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Abstract

It is important to clarify the effect of hydrogen isotope on microturbulence to improve the con-
finement performance of plasma. In this paper, the effects of hydrogen isotope species on micro-
turbulence in stellarator W7-X are studied by using global gyrokinetic simulation. The linear simu-
lation shows that the ITG mode normalized growth rate of hydrogen isotope plasma in W7-X con-

forms to gyro-Bohm scale ion-mass dependence, that is y/ ki oc mil/ 2 the ion mass of hydrogen iso-
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tope has an obvious effect on ITG mode toroidal coupled harmonics, that is, the heavier the hydro-
gen isotope ion mass, the less ITG mode toroidal coupled harmonics. The nonlinear simulation
shows that the zonal flow can break up the ion temperature gradient structure, reduce the eddy
size, and suppress the turbulent transport. The heavier the ion mass of the hydrogen isotope, the
stronger the suppress effect of the zonal flow on turbulence.
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1. 5|

BEAE HE o R A SIS A 4R &, X BB 7 SR BB W oK, B AT A A Re VR & AR
WE NI REIR K 5 SR i, RSB B & BON R IR TAE R H A A% 2R AR R IR L P Wi v i G
B RME RS, AT RA TR “—25KIR” MR EEIR 0 KB R . T H AT KB R AR
SN HE, G B AR S HE (International Thermonuclear Experimental Reactor, ITER), HRAFf LR {E
HE(Demonstration, DEMO)Z% rI¥Abe 58 B8 (A a2 tH SR AL Z AL R, D]kt I3 P S m) 67 3008 9 I 5 Ao JEE A
(lon temperature gradient mode, ITG)F1#fi 3k Hi 1 #5(Trapped electron mode, TEM)ZE ARG E 14, BL A i
A ARG IS 0 , O6 52 = 55 B AR L R RE 2 o0 1] [2] [3].

H ATEFE -~ 5 5 (Tokamak) HF ©L 4G K& S50 4 B A A A7 22 85 1 ot SR oV T i A e 2 20 AR RR 1 A R
K20 [4] [5] [6]. Bustos &8 AT &I, [FIf7 2 51 BT E X FE-R 5 ve Hh TEM B2 00A B8 K52, 1
P AT TR 21 B RN (R e M R T E NI BB 7] AEFE RS 7R, FalJ LR T ITG-TEM IKzhii
TN LR ], BT PSR ) HUREIE B 5 I GG R 21 B 1ot A WY S AR [6] [8] [9]

)i F 4% (Stellarator) /& — MR 5] /1 ) R R BHEME S, B AT LN IS B A R ks, il
DA 205t 3 S Hh FRLJAE 5] RS ) DR RH A IR B S AN B e 1, TSR IR I8 AT« IR 4k, P& A
R B WA ACE R TP I3 T, 07 B2 i — 23] 7 EAL, I H N A 90 SEARTITAR, Bhskik
IS T IR 8 E, W1 LHD (Large helical device), W7-X (Wendestein 7-X)%5[10] [11]. 4¥ %
A2 2017 4F 3 JI4E LHD P kikAT 7(D) Sk 2 Ja[12] [13], L 7 — R AL MEE BT T &
[E 7 B RO AN B 5 ME R Vi danis I B2 . Eb4n, Nakata %5 A f# ] GKV (Gyrokinetic Viasov) UL HE 7L T
LHD A &R 22 55 55 - o B8 1 FRUBE AT L - ROBE B AOM AN A s 2 BA K TEM 3R Py it 70 AT DRI (14 s
RINTG SE AR R H —Fh S BT e AR P 1 B8 1 BB A, TEM B F SR 3R 8 T i A 5
SRAHOBYE, IF AR TR H)E B K, &SR i iz K- AR [9] [14]. [RIeF, A AT & 30
AT AR AR, A B TR I & 1A 30 B R BCEAG, X R R 3 N0 45 8 T fanie 7 B
(IFZm[15]. 1da 58 N K ILFN 2R G Sl Rt Z A EEAR SR A SGE,  FFUERE T S5 5 & b 4R &35
THI R T 1 DA K e [R) Ao 35 VR 6 IR 25 1 5 A8 15 88 1 WS o 1k 7 1) A% 6 10 I /K SF 1R 3G i A 9k [16] [17] .
Kobayashi %5 A\ 1 Vi i #0022 31 (5 20 23 4 58 %03E 22 (Internal transport barrier, 1TB)ZE #4 (1) [F47 5 %08
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RIS TR 1TB 5 A S5 7R 1 ITB 5 5 5[ 18]

ML EHEFE ] DU IAE LHD H, SRR 3R A AR A it s s AL &8 TR Kk Re,
{B7E W7-X H ARG ST AR M (R T 2 BTX A5 22 2 P AOWE AN e M 1 26 12k [0 e 2l ) 2 A4
2 E 3 B RIS [v) J) S DX 4l 3R AT 1R [19] [20], {2l B B AU AN BE AR e b Ab FE 47 2 98 9 30 = W37
SRR Z ARG, FUERR A 2 R LM . 5L, EFR RS 23+, GTC
(Gyrokinetic toroidal code)f{hish 484 2 X H T i it AN e e 2 R 7t, HEmME o e/l 1
KERSIE[21] [22] [23]0 BRIBE, ARSCE A 42 )5 Bl g s B2 AT 7 1 07 B2 48 W7-X & A A7 26 il
i AN B 1 IR SR o FESLMERBEAD P UE ] 7 1T G B — G 3R AT [ml e SR AR J52 1) 29 -1 I i RO 12k
e H R B8 2 AN 4 R BAUTE RS 1TG KR LA ZE R ARG R I R i 2
BANHIE, HARALZF S TR, BRI F I 0 ek 5 o

ARSCHLNE, B NB T WT-X A 2 38 = 4RG3 A0 8 S5 08 FH 0 [0 e s B R, 58 =34
SNET I ER WT-X &R 26 OU G T AN e PR R R R 5 3L, SR DU A28 T 1 B 4
W7-X &R Z A OM i A B PERS I A AR 2R R R A5 TR, B8 L o i g

2. REMRES 2R ME
2.1, fRHRE
15 WT-X R, 8 A OV 25 A 2 190 o 0 43/ 0 M0 S e 38 27 R [241]

d 0 o . 0
af(x,ﬂ,l)”,t)=|:5+xV+U”a—0”:|f=0 (1)
/\EP’
X =yb+ve +y 2
) 1B’

X . o Ft BB TR RO, B, PATHEERIE A, | A AL m BT
B
B, Z B TR oMo, 41N E x B IR RLER . B TR, B*:B+§wb,

E*bzg, Q:Z(;’n—eB%lEl)‘iﬁ*fD‘iﬁo FEASCHORE T ITG fifi ™ A (IR, B0 T ARSI IR R G b 5

T OB AR RIS 42 11 HL g

B o f 7R FRARR e, SR SRR [25]. T nlliErt DA s f = f+6f AL
PRI, S5 M AT ER 3 £y B oAttahE oy o f o Q)W LRI L =0, Hrb Lo ERE T,
EARAT B AT HTER 23 L ARSI SL i . SK(L) AT AR IR A

a

(L +6L)(f,+5f)=0 Q)
HH
d 1B d
LOZE'I'(U”b'i‘Ud)V—EE(‘UVB)a—U” (5)
—o v LB sy
SL=v.-V-—— Zwau” (6)
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PRSI f, WAL

L, f, =0 ()
WHEBh 7 5 F L
(Ly+0L)5f =-5Lf, (®)
SR FIE R w=51/f , ATLASFEIRL T I 72
a4 o, Vo, 2B gy
e ¢au” ©

FORAE(9), T E o AT, (ERR A SR £ W AT, DRI U R AR, BATR Q) 1,
LA R e . BTy, - Vi B MBER (), FEAS TAF A AN g S 2.

ﬁ#ﬁﬁﬁ%%ﬁ%ﬁﬁﬁﬂﬁ,Wﬂ%ﬂﬁ%%%ﬂ%&5m=%?pgmwy,%AMMﬁEﬁ
(10):Kfi#, BPAT43 2P ahE
4TCZ n;

(¢ $)=4ny.Z,0n, (10)

RIS ¢ AT AR R A

. Idz(x—x+p)¢7(x,p) fos (Z)

¢ = (11)
nO

[l T3 s ¢ mT AR
a(x,p)=%jdadx5(x—x+p)¢(x) (12)

Hrb p=—v, xby /Q AR
fE GTC MEdtl i, SR 7 F2 5HESRLT-#5 /& 76 Boozer BATIALAR 5 (v,0,¢) BIe ), PRl &
B,=oVy +1VO+9gVe =qVy xVO-VyxV¢ , (ERETHAAR R NRCF 183 5 F2 h[21] [26]

_Coc(10B gaB) cldp cgog (13)
~zo\Doc Dov) Do Do
HZUBG—A£)+Cg{£§s@§+Qﬂ} (14)
D D|ZBoy oy
:U”B(q+pc|’)_cl_ 1 0e 0B +% (15)
D D|ZdBoy oy
po- 1- pcg[l de 3B aﬂ q+pl’) 10 B  of (16)
D |zZBaoo o0 D [ZdBo¢ of
\ ,_dl d
ui%ﬁ¢,D=m+LuumLmj,Wﬁﬁﬁ%ﬁm%éﬁ%ﬁ%wﬁl=—; g=sl.F

dy *
. o _mc 0
T EIENZNERN o~ o Py = Q B %Z

FRLAETT, A AEARLAERA AN

e L AR, VLTS g 1050H

DOI: 10.12677/nst.2023.113021 202 MR A


https://doi.org/10.12677/nst.2023.113021

2.2 (HERMBMRELIEE

£ GTC v — R BB 7 Va2 5 2 P 0, EFIT, VMEC, M3D-C1 LLJ% LR_eqMI /& GTC
W UR R g~ A 8 Tk [21] [22] [27]. AEARSCH R VMEC J7 340 340 B 28 W7-X 1 =4~ fr
T« VMEC 7572 17 5 2 (¥~ Bt L AE AR ) R g (v ) » IR | (v) » MBS %2R T q(y), JFER
BeRETH A2 A 1 [22] o P RESS 5 T % T DAASE FH A L it 2 57 A3 1) FOBR o) 1) B8 AR 1 A b R0, HL
FER ) Pl AERE . SRS TE AR m T I b B OIS m b, A I A AR 2R ) = 4R RO i 4 A
IRA bR b (8 B R, R RN T

B(y,0.)= Zn:[BC (w,0.n)cos(ng)+B, (w,0,n)sin(n) | (17)

Hrf, y J& Boozer AidR A (LI ABOE R, 0 &MM, ¢HmHAFEM. B, B, /ruIAFRMEM
RIEPBAMIETZREL n NI AEE . Boozer ALHR (v, 0,¢ ) MIAEALKR (R, ¢, Z) th AT LU AU (17) I T7
AT H A, b o RAFARAR T HOIA A, R AN Z SR e 1 T R 2R AR

i B2 WT-X (PR E IR0 07 I AN 5, BiEf =2, XEWEIAN-TPiE, Qi
ik 5 PR B TE VR IR ) e 0.4n JE ORFF— B0 A SO B 8% WT-X P o 5L RN 55 55 144 oy Afi
2% Riemann [3CH [28]. & 1 7R & W7-X TR, BT, 28 LS BeRe A e BEAe A B
AR . Hrh L SEA ORI A e, B HRIOR IR, H Wi (=1/q, q RMTEEE 7K
W a1, HT 3RO AW b SRR 1 A AR I IS 82 AR [ F AL BT A . W7-X B
B AR X EA WAL T ier = 0.4y, » SMAF v o = 0.8y, IS WL I42 I 2 B 9 r/a=0.71,
FELWREIAL q=-1.106 , 1=-0.904, T, =1keV, T,=1keV, T,/T,=1, n=79x10%cm>, R)/L; =17
WAL R A K BB At=0.01R, /C, , Fh G, il & SCAC, =T, /m . X EERE, Bk
T AR R Oy 2 P L A, A [l e sh B AR B, AEACSCh AT FTEA(H), (D), (T =
TS Rl ZR MR A8 8 AR R 1T G BRI R2
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Figure 1. Radial profiles of equilibrium density, tempera-
tures, and rotation transform ¢

E 1l FEEE, BE, UREETHR BERSH

FERU, BRE, BHTEE, SETEERRSONAERA BRI R, 287 Al R
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i A WT-X I3 37 N 5, X BWRE7E WT-X (B R A77E AR MEARAEASE A, Bkt A
AAEBLL R B B n=i+5k , k RIEEH, i=012-,9. GAARMERL HICEA AR
Blhn, 7Ei=00/F, 5 —NARAEBL H n=0,5,10,15,20 SRR B R0 B 348 WT-X BAG 3 ) )
PRI T (AR, BRATTAE RO op OBl IR Y], X N2 FO3A e ff v A ¢ =0, 27/5]

K24 H, D, T =R, W7-X o ITG B ARSI £E 12 Wil i 1 10 7)Ao #53 ELF# 712k
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Figure 2. The eigenmode structure of ITG mode in W7-X on the diagnostic magnetic surface for
the H (a), D (b), and T (c) plasmas, respectively
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Figure 3. The eigenmode structure of ITG mode in W7-X onthe £ =0 poloidalplane for the H
(@), D (b), T (c) plasmas, respectively
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RIOSFTTF H, D, TEET, BAREAIRRER n 5 H0E N 5 A R E B R m i E 2
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Figure 4. 2D spectrum &g, , toroidal spectrum &g, , and poloidal spectrum &g, on the

diagnosed flux surface of ITG eigenmode, for H(a, d, g), D (b, e, h), and T (c, f, i) plasmas in
the W7-X, respectively
B 4. HMIERESETIHEAH @ g), D(b,eh), T, i), W7-X & ITG fREIRLEEHE
WHWTHAE ER Z4EE DT o, , HEEDT 5, , WEIEDT 54,

K58 H, D, T=FSEE ARG, ITG B — A y BN n 324, 75 ZERK

FEAEIX BTG y MRS n #EAT VA4, SRS R R DA E 7R E, WK UE
o BEMFER n BAAL, =M TR ITG B — g K3 y A7 LT ss MR, XFF & Il 3
SRR B B T RIS R, B /K2 oo mi® o X S E B R X B ARSI Ah S AR — B, BRAT A AR )
L JR AN — UEW] 1 ITG B — G SR B e S5 A b 38 1 28 1 B A, O ELUA B0 e g
FAZ ) 4 JR B CEARL 1ITG 3K TR A ZE R .
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Figure 6. The eigenmode structure of ITG mode on the { =0 poloidalplane, without and with
the zonal flow, for the H (a, d), D (b, ), T (c, f) plasmasin W7-X, respectively
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Figure 7. Toroidal spectrum &g, on the diagnosed flux surface of ITG eigenmode, without and with the
zonal flow, for H (a, d), D (b, €), and T (c, f) plasmas in the W7-X, respectively
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