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The exactness of the present beam current drive theory was
investigated by comparing between a numerical simulation and an experi-
mental value. Ambiguities in the present beam current drive theory are
also discussed. In order to estimate the potential of the NEI current
driver in next generation tokamaks, the current-drive efficiency is
calculated with INTOR parameters. Drive efficiency is nearly at the

level of the r.f. current driver.
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1. Introducticn

Non-inductive current-drive would be one indispensable
technology to make the tokamak system a more attractive reac-
tor candidate. Although lower hybrid wave current-drive is
most successful to date, the recent beam current drive experi-
ments in JET [l] and TFTR [2], where over half mega ampere
currents have been driven, imply the large potential for the
NBI (neutral beam injection) current drive method.

After the first beam current drive proposal by Ohkawa [3],
many researchers have developed physical models. The first
part of this study discusses the exactness of the present
beam current drive theory by comparing between the result by
the beam current drive analysis code and the DITE beam current
drive experiments [4]. The following parts present results
of investigations on the ambiguities remaining in the present
model and the NBI current driver potential for the next
generation tokamak.

Most part of this report was presented at the INTOR-
related IAEA Specialists' meeting on non-inductive current
drive, which was held from 15 to 17 September 1986 at Max-

Planck Institute in Garching.
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2. Beam Current Drive Analysis Code

The beam current drive analysis code DRIVER-3 is an
upgraded version used in the earliest paper on the current
profile and its control by beam + ICRF current driver [5].
The present code gives the current profile and the current
drive efficiency in a non circular 3-D toroidal geometry.
A beam power depcosition code includes cross-sections of
electron ionization, charge exchange, hydrogen and impurity
impact ionization. The circulating fast ion current on each
magnetic surface is estimated by a 2-D fast ion Fokker-Planck‘
equation [6,7], which includes charge exchange loss and
Alfven wave effect [8], as well as the slowing down, pitch
angle diffusion and energy diffusion. The backstreaming
electron current is determined in accordance with the finite
aspect ratio calculation by Start & Cordey [9].

A guasi 1-D transport code with a simplified NBI current
drive calculation [10] is also used to analyse some transient

phenomena.
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3. Comparison with Experiment

Clark et al. compared the NBI current drive experiment
of DITE with a Fokker-Planck calculation [4], and have ob-
tained a fairly good agreement. The authors also compared
their Fokker-Planck calculation with the DITE experiment.
Using the DITE experimental parameters of Discharge A in
Ref. [4], the driven current estimated by the authors' code
is 28 - 29 kA, when the observed current in DITE was about
33 kA (Table 1).

In this calculation, beam parameters, like the beam
energy, power, and power ratio for molecular ions (Hé*,Hjﬂ
and the plasma condition like the temperature profile, the
density profile, Z,¢f €tc., are set up to be same as the
experimental measurement. The 12 % current deviation,
between the DITE measurement and the Fokker-Planck calcula-
tion, is much less than the error estimated in the experiment.
Therefore, it can be concluded that the present beam current

drive analysis code is fairly reliable to estimate the driven

currents in tokamaks.
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4., Present Model Ambiguity

The present NBI current drive theory ambiguity can be
estimated as follows: First, the backstreaming electron
current can be reduced by a neo-classical trapped electron
effect. The existence of trapped electrons was not clari-
fied in the DITE experiment, because the neo-classical
effect in the total driven currents was small (15 %), owing
to the high Zosg (= 4.0). In the next step devices with a
lower zeff’ the neo-classical effect is important. Without
the neo-classical effect, a large part of the beam driven
current would be cancelled, due to the backstreaming elec-
tron current. Second, with several hundred keV injection,
the fast ion velocity can exceed the Alfvén velocity. Then,
the Alfvén waves may be generated and absorb the fast ion
energy. The beam ions would be rapidly slowed to the Alfvén
Velocityl'4). The Alfven wave effect existence is ambigu-
ous, because there has been no experiment with such high
energy injection reported to date.

The current drive efficiencies Ip/Pb (Amp/Watts) and
Q value (= fusion power/driver power) for INTOR are plotted
in Fig. 1. The INTOR parameters used here are listed in
Table 1. In Fig. 1, the solid line wvalues are calculated
with the finite aspect model of neo-classical trapped elec-
tron effect [9]. The broken line values are the case without
'trapped electrons. If the present neo-classical model is
valid, the Zoff dependences of Ip/Pb and Q value are very

weak, in the 1.5 < Z.¢f < 3.0 range. On the other hand,
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without the trapped electron correction, the efficiency and
Q0 value are greatly reduced, and high Zgff operation will
be required to obtain an acceptable drive efficiency.

The drive efficiency degradation in INTOR, due to the
alfven wave effect, is shown in Fig. 2. In this calculation,
it is assumed that the'injECted beam ions are immediately
slowed down to the Alfvén velocity, after trapped in the
plasma. The beam energy with the Alfvén velocity, Ep, is
about 500 keV when Te =20 keV, Tg =0.93x 1020 m~3 and
Hi==0.87>410_20 m~3 (Zggp=2.0). Therefore, the current
drive efficiency for over 500 keV beams is greatly reduced
by the A.W.I. (Alfven wave instability), while there is no
degradation when E, < 500 keV. As the over 500 keV beam is
indispensable to drive curréents with reasonable beam power
in future large tokamaks, the A.W.I. investigation is a very

critical issue.
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5. A.W.I. study in Present Tokamak

An experimental approach to the A.W.I. study is not
easy, because En is proportional to AbB%/E(Aini)' That 1is,
the A.W.I. experiment will reguire high density, high beam
energy with moderate toroidal field. The achievement of
these conditions is usually very severe, owing to the
critical beta limit.

Marginal operation conditions which must be met to
study the A.W.I., are plotted in Fig. 3, where the vertical
axis is EA/Ab-(Bt/ST)2 and the horizontal axis is ion den-~
sity. When the 160 keV DY beam is available with By =2.5
Tesla, the marginal operation point is shown by solid circle
in the figure. The JET group is planning such beams. The
marginal plasma parameters for JET to investigate A.W.I. are
listed in Table 3. With ng = 1029 m=3, T_ = 4.0 keV and
Ip = 4 MA, Bt attains a beta limit (8¢ = 4.0 Ip/a-Bt = 5.1 %).
The 20 MW injection of 160 kevV p® beam into such plasma will
generate the 340 kA beam driven current without A.W.I. As the
beam ion velocity exceeds the Alfvéen velocity in the plasma
central region, if A.W.I. occurs, the driven currents should
be reduced. However, the small current change { < 340 XA,
in total 4 MA current) may be undetectable. In such a case,
the direct measurement of fast ion velocity distribution
will be required.

The result of guasi 1-D transport analysis with the
above JET parameters is shown in Fig. 4, where the energy

confinement time 1. is assumed to be a half of the value by

E
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the INTOR/ALCATOR scaling in accordance with an L-mode dis-
charge. The plasma beta attains the beta limit in 3 seconds
after 20 MW beam has been switched on. This period of
several seconds before beta limit seems to be sufficiently

long to enable studying the A.W.I.
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6. ©Steady State Operation of INTOR

The estimated current drive efficiency Ip/Pb (amp/watts)
and Q-value for INTOR are plotted in Fig. 5 as functions of
Te. The dotted lines show a very pessimistic case, where the
Alfven wave effect and no trapped electron effect are consid-
ered as well as the charge exchange loss with ng/ng =0.5 x
10~5. The solid lines are an optimistic case, with full neo-
classical effect, no aAlfvén wave and no charge exchange.
The parameters used here are listed in Table 2. Beam
energy Ep =500 keV and Rtang =4.7 m (minimum major radius
of beam line)., This beam energy is lower than the optimum
value which gives a maximum current drive efficiency, but is
more realistic for the INTOR design when considering the
beam technology development in the near future [11]. In the
optimistic case in Fig. 5, the current drive efficiency
attains 0.1 (amp/watts) with Tg =23 keV and Q over 6 is
achievable. In the pessimistic case, these values are
reduced by 30 to 40 % and Qpayx =4.2. The most important
loss mechanism in this case with Ep, =500 kev, is the lack of
trapped electron effect. The charge exchange and Alfven
wave effect are small in this case. However, with the in-
crease in Ep, the Alfven wave effect becomes important, as
shown in Fig. 2. If the Alfveén wave instability is not sup-
pressive, there is no expectation for efficiency improvement
by increasing Ey over 1 MeV.

Throughout the calculation for Figs. 1, 2 and 5, broad

profiles of temperature and density were used; T = To(l-xz),
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n==n0(l-x2)0'3, x =r/a. Each neutral-beam power in multi
beam-lines is automatically controlled in order to maintain
a preset desired current profile; 3Jj =j0(1-*x2)0-5 (Fig, 6).
Flexible current-profile controllability by NBI makes such
treatment possible. Note that the fusicn power and the
current drive efficiency depend on these profiles. The
present profiles are chosen to give some consistency with
the high beta plasma eguiliblia in the first stability
regime, which would require a broad pressure profile as

well as a broad current profile.

Finally, it should be note that the energy balance
betwaen the injection power and the loss power from the
plasma is not discussed in the present Q calculation. As
shown in Ref., [11], including the energy balance calculation
with an transport model may result in a lower Q value than
that of the present calculation, owing to the operating

parameter range restricted by the energy balance condition,.
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7. Conclusion

The agreement between the simulation and the DITE
experiment is fairly good. The main ambiguities in present
model for the extrapolation to larger devices are the exist-
ence of trapped electron effect and the Alfvén wave insta-
bility. The former will be clarified by the experiments on
TFTR and JET. If a 160 kev DO beam is available, the latter
can be investigated by JET.

The NBI current dfive efficiency in INTOR, which is
predicted by the present model, is about 0.1 Amp/Waﬁts.

This value is a level of other r.f. current drivers.
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Table 1 Comparison between theory and DITE experiments [4]

Comparison with DITE Experiment

Discharge A {( H°— He'")

Experiment Fokker— Planck
Neo = 4.0x10'°
density (m™3) | __ o —
Ne = 1.5x10
temperature Teo = 0.67 Te = Teo ( 1-r2)
{ kev)
Py, (MW} 0.9 -~
H]: H2:H3 =7:15115
Z eft 4.0 .
(Fe 07 %)
Ldrive (KA) 33 29.2 (Ne=0)
27.7 (No=10°m3)
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Table 2 INTOR parameters used in this study

INTOR
R =5 m, a = 1l.2 m
K = 1.6, 5§ = 0.2
B, = 4.96 T,
I = 6.4 MA (qu= 2.0)
gl = 5.92 3 (B, =5.51_/aB,)
E, = 500 kev, D° REAM

* TEMPERATURE & DENSITY PROFILES

T  (ler?) (PARABOLIC)
eQ

n (1~r2)0'3 (VERY FLAT)
e .

T
=

n
e

Table 3 JET parameters required for A.W.I. study

JET
R = 2.96 m
a = 1,25 m, X=1.6
R = 1.85m
tang
n = 1020 73
T = 4.0 kev Beta-t = 5.1 %
Bi = 2.5 T (TROYON'S LIMIT)
Ip = 4.0 MA

—— i S T Sk ek AR A o e AN A e  — — — — ———— ——— e = e

* 160 kev D°~BEAM 20MW

Idrive = 340 kA
I/P = 0.017 AMP/WATTS
drive/Ip = 8.5 3
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Fig. 5 Current drive efficiency and Q value for INTOR
*Optimistic case: Full trapped electron effect
no A.W.I. and negligible charge exchange with
Zegf = 1.8 (to maximize Q)
*Pessimistic case: No trapped electron effect
with A.W.I., charge exchange loss (ne/ﬁe =

5 xlO'6) and Zgf¢ = 2.5 ( to maximize Q)

Eb=500keV

T o3 Te =20keV

S

S 2

<

Tt

0 e

-1.50 -0.50 050 1.50
r/{m)
Fig. 6 Example of driven current profile

J(r) « {1-(r/a)2}0:3



