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Figure 1 Schematics of charge exchange between highly charged ions
A" with atom/molecule B, and y represents the following X-ray
emission.

TR JE 2T R 1 PR R R . 3% [T #F iR JR) (Na-
tional Aeronautics and Space Administration, NASA)[¥]
A BE e B UL B — FR A R XA, At A
H R SR X A — BN PUE R SCH, X 4l i
PN EEAER PR L~ PSR- ¥ty Py NEE e 28 - % i1
RARZ —. R B S AR PR = R 3K B X vy F A
BT RIZEXFL LG n, BRHNE 517
BEE R KRR T T RAER TR, 4THEK
BImE M SE TRER X&), #— SRk
B, A BH RS F AT 28 8 5 B0 FL Ay A8 46 o 2 e A A
AR SR T KRR, ERPY REPIRA XS
R B B B RIS XA LR A &, e g A et
FE A A BH 2 3 X 2R AT 78 1 A

B RSO AR R — P KR, mBmASET
IR AFAE T Eis RARIAEE QB A WL T B 1 i
DL B4 E F P O B sl AR
e U MU 5 R L VA ) R AR B R R A Jo R AR FRLAR AT
e, BETTPAAERRS, R R AR TSR B T A XS 2
W AT I ) B L 2 —, XX 2 Tl
SR HIX S 26 S5 A (5 B XA 2 1 55 1) B A
3. e kA e T A R K SR ol AR RO 2 A U
BN A X SR AR B SO R 2 —. AT A
JEF R R AR Y], WA A R s DA R T
Fon By BT U A I A JR R A i B E T
XSRS R Re EA RS S, B, SLIR =T
7T HL AT EE B e AT A 2 T 5 R T T LA A R A
I n, PR ASIEPEBU M 2 P X 2, BN
FEAR IR R B X S 2k v A R 7,

ZE L RTIR,  HUA RS e R T E e A A I R

250008-2



MRS hEB WEY J15E RO 2025 48 558 S

TIERE, QT AR AR O AR S T BRIE IR
BUER, 3 103K A oA P 1 0 5 2 21 R SO,
WK IR S RAREE THRRARRI M EE T,
. ASCERENIE T R AR . BT AR
THT S XA 26 E BB AU S0 I BB~ A 2
s B, N AR RSB rh P N ok L 2
fith. e, GG OR £ R SR AU A ey R AT A
JE BRI B B SR e, R T R AT AR T
VR X S 2 AR LA 75 75 T 14 182 FH T 5%

2 B BREERRIVRK

e HLAT S B 5 JE 401 HL AT 2 e BURY ) i
O Z M EAE MR, A8 eIl 2 BRI 9T,
H AT 48 78kl Y. o 1o B KRR IAE TR — A
BEEAAEEAL BN EA AR E R, HiEa)Tr
FERTCIAMEAT SR M. R, B BE E AR %
PRI, B an s FH BT BEE . B RE LS.

NEA5H, BRE T FRERFEWITE FEg
B T BRI ™, B % T 2 AN AR F Bk 1
BE S () A FR A VR R . R R ARAK
FH BRI AL AR SR A 1 77300 H Al % R R
PR E AL 2R P (Classical Trajector
Monte Carlo, CTMC)"Bifil. 4> i £ (Molecular
Over Barrier, MOB) i, % i 38 W13 - 75 4 452 710
(Multi Channel Landau-Zener, MCLZ)"™*!, .0 JE4H
FEA4 )15 (Two  Center-Basis Generator Method, TC-
BGM)P. 5T 4L S A 7 1 (Atomic-Orbital Close
Coupling, AOCC)P?. 4T Uit S & 77 i%(Molecu-
lar-Orbital Close Coupling, MOCC)*", A& I 5y
FHIERS A 775 (Fully Quantum-Mechanical Molecular
Orbital Close-Coupling, QMOCC)>*) | &I %5 B 7 i J7
EL kAR A 7R WangE N HS R
70.1-10 MeV/uRE X S* 8 115 He il 1 14 5 (1) HLfif 22
Pt e, 245508 TMOCC, AOCC, CDW (Continuum
Distorted Wavefunction Approximation), CTMC5
MCLZZAE R THE f A7 R0 R i e 1 P Y L
SR, IXLEERIR T VR T A BEE 75 3 — D I SL B 50 IE.
N A A TR IR TS HTF
SRATHT B P75 5 XU 24 B R AH 5 1Y) S 3 AN ERAR F 9T
JRFFA4H.

201 HBFFRENERE

P A7 A2 AR T e S I v LT 28 B8 1 5 5 40 ik
Fait SRR OULL 1) R B B VR A A W SE M P O B B i
Z—. 19704F, ZwallyFKoopman ™Ml & T C" & T 5
He R -1-/E F 1 B v B e A7 3R 400 T, SRER AR INAE
400 eV—40 keV [ i Py B L 1 3R A8k T B RE Y
ANTTRE TN, 19765, 5% EARM IS [F 5 S % (Oak Ridge
National Laboratory)ffJCrandallZs \ "t —E0 50 7
20-80 keV A i Bl 9 C 8B T S He J5 71 F b L 47
ISR, IR AR AE X XL A7 SRA TR K T FR
FARIRA, BEEREEIG N, M7 E B s
U8, T FRL L A7 R U 3, IR AR P R
TR

LA 3 200 0 7 T 0 B ) B SR P 8 K Rkt
308 I W A7 3R R I B N BN, A L A
BN, B 5 R BRI Bm, Bofain T =

_kT Nq*j

o =17

447 PL N,~’

Hodr, KNBURZE S H AL, P, TAIL 5I81EH X 8ES
PR TR, QNS B TS, SRR
P FANG = DR HETESR). B2 3R 4ax0t
A TH ) B 1 S s = L

19814F, BlimanZ: A" FHECRE T, WE T
2¢-10g keV (g BT HLT &) fE VL m B A AC!
(2 < g <OMA" 2 <qg<12)BETH5RA/EMERS
PIEL O ARSI, SCI8 R 22 40°820%. 1982
1, Twai%s A\'HHEBISH| I 2 R e & s AT A B T
LHe#AHHAEH, R KZENE 71 keVubl N aE
1B TR A AR, R IR IR SN BT
AE B R R AL, SR 22 N30%. 32 EAEM L
K925 2 [fMeyerds NI & T A AKEAC, N, O, F
FINeZE B T 5 &R T M &5 Tl b i 17 3R 4 0]
A, NS FREETERIN0.18-8.5 keV, LI A I
MNFEFReE RT3 ke VR, H-FEIRERT 5 A5
BFReE L. 19854, Rudd ANM"MzgmE T
10-300 ke V/ufig &30 FH pyHe™ 8 15 2 Bl S 44 A F I
HLFAF 3R 4 0T, A [R AL AR R Y SEI0 R 22N
8%30%.

FH T3 K 2 V200 A 06 48 T B O3 R AR TR
RATHCS B o, B & R 1, DR e I & 1)

250008-3



MRS hEB WEY J15E RO 2025 48 558 S

LN e |
-
6

. 1 ECR ion source 2 Slit .
1 3 Magnetic analyzer 4 Electric deflectors

5 Faraday cup 6 Gas cell

7 MCP + Delay line anode

&2 PR R
Figure 2 Schematic diagram of electron capture absolute cross
section measurement.
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Figure 3 Single electron capture absolute cross sections for He™ ions
colliding with He [44].
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Figure 4 Absolute SEC (single electron capture) (blue square) and

DEC (double electron capture) (red circle) cross sections for 2Ne*
colliding with CH,, N,, and O, [44].
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Figure S Schematic diagram of the COLTRIMS.
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Figure 6 Excited state distribution following Ne'* single-electron
capture with He [73].
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Figure 7 Comparison between the measured /-resolved charge
exchange cross sections and these calculated with models [76]. (a)
and (b) represent 4s and 4p electron capture dependence on the collision
energy, respectively.
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Figure 8 X-ray spectrum in 4.5 keV/u o* charge exchange with Kr
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The collision of highly charged ions with neutral atoms or molecules is a fundamental process of quantum transition
among multi-centers, which is characterized by unique features of a strong Coulomb field condition at the atomic scale,
multi-channel involvement, and highly excited state population. Such collision processes are prevalent in various extreme
matter environments, such as hot astrophysical plasmas, fusion, and fission processes, and serve as crucial diagnostic
tools. Consequently, studying atomic collisions with highly charged ions is vital for testing fundamental collision theories
and understanding complex physics in extreme-matter environments. Here, we reviewed theoretical and experimental
studies of charge exchange dynamics and high-fidelity data production related to total cross-sections, state-selective
cross-sections, and X-ray emission over recent decades. Additionally, we highlight the significance of laboratory studies
in modeling cometary X-ray emission in the solar system and diffuse X-ray emission from other astrophysical objects.
Finally, we are able to conclude that charge exchange is ubiquitous, and its studies can enhance the understanding of
quantum transition dynamics in strong Coulomb fields and astrophysical X-ray modeling.

highly charged ions, charge exchange, absolute cross sections, state-selective cross sections, X-ray emission,
astrophysical modeling
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