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Expansion of Parameter Space

for Toroidal Alfvén Eigenmode Experiments in TFTR

K. L. Wong, J. R. Wilson, Z. Y. Chang, E. Fredrickson, G. W. Hammett,
C. Bush, R. Nazikian, C. K. Phillips, J. Snipes’, and G. Taylor

Princeton Plasma Physics Laboratory,
Princeton University, P.O. Box 451, Princeton, New Jersey 08543.

Abstract

Several techniques were used to excite toroidal Alfvén Eigenmodes in
the Tokamak Fusion Test Reactor (TFTR) [Proceedings of the Thirteenth
International Conference on Plasma Physics and Controlled Nuclear Fusion
Research, 1990, Washington, D. C. (IAEA, Vienna, 1990), Vol. I, P. 9] at
magnetic fields above 10 kG. These involv’e pellet injection to raise the
plasma density, variation of plasma current to change the energetic ion
orbit and the g-profile, and ICRF heating to produce energetic hydrogen
ions at velocities comparable to 3.5 MeV alpha particles. These

experimental results are presented and relevance to fusion reactors are

discussed.
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I. Introduction

Toroidal Alfvén Eigenmodes' ( TAE ) may become unstable in tokamak
fusion reactors. They are driven by the energetic alpha particles produced
in d-t fusion reactions. This instability is potentially dangerous because
TAE modes can eject the fast particles before they slow down in the
plasma, and therefore reduce the alpha-heating efficiency. Until a few
years ago, it was generally believed that one could see this instability

only in fusion reactors because the Alfvén speed V, in tokamaks was

comparable to velocities of light ions in the MeV energy range. However,
by operating at very low magnetic field® ( about 10 kG ), it is possible to

reduce V, to the magnitude comparable to the injection velocities of

existing neutral beams used for plasma heating. Two concurrent
simulation experiments were performed with neutral beams tangentially
injected into tokamaks at low magnetic field, and TAE modes were indeed
excited.®4 As expected, the instability can eject energetic particles from
the plasma, but the instability threshold is substantially higher than the
initial estimate based on electron Landau damping alone. Stimulated by
these experimental results, several important damping mechanisms have
been identified recently, namely, ion Landau damping,® collisional
damping,® continuum damping’ and radiation damping.® TFTR normally
operates at magnetic fields above 30 kG. Many diagnostics cannot function
at 10 kG, and plasmas at such a low magnetic field have low plasma
temperature and high collision frequency. They are not well diagnosed,
making it very difficult to extrapolate these results to the fusion reactor
regime. In the previous experiment,3.® collisional damping dominates, and
recent theory'® can explain the instability threshold within a factor two.

However, for fusion reactor parameters, collisional damping becomes less
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important. If one wants a high alpha particle heating efficiency, this
instability can impose some constraints on the parameter space in which
fusion reactors operate. Therefore, it is important to map out the
instability boundary for plasma parameters relevant to fusion reactors.
The plasma parameters in tokamaks are closely related to the magnetic
field. In the past two years, several experiments were performed in TFTR
in order to expand the parameter space for TAE mode studies, i.e., to
excite TAE modes at higher magnetic field. We use several different
techniques based on intuitive considerations derived from the properties
of the instability. The experimental results are presented in this paper. In
sect. I, we describe an experiment which employs pellet injection to
raise the plasma density. Another method which involves variation of
plasma current is described in sect. lll. In both of these experiments, TAE
modes are driven by 100 keV deuterium neutral beams tangentially
injected into circulating particle orbits. Recent theories'®'! show that
energetic trapped ions can also excite TAE modes. This was observed
during ICRF hydrogen minority heating in TFTR'2, The instability amplitude
behavior is different from that driven by neutral beams. This feature and a

qualitative explanation are presented in sect. IV. A brief summary is

given in sect. V.

II. Pellet Injection
In order to excite TAE modes with energetic ions, the ion velocity V

must be comparabie to the Alfvén speed V,. This calls for higher fast ion

velocities for TAE excitation at higher magnetic field. At the same



injection energy, changing the beam ion species from deuterium to

hydrogen would raise V_, by 40%, but this requires a certain change of

neutral beam hardware which is highly undesirable because it interferes
with other experiments on TFTR. We can achieve the same condition by a

factor of two increase in plasma mass density which reduces V, by 40%.

This can be done with pellet injection. Two lithium pellets are injected
into a 630 kA plasma at 15 kG magnetic field with 14 MW of deuterium
neutral beams at energies up to 100 keV. Before pellet injection, there is
no sign of TAE activity. Immediately after the pellets go in, the density
jumps up and the plasma temperature cools down. Figure 1 shows the
evolution of the line-integrated electron density measured by an infrared
interferometer, and the total plasma kinetic energy determined
magnetically. Evidence of TAE activity appears in the Mirnov coil signals
30 ms after pellet injection. It lasts more than 100ms. Figure 2 shows the
frequency spectrum of the Mirnov coil signal at three different times. The
peak signal has a frequency near the expected TAE frequency, and it drifts
towards higher frequencies at later times because the density decreases
in time. Beam emission spectroscopy'? observes sigﬁals at the same
frequency, but the analysis requires long integration time, and cannot
provide reliable measurements of the mode structure and the mode
numbers. Due to the transient nature of the plasma and the lack of high
quality data, detailed analysis becomes very difficult. We are not able to
do reliable transport modelling of the plasma. With the same technique,
we tried to excite TAE modes at 20 kG magnetic field, and the attempt

was not successful.



[1l. Plasma Current Variation
The existence of TAE modes depends on the structure of the Alfvén

spectrum which is sensitive tc the g-profile. In the previous experiment?,

the V_/V, ratio was varied by changing the magnetic field, and the plasma

current was changed by the same proportion in order to maintain similar
g-profiles. It was found that at Ip=630kA, B=15kG, TAE modes
disappeared. These data were presented in Fig. 1 of Ref. 3. Recently, we
found out that at B=15kG, TAE activity returned when we lowered the
plasma current to 420 kA. The results are presented in Fig. 3. Of course,
the Alfvén spectrum is changed when we change q(a) from 2.8 to 4.2 . At
the same time, the excursion of the energetic ion orbit from the flux
surface becomes larger when we lower the plasma current. When g(a) is
larger, it is more likely that the TAE mode frequency will intersect the
Alfvén continuum and the mode will encounter continuum damping. Our
observations are consistent with the orbit effect. The finite orbit effect
on the driving term of the instability was analyzed by Fu and Cheng'®. The

results are schematically shown in Fig. 4. If the orbit size is negligible,
the strength of the instability drive rises abruptly when V_ exceeds V,.
The sharp-edge transition is smoothed out by the orbit effect as shown by
the dotted line in Fig. 4. When the instability is driven by circulating ions

with V_ > V,, finite orbits have a stabilizing effect which reduces the

growth rate. In our experiment, V_, ~ 0.8V, and finite orbits have a

destabilizing effect as indicated by the arrow in Fig. 4. It enhances the
driving term and makes it easier to excite TAE modes. This is only a
qualitative explanation. We do not know the plasma parameters well

enough for detailed quantitive analysis.
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The effect of q-profile variation on the TAE instability can be
explored by current ramping. We find it easier to excite TAE modes in
TFTR immediately after the plasma current is ramped up. This is
demonstrated in Fig. 5. At 15 kG magretic field, 630 kA plasma current
and 14 MW of beam power, there is no sign of TAE activities in the middle
of the flat current waveform. However, by ramping Ip from 350 kA to 630
kA, evidence of TAE activities appear in the Mirnov coil signal shortly
after Ip reached 630 kA. It lasts more than 200 ms as shown in Fig. 6. A
weaker peak at approximately twice the TAE frequency is also observed.
The major difference in these plasmas is in the g-profile. A lower
magnetic shear is expected with |p ramping up. This tends to reduce
continuum damping’ as well as collisional damping.'® We cannot measure
the g-profiles in these plasmas and it is not clear whether or not the TAE
modes intersect the Alfvén continuum. Collisional damping alone can
explain the instability threshold, and continuum damping, if present, can
be of comparable magnitude. The g-profile evolves on the L/R time scale
which is comparable to the time interval in which TAE activities appear.

The techniques discussed so far allow us to excite TAE modes with
100 keV deuterium neutral beams in 630 kA plasmas at 15 kG magnetic
field. This is an improvement compared to the 10 kG piasmas since the
Michelson interferometer system'4 on TFTR can operate at 15 kG and we
can obtain the time history of the electron temperature profile from
electron cyclotron emission. However, there is no significant improvement
in the plasma parameters, and the data are still not good enough for
reliable transport analysis. Therefore, detailed calculation of the
instability threshold cannot bo carried out. Attempts to drive TAE modes

at 20 kG with these techniques were not successful. It appears necessary



to raise the energetic ion velocity in order to excite TAE modes at higher

magnetic field.

IV. Energetic Trapped lons from ICRF

It is well known that very high energy hydrogen ions ( 0.5-1.0 MeV )
are produced in ICRF hydrogen minority heating in TFTR. Recent theory
shows that these energetic trapped ions can excite TAE modes via
wave-particle drift resonance.'%'! MHD activities near the TAE frequency

(w= V,/2qR ) was observed in ICRF experiments, and they were identified

as TAE modes'? from the density dependence of the mode frequency. The
TAE mode signals are dominant in the Mirnov coil frequency spectrum as
shown in Fig. 7. The main peak has some fine structures which consist of
several peaks at slightly different frequencies.'? They correspond to TAE
modes with different mode numbers. The same frequency spectrum is
observed by the mincrowave reflectometer in most of the cases. In these
experiments, the toroidal magnetic field at R=2.62m is typically set at
33kG so that the hydrogen cycliotron frequency on the magnetic axis is
close to the RF frequency of 47 MHz. The central plasma temperature is
about 5 keV. With helium gas for initial break down and density feedback,
these plasmas are very reproducible, and most of the diagnostics work
well. The tureshold RF power is about 3 MW while we typically operate at
5 MW. These TAE modes behave differently from those driven by tangential
neutral beams. The beam driven TAE modes have a bursting behavior. When
the number of fast particles is above the instability threshold, the mode
grows rapidly; a few percent of the fast particles are ejected® and the

mode becomes stable again. The population of the energetic particles is
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clamped near the instability threshold.? This phenomenon is very similar
to the fishbone!S activity driven by perpendicular neutral beam injection.
The pulsation state can be modelled by two coupled first order
differential equations.'8.'7 Ejection of fast particles occurs in a very
short time interval ( comparable to the bounce period ), and the damping
time of TAE mode is short compared with the time required to raise the
energetic particle population back to the instability threshold. Therefore,
a pulsation scenario is expected from the theory of Berk, Breizman and
Ye.'8

In TAE modes driven by trapped ions, the amplitude usually varies
slowly with a typical time scale of several hundred milliseconds. The
mode amplitude can be modulated by sawtooth activities as shown in Fig.
7a, or it can be slowly varying so that it evolves into a quasi steady state
as in Fig. 7b or Fig. 7¢c. We believe that the difference in the mode behavior
from the neutral beam injection case3® is due to the different energetic
ion orbits.

In the hydrogen minority ICRF heating’® experiment, the fundamental
cyclotron resonance zone for hydrogen ions is on a vertical plane passing
through the plasma core. The hydrogen ions are heated to a perpendicular
temperature of about 500 keV. The fast ion population peaks near the
plasma core where the temperature is the highest. We expect most of the
energetic ions to be magnetically trapped with reflection points near the
cyclotron resonance zone. Following G. W. Hammett,2° we can represent

their velocity distribution function in the following approximate form:

(W, &) = fo(W) [ exp(-1 &-E./0g) + exp(-l E+E.UCy) ] (1)



where & =v, /v

¢. = pitch angle of particles with reflection points at the
cyclotron resonance zone
Cp ={ Zgy / [4A<Z2 /A>(1 + w2 fw 32y ]}112
W, =148 AT, <Z2 /A >28
= critical energy at which electron drag equals ion drag.

For our experimental parameters, T, = 4 keV, Z , =3, W= (3/2)T, =750 keV,
A=1 for hydrogen ions, <Z2 /A; > = 0.5, W, = 30 keV, G, = 0.11 . Let £, be

the pitch angle (evaluated at the resonance zone) for barely trapped

particles. For R=2.62m, r=0.3m, Eq. (1) yields

(W, &)W, £.) ~ 46x102 <<1 . 2)

If the energetic ions are governed by neoclassical transport, they are
expected to localize in the plasma core with r<0.3m. However, pressence
of other transport mechanisms can result in a broader radial profile. At
r>0.3m, the ratio f(W,E.1)/f(W,&.) is even smaller than that given in Eq. (2).
This means that very few of the energetic ions are barely trapped; most of
them have their reflection points near the resonance zone, and it is not
easy to change these particles into circulating particles in one bounce
period. It would require a very large amplitude TAE mode with §B/B>10-2
for this to be possible. In this experiment, preliminary estimates based on
reflectometer measurements indicate that §B/B is of the order of 104,

Therefore, low amplitude TAE modes can eject the energetic ions only

after many bounce periods of interacton; their effect on the energetic ions
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is quite similar to small pitch angle scattering due to Coulomb collisions.
One only expects sudden changes of the energetic ion orbits in the
transition from barely circulating to barely trapped orbits and vice versa.
Particle loss mechanisms due to TAE modes driven by energetic
circulating ions have been investigated by extensive orbit
calculations.?2':22 |t was found that shortly after the TAE modes are turned
on, most of the energetic ions were lost during the‘transition from a
barely circulating tc a barely trapped orbit. This loss mechanism which
happens on a very fast time scale (the bounce period of the ions) is not
applicable to the energetic trapped ions for the following reasons. First,
there are very few energetic ions near the trapped-circulatiny boundary in
velocity space. Eq. (2) is derived under the assumption of pitch angle

scattering by Coulomb collisions. The presence of low amplitude TAE

modes would tend to raise G, but we still expect the majority of the

energetic trapped ions to have their refiection points near the cyclotron
resonance zone. Second, a barely trapped particle has the largest guiding
center orbit excursion from the magnetic surface on which the reflection
points lie. Fig. 8 depicts the particle orbits projected on a poloidal plane.

Let us neglect the unlikely event of multiple reversal of v, near the

banana tips. When a barely trapped particle is changed into a barely
circulating particle via pitch angle scattering, there are two possibilities.
It can either go into orbit C1 which is almost the same as the outer half
of the barely trapped orbit, or it can go into orbit C2 which is almost the
same as the inner half of the barely trapped orbit. If the original barely
trapped particle is confined, the barely circulating particle is also
confined. Therefore, this process does not cause the prompt loss of
energetic ions. Finally, let us consider the transition from the barely

circulating orbit C2 to a barely trapped orbit which is the dominant
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prompt loss mechanism for the energetic beam ions in the previous TAE
experiment.® Unlike neutral beam injection, the barely circulating
energetic ions in the ICRF experiment come from barely trapped energetic
ions which are confined. On the time scale of the particle transit time,
these barely circulating ions can only go bark to a trapped orbit very
similar to the original confined trapped orbits, i.e., small pitch angle
scattering does not provide a fast escape channel for the energetic
particies produced by ICRF. Because of the above reasons, the major effect
of the low amplitude TAE moJes on the energetic ions is to move them
from one trapped orbit to a neighbouring one. This aspect is quite similar
to the effect due to magnetic field ripples,23® except that the banana tips
need not have the same magnetic field strength because the particle
energy and magnetic moment are no longer constants of motion. The TAE
modes would enhance the transport of the energetic ions across the
magnetic field and relax their density gradient. It is a relatively slow
diffusion process which tends to reduce the driving force for the
instability. The energetic ions can slowly diffuse out of the machine
rather than scatter into a prompt lost orbit and escape suddenly. The

driving term for the TAE mode can be written in the following form:

Byive @@ By( 0ot /0 -1 ) F( V) (3)
where B, o0 n; T,

W+ = kg KT;c / ( eBLy)

L =[d/dr(Inn )]’

Assuming 500 keV hydrogen ion temperature, the neoclassical diffusion

coefficient for these trapped ions is about 200 cm?2/sec. It is conceivable
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that TAE modes can raise this by one to two orders of magnitude. Suppose
the fast ions have a diffusion coefficient of D; ~ 10% cm?/sec. The time it
takes for a fast particle to diffuse a distance of 10 cm is about 10 ms,

and one would expect L, to change within this time scale which is short
compared with the growth time shown in Fig. 7. Let us assume that L;is a

function of the TAE amplitude A whose temporal zvolution is governed by

the equation
dA/dt = ( Tyrive = Tgamp ) A = TA - (4)

If ¥ can be expressed in terms of A with no explicit time dependence, then
Eg. (4) is integrable and the evolution of A can be expressed in terms of
the initial condition at t=0. From the data shown in Fig. 7, it is apparent
that the TAE mode does not grow exponentially. It appears that the

driving term and the damping term almost cancel each other, i.e., ¥ <<
Farive = Tgamp - The amplitude changes on such a slow time scale that the

plasma equilibrium can change. Although we cannot measure the evolution
of the fast ion density distribution, the data suggest that the plasma
parameters evolve in such a way that the TAE modes are marginally
unstable and one can pick a slowly varying & to model the evolution of the

mode amplitude. We attribute this to the lack of a rapid loss mechanism
for the energetic trapped ions. A fast particle probe outside the plasma
edge detects a continuous fast particle flux that correlates with the TAE
mode amplitude.'? This observation is consistent with our interpretation.
In order to calculate the variation of the growth rate, it is necessary to

know the detailed history of many plasma parameters, including those for
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the energetic ions. Some of these are measured in the experiment, the rest
can, in principle, be inferred from plasma modelling with a transport code.
However, this is not an easy task for plasmas in this experiment. These
plasmas involve at least four ion species, namely, helium which is the
working gas for initial break down and density feedback, deuterium and
carbon released from the limiter, and hydrogen which is the minority
species heated by the ICRF waves. It is very difficult to determine the

species split. Analysis of such plasmas is in progress.

V. Summary and Discussion

Several techniques were used to expand the operating regime for TAE
mode experiments in TFTR. With 100 keV tangentially injected neutral
beams, pellet injection and variation of plasma current allow us to excite
TAE modes at 15 kG magnetic field. Attempts at 20 kG were not
successful, probably due to the limited beam ion velocity. Using the
energetic trapped hydrogen ions, TAE modes can be excited at 33 kG
magnetic field. Approximately 80% of the RF power goes into the hydrogen
ions in these experiments. With § MW of RF power, about 4 MW goes into
hydrogen ions, which aiready exceeds the fusion power that is expected in
the alpha particles in a Q=0.3 d-t plasma in TFTR.24 The velocities of the
hydrogen ions are comparable to those alpha particles produced by the d-t
reaction. These plasmas are well diagnosed and very reproducible. It
offers an excellent opportunity to study TAE modes in a low radioactivity
environment. The amplitude of these TAE modes has a behavior different
from those driven by neutral beams. We attribute this to the difference in
the energetic ion orbits.

Looking towards the forthcoming d-t experiment in TFTR, the 3.5 MeV
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alpha particles will have large orbits due to the relatively low plasma
current. The typical orbit size is comparable to that of the energetic beam
ions in the previous simulation experiment.® Both the trapped and the
circulating alpha particles can contribute to the excitation of TAE modes.
For the modes whose amplitudes peak near the magnetic axis, the
circulating particles will have a larger contribution primarily because
there are more of them. !f these modes are excited, it is likely to have a
pulsation behavior. |f the alpha particle drive is not strong enough to
overcome the damping, ICRF produced energetic ions can be used to assist
the TAE excitation. We plan to use hydrogen minority heating at 64 MHz
and 3He minority heating at 43 MHz for this purpose. This would assure
that we can study the alpha-TAE interaction in TFTR even though the alpha
particles alone cannot drive the instability. In large fusion reactors where
the alpha particle orbit is relatively small, TAE activities, if present, may
exhibit slow amplitude variation similar to what we observe in the ICRF
experiment. )
Finally, we have to point out that in these simulation experiments
with fast ions from neutral beams and ICRF heating, the energetic ion
velocity distributions are highly anisotropic. This is different from the

alpha particles produced by d-t reactions in large tokamaks where prompt

orbit loss is negligible.
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Figure Captions
Figure 1: Pellet injection experiment. (a). Line-integrated density
measured by an infrared interferometer along a vertical chord at R=2.47m.
The pellet is injected at 3.8 sec and the frequency spectra of the Mirnov
coil signal at t, ,t, , and t; are shown in Fig. 2. (b). thal plasma stored
energy measured by a diagmagnetic loop.
Figure 2: Frequency spectra of the Mirnov coil signal after pellet injection.
(a). Spectrum at 3.84 sec. (b). Spectrum at 3.90 sec. (c). Spectrum at 3.95
sec.
Figure 3: Frequency spectra of Mirnov coil signal at various plasma
current. (a). 1p=630 kA. (b). Ip=420 kA. The magnetic field is at 15 kG with
10 MW of neutral beams.
Figure 4. Schematic of the finite orbit effect on excitation of TAE modes

by circulating particles based on the result by Fu and Cheng'®. V_/V, ~ 0.8

in our experiment.

Figure 5: Frequency spectra of Mirnov coil signal for different current
waveforms. (a). Flat Ip waveform at 630 kA. (b). 350 to 630 kA ramp up
waveform. The magnetic field is at 15 kG with 13 MW of beam power.
Figure 6: Evolution of the frequency spectrum of the Mirnov coil signal
during and after current ramp up. The magnetic field is at 15 kG.

Figure 7: Evolution of the frequency spectrum of the Mirnov coil signal
during ICRF hydrogen minority heating. The dominant peak was identified
as TAE modes. (a) Amplitude modulation by sawtooth activities. The low
frequency peaks in the spectra are due to sawteeth crashes (RF power
turned on at 3.0 sec). (b) Slow amplitude variation (RF power turned on at
2.5 sec). (c) Growth towards saturation (RF power turned on at 2.5 sec).

Figure 8: Projection of the particle orbits on a poloidal plane. The solid
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curve repiesents the barely trapped orbit, and the two dotted curves

represent the two barely circulating urbits with opposite v, .
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