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Fig. 1. Schematic diagram of the 3D geometric structure of a double-driver negative hydrogen ion source.
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F 1 BT L

Table 1.  Reactions included in this model.

BN ik itk
1. e+Hy e+ H PP [25]
2. e+H—oe+H SRR [25]
3. e+Hy — 2 +H+H i B LS 26]
4. e+Hy — 2e+HJ LB 26]
5. e+Hy wed+H+H fi s [27]
6. e+Hy —»e+H-+H(n=2) itk es 28]
7. ¢e+H— 2 +HT L [26]
8. e+H—e+H(n=23) R [26]
9. e+Hn=2,3) - 2+HT L [26]
10.e+Hf —e+H +H fifk B R [26]
e+ Hf »e+HT +Hn=2) MEHL  [28
12.e +Hf - H+H G [29]
13.e +HI —e+2H+HT fit Bk [28]
14.e + HI — 3H Ry [29]
15.e + Hf — 2e+2Ht figk 25 [26]
16.e4+Hy — e+ Ha(v=1—14) WA [30]
17.e4+Ha(v=1—-14) - e+ 2H fi s (31]
18.e+Ha(v=1-14) > H+H~- MHES [26]
19.Hf +Hy » Hf +H BT [32]
20.e+H™ — 2 +H L i [28]
21.Hf +H™ — H+Ha AHE AT [33]
22.Hf +H~ — 3H AHE PR [39]
23.Hf +H™ — 2H> AR R (33]
24.Hf + H™ — 4H ML [39]
25.Ht +H- - H+H AR (39]
26.H* +H- - H+H(n=2,3)  MEHF (33]
27T.H+H™ —e+Hy WG ey (33]
28. wall & PG: Hf — Ha +H BTREEA]  [34]
29. wall & PG: Hf — 3H BIFREEA  [34]
30. wall & PG: Hf — Ha — Ha BITREEM  [34]
31. wall & PG: Hf — 2H BIFREE  [34]
32.wall & PG: HT — H BEFREEA]  [34]
33. wall & PG: H+ H — Hy HEEEH  [35,36]
34.wall & PG:H(n =2, 3) - H  H(n) BEEHAH [35,37]
35. wall & PG: Ho(v=1 — 14) »Hy, ~ EMAK [35,38]
36.PG:H — H~ FA A 40]
37.PG: Ht — H~ Fm A [40]
38.PG: Hf — 2H~ I [40]
39.PG:Hf — Ho +H™ FifiA: [40]
40.PG: H — 3H— FAm A [40]

_ En/Re
E;
Hrr &K@ E; Yy N H — H 4L
R, Y, WHT/HS /Hf — H~- L%, 0.12 4 PG
MBI EE (8 SRS IR S5 3A4 PG HLB AR
W HAE). B AT ABAYEE B, Ryno 1 Eg/Re
R AR DOE A S8 BH e
Cs AbBRFENF, X+ HIFRF: Ry = 0.42, Ey/
Rg = 1.05, X F&F: Ryno = 0.3, Ey/Rg = 2.
TRAE Hy JCHE 45 B Ak b 23 Floki+-
B R TAE T, R SO ansk 1. % 3] =4k
THEAAH, 8 14 DNEFFIRIEES Hy(v = 1—
14) AT 38HH,y (w=1—3): v=1—4 NFH—H
(w=1),v=5—9NE "4 (w=2), v=10—14
R =W (w = 3). ST T YRR R
SN B EEE, S 7SRRI TR B L
KA TR AN AT LS FRAT 1 Z i A A B3,

Yg = RN’I]() (1 ) ,Ein = Eth/REv (10)

3 #ERitib
3.1 ¥ CsiBE57 CsiERIRTLL

PR H T REAW 22 W1 (y = 25 ecm) Flf
T HIXC TR 2y V1 (2 = 22 cm) X TG Cs i
() 54 Cs I (55 3) hryiHa g BT
AR Hodh TG Cs R @ s i =4y X5 3] 0
T, WA Cs =4 5 e m A Jr X R 77
), o R AT U T 2R B 2 BRI 2
2z Vil (y = 25 em) E&DNEREFIRSE 5010
XFTFIRIX, TG Cs W54 Cs TR Y HL 25 B fe KAE
A4 (] 2(a) FIE 2(b)). WXt T4 8X, A Cs B
() L2 BRI, SOKEAE S SCHE TR, T
VERE W AEAE S BOEE B TR ] Ex BIEAS,
TS I 2 U5 X R A X B AR T
FIHRE (B 2(c) 1 2(d)), Tt Cs i 5H Cs JEm
DR /IN. F I B e R AELA TR BBl , JF HAl
FETERM AR FR I 3 4. XF T H%5 B, 6 Cs i S
A Cs TR 22 K. X0 Cs TR H % B 4K,
HARAE N 1.48x10% m 3, 3 H 78 XU k3B (1)
VER R S RAEN T X i, th Fss Pk
U UK, RS2 3R, RITE Cs IR
H & FAAAELE B AR R EGAXE LS| . ik
A Cs R, H % B RAE T LA H] 1.64x10'7 m3,
FLJC Cs Wim 1720 1AM, BT 50X g,
IR ESA T
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Vol. generation Vol. & Sur. generation
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100 100
50 50
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I
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S —150 —150
—20 v 2.56x 1010 —200 v 2.56 X 1010
0 200 400 600 800 1000 0 200 400 600 800 1000
z/mm z/mm

B2 JLCsii (E—3) 54 Cs IR (35 =80 1 22 Fifi (y = 25 cm) BB TIRSHM . JEHE N 0.6 Pa, B MRIIE A 50 kW

Fig. 2. Distribution of plasma parameters in the zzplane (y = 25 cm) in a double-driver ion source without Cs and with Cs. The

pressure is 0.6 Pa and the power of every driver is 50 kW.
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(AR Ak, TG Cs IR T2 E 25 T4 Cs I8, X
oA Cs YR P = AL 0 H % 8 5 7% %
A (107 m®), d RS IR, BT S
/N AN, 5 Cs IR RE 0 BT A ER
T fiff B R A S B sk — B L. TG Cs IR
H Cs P51 HL TR 0 AR DOMAR /N, Hodge KRS
WELA AR BERT T, DR RED R I A S R 48 T 15
REFEF. 7E 2y Pl (2 = —22 cm), JG Cs Y H %
FERKAE N 3.50%10% m 3, Mi7EA Cs JEAP AT LI
FoH 1.48x 10" m 3. fEIEMEAIVERTT, it
B PR e O A 6 A AE o 7
[ AN X R

3.2 BF CsiEff H B EXTRERNIFE

BRI U R A A AR T B ] e A P
ASKIRRITEE (WL 3(£)), A1 73 5] B A8 Al i i
(0 B T R T vk B R T RS 0 B

M. Horb B IR 1 Dl a2 ARG ) £ B2 4 v H
FURIR. FISC 3.1 TR T TR 505 1T Dy 50 45
Py = Py = 50 kW. St 15 & SRR BE Al i)
PRI R E K 56 kW(RI Py = 56 kW, Py =
50 kW) i, H %5 X FRYE R AT, PIA 5 R R
T Py =56 kW THM FIgs R, K 4, H—5 e
N T WA B IR 50 kW B, 2z V1 (y =
25 cm) M5 FARSEUMR; 5 8RR TRIE 1
DAAETHE 56 kW JG U345, AU T PRt
S SO T A DX P R Pl U o TR
T FT7E X 3. H 72 B RN BE 0 s ek T H, 4
T e, st T HE TR, HE T %
& H B3R A EE RO Y. L, IR T
PR RO S, H OB T B it m, S50 1%
o7 DX 35 i) H %% B

FEY B A N BE AR 1) 75 ik B e i PR A 4
FHAES IR E R T IR Ex BIERS, &l
S R AU O R O I e 1| BN | =)
19 cm BAARG 22 P11 (y = 25 cm) W45 E 1K
SR, Hh PRI ZRER 2 S 50 kW. 55—
GUFHLL, WS InBeAk i H 25 R L r LR DL e H %
FE BB AT PITRRAR, PR R 55 B AR S ERR Al
PR
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Fig. 3. Distribution of plasma parameters in the zy-plane (z = —22 c¢m) in a double-driver ion source without Cs and with Cs. The
pressure is 0.6 Pa and the power of every driver is 50 kW.
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Fig. 4. Distribution of plasma parameters in the zzplane (y = 25 cm) after increasing the power of driver I and adding a spacer

plate in ion source with Cs, where the pressure is fixed at 0.6 Pa.
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Fig. 5. Distribution of plasma parameters in the zy-plane (z = —22 c¢m) after increasing the power of driver I and adding a spacer

plate in ion source with Cs, where the pressure is fixed at 0.6 Pa.

B 5 NPT oy P (2 = —22 cm) BAY
EETERSHEO . B T 18 H 50 kW
56 kW J5, oy ¥ (z = 22 cm) FHFHEH A
Mo e A Sk A e s (1 5(b)), T AE My H%
TR SAMAY (K 5(h)). TWnkaiJs, B7%
JE 22 A5 WV BUEL A S (8] 5(c)), [RIFE H %5 e A2
A A A8 BB AT B B B (18] 5(1)). (HFR
Mt 5Lk © = 50 cm FfHITAY H % H B AIE
{8, Wi/ T LS.

B 2y SFIRIARZL v = 25 e (W& 5(1) iy
BELE) [ H % B T BRI B 43, aniEl 6 By
N BEARXFREEE LR B = (g — nap)/ (ng + ny) 12,
Hofrn flng 49 ERBL L 2 =28 cm Fl 2 =
72 cm ALY H . K] 6 RRYL ARSI E Py =
Py =50 kW &L, SR &K Pp = 56 kW
F1 Py = 50 kW RTE 0L, BR8N T D058
XFFREE M 0.04 BEAR R 0.01. 15 (L2 S0 RN fm
MR I OO0, 35K (A5 AN X R B R I R BE /N 0.004,
H2 H %% B R 55 (8t A7 B sl AN R B 4
HI7E 10% LA B g EA B 10 B 12431
DIASCIT R I S 80T 25 R B R A4, H
S PR T i P XS A R A ) 4 T RO

e RO AR 5 | H AR A

—=— P =50 kW —e— P, =56 kW —a— Spacer plate
16

14 +
12 1
10

ny-/(1010 m~3)

&) > [=2] o)
T T T

0 20 40 60 80 100
z/cm

K6 &k y=25cm L HHESN
Fig. 6. H density at the intercept y = 25 cm.
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Fig. 7. Magnetic filter field distribution in the zzplane (y = 25 cm) (a) without and (b) with magnetic shield; (c) profile of the mag-

netic field distribution on the driver axis.
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Fig. 8. Distribution of plasma parameters in the zzplane (y = 25 cm) without and with magnetic shield in ion source with Cs. The
pressure is 0.6 Pa and the power of every driver is 50 kW.
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Fig. 9. Distribution of plasma parameters along the axial direction with and without magnetic shield.
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Fig. 10. Distribution of plasma parameters in the zy-plane (z = —22 cm) without and with magnetic shield in ion source with Cs.

The pressure is 0.6 Pa and the power of every driver is 50 kW.
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Fig. 11. Distribution of plasma parameters at the intercept y = 25 cm with and without magnetic shield.
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

An radio frequency negative hydrogen ion source for
neutral beam injection”

XING Siyu GAO Fei! WANG Younian

(Key Laboratory of Materials Modification by Laser, Ion, and Electron Beams (Ministry of Education), School of Physics,
Dalian University of Technology, Dalian 116024, China)

( Received 23 July 2025; revised manuscript received 20 August 2025 )

Abstract

In neutral beam injection (NBI), which is a primary auxiliary heating method for tokamak plasmas, the
negative hydrogen ion source (NHIS) functions as a critical front-end component governing neutral beam
quality. The performance of NHIS remains a key challenge. This work presents a three-dimensional (3D) fluid
model, which is developed for a double-driver NHIS to simulate and optimize surface-generated negative
hydrogen ion density. A comparison of plasma parameters between the NHIS with Cs and without Cs shows
that surface generation yields negative ion density one order of magnitude higher than volume generation.
However, the presence of the magnetic filter field induces asymmetry in negative ion density within the
extraction region. To improve this asymmetry, two approaches are proposed: 1) increasing the power of one of
the drivers and 2) adding a spacer plate to the expansion region. After increasing the power of Driver I from 50
to 56 kW, the H density asymmetry at the y = 25 cm intercept on the zy-plane (2 = —22 c¢m) decreases from
0.04 to 0.01, and the value of H density increases. Following the addition of a spacer plate, the H density
asymmetry further decreases to 0.004, but the value of H density also shows a significant reduction. Finally,
adding a magnetic shield to the back plate of the expansion region further optimizes H density from 1.48x
107" m® to 2.50x10'" m 3, yielding a 69% increase downstream. This is because increased plasma transport into
the expansion region enhances the dissociation rate of Hy molecules, thereby yielding more H atoms. The
attenuation of the magnetic filter field in the driver region after adding a magnetic shield also enhances the

symmetry of the H density.

Keywords: neutral beam injection system, negative hydrogen ion source, 3-dimensional fluid modeling,

negative ion
PACS: 52.27.Cm, 52.25.Xz, 52.50.Dg, 52.50.Qt DOI: 10.7498/aps.74.20250983
CSTR: 32037.14.aps.74.20250983
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