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The L-shell x-ray of Nd has been obtained for 300-600 keV He2* ions impacting, and compared with that produced
by H" and H; ions. The threshold of projectile kinetic energy for L-shell ionization of Nd is crudely verified in the energy
region of about 300400 keV. It is found that the energy of the distinct L-subshell x-rays has a blue shift. The relative
intensity ratios of LB 34 and LB, 5 to Loy p x-ray are enlarged compared to the atomic data, and they decrease with
the increase of the incident energy, and increase with increasing the effective nuclear charge of the incident ions. That is
interpreted by the multiple ionization of outer-shells induced by light ions.
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1. Introduction

The ion—atom collisions have been extensively investi-
gated experimentally and theoretically in the past few decades
to meet the requirement of fundamental research and practical
applications.!'-8) During such collisions, the inner-shell elec-
trons of projectile and target atom can be excited by the di-
rect Coulomb ionization or charge transfer. The correspond-
ing vacancy decays radiatively by x-ray emission or nonradia-
tively by Auger or Coster—Kronig (CK) transition processes.
The parameters of the x-ray, such as, emission energy, line
width, satellite structure and production cross section, can pro-
vide significant information for the atomic structure, inner-
shell process in collisions, plasma characteristic, and so on.
Therefore, the x-ray emission studies are not only an impor-
tant method for the experimental research on atomic collision
mechanism and verification of the relative theory, but also has
important significance for many basic research, for instance,
the technique of particle induced x-ray emission (PIXE), diag-
nosis of dense plasma and laboratory astrophysics.[*~1?]

Multiple ionization state, which means more than one
outer-shell electrons are absent at the moment of inner-shell
x-ray emission, can be produced by the subsequent Auger tran-
sition and CK transition or simultaneous direct ejection of sev-
eral electrons with relatively high probability in collisions of
ion-atom by the strong Coulomb field of the projectile.!'3!4]
This action results in a reduction of the nuclear charge screen-
ing, and thus increases the binding energy of the residual
orbital electrons, and alters the fluorescence yield of radia-
tive transition. Consequently, the x-ray energy shifts to the
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high energy side, with respect to the data of singly ionized
atom, and the relative intensity ratio of the subshell x-rays is
changed. Generally, such phenomena can be caused by swift
highly charged heavy ions.!'>-!7! However, a few recent ex-
perimental results demonstrate that the multiple ionization can
also be induced by low-energy light ions.!"8-2%1 In our previous
work, such phenomena by low-energy protons and the depen-
dence on the proton energy has been investigated.[>!! Here, we
would like to present further research on the multiple ioniza-
tion for He?* and Hj ions impacting.

In the present work, the measurement of the L-shell x-ray
of neodymium (Nd) is presented for He>* ions in the energy
region of 300-600 keV, and H™ and H2+ ions with energy of
about 150 keV/u. The threshold of incident energy for Nd
L-shell x-ray emission is checked. The line energy and rela-
tive intensity ratio of the L-subshell x-rays are analyzed as a
function of the projectile energy and effective nuclear charge.
The multiple ionization induced by low energy light ions is
discussed.

2. Experimental method

The measurements have been carried out at 320 kV
high voltage experimental platform at the Institute of Mod-
ern Physics, Chinese Academy of Sciences (IMP, CAS) in
Lanzhou, China. More details of the experimental system have
been described in a previous work.[*?! The experimental setup
is shown in Fig. 1. In brief, the He?, HJ and H' ions are
produced and extracted from the electron cyclotron resonance
(ECR) ion source and selected by a 90° analyzing magnet,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and then introduced into the ultrahigh vacuum target chamber
(10’8 mbar) after acceleration, focus, multi-deflections and
multi-collimations. The divergence of the beam is smaller than
0.2°. The ion beam impacts perpendicularly onto the target
with a spot size of about @3 mm. The number of incident pro-
jectiles, which could not be measured immediately by record-
ing the target current due to the influence of the secondary
electron emission, is detected indirectly by the combined use
of a penetrable Faraday cup and a common one.

The emitted x-rays are detected by a silicon drift detec-
tor (SDD) produced by AMPTEK. The SDD has an effective
detection area of 7 mm? and a 12.5 um Be window in the
front of the detector. The SDD is placed at 80 mm far away
from the target surface in the chamber and at 135° angle with
respect to the beam direction. The detector has an effective
energy range of 0.5-14.3 keV when the gain was selected at
100, and an energy resolution of about 136 eV at 5.9 keV. The
energy calibration is done by using simultaneously two stan-
dard radioactive sources of ?Fe and 2*! Am, and then tested
by measuring the energies of the K-shell x-ray of Al, V and Fe
induced by photon irradiation, which is produced by a Mini-X
x-ray tube and has an energy of about 5-40 keV. In this way, a
precise measurement for the x-ray energy can be guaranteed.
The SDD intrinsic efficiency, which combines the transmis-
sion effect through the Be window and the interaction in the
silicon detector, is well determined by the transmission mea-
surement.

Fig. 1. Schematic drawing of experiment setup: 1, ECR ion source, 2,
analyzing magnet, 3, high volt accelerate platform, 4, barrier, 5, 90° de-
flection magnet, 6, magnetic quadrupled lens, 7, 60° deflection magnet,
8, ultrahigh vacuum target chamber, 9, target, 10, silicon drift detector,
11, x-ray recording system, 12, penetrable faraday cup, 13, common
faraday cup, 14, projectile number recording system.

3. Results and discussion
3.1. Kinetic energy threshold of Nd L-shell x-ray emission

In the present work, the incident energy of He?" ions
is 300-600 keV with interval of 100 keV. The Nd L-shell x-
rays are observed at all incident energies except at 300 keV.
As shown in Fig. 2, six distinct lines are observed and iden-
tified as Li, Loy o, Lﬁ1’3’4, Lﬁz_’]S, Ly, and L72’3.414/ X-ray,
which are emitted from the radiative decay of L-subshell
vacancies.[?>?* The corresponding vacancy is a prerequisite

for the x-ray emission. So, it is proposed that there is a ki-
netic energy threshold for the ionization of L-shell electrons
between 300 keV and 400 keV.
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Fig. 2. Typical L x-ray spectra of neodymium induced by He?* ions,
and compared with that by proton and photon.
The inner-shell process induced by ion-atom collision can
be simulated by the binary encounter approximation (BEA)

[25] Here, the ionized orbital electrons of target atom

model.
can be regarded as free electrons, and the ionization is de-
scribed as the classical Coulomb collision between the pro-
jectile and the expelled electron. The momentum and kinetic
energy are conserved. For a crude estimation, it is assumed
that, at the minimum mean collision distance, the Coulomb
potential between the projectile and the ionized electron must
be at least greater than or equal to the binding energy of the
ionized electron, if the inner-shell electrons are to be ionized.
Therefore, the kinetic energy threshold for producing holes in
the inner shell of the target atom can be estimated as!>0-28!

%2 M+ My

Eq =
th M,

Ui, ey

where 7} (z5) and M, (M) are the effective nuclear charge and
mass number of projectile (target atom). ¢ is the charge state
of incident ions. Uj is the binding energy of the ionized or-
bital electron. For He?™, the value of z’l is equal to that of q.
z’2 = zp — 8, where 9 is the atomic screening constant, and can
be derived from the analysis of optimized orbital exponents on

the computation of self-consistent-field method.?%-3]
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For Nd, the average binding energy of 2s and 2p elec-
trons are about 7126 eV and 6465 eV. Based on Eq. (1), the
kinetic energy threshold for the ionization of 2s and 2p elec-
trons are predicted as 322 keV and 375 keV, respectively. This
is in agreement with the experimental results. At the incident
energy of 400 keV, the L-shell x-rays of Nd are observed, but
they are not observed at 300 keV.

3.2. Energy shift of the L-subshell x-ray

In Fig. 2, the typical x-ray emission spectra of Nd pro-
duced by He>" ions are presented as a function of incident
energy, and compared with that of lower energy proton and

photon. The spectra can be well fitted by a nonlinear curve
Gaussian program. One can find that the energy of the spec-
tral lines produced by He>" ions are similar to the result of
proton, and have a blue shift toward the high energy direction
than that of photon, which can be considered as a standard
atomic spectrum. For example, the measured energies of the
six L-subshell x-rays are listed in Table 1. There is no ob-
vious regular change with the increase of kinetic energy, and
they are almost constant within the estimated error range, but
larger than that of a singly ionized atom and that of photon,
which is nearly the same as the atomic data apart from Ly;.

This is consistent with the result of lower energy proton. [>!]

Table 1. Energies of Nd L-subshell x-ray induced by He?* ions. For comparison, the data of the singly ionized atom (DSIA) and that produced

by 5-40 keV photon and 200 keV protons were also given. 2324311

Li (eV) Loy o (eV) LBi34 (eV) LB 15 (eV) Ly (eV) Ly, 344 (€V)
400 keV He” 4657i3 5245i3 5765i5 6124}7 6627i7 6922i7
500 keV He?* 465143 525243 576545 61297 66357 691627
600 keV He?* 465343 525143 57695 612647 66357 691647
Proton 3] 465943 525243 576445 612443 66195 69135
Photon 3! 463343 522843 572745 6090 3 65925 68935
DSIA[23.24] 4633 5228 5726 6090 6604 6894

In the previous work, we have investigated the multiple
ionization induced by lower energy proton and the dependence
on the incident energy by analyzing the L-subshell x-ray emis-
sion. In the energy range of 100-250 keV/u, the outer-shell
electrons of medium Z elements, such as M, N, and O, can be
multiply ionized by the bombardment of light ions, and the ex-
tent of such multiple ionization decreases with the increase of
incident energy. It is proposed that the same is anticipated for
He?t ions. Here, the observed blue shift mainly results from
outer-shell multiple ionization of Nd by the He>* impacting,
and that presents a dwindling trend as a function of the incident
energy. And it can also be verified in the following discussion
of the relative intensity ratio. However, due to the limitation
of the detector’s energy resolution, no obvious distinction of
the experimental blue shift is obtained for various projectile’
energy.

3.3. Relative intensity ratio of the L-subshell x-ray

In addition to the blue shift of energy, multiple ioniza-
tion of outer shell can cause changes in the x-ray fluores-
cence yield, because the probability of radiationless transi-
tion is altered due to the absence of electrons in outershells.
This will result in a change in the relative intensity ratio of
the L-subshell x-rays. It can be seen from Fig. 2 that al-
though the spectral shapes at different incident energies are
relatively similar, there is a significant decrease in the L 3 4
x-ray emissions with increasing incident energy, compared to
that of Lo » x-ray. For further quantitative analysis, the rela-
tive intensity ratios of LB 3.4 and L, 15 to Loy oX rays are in-
vestigated. As shown in Figs. 3 and 4, the ratio is higher than

the atomic data and that of photon and proton, and is dwindled
as the incident energy increases. This provides another cred-
ible evidence for the outer-shell multiple ionization of target
atom by impact of lower energy light ions.

The LB 3 4 x-ray consists of three lines, which come from
the radiation transitions of My—L,, M3—L| and M»—L, respec-
tively. LB and Loy » x-ray mainly originate from the transi-
tions of 3d electrons to L, and L3 vacancy, and the correspond-
ing fluorescence yield are 0.031 and 0.058 for Nd. The Auger
yield a, and a3 for the decay of L, and L3 vacancy are 0.724
and 0.875.13233] They are not much different in the same mag-
nitude. When the outer shells are multiply ionized, the drop in
Auger yield should be at the same extent, and the resulting en-
largement in the fluorescence yield should also be of the same
magnitude. This will not result in an obvious change in the
relative intensity ratio of LB 3 4 to Loy o x-rays.

1.2
- He2+
---- Proton
---Photon
LOF + — Theory

ol + o %

06k e e e e e e e e o e e o e o o ]

0.4

Intensity ratio of Nd LB 34 to Loy

100 120 140 160
Incident energy of He?* ions (keV/u)
Fig. 3. Relative intensity ratios of Nd LB 34 to Loy » x-ray for He?t
ions impact as a function of the incident energy, and the data for

200 keV proton, 5-40 keV photon, and the theoretical calculation for
the singly ionized atom.
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Howeyver, there is an additional channel of CK transition
for the decay of L, vacancy compared with that of L3. In
the case of multiple ionization, the Coster—Kronig yield f»3
is diminished. Correspondingly, the probability of radiation
transition, namely, the fluorescence yield of LB; x-ray, will in-
crease. Moreover, owing to the absence of some outer-shell
electrons, some of the non-radiative transition is restricted for
the de-excitation of L; vacancy, and the fluorescence yield @
increases. This will result in an enhancement of the Lf3 4 x-
ray emission. In summary, the experimental relative intensity
ratio of LB 34 to Loy » x-ray is enlarged as shown in Fig. 3,
and decreases with increasing incident energy as the dawdle
of the multi-ionization degree.

The LB, 15 and Loy » x-rays are mainly the result of ra-
diation de-excitation of L3 vacancy filled by N and M elec-
trons, respectively. When multiple electrons are missing in
the outer shell, the Auger transition filling the L3 vacancy is
suppressed, and the corresponding radiation transition is en-
hanced, because the sum of fluorescence yield w3 and Auger
yield a3 is unity. The Auger yield a3 of Nd is almost 9 and 46
times higher than the fluorescence yield of Loty » and LB, 15 x-
ray.3233] The fluorescence yield of LB, 15 x-ray is more sus-
ceptible to the effect of multiple ionization. As a result, the
L, 15 x-ray emission has a larger enhancement than that of
Loy 5. The relative intensity ratio of LB, 15 to Loy o x-ray is
higher than the atomic data as shown in Fig. 4.
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g L L L
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Fig. 4. Relative intensity ratios of Nd L ;5 to Lo » x-ray for He?*
ions impact as a function of incident energy, and the data for 200 keV
proton, 5-40 keV photon, and the theoretical calculation for the singly
ionized atom.

3.4. Dependence of multiple ionization on the effective nu-

clear charge

In a simple approach based on the independent-particle
framework, the electron correlation effect is not taken into ac-
count, and the multiple ionization can be treated as simulta-
neous independent single ionization of the orbital electrons.
The probability of multiple ionization can be estimated by that
of the single ionization. If the ionization probability of per
electron is constant in the same shell, the cross section of si-
multaneous single L and n-fold outer-shell ionization can be

n.[34-36] Therefore, one

expressed by the binomial distributio
can find that the multiple ionization degree is positive to the
single ionization cross section. Single ionization produced by
light ions is mainly induced by direct Coulomb collision. Such
cross section is proportional to the square of the effective nu-
clear charge of incident ion.!*! As a result, the multiple ion-

ization degree should be positively related to the effective nu-

clear charge.
120
Lay 600 keV He2+
L51,3,4
80
40F L5
L71 Lyy3 a4
Ll N2
60 300 keV Hej
£ 40r
=]
Q
© 20t
.‘.Mt.u
) +
sl 159 k?V H

450 525 600 6.75  7.50
X-ray energy (keV)

Fig. 5. The L x-ray spectra of neodymium induced by He?", H;' and
H ions with the same single-nucleon energy.

As we all know, the effective nuclear charge of H™ and
Hej are 1 and 2, respectively. By comparing the experi-
mental and theoretical values of the potential function of hy-
drogen molecule-ion (H;r ), the effective nuclear charge of
H;r is obtained of about 1.23, which is between that of HT
and Hez+ 37381 As mentioned above, the outer-shell multiple
ionization of Nd produced by H2+ ions impacting should be
stronger than that by H' and weaker than that by Hezr .

Figure 5 presents the Nd L-shell x-ray spectra produced
by He>", H and H" ions with the energy of 150 keV/u. It
is obvious that the relative intensity of LB, 5 X-ray is vari-
ous for different incident ions, compared to the emission of
Loy p x-ray. For further analysis, the relative intensity ratios
of LBi34 and LB, 15 to Loy » x-rays are extracted from the
original counts. As shown in Figs. 6 and 7, the experimental
results are larger than the theoretical value of single ionized
atom and data of photon. In addition, this ratio increases as
a function of effective nuclear charge. According to the ef-
fect of multiple ionization on the relative intensity ratio as dis-
cussed in Subsection 3.3, the present result confirms that the

063204-4
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multiple ionization of Nd produced by low energy light ions
is positively correlated with the effective nuclear charge of the

incident ion.
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Fig. 6. Relative intensity ratios of Nd LB; 34 to Lot for HT, H2+ and
He”" ions impact, and the data of photon and theoretical calculation for
the singly ionized atom.
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Fig. 7. Relative intensity ratios of Nd L ;5 to Lo for H, Hz+ and
He?* ions impact, and the data of photon and theoretical calculation for
the singly ionized atom.

4. Conclusion

The Nd L-shell x-ray emission has been studied for the
impact of 300-600 keV He?* ions and H, Hj ions with en-
ergy of 150 keV/u. It is indicated that there is a threshold for
the Nd L-shell ionization in the energy region of 300400 keV.
The outer-shell electrons of Nd are multiply ionized by light
ions, at the moment of L x-ray emission. This leads to a blue
shift of the x-ray energy and an enhancement of the relative in-
tensity ratios of the L-subshell x-rays. The extent of such mul-
tiple ionization is dwindled with increasing the incident energy
and is enlarged as the projectile’s effective nuclear charge in-

creases.
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