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Introduction

The hybrid scenarios (HS) of advanced tokamak operation areatbesed by the presence
of a wide central region with magnetic shear very close to aad central g-values between
1 and 1.5 [1]. The main advantages of this mode of operation are improvedyener
confinement and improved MHD stability leading to a higBdimit. This paper deals with
MHD modes observed in JET HS discharges where the target g-prefidtained by a
combination of LHCD, NBI and ICRH heating. MHD modes such as (3,2), (43B)
NTMs, fishbone instabilities, sawtooth and ELMs were observed.

In this paper the focus will be on the triggering types of (B2) NTM. The[3\ versusp*
will be determined at the (3,2) NTM onset. The effect of tl8¢2] NTM on the energy
confinement will be examined, as well as the influence of d#ffeMHD mode types on the
(3,2) NTM island width and the influence of the (3,2) NTM on the cdngtactron and ion
temperatures.

Triggering Processes

In the JET database for the HS three types of triggerimgife (3,2) NTM (figure 1) were
observed: (1) as a (3,2) tearing mode that started during thederphase; (2) during H-
mode and in the presence of (1,1) modes; (3) spontaneously during H-modeg Ehe L
mode the collisionality regime is in the Pfirsch-Schliter. Irsttégime the boostrap current
is small and so the (3,2) mode can only be current driven and it ieftve probably
triggered when the stability paramei®ris positive. The (3,2) mode becomes a NTM after
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Figure 1. Spectrograms of a magnetic signal for the pulses60927and 57822. In (a) the triggering is ty®) (vith

Sn=2.18. In (b) the (3,2) NTM starts as a tearingode at 44.19 s witly and disappears 47.3 s, this is type (1). The
tvne (2) trinaerina of the (3.2 NTM onset is at 48¢
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the L to H mode transition when the bootstrap current is significeat.the spontaneous

NTMs the (3,2) island growth rate was exponential, similar to thalsserved in lowBy
plasmas where the onset coincides with the first sawtooth crash after ¢hid trainsition.

Bn and p*
Historically the assumption has been that the (3,2) NTM would bggéned when the

plasma reached a certain value &f/p* [3], in the conventional ELMy H-mode plasmas
with magnetic shear > 0. In figure 2 is plotted the valuepof/ersusf3y at the (3,2) NTM
onset for the pulses of s > 0 database [2] and HS database. The pulses without tNa'§8,2)
for the HS database are also included. This figure shows thad$heulses with Te= Ti and
pulses with s > thave similar values oy

85 T o> owith 3.2) NTM whep the NTM is., triggered. Like in prgvious
8 » without (3,2)NTM studies the relation betwedy and p* is a
25 " fsnbones " necessary but not sufficient condition for the
& 27 * spontaneous “1e triggering [2, 4]. In the HS scenario the (3,2)
157 AR, 4 NTM onset is more probable fd8y > 1.4,
1 Co Ti>Te while the lowesty corresponds to the (3,2)
057 tearing mode.
0 ‘ ‘ ‘ ‘ ‘ Thus we see that the (3,2) NTM onset occurs
1 3 5 7 9 11 .
p*[*107] throughout the operational spacef}fversus

Figure 2: By versusp* at the (3,2) NTM onset for P* for discharges. This indicates that other
HS pulses data base and without at the maxii factors must be playing a role; making
value of &y and pulses with (3,2) NTM for s > ynderstanding the seeding process crucial.

257 Etotal g(0) <1 Seeding

Bwithout 3,2)NTM  The total number of pulses in the HS

o onbones database was 48. In half of them neither the

mode i

B spontaneous fishbone nor the sawtooth were observed and

Wtotal q(0) > 1 for these pulses q(0) > 1 was assumed. In all
these pulses a (3,2) NTM was triggered
(figure 2). In the pulses, in which the (3,2)

NTM was triggered spontaneously the shear
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|<— q Sl;*—q>L>| is small at g = 1.5. In the other half of the
Figure 3: Number of JET pulses in the hybrid scén  Pulses from the HS database (figure 3), the
database for different types of (3,2) triggering g(0) = 1 was assumed when, at least the
) 22 1. fmax fishbone instabilities were observed. In 12 of
x|« fmin . these pulses the (3,2) NTM was not obsgryed
H o0 - — perfect " but the sawtooth and the fishbone instabilities

E s 5 were present.
2 10 - = In only a few pulses with a (3,2) NTM were
T 5 . sawteeth present and in these cases their
Al ‘ ‘ ‘ period was very long, (minimum of 0.3 s)
0 10 20 30 with most of the NTMs onsets occurring
fom—an—2) [KHZ] between two crashes. This is a clear indication

Figure 4:The difference between the frequency of tH%at the (1,1) mode of the fishbone
(4,3) mode and the minimum (pink) and maximuinstabilities were the best candidates for the

(blue) frequencies of the fishbone instabilitiessus three wave mode non-linear coupling as was
the frequency of the (3,2) NTM found for positive shear plasmas [2, 5]. In




figure 4 is plotted the difference of the maximum and the minimuegdency of the (1,1)
fishbone and the (4,3) NTM closest to the time of the (3,2) NTM onasgainst the (3,2)
NTM frequency. In this plot is also included the perfect frequematch for the non-linear
three wave mode coupling and this is between the maximum and the ummifishbone
frequency for all the pulses except one. This indicates three waupling as a possible
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Figure 5: Relative confinement reduction
(difference in plasma energy content at mode
onset and after its saturation, normalised to the
energy at NTM onset) due to (3,2) NTMs
versus B, at NTM onset for jet. The trend line in
pink is for s > 0 pulses from ref. [7].
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Figure 6: Relative confinement reduction
(difference in plasma energy before and after
the ELM, normalised to the energy before the
ELM) due a single ELM
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the island width decreases during

mechanism for triggering these HS NTMs.

Energy Confinement

In positive shear plasmas a reduction typically of
10%-20 % in energy content is observed after the
(3,2) NTM onset (e.g. [6]). In figure 5 it is clearly
seen that the decrease in energy confinement is much
lower for HS pulses and also that the increase of
confinement degradation witBy is also lower. A
possible explanation is the island width that is in
average around 2 to 6 cm while in s > 0 plasmas are
of the order of 10 cm. A possible explanation is also
that the g = 1.5 will be at smaller minor radius, and
so the pressure drop from the mode will be over a
smaller volume of plasma.

It was not possible, in all the pulses in the HS
database, to determine the energy loss due to the
(3,2) NTM because, as it can be seen in figure 6, the
energy loss due to an ELM can be higher than for
the (3,2) NTM for the highest ELM amplitude.

Island width

The island width is proportional to the square root of
the magnetic perturbation for a constant shear and
radius of the resonance surface. Figure 7 shows that
ELMs. This was more evidenpdtses with g(0) > 1.

The island width is not only perturbed by the ELMs but also by(th&) NTM unlike in ref
[8] the (1,1) mode is not present. This is clearly seen in figuréh&®,amplitude of the (3,2)
NTM decreases when the (4,3) NTM increased and vice versa. Thétade of the (4,3)

NTM at the wall was very small

and to compare with the (SNJM amplitude was

necessary to multiply it 5 times. Figure 8 also shows thatr dfte disappearance of (4,3)
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Figure 7: Radial perturbation of the magne
field (W a B?) for (3,2) NTM and the R

signal for the pulse no: 60926
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Figure 8: Mode amplitude for the (3,2) N1
(blue), 5* the amplitude of the (4,3) NTM for
comparison (pink); electron temperature at R =
3.2 (brown); ion temperature at R = 3.14 (green)
for the pulse no: 609z



NTM, the (3,2) NTM grows to a saturated width and the core ion teatpez decreases
more than the core electron temperature.

CONCLUSIONS

In all the pulses with q(0) > 1 (3,2) NTM onset occurred, possibly tdue low shear at the
g = 1.5 resonance surface.

For the same* values the HS pulses with Te Ti and pulses with s > Bave similar values
of By at the (3,2) NTM onset and this was more probable to occufior 1.4. For pulses
with Ti > Te the usual bN, r* scaling was not followed.

In HS scenarios (3,2) NTMs have a much smaller effect on theirmemient than standard
ELMy H modes. In these scenarios ELMS can reduce the energgromiore than the (3,2)
NTM

The (3,2) island width was affected by other MHD modes like ELa&l the (4,3) NTM
(even though there is no (1,1) mode present).

The (3,2) NTM affects the ion central temperature more than lbetren temperature. The
observations of larger MHD effects on Ti rather than on Te anditement are similar to
observations from JET hot ion H-modes [9].
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