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H. Takahaahi, tK. White

P'inceton Universit 3, Plasma Physics Laboratory, Princeton, N.J:

Abstract

Plasmas exhibiting the "fishbone" instabili,t,y stmdied on the PBX-M: tokamak show a

distinct relal.ionship between the plasma shape, l,he internal magnetic structure, and tlm

presence or absence of fast ion losses normally associat;ed with the fishbone mode. We

have, for the first time, carried ottt measurements of the magnetic safety factor profile

in fishbone-unstable plasmas, and used the knowh..dge, of the associated experimental
J

equilibria to compare the stability _md t'asl, ion loss properties of these plmsmas with

e::p eri men t,al observat;ions.
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The use of auxiliary tieating to achieve tiig,h temperatures in, tokamak plasmas ti_s

,ledi to _he observat*ion of a_class of, instabilities not fully described: by simple _magnet.otiy-

a

drodynamic (iM_)i)_ fluidl _heory, r w,hm'e kinetJic effects associated with_ t)tie high energy

particles in t;he,plasma play an essential role, Onesuch, inst abilityis the "fishbone" mode,

which w_ first observed on t_he PDX tokamak 2 during high_ power, near-petrpendicular

neutral beam injection (_NB':t_.The large-amplitude M_tl',D fluctmr_ions characteristic of,

the mode were associated! witJh_ greatfiy enhanced' losses of, l_he enm_getic beam, ions near

i the N_;I energy., degrading the efficiency of plasma heat_ing, and! limit)ing _he attainable
:?

(= _) values, a Ttie M_tf_: activity indicated _hat _he poloidal! and goroidat! mode

r

structure of t:he instability is m,/tn = l'./1 in _he plasma core, witch a, spectrum: of, modes

tt

with rn >_ 2 nearer tihe plasma edge. The modes, rotate _oroidally at approximately _he

precession rate of the _rapped beam ions. •

Fishbones have been attributed to. a resonance bet_ween_ a populat;ion ot; high energ3'.,

toroidally precessing ions and an unstable (_or marginally stable)internal;kink mode, 4"z or

alternatively, a coupling of the hot ions, through viscous damping in the bulk plasma, to

an MH© mode al. t:he ion diamagnet, lc drift fl'equency of the thermal ions. s The relatively

cold background: plasma is described by an M;I;[_ model, The stabihty analysis is done

via the energy principle. _ The procedure is to add to the contribution of 51'VM,HO from

the background plasma terms due to the kinetic, 5,W_, and inertial, 6z, terms, leading to .

a variai,_ional dispersion i,elal,ion,r
_.,



In this dispersion, velation_ tJhe inertiall term resolves lflie singulavit_y in: t;tie displacement

_(c) at t_he q(_r,)= rain= 1 rational! surface, andi its contribution iu import;ant only

in this vicinity. The kinetDc term arises Dom, l_he' hot trapped, pm, tficle populat_ion,. The

size of this population is ciiaract'erizedl by t;he hot particle beta, fib. For even modest

values of flh ('"_ liO"a)_ tJhe 6Wk t.esm can desl_abilize a_masginally stable internat_ kink

mode (_6WM_HD>O_. The resultfing, mode has,a frequency to _toa,, w.here toa.iu tihe tor oidali

precession frequency of t4ie hot _vapped pavVicles, toa "* E_n/q/'mrI__. Such_ a mode iu

, 9 ¸
observed expemment_ally,

The onset conditions for the fishbone mode _have been _calculat:ed! for a slowing_dow, n,

dlstribution of hot particles produced by N:BI;." The thresholdl condition corresponding

to the fishbone modes observed, on PDX, PBX, and PBX-M is found robe

= , (2)
7tw A

w [lere

in the shear Alfv6n fi,equency evaluai;ed at q(_r_)= l:, and Gq! is bile magnet_ic shear at;

the ral_ional surface, l°

Part of the dep_.nd,.nce of t,he instability on the safety la.ct or q (:an be seen clearly

from t;he expres:dons for (w,_), _oA, _md fl_,-it,h. In additiion, t;he mode struct.ure ,:le.t)_mds.< on

t,he radial h)ca.tdim of l,he rat;iona.l surt'_ce.s; a. rne.asurement ()t"q(r)wollht provide, impor-

l;ant c:onfirmai,ion of l,tle, mode/lioi,-ion i,esonance model, To dai, e, ,_lltC}li]'l(_,}kqllr(_,mi]tll;,s



}iave no_ been, made routinely and liave nex,er Seen, made in_pl_mas extiibi_ing fistibones.

Using _he neut_rat!probe beam q.p'vofit_ diagnostfie available on, PBX. M.i,we liave o 5_ainedi

_he necessary infovmation_ _o,compute a, plasma, equilibrium t_ha_ accurately mode.Is lJtle

experiment. Wecan use t,his: _o.de_ermine _he plhsma's s_a,bility, andl s_udy, _tie' predicted:

dependence of mode/ttiot-ion_ resonances sucti, as tfliose: assoeia,_edl w,it_h,Obe fistigone in_

s_ability, This paper describes ex,periments, in, w_hich,_he fistibone mode was exci_ed andl

measured! on, PBX-M, and q. pcofile and', fast)ion, measuremen*as w.eI:e made, These ex-

perimen_s provide t_tie firstl comparison, between, trim lflieore_0icall)predic_edl dependenc.e

_: of _he mode on, _lie internali magnetfic st_l;uc_ure of 1Jliepl_ma and! act_ua,l experimen,l_a,ll

measurements o_ q(,r)i made by using motfional! StJa_lieffect pola.rime_ry. 1_

The fishbone experimentis were conducted', in, low fiel_ll, low' cuvvent, bean-shaped_ plas- "

mas, At 400 ms into _he discharge, bhe plasma stiape _elaxed ft'ore a bean-shaped condi-

Ifion, with elongated internal flux surfaces, _o a more D,shaped condition,, witch,relatively

circular internal; surfaces. A.t ttie _ime of bhe retaxabion, bhe amplitude of. t;he f_t ion

losses---as s _en, by ae perpendicularly viewing, mult'ictianneti ctia.vge exctiange analyzer

--increased sharply. Figure [ shows the hellrnov loop signal from a coil on t_tie

on_board midplane and t;he fast ion signal seen by _.he FIDIEana.lyzer near the NBI en;

ergy for l;he earlier beamshaped, fast ion loss-fi'ee ph_e. Cotierent fishbone oscillations

are clearly scan on the Mirnov t.:race, but we see ilo evidence of fast ion losses a.ssoc_,m."-'*_t

with l_hese fishl)ones.
II

Figure 2, similar Ix:)Fig. [_,shows t.lie signal from Ltle midplane N,lirnov loop nnd l;h(_.



perpendicul_tr fast ion, lOsses_ seen, by' tilie, FI_'E ana,l_,,zer du_ing _tie lai_er D_-stiaped_ fastJ

ion_ l_ss phase. A,s in, _he eaMy; fast_ ion, loss, bee ptiase, colierent_, fishboneoscillh:bions _tre

clearly s(mn_on_ l_he Mirnov ImaCea [tOw.ever., IAiere' ave now al_o. eotierent_ burs_s of faslJ ion,

losses associated iwi_h. _he fishbones, Tile simil.ari_y in, l_he Mirnov da_a andi in, l_he basic

plasma, conditions, (ilbw density, high./_;,: hig.h,_;)indicates that,, during, hot, ii l_he early and

late phases, condiVions are such, 15hat, an:, M!IflD:,fishbone mode is destabilized:; however,,.

differences in t_he plmsma equilibrium tiave develbpedi during_ _he relaxa:lfion, aL,"'_= 40 0; ms

causing _he obse_ed change in the fas_. ion los:; behavior,

To det_ermine _he q@)_ profile dm_ing each, pliase, t.wo. magnetfic field': ,)itmh, ang,le (!%,),

mertsurements were made wi_li _he mo_ional, Sta.tq¢ effect (M:SE), polarimeter. _a Ttie q,(@),

and.' q(r)_ profiles obt_ained from, _he % data _4 for btm eavl'y (_fast ion, loss-free)_ phase andl

t_he,[ate phase are shown in Fig. 3, Comparing these results, we begin, to see t_he changes

in l;he equilibrium t,hat we believe are responsible for t.he differences in _:he observed; la.st

ion: losses. A_ t_he late _ime, t.he q(r)[and q('_bO]profile becomes broader. [n particular,

t_he r_tdius of the q := 1 surface incre_es. Tile q('_/;)_pt,ofile stiows biffs mo_e de_uqy,

_ since t:tie motion of _tie magnetic axis /'Q. is suppressed: by t,he ase of lshe flux _/)as ttie

indep en(tent vari able:;

During the course of our studies, several plttsma dischm:ges wereobserved t;hat; showed

consider_tblv enhanced first ion lo.ls .s dmqng l_lie ' 'e"'e' la_e plia.se of l_he discharge. The. st, ._,g_h

_)t'.these Joss' 'e.s' incre.a.se.,t by.. ro,_ghlv., a fm:t_or (_t live c_ver bhe previcmsly _tescril)e._! h)sses

The Mirnov dltI;.n s_:lggest L'iI&I,_ for l:hese, enl_anc.ed loss ,.,_-,e,...,,_t simila.r ino,te./l_ot;-ion
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, l_esonance _is: pre.sent,,, in_ t,die cove;, bulJ. e_gahl tilie. _te_Jalt_:ot_Uhe-eqnillbt_imn, detiermine, tlie

!
! degree of, fast,' ions losses,' To, undevslJandJ_ ' tliis,, tJlie' MiStEr%@))d_t-_a, w.m_e,used! in, an,

eq.uilil,Srium, reeons_met_ion., for one:of tJlie.-entianced! lbss_ stiotJs_ _Yhe' q(@').iandl q@)i p_ofili;,,..., *

for _tie enhaneedi lbss_ case ave su,15st_an_i_rlly, tiroadeI_ andl mo_e ULstiapedi lflian, in, _he

e.onvenlfionall lathe,case, This observatfion_ is. consistenV w.i_h, t_lie diffesenee in, tile q; profille

5e_ween, the _eonvenVional_ fas_: ion, loss_ftee, ea,vl)' phase and! l_lie,fas_ ion_ lbss: ltr,l_epliase;

Tlie observat_ions indicate t:hat_ toheq, pcofil_ 5soadt-.ns: and! flatVens_ andi _ _tie zadius:

of bile q_ = i! surface increases,. _tie _sl_reng_ti_ oI_ t_lle l_ ion, llasses assoeia,t_edl w_i_ti, totie

fishbmnes _ises aceosdingly_

W,e _compared', these sesul_s, w,i._'h,l_tle fas_. ion, lt,_sses pvediet/edi 5y. _tie Whit_e_--Clien, fisli_

t.Sone modeli by, using t_he guiding een_er code o,a,n_m,, d_._vellaped',t_y.'W'hi_e andl Clianee. _'

The code studies the fas_. ian, losses _resuNing _vom, a pmqmt%at_ion, o_ tflie axisymme_r_e

equilibrium magnetic field dite to_ the MI_flD_medt, s: oi; l_tie mode//h.ot-ion, resonance. Pve_

vious fast_ ion loss s_udies employing, o,rta_rv tiave used! ana,ly.!_ic equilil:_via,, oy n,ume_ica,l.l

eqnilibri_t in: which_ one or more of, _he q,..tan_i_ies p(_'_/a,)_,q,(:,t/a),_ot_g,(_:)i }iad! an, assumedi anw-

lyt:ic form, 4'Js Wi_h l)lie magneSic pit_ch, angle data from, our fistlbone expesimenSs _mdl _lie

. resulliing equilibrium reconsgsuctiions they pt,ovide, we tiave for; t,he fisst _lfime eompa,red',

_he predicliions o_ Idle Wliit_e--Clien. modeli for lasl; ion, lt,_sses witch, _ti.'_.observedl losses: andl
,,

_tcmtr_ti_e equilil_rimn infomnatfion in. e;u:h., of'.ota; expe._qmen_i_fli c_,_ndiiii_ms,

" 'Plle ['.:tsl, loll, loss c_tlCul;tl;irms made by using Odt'/l:lrP l'(*.qllilR*, l)}l(_. e,,t,filil,_rium,inlk,_mn_t_
lt

l.i_m ctisc_ssed _tbove ,ts welll a.q_tmplili_des .:_t:e_m]i,p_lt._idal ;tn,t _t_¢_c_it.tit](,'m, n), cvm31._on¢.*.nl,.



oil tJlie.MiN@)ae_i_,,.itJy:To, oSt_ain, _lie' ampliOudt_s:offeaell, ((m,,n,))eomponentJ,_ w,e.ineoi_po-

_atiedl 5o_Ii, our measu_edl M_rnow dh.,_a,,andl sOab.'iliiJy.'msultJs: from_ tflie _,,_s._ id_a,l! MlI01_)

sOwbiliW eOd_', l_a; Using. p'ESm',W.efound! Utiati,Uhe fasO,ion, 10ss_feee p'tiase oil _tie stia,ped_,

fish.boning: pl_mas; _as: uns_.51e. _o,_he. in_e_nall It.inR.:..Fi_om,tJhis:a.natgsiu_.,w.e'det_emmm.dl
,,,

_tie ma:dmum, amplitJud_:of_ eaeh_((m;,n,))mode meastu ed. a,_ tJtle pl_.sma,.edge. For _tie.l_tJe,,

fas_,ion_l_ss: p|iase of; _he stiaped_, fistiboning,, pl_mas_, w,e e.a_iedl out_,s_i3ilii_y an_l)ses: fo_

15o6h _lie conven_ionalt andl entianeedl lbss: eases, _tie., r,.ns;v' results; for eaeti_case indieat_e'

_Iiai;'.t;tie pl}mmas: we_e unst_aSlt_._o, title int_et_nalikinlt as. in, t_tieearlier. t_ime. "_tie. 5_oadi_

fl._t_q/profilt _.in, btie l_-_er eases_, tiowev.er;: l_adi_',t_o:,a, signifiean_l), lh.vger radiall ex:_'eng,for

blie in_e_nal! kink ae_i,vi_y:

The pr,edominant,_ M!IgIO:_mode: foundl 5y using, _,n,s,_v' andt our Mti_nov,'measu_emenZs;

for _lie ea_l_,,andl Ix,gepiiases we_e,qni_e simil_.v: _he basic ¢ha_ac_e_ o$ _lie.M_t_tlD_ae_i,_;i_y.'

seen; in, t;he Mi]rn_,_vda_a, was.essentially unehangedl by._lie sllape. _,el_xa_ion,a,t_.t/= 4'001ms,.

l_lie mode anal_y,sis:of _lie M_rnov datia, sliowedi _tia_ blie l)_edominant_ ((rn,,n,))¢ontMlm_ions:

bo:_tie l_,I_H_3_mSivitiya.b bile e_tvl:y;.mdlla_e-_imes: were rrt,= ii, rr = t! andl m, = 2;_n, = 1t,.

and tflie fl'equencies, at:, t)lie ea._ly andl la..t_eOimes;ditfe_edi onl,y, sligli_l_,: [tt'oweves,, t;tie f_mti.

ion_ befiavior for each, ptiase was qui_e: ditfe_ent;, 'Fliese _esullis, indicai_e-gttati, l_tie basic

fluid; st;abili_y ¢x,m(:ti_)ionsfor driving fistibones_ exis_ in, l;lle co_e ali t_ot_b.,iJtieea_qg _mdll_l_e

19im(_,s.
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1 Utieltinet'ie d_spersien, t_ela,_lon_sel_,ere u,_,,N:, . ,r. d_vetbped! by.'"_V'tii_e'andt (',lien, andl modifiedi,]

{ for _tiis: wo_li: 15o,aAlbw.'more' accurate' z_econsl01_uetJion,ot_l_tie'expeI_imen_a.,ll_,,.'det_emninedt
I
t
1

i q/profitS: Eacti, of our eases; w,as; found! be, ge' unst_a,51_-_o,_tie: fiStiilone _modb ace.ovding •
i
1

t_o,Uhese' c_leutX_ions_. Tile' diffm_enees.;in, measured! fastJ_ion, lbsses.: a.re' _tius: dhe nei_Ohe_
i

! tie, gross, differences', in, MtlfflD:,betiaviot_ _nmr in! Iiine_ie slJa,bilit_y: Ra_lie_,, _tie' vela.,Uionstiip,

j be_veeen,_tie intJern_l}profiles: _ndl _tie,.fast_,ion,di_it'_s:assoei a.t_e4/w.,itbti,lflie'mode, must_,expl_in,
I

I _lie' difference' in_15etia,vi0_._

To_ve_i_ lfiiis _elh.,l_ionsliip_w.e_usedt om_ expe_iment_a'l! eelailigria, ,, _iie' measu_edl neu_

i
. i * [ . l_l_all5eam_ pa_amet_ers,: andl _]ie MINID',mode. _unpliimd_s: descmged above: 1_o,obt_a,in, tihe.

eaie.ulatedi fas_ ion, li_sses: w,i:_h,bile o,a_a_Imeod_. Table: II summarizes: title,obse;v.edl and!

B}

eateula._edi mod_ pvoper_ies_ for, tflie'fislit.5one.obse_w.a,_ions,in, cacti, of ou_ _'tiree eases, '[Hie

f,_ac_ien,of, beam, pa,_iel_s: bha,l_ave. l_vappedl is_ob_a.inedl f.r,om,tJhe,o,rt_n_mca,le,ulal_ion: _Flie. ,_

siieav A.lfv4n, _veqnency; w:4_,iu. foundl using, Eq_ ((3)iandi _lie eqniiit.bvium, vesulbs fay cacti,

ease. Ttie average pt_ecession_va.l_efor, _iie tma,ppedii_avtaid_s, (;toa)),iu o51_ained}f_oln_o,lt:_l'.lrn.

rFlie c_:i_ica,l!tm_ particle.*/..3:,fl:_,-,_,,h_.,is:giuen, tSy.Eq_ (!2')},using. _tie valtms, t5_, (_'a): _mdl _:4_

discussed; above. F inMl:y; _tie mode fl,eqnency is; equMi t_o.(wa;))/2_. _Ftie obsevvedi a,ndl

caleulal_ed! mode Dequencies ar.e in, agreemenl). Nobe btial_t_liefishbone ghresl,, _ld.isuggest_s

-: _h_tbt_lieearly, Fa_*_ion_lbss.fl_ee.e.ase is:a.l_lt_a-:_,as_un,stbal._lt_as _lie [at_er_imes, 'Flie D_u:_ion

"i
', of: f:asl; ions b_apped, wi_lfin, tihe kink _esonanc.e _tt_q:= li seems_ t_oconfirm, tilie _etltlfi(,mstiip. ,

b,el;ween,q,p_ofi_]i*,sliape _mdi_,_lbs,_._wed',li._sses.

'Flit*. 11{eSll]_S O)fOllV Oqtil:lq_ <a,leutai_i(._nst'_wt;lie litsl, ion, tt_:;ses im._dic_ed, f(')I_ (*.;l.C]i, (_t_()11_1



eases, a_e' sliove.n_in, I_ig_e' 4!. Tlie" plbtJs:stlow: Utie"enm_gy dfstJ_it,Su,_ion_ot:qexitfing, pm_tic,.ltes

p ,'_ 14,for _lie_ea.rl);, l_.,t_e;.,and1 entiancedl Ibis: eases', Iri_om_t&e, fig,hre;, we see' _ha,tJ.tile magm_udc:

of] fas_. ion, lbsses; in, _}ie'eon_enttiona,lt lk_e ease. is_a,bouli seven_ 10imes;g_eatJet_lflian, in, IJtie

e._l_: ease: Ttiis', ag.rees, w,iiJti,out, ex,per.imentJall obse_va,tfions;, w,.tie_e,in, t_he ea_l_:'e_e,. we

eoute[ldiscern, no, fas_, ion, lbsses__,bove Uhe noise: rI?he ma.gnitmd_ ot_lJhe fa_, ion, t_sses, lo,

t_heen,haneedl lb_s; ease sliows, a_n,increase off_wa, _o,l_liree over _he eon_entfional! Ia.,l_eease;

C0mpa,_ing,: l_'he' _el_tSiive:ampli_udi_, off _tie, lbsses fot_ t_lte eon_entfionatl andl entia:needl Ibss',

• ea_es_ w.e'findl lflia_,ou_ _c_ault_s;otSgained! fi_om,_tie' W,,'tiit_e-Chen_model! subsl_a,n_ia:llN.'agree

w.i_ti,_tie,expevimenl_Mty obsm_vedl uavia,_ion_in, t_as_,ion_lbsses_

We have'obsevved_ l_tia_,in, plgsmas:ex:hibi_ing: _he. fiShgone ms,ability;, tfliedc,t_mt_o_ t:lie_

equilibt_ia,.-_elg,_edi in_ou_ ease _o_t_he plgsma, stiape andl q/profitS---es,n, g,_ea;_lg'affee_, t_tie:

obse_vedi fa_ ion, losses, W.'hil_ ou_ _esuli_s:suggests, lJlial_,plgsma_; ot_di/fe_,en_,sIiapes: may.'

. nol_diffe_ in, l_hei_ sinai.Sillilyagainst_, fishbone modkes_tJie infl;uenee oI_shape' on_6lie:dte._ait_;

of, btie _equ_libr.ium, pvofilm can, affect, t)}ie_ast_.ion, l_sses; a.._soeiat_ed!wi_h, lfliese , fiStibones

T.Iiis e_n, tiave important implica,l_ions, in, gtle opm_a,l_i0n,of_a, buvningl pla.sma, experiment.

or a fusiem l_esl_reactor, in, wtiicti, tilie loss of, }iig!i,enm,gy pa_ieles_ eit_tie_f._om awxilla_w.

tieatfing ot_ fr.ore fusion, p_odttc_s l_liemsel_esi, coute[l g!_ea,tflya,ffee_._tie performance, of, btie

device. _e

Tllis w.orli was. suppor._edi by UI.S DOg C_,ml_tet_s No, D,gaAC02:Z6.-(>II.0110_d;andl
_

D_I_-A(';J011--8_i-I!;R£0,I!(_))n_:. oI_ tJlie au_;lio_s (iDa.R,.)lia.s:been, under. _vl?poinl)ment)tx.),l_lie

- ,"l

i\4'agne_lc Fusion_ Smence Fcllowstiip p_.og!_tm_adininisl)m_ed{lSyOa,k R:idge Ass_,>cia,_ed}[tJni_-



versifies, Pov Utle EIJ.S':.Depa_mento ot_mnevg,y.

(u,)!(tJnive_si_y' oil CMifovnii_,,, ga w,venee" giuevmm_e' N_fiiona,li [ba,lbot_a,_ovy,;I!,iivmnnor,ei, ((',+Ax.

(_,')1Fusion_ Pti,ysies; andl _'eetlnolbg..y; '_Om_a.nee; CN,. *'

(u}/Neol_. pol_eehnique Nd_i_al_ _d_ gau_anne;,, ga,uaanne;, S_,ilJze_t_ndi.
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i:_ Figures

i FIG. 1. The midplane Mirnov coil and perpendicular fast ion (FI) loss data h)r tiie fast;

i ion loss-free phase of/the shaped, fishboning pla.sma case,
?

_

-, FIG 2, Tile midplane Mirnov and FI loss data for the _late, fast ion loss phase of the

shape2, fishboning plasma case. The figureshows a series of fishbone oscillations,

including the coherent fast ion losses that appear at the late time.

[riG. 3. A comparison between the q(_b) and q(r) profiles for the early and late phases

of the shaped, fishboning plasmas.

FIG. 4. The energy distribution of the predicted fast ion losses for each of our shaped,
II

fishboning plasma, cases. The magnitude of the losses for each case are in good

agreement with tile experimental observations.
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Ta,bles

TAtBLE I: A summary of t_he observed and' calculated fishboneproperties for. each phase

i of our shaped; fishboning plasmas,
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i '! Mode characVer_st_ics Ealqy Earle • I_nhancedl Loss
I I

- O bse_ed! mode frequency ((l_I_tz), li5_- 25, 110:,- 20_ ].iO!- 20;

_

FracVion, of beam, _r_tpped (_):, 64 82' 7,9_

-/

, , Frac_ion, o_ beam trapped:, q< 1! (%) 8 211 42

: Shear A lfvfn,, w_,,(_sec-1) 3,8 x iiJti 2:6; x li0,_ li.8x lI0_

Precession _ate (wa:}(_sec-_') 8,8 x li0!' 9:3 x 1_0_'; 1.0 x 1_0a

Fishbone t_hreshold, /3i,,_;_ 7.4 x 1:0-a 1_.1_x li0 _''2' 1;.gx li0= _:

C;dculated mode fi'equency (,kIlz) 14 15 li6
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