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ABSTRACT.

A consistent theoretical description of the global plasmamodes that are excited or suppressed by
the presence of ahigh energy particle population isgiven. The process stabilising resistive modes
that are considered to be responsiblefor the so-called “ sawtooth” oscillations of the central region
of the plasma column isidentified and described analytically.



Recent experiments on well-confined plasmas in regimes of thermonuclear
interest have convincingly demonstrated the influence of high energy particle
populations on the stability of global modes. During neutral beam injection
experiments, fishbone-like bursts in the temporal evolution of the soft X-ray
emission and of the poloidal magnetic field wefe observed by the PDX machine
experiments [1]. These bursts were correlated with the scattering of beam
ions. It was then pointed out [2], and subsequently reported [3], that the
excitation of a mode with toroidal mode number n = 1 and dominant poloidal
mode number m = 1, and with a frequency of oscillation w, in the plasma rest
frame, about equal to the thermal plasma ion diamagnetic frequency Wy =
- (c/eBrn) (dpi/dr) , evaluated at the radius r, of the surface where the
Iﬁagnetic helical parameter q(r) = 1, was a likely explanation for the onset
of these oscillations. In an alternative interpretation [4], the limit

wdi/th = 0 was considered and a mode with w = Wy, Wes proposed as the
relevant candidate. Here ‘:’Dh is a characteristic value (see below) of

(o)
Woh

particles with poloidally trapped orbits, with E their energy, T = (VI /V)2?

(E,C,r)., the bounce-averaged magnetic drift frequency of energetic

(B O/B) the pitch angle in velocity angle, and Bo the value of the magnetic
field B on the magnetic axis. In both models, the instability relies on a
resonant interaction between the mode and energetic trapped icons satisfying
the condition w = wlgg) (E,L,r). This viscosity-like process allows the
excitation energy associated with the plasma pressure gradients to be
tapped.

The relationship between these two models has been clarified recently
[5-9]. In Ref.[5] it was first reported that, in the limit U = wg,/wy
<< 1, two distinct "fishbone" regimes exist for different values of the

energetic ion polcoidal beta, Bph’ separated by a stable window. The two




regimes coalesce, and the stable window disappears when cf) i n 1, which is the

ordering appropriate to the early experiments of the PDX machine. An example
of the stable damain that can separate these two regimes in the plane defined
by the parameters wdiand Bph = (@A/th) (e o/so) Bph is shown in Fig.1 for TVED
= AHwA/th = 0.1. Here, Ay is the ideal MHD stability parameter [10,11]
related to the negative of the well-known functional &W, wAE vA/wf 3 Ro' Vp T

=rg (ro) the local magnetic shear parameter, €= ro/RO,

2 172
(B /4mini) . Sy

and RO is the torus major radius. The appropriate definition of B phin the

anisotropic limit p”h'» € op_lh' with p”h and plh the camponents of the

1 N A ~
energetic ion pressure tensor, is B, = —[8n/B3(r )] [ &r r3-2 g(rr-2
ph DO
o) _|_h) /dr, where ¥ = r/rO and Bp is the poloidal magnetic field.

The existence of a "stability window" is important for the understanding
of plasrﬁa regimes recently attained by the JET machine, where the m = 1,
n = 1 mode activity has been suppressed for periods ,7 in same cases, exceeding
38 during ion cyclotron resonant frequency (ICRF) heating (where highly
anisotropic ions with p i >» p“h and energies in the MeV range are produced)
and/or during neutral beam injection [12]. However, while the absence of
fishbone oscillations in these plasma discharges could be so understood
[5-7], the problem of explaining the concurrent suppression of the larger and
more important soft X-ray relaxation oscillations (the so—called "sawtooth
oscillations") remained partly open [6]. In fact, the sawtooth relaxation is
generally believed to be initiated by a low-frequency m = 1 mode with w*e/w a1
< Re (w/wdi) < %, which can be unstable for a wide range of values of the

relevant plasma poloidal beta, B = [811/B12) (r)) kp> - p(r)1, in the presence

p
of finite electrical resistivity (angle brackets denote volume average in the

region where g < 1). Here Wag (w*e/wdi < 0) is the frequency of the electron




drift mode. This instability, usually referred to as the resistive internal
m = 1 mode [10], is associated with a branch of the m = 1 dispersion
relation that is different from ‘that related to the fishbone instability. It |
is therefore important to show, as we do in this Letter, that full
stabilization of resistive modes can be achieved for relatively small values
of Bph and realistic values of Bp.

When the plasma resistivity is neglected, the dispersion relation for

m = 1 internal modes was shown in [5-8] to be

[w(w - uudi)]l’2 = iuuAD\H + AK(w)]. (1)

valid for ?\H + Re }‘K > 0, where AK N eonh/so is a complex function of w that
is contributed by the energetic particle population. The real part of AK(w)
represents the work needed in order to displace the venergetic particles.
This work is done by the perturbed electric field, against the perturbed
current density of the energetic particles in the plasma volume inside the

g = 1 surface. For monotonically decreasing pressure profiles of the
energetic particles it is positive (stabilizing) when w/E)Dh < 1 and negative
(Gestabilizing) when w/cT)Dh > 1, The imaginary part of AK(w) is contributed
by the energetic particles that resonate with the mode and can be viewed as a

form of energy dissipation. These cambined contributions can be rewritten as

Y

n .
g = J QsxE* - (V"li) with ¥ the plasma displacement and 5; the perturbed
pressure tensor of the energetic particles. The full definition of >‘K and
details of its derivation can be found in Refs.[3,6-8]. In Fig.2 we show the
real and imaginary parts of AK(w) = (so/eoB ph)>\K(uu) . We have used the model
distribution function given in Ref.[7], describing energetic ions, with

mostly trapped orbits, accelerated by ICRF waves [12]. Note that Re AK =0




for w = ‘I’Dh' For this distribution, and neglecting plasma shaping
contributions, wy= 1.2 cE (1 + 2s_)/(Z,€BR r ), with E; the average value of
E and Zhe the fast ion charge.

Equation (1) has a "high frequency" branch with w;;/2 < aDh'
corresponding to the mode responsible for the excitation of fishbone
oscillations, and a low frequency branch with 0 < w < wdi/z, corresponding to
the mode which becames unstable in the presence of finite electrical
resistivity. If 0 < }‘H + Re AK <w di/(ZUJA) , the resonant interaction tends
to darrqp this mode [6]. However, as Ay + Re A - 0, the mode frequency tends
to zero and the resonant contribution disappears. Equation (2) cannot be
used for non—-positive values of >‘H + Re AK' where the stability of the lower
'frequency branch is determined by the zero frequency limit of the energetic
ion respohse and by dissipative processes mainly involving the bulk plasma
species in a layer around the g = 1 surface. Referring to the extensively
developed theory of m = 1 resistive modes, the role of >‘H is now taken by }‘H
% AK(O) which depends on the energetic particles and becames increasingly
negative with increasing Bph

The expression of 7\K(0) in the limit where most particles are trapped is

[6,13]
4nseo 5 3.2 1 R gyzhmax - qI I aFoh
NO =g o [ &GS OV—QT——CdﬂdeEa”—' (2)
p o T 0 h, . d 8r
+eo
where h = B /B, hy . s = 1% r/R,, O, = {e (de/2m) (1 - L/h)-*72, 6 is the
0
magnetic turning point of the trapped particles, I c = (cose) (0) I q=
(cosq8) (0) and Id = [(cosB + s6 sind)] (0) . The carbination I& -q IcId




vanishes identically for g = 1. For the model distribution function of

Ref. (7], AK(O) depends on ro/a, on <rp>/a, where rp = - (dn plh/dr)'l, on
the ratio p”h(O)/p_lh(O); and scales approximately as <1 - @>. Examples of
these dependences. are shown in Fig.3. Note that, because of a residual
contribution fram circulating particles, AK(O) is not exactly zero for

qo - 1. The next order term in the Taylor expansion of AK(w) is independent

of <1 -~ @. Its real part is of the form

OAK(w) -C (eonh/so) (w/th) (3)
with 1 {CX 2 for 0.5 < 9, <1 and 0.3 < ro/a < 0.5 (see Ref.[8] for full
expression). In Ref.[6], where the w R “’di branch was considered, <1 - @
was assumed to be small canpared with wdi/th’ and AK(O) was neglected.

However, neglecting AK(O) is not appropriate for the lower frequency branch

whose oscillation frequency goes to zero at marginal stability.

The relevant dispersion relation which extends Eq. (1) to negative values
of >‘H + AK(O), considering resistivity as the only dissipative process
present in the thermal plasma, and adopting a two—fluid collisional model, is

(3,14]

Wlw = wg;)17% = dw, Ny + A (0)1(Q372/8)TL(Q - 1)/41/T1(Q + 5) /41 (4)

A

. . » * = =
parallel resistivity, Wig = Weg * (1.71 eTe/eBrO) (dI‘e/dr)O and Weg

(cTe/eBrne)O(dne/dr)o. Equation (1) is recovered in the limit Q| »> 1.

2 = 4 -3 -1 — — = 1
where Q2 = iw en w(w wdi) (w w;e), en = n”sscz/(4nréwA), n, is the

As shown in Refs. [15,16], a stable damain against both resistive

internal modes and m = 1 drift-tearing modes exists for Qdi = deil/(wAea’-")

> 1 and for AHK = [AH + >\K(0)]/er1]’3 negative and such that Qd—}f < IAHKI < Qdi'




> Qa2

Mgt > S5

IAHKI 4s5 and AHK < 0, modes are very weakly unstable or campletely stable in

In the drift-tearing domain, characterised by the inequalities

the presence of electron thermal conductivity [17,18].

For the high temperature regimes of interest, the parameter Q. (<T3/2) R

di
1. Thus the relevant threshold is AHK < - Q:ié. Expressing this in terms of

B.ph we conclude that the resistive m = 1' branch is fully stabilised by the

energetic ions when

A(0)] 2 v lew, /., | (5)
AK S, thAH enAwdi ’

The stable domain is cbtained by cambining the threshold condition in Eq. (6)
at small Bph with that against the upper frequency branch at larger Bph'
Stabilisation can occur for lower values of Bph than indicated by Eq. (6)
when, as shown in Ref.[19], transverse viscosity arising frcam ion-ion
collisions is considered and IAHKI < 1 while Q31 is large. Indeed, the
threshold given by Eq. (5) is intended to be indicative since, as noted in
Ref. [6], the two-fluid model is not entirely appropriate in the low
collisionality regimes attained in recent experiments.

A consistent theoretical framework for interpreting the sawtooth-free
regimes in the JET experiments is thus brought together. In these
experiments, typical values of the relevant parameters are wdi/aDh = 10-%,
Qy =14 R/a = 3, while Bp varies in a wide range (Bp ~ 0.05 - 0.5).

For values of Bp below the ideal MHD threshold (AH < 0), stability against
the resistive branch is achieved by the carbined effect of the zero frequency
response of the energetic ions and of finite w i and w, e effects within the
transition layer. This applies, e.g., to high current, sawtooth-free regimes

in JET and more generally to the onset phase of the sawtooth-free regimes




when Bp is increasing but still camparatively low. For larger values of Bp,
and in partiéular for values significantly above the ideal MHD threshold, the
higher frequency branch of Eq. (1) is to be considered (see Fig.l). Stability
against this branch can be achieved by the sole effect of the energetic ions
up to values of Bp as large as three times the ideal MHD threshold. This
applies to the sawtooth-free regimes in discharges with moderate currents

(Ip £ 3M).

In Fig.4 we show the canbined stability damain in the (ABf)'Bph) plane as
obtained by adopting the approximate model }‘H = (3n/2)eé(ABf)) . where AB;3 = BB
- sz,mhd' and the model distribution function of Ref.[7] for mostly trapped
energetic ions produced by ICRF heating. No stabilization by energetic
trapped particles is possible above a maximum value of AB;). The experimental
findings are consistent with the fact that centrally peaked heating profiles
are advantageous for stability as they correspond to finite positive values
of Bph and are campatible with the extent of the stability window. 1In
addition, large currents causing ¢ < 1 on a large portion of the plasma cross
section reduce significantly the stable domain, since the maximum stable
values of Bpand Bph scale approximately as 663’2 and eéz, respectively.

We observe that the model adopted in Ref. [20] to analyse the effects of
finite electrical resistivity assumed A (0) = 0. On this basis, stability
for the resistive mode could be achieved only when the resonant interaction
dominates over resistivity [6], i.e. for values of Bp well in excess of the
ideal MHD stability threshold (Bp,nhd'\' 0.1 + 0.3) of internal modes. In
fact, this condition does not appear to be met in many sawtooth—free
discharges in JET. Furthermore, for the higher frequency root, taking >\K(O)
= 0 leads to the i;lcorrect result that the width of the stable window shrinks
to zero in the limit wdi/a)Dh - 0 (see also Ref.[9]).

The o-particle population that is produced in a D,T burning plasma with

an energy at birth of 3.5MeV and with an isotropic distribution in velocity

_8_




space, has been shown [7,8] to enhance significantly the stability against
internal m = 1 modes. The main differences between an isotropic and an
iso

anisotropic distribution of energetic ions is that A ™ €3’ 2B oh’ in

contrast to AY" v € By, and that ALE2(0) does not vanish with <1 - @ [8].
Thus, the stabilizing influence of isotropic energetic ions on resistive
modes persists even when <1 - @ is relatively small. With these differences
taken into account, the JET experiments with ICRF heating can be seen to
provide first hand experimental information on the enhancement of the
stability of global.modes that can be expected to occur in ignited plasmas.

This work was sponsored in part by the U.S. Department of Energy.
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Fig.2 Frequency dependence of the normalized reactive, Re Ag, and
dissipative, Im A, parts of the energetic ion contribution to them=1
dispersion relation. The definition of Ag{w) is given below Eq.(1).
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Fig.4 Stable domain, including resistive effects, in the (AB;, B,r) plane,
where AB2= B2~ B3 ,pa . Values of B, corresponding to B, g =0.2 are
indicated on the scale to the right. Curves (A) and (B) correspond to
the stability thresholds of the high frequency branch of Eq.(1) and of
the low frequency branch [Eq.(5)], respectively. We have chosen:

@pn/ wa=0.25; wg/w,=001; €,=0.13;g(r)=0.7+0.3 r/ro)% €,= 107,
The two curves are connected by the dashed line when transverse
viscosity is considered. Viscosity is important for 8, ~ 8, msq and for
finite values of B,, such that, as a consequence of the heating,

wgi/ (w4€, ) attains significant values. -
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