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Characteristics of toroidal rotation profiles in tokamak plasmas are studied under the influence of fast-ion
losses due to a toroidal field (TF) ripple by using a one-dimensional multi-fluid transport code, TASK/TX. When
a neutral beam (NB) is injected into a plasma, a part of fast ions is lost due to the effect of the TF ripple. The
radial current then flows inward in the bulk plasma to keep quasi-neutrality and it exerts a torque on the plasma
in the direction opposite to the plasma current. A parametric survey of the toroidal rotation driven by this torque
is conducted to quantify the sensitivity to various externally-controllable sources such as a co-tangential NBI

power. In the case of a larger ripple amplitude, it is observed that the counter-toroidal rotation develops near the

periphery of the plasma as an increase in the co-NBI input power while the co-toroidal rotation velocity on the

magnetic axis reaches a maximum value at a certain NBI power. This torque can be mitigated by increasing a gas

puff rate. An increase in the plasma current also leads to the reduction in the counter rotation induced by ripple.
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1. Introduction

In recent years, the toroidal rotation has been brought
to attention in a tokamak field because it is commonly be-
lieved that the rotation plays an essential role in the for-
mation of internal transport barriers, the L-H transition,
the suppression of resistive wall modes and so forth. It
is important to acquire a capability of predicting and con-
trolling the toroidal rotation in present tokamaks, particu-
larly ITER and future reactors. The physics of momentum
transport governing the toroidal rotation has been therefore
studied both theoretically and experimentally.

The tangentially-injected NB is the most useful instru-
ment to drive the plasma rotation: fast ions generated in the
plasma run along the field line and they gradually transfer
their momentum to the bulk plasma through the collisional
slowing-down process. However, it has been reported from
the experiments on JT-60U [1] and JET [2] that the counter
rotation is observed near the peripheral region despite tan-
gential co-NBs. The features of the rotation in JT-60U
were altered after the insertion of ferritic steel tiles (FSTs)
in a vacuum vessel, which reduces a toroidal field ripple al-
most by half [1]. The experimental observation implies the
strong linkage between the loss of fast ions and the reversal
of the direction of the toroidal rotation near the periphery.

In our recent work [3], we have qualitatively repro-
duced the tendency of toroidal rotation profiles observed in
the JT-60U experiments with and without FSTs as shown
in Fig. 1, by numerical simulations with the TASK/TX
code. The TASK/TX simulations clearly show that the
loss of fast beam ions due to ripple induces the inward ra-
dial current in the bulk plasma to maintain quasi-neutrality
and a resultant j X B torque overcomes a collisional di-
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Fig. 1 Toroidal rotation profiles under the influence of ripple in
(a) simulations and (b) JT-60U experiments [3].

rect torque from co-NBIs near the periphery, inducing the
counter rotation, when the ripple amplitude is sufficiently
large, i.e. the case without FSTs. Based on this under-
standing of the physical mechanism, in this paper we study
the behavior of the toroidal rotation under the influence of
the TF ripple when we vary a NBI input power, a gas puff
rate and a plasma current, by utilizing the TASK/TX code
with the newly-developed ripple transport model. This
may give us insights into the toroidal rotation.

2. Transport modelling

2.1 Multi-fluid transport code, TASK/TX
Here we summarize the main characteristics of the

one-dimensional multi-fluid transport code TASK/TX with

an emphasis on the difference from conventional transport

codes, and one can see more details about the code in [4].

e The code solves the continuity equations, the thermal
transport equations and the two-fluid equations of mo-
tion for electrons and ions coupled with Maxwell’s
equations as well as the equations for neutrals and
fast beam ions in the cylindrical coordinates (7, 6, ¢),
where r, 6 and ¢ denote the radial, poloidal and
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toroidal directions respectively .

e Since the multiple continuity equations for all charged
particle species and Poisson’s equation are simultane-
ously solved, an explicit quasi-neutrality condition is
not imposed on the code.

e Neoclassical effects such as the bootstrap current and
the Ware pinch are described through the parallel
viscous force term in the equation of motion in the
poloidal direction.

o Turbulent ambipolar transport is expressed by the
poloidal momentum exchange between electrons and
ions; hence an explicit particle diffusivity need not be
added in the continuity equations.

e In order to investigate a structure of a plasma near
the plasma surface (separatrix), the code takes into
account the transport in the scrape off layer.

o The formation of the radial electric field is accurately
evaluated in a manner consistent with the flows.

Above all, the feature that there is no need to impose
an explicit quasi-neutrality condition, which notably dis-
tinguishes the code from other transport codes, is essential
to this study. This is because we examine how a viola-
tion of quasi-neutrality due to a non-ambipolar loss of fast
ions due to ripple provokes the j X B torque in the bulk
plasma and then how the resultant rotation is in a quasi-
steady state. In the next subsection, we briefly discuss a
transport modelling of fast-ion losses due to ripple used in
the code.

2.2 Ripple transport model for fast ions

The finite number of TF coils of an actual tokamak de-
stroys the ideal toroidal symmetry and these coils produce
a TF ripple with a three-dimensional structure. Focusing
on the enhancement of the transport for fast ions induced
by this TF ripple, we have developed and introduced a rip-
ple transport model suitable for a fluid-type transport code.

In the presence of the ripple magnetic field, there ex-
ist local magnetic wells where the following condition is
satisfied [5]:

€| sin 6|

a(r,0) = Ngo < 1.

)]

Here € denotes the inverse aspect ratio, 6 the poloidal an-
gle, N the number of TF coils, g the safety factor and ¢ the
ripple amplitude. The region usually covers a large amount
of the lower-field side of the poloidal cross-section. Since
a ripple magnetic well acts just like a neoclassical mag-
netic mirror, the ripple mirror can potentially trap a fast
ion with a small parallel velocity. Therefore fast ions re-
siding in the ripple well region are trapped when they are in
the trapped velocity band: |v)/v| < V5. If the ions are cap-
tured in the local ripple mirrors, they cannot move freely
along the field line. We then separate the beam ions into
two categories: the ripple-untrapped ions and the ripple-
trapped ones, because the latter cannot directly carry their
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momentum along the field line as is pointed out above. The
ripple-trapped ions mainly suffer from the VB drift This
is a very rapid process compared with a diffusive process
from which they also suffer.

Unlike the convective loss process for the ripple-
trapped ions, the diffusive process is dominant for ripple-
untrapped banana ions. When the banana ions are in the
ripple well region, they suffer from the diffusion due to
ripple only at the banana tips where their parallel veloc-
ity becomes zero. We assume that the diffusive process
consists of two major processes: the collisional diffusion
and the collisionless stochastic diffusion, and furthermore
the former consists of the ripple-plateau diffusion and the
ripple-banana diffusion from the aspect of the collisional-
ity. The main diffusive loss channel for the banana ions is
the collisionless stochastic diffusion, which occurs in the
localized region only where the local ripple amplitude ex-
ceeds the Goldston-White-Boozer (GWB) criterion dgwg
[6], typically near the periphery. Finally, the trajectory of
ripple-untrapped passing particles is hardly disturbed by a
TF ripple because of their rapid velocity, and thus the effect
of the ripple on them is negligible.

In our ripple model, a near-perpendicular NBI and a
collisional deflection process are the main sources of the
ripple-trapped beam ions. The banana ions near the ripple-
trapped velocity band in the velocity space can easily enter
the velocity band through collisional scattering and they
turn out to be the ripple-trapped ones. The opposite pro-
cess also occurs. This source of the ripple-trapped ions
through deflection collisions can be described as

St = %D( Vo, — ), )
where vp denotes the deflection rate which measures the
average rate at which the particle velocity is scattered into
the direction perpendicular to its initial velocity, n, and nbrp
the densities for the ripple-untrapped and ripple-trapped
ions, respectively. For more details about the ripple trans-
port model, see [3].

3. Dependence on the NBI input power

In the following, we apply the JT-60U-like parame-
ters without FSTs used in section 4.1 of [3] as the ref-
Typical parameters are: the major radius
Ro = 3.4 m, the minor radius a = 0.95 m, the toroidal mag-
netic field By = 2.6T, the plasma current I, = 1.0 MA,
the safety factor at the 95% flux surface gqos = 3.3, the
gas puff rate Iy = 0.2 x 102 m~2s7!, the input powers
of the co-tangential NBIs and the near-perpendicular NBI
P, = 3.2MW and Py, = 0.4MW. A peak of the de-
position profile of the co-tangential NBI is located close

€rence case.

to the magnetic axis. In this configuration without FSTs,
the ripple amplitude at the plasma surface is 6, = 1.28%
in the equatorial plane. In the case with FSTs, we reduce
the ripple amplitude by half, §, = 0.64%, according to the
experimental observation [1]. In our study, turbulent vis-
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Fig.2 Dependence of the toroidal rotation velocity u;s on the
co-NBI input power P, at p = 0.0, 0.4 and 0.8 in the
case without FSTs. P., = 3.2 MW in the reference case.
Positive sign corresponds to the co-direction.

cosities and thermal diffusivities are given and fixed at the
values so that in a quasi-steady state the densities and the
temperatures in simulations are similar to those in experi-
ments. A calculation is carried out for 2 s where a plasma
is assumed to reach a quasi-steady state.

Keeping the line-averaged density fixed at the value
in the reference case by controlling a gas puff rate, we
vary the input power of the co-tangential NBIs P, from
1.6 MW to 6.4 MW, exceeding the maximum power P, <
3.5 MW in the present JT-60U. Figure 2 shows that as the
co-NBI power increases, the counter rotation near the pe-
riphery (0 = 0.8, p is the normalized radius) becomes
larger and the rotation at p = 0.4 changes the direction
from co to counter because the jx B torque oriented to the
counter direction becomes stronger. On the other hand, the
on-axis co-rotation (p = 0.0) increases due to an increase
in the direct collisional torque oriented to the co-direction.
However, the on-axis co-rotation culminates in the max-
imum velocity of ~ 90km/s at P, = 4.8 MW. Above
4.8 MW, the strong j X B torque near the periphery prop-
agates to the core of the plasma through the perpendicular
viscosity and to overcome the direct collisional torque es-
pecially near the magnetic axis, and then the co-rotation
starts to decrease.

We found in Fig. 2 that the increase in the co-NBI
power seems to relate to the enhancement of fast-ion losses
due to ripple. Since equilibria remain unchanged during
simulations, both the convective velocity and the diffusiv-
ity due to ripple and the area of the ripple well region are
insensitive to the increase in the power, and therefore the
characteristics of the ripple transport never change. On
the other hand, the beam density increases with increas-
ing the power. As is seen in Eq. (2), this increase may in
turn promote the supply of the ripple-trapped beam ions
through collisional deflection. The deflection rate vp is
almost insensitive to the power because the beam veloc-
ity vy is much faster than the ion thermal velocity v; even
if the ion temperature increases with increasing the power.
The diffusive process governing the loss of the banana ions
is much slower than the convective process mainly gov-
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Fig.3 Dependence of the toroidal rotation velocity u;s on the
co-NBI input power P, at p = 0.0, 0.4 and 0.8 in the
case with FSTs.

erning that of the ripple-trapped beam ions and vp/d is
very large. Therefore, as the power increases, the ripple-
untrapped ions tend to accumulate in the plasma and the
loss of the ripple-trapped ones becomes almost equal to
the supply of them. As the power increases, therefore, the
increase in their loss increases the outward fast-ion current
and the resultant inward return current makes the j X B
torque stronger.

After the insertion of FSTs reducing the ripple ampli-
tude almost by half, the co-rotations at both p = 0.0 and
0.4 monotonically increase with increasing the power, and
that at p = 0.8 is found to be saturated and then gradually
decreases as shown in Fig. 3. Due to the reduction in the
ripple amplitude, simulations show that the ripple-induced
loss of fast ions and then the generated inward return cur-
rent are almost reduced by half. Unlike the previous case,
in this case with FSTs the direct collisional torque exceeds
the generated j X B torque across the whole profile except
the periphery where the j X B torque is still dominant. The
co-rotation increases as the power increases within the re-
alistic power range, P¢, < 3.5 MW.

4. Mitigation of the ripple effect by gas puff

In the previous section, we found that the significant
loss of the ripple-trapped beam ions plays a major role in
inducing the counter rotation near the periphery. Under the
condition that the energy and the power of NBIs are fixed
at P, = 3.2 MW, we seek the way to reduce the counter
rotation by utilizing an externally-controllable source. We
note that in the cases with a large gas puff rate of Iy >
0.3x10*°m~2s7!, the plasma does not reach a quasi-steady
state at 2 s and it is still in a transient phase.

Taking account of the fact that the first term of Eq.
(2) is much greater than the second term, we should find
the way to lessen the first term in order to reduce the sup-
ply of the ripple-trapped beam ions. One way to do so is
to reduce vp, mainly proportional to the bulk ion density
ni, and another way is to reduce the ripple-untrapped beam
ion density n,. Decreasing a gas puff rate is an easy way
to reduce n;. On the other hand, in order to reduce n;, with
the NB power fixed, we should facilitate the thermalization
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Fig.4 Dependence of the electron density n. (above), the elec-
tron temperature 7. (above) and the toroidal rotation ve-
locity uj, (below) on the gas puff rate I'y at p = 0.0, 0.4
and 0.8 in the case without FSTs. P, = 3.2MW and
Iy = 0.2 x 102 m~2s7! in the reference case.

of the beam ions by decreasing the energy slowing-down
time 1,. According to [7], 7y is mainly proportional to 7,
where 73 denotes the ion-electron slowing-down time, and
Tg € Ts / 2/ ne, where n. and T, denote the electron density
and temperature respectively. Decreasing 7y, therefore, we
should increase n. or decrease T.. An increase in the gas
puff rate produces much more neutrals, leading to an in-
crease in 7. and a decrease in 7.

As is clear from the above consideration, although
the application of gas puff is common to both two ways,
one way cannot be coexistent with the other. By carry-
ing out simulations, we then have to examine which ef-
fect is dominant when varying the gas puff rate Iy from
0.1 x 10 m=2s7! t0 0.4 x 10** m~2s~!. As shown in Fig.
4, with increasing the gas puff rate the j X B torque weak-
ens and the plasma tends to rotate in the co-direction. The
amount of Ty = 0.3 x 10 m™2s7!, 1.5 times as large as
the reference case, is enough to vanish the counter rotation
across the plasma.

We have found from the simulations that vp does not
play an important role in the effect of gas puff on the ripple
transport although it increases with increasing the density.
In terms of the magnitude of vp/d, regardless of the gas
puff rate, it is still significantly large compared with other
time-scales because of the smallness of the ripple ampli-
tude 6. Then the magnitude of the ripple-untrapped den-
sity is found to play an essential role in the supply of the
ripple-trapped density as seen in Eq. (2).

This result shows that the decrease in np, and the in-
crease in n. and n; due to the decrease in 7y, by gas puff
cause a reduction in the supply of the ripple-trapped beam
ions. This reduces the convective loss of beam ions and
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Fig.5 Dependence of the toroidal rotation velocity u;s on the
plasma current I, at o = 0.0, 0.4 and 0.8 in the case with-
out FSTs. P, = 3.2MW and I, = 1.0 MA in the refer-
ence case.

then the j X B torque. Furthermore, the reduction in the
number of the beam ions leads to that in the diffusive
loss of the banana ions, and this also contributes to this
phenomenon. Here note that the decrease in the colli-
sional slowing-down time between beam ions and elec-
trons makes it easier to transfer the momentum from beam
ions to electrons, and therefore the rotation of the beam
ions slows down with increasing the gas puff rate. The de-
celeration of the fast-ion rotation reduces the driving force
of the bulk-ion rotation oriented to the co-direction. This is
the reason that the increase in the toroidal rotation velocity
seems to be saturated at a certain level of the gas puff rate.

5. Dependence on the plasma current

The effect of the plasma current I, on characteristics
of the rotation associated with the ripple transport of fast
ions seems to be complicated rather than that of the two
actuators shown in the previous sections, because a change
in the current leads to a change in the safety factor, af-
fecting not only the ripple transport but also general char-
acteristics of transport in the bulk plasma. It is therefore
necessary to carry out self-consistent transport simulations
to study the effect of the plasma current on the toroidal
rotation associated with the ripple transport. We vary the
current from 0.8 MA to 1.8 MA keeping the line-averaged
bulk density fixed by gas puff. These upper and lower lim-
its almost correspond to those in JT-60U with B; = 2.6 T.
We note that we keep the transport coefficients in the bulk
plasma throughout this study and we neglect the effect of
the plasma current on them.

Before studying the dependence of the toroidal ro-
tation on the plasma current, we have already confirmed
from simulations without the effect of the ripple transport
that the toroidal rotation does not correlate with the plasma
current. Under the influence of the TF ripple, however,
the simulations reveal the tendency in Fig. 5 that the co-
rotation increases as the plasma current /, increases. This
implies that the plasma current affects the fast-ion losses
caused by ripple. One of the important parameters for the
ripple transport is the safety factor g [3]. If the toroidal
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magnetic field remains unchanged, we keep in mind that
the safety factor is inversely proportional to the plasma cur-
rent, q o I L

We consider the cases with large I, in the following.
From Eq. (1), we can easily see that the ripple-trapped
region where a < 1 shrinks as I, increases because « in-
creases with decreasing ¢, leading to the reduction in the
convective loss of fast ions. Similarly, the radial convec-
tive velocity arising from the vertical VB drift decreases
because it is proportional to ¢ in our model [3]. As shown
in [6], dgwp < q‘3/2; hence the region with 6 > dgws
where the stochastic diffusion is dominant shrinks as I, in-
creases, and then the diffusive loss of fast ions is reduced.
Furthermore, the diffusion coefficient itself also decreases
in conjunction with g. As a result, it is found that all these
contributions tend to reduce the ripple transport when I,
increases.

With the increase in I, the reduction in the ripple
transport decreases the return ion current flowing inward in
the bulk plasma and at the same time the poloidal magnetic
field By increases. Since the j X B torque is expressed by
the product of the radial current and By, these two trends
tend to offset their contributions to the torque. From the
simulations, however, the dependence of By on I, is not
the same as that of the ripple-induced radial current, and
then the magnitude of the torque is not constant on I,

Unlike the previous two actuators, the change in the
current widely and significantly affects the characteristics
of the plasma such as the current density, the toroidal elec-
tric field, the neoclassical viscosity, the radial electric field
and the poloidal rotation. We should note that the toroidal
rotation under the influence of fast-ion losses due to ripple
is therefore determined not only by the direct effect of the
change in I;, on the ripple transport but also by the balance
among all the other effects induced by the change in I,,
implying the importance of a self-consistent analysis.

6. Conclusions and discussion

We have studied the dependence of the toroidal rota-
tion on the NBI power, the gas puff rate and the plasma
current by using the multi-fluid transport code TASK/TX
[4] with the ripple transport model on the basis of the JT-
60U-like parameters. The code has succeeded in qualita-
tively reproducing the rotation profiles in JT-60U under the
influence of fast-ion losses due to ripple [3].

In the case without FSTs, i.e. a larger ripple ampli-
tude than the present JT-60U with FSTs, the j X B torque
oriented in the counter direction becomes stronger when
we increase the power from co-tangential NBIs. We have
found that this is due to the enhancement of the supply
to the ripple-trapped beam ions with the increase in the
power. On the contrary, the co-rotation increases as the
power increases in the case with FSTs. By increasing the
gas puff rate, we can mitigate the counter torque induced
by the large loss of fast-ions due to ripple. The genera-
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tion of the bulk ions through ionization near the periph-
ery makes the collisions between beam ions and the bulk
plasma frequent and thus raises the slowing-down rate.
The increase in the slowing-down rate decreases the num-
ber of both the ripple-untrapped and ripple-trapped beam
ions, and then their convective and diffusive losses are re-
duced, leading to the decrease in the counter j X B torque.
We have also found that the co-rotation is enhanced as the
plasma current increases. The increase in the current mit-
igates the ripple transport mainly through the decrease in
the safety factor. However the mechanism is rather compli-
cated because the other important plasma parameters such
as the radial electric field and the neoclassical viscosity are
simultaneously changed together with the current. This
implies that the self-consistent treatment of all the vari-
ables is essential to this study.

In this paper we have focused on the characteristics of
the toroidal rotation driven by co-NBI on the assumption
that turbulent transport coefficients are given and fixed. JT-
60U experiments have shown similar tendencies which we
have obtained from the simulations in this paper: the di-
rection of the rotation changes from counter to co as the
gas puff rate increases, and the co-rotation increases as
the plasma current increases. Especially in the latter case,
however, it is mainly ascribed to the change in turbulent
transport characteristics owing to the change in the plasma
current, while we have fixed the turbulent transport coeffi-
cients in this study. Analyzing the toroidal rotation in ex-
periments quantitatively, we have to carry out a more self-
consistent simulation with a turbulent transport model, and
then we should carefully examine the impact of the trans-
port model on the toroidal rotation in the next study.

Unlike well-confined particles generated by co-NBIs,
a part of banana particles generated by counter-NBIs is lost
during a first bounce orbit because their trajectory inter-
sects a wall. When we study characteristics of the toroidal
rotation driven by counter-NBIs, the above-mentioned
mechanism should be taken into account, which also in-
duces a torque in the counter direction. Cooperation be-
tween the TASK/TX code and an orbit-following Monte
Carlo code will be required.
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