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ABSTRACT.

Conducting the TF ripple scan experiments at 1.1MA in JET and JT-60U, the effect of TF ripple
on the edge pedestal characteristics are examined. The TF ripple amplitude is defined as a value
averaged over the existing ripple wells at the separatrix on the outer midplane. By the installation
of FIs, TF ripple was reduced from 1% to 0.6% at 3.2T (0.5% at 2.2T) in JT-60U. In JET, TF ripple
was varied from 0.1% to 1% by feeding different currents to the odd and even set of coils out of 32
TF coils. The pedestal pressure was similar for the cases before and after the installation of FIs in
JT-60U. In JET, no clear difference of the pedestal n-T diagram was also observed in the variation of
the TF ripple. The core and edge toroidal rotation clearly decreases in counter direction by increased
TF ripple. However, there are no changes in the spatial profiles of n., T, and T;. In JT-60U, by the
installation of Fls, the ELM frequency decreased by ~20%, while the ELM energy loss increased
by 50-150%. The increased ELM loss power by 30% suggests a reduction of inter-ELM transport
with the reduced TF ripple. In JET, ELM frequency increases only slightly with increased TF
ripple while the edge toroidal rotation frequency decreases as the TF ripple increased. From this
inter-machine experiment at ~IMA, TF ripple less than 1% does not strongly affect the pedestal
pressure. However, the ranges of other parameters relevant to plasma current where the TF ripple

affects strongly on the performance might be important for higher Ip operation such as ITER.

1. INTRODUCTION

The H-mode operation with high fusion gain (Qpy > 10) is required in ITER with a large fraction
of the plasma heating supplied by the a-particles from fusion reactions. For the goal of ITER, this
requires both thermal and fast ion confinement to be at sufficiently high performance. In H-mode
plasmas, the edge pedestal structure characterized by the formation of the Edge Transport Barrier
(ETB) is known to determine the boundary condition of the heat transport in the plasma core as
well as the characteristics of the Edge-Localized-Modes (ELMs).

It is one of the most crucial concerns that the Toroidal magnetic Field (TF) ripple structure may
affect the H-mode confinement in ITER. In tokamaks, the finite number and toroidal extension
of the TF coils causes a periodic variation of the toroidal magnetic field from its nominal value,
which is called TF ripple &g. The TF ripple in the toroidal magnetic field adversely affects fast ion
confinement by modifying the guiding center orbits of fast ions. ITER is equipped with 18 TF caoils,
and the basic level of TF ripple is relatively high, ~1% at the nominal separatrix position in the
outer midplane. The TF ripple could primarily induce the reduction of the heating efficiencies due
to the enhanced TF ripple induced losses of ripple-banana diffusion and ripple-trapped transport.
In addition, the existence of large TF ripple could also induce excessive heat loads to limiters and
other plasma-facing components. For avoiding these risks during discharges particularly at high
performance, the installation of ferromagnetic materials is expected to reduce the TF ripple. In
ITER, the Ferritic Inserts (FI) compensation is included in the design, reducing 0y from ~1.2%

to ~0.5%. It was investigated that the ferromagnetic components were effective on energetic ion



confinement in the present ITER operation scenarios [1].

The influence of the TF ripple on the fast ion losses were examined in JT-60U by the installation
of the ferritic inserts [2]. Besides, the dedicated TF ripple scan experiments were also conducted in
JET [3]. While the TF ripple affects primarily the fast ion losses, both experiments have indicated
that ripple may also affect the H-mode confinement and plasma rotation. It is presumed that in
the peripheral region an inward electric field produced by the TF ripple induced losses drives the
toroidal rotation V- in the counter direction to the plasma current L, [4]. However, the underlying
physics for the reduction of the energy confinement with g was not clearly understood.

Inter-machine experiments between JET and JT-60U have been performed to compare H-mode
pedestal performance and ELM characteristics using matched plasma shape. Inter-machine
experiment is a very powerful tool to identify the physics mechanisms determining the plasma
behavior, as well as a way to validate the assumptions behind the physics based scaling used for the
prediction of the plasma parameters of ITER. In the previous experiments, MHD stability analysis
shows that the pedestal MHD stability of both tokamaks is similar and probably cannot explain the
observed difference in ELMy H-mode performance [5]. The TF ripple structure and consequently
different toroidal rotation profiles have been pointed out as major remaining differences between
two devices, as shown in figure 1. Therefore, new similarity experiments focused on TF ripple and
toroidal rotation profile have been performed in both devices.

This paper reports the results of these experiments. The paper is organized as follows. After
the introduction, the definition of TF ripple amplitude is proposed in section 2. The experimental
conditions and the response of the plasma toroidal rotation at the pedestal are described in section
3. The influences of TF ripple and edge toroidal rotation on the H-mode performance and pedestal
are described in section 4. The ELM characteristics are also compared in this section. Finally, a

summary is given in section 5.

2. DEFINITION OF TF RIPPLE AMPLITUDE

The TF ripple is a fluctuating structure of the TF strength induced by the finite number of the TF
coils. Therefore, different number and shape of TF coils causes essentially different TF ripple
amplitude and topology as shown in figure 1. JT-60U has 18 circular TF coils and thus the contour
plot of TF ripple amplitude shows a circular shape, while 32 D-shape coils are equipped in JET
resulting in relatively small TF ripple with D-shaped contours.

In this paper, the local TF ripple value at the separatrix on the outer midplane is taken as the
representative TF ripple amplitude. Figure 2(a) shows the BT along the toroidal angle at the separatrix
on the outer midplane in JT-60U. By the installation of FIs, the fluctuation of B along the toroidal
angle is moderated. Due to the existence of tangential NB ports where FIs cannot be installed, the
magnetic structure became more complex. Figure 2(b) plots the TF ripple value calculated by dg
= Bryax — Brvin)/Brmvax + Bruvin) at each ripple well (every 20 degree). While Oy is uniform at

~ 1% before the FI installation, Oy is scattered at reduced values at all sections. Figure 3 shows



the TF ripple averaged over all sections between 2 TF coils evaluated along the separatrix in the
plasma configuration for the similarity experiment for the cases of JT-60U and JET. The magnetic
axis corresponds to Z=0.2m in JT-60U and Z=0m in JET. In JT-60U, Oy is gradually increased
with increasing Z value and reaches the maximum at Z=0.9m. One can find that 0y was largely
reduced around the outer midplane from 1% to 0.6% at Z=0.2m while 0y at the location where
the TF ripple becomes the maximum was reduced from 1.3% to 0.7% (Z =0.9m). On the other
hand, Oy has the peak at Z=0.2m and gradually decreases with increasing Z value in JET. In this
paper, considering the situation where the identical plasma configuration is used in the similarity

experiment, TF ripple amplitude is defined as a value at the separatrix on the outer midplane.

3. EXPERIMENTS ON VARIABLE TF RIPPLE

The TF ripple scan experiments were conducted using essentially different methods in JET and
JT-60U. In JET, the TF system can be configured to feed different currents to the odd and even
set of coils out of 32 TF coils. In this operation mode, OR can actively be varied by selecting the
appropriate differential current between each set of coils. In this experiment, four levels of O,
0.1%, 0.5%, 0.75% and 1%, were used. On the other hand, in JT-60U, the ferritic inserts (FIs)
were installed in the vacuum vessel to reduce the TF ripple with enhancing the V in co-direction
in 2005 [2]. It was reported in JT-60U that ELMy H-mode plasmas with V in co-direction tend to
have higher energy confinement than those in counter-direction [6]. In the present study, comparing
between the plasmas with and without Fls, the effects of the TF ripple on the pedestal and core
confinement properties can be examined. The FIs are optimized for TF ripple reduction at By < 2T
[2]. Since the magnetic field produced by FIs is saturated at 1.78T for B = 0.6T, &y can be varied
with By in JT-60U.

The similarity experiments with variable TF ripple were carried out at the lower values of I, =
1.IMA and B = 2.0T. This is because this condition is the experiment point where the TF ripple
magnitude could be better matched, as well as based on the characteristics of the FI correction in
JT-60U, which is not very effective at high BT. Note that since the geometry of NB heating system
is also totally different between both devices the spatial profiles of NB injected torque and fast ions
losses are not the same.

Figure 4 shows the variation of the toroidal rotation frequency at the pedestal V.4 as a function
of 8. In the similarity experiment, the total torque injected by NBI was 5.5-8.5Nm in JET except
for plasmas with low heating power (Pyg; < 4MW), and in JT-60U, ~5.5Nm without FIs and
6-7.5Nm with FIs. In contrast to JET in which the injected torque is proportional to the heating
power, the variation of torque in JT-60U is small because the number of tangential NBs is limited
and the heating power is mainly varied by using perpendicular-NBs, which provide input torque
only slightly. As a result, the toroidal rotation in JT-60U plasmas shifts relatively to counter due
to the loss power of the fast ions from the perpendicular-NBIs. Since fast ion losses were reduced

after the installation of FIs, VTped shifted towards co-direction. On the other hand, according to the



previous study in Ref. [5], the fast ions loss fraction does not vary much over the Oy scan in JET.
The toroidal rotation frequency in JET plasmas mainly related to the &y [5] as shown in figure 4.
For a similar level of torque input in both devices, the upper boundary of the achieved rotation

frequency decreased with increasing Og.

4. EDGE PEDESTAL CHARACTERISTICS AND ELM BEHAVIOR

In this series of experiments, electron density neped and electron temperature Teped were measured
with a Thomson scattering system, while ion temperature Tiped was measured with Charge-
eXchange Recombination Spectroscopy (CXRS) in JT-60U. On the other hand, n,”, T,*** and T,”*
were measured with an edge chord of an FIR interferometer, Electron Cyclotron Emission (ECE)
radiometer and CXRS, respectively.

Figure 5(a) compares neped and Teped in the TF ripple scan experiments in JT-60U. The
achievable electron pressure at the pedestal peped was similar for the cases before and after the
installation of FIs. For the case of 0g ~ 0.5%, a moderate gas puffing to increase the plasma density
made peped lower by ~20%. This result is identical to the dedicated H-mode experiments for a single
TF ripple scan using two different plasma configurations in JT-60U [6]. In this series of experiments,
the effect of TF ripple on the pedestal pressure has been identified between plasmas with 8y ~2%
and Og ~ 1% using a large volume configuration (the separatrix of the configuration was close to
the wall and Vp ~ 75m’). No significant effect of TF ripple between plasmas with Oy ~0.4% and
Og ~ 0.2% was found with the small volume configuration (inward shifted plasma configuration
with Vp~ 52m’), while the effect of TF ripple on toroidal rotation clearly observed in both plasma
configurations.

In JET, newly analyzed data have been added from the previous result. Similarly to JT-60U,
no clear difference of the pedestal n-T diagram was observed in the variation of the TF ripple as
shown in figure 5(b). Figure 6 plots the dependence of pedestal pressure on 8. In this similarity
experiment, the change of the pedestal pressure is very weak and negligible to be quantified.

Figure 7 shows the spatial profiles of Vi, n,, T, and T; in JET for the comparison of the TF ripple
between 0.08% and 1.0%. The edge toroidal rotation clearly decreases in counter direction by
increased TF ripple. The core toroidal rotation profile also shifts towards the direction in counter.
However, as expected from figure 5(b), there are no changes in n., T, and T, at the top of the H-mode
pedestal. Besides, the changes of the core profiles of n., T, and T; are also very small. The similar
result is obtained in a single TF ripple scan experiment conducted in JET [3]. In this experiment,
the global and pedestal parameters of the IMA/1T series of H-modes did not change significantly
for increasing TF ripple. However, the effect of TF ripple on the edge toroidal rotation was still
observed, and the edge toroidal rotation was reduced as the TF ripple was increased.

Figure 8 shows the dependence of ELM frequency, ELM energy loss, pedestal toroidal rotation
frequency, line-averaged electron density, and total stored energy on the TF ripple amplitude in
JT-60U. By the installation of Fls, the ELM frequency f; ,,; decreased by ~20%, while the ELM



energy loss AWy s increased by 50-150%. The ELM loss power increased by 30% for a given loss

power through the separatrix P . This result implies a reduction of inter-ELM transport with the

sep*
reduced TF ripple. Because of tlfe perpendicular-NB heating at large TF ripple, the edge toroidal
rotation was in counter before the installation of FIs. By the reduction of TF ripple, the edge toroidal
rotation frequency was explicitly varied towards the co-direction. However, the line-average electron
density and total stored energy do not vary with TF ripple, similarly to almost no change in the
pedestal pressure (see figure 6).

Figure 9(a) shows time evolution of the divertor D, signal for the variation of TF ripple in JET.
Since the type-I ELM frequency is increased in proportion to the power crossing the separatrix
Peps Poep 18 fixed at ~SMW. As shown in figure 9(b), ELM frequency increases only slightly with
increased TF ripple. The decrease of ELM energy loss is also small (see figure 9(c)). The edge
toroidal rotation frequency decreases as the TF ripple increases (see figure 9(d)). Similarly to JT-
60U, the line-averaged electron density and total stored energy do not vary with TF ripple (see
figure 9(e)).

From JT-60U result, the influence of TF ripple on the pedestal structure is small, but the ELM
activity is more sensitively changed by TF ripple. In fact, this result has already been observed in
the dedicated H-mode experiment for the cases before and after the installation of FIs in JT-60U [6].
However, in JET, the change of ELM activity in the variation of TF ripple is also small. According
to the analysis done in the previous study [5], normalized ELM frequency is plotted as a function of
the TF ripple and the pedestal toroidal rotation frequency in figure 10. As expected from figure 9(b),
the change in ELM frequency in JET is smaller than that in JT-60U. Then, the variation of ELM
frequency is examined as a function of the pedestal toroidal rotation frequency (see figures 10(c)
and (d)). In both devices, the normalized ELM frequency decreases monotonically with increasing
VTped towards co-direction.

In this series of experiment, since the VTpeul is simply changed by the variation of TF ripple, 0
and VTped vary monotonically together and thus it is hard to separate this relation. In the dedicated
H-mode experiment before and after the installation of FIs in JT-60U, the toroidal rotation scan
was conducted by changing the direction of tangential NBs. In this case, ELM frequency clearly
increased with enhanced pedestal toroidal rotation in counter at a given TF ripple [6]. On the other
hand, in the single TF ripple scan experiment on JET, ELM frequency was essentially constant over
the change of VTped at IMA and 1.7MA [3]. As a big difference between JET and JT-60U, the edge
toroidal rotation in JET does not become negative while in the similar condition it does in JT-60U.
In recent theoretical study, the influence of the sign of the edge toroidal rotation on the edge MHD
stability is being investigated [7]. However, in JET TF ripple scan experiment at 2.6MA [3], ELM
frequency increased very clearly with increased TF ripple. In this experiment, VTped became negative
at 1% ripple. However, even in the range of positive VTPed, ELM frequency changed largely. The
other possibility is that the range of VTpecl in JET might be too narrow to change the ELM activity
compared to JT-60U. The change of VTped is more significant at 2.6MA in a single TF ripple scan



experiment on JET. In this experiment, ELM frequency increased very clearly with increased TF

ripple. Further investigation is needed for the effect of toroidal rotation on ELMs.

SUMMARY

In this study, conducting the TF ripple scan experiments at 1.1MA in JET and JT-60U, the effect
of TF ripple on the edge pedestal characteristics are examined. The TF ripple amplitude is defined
as a value averaged over the existing ripple wells at the separatrix on the outer midplane. By the
installation of FIs, TF ripple was reduced from 1% to 0.6% at 3.2T (0.5% at 2.2T) in JT-60U. In
JET, the TF system can be configured to feed different currents to the odd and even set of coils
out of 32 TF coils. In this operation mode, O was actively varied by selecting the appropriate
differential current between each set of coils. In this experiment, four levels of 8y, 0.1%, 0.5%,
0.75% and 1%, were used.

The achievable electron pressure at the pedestal was similar for the cases before and after the
installation of FIs in JT-60U. In JET, no clear difference of the pedestal n-T diagram was also
observed in the variation of the TF ripple. The edge toroidal rotation clearly decreases in counter
direction by increased TF ripple. The core toroidal rotation profile also shifts towards the direction
in counter. However, there are no changes in n_, T, and T; at the top of the H-mode pedestal. Besides,
the changes of the core profiles of n., T, and T; are also very small.

Dependence of ELM activity on the TF ripple amplitude was investigated. In JT-60U, by the
installation of FIs, the ELM frequency fg; ,; decreased by ~20%, while the ELM energy loss AW\
increased by 50-150%. The ELM loss power increased by 30% for a given loss power through the
separatrix Psep, suggesting a reduction of inter-ELM transport with the reduced TF ripple. In JET,
ELM frequency increases only slightly with increased TF ripple while the edge toroidal rotation
frequency decreases as the TF ripple increased. The effect of TF ripple on ELM activity separated
from the influence of pedestal toroidal rotation will be investigated as a next step study.

In ITER, O ranges 0.5—1% when the Ferritic Inserts (FI) compensation is included. From this
inter-machine experiment at ~1MA, TF ripple less than 1% does not strongly affect the pedestal
pressure. ELMs can be influenced through the edge toroidal rotation although its physics is still
unclear. However, ITER will operate in H-mode discharges at much higher I,. Since the pedestal
pressure degraded with increased TF ripple at 8y < 1% in 2.6MA JET experiment, the ranges of
other parameters relevant to Ip where the TF ripple affects strongly on the performance might be

important.
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Figure 1: Plasma cross sections for the similarity experiments together with TF ripple amplitude 8y in (a) JT-60U and
(b) JET. Here, 8y is defined as (Bry,e — Brasin) (Bragax + Brygin)- The number of TF coils is 18 in JT-60U and 32 in JET.
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Figure 9: (a) emission intensity at the outer divertor for the variation of TF ripple in JET. Dependence of TF ripple
on (b) ELM frequency, (c) ELM energy loss, (d) edge toroidal rotation frequency, (e) line-averaged electron density,
and total stored energy.
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Figure 10: ELM frequency normalized to the power crossing the separatrix observed in JET and JT-60U as a function
of &g and V.
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