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ABSTRACT

Fast particle driven instabilities are investigated at low toroidal figlek 1T in Tritium (T),
Deuterium (D) and Hydrogen (H) plasmas. T, D, H neutral beams with energies of 160 keV, 140
keV and 110 keV were injected respectively into T, D and H plasmas. The destabilisation of
Alfvén Eigenmodes (AE) was observed during injection of tritium beams into a tritium plasma
and during the injection of deuterium beams into a deuterium plasma but not during the injec-

_B
(Ip/Bra)
tude fishbones were observed and appeared to correlate with the degradation of confinement.

tion of hydrogen beams into a hydrogen plasma. At high Bgta > 2.5 high ampli-

1. INTRODUCTION

Energetic ions with velocities comparable to the Alfvén velowity= B,/ Jﬁ where By
denotes the equilibrium magnetic field apdhe plasma mass density, can destabilise Alfvén
waves in magnetically confined plasmas through the resonant wave-patrticle interaction [1, 2].
In deuterium-tritium (DT) thermonuclear tokamak reactors the alpha particles, created by fusion
reactions with energies around 3.5 MeV, are super-Alfvénjgy, > Vaqen, and can interact
strongly with Alfvén waves during their collisional slowing down process. The destabilisation
of Alfvén Eigenmodes (AE) [3] by the fusion-born alpha particles in tokamaks was first theo-
retically analysed in [4] and experimentally observed on TFTR [5].

The energetic ions produced by auxiliary heating such as neutral beam injection (NBI) or
ion cyclotron resonant heating (ICRH) can also destabilise AE [6-9]. In particular, in fusion
reactors where injection of high energy EMeV super-Alfvénic neutral beams are used either
for auxiliary heating or current drive, unstable AE can lead to the reduction of the heating and
current drive efficiency. The destabilisation of AE by NBI with energies 80-160 keV can be
obtained in the present tokamaks only at low values of the toroidal magneti®fietd] T. At
low magnetic field the Alfvén velocity is sufficiently small for an effective resonaﬂ%m =Va,

between the wave and the particles. The destabilisation of Toroidicity Induced Alfvén eigenmodes
(TAEs) by the NBI-produced energetic ions has been first demonstrated in low magnetic field
discharges on TFTR [6] and DIII-D [7] .

In TFTR the TAE instability was driven by deuterium NBI with energies of up to 110 keV
injected into a deuterium plasma at low magnetic fields (1T) [6]. Reductions in the neutron rate
of up to 10% in a single TAE burst were observed, with estimated cumulative beam loss of up to
50% [10]. Similar experiments were carried out in DIII-D [7] using both hydrogen and deute-
rium NBI in the low magnetic toroidal field (0.7 T - 1 T) deuterium plasmas. The TAE instability
was observed during deuterium NBI only and was absent during hydrogen NBI. Up to 50%
beam losses were seen correlated with the destabilisation of TAES. In both experiments on TFTR
and DIII-D, TAEs with intermediate toroidal mode numbeg 2, were destabilised.



The observation of Alfvén instabilities driven by NBI in JET discharges with low toroidal
magnetic field is reported in this paper. The experiments were conducted using tritium NBI into
tritium plasma, deuterium NBI into deuterium plasma, and hydrogen NBI into hydrogen plasma.
This set of experiments further demonstrates the AE excitation by using different techniques in
JET such as the excitation of AE using external antennas (the JET saddle-coils and the ICRH
beat waves) [11, 12] and the destabilisation of AE by energetic ions accelerated by ICRH [8, 9,
13-16]. In addition, the distribution of NBI-produced ions and the NBI deposition profile are
known with higher degree of accuracy than the ICRH tail distributions. Therefore, the
destabilisation of AE by the beam passing ions provides a better possibility for testing the theo-
retical modelling.

The destabilisation of AE was achieved by the injection of T beams with an éfergl/60
keV into a T plasma at a toroidal magnetic field of 0.9 T (pulse #43014) and by the injection of
D beams with energi¥p =140 keV into a D plasma at a toroidal magnetic field of 0.8 T (pulse
#43846, pulse #43847) . No evidence of the AE destabilisation was seen a experiments with
injection of H beams (enerdyy =110 keV, pulses #43452,#43453) into H plasma at low toroidal
magnetic field.

In addition to the AE destabilisation, fishbone bursts [17,18] were observed in the low
magnetic field discharges and correlated with the degradation of confindheptappear as a
low toroidal mode numben£1) perturbation with frequencies (20-30 kHz) above the plasma
rotation frequency and they chirp down during the burst to frequencies close to the plasma
rotation (0-30 kHz). Fishbones are associated witlythieational surface and have a dominant
n=1,m=1 mode structure [19,20,21]. In discharges, where the current profile has been modified
and the central value of the safety factor is greater thargge®),(fishbone-like bursts are also
observed with a dominant<£1,m=2) mode structure associated with ¥ rational surface

[22]. Typically, fishbones appear with low amplitu% <1073, and no degradation of confine-

ment is observed in JET. In discharges with a large fraction of energetic ions, produced either by
strong auxiliary heating (B=P.ntPni>20 MW) in low density plasmas or low magnetic field

auxiliary heated discharges, fishbone bursts can have very large amp%letd@_z. In high

beta By > 2.5 plasmas, where the mode structure is expected to be of a global nature due to

enhanced poloidal mode coupling, fishbone bursts are associated with the degradation of con-
finement. Under these conditions drops in both temperature and neutron rate of up to 10% have
been associated with fishbone activity [17].

2. EXPERIMENT AND MEASUREMENTS

Experiments using different hydrogen isotopes (hydrogen, deuterium and tritium) plasmas were
conducted on JET at a low toroidal magnetic field during the 1997-1998 campaign. The aim of



these experiments was to study the conflneme[:’rt 2 0:
properties of the different species (H,D,T) in= 10/M\’\
X-point divertor plasmas at varying toroidal =0 -

magnetic fields and plasma currents. In thesg | .
experiments, the toroidal magnetic field Wasz

varied from the usual value for the normal JET 3
1S
high performance operatioB; = 3.4 T, to Zm

magnetic field values as lowB$=0.8 T. The

plasma currentd ) were chosen so thaiB+
was kept to the order of 1 MA/T, in order to
ensure a similar safety factor profilg) (for
these discharges. Neutral beam auxiliary heaé

ing power of up 15 MW was injected into low ¢ %0 568 55

field (1T), low density (2-3 x 18m™®) and low Time (s)

é:Ig 1. Overview of the plasma parameters in tritium dis-
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of AE as shown in Figure 1. 95%). Tritium NBI at E=160 keV was kept constant at
In JET the diagnostics which can meagower 10 MW for 1.5 seconds. Thg fface shows the
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measurements using microwave reflectometry, soft X-ray emission, electron cyclotronic emis-
sion and visible spectroscopy. The “Mirnov” pick-up coils can detect magnetic fluctuations of

the order of% =10~ and have a very small noise level. Magnetic fluctuation measurements

with a sampling rate of up to 2 MHz, using a toroidal set of 6 Mirnov probes localised in the low
field side of the vessel, have been routinely performed during the 1997 campaign. This allowed
the detailed study of the Alfvén eigenmode activity in all plasma configurations.

At low toroidal field, such as the field required for the destabilisation of AE using neutral
beams (B<1T), the frequency of AE is less than 100 kHz in contrast to the usual 250kHz at (3
T). Therefore, diagnostics with lower acquisition frequency, such as the reflectometer, electron
cyclotron emission and soft X-ray emission are all able to resolve Alfvén perturbations. The
localisation and amplitude of Alfvén perturbations can be obtained from the soft X-ray horizon-
tal camera and the microwave reflectometer measurements. Information about the localisation
of the TAE fluctuations can also be obtained using external magnetic perturbations in NBI-
heated plasmas with significant sheared toroidal rotation. The Doppler shift in the eigenmode
frequencies combined with the information from the toroidal plasma rotation profile provides an
additional estimate of the radial location of the AE.
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Fig.2a Overview of the Spectrum of the magnetic flug-ig.2b Spectrum of the magnetic fluctuations for shot
tuations for shot #43014 showing NBI driven AEs in JE#43014 showing NBI driven AEs in JET. The frequency
The magnetic fluctuations are dominated high beta reange of the TAE activity is 70-90 kHz with the corre-

lated fluctuations such as strong fishbone activity. AEsponding toroidal mode numbers ranging from n=4,9.

are present throughout the NBI heated phase but th@ye lower frequency fluctuations, with the frequency in
are clearer during the early phase (Figure 2b), whetthe range of 0-10 kHz, are core instabilities with domi-

the bulk plasma beta is low. EAE modes are also visibfeint toroidal mode number n=1.

with frequencies ranging from 130kHz to 150kHz.

The AE observed at low magnetic fieB;; < 1 T, have frequencies between 50-100 kHz
(Figures 2a,2b), and intermediate toroidal mode numiner4-9). The radial mode structure
obtained using the horizontal soft X-ray camera shows that mode is of a global nature with
highest amplitude displacements being localised outside the g=1 surface (Figure 3). The ampli-

tude of the AE perturbations is small, of the

order of%=3x10_5, as measured by the S

“Mirnov” coils.
The modelling of the Alfvén spectrum 3 |
obtained using the CASTOR code [23,24,25]‘§
shows that the usual global ideal core local=
ised TAE is close to the continuum and has very
strong radiative damping. Calculations per-

formed with both the non-ideal extension of

JG99.324/3c

the CASTOR code and the MISHKA-2 code ° 0.2 ; 050 o7

[26] shows the existence of Kinetic ToroidicityFig.3 Radial mode structure of n=4 TAE mode and the

Induced Alfvén Eigenmodes (KTAE) |oca|isedn=1 internal kink determined by the SXR horizontal
camera in the shot #43014. The radial localisation of

mainly in the gap just outsidg1 surface, con- he n=1, m=1 kink activity is used for a more accurate
sistent with the experimental observations. THecalisation of the q=1 surface. The AE measurement

continuum aap structure is shown in Eiqure Qlas poor resolution, but it is sufficient to conclude that
gap 9 the AE is global with the highest amplitude located out-

and the mode structure calculated by thside the g=1 rational magnetic surface.
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Fig. 4 shows the computed n=4 continuum gap strué¢=ig.5 showing the n=4 AE mode structure for discharge

ture for the shot #43014, t=25.1s where TAE activity43014 and internal kink mode structure (shaded) com-

was observed. The toroidicity induced gap and thguted by the CASTOR code. The radial structures of both

ellipticity induced gap are clearly visible. the kink mode and the TAE are consistent with the ex-
perimental observations shown in figure 3.

CASTOR code is shown in Figure 5. The frequency oht#t'eAE computed by CASTOR is of
fae(castor72.8 kHz. This is close to the measured frequeqgydisuredy 75 kHz. The plasma
rotation frequency (§) at the time of the comparison t=25.1 is small, of the ordey@tfsureay1-

2 kHz, wheref,qt = Qrot /2.

Direct information on the safety factor profitg €an be obtained in discharges with known
core MHD activity. A constraint on the safety factor profile is obtain from the localisation of the
MHD fluctuations (=1, m=1) associated with the rational surfage.. The equilibrium recon-
struction for the discharge #43014 is performed using the EFIT [27] code and HELENA [28]
code with localisation of the q=1 surface consistent with radial extentiofihe=1 core MHD
activity shown in Figure 2b. Calculation of the Alfvén continuous spectrum is then performed
by the CSCAS code [23] for the reconstructed equilibrium, see Figure 4.

3. MODELLING AND STABILITY THRESHOLDS

Unstable AE in the presence of fast particles require an efficient energy exchange between the
energetic ions and the AE. The energy exchange between the eigenmodes and the energetic ions
Is maximised when the frequency of the modes is comparable with the frequency of the periodic
motion of the orbits of the energetic ions. For NBI produced passing particles, the resonance

condition is given approximately) =V, and the side band resonance condiﬁ@nzv—sA,

Va =By/ 4712 mn; , where By denotes the equilibrium magnetic field a@lmni is the
o i



plasma mass density. In addition, the balance of the wave-particle energy exchange must be
favourable for instability. This is achieved when the ion diamagnetic drift frequency of the
energetic ions exceeds the mode frequensyr( w ). If ww>n w- the energetic ions provide a

source of damping to the AE for non-inverted particle distribuﬁ@(g—z < 0) such as slow-

ing down distributions.

In the case of destabilisation of AE with intermediate toroidal mode numbexsl@xby
moderate energy NBI ion&£<160 keV) the previous conditions can be met only for low val-
ues of the toroidal magnetic fiel8(~ 1T). Although for large toroidal mode numbers10)
the condition < n w ) can be satisfied at larger toroidal magnetic fields and larger densities,
the damping of such AE is very high.

It was possible to estimate experimental thresholds for the beam-driven AE since the neu-
tral beam power was increased slowly in the deuterium discharges and there were several shots
in tritium discharges with different levels of beam power. The level of neutral beam power
required to obtain instability was found to be of the order of 10 MW in tritium plasmas at 0.9 T
and 8-10 MW in deuterium plasmas at 0.8 T. No AE activity was observed in hydrogen plasma
discharges heated by hydrogen beams.

The modelling of the NBI drive on AE was performed using the CASTOR-K model [29,30].
The CASTOR-K code calculates the energy transfer between the AE and the energetic particles.
Full orbit effects need to be retained since the beam ions have large orbits for magnetic fields of
around 1 T and plasma currents of around 1 MA. The simulations are based on a plasma with
electron density ofi,=2.5 x 1d°m™ and slowing down distribution functions for the NBI ions
where the measured ion temperature is of the orde=8fkeV and the electron temperature is
assumed to belT,). For the power level dP\g=10 MW, which is the power threshold for
destabilisation of AE, a NBI ion density on axisngf,.=2.5x10°m™ was obtained from the
deposition profile calculations (TRANSP). The radial deposition profile was best fitted by

W(r)
W (Tedge)
and tritium plasmas with NBI injection with energies of 110 keV (hydrogen), 140 keV (deute-
rium) and 160 keV (tritium) were analysed. The calculations are based on the destabilisation of
then=5, which is the most unstable, Wik castory 72.8 kHz (with tritium) consistent with the
experimental observations. In a deuterium plamaastorr 90 kHz and in a hydrogen plasma
faecasTors 128 kHz. A strong drive/ w>1% from the deuterium and tritium beams was obtained
for low values of magnetic fielB<1 T (Figure 6).

These simulations also show a larger drive from the tritium ions in comparison with the
deuterium ions, which might explain the lower magnetic fiBig-Q.8 T) required for the insta-
bility using deuterium NBI injection into deuterium plasma. Calculations of the damping of the
mode considered, performed using the MISHKA-2 code, shows a strong damping rate of the

Nbeam U (1—a7)2, where = is the normalised poloidal flux. Hydrogen, deuterium



3.0 order of yw~1-2 %. The CASTOR-K model
250 shows that for the conditions where AE insta-
20k bility was observed experimentally, the drive
sk provided by NBI isfaw>1% . This result sug-
§> Lol gests that the drive from NBI has to overcome
a strong damping of w11-2% for instability,
051 which is consistent with the strong damping
or ¢ calculated by the MISHKA-2 code and meas-
-08L 5 5 55 25 ured by the active AE excitation diagnostic at

Br JET. These simulations also show that

n=5 AE computed by the CASTOR-K code. The drive

from NBI increases strongly with decreasing toroida1A‘E considered for the parameters of the
magnetic fieldResults for hydrogen, deuterium and tri-hydrogen experiment8{=1 T, Pyg=7MW),

tium plasmas with NBI injection .Wi'[h energies of 119_Nhich is also consistent with the experimental

keV (hydrogen), 140 keV (deuterium) and 160 keV (tri- ] o

tium) are shown with a deposition beam ions profile fibservations. The destabilisation of the AE

ted by ngeay = 2.5x108m3(1- )2 using hydrogen beams is expected for magnetic
fields of the ordeB;<0.7 Twith an NBI power

of Pne=10 MW.

4. OBSERVATION OF HIGH AMPLITUDE FISHBONES

During the low toroidal magnetic field experiments in tritium plasmas, where AE activity was
observed using NBI, the plasma volume averaged normalised beta was raised to
py=—P
(Ip/Bra)
the toroidal magnetic fiel8+ [T]. In contrast to the AE activity, which was observed immedi-
ately after the beams have been switch on and
with BN =1.0 , the high amplitude fishbone
appeared later withBy =2.5. Increasing
number of fishbones with increasing amplitude

=3.4, where,lp [MA] denotes the plasma curreat[m] the minor radius and

100 A el L O T

These modes have a dominant component n=2,
but during the non-linear evolution several% 40

toroidal harmonicsn=2-7) are destabilised. B :
The fishbone bursts are separated by approxi- 20
mately 25ms time intervals, which is compa-

JG99.324/7¢

) ) . O —-.Ir ;
rable with the slowing down time of the NBI 2520 2525 2530 2535  25.40

Time (s)

ions. The bursts last about 10ms and during thi _ _
] ~ Fig.7 Spectrum of the magnetic fluctuations for shot
time the frequency of the n=1 perturbationsp14 showing fishbone bursts.



decreases from 15 kHz to 5 kHz in the laboratory reference frame, as shown in Figure 7. The
amplitude of the fishbone bursts can be as hig%as 1072, measured at the plasma edge. The

fishbone mode structure measured by the soft X-ray camera shows that the mode is of a global
nature, which is consistent with the mode structure of the internal kink perturbation at high beta
with a largeg=1 radiug(q=1)~0.5. The plasma displacement measured by the soft X-rays emis-
sion during the fishbone mode is of the orded.6flL m

5. FAST ION CONFINEMENT AND TRANSPORT

In contrast to what was reported in the DIII-D

[7] and TFTR [10] experiments, no correlation _
was observed between neutron yield and A@ ?
activity in these discharges. The neutron yield.g !
in D-D plasmas is dominated by beam targetS ©
reactions and in T-T plasmas by the beam re
actions with the minority deuterium ions. g _,
Therefore, in D-D and T-T plasmas the fastions ;|
losses can be estimated by the drops in the neu-_
tron yield. Drops of up to 10% in the neutron _
rate were observed during fishbone bursts iEI’ 4.0
T-T (#43014), indicating beam losses duringg 3.0.
fishbone activity, see Figure 8. In hydrogen’qf
plasmas, the hydrogen beam does not produd?;;az"”
neutrons, however, the confinement of the bearﬁ 1ol
ions and losses can be estimated by transport 500 2510 2520 2530 2540 255
analysis calculations. Time (s)

. . Fig.8 Time evolution of the magnetic fluctuations and
In all these discharges, the dlscrepan%{e neutron yield in shot 43014 showing drops in the

between the stored energy simulated by th@utron yield of up 10% during fishbones bursts. No ef-
transport code (TRANSP) and measured storfegt on the neutron rate is observed during the appear-
energy can be used to identify beam ion losses. - OFAE at1=25.05s.

Detailed transport analysis performed using the TRANSP code did show a discrepancy, of
up to 30%, between the simulated stored energy and the measured stored energy in the deute-
rium and tritium discharges where the AE and fishbones modes were observed, as shown in
Figure 9.

This suggests that some redistribution of the energetic ions did occur during high power
NBI injection in tritium and in deuterium, while good agreement was found for the hydrogen

plasmas indicating no hydrogen beam losses. The most significant deviation was observed

3r Fishbones

ictuat

Magnetfic flu

O JG98.725/2¢



= TAE Pulse No: 43014 during tritium injection into a tritium plasma
1.3F "
X NoTAE (# 43014). In this discharge both AE and high

| 43847 . .
amplitude fishbones were observed. The tem-
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£l X poral evolution of the deviation between the
2714k » X 43846
z x y measured stored energy and the calculated
X X .
1.0 x X stored energy shown in the TRANSP calcula-
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tions correlates with the observation of the high
B 0) amplitude fishbones and no significant devia-

Fig.9 The deviation of the simulated stored energy arftPn s observed during AE activity, consistent

the measured stored @ rransHWoiameasuren) @S With the neutron yield measurements.
computed by the TRANSP code as a function of the ther-

mal plasma beta on axis, indicating where AE activity

was observed.
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CONCLUSIONS

AE destabilised by the injection of neutral beam ions were observed in JET at low toroidal
magnetic fieldsB;<1T). Unstable AE were observed in both deuterium and tritium plasmas,
but were absent in hydrogen plasmas. The power threshold for the destabilisation of AE using a
toroidal magnetic field of 0.8 T in deuterium and 0.9 T in tritium ®gs= 8-10 MW, which
correspond to a beam densityngf.,=2.5x10"*m™. Detailed simulations performed using the
CASTOR-K model showed that the driyeo>1% provided by the neutral beam ions both in
tritium (160 keV) and in deuterium (140 keV) for values of the magneticBigdd T was suffi-

cient to overcome the dampiggo1-2% calculated by the MISHKA-2 code. No significant

drive was provided by the 110 keV hydrogen beams for similar experimental conditions. These
calculations predict that the destabilisation of AE using 110 keV would require magnetic fields
of B1<0.7 T. The neutron rate showed no evidence of fast ion losses measured during AE activ-
ity. The TRANSP code shows a discrepancy between the simulated stored energy and the meas-
ured stored energy (of up to 30%) in the deuterium and tritium plasmas while no deviation was
found in hydrogen plasmas. The temporal evolution of the deviation correlates with the observa-
tion of the fishbones, consistent with the observation of drops of up to 10% in the neutron
emission during fishbone bursts.

In summary, the characterisation of AE instabilities in low magnetic field plasmas with
intense NBI auxiliary heating completes the analysis of AE in D-T plasmas at JET. No evidence
of fast ion losses and degradation of confinement was observed during the observation of AE in
a very broad range of plasma conditions [8],[9],[16]. In particular, in low magnetic field plasmas,
where the fast ion beta is maximised, the fast ion pressure is limited by the appearance of fishbone
bursts and not by AE instabilities.
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