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ABSTRACT 

L a r q e - a m p l i t u d e r o t a t i n g m a q n e t o h y d r o d y n a m i c modes h a v e b e e n o b s e r v e d t o 

induce s ignif icant hiqh - energy - beam pa r t i c l e loss durinq hiqh _ power 

perpendicular neutral-beam injection on PDX. A Hamiltonian formalism for 

d r i f t - o r b i t t r a jec tor ies in the presence of such modes is used to study 

induced par t ic le loss analyt ica l ly and numerically. Results are in qood 

agreement with experiment. 
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I. INTRODUCTION 

Recent results from PDX with near perpen-li cular hiqh power neutral beam 

injection indicate that a loss of fast ions takes place when larqe amplitude 

hiqh P maqnetohydrodynamic (MHD) activity is observed. The MHD activity 

observed is a mode with poloidal and toroidal mode numbers m/n = I/1 in the 

plasma core with m _>. 2 observed on Mirnov coils inside the vacuum vessel. The 

Mirnov coils exhibit series of oscillations referred to as "fishhones." These 

modes are observed to rotate toqether toroidally at a rate approximately equal 

to the toroidal precession rate of the injected beam particles. Moderate 

amplitude fishbone oscillations cause bursts of greatly ennanred, near 

perpendicular, beam-charqe exchanqe loss in the enerqy ranqe from half the 

injection enerqy up to the injection value. At highpr oscillation amplitudes 

losses of bath low enerqy thermal ions and beam particles with enert,ips well 

s •'. the injection enerqv are observed. 

In this paper we examine mechanisms for induced particlf loss due to 

rotating MHO modes. In Sec. II the properties and simulation of the fishbone 

are discussed, and the means by which particles can be ejected is descrihed 

qualitatively. In Sec. Ill we review the Hamiltonian formulation of ouiding 

center drifts which we use in our analysis. In Sec. IV the Hamiltonian 

formalism and Monte Carlo simulations are used to illustrate analytically and 

numerically the induced particle loss and mode-particle enerqv transfer during 

moderate amplitude fishbone oscillations. 

Results and implications are summarized in the concluding Sec. V. 

II. FISHBONES 

The MHD a c t i v i t y of PDX high 0 discharges (P i s the ra t io of plasma 

pressure to magnetic pressure) has been studied using a three-dimensional, 
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high P resistive code M B . ' This is an initial value code, finite 

differenced in minor radius and Fourier decomposed in poloidal angle & and 

toroidal angle <>. The code models PDX as a larqe aspect ratio device with P ~ 

0(a/R) or smaller. The plasma is assumed to be an incompressible 

magnetohydrodynamic fluid with scalar resistivity. Diagnostics simulated in 

the code include magnetic loop signals and soft x-ray siqnals. The vacuum is 

modeled by usinq a highly resistive zero heta plasma. 

An initial equilibrium with pressure and current density profiles 

corresponding to those prevailing during a discharqe is used, along with ,-> 

linearly unstahle eiqenmode which is predominantly m=1, n=1 . Nonli-iear 

development of this eigenmode is followed until the calculated amplitude of 

the Mirnov coil (magnetic loop) .signals reaches thp same level as is found in 

the experiment. The numerically qenerated wave forms of the Mirnov loop 

signals and soft x-ray siqnals aqree well with the experimental 

measurements. Mode frequency is not predicted hy this code, =nd the phase 

relations of the various modes are only approximate. Plasma rotation, if 

present, can induce a coupling which would modify the phase relations of the 

modes from those predicted by our analysis. However, the shape of the 

simulated Mirnov and soft x-ray siqnals agrees well with experiment, 

indicating correct phase :re. .11 i ens a~ least for the large amplituie modes. 

Typically, it is found that the mode amplitudes decrease rapidly witr toroidal 

mode number n. 

Previous work with finite 8 MHD codes and comparison of the MHD analysis 

with experiment indicates that the mode, identified as an internal kink, is 

very near marqinal stability. In fact, within the accuracy of the 

determinations of the pressure and current profiles, it is not known whether 

the mode is unstable. Thus neither the growth rate of the mode nor its 
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nonlinear saturation value can be predicted from the analysis. The mode 

structure was studied by choosing the plasma pressure large enouqh and q 

on-axis (q = rB^/RBq) small enouqh to maKe th-a mode unstable, but another 

destabilization mechanism woulfl iGart to essentially thp same harmonic 

structure. The periodic recurrence of the mode durinq heam heatinq suqqests 

that the mode is destabilized by the precessinq beam particle?, and/or the 

increased beta produced by the beam. Destahilization by the beam particles 

miqht also explain the mode frequency hominq on the bpam precession 

tiequency. Subsequent ejection of the beam particles by the larqe amplitude 

mode, as described in Sec. IV, would then restabilize the mode. The full 

dynamics of this cycle is beyond the scope of this work, which describes the 

beam ejection process only. 

To study the effect of the mode on the beam particles, the mode spectrum 

obtained from the code HIB is used in a Monte Carlo code DRIFTS based on the 

Hamiltonian formalism described in Sec. III. There are several features of 

particle loss d.ie to fishbone oscillations which can be understood with this 

formalism: 

1. Particle loss due to fishhone activity is a hi^h £3 phenomenon. 

2. During moderate amplitude fishbone oscillations a siqnificant fraction of 

the enerqetic be ,m particles can be lost durinq a sinqle fishbone period. 

3. Although more experiments are necessary to be certain. It appears that 

particle loss is less severe durinq parallel neutral heam injection. 

4. At moderate mode amplitudes the enhanced loss is in a loss cone typically 

with v. << V.. The energy ranqe is E ^ E , where E is the beam injection 

energy. In some cases particles are also ejected with energies greater 

than the injection energy. Few low energy thermal ions are expelled. 
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5. The particles are ejected in a toroirlally narrow beacon having n definite 

phase relation with respect to the rotating mode. 

6. At hiqh amplitudes losses of low energy thermal ions are also observed, as 

well as particles with energies well above the beam injection energy. 

All of these points are quantitatively described by our analysis. Here 

we <five a qualitative description of the mechanisms responsible for each of 

them. 

Ther-> are three distinct particle loss processes induced by the presence 

of field perturbations. The first, which we will refer to as mode particle 

pumpinq, is a resonance phenomenon, and has no threshold amplitude, As we 

will sep in Sec. IV, significant beam loss is induced only by low m modes 

whit•', extend to the plasma edge. Analysis with resistive MHD equilibrium 

codes and the initial value code indicates that the fishbone is primarily a 

m=l, n=l internal kink, and modes with m>1 are driven by couplinq produced by 

the outward shift of the raaqnetic axis, proportional to E:Pp, where 8- is the 

poloidal beta. Thus £f must be sufficiently larqe to produce large amplitude 

lew m modes extending to the plasma edge. The amount of particle loss is 

quantitatively described by rotatinq low m modes of the amplitude observed 

with the Mirnov loops. 

As will be shown in Sec. IV, the pump mechanism is most effective for 

near perpendicular beam injection. Only particles with small V. but with high 

energy are affected. Thus a loss cone is produced. 

It is a property of the pump mechanism that motion of beam particles away 

from the magnetic axis is correlated with enerqy decrease. Beam particles are 

also pumped to higher energies, and radially inward. In the presence of 

plasma rotation, particles are also ejected with energies significantly higher 
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than the beam injection energy. The pump mechanism has no effect on low 

energy thermal particles. 

Particles are pumped outward only in a narrow toroidal range, producing a 

beacon of ejected particles correlated with the rotating mode. 

The second and third ejection mechanisms are both threshold phenomena and 

are not related to mode particle punpinq. The second mechanism results from 

the fact that particle orbits are easily modified by magnetic field 

perturhations in the vicinity of banana tips and, for barely passinq 

particles, near the inside of the torus where the parallel velocity is very 

small. For hanana particles these orbit perturbations can produce stochastic 

diffusion. For barely passinq particles they can produce a transition into 

the loss? cone and immediate loss. The third mechanism involves even hiqher 

perturbation amplitudes, where the field itself, and trapped and passinq 

particle orbits, become stochastic. At this point general loss can occur, 

less correlated with the mode rotation, includinq loss of thermal particles. 

In addition, particles previously pumped to higher than injection energies and 

radially inward by the rotating modes can be lost, producing an efflux of 

particles with energy significantly hiqher than th^ beam injection enerqy. 

These latter two processes, which depend critically on a threshold amplitude 

for the modes, will not be examined quantitatively. If they play a role in 

particle loss due to fishbones, it can be only for very larqe amplitudes. 

Mode particle pumping, however, appears to play an important role in all 

fishbone oscillations, and to be responsible for the observed saturation of 

plasma heating. This mechanism will be discussed quantitatively using a 

moderate amplitude fishbone obtained from the MHD analysis. 
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III. DRIFT ORBIT HAMILTONIAN 

In a recent series of papers a Haroiltonian formalism for guiding center 

motion in nonaxisymmetric fields has been developed. The exact field is 
-v 

assumed to be a perturbation of a nearby field B, for which exact magnetic 

surfaces exist. The canonical Hamiltoniar. variabiles are closely related to 

the magnetic coordinates describing this field. Describe B, in terms of a 

clebsch and a covariant representation 

B = vij. * v9 = ? x + P* ifo . (i > 
o 

Here • is a magnetic flux coordinate, 6 measures the angle across the field, 

aril X the distance along the field. The quantity P is related to the plasma 

current and pressure. 

Choose for B an axisynmetric equilibrium field in a torus of aspect ratio 

l~ = p /a. The magnetic coordinates can be expressed in terms of the 

toroidal coordinates r, 9, and $ by equating an expression for B in these 

variables to Eg,(1). In this work we will make use of a pressureless, lowest 

order in E equilibrium field, 

B = ~ , V* * V r + R V* , (2) 
q(r) o 

-• 

where we have normalized B to its value on axis. The magnetic coordinates are 
•* 9 readily evaluated to any order in E using higher order expressions for B. 

However, in this application finite P plays an important role only in the 

determination of the modes which are present in the plasma, for which a finite 

P analysis was used. The beam particle precession frequency is decreased by 

finite P and predictions of resonant frequencies must take into account this 



effect, which for PDX is typically a 30% correction. Otherwise plasma 
pressure is not relevant for a description of the particle motion. 

Perturbations of the axisymmetric field due to HHD modes can be 
represented through 6 B = V * "B with a a general function of position. This 
single scalar function is sufficient to represent exactly the radial field 
perturbation, which dominates the structure of the perturbed magnetic surfaces 
and is the most important component for the modification of particle orbits. 

If a is represented through its Fourier series 

ot = Z a (<l>) sin (n* - m9 - u t - 6 ), d) 
m,n nm nm nm 

the topology of the f lux s u r f a c e s i s changed in the v i c i n i t y of -i r a t i o n a l 

s u r f a c e q = m/n by a magnet ic i s l a n d of width 

The v a r i a b l e <J> of cour se does no t d e s c r i b e t he f lux s u r f a c e s of the p e r t u r b e d 

f i e l d , bu t of the ax isymmetr ic f i e l d B. 

The Hamil tonian for the gu id ing c e n t e r motion i s 

H = -1 B 2 P „ 2 + MB + <P f5) 

where 

V l 1/2 
P. = — «= (2E - 2HB - 2*) ' /B (6) 

c 

i s t h e " p a r a l l e l gyro r a d i u s , " E i s the k i n e t i c energy , $ the e l e c t r o s t a t i c 



- 9 -

2 

p o t e n t i a l , and P the magnetic moment, l» - 1/2 V± / B . Here anj in the 

fo l lowing we use un i t s with lengths given in terms of the minor radius and 

time in terms of the on-axis gyro frequency, w = eB 0 /mc. The energy i s then 

given by E = 1/2 (P/a) where P i s the on-ax i s gyro radius . Here a re f er s t o 

the tokamak wal l , not the plasma edge . In accordance with the MHD s imulat ions 

the plasma radius was taSen to be a / 2 , l eaving a large vacuum reqion. 

The Hamiltonian i s a function only of the magnitude of B. In keeping 

with the approximate equil ibrium used we truncate B to lowest order in £ 

B = 1 - £-r cosS. (7) 

Consistent with this truncation, the canonical variables become 

X = */E, p^ = P | ! + a , { 8 ) 

2 
e = e - */<,, <!, = £ _ 

•and the guiding center d r i f t equations are 

' = T 7 T • ll> = -
o oTF ' ~ " W ~ 

(9) 

Tip"' P c - " 4 - ( 1 0 ) 

Note that 

• ' Ba • fta • oa • &t 
a - - o ^ _ o " " o 7 F W " " 5 x , t " - o T 
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The last term. Which appears when 6B is explicitly time dependent, represents 

the forces due to the induced electric field* 

The total electric field in the plasma is given by 

E - " "^ " B - $*. (12) 

The larqe value of the electron parallel conductivity ensures that the 

electric field is perpendicular to the magnetic field, 

fB - iB) • E = 0 (13) 

Writ inq t = * (>b) + * and us inq 6B = v « OB , Bq. (13) can he solved for K , 
o I ' 

gi vi nq 

a [ m * +. u | 
* . }, m ° " W s i n ( n * - m 3 - ut - 5 ) (14) 

1 E ( n - m / q ) nra 
m,n 

where the prime refers to differentiation with respect to 4<. 

This perturbation solution is sinqular at the mode rational surfaces, and 

is incorrect inside the magnetic islands found there. A modification of ^, 

which avoids these singularities can he introduced throuqh the 

substitution (n-m/q)~ * (n-m/q) ( (n-m/q) + 6 2)" 1 with 6 chosen to give the 

island width, i.e., 6 = ^'l^ml/ 6* This ensures approximately correct 

treatment of the potential within the islands. In addition we have verified, 

by approaching the ideal limit of zero amplitude at the rational surfaces, 

that the islands have nothing to do with particle loss. Fishbone oscillations 

involve only n = 1 and tyoically only the q = 1 and q = 2 surfaces lie within 

tV plasma, so these island domains represent only a small fraction of the 

plasma. 
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Now consider plasma rotation. Particles moving in a potential of the 

form * (*) with o 

*• = - - CIS) 
o q 

no%<2 as a r i q i d rotator in the frame movinq t o r o i d a l l y witn a n g u l a r r a t e S. 

The t o t a l v e l o c i t y v - v .B * v , wi th B given by Eg. (2) and v . » (E*B)/B , 

i s v * v . * + (v /R - » ) t r / q ) 6 

g i v i n g r i g i d r o t a t i o n to r a p a r t i c l e with 

v e l o c i t y v . = RQ. 

Having chosen the model, i . e . , the t r u n c a t e d form of 8, the e l e c t r i c 

p o t e n t i a l , and the canon ica l v a r i a b l e s , no aop i^x ima t i sr.s may be made in 

subsequent c a l c u l a t i o n s r*r enerqy conse rva t i on and the Liouvi H e theorem w i l l 

not ho ld . Th-> powpr r.f the Hami ltonirtr. formalist* c o n s i s t s in the a n i l i t y to 

use an approximate model wi thout s a c r i f i c i n g the p h y s i c a l l y d e s i r a b l e 

a t t r i b u t e s a s s o c i a t e d with Hamiltonian dynamics . 

Enerqy conserv ing p i t c h angle s c a t t e r i n g i s in t roduced by chanqinq the 

p i t ch \ = V,/V through 

\ = \ ( 1 - W T ) ± ( ( i . \ 2 > -JX, 1 / 2 ( 1 6 ) 

where v i s the c o l l i s i o n f requency, t ia the time s t e p with vt << i , and the ± 

imp l i e s a random s i g n . This can he shown to g ive an e q u i v a l a n t Lorentz 

c o l l i s i o n o p e r a t o r . 1 0 

IV. MODE PARTICLE PUMPING 

The gu id inq c e n t e r d r i f t e q u a t i o n s (1 0 ) , for <*=0, d e s c r i b e t he 

t r a j e c t o r i e s oi banana and pass ing p a r t i c l e o r b i t s in the axisyinmetr ic f i e l d 
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B. The modes a

n m produce perturbations of theje orbits which can have 

periodic and ceculor parts. He are interested in th;» latter and in particular 

in secular modifications of the radial position and of the energy. Consider 
* 

f i r s t the radial position. The radial motion <i> is given by 

* = - (P^ B+U)e rsii'9 (17) 

m a <to + m « >\ 

+ I —S™ [ nn o _ J ] c o s t n 4 ) _ m 9 _ „ t + 6 , 
E (n-m/q) nm ran 

ro,n 
* 2 where Eq. (10) has been used to substitute * for ePjB . 

The radial motion due to <* can be secular for particles with finite 
ntn 

drift excursions, and for trapped particles. The sine term in Bq. (17) is 

proportional to the square of the gyro radius. It averages to zero when « = 0 

because of the symmetry of the orbit in 9. For finite perturbation the 

averaqe of sin9 is proportional to <* . The ratio of the first and second 

terms is small for typical beam injection parameters and mode frequencies and 

the sinO term is negligible. The contribution of the cosine term can be 

obtained by integrating Sj. (17) in time. The only potential considered is 

that associated with plasma rotation, Bq, (15). In addition, fishbone 

oscillations consist of co-rotating modes, all with n = 1 . So, for 

simplicity, we restrict the modes to n = 1 and drop the subscripts on u . 
nm 

First consider trapped particles. The unperturbed orbit can be 
approximated by uniform precession in •, $ = ffit + u (4>)t, and periodic bounce 

motion in 6, 6 " -© sin to, t. For trapped particles the average toroidal b b 
precession rate is a.veil by 

(D - ep 2
q/2r (18) 

P 
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and the bounce frequency by 

:j « tp/eF/q. (19) 
b 

The v a r i a t i o n of + in the o r b i t i s an u n e s s e n t i a l c o m p l i c a t i o n and can be 

n e g l e c t e d . I n t e g r a t i n g Bq, (17) over 2k bounces , t he ave rage r a d i a l motion 

due to one mode i s g iven by 

2% 
<*> = —=- J dx coa (o + bx + z s i n x) (20) 

An. _ 2 f l ) ( nm 

with b = <P + u - u)/u) i = m 9 and p b b 

. nm 
A -

„a (u-mQ/q) 
( , , _ , „ • , - « - « ) . .. (21 ) e .. [1-m/q] p 

Using the i d e n t i t y 

; i s s i n x s J J ( r j e i » « f ( 2 2 , 

we then f ind 

A " J N U ) 

<^> = . ^ c o s ( 6 )sin(2T%b) E - _ _ - b f i n t e q e r 
2 ^ nm m b+N 

<i» = A c o s ( 6 ) J „ ( 2 ) b = - N 
nm N 

(23) 

Secu la r r a d i a l motion occu r s only i f b = - B, i n t e g e r or e q u i v a l e n t l y 

u = P + &> + fjw . S ince t y p i c a l l y u> > P + u> . ehe resonance of lowes t p b b p 
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frequency i s the precess ion frequency resonance, w » Q + w , The trapped 

p a r t i c l e precess ion rate to ~ q / r i S very nearly independent of p o s i t i o n for a 

large range of r, so t h i s condit ion can be s a t i s f i e d in much of the plasma. 

We then find 

<*> = - I c o s f 6 ) _p!SJE_ j („0 ) . (24) 
nm £(1-nq/m) o h 

The secular motion w i l l be l a r g e s t for low m and small 8 Because of the 
b 

factor u , the secular motion i s proportional t o P 2 and vanishes in the l i m i t 

of zero gyro radius . 

The p a r t i c l e energy can be treated in a s i m i l a r manner. S t a t i c magnetic 

and e l e c t r i c f i e l d s e x a c t l y conserve H, so the change in energy i s given by 

™ = - I ™ [ ° - * c o s ( n * - n.9 - ut + 6 ) . (25) 
° t £ (n - m/q) ran 

This expression is similar to that obtained for radial motion, giving for a 

particle in resonance with the .node 

Notice that for a single mode &H/&t = - (^/m)^ . We thus conclude that 

particles precessing with the mode in a toroidal position to cjive outward 

motion have their energy decreased. 

Note that the condition of small m&b implies that significant mode 

particle pumping occurs only for low q and near perpendicular injection. This 

is because mode amplitudes are small beyond their associated rational 

surfaces; and to achieve particle loss, low m modes must extend to the plasma 
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edge. Similarly if the beam injection is not near perpendicular, the 

particles ha^ large 9fc, so again no pumping occurs. TVis restriction on ^ , 

and hence on parallel velocity, means that ejected particles fill a loss cone 

with V(| << v.. Those modes extending to the plasma edge have mode rational 

surfaces outside the plasma, and thus q < m/n. Eg. (24) then implies that 

particle mode pumping at the precession frequency will produce •» beacon of 

exiting particles with |9| < 0^ and toroidal ejection point 

* « (ut - 6 + n)/n . (27) 
nm 

Note that although it is a resonance phenomenon, and thus reguires 

frequency matching, there is no threshold amplitude for the ir.duced loss. 

Now consider passing particles. The average radial motion can again be 

estimated by substituting the unperturbed orbit ir, Eq. (17). The relevant 

drift excursions 're those due to 8 and 4\ Write 4 •= 2t + w t and 8 " x - z 
P 

111 s i n x, wi th x = *) t / q , and z = mP/24", where P = (2E) ' i s the gyro r a d i u s . 

The i n i t i a l p i t c h , X = P.,/P i s g iven by 

X = R T / T 1 (28) 

where the geometi. for the beam injection is shown in Fig. 1, and for 

particles well into the passinq regime, i.e., R„/B >> (2Er> ' , the average 

toroidal precession is given by 

P R 2R 2 

T 

The excursion in 4> is 4> = 4> + P cos x. The radial motion again takes the 
o 
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forin 

I = A cos (6 + bx + z a inx) (30) 

with A given by Eq. (19) and 

C i"i Q -> 

b = <^ 1 ~ — + i r ) - m • < 3 1 ) 

p p 

The relevant behavior of 4> can be understood by neqlecting t>>e 41 dependence of 

A. Integrating Bq. (30) over 2k poloida) periods, the average radia l motion 

is given by Eq. (20). Again the radial motion is secular only for b = -N, 

integer , and 

Nu) a 
<<J> = - I c o s < 6 ) —PJ™ j (H?). (32) 

i & l ran' E(l-nq/m) r r2<r 

The vanishinq of this expression for N = 0 insures that the secular motion i s 

again proportional to p , since both id and the Bessel function are 

proportional to P. Again secular notion vanishes for P = 0. For every m 

there i s a contribution to <1> for 

— (q - m + N) + B (33) 
q 

for all integer N 4 0. Since " /q is a decreasing function of radius and q -
P 

m - N increasing, a resonance can extend over a wide range of r. Further, 

since all m can contribute at the same frequency, there can be significant 

loss. The F->des do not extend beyond their rational surfaces, so q < m at 

positions where ^ is significant. Thus from Eq. (33) N > 0, anA from Eq. (32) 
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tte toroidal location of the particle loss is again given by Bq. (27). The 

loss will, in qeneral, be smaller than that in the case of trapped particles 

because of the smaller range of r within which the resonance condition is 

satisfied. 

inclusion of the * dependence of A in these expressions sliqhtly broadens 

and complicates the form of the resonance without otherwise changing these 

conclusions. The resonance is also broadened by the trapping of particles 

moving at nearby frequencies by the mode itself. 

Note that Eq. (33) predicts resonant loss at frequencies well below the 

transit time irequency. A beacon of exiting particles is produced, as in the 

ca:= of trapped particles. As in the case of trapped particles QH/6t = 

-(") /mTh so particle loss is associated with a decrease in energy. 
nm 

The existence of a radia l e l e c t r i c f ield given by Bq. (15) further 

modifies the par t ic le behavior in that whereas the t o t a l energy is decreased 

durinq outwa-d motion, the k ine t ic enerqy may in fact be increased. 

These resul t s are verified by Monte Carlo simulations. To i l l u s t r a t e the 

basic effects we show resu l t s for uniform radia l deposition of a monoenerqetic 

beam of 50 keV deuterium into an equilibrium with a safety factor prof i le 

varying from 0.8 on-axis to 2.2 at the plasma edqe, and l inear in <k The 

plasma edge was located a t <k=0.125, or r=0.5. The on-axis toroidal field was 

taken to be 9 kG, giving an on-axis gyro frequency of u = 4.5 x 10 7 / sec , and 

an energy in our dimenpionless uni ts of E = 0.5tP/a) = 9 x 10~ . The 

co l l i s ion frequency was taken to be of the form u ~ u M _ r 2 / r

2 ) with r the 

plasma radius . However, on the tim2 scale of the fishbone o s c i l l a t i o n s , 

co l l i s ions play a very small ro l e . The s t a t i c plasma potent ia l * Q was taken 

to be zero except for the investigation of the effect of plasma rotat ion 

through the use of the potent ia l given by Eq. (15). The chosen safety factor 
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p r o f i l e corresponds t o that of a. moderate amplitude f ishbone c a s e . In F i g . 2 

are shown the MKD modes used in t h i s s i m u l a t i o n . Modes with m > 0 were taken 

to be of the form 

a (4>> = A <I>W2> 10.S - *? (34) 
nra 

with A, P chosen so that both the maximum value and the value at the rational 

surface, q=ra/n, agreed with the values given by the three-dimensional 

simulation code for a fishbone oase. Modes with n > 1 are smaller by at least 

an order of magnitude and were found for this case to have negliqihle effect 

on particle confinement and enerq>?tics. All low m mode9 have the same sign, 

except for m=0, which does not contribute to radial pumping. Thus outward 

pumping is associated with energy decrease for this case. 

In Fie;. 3 is shown a Poincare plot, made at <>=0, of the magnetic field 

produced by these perturbations. The plot extends to the plasma edge. Soms 

degree of stochasticity is observed, but it is not enough to influence 

energetic ion transport on the time scale of the fishbone oscillations (500 

Usee). ft factor of 2 increase in these perturbation amplitudes, however, 

leads to quite a stochastic field, with a Poineare plot exhibiting few 

discernable flux surfaces. 

In the Monte Carlo simulations the modes were rotated all at the same 

toroidal rate, as the experiments indicate they do. Plasma rotation is taken 

to be zero unless otherwise noted. 

The resonant behavior of the induced particle loss and energy transfer 

for near perpendicular injection is clearly seen ta Pier. 4. The observed 

experimental mode frequency for R^ = 36 cm is approximately 20 kHz, 

corresponding to ^/m

Q = 2.8 x 70 , which is also the preoession frequency of 
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particles near the beam injection energy. The effectiveness of this process 

in expelling a significant fraction of a beam with an energy spread would 

depend on the ability of the inode to synchronije itself with the bulk of the 

beam population. In this way, as particles w«?re lost, the mode would shift 

its frequency to continue work on the remaininq beam particles. There is some 

evidence of frequency modulation of this nature occurring in the experiments. 

This fiqure also shows the effect of variation in the beam injection 

angle. As R T is increased, the increased value of 9fe makes the ejection 

mechanism less effective. As lonq as the beam consists of trapped particles, 

the resonant frequency is independent of R_. The resonance is broader and th>= 

losses smaller when the beam consists of passing particles, R T > 100 cm. 

Particles are lost only from the outer half of the plasma due to the 

position-dependent resonance condition, Eq. (33). In this reqion q " 1.b and 

the resonance condition is N = m-1 or <J = <J /3, which is approximately the 
P 

location of the resonances for R T = 120 cm and 140 cm. Tt should be 

remembered that ejection is also proportional to mode amplitude, so that 

correlation of fishbone amplitude with beam injection anqle would further 

affect the dependence of particle loss on RT-

In Fiq. 5 is shown a typical orbit for a particle lost due to 

mode pumpinq for R = 36 cm. The time for this whole process is dbout 100 

^sec. Note that the banana is shifted slightly to positive 0r so that the 

sin9 term in Eq. (17) somewhat retards the ejection. 

Particle loss due to mode pumping is a linear function of mode amplitude. 

For near perpendicular injection the 3/1 mode is responsible for 90% of the 

particle loss observed. fcadial drift is proportional to m, which in addition 

to the relative smallness of the 2/1 mode near the plasma boundary (see Fig. 

2) makes the 3/1 mode more effective. Experimenting with individual modes 
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shows that a 4/1 mode as large as the 3/1 mode is also capable of significant 

particle expulsion, but a 5/1 mode is not. 

For near perpendicular injection the radial injection point of ejected 

particles has a uniform distribution, i.e., particles are lost from the whole 

plasma, not simply from the edge. For near parallel injection the loss is 

more restricted to the outer part of the plasma. The toroidal location of the 

beacon is shown in Fig. 6, and the location agrees with Eq. (27), 

For these mode amplitudes the rate of particle loss at near perpendicular 

injection, for fixed mode frequency, decreases rapidly with decreasinq enerqy 

and is more than an order of magnitude reduced at 25 keV. There is thus no 

appreciable loss of low energy thermal particles due to mode pumpinq. This is 

simply because the trapped particle precession frequency is proportional to 

the energy, so these particles do not resonate with the mode. 

In Fiq. 7 is shown the energy distribution of all particles averaged over 

a full fishbone period, at 20 kHz mode frequency for R̂ , = 36 cm. Siqnificant 

broa< ening of the energy spectrum, with a maximum of 25% energy increa.se, is 

observed. Overall the beam energy has been decreased by 5* and the average 

neutron production rate has been decreased by 5%. The total neutron 

production rate is, of course, reduced by an amount reflecting the fraction of 

•he beam lost. 

In Fiq. 8 is shown the overall enerqy transfer to the particles as a 

function of particle eneryy for fixed frequency and R T = 36 cm. The frequency 

corresponds to the precession rate at E = 40 keV. Total energy transfer 

corresponds to approximately AE = - 700 eV per particle for particles in the 

range 25 keV < E < 50 keV. From Monte Carlo simulations in an axisymmetric 

plasma the number of beam particles in this range at the onset of the fishbone 

is ~ 3 * 10 1 8 giving a total transfer of ~ 350 J. Total mode energy in the 

http://increa.se
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form of magnetic energy in the rotating harmonics for this case was calculated 

from the HHD code to be 300 J. This beam energy may represent the energy 

necessary to drive the mode. Whether or not the mode is beam driven is a 

question which must await a full calculation of the coupled beam and plasma 

system, as well as sufficiently accurate current density and pressure profile 

measurements to determine how close the MHD state is to marginal stability. 

In Fig. 9 is shown the energy distribution of exiting particles for R„ = 

36 en. As predicted by Eq. (26), particles lost due to mode particle pumping 

have lost energy, amounting to as much as 20% before exiting. Including 

plasma rotation through the potential given by Eq. (15! does not produce 

significantly different results except in the energy distribution of the 

exiting particles. The total energy distribution is unchanged because of the 

balance between particles moving inward and those movinq outward. The 

resonance freguency shifts an amount equal to the plasma rotation frequency. 

In Fig. 9 is also shown the energy distribution of exitim particles for R = 

36 cm and a plasma rotation frequency of half the mode frequency. A 

significant high energy population is present, with energies up to 17% above 

injection energies. It is, however, not clear that this mechanism is 

sufficient to explain the very high energy particles observed in some fishbone 

events. 

V. CONCLUSION 

A mode particle resonance capable of ejecting near perpendicularly 

injected beam particles has been examined with a Monte Carlo drift orbit 

code. The mechanism produces a beacon of exiting beam particles correlated 

with the mode rotation. It appears to be effective enough to explain the loss 

of beam ions and the saturation of plasma heating observed in PDX during 



injection because it strongly affects trapped particles with small bounce 

angle. For fi«ed node amplitude the particle loss is not negligible even for 

parallel injection. How effective the loss mechanism is for nonperpendicular 

injection therefore depends on whether the fishbone amplitude is large for 

these cases. The loss mechanism ejects particles with energies lower than the 

injection energy, except in the presence of plasma rotation, in which case a 

high energy tail is produced with energies significantly above the injection 

energy. The energy transfer observed with the drift orbit code indicates that 

the trapped particles could participate significantly in the destabilization 

of the mode. The MHD initial value code indicates that the plasma is 

marqinally stable within the accuracy of the determination of the current and 

pressure. It is destabilized by increase in plasma P and by changing q on-

axis. Estimation of the destabilization by the trapped particle population is 

beyond the scope of this work. However, such a mechanism, alonq with the beam 

ejection by the large amplitude mode, could very well explain the cycle of 

fishbone oscillations observed during near perpendicular beam injection. 
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FIGURE CAPTIONS 

FIG. 1 The q?cir,etry for beam d e p o s i t i o n . R = 143 cm and a = 80 cm. The 

plasma r a d i u s i s 40 cm, and thus a t the plasma edge <i> = 0 . 1 2 5 . 

FIG. 2 Analy t ic approximat ions t o the n=1 MHD modes for a it d e r a t e a m p l i t u l e 

f i shbone . The mode maximum and the va lue a t the r a t i o n a l s r f a t e 

both agree with the va lues given by the MHD s i m u l a t i o n . Modes with n>1 

were a p p r e c i a b l y s m a l l e r . 

FIG. 3 The Poincare p l o t of the maqnetic f i e l d us inq the mode ampl i t udes 

approximat ing those qiven by the MHD s i m u l a t i o n for a moderate 

f i shbone . The n=1 modes ar= shown in F iq . 2 . Also inc luded were 

n=2 and n=3 modes, which a t t h i s ampl i tude have no a p p r e c i a b l p e f f e c t 

on p a r t i c l e l o s s or e n e r q y . 

FIG. A The f r a c t i o n of beam l o s t dur ing a f i shbone pe r iod (500 n sec) for 

va r i ous va lues of R_. The value R_ = 140 cm co r r e sponds *-.- p a r a l l e l 

i n j e c t i o n . 

FIG. 5 A t y p i c a l t r a j e c t o r y for a beam p a r t i c l e l o s t due t o mode pumping. Here 

R™ = 35cm and the mode frequency i s 20 kHz. 

FIG. 6 The t o r o i d a l d i s t r i b u t i o n of e x i t i n g p a r t i c l e s . Here the phase of a l l 

modes was * n m = - V2« and thus from Bq. (27) the e j e c t i o n should occur 

a t * - t>>t = 3 V 2 . Note t h a t s i n c e p a r t i c l e e j e c t i o n i s a lmos t e n t i r e l y 

due t o the 3/1 mode, t h e l o c a t i o n of the beacon with r e s p e c t t o the 1/1 

mode can be tuned by a d j u s t i n g the r e s t i v e phase of t he se modes. 
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FIG. 7 The particle energy distribution averaged over a r'ull fishbone 

period. The mode frequency is 20 kHz, R̂ , • 35 cm, and E 0 « 50 keV. The 

maximum particle energy amounts to a 16* increase over the injection 

energy. 

FIG, 8 The total energy transfer to a mono-energetic beam from the mode o3 a 

function of particle enerqy. The mode frequency corresponds to the 

precession rate at 3B keV. Here H-, = 35 e.j. 

FIG. 9 The enerqy distribution of the ejected particles. The mode frequency 

is 20 kHz, R_ = 35 cm, and the injection enerqy is E = 9 * 10~ 4, which 

corresponds *••> 50 keV. Also shown is a case with a plasma rotation of 

half the mode frequency. 
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