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Fig. 2 Measured near-infrared spectra induced by '"“Xe’" ions with 1360 keV kinetic energy impacting on Al surface. (a) *Xe'™";
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Fig. 3 Measured near-infrared spectra induced by '"Xe’" ions with 1360 keV kinetic energy impacting on Ti surface. (a) “Xe'"";
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Table 1 Measured spectrum data induced by "’Xe‘" ions on Al and Ti surface
I Observed Reference Upper level Lower level Transition
on
wavelength /nm  wavelength " /nm Configuration Term J Configuration Term J type

AlTI 808.754+0.03 808.69 3s9f 'F° 3 3s5d 'D 2 E,
Al XTI 842.4240.01 842.40 1sdp P 0 1sds ’S 1 E,
ALTIT 960.654-0.02 960.61 2p°5d ‘D 5/2 2p°5p P 3/2 E,
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Ton Observed Referenrc? Upper level Lower level Transition

wavelength /nm  wavelength " /nm Configuration Term J Configuration Term J type
ATl 1050.72420.01 1050.68 359s ’S 1 3s6p P 0 E,
ATl 1120.52+0.04 1120.44 3s7d D 2 3s5f F° 3 E,
ALTIT  1195.6740.02 1195.60 2p°8d ‘D 3/2 2p°7p : 1/2 E,
ALXI  1251.0840.02 1251.00 1s°4d ‘D 3/2 1s%4p PT1/2 E,
AlT 1275.6940.01 1275.73 3s%5p pe 1/2 3s%3d : 3/2 E,
AlT 1315.1240.01 1315.08 3s%4p e 1/2 3s%4s ’S 1/2 E,
AlT 1359.624-0.03 1359.57 3s7d D 1 3s6p P 0 E,
AlT 1424.96+0.02 1424.90 25°2p*(°P°) 3s Ppe 1 2s°2p°(*S”) 3p P 1 E,
ATl 1583.3140.04 1583.25 3s8f F 2 3s6d D 3 E,
AIXIT  1525.03+0.01 1525.00 1s4d ‘D 2 Isdp P 2 E,
All 1595.7240.02 1595.66 35761 F5/2 3s'nd y’D  3/2 E,
AlT 1675.084-0.02 1675.05 3s'nd y’D  5/2 3s%4p P 3/2 E,
Ti 111 809.864-0.04 809.85 3p"3d5p D 2 3p°3d4d 'D 2 E,
Ti 111 825.314-0.04 825.29 3p"3d5f D 3 3p°3d5d F 4 E,
Til 845.0940.04 845.08 3d°('G)4s4p(’P?)  x°G° 4 3d°(°H)4s a’H 5 E,

Ti Il 932.49+0.01 932.48 3p"3d? P 2 3p"3d? F 2 E, M,

Till 965.0240.01 965.00 3d*('G ) 4s b*G  9/2 3d°C°F)4s a’fF 7/2  E,M,
TiXVII  989.0140.01 989.00 2p° D 3/2 2p° D 5/2 M,
Til 1075.2140.03 1075.18 3d* P, 0 3d*C°P)4s4p(’P°)  2°S° 1 E,
Til 1171.044-0.04 1171.06 3d*('D)4s4p(’P*)  x°D° 1 3d*(‘P)4s c°P 0 E,
Til 1201.084:0.03 1201.06 3d* F, 2 3d*('D)4s4p(’P?)  xF° 2 E,
Til 1295.06£0.04 1295.09 3d* *H 6 3d°CF)4sdp('P")  y’G’ 5 E,
Till 1386.37+0.02 1386.35 3d°(°F ) 5p D° 7/2 3d°(°F ) 5p ‘D 5/2 E,
Till  1425.5240.02 1425.49 3d*CF ) 4f HY o 9/2 3d°('D)4d ‘G 7/2 E,
TiX  1445.8240.01 1445.90 3s3p” P 5/2 3s3p P 1/2 E,
Till  1504.2740.02 1504.26 3d*(°F)5p F7/2 3d*C°F)4d f’F 5/2 E,
Till  1520.52420.02 1520.47 3d*(°F)5p ‘G° 5/2 3d*C°F)4d e'G  5/2 E,
Til 1544.344-0.02 1544.28 3d*4s('F, 041 [7/2]° 4 3d*4s(‘F)4d e’G 3 E,
Till 1425.5240.02 1425.49 3d°C°F ) 4f H 9/2 3d°('D)4d ‘G 7/2 E,
Til 1584.8540.05 1584.83 3d*4s(°F, ) 4f  °[9/2]° 5 3d*4s(*F)4d e’H 4 E,
Til 1635.2740.03 1635.21 3d4s(°F,)4f  [3/2]° 2 3d*4s(“F)4d e’D 1 E,
Xe II 829.780.02 829.76 5s’5p'(°P,) 5g ‘4] 9/2 5s"5p'(°P,)4f 310 7/2 E,
Xe I 855.974-0.03 855.94 5p"(’P*,,,) 9p ‘5/2] 2 5p°(°P%,,)5d  [5/2]° 3 E,
Xe II 860.474-0.04 860.42 55°5p*(°P,) 5g 6] 11/2 5s'5p*(°P,)4f 517 9/2 E,
Xe I 864.924-0.04 864.85 5p°(*P%,,) 7p ‘13/2] 1 5p°(°P°,)6s  [1/2]7 1 E,
Xe II 875.194-0.02 875.21 55"5p*(°P,) 5g ‘4] 9/2 55°5p'(°P,)4f 470 7/2 E,
Xe I 979.95+0.06 979.97 5p°(*P*,,) 6p q1/2] 1 5pP(*P°,,)6s  [3/2]° 2 E,
Xe I 1054.9540.03 1054.97 5p (°P°,,) 5f ’[3/2] 2 5p°(*P°,,,) 5d ‘[3/21° 1 E,
Xe I 1130.8924-0.03 1130.96 5p°(*P°,,) 6p ‘13/2] 2 5p"C°P%,,)5d  f[3/2]° 2 E,
Xel 1465.924-0.05 1465.98 5p°(*P,,) 7p ‘13/2] 1 5p"C°P%,,)5d  f[5/2]° 2 E,
Xe I 1666.5720.05 1666.51 5p°(°P%y,)8d  *[3/21° 1 5p°CP)7p CL3/2] 2 E,
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Fig. 4 Single ion fluorescence yield of near-infrared spectra and

potential energy of ’Xe’" ion as functions of charge ¢
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Potential-Assisted Target Atomic Ionization Excitation Radiation
Near-Infrared Spectra
Zhang Ying"’, Xu Zhongfeng’, Wang Xing’, Ren Jieru’, Zhang Yanning', Mei Cexiang’,
Zhou Xianming', Liang Changhui', Wang Wei’, Zhang Xiaoan"”
'Ton Beam and Optical Physical Laboratory, Xianyang Normal University, Xianyang 712000, Shaanxi, China;
*School of Physics, Xi’an Jiaotong University, Xi’an 710049, Shaanxi, China;
‘Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, Gansu, China
Abstract
Objective "Xe'" (¢=17, 20, 23, 25, 27) highly charged ions with a kinetic energy of 1360 keV are incident on the

surface of metal Al and Ti solid targets respectively. The near-infrared spectral lines (800-1700 nm) of excited Xe atoms
and low ionized Xe ions, and the spectral lines of excited target atoms and excited by ionization are measured during the
interaction between the highly charged ions and the surface to achieve surface electron neutralization. The experimental
results show that during the process of high charged ion incident on the metal surface, the potential energy carried by the
ion instantly (in the femtosecond range) deposits on the target surface, ionizing and exciting the target atoms. Due to the
strong Coulomb potential energy, the target atoms can form a highly ionized state and complex electronic configuration to
de-excite the emission spectrum. As the charge state of the incident ion increases, the measured spectral line intensity
rises, and the increasing trend is generally consistent with the growing trend of the potential energy of the incident ion,
which indicates that the classical over-the-barrier model is valid in the near Bohr velocity energy region. We also hope that

our experimental data can provide basic support for related research and provide new methods for spectral measurement.

Methods

platform is shown in Fig. 1. Gaseous '“’Xe atoms repeatedly collide with electrons in an 18 GHz microwave field in the

The experiment is performed at the Heavy Ton Research Facility in Lanzhou (HIRFL) and the experimental
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ECR, gradually peeling off to form highly charged '“Xe’" ions. They are introduced at the required voltage for the

experiment, and the required projectile ions are selected by analytical magnets based on the charge-to-mass ratio. The
beam spot is controlled to be less than 5 mm using a beam splitter, quadrupole lens, and aperture, and the beam intensity
is recorded via a Faraday tube. The beam enters a metal ultra-high vacuum chamber with magnetic shielding (vacuum
degree maintained at 10 ° Pa). The chemical purity of sample Al or Tiis 99.99% , and the surface has been purified with a
target area of 15 mm X 15 mm and thickness of 0.1 mm. The infrared optical window and monochromator incident slit are
perpendicular to the beam direction and form a 45° angle with the target surface. The experiment employs an infrared
spectrometer SP-2357 produced by ARC (Action Reserve Corporation) in the United States, with a grating density of
600 g/mm and a flashing wavelength of 1.6 pm. The InGaA-C detector is selected with an effective range of 800-1700 nm
and an integration time of 3000 ms. To improve the signal-to-noise ratio and measurement accuracy, we adopt a phase-
locked amplifier (SR830) and a chopper (SR540). Additionally, we have to operate in the darkroom or the dark cover

screening to eliminate or reduce the background of spectral measurement.

Results and Discussions The near-infrared spectral lines (800-1700 nm) emitted from the interaction between high
charge state '"’Xe’" (g=17-27) and metal solid targets are measured (Table 1). These spectral lines can be adopted in the
research on the damage of space-charged particles to aerospace devices, high-precision optical clocks, and in the infrared
background radiation of the universe in laboratory astrophysics. Xe ion emission near-infrared is an important basis for
manipulating Hall thrusters, with space stations performing attitude calibration and other actions in space.

Under the action of highly charged ions, it is possible to ionize and excite transitions between complex configurations
of target atoms, and electric dipole forbidden transitions (magnetic dipole and electric quadrupole transitions).
Additionally, we measure spectral lines of 842.42 nm and 1525.03 nm for helium like (Al XII) Al ions (i.e. Al""") radiation,
and 1251.08 nm for lithium like (Al XI) Al (A1) ions, which belong to electric dipole transition radiation. The 989.01 nm
spectral line for Ti XVIII (i. e. Ti"" ) de-excitation radiation belongs to magnetic dipole transition radiation. To our
knowledge, these spectral lines are predicted by theoretical predictions from 1987 and 2013, and there have been no
reports of experimental data so far.

The classical over-the-barrier model for the interaction between highly charged ions and metal solid targets in the Bohr
velocity energy region has been validated. The trend of single particle fluorescence yield increasing with the potential
energy of the incident ion is measured, which is roughly the same as the charge state trend of the incident ion rising with the
potential energy (Fig. 3). The classical over-the-barrier model suggests that the charge state of the incident ion plays an
important role in the ionization excitation of the target atom and the neutralization process of the target electron captured by

the incident ion.

Conclusions Highly charged ions are incident on a metal solid target surface and deposit the carried energy in the nano-
space of the target surface within the femtosecond time scale, which ionizes and excites the target atoms and results in
the emission of spectral lines. Some of the spectral lines are transitions between complex electronic configurations,
leading to strong electric dipole forbidden transitions. There have been no experimental data reports on the 842.42 nm
and 1525.03 nm spectral lines emitted by helium-like Al ions, as well as the 1251.08 nm spectral lines emitted by lithium-
like Al ions, and the 989.01 nm spectral lines of Ti XVIII (i.e. Ti'"") ion de-excitation radiation since the theoretical
calculation results were published in 1987. The relative intensity of the spectral lines (single ion fluorescence production)
we measure increases with the growing charge state of the incident ion, and the increasing trend is generally consistent with
the potential energy trend of the incident ion increasing with the charge state. This indicates that the classical over-the-
barrier model holds true in the energy region of the incident ion’s kinetic energy near the Bohr velocity. The research
methods for elastic and inelastic scattering caused by collisions between ions and gas target atoms are different. Due to
many novel phenomena generated by highly charged ions incident on solid surfaces, such as the controversy over Auger
and ICD processes, the energy shift caused by multiple ionization of target atoms, and the dissipation channels of total
energy and gain energy of incident ions, a large quantity of work should be done. Meanwhile, we sincerely hope that our

study can provide basic data and support for related research, and propose new methods for spectral measurement.

Key words atomic and molecular physics; highly charged ions; classical over-the-barrier model; forbidden transition; near-

infrared spectra
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