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Abstract. Electron-impact excitation of the resonance transition 6s2 6d 2 D3/2 → 6s2 6p2 P1/2
the Pb+ ion within the (6–100) eV energy range is studied spectroscopically using a crossed-beam technique.
The observed distinct structure in the energy dependence of the eﬀective excitation cross section (including
the energy region above the ion ionization potential) is primarily due to the decay of atomic and ionic
autoionizing states, produced mainly by excitation of an electron from the subvalence 5d10 shell, to the
resonance levels (directly or via the cascade transitions). The absolute cross section value for the line under
investigation was determined by normalizing the experimental curve at the electron beam energy of 100 eV
to the theoretical data obtained by the Van-Regemorter formula and found to be (0.5 ± 0.3) × 10−16 cm2 .

1 Introduction
Precise experimental measurements of electron-impact excitation of heavy ions are essential for many diﬀerent applications including diagnostics of the temperature and
density of emitting plasma, the abundances of elements
within the plasma as well as development of optical atomic
clocks, testing theories, research of atomic structure and
applications in astrophysics [1]. A detailed investigation
of high-resolution astrophysical spectra requires a large
number of accurate atomic data [2]. In addition, lead has
been identiﬁed in diﬀerent astrophysical objects. With an
ionization potential of 15.0 eV, Pb II is the dominant form
of lead in the neutral interstellar medium. For example,
o
the 6s2 6d 2 D3/2 → 6s2 6p 2 P1/2
transition of the Pb+
ion at 143.4 nm was detected in the emission spectra of
several stars [3,4]. Additional detections of the Pb+ ion
λ143.4 nm line are available in archival Space Telescope
Imaging Spectrograph data [5].
The active experimental and theoretical studies by
diﬀerent scientiﬁc teams on the electron-impact excitation, ionization, and electron-ion recombination of ions
(see, e.g., Ref. [1]) have shown that an important role
is played by the resonance processes (resonance excitation and dielectronic recombination) related to the formation and multichannel decay of autoionizing states of the
“electron + ion” system. Resonance phenomena strongly
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aﬀect the cross sections of all electron-ion collision processes, especially in the near-threshold region, which appear to be a very important additional scattering channel
in diﬀerent plasmas. The threshold region is very important in both fusion and astrophysics: cross sections and
electron energy distribution functions have their maxima
at the threshold, thereby resulting in a large excitation
rate at the threshold. Study of the resulting resonances
gives a valuable information on the dynamics of the scattering processes and should represent a test for theoretical
calculations.
Our previous studies of the In+ [6–8] and Tl+ [9] ions
with ﬁlled subvalence (n − 1)d10 shell and valence ns2
shell showed that in these cases the resonance processes
are substantially complicated due to the inter-shell interaction and relativistic eﬀects. The Pb+ ion is in the same
row of the Periodic Table as the Tl+ ion which showed
a signiﬁcant contribution of resonance processes to the
electron-impact excitation cross-sections. With the ﬁlled
5d10 and 6s2 inner shells and outer 6p shell, the Pb+ ion is
an important example of complexity of core-valence correlation, relativistic eﬀects including the Breit interaction,
and strong conﬁguration mixing. Additionally, full understanding of scattering phenomena related to both structure and dynamics of the Pb+ ion is an important step
in modeling complex multi-electron ions. Unfortunately,
no data are available so far regarding the inelastic process cross-sections at the interaction of electrons with Pb+
ions, except for the work [10] where the theoretical calculations and experimental crossed-beam measurements for
electron-impact single ionization of Pbq+ ions for q = 1–10
are compared.

Page 2 of 5

Eur. Phys. J. D (2017) 71: 31

Fig. 1. Schematic layout of experimental setup: 1 – vacuum chamber, 2 – ion source, 3 – electrostatic ion selector, 4 – cooled
atom trap, 5 and 6 – deep Faraday cups, 7 – electron gun, 8 – diﬀraction grating, 9 – vacuum monochromator, 10 – cooled
solar-blind photomultiplier.

Here we present the results on the electron excitation eﬀective cross-section measurements of the transition
o
6s2 6d 2 D3/2 → 6s2 6p 2 P1/2
(λ143.4 nm) in the Pb+ ion:
o
→ Pb+∗ (6s2 6d) 2 D3/2 + e
e + Pb+ (6s2 6p) 2 P1/2

↓
o
Pb+ (6s2 6p) 2 P1/2
+ hν.

(1)

2 Experimental procedure
The experimental procedure included bombardment of
target Pb+ ions by electrons with controlled energy and
detection of photons emitted by the excited Pb+ ions. The
schematic of the experimental setup is shown in Figure 1.
The crossed-charged-beam apparatus and the technique
applied were described in detail in our earlier studies [6,7].
Here we discuss some main aspects of the method trying
to restrict the detailed discussions to the issues speciﬁc for
the present experiment.
The features of the ion source design intending to produce single-charged lead ions in the ground state were described in detail elsewhere [6]. The ion beam current in
the collision region was (0.5–1.0) × 10−6 A at the Pb+
ions energy 800 eV. The ion beam was reproducible and

stable with the relative uncertainty better than 0.5% for
the operating period of about 300 h.
The ions are bombarded by a ribbon electron beam in
the equipotential interaction region. The electron beam
current in the energy region of Ee = (6–100) eV was
(5–50) × 10−5 A and the energy spread (FWHM) of the
electron beam was 0.6 eV.
The electron energy scale was calibrated using the excitation threshold of the λ121.6 nm line of atomic hydrogen
by electron impact:
e + H2 → H(1s 2 S) + H(2p 2 P ) + e
H(2p 2 P ) → H(1s 2 S) + hν (λ121.6 nm).

(2)

The spectroscopic threshold for producing Lyman-alpha
photons is 14.67 eV [11]. The measurement was done at
a variety of electron beam currents and both with and
without the Pb+ ion beam traversing the collision volume.
This allowed us to take into account the inﬂuence of the
space charge of the crossed charged beams.
The true electron-beam energy in the collision region was also determined using the energy calibration
formula [12]:


1/2
Se Ie
Si Ai Ii
eVe = e Vc − φ − 1/2 +
(3)
1/2
Ve
Vi
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where Vc is the cathode potential, φ is the cathode contact potential, Ie and Ii are the electron and ion currents,
Vi is the ion acceleration voltage, Ai is the ion atomic
1/2
weight, Se and Si are geometrical constants, (Se /Ve )Ie
describes the retarding eﬀect, resulting from the electron
beam space charge depression of the on-axis potential
1/2
1/2
in the collision region, (Si Ai /Vi )Ii describes the ion
space-charge acceleration eﬀect, i.e. the inﬂuence of the
ion beam space charge on the electrons as they approach
the ion beam. The procedure of the electron energy scale
calibration was described in details earlier [7]. The discrepancy between the two methods of the true electron energy
determination did not exceed 0.1 eV. The accuracy of the
electron energy scale calibration was ±0.1 eV.
The photon detection system comprised a 70◦ VUV
monochromator, a photomultiplier, and an electronic detection system. The monochromator is based on the SeyaNamioka scheme with a concave toroidal grating (50 ×
40 mm2 working area with 1200 grooves/mm) and has an
inverse linear dispersion dλ/dl ≈ 1/7 nm/mm. The radiation was detected by a cooled solar-blind FEU-142 photomultiplier. The dark count of the photomultiplier was
typically 0.2 counts/s. The photomultiplier sensitivity was
stable within 3%. A four-way chopping scheme was used
in order to separate the signal due to the inelastic process under investigation from the large background count
rate resulting from the interactions of both beams with the
residual gas. The desired signal rates of (0.5–1.2) counts/s
were extracted at the signal-to-background ratio of 1/10
to 1/20. The beam currents and photon signals were accumulated for 1000 s with typically from 5 to 10 times
per data point. The data reproducibility was ensured by
measurement performed at maximally controlled and stable experiment parameters and was veriﬁed in numerous
measurements under various experimental conditions.
The spectral sensitivity of the detection system was
determined by measuring the emission intensities of the
nitrogen atom spectral lines in the VUV range by electron impact on N2 with the electron energy of 100 eV.
The procedure of determination of the detection system
spectral sensitivity was described in detail earlier [7].
The experimental errors were dominated by the statistical uncertainties of counting. All statistical uncertainties
were quoted at the conﬁdence level of 68% corresponding
to the mean standard deviation. The diﬀerent errors were
judged to be uncorrelated and the total uncertainties were
calculated as indirect measurement errors. The total error of determination of the absolute emission cross-section
value was estimated to be 65%.

3 Results and discussion
The results of the precise experimental investigation of
electron-impact excitation of the radiative transition from
o
the 6s2 6d 2 D3/2 level to the 6s2 6p 2 P1/2
level (λ143.4 nm)
are shown in Figure 2. The bars at the points represent
the relative uncertainty at the 68% conﬁdence level. The
uncertainty of the relative emission excitation cross sections was evaluated to be ±10 %. Vertical bars indicate
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Fig. 2. Electron-impact excitation eﬀective cross section of the
Pb+ ion λ143.4 nm spectral line.

the energy positions of the Pb+ discrete states and Pb
autoionizing states.
It is seen from Figure 2 that the excitation function of
the Pb+ ion resonance line sharply increases at the threshold (Ethr = 8.65 eV) achieving a maximum at the electron
energy E = 9.2 eV. At the electron energy E ≥ 5Ethr it
decreases according to the law lnE/E which is typical for
allowed optical transitions.
The excitation function for the resonance line under
investigation is non-monotonous with distinct features not
only in the near-threshold range, but above the ionization
threshold as well. Analysis of the data on the electron
conﬁgurations and the energy positions of the Pb+ ionic
levels [13] as well as the Pb atomic [14,15] and ionic [16,17]
autoionizing states shows that the features are mainly due
to the cascade decay of ordinary 5d10 6s2 nl states as well as
autoionizing states to the 5d10 6s2 6d level at the resonance
excitation process.
The binding energies of valence and subvalence shells
in the Pb+ ion are comparable. This results in their strong
correlation. Therefore, along with the simple spectrum,
the lines of which are due to the outer 6p electron excitation with the state of 5d10 and 6s2 electrons being unchanged, the Pb+ ion has a complex spectrum originating
from the excitation of the 6s2 and 5d10 shell electrons (see
Fig. 3). The simple spectrum consists of relatively small
number of lines which, however, are rather intense, while
the complex spectrum is characterized by a wide variety
of the electronic conﬁgurations of energy levels. However,
in the energy region below the Pb+ ionization potential
(15.03 eV) there are only levels of 6s6p2 conﬁguration,
originated from the 6s electron excitation, which can not
decay to the 6s2 6d 2 D3/2 level in accordance with the
parity selection rules.
The ion Coulomb attraction favours the excitation of
the system “electron + Pb+ ” to an inﬁnite set of autoionizing states converging to each ion level. Electronic decay
of the autoionizing states with the excited ion formation

Page 4 of 5

Eur. Phys. J. D (2017) 71: 31

ionic 5d9 6s2 6pnl [16,19] and 5d10 6p2 nl [17] autoionizing
states. Note that the autoionizing states converging to the
Pb+ and Pb2+ excited states can decay to the 6s2 6d 2 D3/2
level both directly and via intermediate states.
The absolute cross section for the Pb+ ion resonance
line was obtained by normalizing the experimental excitation function to the semi-empirical calculation by the
Van-Regemorter formula [20] at 100 eV using the oscillator strength f = 0.321 [5]:
2

8π
Ry
γ (u)
σq0 q1 = πa20 · √ · fq0 q1 ·
(4)
·
ΔE
u+1
3

Fig. 3. Energy levels of the Pb+ ion.

results in resonance excitation of the spectral line under investigation. Relativistic eﬀects as well as intra- and
inter-shell correlations considerably aﬀect the autoionizing level widths and result in a variation of the ratio between the probabilities of electronic and radiative decay
of the autoionizing states. This fact considerably aﬀects
the mechanism of the λ143.4 nm line excitation.
The main channels of formation of the Pb atom
(ground state of 5d10 6s2 6p2 conﬁguration) autoionizing
states involve 5d → 6p and 5d → np (n ≥ 7) transitions, 6s → 6p transitions, and transitions within the 6p2
conﬁgurations [18]. The data on the relevant total photoabsorption spectrum and the ejected-electron spectrum
of lead vapour as well as their analysis are given in [14,15].
An important conclusion resulting from the cited works is
the absence of two-electron excitations and the stability
of the 6p2 conﬁguration. Apparently, this is the reason of
the very low probability of the 5d10 6s2 nln l autoionizing
states formation and their absence in the spectrum of lead
vapour.
Each structural feature in the excitation function correlates with speciﬁed excited ion states and/or group of
autoionizing states (see Fig. 2). Thus, two 5d10 6s6p2 7p
autoionizing states of the Pb atom [14,15] are located in
the energy range from the excitation threshold of the line
under study up to those for the Pb+ ion 5d10 6s2 7p levels.
o
Starting from the excitation energy of the 5d10 6s2 7p 2 P1/2
level (9.23 eV), the cascades from the 5d10 6s2 nl multiplets as well as decay of the 5d10 6s6p2 np (n ≥ 8) and
5d9 6s2 6p3 autoionizing states [14,15] contribute to the excitation function of the transition under investigation. An
interesting fact observed in the experiment is the detection of a structure in the energy range 15 − 50 eV, i.e.
above the ion ionization potential. Analysis shows that
this structure can be a result of the decay of the atomic
5d9 6s2 6p2 np, nf autoionizing states [14] as well as the

where σq0 q1 is the electron-induced excitation cross section
from the lower state q0 into the upper state q1 , fq0 q1 is the
oscillator strength of the transition q0 → q1 , a0 is the Bohr
radius, Ry = 13.6 eV is the Rydberg energy unit, ΔE is
the energy of the transition, u = ε/ΔE − 1 where ε is
the kinetic energy of relative motion between projectile
electron and target ion, γ (u) is the Gaunt factor chosen
on the basis of the experimental data and the theoretical
calculations of the eﬀective cross sections, the values of
which depending on the value of u are given in the cited
work [20].
Note that quantum-mechanical calculations of the electron impact excitation cross section of such multi-electron
system as single charged metal ions are complicated and
have been performed only for a small number of elements [21]. There are no data on such calculations for the
Pb+ ion available so far. Meanwhile, the semiempirical
Van-Regemorter formula is rather widely used because it
matches well with the cross sections for optically allowed
transitions (Δl = ±1, ΔS = 0) within the same shell at
high impact electron energies [22–24]. The accuracy of the
excitation cross section calculation depends largely on the
gaunt factor value. The values [20] used in our calculation
slightly diﬀer from the similar values obtained experimentally or calculated with the use of other approximate formulas [23]. In addition, the semiempirical formula under
consideration provides an accuracy up to 50% in the electron energy region ≥10Ethr [24] where the contribution of
the cascade transitions into direct excitation of the resonance transition is small and does not exceed 7–10% (see,
e.g., Refs. [12,25,26]). The discrepancy between the experimental data and the calculated curve in the energy region
≤10Ethr is due to the fact that the calculation does not
consider the contribution of cascade transitions and the
resonance contribution of autoionizing states.
The value of the excitation cross section of the resoo
nance transition 6s2 6d 2 D3/2 → 6s2 6p 2 P1/2
(143.4 nm)
+
in the Pb ion is determined to be (0.5 ± 0.3) × 10−16 cm2
at the energy 100 eV.

4 Conclusions
The eﬀective cross-section of the electron-impact excitation for the resonance line λ143.4 nm (6s2 6d 2 D3/2 →
o
) in the Pb+ ion was measured in the range
6s2 6p 2 P1/2
(6–100) eV. Distinct structural features were observed
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in the energy dependence of the eﬀective excitation cross section from the threshold up to 50 eV.
These features are most likely related to the decay
of atomic 5d10 6s6p2 np, 5d9 6s2 6p3 , 5d9 6s2 6p2 np, nf and
ionic 5d10 6p2 nl, 5d9 6s2 6pnl autoionizing states as well as
to the cascade transitions from the ordinary 5d10 6s2 nl
states. Our results show that the resonance excitation is
an eﬃcient process at the electron – Pb+ ion collisions.
This is due to the fact that (i) the electron correlations
play an essential role in this process because a two-electron
transition is possible only provided the electron–electron
interaction is taken into account; (ii) in addition to the
cascade transitions, some higher-order processes such as
the resonance excitation also play an important role.
Unfortunately, no quantum-mechanical theoretical calculations capable of adequate description of the electronimpact excitation mechanism for the Pb+ ion are available
so far. Therefore, to ensure further progress in studying
the role of autoionizing states in the eﬀective excitation
cross-sections for such complex multielectron ions as Pb+ ,
quantum-mechanical calculations with the account of both
the electron and the radiative decay of autoionizing states
are required.
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