMAK using a multi-species,l-D transport code
with a WKB slab model of RF heating. Spatial RF.power depositions
and temperature and density profiles are obtained. We also find
an estimate for minority concentrations, which determine the mode
conversion threshold. The amount of auxiliary power needed to
ignite NUWMAK is calculated. Finally, we examine various RF
heating scenarios which minimize the effects of complex and unre-
solved physical processes (mode conversion and ion-ion hybrid
resonance effects).

(1-14)

Starting with the Boltzmann equation

of e

E..E._.Fv .Vf6+;n-—-(E+va)'Vf=CB (5"1)

where CBiS the Fcockker-Planck Collision operator. On taking the

zeroth moment of Eq. (4-1) we obtain the density balance equation

BnB _
5—€_+V'FB =0 (5~2)



3

v, and f.represents a part

fB d

where n

d3v.

= nB \

FB B= vVrf

B

In obtaining Eq. (5-2) we find

and

J

since Coulomb scattering conserves particles.

moment of Eq. (5-1)

anB%E-VB + anBVé . §'VB = nBeB(E-+
+ mB ;-CB
where P is the pressure tensor
Poem|(v-V,) (v-7V) ¢, av.
B B B B” "B

112

icle flux

(5-1)

Taking the first

(5-6)

Assuming a spherically symmetric velocity distribution for

species "B" (see Chapter 4), the pressure tensor can be
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represented by a diagonal tensor with a single scalar pressure p

(5-7)

(o]
oy}

il
<
|
<}

vl\)

.
ol
<
1
o]
=]

The Fokker-Planck Collision operator conserves momentum

in collisions between similar particles, hence

C.¥ av = 0. (5-8)

The second moment of Eq. (5-1) yields the following energy

balance equation

m |

m
3 B 2,3 - TV -7 .0 + B %43
8_1?(“8 2VB+2nBTB) nBeBE VB—V HB+2 vCde
(5-9)
where
= .3 - 2 3
= = -10
H 5 mB v v fB d~v (5 )
and
8 3 -— _. ; T ) -— -—C_
ﬁ(é'nBTB)"VB (2 TBTB+ QB) nBTBV VB
m
T.T 4B 42043 i
+nBeBE VB+2 v Cde (5-11)
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where Qé is the heat flow wvector

O
m

m
= M- — — 2 3
5 J v (v - VB) de v. (5-12)

In aé, we neglect energy flow due to nonisotropic particle
distributions. Chapter 4 shows this to be valid for NUWMAK. In

PLT, this approximation should be good for all species except
. . n (5-6)
possibly the protons. Experimentally T, ~ T .
H
In Eq. (5-11) V - (g-TBFB) represents energy flow due to

diffusing particles while V. QB

thermal conduction. The term, —nBngi- V, represents a compressive

B

energy flow which is usually small and therefore neglected. The

"

represents energy flow due to

Ohmic heating term is nBeBEé . V"while 2? J VECBdBV describes the
rate of energy transfer between collison of unlike particles.

When the Fokker-Planck Collision operator is used, Egs.
(5-2,5 and 9) form a closed system and neoclassical transport is
obtained(l’7_lo).

By averaging over a magnetic flux surface, one-dimensional
particle and energy fluid transport equations are obtained. Whereas
previous work assumed that deuterium and tritium did not transport

(11_12), and impurities were neglected(lB’lu), the

separately
Space-Time Ion Cyclotron Resonance heating code STICR-II can calcu-

late separate deuterium, tritium, impurity, and alpha particle

transport in NUWMAK.
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3 _ 19
5% Up T = T o7 (¥ Tp) - mpug <ov+ gy
3 _ 19
5% “p = = 7 57 (FTp) - mpag <ov> + 5,
3 _ 19
5t % = = 78y (¥ Ty) * npug <ov>
5 . _13_
ot Yz T T 7 Br(rrz) (5-13)
. . . (15-16)
where particle sources and sinks due to alpha fusions , charge

exchange, and impact ionization have been added. In PLT, hydrogen
is present instead of tritium and oxygen is the dominant impurity.

STICR-I solves the following density equations

) 123

3t °p = " 7o Tp) * 8,

o .13

3t "HT T T 5% (rPH) * Sy

3 S

3t "o - T T or (rTO) (5-14)
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where the only sources and sinks are from charge exchange and impact
ionization.
Adding sources and sinks to the electron energy balance

equation we find

9 (3 = 13 3
5t (5 8Te) = nppg <ov> BU - Ton e+ 5T T )]
- P P.-P +P_ +°P°
EP ei z OH RF (5-15)

where n.n <cv>Ea is the alpha energy production term; Ea = 3.52 MeV

DT
for NUWMAK and O for PLT; Uue is the fraction of alpha energy
deposited in the electrons(l’lT); Pei is the electron-ion

rethermalization term; PZ is the radiation loss term; PEP is the

electron impact ionization loss term; is the Ohmic heating

POH
e

term; and PRF

is the RF heating term from Landau and transit time
damping.
Both STICR-I and STICR-II assume that all ions have the same

temperature. The ion energy balance equation with sources and sinks

is

a_ (3 - 19 3
5t (3 73T3) = nppg <ov> B U . - oo Ir(Q + 51T )]
+P . -P._-P +p° (5-16)
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where E = 3.52 MeV for NUWMAK and O for PLT; U . =1 - U is the
o ai oe

fraction of alpha energy deposited in the ions; PCX is the charge

i

exchange term; PIP is ion impact ionization loss term; and PRF is
the ion RF heating term.

Since charge neutrality is assumed in NUWMAK

n, = np +ng + 2na + <z>n, (5-17)
whereas in PLT

n, =m0y + g+ 8 n,. (5-18)

(9)

The particle transport coefficient T, can be written as

B

r.=-7J D, VF (5-19)

(9)

while the energy transport coefficient QB can be expressed as

Qe - % Xeb vF
Q = - % Xip VFy (5-20)

where Fb is either density, ion or electron temperature and
b=e,D, T, a, C for NUWMAK or b = e, D, H, O for PLT.
The conductivity and diffusion terms in Egs. (5-15,16) now

include the collisional effects in Eq. (5-9). Previously, trapped
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(1,7,13-14,18)

particle scaling was assumed to describe the plasma
transport. However, trapped particle scaling has yet to be seen
in any tokamak to date. With collisonal effects incorporated into
DBb and Xgp > "empirical” scaling can be used. Although "PLT
empirical’ scaling is not fully understood from a theoretical
standpoint, computationally this scaling has produced good agree-
ment with both PLT Ohmic heating and neutral beam heating experi-
ments. Having shown that ICRF heating does not affect the bulk
plasma distribution, we have assumed this scaling holds for the
RF experiments.

After obtaining agreement with the present day PLT RF heating

(6)

experiments » we next assume that "PLT empirical" scaling pre-
dicts particle and energy transport in NUWMAK. The transport
scaling, although not affecting the RF power deposition, greatly
influences the auxiliary heating requirement.

For high density and temperature plasmas, "PLT empirical

(19)

scaling is

17
DB = };géaz—lg——- cm2/sec + neoclassical
e
X; ¥ neoclassical
(5-21)
17
Xg = };9_%_;9__ cm?/sec + neoclassical(9)
e 17
for 149—§¥E1—— <2 x 10° cn’/sec
e
=2 x 105 cmg/sec + neoclassicalig)
por 20X 20 5 05 en’/sec-

n
e
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In STICR-I and STICR-II, the classical electron~ion
(1)

equilibration term is used

P . = ——-E:-(T -T.) (5-22)

where Tei is the electron-ion equilbration time<20)

3me1/2 Te3/2
Tei = [ )4 (5-23)
Lhion)= e n, 1nh
m.n,
with miE Z—frj-. This expression for Pei is used since this

J e

provides good agreement with experiments

(1)

The Ohmic heating term is calculated using neoclassical

theory

P_=EJ (5-2L)

E, =n_J (5-25)

where e is the neoclassical resistivity(ll’l3)

n=n_ (1-1.95(x/R)Z + .95(r/R))"} (5-26)

ne sp

(21)

nsp is the Spitzer resistivity
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Because PLT and NUWMAK are assumed to be transparent to

(22)

their own radiation, a coronal equilibrium model is used.

Radiation in this model results from Bremsstrahlung, radiative
recombination and line transitions. Using coronal equilibrium,

(22)

the radiation loss term is

P, =nnlL (5-27)
? i
L, = izo A, {Loglo Te} (T, in keV) (5-28)

and Ai are coefficients of a polynomial least square fit to the
radlation cooling rate.

For charge exchange and impact ionization, analytical or
polynomial expressions were fitted to the experimental data(23).
These expressions, when integrated over Maxwellian distributions,

were fitted to polynomials to obtain the cooling rates. For

charge exchange

ch = n;n <ov> (Ei - EO) (o0 = neutral atom) (5-29)
where
5
_ i .
<ov> = .Z Bi(ln E ) (E in eV) (5-30)

1=0
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with E in eV, ng is the neutral gas density; Ei is the incoming
ion energy; and EO is the neutral gas energy. For ion impact
ionization

(-13.6 eV) (5-31)

P = n,n <ov>
i“o

IP IP

while electron impact ionization has

Ppp = DA <OV>oo (-13.6 eV) (5-32)
where
2 i
<ov>p = _z Ci(ln E )
i=o
E in eV
;
<gvV> _ i
— = D,(1n E ). (5-33)

The incoming ion or electron is assumed to lose 13.6 eV in
ionizing a neutral atom. In the charge exchange calculation, the
initial or first generation charge exchange event has a neutral
atom energy of 5 eV,

The radiation, charge exchange and impact ionization terms
are calculated at every grid point along the minor cross
section.

Electron and ion impact are a source of ions in

Egs. (5-13,1h)
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SD = nin O<crv>IP + nen O<0v>EP
D D
ST = n.n <ov>i, +n.n oSOV e (for NUWMAK)
T T
SH =nn <ov> 4+ nn <oV, (for PLT). (5-34)

H IP H

When the neutral gas has a different concentration of hydrogenic
species than the plasma, charge exchange can alter the ion con-

centration. For PLT

S.=nn <ov> - n.n <ov>
D H Do ex Ho cX

2]
n

" nDnHo<ov>cx - anDo<cv>CX (5-35)

while for NUWMAK

w0
]

nn <gv> - n.n <gv>
D T Do cxX D To cx

Sp = nDnTO<cv>CX - nTnDO<0v>CX. (5-36)

STICR-I and STICR-II assume that a feedback control exists
which keeps both hydrogenic ion densities constant. Particles are

added or removed using a flat profile, which leaves the tempera-

(5-6)

ture profiles unchanged. In PLT , recycling and wall
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sputtering keep the plasma density fairly constant over the RF
pulse. By adding particles without affecting the temperature
profiles, we can simulate PLT and obtain good agreement.

Unlike PLT, we have no source of impurities; consequently,
Z decreases. In PLT experiments, the impurity density actually
increases during the RF pulse. Since radiation losses appear to
be small, this discrepancy between impurity densities has a small
effect. BSince the PLT electron temperature rise is uncertain at

(6)

this time » 1t is difficult to compare our electron temperature
profiles to the experiment. The radiation and impurity transport
models should not affect either the ion temperature profiles or
the RF power deposition.

We now examine the ICRF heating model which calculates the

RF heating terms in Egs. (5-15,16).

5.B. 1-D WKB Slab Model of ICRF Heating

The full 3 x 3 hot plasma dispersion tensor (Eg. (3-4)) is
used to obtain a local complex ky for a given real w and ky. The
plasma minor cross section is divided into 117 points, neglecting
curvature and edge effects (see Fig. (5-1)). At each point rss
n(ri), T(ri), and B(ri) are used to calculate kljri). All densities
and temperatures are assumed to be symmetric in minor radius.

Mau(gh)

has shown density and temperature gradient effects on the
dispersion relation to be small.

To find the power deposition for each species "B" at each
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(25-26)

point rs, the weak damping formula is used

—_— % = —
Prp(r) = B(x) « B2(x) + Br)/2 (W/en®) (5-37)
-Imk_L
which is valid when ok l<<1. The validity of Eq.(5-37) is
A

examined in Appendix D. The weak damping formula holds over the
entire cross section in NUWMAK. For PLT, it breaks down over the
cyclotron resonance layer. Near this layer, mode conversion may
also occur. We address this problem later.

A local description is again used to calculate the RF
electric field component ratios Ey/Ex’ EZ/EX at each point along

the minor cross section

D(r) - E(r) = 0. (5-38)

An incoming fast wave may mode convert into an electro-

(27-28)

static Ion Bernstein wave The RF dispersion relation

det|D(r)|= 0 (5-39)

has an infinite number of solutions. The smallest root corresponds

to the fast wave root (k The next smallest root is associated

el

with an electrostatic ion cyclotron mode called an Ion Bernstein

wave (k ). Equations (5-38-39) are solved at each point

4I.B.

using both roots
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det|D_(r)| = 0 D - E(r) =0
and

(r)] =0 D _(r) - BB () =0 (5-L0)

detlDI.B. I.B.:

Equation (5-40) yields Ky e

Moy

. f f T
klI.B. and the ratios Ey/E R EZ/EX,

.B. , I.B. .B. .B. .
Ei B /EX B , Ei B /Ei B where f designates the fast wave and I.B.

the Ion Bernstein mode. So far, each point has been calculated
independently. We now must "connect" these points to form a 1-D

picture. To accomplish this a WKB type plane wave equation for

El(r) is used

a°gY

pid 2 Y - _
dgr + kly(r)EX(r) 0 (5-41)

where y=f, I.B. The solution to Eq. (5-41) has the following

form(3o)

Y 1 Ly -
E' o Y e (5-42)
Ly

The validity of this solution is investigated in Appendix D and
found to hold over the entire cross section NUWMAK. In PLT, the
WKB solution also breaks down in the vicinity of the cyclotron

resonance.
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It is not obvious that a slab model holds for PLT, a much
smaller device than NUWMAK. However, the temperature profiles
obtained by STICR-I agree with the experiment. Although a 2-D or

3-D eylindrical model(27)

would be more accurate, the differences
may not affect the temperature profiles.
We now need to find the magnitude of the electric field.

We first fix the phase by assuming that the fast wave has a real

Ei at the low field edge

Ei(r = edge) = ¢(1.,0.) . (5-43)

To find C, we normalize the electric field assuming all the wave

energy launched is absorbed by the plasma
w =*f = = —*1.B, =5
= — 1 . P . + . . .
P 5 ) g ET(ry)  Koplr,) «E(r;) + E (r,) KBI !

where we sum over the RF energy deposited at each point rs, for
each species, for both the fast and Ion Bernstein modes. Writing

the normalized electriec field as

£ = ¥y (5-45)

3]
where E is the unnormalized field, C is

r.) « Bxr.) « E ¥ (x,) : (5-46)

e
< 3
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In PLT and NUWMAK, a plane fast wave is launched from the low

field edge. At each point r, as the wave propagates inwards,

2 2 2 N 2
l-f(ri) and kl~I.B§ri) are calculated. If Rek % Rek to

k i1 f A TI.B.

within 10%, over a finite mesh width, mode conversion is assumed to

(29,31)

occur. dJacquinot has obtained the following spproximate

expression for the mode conversion threshold in PLT

n. k,V,, (H) kﬁc2
> D th ) (5-k7)
H - m 3 2 *
“pp

ol

This equation agrees with the computational threshold.

When mode conversion does not occur, EI'B' = 0 and Eq.
(5-LL4) is evaluated using the fast wave mode. If mode conversion
does occur, reflection, transmission and mode conversion coeffi-
cients are calculated at the mode conversion surface (see Fig.
(5-2)). Upon reaching the mode conversion surface, part of the
incoming fast wave is reflected back towards the low field side
with an initial electric field RE, where R is the reflection
coefficient and E the incident electric field. Some of the
incoming wave is transmitted through the mode conversion layer with
an electric field TE, where T is the transmission coefficient. In
NUWMAK, the remaining wave energy is assumed to mode convert into
an Ton Bernstein wave which propagates towards the high field

side with an initial electric field CE} with C being the mode

conversion coefficient.
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(28)

For PLT, Swanson has shown that some of the wave energy
may be deposited in the mode conversion layer. To model this,
STICR-I assumes that in the mode conversion layer the electric
fields are constant and the absorbed energy is equally divided

between the two branches. We shall see that mode conversion

appears to play a minor role in both PLT and NUWMAK.

5.C. Mode Conversion Coefficients -~ NUWMAK

By inverse Fourier transforming a small ion gyroradius
expansion of Eq. (5-38), a fourth order differential equation can
be obtained to describe coupling between the fast and Ion

(27)

Bernstein branches

) 2
S+ L+ rm)E=0 (5-L8)
dr dr

where A,y are constants. Using Laplace's method and analytical
continuation of the contours of integration, the WKB solution for
the wave electric field on each side of the mode conversion layer
can be connected using various connection formulae. The following
transmission, reflection and mode conversion coefficients are

obtained for small ky,

|7} = /2
Ir[ = |1 - ™|
lcl? =1 - |7/® - |R]® = &™) - 2™ (5-49)
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where

R w
o PD
= — == + —
n 2 ¢ B (1 n B

(5-50)

Equations (5-49-50) are valid for a fast wave launched from the

low field side.

5.D. Mode Conversion Coefficients-PIT

(28)

Swanson has derived mode conversion coefficients for
fundamental minority heating in PLT. Instead of Eq. (5—&8)7Swanson
obtains fourth order coupled differential equations which describe

mode coupling. Swanson finds the following mode conversion

coefficients

— -2
R= (1 - e + 122)
C= e M1 -e@M (1 + Ioo) (5-51)
where
n
W R H
n = —¥El—§—2u%a26D+'ne) (5-52)
he(1+4p7)
and
o = (1 + pg) (L -3 pg)/(l + 3p2)
Ky V
p=——2 (5-53)

w
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il (28)

for E—-small. Since rotational transform effects are small
e
are neglected.

, they

In Eq. (5-51) Top and I,, must be solved numerically.

Swanson has found C = (Cre’ C12> and R = (Rrg’ Ri2) for n_ =
13 -3 g
6.2 x 107~ em °, B = 36 kG, B, = 0.01, =0 (see Fig. 5-3)).
e
For those parameters and %k, = 0.1 cm_l,
lc] % o.01
[R| ® .05 (5-5L4)
S0
Ipp ™ - 0.3k

with n n 0.25.

We assume that 122 and I02 do not change significantly when
PLT parameters in TABLE 5-1 are used. In deriving Egs. (5-51-53)
Swanson neglects electrons and nonMaxwellian effects. Using Egs.
(5-51-53,55) we find that |C| and |R| are small. Most of the

energy is either transmitted or absorbed in the resonance zone

2 2 2
Eabsorb =1- IRI - IT[ - QICI (5-56)

with
o= (1- &ML (5-57)

We now examine ICRF heating in PLT.
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5.E. Numerical Results - PLT

The PLT parameters are listed in Table 5-1. Parabolic den-
sities (Figs. (5-4-6)) and parabolic squared temperatures (Figs.
(5-7=8)) are the initial profiles. Oxygen is assumed to be the
dominant impurity with Zeff v 2, At the edge Ti = Te =5 eV,

In Fig. (5-9), the cold plasma kfcp(r) (dotted line) is
close to Rekif (s0lid line) except at the resonance layer, where
the cold plasma root + = , T2 equals 1.0 indicates the fast wave
is transmitted through the resonance zone, there being no mode
conversion. In Fig. (5-8), HTEMPC equals 1.5 indicates that
TH =1.5x Ti in the RF calculations. If TH = Ti’ mode conversion
would occur.

In Fig. (5-9) Rekff(r) < 0 over a small region near r = 123
cm, indicating a possible evanescent zone. Since this region is
small, no reflection or absorption is assumed to occur over this
region. This evanescent zone lies in the region where both weak
damping and WKB theory break down (see Appendix D). The steep
rise in Imkff(r) near this region is a result of the presence of

the ion-ion hybrid resonance(32).

2. Xpfy * Xgfp .
Xpfp * Xgfy | CE“CD

X])= nD/ne fD me/mD

Xy = nH/ne fy = me/mH (5-58)
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which lies near the w oy T ngD resonance layer when Ny > 0. As
Ny + 0, the evanescent zone and peaking of Imkif disappear, result-
ing in a smoothing of the RF spatial depositions.

The fast wave electric field components are shown in Figs.
(5-10-12). Solid lines indicate real parts while dashed lines
correspond to the imaginary parts. The peaking of Imk_,g_f and the
evanescent zone produces a corresponding peaking of the electric
field. The number of oscillations in the electric field indicates
approximately four wavelengths fit within the device. Since the
WKB approximation assumes the plasma density and temperature do
not vary over a wavelength, this assumption is not as appropriate
in PLT as in a reactor. However, WKB theory seems to provide
reasonably accurate results when compared to the experiment.

Figures (5-10-12) show a drop in [Efl from V100 V/em at the
low field edge to “20 V/em at the high field side. This drop
implies the fast wave is absorbed within one pass across the cross
section. No eigenmodes are observed in PLT, indicating this is
correct. Both STICR-I and STICR-II neglect possible eigenmode
effects. The electric field profile is obtained neglecting edge
effects, a good approximation when no eigenmodes are established.

Over 93% of the RF power is deposited near the center
(Figs. (5-13-1k4)), again indicating the RF is absorbed within one
pass across the minor radius. The peaking in Imkff and Ef result
in a sharp peaking of the hydrogen and deuterium RF power profiles.

The evanescent zone causes the sharp decrease in the deuterium and
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electron absorption profiles.

Figure (5~13) shows the fundamental minority heating of hy-
drogen deposition along the entire plasma cross section. Upon
averaging over magnetic flux surfaces, Fig. (5-1L) is obtained.
This drop in power at r = 0 occurs because there is only one point
in the flux surface. Every other region has contributions from
both +r and -r.

The deuterons, through second harmonic damping, absorb
only 3% of the total RF power (Fig. (5-15)). The remaining 6.5% is
deposited in the electrons over a relatively broad heating zone.

As time increases, the impurity density drops, shown in
Fig. (5-16). Figures (5-17-18) show the central deuterium and
hydrogen densities to increase while the edge decreases. The pro-
ton density increase at the center is faster than the deuterium

n
increase. After 60 ms, EE <11%. This increase in n._ at the

H

center, together with theedecrease in electron density, lowers the
mode conversion threshold. Over the last 40 ms of the RF pulse,
STICR-I finds mode conversion occuring. Since the impurity level
actually increases in the experiment, the mode conversion threshold
should not decrease with time.

In any case, Figs. (5-19-20) show that temperature profiles
are unchanged when mode conversion appears. The ion and electron
temperature profiles reach steady state 40-60 ms after the RF is

on, in agreement with the experiment. Figures (5-21-22) show that

the electron and ion RF heating profiles remain unaffected as well.
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At the end of the RF pulse, the density profiles are still
parabolic. The average electron density has dropped from 3.0 x

1 - -
3 en™3 to 2.6 x 1073 em™2. The temperature profiles are shown

10
in Figs. (5-23-24). The electrons are not heated while the average
ion temperature increases 225 eV with AT(0)v600 eV in agreement with
the experiment(6).

After 60 ms, mode conversion appears with the mode conver-
sion layer between the T78th and 79th grid points (120.0 cm < r
< 120.5 cm). There is still an evanescent zone which lies between
the launching structure and the mode conversion layer. Between
r = 121 cm and 135 cn, Imkff < 0 indicating that most of the RF
wave energy may be damped before the mode conversion layer is
reached. Swanson's mode conversion coefficients indicate over 58%
of the wave energy which reaches the mode conversion layer is
absorbed. Over 37% of the energy is reflected. Only 4.7% of the
wave energy is transmitted through the layer and none of the
energy is converted into the Ion Bernstein branch.

Figures (5-25-26) show the wave energy is largely damped
before the wave reaches the mode conversion layer at r = 120.5 cm.
Over 90% of the RF power is still deposited in the protons over
the same width as occurs when mode conversion is absent. Second
harmonic damping increases slightly from 3% to 6% while the
electron absorption decreases slightly to 4% of the total RF power.

The cyclotron resonance is between the mode conversion

layer and the low field edge. Therefore, the fast wave undergoes
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appreciable damping before the mode conversion layer is reached.
Over 3T7% of the RF energy is reflected back towards the low field
side. This wave must again pass through the resonance layer. This
further reduces the amount of refiected power. There is some
interference between the incident and reflected fast waves. A
standing wave develops over half the plasma cross section. This
produces oscillations in the broad electron RF heating term
(Fig. (5-22)). However, electron absorption is small and the ion
heating terms do not change significantly. We therefore conclude
that there is very little power in the reflected wave. Mode con-
version plays a small role since most of the energy is deposited
in the plasma before the mode conversion layer is reached. Approxi-
mately 58% of the available mode conversion energy is deposited in
the mode conversion layer, lying close to the resonance zone.
Without mode conversion, the RF heating profiles would not change.
Figure (5-19) shows the electron temperature profile remain-
ing fairly constant during the RF pulse, except for an initial
drop at t = 0 ms. The peak temperature drops from 1300 eV to 950
eV at t = 100 ms while the average value drops from L4O eV to 395
eV with STICR-I. In agreement with the experiment, it showed no
significant heating of the electrons. The initial drop in Te
indicates that the equilibrium Ohmic heating electron temperature
profile predicted by STICR-I differs from the experimental value.

With all the uncertainties in edge effects, radiation modeling, and
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transport, this is to be expected. The electron temperature drops
initially because the loss mechanisms (predominantly transport and
radiation) are too large. The drop in Te is relatively small,
indicating at least reasonable agreement in the electron tempera-
ture calculation with PLT.

The ion temperature is better known experimentally and is

much less sensitive to impurity levels and radiation models. Al-

D H

RF gp(T) is

though the ion RF heating profile Pé;(r) = p. (r) + PgF(r) + P
sharply peaked, the ion temperature is broader. Radial transport
and charge exchange keep the ion temperature from becoming as
peaked. The RF power is peaked enough that Ti(O) rises from

600 eV to 1200 eV in good agreement with the experiment. However,
the ion temperature is broad enough that the average ion tempera-
ture increases from 206 eV to 426 eV, also in agreement with the

experiment. Having obtained agreement with PLT experiments we now

use STICR-I to examine the mode conversion threshold.

5.F. Mode Conversion in PLT
TH
With T " 1.5, mode conversion does not ocecur during the
i n
first 60 ms of the RF pulse. As time increases, E—-increases to
e

11% while n, and no decrease. These effects appear to lower the
mode conversion threshold. With mode conversion occurring over
the final 40 ms, neither density, temperature, nor RF heating pro-

files are greatly altered.
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T

Initislly EE'= 1 in PLT. Setting Cy = 1.0, STICR-I finds
i

mode conversion occuring during the entire RF pulse. Figure

(5-27) shows the dispersion relation at t = 0 ms. There is little
change in the RF dispersion relation during the RF pulse. At

t = 0 ms, 58% of the RF energy reaching the mode conversion layer is
absorbed, 37% reflected, and 4.7% transmitted. At t = 100 ms,

these numbers change to 59%, 27% and 14%. No wave energy is mode
converted. The mode conversion layer shifts slightly from 122.5 cnm
<r<123.0 cm _to 120.0 ecm < r < 121.0 cm .

This shift in the mode conversion layer has little affect on
the RF power deposition. Most of the wave energy is absorbed before
the mode conversion layer is reached. Over 90% of the RF power is
still deposited in the protons in the same heating zone as before.
Neither the equilibrium densities nor temperatures change.
Equilibrium is still obtained during the RF pulse.

When CH = 2.0, mode conversion never occurs. Figures
(5-28-29) show the evanescent zone disappearing as the ion tempera-
ture increases. As the evanescence shrinks, the dip in both the
deuterium and electron heating profiles lessens. The dominant
heating mechanism remains minority heating. Figures (5-30-31)
show 1little change in the hydrogen heating profile. When CH = 2.0,
there is a slight decrease in the amount of hydrogen heating, from
89.6% to 88%. The heating zone increases slightly with temperature
from 12-14 cm to 20 cm. As the ion resonant heating zone widens,

second harmonic damping increases from 3% to 7% at the expense of
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electron heating, dropping from 7% to 4.6% of the RF power.
Again we find little change in the equilibrium densities
and temperatures with equilibrium being reached between 40-60 ms.

From these three cases, C. = 1.0, 1.5, 2.04the following

H

conclusions can be made. After the Ohmic heating phase, TH = Ti

so the PLT RF heating phase begins in the mode conversion regime.
Although mode conversion occurs, fundamental minority heating of
protons is the dominant ion heating mechanism. Chapter 4 showed
CH becoming larger than one as time increases. As CH increases,
the mode conversion threshold rises until mode conversion dis-
appears. As Ti increases, the ion resonant heating width increases
from 12-14 cm to 20 cm.

However, the presence of mode conversion or the increase of
the cyclotron resonance layer does not alter the density and
temperature profiles. Mode conversion may be difficult to find in
PLT since these profiles are not changed in its presence. Whether
mode conversion occurs or not, STICR-I finds good agreement with
the experiment.

To investigate the influence of k, on mode conversion, we
change k, from 0.1 cm_l to 0.2 cm_:L with CH = 1.5. The equilibrium
plot of kff(r) (Fig. (5-32)) shows that mode conversion is elimi-
nated. The resonance zone is now very broad and Imkff no longer has
a sharp peak. There are now wide evanescent regions on the plasma
(2&,27)’

edges. Although these regions may result in surface heating

we assume that the fast wave can penetrate through the low field
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evanescent zone without losing energy.

The proton heating width is quite broad, increasing from
25 cmat t = 0ms to 35 cm at t = 100 ms. This widening produces
an increase in fundamental heating from 233 kW at t = 0 to 302 kW
at 100 ms (Fig. (5-33)). 1Initially, when k, is increased electron
Landau and transit time damping is much larger than in the smaller k,
case, 91 kW compared to 23 kW. As the ion temperature increases,
the amount of electron heating drops, reaching 40 kW at 100 ms
(Fig. (5-35)). Figure (5-34) shows the deuterium RF profile.

The broadening of the ion heating profiles and the increase
in electron heating do not affect the density or electron tempera-
ture profiles. However, the ion temperature profile (Fig. (5-36))
is changed. While AE& N 220 eV is close to our previous results,
ATi(O) "~ 500 eV is too low. If the ion heating zone is substan-—
tially larger than 20 cm, the RF power density at the center must
drop. This drop in power density results in a smaller ion tempera-
ture increase in the center. Whereas the occurrence of mode con-
version does not affect our results, a broadening of the heating
zone does,

Although the WKB slab model breaks down in the plasma center,
the RF heating width appears to agree with the experiment. The RF
power deposition within this zone may vary (perhaps a smoothing of
the power deposition) when a more complete treatment is used.

However, changes in temperatures and densities should be minimal.
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We conclude that our RF heating model simulates accurately the
density and temperature profiles in PLT.

In a reactor, Appendix D shows the WKB slab model to be
valid over a wider region than in PLT. The WKB model assumes that
the densities and temperatures do not change over distances of a
wavelength. In a reactor, the characteristic scale lengths over
which the plasma density and temperature vary are larger than in
PLT. In addition, the wavelengths, shown in Figs. (5-50-52),
become shorter. These two effects tend to improve the WKB
approximations.

In simulating a reactor startup it is necessary to compute,
as accurately as possible, the probable density and temperature
profiles. If NUWMAK follows '"PLT empirical" scaling we conclude
that STICR-II, using the 1-D WKB slab model of ICRF heating, should

(27)

be more accurate in a reactor and should predict the density,

temperature and RF heating profiles.

5.G. Fundamental Minority Heating of Deuterium in NUWMAK

In this section we examine fundamental heating of deuterium

in the NUWMAK conceptual tokamak reactor(lh’l8). Table 5-2 lists
the plasma parameters. In this scenario, w = wCD(r=O) or f =
46 MHz. To avoid the possible mode conversion complications and

to reduce the influence of the ion-ion hybrid resonance, the maxi-
mum concentration of deuterium in a tritium plasma is found to be

10%. When the concentration of deuterium is increased, mode
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conversion at the ion-ion hybrid resonance begins to dominate over
fundamental heating. Although heating at this resonance has been
observed in TFR(B;)and has been examined theoretically(27—28’33),
the physics is not clearly understood. Therefore, we examine RF
heating scenarios which minimize the influence of this resonance.
The initial parabolic densities and temperatures, obtained
after the Ohmic heating phase, are shown in Figs. (5-37-L1).
Fully stripped carbon with an initial parabolic profile of average

density, n_ = 5.5 x lOlO cm_3, is assumed to be the dominant im-

c
purity. To avoid initial numerical oscillations at the edge,
n, (edge) = 3 x 1013 em3. As time increases, ne(edge) drops to

1.0 x 1012 cm_3.

STICR-II finds that approximately 125 MW of RF
power for 2.0 sec provides enough heating to ignite the plasma.
The temperature profiles at the time of RF shutoff are shown in
Figs. (5-L2-43). The average plasma temperature has increased
from 1.5 keV to 6.3 keV. Since there is no source of impurities,
the carbon density remains parabolic but decreases to a spatially

0 cm_3 .

averaged wvalue of 3.35 x lOl
The fast wave and cold plasma kfcp(r) are shown in Fig.

(5-4k). T2 = 1.0 indicates that no mode conversion occurs. The

fast wave is transmitted through the mode conversion layer.

Figure (5-LL) shows a broad region, 50-100 cm wide, where Imkff > Q.

This broad resonance surface lies between the antenna and the mode

conversion surface. As the plasma heats, this layer becomes wider
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(see Fig. (5-45)). The resonance layer produces substantial damping
of the incoming wave through electron Landau and transit time
damping, before the wave energy can reach the mode conversion
layer. This damping greatly diminishes any mode conversion effect
on the heating profiles.

The initial electron RF power deposition is shown in Figs.
(5-46-47). Figure (5-46) shows that electron heating occurs before
mode conversion layer is reached, which Fig. (5-47) shows to be
over 62% of the total RF power.

The remaining RF power is deposited in the deuterons as
shown in Figs. (5-48-49). Since the mode conversion layer lies
near r = 490 cm, we see that most of the deuterium heating also
occurs before this layer 1is reached.

The components of the RF electric field are shown in Figs.
(5-50-52). The wave damping is very strong in the cyclotron
resonance zone. The electric field strength is greatly reduced by
the time the wave reaches the mode conversion layer. From these
figures and the RF power deposition, we can conclude that even if
mode conversion did occur, as in PLT, the RF power deposition
would not change. The wave is too strongly damped before the mode
conversion layer is reached.

As the plasma heats and the resonance zone widens, the RF
power deposition shifts towards the low field side, away from the
mode conversion layer. At t = 1.5 sec, the peak electron heating

has shifted v28 cm and been reduced from T9 MW to 75 MW (Figs.
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(5-53-5k)). Figures (5-55-56) show the deuterium heating also
shifting towards the low field side. The broadening of the
cyclotron resonance layer produces a stronger damping of the in-
coming fast wave and an increase in fundamental minority heating.
Figure (5-57) shows the alpha heating remains center-peaked.
At £t = 2.0 sec, 233 MW of power goes to the electrons while 68 Mw
goes to the ions. Since the alphas are preferentially slowing
down on the electrons Te > Ti' Keeping the alpha power peaked
near the center can reduce the amount of auxiliary heating needed

(34)

to reach ignition Ignition can be achieved in the center
before global ignition is reached. An outwardly propagating burn
wave can then ignite the remaining plasma.

The feedback control keeps the deuterium and tritium den-
sities constant with time, while the alpha density increases with
time. However, at the RF shut off point, the alpha density is only
1.3 x 10%? op™3 (Fig. (5-58)), still too low to absorb any RF power.
The plasma temperature runs away under "PLT empirical" scaling.
Both Te(O) and Ti(O) > 36 keV at t = 3.0 sec. There is enough
alpha power being produced by the time the RF is turned off to
keep the plasma ignited.

A 50%D-50%T plasma would be optimal from the standpoint of

alpha production. Therefore, we now return to the heating scenario

examined in Chapter 2.
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5.H. Second Harmonic Heating of Deuterium in NUWMAK

Table 5~-3 lists the plasma parameters for this second har-
monic heating scenario. The increased concentration of deuterium
(50%D-50%T) produces the greatest number of alpha fusions for the
same plasma temperature. Approximately 100 MW of RF power (f = 92
MHz) for 1.5 sec must be provided for the plasma to reach ignition.
The initial electron, deuterium and tritium density profiles are

— 1k =3

again parabolic with n. = = 1.5 x 10 cm ~. The initial alpha,

D~ "r
carbon and temperature profiles are the same as before (Figs.
(5-k0-L1)).

With the increased concentration of deuterium, Fig. (5-59)
shows that mode conversion now occurs. The mode conversion layer
is between the 65th and 66th grid points (503.5 cm < r < 504.5 cm).
As the temperature increases, the cyclotron resonance layer again
widens. At t = 1.5 sec, the resonance layer increases up to 50 cm
in width towards the low field side. Meanwhile, the mode conver-
sion layer shifts towards the high field side while also increasing
in width. At t = 1.5 sec, the mode conversion layer lies between
the Tlst and T5th mesh points (LOL.5 em < r < 492.5 cm).

Using the mode conversion coefficients in Egs. (5-49-50),
we find that the fast wave is completely reflected at the mode con-
version layer. However, as in the previous scenario, the incoming
fast wave is so strongly damped before the mode conversion layer

is reached that mode conversion effects are minimal.
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Second harmonic heating of deuterium with third harmonic
heating of tritium (0 = 2wy = 3wCT) was first proposed as a heat-

ing scheme because direct ion heating was thought to occur(l3_lh’

35_36). However, the higher densities and temperatures which will
occur in the reactor regime lead to substantial electron Landau
and transit time damping of the fast wave before the center is
reached. Figures (5-60,62) show that initially, over 84% of the
RF power is damped on the electrons before the mode conversion
layer is reached. The remaining power is also deposited in the
deuterons before the mode conversion layer is reached (Figs. (61,
63)). No power is deposited directly in the tritons.

As the plasma temperature increases, the RF heating again
shifts away from the mode conversion layer and towards the low
field side. As the averaged electron temperature increases, more
power is deposited in the electrons. At t = 1.5 sec, over 96% of
the RF power is absorbed by the electrons. The shift in the peak
RF heating is small enough to keep both the densities and tempera-
tures peaked at the center. The alpha heating profiles are still
centrally peaked at t = 1.5 sec (Fig. (5~-64)). When the RF is
turned off, there is almost 200 MW of alpha power being deposited
in the plasma.

The electron and ion RF time-dependent heating profiles are
shown in Figs. (5-62-63). The deuterium and tritium densities
again remain constant. The carbon densityﬁalthough decreasing,

also remains parabolic. Figures (5-65-66) show that the carbon
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and alpha densities are too low during the RF pulse to absorb any
power. Figures (5-67-68) again show the central ion and electron
temperatures running away under PLT scaling.

When ky, = 0.2 cm_l, we again conclude that electron Landau
and transit time damping, away from the mode conversion zone, are
the dominant RF heating processes. Mode conversion appears to
play a minor role in this case.

When k, is decreased from 0.2 cm_l to 0.1 cm—l, the mode
conversion layer increases. For the same initial conditions as
before, the cyclotron resonance layer decreases while the mode
conversion layer increases in width (502.5 cm. < r < 504.5 cm),
as shown in Fig. (5-69). 1In this case, both deuterium (v59 MW) and
direct tritium absorption (v0.6 MW) increase while electron heating
decreases (w41 MW). Although the ion heating is more peaked in
this case, neither the density nor temperature profiles are
affected. The same amount of RF power is needed to reach ignition.

When k, is changed to 0.3 cm_l, mode conversion is com-
pletely eliminated (Fig. (5-70)). Electron Landau and transit
time damping is again the dominant heating process absorbing over
8L% of the RF power at t = O sec. The remaining power is deposited
in the deuterons. Figure (5-71) shows that the electron heating
profile does not differ from Fig. (5-62) where mode conversion
occurred. Increasing k,, increases the deuterium heating width
(Fig. (5-72)). However, the density and temperature profiles are
unaffected. The same amount of power is needed as in the previous

example.
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From these three cases, ky = 0.2 cm-l, 0.1 cm_l, 0.3 cm_l,
we find that as k, increases, the mode conversion threshold rises.
Mode conversion appears to be eliminated for ki > 0.3 cm_l. As
k, increases, the cyclotron resonance zone increases in width.
Using McVey's mode conversion coefficients, we find that mode
conversion does not affect the temperature and density profiles or
the amount of RF power needed to reach ignition. The energy which
reaches the mode conversion layer is reflected and passes through
the resonance layer again on the way back to the low field side.
If a standing wave developed, it would occur over half of the
minor cross section and not contain much energy. In our model, it
appears that the fast wave is damped within cne pass across the
minor cross section and no eigenmode should develop.

In both fundamental and second harmonic heating, electron
heating is the dominant RF process. Both the Fokker-Planck and
space-time studies show that Ti N Te in a reactor as long as the
auxiliary heating is near the center. The amount of auxiliary
power needed is independent of which species, ions or electrons,
is heated. The requirement is dependent on the relative concen-
tration of deuterium to tritium. Since electron heating appears

to dominate, we investigate higher ion harmonic heating.

5.1. Third Harmonic Heating of Deuterium in NUWMAK

We now examine a 50%D-50%T plasma with w = 3wCD (f = 138

MHz). As the RF frequency increases, waveguides decrease in size.
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If waveguldes are used for the launching structure, a three meter
wide waveguide for w = Wop becomes one meter wide in this case.

A waveguide one meter wide should be smaller than neutral beam
ports in a reactor. At RF frequencies of 100-200 MHz, efficient
high power RF sources are still available. Therefore, 3rd or Lth
ion harmonic heating could be an attractive heating scheme from a
technological viewpoint.

Forws= BwCD’ the same initial profiles as in the ngD cases
are used. As the plasma temperature increases, the cyclotron
resonance surface again widens (Figs. (5-73-74)). Although mode
conversion appears within 500 ms after the RF is turned on, there
is again no affect on the temperature and density profiles. Figure
(5-75) shows 97% of the RF power being deposited in the electrons
before the mode conversion layer is reached. The remaining power
is deposited in the deuterons. The ion heating profile is shown
in Fig. (5-76). The electron heating again shifts towards the
low field side as the electron temperature increases.

As the electron heating shifts, the temperature profiles
begin to flatten in the center (Figs. (5-77-78)). The density pro-
files remain parabolic, causing the alpha power production to
remain centrally peaked (Fig. (5-79)). The amount of RF heating
needed to reach ignition equals that required in second harmonic

heating.
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We conclude that w = SwCD appears to be an attractive
heating regime. There is substantial electron heating, close to
the center but away from the mode conversion layer. Mode conver-
sion effects on densities and temperatures should be minimal. In
the next chapter, we compare the results obtained by the three

different RF models which have been used.
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LIST OF FIGURES

Computational mesh spacing for RF calculations and
transport calculations; poloidal symmetry is assumed
and in the transport calculations the plasma is
symmetric about r = 0.

Schematic of the mode conversion process in PLT and
NUWMAK. The plane fast wave is incident from the low
field side at right. The mode conversion surface lies
between grid points i and i+n.

Complex reflection and mode conversion coefficients in
PLT for waves incident from the high field side (sub-
script 1) and the low field side (subscript 2)
(reproduced from Ref(5-28)).

Electron density in PLT at t = 0 ms.

Deuterium density in PLT at t = 0 ms.

Hydrogen density in PLT at t = 0 ms.

Electron temperature in PLT at t = 0 ms-

Ion temperature in PLT at t = O ms-

Fast wave Rekzl(solid line), Imki (dashed line) and
cold plasma ky (dotted line) in PLT, t = 0 ms;

iT|% = 1.0, [r]Z = |c¢]? = 0.0.

ReE+ (solid 1line) and ImE+ (dashed line) in PLT at

t = (0 ms.

ReE_ (solid line) and ImE_ (dashed line) in PLT at

t =0 ms.

ReE,, (solid 1line) and ImE" (dashed line) in PLT at

t =0 ms.

Hydrogen RF power deposition along the entire cross
section in PLT at t = 0 ms.
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Hydrogen RF power deposition summed over flux surfaces
in PLT at t = 0 ms.

Deuterium RF power deposition summed over flux surfaces
in PLT at t = 0 ms.

Oxygen density profile in PLT.
Deuterium density profile in PLT.
Hydrogen density profile in PLT,
Electron temperature profile in PLT.

lon temperature profile in PLT.

i _ D H 0 ..
lon RF power deposition in PLT (PRF = PRF + PRF + PRF)’
Pep = 350 kW-

Electron RF power deposition in PLT; P__ = 350 kW.

RF
Electron temperature in PLT at RF shutoff, t = 100 ms.

Ion temperature in PLT at t = 100 ms,

Hydrogen RF power deposition along the entire cross section
in PLT at t = 100 ms.

Hydrogen RF power deposition summed over flux surfaces in
PLT at t = 100 ms,

2 2 . . 2 2
Rek,_f and Rek*I.B. (s0lid lines) and Imk“f and Imk)y 1.3,

. -1 _ _
(dashed lines) for PLT, ky=0.1 cm ~, TH‘/TD = CH = 1.0
at t = 0 ms. Mode conversion occurs between grid points

73 and 74 (122.5 cm < r < 123.0 cm).

2 2 . . 2 2
Rek“_f and Rek*I.B. (so0lid lines) anfllmklf and ImklI.B.
(dashed lines) for PLT, ku = 0.1 em ~, CH = 2.0 at

t = 0 ms. No mode conversion occurs.

2 2 R . 2 2
Reka and ReklI.B. (solid lines) afi Imk_Lf and IkaI.B.
(dashed lines) for PLT k, = 0.1l cm ~, CH = 2.0, t = 100 ms.

Evanescent zone in center disappears.

Hydrogen RF power deposition summed over flux surfaces in
PLT, CH = 2.0, t = 0 ms.
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(5-31) Hydrogen RF power deposition summed over flux surfaces
in PLT, CH = 2.0, t = 100 ms.

2 2 . . 2 2

(5-32) Rek‘Lf and ReklI.B. (solid lines) a?g Imk_‘f and Imk‘I.B.
(dashed lines) for PLT, k,= 0.2 cm 7, CH = 1.5, t = 100 ms.

(5-33) Hydrogen RF power_feposition summed over flux surfaces in
PLT, k, = 0.2 cm s CH = 1.5, t = 100 ms-

(5-34) Deuterium RF powey deposition summed over flux surfaces in
PLT, k, = 0.2 em , Cg = 1.5, t = 100 ms.

(5-35) Hydrogen RF power.deposition summed over flux surfaces in
PLT, ky = 0.2 cm , CH = 1.5, t = 100 ms.

(5-36) Ion temperature in PLT, k, = 0.2 cm_l, CH = 1.5, £t = 100 ms ,

(5-37) Electron density in NUWMAK, f = ch, t = 0 sec.

(5-38) Deuterium density in NUWMAK, f = fC t = 0 sec.

D’
(5-39) Tritium density in NUWMAK, f = ch, t = 0 sec.

(5-40) Electron temperature in NUWMAK, f = f = 0 sec,

cD’ t

(5-41) Ion temperature in NUWMAK, f = f t = 0 sec.

eD’
(5-42) Electron temperature in NUWMAK, f = ch at RF shutoff,
t = 2.0 sec.

(5-43) Ion temperature in NUWMAK, f = f t = 2.0 sec.

cD’

(5-44) Rekif (solid 1line), Imkif (dashed line) and cold plasma
ki (dotted line) for NUWMAK, f = ch, at t = 0 sec. No
mode conversion, [TI2 = 1.0, ]RIZ = IC|2 = 0.0.

(5-45) Rekff (solid line), Imkif (dashed line) and cold plasma

ki (dotted line) for NUWMAK, f = f p» at t = 1.5 sec.

No mode conversion,le2 = 1.0, [R[E = [C[Z = 0.0,

(5-46) Electron RF power deposition along the entire cross
section in NUWMAK, f = ch, t = 0 sec,

(5-47) Electron RF power deposition summed over flux surfaces in
NUWMAK, f = ch’ t = 0 sec.
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Deuterium RF power deposition along the entire cross
section in NUWMAK, f = ch, t = 0 sec.

Deuterium RF power deposition summed over flux surfaces
in NUWMAK, f = ch, t = 0 sec.

ReE+ (solid 1ine) and ImE+ (dashed line) in NUWMAK,

f=f = 0 sec,

eD? t
ReE  (solid line) and ImE_ (dashed line) in NUWMAK,

f=1f = 0 sec,

ep b
ReE, (solid line) and ImE, (dashed line) in NUWMAK,

f=f = 0 sec.

cD’ t

Electron RF power deposition along the entire cross
section in NUWMAK, f = ch’ t = 1.5 sec.

Electron RF power deposition summed over flux surfaces
in NUWMAK, f = ch, t = 1.5 sec.

Deuterium RF power deposition along the entire cross
section in NUWMAK, f = ch’ t = 1.5 sec.

Deuterium RF power deposition summed over flux surfaces
in NUWMAK, f = ch’ t = 1.5 sec.

Alpha power deposited in the electrons and ions in NUWMAK,
f= ch, at RF shutoff, t = 2.0 sec.

Alpha density in NUWMAK, f = ch’ t = 2.0 sec.
2 2 s . 2 2
Re@Lf and REkLI.B. (solid lines) and Ikaf and ImklI.B.

(dashed lines) in NUWMAK, f = 2f = (0 sec. Mode

t
cD’?
conversion occurs with the mode conversion layer between
the 65th and 66th grid points (503.5 cm < r < 504.5 cm).

Electron RF power deposition along the entire cross
section in NUWMAK, f = 2fCD, t = 0 sec.

Deuterium RF power deposition along the entire cross
section in NUWMAK, f = chD’ t = 0 sec,

Electron RF power profile in NUWMAK, f = 2ch .
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(5-70)

(5-71)

(5-72)

(5-73)

(5-74)

(5-75)

(5-76)

(5-77)

(5-78)

(5-79)

Ion RF power profile in NUWMAK, f = 2f

T C o
PRF + PRF + PRF'

Alpha power deposited in the electrons and ions in NUWMAK,

f= 2ch at RF shutoff, t = 1.5 sec,

Carbon density in NUWMAK, f = ZfCD, t =

Alpha density in NUWMAK, f = 2f

eD? t

eD?

= 1.

Ion temperature in NUWMAK, f = chD’ t =

Electron temperature in NUWMAK, f = 2f

2 2 s 2
Rek, . and Rekyp & (solid lines) and Imky . and Imk
(dashed lines) in NUWMAK, f = 2ch, k

v

cD’

= 0.1 cm s
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i PD "

Per = PRrp

1.5 sec.

5 sec.
1.5 sec.

t = 1.5 sec.

2

&
1 I.B.

t=0 sec. Mode conversion occurs with the mode conversion
layer between the 65th and 67th grid points

(502.5 em < r < 504

2 2
RelgLf and ReKLI.B.

.5 cm),

(solid lines) and Imkff and Imk;

2

_{*I.B.

(dashed lines) in NUWMAK, f = chD’ ky=0.3cm 7,

t = 0 sec. No mode conversion occurs.

Electron RF power profile in NUWMAK, f = chD’ k, =

Deuterium RF power profile in NUWMAK, f = 2f

ky = 0.3 cm—l.

cD’

Rekff (solid line), Imkif (dashed line) and cold plasma

ki (dotted line) in NUWMAK, f = 3f

cD’? t

= 0 sec,

Rekff (solid line), Imkff (dashed line) and cold plasma

Ki (dotted line) in NUWMAK, f = 3f

Ion RF power profile in NUWMAK, f =

c o
PRF + PRF'

Electron temperature in NUWMAK, f =

t = 1.5 sec.

e ©
Electron RF power profile in NUWMAK, f = 3f

3f

3f

cDh’

cD

Ion temperature in NUWMAK, f = 3ch, t =

= 1.5 sec.

eD’
i D
Per = Ppp * P

at RF shutoff,

1.5 sec.

Alpha power deposited in the electrons and ions in

NUWMAK, £ = 3f ., t =
cD

1.5 sec.

RF

0.3 cm_l
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0 5 10 15 20

Reflection and cooversion coefficients as a fuoction of k” (upper
scale) or o (lower scale) for PLT paraueters: a, = 6.2 x 101933,

R, = 1.31, B = 3.6W/m? (f = S55MAz), 8, = .o¥, n; = 0. Dashed

ines show variation without absorptionm. " Subserdipts r and 1 demote
real and irmaginary parts of the conversiom coefficients and, although
scme parts change sign, the =agnitudes of C, and C, decrease

=enotonically with inzreasing n.

Fig. (5-3)
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CHAPTER 6
COMPARISON OF NUMERICAL RESULTS

6.A. PLT

In this section, the results for PLT obtained from the
Fokker-Planck code, FORCE, and the space-time code, STICR-I are
compared. The Fokker-Planck calculations revealed that only the
proton distribution becomes nonMaxwellian in PLT. The protons be-
come hotter than the deuterons, reaching an effective temperature
of 1.7 x TD at the time of the RF shutoff. Therefore, two ion
energy balance equations should be solved when using a space-time

transport code. STICR-I, however, uses only one.

Although the ratio of T_ to T

q D is important in determining

the mode conversion threshold, mode conversion itself leaves the
density and temperature profiles unchanged. STICR-I neglects
nonMaxwellian effects but does allow TH # TD in the RF calculations.
However, FORCE assumes that all of the wave energy is absorbed in
the cyclotron layer near the plasma center. While these two codes
examine the same experiment, they include different aspects. If
the results obtained are different, it is necessary to understand
why .

Figure (6-1) shows the change in the spatially averaged

electron and ion temperatures with time. It appears that the



196

initial temperatures do not agree between the two codes. This is
because the average temperature is defined differently. In the

space time code

a
T
j i’e(r)rdlr'
o

i,e~ “a ) (6-1)
J rdr
o]
In FORCE, the average ion temperature is a density weighted
equivalent Maxwellian temperature
E_Z { a+vPr (v) &
T, = (6-2)
z ( f_(v) &y
gl P
while the electron temperature is
2 11 2 3
_ 3 J 2 MV fe(v) d v
T = . (6-3)

In STICR-I, this would be equivalent to defining the average

temperature as

a
J n{r) T(r) rdr
T =22 . (6-4)

;8
J n(r) rdr
o
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If the density-weighted temperature was used in STICR-I, the two

codes would agree. From the Fokker-Planck code, we find

Afi no150 eV (6-5)

while from the space-time code

Afi N 220 eV, (6-6)

These results are comparable. Both codes show the average ion
temperature doubling, in good agreement with the experiment. This
results from the good agreement between charge exchange, radial
losses and RF heating terms shown in Fig. (6-2). The slight
difference between the two lon temperature increases may be a
result of the more accurate treatment of Coulomb collisions in the
Fokker-Planck calculations.

Figure (6-1) shows that T, initially drops in the
space-time code. This drop results from a difference in the value
of the Ohmically heated Te predicted by STICR-I, and the one which
actually occurs. Upon using the experimental value,Te drops.
Figure (6-4) shows the mechanism which causes this decrease.
Initially, the v20 kW of RF heating is more than offset by the
w80 kW of power lost through radiation. The difference between the
Ohmic heating (V500 kW) and the radial loss (v350 kW) together
with the radiation results in ~100 kW of net heating power. Since

Te > Ti’ the electrons initially lose v600 kW to the ions. The
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net result 1s a loss of “500 kW of power from the electrons.
Consequently, Te drops. As Te drops, both the radiation and re-
thermalization losses decrease. After 10 ms, 'I'i > Te in STICR~I.
The electron-ion equilibration terms now become an energy source
for the electrons. The electron temperature then begins to rise.
The electron temperature in STICR-I reaches an equilibrium value
near t = 60 ms, when the RF, Ohmic, and electron-ion equilibration
heating terms equal the radial and radiation loss terms. After the
initial drop in the electron tempersture, AE; v 50 eV, in agreement
with both the experiment and FORCE.

On comparing Fig. (6-4) to Fig. (6-3), one can see the
reason behind the initial discrepancy in AE; between the two codes.
The radiation and RF heating values calculated by FORCE agree with
the STICR-I results. However, the Ohmic heating term is larger
while the radial loss term is smaller. These results, coupled
with the more accurate Coulomb collisions calculations (TH # TD)
enables the electron temperature to initially rise. Unlike STICR-I,
if no RF was used, Te would remain constant rather than fall.

Unlike STICR-I, during the RF pulse, Te > T TO during the RF

D’
pulse. There is always a net loss of energy from the electrons

due to collisions, even though T _ > Te during most of the pulse.

H
The electrons lose approximately 100 kW through collisions. This
balances the net heating from Ohmic heating minus radial loss

term. Therefore, the electron temperature increases less than

50 eV.
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We find that STICR-I and FORCE agree with each other as well
as with the actual PLT ICRF heating experiment. In PLT, the spatial
effects of ICRF heating are small. Most of the heating occurs in
the center, as assumed in FORCE. Mode conversion does not appear
to affect either the RF power deposition or the density and tempera-
the nonMaxwellian

ture profiles. In addition, since n. > n

D H?

aspects of ICRF heating do not affect the overall ion temperature.

The majority of the ions remain Maxwellian, as assumed in STICR-I.
n

Even though TH v 1.5 x TD, since EH-= 0.1, this effect is small on
D
the ion energy balance. One can assume that TH = TD = Ti' In

comparison, NUWMAK shows a great disagreement between codes.

6.B. NUWMAK

Chapter 4 showed that in both the fundamental and second
harmonic heating cases, the deuterons and tritons were Maxwellian
with TD A TT’ even though most of the RF power was deposited in
the deuterons. The only species found to be nonMaxwellian,
excepting the alphas, was the carbon impurity in the fundamental
heating case. Whereas FORCE assumes that all of the RF power is
deposited at the center, STICR-II shows that this is not the
case. Depending upon the ion harmonic and ky,, from 40%-95% of the
RF power is absorbed by the electrons before the plasma center is

reached. We therefore expect the carbon impurity to remain Max-

wellian when the cyclotron resonance is kept near the center.
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There is not enough RF power available at the center to produce
a nonMaxwellian impurity.

For this same reason, mode conversion effects should be
small when the RF wave is launched from the low field side. 1In
this case the Wave‘which is largely damped before the center is
reached, must pass through the resonance zone to reach the mode
conversion layer, which lies on the high field side.

Contrary to both the 0-D transport code, PORT, and the
Fokker-Planck code, FORCE, the dominant RF heating mechanism, as
one approaches reactor-like parameters, should be electron Landau
and transit time damping. Although ion heating is dominant at
the center, there is little wave energy reaching this region.

Both PORT and FORCE predict dominant ion heating in the
second harmonic heating case. STICR-I does not. Therefore, we
conclude that the predominance of electron heating is caused by
spatial effects. The plasma should remain Maxwellian.

Comparing PORT and STICR-II for the same case, w = 2wCD’
we see that even though the plasma is larger and denser, STICR-II
predicts that less auxiliary heating energy must be supplied.

The 225 MJ calculated by PORT may actually be a lower bound since
there are no impurities, Zeff = 1. PORT neglects the profile
effects which allow ignition to be achieved at the center before

global ignition occurs. This can reduce the amount of heating

power needed. In addition, PORT uses trapped particle scaling.
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This scaling transports more energy radially than does "empirical
PLT" scaling. Although the RF heating profiles do not change with
scaling, the amount of auxiliary heating required to reach ignition
is very sensitive to the scaling law. If STICR-II used trapped
particle scaling, as much as 100 MJ of additional RF heating

would be needed.

FORCE, which neglects charge exchange, radial, and radiation
losses,and Ohmic heating, obtains Te Y Ti' Because of the high
densities and temperatures in a reactor, the electron-ion equili-
bration time is quite short. Coupling this with the space-time
results, we conclude that the requirement for auxiliary heating
should be the same when either the ions or the electrons are
heated, as long as the power is deposited near the plasma center.
ICRF produced enhancement of the alpha power production should be
minimal. ©Since electron heating is dominant higher ion harmonic
heating, which heats electrons, may become more attractive from a
technological standpoint. There appears to be no significant
heating benefit in using fundamental or second harmonic heating

over higher harmonics.
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LIST OF FIGURES

Spatially-averaged Te and Ti in PLT, PRF = 350 kW.
Spatially-averaged ion RF heating, radial and charge
exchange losses in PLT.

Spatially-averaged electron Ohmic heating, radial and
radiation losses in PLT.

Spatially-averaged RF and Ohmic heating, radial and
radiation losses, and the electron-ion equilibration
heating (solid line) and cooling (dashed line) term.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In Chapter 1 we saw that ICRF was quite efficient in heating
DIVA, TFR and PLT. The main body ion temperature doubled in several
experiments and the overall heating efficiency was often greater
than 80%, approaching that obtained by neutral beams.

The 0-D transport code with trapped particle scaling, discussed
in Chapter 2, predicted that 175 MW for 1 second with @ = ZQED was
enough power to ignite the NUWMAK conceptual reactor. In this
scenario, the dominant heating mechanism was second harmonic damping
by finite Ilarmour radius effects. The 0-D code neglects spatial
effects which, as shown in Chapter 5, are very important.

The complete 3x3 hot plasma dispersion tensor, accurate for
any temperature for ion harmonics up to five, was derived in Chapter 3.
We have included impurities and, in the reactor cases, alphas. The
complex value of kL obtained for a given real value of k,, and w
agrees well with the cold plasma value. The results compare quite
favorably with those obtained by Stix in his reactor case.

In Chapter 4 we used a 0-D in real space, 2-D in velocity
space, time-dependent, multi-species Fokker-Planck code to examine
PLT and NUWMAK. 1In this chapter, as in Chapter 2, we have neglected
spatial and any possible mode conversion effects. In PLT over 80%

of the RF power was absorbed, by the presence of protons (~10%),
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through fundamental minority damping. The protons became non-
Maxwellian with TH/TD ~ 1.7 and a high energy tail of 18 keV.
The deuterium, electrons and oxygen species remained Maxwellian
while the spatially-averaged deuterium temperature doubled. The
electron temperature, as in the experiment, did not increase
significantly. We were able to simulate the PLT experimental
results when charge exchange, radial and radiation losses, and
Ohmic heating were included.

The dispersion relation calculations assumed that each
distribution could be represented by an "equivalent Maxwellian"
distribution. As a possible improvement, one could represent ‘the
high energy proton tail in PLT as a sum of Maxwellian distributions.

In NUWMAK, the dominant heating was fundamental minority
heating of deuterium, when w = W and second harmonic damping
when & = 2 . In either case, deuterium, tritium and electrons

cD
all remained Maxwellian with T_ = T,, = Te. Little, if any, ICRF

D T

produced fusion reactor Q enhancement was found. If the electrons
were heated directly by the RF, the amount of 'auxiliary power
needed to reach ignition would remain the same.

In Chapter 5 we examined ICRF heating in PLT and NUWMAK using
a WKB slab model coupled to a 1-D multi-species, time-dependent
transport code. Using the slab model, we found that in PLT over
90% of the RF power is deposited in the protons at the plasma center

over a width of 12-14 cm. We were able to numerically simulate

both the ion temperature rise of 600 eV at the center, and the
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average ion temperature doubling using "PLT empirical" scaling.
Again, the electron temperature did not rise.

The mode conversion threshold was calculated numerically.

The incident fast wave could mode convert to an Ion Bernstein
wave if the two dispersion relation roots coalesced over a finite
grid mesh. This criterion appears to agree with the analytical
expression obtained by Jacquinot. We found that PLT starts in the
mode conversion regime. As the plasma heats, the mode conversion
threshold rises so that over the final 40 ms of the RF pulse, no
mode conversion occurs.

In NUWMAK, due to the higher densities and temperatures, the
dominant heating mechanisms were electron Landau and transit time
damping. In both NUWMAK and PLT, most of the RF power is absorbed
by the plasma before the mode conversion layer is reached. The
occurrence of mode conversion does not appear to change either the
density or temperature profiles.

In both studies, we assumed that all ions had the same tem—
perature. Although Chapter 4 showed this to be the case for NUWMAK,
this does not hold for PLT. In our RF calculations, we found that
the ratio TH/TD affects the mode conversion threshold. The threshold
becomes higher when this ratio is increased. For a more accurate
calculation for PLT, two energy balance equations should be used.

In addition, we have neglected the possible effects of having a high
energy proton tail on the dispersion properties. In PLT calculations,
one should couple Fokker-Planck and transport calculations.

For PLT calculations, we used reflection, transmission
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and mode conversion coefficients for a slab model obtained by
Swanson. For the NUWMAK cases these coefficients were obtained
from work performed by McVey. In either case, electron effects
were neglected and both formulisms break down at high temperatures
(A > 1). In addition, since 102 and 122 represent complicated
integral expressions which must be solved numerically, we have
assumed that these values do not change significantly when PLT
parameters change. Improvements in calculating the various re—
flection, transmission and mode conversion coefficients should also

lead to more accurate results.

In addition, we have neglected any possible 2D and 3D
effects. Although poloidal effects may be small, there appears to
be a focusing effect when waves are launched from a coil with a
finite length in the poloidal direction. We have also neglected
all boundary effects and the possibility of eigenmode formation.
The WKB slab model is more accurate when the wave is damped within
one pass across the minor cross section. In PLT, this appears to
be the case; we obtain good agreement with the experiment.

In Chapter 6, we find good agreement between the Fokker-
Planck and 1-D transport codes in the PLT simulations. In the reactor
cases, spatial effects are very important. These effects produce
dominant electron absorption of the RF power which neither the 0-D
transport nor the Fokker-Planck codes predict.

In both PLT and NUWMAK, we have neglected the ion-ion hybrid
resonance layer. When the minority concentration becomes large

(>10%), this layer can dominate the heating process when w = W,y
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This has been observed in recent TFR experiments. We have examined
cases where the minority concentration is low enough or the RF
frequency is at an ion harmonic which minimizes this effect. Both
the WKB and weak damping formulas break down in the vicinity of
this resonance layer. When the ion-ion hybrid resonance layer is
in the plasma and not in close proximity to the cyclotron resonance
layer, different reflection, transmission and mode conversion
coefficients must be used. Although we have not examined these
cases, the formulism has been set up to do this. One needs only
to determine the position of the ion-ion hybrid resonance layer
and add the appropriate wave coefficients.
The following could improve the accuracy of our ICRF heating
description:
(1) Add a second energy balance equation to the 1-D
transport code;
(2) Couple the Fokker-Planck and transport codes in
performing PLT calculations;
(3) Generalize the 3x3 dispersion tensor to include
anisotropy and high energy tails;
(4) Add coefficients to examine ion-ion hybrid resonance
effects;
(5) Include boundary effects to examine possible eigenmodes;
(6) Improve calculations of reflection, transmission and
mode conversion coefficients; and

(7) Use ray tracing to examine 2D and 3D effects.
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The above seven suggestions are nontrivial and will all
involve much work. The codes which have been used are written in
such a way that they can be easily updated.
There remains a large amount of work which needs to be
done before we can say that we truly understand ICRF heating. We

have provided a good start; other theses shall surely follow.
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APPENDIX A

FLOW CHART OF RF DISPERSION RELATION USED
IN THE FOKKER - PLANCK CODE.
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subrout ine rfheat

Rets. T.K. AU, Ph.D. Thesis, Univ. of Wisconsin~Madison (19773
B. MeVeu, Univ. of Wisconsin-Madison Report PLP 716 (Feh., 19?77
B. MeVeu. Univ, of Wisconsin-Madison Report 755 (HMau, 1978)

THESE SUBROUTIMES RHD FUHCTIOHS ARE USED IN THE FOKKER-PLANCK CODE FORCE
THE RF DISPERSION RELATION ROUTIMES IN THE SPACE-TIME CODES STICR-1 AND
STICR~1I ARE SLIGHTLY DIFFERENT

SETS UP THE CALCULATION OF COGMPLEX KPERP AMD THE RF ELECTRIC FIELD
dot IS THE COMPLEX HOT PLASMA DISPERSION DETERMINANT SOLVED BY zanlut
THE SHALLEST ROOT IS THE FAST WAVE ROOT
THE HEXT LARGEST ROOT S THE 10H CYCLOTROH OR [OM BERHSTEIN ROGT
w * RF FREQUENCY (rad/sec)
rre = POSITION ALOMG MINOR RADIUS (=8 Iin Fokker-Planck code)
nea = HUMBER OF SPECIES
t = 1 FOR ELECTRONS
> 1 FOR IONS
wc = CYCLOTROH FREQUENMCY (rad/sec)
reden = DEMSITY (cm=-3)
eperp = PERPENDICULAR EMERGY (koY)
epar = PARALLEL EMHERGY (keV)
vtx = PERPEHDICULAR THERMAL VELOCITY (cm/soec)
vtz = PARALLEL THERMAL YELOCITY (cm’sac)
wp = PLASHA FREQUENCY (rad/sec)
wp2 = wpihuwp
nn = HARMONIC NUMDER
nhiah = HIGHEST HARFONIC HUMUER
zeta = ARGUIMENT OF FRIED-COHTE IHMTEGRAL
zi « FRIED-CONTE IMTEGRAL
dz! = DERIVATIVE OF FRIED-CONTE INTEGRAL
ftheta = theta (see T.K. lluu, Ph.D. Thesis, (1977))
fohi = phi (see T.K. lMau, Ph.D. Thesis, (1977))
xrce = COLD PLASHA FAST WAVE KPERPKX2 (soe Brian McVau., PLP 716 Fab..197?)
used in the Initlal guess for zanluyt
z(1) = FAST WAVE KPERPxK2
2(2) = [OM BERNHSTEIN KPERP:#K2
xKperp = KPERP
rifld CALCULATES THE RF ELECTRIC FIELD COMPONENTS FOR UMBOUHDED PLASMA

exlernol det
cumplax det
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reacsl {5). fatmesn, iatmash,Kkipnut, ncutfe,potrat,npotz, fabmosh,
Kinteg.Kicca, tevad, emfn, taul, tau2. taul. 1pek, I t.erat, tuaih,
taues(5) .kspadi, evrat,endene. kmaxe, Kvarte,Kvar jt,kczeff. zef fk
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conmnn/nconlc/nimic.redenﬁ.enorquﬂ,elecfld,uluol,mirundo,rvacu,
bvacl, botau, badob, Kbetdot, Keurof f,kpoish, budo ], bado?,
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saortena.kKpluaco, kinco, ner{, Liprt, lnswl , Ipl L,
Kdrlx,delaqu,mtubml,ulmin,Kchxn,KlfIz.K@ldt,Kcomod,
KmskIp,kpast,ofusinn(4d) ,dprat,sin|.xrcp.
Kdlot.rche.Ktaul.Kinhe3,otaul . Kbrem.Kksunc.Kfrar,Karwt ,
wbrem, wsunc, ein i, kbzd, poten3, Istopas.kpot3, pat33,
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Kmodfl ., Kmpl L, Kschex.Kpepap, Kelosp,kentpl t, imsa(3)
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common/mslavr/siavh(4,. ), fwc(5) ,s51eal(2),51001(2),51002(2),
cefdd(2).cfdn(2),pafeo(1000.2) ,pafeot 1 (1000) ., prfmslS)
common/mcon2” ju (20, <), 10(71,:), imind), imin(d), tnorm(3) ,rat {om(5,
S).,emass(S), anumb(5),anormk(S),dens(S), reden(S), eneray(S),
enau(S), donstor(5), esor(1.5),x30r(1,5) ,usor(1,5), usor(l,S)
Lenit(5) . xnit(5), unit(5),unit(S),qam2(5,.5), aomnal5,5).ratk
(5,5),elons(S), tson(l.9).tsoff(1.5), ab §1¢1,5,5),ab12¢1.5.5
), ahi3(€1.5,5),ccex(i.5,5), ratioz2(5,5) ,.poerpb(S).enser(l,5)
» @isor(1,.3),ensava(5),eistot(5), kspaci(2,5).munax(5),
eiplos(8).diplos(5), puarmom(S).epar(5),epern(S), disp(5
Y,denm(l) ,enam( 1), aam2ux(S5,3), emasm( 1), anumbm( i), entr(5,5)
.kspecm(2, 1) . tavem(l), aommax(5,5).dennm(1),enqam(1), abfac(
common/mconl/lu,|x.ixl,noq.nnmq,umm,nonch.lz,nsar,nslen.nhluh,
cnmaned, Ksudm, Ludin, mzdm, tupl <. m<, luh, Ly in, tubml, tubp 1, mxp3m,
cmxe-t, nixp 1. nean. mwo, nmaap, nnuneap, nmx0, (upl, iup2, ixpl, iy ix.
cntab, mms, msid. mnsw, ivls, neamt
complex fihet, fphi,besd,boesi, xkperp, zlom, <kp2
cumman-r{on/wc(6) ,utx(6) ,wtz(6),zx(6), fthat (11.6),fphi(11,6), freq,
xbesa(?),zetal11,68) . 2xm(6).besi(6.6), w2 (6),xkp2(2),wp(B), irr
%, 7koerp(2) ,basd(6.6).ck(6), infer(2) ,besr (7)., zlam(6) , rrr. pourx
complex efld.rflid,dielt.rffun
commonser flds/ef1d(3).rf1d(2),diel t(6), xnpar, xaparz, xkpar, dba (99)
L.anrf(6,6).0rfs5¢5), torf(G.6) , nowerf, trfon.triof f,rffdn(3), bax1s
c.rmaj,rmin,rminor, ivall (6),curr,dennd, dennt . dennb, ennd, ennt . ennh -
ncrfmen-|
L (nerfm.at.nerfkinerfm/ncr()) qo to 999
rersrminvkfloat (71-irr) /78,
w=2,kp LA reg
re=g,
s=0,
el =8,
da 1 iel.neq
ao to 3333
3333 welt) =churgekanuma ({)4baxis/emass (1) /cl ight
ifli.eu. 1) uc(l)w=wc(l)
reden(i) sredent( )% (L. ~rrr#rrr/rmin/rmin) +.0 I redand (1)
eperp(i)weperpd(1) sl ~rrrdrre/rain/rmin) +, 8 Lieperod (1)
epar (i) =eparf (1) (], ~rrrkrrr/rnin/rnind +.0 Ukepard ¢ 1)
ao to 3334
3334 wix(i)=sart (2, eperp( i) *erqtkouvsomase (1))
vtz (i) =sari (4. kepur (1) ¥erqtkev/enass (1))
zx (1) =2, %epar(}) reperp( 1)
ifCl.eacl) zx(§)el,
zxm( i) =§,~zx(1)

NXNXNXX XXX



i8S

186

187

168

i@
cmnt
cmnt

-

118

213

tfCi.2a.1) zxm(1)=0,

win2( 1) =4, % {dkreden (1) *(charae*anumb € 1) ) %2 /emass (1)
wpi)e=sart (Wp2(1))

do 4 nnel.nhiah

mnsnntnhigh

zetalnn, 1) =« (u-nnkwc (§) ) /xkpar/vtz (1)

qo ta 185

zata(mn, )= (wtnn¥ws (1) ) 7xKpars vtz (1)
dba(33)=zetalnn. )

dba(34) =zetalmn, 1)

call fcreal{zetalnn, ), zr,zi,dzr, dzl. ntrm.com, | .o=7)
zl(nn, 1) =cmolx(zr,8.)+cmplx(Q.., 1, )%z

ao to 186

dzl(nn, 1) =cmplx{(dzr.8.)+cmpl x(B., 1. ) %kdz i

call fereal (zetalmn, 1).zrl,zil.dzri.dzil.ntm.rem, 1.0~7)
zl(on, 1 =cmplx(zrl,B8.) +emplx(B..1.)#zi1

dzi(mn, i) =cmolx(dzr1,8.)+cmplx (8., 1. )kdz (1

fthet(nn, 1) =2.x2x (13421 (nn, 1) 702 (i) -xKparkzxm( 1) *dz 1 Cnn. 1) 2w
fthet tmn, ) =2 %zx (1) %z (mn, 1) /w2 (L) -xKparkzxm( ) kdz | (mn, 1) 7w
febi(nn, 1) =01 ~andws () kzxm (1) 2w kdz | (an, 1)

ao to 187

fehl (i, 1) =L nnkus CE ) kaxm (L) 7w) adz L Gmn, 1)
dbq(3S) *real (fthat(nn. 1))

dba(36) =aimaalfthet (nn, 1))

dbq(37) sreal (fthat(mn, 1))

dba(38) =aimaal(fthet(mn, 1))

dbq(39) =real (fphilnn, i3}

dba{48) =aimaq{fphilnn,i))

dba{d1) ereal {fphi{mn. 1))

dba(42) =aimaalfohi(mn, i))

cont inue

ao to 108

zeta(ll, 1) swxkparsviz(l)

dbafd3) »zatalll, {)

call fcoreal (zeta(il,i),zr8,210,dzr8,.dzi8, itm.rom, {.a=7)
21CH, D=cmpl«(z2r8.0.)+tcmplx(8..,1.)%z10

dz1(11, D) vempix(dzro, 0. ) +cmpl «(B.. 1. )*dz 10

fthat (11, 1)=2,2x (1) Az 1 (1], 1) /utz i) =xKparszxm{ 1) dz 1 (11, 1) /2w
fohi (1L, 1)edzi (1L, 1)

dba(44) =real (fthet (i1, 1))
dbag(4S) =aimag(fthet (11,1))
dba(46) =reul (fphi{ll. 1))
dbg{4?) =aimaalfphi(ll, 1))
ao to 189

CK(1) =, S5kwp2C 1) 72X (1) Aw/xKkpar
calculation cold plasma dispersion relation for (Kperp)##2

{f{i.eq.1) qo to |
rertupl (1) Zue (L) (uwtuc (1) )
5e5+wp2 1)/ (we (1) kg (1) —wiw)
el=el-wp2 (1) /(w1 *k(wwc(i)))

cont inue

rlssprkel/s

xKS=xKparkkd/s

ak=(w/cl lght) e

xrop={x«ks=2, kuKkxKpark<Kpar+akkakkels) 7 (ak~<Kpar¥xkpar /s )
qgo to 118

z(1) =capl x(xrcp.B.)

xr 10=10, ¥xrcp

z(2) =cmplx(xr 18, xrcp)
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cmt
cmi
cmt
cmt
cmt
cmt
cmt
cmt
cmt
cmt
cmt
cmt

cint
cmt

99

14
31

214

call zanluyt(det.l.e-7.6.8,1.1.2,200, infor. ier)
da 5 nn«1,2

®kp2¢nn)»z(nn)

ao to 111

#Kperp (nn) =csart (z(nn))
dbq(43) sreal (xkporp(l))

o to 112

dha(49) saimag(xKperp( 1))

cont inue

dba(65) =real (z(1))

dba(66) =aimag(z (1))

dba(67) sreul (xkperp(l))

dba(68) =aimaq{xkperp(1))

catl rffld

call ricoeff

return

end

subroutine fcreal(or,zr,zi,dzr,dzl,n,.rem,tol)

WRITTEN BY BRIAN IcVEY, Univ. of Wisconsin-iHadison
CALCULATES FRIED-COMTE INTEGRALS FOR REAL ARGUMENTS

Refs. Briaon McYeu, Univ. of Wisc. Report PLP 755 (May, 1978)
B. Fried. Conte. THE PLASMA DISPERSION FUNCTION (1961)

ar IS THE REAL NRGUMEMT

zr [S THE REAL PART OF THE INTEGRAL

z1 IS THE UMAGINARY PART OF THE IHTEGRAL

dzr 1S THE REAL PART OF THE DERIVATIVE OF THE INTEGRAL

dzi IS THE IMAGIHARY PART OF THE DERIVATIVE OF THE INTEGRAL
n 1S THE HUIBER OF ITERATIONS USED TO CALCULATE THE IHTEGRAL
rem IS THE REMAIMDER

tol IS THE TOLERAHCE SPECIFIED TO CLACULATE THE IMTEGRAL

tn=8

sarpi=].772454

x=abs (ar)

tf(x.12.1.5) qo to {1}
if(x.19.4.) qo to 12

cali asur(x,zr.dzr.n,.rem, tol)
ine

asqe=x¥k2
if(asq.1t.~-8.el) ao to 81
zl=sarpi*exp{asa)
iflin.ne.1} go to 82
dziw=2, %Kz

qo to 24
dzre==2.#( 1, +xkzr)
dz{e~2,sdukz |

ao to 20

zi=Q,

dzi@,

Lflar.qt.8.) return
zZrs-zr

dzim=cdzi{

return

call powr(x,zr.n.rem,tol)
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241 qo to 31

242 12 call intr(x.zr,.n,rem,l0l)

243 qo to 31

244 end

245 subrout ine asurix,zr,dzr.n.rem,tol)

246 ®x

247k

248 comt WRITTEN BY BRIAN McVEY. Univ. of UWisconsin-Madison
243 cmt

258 omt  CALCULATES FRIED-COHTE INTEGRAL USIHG ASYHPTOTIC EXPAWSION FOR LARGE ARGUMEWTS
251 emt ZETA .at. 4.

252 %

253 =«

254 reml=l.

255 sef.

256 dzer=8,

257 bel./x

258 do 18 n=1,48

259 xi=float(nd

268 pebiok2k(d, kxi~1,)%.5

261 1f(n.eq.1’ qo to I}

262 plepl¥xg

263 ao to 12

264 11l pl=p

265 12 rem=abs(pll/cbs(s)

266 1f(rem.1t.tol) qo to 13

267 tf¢reml.lt.rem) aqo to 13

268 remlerem

269 dziredzr+pl

270 10 ges+pl

271 13 zrs-oks

ar2 dzr=2,.%(dzr+pl)

273 return

274 end

275 subrout ine intr(x,zr,n,rem,tol)

276 &

277 x

g;g cmt WRITTEN BY BRIAN IMGVEY. Univ. of Wisconsin-fadison

& cmt

gg? cmt CALCULATES FRIED-CONTE INTEGRAL FOR 1.5 at. ZETA .lae. 4.
®

282 %

283 dimansion f(10)

284 118

285 be{.5

286 cull powr(b,f(l).n,rem,tol)

287 35 n=@

208 {3 ((2)==2, k(L +bkf (1))

239 do 18 i=1,7

298 «i=float (1)

291 19 F1+2) m=2. ke (1) =2 kkkf (§-+1)

292 he(4.832e3%«t0l 7abs (f (9)) ) xx, 125

293 reb+h

294 1f(r.1t.x) ao to 19

295 he=x~b

298 1lel

297 19 b=b+h

298 p={.

299 do 12 (=2,8

308 xisfloat(i-1)
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n=pinsxl

POl ef ) +paf (1)

nsn4|

if(il.eq.0) ao to 13

zr=f (1)

raem=, l#tal#kfloat (n)+rem

roeturn

end

subrout ine powr(x,zr,n,rom,taoll

WRITTEN 8Y BRIAN FMcVEY. Univ, of Wisconsin~Madison
CALCULATES POLER SERIES EXPANSION OF FRIED~CONTE INTEGRAL FOR SMALL ARGUMENTS

s=i.

do 10 ne=i,49
xl=float(n)
pe-xkk@ K2, /(2,0 +1,)
if{n.ca.1) aqo to 11
p2=pkp

qo to 12

p2=p

rem=abs (p2) 7abs(s)
if(rem.1t.tol) go to 13
ses+p2

Zre=2 , Kxks

return

and

complex function Kux(xx)

THIS FUHCTIOW IS THE Kxx ELEMEMT OF THE HOT PLASIMA DIELECTRIC TEHSOR
Raef. T.K. MAU, Ph.D. Thesis, Univ. of Wisconsin-Iadison (1977)

complox xx

commansmeant /iy, ix, ixi,neq,nmoa, mmx, nonch, 1z, nsor,.nsten,.nhiah,
camanea, ksudm., ludm, mx<dm, iupl (%, m<. tuh. idin, luhml, iuhpl, mxp3m,
cmxpd, mx<p 1, neag. mmxn, nmagp , naanean, mnx8, iunt. 1up2, ixpl, fuix,
cmtaub, mmsv, m3lg.mmsvp, Ixis,neaml

comploex fthet, fphi,besd,baesi, xkperp, zlam, xkp2

common/rfem ws (6) ,utx(68) ,utz(8),zx(6), fthet(11,6),fphi(11.6),frea.
xbesal(?) ,zeta(11,6),2xm(6) ,pas51(5.6),wp2(6),:kp2(2),wp(6), irr
% Lxkperp(2).besd(6,6),ck{6), Infer(2).besr(?),2zlam(E) . rrr.powrx
comalex efld,rfld,.dielt,rffdn

common/er{ld efla(3),rild(2).diel t (8), xnpar, xnparz, xkpar, dbg (99)
L,aprt(6.6).prfs(S), terf(6,6) .powerf,trfon,trfoff.rffdn(3),baxis
c.rma i, rmin.rminor, twal 1 (G), curr, dennd, dennt, dannh, ennd, ennt, ennh
Fxxvemplx(8.,0.)

do 2880 it=l.neap

aprf (i, 11)=8,

cant lnue

do | i=1,neq

tf¢zlam(i) .eq.cmpl«(8.,8.)) ao to 222

do 2 m=l.nhiagh

mnemrnhiah

qo to 181

181 Kxxokxx+cK (1) kcexp(=zlam(i) ) invkmkbes |



1062

217

1im. 1) %(fthet(m, ) +fthet(mn, 1)) 7zlam(1)
dba (29) *real (Kxx)

ao to 182

dbq (38) aimua(kxx)

2 cont {nue

222
183

qo to 183

Kxxakxx+, Sxck (1) %x(fthet (1, () +fihet (6, 1))
Kxx=Kxx+cmplx(l./neq.8.)

dba(31) sreal (kxx)

ao to la4

184 dba(32) =atmaq(kxx)

i1
2

182

aprf (1. i)=saimaq(kxx)~aprf{l. ) ~aprf(l,2)~aprf(l,3)-aprf{l,4)
cant {nue

return

end

complex function Kxu(xx)

THIS FUNCTION IS THE Kxu ELEMENT OF THE HOT PLASMA DIELECTRIC TENSOR

compl@x xx

commans/mcont /iy, Ix, (x{,nea, nmaq, mmx,nonch,lz.nsor,.nstap.nhian,
cnmaneq. Ksudm, ludm, mxdm, iup ! {x,mx. luh, iuin, tuhml, luhel, mxp3m,
cmxpd, mxp 1, neap, mmxp, nmaap ., nmonean ., mmx8, iupl. 1up2. ixpl. {u (x.
cmtub, mnsv, ms {d, amsvp. Ix1s, neuml

complex fihet.fpnhi,besd,.besi,xkperg,zluam, xkp2

common/rfem we (8) ,vitx(6),vtz(6),z<(6),fthet(11.6),fphi1(11.6),freq,
xbesal(?),zeta(11,6) ., zxm(6) ., bes1(6.6),uwnp2(6).,xkp2(2) . wplB). irr

x L.xkperp(2).besd(6.68).cKk(B), infer(2).besr(?),zlom(8), rrr. powrx
complex efld,rfld,dlelt,.rffdn

common/erfld/ef1d(3),rfld(2),dtel t(6),xnpar.xnparz, xkpar. dba(39)
L,apr((6,6),prf5(5), torf(6,6),powarf, trfon.trfoff,rffdn(3).baxls
c.rma i, rmin,rminor, iwall (6) .curr,dennd, dennt, dennh, ennd, ennt, ennh
Kxu=cmplx(8,,8.)

do 208 ii«i.neup

aprf(2,11) 0.

cont inue

do | t=i,neq

do 2 m=1.nhiah

mn=minnhiagh

go to 181¢

KRu=Kxytcmplx (.., 1.)%cK (1) *kcexp(~zlam{1) ) &wk{ (besd(m, {) -
ibesi(m, ))*&(fthet(m, {)=fthet (nn, 1))

cant lnue

dbal27?) =real (kxy)

au to 182

dba(28) =aimaa (kxy)

aprf (2, 1) =real (Kxy)-aprf (2, 1) ~aorf(2,2)~aprf (2, 3)=-aprf (2, 4)
cont inue

return

end

complex function Kxz{xx)

THIS FUNCTION IS THE Kxz ELEMENT OF THE HOT PLASMA DIELECTRIC TENSOR

complax xx
commonsmcant iy, ix, Ixi.ned.nmaa, wx,.nonch, 1Z,n3or.nstep. nhigh.
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421 cnmaned, ksudm, iudm, mx<cdm. iupl ix, mx, luh, luin, iuhml, luhpl, mxp3m,

422 cmxp4, mxp |, neap, mmxp, noxan . nmaneap, tnx8, tupl, tupd, ixpli. luix.

423 cmtab, mnsw, msla, mmsvp, ix1s,naaml

424 complex fthel.fphi,besd,.besl,«xkperp,zlam,xkp2

425 commansr f emrwe (8) , wtx (8) ,ut2(6),2x(6), fthet (11,8),fphi(11,6), frea.
426 xbesa(?),zetall1.6),zxm(6) ,besi(6.6),w2(6),xkp2(2),wp(6), irr
427 % JxKperp(2).,besd(6,6).ck(B)., infer(2),besr(?).z1uam(G),rrr.pourx
428 complex efld,rfld,dlielt.rffdn

429 commanserfld /efld(3),rfld(2),dlelt(8), xnpar, xnporz. xkpar, dbq(39)
438 l.opr{(6.6).pr{s(5),tprf(6,6) .powarf,trfon, trfoff.rf{fdn(3).baxis
431 c.rmai,rmin,rminor, iwall (6),curr. dennd, dennt,dennh, ennd, snnt . ennh
432 Kxzecmnlx(8,.,.8.)

433 do 280 ii=},nean

434 aprf(6,11)=8,

435 288 continue

436 do | i=l.neq

437 do 2 m=1,nhiah

438 mn=m+nh iagh

439 ao to 104

19 191 if{zlam(1) .na.cmplx(0.,0.)) Kxz=kxz~cK(i)kcexp(-zlam(i))x

ERY lesart (zx) #mkbes i (m, D xGiphidm, D =fphi G, 13372 am( 1) Zwe (1)

442 una(25) =real (kxz)

443 qu to 182

444 182 dha(26) =aimaa(kxz)

445 2 cont tnue

448 aprf (6, 1) *aimaalkxz)~anrf (6. |)~aprf(6,2)-aorf (6,3} ~aprf(6.4)

447 1 continue

448 return

449 end

459 complex functlon Kuy{xx)

451

452 %

453 cmt THIS FUMCTIOM IS THE Kuy ELEMENT OF THE HOT PLNSMAR DIELECTRIC TENSOR
454 ok

455 &

456 complex xx

457 comman/mcont/iu, Ix, ixi,neq,nmaa, mmx,nanch, 1 z.nsor,nstap,.nhiah,
458 cnmanea, Ksudm, (udm, mxdm, fup ! Ix, mx, iuh, 1y in, iuhml, iyheo |, mxp3m,

459 cmxpd.,mxpl, neqap, mmxp, nmagp, nmaneap, mmx8. lup L. {up2, ixpl, fuix,

468 cmtob, mmsw, ms i, mmsve, ixis,neam! |

461 complex fthet.fphi,besd,besi,xkperp,zlam,xkp2

462 commoen/rfem/uc{6) , vtk (6) ,vtz(6),2x(6),fthet(l1,.6),foni(11,6), {reqa.
463 xbesa(?),zeta(il,6),z«m(6) ,besi(6,6),wn2(6),«Kp2(2),wp(B). Irr

4G4 % .xkporp(2).besd(6,6),.ck(6), infer(2),besr(7),zlam(B), ri'r, powrx
465 complax efld.rfld.dielt,.rffdn

466 commons/erflds/efid(3),rfld(2),diel t(6), xnpar.xnpurz, xkpar, dba(39)
467 1,aprf(6.6),prfs(8), tprf (6,8) .powerf, trfon, trfoff.rffdn(3).baxls
468 G.rina jurmin,rminor, iwall (6) ,curr, dennd, dennt.dannh, ennd, ennt.ennh
469 Kuu=cmplx(8.,8.)

479 do 2868 ii=l,nean

471 aprf(3, 11) =6,

472 208 cont {nue

473 do | t=l.nea

474 if(ztam(1l).eq.cmplx(B.,8.)) ao to 231

475 qo tao 101

476 181 Kuu=kuutcmplx(l./neq,0.)-2.%ck(1)%kzlam(t) *kcexpl-zlamll))*x

477 1 (besd(6, t)-nesi(6.1))®fthet (1L, 1)

478 dbal{2l) =real (Kuyu)

479 ao to 182

438 102 dba(22) suimaglkuul



219

do 2 m=].nhigh
mn=minhlah
ao to 183

183 Kuu=kuu+cK (1) *caxp(~zlam( 1)) ¥ (mkmkbas |

l(m;l)/zlum(l)-2.*zlam(l)*(basd(m,l)-besl(m.l)))*(fthet(m,i)
{+fihetlmn, 1))

2 cont lnue

231
238

104

288

ia1

182

103

qo Lo 238

Kuyekuutempl « (1./neq, 8. ) +.S4ck (1) *(fihet (1, 1) +fthet (6, 1))
dba(23) sreul (Kuw)

qo to 184

dba(24) eaimaq(kuu)

anrf (3, 1) =aimaglkuud -aprf (3, 1) -aprf (3,2 -aprf (3,3) ~aprf (3, 4)
cont {inue

return

end

complex function Kuz(xx)

THIS FUNCTION IS THE Kuz ELEMENT OF THE HOT PLASMA DIELECTRIC TENSOR

complex xx
:ommon/mcont/lu.lx,le.nnq,nmaa,mmx,nonch.lz.nsor,nsten.nhluh.
enmaneaq, ksudm, ludm, mxdm. lupl ix, mx. luh, 14 in. iuhml, iubp 1, mxp3m,
cmxp4, mxpl, neap, mmp, nmaan, nmaneap, mmx8. 1up 1. 1up2. ixol, iuix,
cmtab, mmsv, msia, mmsvp, Ix1s,neqml

complex fthet,fphi,besd.bosl,xkperp,zlam,xkp2
common/rfcm/uc(&).vtx(G),v(z(S).zx(G),f(hol(ll.G),fnhl(ll.S),freq.
xbasa(?).:uta(ll.S),zxm(E).basl(6.6).wuZ(G).xkaB(Z).un(S).lrr

X sxkparu(2).besd(6.6),ck(6), Infer(2),basr(7),z um(B), rer, powrx
complex efld,rfla.dielt.rffdn
commonserfldsefld(3),rf1d(2),dlel t(6),xnpar, xnparz, xkpar. dba(99)
l,uprl(&.ﬁ).prls(S),lprf(S,S).auuer(,trfan.trfnf(,rffdn(3),buxi=
c.rmnl.rmln.rmlnar.luall(6).curr,dennd.dannt.dennh,ennd.ennl.ennh
Kuz=cmplx(0,,8.)

do 208 ii~l.neap

aprf(4,11)=8.

cont inua

do 1 i=l,neq

ao to 181

Kuz=kuz+ck (1) *(coxp (=zlam{1) ) kesart (xx) % (besd(6, {)~bes 1 (6, i))
ckfphl (11, 1) uc (i) kcmplx(B,,1.)

dbq(17) =roal (kyz)

ao to 102

dba(18) =aimaalkuz)

do 2 m=l.nhiah

mn=mtnhigh-

Qo to 183

Kuz=Kuz+ck (L) x(cexp(~zlam({} ) kesart (xx) *(besd{m, 1) -bes{(m. 1))
I*(fohtlm, D +foniimn, 1)) /uc(1) ) %cmplx(B.,1.)

dba{19) «real (kyz)

ac to 184

184 dba(280) »aimag (Kyz)

2

t

cont inue

aprf (4, 1) ereal (Kuz) ~aprf(d, 1) ~aprf (4, 2) -aprf (4. 3) -oprf (4, )
cont inue

return

ond

conmelex function Kzz(xx)
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Ul K
G2 K
543 cmt  THIS FUNCTION IS THE Kzz ELEMENT OF THE HOT PLASMA DIELECTRIC TENSOR
544

545 %

516 complex “©x

547 commonsmconis/ni. twont. fourpl,plo2,charae, t line, dtr,dtn(15). nsetn(
5:13 * 15).nstepu.n,nprint.nplot,nstop.arstrt, neh,nchec, luml, ium2,
5-19 x tum3, (xml. 12m2, (xm3. ixim, ixim2, {2xim3.erqtkev, potont,dpot,
558 H zmaz, xmox i, Rbound, kKael yfk.kombl, Kagnande,mimux,bratio
551 x Jbratiol.nltana.Ksinaul .vnorm,efusion(4), Knprobs,nsl,betal.
552 % fammosh,sbele.ct,velt,.rdor, rhoa.nella.alendgth,nsle.

953 « nsle2,rfudae. bdob, tfmax, rdora(S).rdoru(S),rdori(5),
554 X rdtcha(9).sfsc.kbuf in,kbufoutl, namcblin, namobol,kbufu(S) ,Kkesig
555 b3 . tauek (5), tauen(S), taupk(5), taupk1(S) . tauppr(5),Kchnut,
556 x reacsl (S), fatmesh, iatmesh.Ktpnutl, ncoutfe.potrat,npotz, fabmesh,
557 x Kintea.Kicca, tcvd, cmfp,taul.toul, tau3.lpek.lt,.erot, twoth,
358 x taues(5) ,kspadi, evrot,endene.kmaxe,kvarte,kvar jt.kczeff.zeffk
538 x . sart2.stopm.charaed, fourpi3,eratkth, twonith. fstpl,cl ight
568 common/mcont/iu, ix, ix1i,nea,nmaq, mmx, nonch, 1z, nsor,nstep,.nhiah,
561 cnmaned, Ksudm, iudgm, mudm, iupl ix.mx, luh, Iy n, luhml, tuhpe 1. mxp3m,

562 cmxpd, mxp {, nean. mmxn, nmaap, nmanean, mx8, tupl. tup2, (xp !, 1y x,

563 cmtab, mmsv, msig, mmsvp, 1xis, necaml

564 conplex filhot, fphl, besd.best, xkperp, zlam, xkp2

563 common/rfem’we (6) ,vix(8) ,wiz(6),zx(6),fthat{11,6),fphi(11.6).freq.,
566 xbesa(?),zatalll,6).2xm(6) ,besi(8,6),wp2(8),zkp2(2) ,wn(6), irr

567 % SxKperp(2).besd(6,6).ek(6), infer(2) ,besr(?).z1um(6) . rrr, powrx
569 complex efld,rfld,.dicolt,rfldn

S89 common/erfldsefld(3),rf1d(2),diel t(6).xnpar, xnparz, xkpar, dbg(99)
578 t,aorf(6.6),pris(9),torf(5,6),powerf, trfon, \rfoff.rfidn(3).baxis
571 c.rmat,rmin,rminor, lwall (8) ,curr,dennd, dennt .dennh. ennd, ennt, ennh
572 Kzz=cmplx(8.,0.)

573 do 288 li=l,neap

574 apr(5,11)-8,

575 298 continue

576 do 1 1=1{,neq

577 a0 to 101

R Yd!] 191 Kzzekzzdemnlx (1. /nea,8.) ~wn2 (1Y kcoxp (~zlam( i) Yibes 1 (G, 1) ®iphi

a9 L, D) ZxRparsxkpar /vt z (1) 7otz ()

58 dha(13) =real (kzz)

531 uo Lo 182

542 192 dog(14)*aimaa(Kzz)

503 do 2 m={.nhiah

SBE] mnemtnhiah

535 o to 183

36 183 Kzz=kzz-wp2(1)¥cexp(~zlam({) }¥kbesi(m, 1) x(zetalm, ) *fphi(m, {)

587 I+zetalan, i3 &fphi(mn, {)) /(2.0 1R regkxkporketz (1))

538 dba(15) =real (kzz)

539 ae to 194

598 184 dba(16) »aimaa(kzz)

591 2 contlinue

592 aprf (35, 1) ~aimaa(kzz)~aprf (5, 1) -aprf(5.2) ~corf(5,.3)~oorf(5,4)

593 i continue

9434 return

595 end

596 complex function det(xx)

297

598 %

S99 emt THIS FUHCTIOH 1S THE DETERMIMAMT OF THE COMPLETE HOT PLASMA DISPERSION TENSOR
608  cmt CALLS BESLC! WHICH CALCULATES COMPLEX MODIFIED BESSEL FUNCTIONS OF INTEGER



XXXHHXK XK KX X

<2228
1880

121

181

182
223

ORDER

zlom = ARGUMENT OF MODIFIED BESSEL FUNCTION
besi e MIDIFIED BESSEL FUNHCTIOM

besd = DERIVATIVE OF MODIFIED BESSEL FUNCTION

complex X%, Kxx, KXy, Kxz. Kuu, Kuz, kzs
comman/mconl/pl,luopl.{ourpi,plOZ,charqa.llm@.dlr,dtn(ls), nsetn{
15).ns(apu.n.nprlnt.nnlot.nslnn.nrstrt.nch.nchac. fumi. fum2,
ium3.sxml.txm2.(xm3.;xtm.|xlm2,lxlm3.9ralkev. potant.dpot,
Amax, xmax i ,Kbound, Kagtafk,kamb i, Kanande.mimax,brat io
,brutlo!,nllunq,hslnqul.unarm,efuslon(4). Knprobs,nsl,betad,
tammesh,sbple.ct,vnfﬂ.rdor, rhoo.nal iu,elenagth,.nsle.
nsled,rfudae.bdab, t fmax, rdoro(S).rdorb(S),rdort (5),
rdtcha(S),sfse.kbuf in,Kbufout, nameb in.namebot . kbufu(5),Kecsiq
. tavek(5), taven(5), taupk (5), taupk 1 (5) . tauper(5).kchnut,
reacsl (5), fatmesh, Igtmesh.ktpnut, noutfe.gotrat.npotz, fabmesh,
Kintea.kicca. tev2, cmfp,tuul.tauz.tau3.lnok.lt.erot.tuolh.
taves(9) ,Kspadl, ovrot.endane,Kmaxo,Kvorte,Kvnrlt.Kczefi,za!fK
’ sqrtZ,s(opm.churqo4,fourp!3,arqtkth,tuonlth.fstpl,cllth
common/mcont/lu,lx.)xl,neq.nmuq,mmx,nonch,lz,nsar,nslen,nhiqh,
cnmanaq,Ksudm.ludm.mxdm.lunllx,mx.luh.luin.luhml,luhol,manm,
cmxp4.mxnl.nean,mmxn.nmaqp.nmuneqn.mmxﬁ.luul.£u92.ixpl.iulx.
cmtab,mmsw, ms g, mmsvp, §% {5, negm)
comnalax fthet, fohi.besd,besi, «Kperp, z1am, xkp2
.cammon/rfcm/uc(SJ,vtx(S).vlz(E),zx(S).fthnt(ll.G).fphl(ll.G).freq.
xbesa(?).zata(ll.s).zxm(S).besl(5.6).u02(6).xK92(2),uo(E).lrr
x .prerp(ZJ.basd(S.S).ck(S).tnfar(Z),basr(?).zlum(S).rrr.nourx
complex afld,rfld.dielti.rffdn
caumun/er!ld/efld(B),rlld(E),dlwlt(5),xnnur.xnnarz,prar.dbn(SB)
l,uur((b.d),prls(ﬁl,lorl(6.6).uouorr,tr(un.tr(o(r.rlrun(S).uuxls
c.rmat,rmln,rmlnar.luall(6).curr,dannd,dannt.dennh,annd,onnt,ennh
det=cnplx(8.,8.)
do 2228 lis=f,?
besr(ii)=0,
besa(il)=0,
cont inue
dog(il) =real (xx)
dba(12) =g imaa(xx)
do | Isl.neq
Zlam( 1) =, Saxxm{wix (i) /we (1) ) #on2
dbq (58) »real (xx)
ao to (2%
dba(51) =a imag(xx)
zlrereal (zlam(1i))
qo to 181
Zli=aimaalzliam(1))
1f(zlam(1).eq.cmn1x(8..8.)) go to 223
call beslci(zlr,z11.6,1,besr,besa,ncale)
basl(6.1)-cmnlx(besr(1).0.)+cmplx(a.,l.)ﬂhesa(l)
besd(s.l)vcmalx(besr(z).ﬂ.)+cmnlx(ﬂ..1.)mbasu(2)
aba(1)=besr(])
dba{2)shesa(l)
dba(3) =besr(2)
o to 182
dba(d) =hesa(2)
cant {nue
do 2 mm=2,nhigh+!
m=mm=- |
if(zlum(1).ea.caplx(8.,0.)) o to 282
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163

187

186

cmt
cmt
cint
cmt

188

222

nesim, i) =cwplx(besr(imm),B,)+cmpix (8., !.) koesa(mm)
dba (5 sbesr (am)

ao to 103

dba(6) =besa(mm}

itf(m.ne.1) bosd(m,1)ebesi(m~1,i}-mbesilm, 1) zlam(1)
if(m.eq.1) besd(l,1)=besi(6,i)~besi(1, 1) zilam(i}
as to 201

bosd(m, i) “cmpl x(d.,0.)

besd(l, )=cmpl1x(.5,08,)

besd(6, 1) =cmpl x(8.,8.)

besi(m, i) =cmpl x(8.,H.)

hesi(6, ) cmplx(l,.0.)

cont inue

dba({?) =real (besd(m, 1))

ao to 104

dba(8) =aimug(besd(m, i))

cont {nue

cont lnue

xn={cl taht/(2.%p kfraq) ) kK2

ZNZ 3K pariixkparkzn

“APUr®xn

XNPUrz=xnz

ao to 107

det = ((xx (xx) =xnz) ®((Ruy (xx) =xnz=xx¥*xn)
PBRIKZZ (xx) =k x*xn) KUz (<) KUz (xx) )

1K Gex ) RO () sk (zz (XX ) ~2kzn)
THRuz (i )k {kxZ (xx) +osar t (xx) kxnzs/xKoar) )
1+ (kxZz{xx)+csart (xx) ¥xnz/xKoar) K (Kxy (xx) kKuz (xx) )
1= (Ruu (%) =xnz=xxHxn) KKz (xx) +esart (xx) kxnz/xKoar)
dba(9) =real (det)

ao to 1B6

dba(10) =aimaa(det)

return

end

subrout ine diel(rt)

CALCULATES DIELCTRIC ELEMENTS FOR FAST OR !ON BERNSTEIN WAVE FOR GIVEN
KPERP k2

rte= KPERP#x2 FOUND BY 2AHLYT . ’

THIS SUBROUTINE CALLED BY IMSL -ROUTINE zanlut

complex efld,rfld,dilelt,rffdn . ,
common/erfld/efld(3).r(1d(2),dle) t(6),.xnpar,xnparz, xkpor, dba(99)
l.oprf(6.6).pris(5), tprf(6,6),pouerf.trfan, trfoff,rffdn(3),baxtis
GC.rma i, rmin,rminor, luall (8),curr, dennd, dennt. dennh, ennd. ennt . ennh
errisreal (rt)
ao to 1808
err2saimaalrt)
dgielt ({)wcmplx(dba(31),0.)+cmalx(0.. 1.)4dba(32)~cmplx{xnparz
1,08.)

abal7 1) =real (dielt (1)}

dba(S52)=aimualadiei t (1)

digl t(2) =cmaix(dbq(27),8,)+cmplx (8., | .)*dby(28)

diel t(3)=cmplx(dba(25),0.)+cmplx(8,,1,)*dba(26)+

lesart (rt) ®unparz/xkpar

dba(SS) sreal (dielt (3))

dbg(56) =aimaaldiel t (3))
dielt(d=cmpix(dba(23),8.)+cmalx(B,, 1.)*dba{24) -ri*xnpar=

‘



334
333

*

*

Gmt
cmt
cmt
cmt
cmt
cmt
cmt
cmt
cmi
cmi
*

b3

282

i18

555
331

956
333

lempl x(xnparz,0.)

dba(57) =real (dia) t(4))

dba(58) saimaualdlel1(4))

dia@l t (S) =cmplx(dba(19},8.)+cmnlx(B,,1.)%dba(28)
diel t (6)=cmplx(dba(15),0.)+tcmpix (0., 1.)#kdbq(16)-rtkinpar
dba(53) ~real (diel t(6))

dba(S4) =saimag(diel Lt (6))

do 3433 ke={,6

do 334 {={,5

tperf (K, Deaprf(k, 1)

cont inue

cont inua

roturn

end

subroutine rffld

CALCULATES THE UMHORMAL IZED RF ELECTRIC FIELD COMPOWENTS FOR THE FAST
AND,OR 10H CYCLOTROH WAVES FOR AN INFINITE UNIFORM PLASHA USING WAVE EQUATION

efld(l) = Ex
efld(2) = Eu
efld(3) = Ex
rfld(l) = €+
rf{ld(2)

- E~ ‘
orfs(i) IS THE RF POWER DEPOSITED IN SPECIES *i* USING WEAK DAMPING FORMULA

.

complox tlem{3),tem(3.5)
commonsmeont /iy, 1k, i®l.ned, nmacg. amx, nonch., L 2, nsor,nsten.nhigh,
cnmaneqy, Ksudm, iudm, mxdm, {upl i<, mx. {uh, 14 in. iuhml, iuhpl, mxp3m,
cmxp<, mzp i, nean, mxp, nmoag, ninaneap, maxS, lupl, 1up2, 1xpl, 14 ix,
cmtab, mmsv, msia, mmsvp, 1xis, neaml

complax cfld.rfld.dielt.rffcdn

commonserfldsefld(3).rfid(2).dial t(8),xnpar.,xnparz. xkpar, dba(99)
l.aprf(6,6),prfs(S),tpr(6,6) . .powerf, trian, trfoff,rffdn(2),baxls
G.rma . rmin, rminor. lwal1(8) ., cure, dennd. dennt , dennh, annd, ennt . ennh
do 202 {i={.neg

pris(ii)=8.

cont lnue

corf=a,

efld(i)=cmplx(l.,0.)
efld(2)vafld(Id*((dielt(3)+diel t(S))xdielt(3) /dielt(6)~dielt

11 +d1al t{)) 7 ((dlel 1 (3 +dial t(5))ikdiel L () dial t (B +dial L (2)
t+diel t{4))

dba{59) =real (efl1d(2))"’

ao to 11D

dba(60) =aimaal{efld(2))
efld(3)=efld(1d*(diel t(2)-dlelt (3)+(dielt (4)~

1diel L(S)dkdiel t (1) rdiel t (2)) /(dial Lt (S)+dial t(6)

1+(dielt (D) ~dial t (D)) kdiait (3D /dielt(2))

ttem(]) sdiet t (1) kefld(1)+diel t(2)#afld(2)+diel t (I *efld(3)
ttem(2) »~diolt () kefld(i)+dielt(4)kefld(2)+dial t(S)kafld(3)
ttem(3) =di@l L (D *ef1d(1)~diel t (SI4af1d(2I+diel L(S)*afld(3)
dha(61) =real (ef1d(3))

go to 162 :

dba(62) =aimaalefld(3))

rfld(1)=efld()+cmplx(8.,1.)%ef1d(2)

rild(2) =efld(})-cmplx(D.,1.)%efl1d(2)

do 331 1=l,neq
lom(l,|)-3.*tprf(2,l)*ef!d(l)*(cmplx(dbq(SS),0.)-cmplx(0.,l.)
1#dba(68))
(em(Z,l)-ﬁ.*larf(d,l)mofld(Z)*(cmulx(dbq(El),B.J-Gmnlx(ﬂ..l.)
1#dha(62))

tom(3, i) =2, ktpef (6. 1)kefld(1)k(cmal x(dba(61),8.)~cmplx(8..1.)
Prdba(62))

prfs (D =torf (1, Dx(cabs(@f1d (1)) wk24+¢prf (3, §)k(cabs (ef 1d(2)) ) %2
2+tprf(5,i)m(cabs(efld(B)))**E-uimaq(lem(l.l))-ulmau(lsm(z.l))
{+real (tom(3, 1))

cori=cpritpris(l)

qu to 555

cpnepower f/cpct

cont inue

do 333 i=l,nea

o to S56

pris(l)=conkpris(i)

cont tnue

return

end



APPENDIX B

Kennel and Engelmann have assumed that a spectrum of randomly
phased modes exist in order to justify the concept of particle
diffusion caused by several random velocity displacements. A
monochromatic‘rather than a spectrum,of waves can be used if a
Plasma ion, having passed through the resonant heating zone,
encounters many collisions so as to forget the phase of the cyclo-

tron heating field before it passes through the heating zone again.

The time between passes through this zone is(lS)
™ v mRq/vy (B-1)
(b-13,16)
and the variation in Tp is given by
2
ATp v MRQAv, /vy . (B-2)

After half a polodial rotation, Coulomb scattering causes an RMS

2 )1/2

deviation, Avy, on the order of (<A vy> Tp

(h-16,33)_

2,
, where <Avy>  is
the diffusion coefficient Ions "forget" the cyclotron

phase between transists when wCiATp >> 1 or

< (AV" )2>
27
Vi (w

> (B-3)
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(4-13,16)

where the diffusion coefficient is

C
<(Av")2> = ; ?g-G(lfv)
8anZiZ2ehlnA 5
C, = 5 S m./2KT, (B=k)
m
f
x
alx) = d(x) - xg (x) . o(x) = j%_ J exp(—y2)ay.

o

=

3
O

From Table B-1, we see that Eq. (B-3) is valid for both

PLT and NUWMAX.



Table B-1
PLT
130
-3
1
2.2x10
0.056
1.57x10
3x10'3
2.0
~ 10

8

340

2.3x107%

226

NUWMAK
512.5

~ 3

10
6.2x10
0.078
2.9x10
3x1014
2.5

~ 10

8

96.5

2 .5x107°




APPENDIX C

From Eq. (L4-16), one term of C may be written as

2
-w+ anu)Jn_l

where J = Jn(kle/ch)'
With

ky = (m - l)Q/qR

and with m = 0, 1 = 100 and R R,V 500 cm for NUWMAK or

"
m=0,1=13, RV 130 for PLT.

- 1
ky = =-.1 em 1 = -k, for PLT and
-1 '
k" = —.2 cm = "k". for NUle.[AK
so that
2
C=——— nw -w=- kyvy .
32Z2e2n cB n-1
o)
On averaging over 0
=1 F ( o)
<C>, J S (nw -w~- kyvy,)do.,
8 = 3o57%e%n -1 o cB
Tetting
nw R
- cBo o
X Z nw =

e~ R, + asind

(c-2)

(c-3)

(c-h)

(C-5)

(c-6)
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then
nchOROacose 8co ex2
dx = - de:..ﬁ#de. (C"'?)
(Ro + asind) o cBo
Therefore
nw 8 Ro
40 = - —=22.9 4y, (c-8)
2 .
ax sin6
Since sind = (R/a) (ncho/x - 1)
cost = (1 - (R/a)2 (ncho/x - 1)2)1/2 = £(x). (c-9)
Therefore
nchoRo
46 = - —5— dx (Cc-10)
ax £(x)
and
2.2 '
|E, |97 R nw T 8(x - kyvy - w)
<C>e - + . g—l o~ cBo J . dx (c-11)
3217%e"n a o x E(x)
2.2
- IE+l Jn—lRonwceo (c-12)
1)
32'ITZ2€21'1 a(w + ann)QE(X )
o o
where

E(x ) = { - (5)2 (ilf—cﬁf)—— - 1)2}1/2 . (c-13)

1
w + kyvy
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Since w + kyvy = nchO,
12.1%5° R R
_ + n-1"0 “cBo + n-1
<C>, = (Cc-1k)
® 32 deQn ﬂnw2 E(x ) 32 degn w o E(x )
oa' cB o] oan cBo 0

i ny
with ch —-wcso .

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

the expression for C given in Eq. (4-17).
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APPENDIX D

The first approximation used in the ICRF model is the wesk

damping formula

8. F (D-1)

=i

—%
P= E -

(V1=

which determines the RF power deposition. Equation (D-1) holds
when

Tnk

R%1<<l° (D-2)

Since there is little energy in the Ion Bernstein branch, the
first approximation used is

Imk

Lt
- Rek'_'__f

<< 1. (D-3)

The remaining approximations are in the WKB method used to
find the RF electric field. Again, since there is little energy
in the Ton Bernstein mode, we calculate epsilons for the fast wave

only. The WKB approximations should be better for the Ion
6-27)

Bernstein wave To Obtain the fast wave electric field for

Eq. (D-1), we use the following WKB type equation

2.1

aA°E ) £
=+ klf(r)E = 0. (D-4)
dr
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There are several approximations used in obtaining the

solution for Eq. (D-k)

Ea T (D-5)
2
g
To find the solution we assume that
Ea el¢. (D-6)
Equation (D-L) becomes
1
- (4% + 18" + x5, = 0. (D7)
If we assume that
o] << kif (D-8)
then we have
T _
$' =+ k. (D-9)
or
¢ = i[ ko + dr. (D-10)
For |¢"] to be small
" kl'
[¢"] " L1z e << 1. (D-11)
5, k2 1
IKL ] Lo
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For a higher order approximation to Eq. (D-4), from Eq. (D-9)

o' R iklf (D-12)
Therefore
t
~(¢')° +oik) o+ kli =0 (D-13)
(6% v k] 45 K| (D-11)
¢ E.i.Jka - dr i_%-lnﬁif (D-15)

which yields the solution

C ijk.l. * dr C —iJk * dr.
+ - L
B (r) v —e /T e £ (D-16)
2 2
Kip Klp
For a wave traveling from the low field side C_ = 0 so
C i J k *+ dr
f + L
E (r) = = e (D-17)
kaz
For Eq. (D-16) to hold
1"
Llonl << 1 (D-18)
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k
]
$ N k-]-f + i g— (D—l9)
4
therefore
1" 1] 2
" ' . k..Lf . (k_Lf)
6 vk o+ i - i (D-20)
-t oky oKk]
£ Lr
so that
IO () )2
1 3§ ky
e = fLo = ] << 1. (D-21)
2 12 o3 gku
L Lr Le

By inserting Eq. (D-1T7) into Eq. (D-4) a similar approximation is

obtained
] 2 1
(ki) ky
T [ R SO S PYRE T (D-22)
3 bl ok
Lf Lf

Since Klf is a complicated function of r, we have fitted both
Rek; .(r) and Imky .(r) to polynomials. Both Reka(r) and Imklf(r)
are divided into 12 intervals, 11 having 10 points while the
region on the inside plasma edge has 7 points. In each interval
Rek,;_f and Imkxf is approximated by a fifth order polynomial so that
>

. 2
2 Airl—Rek_\_f and Z

B.rl—?[mk_;__f are minimized in each of
i=0 i =

0



23k
the 12 regions. By using a polynomial fit in each zone, €15 €55
and €5 can be calculated. 1In the Reka and the Ikaf plots, the solid

curve is the actual value while the dashed line represents the poly-

nomial approximation. In the epsilon plots, €. is the solid

2

curve, the dashed line is €, the dotted line is €5 while the

chaindot line plots 83. In all the epsilon figures ¢ N € ~ £

1 2 3"
Figures (D-1-2) show the real and imaginary parts of

k¢f for PLT at t = 0 with CH = 1.5. The mode conversion layer
near r = 125 cm can be seen. The polynomial fit is accurate except
near the mode conversion layer. Imk_Lf is nongzero at the inner
edge where the wave does not penetrate and in the cyclotron layer.
We see that Imkifis large in a region between the mode conversion
layer and the launching structure at r = 175 cm. The sharp rise in
Imk_Lf due to the presence of the ion-ion hybrid resonance can be
seen. In Fig. (D-3) we see there are three regions where both the
weak damping and WKB formulations breakdown. The region at the
outer edge does not affect the calculations. This region is an
evanescence zone and also appears in the NUWMAK calculations. In

(34)

PLT, 1little power is absorbed in this region so we assume that
the wave i1s launched inside of this zone. The inner edge also is
an evanescence region. In both PLT and NUWMAK, little, if any

energy reaches the inner surface. Therefore, this inner zone does

not affect the calculations.
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The important region is near the center 120 cm <r <130 cm
where mode conversion may occur. In this thin layer, most of the RF
is deposited. Both the WKB and weak damping formulas break down in
this region. In comparison to the experiment, the RF heating width
predicted by STICR-I seems to be correct. The actual deposition
within this 10 cm needs a more accurate description. The effect of
a more complete calculation on either the density or temperature
profiles should be minimal.

When CH = 1.0 or 2.0, the areas where both the WKB and weak
damping formulations are valid remain the same. Mode conversion
does not appear to affect the results, the RF power deposition
should be unaffected by the presence of mode conversion in our
model.

In PLT, where ky = 0.2 cm_l, the sharp change in Reklf and
Imk*f over the plasme center is eliminated as shown in Figs.
(D-4-5). There are wide evanescence regions on both sides of the
plasma. Since the wave is assumed to penetrate the outside evane-
scence region without absorption and does not reach the inner edge
with much energy, these regions can be neglected in Fig. (D-6).
Both the WKB and weak damping formulations are valid over the
entire resonance layer at the center. There is a region on the
high field side (98 cm <r <115 cm) where the WKB theory is not
valid. However, the RF wave is damped before this region is

reached. In addition, the polynomial approximstion of Imk_Lf is



236

not too accurate in this zone and may contribute to making €1 €5

and e3 too large. The exact expression, becomes large over a very
small width in this interval, when Rek_,._f - 0.

We next proceed to examine the WKB and weak damping approxi-
mations in the conceptual reactor NUWMAK. In the fundamental
heating case, we find that Rek_Lf and Imk_Lf. are more accurately
approximated by polynomials (Fig. (D-7-8)). In Fig. (D-9), we
see there are again edge regions where both formulations break
down. Again, by assuming that the incoming wave can propagate
through the outer evanescence zone,this region can be ignored. The
wave is damped before the inner edge is reached so this region can
also be neglected. Unlike PLT, both formulations are valid over
the plasma center. As the plasma temperature increasesﬁRek_\_f
becomes smoother (Fig. (D-10)). The damping zone spreads and TmK Lo
becomes smoother at the plasma center (Fig. (D-11)). Figure
(D-12) shows the WKB and weak damping formulas improving as the
temperature increases.

Figures (D-13-21) pertain to second harmonic heating in
NUWMAK. On compaing Figs. (D-13-15) where mode conversion occurs
to Figs. (16-21) where mode conversion is absent, we find little
change. In second harmonic heating the zones of validity are
unaffected by temperature. Both the WKB and weak damping formulas
are valid over a wider region in comparison to fundamental heating.

Figures (D-22-2L4) deal with third harmonic heating in

NUWMAK. Reklf and Imklf are very smooth over the resonance zone



and are accurately approximated by polynomials. Both formulas hold
well over the central regions and break down near the plasma edges.
As the plasma temperature increases the epsilons increase,although
both formulations appear to remain valid.

In conclusion, for PLT7mode conversion does not appear to
influence the areas of validity. There are regions at both edges
where the formulas break down. Little power is deposited in these
regions so their effects on the RF depositions should be minimal.
Near the plasma center, where most of the power is deposited, both
formulas break down. However, the heating width which is predicted

T

agrees well with the experiment. The ratio Eﬂ-does not affect the
D

widths of the regions of validity.

For NUWMAK, both approximations become good over the
resonance zone. There is still an inner and outer edge region
where the approximationé break down. However, when mode conversion
is present, the inner edge cannot be reached, the wave being
reflected at the mode conversion layer. When mode conversion is
absent, the wave is damped before the inner edge is reached. The
assumption of no power being absorbed in the outer evanescence zone
allows us to ignore this region as well. Mode conversion does not
appear to affect the validity of either formulation.

As the RF frequency increases, both WKB and weak damping
approximations become better. As the plasma temperature increases,

the approximations used in the calculations of fundamental heating
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improve. For second and third harmonic heating, the epsilon values
increase slightly. On the whole, both approximations appear to

hold over the entire region of NUWMAK where heating, either ion or
electron,occur. Our conclusions should be more accurate in NUWMAK

than in PLT. The slab model should be more accurate in large

devices such as a reactor.
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