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Studies of Energetic-lon-Driven Alfvén Eigenmode in LHD Plasmas
- Introduction -

In a certain condition, « particles resonate with
the MHD modes eiting in the plasma

MHD modes with the large amplitude of B, E are excited

MHD mode would enh*nce the o particle loss

This would quench fusion burn and ejected o particles
might lead to significant damage of the first wall of a fusion device

Energetic-ion-driven MHD instabilities such as Alfvén eigenmode (AE)
are extensively studied in many toroidal device

o The energetic-ion-driven Alfvén eigenmodes (AEs) such as
© toroidicity-induced AEs (TAEs)
© helicity-induced AEs (HAES)
are observed in the NBI-heated LHD plasmas.

o It is important to clarify the stability and effects of energetic-ion-driven AEs because these
mode may enhance the particle transport in the helical type fusion reactor.
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Studies of Energetic-lon-Driven Alfvén Eigenmode in LHD Plasmas
- Alfvén eigenmodes and their excitation -

shear Alfven spectrum (2D) @ The variation of magnetic field
L LHD 4 strength leads the mode coupling of
= W-7AS — : Fourier harmonics.

=» The formation of frequency gap
in the shear Alfvén spectrum

® TAE gap : €(1,0)(cos0)
® HAE gap : €2,1)(c0os20-10sinq)
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O Alfvén eigenmodes can exist in these
gaps.

@ Driving term :
© gradient of energetic ion density
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© Damping term :
@ continuum damping
© Landau damping
@ radiative damping ...

The rotational transform increases

toward the plasma edge in contrast with ® TAE frequency:  frap = UAUTAE

the standard tokamak configuration. A1 R

=» shear Alfvén spectrum exhibits n
different characters for those in © TAE gap position: (TAE = m+1/2
tokamaks.
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Observation of Alfvén eigenmodes
- magnetic configuration -

Rax=3.6 m/ <}>~1.2 %
= == = Rax=3.5 m/ <>~0.6 %
----- Rax=3.6 m/ <3>~2.5 %
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I. Rax=3.6 m with high magnetic shear (<>~1.4 %)

-» typically two TAEs

II. Rax=3.5 m with moderate magnetic shear (<>~0.6 %)
=» a number of G-TAEs

III. High 3 of Rax=3.6 m with weak magnetic shear (<p>~2.5 %)
=» a number of bursting G-TAEs
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Observation of Alfvén eigenmodes (Rax=3.6 m)
- typical result -

O Typical result of energetic ion

#24467, Bi=1.3 T, Ra,=3.6 m, He puff
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250 . Jout driven AEs in the Rax = 3.6 m
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; 200 2 = O Global AEs (GAESs) with n =0 and
A 1. o energetic particle modes (EPMs)

Bo ZE 0 §;§ with n =1 are observed before
K] 0 "= t~0.8s.
v fE ;1 ‘\,g ® The mode transition of m~2/n=1
S ob, . L 00T C-TAE to n =1 GAEs is observed
g fg T after r ~ 1.8 s.
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Observation of Alfvén eigenmodes (Rax=3.6 m)
- comparison between fexp and global mode analysis (Nf=1) -
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< We compared these observed frequencies at 7 ~ 1.6 s with the global mode analysis.

© The discrete mode (open circle) with even parity existing in the core plasma region with
weak magnetic shear, is found.

& The frequency of discrete mode agrees with that of observed mode.
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Observation of Alfvén eigenmodes (Rax=3.6 m)
- comparison between fexp and global mode analysis (Nf=2) -

Shear Alfvén spectrum (n=2) | : m;%;;n;g __Profile of eigenmode
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O A few TAEs, of which eigenfunction globally extends in whole plasma, are found in the
TAE gap.

© The observed mode frequency is close to the TAE with the frequency fcassn~ 59 kHz.

LHDIC &} 31 A Ve 7 LY = YEEE— K ICET 3H% & FHFKS2004(JAERI) :



250

200

150

100

Frequency (kHz)

£n
=]

=

200
100

o (k)

% L=

(KA) vpyf=va> <n> W
(x10" m™)
[ [ o R s |
bho b B o =

lo

Observation of Alfvén eigenmodes (Rax=3.5 m)
- typical result -
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#23244, Bi=1.59 T, R;=3.5 m, He O Typical result of energetic ion
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core region (p <0.5)
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Observation of Alfvén eigenmodes (Rax=3.5 m)
- comparison between fexp and global mode analysis (Nf=5) -
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© In the case of n=5, the eigenfunction of TAEs localize in the gap.
=» TAESs can avoid the continuum damping cause by the intersection of continuum.

© The gradient of energetic ion beta has a peak around p~0.6.

© Core-localized EAE with odd parity is also identified.
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Observation of Alfvén eigenmodes (Rax=3.6 m, $~2.5%)
- typical result -
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Observation of Alfvén eigenmodes (Rax=3.6 m, $~2.5%)
- comparison between fexp and global mode analysis (Nf=2) -

Shear Alfvén spectrum (n=2)| : m:%;n:g Profile of eigenmode

: m:ﬂg:i L | LI | LI | LI | LI D

- f=33kHz ]

O HD#aT23at1 V01— | & dmode 0.5 [Not Observed m=3 5

100 \/ i C ]

B . -‘,,J' : - a 0 B _

80 | \/ ‘_fexp Y :

"E"T | - 0.5 .

; 60 B : 1 1 1 | 1 1 1 | 1 1 1 | 11 1 | | I | :

u B . [ LI | LI | LI | LI | LI :

E | o 0.6 _f=18kHZ m=4 ]

S 40 - Observed ]
o - - m~3

o ° - 0.4 :

L - | W5 E ]

20 = L ]

| /\ /\ ? 0.2 »

"0 02 04 06 08 1 0;

, . . p . .

© Low magnetic shear and large Shafranov shift due to the finite 3 effects.

=» The TAE gap is well aligned from the plasma core to the edge with fairly large
gap width. (TAE gap width ~ e-+dA/dp [e« toroidal ripple/A: Shafranov shift])

© The TAEs avoiding the continuum damping can exist.
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Observation of helicity-induced AEs
- typical result -

#27233, Bi=0.5 T, R;x=3.6 m, H
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© The MHD instabilities, of which frequency is about eight times higher than that of

observed TAE, are newly observed in NBI-heated plasmas of LHD at low magnetic
fields (Bt < 0.7 T).

@ The amplitude of magnetic fluctuation reaches bo/Bt~10"" (TAE:10) at probe position.
© The frequencies of these modes are scaled with Alfvén velocity. =» Alfvén eigenmode
© The mode suddenly disappears when the bursting TAEs are excited.
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Observation of helicity-induced AEs

- comparison between fexp and shear Alfvén spectrum -

shear alfv
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© HAE gap is generated by the toroidal and poloidal mode coupling and the HAE can be

excited by energetic ions in the HAE gap.
=» New continua produced inside HAE gap may affect the low-n mode

© The observed frequency exists in the HAE gap at the plasma edge (p ~ 0.85).
© The profile of energetic ion pressure is predicted to be flat and its gradient has a peak

near the plasma edge

-» growth rate of the mode might be large enough to overcome the damping
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Parametric studies of Alfvén eigenmodes
- dependences of TAE fluctuation amplitude against voi/va and <Bu/> -

° V1 Vvp<0.5 ° <B,,> < 0.1
" 05<v,,/v,<1 = 0.1<<pB,,><04
s 1<v,/v,<15 * 04<<B ><1
s 1.5<v /v, s 1<<B >
4 T | T
107}
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10 0O 05 1 1.5 2 25
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© Linear growth rate of TAE cause by energetic ions : Yo~ Po/(w+/w-0.5) F(va/vvi)
F(va/voi) has a peak around va/ve~ 1

© The fluctuation amplitude is rapidly increased with the increase in <> and vvi/va.

© The TAEs excited by the fundamental excitation (vv/va >1) are larger than sideband
excitation (0.33 < vb//va <1).
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Parametric studies of Alfvén eigenmodes
- stability and resonance conditions of TAE -

1 0 ; | O n;~2llnl=1 IC-ITI-\IEs: o;)slervledl F
K * m~3/n=2 G-TAEs observed
~ 1F E
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A ! ]
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threshold of C-TAE [ :
(m~2/n=1) i ]
threshold of TAE [ 2} |
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O TAEs are observed in the region of 0.3 < vvi/va/ <2.
-» excited by the fundamental and sideband excitations.

O The thresholds with <Pv/> are : m~2/n=1 core-localized TAEs : 0.02 %

m~3/n=2 TAEs : 0.05 %
=» related to the differences of the damping rate due to the continuum damping
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Effects on the ion transport caused by TAEs

#27233 Bt 05T Rax 3.6m

Frequency (kHz)

Llllllllrrllll

- typical result -

& Some plasma parameters (e.g. Wp)
simultaneously modulated with bursting
TAEs.

o Power balance for energetic ions (Wb//)
and bulk plasma energy (Wp)

de// + Wb// + Wb// =P dW + W Wb//

dr T T dt 17, 7T

S C

o The Wp and Who// are expressed as

be/Bt(x10-%) be/Bt(x10°) dW, /dt(kW)

: | 1 1 1 | 1 1 1 | 1 1 | L
1.1 1.2
Time (sec)
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W, =r*_f*<rs_mexp(_t)+ (7, - >ep(_i)

W, O T, T (tp-T.) T.)] T(Ty—-T.) Tg
Wy, ~1—exp| - | _ Tvip T, = T, T,
W, ,(0) T, T, T, + T,

© Time width of observed bursting TAE :
T™HD~ 1 mS

© Confinement time of energetic ions :
Te~3 ms (Te<<T*
t™up/Te = loss rate ~33%

O Transient loss of energetic ions in the
course of the slowing down
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Studies of Energetic-lon-Driven Alfvén Eigenmode in LHD Plasmas
- conclusion -

& We have studied the energetic ion driven AE in the plasma obtained in the following three
types of magnetic configuration:

© Rax=3.6 m with high magnetic shear
© Rax=3.5 m with moderate magnetic shear
@ high 3 (> 2%) of Rax=3.6m plasma with weak magnetic shear.

O In the LHD plasma, the following Alfvén eigenmodes destabilized by the energetic ion
are observed.

© n =1: core-localized TAEs (C-TAEs), n=2~5: global TAEs (TAEs)
© n=5: C-EAE

@® n=2 and 3: HAEs

®n=0and 1: GAEs and n =1 EPM

© We have identified these mode due to the comparison with global mode analysis via
CAS3D3.

& We have investigated the excitation conditions of TAE in the wide parameter range of the
<Pv/> and vvi/va.

© From the above mentioned results, continuum damping is the important damping
mechanisms in the LHD plasma.

© Bursting TAEs appreciably modulate some plasma parameters. This phenomenon
suggests that the energetic ions are transiently lost by TAE burst.
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