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Anomalous fast ion losses at high f§ on the Tokamak Fusion Test Reactor

E. D. Fredrickson, M. G. Bell, R. V. Budny, D. S. Darrow, R. White
Princeton Plasma Physics Laboratory, Princeton, New Jersey

Abstract

This paper describes experiments carried out on the Tokamak Fusion Test
Reactor (TFTR) [R J Hawryluk, et al., Plasma Phys. Control. Fusion 33 (1991)
1509] to investigate the dependence of f-limiting disruption characteristics on
toroidal field strength. The hard disruptions found at the f-limit in high field
plasmas were not found at low field, even for f's 50% higher than the empirical S-
limit of fn = 2 at high field. Comparisons of experimentally measured f's to
TRANSP simulations suggest anomalous loss of up to half of the beam fast ions in
the highest f, low field shots. The anomalous transport responsible for the fast ion
losses may at the same time broaden the pressure profile. Toroidal Alfvén
eigenmodes, fishbone instabilities, and Geodesic Acoustic Modes and are
investigated as possible causes of the enhanced losses. Here we present the first
observations of high frequency fishbones [F Zonca, et al., Nucl. Fusion 49 (2009)
085009] on TFTR. The interpretation of Axi-symmetric Beam-driven Modes as
Geodesic Acoustic Modes and their possible correlation with transport barrier

formation are also presented.
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I. Introduction

The Tokamak Fusion Test Reactor (TFTR) [1] routinely operated near the ideal B-limit, and
while feed-forward programming was effective in avoiding most disruptions, the approach wasn't
100% effective. Disruptions released deuterium from plasma facing components (PFCs), which
was absorbed on the surface of the graphite limiter tiles. The surface condition of the inboard
graphite divertor on TFTR was strongly correlated with energy confinement and plasma
performance. Multiple low density helium shots were required to recondition the limiter
following disruptions to recover good energy confinement conditions. To minimize the impact

of disruption experiments on limiter conditions, experiments to study the physics of B-limits

were done at low field (2 T) where the , . 7er7sn0s050 o T76778/105059
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energies released in the disruptions were _ ,| P /N

much lower than at full field. It was 2,[ x2.5 ] /

discovered that the beta limit was == | I |

significantly higher at lower field (Fig. 1), 3[ '), e

and that the maximum beta was limited by 2 I

loss of energy confinement rather than 1f .

R o bt

hard disruptions. The high field (5T) shot %~

in Fig. 1 (red curves) was terminated by a

2 3 20 30
TIME (S) Rmajor (m)
Fig. 1 Waveforms comparing high beta shots at 5T (red
thermal quench, triggering a current curves) and 2T (black curves) with same q(a). Dashed profiles

quench [2-5]. The beta limit at low field show electron temperature and density scaled by 2.5.
resulted from a 'soft' confinement collapse, and no current quench (black curves).

Experimental determination of the pressure profile shape is important for understanding
ideal stability near the beta limit. In these beam-heated plasmas a large fraction (up to 45%) of
the stored energy is in the super-thermal beam ion population. At high field, in the absence of
fishbones [6] or kink/tearing modes [7, 8], classical processes (e.g., TRANSP [9] and NUBEAM
[10]) seem adequate to describe fast ion confinement. However in these low field and high 8
plasmas, TRANSP predicts larger than measured betas and neutron rates, an observation which
could be explained by anomalous fast ion loss. The fast ion transport responsible for the losses
will also likely redistribute the confined fast ions, reducing the pressure peakedness and thus
increasing the beta limits. This observation made stability analysis difficult, as it could no longer
be assumed that the fast ion distribution, a substantial contribution to total plasma pressure, was
classical, thus, the peakedness of the pressure profile, an important stability parameter, was not
well known. A second complication was that in both the high and low field plasmas, MSE

pitch-angle measurements found that q(0) was significantly less than unity, typical for TFTR



supershots [11]. This is consistent with other evidence such as evolution of the sawtooth
inversion radii and TRANSP current evolution simulations. The q(0) < 1 makes even moderate 3
plasmas unstable to the ideal internal kink. Nevertheless, these plasmas made at low field
reached Bn > 3, or Bu/4/ > 0.6.

There are several potential explanations for this experimentally observed toroidal field

dependence of B-limits on toroidal field. At high toroidal field the initial thermal quench is
triggered by ballooning modes localized toroidally by an internal kink-ballooning mode [3,4]. At

lower field, finite Larmor radius effects may stabilize the intermediate-n ballooning modes
responsible for triggering the disruptions at high field. Or, an alternative explanation is that the

lower stored energy at the B-limit in the low field shots means the interaction of the plasma with

plasma-facing components is less severe than at high field, which may be responsible for soft vs.
hard B-limits. This may be a concern for ITER which is expected to have more than 20 times the
stored plasma energy, but less than four times the PFC surface area of, for example, JET.

At low and high field, classical fast ion confinement is seen for £, < 2, while anomalous
fast ions losses are seen in plasmas with £, > 2 (Bpor > 0.9). The losses are inferred from
comparisons of TRANSP predictions of the thermal and fast ion f's compared to experimental
measurements of total beta. = The TRANSP calculation of S assumes classical fast-ion
confinement plus the measured electron beta and ion beta inferred from electron and ion

temperature measurements and measurements of the electron density and Zef profile (from which

the ratio of electron to ion density 1s inferred). 1.6 ' ' Y oo oa
The onset of the stored energy discrepancy 1.41 //non;n 5.0 g
above fpor =~ 0.9 is illustrated in Figure 2 where the 12} %lﬂ%%° o ]
peak poloidal betas (diamagnetic and equilibrium) 8 10k o ]
from experimental measurements are compared to the § 08k n _
TRANSP predictions (without anomalous fast ion iEi o6k i
diffusion) for a wide range of high and low field @80.4_ g |
shots. For the plasma conditions described here, 02| ,P o Bpol (diamagnetic) |
TRANSP very accurately predicts total betas for / ° PBpol (€quilibrium)
plasmas with £, < 2, but increasingly overestimates o.00-0 05 10 15 20 25 30

Bpol (Predicted)

Fig. 2. Comparison of measured to predicted Ppol
2 the fpoi appears to saturate just below the limit at time of peak energy for beam-heating power

predicted by Troyon, ,Bpmax =0.14 Rp qs/ap ~ 1.7, for scans for two plasma conditions (1MA, 2T, open
symbols) and (2.5 MA, 5T, solid symbols).

Lo and neutron rates for f,'s larger than this. In Fig.

large aspect ratio, circular cross-section plasmas [12].



This paper will focus on the inferred fast ion loss and examine a variety of fast-ion-driven
instabilities which might be responsible for the losses. Ideal MHD stability analysis of the
discharges will not be presented, due to uncertainties in the fast ion pressure profile; a significant
portion of the total pressure. We begin with a general description of the experimental conditions
and compare TRANSP simulations to the experimental evolution of stored energy, anisotropy
and, where applicable, neutron rates in Sect. II. We introduce ad hoc models for anomalous fast
ion redistribution to match the experimental S, anisotropy and neutron rate evolutions. In Sect.
III the various forms of energetic particle driven instabilities seen in these plasmas are described,
and the correlation with inferred anomalous losses is discussed. Section IV summarizes and

discusses the data and analysis presented here.

IT B-limit scaling with toroidal field strength

The highest performance plasmas on TFTR were limited by available neutral beam power,
energy confinement and stability. That is, in the highest confinement conditions reached on
TFTR, there was just enough neutral beam heating power to reach the beta limit (e.g., Fig. 1) at
the highest currents and fields. The best confinement regimes on TFTR had very peaked
pressure and current profiles with q(0) < 1. The beta limiting disruption was triggered by a
moderate n ballooning mode toroidally localized by the presence of an n=1 internal kink. The
ballooning modes caused a partial thermal quench, typically releasing about 20% of the plasma
stored energy. The impact of this = 1 MJ of energy on the PFCs led to a release of cold gas and
impurities from the limiter and walls, causing a thermal collapse of the plasma, leading to a fast
current quench [5]. The difficulty in reaching the beta limit at full parameters, together with the
necessity for reconditioning the limiter after major disruptions, encouraged the study of beta
limit disruptions at reduced parameters.

For consistency in comparison of the high and low field disruptions, the low field target
plasma current and field were scaled from the standard high performance configuration of 2.5
MA of plasma current, a toroidal field of 5 Tesla and a major radius of 2.52 m, minor radius of
0.87m (A = 2.9). The plasma current was chosen to be 1 MA to give reasonable beam-ion
confinement, so that the scaled toroidal field is 2 Tesla (with the same plasma dimensions). The
ECE instruments [13,14] for measurement of the electron temperature work reasonably well at 2
Tesla, although not as well as at 5 Tesla. The Charge-Exchange Recombination Spectroscopy
(CHERS) diagnostic [15] for ion temperature, plasma rotation and carbon impurity density
profile measurements, and the Multi-channel Infra-Red Interferometer (MIRI) diagnostic [16] for

electron density profile are unaffected by the lower field.



Two of these low field shots will be described in detail for comparison to the high field
disruptions. The first case has similar beta to the high field disruption, but remains stable. The
second has higher beam power and reaches much higher f, followed by a 'soft' f or energy
confinement collapse. The TRANSP simulations of the beta evolutions are compared in Figs.
3 - 5. Shown in Fig. 3 is the TRANSP modeling (red) for a high field, f-limit disruption. Figure 4
shows a low field shot reaching a similar f, without collapse or disruption and in Fig. 5 is a low
field shot with roughly 50% higher beta which suffers from a soft beta collapse or “confinement
saturation”.

The TRANSP analysis of high performance, high field discharges typically finds
reasonably good agreement, in absence of MHD instabilities, between the measured stored
energy, pressure anisotropy and measured D-T and D-D neutron rates [17]. This is illustrated in
Fig. 3 where the time evolution of these parameters as calculated in TRANSP are compared to
the measured values. The neutron rate in Fig. 3b is from nearly equal D and T neutral beam
injection, and is not sensitive to the trace amount of thermal T from wall recycling in the plasma.
In Fig. 3c the diamagnetic S0, i.e., from the perpendicular energy, is compared to the TRANSP
calculation and in Fig. 3d a similar comparison is made of the equilibrium f,,. The equilibrium

Pror 1s a weighted average of the perpendicular and parallel pressures, favoring the parallel

40— ————————— 787 pressure. Thus, the difference between the
C a) Beam Power (MW) diamagnetic and equilibrium fy0/’s is a measure of the

20 -
B 1 plasma anisotropy. The neutral beam heating sources
L 1 1 1 1 I 1 1 1 1 ] . .

2 7 on TFTR are oriented for co-tangential and counter-
B b) Neutron rate (1018/s)] o o . o

o 1 tangential injection, resulting in a fast ion distribution

- 4 weighted in the parallel direction. This is reflected in

T the equilibrium p,. being greater than the
C) Bpol (diamagnetic) X . . .
diamagnetic f,o. TRANSP simulations of the beam

| injection accurately reflect this measured anisotropy.

T R In the high field configuration, the full neutral beam
d) Bpor (equilibrium) ) o
heating power of = 35 MW is just adequate to reach

the empirical beta limit of 5, = 2.

3.5 . 40 45 Similar good agreement is found for the low field
Time (s)

Fig. 3. Comparison of TRANSP simulations discharges where B, < 2, as illustrated in Fig. 4a-d.

(red) with measured time evolution (black) of the This shot has deuterium beams injected into a
b) neutron rate, c) diamagnetic ﬁpol (ie.,

measured with a diamagnetic loop) and d) predominantly deuterium target plasma, rather than

equilibrium Spor. the mixed deuterium-tritium neutral beam injection of



the high field comparison shot. There are still trace sjo—F—F—F——F——F——F——
amounts of tritium in the plasma from wall recycling, _ r
which result in a significant D-T neutron rate. As the
exact level of trace tritium is uncertain, this parameter 71— T 1 T T "
is adjusted in TRANSP to match the measured
neutron rate; comparison of experimental and
TRANSP predictions of neutron rate are thus of less
value in D-only shots taken after the start of the
tritium campaign. This trace amount changes
relatively slowly shot-to-shot and a constant recycling

fraction of 1.9% tritium was used in this TRANSP run

to match the neutron rate evolution.

83784a03

| a) Beam Power (MW) ]

AN

-0

3.5 4.0 4.5

In the low field cases, no clear disruptive beta Time (s)

limit was reached with the available beam power (=30 Fig. 4. Comparison of TRANSP simulations

MW) although f, > 3 was transiently reached at the

(red) with measured time evolution (black) of the
b) neutron rate, ¢) diamagnetic ﬁpol (ie.,

highest beam powers. In Fig. 5 is shown a low field measured with a diamagnetic loop) and d)

example with ~30 MW of neutral beam heating, cduilibrium Boor.

105092a01(24,28)

4 T T T T T T T T
0'_ ! Ia) Beam Power (MW) ]
20F .
0 L L L
4.0 T T T T T T T T T
R LJ) Neutron rate ]
(1017/s)
2.0F B
0.0 |
F | T T T T | T T T T E
oF C) Bpor (diamagnetic) 3

0 T
3 T T T T T | . ——
2 d) Bpol (equilibrium)

3.5 4.0 4.5
Time (s)
Fig. 5. Comparison of TRANSP simulations
(red) with measured time evolution (black) of the
b) neutron rate, ¢) diamagnetic Spor (i.e.,
measured with a diamagnetic loop) and d)
equilibrium fpor.

including a 100 ms pulse of tritium beams from 3.65s
to 3.75s. Although the S, briefly exceeds 3, there is
no disruption, but rather energy confinement limits
the achievable . For this case, the TRANSP
simulations (red), including the neutron rate
simulation, greatly overestimate the fast ion content of
the plasma (thermal kinetic parameters are measured,
as above). The time at which the TRANSP
simulations begin to clearly diverge from the
experimental measurements is uncertain, but the
agreement worsens noticeably after 3.6s.

In this shot, a short blip of Tritium neutral beams
was injected from 3.65s to 3.75s. The neutron rate is
the sum of the T-beam on D-beam, T-beam on D-
thermal and D-beam on T-thermal neutron rates for
the low field shots, and a much smaller number of

thermal reactions. The neutron rate is then



proportional to either the fast ion density to the first or second power and a good indication of the
fast ion density. This results in a neutron rate which is insensitive to trace-tritium recycling from
the wall, and yet the neutron rate predicted by TRANSP during the tritium beam blip also greatly
exceeds the measured neutron rate.

To summarize, TRANSP simulations of high field shots for a range of heating powers and
poloidal betas, 0.3 < Sy < 2 typically find reasonably good agreement (= 10%) in the stored
energy and neutron rates (Fig. 3 and see also Fig. 2). Similarly, at low field, TRANSP predicts
neutron rates and stored energies reasonably well for S0 < 0.9 (c.f,, Figs. 2 and 4). However, at
low field it was possible to reach £y, > 1.5 with higher beam power without encountering the
fast disruptions seen at higher toroidal field. In this range, TRANSP predictions showed
increasing disagreement with both neutron rate and stored energy as Sy increased (c.f., Figs. 2
and 4). At the highest betas, several types of fast-ion driven instabilities were seen, such as
fishbones [17,18], High Frequency Fishbones [19,20,21], Toroidal Alfvén Eigenmodes (TAE)
[22,23] and a mode which was previously identified as an Axi-symmetric Beam-driven Mode
(ABM) [24], but, in light of subsequent theoretical developments, has come to be know as the

Geodesic Acoustic Mode (GAM) [25,26]. s R
i a) Beam Power (MW)

For the high power, high £, shot shown in Fig. 20; ]

5, both the stored energy and the neutron rate can be 0_— " Praange =045 Py | T
matched by artificially reducing the input beam power 15— 17— 7+ T 1 T T T
) . . 2 b) N
by =~ 45%, including the source power for the tritium - )(1%%2? rate
. . . . 0.5 =3m2/
beam blip (blue curves, Fig. 6). For this loss fraction, 0ok fem

TRANSP underestimates the stored energy for the 2[ T = =~ = = T T = T '
first 200 ms of neutral beam injection (Fig. 7). A 4

;7

similar good match to stored energy and neutron rate ° Peol (diamagnetic)

evolution can be made by introducing an enhanced

fast ion diffusivity of = 2.7 m?/s to 3.65s (also Fig. 7, 1}

red curves). There are other models that could be

3.5
applied to model fast ion loss mechanisms, but the Time (s)

choice of model, in the absence of more data is Fig.6 Comparison of TRANSP simulations with
half beam power (blue) and with enhanced fast
ion diffusivity (red) with the measured time

the fast ion pressure profile, and thus in the evolution (black) of the b) neutron rate, c)
diamagnetic [3por (i.e., measured with a

somewhat arbitrary. This introduces uncertainty in

calculations of the ideal stability.
4 diamagnetic loop) and d) equilibrium ﬁpoz.

III Discussion of Anomalous processes



Enhanced losses of fast ions could arise for a 40 I . —105092023.37

-a) Beam Power (MW)
20f
above a threshold in beta (or beam power) suggests of
an instability is responsible. The instability could be 1.5

F b) Neutron rate (10'7/s)

resonantly driven by the beam ions, as with TAE VOE x =2, 7mers
0.5F
0.0
beta threshold. Or the threshold could indicate a 2 '

-c) Bpol (diamagnetic)
change in the character of an existing instability, for 4}

number of reasons. The apparent onset of losses

. Prransp = 0-45 Py

modes, or an ideal instability might onset above some

example, the electro-magnetic component of micro-

27 I : .
rd) Bpor (equilibrium)
enhance fast ion transport. Alternatively, the higher 1r

instabilities increases with plasma beta and may

beta will shift the magnetic axis outwards, which ot .
, o , Y 35 3.6 3.7 3.8
could in principle enhance ripple losses. In this Time (s)

section, the correlation of instability onsets with fast Fig. 7. Expanded timescale for Fig. 6 showing
TRANSP simulations with 45% of beam power

(blue) and with an enhanced fast ion diffusivity
There are several types of MHD modes seen in of = 2.7 m%s (red).

ion confinement degradation will be examined.

at least some instances which might enhance fast ion losses early in the beam injection phase. In
Fig. 8 is shown a spectrogram from a high power, low field discharge which exhibits most of the
instability activity seen in these plasmas. There are four types of bursting, coherent mode
activity. The Axi-symmetric Beam-driven Modes (ABM) are indicated in red in the frequency

range from 10 kHz to 30 kHz. The high frequency branch of fishbones are seen in blue in the

500 'TIFT'R]O?OF?‘ frequency range from 40 kHz to 80 kHz, starting at
[ 22 MW 3.54s. Conventional fishbones and the normal, low
,\400:— frequency fishbones are seen below 20 kHz after
N C
L r 3.59s. The Toroidal Alfvén Eigenmodes onset at 3.6
:;_;300—_ s at frequencies between 100 kHz and 150 kHz
c - . .
o 00l (green). A quasi-coherent mode commonly seen in
g C ‘;;21- TFTR plasmas, the Alfvén Range of Frequency mode
- 100 —_ABM (ARF), or sometimes the Alfvén Frequency Mode
[ n=0 ' (AFM) [27] is barely visible in this shot in the
INXT, MR . _
035 3.6 o 37 frequency range of 200 kHz to 240 kHz, but is

Time (s) commonly seen and not considered a candidate for
Fig. 8. Spectrogram of magnetic fluctuations
showing a variety of energetic particle driven
instabilities in the first 200 ms of NBI heating. later in the beam heating phase, but the anomalous

driving fast ion losses. More instabilities will occur



fast ion losses appear to begin very early in the beam injection phase. In the following sections
we will investigate the correlation of ABMs, EPMs and fishbones with the inferred anomalous

fast ion losses.

IITIa Geodesic Acoustic Modes (GAMys)

The first modes to appear after the start of NBI injection are low frequency, chirping
bursting modes with toroidal mode number of zero and a standing-wave structure in the poloidal
direction (e.g., Fig. 8, red contours). The frequency in this case chirps upwards, but downward
frequency chirps, or occasionally in both directions are also seen. The first observations of these
modes were reported at the European Physical Society (EPS) meeting in 1989 [24] where they
were they were referred to as Axi-symmetric Beam-driven Modes (ABMs). The ABMs are often
seen during the first 50 ms to 100 ms of neutral beam injection at both low and high field. They

are more commonly seen with counter-tangential beam injection, but were also seen in some

cases with only co-tangential beam injection. The v TFTR 36043
2|

modes are not large in amplitude, typically appear 3 ||, N

= Be
only briefly in the initial phase of beam heating, and 3 r '

i 17.5 MW NBI
their appearance has not been correlated with 4% 20 =
Time (sec)

significant fast ion losses on TFTR. Thus, initially,
interest was low. The observations of what appears to
be a similar mode on DIII-D are, however, correlated
with strong fast ion losses, suggesting that these
modes might be responsible for some or all of the
anomalous fast ion losses seen here.

The fundamental characteristics of the ABM/
GAM were reported previously, and Fig. 9 is adapted
from the earlier work [24]. The ABM has a standing

wave nature of the mode, which has nodes in the

magnetic fluctuations on the midplane, and, for the

A
A
o
o o
A
=N

Fig. 9. a) Traces showing the rise in stored energy
and the amplitude of the rms dB/0t signal, b)
identified by their typically standing wave (or Poloidal plot of mode amplitude for all coils, with

m = 2 mode, at roughly 90° above and below, with the

amplitude peaked between the nodes. The modes are

toroidally separated coils mapped to same

partially standing wave) structure and often have a toroidal plane assuming n=0.

toroidal wavenumber, n = 0 (hence, axisymmetric),

similar to the expected structure of GAMs. However, examples of similar modes with toroidal



mode numbers of n=1 and n=2 were also seen. The

S~ o

mode frequency was noted to be comparable to the

N oW
T T

sound frequency (=mCs/gR), and resonant with the

beam ion poloidal transit frequency [24]. The modes

are well below the shear-Alfvén frequencies (= m

3.33

Vagen/qR) and well above the drift frequencies.

158 eV

These observations predated the theoretical work on 3,7

59 eV

what were identified as the energetic particle driven
Geodesic Acoustic Modes (GAMs) on JET [25] and
DIII-D [26,27].

frequency, toroidal and poloidal structure, are

3.21 51 eV

63 eV

These mode characteristics,

SR e

w
o

37
]

‘ >

o

N
o

consistent with the theoretical predictions for eGAMs
as described for DIII-D plasmas [26].

While no clear evidence was found on TFTR
that the ABM/GAM caused fast ion losses, in some %55
instances the ABM/GAM can affect the electron

AT Y N

Z=~
Sl

Z

Frequency (kHz)

Q

e
3.57

DA DDA, 70 1,
3.53 3.54 3.55 3.56

Time (s)

]

Fig. 10. a) Electron temperature profile measured

thermal transport, causing perturbations in the edge
temperature, which might be interpreted as the

formation of a transient transport barrier. In Fig. 10

with GPC, arrows show locations of channels
plotted in, b) four GPC channels showing effect
of GAM bursts on edge electron temperature, c)
spectrogram showing frequency evolution of

are shown GAMs from a high field shot very similar GAM bursts.

to the one shown in Figs. 1 and 3. This shot had slightly lower £ and didn't disrupt. Very early in
the neutral beam heating phase (20 ms to 70 ms after start of NBI), downward chirping GAMS
were seen (shown in Fig. 10c). Coincident with each of the first four GAM bursts, there is a a
small (3-4%) increase in electron temperature inside a major radius of about 3.27m (the outboard
plasma edge is at 3.4m). The temperature perturbation is localized to the outer 30 cm of the
plasma. The EC emission for the outermost channel shown in Fig. 10b (R=3.33m) is becoming
non-thermal and the emission does not represent a local electron temperature.

The ABM/GAMs seen in the low field, high-f shots have very similar mode characteristics.
A spectrogram showing the ABM in a 2T shot is shown in Fig. 11. The ABM/GAM are shown
in red, the blue contours show high-frequency fishbones. The magnetic fluctuations as measured
with a Mirnov coil are shown in Fig. 11b, and expanded over a Ims interval in Fig. 1lc.
Expanded in time, it is seen that the ABM fluctuations have a beating character, suggesting the

presence of two modes of similar amplitude whose frequencies are separated by about 5 kHz.

10
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Magnetic Fluctuations (G)

Time (s)
Fig. 11. a) Spectrogram of magnetic fluctuation
signal showing GAM bursts (red) and EPM bursts
(blue), b) magnetic fluctuations, c) expanded time

base showing beating of multiple modes during
GAM burst.

In Fig. 12 the phase and amplitude vs. poloidal
angle of the magnetic fluctuations is shown. The
phase shows the nearly step-like behaviorin relative
phase of a standing wave on the outboard side
(between 90° and 270° in Fig. 12) and the amplitude
shows anti-nodes above and below the midplane
expected for a standing wave. However, on the
inboard side the modes are much weaker and the
phase indicates more of a traveling-wave character.
The solid lines in the figure are the phase and
amplitude for a mixed traveling wave plus a
standing wave with a ballooning character, with
parameters chosen to fit the data. The mode shows
up as multiple bursts, with each burst having a
relatively weak upward frequency chirp, from
~18 kHz to = 32 kHz. The relative magnetic
fluctuation level was larger than for the high field
shots, dB/B = 10¢ vs dB/B = 2x1077.

Internal measurements were more difficult at these low fields for TFTR diagnostics, and no

evidence of the modes was seen on either of the fast ECE diagnostics (which, in any event, were

not configured to view the plasma edge), nor on the
soft x-ray cameras (not well matched to the
relatively low temperatures and densities of these
plasmas). The modes are present early in the beam
heating phase, before the beta reaches the
threshold, suggested in Fig. 2, where anomalous
fast ion losses are expected. Thus, the mode
existence is correlated more with the neutral beam
power or fast ion population, rather than . This
could be consistent with the TRANSP simulations,
which were ambiguous as to the time of onset of
the fast-ion confinement discrepancy. The ABM
are not detected following about 3.56s, but if they
are indeed GAM, they would be predominantly

Shot 105086, m =2, n =0, 3.521 to 3.522s at 29 kHz

180

-a)

90

Phase
o

-90

-180

-

n
o
)

-
o

Amplitude
O TR T[T T

| | | | |
60 120 180 240 300 360

Poloidal Angle
Fig. 12. Experimental phase and amplitude data fit
with combination standing and traveling wave
analytic functions Amplitude = 4.2 sin(m8-ot)
+(2.1+4.2*(1-cos(0))?))sin(m0)cos(wt); a) relative
phase of magnetic fluctuations vs. poloidal angle, b)
mode amplitude.

o
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Guiding Center Fast lon Distribution 105086A06 3.55s
U T

Full

50 100
lon Energy (keV)

© T[T [T [T ooee

———————
b) Fast lon Density (107/cm?3)
40 keV < E <50 keV

r/a=0.30 =291 cm
r/a =0.45 =303 cm

r/a=0.75 =325 cm

0 \’ NS s
-1.0 -0.5 0.0 0.5 1.0
Pitch = Vy/V
Fig. 13. a) Energy distribution for beam ions 50

ms after start of beam injection, b) pitch
distribution for intermediate energy fast ions at

diffe

rent radii.

electrostatic, and possibly aren't detected with the
Mirnov system.

The beam ion deposition at the time of the
appearance of these modes has not developed the
slowing-down distribution, but still retains a strong
13a).
conditions are explored for the full and half energy
The pitch-angle distribution of the half-

bump-on-tail character (Fig. Resonance
beam ions.
energy beam ions are shown in Fig. 13b for a range of
radii from r/a=0.15 to r/a=0.75.

mostly co-passing with pitch angles greater than about

The beam ions are

0.7. However, the pitch angle distribution extends to
The poloidal

transit frequency for co-tangential and counter

pitches of =0.5 around the mid-radius.

tangential injected ions, vs. the birth radius are shown in Fig. 14. Both co and counter beam ions

near the passing-trapped boundary, and trapped beam ions have poloidal transit frequencies near

the mode frequency. As the modes are axi-symmetric, the toroidal transit frequency is irrelevant.

Thus, a plausible drive resonance for these modes is through the beam poloidal transit frequency

(or bounce frequency for trapped ions) [24, 25].

the TAE gap), foam [=Cs/(2zR)] and the drift wave
frequency in Fig. 14. Here, foan [=Cs/(27R)] is used
for the GAM frequency, where Cs = 9.79x10° * ((Te _
(eV) + 1.75 TeV))/2)!2 m/s; smaller by = 1.4 than that fi "F

The observed ABM/GAM frequency is compared to f74£ (the frequency of the the center of

pitch = 0.5 105086206 3.555
e SE— Sl
Beam Poloidal

Transit Frequencies

Beam bounce 1

predicted [25]. The mode frequency range is indicated
by the shaded region and is more consistent with

acoustic branch modes [24, 26] than Alfvén frequency.

i and transit
?  faam = Co/(2R) frequencies |
@
S [ Mode Frequency et 1
o | (18-32kH2)
C

IVb Fishbone/EPM -

There are two branches of the fishbone mode.

The more common fishbone is excited through a

o+ |

. Drift Frequency

P P P B
280 300 320 340

Major Radius (cm)
Fig.14. Profiles of TAE gap center frequency,
GAM frequency and drift frequency. Beam

N B
240 260

resonance with the precession frequency of fast ions bounce and poloidal transit frequencies (full/half

from neutral beam injection. The mode is the n = 1

energy - short/ long dashes, co - magenta, ctr -
orange). Shaded region shows range of

internal kink, and onsets at the upper range of beam frequency chirps.
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ion precession frequencies where the energy transfer from ions to modes is fastest. As the ions

are expelled, the frequency sweeps down towards zero in the plasma frame, sweeping fast ions

out along the way [17]. These 'classical' fishbones are seen after about 3.6s between 10 and 20

kHz. The bursts are very short, and a frequency g TFTR 199086 mmd
chirp, if present, is difficult to measure. i ’
A higher frequency fishbone-like mode appears g I ? |
in these shots after = 3.55 s in the frequency range § 50; |
from about 50 kHz up to 85 kHz (blue contours in § -
Fig. 11 and an expanded view in Fig. 15. These are E I \m}? w 0 o:
identified as high frequency fishbones (HHFB), first -
identified on JET, where they are believed to be 3_53 1 354 - 13}551 T 356
Time (s)

excited through a precession-drift resonance with the

Fig. 15. Spectrogram of Mirnov coil showing

much more energetic ions expected for minority RF Hjop Frequency Fishbones (blue) and GAM

heating experiments.

The modes appear in a (red).

sequence of bursts, with each burst lasting = 1 ms during which the mode frequency chirps

upward from = 50 kHz up to = 85 kHz. The toroidal mode number is n = 1 and the modes

propagate in the co-parallel direction. Neutron rate measurements at a 1 kHz sampling rate did

not show measurable, correlated drops greater than the noise level of 2-3%.

which is below 10 kHz.

The frequency of these modes is much higher than the beam-ion precession frequency,

TFTR 105086

The bounce frequency for trapped fast ions is below 25 kHz for these

parameters and the precession frequencies of trapped

200 : . .

Toroidal Transit Frequency beam ions are also below the mode onset frequency.
100 b ;ﬁ;‘a;‘}““““:‘/‘lzz :z In this case, it appears that the the modes are excited
g ‘;:C‘hi;;!--:-------‘:. through a resonance similar to that which excites the
\o; o *eees,, .<‘:. C “F"r‘;‘;iency | TAE, that is through a resonance with the toroidal
§ iy /v. T 1.00 kV1 transit frequency of beam ions with pitch between 0.5
5 ot and 0.7 (Fig. 16). The upward frequency chirp

TR Precession<: T )
20 Frequency o® suggests that the optimum energy transfer between
. beam ions and energetic particles occurs around 50
102_6 ' 2f8 ' 3.'0 ' 3f2 ' 24 kHz.  This is close to the nominal GAM/BAE

Major Radius (m)

Fig. 16. Toroidal transit frequency for co-passing
beam ions at 45 keV and 100 keV and pitches of
0.5 and 0.7. Shaded area in mode frequency
chirp range.

frequency, and that may also explain the initial mode
frequency. Most beam ions have pitch larger than 0.5,
whereas there are not many fast ions which can

maintain the toroidal transit resonance at frequencies

13



below about 45 kHz, which may explain the upward 25~ + = ‘o= ' '
o fishbone amplitude .
frequency chirping. 20 ® e
The HHFB onset may be early enough to explain .
the inferred frst discrepancy. There are no internal 'T; 15} .
measurements of the mode amplitude, but Fig. 17 g’ . ’
shows the scaling of the amplitude, as measured with % 1.0 . : ]
Mirnov coils, against the discrepancy between &
0.5} o ° -
TRANSP modeling and the experimental f.  The . .0
HHFB appear at 3's where fast ion losses are inferred 0.0 s
. o 0.0 0.4 08 1.2 1.6
to begin and become larger as f is increased. The RTRANSP gmeasured

correlation may be coincidental. It would also be Fig. 17. Amplitude of fishbones vs. discrepancy
expected that as the fast ion beta was increased, the ™ TRANSP predicted beta vs. measured beta.
drive for the HHFB would become larger and mode amplitudes would increase. And as pointed

out above, there are no direct experimental data correlating the HHFB bursts with fast ion losses.

IVc Toroidal Alfvén Eigenmodes -

In Fig. 8 it is seen that the TAE onset around 3.6s, as the high frequency fishbones are
dying out. The same data is shown in Fig. 18 with higher time resolutions, and the rms magnetic
fluctuation level is also shown, illustrating the bursting character of the TAE at onset. At this
toroidal field and density the full-energy beam ion velocity is less than the core Alfvén speed, so
these modes are likely excited by the "1/3" resonance with the beam ions [22]. Beam-driven

Toroidal Alfvén Eigenmodes have been extensively

200 ————o—————————— TR 105086
studied on TFTR in low field plasmas with toroidal C ]

fields from 1 Tesla up to 3.5 Tesla. @ The TAE

experiments were typically done in plasmas with a

—_

o

o
|

lower plasma current than for the experiments
described here, that is, Ip = 0.4 MA rather than
1.0 MA. In these experiments, the TAE showed a

Frequency (kHz)

strong bursting character, although without the

3620
NSTX or MAST. Note that the TAE bursts are Time (s)

1

3.625

frequency chirps that are commonly seen for TAE on 1] SRR
3.610 3.615

strongly correlated with the HFFB and fishbone Fig. 18. a) Spectrogram showing TAE (green),
HHFB (blue), and fishbones (black), b) rms

bursts. In these previous experiments a roughly linear ,pitude of TAE magnetic fluctuation.
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scaling of fast ion losses, deduced from neutron rate drops, with TAE amplitude was found [29].
The absolute burst amplitudes here are comparable to those seen in the lower current, lower field
experiments where neutron drops of up to 10% were seen.

The amplitude of the TAE scales with the discrepancy between the TRANSP prediction of
f and the measured value (Fig. 19). However, the amplitudes are small and the onset appears
later than needed to explain the inferred fast ion loss anomaly evolution. The correlation of TAE
amplitude may reflect a combination of higher fast ion beta, higher density in the high beam
power shots, which improves the marginal resonance by lowering the TAE frequency and

increasing the drive.

1.4 — T T T — T

IV Discussion of fast ion losses 1.2 —TAE amplitude o

The effect of periodic losses on the 'saturated’ 4oL . s

neutron rate can be estimated assuming that the early rg oslk o
evolution of the neutron rate approximately follows an g

% 0.6 o % 1

exponential approach to saturation. The period of the

L]
1

TAE, HHFB and fb. bursts is zperiod = 2 ms. The — 04f

classical fast-ion slowing down time is 65-80 ms in g} *

. |
. . 0, @
the core region, and the early neutron rate evolution oo doe®
%00 " "oa o8 1z 1s
for a similar shot, without the trittum NBI, has an BTRANSP/B measured

exponential timescale of ziow = 100 ms, roughly Fig. 19. Amplitude of fishbones vs. discrepancy
consistent with this slowing-down time estimate. The in TRANSP predicted beta vs. measured beta.
TRANSP neutron rate prediction has large uncertainties due to the presence of trace amounts of
tritium, but the measured neutron rate appears to be of order 50% to 60% of the TRANSP
prediction, with about 80% of the neutron production from beam ion on thermal deuterium and
tritium reactions. We assume that the neutron rate sans MHD, is approximately of the form S/
So = (1-exp(-t/zsiow)), Where So would be the saturated neutron rate in absence of losses. With
these parameters and this parametric time dependence, periodic losses of order 2% every 2 ms
could account for the neutron rate discrepancy, and beta deficit. As neutron rate drops of order
10% were seen for TAE bursts of comparable magnitude, albeit in lower current, lower field
plasmas, the assumption of 2% fast-ion losses at each TAE/HFFB/f.b. burst would seem not
unreasonable. Of course plasma density and electron temperature are both evolving during this

period, so this estimate illustrates only that the observations might be consistent with this model.
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V Summary

Experiments to investigate the dependence of B-limiting disruption characteristics on
toroidal field strength did not find hard disruptions at low field, even for B's 50% higher than the
empirical B-limit of Bn = 2 at high field. Comparisons of experimentally measured 's to
TRANSP simulations suggest anomalous loss of up to half of the beam fast ions in the highest 3,
low field shots. Toroidal Alfvén eigenmodes, and both a new High Frequency fishbone, and
classical fishbone instabilities are seen early in the beam heating phase. The amplitude of the
High Frequency Fishbones and TAE increase above the threshold beta for inferred fast ion
losses. Although no direct evidence exists of enhanced fast ion losses, losses of a few percent for
each fishbone/TAE burst could explain the inferred deficit in fast ions. The anomalous fast ion
transport may at the same time broaden the pressure profile, increasing the beta-limit. We have
presented the first observations of high frequency fishbones [19] on TFTR. We find that, unlike
the JET observations, these modes are likely excited through a toroidal transit frequency
resonance with the beam ions.

Axi-symmetric Beam-driven Modes (ABMs) are also seen early in the beam heating
phase. Comparison of the characteristics of the ABMs [24] suggests that they are the same as the
Geodesic Acoustic Modes seen on JET [25] and DIII-D [26]. The ABM spatial structure (n=0
and a standing wave in the poloidal direction) and resonance with the poloidal transit frequency
are the same as reported for the GAM. On DIII-D the GAM were correlated with fast ion losses,
however on TFTR that does not seem to be the case. However, under some conditions there does
appear to be a transient transport barrier formed near the q=2 surface with each ABM/GAM

burst.
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