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Abstract

An Alfvén frequency mode (AFM) is very often seen in TFTR neutral
beam heated plasmas as well as ohmic plasmas. This quasi-coherent mode is
so far only seen on the magnetic fluctuation diagnostics (Mirnov coils). A close
correlation between the plasma edge density and the mode activity (frequency and
amplitude) has been observed, which indicates that the AFM is an edge localized
mode with r/a > 0.85. No direct impact of this mode on the plasma global
performance or fast ion loss (e.g., the a-particles in DT experiments) has been
observed. This mode is apparently not the conventional TAE (toroidicity-induced
Alfvén eigenmodes). The present TAE theory cannot explain the observation.

Other possible explanations are discussed.
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1. INTRODUCTION

A high frequency (~ 200—400 k H z) mode is often observed in the magnetic
fluctuation measurement (Mirnov coils) in TFTR plasmas with neutral beam in-
jection (NBI) heating. Since the frequency range is around the Toroidicity-induced
Alfvén Eigenmodes (TAE)[1] frequency, this mode has been considered a candi-
date for the hot-ion driven TAE. Due to the potential importance of TAE modes in
the fusion reactor devices, like ITER (International Thermonuclear Experimental
Reactor), understanding of this mode becomes an important issue in the fusion
research.

In recent high power DT operation in TFTR, a preliminary analysis showed
that there is some enhancement of the mode amplitude in the high fusion power
discharges[2]. This observation has led to a speculation that this mode may be the
a-driven TAE mode which corresponds to a theoretically predicted core localized
a-driven TAE mode[3]. We will show in this paper that this Alfvén frequency
mode (AFM) is not the conventional TAE mode. It is located near the plasma
edge and has no direct impact on plasma global performance and has no observable
effect on fusion or other energetic ions. On the other hand, due to its location the
AFM has a strong correlation with the plasma-wall interaction.

In Section 2 we will first summarize the mode characteristics. Section 3 shows
how the mode location is determined from the correlation between the changes
observed in the mode frequency and electron density measurements. A scaling
analysis of the AFM amplitude given in Section 4 exhibits some interesting plasma
parameter dependence.

The most striking observation is the existence of the AFM in ohmic plasmas.
The ohmic-AFM discussed in Section 5 is similar to the ones observed in NB
plasmas. This observation clearly indicates that the excitation of the AFM does not
rely on the presence of an energetic ion species. In Section 6 we briefly discuss the
theoretical issues raised from the usual TAE theory and introduce another possible

candidate related to the edge charge-exchange process. Finally the conclusions are

given in Section 7.

[CV I




2. Characteristics of the Alfvén-Frequency-Mode

The basic characteristics of the AFM have been briefly reported recently[4].
A typical example in a deuterium NBI-heated plasma in TFTR is shown in Fig. 1.
The mode usually starts ~50-100 ms after the beam injection and the amplitude
slowly increases. It takes about 200-300 ms for the mode to saturate. The decay
time of the mode in the post neutral beam phase is even longer, typically 20.5
sec. At present, Mirnov coils[5] are the only diagnostic system in TFTR that can
observe the mode.

An important feature of the Alfvén frequency mode is the quasi-coherency. Fig-
ure 2 shows the frequency spectrum of the mode compared with the TAE modes
driven by the energetic tail ions in the ICRF-heated plasmas[6]. The frequency
band width of the AFM is typically about 50kHz, while a single n (the toroidal
mode number) TAE mode has a width < 1 kHz. The AFM often consists of two
bumps. The second highef frequency peak is usually weaker and looks narrower in
frequency. However, it can be greatly enhanced in the current ramp-down H-mode
case. The two AFM bumps can reach to the same amplitude. In some circum-
stances, the higher frequency bump can become larger than the lower frequency
bump.

The measured mode number for the AFM is also very different from the TAE
modes as shown in Fig. 2. The phase shift measurement from the Mirnov coil array
gives n = 0 for both burhps, i.e., the AFM is an axisymmetric mode. A standing
wave structure is often seen in the phase shift analysis of the poloidal coil array.
The poloidal number m is typically 1 or 2. The poloidal variation of the AFM
is also very different from the RF-driven TAE mode. As we can see from Fig. 3
that the TAE mode has a “ballooning” feature, namely its amplitude peaks on
the lower B field side. On the other hand the AFM exhibits a “anti-ballooning”
feature (the plasma is contacting the inner bumper limiter).

Among various coherent MHD modes observed in TFTR, the AFM is the weak-
est. Typically, the measured edge magnetic fluctuation level is ~ O(10~*) Gauss,

and

BBy <1077,

B?FM/Egishbone < 10_3,




B;IFM/B;earzng < 10—2’

BpFM | BTAE < 1071,

Despite its weakness, the AFM is the most common MHD activity observed in
routine TFTR discharges. It has been seen in almost all of the operational regimes,
e.g., L-mode, supershot[7], high-£,[8], limiter H-mode[9], and even in some ohmic

plasmas.

3. Determination of the AFM location

A very striking feature of the AFM is its strong correlation with edge
density influx events, for example, gas puff, pellet injection, impurity “bloom”,
strong wall de-conditioning induced by minor disruption or 8 collapse, etc. It is
this feature that allows us to determine the mode location.

A good example of this correlation in a DT experiment is shown in Fig. 4,
where a Helium gas puff is introduced during the NBI phase. Following the puff,
the AFM frequency decreases and the 4mplitude increases. On TFTR, line inte-
gral electron density is measured by multichannel infrared interferometer {MIRI)
system[10]. The spatial and temporal electron density information is obtained via
an accurate Abel inversion method[11] supported by a practical error analysis[12]
of this method. The correlation between the changes of the AFM frequency and
the electron density at different radii is illustrated in Fig. 4. The n. evolution
shown at Fig. 4(b) clearly exhibits a propagation of the incremental n, from the
edge to the center after the puff. A sharp drop of the fyras closely follows the gas
puff, or the n. near the edge (R > 300cm). In addition, a small n. burst event
can be seen at the edge channels (R = 335cm and R < 180cm) at 3.74 sec. A
corresponding drop in fapas is also clearly seen in the AFM frequency spectrum
contour plot Fig. 4(c).

In order to show that this mode is an Alfvén mode, we plot the edge Alfvén
frequency in Fig. 4(c). Here, the faisuén is defined as

fAvaén = 2:;1% (1)
Bo(T)
gRo(em)/Z; Aini(em—3)

= 347 x 101

(kHz), (2)




where V4 = B/\/4xX;n;m; is the Alfvén velocity. For simplicity, we use the
magnetic field and major radius at the center of the outer most plasma flux surface
denoted as By and Ry. The A; is the mass ratio of the ion to the proton. The
~g(r,t) and n;(r,t) are from the transport simulation code TRANSP[13]. Based on

the TFTR diagnostic measurements, we use
LAm; ~2np 4+ 3ny +2.5n; + ng +4nge + 1201mp | (3)

where np,nr, Ny, nH, nge and nyy, are deuterium, tritium, beam(50-50 D-T mix-
ture), hydrogen, helium and impurity(mainly carbon) ion density, respectively.
Figure 4(c) shows that within the measurement and simulation uncertainties (typ-
ically <10-20%), the f4rar agrees well with the edge Alfvén frequency. Since n. is
a directly measured plasma quantity and has a higher time resolution (up to 0.5
ms) than the TRANSP simulation (~ 10 ms), we will use 2n, to replace £A;n; in

the Alfvén frequency calculation in the rest of paper. It is denoted as f3,:

Bo(T)

(kHz) (4)
qRo(cm)\/?.ne(cm‘3)

fay =347 x 101

It is found that the agreement between fyis.én and f§;; is within < 5%. Note
that since wrap =~ wa/2, if the same formula as Eq. (2) is used to calculate the
TAE frequency, there will be a factor of 2 difference between the edge frar and
the measured AFM frequency. The same technique (correlation between the mode
frequency and plasma density) has also been used to determine the location of a
RF-driven TAE mode. It is found that the mode location estimated using this
technique agrees well with the multi-channel Reflectometer measurement.
Recently, a numerical simulé,tion shows that a core-localized a-driven TAE
mode may be unstable in a high fusion power discharge 76770[3]. The AFM activity
in this discharge reveals the same characteristics. As shown in Fig. 5, near the
end of the NBI phase, there is a small wall de-conditioning event indicated by
an increase in the edge electron density, Fig. 5(a). The central density remains
unperturbed. The calculated Alfvén frequencies normalized at 4.2sec using the
edge and core n, again demonstrate that the AFM is not the core localized mode.
The good agreement of the faras and the edge Alfvén frequency indicates that
the mode is localized at least outside r/a > 0.83. . The analysis of the Alfvén



frequency mode shows no correlation between the observed AFM and the core
TAE mode. The same phenomenon, :.e., an increase in the AFM amplitude and
decrease in fapa that is well correlated with the edge n., can also be seen in a
pellet injection case as shown in Fig. 6. Here, a much abrupt increase in n. induces
a sharp drop in the fspa and strong enhancement in Bara- |

A detailed comparison of different MHD activities is shown in Fig. 7.~As we
can see that the internal MHD (sawtooth crash and fishbone activity) has no effect
on the AFM. But the ELMs (edge localized modes) strongly affect the mode. Each
ELM burst (see the H,) correlates to an AFM burst. Also, the AFM frequency
shows a sharp drop at each ELM. Since the ELMs are originated from the high field
side edge (near the inner bumper limiter), the good agreement between the firnr
and the Alfvén frequency at R ~ 174 ¢m Fig. 7(e) suggests that the AFM (at least
the lower frequency branch) may be excited around the plasma-wall contacting
region. In this case it is < 8 ¢om from the inner bumper limiter (R = 165.6
cm). The higher frequency AFM branch exhibits the same behavior as the lower
frequency main branch. But its frequency response to the edge n. perturbation is
not as strong as the main branch. Since the Alfvén frequency is a decrease function
of plasma radius, we speculate that this mode may be located more inside than
the main branch. It is found that a distance of ~ 8 cm between the two modes is
sufficient to account for the observed frequency difference.

The edge localization of the AFM mode can also explain the observation that no
internal MHD modes have any strong interaction with the Alfvén frequency modes
including the ¢ = 1 core MHD modes (sawtooth and fishbone), other internal MHD
events happened in the confinement region (r/a ~ 0.3 — 0.6), like the neoclassical
tearing modes[14], the high frequency (f ~ 50 — 200 kHz) KBM-like (kinetic
ballooning mode) MHD[15] and the RF-driven TAE mode. Also, it can explain
that the AFM has no direct impact on plasma global confinement and fast-ion

(including a-particle) losses.

4. The AFM amplitude scaling

To study the AFM instability characteristics we select a subset of the
TFTR NBI-heated discharges. This database has more than 170 shots. It covers
the major TFTR operational ranges: major radius Ry ~ 2.45, 2.52 and 2.60 m;



plasma current I, ~ 1.0, 1.2, 1.4 and 1.6 MA; neutral beam power Pg = 3 — 24
MW. It also includes DD, DT and TT (T-beam only) discharges. The data are
taken around 0.6 sec after the start of beam injection. Large catastrophic events
(disruption, impurity bloom, etc) are excluded.

First of all, we find that the AFM frequency scales well with the Alfvén fre-
quency near the edge as shown in Fig. 8. Here, for simplicity we use the-edge ¢
and n. at B = 180cm (15cm from the inner limiter) for all the discharges. Fig-
ures 9(a)-(c) show the mode amplitude (Baras) as a function of the total beam
power Pg, total stored energy E,,, and the ratio of the co-direction (plasma current
direction) beam power P, and Pg. The statistical analysis shows that: (1) The
AFMs are not enhanced in DT discharges. (2) There is no systematic dependence
between the AFM amplitude and the beam power or plasma global performance
(e.g., stored energy or confinement time). (3) The AFM does not depend on the
plasma rotation (inferred by the ratio of P,,/Pg). On the other hand, a strong
correlation between the AFM amplitude and the edge density for a given current
is observed, see Fig. 10(a), which agrees with the spontaneous correlation we dis-
cussed in Section 3. Figure 10(b) shows that for given By and Ry, the saturated
AFM amplitude ( B;f‘F M [ fsrar) scales roughly as

BAPM o @S, 5)

'This scaling is also confirmed by the time evolution of the AFM in a single dis-

charge.

5. The AFM in ohmic plasmas

The most surprising observation is probably the AFM in the ohmic plas-
mas. In normal TFTR operation configuration with plasmas contacting the inner
bumper limiter, the Alfvén frequency mode can be easily observed in ohmic plas-
mas after a pellet injection. The mode behaves very similar to the NB plasma
case shown in Fig. 6. The pellet-induced ohmic-AFM also has two peaks. The
higher frequency branch can be very coherent and lasts longer (= 0.5 sec) than
the lower frequency main branch. Just after the pellet injection, the main branch
can also become very coherent. Then, the peak quickly broadens. The mode also

has a standing wave structure with » = 0 and m = 1. The basic feature does not
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depend on the pellet material (Lithium or Boron).

Since the magnetic coils designed to measure the toroidal wavelength of high
frequency (for f > 250 kHz) fluctuations are located at the outboard side (~ 65°
bellow the midplane), one would expect that the measurement of the AFM in a
large major radius plasma with the plasma contacting to the outer RF-limiter will
be more sensitive. Indeed, a clear AFM is observed in the entire pulse of an-ohmic
discharge in such a configuration. As shown in Fig. 11, the frequency of the ohmic-
AFM agrees very well with the edge (close to the RF-limiter) Alfvén frequency.
Note that the plasma parameters change drastically in the whole discharge. The
maximum mode amplitude is now peaked on the high B field side, which agrees
with the assumption that the mode originates around the plasma-wall contacting

region.

6. Discussion of the theoretical modeling

The physical understanding of the edge AFM phenomenon is a challenging
task. The conventional TAE theory encounters the following two major difficulties
in explaining the AFM. First of all, the AFM frequency is usually in the Alfvén
continuum region. Figure 12 shows the calculated TAE gap structure (for n =
3) for a DT discharge. It is from the NOVA-K code[16] calculation based on
measured and TRANSP interpreted plasma parameters. The expected a-driven
TAE frequency is more than 40% lower than the AFM frequency. The lower
frequency AFM branch is located inside the upper continuum of the first TAE
gap. The higher frequency branch may be sitting in the second gap. Despite the
different n number used in the calculation (note that the AFM has n = 0), the
fact that the mode is inside the Alfvén continuum means that the TAE instability
should be prohibited.

Considering the many uncertainties possibly involved in both the measurement
and numerical simulation, we may not exclude the possibility that the AFM could
be located in one of the TAE gaps. However, since the conventional TAE insta-
bility theory relies on the resonance between the energetic particles and the MHD
wave, the immediate question becomes: can we find such a driving source at the
plasma edge? Detailed calculation using the NOVA-K code shows that even the
TAE modes which usually locate around r/a ~ 0.6 — 0.8, are stable[17]. Namely,



the present TFTR DD and DT discharges do not have sufficient drive for the TAE
instability[3]. Therefore, near the plasma edge the wave-particle resonance is very
unlikely playing any role in the AFM “instability”. To have the ion velocity res-
onate with the edge Alfvén velocity, i.e., v; ~ V5%, the demand ion energy would
be E; > 1 MeV. In the ohmic plasmas one can hardly find such a fast-ion species.
Also, the quasi-coherency of the mode seems to suggest that the mode is not driven
by the wave-particle resonance.

To understand the AFM physics we may need to search for non-resonant “driv-
ing” mechanisms. It is well-known that Alfvén wave is a natural and damped
mode in magnetically confined plasmas. Namely, if no sources exist, an Alfvén
mode (from either external perturbation or intrinsic turbulent “noise”) will be
damped by various dissipation processes. This is why we don’t see Alfvén modes
in plasma interior without a sufficient drive. A speculation on the AFM phe-
nomenon we observed is that the edge physics, e.g., neutral-ion charge exchange,
ion/electron impeding ionization, radiation, ion-orbit loss, etc., may play a role to
either reduce the dissipative damping or to enhance the thermal Alfvén “noise”.
To illustrate this thought process, we introduce a non-ideal MHD model including
a charge-exchange term. We assume that the neutral particles coming from the
wall carry certain non-isotropic velocity. Through charge-exchange (the dominant
atomic process in tokamak edge) ﬁhe neutral particles introduce a perturbation in
the MHD momentum equation near the plasma edge (and few ion Larmor radn
away from the wall to avoid the complication of the ion-orbit loss). The one-fluid

MHD equation can be written as

n,-mz%v-t- = (VxB)xB —Vp+ vV +nm:kn,v, (6)
OB N o2

The last term in Eq. (6) is a model of the neutral-ion charge exchange contribution,
where k. can be considered an averaged charge exchange rate, n, is the neutral
density. The dissipation processes are parameterized by the viscosity v and resis-
tivity . In a slab geometry we denote that 2 is in the plasma gradient direction,
z is parallel to the By and y is in the transverse direction (corresponding to the

poloidal direction in a torus). A dispersion equation can be easily derived from




Egs. (6) and (7):

14

) ?

[(w ik + i) (w + z}%ki) - kﬁvj} 5, = 0. ®)
0
Assuming a weak growth rate (7 < w,), we obtain the Alfvén mode instability:
w? = kﬁV}, wy = 2kyVa C(9)

1 v ]
= = k., — LV K. 1
7 2 { " (n,-m,- + ,uo> ‘L] ( 0)

Equation (9) indicates that the Alfvénic wave propagates in both directions. There-

fore, it has a standing wave phase structure as we observed in the experiments. In
Eq. (10), the second term is the usual dissipative damping term. The first driving
term is from the charge-éxchange contribution. For typical TFTR plasma edge
parameters, we found that the driving term and the damping term are in the same

order. Namely,

ko, ~107%cm®/sec x 10%em™ ~ O(10)  1/sec, (11)

l_:%ki ~ 10%*cm?/sec x 1073em™% ~ O(10)  1/sec. (12)
This model has the following interesting features: (1) Driving mechanism is “ther-
mal” or non-resonant. (2) Increasing in the edge density and edge ion temperature
(ke o< T23, see for instance [[18]]), or decreasing in edge dissipation can excite the
mode. (3) Long growth/decay time, y=! ~ 100ms. These features seem to be not
inconsistent with the observations. It is worth to note that in the well-conditioned
supershot plasmas (e.g., using intensive Lithium pellet injection[19]) the AFM is
found to be strongly suppressed. Since those plasmas have lower edge recycling
rate and small edge density, weak AFM is expected from Eq. (10). Obviously,
more work needs to be done in order to better understand the physics of the AFM

phenomena.

7. Conclusions

The Alfvén frequency mode observed in the magnetic frequency spectrum
is the most common MHD activity in TFTR routine operation. Observation of

the close correlation between the changes in the AFM frequency and the local
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plasma density allows us to locate the mode and therefore, to understand and
explore many interesting physics related to this mode. Through detailed analysis
we showed that the AFM is an edge localized mode with r/a > 0.85. It is very likely
originated around the plasma-wall contacting region. There are many differences
between the AFM and TAE modes. The AFMs are quasi-coherent and have a
standing wave structure with n = 0. Statistical data analysis shows that there
is no correlation between the AFM and plasma global performance. The mode
amplitude has a strong scaling with edge ¢ and a more-than-linear scaling on
edge n.. Observation of the ohmic-AFM indicates that the existence of the mode
does not depend on the energetic particles. There is no satisfactory theory to
explain the AFM phenomenon. A preliminary model based on the charge-exchange
process suggests the possible importance of the edge physics. Although the mode
has no direct impact on the plasma global performance, how the mode influences
the plasma-wall interaction and plasma recycling is still a remaining area to be

investigated in the future.
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Detailed correlation between the AFM and other MHD shows that
the AFM activity [(g) and (h)] has no correlation to the sawtooth

~ and fishbone MHD [(a) and (b)], but has strong correlation with the

ELMs (f). The density perturbation at different plasma radii [(c)-
(e)] suggests that the AFM is originated around the inner bumper

limiter since only the Alfvén frequency derived from the inside chan-

nel (e) can match the changes in the fara,see (h). . . . . .. . ..

Statistical data analysis based on more than 170 neutral beam dis-
charges. The AFM frequency is proportional to the Alfvén fre-
quency. Here, fq;¢ is calculated using the edge ¢ and n. at R ~ 180

No systematic correlation has been found between the AFM amf)li—

* tude and DD/DT variation, neutral beam power (a), total stored

energy (b) and plasma rotation inferred by the ratio of the co-beam
power versus total beam power (¢). . . ... .. L.
(a) The AFM amplitude depends on the edge density. The correla-
tion is stronger for lower plasma current. (b) For given Ry and B;,
the mode amplitude scales roughly as ¢*nl-
The AFM in an ohmic plasma. (a) Toroidal magnetic field. (b)
Plasma major radius. The plasma is contacting the outer RF-

limiter. (c) Edge ¢. (d) Edge electron density at R = 352cm or

..............

~ 7 cm inside the RF-limiter. (e) Contour plot of the magnetic
fluctuation spectrum. The AFM is clearly seen throughout the en-
tire discharge. Due to memory limitation, the data is taken on three
discrete blocks. The calculated Alfvén frequency using the param-
eters from (a)-(d) is also shown on (e). Some early bursts shown

in (e) correlate to the external kink MHD activities. The higher

22

24

frequency AFM branch can also be seen near the end of the discharge. 26

The TAE gap structure calculated from the NOVA-K code forn = 3.
The observed AFM {frequency (the two branches shown in shaded

region) is in the continuum. The simulation shows that the plasma
should be stable to the a-driven TAE. . . . . . .. ... ... ...
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