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Abstract

Plasmas exhibiting the “fishbone” instability studied on the PBX-M tokamak show a
distinct relationship between the plasma shape, the internal magnetic structure, and the
presence or absence of fast ion losses normally associated with the fishbone mode. We
have, for the first time, carried out measurements of the magnetic safety factor profile
in fishbone-unstable plasmas, and used the knowledge of the associated experimental
equilibria to compare the stability and fast ion loss properties of these plasmas with

experimental observations.
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The use of auxiliary heating to achieve high temperatures in tokamak plasmas las
led to the observation of a class of instabilities not fully described by simple magnetoly-
drodynamic (MHD) fluid theory," where kinetic effects associated with the high energy
particles in the plasma play an‘éssenﬁia.brole. One'such instability is the “ﬁshbdne” mode,
which was first observed on the PDX tokamak? during high power, near-perpendicular
neutral beam injection (NBI). The large-amplitude MHD" fluctuations characteristic of
the mode were associated with greatly enhanced losses of the energetic beam ions near
the NBI energy, degrading the efficiency of plasma heating and' limiting the attainable
B (= Eé—%;) values.® The MHD: activity indicated that the poloidal and toroidal mode
structure of the instability is m/n = 1/1 in the plasma core, with a spectrum of modes
with m > 2 nearer the plasma edge. The modes rotate toroidally at approximately the

precession rate of the trapped beam ions.

[ishbones have been attributed to a resonance between a population of high energy,
toroidally precessing ions and an unstable (or marginally stable) internal kink mode,*" or
alternatively, a coupling of the hot ions, through viscous damping in the bulk plasma, to
an MHD mode at the ion diamagnetic drift frequency of the thermal ions.® The relatively
cold background plasma is described by an MHD model. The stability analysis is done
via the energy principle.! The procedure is to add to the contribution of §Wpyyp from
the background plasma terms due to the kinetic, 6W)y, and inertial, §;, terms, leading to

a variational dispersion relation,’

D(ﬁ) = oW+ aW, + 8, = 0. (1)



In this dispersion relation, the inertial term resolves the singularity in the displacement
£(r) at the ¢(r,) = m/n = | rational surface, and its contribution is important only
in this vicinity. The kinetic term: arises from: the hot trapped' particle population. The
gsize of this population is characterized by the hot particle beta, f). F(gr- even modest
values of ), (~ 107%), the §W, term can destabilize a marginally stable internal kink
mode (6Wpyup20). The resulting mode has a frequency w ~ wy, where wy is the toroidal
precession frequency of the hot trapped particles, wy ~ Ei;q/mnRQ. Such a mode is
observed experimentally.?

The onset conditions for the fishbone mode have been calculated for a slowing-down
distribution of hot particles produced by NBL.” The threshold condition: covrespbnding

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

(wa)

Berith = ——, (2)
Wy
where
Uy
Wy = —— 3)
1 V3R )

is the shear Alfvén frequency evaluated at ¢(r,) = 1, and r,q' is the magnetic shear at
the rational surface.!®

Part of the dependance of the instability on the safety factor ¢ can be seen clearly
from the expressions for (wq), wa, and Fein. In addition, the mode structure depends on
the radial location of the rational surfaces; a measurement of ¢(r) would provide impor-

-

tant confirmation of the mode/hot-ion resonance model. To date, such measurements




have not been made routinely and lhave never Been made in: plasmas exhibiting fislibones.
Using the neutral probe beam: ¢ profile diagnoestic available en: PBX-Mi, we have obtained
the necessary information to: compute a plasma equilibrium that accurately models the
experiment. We can use this to determine thie plasma’s stability, and'study the predicted
dependence of mode/lot—ion resonances such: as those associated with the fishibone in-
stability. This paper describes: experiments in: which: Gﬁeﬁﬂlibmnemodé was excited and’
measured' on PBX-M and ¢ profile and' fast ion: measurements were made. These ex-
penimenbs provide the first companrison: between the theoretically predicted' dependence
of the mode on the internal magnetic structure of the plasma and' actual experimental
measurements of ¢(r) made by using motional Stark effect pelarimetry.!”

The fishbone experiments were conducted in low field, low current, bean-shaped' plas-
mas. At 400 ms into the discharge, the plasma shape relaxed from a bean-shaped condi-
tion, with elongated internal flux surfaces, to a more D-shaped condition; with relatively
cireular internal surfaces. At the time of the relaxation, the amplitude of the fast ion
losses—as seen by a perpendicnlarly viewing, multichannel, charge exchange analyzer
(FIDE)*?—increased sharply. Figure | shows the Mirnov loop signal from a coil on the
onthoard midplane and the fast ion signal seen by the FIDE analyzer near the NBI en-
ergy for the earlier bean-shaped, fast ion loss-free phase. Colierent fishbone oscillations
are clearly seen on the Mirnov trace, but we see no evidence of fast ion losses associated

with these fishbones.
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Figure 2, similar to Fig. L, shows the signal from the midplane Mirnov loop and the
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perpendicular fast ion: losses seen by the FIDE analyzer during the later D-shaped, fast
ion: loss phase. As in the eanly, fast ion loss-free phase, colierent fishbone oscillations ave
clearly seen on: the Mimov trace. However, tlicre are now alko coherent bursts of fast ion:
losses associated with. the fishibones. The similarity in the Mirnov data and in the basic
plasma conditions (low density, high-3; high-{,) indicates that during both the early and
late phases, conditions are such that ans MHD fisibone mode is destabilized; howevern,
differences in the plasma equilibrium have developed' during the relaxation at ¢ = 400: ms
causing the observed change in: the fast ion loss behavior.

To determine the ¢(r) profile during each phase, two magnetic field nitch angle (v,):
measurements were made with the motional Stark effect (MSE) polarimeter.'® The g(v):
and ¢(r) profiles obtained from the v, data' for the early (fast ion loss—free) phase and
the late phase are shown in Fig. 3. Comparing these results, we begin to see the changes
m the equilibrium that we believe are responsible for the differences in the observed fast
ion losses. At the late time, the ¢(r) [and ¢(1)] profile becomes broader. In particular,
the radius of the ¢ = 1 surface increases. The () profile shows this more cleanly,
since the motion of the magnetic axis Ry is suppressed by the use of the flux v as the
independent, variable,

During the course of our studies, several plasma discharges were observed that showed
considerably enhanced fast ion losses during the late phase of the discharge. The strength
of these losses increased by roughly a factor of five over the previously described losses.

The Mirnov data suggest that, for these enhanced loss cases, a similar mode/hot-ion



resonance is: present. in the core; but. again the idetailk oft the equilibrium. determine thie
degree of fast ions. losses. To understand this, the MSE v,(r) data were used ini an
equilibrium reconstruction for one of the entianced! loss sliots: The ¢(4f) and! ¢(r)) profiles.
for the enhanced! loss: case are substantially broader and' moere Ulshaped' than ini the
conventional! late case. This observation is: consistent with: the difference in the ¢ profile
between the conventionall fast ion: loss-free eanly phase and! the fast ion loss: late phase.
The observations. indicate that the ¢ profile Broadens: and! flattens, and! as: the radius:
of the ¢ = 1 surface increases,, the strength of the fast ion: losses associated’ with the:
fishbones rises accordingly.

We compared these resultis. with: the fast ion losses predicted! by the White~Chen: fishi-
bone model by using the guiding center code ornim, developed by Whitie and' Chance. '™
The code studies the fast ion losses resulting from' a perturbation: of the axisymmetic
equilibrium magnetic field due to the MHD' modes of the mode/Hoti~ion resonance. Pre-
vious fast ion loss studies employing onsir Have used' analytic equilibria, or numernicall
equilibria in which one or more of the quantities p(4), (1), ov g() had an assumed! ana-
lytic form.*** With the magnetic pitch angle data from our fislibone experiments and! the
resulting equilibrium reconstructions they provide, we liave for the first time compared:
the predictions of the White-Chen model for fast ion logses with thz observed! losses. and!
acouribe equiiibrium information in each of our experimenval conditions.

The fast jon loss calenlations made by wsing ornrp require the equilibrium: informa-

tion disenssed above as well as amplitudes of each poloidal and toreidal (m, n) compeonent



of the MIHID activity: To obtain the amplitudes: ofl eachy (my,n) compeonent,, we incorpo-
ratied! both our measured Mirmov data and! stability nesgi't)s from the pesm ideall MIED
stability: code:'® Using, pesm, we found! thati. the fast. ion: loss-free phase of the shaped),
fishiBoning plasmas: was: unstable to the internal kink.. Fromi this: analysis, we detiermined!
the maximum amplitude of each (m, n)) mode: ;ﬁeaatlned? ati the plasma edge: For the late,,
fast ion loss phase of the shaped\ fishboning plasmas; we camied! out stability analyses: for
both the conventional and! enHanced! loss: cases. The pEst results for each case indicate
that the plasmas. were unstable to the internall Kink as: in the eanlien time:. The broadi
flat ¢ profile in the later cases, However, leads: Vo a significantly: larger radiall extent. fon
the internall kink activity.

The predominant, MHD moedes found! by using pes: and! our Mimov: measurementis;
for the eanly and' latie phases were quite similam the Basic character of the MHD activity:
seen in the Mirnov data was essentially unchanged/by. thie shape relaxation ati ¢ = 400 ms,.
the mode analysis of the Mirnov data showed! that the predeminant (im,n)) continibutions.
to the MHD activity at the early andilate times were m = I, n = U and'm = 2, n = 1
and the frequencies at the eanly and'late times: differed! only. slightly. However, thie fast.
ion: beliavior for each plase was quite different. These results indicatie that. the basic
fluid stability conditions for driving fishbones exist in the core at both oie eanly. and!late
times.

Becanse the Hnid stability for both the fast ion loss-free plase and the fast jon loss

phase were the same, we next examinedi the Rinetic stability. propenties of each time, using



the kinetic dispersion relation solver cuien,” develbped! by: Whitie: andl Clen and! modified
for this work: te: allow more accurate reconstruction ofl the experimentally determined!
q; profile: Bach ofl our cases. was: found! tlo be' unstable to: the fislibone mode according
tio: these calculations. The differencess ini measuved! fast. ion losses: are thus: due neither
to gross: differences: int MDD beliavior ner in kinetic stability: Rather, the relationship
between the internal profiles and! the fast ion dbiftis associated with the mode must . explain
the difference in' Beliavior..

To: verify this relationship, we used oun experimental equilibria,, the measured! neur
tral' beam: parameters, and! tlie MHD mode amplitudes: described! above to: obtain the
calculated! fast ion lbsses: withi the owsim code: Table Il summanrizes tlie observed and!
caleulated' mode properties for the fishbone olbiservations. ini each of our three cases. The
fraction of Beam particles that are trapped! is obtained from: the orsuin calculation. The
shiear Alfvén frequency, wiy, I8 found| ﬁsing‘ Bq; (3) and! the equitibrium results. for eacl
case. Tlie average precession rate for thie trappedi panticles, (wy)), is obtained! from onpin.
The critical' hov paticle 37 Biien, 18 given By Eq;. (2), using the values. for (wy) and! wy,
discussed’ above. Finally, the mode frequency is equal to: (wy)y 2w The observed and!
calculated mode frequencies are in agreement. Note that the fishbone threshold! suggesus.

that the early, fast ion: loss-free case is:at least as unstable as the later times. The fraction

of fast ions trapped within the kink resonance ab g = 1 seems: Yo confirmy the relationship:

between: ¢ profile shape and! observed! losses.

The results of our orgsn calculations for the fast ion losses predictied for each off oup
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cages. are shown ini Pigure 4. The plots: sliow the enengy’ distnibution of exiting, panticles:
for the eanly; latie; and! enlianced lbss: cases: hom the: figure;, we see that. the magnitude:
ofl fast. ien losses: ini the conventionall late case is: about seven times: greater than in the:
eanly case. This: agrees. with our experimentall observations,, wliene in the eanly case, we
couldl discern: no: fast. ion: losses: above the noise:. The magnitude of the fast. ion losses: for
the enlianced! lbss: case sllows an increase of two to: tliree over the conventionall late case:
Comparing tHe relative amplitude of the losses: for the conventional and! enhanced! loss:
cases, we find! tliat oup results: obtained' from: the Whitie~Chien: modell substantially agpee
with: the experimentally observed! variation in fast. ion losses.

We Have observed! that in plasmas exhibiting the fishBone instability; the detaill of the
equilibria-—related! in our case to the plasma shape and! ¢ profile—can greatly: affect. the:
observed! fast ion losses. While our results suggest. thiat plasmas of different. shapes: may:
not differ in' thein éb‘a&biliﬁy against fislibone modes, tlie influence of shape on the details:
of the equilibriumy profiles can: affect the fast. ion losses. associated' with these fishbones.
This can have important implications. in. thie operation of a burning plasma experiment
or a fusion: test reactor, in- whicl tlie loss. of high energy panticles, either from auxiliary
leating or from: fusion products themselves, could! greatly affect the performance of tlie

device.!”
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Figures

FIG. 1. The midplane Mirnov coil and perpendicular fast ion (FI) loss data for tile fast

ion loss-free phase of the shaped, fishboning plasma case.

FIG. 2. The midplane Mirnov and FI loss data for the late, fast ion loss phase of the
shaped, fishboning plasma case. The figure shows a series of fishbone oscillations,

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

FIG. 3. A comparison between the q(#) and ¢(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,
fishboning plasma cases. The magnitude of the losses for each case are in good

agreement with the experimental observations.
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Tables

TABLE I. A summary of the observed and calculated fishbone properties for each phase

of our shaped, fishboning plasmas.
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Mode characteristics Banly Late i Enhanced Loss

Observed mode freduency (kHz): 15— 25 10/ - 20! ; 100 - 20

- PFraction: of beam trapped (%) 64 82 l 79!

Fraction of beam trapped, ¢ < 1 (%) 8 21 ‘ 42

' Shear Alfvén, wy(sec™!) 3.8 x ¢ 2:6:x 109 1 1.8 x 10°
Precession rate (wg)(sec™): 8.8 x Lo* 9:3 x 10* x 1.0 x 10°

- Pishbone threshold, G, o T.4 x 10~3 1.1 x 102 ! 1.8 x 107"
Calculated mode frequency (kHz) 14 15 | 16
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