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ABSTRACT

Reversed shear Alfvén eigenmodes in the non-circular triangularity induced Alfvén eigenmode
frequency range are observed during the current ramp-up phase in JET discharges. Ideal
magnetohydrodynamical cal cul ations are ableto reproduce the observed Alfvén eigenmode spectra
accurately. It was found that these modes come into existence because of the plasma elongation.

In reversed magnetic shear discharges in tokamaks Alfvén eigenmodes are often observed that
reside near the shear reversal point, the Reversed shear Alfvén Eigenmodes (RSAE) and they are
seen in most large tokamaks [1-5]. They consist of one dominant poloidal harmonic and chirpupin
frequency because the minimum magnetic safety factor, gmin, isdecreasingintime[6]. The RSAEs,
which are sometimes called Alfvén cascades, have a minimum frequency close to the Geodesic
Acoustic Mode [7] and chirp up to the TAE frequency and therefore they are associated with the
TAE gap. These modes arelocated just above the (local) maximumin the Alfven continuum at ;...

In modern tokamaks the plasma cross section is not circular but highly shaped to stabilize low-
frequency MHD activity but this shaping opens up higher frequency gaps in the Alfvén spectrum.
The Ellipticity induced Alfvén Eigenmode (EAE) gap opens at about twice the TAE frequency
because of the plasma dllipticity while the Non-circular triangularity induced Alfvén Eigenmode
(NAE) gap opens at three times the TAE frequency because of the plasma triangularity.

In all those Alfvén Eigenmode (AE) gaps eigenmodes can reside which can be excited easily by
apopulation of fast ionsin the plasma. In aburning tokamak plasmathe 3.5MeV fusion-born apha
particles should deposit their energy first in the plasma coreto sustain the burn before they got lost.
The magnetic perturbations dueto the Alfvén eigenmodes can transport the alpha particlesfrom the
plasmacore before they are thermalized with the bulk plasmathereby reducing the efficiency of the
burn [8]. It istherefore important study these AEs on present machines and model them accurately
so that predictions can be made about fast alpha particle losses in burning plasmas for ITER and
device ways to suppress harmful AE activity.

Local maximain the Alfvén continuum at the shear reversal point, similar to theoneinthe TAE
gap where the RSAE exist, are also present in the higher gaps (see Fig.1). In a recent paper [9]
simulations indicated and analytical theory confirmed that RSAEs can exist in the EAE, NAE, and
higher order gaps. In this paper we report on the observation of RSAEsinthe NAE gap in discharges
in the Joint European Torus, JET. The modes were found during the current ramp-up phase of
discharges created to study high triangularity internal transport barrier scenarios. After reviewing
the RSAE theory briefly we show the experimental evidence for NAE-RSAEs and identify the
modes from detailed MagnetoHydroDynamical (MHD) simulations.

Within the framework of areduced MHD model for the shear Alfvén wavesin alow-betaplasma
and alinearized momentum equation a criterion for the existence of the RSAEs associated with the
TAE gap can beobtained [10, 11]. It was show in [10, 11] that RSAEsin the TAE gap can exist with
zero pressure gradient but that afinite pressure gradient contributesfavorably to the mode existence



aswasfound earlier from ssimulations[12]. Ananalytic criterion for the existence of RSAEslocalized
near g, for large-aspect ratio finite-beta tokamaks with circular flux surfaces was derived in [6]
asQ > 14 andin various papers Q is calculated with different assumptions for the plasma and/or
fast-ion contributions [6, 7, 10, 11].

An analytical existence criterion for RSAEsin the TAE, EAE, NAE, and higher order
gapswasgivenin[9] as:
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where the terms up to quadratic in the pressure gradient were included. In the above expression [
=1/ Roistheinverseaspect ratio (R, themajor radius), A" = dA/dr isthe derivative of the Shafranov
shift, A, a = —(Roqzmin/Bz)dP/dr, with P the plasma pressure and B the magnetic field strength,
q" ., = d’g/dr’ evaluated at r,_. . the location of g, and k= n — m/q,. - the normalized parallel
wave number with n the toroidal and m the poloidal mode number.

For the up-chirping RSAEs in the TAE gap, when g, decreases, k,,, changes from zero at the
rational q surface, m/n, to —1/2q,, when the RSAE changesinto aTAE at ¢, = (m-1/2)=n and
hence Q is positive for TAE-RSAESs under the condition for which Eg.1 was derived:B~O(D2) or
equivalently, a is small. For RSAEs associated with higher order gaps k., is less than minus one
which means that the term: 1—(2kmqmin)2 is negative. The existence condition (Eq.1) can only be
fulfilled whentheterm: 30% - a®+2@ (1+2(1-0,>)((2k,0,i,)">~1)) isnegative. This condition
isonly fulfilled when a exceeds a critical value aswas shownin [9].

In the derivation of eq.1 a circular plasma cross section was taken and the theory was used to
benchmark ideal MHD simulations successfully [9]. In most large tokamaks, however, D-shaped
plasmas are used. In order to make an accurate comparison between experiment and theory we
have used the Non-Variational ideal MHD code NOVA [13, 14] in which the full plasma geometry
is used together with compressibility effects and no restrictions on a. From these simulations we
have found that apart from pressure gradient effects the ellipticity, K, isamajor contributor to the
existence of the RSAEsin the NAE gap as can be seen from Fig.2. At small values of kK the NAE-
RSAE only comesinto existence when a is sufficiently high which isin accordance with the above
theory. At large values of kK the NAE-RSAE existseven when a iszeroi.e. the plasmaelongationis
increasing Q to aboveits critical value. The effect of k to the mode structure is acoupling between
two poloidal harmonics m and m—-2 as can be seenin figs. 2b and c. When q,; , decreases and the
NAE-RSAE chirps up to the NAE gap the mode evolves into a proper NAE whereby the m-2
harmonic decreases and the m—3 harmonic becomes of the same size as the m component.

RSAEs in the NAE gap were observed in the pre-heat phase during the current ramp up of
dischargesin JET that were created to study high triangularity internal transport barrier scenarios.
The plasma had the following geometrical parameters: major radius, R, = 2.91m, minor radius, r =
0.94m, elongation, k = 1.77, triangularity, & = 0:3, and a toroidal magnetic field of 3.1T. Time



traces of the main plasma parameters are shown in Fig.3 and the magnetic fluctuations in Fig.4.
Density profiles were obtained from multi- chord interferometry while ECE data was used for the
temperature profiles. The q profile was obtained from an equilibrium reconstruction with EFIT
[15] and was independently verified from the observed RSAE activity in the TAE gap (see below).

In the spectrum shown in Fig.4 the RSAE activity associated with the TAE gap isclearly visible
between 30 and 130kHz while AE activity at the bottom and the top of the EAE gap is present
around 170 to 210kHz and 240 to 280kHz respectively. Between 300 and 340 kHz n = 2 RSAES
associated with the NAE gap are visible. They behave very similar asthen =2 RSAEsinthe TAE
gap as expected from theory. These modes are not a harmonic of the n = 2 TAE-RSAE because the
mode frequency is not an exact multiple of the TAE-RSAE frequency. Poloidal mode number
measurements indicate that during the up-chirp m isone larger for those NAE-RSAEs than for the
n =2 TAE-RSAEswhich isalso in agreement with poloidal mode number predictions from theory.

In order to explain the measured fluctuation spectrum more completely, ideal MHD simulations
were performed with the NOVA code from 1.35 to 3.00 s with 10 ms time steps. The equilibrium
parameterswere obtained fromaTRANSPanalysis[16] based on experimental parameterstogether
with an EFIT equilibrium reconstruction of the q pro le. The magnetic shear isvery low over alarge
region of the plasma during the current ramp-up phase asis shown in Fig.5 and the shear-reversal
point is located at about half the minor radius, creating favorable conditions for the existence of
RSAEsin the TAE and NAE gaps.

The evolution of q;, was verified independently from the observed time history of the TAE-
RSAEs. In Fig.6 it can be seen that before 1.8s g, from the EFIT equilibrium reconstruction
follows accurately ¢ ;,, as obtained experimentally from MHD spectroscopy but at later times,
when the RSAE activity is strong, the EFIT“gmin is systematically lower by about 0.12 than the
one deduced from TAE-RSAE spectroscopy. Because the RSAE frequency evolution depends very
sensitively on gmin we have shifted the results of the simulations as shownin fig.7 by up to 80ms
so that gmin in the simulations line up with the measured values.

For an accurate cal culation of RSAE frequenciesthe plasmacompressibility hasto betaken into
account [7, 17] and in the current NOVA simulations we have used the canonical value of 5/3 for
the adiabatic index of compression, y, together with the filtering technique as described in [18] to
eliminate spurious solutions. Scanning y from 1.0 to 2.0 for an n = 1 TAE-RSAE, the mode that is
the most sensitive to gamma [17], near its minimum frequency at 2.6s revealed that the eigen
frequency varied by less than 10 kHz indicating that the results are not very sensitive to the exact
value of .

From the very good agreement between the measured and simulated frequency behaviou of the
TAE-RSAEsand the NAE-RSAEswe conclude that we have positively identified the NAE-RSAES.
In the smulations, however, NAE-RSAEs are found to exist before they appear experimentally.
This can be explained by the fact that the damping is the strong near the bottom of the frequency
chirp and decreases when the mode moves up in frequency into the NAE gap. A complete stability



analysisis beyond the scope of this paper. For the identification of the NAE-RSAEstoroidal mode
numberswereimportant for the simulations and theref ore the observation of those modes on Mirnov
coils was crucial. Mirnov coils are not sensitive to high-n modes that are located well inside the
plasma and other experimental techniques should be used to detect the high-n RSAES[5, 19].

In the EAE gap the simulated modes at the top al so agree well with the observed ones. These are
EAEs that emerge from the Alfvén continuum when the tip of the continuum reaches a resonant q
surface for an EAE. The agreement between the simulations and the experiment of the EAEs at the
bottom of the EAE gap is somewhat less. In the ssmulations the upper EAE islocated at r/a= 0.7
whereasthelower EAE islocated at r/a= 0.3 (seefig.1a). Experimental uncertaintiesof the profiles
in the core might explain the differences between the observed and simulated frequency behavior
of the EAESs near the bottom of the EAE gap.

In summary, RSAES associated with the NAE gap which were predicted to exist based on ideal
MHD simulations and analytical theory have been observed in the current ramp-up phase of JET
discharges. Simulated eigenmode spectra with toroidal mode numbers one, two, and three agreed
very well with the observed spectra. From this agreement RSAESs associated with the NAE gap
were positively identified. Additional experimental evidence on poloidal mode numbersindicated
that during the up-chirp, when the RSAE consists of one dominant poloidal harmonic, the m-
number of the NAE-RSAE is one higher then the m-number of the TAE-RSAE which isalso in
agreement with theory. Previoudly it was found that NAE-RSAES can only exist in plasmas with
circular cross sectionswhen the normalized pressure gradient, , isabove acertain threshold. For D-
shaped plasmas, however, we have found that the plasma elongation contributes favorably to the
existence criterion of the NAE-RSAES and therefore, the NAE-RSAES cannot be suppressed by
reducing the pressure gradient in the vicinity of gmin where the NAE-RSAES reside in elongated
tokamak plasmas.
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Figure 1: (a) Alfvén continuum with conventional Alfvén
eigenmode solutions (open diamonds) and the RSAE in
the TAE and NAE gap (black diamonds) as function of
the normalized poloidal flux coordinate (1/‘,UpoI r/a). (b)
The TAE-RSAE and (c) the NAE-RSAE structure.

Figure 2: (a) NAE-RSAE frequency as function of k for
two values of a. At low a's the mode only exists when «
islarge enough while at high o' s the mode exist even for
circular cross sections. (b) NAE-RSAE structure when it
just emerges from the continuum and (c) at a large value
of (VW =r/a).
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Figure 3: Timetracesof (a) the central electron temperature,
Te(0), and density, n,(0), (b) the poloidal beta, 3,, and the
magnetic safety factor at r/a= 0.95, gq5, and () theheating
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Figure 4: Magnetic fluctuation spectrum with the AES
indicated with their toroidal mode number. The NAE-
RSAE activity isclearly visible between 300 and 350kHz.
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Figure 5: g profiles at various times during the current
ramp as function of the normalized poloidal flux
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Figure 6: Evolution of gmin from EFIT/TRANSP (solid
line) compared to the one from TAE-RSAE spectroscopy
(curve with diamonds).
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