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| ntroduction

% |n DT burning plasmas,
energetic a-particles
dominantly heat electrons
through slowing-down
process. Inthe course of
slowing down, the speed of
a-particles will match the
Alfven speed. Thesea-
particles will resonantly
Interact with shear Alfven
waves, and excite Alfven
eilgenmodes inside the shear
Alfven spectral gaps.
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Motivation & ODbjectives

% |t isimportant to predict impacts of energetic-ion-driven MHD
modes such as Alfven eigenmodes (AES) in ITER like burning
plasma.

% |tiscrucia to clarify the damping rate of AEs and their effect
on energetic ion transport in such burning plasmas.

% |n major tokamaks these subjects are intensively investigated
using NBI and/or ICRF heating, and alpha particles generated
In DT plasmas.

% |nhelical devices, that is, W7-AS, CHS and LHD, these studies
are also performed.

I n this presentation, we summarize experimental resultson
energeticion driven AEsfrom CHSand LHD, comparing
with those in tokamaks and W7-AS.




Excitation of AES by energetic

lons such as a-particles

« Shear Alfven spectral gapsin toroidal plasmas
magnetic field strength:  N(field period number)=10in LHD
B/Bo=1+ ngg"’(t//) cos(u8-UNg)
e two cylindrical Alfvén branches intersect and
generate gaps:  W=K; VA= - K jjepnionV a

u=1v=0: TAE p=2v=0: EAE pn=3,v=0: NAE,...
u=2,v=1: HAE21 p=1,v=1: HAE1ll p=2,v=2: HAE22,...

gap frequency : )= |Nvg* - u|V ./ (4TRqG¥)
gap position : o* =(2m+p)/(2n+vN)

gap half-width :  Af~ [e)g-gW) /2] flv)
resonance condition : V,,/V ,=1[1+2/(VNg*-)]




Experimental conditions for

ener getic 1on experiments

e Parameter space for
studies of energetic T T NS T
driven MHD modes - '

LHD
@Resonant condition L
@Energeticion drive

y/(’Q):9/4B hot [f* hot/fo 2 e E
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@Damping mechanisms | CHS|  W7.AS

*Electron Landau damping "0 05 1 1s 2 25 3

*Continuum damping V. IV,

*Radiative damping

*lon Landau damping
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Radial profile of rotational transform

In major helical devices

 Helical devices have _
. : ——Heliotron/Torsatron
different 1/q-pr0f||ef0r ——Shearless Stellarator
1.5 f{ ——Standard Tokamak
tokamaks. £ ------Reversed Shear Tokamak
: ! =
o 3D-configuration 5
c . 7]
e Non-uniformity of g
magnetic field can be =
= o C
Introduced by various S
Fourier components. S

Shearless stellarator (W7-AS) : GAEs, TAES, EPMs
Heliotron/torsatron (CHS, LHD) : TAEs, EPM, n=0 GAE, ...



Excitation of Alfven Eigenmodes

by Energetic lons




Various AEs driven by

energetic 1ons In a tokamak

% Toroidicity-induced AE
(TAE) and core-localized
TAE (CLM)

& Kinetic TAE (KTAE)

% Ellipticity induced AE
(EAE)

% Triangularity induced AE
(NAE)

% Energetic paricle
(continuum) mode (EPM)
or resonant TAE(R-TAE)
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ITER Phys. Basis, NF (1999)




Typical example of AEs observed

In reversed shear plasmas of JET

* Alfven spectraexhibit quasi-
periodic pattern with mainly
upward frequency sweeping
(Alfven cascade).

% Time evolution of frequency
clearly reflectsthat of g,
Alfven cascade phenomena
can be used for adiagnostic
tool of g, In the reversed
shear configuration.

& Thesmilar observation was
ggr&em |CRF plasma of JT- H.L.Berk et al., PRL (2001)

Frequency (Hz) x10*




Measurement of Internal structure

% |nformation about internal
structure of TAESIs
Important to identify them,
comparing theoretical
results. vos |

% [nternal structure of TAES {rgdl 004 -
was measured by
reflectometer in TFTR and
other tokamaks.

& The dataclearly indicated
a core-localized type of
TAEs.
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R. Nazikian et al., PoP, 1998




Excitation of EPM 1n tokamaks

& EPMsare also observed in 74329
many tokamaks when mé; bl et TAE
Instability drive istrong 7L ey ¢
enough. B A eeu

g 20044 s

# EPM and TAEs often UL NS T
couple each other. 119""-‘-..*:" ey
InTFTR, TAE can be m
excited by the radial 0 .
transport of energetic ions wi \ T\ \_

0:9 1stored energy
by EPM . 3.|5 3.|6 3.|7 3].8 3!9 4%0 4?1

% EPM often play akey role tme (520
In enhanced enegetic-ion S. Bernabei et al., PoP (1999)
loss.




TAEs & EPMsin tangential NBI

heated plasmas of LHD

N¢=1 shear Alfven spectrum (2D) (#24612,t=070s)
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In LHD or CHS, TAE gap freguency increasestoward the
plasma edge. ThisTAE may be a core-localized type TAE.




|nternal structure of TAE & EPM In

CHS

SX fluctuation diagnostics

—e— 2<f<10kHz (84-86ms)
—=— 10<f<50kHz (83.5-84.5ms)
—o— 90<f<110kHz (84-86ms)
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« EPM islocalized insdethe g=2 rational surface.
« TAE islocalized near the plasma center. ---> Core localized type TAE

 LF hasapeak near the g=2 surface, indicating inter change mode.
« EPM aswell as TAE exist near theinnermost TAE gap.

e m~3/n=2 EPM hasa similar internal structureto that of m~2/n=1 EPM.




Excitation of EPM & TAE In CHS
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* Fishbone-like burst modes FB ( EPM ): strong frequency chirping

* n=1TAE isinterrupted by m~2/n=1 EPM.

* Time evolution of amplitudes of FBsand TAESs can be explained by the
temporal changein P, or O P .




GAEs In low shear plasmas of W7-AS

é 4
NBIoff | © 1 (mn) = (3,1)
rfa=0.6 S e
| : ] counter
center SX = 0. T= 1/ [
T 0498 | 090 odo2 0.361 [
Time (s) | 6‘3{-\—' i

| io
_

rfa=056

3 3 ...I " ;
R " ¥
.-. iy .-."i:". - T
L % g ’
. A o
Rl Amipl. (pdis ) |
- L - . [
06+ ‘A 7 »
4+ E 4
-t ¥ ! ] Vv _1
Wk * 51 .
LF t L3 - el
16K e Pl A
= 1K) Plaiic : - ]
_El Thise [, ) S ] E
i g wn 1
1 = T Y
b

=1
SX
) L center
] ' Y T
20 40 60 gy | "o R
Frequency (kHz) | Radiulso(cm) 2
E-a4 inboand
DERIER i
T T N 2 3 A

!
Db Numiber

Dueto low magnetic shear, low n GAES can be destabilized at
thefairly low beam velocity dueto sside-band excitation.

The small shear enablesthe exciation of TAEsIn W7-AS.

A. Weller et al., PRL (1994).




Variety of various AEs

observed at low Bt in LHD

#27233, B=0.5 T, Rax=3.6 m, H, =1.25, Bq=100 %
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Helicity induced Alfven eigenmode (HAE) has a frequency by
about Ng-times higher than TAE-frequency.

At low Bt<O.7T, f ,,e<500 kHz in LHD.
Observed fluctuations may be HAE.




Nonlinear effects of energetic ion

driven AEs

shot No.69255

(1) Burstlng amplltude 400 It‘lrlnelwilnd?wl=2:OOIOOI0 ‘IL‘lmle ?telp=l1;cl)0 IF'SIDr‘r?axI=7I;OIE)OCI}OI
modulation: TAESs, EPMs [
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K. Toai et al., Nucl. Fusion (2000)




Summary of excitation condition of

TAEsand EPMsin LHD

< > (%) classic

o not observed
e observed gw/ burstg
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TAEsS:

0.01<<B,><3%,03<V,,/V,<17;
At higher <B,,>, TAE becomes bur sting.

EPMs. 0.08<<B,,><3%,01<V,,/V,<16; EPM isusually bursting




Effects of energfetic ion driven

AESon energetic ion transport




Typical example of energetic ion

TAEs sometimes
enhance | oss of
energetic ions, or
redistribution of
energetic ion profiles.
Multiple TAEsS,
bursting TAE and
EPM s often enhance
radial transport of
energetic ions.

loss 1N tokamak
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Particle Orbit Classesin CHS (LHD)

(3) Transition Particles

(1) Circulating (Transition between

Particles Localized and
x = 57° Blocked States
E = 50 keV without Coulomb
Collisions)
x = 65°
E = 50 keV
(2) Particles Tligplpded : ~ (3) Helical Mirror
1}111‘ Hihcal ie ' - Trapped Particles
ipple - 85°
(Localized F\ é - 85?) keV
Particles) : - €
x = 590 .
E = 50 keV

Guiding center orbit

 Bananaorbit in atokamak doesnot exist in CHS ( LHD) configuration.
Usual fishbones observed in tokamaks would not be excited.

« InCHS(LHD), theinitial pitch angle of most ionswill bein the range of
X=20-50° because of tangential injection.




Hit Points of Lost Energetic lonson

the Vacuum Vessal Surfacein CHS

R,=0.92m; p,,,=0.3& 0.5; E=40 keV

v

Transent loss of fast ionswas

detected only in the outward- v | /| o

shifted plasmas. - » |

Orbit calculations have o

revealed that energeticionsare| | R j

lost in poloidally and toroidally
CHS Diameter (m) Wajor B (n)

localized zone for both inward

and outward shifted =

configurations. ]

Detectorsof lost ionsshould be | % i . s

placed at thisnarrow zone i wl . o

wherelost fast ions would H S 5 gej’ #

arrive, wb & F o2 & o o E
(3180 -EI)O (I) 9IO 180

toroidal angle@



Dependence of energetic ion loss flux

on fluctuation amplitude (CHS

: : Rax:99.5#(?2ﬁ9,088t20.88 T
« Relation between ion loss 210 X = 40-50 deg.
flux and fluctuation level: ~ 110';
o0 (by o) S <7110 :
| ( ﬂUC) 210° —200 .
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J100 =

150
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* For fast ionsin x=40-50 deg. B~ (0 1 )°
S>5 or
ol;,0 u(bg-by,;,): threshold

Thismay link to loss cone. o s10° 'bilo-'f’(T') 1510° 210°




Transient Decrease in Shafranov

M agnetic axis position
derived from SX-emission
profileistransiently
changed by each fishbone
burst.

Thetransient decrease of
the Shafranov shift may be
attributed to the flattening
of the energetic ion profile,
because of no changein
<Bpyi> -

Shafranof shift [33,,,(0)+B4,(0)

S. Takagi et al., Rev. Sci. Instrum. 2001




Energetic 1on loss due to bursting

* Strong bursting TAEsS
(n=1 + n=2) transiently
reduce W, (i.e,
dW ,/dt<0), which
suggests enhanced |loss
of energeticions.

~15% lossof P

* Note:
Just after the each bur4t,
W, isincreased beyond the
previous level, reducing Ha-
light and increasing ne &
SX-emission.

TAESINn

(W)  Frequency (kHz)

dw/dt

B (uT)

B (uT)
a.u.)

LHD

I TAEs

Time(sec)

S. Yamamoto et al., this conf.



Energeticion lossin W7-AS plasma

e Bursting AEsenhance ey Freq Spectort T R Tk
ener getic ion loss, of 5 een g8 N8 N
which modes are -
m=3/n=1 GAE or
EPM.

e High freq. bursting
modes (TAE?) also

fastion loss |

SX centerg

enhancetheloss.

* These modesreduce
the bUIk plasma 0.24165'35’ . 'é).'a'z' Tlme (333 7034
energy too.

A. Weéller et al.,PoP (2001)




|mpact of EPM on Bulk Conf. (CHS)

Bulk plasma confinement is
appreciably affected by m~2/n=1
EPM.

 Thesuppression of the EPM leads
totheincreasein Wp & n,

by ~20 %.
 Thesuppression of EPM aswell as
low frequency(L F) modesis not

dueto theremoval of q=2 surface
by theriseof | ,.

« Thesuppression occursin the
certain range of <f,,> (=0.25 -
0.35%). Thisphenomenon does
not alwaystake place.

e Suppression mechanism is still
unclear and under investigation.

Soft X-ray Intensity (a.u.)
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Summary and Future Plan

% Studieson energetic ion induced MHD modes such as Alfven eigenmodes
have intensively been performed in three helical devicesLHD, CHS and
W7-ASaswell asin major tokamaks.

& A lot of information about Alfven eigenmodes excited by energeticionsare
obtained, that is, TAEs, EAEs, EPMsand so on wereidentified, asare
predicted by MHD theoriesincluding ener getic ions.

However, quantitative comparison between experimentsand theoriesis still
preliminary.

% In helical devicessuchasCHSand LHD, very wide parameter range can be
explored without suffering current disruptions. These researches can
contribute to improved under standing of Alfven eigenmodein toroidal
plasmas, as well as need for physics design of a helical devicereactor.

% Asfuturestudiesin CHSand LHD,
to experimentally obtain shear Alfven spectrathrough Alfven spectroscopy.

to clarify physicsrelated to interaction between MHD modes and ener getic
lons.




