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Interaction between high-energy electron and whistler wave in tokamak plasma
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An excellent high-frequency wave measurement environment has been
constructed on the QUEST spherical tokamak, where abundant high-energy electrons are generated
through electron cyclotron heating, and the conditions and characteristics of high-frequency waves
in the MHz band driven by high-energy electrons were investigated in detail. In addition, by
developing a challenging high-energy particle probe, we succeeded in extracting phase-space
information of high-energy electrons, which is important in plasma current start-up and runaway
electron beam formation processes during disruption. Furthermore, as a by-product of
ultra-high-speed measurement of high-intensity hard X-rays, it was discovered that the high-energy
electron flux itself that emits hard X-rays fluctuates with the high-frequency waves, providing
evidence for the existence of interactions between high-energy electrons and the waves they excite.



B X C—19, F—19—1 @)

1. WHERAR S OE 5

BRI A<D h— 7%“@%%LL®Ti Ky D7 T X~ BNEFEFIRIEIZH > TH I
BB ARG ERA A IR L T oz xR L¥— ®4ﬁ/%$%#ﬂﬁﬁﬁ7 P
CiAD BV TRV FEEZ ISR ZT. o b O LIADOBLEND, BT R /LX—A 4N
BREh T 54 O RLZEMHIZOWVWTOMENEFITONTE 2, —FT, ZTRETHEESNTIR
MNol-BZ XX —ETLEVA 78 baECOWICLDIEFE T 7 X~ ERAL LT
koA X VESGIMEORI I wfﬁ%&%%%&iLTPé:&ﬁ%%#R&oT%t.
EC A% — F7 v 7 %47 5 ERIR b ﬁvaﬁ%QmﬁTﬁmﬁﬁ W< A SH 5 EC AN
WXV ENROT T X<ERSD FIFNATRE L 7o 723, ﬁiﬁkéﬂém HWEFHENEHWES
WiV 7 B0 ECIEVEPLET 5 2 & NEE - B bR Sz, EEEF T Vs 7
TR L DEEHENMENZ EMOMEDE AT I I RE(L, SOOI MREBETHLRERT
FATEMEHID I ENLEEBFOPIE LA TCIADN M~ 7 BN O b N F D
DRBIZKET D, £, BRIV X—FBLREREIT AR, v AT =K N~ 7 EEOT
S AT T a VEHZBIIESh, FEIRRT ARG U FRBEEREZML LT WA RO H 5
Y FABELDOFIZOWTikam STV 5

2. WHEDHBY

NFEZEI C ORI Z A F X 7 ANRNIET HEEh & @=LV X —E O AEHOEIN,
EC 7 X~ EA X — ]7/7@%@’59’]@“2@%0\ CTF 4 AT T a VFOKREEFE—
LAEBGBIEOEME & Z OHIENCK L CTEETH D, AWFIETIE, M I~27 77 A~highiE S
HARA v AT = OFMFHH L BTV —E O v FAOAAOPREN 25 Zm L T,
FUCHERT CHRERKESONREZEDIZ NI~ I T T RAHFOEZRNLF—E DT AT
JAEMATHZ LA BIET.

3. WHEDTE

o RAVEE CIINEE o = — 7 2 A G BR B DAL

57N I\ﬁ?ﬁ*t%QUEST (FUINKZR) ITBWT, KA v AT —BRECH: O & 8 i Bt E)
O D OEEWR 2 A VEER L, BESEROE 2 —FRA MIRETH. ®EKa AL
m@ﬁmﬁb,ﬁﬁé%ﬁﬁM@ﬁTR<,ﬁ& B, Re A Zudime AL
IV ARG, EER - FREERC T D IR, *%ﬁb:&ﬁf%éiﬁ%%@ﬁ@ﬁﬁﬂ%ﬁ
x&~x%@$bﬁﬂ%ME#é F—= BB HWLEEA T Za—T D AE ] A1
%L,77X7N5f”5ﬁ%m¢éﬁﬁxﬁwwﬁbkoT@%%ﬁ%%%*mﬁfﬁ

B[BTED L% L, ERROUELXS.

SIS im@%@7m~7%%zﬁf%®%ﬁ% Z3WhOEENE oA VA ERE L
KA TT AR 2 IE FTREIC T 5. euilic it € 2 oA A 3 ik oA v Hk
&L, fEh - SLRAHNCIN 2, FEORWE » FARIEIZRD 55 05 O P Aikgs 5+l
ZFEBTD.

e HLLEZRAX—ER 7 —7 D% ;

L%Hw X B KL e R OB E S ATE R OIS E1T 5. WEkOuHER A 4 W
HEs &3R80, ERitl S 25 x VX —E 7 e —7L L, it7m~7&bfﬁﬂ
T5HZETHRIETRWRLF2ZOH TRAMMICHAIIE T A X127 5. ZO=HITH
CICBR LT X e OFRBINFIRET, et EeRRE ClRE Ol v FL—4
2N B2 D E TR X— Bk — 7 ERET 5.

e ECRA—LNT v TBIOT 4 ATy a VIFICEBIT D188 « K+ ORI ;
EC 12 L BRI x L CIRE F A& %Dﬂiﬂkt/& YL ) A RafLVTERAIED
E--AbluaA XNVEHICLDKELFRE RO —SORE 7 R A2 %2 v/
NS, BTRLX =BT DHEIR 5 NCZEDOE v FAEELIRE DOZL & TR
THEHHEBIDOXAF I AEFHMTHRD.

4. RFFERRE
4—1. IR M A~27 BT EEHEFHREIOZE 72T — ROKH
EC 7T X~ ENH LT TR RV F—EFE 2 AR L7 QUEST EEICBW T, #F

Ze BN ST T TSR & S9RESMRI O [ 7 T & B PR B E R A L, T2 R L7z,
o TRV T T X< B O\ IR SO B S (<250MHz) 12T £



B DE— RN —R MRICFEIREREA L, £ OO 1350 Mz O 3T — R 233 E K
WZHIBLT 5.

o E— FEICICERG AN ESMUDTRELITE NN H Y, NI~ 7 FDORA v 2T —)8k
BT I BN O KA T7 [0 5340 3 2 BR TR CTREA X 7.

o N—Z MEOEET — RENEITRBIS M CTHRONCREAE L, BIBIS A~ LN D

. 7§f7¢®%ﬁﬁﬁmﬁmﬁwﬁﬁx7~w(wdT?‘F7774E74#ﬁﬁbf
W5,

o WENEWEBOT v L BT T v — T DI (FIFHZERZ A F 2 7 R) HIERLFIRR B2
ZEBE N RCTRAELTEY, [FUGBATOEE S O THIH TN L, )
OFREMENEREE (F—F) IR0 5 2 EARFIORB I T,

e HHEIEOR T RLX —EB LN KEICRETINAKR e A XN XVBESGEALTIE, haA
HNVEG B2 VR T HHEF 3-13 Mz IZX 7 F ¥ — 7T 5F— R4 - IHEE#RY
RN SHEEFINCRAET D, B— RO RWEREX v v 7 bR s, 77
EAE— RN EDOBEN RIS 7z,

4—2. BTRNAX—TER 7 0 —7 ORISR

EZRNAVFX—E O Y FANMEEBEICELT-O, R EERET AT e —74
OffERL R E PR Lz, R 1LICER LIEm=xvX—hi+ 7 a—7 (EPP) OHEISAERK &
TEEEEA2/RT. EPP X7 7 A< EIEICRE L, BT RrAX—EFDORE T —F 7 EREHLE
EFHLTAY v hCTASRI 7Oy FAZREL, Yo FL—F TAHRTF2ETS. 71
— T~y FNEIZIE Z D&My v FL—22RELTEY, N ARINS A v ME
ﬁwwﬁ_mf%hfmé M%ix)/b@®@M%®&fﬁﬁém,@xﬁi DO A

IR RIS SN D . ZDES L ET= RNV X —B OGS E7MET 5. 10%cps 4 —4
—DEFEEPFAEND =D, YT L—3 /ﬁ@{)ﬂiﬁﬁf’%)ﬁ@f%ﬂb\ (2 ns) o
%ﬁ%bfwé VT L= a HIET 7 A NRN—TRIE L, B EEEE TEROUL AT
L7z, @ (1 GHz) T VXN AT 1k yP— Tﬁﬁ&&m%%f¢5

En@rgei‘cn@ particle probe (EPP)

Photo multiplier x 2

PMT housing & Peltier cooling

Digital Pulse Processor 1GHz

<«—— Double tube (water cooling)

Plastic scintillator

Entrance slit

X 1. B LX—fERi 72—~ (EPP)

EPP D JFFRARAE BRI W TRPER S AMLE S > T 24 0 K UALE Tt sl L CRHll 21T
Sl BRETNHEET T X BROLENHE SNAAE TIE SO > > F L — X ITHE
BNZIRER DT ERF B, £y FAKGFER RN EBHEND Lz, £ L TEPP 25
TN F—FBFNFEETIHHEBEETHEATLEAY vy MO FL—ZDh 7 FERSA
Iy b HAEICERL, ZOh v MUTEPP OREBRAE (Vv FM) (S U TEILIZZ &0
HAHVE Y O R =R X —E A OBEERT N ATREe 2 & NIERES LTz,

EPP T OHNT=h Uy MO KRS MG, SMURFTY I ¥4 —%2 REBAIEE T
BT XL F—EBFNIFEELTWS Z &, QUEST IEEICHIT HRERFIL LT a=h L EoiEym
(BiEEE) BNRELTWAZ ERENRELMNC fciof_

EPP Z4RATHE T —T~y RICHET LE TRV X—EBFNRAESEHHEE X BiA
BN 5. ZOMEECIET 7 XA~ 2l 50 X B L0 b —ERTO~ Y Kb
THAT HI XS XER 72720, RFTMe@m= VX —E FROBEE LTAY v RN
DB EPP oY —NERRZ EARENTZ. ZRICE Y BT RLX—FBAFHRO KR
DA EHEET D Z ENTE 2.



4—3. NI~ T T7A<HOETRILF—
A OFEM T M 5040 O IR ) D TR
A

JRERSERE & #& 2 72, EPP |Z R ZE[AliLiE —
Z—Z B0 AT B 2 & TR T oo E] S
(500 JE/s) MFEBLI, FEM ey FHAy
T OBPENATRRIC 72 5 77, X 2 12 28GHz D5
2 R EC b Bif T T A~ nET
\Z EPP Z &l [Elfis S, B X #5590 & 2k
LHEEETALX—EB DT RLX— R
X7 MDYy FAKGERT. 7T A<E
it 2 BREN 3 5 S5 [ FE IS IR FER BRI 3
TR ENTWD I ENMRIND iy
v TN 45—90 FEIZRF R IR AR BFIEL T
WAZ ERbholz. Flm X — RS
MUZAB TR =y F ML DR
(BB TFAET 2 Z &30, JlE L
72 SOL AEHHC I3k FE 22 ] H o BL s iy ke Vil

500 +

ch

Difference between EPP1 and EPP2 -315
(Fast electron contribution)
<270
{225
Symmetric s
around 9~0° Fa ] 180

l ’," Rapid decrease from{ 90
around 120°

25 3.0

Time (s) Low energy contributions

X 2. QUEST EC 7T X~ &isr FiFikEIc BT

% SOL
DY

BT AL F—EB DT RILF—ART |
v FHIRAF

WA EDL5mT RN X —EFOLPHALIAD BN TS Z EBHLNITR T,

4—4. HTRVX—EBFROBAERES EDREA

FHIGZE D EPP T = R /L X —E - H K
DORIBERE X BREWNNT-Z LT, IHITFD
WO Z L2 TE 5 Z LRSI
ol TR Tty —Dfb
DICEEA Y A a— 7 CHEFHEESD
H1ME 5% 500 Mz TH> 7V 7 L, @&
oA L CrEEFBEE— RORLIEN
ZRBFICEI L& 2 A, @Ak IicE
SN O @ E T — BB STV 5B
WZHE X BT T v 7 AL [E UK CREALT
WAZ EBRHLMNZ o7, K3 IZFEDH %
AT BN TIEH D, BT RLX—E
WA S W TN D Z L AR TH)
TR SN, @ OEE A Lh ik E
DA THH NV 77 XA~ HIKDE
W@ 2 > T\ A DTkt L, il X BT E
BE— FE2HETIE= R VX —E RO
RO X2 W TND T &0 h, mT L
XF—EINZOREKE—RFEMHEEHN%
L CW A HED R AL UiA O iR~
FA=ITBWTELNT.

£(10° Ha)

#50273, S_EPD1

0 A
3.9500 3.9505 3.9510 3.9515 3.9520

4 3.
X7

t(s)
EPP TR X T-E = RN FX—EHROMH
T 7 ADEEERED X,



8 7 1 1

IKEZOE Ryuya TAKEDA Kosuke KURODA Kengoh ONCHI Takumi NAGATA Takahiro SEKIYA lzumi IDEI 18
Hiroshi ZENNIFA Fadilla ZHANG Yifan SAKAI Seiya MIYATA Rikuya YAMAGUCHI Takahiro HASEGAWA
Makoto NAGASHIMA Yoshihiko 1DO Takeshi HANADA Kazuaki

Sudden Change Events of Plasma Current during Electron-Cyclotron Current Start-Up on the QUEST 2023
Spherical Tokamak

Plasma and Fusion Research 2402066 2402066

DOl
10.1585/pfr.18.2402066

R. IKEZOE, H. IDEI, T. ONCHI, K. KURODA, M. HASEGAWA, Y. NAGASHIMA, K. HANADA, T. IDO, F. -
ZENNIFA, T. YAMAGUCHI, R. MIYATA, Y. WANG, A. EJIRI, S. MURAKAMI

DYNAMICS OF FAST ELECTRONS AND KINETIC MODES IN THE ELECTRON CYCLOTRON HEATED QUEST SPHERICAL 2023
TOKAMAK

29th 1AEA FEC proceedings -

DOl

13 1 3

R. IKEZOE, H. IDEI, T. ONCHI, K. KURODA, M. HASEGAWA, Y. NAGASHIMA, K. HANADA, T. IDO, F. ZENNIFA, T. YAMAGUCHI, R. MIYATA,
Y. WANG, A. EJIRI, S. MURAKAMI

DYNAMICS OF FAST ELECTRONS AND KINETIC MODES IN THE ELECTRON CYCLOTRON HEATED QUEST SPHERICAL TOKAMAK

29th 1AEA Fusion Energy Conference (FEC 2023)

2023 2024

Ryuya IKEZOE

Diagnosing fast electrons interacted with kinetic waves on spherical tokamak

7th Asia-Pacific Conference on Plasma Physics (AAPPS-DPP 2023)

2023 2024




Ryuya IKEZOE

Studies of fast electrons and corresponding kinetic modes on QUEST

12th Int. QUEST Workshop “ RF startup and sustainment in Spherical Tokamak”

2024 2025
, , , , , Zennifa Fadilla, )
QUEST
40
2023 2024
s s , , , , , , , ZENNIFA Fadilla,
QUEST
39
2022 2023
X
39

2022 2023




R. lkezoe, K. Takeda, K. Kuroda, T. Onchi, T. Nagata, I|. Sekiya, H. ldei, F. Zennifa, Y. Zhang,

Yamaguchi, M. Hasegawa, Y. Nagashima, T. ldo, K. Hanada

S. Sakai, R. Miyata, T.

Sudden change events of plasma current during electron-cyclotron current start-up on the QUEST spherical tokamak

31lst Int. Toki Conf.

2022

2023

Ryuya IKEZOE

Probing of fast electrons and corresponding kinetic modes on QUEST

11th Int. QUEST WS "RF startup and sustainment in Spherical Tokamak'

2023 2024
s , , s s , , , ZENNIFA Fadilla, , ,
QUEST
38
2021 2022
s , , s s , , , ZENNIFA Fadilla, , ,
QUEST
2021
2021 2022




77

2021 2022
Yifan Zhang Fadilla Zennifa

QUEST

10 ICRF ICRF
2021 2022
QUEST

17 QUEST
2021 2022







