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Fig. 1. Layout of CX experimental setup with ion source system and reaction microscope spectroscopy, the supersonic gas jet flow

direction is from down to top. Erop represents the electric field of TOF spectrometer.
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Fig. 2. Measured @ spectrum of single electron capture
between Ne®* and He with different incident projectile
energies: (a) 1.6 keV/u; (b) 24 keV/u; (¢) 7.2keV/u;
(d) 20.0 keV/u. The black hollow square and the red solid
line are the results of the experimental measurement, and
the blue solid line is the response window calculated by
MCBM normalized to the peak of the experimental mea-
surement. The heavy black thread in panel (d) represents
the intensity of state selected cross sections for MCBM

calculations.

080702-3


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

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 080702

Q H &M TH/MA, X 7 3CHR [33] thanih T8y
ROf ks, 7EBS 71, Otranto 56 BY A4 T —Fp=&
T n BRI A, TR Z A X T
PR AR RS n = 3.5, X 5 Y FISLm
SR —E W 2. ILAh, B 2 i85 T T o0+
A 1 22 AR R (MCBM) B 3138 B4 s v 1, 4
DA I — 1) 52 95 00 5 ) W (B DA R A T LU 3R AT LR
i, MCBM T3 45 51 5 5256 W 5t 45 R A7 5 84
It HbE & pFE pe ae s m, £ 8B EELr. & 2(d)
BERL S MCBM #h4sc X, AL e 1
AN TR) 2 38 3 R AR S e B AR R/, AT RLSA
MCBM 5 A T35 ) B H 17 4% 1A [\] 3 it 14
n 25T HEA.

T R B H R A X A i AR
T 5 Al 4 B 1 AR A OC &R, TP X St e
225, 7EE 3 e T Ned+-He HUHL TR
PP, H5Z£i8i8 Landau-Zenner (MCLZ) #1
MCBM 58 S5 AT T . S0 a5 525
SR, 230 e MCBM MBI ZE 58, NEIEY
il S IEARFA R A, 542 MCLZPY
TR R ZE R, B 3 ATLLAE Y, SCa il & 1) 3 247
RAS (n = 4) BYAHX AT A Al A8 FE 38 I et/
M55 R N EE (n = 3, 5) % 1A B BE & 34 hin iy
#jm. MCLZ F1 MCBM B TR ZERAE n = 4
A 5 S S 45 R AT G AR, (HAE 55 8
WA WY 58 25 5. MCLZ B RARAR T n = 5 #0,
MEfE T n=2%n=3 Kk, BiSiHE n=>5
63 TE i A 4% B 1 0 T ) 361 S B 0 W R
B 14 I . MCBM W E4s T 0o = 5 9#k
T, ARAR T o= 3 AT, (B8 BE e B 1 Y 22
AR F S SRR R — 8K X PR RS E T
RIS Ty, AT 55 5 I 368 3 AR AN TR, AR
MCBM J5 1 H 5 30 f 76 SO0 R FS i R 2 g
SRR S AT G, PR e 2R M v 1 Jmy PR A SR 3 3
PR 5 LI R A —E 25 5. Bk UL, PN
PG BEAR X 32 2 iz 7 38 18 A TR0 5 S 060 B A
Eh, 6T 5555 B 7 3 3 P T 5 S g B A AR R OR 22
S, PRI 2 AR A BB (Y S R F

FRATT A BRI HH S 0 v At 0 o 1) S e R A, A
HEHL AT RS X BT R ST, SRk e TR AR
PRI AR Bl o3 AT AR B TR . A X SRR S S Rt
PN NY/BL N Sl L7 BT S U | S U S [ N @ T
L5 HAT B = 2 W 52 R BT B AR AR Y R
U ST 1 5 P B e T L e AS ek B PP I AR 1) 1S

B oA . X T 4008 E 850 n S PR, RIKY)
P B3 A LA TF 100 A0 19 20 A R R A
n o3 PRI A BRI R IT R nl 3 PRI A B A,
X F L 435 )& Statistical, Separable, Landau-
Zener-1 (LZ-1), Landau-Zener-1I (LZ-1I) LI &
Even 5 #1 B339 5 3o SC 90 5 09 n 3 PES R
T, DA KRR T 1 AR R I i ) 9%
AR, 75 7% JEAR W40 S LR )
ST DA R AR X SR 7R SR IE
BRI N, Ne*+ Al He 2 [R] 1 H fof 284 Hh L 725
MEEEIEA n =3, 4, 5 A, fFIREHHEFS
PR R O & X G2, XS Z JE IRk
SHIAR X B AE 100220 eV IURERT .

100 D

Relative cross section/%

Energy/(keV-u—1)

3 Net-He #iHL T {F 3K 1 FH 6 25 3% B AR TAT, 5200 5 A0
SR ST IR I A5 L, A5 0 R 4R JE MCBM MR
S5 E, R M B 6 5 TR RN (7RI, S0k 2
MCLZ 8 145 8

Fig. 3. Ne®*-He single electron capture relative state selec-
tion cross section, the solid shape and solid line is the re-
sult of experimental measurement, the hollow shape and
dot line is the result of MCBM calculation, different colors
and shapes represent different capture channels, and the
solid line is the result of MCLZ calculation.
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Fig. 4. Normalized Ne”t* emission spectrum after electron
capture of Ne**-He at 1.6 and 2.4 keV/u: (a) 1.6 keV/u;
(b) 2.4 keV/u. The black, red, blue, magenta, and green
solid lines represent the results calculated by the Statistical,
Separable, Landau-Zenner-I, Landau-Zenner-II, and Even
models, respectively. The black solid points represent the
results measured by Zhang 2019, the full width at half maxi-

mum is 7.9 eV.
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Experimental measurement of state-selective charge exchange
and test of astrophysics soft X-ray emission model
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Abstract

Charge exchange, or electron capture, between highly charged ions and atoms and molecules has been
considered as one of important mechanisms controlling soft X-ray emissions in many astrophysical objects and
environments. However, to model charge exchange soft X-ray emission, astrophysicists commonly use principal
quantum number n and angular momentum quantum number/ resolved state-selective capture cross section
data, which are usually obtained by empirical and semi-classical theory calculations. The accuracy of the
theoretical model is the key to constructing an accurate X-ray spectrum. With a newly-built cold target recoil
ion momentum spectroscopy apparatus, we perform a series of precise state-selective cross section measurements
on Ne®* ions’ single electron capture with He targets, with the projectile energy ranging from 1.4 to 20 keV/u.
The experimentally measured Q value spectrum shows that the process of electron captured to state of Ne™
with n = 4 is the main reaction channel, and that with n = 3 and 5 are the small reaction channels. Using
Gaussian curve to fit the area of each channel on the @ value spectrum and normalizing the area of all
channels, we obtain the n-resolved relative state-selective cross section. By comparing the measured relative
cross sections with the results calculated by the multichannel Landau-Zener method and molecular Coulomb
over-barrier model, significant difference among the strengths of small reaction channels is found. Specifically,
the multichannel Landau-Zener method overestimates the contribution of n = 2 channel and n = 3 channel, and
underestimates the contribution of n = 5 channel. The molecular Coulomb over-barrier model overestimates the
contribution of n = 5 channel and underestimates the contribution of n = 3 channel. The significant difference
between the theoretical model calculation and experimental measurement is due to the limitations of
semiclassical theoretical method and classical theoretical method. Furthermore, with [ distribution models
commonly used in the astrophysical literature, including the statistical model, separable model, Landau-Zener-I

model, Landau-Zener-II model and even model, we calculate the soft X-ray emissions in the charge exchange
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between 1.6 and 2.4 keV/u Ne¥* and He. It is found that the calculated intensities of X-ray spectra significantly
deviate from the existing measurements, and only the separable model can partly match the laboratory
simulated solar wind charge exchange X-ray measurement. Furthermore, we find that the intensity of the
charge exchange X-ray emission spectrum measured experimentally is dependent on the collision energy, while
the emission spectrum calculated based on the model seems to be unchanged with the increase of the collision
energy. These results indicate that if the classical and semi-classical models are applied to the astrophysical
plasma for studying diffusive soft X-ray background, the obtained parameters of the astrophysical plasma will

be inaccurate.

Keywords: reaction microscopes, charge exchange, state selective capture, soft X-ray
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