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Alfveé n wave cascades in a tokamak &

S. E. Sharapov,” B. Alper, H. L. Berk,” D. N. Borba,? B. N. Breizman,” C. D. Challis,
A. Fasoli,®) N. C. Hawkes, T. C. Hender, J. Mailloux, S. D. Pinches,? D. Testa,®

and contributors to the EFDA-JET work programme?

Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB,
United Kingdom

(Received 1 November 2001; accepted 10 December)2001

Experiments designed for generating internal transport barriers in the plasmas of the Joint European
Torus[JET, P. H. Rebuet al, Proceedings of the 10th International Conference, Plasma Physics
and Controlled Nuclear Fusion, Londdimternational Atomic Energy Agency, Vienna, 19850l.

I, p. 11] reveal cascades of Alfweperturbations with predominantly upward frequency sweeping.
These experiments are characterized by a hollow plasma current profile, created by lower hybrid
heating and current drive before the main heating power phase. The cascades are driven by ions
accelerated with ion cyclotron resonance heafiif@RH). Each cascade consists of many modes
with different toroidal mode numbers and different frequencies. The toroidal mode numbers vary
fromn=1 ton=6. The frequency starts from 20 to 90 kHz and increases up to the frequency range
of toroidal Alfven eigenmodes. In the framework of ideal magnetohydrodyna(WétD) model, a

close correlation is found between the time evolution of the Alfeascades and the evolution of the
Alfvén continuum frequency at the point of zero magnetic shear. This correlation facilitates the
study of the time evolution of both the Alfmecontinuum and the safety factoy(r), at the point of

zero magnetic shear and makes it possible to use Alépectroscopy for studying(r). Modeling

shows that the Alfve cascade occurs when the Alfveontinuum frequency has a maximum at the
zero shear point. Interpretation of the Alfveascades is given in terms of a novel-type of energetic
particle mode localized at the point wheyé) has a minimum. This interpretation explains the key
experimental observations: simultaneous generation of many modes, preferred direction of
frequency sweeping, and the absence of strong continuum dampifigOl: 10.1063/1.1448346

I. INTRODUCTION and in the wave vector along the equilibrium magnetic field,
o kij=k-Bg/Bg (r is a radial coordinate across the magnetic
_ Among the waves that exist in p'astn’aﬁ?e shear Al-  field B, andp is plasma mass densjtyFor a wave of real
fvén wavé constitutes one of the most significant modes Offrequencyw, either driven externally or excited by fast par-

the magnetohydrodynami®HD) spectrum. Alfvé waves  icjes inside the plasma, E6L) determines the position of a
have been thoroughly investigated in magnetic fusion, where,qonance layer

the problem of plasma heating by low frequency walsee,
e.g., a review Ref. 3 and references thereind the problem
of excitation of Alfven instabilies by fusion-born
a-particle$® were the focus of both theory and experiment.
An important aspect of the shear Alivevaves in ideal MHD
is the existence of a continuous spectfuwhich in a slab or

=lres
0=wp(lred)- ()

At that surface ideal MHD theory predicts absorption of
wave energy by the plasma which is known as continuum

cylindrical model takes the form damping. , _ .
It has been long recogniz&fthat if the shear Alfva
wi(r)=kf(r)V,§(r). (1) continuous frequency as a function of radius has extremum

) points,r=r, satisfying
These continuous waves are present when there are spatial

inhomogeneities in Alfve velocity, Va(r)=By/(4mp)*2

dwa(r)
dr =0, ©)
dpaper BI1 6, Bull. Am. Phys. Sod6, 21 (2007). =To
DInvited speaker.
“Institute for Fusion Studies, University of Texas, Austin, Texas. the Alfven spectrum may contain discrete eigenvalues. In-

9EFDA-JET Close Support Unit & Euratom/IST Association, Lisbon, Por- . . . ;
tugal. deed in cylindrical geometry, when a combined effect of

®Plasma Science and Fusion Center, MIT, Cambridge, Massachusetts. plasma current and inhomogeneous plasma density creates a
fMax-Planck Institute T Plasmaphysik, Euratom Association, Garching, minimum as a function of in wa(r), a discrete MHD mode

Germany. ¢ ; 7.8
9See annex of J. Pameda al, “Overview of recent JET results and future called the gIObal Alive elgeande(GAE) has been

perspectives,” Fusion Energroceedings of the 18th International Con- fo_ur_ld. The eigenfrqquency of a GAE lies just below the
ference On Fusion Energy, Sorrento, 2008EA, Vienna, 200). minimum shear Alfva frequency,wgag<wa(rg), so that

1070-664X/2002/9(5)/2027/10/$19.00 2027
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GAE frequency is slightly downshifted from the local Alive Shear-Optimised scenarios Ja01 54510
resonance conditiof?) and thereby the GAE avoids strong a) LT 100
continuum damping. o ' 2 1.01 NBI—/i-/i 1y

In toroidal geometry, toroidicity-induced gaps with the = Jod i H[l <o
relevant extremum points determined by EB). are created E 0.5 7 i H {10
within the shear Alfve wave spectrum by toroidal coupling = =7 ICRH |/ i Z
of different poloidal harmonic&® A discrete toroidicity- J ! Li 102
induced Alfven eigenmodeTAE)® exists in this case, with o — / —— -0
TAE frequency within the gap. The toroidal generalization to b) /_’_’_'1[_"_ """" J20
condition(2) is not satisfied for frequencies in the TAE gap > 1.0F NB /’_h : : |5
region, w\"(ro)<wmae<wi {ro), and thus the TAE mode = g i 1
also does not experience strong continuum damping. How- E 05 LHCD/// i _|‘|!| 1.0
ever, a TAE mode may still be slightly damped, sinceitcan o | ,-{ ICRH i los 2
interact with the shear Alfue continuum in regions that are /. i"-:.f'“"“"/"l"_‘w b= ™
away from the region where the mode is principally Opft——f 0
localized!12 0 2 4 6

Time (s)

Beyond ideal MHD theory, the inclusion of finite ion
Larmor radius and finite electron parallel conductivity effectsFIG. 1. Two similar JET dischargépulses #49384a) and #49382b) with
create a kinetic Alfva Wave(KAW).13 When finite ion Lar-  toroidal magnetic field;=2.6 T and plasma currenf®=2.2 MA] with
mor radius effects are large enough, 2 uansforms into [0 eIence 1 25 ML of L1CD applen at e preneatng prase
the linear mode conversion condition, while EG) deter-  fom|,=1.1MA att=2s tol p=2.2 MA att=5s.
mines existence of potential wells for discrete standing
KAWSs,*14-18which may exist in addition to the ideal MHD
eigenmodes. the Alfven continuum(3) is therefore the focus of this paper.
The presence of energetic particles in a plasma also can Experimental conditions typical of JET plasmas and the
significantly alter its behavior from that predicted by ideal experimental data for the ACs are presented in Sec. Il. In
MHD. First, fast particles can perturbatively destabilize aSec. Il we analyze the Alfue spectrum within the MHD
basic MHD mode. Second, a sufficient number of fast parframework and investigate orbits of ICRH-accelerated fast
ticles can alter the very structure of the MHD spectrii.,  ions for JET equilibrium with hollow current profiles. Inter-
the energetic particles produce discrete modes that do neretation of the ACs within a model that combines the re-
exist in their absende This latter behavior is relevant to a duced MHD description of the shear Alfvevaves with drift
shear Alfven perturbation called an energetic particle modekinetic description of the fast ions is presented in Sec. IV.
(EPM).17-2L MHD spectroscopy allowing a determination of evolution of
Experimentally, discrete weakly damped Alfveigen- the safety factor from ACs is presented in Sec. V. Conclu-
modes are commonly observed in most tokamaks with fassions are given in Sec. VI.
particles generated by neutral beam injectinBl),?>~?*ion-
cyclotron resonance heatingICRH),*>%" and fusion ||, OBSERVATION OF ALFVE N CASCADES IN JET
reactions® Significant progress in interpretation of the ex- pLASMAS
perimental data by the theory was achieved during rece
years?®
The aim of this paper is to present both the experimental In JET, as in many other tokamaks, for particular current
observations and the theoretical interpretation of a new typerofiles, the plasma confinement improves spontaneously as
of Alfvén eigenmode that differs somewnhat from the Alive the heating power exceeds a certain threshold value, and an
modes discussed above. This mode is excited by ICRHinternal transport barrigiTB) forms in the plasma interict
accelerated energetic ions in tokamaks that have nhonmondémportant record parameters have been achieved in JET plas-
tonic profiles of the safety factag(r), and the minimum mas with ITBs. In particular, the JET record in deuterium
value ofq(r), qmn, evolves significantly in time. This Al- plasma fusion performance, i.eS,~5.6x10®s ! was
fvén phenomenon, which we call an Affwewave cascade achieved in ITB dischard® (pulse #4055% In deuterium—
(AC), was first observed in JT-660 negative magnetic tritum (DT) plasma with ITB, the JET record ion tempera-
shear experiments, and has been detected in many Joint Buwe, T;(0)~40 keV, the ion temperature and pressure radial
ropean TorusJET) discharges of a similar typ&.These Al-  gradients, ~150 keV/m and~10° Pa/m (pulse #4294D
fven perturbations exhibit upward frequency sweeping, withwere achieved®
frequency starting at a frequency well below the TAE gap  In order to trigger an ITB, additional heating is usually
frequency and increasing up to the TAE frequency raligé. applied early in the discharge before the plasma current has
In the framework of the ideal MHD model, a close correla-been fully penetrated, as shown in Fig. 1. The central safety
tion has been found in Refs. 31 and 32 between the timéactor in this case can be significantly above unity and the
evolution of the Alfvan cascades and the evolution of the magnetic shear can be low or negative in the plasma core
Alfvén continuum frequencyl) at the point of zero mag- when the principal heating is initiated, as shown in Fig. 2.
netic shear. The importance of the local extremum points oDne of the important JET results was the observation that

n . "
,&. Experimental conditions
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FIG. 2. Safety factor profileg(r) reconstructed by the EFIT code fta)
and(b) in Fig. 1. MSE measurements were used in EFIT for deeply reversed b)
magnetic shear case #49382.

ITBs delivering high fusion performance enhancement were
obtained with lower additional power following a lower-
hybrid current drive (LHCD) prelude®*3® Although
negative-shear ITBs differ from the ITBs obtained with
monotonicq(r) profiles® in many respects, they still exhibit
improved transport properties and are easier to study experi-
mentally due to the lower power threshold and higher resil-
ience with respect to MHD perturbations.

Alfvén wave cascades are observed during the current
ramp-up phase in nearly all JET plasmas when ICRH and
LHCD power is applied in order to create a nonmonotonic
q(r) profile for subsequent triggering of an ITB.

Frequency (Hz)(1 04)

JG01.545-12¢

B. Measurements of ACs with external magnetic coils

The measurements of Alfmewaves are performed on
JET using a toroidal set of high-resolution magnetic pick-up
coils connected to an analog to digital converter with a samFIG. 3. (& Spectrogram of the magnetic perturbations, measured by the
p“ng rate of 1 MHZ" Magnetic fluctuation data?,( 5Bp)/(?t, external Mirnov coils in plasma with monotomm'r). Usual TAI;GmOQes are

ded with 12 bit resolutionrf@ s during JET dis- observed at frequencidgag=80-200 kHz. TypicallysB,~10"" T in the
are recor ) . g TAEs. Evolution of TAE frequency in time is caused by plasma current
charges. This measurement allows to determine mode amplircrease at the time of observatidh) Spectrogram of the magnetic pertur-
tude at the edge to an accurd@Bp/BdSlO’S. Atoroidal  bations, measured by the external Mirnov coils in plasma with nonmono-
set of three coils allows the determination of toroidal mode/®™'® grg::)- Q;"er‘ Caszgd%soakﬁ;?se”ef "’?iglfq‘;g”c'i%j’geg Pne'm TAE
=40- < . i ~ i
numbers frorn=—17 ton=17. guency rengelac e - YPICALY 05,

] . . cascades. Multiple branches of Alfvecascades ranging from=1 to n
Figures 3a) and 3b) show magnetic fluctuation data —g are observed, with frequency sweeping proportional to the mode num-
measured by the magnetic pick-up coils in the Atfvige-  ber. The trace is showing the slope of the plasma current increase.
guency range during the preheating phase of two discharges
with the power and current wave forms shown in Fig. 1. A
comparison of Figs. @) and 3b) reveals that the Alfuve  in which LHCD created a nonmonotonigr) profile shown
instabilities are very different in the two discharges, althoughin Fig. 2, exhibits Alfven cascad¢ACs) phenomena with the
the only difference between the discharges is that low-poweirequency sweeping below the TAE frequency, shown in Fig.
LHCD, P cp~2.5 MW, is applied in discharge #49382. In 3(b). The toroidal mode numbers do not change for each
the plasmas without LHCDO#49384 the q(r) profile was branch of the perturbation as the relevant mode frequencies
monotonic and the ICRH-accelerated hydrogen minority ionsweep upward.
excited TAEs, Fig. &), whose frequency followed the in- ACs are observed in discharges similar to the pulse
crease of plasma current in time. The comparison discharg&49382 even after LHCD is switched off. This shows that
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360 . 1.0 with radially separated lines-of-sight, so that the radial mode
i % == i o structure in the plasma core is determined. The two pictures
TESSEEESSCEZSSSSEEEEEIESEIIIEIEZZET Ty on the top of Fig. 4 show the amplitude and phase of the
= 320 F 06 cross-correlation integralr),
& 9ok - 5B, ST(r
iy : i |(r)o<f 5B T.|5TE((r))| & @
34pEAEERiZfEEL 2iigg ; 0 o p e
392 : F = where the minor radius is different for the different ECE
-2 channels and the time interval for the integration is 0.2 s.
100 From Fig. 4 one can estimate the mode location on the low-
= field side of the torus as seen from the top. The two modes of
< 10 : the Alfven cascaden=3 at f=85kHz andn=6 at f
5 | | | | | g =110 kHz, are localized at major radius3.4 m(the mag-
20 40 60 80 100 netic axis is at 2.97 m at that timecorresponding ta/a
f (kHz) ~0.4. Note that modes of significantly different frequencies
and mode numberns are localized at nearly the same radial

FIG. 4. Cross-correlation spectrogram for the amplitydend the phase

of an Alfven cascade. The radial location of the perturbatioiRat3.4 m posmon'. il hni f lati N
(which corresponds to/a~0.4) is inferred from the cross-correlation be- A similar technique of cross-correlation between soft

tween the external magnetics and the 48-channel electron cyclotron emig-ray (SXR) measurementévhich also depend on electron
sion (ECE) diagnostic. temperature perturbatior§T.) and magnetic perturbation,
0By gives an estimate of localization of the perturbation in

ACs are associated with nonmonotonjr) profiles created vertical direction. It is found that the mode fa 85 kHz has

by LHCD, rather than with LHCD itself. At the same time, localization peaks at a vertical minor radmspﬁO cm.

; . The measurements were repeated in this discharge 1 s
since no ACs were observed without ICRH, we conclude thaft r Eor the branch f the Affi d n at that
ICRH-accelerated ion tail is essential for ACs. ater. -or the branches of the ecascades seen at ha

g time, n=2, 3, and 4 atf=70kHz, f=95kHz, andf
Ea.Ch ACIn F'g'. 80) has pronounced ‘.“OW".’“O' frequen_cy =120 kHz correspondingly, both the ECE and the x-ray
sweeping and consists of many modes with different torOIdarl:1easurements show that tr;e mode localization is very close
mode numbers and different frequencies. The toroidal mod?0 the AC region seen in Fig. 4 at earlier time

numbers vary froon=1 to n=6. The frequency of the Al- .

fvén cascades starts from 40 to 90 kHz, well below the TAE We conclude therefore that two important features are

frequency. During the cascade evoluti(;n the frequency ing:haracteri:stic of ACsy(a) the mode localization region at
) ! ?boutrlawOA is independent of the mode numb), the

creases up to the frequency of the TAE gap. The rate o o Lo .
. . . . : mode localization does not change significantly on a time
increase in the Alfve cascade frequency is proportional to scale of~1 s

the mode numben. In addition, modes of differem occur

at different times. For each branch of the AC, the frequency

changes on a time scate=0.1-0.5 s, which is significantly ;1. ALFVEN SPECTRUM AND FAST IONS IN

longer than the time scale observed for other “frequencyPLASMAS WITH HOLLOW CURRENT PROFILE

chirping” modes on JE® On the other hand, the time scale ) i

of the frequency change is of the order of the current in- 1 ne analysis of the ACs above shows the existence of a

crease time scale shown in Figb® Therefore the temporal '€9ion at around mid-radius of the tokamak, in which ACs
evolution of plasma equilibrium, and especially that ofare localized independently of their mode numbers. On the

plasma current and(r) profile are important in determining other ha”‘?h the Alfve casicades are only obseryed in dis-
frequency variation of ACs. charges with nonmonotoniy(r) profile. In these discharges

the zero magnetic shear poiwhere theq(r) profile has a

minimum] measured by the motional stark effed1SE)

diagnostic® also typically occurs at mid-radius. Thus, an
In some JET discharges with high ICRH power, internalinvestigation of Alfven waves associated with the region sur-

plasma measurements with the electron cyclotron emissiofpbunding the zero magnetic shear point, as well as study of

(ECB and soft x-ray(SXR) diagnostics were also available the temporal evolution of the key equilibrium parameters in

for diagnosing ACs. An example of such measurements ishis region, is necessary for interpreting ACs.

shown in Fig. 4 for JET plasmas with nonmonotoqic) at ) . .

ICRH power in excess of 7 MWpulse #5349% This level A Evolution of Alfve “n continuous spectrum and the

of ICRH power is much higher than the2 MW power evolution of - q(r) profile

threshold needed to excite the Alfvecascades. For two We start by investigating the Alfve continuous spec-

branches of ACs observed at 85 kHz and 110 kHz, the crossrum as a function of radius and time in the framework of the

correlation analysis between the perturbed electron temper&ddeal MHD model with an expectation that ACs basically

ture, 6T, and the magnetic perturbationsB,,, is per- trace the Alfven continuum similarly to other types of Alfve

formed as shown in Fig. 4. The perturbed electroneigenmodes discussed in the Introduction. We calculate the

temperature is measured by a 48-channel ECE diagnosticontinuum with the CSCAS cod@ which accounts for tor-

C. Internal measurements of Alfve "n wave cascades
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FIG. 5. The ideal MHD CSCAS code: normalized frequendy, /VAe((%) 8; FIG. 6. The CSCAS analysis showing temporal evolution of the normalized
n=1 Alfven continuous spectrum as a functlon of rada_;-s(wp/lpp 9 frequency wa(r mn)Ro/Va at §=Gmin as gmn(t) decreases in time. Mode
for several different valueg,, associated with the evolution gfyn(f) from  yympers plotted ane= 1, n=2, andn=3. Solid lines indicate times of local
Qmin=3 down t0q,,=2.4 in reversed shear JET discharge. The sequence ofyaximum of the Alfve continuum, while broken lines indicate times of

the Alfven continuum tips corresponding to valugg,=3,2.9,2.8,...2.4 IS |ocal minimum of the Alfv@ continuum.
shown by numbers 1,...,7.

oidal geometry. The temporal evolution of the Alfveon-  quency is determined by the rate of plasma current increase
tinuum frequency at the point of zero magnetic sheay,gt  and diffusion. The hi,gheSt frequency achieved by the local
(“tip” of the Alfve'n continuum is of major interest. In a maximum of the Alfve continuum is bounded by the fre-

“cylindrical” limit, this evolution is described by guency of the TAE gap. Since the frequency of TAE gap is
_ _ inversely proportional tay,,, the envelope of the highest
@A(F =T min t) = [Kim(t)] - Va(), ®) frequencies is roughly proportional to the plasma current in-
with crease during the time of observation. If now we consider the
temporal evolution of the Alfwe continuum frequency at
1 m S -
Kim(t) = —(n— _) Omin for Nn=2 andn=3 we observe a similar characteristic
R Amin(t) pattern of the intermittent maximum and minimum of Alfve

wherer i, is the zero magnetic shear point, amg(t) and continuum at decreasing,;,. However, the rate of the fre-
V(t) vary in time in accordance with the experiment. This quency sweeping and the repetition rate for the higher mode
behavior is quite similar to what emerges from the CSCASumbers are higher than for=1, e.g., then=2 mode fre-
code except that the numerical code automatically switcheguency sweeps approximately twice as fast and this mode
the dominantm number as the frequency approaches thePasses zero frequency not only at integer values,ff, but
TAE gap frequency. at half-integer values as well.

Figure 5 shows the evolution from the CSCAS code of A comparison of the experimental data shown in Fig.
the valuew,(t) for n=1 asqm(t) gradually decreases from 3(b) and the CSCAS modeling in Fig. 6 suggests that the
3 down to 2.4. During the entire evolution the Alfveon-  following formula describes the frequency sweeping of the
tinuum frequency as a function of radius has a local extreAlfven cascades:
mum determined by3) that is very close to the point of zero A
magnetic sheaq,,,. During most of this time evolution the w(t)= -—+Aow, (6)
Alfvén continuum has a locahaximumat g, except when Gmin(t) Ro
Omin @pproaches,i,=2.4 (labeled 7. At low frequency, this  where Aw is an off-set frequency, possibly determined by
local maximum of the frequency linearly increasescas, Doppler shift in toroidally rotating plasma, by toroidal cou-
decreases, but as the maximum frequency approaches tpkng corrections of the Alfve continuum, and by fast ions.
TAE gap, the local maximum changes to local minimum of  The correspondence between the temporal evolution of
the Alfven continuum at,,;, (marker 7 in Fig. 5. During the  the Alfven continuum tip and the experimentally observed
subsequent decrease gf,,, this minimum of the Alfve  data suggests that ACs are similar to global Affveigen-
continuum decreases down to zero frequency, as the rationalodes, whose frequency is close to where the localized shear
magnetic surface is formed gt,i,=2. Alfvén wave has an extremum as a function of radius deter-

On a longer time scale, the evolution of the1 Alfvén  mined by Eq.(3). However, in the standard theory of the
continuum frequency as a function @f,, is shown in Fig. 6.  global Alfvén eigenmodé; in cylindrical geometry, the ex-
The rate at which the Alfue continuum tip passes zero fre- tremum of the local Alfva wave is a minimum, where

—n
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\V]

>m/gmin(t). We see however that in order to explain the data
we need the extremum Alfvefrequency to be aaximum
wheren<m/q,,(t), in contrast to the GAE® -

N
N

B. Search for Alfve "n eigenmodes associated with

local maximum of Alfve "n continuum i ﬁ::::;:‘\:\\\\
In order to investigate whether toroidal effects may sig- E o- @,T‘n’)m\)\)) a
nificantly change the requirement for the existence of a “cy- N w"j’)'//‘ ‘
lindrical” GAE, a numerical analysis of the Alfvespectrum L :{#!5.@':»;’1//// i
was performed with the antenna CAST8Rode in full to- %
roidal JET geometry with nonmonotonigr) profile. It was _1k )

found* that a highly localized Alfva eigenmode associated
with the maximumof the Alfven continuum could indeed
exist in MHD framework. The eigenfrequency of this mode
is just above the Alfve continuum at the local maximum. -2
However, this mode was found to exist only in the frequency 1
range close to the TAE gdB.A similar mode was reported
also in Ref. 43. However, since the experimentally observegg. 7. The HAGIS code analysis of the orbits of ICRH-accelerated hydro-
frequencies of ACs start well below TAE frequency range, ingen minority ions in JET equilibriungpulse #4938pwith deeply reversed

contrast to the modes in Refs. 42 and 43, a search for addiagnetic sheaq,,=3.95,9(0)=8.5. Twenty particle orbits are launched
tional modes was continued between radii corresponding to the normalized poloidal magnetic flyxes

. . . =0.01 andy=0.99 at the outboard mid-plané=0. All the energetic ions
In this anaIyS|s, we have found that the addition of thehave energy 500 keV and the pitch-angle calculated suchAthaiB,/E

finite Larmor radius and electron pressure in the parallek1.
Ohms law that cause the kinetic Alfweconnection to the
Alfvén wave does not help to establish the mode with up-

ward frequency sweeping. The reason follows from thelhis distribution function consists of trapped particles with
WKB dispersion relation for KAW? bounce pointsy,=0, at theB contour through the magnetic

2 2 9 5 a2 axis, B=By, and of passing ions with potato orbffsfor
akipio®=w"=kjVa, (7 which V, does not change sign. In order to estimate the pro-
portion between the banana and potato orbits in typical dis-
charges with ICRH, an equilibrium was investigated with a
deeply reversed magnetic shépulse #4938R The fast ions
were launched on the outboard mid-plane wikhk=1. The
trajectories of particles launched at the same energy 500 keV
are shown in Fig. 7. For the potato orbits that never bounce,

R (m)

wherep; is the ion Larmor radius and

a=

In order to obtain a localized mode, we requig<0 far
enough fromr =r,;, in either direction. Using Eq(7) we
see, as we move away from the mode center, that

V2 md.;
2 2 A min
akppi wzz_ﬁ 2 (r_rmin)2 n

>0, one finds that the average toroidal drift frequerzkcy
= wpy, is larger than the poloidgbounce/transjtfrequency
). (8) wpn- When we investigate energetic ions of somewhat dif-

min Amin
Thus, forq;,,>0, mode localization requires>m/qy,, a
result that is not compatible with the experiment.

C. ICRH-accelerated ions in JET plasmas with hollow
current profile

ferent energy at different radial positions, we find that almost
all ions within g,,;, have orbits of the potato type, with an
average toroidal drift frequendyFig. 8@)] larger thanwyy,

[Fig. 8b)]. This inequality would be the opposite for the
same pitch angle at lower energy where the particle would
have a standard banana orbit. In addition the average toroidal
drift frequencies are also larger than the frequency of ACs. In

Since neither the MHD model, nor the thermal ion finite !(lnetlc theory one can show that a major simplification arises

Larmor radius effects explain the ACs, we now consider d
possible new energetic particle mode, associated with hot
ICRH-accelerated ions and the existence of nonmonotoniis marginally satisfied fon=1, and even better for higher
q(r) profile. We first use the HAGIS and CASTOR-K®>  toroidal mode numbers. Thus, the ordering given by (E6)
codes in order to investigate the orbits of ICRH-accelerateavill be used in the kinetic description of ICRH-accelerated
hydrogen minority ions in JET plasmas with hollow currentfast ions.

profiles. Fast ion distribution function resulting from on-axis
ICRH heating is peaked about a pitch-angle given by

W= wbh< nth (10)

IV. INTERPRETATION OF ALFVE N CASCADES

:M—Boz

1 ) We now search for an energetic particle mode associated
E .

with nonmonotoniay(r) profiles and potato orbits of ICRH-
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Precession frequency a) 1 d6A

E= —’E;'jgf—, OB=V X SA,

and the symbols is used to represent a linearly perturbed
quantity. By using the charge neutrality condition, giv0
with the perturbed perpendicular currendj, =6j—B(B

- 6])/B?, calculated from the momentum balance equation,
the derivation procedure of Ref. 32 gives

‘Vpol

- == [BX[V 5P xB
1 1
=(B-V)§2V' BX|V gg(B-V&qb) X B
1 A
—|V|53(B-Vé&D) |-AB| -V —[BXSF]. (11)
80,90 10010 ==120- B B
400 600 800
Energy (keV) The term
0PoIoidelI orbit frequency SF 5 d b (5 BaBB) b B.Bg 12
N =" 07— ap” w7 | TPz
A axgl T\ B B

represents the force from the perturbed anisotropic pressure,
which is dominated by the fast ions and can be calculated
with the use of the kinetic guiding center theory. A relation
found in Ref. 47,

‘Vpol

1 e
— . — = —_— 3 .
v BZ[BX OF] 47rcf d*v(vp-Vof), (13

simplifies the derivation significantly in the limit of inequal-
ity given by Eq.(10). Heree is the energetic particle charge,
Vp is the magnetic field gradient and curvature drift velocity,
and the gradien¥V operates on the perturbed distribution

| i
i Lot DO 18 ; ) .
|1!2 1l6 2 | S| &1 5 BARREANN function &f with energyw and magnetic momen held
Ly R S A AR AN |- fixed. In order to evaluate the right-hand side of EiB) we
200 400 600 800 1000 use the linearized drift kinetic equation
Energy (keV)
06f

FIG. 8. (a) Variation of toroidal drift frequency({ﬁ), with launch energy

and radiugnormalized poloidal fluxfor particles withA =1. (b) Variation 4 déb d6B
of orbit frequency(transit/bounce frequengywith launch energy and radius +Vexp Vit O bX——|- Vit u +te(yb
! / _ : at at
(normalized poloidal fluxfor particles withA =1.
of
-5E+VD-5E)L—W=O (14
accelerated ions. The mode description is based on a reduced
MHD model of shear Alfve perturbations and the drift ki- With
netic model of energetic particlé8ln a low-beta plasma in )
a large-aspect-ratio torus, the perturbed vector potential of __my, 1 M 5
the shear Alfva wave can be represented by a single scalar W= "2 tuB, Vo= ﬁbx EVB+ vi(b-V)bJ,
function, &P, as follows:
B _C
SA=V 50— =3(B-V D), Vexs= gz[ OEXB], (15

whereB is the equilibrium magnetic field, with the perturbed where Q) is the fast particle gyrofrequency. Note that the
electric and magnetic fields given by integrand in Eq.14) is exactly the third term on the left-
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hand side of Eq(13). Using Eq.(10) we see that the third where
term in Eqg.(14) is the only term involvingsf that we need

to retain for low frequency modes with large mode numbers. =_ 47TeRCﬁ,"‘” i Valm= i (np)+ <J_h> )
Then Eq.(13) can be expressed in terms of the local field CBol minGmin 7 | (M= N0min) e
amplitudes Localized solutions exist for Eq18) if the parameterQ
1 e [fd3 e determined by the combination of the fast ion contribution
V. —[BXéF]= —=[SEXB]-V +-—06B and the slope of the potential wetj;, at theq,,, location,
B 47B B 41C -
exceeds a critical valdé
3
RLILESL Q>Qui=4 (19

It is important to note here th&.,; does not depend on the
mode number, and this result fits the experimental data,
where modes of different mode numbers are observed simul-

. . ) . taneously. Eigenvalues of the localized solutions are given
In contrast to earlier studied EPMS;?! existence of which by y- =19 g

was determined by a nonlocal resonant contribution of ener-

getic ions to the mode energy, the above expression describes S=Q—(21+1)QY? if Q>1,

a radially local term caused by energetic particles. The sign -~ Un

of the difference between toroidal drift frequency and the S=exp(—2m/(Q-14™) if Q—Qeu<l.

mode frequency is positive due to the large potato-type orThus, we see that the ICRH-accelerated energetic ions with

bits. potato orbits can create a discrete spectrum of eigenmodes
In order to estimate the effect due to the presence of thevith frequencies just above the local maximum of Alive

fast ion population, we take into account that since the ACcontinuum.

frequencies are well below the TAE frequency range, one

can disregard the toroidal coupling effect and investigate & MHD SPECTROSCOPY THROUGH DETECTING
simplified “cylindrical” solution of Eq.(11) in the form ALFVEN WAVE CASCADES

><{[5E><B]~(b~V)b}f fd3v.

SO=F(r)exp—iwt+ing—ima), (16) In the present section we demonstrate possibility of
MHD spectroscopy using the Alfvewave cascades excited

where ¢ is the toroidal angle, an&(r)—the radial eigen- ) . . . i
function. A straightforward averaging procedure with the as-by ICRH-accelerated ions in JET plasmas with strongly non

sumptions ofm>1, and large aspect ratio equilibrium with monotomcq(r) profiles. The understandmg qf the physics of
circular flux surfaces, gives the following equation Ffr): the Alfven wave cascades allows determination of features of
9 gedq ' the q(r) profile from the clustering of different toroidal

m?(w? J[w?* L\ dF mode number cascades in tiffeThis technique based on
r_z(v_,i_ i ) F- E(V_i_ I )W AC requires ICRH power only and may become an impor-
tant complimentary tool fog(r)-profile measurements with
dmem 9 . the MSE diagnostics based on NBI.
~T¢B TF ar (Npast pamc|e§—k<glufast particle;} Figure 9 shows the ACs observed during the “preheat-

7

The angular brackets in this equation denote flux surface
averaging, and the terms in the right-hand side represent den-
sity and parallel current of the fast ions correspondingly. We
expand the parallel wave number,

1 m)
"=ﬁ(”‘q<—r>’

about the pointr =r, where q=q., (the point of zero
shea), and we look for a mode frequency close to, but
above, the Alfva continuum,w=w— w,. We introduce a
new dimensionless radial variabte= SY(r —r )/f min, @and
function ¥ (x) = ¥(x) - (S+x?)*2, where

Frequency (Hz)10*

w?— wi M Cin i 3/ qm!n =2 g
S= wZ r2' " (m_nqmin)' 4+ n= | | l | i g
A7 minHmin 4.0 45 5.0 55 6.0
Then we can rewrite Eq17) as il =)
PREN Q 1 FIG. 9. Alfvén cascades observed in JET discharge with shear reversed
_ (18) equilibrium (pulse #53488 TAEs are observed in the frequency range 120—

COX IX (1+x2)_q,(1+x2)2' 160 kHz att>5.3 s.
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TABLE I. Inferred g, values for discharge #53488. VI. CONCLUSIONS

Time,s 43 45 46 465 5.2 56 57 59 We have analyzed, both experimentally and theoreti-
n 36 4 5 6 23456 6 5 4 cally, the Alfven wave cascades, excited by ICRH-
Omn 233 225 22 218 2 182 18 175

accelerated energetic ions in JET tokamak plasmas with non-
monotonic safety factor profiles. These cascades exhibit
upward frequency sweeping, which is consistent with the

- . . L evolution of Alfven continuum at the point of zero magnetic
ing” phase of a discharge with magnetic field 2.5 T andshear, when the extremum of the Alfvecontinuum is a

plasma current 2.2 MApulse #53488 which are excited by 5y m. This correlation facilitates the study of the time

energetic ions accelerated by ICRIcry~4 MW. The evolution of both the Alfva continuum and the safety factor,

deeply reversed shea_r configuration _vvas_created by LHCDq(r)’ at the point of zero magnetic shear and makes it pos-
PLhcp=2.7 MW, applied during the time intervak4.1 s.

. . ) sible to use Alfve cascades for inferring(r). An interpre-
During the time of o_bservat_lon, from=4s tot=53s, the tation of the Alfven cascades is given in terms of a novel-
plasma current was increasing from 1.57 MAt0 2.2 MA, duetype of energetic particle mode localized at the point where
to a current ramp-up=0.3 MA/s, and the current wave form q(r) has a minimum. This type of EPM is determined by the
had a flgt top 2.2 MA fort>5.3s. The safety factor was octive part of the response of the ions with the potato-type
decreasm_g dqe to the increase of_total plasma currem and t'?)‘?bits insideq,,, with the mean toroidal drift frequency
current diffusion on a reS|st|ye tlmg scale, determined bWarger than both poloidal orbit frequency and the mode fre-
electron temperature evolution, witfi(0)~4keV at t qguency. This interpretation explains key experimental obser-
=4s 10 Te(0)~7t5 keV at t=6s. NBI power, P_NB'_ vations: simultaneous generation of many modes and a pre-
~4 MW, was applied at=491.5 sé The electron density in- arrad direction of frequency sweeping.
creas;ad _fgo”“e(o)“zx 10 m™* for t=4's tong(0)~3 The detailed understanding of the physics of the Aifve
x10°m fqr t=6s. . wave cascades allows to determine of when a partiaar

The toroidal mode,numbers in the ACs vary framaFZ. enters the plasma. Moreover, in some cases ECE and SXR
to n=6. Then=4 Alfven casca(je a~5.9 s has the poloi- diagnostics allow the location of the cascade mddad
dal mode numbermI~7—8. The internal EC,E measurements i o refore ofqmi,) to be determined as well. Thus, Alfve
show that the Alive cascades are localized ata~0.4, cascades are very promising for use as an MHD spectros-

which is close to the' point O_f ZEr0 magneti.c shear as rneaéopy diagnostic, building on the substantial understanding
sured by the MSE diagnostics with NBI blip at somewhat,, 1 h has been achieved for these modes.

earlier time,t~3.1s.

Considering Eq(6) as a diagnostic tool for interpreting
the Alfven cascades in Fig. 9, one sees that, in accordand%CK'\'OWLEDGMENTS
with Eq. (6), the modes of different satisfy the condition The authors are grateful to Task Force S2 for conducting
m—NnQmin(t)=0 at different times ag,, passes different sets the shear-reversal experiments and to F. Zo(ENEA/
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cades in Fig. 9, one explains the simultaneous excitation dbepartment of Energy Contract No. DE-FG03-96ER-54346,
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ton=6 att~5.2 s as an example of,;, passing an integer U.S. Department of Energy Contract No. DE-F602-89ER-
value. From the MSE measurements at earlier tihe, 54563.
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