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ABSTRACT

Energetic trapped particles are shown to have a destabilizing effect on
the internal kink mode in tokamaks. The plasma pressure threshold for the
mode is lowered by the particles. The growth rate is near the ideal
magnetohydrodynamic value, but the frequency is comparable to the trapped
particle precession fregquency. A model for the instability cycle gives
stability properties, assoclated particle losses, and neutron emissivity
consistent with the "fishbone" events observed in PDX.
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In recent poloidal divertor experiments (PDX) with high-power nearly
perpendicular beam injection, bursts of large-amplitude magnetohydrodynamic
(MHD) fluctuations, dubbed "fishbones" from the characteristic signature on
the Mirnov coils, have been observed-1'2 These "fishbone" bursts are found to
be correlated with significant losses of energetic beam ions and thus have
serious implications for the beam~heating efficiencies and the achievable g
values in tokamaks.

Detailed experimental measurements have identified the mode structure of
the "fishbone” as an m= 1, n = 1 mode with additional m » 2 ccmponents,
supposedly due to the finite EBP toroidal~coupling effects. (Here m and n
are, vespectively, poloidal and toroidal mode numbers, g = a/R is the inverse
aspect ratio, and Bp is the poloidal beta.) The plasma pressure threshold for
the mode is consistent with that of the internal kink mode. The most crucial
feature is that all components rotate toroidally with a frequency comparable
to the precession frequency of the trapped beam ions. This resonance feature
indicates that proper understandi:.; of both the stability and the beam loss
mechanisms require a kinetic treatment of the plasma dynamics.

In this Letter, we employ & gyrockinetic desctiption3’4 for the trapped
beam ions and demonstrate that the internal kink mode can be excited at a
lower threshold than that of the ideal MHD prediction, with a frequency given
by the precession freguency. A model for the "fishbone” cycle gives MHD
amplitudes, particle losses, and neutron emissivity in close agreement with
those observed in PDX.

We consider a large~aspect-ratio tokamak plasma consisting of core (c¢)
and hot (h} components. For the purpose of formal orderings, we use
e = a/R << 1 as the small parameter. Since we are interested in the parameter

range of the first stability boundary of the internal kink mc:ode,5 we order
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ch ~ 0(1) and, for simplicity, Bph ~ 0{egl). Tenperatures are ordered as
T (~1 keV)/T, (~50 keV) ~ D(az), which implies ny,/n, ~ 0(e’) anq, hence,
overall charge neutrality may be assumed. We alsco have, for PDX parameters,
W dgn~ 6 x 10% 5> g, wgewy = VAR~ 2 x 108 and thus
lw/wg) ~ 1Ggp/wal ~ Dte2); similar to the usual internal kink ordering.® Here
‘;dh is the toroidal precession frequency of the trapped hot particles, and ye
and wg denote, respectively, diamagnetic and magnetic drift frequencies.
Consistent with the above orderings, we adopt the ideal MHD deacripticn
for the core plasma. For the hot component, however, we employ the
gyrokinetic description, neglecting the finite lLarmor radius correction. 7u

derive the corresponding normal mode eguation, we first sum up the

collisionleas equations of motion for each specles and obtain
_1 . .
=c(8ixB+jx8B) ~9sP -V -8 (1)

where [ is the usnal fluid displacement vector. In Eg. (1), noting that
"h/"c" 0(53), wiz have Pm = PoiMy+ In addition, the following ideal MHD
relations hold: §P_ = -[f « FP_ + yP_(¥ « £)], 8E| = iwf x B/c, §E =0,
65 =Y X (5 » g), and 6‘..:! = ¢V x §B/4n.-. The perturbed distribution of the hot

component, GFh, is given by3'4

(2)
and

lvll g—i— i(m-mthJGHh=i%Q6q|, (3)
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where E = v2/2, n= vl/ZB, wg is the cyclotron frequency, 23/38 = &y Ve
_ 2 _ I3 A a -

8 = 8 ~ v 8A /e + v 6B /26 cs Q = (WB/OE + wy ) F_ s wey, E ~(1/0 )le,
X ganoh)-g, ® 30 = _ixdh°-y' zdh is the magnetic drift velocity, and §¢ and
Gl\n are related to f by cgﬁ@ = - igg x B and udallc = = i3§¢/3%+ Noting that
the frequencies are much smaller than the hot-particle transit and bounce
frequencies, Eq. (3) can be solved readily for both trapped (t} and untrapped
{u) particles. We find that 5Hh'u = =edip/my and 5uh’t = ~eQf¢/ My + GGh,t,

where GGh,t = 20ET/(w = "T’dh)' Az (?Adg/lvnl)/(q:dg/lvnl) denotes bounce

averaging, and J = (uB/2)g . El - (1 = 34gB/2) gl . K with a = uy/E and

K = ag"/az. Substituting §H into Eq. (2), we have §E, given Dby
6By, = < - ¥P, L+ (P, - P e, g, + 6 L+ (68 ~ 6P Je e, vhere
P aB
SP -1 0
1 B o 5/2 2(1-aB)
7/2 1/2 =
] = 2B a0 - am) P ae B2 } (4)
&P B! R 1
il max

correspond to kinetic contributions due to the trapped energetic particles.
Substituting 6Eh into Eg. {1}, we have a complete normal mode equation in
terms of F.

To analyze the stability properties, we shall derive a dispersion
relation variationally. First, we obtain the following dispersion functional
by performing jd3’)f 5: on Eg. (1) and assuming a fixed conducting boundary,
o] = 8Wy o * 6W + 8I, where, with P = P_ + (P + P_)y/2,

2 .
1.3 Iﬁgll iy . -
6wbﬂw-51d-¥{ 4n "—C'(E&_fol)' 5§1'2(§1',‘ZPHEA1'EJ

+ sziy . 51 + 251 . '.5|2 + ch|g . 5|2} , {5}
Bpin
- -
&9, = -27/2n2mhjnﬂrdrj daf a5 2> T L5 (6)
-1 6 gy

max
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K = p(de/2ﬂ1(1 - oB) ; and 5 = = % mzjdaf pmlsl2 is the inertial

b
term. Wote that in the high- and low-frequency limits (with respect to wgy,

and :’dh)' GWk reduces, respectively, to that of the collisionlessﬁ‘-l and the

8-10 48 it sghould. To apply the

(2)
8w,

low-frequency kinetic energy principles

~

variational methed, we have, for the present orderings,
[Bh't/a][szlg/klzvj ~ 52 (les/nlzv) ~ 51(2’. Here, v is the volune,
superscripts denote the orderings, and we have noted, in ordering §I the
existence of an .inertial singular layer with a width AA -~ (w/uA)a ~ gza at
q(rs) H rBt/HBp = 1. The variational scheme then is to find a trial
function, 51;' which minimizes D to 0(33) or smaller. Since both 5WMHD and §I
lassusing !ImmzlflRewzl ~ 0(g) i.e., near marginal stability in the present
case] are variaticvnal, this minimizing procedure ias identical to that of ideul
MHD.S Let D(;t) be D, + Dg where D, and D, are the contributions from outside

and inside the singular layer, respectively. For the case of circular cross

sections, we have, for |r - rBI 3> Ay i.e., outside the singular layer, we have

€ as given by Bussac et al. We then obtain D, z DI£] as
2 w2
D, = W )[etj )[gtj + 0te?), where, for n = 1,
2) 2 2
6w L r B
MHD - 2,750, *
prranis ( B ) 1 l suy = |E_ | LG ) &, (7)
0
with 6?15‘ given in Ref. 5 and, to 0(53),
(2) 2 2
5w lg_ | r 1+r/R ©
—K =2 ,3/2 ro 5 5/2 2 [}
R T T M2 &2 Jo rdr-h_;é"‘mf de E =1,
° o W gy, "0
2
z lg I £2R 2) oW, . (8)

= p(ap/2ricoseit - am)" %, (1,1)  refers to m=1, =n=1, B =

By (1 = rcosB/R), and Aq = 1 ~ g{0) ~ 0(¢g) 1z assumed. Note that, assuming a
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parabolic g pzofi].e,s we have awf = 3ﬂAqr§(13/144 - 5::5)/Rc2: with Bps =
T
2,2 78 2
—(Ro/rs) ] r'g'dr.
o
Near the singular g = 1 surface, we have [|x| z |r - rsl - iAhl and the
Euler equation for 5: is
s
4t
d 2 '.2.2 2 rt
ax (M7 - PV =m0 2
here, |k['l| = q;/Ro. This equation can be solved readily and Ef‘t matched to

Eit using the causality ¢ondition. It is then straightforward to show

= eu o (g5 + 61V gl + 0ceh)

(=]
[l

s MHD
_ 2 2, 4
= 2nR (B r /2R )°lg _|° 1m/an) +0(g™) (10)
withm, = v. /(37K S) and & = r g'. Combining D_ ana D. Sthen yields the
A A [e] -] e s -

following dispersion relation:

- dw/, + SN, 8B =0 . (1
Here we emphasize that the terms in Eg. (11} are all formally of the same
order.

Some gqualitative features of Eg. (11) are worth noting. First, without
the trapped-particle term, G;FK. we recover the ideal MHD results which predict
instability for aﬁf < C. Marginal stability occurs at o = 0. Within the
present orderings, the inclusion of G;ZK has little effect on the marginal
stability condition at @ = 0, but it has the most interesting effect of
introducing an additional branch of solutions to the dispersion relation. 1In

contrast ©o the ideal-MHD branch, this trapped-particle .-duced branch can
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become unstable at w = w, aud Gﬁf > 0. This point can easily be seen by
gubstituting iInto aﬁx a mono-energetic, single magnetic moment distribution
Foh+ We cthen find a thresholdless unstable solution with w, = ‘-"'dh and wy
increasing with <g, .> (the average trapped-particle g within the gq =1
surface) and m.h/ad_h > 0. One physical explanation of this new instability

mechanism is that, for the internal kink mode with o = w X adh' the core-

r
plasma MHD mode is positively disaipated due to the Alfv;n resonance at the
Wy ® Wyva singular surface. The hot trapped particles, however, have a
precession mode which is, in character, either negative-energy or negat.ve—
dissipation due to the wave-particle resonance. The inatability is thus the
result of coupling between these two modes. The threshold condition then
corresponds to the nature of the precession mode.

In order to make detailed comparisons with the PDY cxperiments, in
principle, Eq. (11) should be solved numerically, employing realistic
equilibria, 5!‘:15 and Foh‘ Many interesting features, however, can be derived by
assuming the following model distribution function for the slowing-down beam
ions; Fop = 002_3/26((; - qu for LU R where colr) = Bpir)
Bb/(ﬂszothQZE-/zEm), Kyo = Kpla = o), and 9y, is the magnetic turning point.

The corresponding dispersion relation is then given by

- imwdm/&»A) +8Hg +<gy IRl - /@) =0, (12)
= - - 2.."s
where wy = wy (E = E ), 8 = w/wg » <y> = (2/rs),[D rdr{y),
I0 = (1/2)(6h/ﬂlﬂb°)[a01'(u°] + I{uo)m']-x/wdh] ’ (13)
tta ) = (@A) = a) = (2R /e)Y202E03) - KOE)] /rkik?) (14)
% 2/1% o= ° o o /n f>) !



-g= )

Koo = (2Ry/n)2xtkdi/a, K2 = (1 + x/R - o B IR /21, BGe2), and K(k2) being
the complete elliptic integrals, ;, = (dlnPh,t/d:)/ruc. &dh = -12E(kg)fxlkg)
- 11/:Rmc, and Gafc corresponds to Bﬁf with only the core-plasma pressure
contribution. Simple analysis of Eq. {12} then reveals that, even for Gafc >
0, the internal kink mode is destabilized if By, exceeds a critical value,

~

<Bh,tIo> > <Bh,tIo)crit = mdm/'rrmk . {15)

Noting that Io ~ 0(1/g), we then have <g ~ o(eadm mA). Near marginal

> .
h,t crit
tabilit = = i . o 0
stability, we have Rr 1/2 and Qr 1 for, respectively, ﬂmnﬁwfc/mdm << 1 and
>> 1, with the maximum growth rate occurring at nr = 1/2, On the other hand,
below the critical wvalue instabilities ocecur for Bch < 0 i.e., the ideal wnD
stability canrdition. For a typical PDX operating regime, we have wac > 0 and
thus only the trapped-particle induced internal kink modes are predicted to be

vnstable for <sh e which is typically 50(10”2) and is consistent
’

<
> 2 Bh,t’crit

1,2

Wwith the observations. Furthermore, taking 1 ~ q{0) = (12”1}, we find

véwfch/mdm < 0{1) and, hence, w, > “dm/z‘ and the grawth rate

-

B tT0”crit! ue

wi = wp(n/aN(p, I > -
z
tends to be of the same order as the usual ideal MHD growth rate. Note that
the theoretically predicted Edmrg Wy 2 5dm/7 is also consistent with the
experimantal observations.
The beam loss process due to the heam-ion induced internal kink mode hag

already been considered.11

The psrturbhed radial motion of the reaonant trapped
particles is secular and leads to efficient particle ejection in a toroidally
beacon-like ejection pattern for particles with adh ", - Thus the energy

range of the ejected particles is expected to be between Einj/Z and Einj'

1
)
i
'

e e s e g



We can now model the full "fighbone" cycle. Neglecting variations of the
core plasma component, the internal kink mode is destabilized by the trapped
particles within the q = 1 gurface with growth rate given by Eq. (16).
Assuming the trapped particles to be uniformly distributed within the g = 1

surface, we then have, for the amplitude of the kink mode (A = GBr/B),

da _ -

ar = "T(8y ~ Borse) S
with T = an(ﬂ2/4)<£°>. This equation for the mode has been used in Monte
Carlo simulations wusing the Hamiltonian formalism of Ref. 11. These

simulations will be reported in a future publication, but the essential results
can be reproduced by replacing the particle loss mechanism with a simple model
equation. Beam loss is linearly proportional to the mode amplitude A and takes
the form of secular outward drift of those trapped particles in resonance with
the mode. WNoting the loss occurs on a time scale mich shorter than the beam
deposition time, the rate of particle loss through the g = 1 surface is
approximately constaq_ﬁ; until a significant fraction of the particles are

~.

lost. Thus

dsh
a - D " BB, 808y < Bnsn) ¢ (18)
where D is the net deposition rate of trapped particles within the g = 1

surface, and Z 1is a measure of the particle loss rate. The Heaviside 8
function reflects the fact that only a certain fraction f of the trapped
particles can be <ejected. The simulation results support this model. The
fraction £ is typically less than 50%, because the n = 1 character of the mode

implies that only half of the resonant (g - “’r) particles are toroidally

ah

distributed so that the mode produces outward motion. An examination of Egs.
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(i7), (18) in the (B,, A) plane, and in paxticular the symmetry of these

equations about Berivs leads to the result that the motion is perilodic with
Brax = Borit/ (1 ~ £/2), and B = (1 - )8 ...

We illustrate the solution of Egs. (17) and (18) for a PDX cagse with B =
1 ke, rg, = as/2, and 4 MW of near perpendicular 50 keV neutral bheam

injection. This gives D = 2 sec”1, The beam ejection efficiency has been

obtained for this case with Monte Carlo s;imulationsl.rl giving Z = 2.5 x 108

sec™) and £ = 0.4. For these parameters we have Gy = 1.2 x 10°% sec”!. using
the expression for io following Eg. (13), n = 5 « 1013, 6p = w/4 and ki =
sinztebIZ) <¢ 1 we find io » 1, and thus [ = 2.8 x 10% sec™?, and from BEq. (15)
Bcrit s 0.01., The solution teo EBgs. {17} and (18) for these parameters is shown
in Fig. 1, to be compared with PFig. 1 of Réf. 1. We have multiplied A(t) by
the factor cos(&dht) to produce the Mirnov signal which would be given by the
rotating mode. The function R,(t) gives the magnitude of the neutron
emission. The fishbone periud is dominated by the relatively lgng period of
increasing g,, with negligible kink mode amplitude. Thus, gy ~ ABE/D = €
Bepie/D{1-(£/2)], which is about 2,5 msec in this case. The ~30% variation of
Bh' determined by the beam loss, and its time dependence are in good agreement
with the observed variation of neutron emissivity. The maximum value of A is
consistent with the typical observed values of the Mirnov loup signals. ' Near
A = A, the behavior of A is given by A = Ay . expl-PR,,% Ap.. t2/2) and
Brax? Pnax ® T(Bpax - Bopie)2/2 so the width of the “fishbone” burst is At =
AT Bpay ~ Bcrit)’ about half a millisecond in this case, also in agreement
with the experimental results. The form of the scolution depends only weakly on
T, Z, and Bcrit as longas T, 2 » D.

In summary, we have shown that energetic trapped particles can destabilize

the internal kink mode at a plasma pressure threshold lower than that predicted

by the ideal MHD theory. This trapped-particle induced instability has a real

-

.‘ﬁ,?“wiérﬁf<w”

-
|
|
|
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frequency comparable to the trapped-particle toroidal precession frequency and
a growth rate of the order of the ideal MHD value. Beam particles are
efficiently ejected in a toroidal beacon-like pattern. A simple m>del for the
coupied kink mode and trapped particle system produces a time dependence for
these guantities in good agreement with experimental results. A Monte Carlo
simulation of the trapped partice population Jnteracting with a kink mode
governed by Eq. {17) produces similar results, and will be reported in a future
publication. Finally, we remsvk that since the instabiiity mechanism is of
sufficiently general nature, it may be desirable to extend our theoretical
calculations to other r:gimes such as Bp ~ 0(8-1). radio-frequescy neated
plasmas, alpha- :article effects, and so on. In this respect, we note tha: the

ballooning-mode analogue has been discussed by Resenbluth et ‘a_l.12
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FIGURE CAPTION
FIG. %. The kink mode amplitude, A(t) cos(ﬁdht) and the beam particle beta,

Bh(t), vs time as obtained from Eqs. (17) and (18), for PDX

parameters.



F .mwm

(99sw) JNIL
1% , :
1 i | _O.OI
- 0IX2-
; 0 7
< i
‘g
, 0IX¢
!
, OX P _o.o
cm. i




t
H
i
1
i
i
i
i
i

EXTERNAL OISTRIBUTION IN ADDITION TO TIC UC-20

Plasma Res Lab, Austra Nst'] Unlv, AUSTRALIA

Dr, Frank J, Paolonl, Unlv ot Wollongong, AUSTRALIA
Prot, t,8, Jones, Fllnders Univ., AUSTRALIA

Prof, MJH, Brennan, Unly Sydney, AUSTRALIA

Prof, F, Cap, Inst Theo Phys, AUSTRIA

Prof. Framk Verheast, Inst theoretische, BELGIIN
pr, O, Palumbo, Dg XI| Fusien Prog, BELGIM

Ecole Royale Ml litalre, Lab de Phys Plasmas, BELGILM
Or, P.H, Sesansks, Univ Estadust, BRAZIL

Dr. C.R. Jemes, Unlv of Alberts, CANADA

Prof, ¢. Telchmann, Unly of Montreal, CANADA

Or, M. Skarsgord, Univ of Saskatchewan, CANADA
Prot, 5.R, Sreenivasan, University of Calgary, CANADA
Prof. Tudor W. Johnston, |NRS-Enargle, GANADA

Dr. Hennas Bernard, Ynlv British Columbis, CANADA
Dr. M.P, Bachynskl, MPB Technologies, inc,, CANADA
Zhengwu LI, SH Inst Physics, CHINA

Library, Tsing Hua Unlversity, CHINA

Librarian, institute of Physics, CHINA

inst Plasma Phys, Acedemia Sinice, GHINA

Dr. Peter Lukme, Komenskeha Unlv, CZECHOSLOVAKIA
The Librarian, Culhsm Laboratory, ENGLAND

- Prot, Schatzman, Obtservatoire de Nlce, FRANGE
\xﬂadef, CEN-BP6, FRANCE

AN, Dupas Librery, AM Dupas Library, FRANGE

Or,\ Tom Muai, ARcademy Blbtiographle, HONG KONG
Preprint Litrary, Cent Res tnst Phys, HUNGARY K
Dr. $.X. Trehan, Panjab Unlversity, INDIA

Dr, Indra, Mohan inl Das, Benaras Hindu Untv, INDIA
br, L.X. Chavda, South Gujarst Unlv, INDIA

Or, R,K, Chhajlanl, ¥ar Ruchi Marg, INDIA

P, Kaw, Physical Resesrch Lab, INDIA

Dr. Fhlllip Rosenau, israecf Inst Tech, ISRAEL

Prof, S, Cuparman, Te! Aviv University, ISRAEL
Prof, G. Rostagnl, Unlv DI Padova, (TALY

Llbrarien, int'! Ctr Theo Phys, ITALY

Miss Clella De Pola, Assoc EURATOM-CNEN, ITALY
Blbllotacs, gel CNR EURATOM, ITALY

Or. H. Yamato, Toshibo Res & Dev, JAPAN

Prof, M, Yoshikawa, JAER|, Tokal Res Est, JAPAN
Prof, T, Uchida, Unlversity ot Tokyo, JAPAN

" Reseorch Info Center, Magoym Univarsity, JAPAN

Prot, Kyo]l Hishlkawa, Univ of Hiroshima, JAPAN
Prof, Sigeru Morl, JAERL, JAPAN

Librery, Kyoto Unlversity, JAPAN

Prof, Ichiro Kawskami, Nihon Unlv, JAPAN

Prot, Sateshi Itonh, Kyushy Unlversity, JAPAN

Tach Info Division, Korsa Atomlc Eaergy, KOREA

Or, R. England, Clvdad Universivaria, MEXICO
Bibllothask, Fom=inst Yoar Plosma, NETHERLANDS

Prot, B,S, Lllay, Univarsity ot Walkato, NEwW ZEALAND
Dr. Suresh C. Sharma, Univ ot Cafabar, NIGERIA

Prot. J.A.C. Cabrat, Inst Superior Tech, PORTUGAL
Dr. Octavian Petrus, ALI CLEZA University, ROMAIIA
Prot, M.A, Heilberg, Universlty of Natal, SO AFRICA
Dr, Johan de Viliiers, Atomlc Ener¢n Bd, SO AFRICA
Fusion Div, Library, JEN, SPAIN

Prot, Hens WiiheImson, Chalmsrs Unfv Tech, SWEDEN
Dr, Lennart Stenflo, Unlvarsity of LMEA, SWEDEN
Library, Roys! Inst Tech, SWEDEN

Dr. Erix T, Karlson, Uppsala Univars|tet, SwEDEN
Csntra de Recherchasen, Eccle Palytech Feds, SwITZERLAND
Dr. W.L, Weise, Nat'l Bur Stand, USA

Dr, WM, Stacey, Georg Inst Tech, USA

Dr. 5.T. Wu, Univ Atabams, USA

Prot, Nermen L., Olescn, Unlv § Floride, USA

Dr. Benjamin Mo, towa State Univ, USA

Prof, Magna Kristiansen, Texas Tech Urlv, USA

Dr. Raymond Askew, Auburn Unlv, USA

Dr. Y.T. Tolok, Kharkov Phys Tech |ns, USSR

Or. 8.0, Ryutov, Siverien Acad Sci, USSR

Dr, G.A, Ellsesv, Kurchatov Institute, USSR

Or, Y.A. Glukhikh, Inst Electro-Physleai, USSR
institute Gen, Phyeizz, PSSR

Prot, T.J, Boyd, Univ Cuilege N Wales, WALES

Or, K. Schindler, Ruhr Unlvers‘tat, W, GEFMANY
Nuclenr Res Estab, Jullich Ltd, W, GERMANY
Librarian, Max-Plznck Institut, W, GERM/NY

Dr, H,J, Kaeppler, University Stutigart, W, GERMANY
Bibliothek, Inst Plaseatorschung, W, GERMANY



