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Abstract

Experimental studies of Alfvén eigenmodes in tokamaks and related critical issues are reviewed. Ex-
citation and identification of Alfvén eigenmodes, threshold fast ion beta for excitation, their stability,
mode structure and impact on plasma confinement are discussed.
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Fig. 2 TAEs excited with negative-ion-based neutral beam
injection (N-NBI) in JT-60U [19]. The hydrogen (H%
beam was injected at 360 keV into the helium plas-
ma. Time traces of plasma current I, line-averaged
electron density ne and N-NBI power Pyng are
shown. B; = 1.7 T and /, = 0.8 MA at a flat top. TAE
mode frequencies calculated with ne and B; are
also shown with solid curves. Here, g = 1.5 for n =1
mode and g = 1.75 for n = 2 mode were assumed.
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Fig. 3 Time evolution of frequency spectrum of TAEs ex-
cited with ICRF heating in JT-60U [21]. TAEs
appear and disappear one after another, changing
toroidal mode number one by one.
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Fig. 4 Alfvén continuum gap (ACG) map around q = 1,
where safety factor q = (2m+ 1)/2n is calculated for
m = n=xj (i = integer). All symbols show Alfvén con-
tinuum gaps for different toroidal mode number n
and safety factor q. The hatched region indicates
the high pressure gradient region of fast ions where
TAEs can be excited [26].
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Fig. 5 Alpha particle driven TAEs observed in TFTR DT
plasma [8]. Evolution of (a) neutral beam power, (b)
central (3,(0), (c) central safety factor, (d) magnetic
shear at r/a ~ 0.3, (e) external magnetic fluctuation
amplitude, and (f) measured mode frequency for
high and low q(0) plasmas [indicated by black (gray)
lines] corresponding to the following plasma para-
meters at the time of peak mode amplitude: R = 260
cm (252 cm), I, = 1.6 MA (2.0 MA), B;= 53 (5.1) T, ne
(0) = 3.3(4.0) X 10" em™, T(0) = 11(15) keV, To(0) =
5.4(6.0) keV.
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Fig. 6 Frequency spectrum of alpha particle driven TAE in
TFTR [8]. Spectra of (a) external magnetic fluctua-
tions, (b) reflectometer measurements at r/a ~
0.42, and (c) reflectometer measurements at r/a ~
0.57 for the low g(0) plasma in Fig. 4.
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Fig. 7 Alfvén eigenmodes excited during ICRF heating in
JT-60U [38] . In the upper three frames, contour
plots of a Mirnov coil signal are shown with the
NAE, EAE, and TAE activity clearly visible. In the
lower part of the figure, the injected neutral beam
power (P.pi) and ICRF power (Pi), the electron
temperature (7e) and line averaged density (ne), and
the internal inductance (/) and the safety factor at
the edge (qex) are also shown.

T NAE %%F% &N 7-[38]. Fig. 7 2R Tid, TAE,
NAE, EAE DIEIZFEL T 5.

TG AR DR—FEPINN—= v FR— 5 R R
WZETHE, ALAT VY Ve BiEE ORBEFRD
D, TAEX ¥y 7OTFTIH-LF vy THEE I N,
TAE & X -EFE— Fo I N5 [39]. ¥vv
TORPERN - HRRICL 5720, ZOE—-FiE
NR— 7 7 VY = Y EEE— F (BAE) LT R T
V5. DII-D @ NBL BV T, #BEL— 5 by
(=BaB/I) ¥ 3 %2 5L, FICHEEINhS TAE
OE BB/ 2K T T 2 HEH B Sz [40]. &
TLZREWEHE Pl X7 BAE OB EEA—&L, L
PO ZOFBFERPBAE F v v TIlHsH T &b,

529

RKboTBAE HBHHEI N2 D TH A Z LAFHL NI
%o 72[40]. TAE & HBEEOHETRERDOKT 25,
BAE Iz > TH RN,

T35 A DOMEFRRTREIZRERO Fy 75—
7 r0 LS RENT EOEEROELERE, TV T x
VEAE- FORMEBIL, BESAS L OCRERESA
(79 A3 DOFE) OB Ty = V#FTRANRY
FVOF %y FREEOBILIZE RS, /2, ko
TAE %% BAE OZELD X 912, E— FHROEEMK
XLELIEELH L. 0L REBEBOELE, &
Jt, frequency chirping (B2%% 295 X 9 2B AT
AL B) LIFIEhTwa. Fig 81277 JT-60U O
WHBRY T @mn~2) ¥HT 575 X< D ICRF £k
T, TAEBABEBOI/ZBE,LSET— FARKAEL, &
0.15 F BN E W 84S TAE B FEF C LR T 5 E— Fa8
BHENTHS, Bha bof ¥ LVE— FEROEES &
O Gmin 752 B B0 (— 09I BHE Y] 5 B
IZE— FAZEILE NS (Fig 8 @ 663—678 #) 72
EoHBIE, TAEOWEEEHTA. LiL, SHE
RSB ERO EAIE, TAE ¥y v 7OETIRE
HTERWiFEAE[43]. DIOLD @ NBI MIZIZ B W

NI | -El ectronic Library Service



75 X7 - MR ERE

Tk, BAE Xx v 7 THRAEL, ¥ 2ms BIZJE®E S
12REZEPTE2E-FHBE STV [4]. 2o
E—FX, VT2 VEBEE—FDLI RNV TSR
*OBEFE- FTIEL L, E#A 4 VAT 58
E— FO—D45] TRV REEZ LN TN,

3.3 LEWAN—-4{EEREM

TNT = Y EAE— AR S h b 5t & EERRYICHT
LML, ThezHERmNFHeRTsI L, TLY
=z VEAE— FOBEMEZRYD, F7:, ITER BL R
DERERIIBITE 7 VY = Y EFE— FORRICHET
LFHEEZM LSS5 ) A CTHECEETHS.
DIIL-D Ti&, TAE Z i3 % 720 O3B SO
TH 5D vn/va LERBEOIRIETH 5 AR TEYEHEA
F v N—F (B ZEHVT, Fig 90X 912 TAE D%
HFEBERLTWA[16]. BB TR v,/va>07 52 (B
>1%DEHTRELTVS, LAL, RIBONEL
TAE %8 ~05% B RHELIZLH T W5, JT-60U
CBWTTIXRBRDT 77 v FHIZN-NBIL 2 A
BLZBEICE, (B ~01%H%5 TAE BFHE XN 5.
COEHEA I v R—FfHiix, DILD TRIBO N X 7%

107
] o stable
. ® o small TAE
] ® large TAE
© 4
% °
”n
L)
O 104
g ] o
N 7 o]
< i o
0.1 R| <. T 1 I
0.0 0.5 1.0 16 20 25
Ve Vy

Fig. 9 Range of observed TAE in the DII-D data base,
shown versus the classically estimated fast ion beta
e and the ratio of injected fast ion speed to the
Alfvén speed [16]. The data include both deuterium
and hydrogen injection (Pnei = 2 to 19 MW) into both
divertor and limiter discharges with B; = 0.6 t0 2.2 T,
b= 041016 MA, . = 2.0 to 8.4 X 10" m™®, qos =
2010 7.7, » = 1.1 to 2.2, dlp/df = -4.1 to 1.4 MA/s,
and Sy = 0.4 to 6.4.
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Fig. 10 Mode number dependence of predicted net
growth rate ¥ = % + Yaamp, evaluated at g = 3/2 in
the DIII-D discharge [16].
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Fig. 11 The relationship between the profile of g(r) =

1/q(r)p(r)'? and the damping of TAE excited with

external antennas in JET [7]. g(r) and the raw and
fitted frequency responses of a normalized magne-
tic probe signal are shown for two discharges. Ex-
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@ ICRF M#TIX, qr)p@)? DKk & %21k TAE ©
FEALICDO Ao TV B [50]. Fig 121, BRRY T
P E ) ETHEAEIERL IR S L TAE IR &
NBZLERLTWVAE, ZDLS 7% TAE DRENLER
FEALIENOVAK I— FIZX D EHMIc L {FiHsh
TWw5[43,51].

RN FUIcETL TAE OZELORA DTN T
W54, DIID Tix, Y59 XA<BHRDOS v ¥ iz &
DR 7T ORECHERERMLZBEL, S22 ML
BRELZZIRTVE 2 E— FHFEELERhPLT VI &
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Fig. 12 Electron thermal pressure gradient versus magne-
tic shear at r/a ~ 0.5 in ICRF-heated negative-
shear plasmas in JT-60U [43,52]. Close and open
circles show cases with and without TAE, respec-
tively. TAEs are excited in the low shear and low
pressure gradient regime.
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RICT 5 XA EBNA (& = on/(dn/dr) & 1372 [4].
Fig. 13 CENGHFORKPEFEOSA LR T, BER
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EREATVS, EEFECIEELTEST, EFK
OWEEFD. 280 cm & 310 cm fHEIC 2 DD E— 7 A%
BoNnb, 300cm ZHEICHHENPKELSELL, B4
TeRuf FVERE—- FOFLEEZRL TS, Kaf ¥
VHHEOPEDS, Ruf FUEREE 291 cm OHMLET
26cm, 310cm T4dcm &M E N, ZhFhFoq
FVE— FEm~6, m~8 ZIiHLTWw5a[4]. &R
THWRTE 2 TFTR @ a HF TR S h7: TAE 2
DWTIE, A 7 a P EE W TR — FEEEDTHIE
Ensal54]. F72, <4 7 0 EHE BES 122
HIARBERBEDTE O C (dn/n 25 x 107), HRIHON S
HBE—FRHLTOENTHS. WL -E— Mgis
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B % Fig. 14 127RY. #=4® TAEIZDOWTIX, WHE
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TIEWHEEEOE— FilEELZRT I e, ZOE—F
12 TAE TlREWEEZ SR Tw5 [54].
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Fig. 13 Electron density profile (ne) and variation of plasma

radial  displacement (&) inferred from beam
emission-spectroscopy data of beam excited TAEs
in TFTR [4].
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Fig. 14 Comparison of radial mode structure inferred from
reflectometer measurements with prediction from
the NOVA-K code [55]. The NOVA-K code pre-
dicts the ballooning character of the n = 4 mode
but not the anti-ballooning character of the n = 2
mode.
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FWRl i) -y FRIOEEE R FVE— PR
m=7¢8BERDIOTHHZ LEMRLI5]. F77,
Fig. 15 1ZR$ X912, n=5® TAEIZ X 28k X HRE
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7 REL, BERE, Yo SNV E-TFTHE=5BX
URTA ¥ NVE— FESERICEOND BRE—HT
B LRFRLI=(@g~m +m +1)/2n=(7+8)/10=15)
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Fig. 15 Radial profile of normalized soft X-ray fluctuation

amplitude for a 25 kHz, m/n = 3/2 mode and a 93
kHz, n = 5 mode in a double-null divertor dis-
charge with B;= 1.0 T, [, = 0.9 MA, Pyg/ = 15.6 MW
and fe = 4.4 X 10" m™ in DIII-D [5]. The location
of the g = 3/2 and g = 2 surfaces are also shown.
The radial structure of the 93 kHz mode is consis-
tent with an n =5, m=7-8 TAE.
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E—A(ﬁvw¢D%#%@%%ﬁ%%%bf%%bt
[4]. ZoORFEHERICLD, BHES I FERSRAL
Twb. DIOID Tik, E— FOREICIFIZHAL CTH
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V=287 —0BRIE, AT —DRRHT0%IZK
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X 15~2 KT 5 Edbh o CTwb[56]. DIILD
Ti%, BAE RREE;I/ 2BEIETTSE—FIZLo
Td TAE L ABEOFHETREFORTEZHHL T
5. JT-60U I2BWT, NNBLIZX > T Sh D 7 4
vV aR— Y AREWH A MZFEBLT2 -3
%D FHETIREROET 2L TV 555, TAE 0%
AR R RAEFEORTIRELEALROL Y
[19]. B&EA v OR—FERS S LAY, TWFOX
X 72 TAE #54 L7234, DILD DX 5 ICKE ZEHE
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Fig. 16 Correlation between Mirnov-coil signal (bottom
trace), total neutron emission rate (middle trace)
and soft X-ray emission (top trace) from the plasma
in TFTR [4]. The vertical scale is linear with zero
suppressed. Spikes in the soft X-ray emission at
3.69 s and 3.701 s are due to sawtooth crashes.
Sawtooth-like drops in the neutron emission rate
between the sawtooth crashes are correlated with
TAE bursts.
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1HOWRBOF Y v 7 TRETALLHIICELL. TOHE
Fig. 17 (b) 278§ & ) IS EFRAFRIWIL/2ITET L,
BHEAL VOREBBEFEILTCWDEZ LR D
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Fig. 17 The ICRF-heated JT-60U discharges with (a) low-n TAEs outside the g = 1 surface and (b) high-n multiple TAEs in-
side g = 1 surface [26]. Both discharges have almost the same plasma conditions except for the start of the ICRF and

NBI pulses.

1HDOF vy P CHREENS EAEICL B D THAH
EhbhhoTWwn5[24,57].

TFTR @ ICRF #Ti%, H—BEICHRE L2HEEA
T UBHRE AW, S Nns TAEIC X 2 5#EA 4
YOEEEFWEL, T— FORIBICHE LEERIHA
FTBHZLERLE. F, TAERZI VBRSO
v PV AW R SR, X7V VABOERESR
O—ERIZEHA A+ RS, ERERIHEEES 25
WCE 572, TFTRICBWTER a W 712X 5 TAE %8l
WL 7225, BB REOIWIEAIVNE W2 (8B/B ~ 107),
e NFORFERIIBEH IR T RWE]. LirL, E—
AL F Uk o TREBIL I N EE RNV —= 0 7
E—FNIZL D o FORFRESBRB ST 5 [58].
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DENBBERHO—D2LEZOLNTVD, HEf + DK
ELRBRIZELRLTD, TV VEHE— FOREE
W&o Ty FAEELZZT 7272 CRRREIRI RO
TIZOLBEENFHLEDT, INHIZODWTHEHEL
TV ERH L, T72, ITERIZBWTIE, BFE ok
FZEBrEbIEAL NV E— FE (n >10) ZFH> TAE®D
RO BRI SN TWE, HOHKICERLBE
ZRIETEIZ aNTFOBERIBELVTHA ) L&
ZAHoNTWEY, REDL) ZEHB L URE D — FH
REeED, EOIHENPLETDHS[52,59].

AT, MRZICBIATVTz VEEE—-FD
FELREBER T ZOMMD 20 I3 HR & 0l E Nz
BRHHRR7z, L L, ERETAVT 2 VEAE— RO
B2 B2 3R THTHAH . B, LHE60]iIcT
NETOT VYT = VEEE— FOEBRBIZEDOI 525
R EINTVWEDTERBEL TV &,

HBEE

ARz L0212 dh7-), BAERHEHGEI OB
KL, FHRZFOERBERL, FL FZHELE, R
KRFED=HowMEE L, HARR T e O R H gk L,
MEBAELICEELZMS 2 W2, -2 0%H
BLCWRZET L. ISV LET.
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