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Abstract. In this work an initial electron cyclotron heating/current drive (EC H&CD) scoping study is presented
for the SMall Aspect Ratio Tokamak (SMART), constructed and operated by the Plasma Science and Fusion
Technology (PSFT) Laboratory of the University of Seville. We consider two planned phases of operation with
different magnitude of magnetic field (B ~ 0.4, and 1 T). This EC H&CD scoping study is carried out by using
the ray tracing code TRAVIS, which allows to quickly perform a series of scans on the main SMART plasma
scenarios. A scan in the poloidal and toroidal launching angles is performed for the B ~ 0.4 T plasma scenario
assuming three launching locations (mid-plane, off-mid-plane, and top-launcher) and the extraordinary (X-)
mode polarization. The absorption occurs at the second harmonic and, overall, the highest power absorption is
obtained launching the EC beam from the top of the machine. A numerical analysis of the fundamental X-mode
EC H&CD start-up regime for the B ~ 1.0 T plasma scenario with two different wave frequencies (28 and 35
GHz) is presented showing a very high current drive efficiency.

1 Introduction

The SMall Aspect Ratio Tokamak (SMART), constructed
and operated by the Plasma Science and Fusion Technol-
ogy (PSFT) Laboratory of the University of Seville, had
its first plasma in the end of 2024. SMART is a spher-
ical tokamak (ST) with unique flexible shaping capabili-
ties, which will allow it to operate at both negative and
positive triangularity [1]. Installation and commission-
ing of a neutral beam injection (NBI) system for aux-
iliary heating is also ongoing [2]. Therefore, this de-
vice is an ideal platform for testing RF heating/current
drive (H&CD) schemes in a wide range of ST operational
regimes. Moreover, RF actuators would also significantly
expand the SMART operation regimes.

For this reason, in this work we survey electron cy-
clotron (EC) heating and current drive (H&CD) scheme
for anticipated SMART plasma scenarios. We consider
two of the three planned phases of operations [2, 3] with
different magnitude of magnetic field (B =~ 0.4 and 1 T).
Initial SMART operational phase with lower B field is
expected to make the EC H&CD scheme more attractive
whereas for higher field operation different and/or a com-
bination of H&CD schemes can, in principle, be consid-
ered. This EC H&CD scoping study is carried out by us-
ing the ray tracing model TRAVIS code [4], which allows
to quickly perform a series of scans on the main SMART
plasma scenarios. The structure of the paper is as follows:
electron cyclotron (EC) power deposition for B = 0.4 T at
the second cyclotron resonance is described in Section 2.
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In Section 3 the EC power deposition and current drive
for B = 1.0 T plasma scenario at the first harmonic are
presented performing different parameters scans. Conclu-
sions are provided in Section 4.

2 Electron cyclotron power deposition for
B = 0.4 T plasma scenario

In this Section we analyze the electron cyclotron (EC)
power absorption for the B = 0.4 T SMART plasma sce-
nario (as shown in Figure 1) by making use of the ray trac-
ing code TRAVIS [4]. Assuming a wave frequency of 28
GHz, we have three electron cyclotron resonances in the
vacuum vessel domain (n = 1,2 and 3), where two of
them are within the last closed flux surface (n = 2 and
3). Three launching positions are considered: mid-plane
launcher at (R = 0.8 m, Z = 0 m), off-mid-plane launcher
at (R = 0.8 m, Z = 0.4 m), and top launcher at (R = 0.5 m,
Z = 0.8 m). These constitute realistic future locations for
SMART, as they correspond to the locations of vacuum
vessel parts [5]. All the kinetic profiles are considered
parabolic profiles and a difference of one order of mag-
nitude between the central and edge values is assumed.
For all the simulations, an eXtraordinary (X-) mode polar-
ization is considered, which has a larger absorption with
respect to the ordinary (O-) mode. In these simulations, in
terms of launching angles, we use the angles employed in
the ITER benchmark code activity and studies [18]: the
poloidal steering angle «, defined as the angle between
the horizontal plane (constant Z) and the poloidal compo-
nent of the beam, and the toroidal steering angle 3, defined
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as the angle between the beam and the poloidal plane.
and S angles are therefore related to the “common” polar
angle 6 and the azimuthal angle ¢. The relationships be-
tween the two pairs are as fellows: 8 = arccos(cos S sin @)
¢ = m + arcsin(sin 8/ sin §). In all the simulations shown
below we assume one single ray. Finally, the main focus
of this initial analysis is on the maximum EC power ab-
sorption achieved in some plasma conditions.
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Figure 1. Magnetic equilibrium for B = 0.4 T used in the simu-
lations. The thick dark green curves represent the n = 1,2 and 3
electron cyclotron resonances. The thick black curve represents
the last closed flux surface. Plasma current is 0.2 MA.

2.1 Mid-plane launcher

An example of a EC ray trajectory launched at the mid-
plane for f = 28 GHz and X-mode is shown in Figure 2.
In this case, the central density is n.o = 2.0 x 10'® m=
and central temperature of 7. = 0.5 keV. Moreover, the
launching angles are « = 10° and 8 = 20°. The ray
crosses both the second and third harmonics but a negli-
gible EC absorption occurs on the third harmonic. For this
plasma scenario, the X-cut-off starts to appear in the sec-
ond harmonic around the mid-plane for central density of
Neo = 5.6 x 10" m=3.

For the mid-plane launcher we perform a scan in the
toroidal angle 8 (0° to 30°) with @ = 0° assuming two low
density cases: 1,9 = 1.0 x 10" m=3 and n.o = 1.5 x 108
m™ and two temperature values: 7.9 = 0.5keVand Ty =
1.0 keV. The maximum EC absorption for these cases is
summarized in the Table 1 indicating also the range in the
toroidal launching angle 8. As expected, EC absorption
is increasing with increasing temperature and density. Up
to 40% of power can be absorbed in the case of n.y =

1.5x 10'"® m=3 and T,y = 1.0 keV. Another case at higher
density, 7.9 = 5.5 X 10'® m=3, just below the appearance
of X-cut-off density, is also shown in Table 1. For T,y =
1.0 keV, 68% of EC power absorption is achieved for a
narrow range of the toroidal angle 8 (3° — 5°). In general,
as shown in both Tables 1, we found a quite narrow range
of the toroidal angle 8 where EC absorption is peaked. For
lower density a larger toroidal angle 8 (17° < B < 22°)
is required to achieved the maximum EC absorption with
respect to the high density case. In these simulations we
have only assumed the poloidal angle @ = 0° in order to
point the EC ray towards the center of the plasma where
both density and temperature have their maximum values.
However, one could consider higher density cases (1. >
5.5 x 10'"® m~3) with the presence of the X-cut-off layer,
launching the EC beam with @ # 0°. This will be part of a
separate work.

2.2 Off-mid-plane

As shown in subsection 2.1, a similar set of simulations
is also presented for the off-mid-plane case which corre-
sponds to a launching position of (R = 0.8 m, Z = 0.4
m). The plasma parameters are the same used in the pre-
vious subsection except for the poloidal launching angle
a, which is assumed to be —45° in order to point the EC
beam towards the center of the plasma. For the off-mid-
plane launcher, at lower density cases, we found slightly
higher EC power absorption with respect to the mid-plane
launcher for both the temperature values with a similar 8
angle (19°—20°) as shown in Table 2. For neo = 5.5x10'®
m~3, a similar EC absorption is obtained with respect to
the mid-plane case, but with a wider 8 angle range.

2.3 Top launcher

A third EC launching angle scan is performed assuming a
top launcher (R = 0.5 m, Z = 0.8 m). The SMART ma-
chine has poloidal field coils inside of the vacuum vessel,
but in this work we do not assess if there is any physi-
cal room for a potential EC top launcher. In any case, we
perform this set of simulations to understand the trend of
the EC power absorption with respect to the previous two
launching positions.

For this top launcher case, in order to point the EC
beam toward the center of the plasma we scanned « angle
between 75° and 85° considering five different 8 angle val-
ues (5°,10°,15°, and 20°) as indicated in Tables 4, 5, and
6. Density and temperature values are the same as the ones
used in the previous subsections. In this case we found a
significantly higher EC power absorption with respect to
the previous cases. For T,y = 1.0 keV, EC power absorp-
tion is larger than 80%, except for a couple of cases for
neo = 1.0 x 10" m™3 at ~ 70% absorption level. Hav-
ing an EC beam more parallel to the EC resonance allow
for better performance in terms of EC power absorption
and current drive (not shown here). This is consistent with
previous studies [6—12] and DIII-D experimental results
[13].
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Figure 2. Poloidal (left) and toroidal (right) projection of the EC ray trajectory launched at the mid-plane for f = 28 GHz, B =04 T,
central density of .o = 2.0 x 10'"® m~3 and central temperature of T,y = 0.5 keV with X-mode polarization evaluated by the TRAVIS
code. The launching angles are: @ = 10° and 8 = 20° (their are indicated in the figures for reference). Magenta curves indicate the
second and third EC cyclotron resonances. The red spot indicates the region where EC absorption occurs.

Table 1. EC absorption (in percentage) for B = 0.4 T plasma scenario and mid-plane launcher with @ = 0° and 8 = [0° — 30°].

a=0° ne = 1.0x 10'8 m=3 fe = 1.5% 10'8 m3 Me = 5.5% 108 m™3
Teo = 0.5 keV 17% (8 = 19°=21°) 23% (B = 17°-21°) 45% (B = 3° - 5°)
Teo = 1.0keV 30% (8 = 17°-22°) 40% (8 = 17°-22°) 68% (B =3° - 5°)

Table 2. EC absorption (in percentage) as in Table 1 for off- mid-plane launcher condition with @ = —45° and 8 = [0° — 30°].

@ = —45° ne = 1.0x 108 m=3 ne = 1.5% 108 m=3
T.o = 0.5 keV 17% - 23% (8 = 20° — 21°) 33% (8 = 20°)
Teo = 1.0keV 25% -35% (B = 19° — 21°) 38% - 51% (B = 19° — 20°)

Table 3. EC absorption (in percentage) as in Table 2 with higher density.

a = —45° fe = 5.5 10'8 m™3
Teo = 0.5 keV 36% - 43% (8 = 2° — 13°)
Teo = 1.0keV 58% - 65% (8 = 0° — 12°)

Table 4. EC absorption (in percentage) as in Table 1 for top launcher condition with 75° < @ < 85° and 8 = [0°, 5°, 10°, 15°,20°].

ne = 1.0x 108 m™3
B 0° 5° 10° 15° 20°
Teo = 0.5 keV 68 % 45% 75 % 65% 53%
Teo = 1.0keV 85% 70% 87 % 81% 73%

Table 5. EC absorption (in percentage) as in Table 4 for density of 1.5 x 10'® m~

ne=15x10% m=3
B 0° 5° 10° 15° 20°
Tep =0.5keV 68 % 62% 71% 69 % 69 %
Tep =1.0keV 87% 84% 89% 94% 85%
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Table 6. EC absorption (in percentage) as in Table 4 for density of 5.5 x 10'® m=3.

ne =5.5% 10"¥ m=3

B 0° 5° 10° 15° 20°
Teo = 0.5 keV 61% 57% 50% 44% 44%
Teo = 1.0 keV 84% 80% 74% 68% 67%

3 X-I mode for B = 1 T plasma scenario

In this Section we analyze the electron cyclotron (EC)
power absorption and the total EC current drive for the
B = 1.0 T SMART plasma scenario (as shown in Figure 3).
Assuming a wave frequency of 28 GHz, as in the previous
section, the first (n = 1) EC resonance is exactly in the
plasma core as indicated by the thick green curve in Fig-
ure 3. Quite recently, a new EC scheme for start-up plasma
has been proposed [14—16]: launching a X-mode from the
low field side when the plasma conditions are such that the
EC resonance and the X-cut-off layers are very close. In
this situation, due to the Doppler effect (broadening of the
EC resonance) and the X-mode polarization, a large EC
absorption can occur, driving a significant EC current. We
want to explore here this EC scheme for the SMART de-
vice with B = 1 T plasma. It is important to mention that in
this work we are evaluating the EC power deposition and
EC current drive in the linear regime without considering
potential nonlinear effects due to the low density scenario
[17].
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Figure 3. Magnetic equilibrium for B = 1.0 T used in the simula-
tions. The thick dark green (black) curve represents the first elec-
tron cyclotron resonance (the last closed flux surface). Plasma
current is 0.5 MA.

Figure 4 shows the poloidal and toroidal projections
of the EC ray trajectory launched at the mid-plane with a
central density of n.o = 2.0 x 10'7 m=3, central temper-
ature of T,y = 0.2 keV, and X-mode polarization. The
launching angles are @ = 0° and § = 25°. In this figure,
magenta and red curves represent the fundamental EC res-
onance and the X-cut-off. For low density cases, the EC
resonance and the X-cut-off are extremely close and, as a
consequence, with a toroidal steering angle S different than
zero, EC power absorption can occur. A toroidal angle 8
scan is shown in Figure 5 in terms of EC power deposi-
tion (left figures) and EC total driven current (right fig-
ures) assuming two wave frequencies, f = 28 (top figures)
GHz and f = 35 GHz (bottom figures) and two tempera-
ture values: T,y = 0.1 keV (blue curves) and T, = 0.1
keV (red curves). One can see that for a wide 5 angle
range (15° < B < 35°), the EC power absorption is basi-
cally 100% for the case of 7.y = 0.2 keV (red curve) and
for both wave frequency values. For f = 35 GHz, even
the case with T,y = 0.1 keV has an EC power absorption
above 95%.

In terms of total EC driven current, we obtain a very
significant current (right figures): for the case of f = 28
GHz, up to 1 MA/MW (up to 2.5 MA/MW) with T = 0.1
keV (Tep = 0.2 keV); for the case of f = 35 GHz, up
to 1 MA/MW (up to 3.0 MA/MW) with T.p = 0.1 keV
(Tep = 0.2 keV). As a reference, the reader can compare
the EC driven current per MW evaluated for the ITER
case (ECCD for neoclassical tearing modes suppression)
by different EC codes in Table 2 of Ref. [18]. The op-
erational phase 3 of SMART is planning a plasma current
of 550 kA [2]. Therefore, these numerical results suggest
200-500 kW EC input power should be enough to obtain
such a current for the plasma parameters used in the simu-
lations.

From these simulations, it appears quite clear the
strong dependency of the temperature on the EC driven
current in agreement with the previous works [14]. As
mentioned above, an assessment of the nonlinear effects
on the EC driven current will be part of a separate work.
A density scan (1.0 X 10" < n.o < 1.0 x 10'®) is also
shown in Figure 6 for both wave frequencies, 7.y = 0.2
keV, @ = 0° and B = 25°. It appears that the EC
power absorption rapidly decreases with increasing den-
sity (neo 2 2.5%10'7). This is due to the fact that for higher
density the distance between the EC resonance and the X-
cut-off layer increases as well. However, a quite large EC
driven current (1-2 MA/MW) is found even for a reduced
absorption case (40-80% absorption). Higher wave fre-
quency can relax the constraint on the density as indicated
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Figure 4. Poloidal (left) and toroidal (right) projection of the EC ray trajectory launched at the mid-plane for f = 28 GHz, B = 1.0
T, central density of 2.0 x 10'7 m~3 and central temperature of 0.2 keV with X-mode polarization evaluated by the TRAVIS code. The
launching angles are: @ = 0° and 8 = 25°. Magenta and red curves indicate the first EC cyclotron resonance and X cut-oft, respectively.

The red spot indicates the region where EC absorption occurs.
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Figure 5. EC power absorption (left) and total EC current drive (right) per MW as a function of the 3 angle for f = 28 GHz (top) and
f =35 GHz (bottom), @ = 0°, and 1.0 x 10" m™3. T, = 0.1 keV (0.2 keV) results are indicated in blue (red).

in Figure 6 by the red curve with respect to the blue curve.
Figure 7 shows a scan of the central temperature, 7T, for
both wave frequency cases (28 and 35 GHz) and with the
same launching angles used in Figure 6. The top (bottom)
row of Figure 7 shows the EC power absorption (left) and
the total EC current drive (right) per MW for 28 GHz (35
GHz). Four (Five) different values of the central density
are used for 28 GHz (35 GHz) as indicated in the fig-
ures. One can note that EC power absorption increased
significantly with the electron temperature. Higher den-
sity cases with EC absorption well below 100% level still

provide a very high current drive. Higher wave frequency
allows higher EC power absorption at lower temperature
and higher density with a very strong EC current drive ef-
ficiency.

4 Conclusions

In this work we have performed an initial EC H & CD
study of the SMART device assuming two phases of oper-
ation with different magnitudes of magnetic field (B ~ 0.4,
and 1 T). This numerical analysis was performed by us-
ing the ray tracing code TRAVIS. For B =~ 0.4 T plasma
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GHz (top) and f = 35 GHz (bottom), @ = 0°, and 8 = 25°. The values of the central density 7. are indicated in the figures.

scenario, the EC power is absorbed at the second har-
monic assuming an X-mode polarization. Three different
antenna locations were considered showing, as expected,
that the the top launcher provides the highest EC power
absorption. The fact that SMART has the poloidal field
coils inside of the vessel makes the top launcher poten-
tially not a feasible option. However, additional investiga-
tions are necessary to completely assess such possibility.
For B ~ 1.0 T plasma scenario, we have investigated the
X-mode EC H&CD start-up regime as recently proposed
[14-16]. Two wave frequencies (28 GHZ and 35 GHz)
were considered. As in the previous works [14-16], we
have found a very efficient EC driven current drive mak-

ing this scheme very attractive for the start-up phase at
low density particularly for spherical tokamaks. In this
work, the EC power deposition and EC current drive have
been evaluated in the linear regime without considering
potential nonlinear effects due to the low density regime
[17]. These nonlinear effects will be presented in a sepa-
rate work. Moreover, it is important to note that, as in the
previous works, we have assumed fully formed plasmas
even though we have considered start-up plasma parame-
ters.
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