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Confinement of Fusion Reaction Products during the Fishbone Instability

W. W. Heidbrink, Ralph Hay, and J. D. Strachan
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08544

(Received 13 August 1984)

The presence of fishbone events in the PDX tokamak is correlated with a reduction in the
burnup of 0.8-MeV 'He ions. This reduction is probably caused by distortion of the He drift
orbits in the helical magnetic fields associated with the instability, resulting in the loss of
about 70'/o of the confined He ions in a moderately strong fishbone. Such a nonresonant
loss of particles with large orbits indicates that fishbone events may influence 3.5-MeV al-

phas in ignition experiments.

PACS numbers: 52.55.6b, 52.35.Py, 52.55.Pi

In PDX neutral-beam —heated discharges a new
instability called the "fishbone" instability was ob-
served. ' The instability was associated with a sig-
nificant loss of injected beam ions, resulting in the
loss of as much as (20—40)'/o of the total beam
heating power. 2 The fishbone was identified as a
large n=1, m=1 internal kink mode that also ex-
cites n = 1, m = 2, 3, 4 magnetohydrodynamical
(MHD) modes. 2 3 It was found theoretically that
large losses of injected beam ions are expected be-
cause of a resonance between the toroidal preces-
sion of the beam ions and the rotation of the MHD
modes. The theoretical predictions for mode-
induced beam-ion loss are consistent with most
features of the PDX measurements of beam-ion
loss during fishbones.

Since a d-t plasma cannot ignite without alpha
heating, fishbones would be extremely important if
3.5-MeV alphas produced in d(t, n)n fusion reac-
tions were to induce a fishbonelike event or if they
were to suffer losses when other energetic ions
were exciting fishbones. In this paper, we present
measurements of the d(3He, p)n fusion reaction
rate during D D+ neutral beam injection that
suggest that nonresonant 0.8-MeV He ions experi-
ence severe losses during fishbone activity.

The 0.8-MeV He ions are produced by the
d(d, n)3He fusion reaction and their production rate
is determined by measuring the 2.5-MeV neutron
emission level. If a He ion is confined, then it
slows down through the peak of the d(3He, p)a
cross section at 550 keV in about 15 ms. The He
"burnup" [the ratio of 15-MeV protons produced
in the d(3He, p)o, fusion reaction to 0.8-MeV 3He

ions produced in the d(d, n) He fusion reaction] is a
sensitive measure of the 0.8-MeV He ion confine-
ment. 7 The absolute magnitude of the 15-MeV
proton emission was detected with 10-ms time
response by use of a horizontally inserted surface-
barrier detector. ~ The absolute calibration was
confirmed by puffing He gas and taking the He

density to be one-half of the resulting rise in elec-
tron density. 7 The absolute accuracy of the mea-
surement of the emission is about a factor of 2.
The relative accuracy is determined primarily by
counting statistics.

Most fusion-produced He ions are born near the
hot center of the plasma. In PDX, about half of the
created 0.8-MeV He ions suffer classical orbit
losses, with the majority of the losses occurring in
the perpendicular part of velocity space. 7 Because
the poloidal gyroradius depends inversely on po-
loidal field, the magnitude of these classical losses
drops with increasing plasma current. Classically,
confined megaelectronvolt ions slow down predorn-
inantly as a result of collisions with electrons, losing
energy in a time approximately proportional to
T3 2//n, . The probability of a d(3He, p)o, reaction is
proportional to the slowing-down time and to the
density of target deuterons nd, so that the classical
burnup probability scales approximately as

AT, /n, Classically. , the d( He, p)u reaction rate
is expected to depend on the creation rate of He
ions (the 2.5-MeV neutron emission), on the po-
loidal field distribution (I~), and on the electron
temperature. 7 Reductions in the d(3He, p)a reac-
tion rate below the classical level indicate that the
He ions are more poorly confined than classically

predicted, that the spatial distribution of d(d, n) He
reactions is broader than predicted (resulting in in-
creased classical losses), or that the 3He ions lose
energy more rapidly than classically predicted. 7

The best 0.8-MeV He burnup data during fish-
bones are from two PDX run sequences during
divertor operation. On one discharge sequence
(Fig. 1), the plasma current rose from 250 to 340
kA, with a resulting 25'/0 drop in the poloidal beta
and a termination of fishbone activity [Figs. 1(a)
and 1(b)] at about 450 ms. The electron tempera-
ture (=1.3 keV) and beam power (4 MW) were
approximately constant and the toroidal field was 14
kG. Within the experimental and theoretical uncer-
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FIG. 1. Time evolution of (a) the magnetic tluctua-
tions from a Mirnov coil mounted near the outer wall,

(b) the neutron emission measured by an NE102A scin-

tillator, and (c) the 15-MeV proton emission from the
fusion reaction d(3He, p)u for a PDX plasma which

evolved out of large fishbone activity at about 450 ms.
The shaded region in (c) is the calculated 15-MeV proton

tainties in measuring and predicting the He burn-

up, 7 the absolute magnitude of the 15-Mev proton
emission [Fig. 1(c)] is roughly comparable to the
levels expected for classical He burnup through the
discharge. Improved accuracy in the comparison of
theory and experiment is obtained by normalizing
the calculation and the experiment at 550 ms and
examining the time evolution of the He burnup.
The magnitude of the He burnup at 550 ms is close
to the magnitude of the burnup measured previous-
ly in PDX discharges with sawtooth MHD activity
in which the He burnup varied with plasma current
and electron temperature approximately as expect-
ed, 7 while the burnup earlier in the discharge falls
below most of the previous observations. Kith this
normalization, the measurements indicate that, in
the presence of the fishbones, the 3He burnup was
about one-half of its usual value. If we assume that
a constant fraction of the beam ions was lost at each
fishbone, then the 50-keV deuterons (beam ions)
had an average confinement time6 of 12-17 ms,
while the instantaneous loss rate of the beam ions
(as measured by the neutron decay rate during the
fishbone) was about 1 ms. The average He con-
finement time was about 5 ms, implying that
(70+20)% of the 0.8-MeV 3He ions were lost at
each fishbone. Alternative interpretations for the
reduction in 3He burnup are that the d(d, n) He
emission profile was a factor of 1.7 broader before
450 ms than after 450 ms or that about 70% of the
ions rapidly decelerated during each fishbone.
Although the d(d, n)3He emission profile may
broaden instantaneously during a fishbone as beam
ions are expelled from the center of the plasma, for
classical beam deposition, the average emission pro-
file is not expected to be appreciably broader before
450 ms than after 450 ms.

In a second run sequence with weaker fishbones
(15% drop in the neutron emission), the He burn-

up was reduced about 25% during the fishbones
(Fig. 3.18 of Ref. 8).

The effect of fishbones on the drift orbits of 0.8-
Mev He ions was studied numerically with use of a
Monte Carlo code. The fishbone magnetic field
structure was modeled by helical n = 1, I= 1, 2, 3
modes rotating toroidally at 16 kHz. The radial dis-

emission based upon classical time evolution of the 0.8-
MeV 3He ion production, confinement, and slowing
down with use of measurements of the time evolution of
the plasma current and of the electron temperature. The
calculation is normalized to experiment at about 550 ms.
The proton data are the average of four similar
discharges.
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FIG. 2. (a) Fractional loss of 0.8-MeV 3He ions in a

fishbone of n =1, I=1 mode amplitude 8Be/Br The.
open points are the results of Monte Carlo simulations
with 3000 particles. The curve is a fit to the calculated
points. The solid points are the 'He losses deduced
under the assumption that the measured reduction in He
burnup is due to fishbone losses of He ions. The verti-
cal error bars represent the uncertainty in relating the
burnup reduction to the losses per fishbone. The mode
amplitude for the He burnup data was determined by
selecting the amplitude that correctly predicts the experi-
mentally observed reduction in neutron emission; the
horizontal error bars represent uncertainties in this am-
plitude due to uncertainties in the beam deposition and q
profiles. The amplitudes of the m = 1, 2, 3 modes are as-
sumed to be in the ratio 3.8:2:1 and the modes rotate
toroidally at 16 kHz. (b) Fractional loss of 0.8-MeV 3He

tribution of d(d, n) He fusion reactions that pro-
duce the He ions and the unperturbed field struc-
ture were chosen to approximate the experimental
conditions of Fig. 1. The perturbed field structure
was modeled as a square pulse of duration 500 p, s
and the fraction of He ions lost during the "fish-
bone" pulse was calculated as a function of mode
amplitude [Fig. 2(a)]. For a given mode amplitude,
the predicted losses of 0.8-MeV He ions exceed
the losses predicted for 50-keV beam ions by about
a factor of 2. This is in agreement with the experi-
mental observations. Unlike the beam-ion losses,
the computed He losses are insensitive both to the
duration of the fishbone and to the mode preces-
sion frequency in the range of 10—20 kHz [Fig.
2 (b) ), indicating that the 3He losses are not due to a
resonance with the mode. Both copropagating and
counterpropagating He ions are lost in roughly
equal amounts. (Trapped He ions are lost classi-
cally. ) The radial distortion of the sHe drift orbits
is generally several times larger than the radial dis-
tortion of the flux surfaces alone. The numerical
calculations suggest that the observed reduction in
He burnup is due primarily to additional orbit

losses to the PDX vessel caused by distortion of
He drift orbits in the three-dimensional field creat-

ed by the fishbone instability.
For field perturbations oBe/Be of equal ampli-

tude, the losses of fusion products on larger devices
are expected to be less severe than on PDX since
the ratio of poloidal gyroradius to plasma minor ra-
dius is smaller. In near-term ignition (Q = 1) ex-
periments, however, the losses still are expected to
be appreciable. For example, on TFTR (a = 80 cm,
R =270 cm) near Q= 1 (BT=40 kG, 1~=1.9 MA)
the presence of field perturbations as large as those
observed in our PDX experiments (5B&/BT = 2
x10 3) is predicted to increase the losses of 3.5-
MeV alphas from 8% in the absence of instabilities
to 49% in the presence of fishbones.

In conclusion, the observed reduction in the 0.8-
MeV He burnup in the presence of PDX fishbones
suggests that nonresonant fusion products can be
lost in an MHD mode of sufficient amplitude. 3.5-
MeV alphas in an ignition experiment may experi-
ence losses even if the alpha population does not

ions as a function of mode precession frequency in a fish-
bone with mode amplitude 8Be/Br of 2.2&& 10 3. A posi-
tive mode frequency indicates that the modes rotate in
the direction of beam-ion precession. Compared to beam
ions (solid curve) (Ref. 3), the 3He ions are insensitive
to changes in precession frequency, indicating that the
He losses are not due to mode-particle pumping.
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