
JET–P(99)34

M P Gryaznevich
S E Sharapov

Frequency-Sweeping Alfvén
Instabilities Driven by

Super-Alfvénic Beams in the
Spherical Tokamak START





JET–P(99)34

Frequency-Sweeping Alfvén
Instabilities Driven by

Super-Alfvénic Beams in the
Spherical Tokamak START

M P Gryaznevich1, S E Sharapov.

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA,
1EURATOM/UKAEA Fusion Association, Culham Science Centre,

Abingdon, Oxfordshire, OX14 3DB, UK.

Preprint of a Paper to be submitted for publication in Nuclear Fusion (Letters)

October 1999



“This document is intended for publication in the open literature. It is made
available on the understanding that it may not be further circulated and
extracts may not be published prior to publication of the original, without the
consent of the Publications Officer, JET Joint Undertaking, Abingdon, Oxon,
OX14 3EA, UK”.

“Enquiries about Copyright and reproduction should be addressed to the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA”.



1

ABSTRACT

Alfvén instabilities with rapidly decreasing frequency are observed in experiments with super-

Alfvénic (up to V Vbeam A/ ≅  3) neutral beam injection in the spherical tokamak START (Culham

Science Centre, UK). The unstable modes appear as high-frequency, f0 70 400≅ ÷  kHz, “bursts”

detected by  magnetic pick-up coils and soft X-ray cameras, and “sweep” down by a factor of

two in frequency in a single 0.2 - 0.3 ms burst. A strong correlation  between the initial frequency

of the frequency-sweeping modes f0  and the parameter VA Tβ −3 4/ , where VA is the Alfvén ve-

locity and βT  the toroidal beta, is found.

Alfvén Eigenmodes (AEs) [1] excited by supra-thermal ions with velocities comparable

to the Alfvén velocity have been extensively studied in magnetic fusion devices since they have

the potential to redistribute fusion-born alpha-particles in the core of a fusion power plant, lim-

iting the power plant operational regime. In addition to the AEs, a new type of instability was

detected in the Alfvén frequency range in discharges heated by neutral beam injection (NBI) on

the DIII-D tokamak [2]. In contrast to the AEs, which have a steady-state spectrum of

eigenfrequencies, the instability [2] was characterised by a sweep in the frequency on a very

short time scale as compared to the time scale of changes in the plasma equilibrium. This Alfvén

instability was called a “chirping” mode, i.e. a mode with sweeping-down, or “chirping” fre-

quency. Recent experiments with super-Alfvénic NBI on the Spherical Tokamak START (Culham

Science Centre, UK) have shown that frequency-sweeping modes similar to the “chirping” modes

on DIII-D become the dominant type of Alfvén instability in high-performance START dis-

charges. In this Letter we report the results of our analysis of the frequency-sweeping Alfvén

instabilities observed in more than 50 START discharges with NBI heating, with line average

electron density varying in the range ne =  1 - 6 1019 m-3, toroidal magnetic field at the magnetic

axis in the range BT =0.2 - 0.4 T and plasma current in the range Ip =140 - 260 kA.

The tight aspect ratio tokamak START (major radius R0= 0.3 - 0.37 m and minor radius a

= 0.23 - 0.3 m) has demonstrated already many unique features of the Spherical Tokamak con-

cept. Aspect ratio values as low as R a0 1 2 1 5/ . .≤ ÷  made it possible to achieve in the NBI-

heated START discharges the highest values of plasma β  ever achieved in hot tokamak plasmas

[3], with magnetic fields as low as BT  ~ 0.15 T and with average plasma densities as high as

ne~ 6⋅1019m-3. Alfvén instabilities become an important issue in these NBI-heated plasmas in

START since the Alfvén velocity, V B m nA T i i= / 4π , is small and even NBI-produced ions of

not very high energy, Ebeam ~ 30 keV, are super-Alfvénic. The beam ions can therefore match

the fundamental V Vbeam AII ≈  resonance during the beam slowing-down process and excitation

of Alfvén instabilities becomes possible due to a release of the free energy associated with the

radial and velocity gradients of the beam ion distribution.
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In order to detect and investigate experimentally the beam-driven Alfvén instabilities in

START a set of magnetic pick-up coils (Mirnov coils) and  soft X-ray (SXR) cameras were used.

The magnetic diagnostics consist of two inboard vertical arrays of 23 magnetic pick-up coils,

each separated by 1800 in toroidal angle, and one outboard pick-up coil; the distance from the

coils to the plasma edge is ≈ 1-3 cm typically. Magnetic fluctuation data, ∂ δ ∂B tp( ) / , were

measured by these coils sampled at up to 5MHz  during each START discharge. The SXR cam-

eras provide 15 vertical and 16 horizontal chord signals with resolution ∼2.5 cm. Alfvén

perturbations in the frequency range ∼ 50-350 kHz are most clearly seen on the Mirnov coils,

while perturbations with frequencies below ∼ 120 kHz are also seen in SXR signals.

At the very beginning of NBI heating in

START discharges, Toroidicity-induced Alfvén

Eigenmodes (TAEs) with discrete steady-state

eigenfrequencies have often been observed first

[4]. At later times in the same discharges mul-

tiple Alfvén “bursts” of sweeping-down fre-

quency appeared instead of the TAEs. Figure 1

shows a typical example of the frequency-

sweeping Alfvén instabilities, together with the

temporal evolution of the main plasma param-

eters, in the NBI-heated START discharge

(pulse #35159). The deuterium plasma in this

discharge was heated by a hydrogen beam with

energy Ebeam ∼ 30 keV and power PNBI ≈  0.8

MW; the beam was injected tangentially to the

magnetic axis. The beam velocity parallel to

the equilibrium magnetic field at the magnetic

axis, V beamII ≈ 2.4 106 m/s, was significantly
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Fig. 1 The temporal evolution of the plasma current Ip,

toroidal magnetic field BT, line-averaged plasma den-

sity ne, volume-averaged βT  and plasma energy con-

tent Wtot in NBI- heated START discharge #35159. NBI

heating starts at 23 msec; the bursts of the magnetic

perturbations, ∂ δ ∂B tp( ) / , shown in this Figure are de-

tected by the outboard Mirnov coil.

higher than the Alfvén velocity at the magnetic axis, VA ≈ 7.7 105 m/s. The frequency-sweeping

Alfvén modes were observed in this discharge from time t ≈ 29 msec and had the form of

repetitive bursts with a frequency which started from 125-200 kHz (i.e. close to the frequency of

TAEs [1], f V qRTAE A= ( ) ≅/ 4 0π 150 kHz) and swept down as low as 40 kHz  during a very

short time, t ∼ 2×10-4 sec (Figs.2 and 3). It is seen that the perturbation grows, saturates and

decreases in amplitude while the frequency of the perturbation sweeps down.

Both Mirnov coils and low-frequency filtered vertical SXR array data show an apparent

“ballooning” (i.e. larger at the outboard) distribution of these Alfvén perturbations. No signifi-

cant movement of the region where the perturbation was localised was detected during a single

burst apart from some slow shift downwards seen in the horizontal SXR array. In order to estab-

lish the point that the spatial localisation of the perturbations seemed to be slightly shifted from
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Fig. 2(a) The fine structure of a single “burst”  from
Fig.1 seen by the outer midplane Mirnov coil. A change
of the perturbation frequency by a factor of two during
∼20 wave periods is clearly seen.
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Fig. 2(b) The same frequency-sweeping perturbation as
in Fig.2(a), seen by the horizontal SXR camera with the
chord at Z=-6.1 cm.
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Fig. 3(a) The Fourier transformed data from the Mirnov
coil in Fig.1, which shows the distribution of the fre-
quency-sweeping Alfvén perturbations as a function of
frequency and time.
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Fig. 3(b) The Fourier transformed data from the SXR
camera, which measures the same perturbations as seen
in Fig. 1.

the magnetic flux surfaces several discharges were performed with the magnetic axis shifted up

and down. Both SXR and Mirnov coils data show that the shifts of the magnetic axis signifi-

cantly affect the mode amplitude, but no apparent change in the location of the perturbation was

found. It seems therefore that the geometry of the perturbation in these cases might be associ-

ated with the fixed beam geometry rather than the varying geometry of the bulk plasma.

From the poloidal (actually, vertical) distribution of the Mirnov coil signal we conclude

that the poloidal structure of the mode remains constant during the burst. These data, together

with SXR-data, show that the mode has a dominant poloidal harmonic m = 3. From the compari-

son of the signals measured by Mirnov coils separated by 1800 in toroidal angle we found that

both odd and even toroidal mode numbers n (possibly n=1 and n=2) are present in the measured
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spectrum. The low dominant poloidal mode numbers are typical of all frequency-sweeping Alfvén

perturbations in START. We note here, that the low mode numbers found are in agreement with

the estimate [5], which shows that the efficiency of the beam drive for an Alfvén perturbation

with radial scale r m0 /  has a maximum value at

m r b≅ 0 / ∆ , (1)

where r0  is the Alfvén perturbation radial coordinate and ∆b  the width of the beam drift orbit

(in the START case ∆b ≅5 cm). Since the estimate (1) does not depend on the mode frequency

one can expect that the most unstable mode number remains fixed during the evolution of the

frequency-sweeping Alfvén perturbations, as observed.

It is interesting to note that sometimes perturbations with higher frequency were seen

simultaneously with the main perturbation, such as the one in Fig.3(a). The higher frequency

perturbations often do not overlap in radius with the main perturbation: they localised at a differ-

ent radius than the main perturbation and radial shifts up to ~ 0.5 of the radius of the main

perturbation were observed.

The effect of the frequency-sweeping Alfvén instabilities on the plasma confinement was

analysed using EFIT reconstructed equilibria and diamagnetic measurements with high resolu-

tion in time. It was found that the plasma energy content reduces by up to ∼3% during the bursts.

It is remarkable, however, that at the end of the instability the plasma energy is restored in such

a way that no overall deviation from the linear increase is seen in the plasma energy content on

a long time scale (Fig.1).

The frequency-sweeping Alfvén instabilities usually occur before the sawtooth oscilla-

tions in a discharge. However, some rare observations of discharges with both Alfvén perturbations

and sawteeth have shown that the sawtooth has no apparent effect on the frequency-sweeping

Alfvén perturbations. This observation suggests that in the cases observed the region of the

Alfvén perturbations was outside the sawtooth inversion radius or the energetic particles that

drive the Alfvén instability were not redistributed strongly enough by the sawtooth to affect the

drive.

In order to identify the main parameters characteristic of the frequency-sweeping Alfvén

modes in START a large database was accumulated. This data base covers discharges at differ-

ent magnetic fields, different currents and different plasma densities and temperatures.

Since the frequency-sweeping Alfvén perturbations have a starting frequency in the TAE

frequency range and they often appear after quasi-stationary TAEs [4], it is of interest to analyse

a relation between TAEs and the frequency-sweeping Alfvén perturbations. In order to perform

this analysis we consider the TAE comparison with both linear (i.e. exponential growth) and

nonlinear phases of the experimentally observed Alfvén instabilities.

At the very beginning of the frequency-sweeping Alfvén perturbation, i.e. at the linear

phase of the instability, we consider whether the starting frequency f0  (which is close to the

TAE frequency) has a scaling  f V B nA T e0
0 5∝ ∝ − . , as is expected for TAEs. Statistical analysis
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of the data base has shown, however, that the observed initial frequency has a more complicated

scaling, which depends on the bulk plasma temperature. One can actually see this effect from

the particular case in Fig.3(a), where the starting frequency f0  varies from ∼190 kHz to ∼125

kHz during the interval t ≈29 ms to t ≈33 ms, while changes in the magnetic field and plasma

density during the same time can acount only for a change ∆ B n B nT e T e
− −( ) ≅0 5 0 5. ./ 10%. Al-

though there is no convincing explanation for a temperature dependence of f0  at the moment,

one can argue that such an effect might be associated with a modification of the shear Alfvén

waves by the beam, since the beam ions constitute a significant fraction of the total plasma

energy in START,

′ ≅ ′β βbeam plasma (2)

(prime denotes the radial derivative). In this

case the temperature dependence can enter the

scaling of f0  through the beam density nb  if

( / ) / ( %/n nb Bi0
1 2 7>> ≈ω ω  in START) [6].

Since the beam density is determined by the

beam thermalisation time associated with the

slowing-down process, electron temperature Te

can be involved through the dependence

n T nb SD e e∝ ∝τ 3 2/ / .

In order to include the temperature

dependence in the scaling of f0  we considered

the relation between f0  and the most accurately

measured on START [3] temperature-

dependent toroidal beta parameter,

β µT VB pdV= ( )∫2 0 0
2/ , where p is the plasma
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Fig. 4. The distribution of the initial frequencies of the
frequency-sweeping Alfvén perturbations in ∼50 START
discharges (more than one point per discharge) with
different plasma currents, magnetic fields, plasma den-
sities and temperatures.

pressure, B0  the vacuum toroidal magnetic field at the geometric centre of the plasma and V is

the plasma volume. A scaling of f0  was then found by a fit to the database, which is shown in

Fig.4 and has the form

f C C B nT e T0 1 2
0 5 0 75= + − −. .β  ,  (3)

where C1 and C2  are constants. The quantity C1 can be explained as a frequency associated

with the Doppler shift due to the plasma rotation, C nfrot1 = , which is consistent with typical

values of the toroidal plasma rotation in START measured by the charge-exchange diagnostics

[7]. This interpretation of C1 means that C2  determines the numerical coefficient for f0  in the

plasma reference frame. The dependence (3) implies that even in the linear phase, the frequency-

sweeping Alfvén perturbations have more complicated physics than the usual unstable TAE.
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We now turn to the evolution of the frequency-sweeping Alfvén perturbations in the

nonlinear phase. It was found earlier from numerical analysis of the Alfvén continuum in START

[4], that the large inverse aspect ratio, a R/ . .0 0 67 0 83= ÷ , induces a very wide TAE-gap in the

Alfvén continuum. In the pulse #35159 considered above, the TAE-gap at a half of the minor

radius covers a frequency range from approximately ∼110 kHz to ∼250 kHz (with an uncertainty

determined by the error bars in the q r( ) - profile reconstructed by the EFIT technique). It can be

seen that the frequency-sweeping Alfvén perturbations start from an initial frequency, f0 ≅125-

200 kHz, within the TAE-gap, but most of the perturbations sweep down as low as f1 ≅40-110

kHz, i.e. below the TAE-gap. However, Figs. 3(a), (b) show no special amplitude behaviour

when the Alfvén perturbation sweeps across the expected lower boundary of the TAE gap and

passes into the Alfvén continuum. Furthermore, the rapid change in the frequency makes the

Fourier-spectrum of the Alfvén perturbations very broad, up to ∆ω ω/ ≅0.5. If we associate

under these conditions the frequency-sweeping Alfvén perturbation with an eigenmode, we find

that the width of the corresponding “eigenfrequency” is actually comparable to the width of the

TAE-gap. We conclude therefore that the “chirping” Alfvén perturbations sweep in  frequency

in such a way that they remain insensitive to the structure of the Alfvén continuum determined

by the bulk plasma.

In conclusion, the following characteristic features of the frequency-sweeping Alfvén

perturbations were found in the START experiments:

a) the frequency sweeps on a much shorter time scale than the bulk plasma parameters can

change;

b) the initial frequency of the perturbations has a temperature dependence;

c) the temporal evolution of the perturbations is not related in any direct way to the structure

of the Alfvén continuum determined by the bulk plasma.

In addition, it also seems that the spatial location of the perturbation might be associated

with beam geometry rather than geometry of the bulk plasma, although more experiments were

required to make an unambiguous conclusion concerning this point.

The most natural way to explain the features (a)-(c) above is to propose that the beam ion

contribution to the dispersion relation of the frequency-sweeping Alfvén perturbations must be

comparable to or larger than the bulk plasma contribution. In this case the Alfvén perturbations

can be classified in a broad sense as Energetic Particle Modes (EPM), either linear [6, 8] or non-

linear [9], which have (in contrast to AEs) both their frequency and growth rate mainly deter-

mined by the beam.

ACKNOWLEDGEMENTS

The authors thank R.Martin, I.Jenkins, K.Morel, V.Shevchenko and the START Team for help in

operating the diagnostics during these experiments, and H.L.Berk, B.N.Breizman and

W.W. Heidbrink for stimulating discussions.



7

REFERENCES

[1] Cheng, C.Z., Chen, L., Chance, M.S., Ann. Phys. (N.Y.) 161 (1985) 21.

[2] Heidbrink, W.W., Plasma Phys. Control. Fusion 37 (1995) 937.

[3] Gryaznevich, M.P., Akers, R., Carolan., P.G., et al., Phys. Rev. Lett. 80 (1998) 3972.

[4] McClements, K.G., Gryaznevich, M.P., Sharapov, S.E., et al., Plasma Phys. Control. Fu-

sion 41 (1999) 661.

[5] Breizman, B.N., Sharapov, S.E., Plasma Phys. Control. Fusion 37 (1995) 1057.

[6] Bindslev H., Lashmore-Davies C.N., A linear, kinetic model for beam driven chirped Alfvén

modes, to be published (1999).

[7] Carolan P.G., Conway N.J., Tourniansky M.A. et al., Plasma Phys. Reports 24 (1998) 206.

[8] Liu Chen, Phys. Plasmas 1 (1994) 1519.

[9] Berk, H.L., Breizman, B.N., Candy J., Pekker M., Petviashvili N.V. Phys. Plasmas 6 (1999)

3102.


