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K BE 26k T AR () R P DA B R 7= A R
SN 91, RN, 5 HY, He2 TS 4% B T L i i B 1k
T AT O 7 BT E, bl S A R
R DL BB SR A= BE A X R, Het B FiXx—3E
BB T5 Hy0 4110 B fay 4 7% AT E0CH 15 SR 4
XFEEZ.

S b, WEARSCRTRTEM S H0 4 Tk 5
Het BB He IS HL 5474 (single charge
transfer, SCT) i &, (XA D58 I JR AR i Il 5t
FRAR H g B A AR TR %)) A R AR, Bk 20
40 70—80 4E4t Koopman% L Kz Rudd 4 11 435
T 70—1400 eV, 5—450 keV fEEJEHN Het
B bR SCT 8, 5298 22 Al ik 15% L) |
B B 1 DA SO TN A S H AR 1 ke, K
INEKS B A B B 32 5. 2000 4, Greenwood 45 ) ]
HTRERN 1, 2, 31 5 keV Y 3Het &5 7 Rlf 48 11
SCT #& M, JCH iR 2 /N T 7% (g s R 25 /N T
4%), FEHERR T A G B - 0 R 25 el 46 v 0] S
i LA B A3 200 SCT MimEdE 2 78, BA
JUIGURE 5 Fr 0 28 1 50 2 Ab B AT () 4245 31
He &1 SCT #k I, s # Al AHZ A i 17—
TR PEAL PR 22 . Rudd 55 21 DL ) Sataka 45 193] 43
ST 5—350 keV, 30—1800 keV fig & 7l Fl A
He 15 H,, O, 4+ FHEFERY SCT #kimi. {58
P IMAFLN (Bragg additivity rule)!™ ZbFRLL |
Hm K, B o(H20) = o(Ha) + 0(02)/2, Al LI
I 4 AE Y BE RV PR N Het 55 15 HLO 4 T-hlffi i
SCT # . 2008 4, Garcia 25 5 T 500, 750
F11000 keV He' B FHH FIFI T HyO /3 FHLES
BSR4 H,OF, OH*, HY, OTLL K 02,
XSGR R AR T 5 Het B 15 H,0 43 T-hlff 1)
SCT AT . FEdG H, M T A hiAs AR
WA Bf 1) Jey B 17 R St B 1 1 oK 5 AR )5 O
() He JAFAFA MG, IR EE B0 2 ) 8 i A e
HA —E S MMA.
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Z MBI SHAU A 107 ARG AR, T
T R SR S A EH A s D) e B Ze
TRIAE XS HE A A B T LA B S 4% 50 8 1) T 1
WP b ASTE T REAL T A SIFHE G 245
SR TG R B EA 2 (24
JFFA%), ISRy a2 A EE. Bl A

TR TR ER, A BMER RS
RN, BT R HUE B S IS, Zhang 5 1Y
HHET 0.25—150 keV /u (1) N5 FF1 Hy 43 il
58 1) P Ao A RO AR, AR RSB e, SR AT
B AR, ZITIE ORI R B e THE, Tk
AEFRAL S 4 AT 9 NIEERFE T Het-H,O fif
fii, MHETRAL I HoO 5552 200 THL IR 2 P M E
Tk AW R E AT Hhrz—. i, 7em
THEAORS BEARCR R IR b, 25 35 BT pRAE 2 TR
G181 71% (time-dependent density-functional
theory non-adiabatically coupling with molecular
dynamics, TDDFT-MD) £ %1 £ 28 5 fE 5 i 34
B MR 2R 0y TR A B e B 7 1. TDDFT-
MD TEAL B S RE X (—edE 10 keV/u L 1) B
TR IR TR, BEZS H BCE Y H far e B 1K
TET P CIA T4 R TR A M1 R TR Al
AR R o2,

L BTIR, 4T Het B 15 HyO 73 il 18 1Y
SCT AT HE K SL BB 24+ 0 f ik, JEHIE 2
— PR RHUEOE. — 7T, 7E 450 keV LA ERYH
e BE DXl = T2 0 P A SIS Kl TR R T
IR BH A B2 51 I 4 100 ke VDA HR IR BE DX I 3k 20>
HETHR, MR RE X =R T —
51, B — RS (4 SRR AR PR 13
F bl (A R b A L B A R Y A T AR, PRI, 7
Vi RE LT N X He 815 HyO 23 FREf#EAY SCT
BT A B e IR T3 b B AT
YE 3T TDDFT-MD B A % 1.33—1800 keV fig
HILEIN Het® 75 H,0 4 TR SCT it #
AT TR — PRI AR, PS8 T Dy A OGS AT
FERME AT SRR S RE, MRS RS A R S AR
RS LIRS, AT 5T IR A B 7 A
Ak PEARRRAZ B 5 R0 52 2% 1l AR ) Ry B R 0
5 TEEAG 5 ) WAt P R P

2 ERFBE T %

ARTAER A TDDFT-MD 4 He 85 H,0
I3 TR R, 2051 T ] T AR R B
BRI 7 5 54T RS ) B e S i, TR
A28 A1 UL SCHik [20, 22-24]. SEBRAC PR 8 iR
i} Kohn-Sham 7 F2 38 15 HL F $U 18 I R4, H
Ehrenfest i J12# ik i 1112 30
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Fig. 1. Schematic of Het-H,O collisions with (a)—(c) three different molecular orientations in the inverse collision framework. Vi is

the electron capture region of He' ion.

243101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 24 (2025)

243101

symmetry Fl Velocity Verlet 85 27 fii F#SF{H
A A U U R 28 D R B B S AL R
HL T Z [ A B P9 3RS [ R/ R 80 aau. x
50 a.u.x50 a.u., ¥ RSN 0.27 aa. B IFHEF
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FRALE Y 40 fs. YAl E GRE I 7E 100 keV
LR, ALKl 6.04x10°2 fs, 100 keV DL I
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TSI, DARIE T2 SR AT 5 A S —
A7 ], DL an R,
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Greenwood 5% 1 iy =5 K5 B2 DU &= (B AF & . FE KT
400 keV W R AE X, AT BA B H & A AL,
U FEF AR RS A0 A5 2 4% <“lal 4 #m . A
TAETEMRER TR AR 524, 5 Murakami
A4 116) L B AR () AR T A B 1 TR 2
BA 3L, 1E 16—200 keV fERFEEN, A TAE
ARBEFEI Rudd 55 M [ B0 248 1 {E 0 AR fb
#WRER JFTE 25 keV [T AYIE(E 254, 5525
{HAHZE 10%—40%. ¥ & ] Rudd % 'Y 10 keV LA
THISEEE S Greenwood 4 19 [ kg I (B AF
KNS A A a3 A A 8 2251, I H Green-
wood %5 U ZESCR HHERR T AR Het B FXF SCT
B A2, R, 1985 4F Rudd 25 1 1) 3 i )
S T AR T RE A AN iy, TRA — 2 Le il
WA Het B+ WA B 1 AA7E P g S 20 o
RS AT A7 B — e FEEE R RZ A, I o2 i far i
& BT )l 5 B P 4RO G 2R B0

JFJE TDDFT-MD B 2 B T AS [W] 1) 43§
Ha), RIAAFZE i %58 HyO 20 FASEEUE X Het
B SCT #k I Y52 . an &l 2(b) PR, Bl
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& 100f
=
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K2 (a) He™# T 15 HyO 23 TRl fi 11 50 L A7 S 3% A TED L 2% (b) AN [ 23T 3B o) %o T 9 BT MK (a) Rudd 55 12 DL Sataka 55 19 £f
B8 2 B T A RS n AL DU A5 B ) #ET, Garcia 55 19 5008 3 302 He B 7 B0 43 48R 7 A 19 Ho O+ T DA K2 I A7 0 R B 7 4T
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Fig. 2. (a) SCT cross sections of He™-H,O collisions; (b) SCT cross sections under different molecular orientations. In panel (a), the

data of Rudd et al.'? and Sataka et al.!'¥ are deduced by the Bragg additivity rule, while the data of Garcia et al.'% are the cross

sections of HyOT fragments or all ionic fragments produced by the single capture of He*t collisions. Directions 1-3 in panel (b) cor-

respond to the molecular orientations in Fig. 1(a)—(c).
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NCERTAE TR ARE, AU HyO 43 HR e SCT
BB A B . B A SRR R SR, R
] MY SCT # I AH 2= 5/, MY Re Bk VT
10 keV) B, #54rFHUA T SCT #{m 2= 5l k.
4N 1.33 keV W, AN [R) 77 1) X 8 1T %) BT Bk K /NAH 22
Ak 1.8 £ MBS - FARAE BT M A, Al
TR A I, A R 4 A B FH S B AR X
LRSI oS e 3l e D A L R DS KA A
K7, PRI i i v AN (] 3= B v ) T 25 1) A 6
BN TS RE R BAR, B -5 A R[] AH X 45
K, - FHUm BN AR LAY . AR B E, i (0L
] 1(a)) X 1 TR A R RE ok il e A
400 keV B2 —ANBE 143 A4 400 keV LAF,
J7 1) 2(VULE 1(b)) XF AT DTk A/ T 400 keV LA
B, D51 3 (WU 1(c)) SRR Y TRk AR /. X RE
25 R AT BEFN He 125 1 28 5 AR 1 L = 0K
FHEZF, Jria 1R A E AU O Ji+
B T2, ITE b= 1 aw i/ F H BT &g
T, PRSI EAR X B, ez, Ji1a) 2 7 Het
B U O JE -, iJr 1 3 Wiy Het B A1
A H R R T RCHOAER. A R RE 3G K,
TR H B SRR00 Xo ABF B F I  AE iAE FH
W, 53 Het B A1 HyO 43 AH BLAE HI B
(ETR S SN TR AR R 0k = AT = A N N [ T e
R 3 AN FHUR R Y SCT A 5 (E LA S AR
SEEE S T3 1 .

#1 Het®+5 H0 s FAFSTHU N SCT #

T8 LA K 41

Table 1. SCT cross sections of He™-H,O collisions under

different molecular orientations and corresponding average

values.

He 157 SRR 01,0 /(10710 cm?)

REREE/keV i gyl i3 P
1.33 6.4895 4.0354 7.3813 5.9687

6 7.2039 4.9772 6.5549 6.2453

16 6.7987 5.7614 6.3374 6.2992

40 5.2655 4.5122 5.6925 5.1567

100 3.3082 2.3264 2.9646 2.8664
400 0.7949 0.6441 0.6932 0.71073
800 0.2321 0.1397 0.1057 0.15917
1800 0.0226 0.0178 0.0140 0.018133

FER He B 15 Hy0 2r Thlf 8 i) SCT #%
HE 24958, BATLUIT 1A 1 R HHEERE
12 RSB S B a6 SCT HER (27bP )

AR M), JH b 43 BB i) AL 4 i e A 45 18 th— 2L
K 3(a) Frn T ANRIFEZREAR T 40 keV 1 He "B 1
PAJ5 ] 1 Rl Y SCT A Bl 24k A8 fh i .
Al WSR2 AR 5 10, 15 LA & 20 a.w i), SCT
BERARAL I LT — 2. AUEREESECN 1 au.
T (WG B, SCT ME3RS w2200, K/MHZEZ
2.5%. 3 R4 T SCT #im 1 2 51/ T 1%,
VLA TAE AR PR R A B E R 10 au. B
RSk, SCT M2 iy 2k ih U6 (i 1 B0 76 il 4 2 44
b= 2.33 a.w. kb, Sz Wt R s A ey A A Ao R i )
F/NBEE S TR AR 7 b =1 auw/e
A7 BRI S KX (R], A4 B He VB8 7 H R 7
KA T IE RIS L, PR SCT MR A 55 1 25 5
MR R, BAR BF, SCT FE L ATERTE S
b < 4 aw X E. HHHESERKT 6 aw i, lTF
He & F Al HyO 4 2Z [ AH FAE 55, SCT 748
PRXELL KA. YA S HOR T 8 acuit, SCT #E
R T, F W S50 Ak B R S HGE L, R
0—9 a.u., & LAHERGTTHE .

l 3(b) 24 40 keV Het B FREE A RIfFIR 42
™ SCT MR & mhiE A i 26, X LA 3(a)
WA AE B30, BOAIETE %0 b = 2.33 a.u i SCT %
ARSI, REWFIREART, SCT MER b 4
FIFAFAFAML. 2 2 fs LUJS, BR824 T 8L
FE. AL 22 40 fs I, 4018 3(b) H Region A Jir
IR, BHERIEARGREEAD, 25N, X RIHEISTT
BP AR IREAR 10 aa DA KA I K 40 fs 2R EL
A& FRE. TR AL TN T 2 fs Y DCHE, AnfEl 3(b)
1 Region B i, SCT ME & A RIZIAS b, X &
A& A T B - PRl e A8 72 -4
TRl L R AR D AR i st ) RUBE PN SE B, Yo 7
FHEALHE/NT 1 fs K SCT MERARBLIE, (7
VPRI, R TAR, 2O EHHEE. 1 fs
J&, Bi#E Hy0 /- T A A ], SCT MR
Tt AR RS AR, SCT MEFE TRUE.

[FIisE, B 3 AT, V; ik —4iR Het B F{73k
AR I SRS HION R far e RS AT A PR 7 TR . B
J6, Ve WA REE T B R B
M), EGE AR T AN K. R, AN v (AN AR
NS 55 I 43 R BB ST S 552 M L A 2 B AR R
R BE A AL 2R, B HL0 43 F ik i Het B
TR BT AN ], (RX e 28 i fap e RS AR
SPALEIRE YN
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Fig. 3. SCT probabilities as a function of (a) impact parameter and (b) simulation time under different He™ capture radii.
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JES) Het B 1123l TR 2 fs N, ADULEE 3 filf
i FHEARE RZUW R T K. t = 0.61 fs Bf, Hy,O
TR Het BTG, MEZMC&H —ERE
MAEEAE L, I B HyO 43720t 30 fnb B B Fr)
HL TR S RS Rk LR, ¢ = 1 fs B, PR
FEBERIZUHA . B Rl AE 2 1.74 s, H,O 43 F
JLFELATE S 2, BN TF. Bk ) Het
BT RS EE AT A B Ak, 2 =
2.61 fs B, He B A7 MAT5 A BH 8 1) oL 4% B 0 A
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Fig. 4. Snapshots of the electronic density distribution in-
side the simulation box for He™-H,O collisions.

FL 2 B A A AN T L B 5 AR ML ek, T
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At FE R L3 40 fs. AWFFEF H TDDFT-MD
D7 ARG 31 A2 R R 25 3 4 [R) 43 A 1Y) SIS
AL, VE TR T AR TS R 2 TR
T iy L R A A B AT L

4 # #

A5 T TDDFT-MD, 7£ 1.33—1800 keV
1) T8 R VS Rl Y, PR T R Het B 7 5
H,0 7 FiX —E A=k & 1 SCT #ifi. A5
AR, WBCEEE T o ASES R R
| T S E L Rt B[R] %) SCT M4 sl AT 119
S, AHFIE A T 45 R S O SR DL
FRISAEBC AT, IR P 400 keV 2247 AN 4T HL
%t SCT #5 1f 1Y 5T Mk A7 76 W 5 A 35 4, BIIR T
400 keV B}, Jya] 2 XK STk /D, & T 400 keV
B, Jr1a) 3 X #kIE A DTk /. HEAh, FE/NT 10 keV
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SPECIAL TOPIC—Atomic, molecular and materials properties data

Single charge transfer cross sections of He*-H,O collisions’
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Abstract

The charge transfer cross sections of collisions between He ions in the solar wind and H,O molecule
constitute essential data required for the astrophysical plasma modeling. However, experimental measurements
of single charge transfer (SCT) cross sections for Het-H,O collisions at low-to-intermediate energies
(corresponding to the velocity range of the solar wind) are extremely scarce, and first-priciple theoretical
calculations have not been conducted. In this study, employing the time-dependent density functional theory
nonadiabatically coupled with the molecular dynamics, the SCT cross sections are calculated for He™H,O
collisions over a broad energy range of 1.33-1800 keV. An inverse collision framework is used to investigate the
charge transfer dynamics and electron-ion coupling processes. It is found that the SCT cross section exhibits a
strong dependence on the molecular orientation. Furthermore, there are significant differences in the
contributions of different molecular orientations to the cross section between low-energy and high-energy
regions. The computed cross section results show good agreement with the existing data obtained from
experiments and classical theoretical models. This indicates that the present theoretical method and numerical
framework are not only applicable to handling the charge transfer processes in collisions between dressed ions
and molecules but also enable the quantitative analysis of the effect of molecular orientation on the cross
section. This study lays a foundation for cross section calculations of complex collision systems. The datasets
presented in this paper are openly available at https://doi.org/10.57760/sciencedb.j00213.00193.

Keywords: time-dependent density-functional theory, ion collision, charge transfer, dressed ion
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