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Abstract. Measurements of low-amplitude Alfvén Eigenmodes (AES) excited by fast ions represent an
attractive form of MHD spectroscopy of fusion plasmas, which can provide data on plasma equilibrium and
plasma parameters. Techniques for detecting Alfvén Cascades (ACs) and Toroidal Alfven Eigenmodes (TAES)
with the use of interferometry and X-mode reflectometry demonstrate on JET an attractive approach to such
measurements, complementary and sometimes superior to the magnetic measurements with Mirnov coils. With
the use of O-mode interferometry, alowing a very high time resolution for detecting ACs, the correlation

between the Internal Transport Barrier (ITB) triggering events and low rational values of q;, (t) has been
assessed in JET plasmas with non-monotonic (r) -profiles. It was found that in the majority of cases where
the ITB were triggered near integer qmm(t) in plasmas with non-monotonic q(r) -profiles, the ITB triggering

event preceded a grand ACs. Since grand ACs mark the time of Q,;,, (t)=integer, this observation indicates
strongly that the ITB triggering event is associated with the depletion of rational magnetic surfaces just before
Uin (t) =integer, rather than with the presence of an integer Q. (t) valueitself. The correlation between ITB

triggering events and grand ACs has been found to exist in JET plasmas with high densities, up to 5 10" m?,
showing that the timing of ITB triggering from AC diagnosis may facilitate scenario development in machines
with high plasma densities such as C-MOD and ITER. ACs driven by sub-Alfvenic NBI were detected on JET
using O-mode interferometry in JET experiments with Tritium NBI. Although considerable NBI-driven AC
activity was present, a good agreement was found both in the radial profile and in the time evolution of DT
neutrons between the neutron measurements and TRANSP code, indicating the ACs have at most a small effect
on fast particle confinement in this case. Transitions from TAEs to ACs have been observed on JET when an
ITB forms. It was found that the observed TAE-to-AC transition is caused by a reversal of the magnetic shear,
mainly associated with the bootstrap current. ACs were also observed in high-temperature JET plasmas with
monster sawteeth, and the use of Alfvén spectroscopy shows that the sawtooth crashes happen at g, C0.85,
while q,,, > 1 is deduced for the post-crash phase. The theory of ACs now includes thermal plasma effects

and fast ion response, which enable determination of kinetic plasma parameters from AC measurements.
1. Introduction

Alfvén Eigenmodes driven by energetic particles are routinely seen in JET plasmas heated by
ion cyclotron resonance frequency (ICRF) waves and/or by neutral beam injection (NBI).
Measurements of such AEs with low amplitude represent an attractive form of MHD
spectroscopy, caled Alfvén spectroscopy, which solves the inverse problem of identifying
plasma equilibrium and plasma parameters from the observed spectrum of the plasma
perturbations [1-3]. AEs are attractive since they are robust and numerous in most of the
machines with fast ions, and these modes do not cause significant degradation of plasma or
the fast ion confinement as long as AE amplitudes are sufficiently small. The use of Alfvén

* See the Appendix of M. L. Watkins et al., Fusion Energy 2006 (Proc. 21st Int. Conf. Chengdu, 2006) IAEA, (2006)
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spectroscopy has become routine for JET advanced scenarios, since the detection of ACs and
TAEs helps to identify the existence of reversed magnetic shear and provide accurate data on
the evolution of g, (t) [2], which is needed for developing scenarios with ITBs. Recent

progress in Alfvén spectroscopy on JET has been developed along two main avenues:
improving techniques of AE detection with the use of interferometry and reflectometry; and
applying Alfvén spectroscopy to new phenomena over a broader range of plasma parameters.

2. Development of interferometry and reflectometry techniques for detecting Alfvén
Eigenmodes

It has long been recognised that measurements of plasma density fluctuations associated with
AEs using reflectometry have a number of advantages when compared to the external
Mirnov coils. they allow the detection of highly localised perturbations in the plasma core
and may provide a spatia coverage of the detected perturbations [4]. An important new way
of detecting plasma density perturbations associated with AES with the use of interferometry
has been demonstrated more recently [5]. In this approach [5], an O-mode reflectometry
system was used on JET with the microwave probing frequency above the cut-off frequency
of the plasma. The interferometry measurements of plasma density perturbations associated
with ACs showed an unprecedented frequency and time resolution, superior to that obtained
with external magnetic coils. Reflectometry and interferometry measurements similar to that
described in [4, 5] are now anticipated to play a yet larger role in detecting AEs in the harsh
burning plasma environment of ITER, where the use of Mirnov coils may be problematic. In
order to further assess and improve the interferometry/reflectometry techniques, three
important steps have been made on JET: 1) A complete description of the microwave beam
propagation has been performed in 1D and 2D and a technique for calculating the amplitude
of the electron density perturbations has been developed and validated against JET data [6].
2) The standard JET interferometer with vertical lines-of-sight operating in the far infra-red
range has aso been shown to detect AEs [7], and 3) The X-mode reflectometry system on
JET has been improved and was also shown to perform well in detecting AEsS[8].

2.1 O-modeinterferometry on JET

It was found on JET [5] that the best way of detecting density fluctuations in the core region
from O-mode reflectometry is to use a probing frequency above the cut-off frequency along
the line of sight. In this case the refractive index for the O-mode wave,

N, (f,R)=[1-n,(R)/n.(f)]"* )
remains positive all along the line of sight so that the probing wave propagates without being
reflected by the plasma. The critical density nc in EQ.(1) is proportiona to the square of the
probing wave frequency f:

n(f)=4me,mf?/e?, )
where &, me and e are the vacuum permittivity, the electron mass and the electron charge
respectively. Launched from the outer side of the JET torus, R, =4 m, as Figure 1 (bottom)

shows, the probing microwave beam is reflected by the inner-wall at R =2 m, and then

returns to the detector after a round trip aong the probing line of sight in the whole plasma
region. In this situation, the O-mode reflectometer acts as an interferometer and the whole
plasma (including the core and high field side regions) is probed. The interferometry regime
proves to be quite efficient for detecting ACs (see examplein Figs. 1,2) even in JET plasmas
with high power NBI heating where ACs are not detected with external Mirnov coils[9].
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Figl (top) Time evolution of ICRH, NBI, and Fig.2 ACs detected with the O-mode interferometry in
LHCD power, electron density, electron and ion JET discharge #61347. Microwave beam frequency of 63.8

temperatures, and toroidal plasma rotation in GHz is above the cut-off frequency /50 GHz as Fig.1
JET pulse #61347; and (bottom) O-mode (Pottom) shows. These ACsare not seen on Mirnov coils. A

interferometer: the frequencies of microwave grand cascadeoccurs att //4.8s.
beams and O-mode cut-off profile are shown.

The density perturbations associated with ACs cause strong perturbations of the received O-
mode beam signal, clearly observable in both its amplitude and its phase. The level of the
AC density perturbations can be inferred from the phase shift ¢(f) of the probing wave after

its double passage through the plasma in the geometric optics approximation as.
R R
¢(f't)=4ﬂf 1 n.(R,t) R~ g, _ 4 f \/1_<no(R)>+ahe(R,t)

c x n, c x n

provided that both the emitter and receiver are located a R= R.. Here, R=R is the inner
wall position, <ng(R)> represents the equilibrium density profile and time-varying density
fluctuations dwe(R, t) are caused by AEs. A full-wave computation using a 1D finite-

difference code has been used for assessing the validity of the geometric optics approach
above. Relative error in the phase estimate between the geometric optics and the full-wave
phases of less than 1% was found for most JET experiments measuring ACs with typical
frequency about 100 kHz. The validity of the 1D approximation in (3) has been assessed then
with the use of a full-wave 2D code. It was found that the relative difference in the phase
obtained in the 1D approximation and in the 2D case is below 5% provided the poloidal
width of an AC is larger than 5 cm — a condition valid for poloidal mode numbers m < 30,
i.e. for most JET cases. The use of the relation (3) shows that the typical level of the density
perturbations associated with ACs is about dh_/n, =10 on the low magnetic field side

(LFS) of the torus, and this level is somewhat higher on the high field side (HFS) of the
torus, in accordance with the ballooning character of the density perturbationsin AC [5].

dR -4, . (3)

C

2.2 Infra-red interferometry of AEson JET

The standard JET interferometer with vertical lines-of-sight, shown in Figure 3, operates in
the far infra-red range and is used on JET for density measurements. In order to assess the
possibility to detect AEs with such an instrument, a high-frequency data acquisition system
has been connected to this interferometer [7]. It was found that interferometry of this type
also detects AEs and the signal quality is quite satisfactory as Figure 4 shows. The possibility
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of using this interferometry technique for the detection of AEs may be of importance for
ITER in view of the problem with using Mirnov coils for detecting high-frequency AEs.

—— Pulse no: 67673 JG06.271-1a
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Fig.4 Tornado modes (TAEs inside the g=1 magnetic
surface) detected with vertical Channel 3 of the JET
interferometer (passing through the magnetic axis).

Fig.3 Geometry of JET interferometer with
vertical lines-of-sights (counted from left to right
as Channels 1,..,4)

2.3 Renewed low-noise X-mode r eflectometry on JET

The main limitation of using interferometry for detecting AEs, is that the AEs cannot be
localised directly from the measurements. In the past, a cross-correlation between the
interferometry data and other diagnostic data was explored on JET in order to overcome this
limitation [2, 7]. A more direct approach can be achieved with the use of X-mode
reflectometry [4]. Four new low-loss waveguides have been installed in JET for the X-mode
reflectometer, affording the opportunity to carry out detailed correlation measurements on the
localisation of AEs. Dedicated experiments were performed on JET scanning both the
equilibrium magnetic field and plasma density, in which the performance and limitations of
the renewed X-mode reflectometry were assessed. Figure 5 shows the evolution of cut-off
layers for different fixed-frequency X-mode microwave beams, while Figure 6 shows the
observed AEs, both ACs and TAEs, seen with one of the beams at 92 GHz.
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Fig.5 (top) Evolution of equilibrium line- Fig.6. Alfvén Cascades are seen at frequencies from 60
integrated plasma density; (bottom) Evolution of  kHzto 120 kHz, and TAEs are seen at 180 —200 kHz with

the cut-off layers for different frequency X-mode reflectometry probing wave of frequency 92 GHz
microwave beams
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The time dlice of the phase perturbations from various channels confirms the expected
localisation of the AC on both LFS, R [13.35 m, and HFS, R [12.55 m, regions. Due to the
localisation region of the ACs associated with the zero shear magnetic surface at q, .
determining the AC radia localisation provides information on the two-dimensiond
evolution of g, (R,t) [8] required for developing a scenario with awider ITB on JET.

3. Triggering of ITBsby low-order rational q,;, and Alfvén grand-cascades

One of the most intriguing problems in advanced tokamak scenarios is the correlation
between the ITB triggering events and low rational values of g.,,[10] in plasmas with non-

monotonic q(r) -profiles. The time sequence of ITB triggering events and qmm(t):integer
surfaces appearing in the plasma during the current ramp-up phase of shear-reverse scenario,
isof maor interest. Using O-mode interferometry alows AC observation even when Mirnov
coils detect no such signal, making it possible to identify the exact time of q,, = integer
events via Alfvén grand cascades (ACs with al mode numbers excited simultaneously [2]).
Figure 2 shows a typica JET discharge with ICRF and NBI resulting in rapid toroidal
rotation of the plasma, in which a grand cascade at t [14.8 s marks the appearance of a q,,,

= integer magnetic surface. Figure 7 shows that in the same JET discharge the ITB triggering
event observed as an increase of T, in theregion closeto q,,, (R), happensat t [14.6 s. This
sequence of events is characteristic of the mgjority of similar JET discharges, where the ITB
were triggered near integer q,,,(t) in plasmas with non-monotonic q(r)-profiles. The ITB
triggering event preceding the grand AC marking q,,,, (t):integer strongly indicates that the
ITB triggering event is associated with the depletion in time of rational magnetic surfaces
[11,12] just before q,,, reaches an integer value, rather than the presence of an integer q,,,

value itself. Similar observations have been made on DIII-D [13]. The time correlation
between ITB triggering events and Grand Cascades has been found to exist in JET plasmas

with densities up to [5x10" m3, indicating that the timing of 1TB triggering from ACs may
facilitate ITB scenario development in machines with high densities (C-MOD, ITER).
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Fig.7 Electron temperature traces measured with Fi9.8 Timedelay between grand ACsand ITB

multi-channel ECE in JET discharge #61347. An ITB  triggering events for a set of discharges with
triggering event isseen at t /74.6 s, interferometry diagnostic used for AC detection.

4. NBI-driven ACsin Tritium trace JET experiment

Alfvén cascades driven by sub-Alfvénic NBI-produced ions, Vi, U0.2V,, have been

detected for the first time using the O-mode interferometry on JET [5]. In this case, the ACs
are best excited at lowest frequencies, which is determined by the geodesic acoustic effect
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upon the shear Alfvén continuum. This allows super-sonic, but sub-Alfvénic, NBI-produced
ions to resonate with the ACs. A set of dedicated experiments has been performed recently

on JET and DIII-D establishing the range of parameters Ve IV, and B required for

satisfying the resonant conditions and driving ACs [14]. Here, we point out that NBI-driven
ACs were also observed during the JET tritium NBI blip experiments when the neutron rate
was used for probing the T-beam transport. Figure 9 shows an example of power waveforms.
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Fig.10 TRANSP modelling versus DT neutron
profiles for discharge #61488. Channels 1-10 show
the horizontal view neutron camera measurements
(from top ch.1 to bottom ch.10), channels 11-19
show the wvertical view neutron camera
measurements (from HFS ch.11 to LFSch.19).

Fig.9 Tritium NBI-blip experiment: time evolution of
neutron yield R and NBI power from D and T NBI
sourcesin JET pulse #61488: Br=3.45T, |, <2 MA.

It was found that even in the presence of ACs during the NBI T-blip the measured DT
neutron profiles and total neutron yields agree well with the TRANSP code [15]. A good
correlation is aso found in this discharge between the calculated collisional transport and
measured neutron yield temporal evolution, for both neutron measurements from DD and DT
reactions, showing that the ACs had no significant effect on fast ion confinement in this case.

5. Transitionsin Alfveénic spectra during | TB formation

Transitions from TAEs to ACs have been observed on JET when an ITB forms (Figurell). A
temporal evolution of the current density profile consistent with the observed TAE-to-AC
transition has been identified using Alfvén spectroscopy. It was found that this transition is
caused by areversa of the magnetic shear associated with the bootstrap current.
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Fig.11 Transition from TAE dominated Alfvén Fig.12 Incompressible MISHKA-1 code [16] shows
spectrum to AC spectrum. The ITB formsat t=4.6s.  that ACs only appear after 4.9 s in the model with
growing amplitude bootstrap current.



EX/P6-19

6. Alfvén grand-cascades associated with gmin=1 in sawtoothing JET plasmas

Alfvén grand-cascades are usually used for diagnosing integer q.,, >1 needed for
developing ITB scenarios. A question arises whether the grand-cascades can be also caused
by the presence of q,,, =1 magnetic surface. Such plasmas are strongly affected by the g =1
sawteeth, which flatten current profile after each sawtooth crash

Pulse No: 54956, mode amplitude (|8B(T)I)

However, some JET discharges with high T,
values and profiles of electron temperature
strongly peaked within a very broad q=1
radius do show the presence of ACs (n=1 and
n=2) repeatedly occuring after each sawtooth
crash as Figures 13 shows. In these discharges,
Py y ACs have aso been used for diagnosing q,,,
100 il Ll in monster sawteeth in JET discharges with

= weakly reversed magnetic shear. From
observations of the ACs and the EFIT
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Fig.13 ACs and TAEs in JET #54956 with monster that the crashes occur at g, [0.85, whilst after

sawteeth. the crashes ¢, > 1 was deduced for this type
of discharges[17].

7. Theory development and prospective application of ACs for diagnosing kinetic plasma
parameters

It is likely that information about kinetic plasma parameters can be obtained from the low-
frequency properties of ACs, which were in the focus of recent theoretical development [18,
19]. A possibility for diagnosing electron temperature T, and/or the ratio of ion and electron
temperatures, T, /T,, from observations of the lowest frequency of ACs, as well as fast ion
density gradient follow from the low-frequency boundary of ACsin the form:

ow \2 0 )2 ot \2 2
(fazf = (e + (e + (12 ), @
where geodesic acoustic frequency deforming shear Alfvén continuum is given by
1 7 1/2
for = ——— T +-T]| , 5
S T KA (5)

while the frequency offsets, f,* and f/., are caused by the hot ion effect [20] and the

plasma pressure gradients [19, 21], correspondingly. When the offset frequencies are
negligibly small, one obtains from Eq.(5) the following relation:

T
T.[ev] [€1+ 1) =377 (Lo [kHz]) | (6)

which may provide an estimate of T, and T, /T, from detecting f.2". Estimate (6) was

assessed in JET experiments and it was found, that such relation can only hold if the ICRH
power accelerating fast ions driving ACsis low, P, <3 MW. For ahigher value of ICRH

power, the experimentally observed f,2" becomes higher than that given by Eq.(6).
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Estimate of f,o* and f,. has shown that the offset f, is the most likely cause, that

Hot

invalidates the assumption ‘f at << 2

8. Summary

A systematic study of interferometry and reflectometry techniques detecting AEs via
electron density perturbations has been successfully performed on JET. It was demonstrated
that O-mode and far infrared interferometry techniques, as well as X-mode reflectometry can
be used for AE density perturbation measurements. The interferometry technique of
detecting ACs provided the AC observations with high time resolution, and it was found that
ITB triggering events precede grand cascades. This suggests that the spontaneous
improvement of plasma confinement is associated with the effect of rational depletion just

before q,,, (t): integer times, rather than with the presence of the integer magnetic surfaces

in the plasma. The correlation between grand-ACs and ITB triggering events was found to
persist up to densities 5 10'° m™> in JET discharges. NBI-driven ACs in JET discharges with
tritium NBI blips were found to have at most a small effect on fast particle confinement as
the measured DT neutron profiles and total neutron yields agree well with the TRANSP code
modelling based on Coulomb collisions. Transitions from TAEs to ACs observed in some
JET discharges were explained by the shear reversa triggered by ITB and associated
increased bootstrap current. grand-cascades observed in JET plasmas with monster sawteeth
and broad g=1 radius allowed investigation of sawtooth crashes in such discharges. It was
found that sawtooth crashes occur a q,,, (t)(0.85, while g,,, (t)>1 condition has been

deduced for after-crash phase. This paper also suggests a plasma temperature diagnostics via
Alfvén spectroscopy employing the low-frequency part of the ACs. Preliminary analysis
exploring this diagnostic is encouraging and further development will follow to assess its
actual capabilities. The Alfvén spectroscopy is shown to be a robust and useful tool in
analysing some important features of JET discharges.
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