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Abstract. A novel technique for sawteeth control in tokamak plasmaing ion-cyclotron
resonance heating (ICRH) has been developed in JBT-Unlike previous ICRH methods - that
explored the destabilization of the internal kink modeenvthe RF wave absorption was placed
near the g=1 surface, the technique presented heristsoofsstabilizing the sawteeth as fast as
possible by applying the ICRF power centrally and subsequerdlce a sawtooth crash by
switching it off at the appropriate instant. The dation of this method in JET-ILW L-mode
discharges, including preliminary tests in H-mode plasieasesented.

1. Introduction

In tokamaks, the central plasma parameters commonly iexhiion-linear oscillation,
known as the sawtooth instability. A necessary contittw the instability is that the plasma
current is sufficiently large with respect to the tdedimagnetic field for the safety factor (q)
in the plasma centre to be smaller than 1. The sawtyaie manifests itself through a slow
increase in the plasma temperature (and other parametdh® central part of the plasma,
followed by an abrupt crash — the sawtooth crash, usuadlttimg the plasma profiles
approximately to those at the start of the cycle. Atghwtooth crash, the temperature in the
central part of the plasma falls abruptly, while th@gerature in the external plasma regions
increases. The minor radius, separating the centrahmplaregion, where the temperature
decreases at a crash, from the exterior plasma regibare the temperature increases, is
known as the sawtooth inversion radius. The positiothefinversion radius is seen to be
closely associated with the gq=1 flux surface, reffertine fact that the sawtooth crash is
initiated by the growth of an (n,m)=(1,1) kink mdde3]. Sawteeth, which were first reported
in [4], are themselves relatively benign, causing a moderatsmeoent degradation without
affecting the overall plasma stability. Recently,ithele in avoiding core accumulation of
heavy impurities in high performance plasmas in metailichines has also been envisaged.
[5-6].

Large sawtooth crashes can, however, trigger more delesdristabilities, such as neo-
classical tearing modes (NTM’s), associated with oflnersurfaces where the safety factor g
is a rational number (typically g=2 or g=3/2). Such N$Mwill reduce the plasma
confinement significantly and, if the instability growsfgtiéntly large, they are likely to lead
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to a plasma disruption, where the plasma disappears madtier of milliseconds potentially
causing significant damage to the tokamak. Standard thesdretodels of NTM’s indicate
that they are meta-stable and only grow when triggered pgriurbation in the magnetic
topology — the most common cause being magnetic pertunbatssociated with sawtooth
crasheg7-8]. Large sawtooth crashes following long quiescent periodsowtth crash have
been seen to be much more likely to trigger NTM’s theashes associated with a shorter
inter-crash interval. For this reason it is importen@assure that the sawtooth periagwf)
remains shorter than the threshold for NTM triggeridgvertheless, it is important to point
out that shortening the sawtooth period does result inderate confinement reduction and
for this reason it is desirable to maintain as longaatgoth period as possible without
inducing NTM’s. For optimal performance conditions, itherefore advantageous to develop
methods to control the sawtooth period to a pre-determvadice for high performance
plasma scenario development.

A number of different methods have been developed toaldhe sawtooth period. The
traditional actuators which have proved effective in anpénting such control are Electron
Cyclotron Resonance Heating and Current Drive (ECRH) lam Cyclotron Resonance
Heating and Current Drive (ICRH). ECRH can affect $hwtooth period by driving current
near the g=1 surface, modifying the local current profilehis region. Experiments and
modelling on the control of the sawtooth period using ECRedraported inf8-19]. Two
separate methods for controlling the sawtooth period earobsidered. In continuous control
schemes, the ECRH power is kept constant while the E@#idsition location is varied in a
closed loop to achieve the desired sawtooth period. Suclotbas been demonstrated on
Tore Suprd11-12] and TCV[13]. Alternatively the ECRH power can be modulated vaith
modulation period equal to the desired sawtooth period. Sudulatmn described as
sawtooth pacing or sawtooth locking has been analysed iexqaatimentally demonstrated,
first on TCV[16-17] and later on FTU18]. In addition to affecting the local current profile
near g=1, in the same way as ECRH, ICRH can also mfkighe sawtooth period by
modifying the pressure and distribution function of enecg&ns in the plasma. Initial
assessments of this effect are describd@0r25]. In [25] the fast ions are described through
a fast ion pressure profile allowing the calculatiorcrateria for the triggering of a sawtooth
crash. More recent wollR6] has shown the importance of details of the orbith@ffast ions
circulating near the g=1 surface. Sawtooth control basedvasiation of the fast ion
distribution function has been demonstrated on BEDB, 27-32] including real time control
of the deposition location through variation of the ICRefjuency{32]. It is likely that the
fast ion orbit effect was also responsible for theteatt control reported i[83-34].

The current paper describes the first demonstration wtos#h control through
modulation of the ICRH power. The concept is simitathe ECRH pacinglL6] and locking
[17] experiments on TCV with the difference being that thain effect of the ICRH
modulation is a change of the fast ion population rathen a modulation of the g-profile
near the g=1 surface. Sawteeth pacing acting on theidasstabilization properties is
inherently slower than pacing based on g-profile (localetirdrive) perturbations since the
slowing-down dynamics of the fast ions is part of theingaprocess. The main advantage of
the former technique is that it relies on central IC#osition rather than power deposition
near g=1 and therefore the location of the ICRH pasvaot critical as long as the bulk of the
power is deposited within the g=1 surface. As a consequeackCRH can be deposited at
the optimal location required by other consideratiossch as for avoiding central
accumulation of heavy impurities in high performance arpents in metallic machines, such
as in JET-ILW[35-42]and AUG[43-45] A possible disadvantage of this method is the fact



that the de-stabilization trigger (induced by removing ICRWexofrom the plasma core) has
to compete with other stabilization mechanisms presethieilischarge, such as those related
to NBI injection and fusion born alpha-particles. Theuied strength of the ICRH
perturbation necessary for successful sawtooth paciagveetto the background stabilizing
mechanisms has still to be quantified. A more stringmathematical analysis of the
conditions required for efficient pacing of sawteetkd &LM’s are given in46], while an
assessment of the similarities of ELM and Sawtoothiroband the relative merits of pacing
and continuous controllers are giverj4d].

This paper is divided as follows. In section 2, a breefaw of the sawtooth stabilisation
criteria are giver[11,48] showing the impact of the ICRH power absorption an ¢bre
discharge properties. In section 3, the results ofciefft sawtooth control with pre-
programmed ICRH modulation in JET-ILW L-mode plasmasdiseussed while in section 4
a real time controlled modulation scheme, which maxmithe ICRH duty-cycle while
assuring that the sawtooth period stays below the requisethmum for NTM avoidance, is
described. In section 5, some preliminary results of @atwtcontrol in low power H-mode
discharges (&5=8-12MW) are presented. Section 6 discusses the correlaétween the
sawtooth triggering time and the slowing-down of the fast éBéelerated) ions in different
conditions. The paper ends with a summary and suggestioniirther developing this
technique in high NBI power plasma scenarios, where congpatwtooth stabilization
mechanisms become important.

2. Basic stability criterion

In this section we describe the main parameters whachprding to our model,
determine the sawtooth dynamics. This description illtesraow various external actuators
influence the sawteeth. We will especially concepti@t the influence of ICRH power and
how modulating this power allows the sawtooth period toomerolled.

A sawtooth crash occurs when a certain criteria illéd. At the crash a number of
plasma parameters — most importantly the current prefige reset to an initial value.
Subsequently the plasma profiles evolve slowly towardsa value. This evolution is
interrupted by a new sawtooth crash when the crashiardee fulfilled again. The sawtooth
period is therefore determined by a combination of theharateria and the time constant for
the inter crash evolution. The latter is dominated hyremt diffusion while the crash
conditions are affected by a number of different pataraeas described [@5] and[26]. The
methods used to control the sawtooth period, describgsbn 9-19, 26-34, 46-48and the
method described in the current paper, all control thetogdh period by affecting the
parameters which determine the crash criteria, in pdatidhe properties of the fast ions
distribution function.

In the plasma conditions relevant for the current paber crash criteria described by
[25] can be reduced to the following:
A sawtooth crash will occur when both of the followargeria are fulfilled:

(I) 51 > Scr::
(i) 6W < ¢,



Heres, = (Eg) _1is the shear at the gq=1 surface aid., is the critical shear which
a=

depends on layer physics at the g=1 surféi#2.is the normalised potential energy functional
associated with the m=1 mode which is responsible forsévetooth crashz is the ion
Larmor radius normalised to the minor radius of thé guarface %;) andc, is a constant of
the order of unity. The normalised potential energgfimmal can be split in two components:
W = 6W, + 6W,,., wheredW;_., is associated with the fast ion population in the ptasm
In the context of the sawtooth instability, the primaffgct of ICRH is to modify the fast ion

population. If25] W, .. is given as being proportional féx" 2 dpd';“ dx, wherex = r/r,

r is the minor radius angg,..(x) is the fast ion pressure profile. This is an approximatio
and[26] has shown tha&iW; .. depends strongly on the orbits of the fast ions invitiaity
of the g=1 surface. While the fast ion pressure profile nigpece oW, .. always gives

positive values foﬁf’fﬂs: the orbit effect allowdW;,.. to be negative as well as positive.
This fact has been exploited in the experiments destibf7-32] to destabilise the m=1
and shorten the sawtooth period below the natural sawpaokbd which is observed without
the additional ICRH power. Following a sawtooth craslis reduced to a low value (O if the
Kadomtsev model for the sawtooth is considered). Aftsawatooth craslk, increases as
current diffuses towards the plasma centre. Wit¥nis smaller thaiz,5 a sawtooth crash
will occur whens; = s_,... If, on the other han@W is larger thare,2, no sawtooth crashes

will occur even whelsy = s_.... One may suspect that this means that no sawtooth srashe
will occur at all for large fast ion pressures. Thifiisvever not true, &W decreases with
increasings,: W~ §W/s,. Using this fact (ii) can be rewrittesg = s,,,, wheres,, depends
ondW andg. Using this formulation (i) and (ii) can be rewrittas a single equation

(”I) 51 = ma.r[s”::.sh.]

In this equatiors,, can be modified by inducing fast ions by ICHR power ingettiThe
mechanism used in this paper to pace sawteeth is basethgrcestral ICRH power, which
increases,,, resulting in longer sawteeth and then briefly switching power off to reduce
sy rapidly. This will lead to a reduction max(s_...s, ) and a sawtooth crash will be
provoked when (iii) is fulfilled.

Figure (1a) shows a sketch of heywvand a parameter representing the fast ions evolves
during the sawtooth cycle under various conditions. THalisiag effect of fast ions is seen
by the increasing valusy required to enter the unstable region as the fast i@ulaion
increases. If the fast ion population is too small to nspké@rger thars.,.., no sawtooth
lengthening will result. This is represented by the hotaolower boundary of the unstable
region. A sawtooth crash is triggered when the trajgciois, - fast ion space enters the
unstable region. In this sketch it is assumed shaes to zero and that the fast ion profile is
flattened at a sawtooth crash. Three different traj@sare shown, one for the case where
the ICRH power is too low to have any effect, one @ ¢ase with significant ICRH power
and a high value c; at the crash and one for the pacing case, whereCEl lis switched
off during the current diffusion phase, rapidly reducing féet ion content and inducing a
sawtooth crash. Figure (1b) shows how this would lock fasction of time. The model used
to produce this graph is very simplistic and is only intenteillustrate the sawtooth pacing
mechanism. Between sawtooth crashes the temperaturentcamd fast ion profiles are
assumed to follow a simple first order evolution towdinksl profiles. These final profiles are



never reached as the evolution is interrupted by theéosdlwcrash. The time constants used
to model the current and temperature evolution are chosachieve a reasonable position of
the g=1 surface at the time of the crash and a reasooabtral temperature behaviour. The
time constant associated with the fast ion evolusarhosen to be in the range of the fast ion
slowing down time. Figure 1 indicates that should be Wdmdib pace sawteeth using the
proposed method. The following sections show a seriexmdriments where this method is
explored experimentally.
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Figure 1: (a) Trajectories for the evolution between sawtooth cragmeis, - fast ion
population) space for different ICRH powers. The knee in the blacle cepresents the
moment where the ICRH power is switched off. A sawtooth craslhosgilir when the
trajectories enter the unstable region and all parameters are resitetanitial values. (b)
Simplistic simulation illustrating how trajectories from a) would appesa function of time.
No transport or current diffusion models are used. Profiles are asstonidlow a simple
first order evolution towards final profiles. The fast ion evolutime constant is assumed to
be similar to the fast ion slowing down time, while longer tiorestants are assumes for the
the temperature and current evolution. The notches in the RF poweeemetl® result in a
reduction inmax(s...., s,y) rapidly leading to a sawtooth crash.

3. L-mode results

The proof-of-principle of sawteeth control with on-ak&RF modulation in JET-ILW
was done in L-mode plasmas witb=R2.7T / b=2MA, nec=(5+0.5)x10°/m>. Central hydrogen
minority ICRF heating at f=42.5MHz (dipole phasing) wasdus¢ the level of 3-4AMW.
Figure 2 shows the comparison between a discharge wistazd ICRF power (left) and a
discharge where the ICRF power was modulated.@t3Hz with a duty-cycle of dc=75%
(right). The non-modulated discharge is characterized sgquence of long sawtooth build-
ups followed by rapid crashes (b). The long sawteeth (pattiods exceeding 0.5s) always
trigger considerable N=2 MHD activity (though in this pulsentdd causing lasting NTM’s)
(c). It is interesting to note that, while this mode issent, the sawteeth are shorter and the
plasma performance is degraded (d). When the ICRF pasvenodulated in otherwise
identical plasma conditions, the sawteeth are efiity paced at the RF modulation frequency
and the N=2 activity is fully suppressed. Despite the 25%tedoaveraged ICRF power



applied, the peak temperatures are comparable to the mbiSERF power case. The total
plasma stored energy is also similar in the twoldisges, probably due to the absence of
N=2 MHD activity in the modulated case which partiallynpensates for the 25% lower time
averaged ICRH power applied (dc=75%). The insert in Fig.2ii-agows the details of the
sawtooth pacing dynamics: The sawtooth crash is delaydd redfpect to the RF notch
because it takes some time for the change in the fasti@aopulation to impact the core
electron profiles (slowing-down time).

JPN89819

JPN89826
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Figure 2: Comparison of two L-mode discharges with constant (89819) and 5Hzatedd{#9826)
ICRF heating, illustrating the successful sawteeth pacing and total esgipn of the N=2 MHD

activity in the latter: (a) ICRF power; (b) central eleatr temperature; (c) N=2 MHD mode
amplitude; (d) plasma stored energy.

One of the main objectives of these exploratory exparimwas to determine the range
of modulation frequencies that can be used to reliably pasgeeth. The main results are
summarized in Fig.3, which shows the experimental sawtoetiods as function of (crash)
time obtained in similar discharges with different RBdulation frequencies,§q= 0 (RF
const.), 2Hz, 3Hz and 5Hz (dc=75%). The RF power was roughistaot (R~4MW) and
the H concentration was similar (X[H]=2-3%) in alkdharges.

In the non-modulated case one recognizes the compositeesh dynamics with long
(0.5-0.7s) sawteeth interleaved with very short ondsiclwoccur during the phases of
enhanced N=2 MHD activity (see Fig.2). When the ICRF paowenodulated at 2Hz, the
maximum sawtooth period is, as expected, reduced to 0.5s hdher sawteeth still exist
since the N=2 modes are not yet fully suppressed. In theaBHiBZHz RF modulation cases,
the N=2 activity is absent and the large majority of sheiteeth follow the RF modulation
frequency, illustrating the efficient sawteeth contriolained in these conditions.



The relative number of RF-triggered sawteeth (normadlite the total number of
sawteeth detected) increases with modulation frequieany45% at 2Hz to 70% and 85% in
the 3Hz and 5Hz cases, respectively, since less spootasawteeth occur in the latter. The
triggering efficiency, defined as the number of RF-triggesadteeth divided by the number
of RF notches is high in all cases, 80% at 2Hz, 83% at&tdz88% at 5Hz, and does not
depend strongly on the RF modulation frequency in theedumbnditions.
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Figure 3: Sawteeth period vs. time for 4 similar L-mode dischavgts constant and modulated
ICRF power with fixed duty cycle = 75%.{f= 0, 2Hz, 3Hz, 5Hz).

The main drawback of imposing a prescribed RF modulatidhaisthe ICRF power
switch-off is not optimized, i.e. the power can leenoved unnecessarily. Depending on the
plasma properties or more specifically on the charatteislowing-down time of the fast
particles, this undesired effect occurs when naturalestivare faster than the RF modulation
frequency as well as when the modulation is too slt@gather. Ways of minimizing these
effects using real-time control of the RF modulatibased on the measured sawteeth
behaviour will be discussed in the next section.

4. Real time control

Despite the successful results, pre-programmed modulataveforms have two
disadvantages: (i) The power will be switched-off anywaven if a sawtooth crash just
occurred; (ii) The RF-off time interval is fixed, whichduces the effective (time averaged)
ICRH power applied to the plasma. To minimize these undkesifects, a real time control
(RTC) of the RF modulation was developed. The algorithbased on the real-time detection
of the sawteeth crashes (via SXR measurements) awdriking principle is simple: (i) Once
a sawtooth is detected, the algorithm waits an imposeal ititerval (the assertion tint)
before switching-off the ICRF power; (i) As soon agld@tects an RF-induced crash, it re-
applies the ICRF power. A maximum time before the gois reapplied can also be set, in
case the SWT detection fails.

An example of successful sawteeth pacing with rea¢tcontrolled RF modulation is
given in Fig. 4, which shows the time traces of an L-midideharge with similar parameters
to the ones discussed in section 3. As requested, the poRer is removedt =150ms after
the previous detected sawteeth crash, avoiding the occermnany long sawteeth (the
natural sawtooth period is typically above 0.5s when tliRFI@ower is constant). The right



figure (zoom) illustrates the main advantages of thec&itrol network: (i) The RF power is

only removed after the assertion time of 150ms has edapsice the last sawtooth crash
(t=49.74s); (i) The RF power is re-applied immediatelgraa sawtooth crash is detected
(~6ms are necessary for sending the signal fronR{h€ network to the RF plant and re-
apply the power). Because the RF power is only switchedoén needed, the triggering

efficiency is near 100% and the ‘RF-off’ time intervéi®tches) are reduced with respect to
the pre-programmed modulation cases.
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Figure 4: Example of an L-mode discharge with sawtooth pacing usingimsleontrolled ICRF
modulation. The assertion time is 150ms leading to a constant sawtegtiericy of approximately
2Hz throughout the discharge.

Figure 5 shows the experimental sawtooth periods as funofigcrash) time obtained
in similar discharges with different real-time cofied ICRF modulation settingat= 2s (RF
const.), 400ms and 150ms. The RF powes{BMW) and the H concentration (X[H]~3%)
was similar in all discharges. The non-modulated (Bfst) discharge was performed with
the RTC time delay set to a very large value (2s) sgtwer is never switched-off and the
sawtooth dynamics is very similar to the reference hdigge 89819 (Fig.2-left). The
At=400ms RT modulated case successfully limits the maxirpanod of the sawteeth to
~450ms, which corresponds to the switch-off time dalgdded to the slowing-down time
of the heated RF ions onto the electrons, as discUst®zd Similar to pulse 89820 with fixed
2Hz RF modulation (Fig.3), the shorter sawteeth stitup (interestingly concentrated around
half the switch-off period, because the N=2 modes tleescited following the longer
(450ms) sawtooth intervals. The triggering efficiency is 100% a large fraction of the
sawteeth is shorter than the RF imposed period ATh&50ms case shows ‘perfect’ sawtooth
control at ~2Hz At + slowing-down time) and the N=2 activity is completalysent. In this
case the triggering efficiency is also 100% but practicdllyaavtooth crashes are induced by
the ICRF notches.
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Figure 5: Sawtooth frequency vs. time for 3 similar L-mode dischavigeslifferent RTCC switch-off
time delaysAt= 2s (RF const.), 400ms and 150ms. The actual sawtooth period expect=sponds
to At + the electron slowing-down time of the fast ions (~2Hz and 5Hz).

The effective duty-cycle of the applied ICRH power ilNJB9823 (~2Hz modulation)
was dc=95% (significantly higher than in the pre-programmedulation discharges (75-
80%) reflecting the clear advantage of RT control top@hathe RF power as quickly as
possible. In JPN 90637 (~5Hz) the effective duty-cycle is retltme’5%, since the RF-on
period starts to become closer to the minimum necessdch time for inducing a sawtooth
crash (as discussed later). The natural reduction ofGR# power duty-cycle with the
sawtooth pacing frequency observed with real-time comtfdhe RF modulation is not a
problem in practice though, since the idea is to maximieesdwtooth period (highered
while still avoiding inducing deleterious MHD activity.

5. Preliminary H-mode results

In H-mode plasmas there are a few additional diffiealtio be overcome for successful
sawtooth control with ICRH: (i) The plasma density ighar and the RF-induced fast ion
tails are harder to extend; (i) The slowing-down tinhiehe fast ions is typically longer and
one could expect that larger RF notch times are needegder a sawtooth crash; (iii) The
central NBI ions also have a stabilizing influence on ititernal kink mode and the RF
switch-off has to be strong enough to overcome thecteffenaturally longer sawteeth with
NBI. Unfortunately, there were no dedicated experimentsysbematically investigate the
performance of the RF modulation technique for sawtoothraom H-mode so far.
Nevertheless, promising results with pre-programmed ICRidutation have been obtained
in a few cases using moderate NBI power, as discusséd nex

In Fig.6 two similar H-mode discharges with constant)(leftd modulated (right) ICRH
are compared. In both cases the plasma parameter8w& & T, b=2.5MA and ~10MW of
NBI power was applied on top of 2-3MW of ICRH power (a)-&ws H minority ICRH at
f=42.5MHz (dipole phasing) was used and the RF power was lateduat 3Hz (duty cycle
75%) in pulse 89976. The typical central densities are c@abfgato the L-mode discharges
discussed earlier ¥ (5£1)x10"/n.
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Figure 6: Comparison of two H-mode discharges with constant (89939) anch8Hizlated (89976)
ICRF heating, illustrating the reliable sawteeth pacing and total supmmesdgithe N=2 MHD activity
in the latter: (a) NBI and ICRH power; (b) central electron pemature; (¢) N=2 MHD mode
amplitude; (d) plasma stored energy.

Although the sawtooth dynamics of the non-modulated pw@sembles the L-mode
example shown in Fig.2 (89819), the sawteeth are muchridr@ebs) due to the additional
stabilizing effect of the NBI ions and the intensity (andation) of the N=2 MHD activity is
larger. In some cases, the amplitude of the N=2 modeedrd the threshold for safe plasma
operation and the discharge was stopped by the protectb@nsysometimes leading to a
disruption during the landing process). When the ICRF povesr modulated at 3Hz (right),
clear sawtooth pacing was achieved despite the modest NERIgdower fraction (~25%) and
the N=2 modes were totally suppressed.

Different modulation frequencies have also been desteH-mode and the results are
summarized in Fig.7. The y-axis of the RF=const. case leen extended to 2s to
accommodate the very long sawteeth observed. Becauker hstpwing-down times are
expected in H-mode (higher)T the duty-cycle of the RF modulation was adjustedefach
modulation frequency to allow enough time for the ICRéich to potentially induce a
sawtooth crash: dc=80% (2.5Hz), 75% (3Hz), 60% (5Hz)Xhe f..+~2.5Hz case, reliable
sawtooth control is achieved but only in the first partledf discharge. At t=52s the NBI
power is dropped from 10MW to 5MW and the RF absorption priegeate not adequate for
sawtooth control in the new conditions. Thes#3Hz case shows reliable sawteeth pacing
throughout the discharge (with constant NBI power) dnedstiwtooth dynamics is similar to
the one obtained in the reciprocal L-mode discharge3Fi89821), despite the slightly lower
ICRH power and the presence of NBI in the H-mode casaveder, unlike the L-mode
results, it was not possible to control the sawtegethe 5Hz RF-modulated discharge. Due to
the presence of the stabilizing NBI ions in H-mode, @avgry second RF notch triggers a



sawteeth at the given heating conditions and the eféesawtooth frequency is twice the
modulation frequency. During the first ICRH notch duringaat®oth cycle, the removal of
RF power does not induce a strong enough perturbation afotieefast ion population to
produce a sawtooth crash and the central temperature recoastaint (or starts to decrease
slowly if the NBI power is not enough to sustain it). WHee RF power is re-applied, the
central temperature starts increasing again and by thediirttee second ICRH notch, the
stability conditions are sucthat the reduction in the fast ion population is sudfitifor a
sawtooth crash to be induced. There were H-mode exarfwilbsoptimized ICRF settings)
in which reliable sawtooth control at.f=5Hz was achieved during short periods (~2s) but a
clear validation of sawteeth pacing at high RF modulafiequency throughout the discharge
has not yet been achieved.
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Figure 7: Sawtooth period vs. time for 4 similar H-mode discharg#s ednstant and modulated
ICRF power (foq = 0, 2.5Hz, 3Hz, 5Hz). The duty-cycles were adjusted accordititgetmodulation
frequency: 80% (2.5Hz), 75% (3Hz), 60% (5Hz) to allow long enough RF noldtee$CRF heating
is not sufficiently optimized for pacing the sawteeth,gt=bHz and the effective sawtooth period
ends-up being twice the modulation frequency.

6. Time delays (slowing-down)

Although the actual physics of sawtooth stabilisation Isy ferticles is quite complex
and depends on details of the fast particle distributimetion in specific regions of the
plasmal26-27], the basic characteristics of the described metlaodbe illustrated via first
principle plasma parameters such as the slowing dovendirthe fast particles. This was first
studied in[49] in RF switch-off experiments performed at JHTe slowing-down time of the
fast ions onto the electrons does not depend on th@daticle energy and is given b§(]

Tso =C.(ksTe)*%n. , where @ and & are the local electron density and temperature,
respectively, and C=2.9x10for H ions in deuterium plasmas (S.1. units).

Figure 8 shows the time intervals between the RF-affcfr) instants and the respective
sawtooth crashes in an L-mode (left) and in an H-modshalige (right) with the same RF
modulation frequency h~3Hz). Both cases were done a=B.7T / k=2MA with 4AMW of
on-axis modulated H minority ICRH at f=42.5MHz (dipole phgy and Rg=10MW was
applied in the H-mode discharge. The maximum core eledenmperatures are respectively
Teo=3.5keV (L-mode) and &5=4.5keV (H-mode), and the central plasma density is ginmla



the two pulses, g=5x10"/m®. The dotted traces represent the electron slowing-diometsp
computed from the experimentabm@nd Teo signals. The fluctuation in these traces is due to
the variation of the central electron temperaturenduthe sawtooth cycles.
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Figure 8: Time delays between the RF switch-off instants and theathwrashes for an L-mode (left)
and an H-mode (right) discharge as function of timg=RMW of central ICRH modulated at 3Hz
was applied in both cases. The dashed curves represent the ekdoirimg-down timersp inferred
from the core npand . measurements.

As expected from first order RF theory, the time delagsveen the RF switch-off
instants and the sawtooth crashes are comparable ttettioe slowing down time in both
cases. In L-mode the agreement is better since |GHRIENY is the dominant mechanism
influencing sawteeth stabilization. Although the agrednisnalso good in the H-mode
example shown, there is evidence of sawteeth pacing lamniger SWT delays than the
electron SD time in some pulses (as for #89976 at t=49.Bs).sliggests that the additional
stabilization character of the NBI ions can influenoce delay) the RF-induced sawtooth
triggering, but more studies are needed to quantify this effect

The correlation between the slowing-down dynamicthefRF accelerated ions and the
sawteeth triggering times is further illustrated in FigMhere the results of a statistical
analysis of a number of L-mode (left) and H-mode (digtischarges are shown. The curves
represent the experimental distribution function efwhaiting time from the start of the ICRH
notch to the next sawtooth crash. This distributionetimpresent the relative number of
triggering events detected in a narrow time window as ifumcif the time delay between the
ICRH power notches and the subsequent sawtooth crasteedatiehare taken from a series of
similar discharges (with different RF modulation frequies). The statistical results confirm
that the highest sawtooth triggering probability is indeadred around the lower boundary
of the typical electron slowing-down time of the fasts, both for the L-mode (40-70ms) as
for the H-mode case (80-110ms). The fact that the pratyadistribution is broader in the
latter corroborates the fact that it is more difficto lock the sawtooth cycle to the RF
modulation frequency when the stabilizing effect of thet MBI ions is present and that other
process contribute to the impact the of the fast i@tridution function on the sawtooth
stabilisation in these conditions.
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Figure 9: Statistical analysis of the delays between the RFisaffdcime and the sawtooth crashes
for L-mode (left) and H-mode (right) plasmas. The grey areas repréise typical electron slowing-
down time of the fast ions in each case.

In H-mode discharges, it was generally observed thah e sawtooth delays exceed
~1.5tsp, the sawtooth pacing is not efficient and only everyrosh&itooth is triggered by the
RF modulation (similar to Fig7, #90006). One additional effgnatt contributes to the
sawtooth dynamics in H-mode is th¥ Barmonic ICRH absorption of the NBI iof&0]. The
RF-accelerated NBI ions achieve high energies and msisily down on the electrons and
therefore also contribute to the sawtooth pacing prodéss. effect may, to some extent,
compensate for the background stabilizing character of Bleidths and explain why the
SWT delays are still well correlated with the slowohgwn time in most of the H-mode
discharges studied.

The statistical analysis of the time lags, even ifaod first approximation is not
necessarily conclusive, since it can be potentialfecééd by spurious effects such as
accidental coincidences or particular features of ékperimental signals. Therefore two
complementary and more advanced techniques have alsodéplayed to consolidate the
determination of the correlation between the switchifiggbthe ICRH and the triggering of
sawteeth: Transfer Entropy and Recurrence Plots. TEarShtropy is an information
theoretic criterion, which was originally developed toedetine the causal relations between
time series [51]. It can be used to determine the timmaacimum influence between signals
and in this sense it has already been applied to thesasset of the efficiency of ELM
triggering by pellets [52]. Recurrence plots constitute tequnsolidated tool for the analysis
of the dynamical properties of systems [53]. The versialfed Joint Recurrence Plots has
been devised to investigate the mutual influence betweeanugal systems. This approach
has also been very useful in the determination otffextiveness of the pellets in triggering
ELM’s [54]. On important point to appreciate is that b@tlansfer Entropy and Recurrence
Plots do not consider only the time lags between sgimatl take into account the behaviour
of the entire time series and can therefore provideemsliable indications. With regard to
the experiments of sawtooth triggering with ICRF modutatieported here, the two methods
have been use to analyse the same discharges shokig.c¢h The results of both methods
confirm the conclusions derived by the direct analysiheftime lags between the notches of
the RF and the respective time crashes: in both LFamdode plasmas these intervals are
consistent with the lower bund of the slowing dowretiof the fast ions on the electrons.



7. Summary and Perspectives

Reliable sawteeth control was achieved with modulatedxes ICRF heating in JET-
ILW L-mode discharges with 82.7T, b=2MA. Central H minority ICRH at f=42.5MHz
(dipole phasing) with R=3-4MW was used with modulation frequencies ranging frem 2
5Hz. While the non-modulated reference plasmas wereadtesized by long sawteeth
(t>0.5s) and considerable N=2 MHD activity following the s@th crashes, the discharges
in which the sawteeth were paced with¢3Hz showed complete suppression of the N=2
modes. The triggering efficiency (number of RF-triggeredtesath over number of RF
notches) is typically above 80% in all cases studiee. [&h time between the RF switch-off
instant and the sawtooth crash is correlated to the@tesbowing-down time of the fast ions
and does not depend on the RF modulation frequency stuted range.

A real time control network was developed to contra tRF power waveform
according to the sawtooth dynamics detected in real timegltine discharge. This has the
advantage of avoiding unnecessary RF-notches and minimizngRswitch-off time, since
the power is re-applied immediately after a sawtootlsicria detected. With RTC, the
triggering efficiency is practically 100% and the equivalduty cycle of the RF modulation
is increased as compared to pre-programmed RF modulation.

Preliminary investigations indicate that this technique alano be applied to low NBI
power H-modes (B=2.7T, b=2MA, Pyg~10MW) at moderate ICRH power levels (2-4MW),
despite the stabilizing contribution of the NBI ions.this case, reliable sawtooth pacing
requires more careful tuning of the ICRF heating parasé€ifF power, H conc.) according
to the discharge properties, but once the optimal donditare reached, the triggering
efficiency is comparable to L-mode80%). Sawtooth control at high modulation frequencies
(5Hz) is harder to achieve than in L-mode due to the stmgleffect of the background NBI
ions. The delays between the RF switch-off instantksthe sawtooth crashes also correlate to
the electron slowing-down time of the fast ions insincases, but there are indications that
other effects — such as the NBI stabilization — conteibiat the actual time delay for a
sawtooth to be triggered but more in-depth studies are needgdantitatively assess this
effect. Using RTC of the RF-modulation frequency in ¢hesnditions is expected to increase
the reliability of sawteeth control in H-mode and iarpied for future experiments.

Further experimental studies are necessary to detethmnbest settings for sawtooth
pacing in high power H-modes and which range of modulatequéncies can be used to
eventually validate this technique as a standard tool faasicedevelopment. One important
guestion is whether pacing the sawteeth at an optimaléncy is beneficial for minimizing
high-Z core impurity accumulation (often observed in hgglwer JET-ILW H-modes) and
how it compares with the impurity screening obtained byyapgplconstant RF power on-axis
(and not controlling the sawteeth). Another importantstjoe is whether this technique can
also be used in DT fusion plasmas, wheredahmarticles (in addition to the NBI ions) also
contribute to the background sawteeth stabilization. s be partly assessed in JET by
increasing the NBI power, while numerical tools that dbscthe competition between the
different fast ion sources taking into account theifedént particle distributions and the
synergy between them is still under development.
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