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ABSTRACT

The control of sawteeth is likely to be of critical importance for baseline scenario operation of
burning plasmas as large amplitude sawteeth have been shown to result in the triggering of neo-
classical tearing modes, which in turn can significantly degrade confinement. The stabilising ef-
fects of alpha particles in burning plasmas are likely to exacerbate this, so recent experiments have
identified various methods for amelioration. For example, counter neutral beam injection (NBI)
operation demonstrates that shorter sawtooth periods than those in Ohmically heated plasmas can
be achieved in JET, MAST and TEXTOR. It is found that whilst the energetic trapped particles
are always stabilising, passing particles can be destabilising. Furthermore, the effects of sheared
toroidal flow are found to cause both a change to the electric potential experienced by the particles
and alter the frequency of the particles in resonance with the mode, which results in a significant
change in the stabilising effect of the trapped particles, in agreement with analytic theory.

INTRODUCTION

Magnetohydrodynamic (MHD) stability of plasmas is a critical issue for baseline scenario oper-
ation of the International Thermonuclear Experimental Reactor (ITER). Based on experimental
evidence, it is thought that the fusion-batrparticles will lead to large amplitude sawteeth [1, 2],
which have been shown to result in the triggering of other instabilities called neoclassical tearing
modes (NTMs) [3], which can have deleterious ramifications for plasma confinement. As such,
recent experiments have identified various methods for the control of sawteeth in order to avoid
seeding NTMs whilst retaining the benefits of small, frequent sawtooth crashes, such as the pre-
vention of core impurity accumulation [4]. One such experimental technique is to apply neutral
beam injection (NBI) heating in the opposite direction to the plasma current. This has been shown
to result in shorter sawtooth periods than those in Ohmically heated (or co-NBI heated) plasmas
in the Joint European Torus (JET) [5], the Mega Aemp Spherical Tokamak (MAST) [6] and

the Tokamak Experiment for Technology Oriented Research (TEXTOR) [7]. Furthermore, each
experiment exhibits an asymmetry of sawtooth period with respect to NBI direction. This paper
reports on modelling of the stability of the plasma with respect tonthe = 1/1 internal kink

mode — which is generally accepted to be related to sawtooth oscillations [8] — in the presence of
NBI fast ions.

The trigger condition for a sawtooth collapse is believed to be associated with the linear stability
threshold for a reconnecting 1/1 mode. Although this differs from the threshold for ideal MHD
instability, it nevertheless depends strongly on the magnitude of the ideal potential ene&rgy,
OWinermai + 0Wiet. It has been proposed [1] that — provided the magnetic shear=atl, s,
exceeds a critical value — reconnection is triggered when > 61/, wherec is a normalisation
coefficient,r; is the radial position at which = 1 andp is the ion Larmor radius. In Reference
[1], a15D transport code was used to study the time evolutios, ¢ff), (t) anddW () in order



to determine when the trigger inequality is satisfied. Typically, the ideal potential etErgs)

is positive (ideal stable) and reaches a quasi-stationary value on a relatively short time scale (the
reheating timescale fail;;,, and the energy deposition timescale §&¥},), while s;(¢) andr; ()

evolve on a slower timescale, determined by core resistive diffusion. Assuming that the trigger
criterion can be represented by a linear time dependence (for~ r¢/7,, with 7,, a measure of

the resistive diffusion time, and a quasi-stationary valuélof(t), then the sawtooth period,

can be represented in the fomyr, ~ (6Wy, +6W},)/cry with longer ramp times predicted when

oWy, is larger, and shorter ramp times predicted wh#n, is smaller. In what follows we assume

that this applies so that the sawtooth period is roughly proportiongiito

EXPERIMENTAL RESULTS

In JET, a power scan was performed at constant density in both the normal operating regime (co-
NBI) and with toroidal field and plasma current reversed (counter-NBI) [5]. Sawtooth behaviour is
compared in plasmas with =2.5MA, Br=2.7T,q95=3.6 in Figure 1. Here we use the convention

that negative beam power means injected in the couptdirection, whereas positive power is
injected in the same direction as the plasma current. It is found that as the co-NBI is increased
the sawtooth period also increases. Conversely, as the counter-NBI is increased, the quiescent time
between sawtooth crashes decreases to a minimum, 27ms significantly shorter than in Ohmic
dischargesy "™ ~ 70 — 80ms, before subsequently lengthening at high counter-NBI powers.
The sawtooth period is minimised when there is approximately 3.5MW of counter-NBlI, and for
up to 7MW the sawtooth periods are smaller than in Ohmic plasmas.

Similar results have been obtained in MAST [6]. Sawtooth behaviour is compared in MAST
plasmas with approximately matching flat-top current, magnetic fields and plasma shapes. Since
MAST is a tight aspect-ratio spherical tokamak with low moment of inertia and high injected
beam power, the rotation speeds are significantly higher than in previous JET results [5]. Figure
2 shows the sawtooth period from a collection of shots which conform to the following parameter
ranges:, € [680, 740]kA, Br € [0.35,0.45]T andn, € [1.6,2.2] x 10*m~>. Itis evident that for
counter-NBI powers up to 1.5MW the sawtooth period is comparable to, or shorter than, typical
Ohmic heating sawtooth periods{™* ~ 10 — 15ms). In MAST, the asymmetric stabilisation
of sawteeth has been explained in terms of the direction of strong toroidal flows relative to the
ilon diamagnetic drift. [6]. Whilst fast particles do have a stabilising influence upon sawteeth
in spherical tokamaks, they cannot explain the experimentally observed minimum in sawtooth
period. However, in larger aspect ratio devices, where the toroidal rotation is smaller, the sawtooth
behaviour can only be explained by the effects of the fast ions.



THE EFFECTS OF ENERGETIC IONS FROM NBI AND MODELLING USING THE
HAGIS CODE

In order to study the effects of anisotropic fast particles on the internal kink mode we use the
HAGIs code [9]. HaGIS solves the Hamiltonian equations describing the guiding centre motion
of ions in realistic toroidal geometry. The code has been extended to calculate the contribution
of the fast beam ions to the potential energy of the internal kink mold&, The code now also
includes the effects of the equilibrium flow shear, which modifies the toroidal precession frequency
of the particle orbits as well as the electric potential experienced by the beamjons; Byv¢ /q
where ¢y is the electric potential due to the plasma flaw,is the toroidal rotation velocity; is
the minor radius B, is the equilibrium magnetic field. The eigenmode structure is computed by
the MHD stability analysis code, MHKA-F [10], which includes the effects of flows and ion
diamagnetic drifts in toroidal geometry. Adis subsequently employs a perturbative approach
to find the kinetic effects on the stability of the mode, which is justified sifice ~ 0.20puk
(8 = 2uop/B?) and it is appropriate to assume that the kinetic modificatiofibfdoes not alter
the form of the perturbatiory, HAGIS treats the effects of finite orbits on the adiabatic response
to the internal kink mode, as well as the effect of pressure anisotropylan which have been
neglected in other hybrid kinetic-MHD codes [17]. The kinetic effects of thermal ions at finite
rotation have not been considered since this was examined in Reference [11].

The fast ion distribution function is separated into an equilibrium compon"@(ﬁP,Pg,u),
and two perturbed componentsf;, = ¢ fu, + 0 f,r, @ Non-adiabatic (kinetic) and an adiabatic
(fluid) part respectively. Here, the particle energ$ & mwv?/2), the canonical momenturﬂP@ =
Bemu /B — ei,) and the magnetic moment (= mv? /2B) are the unperturbed constants of
motion, where( is the toroidal angley is the particle mass; is the particle velocity;), is the
poloidal flux,e is the fast ion charge and™and “ 1" mean components parallel and perpendicular
to the magnetic field respectively. Analytic theory developed for large aspect ratio circular plasmas
[12] implies that these contributions to the perturbed distribution function can be expressed as

o0

5o ~ lzz_:oo - iuAQAi?n<gwihZWb g?; o i(wHwp ()t (1)
anddfuy ~ & - Vibdfn /0P Wherew., = 9f,/0P2(0fn/0E°)~" is the hot ion diamagnetic
frequencyAQ = Qg(r) — Qg(r) is the sheared toroidal plasma rotatiaris the Doppler shifted
mode frequencyy, = 27/7, andT, is the poloidal orbit transit time. In Msis the adiabatic [13]
and non-adiabatic components of the perturbed distribution functiongie:= agafo/apg +
0 fo/OE® andd fr,. = —?gafo/an — £0f,/9E° respectively, where the covariantomponent
of the magnetic fieldB, = g(v), £ is the energy and the vector potential is givendy= aB,.
Givend f, the hot particle contribution to the potential energy of the: 1 internal kink mode is
then calculated as [14, 1, 15]

oWy, = ;/dl“(mvﬁ + uB)ofy Z K- g(m)* (r, t)e*i(anmé) (2)




whered is the poloidal anglex = b - Vb is the magnetic curvature vector ahd= B/B. The
displacements, is expressed in terms of the electric potential, as¢ = b x V¢,. Using this
defintion of the displacement, Equation (2) can be simplified by using the iddntityb =

(V x b) x bsuchthats - & = (V x b) - V¢,.. The HaGgIs calculation of§V;, has been used

to reformulate the problem of finding the growth rate and frequency of another plasma instability
which is driven by the population of energetic particles — the Toroidal&iftEigenmode. The
result produced by calculatirdl” and then solving the dispersion relation [16] coincides perfectly
with that obtained from the Lagrangian formulation, which acts as a benchmarking exercise for the
oW, calculation in the code.

Previous modelling has concentrated primarily on the effects of the trapped fast particles [17].
However, the neutral beam heating in JET gives rise to a predominantly passing population. Recent
analytic theory [18, 19] has suggested that the co-passing energetic particles can stabilise the 1/1
internal kink mode whereas counter-passing fast ions can have a destabilising influence. Here,
these effects are modelled in general tokamak geometry for the first time, and are found to be of
paramount importance for analysing the asymmetric dependence of sawtooth stability with respect
to the direction of the NBI. Wanegt al [19] proposed that the non-adiabatic passing ion effects
arose due to the gradientf; integratedovertheq = 1 radius. In contrast, Graves [18] suggested
that the non-adiabatic passing particle effects are counter-acted by an adiabatic contribution, but
that an additional adiabatic contribution survives from the fast ions winiighsectthe ¢ = 1
flux surface. This latter mechanism dependsigp/0F; atq = 1 only and is more sensitive to
localised heating. Figure 3 shows the passing particle contributiohlipfor a non-symmetric
fast ion distribution which is Maxwellian with respect to energy and Gaussian with respect to pitch
angle. The distribution function is artificially taken to be zero outside a finite radius, indicated on
the z-axis. It is evident that when no gradient exists in a region arquadl (s ~ 0.3) bounded
by the orbit width, the passing ions do not contribute to the kink mode stability. The fact that
unbalanced passing ions contribute only via a radial gradielfit tlose toq = 1 has important
implications for sawtooth control in ITER using Negative NBI heating at varying deposition radii
[18]. The strong contribution of the passing particles comes from ions close to the trapped-passing
boundary where their orbit widthgy,, are largegW, ~ A,.

The stabilisation of the passing fast ions is determined by a contributiof/toof the form
WP ~ — [51(& - V(Py))(& - k)dr, whereP, is the hot particle pressure. First let us consider the
case of on-axis co-NBI. When a co-passing beam ion is born insidethesurface it experiences
a downwardV B drift, which means that it stays within tlge= 1 surface and never crosses it. The
distribution function has a negative hot particle pressure gradvg(it,) < 0, so this particle will
give a stabilising contribution when in the region of good curvature, but will be destabilising when
in the region of adverse curvature on the outboard side. These two contributions tend to cancel,
and the beam ions inside= 1 (which make up the majority of on-axis NBI ions) do not affect
the mode stability. However, the few ions which are born outigde 1 will only pass through



theq = 1 surface in the region of good curvature due to the downwagidrift. As such, these

will give a stabilising contribution to the kink mode (since elsewhgre 0). This is illustrated

in the cartoon in Figure 4. Intuitively the opposite is true for counter-passing ions which have an
oppositeV B drift upward from their flux surface; those born insige= 1 will only contribute

in the region of adverse curvature. Since they have a negative hot particle pressure gradient, this
makes the contribution from counter-passing ions destabilising. This mechanism means that the
n/m = 1/1 internal kink mode is stabilised by co-passing on-axis NBI ions or by counter-passing
off-axis NBI ions, but is destabilised by counter-passing on-axis NBI ions or co-passing off-axis
NBI ions.

MODELLING SAWTOOTH BEHAVIOUR IN JET NBI HEATED PLASMAS

In order to analyse the JET experimental results [5] concerning sawtooth stab#igisHhas

been used to calculaté’;,. Together with the contribution from MHD effects including toroidal
flow, calculated using MsHKA-F, the stability of the kink mode for a range of beam powers can

be evaluated. The JET discharge which has been analysed is shot 60998 (co-injected beams of
4.13MW, I, = 2.3MA, By = 2.5T, i, = 3.2 x 10"m~% andv; ~ 45km/s). The neutral beam
current drive has been calculated [5] and found to be broadly deposited and less than 10% of
the Ohmic current, meaning it is relatively insignificant in these discharges. The equilibria are
reconstructed using theBHENA code [20], which takes as input the plasma shapes;adfiles

from EFIT [21] and the pressure profile obtained from theANSP Monte-Carlo transport code

[22]. The position of they = 1 surface is constrained by the inversion radius found from the Soft
X-ray diagnostic. The pressure profile includes a contribution from the neutral beam fast particles,
which are treated as isotropic at this stage.

The fast particle distribution function was obtained frorRANSP. The exact distribution
function is retained, though it can be described approximately as a slowing down distribution
with respect to energy and a Gaussian distribution with respect to pitch angle, centred around
A =y /v = 0.5. The dependence of the distribution function upon energy and pitch angle is il-
lustrated in Figure 5. By retaining the complete distribution function, the complicated dependence
of the pitch angle distribution width upon the normalised poloidal flux and the particle energy is
treated accurately. This is important since the degree of anisotropy of the fast particle distribution
can significantly change the contribution of the trapped particlésiin

The contribution to the stability of the = 1 internal kink mode from each class of particles
for a static plasma is shown in Figure 6. The potential energy is normalised in the same way as
Reference [15] such thatl, = W, 0/ (672 Ro&2e B2) wheree, = 11/ R, ands, is the displace-
ment at the magnetic axis. It can be seen that for the realistic beam distribution function employed
in these simulations, the passing particles — which are often ignored in studies concerning ener-
getic particles — are as important as the trapped particles. In accordance with analytic theory [18],
the co-passing particles are strongly stabilising whereas the counter-passing particles give a desta-



bilising contribution which nearly balances the strong stabilisation from the trapped population.
Whilst only ideal stability is considered here, it has been shown [23] that including resistivity only
slightly modifies the stability boundary and the instability drive is still from the asymmetric pass-
ing ions. The non-adiabatic trapped particles are always stabilising [1], and for the level of parallel
anisotropy present in this distribution function, the adiabatic terms are only weakly stabilising. For
perpendicular injection it may be expected that the adiabatic contribution would be significantly
increased [15]. All contributions iV}, scale linearly with respect t,,; ~ Pnp1. The contribu-

tion from the passing particles helps to explain the different sawtooth behaviour exhibited in JET
when injecting the beam in different directions relative to the toroidal field, sinc¥ tharifts of

the energetic particles determine whether they are stabilising or not. However, as explained below,
only the inclusion of toroidal flow shear enables an understanding of the experimental minimum
in sawtooth period.

The effect of toroidal flow shear is modelled by prescribing the experimental toroidal rotation
profile measured by the Charge Exchange diagnostic. The co- and counter-NBI profiles are very
similar and are approximately linearly sheared with respect to poloidakfluw/hilst the absolute
values of the flows are only relatively small, there are strong toroidal $losarspresent in JET,
which can modify the stabilisation of the energetic ions [18]. The effect of sheared rotation on both
R(0W}), which quantifies the stabilising effect of the fast ions, &tdil’;,), is shown in Figure 7
and agrees well with Figure 6(b) of Reference [15].

Conservation of the third adiabatic invariadt,— which produces strong stabilisation from
trapped fast particles [1] — is only obtained [18] whny) + AQ — & > 0, where(w,) is the
bounce-averaged hot particle toroidal drift precession frequency. In tokamak plésowase-
sponds to the flux of the poloidal magnetic field through the area defined by the toroidal precession
of the trapped patrticle orbit centres. The flux through these current loops is conserved as they ex-
pand or contract. If the fast particle pressure is peaked in the plasma core, and a kink mode causes
the flux loop to contract, then the trapped fast particles are accelerated #umtwservation. As
such, the internal energy of the particles is increased, which means that the particles take energy
from the wave and so stabilise the kink mode. Since this condition is more readily satisfied for
AS) > 0, co-rotating plasmas with velocity shear support more effective stabilisation of the kink
mode. Conversely, the stabilising effect is diminished in counter-rotating plagkias:(0) since
d-conservation is inhibited, and the stabilising contribution can only come from the fewer higher
energy ions. At very large flows, Equation (1) tends to an asymptotic limit, as borne out in Figure
7, sinceAS) dominates both numerator and denominator in the expressioiifgy. The plasma
flow will only influence mode stability whefAQ2| ~ w,;. As such it is the collisionless response
of the low energy ions that is significantly modified by rotation. In ITER, the low rotation means
that the condition for sheared flow to influence stability is unlikely to be met.

When the non-adiabatic effect of the trapped particles is modified by the sheared flow, the contri-
bution to the stability of the internal kink mode changes significantly, as illustrated in Figure 8. For



each power, the modelled toroidal flows are as measured experimentally by the Charge Exchange
diagnostic. The mode frequencl,= w.; ~ 0.5kHz is of the same order as the toroidal plasma
rotation frequency. The minimum in mode stability occurs at approximately 3MW of counter-NBI
power, in excellent agreement with the minimum in sawtooth period exhibited experimentally [5].
This minimum arises because (i) the flow shear in JET reduces the stabilising effect of the trapped
ions injected counter-current, and (ii) the counter-passing ions provide a strongly destabilising
contribution. In co-rotating plasmas the sheared flows amplify the stabilising contribution from
the trapped ions, and the co-passing ions are also strongly stabilising.

ITER NEGATIVE NEUTRAL BEAM INJECTION

It has been proposed that sawtooth control in ITER will be achieved by lon Cyclotron Current
Drive (ICCD) [25] and Electron Cyclotron Current Drive (ECCD) [26]. However, the large alpha
population is likely to significantly stabilise the sawteeth [1, 2], so increasing the magnetic shear
alone may not be sufficient to cause a sawtooth crash. By using the off-axis co-passing Negative
Neutral Beam Injected (NNBI) ions, the= 1 internal kink mode may be sufficiently destabilised

so that the sawtooth crash can be triggered using the current drive from resonance heating. The
NNBI provides a mainly passing population of ions, and when the fast ions are aimed off-axis, the
hot particle pressure gradient is positive, so the co-passing ions can give a destabilising contribution
to 61, in accordance with Figure 4. Figure 9 shows the tét&], — comprising the contribution

from the alpha particles in the plasma core and the off-axis NNBI fast ions — with respect to the
injected beam power. Here, an ITER equilibrium is used suchthat0.2a, g = 0.95, By = 1.9

ands; ~ 0.2 and the NNBI fast particle distribution function is calculated usimpNsP[27]. It

can be seen that at the maximum beam power planned for ITER [28], the kink mode is significantly
destabilised by the passing ions. Further modelling of the current drive will be able to determine
whether this destabilisation is sufficient to allow the ECCD to increase the local magnetic shear in
order to trigger frequent small sawtooth crashes.

CONCLUSION

We have presented thorough modelling of JET discharges which exhibit asymmetric dependence
of 1/1 mode stability upon the direction of neutral beam heating. The effects of anisotropy and flow
shear have been included for both adiabatic and non-adiabatic trapped and passing fast particles. It
Is found that the passing ions, which represent the majority of energetic particles injected into JET
through NBI heating, are strongly stabilising when injected in the same direction as the plasma
current, but destabilising for counter-NBI. For co-NBI, the stabilisiatg rof the non-adiabatic
trapped ions is increased when flow shear is included. Conversely, for counter-NBlI, the trapped
particles are less stabilising. This means that the plasma is most unstable tokink modes

when heated with counter-current neutral beams, in accordance with the experimental data. The
guantitative agreement of the modelling is sensitively dependent upon the distribution function



and rotation profile, so the distribution function is taken from TRANSP modelling and the rotation
profile is calculated using the charge exchange diagnostic. Furthermore, this model is applied
to NNBI heating in ITER, where it is suggested that co-passing off-axis energetic ions can play
an important dle in destabilising thex/m = 1/1 internal kink mode, provided the inversion
radius is sufficiently small that the fast ion population resultant from the neutral beam is peaked
outsideq = 1. It is predicted that the off-axis NNBI, perhaps with ancillary current drive, could

be employed to trigger frequent small sawtooth crashes. By considering the effects of toroidal
flow shear and pressure anisotropy, a complete model now exists which can accurately simulate
n = m = 1 mode stability including kinetic effects in general toroidal geometry.

ACKNOWLEDGEMENT

This work was funded jointly by the United Kingdom Engineering and Physical Sciences Research
Council and by the European Communities under the contract of Association between EURATOM
and UKAEA. The views and opinions expressed herein do not necessarily reflect those of the
European Commission. This work was carried out within the framework of the European Fusion
Development Agreement.



REFERENCES

[1] PORCELLI F.et al,, Plasma Phys. Control. Fusion 38(1996) 2163
[2] HU B et al,, Phys. Plasmas 13(2006) 112505
[3] SAUTER Oet al,, Phys. Rev. Lett. 88(2002) 105001
[4] NAVE M et al, Nucl. Fusion 43(2003) 1204
[5] NAVE M et al, Phys. Plasmas 13 (2006) 014503
[6] CHAPMAN IT et al, Nucl. Fusion 46 (2006) 1009
[7] KOSLOWSKI HR Fusion Sci. Technol. 47 (2005) 260
[8] HASTIE RJet al,, Phys. Fluids 30(1987) 1756
[9] PINCHES SPRet al, Comput. Phys. Commun. 111(1998) 133
[10] CHAPMAN IT et al,, Phys. Plasmas 13(2006) 065211
[11] GRAVES JPet al,, Plasma Phys. Control. Fusion 42 (2000) 1049
[12] GRAVES JP,Phys. Plasmas 12 (2005) 090908
[13] CANDY Jet al, Phys. Plasmas 4 (1997) 2597
[14] BRIEZMAN B et al,, Phys. Plasmas 5 (1998) 2326
[15] GRAVES JPet al,, Phys. Plasmas 10(2003) 1034
[16] ZONCA F and CHEN L,Phys. Fluids B 5(1993) 3668
[17] ANGIONI C et al,, Plasma Phys. Control. Fusion 44(2002) 205
[18] GRAVES JP,Phys. Rev. Lett. 92 (2004) 185003
[19] WANG Set al, Phys. Rev. Lett. 88(2002) 105004

[20] HUYSMANS GTA et al, in Proc. CP90 Conf. on Computational Physics Proc. (World
Scientic, 1991), p 371.

[21] LAOL etal, Nucl. Fusion 30(1990) 1035

[22] BUDNY RV et al, Nucl. Fusion 32 (1992) 429

[23] KOLESNICHENKO Y et al,, Phys. Plasmas 12 (2005) 022501
[24] PORCELLI F,Plasma Phys. Control. Fusion 33(1991) 1601

[25] ERIKSSON L-Get al,, Nucl. Fusion 46 (2006) S951



[26] MUCK A et al,, Plasma Phys. Control. Fusion 47 (2005) 1633
[27] BUDNY RV, Nucl. Fusion 42(2002) 1383

[28] AYMARR et al, Nucl. Fusion 41(2001) 1301

10



250 0.04
r ° L
200+ )
0.03
s | 0
E E
- 150+ -
9 9
g3 t 8 0.02
K K
° g °
2 100~ L
» | »
: 0.01
50— ®
°
L ° 9 o r p
0 \ \ \ | \ L |8 0 \ \ | 8
-8 -6 -4 -2 0 2 4 -2 -1 0 1 2
NBI power (MW) NBI power (MW)

Figure 1: The sawtooth period in JET shown as a function  Figure 2: The sawtooth period in MAST shown as a
of injected neutral beam power. A clear minimum in  function of NBI power. A minimum in sawtooth period
sawtooth period occurs when the plasma is heated with  occurs when the plasma is heated with 0.7MW of counter-
approximately 3.5MW of counter-current NBI. (Nave et NBI. (Chapman et al [6])

al [5])

0.004
| Total passing contribution
0.003-
i Adiabatic passing
0.0021- 00 oo ooy Sontribution
1
1
- N S — S T
& ! Non-adiabatic
£ 0.001 i passing contribution
u]
I I
1
1
0 ® i
1
I
|- 1
1
]
-0.001+- i
O--_f 8
-0.002 \ \ \ 8
0.2 0.3 0.4 0.5

Minimum s at which f=0

Figure 3: The contribution to 0W, from passing ions for a hot ion distribution function nullified outside s =, [y .


http://figures.jet.efda.org/JG07.94-1c.eps
http://figures.jet.efda.org/JG07.94-2c.eps

Counter-passing

Co-passing

q =1 surface
g = 1 surface

A J

Adverse
curvature

Good
curvature

Adverse
curvature

Good
curvature

JG07 944}
JG07.94-4c

Figure 4: The co-passing ions experience a downwards VB-drift, which causes ions born inside the q = I surface to
stay inside q = 1, and those born outside it, to only cross the q = 1 surface in the region of good curvature, which
means that distributions with a fast ion pressure peaked inside q = 1 are stabilising, whereas those with a pressure

peaked outside q = 1 are destabilising. The opposite is true of counter-passing ions.

104"
o’.-?" o
8- 0,"“ :‘.”:(’; Vz::s\‘g:‘%‘l.',
64 ).,‘z’: !,'g"
& ﬂ"t"p't;, o \“
Al Mm "I 'l: 0:,’” ‘\“ B
2. f M\g»'. ‘”’"‘"0 ""I” \\‘ \‘“ =
“é"o P
Il ” v‘\"o"""m S ; ;_9,-0

ww«“ ‘

Figure 5: The fast particle distribution function as a
Sfunction of particle energy and pitch angle, A = v\/v, at r
a=0.35, 0= 0. The distribution function is approximately
Gaussian with respect to A for high energy particles, but
approaches isotropy for low energy particles. The
distribution function dependence upon A is also biased
in terms of radial location.

dw

0.06
L .
s
0.041\‘\,\ s
~ o
L e /
o yd P A
0.021 “a * el
.. /C A
N o oA
+ o ,
0 :-:_:4;__:_:_;_:—:;_51. . ‘\; B A
00095
[ """
AT
A"A’
-0.02 ax — Total
| ) o — MHD
o A w1 Trapped Adiabatic Particles
—0.04/z-" +-+ Trapped Non-adiabatic Particles |8
‘ ‘ ‘ ‘k-i Pass‘ing Partic‘les ‘ %
1 1 1 1 1 1 =
-08 -06 -04 -02 0 2 4 6

Beam power (MW)

Figure 6: The contribution to W from each energetic
particle species with respect to injected beam power for
a JET equilibrium (Pulse No: 60998) unstable to a 1/1
kink mode.
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Figure 7: The contribution to Wh from non-adiabatic
trapped particles for JET Pulse No: 59808 when there is
a linearly sheared rotation profile with respect to radius.

Figure 8: The contribution to W from each energetic
particle species with respect to injected beam power for
a JET equilibrium (Pulse No: 60998) including flow shear
effects.
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Figure 9: Total W, from the alpha particles and the NNBI fast ions combined as a function of injected beam power.
At the power available in ITER, the kink mode is significantly destabilised by the off-axis co-passing fast ions, and the
sawtooth may be triggered by electron cyclotoron current drive.
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