JAERI-M
87-110

EFFECT OF DISCRETE RF SPECTRUM ON FAST WAVE
CURRENT DRIVE

—CONCEPTUAL DESIGN STUDY OF FY86 FER —

August 1987

Takashi OKAZAKI*!, Ken YOSHIOKA*! Masayoshi SUGTHARA
Shin YAMAMOTO, Tadanori MIZOGUCHI*?, Shigehisa HITQKI*?
Mitsushi ABE*!, Noriaki UEDA**, Kunihiko OKANO*®

Masao KASAI**, Kichiro SHINYA*®, Akiyoshi HATAYAMA™*®
and Noboru FUJISAWA

B ®* B F A # X A
Japan Atomic Energy Research Institute



JAERI-MU ¥ — Mg, BHRBEFHEIRMALERCATIL T o 2058 BT,

AFOME LR, DARET NIRRT Rt (7319 11 KB IE B0 &5 T,
BRLILAEE 0, &8, SR CBMEBAR S HILF2ER 9 — (T319-11 2Kk B s
BT AR T- WOFETATN) CHEEIC LA ERERLE - TEN T,

JAERI-M reports are issued irregularly.
Inquiries about availability of the reports should be addressed to Information Division Department
of Technical Information, Japan Atomic Energy Research Institute, Tokaimura, Naka-gun, Tbaraki-

ken 319-11, Japan.

& Japan Atomic Energy Research Institute, 1987

it B A SR AT ORISR 0r 8 3T RE
) il He THEKX2H




JAERI-M 87-110

Effect of Discrete RF Spectrum on Fast Wave

Current Drive

- Conceptual Design Study of FYB6 FER -

Takashi OKAZAKI*!, Ken YOSHIOKA*!, Masayoshi SUGIFARA
Shin YAMAMOTO, Tadanori MIZOGUCHI™2, Shigehisa HITOKT*3
Mitsushi ABE*1, Noriaki UEDA*4, Kunihiko OKANO*>
Masao KASATI*4, Kichiro SHINYA*D, Akiyoshi HATAYAMA*S5 and
Noboru FUJISAWA

Department of Large Tokamak Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken, Japan

(Received July 9, 1987)

Effect of discrete RF spectum has been studied for the fast wave
current drive with the ion cyclotron range of frequency. Driven current and
power densities decrease in this spectrum than in the continuous spectrum.
However, there is a possibility to have the mechanism which allcws electrons
outside the resonance region to interact with the fast wave, taking into
account the electron trapping by discrete RF spectrum. In the case of
neglecting the electron trapping effect, driven current and power demsities
decrease up to 0.6 — 0.8 of those which are obtained for the continuous
spectrum for the FER (Fusion Experimental Reactor). However, their driven
current and power densities can be almost doubled in their magnitude for the

discrete spectrum by taking into account the trapping effect.
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1. Introduction

Fast wave current drive has been studied extensively as the current

1,2)

drive method for the tokamak reactor. In previocus thecry, uniform
RF spectrum was used to obtain the current drive efficiency.3) However,
the RF spectrum is discrete in plasmas due to a long wavelength of fast
waves, compared with a tokamak machine size. Especially, the magnitude
of discreteness becomes larger for smaller size of the machine. The
driven current will be decreased owing to the discreteness. To do
precise évaluations for current drive with such large wavelength, it is
necessary to take account of electron trapping by the electromagnetic
field in plasmas and of relaxation of the magnitude of discreteness due
to the trapping. In the paper, such treatment will be done by using
modified orbits of trapped and untrapped electrons for the Fokker-Planck

equation.

2. Basic equatiomns

Equation of motion for electrons immersed in the electromagnetic

fields is written as

dB(z,t) (1)

nv =- eE(z,t) - u y. s

where m, e and v, are electron's mass, charge and velocity parallel to
the magnetic field and U is the magnetic moment. In this equation,

Landau damping and transit time magnetic pumping are considered as the
current drive mechanism. To obtain the modified orbits, the electro-

magnetic fields are, for simplicity, given as traveling waves,

i

E(z,t) E sin(k“z - wt) (2a)

B(z,t) = -B cos(k“z - wt) (2b)

where k” and w are wavenumber and angular frequency of fast waves, and
the mode-mode coupling is not considered here. Coordinates (z, U t)

is Galilei transformed into ones (£, n, T), moving with phase velocity
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1. Introduction

Fast wave current drive has been studied extensively as the current

L, . .
2 In previous theory, uniform

drive method for the tokamak reactor.
RF spectrum was used to obtain the current drive efficiency.B) However,
the RF spectrum is discrete in plasmas due to a long wavelength of fast
waves, compared with a tokamak machine size., Especially, the magnitude
of discreteness becomes larger for smaller size of the machine. The
driven current will be decreased owing to the discreteness. To do
precise évaluations for current drive with such large wavelength, it is
necessary to take account of electron trapping by the electromagnetic
field in plasmas and of relaxation of the magnitude of discreteness due
to the trapping. In the paper, such treatment will be done by using
modified orbits of trapped and untrapped electrons for the Fokker-Planck

equation.

2. Basic equations

Equation of motion for electrons immersed in the electromagnetic

fields is written as

dB(z,t) (1)

mv, = - eE(z,t) - u e R

where m, e and v, are electron's mass, charge and velocity parallel to
the magnetic field and Y is the magnetic moment. In this equation,

Landau damping and transit time magnetic pumping are considered as the
current drive mechanism, To obtain the modified orbits, the electro-

magnetic fields are, for simplicity, given as traveling waves,

E(z,t) E sin(k“z - wt) , (2a)

B(z,t) -B cos(k“z - wt) , (2b)
where k” and w are wavenumber and angular frequency of fast waves, and
the mode-mode coupling is not considered here. Coordinates (z, vy t)

is Galilel transformed into ones (£, n, 1), moving with phase welocity
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of m/k”. Using the ratio of electromagnetic field energy and kinetic

energy of electrons,
(Z/k“)|eE + Ty uB|

K? = . (3)
mn/2 + (l/k”)[eE + kyuB|

electrons are divided into trapped (k? > 1) and untrapped ones (x? < 1).
Electron's velocity and position can be obtained from Eq. (1) by using

Jacobi's elliptic functions and their Fourier series,

Zmb W
b
n{T) *'E]E dn s + FO
= 2
= Eo Dn cos(mnT + ¢n) . for k* <1 , (4a)
£() =D_ T+ § d sin(w T+ ¢), fork? <1, (4b)
n=1
20)
n{t) = EHEAcn(wa + KFO)
(o]
= 7 C_ cos(w't + ¢') , for k? > 1, (4c¢)
n=0 1 n n
= : ¥ t 2
E(T) = nz c sin(u!T + 1) , for k% > 1, (4d)
where
oW 4T Wy qT
D =———m , D = (n21), (5a)
qn
4 1
= — 1 5b
dn nk“ 1+ 9 (21), (5b)
a9,
anwb am
wn - 2K:ix dJn = Kik Fo ’ (5¢)
"3 +1
4 W q s q o
C =2 2 ¢ = 2 (5d)
n k” K> 1+ qgn—l n (2n+1)k” 1+ qzn—l
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(2n+1) T ' (2n+1)7
“a T T 2K, T T ’ (Se)
1.
k) i
Wy =i {eE + anB) s (51)
Ky = F(r/2, ) , Ki =F(n/2, /T -%x2) , (6a)
Ke = F(n/2, 1/x) , K} = F(n/2, /1 - 1/<%) (6b)
q, = exp(-nKi/Ki; , (i=1,2) , | (6c)
¢ a8
F(p,c) = J , (elliptic integral of first kind) (6d)
o ¥l k% sin? 8
FO = F(k“ 50/2’ K) s (6'3_)

and 60 is the initial position of electrons.

Figure 1 shows the schematic drawing of electron trapping. In the
conventional quasi-linear theory, it is approximated that electrons do
straight—-line motion and interact with wave of phase velocity w/k“.
However, the region of electrons interacting with the wave is spread
out as shown in hatched region of Fig. 1, by taking into account the
electron trapping. So the electrons can interact with the wave in their
velocities spread around the center of the phase wvelocity. 1In other
words, the magnitude of discreteness of RF spectrum can be mitigated
by the velocity spread of the electrons.

According to the quasi-~linear theory, diffusion coefficients of
the Fokker-Planck equation can be obtained by using the orbits of un-

trapped electrons (k% < 1),

D = ( i )2 J_mdkH]E(k”,w) + (1/e)kuB(ky,0) | ?
© T 0y Ig 05 )
x > (7
n=l f=o {y - & w - k"(v” + Do)}2 + W, ?

where D is averaged with the initial position of the untrapped electrons
¢n and Wy i§ the imaginary part of w. The diffusion coefficient for

trapped electrons (k2 > 1) can be also obtained as

_3#
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D= ( % )2 J dk" |E(k”sm) + (i/e)k"UB(kngw) |2
2
- = w, J,(k, c_)
x 7 z i "8 Tn (8)

=] =0 -_— ' — 2 2
n=0 % {(w- 2 W kH v”) + Wy

Consider the simple case in the lowest order of n and 2. Resonance
conditoins for untrapped electrons are w - (& + Lw; = k“ vaor n =1

and £ = 0, *1. Untrapped electrons interact with the waves in the shift-
ed velocities. Similarly, resonance conditions for trapped electrons

are w - Rw; = k” v"for n =0 and & = 0, *1, compared with the condition

of w = k” v"which is obtained by using the straight-line motion. So it
can be seen that chance for the electrons interacting with waves increases

by taking into account the electron trapping effect.

3. Effect of the discrete RF spectrum on fast wave current drive

We study the effect of the discrete RF spectrum for tokamak reactor

such as FER whose parameters are major radius R = 4.23 m, minor radius

[l

a 1.14 m, toroidal field Bt =4.,2T, n=7x 10" m 3, temperature

160 MHz and its power Pd = 12 MW.

10 V/m and B(z,t) < 107" T are

5)

il

T

14 keV, frequency of fast wave f

A

The electromagnetic fields of E(z,t)
calculated by the wave equation.

Effect of discrete RF spectrum on the fast wave current drive is
simulated qualitatively by using two-dimensional Fokker-Planck code.6)
Digcrete RF spectrum used here is shown in Fig. 2. We take following
typical parameters. Spectrum width is chosen as wy = 3 and w; = 5, where
w is a normalized velocity by the electron thermal velocity Ve and w;
and wp are lower and upper limit of RF spectrum. The spectrum width
between the teeth of comb is selected to be ws = 0.2, taking into account
the mesh size of the model. Diffusion coefficient of D = 10™% is adopted
under the above magnitudes of the electromagnetic fields.

Figure 3 shows the electron velocity distribution function during
RF current drive. Calculation is done in the case that diffusion coef-
ficient exists in 3 £ w £ 5 and is continuous. The electron velocity

distribution function increases in the region of 3 £ w £ 5 compared with
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D= ( % )2 J dkn |E(k|[’m) + (i/e)k"UB(k“;w) |2
2
o bt w, J (k, ¢ )
x 7 i "2 tn (8)

_ . _ 1 - 2 2
n=0 % {(w- 2 W k” v") + Wy

Consider the simple case in the lowest order of n and %. Resonance
conditoins for untrapped electrons are w - (& + Dw; = k“ vufor n=1

and £ = 0, *1. Untrapped electrons interact with the waves in the shift-
ed velocities. Similarly, resonance conditions for trapped electrons

are w - Rm; = k” v"for n=0and £ =0, *1, compared with the condition

of w = k” v"which is obtained by using the straight-line motion. So it
can be seen that chance for the electrons interacting with waves increases

by taking into account the electron trapping effect.

3. Effect of the discrete RF spectrum on fast wave current drive

We study the effect of the discrete RF spectrum for tokamak reactor
such as FER whose parameters are major radius R = 4.23 m, minor radius
a =1.14 m, toroidal field Bt =4,2T, n=7x 10" m3, temperature
160 MHz and its power P, = 12 MW.

d
10 V/m and B(z,t) £ 107* T are

5)

T

14 keV, frequency of fast wave f

A

The electromagnetic fields of E(z,t)
calculated by the wave equation.

Effect of discrete RF spectrum on the fast wave current drive is
simulated qualitatively by using two-dimensional Fokker-Planck code.6)
Discrete RF spectrum used here is shown in Fig., 2. We take following
typical parameters. Spectrum width is chosen as wiy = 3 and w; = 5, where
w is a normalized velocity by the electron thermal velocity Vo and w;
and wp are lower and upper limit of RF spectrum. The spectrum width
between the teeth of comb is selected to be ws = 0.2, taking into account
the mesh size of the model. Diffusion coefficient of D = 10™% is adopted
under the above magnitudes of the electromagnetic fields.

Figure 3 shows the electron velocity distribution function during
RF current drive. Calculation is done in the case that diffusion coef-

ficient exists in 3 £ w £ 5 and is continuous. The electron velocity

distribution function increases in the region of 3 < w £ 5 compared with
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the region of w < 0. This increment is varied by the discreteness of RF
spectrum. Figure 4 shows the effect of discrete RF spectrum on the
electron velocity distribution function. It shows three typical cases,
(a) continuous spectrum Aw = 0, (b) Aw = 2 and (c) Aw = », TFor the case
{(a), electrons are accelerated continuously in the region of 3 £ w £ 5
and the electron velocity distribution function becomes larger than omne
for other cases. Since electrons are accelerated by the RF spectrum
near w = 3 but are not accelerated by the one between 3 < w < 5 for the
case (b}, the electron velocity distribution function is decreased
though its decrement is smaller than the one of the Maxwellian. Elec-
trons are again accelerated by the RF spectrum near w = 5 but the elec-
tron velocity distribution function becomes smaller than the one of case
(a) since the number of electrons is smaller near w = 5. Since electrons
are accelerated only by the RF spectrum near w = 3 for the case (c), the
electron velocity distribution function decreases. The difference of
the electron velocity distribution function between cases (b) and (c) is
smaller than the one between cases (a) and (b) since the number of
electrons have little collision near w = 5. Figure 5 shows the current
drive efficiency n = ERF/ﬁd on the width Aw, where the normalized driven

current and normalized dissipated power are written as,

ERF = (en/fe n vt) J“mv” £ dv , (9a)

. y-1 [ en o2/ay) B p 2
Pd.— (mn v vt) J_w(m v"/Z) Sv” D Bv” f dav , (9b)

3)

where n and v are plasma density and collision frequency. As Aw

increases, and Pd decreases but the current drive efficiency keeps

jRF
constant. The reason will be described below.

The number of electrons accelerated by the RF spectrum with the
teeth of comb around w = 3 is decreased by the collision in the range
of w 2 3. However the decrement of the number is suppressed if these
electrons are accelerated again by next teeth of comb of the RF spectrum.
For a smaller Aw, ERF and ﬁd have sharp decrease. This dependency is
made more clear in smaller velocities such as 2 £ w £ 4, where V becomes
larger. For a larger Aw, the number of electrons accelerated by the

first teeth of comb of the RF spectrum is decreased by the cellision
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but the number keeps a certain level, which is larger than that without

RF waves, due to v « w3

. Therefore SRF and ﬁd are saturated in certain
levels. The reason why n does not have a large change is that n is the
ratio of ERF and ﬁd and that they have almost same change proportional
to the electron velocity distribution function f.

Using the toroidal mode number of the fast wave N, normalized phase
velocity is given as w = wR/N Vo The discreteness of the fast wave is
derived from the integer N. The spectrum width is given by Aw = 0.1 - 0.3
for the number N which satisfies 3 £ w £ 5 in the FER. In the case of
neglecting the flectron trapping effect, ERF and ﬁd decrease up to 0.6 ~
0.8 of jRF and Pd which are obtained for the continucus spectrum Aw = 0
in Fig. 5.

Next consider the electron trapping effects. For deeply trapped
electrons with K = 2, we get k”chK 1 and JR(kch) =0 (£ % 0) in the
electromagetic fields of the FER plasma. Therefore we do not expect
the relaxation of the descrete RF spectrum due to the trapped electrons.
Determining k¥ for the untrapped electrons, we should select n/vt = Aw
(= wR/N? vt) since a single wave affects the electrons within the width
Aw, i.e., up to the next wave's phase velocity. In the case we obtain
q, = 0, k”dn ~ (0 and Jl(kﬂdn) =0 (& ¥ 0). So the resonance condition
is reduced to be W -~ Wy = k”v”. Using the toroidal mode number which
satisfies 3 £ w £ 5 and calculating w;, effective range of normalized
velocity turns to be 2.9 £ w £ 4.7 due to the Doppler shift of trapping

effect. Therefore ERF and P, can be increased up to about two times

d
larger than the magnitude of them in the spectrum width of Aw = 0.1 - 0.3

from Fig. 5.
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4, Conclusion

In conclusion, a mechanism taken into account the electron trapping
by discrete RF spectrum is proposed in which electrons are allowéd outside
the resonance region to interact with the fast wave. This effectively
spreads out the wave energy over a wider range of velocity space. It
causes sustaining more driven current. This effect can bring larger
driven current in larger RF power. This mechanism can also be expected
for lower hybrid wave current drive. Toroldal effect on ray trajectories
may also lead to the broadening of fast wave spectrum. The variation of
velocity is obtained from v = wR /N, such as (Av”/v")N = £ sinf0+AD (e is
inverse aspect ratie). The variation of velocity is also obtained from
particle energy conserv;tion, such as (Av“/v")B = (UB/m vﬁ)E sinBe«AB.
These ratio may be about unity and hence toroidal effect can not be
expected to the broadening of fast wave spectrum. However the effect

remains to be fully examined.
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