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LAF594 = /=2 x (568.89 — 739.33)/27.2 = 3.540.
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Table 1.  Energyparameter 5 (arb.units)and yag =
Z /na (arb. units) for the ions 07+ and N6+t | sepa-
rately correspond to the cases with and without po-
larization of the ionic core.

nA IA=0 Ia=1 Ipa=2 Ian=3 a0
o't (Z="1)
2 3.540 3.487 3.500
3 2.352 2.328 2.334 2.334  2.333
4 1.760 1.748 1.751 1.751 1.750
5 1.399 1.400 1.401 1.400
6 1.166 1.167 1.168 1.167
7 1.003 1.000
N6+ (Z = 6)
2 3.040 2.987 3.000
3 2.018 1.994 2.000 2.000
4 1.510 1.497 1.500 1.500
5 1.207 1.195 1.200 1.200
6 0.999 1.000
7 0.855 0.857
0.6
O7F ion, ny =3
051 —y=0
—lxa=1

IS 0.4} —la=2

b= - - - Pointlike core

s

2 03¢

2

[
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Ton-surface distance/arb. units

B 1 O+EFEHREFERENE valna =3; s =
0,1,2,3) I JL%, Hr 1y =2H 1, =3 JLEME. BL
Xof N g AR AL AR TR

Fig. 1. Probability for the O7t ion capturing an electron
into the Rydberg states (na = 3; la =0,1,2,3), where the
values of [ = 2 and [p = 3 are equal. Dashed curves corres-
pond to the case of the pointlike core.
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Fig. 2. Probability for the electron captured into the Ryd-
berg states (np =2—7): (a) Ot ion; (b) NOt ion.
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3 3k AN DR AR A K DA B IR S A A5 v, 1 4 7 )
BN ER T H s, SEE O RS AR
A, LR X 2. R 2 T LIURE, R ey
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X 5B SR EAE YRR — 2L REg Sl
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Table 2. The neutralization distances for the 07+

and Nt ions calculated by TVM. Numbers in paren-

theses are the neutralization distances for the point-

like ionic core case.

nA Ila=0 Ih=1 Ia=2 Ih=3
o7+
2 1.27(1.28) 1.28 (1.28) (1.28) (1.28)
3 268 (2.74) 2.75 (2.74)  2.69 (2.74) 2.69 (2.74)
4 460 (4.62) 4.63 (4.62) 4.62 (4.62) 4.62 (4.62)
5 (7.01) 7.02 (7.01)  7.01 (7.01) 7.01 (7.01)
6 (9.87) 9.88 (9.87)  9.87 (9.87) 9.81 (9.87)
7 (13.30)  13.21(13.30)  (13.30) (13.30)
N6+
2 145 (1.51) 1.52 (1.51) (1.51) (1.51)
3 3.15(3.18) 3.18 (3.18) 3.18 (3.18)  (3.18)
4 536 (5.39) 5.45(5.39) 5.39(5.39)  (5.39)
5 8.13(8.22) 825(822) 8.22(822) (822
6 (11.65)  11.66 (11.65)  (11.65) (11.65)
7 (16.29)  16.37 (16.29)  (16.29) (16.29)
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Fig. 3. X-ray spectra induced by O7T ions impact on alu-
minum surfaces at (a) 3 keV/q and (b) 20 keV/q collisional
energy. The arrows indicate the calculated X-ray energies
for different Rydberg states to the ground state by FAC

code.
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%3 BT FACEFHERAR & BAR SR MEIFESERITHE (np -1s)
Table 3.  Calculated transition energy for different Rydberg states to the ground state using FAC code (np -1s).

O ion 2p —1s 3p—1s 4p —1s 5p — 1s 6p — 1s p—1s
Energy/eV 526.4 541.5 543.5 543.9 544.1 544.2

N ion 2p — 1s 3p—1s 4p — 1s 5p — 1s 6p — 1s p—1s
Energy/eV 395.8 407.8 409.7 410.1 410.3 410.4

X Ghekig, Hag g nyrh O EEr T T8 n =
2 F n=1MKTRE, XWEHIC TVM B A
[i] B A 25 B T 1) A R S A AT

400
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200

100
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400} (®)
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300 I &
I
200 f ’\
|
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100 | ¢ o\‘
[ 4 )
260 390 52 650
Energy/eV

B4 NSTESF A4 AL & O 9 X4k, b
(a) N 3keV/q, (b) } 20 keV/q. Bl #fisktrR T FAC &
J7 AR 9 A () HEL A 0 25 O 30 A 1 R

Fig. 4. X-ray spectra generated by NO6T ions incident on
aluminum surfaces at (a) 3 keV/q and (b) 20 keV/q colli-
sional energy. The arrows indicate the calculated X-ray en-

ergies for different Rydberg states to the ground state by
FAC code.
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>
104
-m- Q7+
- - N6+
5 10 15 20
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Fig. 5. X-ray yield by the bombardment of O7+ and N6+
ions on aluminium surface with 3-20 keV/q incident ener-

gies.
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Theoretical and experimental studies on the captured electron
population probability of hydrogen-like O and N ions in
collision with Al surface”
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Abstract

The study of the interaction between highly charged ions and solid surfaces not only has great significance
for basic scientific research such as atomic physics, astrophysics, and high energy density physics but also has
promising application prospects in biomedicine, nanotechnology, surface analysis, and microelectronics. In this
paper, the intermediate Rydberg states formed during highly charged O’* and N°®* ions incident on Al surface
are studied theoretically by using the two-state vector model. Both the probability of electron capture into
different Rydberg states (na =2 —7) and the most probable neutralization distances are given. The calculation
shows that the larger principal quantum number na is relevant to smaller probability. Therefore, the X-rays
emitted by O’" and N°®F ions incident on the Al surface come mainly from the de-excitation of the smaller na
to the ground state. In order to confirm the calculations, we measured the X-ray emission spectra of O’ and
N®* jons in collisions with the Al surface in the energy range of 3-20 keV/q. The experiments were performed
at an ECR ion source located in Institute of modern physics. We also calculated the transition energies (np-1s)
from different high Rydberg states to the ground state by using the FAC code. The center of the measured K
X-ray peak is close to the calculated transition energy from the principal quantum number n = 2 ton = 1, it is
consistent with our results obtained by the two-state vector model as well. In addition, we found the
experimental K X-ray yield for O"" ions incidence at lower energy collisions is almost the same with N®* ions,
but larger at higher energy collisions. When the ion incident kinetic energy is low, the X-ray emission is mainly
owing to the decay of “above the surface” hollow atoms. Because of the small difference in the critical distances
for the capture of electrons by O’" and N°* to form hollow atoms, the X-ray yields produced in both cases are
almost the same at low energy collisions. In contrast, as increasing the incident energy, the ions have a long-
range in the target, so the contribution from the decay of “above the surface” and “below the surface” hollow

atoms need to be considered at the same time.

Keywords: highly charged ions, Rydberg states, the two-state vector model, X-rays
PACS: 32.30.Rj, 32.70.—n, 79.20.Rf DOI: 10.7498/aps.70.20212434
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