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Abstract

The electron cyclotron resonance layer in a tokamak, @ = @,(r), is not accessible by the extraordinary
wave from the low field side, because it is shielded by a cutoff laver. However, a X-mode launched with a
nonzero toroidal angle propagates at the cutoff parallel to the magnetic field and has a circular polarization.
Therefore it can already at the cutoff layer interact efficiently with electrons via the Doppler shifted resonance.
The driven current can be substantially higher than that driven by the second harmonic X-mode. The
applicability of this current drive scheme is limited to rather low values of co,f/wf, but may be of interest for
high magnetic field devices.
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Electron cyclotron curtent drive scenarios ! O-modecutett

for tokamaks use the fundamental ordinary mode —  iN3e.
(Ol-mode) or the second harmonic extraordinary
mode (X2-mode) launched from the low field side.

In earlier expeniments also the X1-mode launched 0at low el site
from the high field side was used | 1. 2 ]. These -

schemes differ in the location in velocity space pe-

where power is absorbed, and 1n the power absorbed Y S

per single electron. OT-mode and X2-mode launched °

from the low field side are chosen mainly because of
their large optical thickness. which increases linearly
with temperature leading to full single pass Fig. 1: Hig_h field and low field side launch in
absorption of the incident wave, and because low the CMA diagram.
field side launching is techmcally simpler. In both
cases the absorbed power per single electron 1s due  the prospects and limits of such an ECCD scheme.
to its finite gyroradius.

A scenario which has apparently been 2. X-mode propagation from the low field side
neglected 1 the studies of ECCD is cumrent  dnive
near the fundamental cyclotron frequency with an According to the resonance condition for
X1-mode launched from the low field side. The  electron — wave nteraction there can be a
reason is that for extraordinary waves the electron  considerable shift of the absorption region towards
cyclotron resonance region in a tokamak, @ = @(r), the lower magnetic field side because of the
is only accessible when they are launched from the  relativistic effect combined with the Doppler shift.
high field side, where @ < @/r). From the low field ~ This resonance condition is
side. where @ > @ (r). the resonance is shielded by a
cutoff region as shown in the CMA diagram i Fig. |. W=y W otk (1)
However, when the extraordinary wave propagates
obliquely to the magnetic field we do not need o where y=+v1-1"/¢~ 15 the relativistic factor,

access the resonance region for an efficient damping g =¢B/m is the nonrelativistic cyclotron frequency,
and current drive { 3, 4. 5 ]. In this paper we discuss
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and n is the harmonic number. In this paper we

consider only the case n = 1.

Introducing V=v/cand N, = k,c/® we can rewrite Eq. (1) in the form

Ny(@ah)

(¥ @l)

VJ_2+(1+NII2'(0)2/C'):2))' Vi 1+ N o)
Il ©

1+ N, (e ) (2)

which is the equation of an ellipse in the velocity space coordinates V. and Vi, describing the positions in
velocity space where an electron can absorb energy from a wave with given w/@.and N, .

This is shown in Fig. 2. where we assume a fixed
value of N, # 0. For N, = 0 the ellipses
become circles centered around the origin. For @ /@,
=1 and &, # O the resonant ellipse passes through
the origin. Outside of this one are those for w/m.< 1,
while those for @/@,> 1 are mside of it.

In a tokamak the toroidal magnetic field is
proportional to 1/R, and therefore the space
coordinate R can also be seen as a @ /@, — coordinate.
Waves coming from the high field side are first
mnteracting with electrons along the resonant ellipses
for @/w. < 1, while waves coming from the low field
side are first interacting with electrons along the @
/ey > 1 ellipses. The boundaries of the cutoff region
in real space, given by the upper hybrid resonance
condition

@lw? = wlwl + 1

, (3)

and the X-mode cutoff condition

(o), =31+ T @ 9] ca)

can also be wansformed into a corresponding cutoff
region in velocity space. This is shown in Fig. 3,
where we also see that the thermal electrons around
the origin are shielded, and only the electrons in the
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Fig. 2: ECRH from high field side vs. low field
side

region bounded by the cutoff can be heated by waves
coming from the low field side.

From Figs. 2 and 3 we see that there is a
maximum value for Ve, for which resonant
electrons exist and absorption is possible. From Eq.
(1), we obtain for this value

1
W) =
( )m:u( - > (5)
and the corresponding electron energy is
AL

Vit

resonant paricles exist
before the wave reaches
cutoff from the Ifs

 J

® <, >0, R

Fig. 3: The cutoff region in real space leads to a
cutoff region in velocity space



There 15 also a mmimum electron energy for which
absorption 15 possible with @ /@, > 1. This 15 the
lower ¥, point of the X-mode cutoff boundary w /w,
={w/w), , in F1g. 3. which is given by

o

) ﬁ(AN,—\/A—Nf—m):
L nnn_

‘ AN+1

with A= @)

For absorption to be possible, we must have

e

(a)/w‘)max > (CQICO()C o

(8}

This leads to a maximum possible density at which
absorption is possible for a given local value of ¥,

(w;/ws)hmn: 1- I- N:? (9 )

For N, = 0.6 this leads to @, /®’ = 02, which
corresponds to a pretty low, although local, density.
for example 1.7 -10" m™ in 2 3 T magnetic field.
This density limit increases quadratically with the
magnetic field. and 1n a high magnetic field device it
can reach values typical in present day tokamaks.

There is another argument which makes this
scheme attractive. At the cutoff the wave propagates
parallel to the magnetic field and it is circularly
polarized, the electric field vector rotating in the
same direction as the electrons. The absorption 1s not
a finite gyro-radius effect like mn the cases of
fundamental O-mode or second harmonic X-mode.
Only electrons with supra-thermal parallel velocities.
but already at relatively low v, show considerable
absomption. Thermal electrons are shielded by the
cuioff. Provided that there are a sufficient pumber of
resonant electrons at the cutoff layer there may be
good overall absorption. An experiment of this kind
was performed in the WT-3 tokamak, where the
necessary fast electrons were provided by
simultaneous application of lower hybnd curmrent
drive[ 4,5 ].

3. Xl-mode low field side launch example for
ASDEX Upgrade

We have done a calculation for off axis
current drive with X1-mode low field side launching
in a low density and high electron temperature
plasma with high magnetic field using ASDEX
Upgrade geometry (R, = 1.65 m, a = 0.5 m,
elongation = 1.5), and compared it to current drive
with X2-mode low field side launching [ 3 ]. The
parameters are f = 140 GHz, ,(0) = 2- 10" m” with

1 S
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Fig.4: Current distribution for off-axis ECCD in
the X2-mode, B=1.82T

a flat profile, n{(p)n(0) = (1-p")"*. and T{0) = 5 keV
with a peaked profile, T.(p)/T,(0) = (1-iph)"%, p = ra.
The launched power 1s 1 MW, The launch angie is
25% with respect to the radial direction in the mid-
plane of the torus. which corresponds to N (a) = (.42
at the plasma edge. The magnetic field on the
magnetic axis 1s 3.4 T in the first case, and 1.82 T in
the second harmonic case. This places the center of
the power deposition on the high field side of the
magnetic axis at p = 0.7. The local density and
temperature are 1.5.10' m* and 1.5 keV. The
calculations have been performed with the BANDIT-
3D code [ 6 ]. In Fig. 4 we plot the driven current
density J in the second harmonic case. multiplied by
the radius r. The ECCD cumrent 18 38 kA in the co-
direction, and the single pass power absorption is
84%. The driven current is rather moderate, which is
explained by the finite gyro-radius absorption
mechanism and a strong influence of trapped
electrons.

This is quite different for the fundamental
frequency case. Figure 5 shows the result of the
same calculation, except that the magnetic field was

1
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Fig.5: Current distribution for off-axis ECCD
nthe Xi-mode. B=347T
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Fig. 6: Electron temperature threshold for the

0.0

onsct of X1-mode current drive

raised to 3.4 T. Here the ECCD driven current is 487
kA in co-direction and the single pass absorption is
100%. The driven current is an order of magnitude
larger than in the previous case of second harmonic
ECCD.

This example shows that already at a
temperature of 1.5 keV at the absorption layer there
is a sufficient supra-themmal electron population in
velocity space to allow for complete absorption of
the incident wave. Figure 6 shows the dependence of
absorbed power and driven current on the central
electron temperature, keeping all other paramefers
fixed as in the example of Fig. 5. Note that, for the
chosen profile, the temperature at the absorption
layer is only about one third of the central
temperature. There is a temperature threshold at
T(0)y = 2 keV. But already at a central temperature of
4.5 keV the power is fully absorbed, and with even
higher temperature the current increases only slightly.
Finally the driven current decreases again due to the
beginning of second harmonic X-mode absorption at
the low field side. This problem can be avoided if the
wave is launched from a top position instead of a
mid-plane position.

4. Discussion

The feasibility of this scheme can be
studied by plotting the quantities /o, ~ I/R , (@
/), ,. and (@ /@, ),,.. as a function of normalized
minor radius p. For the density profile we take n(p)
= n()-[1-(p¥'] and for the aspect ratio we take 3.3.
Furthermore we assume launching from the low field
side mid-plane. and we neglect the poloidal
magnetic field, so that ¥, = N, ~ I/R . In Fig. 7 this
is done for the case of Fig. 5, for which the
normalized central density and central frequency are
@, /0 (0 = 0.175 and @@ (0) = 0.145. Coming
from the low field side @ /m, decreases and first

Fig. 7: Cold plasma model, @ /@. (0) = 145,
Ny(1) =0.43, 0,/0(0) = 0.175

s -1 -0.5 Q 05 1 15

Fig. 8: Same as Fig. 7, but @,/ (0) = 0.35

encounters the intersection with the line (@ /®.),..
and only later reaches the cutoff line (@ /w. ) . This
means that absorption is possible before the wave
reaches the cutoff and is reflected Thus an
absorption window (@w/®.),.,. > ©/0. > (@/4),,
exists in real space and in velocity space. The width
and the location of this window depend on density,
magnetic field and toroidal launch angle, i.e. N,, We
also show in this figure the emergies (V,’),... and
(Vi))mn from Egs. (6) and (7). Figure 8 shows the
same calculation as in Fig. 7, but for a higher central
density of @,/@(0) = 0.35. In this case the line for
w /o, first intersects the cutoff line (@ /w. ), ,. and
only later the line for (@ /@.) and therefore no
absorption window exists.

In Fig. © we plot a summary of calculations
with the parameters of Fig. 7, but with different peak
densities. Fig. 9a shows the locations p,,,, of the {w
/0.) - (w/@,),, intersection and the locations p,
of the intersection (@ /@.) - (@ /@, ), ,. representing
the spatial boundaries of possible absorption. In Fig.
9b we see the comesponding values of the energies
(Vi )uax and (V). Figure 5 was calculated with a
real beam of finite width corresponding to a N, =
043 + 0.03, and in Fig. 9 we also show with the
dashed lines how the absorption boundaries and

mayt
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Fig. 10: Same as Fig. 9, but w/a, (0)
=1.10, and various N,(1}.
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energies shift within this range of ¥,. In Fig. 9 the
peak density of 2 - 10" m” with which Fig. 5 was
calculated, comesponds to @,7@.*(0) = 0.175, The
cutoff boundaries within the N, - spectrum coincide
for this density quite well with the spatial boundaries
of the driven  current obtamed from the Fokker-
Planck calculation shown in Fig. 5 and indicated by
the dotted lines in Fig. 9a, and from Fig. 9b. We
then find that the minimum electron energies
involved in the absorption are in the range V,° =
0.025 to 0.05, i.e. in the tail of the local thermal
distribution function. The dependence on the
magnetic field and N, s shown in Figs. 10, 11 and
12. For a higher magnetic field and higher N, the
interaction region shifts from high fieid side off-axis
towards the center. For too low magnetic field
there is the risk of second harmonic absorption at the
low field side edge of the plasma.

5. An ITER like example

The calculations of Figs. 4. 5 and 6 have
been done for a fairly low density plasma where an
absorption window exists. However, since this
scenario scales with wj/cof. the density limit for the
absorption window o open increases quadratically
with the toroidal magnetic field. We therefore did a
similar calculation with the same magnetic field
configuration, but with the increased major radius to
R, = 85 m, the minor radius toc a = 2.4 m, the
magnetic field to 6 T, the central density to 9 - 10"
m™ and the central temperature to 15 keV. For the
profiles we used  nJ{P)=(1-p»H"’ , and

T(p)1-p3'*  With a toroidal launch angle of 25°

the absorption was located at p = (.5, and the local
density and temperature were 7.9 - 10" m” and 9.2
keV. With the wave launched in the Ol-mode at 233

15
<> fundamental X-mode
* fundamental O-mode
10 ¢
‘€
<
Pty
5 L
¢l -~ * -
0 1 2

Fig. 13: Comparison between X1-mode and
01- mode current drive for ITER like
parameters

GHz the driven current was 20 kA/MW, while with a
wave launched in the Xl1-mode at 240 GHz the
driven current was 30 kA/MW, ie. 50 % higher. A
possible second harmonic absorption at the edge was
neglected in this calculation. The resulting current
profiles are shown in Fig. 13. Obviously the higher
temperature, compared to the example of Fig. 3, led
to a stronger finite gyro-radius absorption for the
Ol-mode case and the difference in the driven
currents is no longer as pronounced. Nevertheless,
this example shows that, although the ramge in
density where this scheme can be applied is rather
restricted, using fundamental X1-mode for off axis
ECCD in ITER might result in a somewhat higher
current drive efficiency than for Ol-mode.

6. Application fo the Large Helical Device
A top view of the LHD constant magnetic

field contours, flux surface contours and the
available ECRH antennas in the horizontal port is

Fig. 14: Horizontal cross-section of LHD
available launching mirrors. The ray is shown
with the toroidal deflection of — 0.8 m.

\

\\\\\

N
R
T

Fig. 15: Vertical cross-section of LHD along
a ray with toroidal deflection of — 0.8 m.
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Fig. 16: Vanaton of magnetic field and N, in
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Fig. 17: Cold plasma model applied to LHD,
@ /@, (0) = 1.30, ®,/0,(0) = 0.125,
toroidal ray deflection — 0.8 m.

shown in Fig. 14. The thick lines are the contours for
Bl = 3 T and the outermost closed flux contour (p =
1) respectively. The presently installed gyrotrons of
the ECRH system operate at frequencies of 82.6
GHz, 84 GHz, and 168 GHz. The lower frequencies
can be used for fundamentai X-mode current drive.
There are also antennas installed in the vertical ports.
From the previous discussions in tokamak
geometry we know that we need a high N, in the
absorption region in order to place the interaction not
too far into the tail of the distribution function. The
vertical port antennas de not allow a toroidal angle
scan as wide as the horizontal port antennas do.
Furthermore we gain from the geometrical 1/R
dependence of N, when using the horizontal port
antennas. The best conditions in this respect are
given for the toroidal launching positions — 0.7 m to
—0.9 m. We take here as a representative case the
position — 0.8 m. The vertical cross-section of the
plasma along this direction is shown in Fig. 15. and
Fig. 16 shows the variation of 'Bland of N, along a
ray from the antenna through the plasma center,

o5 w'w {0)=11
Toa) .
f ww (0)=12 '
o . . N
. mmc(0}=1 3 f
; S ]
05 - o= e ttl=14 1
' . : i
. Pea PN }
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015}- . 3
¢ b} ]
01f 3
I 3
£ ]
0os ¢ 3
o L_._._LL_._-L:_’_,._..A_E..__,_-....._.‘_;‘.. cas L]
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Fig.18: a) locations of p.,, and p.,. and b)
associated maximum and minimum energies as
function of the central density in LHD at
constant toroidal ray deflection of — 0.8 m and
various values of w/m, (0).

neglecting ray refraction. We have used a
polynomial fit to these dependencies to calculate the
local values of w/m, , (w/e_),,. and (@ /®.),,... For
the density profile we take n(p) = r,(0r{1-(p)*]. In
Fig. 17 we show the results for @@ (0}=0.125 and

wlw [0)=1.3

tokamak as the magnetic field is continuously
mereasing along the ray. Only N, shows a different
behavior gomng through a minimum. In the example
of Fig. 17 we also first find an intersection with the
(w/m ), - hne and later the intersection with the (w
/w ), - line, ie. an absorption window exists. A
summary for different magnetic fields and densities,
but constant launch angle. is shown in Fig. 18. Here
too we find that with increasing magnetic field the
absorption zone shifts from high field side off-axis to
the center. Taking (V,),,, = 0.05 as a limit for the
availability of a sufficient number of resonant
electrons, as we did in comparing Fig. 9b with Fig.5
where the local temperature was 1.5 keV. we find for
the accessible range of central electron densities
n 0y <€ 7-10'" m™. This density range will expand
with a higher local temperature and an increasing
number of electrons at higher parallel velocities.
However. according to Eq. ( 9 ) there remains a limit,

The sttuation here is similar 10 a
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independent of temperature, of @,/w’ = 0.2 for an
assumed N,(p) = 0.6, corresponding to n,(p) < 1 -10"
m? for @/@wf0)=1.3 and the given frequency of 84

GHz.
7. Summary

For the extracrdinary mode launched from
the low field side an absorption is already possible at
the cutoff, without the necessity to reach the
cyclotron layer, due to the Doppler shifted electron
wave interaction. However, there is a severe limit for
@ /w’ beyond which no absorption is possible.
Therefore, in present day tokamaks with a moderate
magnetic field the application is restricted to fairly
low densities. But as this density limif scales with
@?, it leads to reasonable densities in high magnetic
field devices. In such devides the scheme can be
applied for off-axis current drive.
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