I :I ‘D ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

EFDA-JET—CP(04)07-32

R. Nazikian, B. Alper, H.L. Berk, D. Borba, C. Boswell, R. V. Budny, K. Burrell,
C.Z. Cheng, E.J. Doyle, E. Edlund, R.J. Fonck, A. Fukuyama, N.N. Gorelenkov,
C. Greenfield, D.J. Gupta, M.Ishikawa, J. Jayakumar, G.J. Kramer, Y. Kusama,
R. LaHaye, G.R. McKee, W.A. Peebles, S.D. Pinches, M. Porkolab, J. Rapp,
T.L. Rhodes, S.E. Sharapov, K. Shinohara, J.A. Snipes, W. Solomon, E. Strait,
M. Takechi, M. VanZeeland, P. West, K.L. Wong, S. Wukitch, L. Zeng

and JET EFDA Contributors

Observation of Energetic Particle
Driven Modes Relevant to Advanced

Tokamak Regimes






Observation of Energetic Particle
Driven Modes Relevant to Advanced
Tokamak Regimes

R. Nazikian®, B. Alper?, H.L. Berk®, D. Borba', C. Boswell®, R.V. Budny’,
K. BurreIIG, C.Z. Chengl, E.J. Doyl e7, E. Edlund5, R.J. Fonckll, A. Fukuyamas,
N.N. Gorelenkov?, C. Greenfield®, D.J. Gupta™, M.Ishikawa’, J. Jayakumar™,

G.J. Kramer, Y. Kusama’, R. LaHaye®, G.R. McKee™, W.A. Peebles’,
S.D. Pinches™, M. Porkolab®, J. Rapp™®, T.L. Rhodes’, S.E. Sharapov?,
K. Shinohara’, J.A. Snipes®, W. Solomon®, E. Strait®, M. Takechi®,
M. VanZeeland®, P West®, K.L. Wong', S. Wukitch®, L. Zeng’
and JET EFDA Contributors*

'Princeton Plasma Physics Lab., P.O. Box 451, Princeton NJ 08543, USA
’EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, UK
3 nstitute of Fusion Studies, University of Texas at Austin, Austin, Texas 78712-02644
*EURATOM/IST Fusion Association, Centro de Fusao Nuclear, Lisboa, Portugal
>MIT, Plasma Science & Fusion Center, 167 Al bany Street, Cambridge, MA 02139 USA
®General Atomics, La Jolla, CA 92186-5608
U niversity of California Los Angeles, Los Angeles, California 90095-1597
8Kyoto University, Kyoto 606-8501, Japan
®Japan Atomic Energy Research Institute, Naka-machi, |baraki-ken, Japan
19 awrence Livermore National Laboratory, Livermore, CA 94550
YUniversity of Wisconsin - Madison, Madison, Wi 53706
Max-Planck Institut fuer Plasmaphysik, Euratom Association, D-85748 Garching, Germany
B nstitut fur Plasmaphysik, Forschungszentrum Juelich GmbH, Euratom association, TEC, Julich, Germany
* See annex of J. Pamela et al, “ Overview of JET Results”,
(Proc.20 ™| AEA Fusion Energy Conference, Vilamoura, Portugal (2004).

Preprint of Paper to be submitted for publication in Proceedings of the
20th IAEA Conference,
(Vilamoura, Portugal 1-6 November 2004)



“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 or references may not be published
prior to publication of the original when applicable, or without the consent of the Publications Officer,
EFDA, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”




ABSTRACT

Measurements of high frequency oscillationsin JET, JT-60U, Alcator C-MOD, DIlI-D and TFTR
plasmas are contributing to anew understanding of fastion driven instabilitiesrelevant to Advanced
Tokamak (AT) regimes. A model based on the transition from acylindrical-like frequency-chirping
mode to the Toroidal Alfvn Eigenmode (T AE) has successfully encompassed many of the
characteristics seen in experiments. In asurprising devel opment, the use of internal density fluctuation
diagnostics has revealed many more modes than has been detected on edge magnetic probes. A
corollary discovery is the observation of modes excited by fast particles traveling well below the
Alfvid velocity. These observations open up new opportunities for investigating a &a of Alfv
Eigenmodesth present scale experiments, and highlight the need for core fluctuation and fast ion
measurements in a future burning plasma experiment.

1. INTRODUCTION

The physics of energetic particle driven modesis of intrinsic interest for understanding wave-particle
interaction as well as of practical interest for the impact such interactions may have on the plasma.
High frequency oscillations such as Alfvd waves can perturb resonant fast ion orbits. If the modes
grow to sufficient amplitude then the fast ions may belost to thewall or transported out of the plasma
core. Understanding the stability and saturation mechanisms for these modes in present experiments
isthe key to predicting fast ion behavior in future burning plasma experiments.

Fusion researchers have made steady progress towards devel oping the Hybrid Regime and other
noninductive operating regimes as a possible aternative to ELMy H-mode operation for a burning
plasmaexperiment. In parallel, substantial progress has been made towards understanding the physics
of energetic particle driven modes relevant to these advanced operating regimes. The rapid progress
in understanding is due in large part to aremarkably strong collaboration between colleagues in the
USA, Japan and Europe.

In this paper we present recent developments in our understanding of energetic particle driven
modesinweak and reverse magnetic shear plasmasthat are most relevant to Advanced Tokamak (AT)
plasmaregimes. Here AT refersto the development of high confinement steady state plasmas, which
typicaly require weak and/or reverse magnetic shear. Foremost among these recent developmentsis
the critical importance of corefluctuation diagnosticsfor identifying modes not readily observable on
external magnetic probes. A corollary discovery isthe simultaneous excitation of many fastiondriven
waves with very high toroidal mode numbers. As a measure of our growing understanding, in the
2002 Snowmassreport [ 1] therewasno explicit cal culation of the stability of modesin reverse magnetic
shear configurations. A similar study conducted today would not be acceptable without a detailed
analysis of Alfvid eigenmodesin AT relevant plasma regimes.

2. BACKGROUND
Low frequency chirping modeswereinitially observed in afrequency range appreciably below and
up to the TAE frequency. They arose in severa tokamaks such as: the TFTR-DT experiments



where the modes were driven by fusion apha particlesin weak magnetic shear plasmas[2], and in
several hydrogen minority lon Cyclotron heating experimentsin JT-60U, JET and Alcator C-MOD
using Hydrogen minority lon Cyclotron heating [3, 4, 5, 6]. An impressive early observation of the
frequency chirping on JT-60U [3, 4] is shown in Figure 1. These modes exhibit a sequence of
increasing toroidal mode number as the magnetic safety factor decreased toward an integer value
and not much frequency downshifting, a characteristic of most datawhere thistype of mode arises.
In addition the higher n-modes sweep at a faster rate. A significant feature of this data is the
observation of high toroidal mode numbers (up to n=11) on external magnetic probes. Another
feature of all the data is that these modes occur when the equilibrium has a region of reverse
magnetic shear as was clearly observed on JET [6].

Initially, the modes on TFTR were misidentified as TAEs due to the proximity of the mode
frequency to the TAE frequency, with some caveats associated with low-n modes. However, the
more dramatic frequency chirping observed on JT-60U, JET and Alcator C-MOD indicated a need
to find an alternative Alfvidic mode. Early analytic [7] and numerical [8] studiesidentified modes
where the real frequency was found to be sensitive to the evolution of gmin. A detailed theory-
experiment comparison on JET [7, 9] and JT-60U [10] convincingly demonstratesthat these chirping
modes areindeed Alfvi Eigenmodes with afrequency determined predominantly by the evolution
of q,,,- A subsequent reevaluation of the TFTR data resolved earlier inconsistencies with the TAE
theory [11]. These developments mark dramatic progressin providing a uniform understanding of
these curious frequency chirping modes in reverse magnetic shear plasmas in a wide range of
conditions and machines.

The basic picture that has emerged from these studiesisthat cylindrical-like Alfvd modes (i.e.,
modes with one dominant poloidal mode number m) appear at rational values of q.;, = m/n. The
modesthen transformto TAEsasq,,, — qTAE = (m-1/2)/n. Over thisrelatively small changein g-
value, the mode frequency changesfrom significantly below the TAE frequency to the TAE frequency.
Thismodeisreferred to asaReverse Shear Alfvn Eigenmode (RSAE) on JT -60U and as a Cascade
mode on JET, where both terms refer to the existence of modes with a single dominant poloidal
harmonic m at thelocation of g, ;.. Intherangem/n < g, < (m-1/2)/n, the mode frequency isgiven
by ® =~ k\V,, where k = (m-nq;;,)/a.,\R for one dominant poloidal harmonic m and V,, is the
Alfvavelocity. For g ;> (m-1/2)/n the mode approaches the TAE frequency where it fades away
(seeFig.1) or merges with the TAE as best seen in Figure 4. The rate of frequency chirpingvs g,
is proportional to the toroidal mode number n ( dw/dq;,, = NV ,/q,,,R) S0 that the mode numbers
may be extracted without the use of toroidal correlation analysis. Thisis particularly useful for the
interpretation of core interferometer measurements when external magnetic data is not available.
Outstanding issues still exist such as the precise role of energetic particles [9] and the range of
applicability of theideal MHD description [12]. However theseissues do not obscure the fundamental
similarity of the model predictionsin terms of the observable characteristics of the modes. Further
progress and new insightswill undoubtedly arise from more detailed measurements and cal cul ations.



3. INTERNAL MODE MEASUREMENTS

A unique contribution of the TFTR-DT experimentsis the measurement of the internal structure
of the Cascade modes with the use of reflectometry [11]. The observation of an antiballooning
density mode structure for the low frequency n=2 mode has been highly controversial for some
time. The issue was resolved when the NOVA-K code confirmed that the Alfvid Eigenmode near
O, Should exhibit density peaking on the high field side of the magnetic axis (Figure 2). The
magnitude of the magnetic component of the calculated eigenmode is close to in-out symmetric,
consistent with a single dominant poloidal mode number m.

In arecent experiment on JET, new observations of a broad spectrum of Cascade modes were
observed in reverse magnetic shear plasmas by operating the plasma density below the O-mode
reflectometer cutoff density (Fig.3) [13]. Theinterferometric data revealed arich Alfv spectrum
consisting of many frequency-sweeping discrete modes ranging from 40 kHz to the TAE frequency
=140 kHz. These observations are in agreement with the established characteristics of Cascade
modes driven by high-energy hydrogen minority ions heated by the Fast Waves. The new evidence
from the plasma core indicates that Cascades are far more prevalent in AT relevant regimes and in
higher numbers than previously thought, with mode numbers up to n = 16 observed in the plasma
core. These mode numbersare not directly measured but inferred from the rate of change of frequency
of the modes. Note that these observations are in contrast to isolated low-n modes observed on
external magnetic probes. Asag-profile diagnostic, the onset of the Grand Cascade (dashed linein
Figure 3) accurately identifies the entry of g, = 2 surface in the plasma. The detection of core
localized high-n modes allows amore accurate determination of g, ;,, than is possible with external
magnetic measurements. It also allows for a more accurate study of the stability of these modes
under varying plasma conditions and auxiliary heating.

In aparallel development, the Phase Contrast Imaging (PCI) diagnostic on Alcator C-MOD has
been highly successful inidentifying new mode activity not observabl e on external magnetic probes
[14] (Fig.4). The excitation of Alfvid eigenmodes has been observed in Alcator C-MOD with
hydrogen tail ion temperatures as low as 100keV from TRANSP analysis. Both in JET and in
Alcator C-MOD, core chirping modes are observed that cannot be identified on external magnetic
probes. Due to the dominant Radio Frequency (RF) heating in these experiments, the effect of
toroidal rotation on the mode frequency is weak compared to the dependence on g,,,,. The modes
observed on interferometer channels typically chirp faster than modes observed on magnetic
diagnostics, indicating that higher toroidal mode numbers are involved. The work on Alcator C-
MOD and also recent data obtained on DIII-D demonstrates that CO, laser interferometry is
sufficiently sensitive to detect these modes in fusion plasmas. On JET the interferometer
measurementsin Figure 3 are taken with the O-mode reflectometer system where the density of the
plasmaiskept just below the O-mode cutoff. Inasimilar approach, lineintegral density fluctuation
measurements were taken with an X-mode reflectometer system on JT-60U. For a 1 T magnetic
field, thelaunch frequency (=140GHz) propagates about the third electron cyclotron harmonic and
reflectsfrom theinner wall. Figure 5 shows acomparison of magnetic and line density measurements



inalT discharge where the modes are excited by the injection of 360 keV neutral beam ions. Note
that the mode amplitude peaks earlier in the line density than on the edge magnetic signal for
Mode-1. Thisis similar to the behavior of core reflectometer measurements on TFTR [11]. These
observationsare particularly important when attempting to correlate fast ion losswith mode amplitude
measurements.

The many core-localized modes not observable on magnetic sensorsin JET highlight the need
for core density fluctuation diagnostics on a future burning plasma experiment.

4. NEUTRAL BEAM DRIVEN ALFVEN EIGENMODES

Extensive studies have been conducted on JT-60U using tangentially injected neutral beams
with energiesin therange 360 keV and toroidal magnetic field near 1 T where the beam ion velocity
is close to the Alfvid speed. However, recent studies have shown that RSAES or Cascades can be
excited at much higher toroidal magnetic fields on JT-60U where the beam ion velocity is closer to
half the Alfvid speed.

These observations highlight ageneral misconception that high-energy ionsarerequired to excite
Alfvid Eigenmodesin present scal e experiments, and that these energies exceed the range available
in standard positiveion heating beams unless the toroidal magnetic field is greatly reduced. Recent
observations on JET and DIIID challenge this notion and so we need to consider carefully the
resonance condition for these modes.

For passing particles the resonance condition for the mode-particle interaction is given by k”VA
=(k, = p/gR)V wherepisapositiveinteger and k; =(m - ng) /gR. Henceresonanceisat VIV, =1/
[1+ 2p/a] where o = 0. /®rpg, 0=V, 120RaNd 0, =k VA. Asqvariesfromm/n<q<(m&/
2) In, asingle Cascade mode with frequency w,, sweepsup to the TAE frequency w,,g. Thinorbits
havethe strongest interaction for the p=1 and p=2 caseswhich givesfor o. = 1 (mode near the TAE
frequency) the resonance condition [V, /V, |= 1 or 1/ 3. Note that for even for p=1 and for a
Cascade mode with small o corresponding to afrequency well below the TAE frequency, we obtain
IV Vpl = o/ (2D0). In experimental observations the minimum of the Cascade frequency has
been observed as low as ~0.3 w;,, SO that the Cascade p = 1 resonance can occur below the TAE
sideband resonance condition with sub- Alfvic beams. Then the mode would fade away as the
frequency increases because the resonance condition cannot be fulfilled at higher frequency. This
Is possibly occurring in the data of Figure 7 on JET. However, if the p=2 resonance condition is
excited (where |V /V 5| = 1/3) in sub- Alfvidic beam experiments, then the resonance condition is
more likely to be satisfied over the entire Cascade frequency band. Even lower velocity beams can
achieve resonances at higher p values, but these higher order resonances require finite size orbit
widths (orbit width larger than er/n) to obtain a substantial interaction. Further, beams are often
partially injected into the trapping region and Coulomb scattering causes an accumulation of trapped
particles, where the precession drift, wp, is significant. Then, as k”V A= (k”J_r p/qR)VII + Ny, isthe
resonance condition, the precessional drifts may enable resonanceto be achieved at yet lower beam
velocities.



Recent FIR scattering measurements on DI11-D have revealed clear evidence for the excitation of
Cascade modes in weakly reverse magnetic shear plasmasin 2.1 T plasmas with 80 keV beams.
TheFar InfraRed (FIR) scattering system detected fluctuationsintherange<k ,< lcm™. These
modes have since been observed in many DI11-D plasmaswith weak and reverse magnetic shear. A
notable characteristic of the observations on DII1-D isthe lack of correlation between core density
and edge magnetic oscillations. Figure 6 shows an example of a Grand Cascade observed on DIl -
D with the FIR scattering system. These are concentrations of Cascade modes that indicate integer
O, Crossings. Notethat the observed modes exhibit very strong bursting behavior on the scattering
signal, suggesting a strong interaction and possible redistribution of the beam ions. Comparison
with M SE measurementsin different plasmadischarges confirmsthat the Grand Cascadeson Dl 11-
D correspond to integer gmin crossings. The mode activity commences early in the beam-
heati ngphase when the deuterium beamion vel ocity at 80keV islessthan 40% of the Alfvd velocity.
Itisdifficult on DIII-D to inject beam ionswell below the sideband resonance condition for TAES
(VII =V ,/3). However, it is quite possible that positive ion beam injection below the sideband
resonance condition can be achieved on JT-60U and JET.

Evidence from JET indicates that Cascade modes can also be excited by neutral beam injection
in high toroidal field plasmas. In this plasma LHCD was used to generate the current hole but no
|CRH was used. Figure 7 shows datafrom an O-modeinterferometer channel with 2.3MW deuterium
beam injection (110keV) ina3.46T plasmawith central electron density 2.0x10™ cm™. The modes
were observed in a current hole discharge where the g-profileis strongly reversed and the time of
the Grand Cascade corresponds to the crossing of ¢;,= 3. The neutral beam ion velocity is= 0.27
V . However the angle of neutral beam injection in this case is 45 degrees to the field lines so that
collisions during the slowing down process can produce a significant popul ation of trapped energetic
ions. A detailed analysis of the resonance condition is needed to determine the excitation mechanism
for these modes and the relative role of trapped vs passing particles. However, what is clear is that
interferometer measurements have succeeded to identify many Cascade modes driven by energetic
ionstraveling closeto or below V /3.

Note that with neutral beam injection there is now significant plasma rotation. Consequently,

thereisaDoppler shift of the spectrum to higher frequency with increasing toroidal mode number
as shown in Figure 7. Higher mode numbers are expected when approaching integer g, values
from above. This should form an envelope of modes with increasing frequency due to the Doppler
shift. Once q,,,;,, drops below 3 the sequence of modes reverses toward low-n. Further work is still
needed to fully explore the resonance condition for Cascade modes in JET either by raising the
toroidal field strength or by lowering the beam ion voltage.
Evidence for the excitation of many high-n modesis observed on the DII1-D facility. For along time
it has been speculated that high frequency modes could be responsible for the anomalous beam ion
diffusion inferred (not measured) in weak and reverse magnetic shear plasmas on DIII-D [15]. The
observed modestypically extended up to IMHz and were most clearly seen on FIR scattering signals,
with no clear counterpart on magnetic diagnostics.



Figure 8 shows an example of the mode activity observed in a Quiescent-H-mode (QH) plasmawith
weakly reversed magnetic shear, together with asimplemodel analysisbased on the observed evolution
of g, from M SE measurements. The modeling assumes atransition from the Cascade mode (starting
a g.,,=m/n) tothe TAE [at g,,,,, = (M-1/2)/n] for awide range of toroidal mode numbers, and adds a
Doppler shift using measured charge exchange data. In this discharge the neutral beams are injected
inthe direction opposite to the plasma current and the observed mode activity is consistent with mode
propagation in the direction of beam injection in the plasmarest frame. More recent data analysis has
indicates that the modes in the plasma rest frame are propagating opposite to the direction of the
plasmacurrent and in the direction of neutral beam injection. (Thisobservation introducesapuzzle as
the theoretically expected direction of mode propagation for this caseisin the direction of the plasma
current in the frame wherethe plasmaisat rest with respect to the mode location). The different bands
of modes correspond to different poloidal mode numbersm=n+| wherel =0, 1, 2 ... correspond to
increasing frequency bands. For each of the three dominant bands of modes we obtain an average
frequency spacing of 33 kHz, 36 kHz and 33 kHz (for the | = 0, 1, and 2 bands respectively). The
central toroida rotationin thisdischarge and at thistimeis 33 kHz, whileat thelocation of g, itis30
kHz. The magnitude of the frequency shift is certainly consistent with that expected for successive
toroidal mode numbersn, n+ 1, fMode numbers up to n = 30 are inferred from the Doppler shifted
spectra with up to 20 independent modes observed simultaneously in some discharges. If we now
look back to Figure 3, we can see just such asimilar set of nested bands on JET. However unlikein
DI11-D, the bands of modes on JET are partially obscured by low plasmarotation. Inthe DIlI-D data
the plasmais rotating at ~5% of the Alfvid velocity in the direction of neutral beam injection.

In Figure 8 the highest mode numbers can have very short poloidal scale lengths. Note that for m
=n=30andr=20 cmin DIII-D the poloidal scalelength can bein therangeky =1 cm™ so that asmall
angle scattering system turns out to be quite effective for the investigation of these high-n modes.
Also, with such corelocalized high mode numbersit isunlikely that therewill be adetectible magnetic
component to these modes at the plasma edge. Recent experiments have corroborated the FIR
measurements on DIIID with extensive reflectometer, vertical and radial CO, interferometer and
Beam Emission Spectroscopy measurements. The modeling reproduces the qualitative behavior of
the data, however a quantitative description must await a detailed stability analysis using NOVA-K.

5. RELEVANCE TO BURNING PLASMAS

The excitation of Alfvi eigenmodes with low energy heating ions raises the new possibility of
exploring a&a of modes@vhich has been predicted to occur in aburning plasmaexperiment. For
similar MHD equilibria, the maximum toroidal mode number excited in a device should scale as
the ratio of the average minor radius to the fast ion gyroradius, n., = a&(q p,) where p, is the
Larmor radius of the apha particles. In addition the upper limit for the number of excited modes
should scale as enzmax. The higher the mode number n_.. the more modes can potentialy be
excited. In ITER theratio is of the order 45-50 for 3.5 MeV super Alfvidic alpha particles. For 80



keV deuteriumionsin2.1T DI1I-D plasmastheratiois=30for V|/V , = 0.3, whilefor 110keV deuterium
ionsina3.5T plasmason JET theratio is close to 70 near the sideband resonance condition V ,/3.
Theinvestigation of aSeaof Alfvd Eigenmodesth present day devices should be pursued for

what it can teach us about multimode interactions. Understanding instabilities driven by low energy
heating ions in existing facilitiesis highly relevant to the development of the Advanced Tokamak
(AT) concept aswell asto burning plasma science where the condition of multimode interactionsis
considered particularly important. Theavailability of highly sensitive corefluctuation measurements
represents amajor breakthrough for the quantitative analysis of fast ion collective instabilities. In
order to fully explorethisexciting area of fusion science, facilitieswill need acomprehensive set of
core fluctuation measurements together with effective means of measuring fast ion redistribution
and loss. Such a comprehensive diagnostic set may turn out to be a necessity in a future burning
plasma experiment.
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Figure 1: Temporal evolution of Alfvén mode frequency
changes observed in a JT-60U ICRF heated RS plasma

[3].

Figure 2: (a) Measured radial structure of n=2 density
fluctuations along midplane on TFTR reveals agreement
with Cascade eigenmode fromNOVA-K. (b) Corresponding
magnetic field from NOVA-K is consistent with a
cylindrical-like mode.
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Figure 3: Amplitude of plasma perturbations as function of time and frequency measured in JET discharge. (top)
Interferometer measurements with microwave beam of 45.21GHz along plasma midplane showing up to n=16 modes
and (bottom) measurements with external magnetic pick-up coils with n=3-5.
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10


http://figures.jet.efda.org/JG05.98-7c.eps

JG05.98-8¢

120

100y

Frequency (kHz)

|

\ 5
3.20 3.30 3.40 3.50 3.60
Time (s)

Figure 7: Spectrogram of Cascade modes excited by 110keV tangentially injected deuterium beamionsin JET: B;=
3.46 T, n(0)=2.0x10" cm™3, R=300cm.
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Figure8: (a) Thetime evolution of a number of frequency bandsin the density fluctuation spectrumfrom FIR scattering
measurementsin DI11-D (0 < k,< Zcm'l). Modes are excited by 80keV deuterium beamions. Plasma parameters: By
= 2.1T, ny(0) = 2.6x10™ cm 3, R= 1.7m, tor33kHz. (b) Model analysis of Cascade modes transitioning to TAEs based
on evolution of gmin from MSE measurements. In this data range it is assumed that gmin varies linearly with time.
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