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Abstract.  The charge exchange of multiply charged fluorine and 
lithium ions with Ne atoms in a gas jet was recorded from the line 
spectra in the 125 – 350 Å range, which arise from the radiative 
decay of the excited states of Li II – III and F III – VIII ions popu-
lated in the charge exchange. In the F III – VI ion spectra obtained 
from the plasma – gas interaction region we observed transitions 
from levels with an open (partly filled or completely open) 2s-shell, 
which may be populated in sequential events of single-electron 
charge exchange as well as in double- and many-electron charge 
exchange. Partial cross sections were calculated for the single-elec-
tron charge exchange of F VIII ions with Ne atoms. By way of 
Hartree – Fock energy level calculations it was possible to reveal 
resonances between the ground states of k-fold (k = 1 – 4) ionised 
donor atoms and the states of k-fold excited multiply charged fluo-
rine ion resulting from the k-fold charge exchange of F VIII ions. 
These resonances may be responsible for the relatively large cross 
sections of double- and many-electron charge exchange.

Keywords: multiply charged ions, fluorine, single- and multielec-
tron charge exchange, soft X-ray range, laser-plasma radiation 
source, imaging diffraction spectrometer, normal-incidence X-ray 
multilayer mirrors.

1. Introduction

Our work is concerned with the experimental investigation of 
the  charge  exchange  of  fluorine  and  lithium  ions  with  the 
atoms of a rare-gas jet (electron capture to the excited states 
of ions followed by their radiative relaxation)

Xq+ + A -® X*(q – k)+ + Ak+,

where Xq+ is an incident multiply charged ion; A is a neutral 
rare-gas atom (the donor atom); X*(q – k)+ is the ion of multi-
plicity q – k in an excited state [which is characterised by the 
principal (n) and orbital (l) quantum numbers in the case of 
single-electron charge exchange, Xnl

(q – 1)+]; and Ak+ is the resul-

tant k-charged ion. Different values of k = 1, 2, ... correspond 
to single-, double-, and multielectron charge exchange. In our 
experiment we  recorded  the  line  radiation  arising  from  the 
radiative  decay  of  the  excited  ion  states  populated  in  the 
charge exchange.

The interest in these processes is due to the fact that the 
resultant ion X*(q – k)+ finds itself  in an excited state and the 
charge-exchange cross section may amount to 10–15 – 10–14 cm2, 
which exceeds the cross sections of other elementary processes 
involving multiply charged ions. The quasi-resonance charac-
ter of charge exchange makes it possible to selectively popu-
late the levels of multiply charged ions and produce popula-
tion  inversion  on  their  transitions  in  the  soft X-ray  (SXR) 
range [1 – 3]. Experimental research in this direction was ear-
lier pursued and is presently underway [4, 5].

Experimental data  [6] acquired  in  ion-beam experiments 
testify  that  double-electron  charge-exchange  cross  sections 
for ions may be as high as the single-electron charge-exchange 
cross section, while three-electron charge-exchange cross sec-
tions may amount to 20 % – 30 % of this value. 

In the present work we recorded the charge exchange of 
multiply charged fluorine ions with Ne atoms from the line SXR 
radiation of the multiply charged ions arising from the radia-
tive decay of excited states populated in the charge exchange. 
The fluorine ions were produced in the irradiation of a solid 
LiF target by the nanosecond pulses of a pulse-periodic laser. 
The LiF target was selected for the following reasons.

(i) The ions Li I – Li III possess only a few spectral lines 
in the 125 – 350 Å range under investigation. In the interpre-
tation  of  charge-exchange  spectra  this  permits  virtually  all 
lines to be unambiguously identified with the lines of fluorine 
atoms. 

(ii) The strong transitions 1s – 2p in Li III (135.0 Å) and 
1s2 – 1s2p in Li II (199.28 Å) are good reference lines, which 
simplifies the procedure of determining the dispersion curve 
and facilitates the identification of spectral lines. The radia-
tive  transition wavelengths  required  in  the  identification  of 
the spectra were borrowed from Refs [7].

Earlier  in  Refs  [8,  9]  an  investigation  was  made  of  the 
charge  exchange  of  carbon  and  boron  ions  with  rare-gas 
atoms. Investigations with fluorine atoms are of fundamental 
importance in revealing the general tendencies for the charge-
exchange cross sections of the ions of complex atoms (with a 
large atomic number). The objective of the present work was 
to investigate the charge exchange of multiply charged fluo-
rine atoms with multielectron atoms (with Ne in the present 
case) employing the technique of imaging SXR spectroscopy. 
We had to abandon the idea of experimenting with O and N 
ions, because a convenient solid target is required in the gen-
eration of laser plasma. 
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2. Experimental facility

Our experiments were performed in the IKAR vacuum cham-
ber (Æ 0.9 ́  3.8 m) equipped with an oil-free pump. The resid-
ual pressure in the chamber was no higher than 10–4 Torr. At 
the  end  of  the  vacuum  chamber  was  a  pulse-periodic  laser  
utilising a neodymium-doped yttrium orthoaluminate crystal 
(Nd : YAlO3, 0.5 J, 6 ns, 1.08 mm). The laser target was a ground 
disk of LiF rotated by an electric motor. The laser beam was 
focused to a spot with an effective area Seff ~ 10–5 cm2 on the 
target with the use of a dense flint glass lens with a focal length 
f = 75 mm. The peak intensity of laser radiation at the centre 
of the focal spot was ~ 1013 W cm–2.

A pulsed Ne jet was produced by a pulsed electromagnetic 
valve with a supersonic nozzle whose opening was timed to a 
laser shot. The valve made use of a supersonic 10-mm-long 
conic nozzle with an outlet 1.0 mm in diameter and an outlet-
to-input hole  area  ratio Sout/Sin »  5.0. The valve  remained 
open for ~ 1.5 ms, the Ne stagnation pressure was made equal 
to  1.0 – 2.2  atm. The  density  distribution  in  the  gas  jet was 
earlier  investigated from the absorption of l = 135 Å back-
lighting radiation [10]. The density of Ne atoms on the jet axis 
was equal  to (1 – 2) ´ 1018 cm–3. The  jet axis was parallel  to 
the  target plane and was  spaced at ~ 1 cm from the  target. 
The stream of multiply charged fluorine and lithium ions pro-
duced by focusing the nanosecond pulses on the solid LiF tar-
get was directed onto the supersonic Ne gas jet to give rise to 
charge exchange in the interaction with the jet (Fig. 1).

Figure 2 shows the optical diagram of an  imaging (stig-
matic)  diffraction  SXR  spectrograph  [11],  which  possesses 
spatial resolution along one of the axes. The spectrograph is 
assembled on the 0.6 ´ 3.6 m optical table accommodated in 
the IKAR vacuum chamber and comprises an entrance slit, a 
broadband normal-incidence  concave  (R =  1 m) multilayer 
mirror (MM), a wide-aperture free-standing transmission dif-
fraction  grating  (TG)  (1000  lines mm–1,  5  cm2  area),  and  a 
film holder of radius 167 mm with UF-4 X-ray photographic 

film located at a distance d = 500 mm from the grating. (For 
small diffraction angles,  the  spectral  focal curve  is approxi-
mated by a circle of radius d/3.)

The wideband concave spherical MM serves as the focus-
ing element of  the spectrograph. This  is a Mo/Si multilayer 
structure optimised for maximum uniform reflectivity in the 
125 – 250 Å wavelength range [9, 11 – 13]; the L-edge of absorp-
tion in Si (l = 125 Å) defines a sharp decrease of the mirror 
reflectivity in the domain l < 125 Å and the short-wavelength 
bound of the operation range of the spectrograph. However, 
at wavelengths  longer than 250 Å  there are no prerequisites 
for a sharp fall in reflectivity, permitting the use of this spec-
trometer at  longer wavelengths as well. In particular,  in the 
irradiation of  a magnesium  target we observed  the  doublet 
1s22s  2S1/2 –  1s22p  2P3/2, 1/2  in Mg X  ion with wavelengths  of 
609.89 and 624.95 Å.

The  entrance  slit  and  the  centre  of  the  film  holder  are 
located on the Rowland circle associated with the concave MM. 
The distance between the detector centre and the entrance slit 
is equal to 210 mm, while the radius of curvature of the focus-
ing MM is 1 m. The radiation reflection from the MM there-
fore takes place at small angles of incidence (~ 0.1 rad). As a 
result,  the aberrations of  the optical  arrangement are  small 
and  the  spectral  images of  the entrance  slit on  the  sensitive 
detector surface are highly stigmatic. 

The spectrograph’s field of view (20 mm vertically) encom-
passes both the region of laser plasma emission near the solid 
target and the charge-exchange region, making it possible to 
record the spatial picture of plasma – gas interaction (Fig. 1). 
The distance of the axis of the plasma cone from the entrance 
slit is 15 mm, which gives a recorded zone width of 0.75 mm, 
taking into account the spectrograph’s acceptance angle. The 
simultaneous recording of a large number of spectral lines in 
the charge-exchange region furnishes information about the 
distribution of charge-exchange products over ion multiplici-
ties and energy levels with different n and l.

The  spectra  are  recorded  on UF-4  X-ray  photographic 
film  in  several  hundred  laser  shots.  The  plate  scale  for  the 
spectra recorded is equal to 20 Å mm–1 and the spectral width 
of the entrance slit is 0.6 Å. 

The total  intensity of  the  line spectrum arising from the 
charge-exchange region is approximately an order of magni-
tude lower than that arising from hot plasma emission region 
at  the  target  surface. However,  it  is  expedient  to  deal with 
comparable exposure levels in different sections of the X-ray 
photographic  film,  which  has  a  relatively  narrow  dynamic 
range. With this object  in view,  in the course of our experi-
ments on exposing the film to some ten shots the domain of 
the field of view above ~ 3 mm from the target surface is shut 
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Figure 1. Mutual arrangement of the laser-plasma expansion cone ( 3 )
and the neon jet ( 5 ); ( 1 ) rotating target; ( 2 ) lens, which focuses laser 
radiation; ( 4 ) nozzle of the pulsed gas valve; ( 6 ) interrupter level; ( 7 ) 
field of view of the spectrograph.
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Figure 2. Schematic  of  the  imaging  diffraction  spectrograph  for  the  
region l > 125 Å. 
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off by an electromagnetic interrupter (EMI) located near the 
entrance slit of the spectrograph (Fig. 2). 

3. Experimental results and discussion

3.1. Spatial dependence of line intensities

One  can  see  in  Fig.  1  that  the  spectrograph’s  field  of  view 
includes both the surface of the LiF target and the region of 
the charge exchange of multiply charged fluorine and lithium 
ions  in  the  gas  jet.  The  spectrum  of  plasma  emission  near 
the target contains the spectral lines of the ions F III – F VIII 
and  Li  II – Li  III  (Fig.  3).  The  intensities  of  spectral  lines 
decrease rapidly with distance  from the  target. However,  in 
the plasma – gas interaction region the intensities of some of 
the  lines  start  to  increase  again,  which  is  testimony  to  the 
active population of excited states of plasma ions in the course 
of charge exchange. This kind of dependence of line intensi-
ties will  be  referred  to  as  the  ‘charge-exchange-like’  behav-
iour. In this case, the ‘charge-exchange-like’ behaviour of, for 
instance, the lines of the F III ion may correspond to the charge 
exchange of the ions F IV – F VII (depending on the charge-
exchange multiplicity, k = 1 – 4), which results in the popula-
tion of F III ion levels. 

At the first stage of the investigation we made a series of 
‘probing’  experiments  for a non-sharp  focusing of  the  laser 
beam.  The  spectra  recorded  in  this  case  (Fig.  3a)  contain 
charge-exchange lines of Li II, Li III and of the group of ions 
F III – F VI,  testifying to the charge exchange of  the Li III, 
Li IV, and F IV – F VII ions with Ne atoms. Characteristic of 
these  spectra  is  the  occurrence  of  relatively  strong  charge- 
exchange lines of the ions F III and F IV, which become sub-
stantially weaker with sharpening the laser pulse focusing on 

the target. This is best exemplified by the 2s22p3 – 2s22p2(3P)3s 
transition (315.5 Å) in the ion F III (line C in Fig. 3a). 

In the spectra recorded for a sharp focusing of laser radia-
tion, the intensities of the F III and F IV ion lines are substan-
tially weaker and there emerge strong charge-exchange lines 
of F V – F VIII  ions. The  strongest  charge-exchange  line  in 
Fig. 3b arises from the 1s22p – 1s23d transition (127.7 Å) in the 
ion F VII (near the target this line is even stronger than the 
135.0-Å line of the Li III ion). 

It  is customary to  judge the sharpness of  laser radiation 
focusing from near-target line intensity ratios between ions of 
different multiplicity. It can also be indirectly judged from the 
intensity ratio between the 135-Å (Li III, 1s – 2p) and 199.28-Å 
(Li II, 1s2 – 1s2p) lines in the charge-exchange region. In par-
ticular,  a  significant  strengthening  of  the  charge-exchange 
Li III line and, conversely, weakening of the Li II line is seen 
in passing  from  the  spectrum  in Fig.  3a  to  the  spectrum  in 
Fig. 3b, i.e. with sharpening the focusing. The 127.7-Å (F VII) 
to 315.5-Å (F III) line intensity ratio in the region of interac-
tion with Ne is also a good indicator of the sharpness of laser 
radiation focusing on the target. 

3.2. Characteristics of single-, double-, and multielectron 
charge exchange 

In the interaction region we recorded three charge-exchange 
lines in each of the ions F VIII and F VII, 19 charge-exchange 
lines of F VI, 43 lines of F V, 54 lines of F IV, and 40 lines of 
F III. The strongest lines observed in the plasma – gas interac-
tion region under a sharp laser radiation focusing on the tar-
get are collected in Table 1. The set of spectral lines excited 
in the plasma – gas interaction region does not coincide with 
the set of lines emitted in the hot plasma region at the target; 

B2 C A2 B1 A1 0 A1 B1 A2 C B2

B2 A3A2B1B1B2 A1A1A2A3

LiF

Ne

~1 cm

LiF

Ne

~1 cm

a

b

Figure 3. Charge-exchange  spectra  obtained  for  non-sharp  (a)  and  sharp  (b)  radiation  focusing  on  the  target. Lines A1 – 3  correspond  to  the 
135.0-Å line of Li III in different diffraction orders, lines B1,2 correspond to the 199.28-Å line of Li II, and line C to the 315.5-Å line of F III. 
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also different are their ratios. This applies both to the ratios 
between  line  intensities  of  a  specific  ion  and  to  the  ratios 
between the intensities of lines of different ions. 

Attention is drawn to the fact that about 15  lines  in the 
charge-exchange  region  belonging  to  the  ions  F  IV – F  VI 
arise from transitions from levels with an unfilled (partly filled 
or completely vacant) 2s shell. These are the 2p2 – 2p4s (F VI, 
l = 129.5 Å), 2s2p2 – 2p23p (F V, 136.9 Å), 2s2p2 – 2s2p4s (F V, 
138.2 Å), and 2s2p3 – 2s2p23d  (F IV, 208.5 Å) transitions. The 
states of  this kind are not populated  in collisions with elec-
trons in a cold tenuous plasma. In the plasma – gas interaction 
region these levels may be populated in two ways. First, in the 
sequential  single-electron  charge  exchange  when  the  fre-
quency  NNe sCEu  of  single-electron  charge-exchange  events 
exceeds  the  characteristic  radiative  transition  probability 
A(2p ®  2s). Here, NNe  is  the density of neon atoms, sCE  is 
charge-exchange  cross  section,  and  u  is  the  ion  velocity. 
Second,  in  the  double-,  triple-,  and  multielectron  charge 
exchange (k = 2, 3, ...) into states with k excited electrons. The 
charge-exchange multiplicity k may be judged from the num-
ber of electrons in the excited states of the resultant multiply 
charged ions X*(q – k)+ in the charge-exchange region (strictly 
speaking, the multiplicity may be greater than the number of 
excited electrons in the initial level of the transition if a part of 
the electrons has had time to relax or escape to the continuous 
spectrum as a result of an Auger transition). 

Sequential single-electron charge exchange. In our experi-
ment, in the case of transit through the paraxial region of the 
gas jet the free path of fluorine ions relative to single-electron 
charge exchange was much shorter than the jet diameter, and 
the frequency of single-electron charge exchange events in this 
region was ~1010 s–1, which is much higher than the character-
istic probability of allowed radiative transitions A(2p ® 2s) ~ 

108 – 109 s–1. This makes possible the population of levels with 
an unfilled 2s-shell in the sequential charge exchange of fluo-
rine atoms in collisions with different donor atoms. 

The plasma generated in the central part of the focal spot 
is dominated by He-like F VIII ions. Calculations of the par-
tial charge-exchange cross sections show that the total cross 
section for single-electron F VIII ion charge-exchange with Ne 
atoms is almost entirely due to the p-shell electrons of Ne and in 
the collision energy range of interest [0.05 – 0.8 keV nucleon–1, 
which  corresponds  to  the  characteristic  ion  velocities  of 
(1 – 4) ́  107 cm s–1] is equal to ~ 10–15 cm2 (Fig. 4). In this case, 
the main contribution to the total cross section is made by the 
partial  charge-exchange  cross  sections  for  levels with n = 5 
and 6, which have energies closest to the ionisation energy of 
Ne atoms, as well as for level with n = 4 (for collision energies 
of ~ 0.3 keV nucleon–1 and above). The partial charge-exchange 
cross  sections  were  calculated  by  the  ARSENY  code  [14] 
elaborated by E.A. Solov’ev on the basis of the effect of hid-
den  crossing  of  quasimolecular  levels.* This  effect was  first 
discovered in Ref. [15].

Table 1. Strongest  lines  in  the  charge-exchange  spatial  region  of  the 
spectrogram.

      
Recorded

   Charge- 
 

l (Å)
  Ion 

radiative
  exchange  Probable

    X*(q – k)+ 
transition

  multi-  acceptor
        plicity 

127.7 – 127.8  F VII  1s22p(2P0) – 1s23d(2D)  1  F VIII
  129.5  F VI  2p2 – 2p4s  2  F VIII
  132.5  F V  2s2p2(4P) – 2s2p(3P0)4d(4D0)  2  F VII
  135.0  Li III  1s – 2p  1  Li IV 
  136.9  F V  2s2p2(4P) – 2p2(3P)3p(4D0)  3  F VIII
  138.2  F V  2s2p2 – 2s2p(3P0)4s  2  F VII
  139.8 – 139.9  F VI  2s2p(3P0) – 2s3d(3D)  1  F VII
  145.2  F V  2s2p2(2D) – 2s2p(3P0)4d(2D0)  2  F VII
  147.9 – 148.1  F V  2s2p2(g2P0) – 2s2p(3P0)3p(2D)  2  F VII
  153.7 – 153.9  F VI  2s2p(3P0) – 2s3s(3S)  1  F VII
  156.2  F VI  2s2p(1P0) – 2s3d(1D)  1  F VII
  158.5  F V  2s2p2(2D) – 2s2p(1P0)3d(2F0)  2  F VII
  161.2 – 161.5  F VI  2p2(3P) – 2p(2P0)3s(3P0)  2  F VIII
  163.5 – 163.6  F V  2s2p2(4P) – 2s2p(3P0)3d(4D0)  2  F VII
  166.0 – 166.2  F V  2s22p – 2s23d  1  F VI
  178.4 – 178.6  F V  2s2p2(2D) – 2s2p(3P0)3d(2F0)  2  F VII
  183.0  F V  2s2p2(2D) – 2s2p(3P0)3d(2D0)  2  F VII
  186.7 – 187.0  F V  2s2p2(4P) – 2s2p(3P0)3s(4P0)  2  F VII
  190.6 – 190.8  F V  2s22p – 2s23s  1  F VI
  191.9 – 192.0  F V  2s2p2(2S) – 2s2p(3P0)3d(2P0)  2  F VII
  199.28  Li II  1s2 – 1s2p  1  Li III
  208.3  F IV  2s22p2(1D) – 2s22p(2P0)3d(1F0)  1  F V
  208.5  F IV  2s2p3(3P0) – 2s2p2(2D)3d(3S)  3  F VII
  240.1  F IV  2s22p2(g3P) – 2s22p(2P0)3s(3P0)  1  F V
  251.0  F IV  2s22p2(1D) – 2s22p(2P0)3s(1P0)  1  F V
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Figure 4. Cross  section  for  the  single-electron  charge  exchange  of 
F VIII ions with neon atoms as a function of collision energy: contribu-
tion of s and p electrons of Ne (a) as well as partial charge-exchange 
cross sections for levels with n = 2 – 8 of the F VII ion and total charge-
exchange cross section (b).

*   The experimental data on charge-exchange cross sections available 
from the literature were acquired in ion-beam experiments and pertain 
to total charge-exchange cross sections. Greenwood et al. [6] give the cross 
section for the charge exchange of carbon nuclei with He for a collision 
energy of 3.23 keV nucleon–1: s(C6+ + He) = (1.5 ± 0.2) ́  10–15 cm2. In 
an earlier work by Janev et al. [16] the cross section for this reaction was 
measured at (0.9 ± 0.4) ́  10–15 cm2 for a collision energy of 2 keV nucleon–1. 
Our calculations at these energies yield a value of 1.1 ́  10–15 cm2. Com-
paring these data allows a conclusion about good agreement between 
calculations and experiment.
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Multielectron charge exchange. Qualitative considerations 
and an analogy with single-electron charge exchange suggest 
that  the  probability  of  double-  and  multielectron  charge 
exchange  may  be  significant  in  resonance  conditions.  The 
case  in  point  is  the  coincidence  of  the  energy  of k-electron 
capture to the excited state X*(q – k)+ with the energy required 
to detach k electrons from a neutral atom (the energy of k-fold 
ionisation). Hartree – Fock calculations of the energy levels of 
fluorine  ions  revealed  the  existence  of  resonances  between 
certain terms of the ground electron configuration of a k-fold 
ionised donor atom and the k-fold excited multiply charged 
ion resulting from charge exchange. In the majority of cases, 
by the ground electron configuration of the resultant Ne ion is 
meant the 2s22p6 – k configuration. The 2s2p6 – (k – 1) and 2p6 – (k – 2) 
configurations should also be borne in mind, but the analogy 
with  single-electron  charge  exchange  suggests  that  the  con-
tribution of s electrons to the cross section may turn out to 
be  appreciably  smaller  than  the  contribution of p  electrons 
(Fig. 4a). 

The potentials of k-fold  ionisation of Ne  (so  far we are 
dealing with the lowest term of the ground electron configura-
tion) are equal to 21.6, 62.5, 126.0, and 223 eV for k = 1 – 4, 
respectively. When the ion X*(q – k)+ has an excited state such 
that the binding energy of k electrons is only slightly different 
from the corresponding ionisation potential of Ne (to within 
1 – 2 eV), the k-fold charge exchange of the ion Xq+ may take 
place in a resonance way. As this takes place the insignificant 
defect in binding energy is compensated by the corresponding 
change in kinetic energy of the interacting particles. Our cal-
culations  by  the Hartree – Fock method  show  that  the  ions 
X*(q – k)+ for k = 2 and 3 possess groups of states (which differ 
by the values of their orbital quantum numbers) which are at 
resonance with the terms of the ground state of k-fold ionised 
Ne to within ±2 eV. By way of example Fig. 5 shows the reso-
nances with the lowest terms of the ground electron configura-
tion of neon ions produced in the interaction F VIII (1s2) + Ne. 
In particular, the 3P term of doubly ionised neon Ne III (62.5 eV) 
is at resonance with the 1s24l’ 5l’’ states of the ion F VI, and 
the 4S term of triply ionised neon Ne IV (126.0 eV) is at reso-
nance with the 1s23l’ 4l’’ 5l’’’ of the ion F V. The states (k-fold 
excited) X*(q – k)+ may subsequently populate – by way of (cas-
cade) radiative decay – the states which give rise to SXR tran-
sitions recorded in our experiment.

In  the  foregoing  we  were  dealing  only  with  resonances 
which take place in the charge exchange involving the produc-
tion of Ne ions in the lowest term of the ground electron con-
figuration. However, all terms should be taken into account 
in the search for resonances. The 2s22p5 electron configura-
tion of the ion Ne II is represented by the term 2P3/2, 1/2 with 
the separation of its components of only 0.097 eV. Meanwhile, 
the ground electron configuration 2s22p4 of the ion Ne III is 
represented by three terms: 3P2,1,0, 1D2, and 1S0. If the energy 
of the 3P2 level is assumed to be zero, the energies of the terms 
1D2  and  1S0  will  be  equal  to  3.2  and  6.9  eV  [the  spacings 
between the multiplet components are small (~ 0.1 eV)]. The 
ground electron configuration 2s22p3 of the ion Ne IV is rep-
resented by the terms 4S3/2, 2D5/2, 3/2, and 2P1/2, 3/2, the two last-
named  terms  lie  5.1  and  7.7  eV  above  the  4S3/2  term.  The 
ground electron configuration 2s22p2 of the ion Ne V is repre-
sented by the terms 3P0, 1, 2, 1D2, and 1S0. If the energy of the 
3P0 level is taken to be zero, the energies of the terms 1D2 and 
1S0 will be equal to 3.8 and 7.9 eV. 

Therefore,  the  inclusion of all  terms of  the ground elec-
tron configuration will result in the emergence of additional 
horizontal lines on the Ne side in Fig. 5 but will not change 
the picture qualitatively, since their energies differ by no more 
than 8 eV from the energies of the lines already indicated. If 
we take into account the terms of the 2s2p6 – (k – 1) and 2p6 – (k – 2) 
configurations, which lie above the terms of the 2s22p6 – k con-
figuration,  additional  resonance  overlappings  may  emerge 
in  the  energy  diagram.  In  view  of  the  resonance  width  of 
~ 2  eV,  the  terms  of  these  configurations  make  up  energy 
bands between the levels  indicated in Fig. 5. For the Ne III 
ion,  in  particular,  the  terms  of  the  2s2p5  configuration  are 
located in the 25 – 36 eV energy band, and the term 1S of the 
2p6 configuration has an energy of 59.4 eV (for an ionisation 
potential of 63.4 eV). In the Ne IV ion, the terms of the 2s2p4 
configuration lie in the 31.5 – 39.8 eV band, and the terms of 
the 2p5 configuration lie in the vicinity of 60 eV (for an ioniza-
tion potential of 97.1 eV). This signifies that in the domain of 
possible resonances in Fig. 5 there will emerge additional bands 
in the 60 – 195 eV range, which supposedly make a somewhat 
smaller contribution to the charge-exchange cross section than 
the terms of the 2s22p6 – k configuration.

We believe that both mechanisms (sequential single-elec-
tron charge exchange and the multielectron one) may be respon-
sible to an extent for populating the X*(q – k)+ ion levels, includ-
ing the levels with an unfilled 2s-shell. It is anticipated that the 
relative contributions of these mechanisms may be separated 
in experiments with a lower density of the gas jet. On lowering 
the density by approximately two orders of magnitude, free 
path of fluorine ions relative to charge exchange will exceed the 
characteristic jet diameter (1 mm), making sequential single-
electron charge exchange unlikely. 

4. Conclusions

This  work  is  concerned  with  the  study  of  the  interaction 
between multiply charged F and Li  ions and Ne atoms in a 
pulsed gas  jet. Partial cross  sections were calculated  for  the 
single-electron charge exchange of F VIII ions with Ne atoms. 
The charge exchange of multiply charged fluorine and lithium 
ions  was  recorded  from  the  line  spectra  in  the  125 – 350 Å 
range,  which  emerged  in  the  radiative  decay  of  the  excited 
states of the ions Li II – III and F III – VIII populated in the 
charge  exchange.  The  spectra  were  recorded  employing  an 
SXR diffraction spectrometer with spatial resolution. In the 

Ne I

Ne II

Ne III

Ne IV

F VIII

F VII

F VI

F V

1s2

1s26l
1s25l

1s24l'5l''

1s23l14l25l3

0

21.6

62.5

126.0

E/eV

Figure 5. Energy diagram of the single-, double-, triple-electron charge 
exchange F VIII  (1s2) + Ne. Shown are only  the resonances with  the 
lowest  terms of  the  ground  electron  configuration of  the  ions Ne  III 
and Ne IV.
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ions  F  III – F  VI  we  recorded  transitions  originating  from 
the states with an unfilled (partly or completely) 2s shell. Two 
mechanisms responsible for populating them were proposed:

– sequential single-electron charge exchange with different 
neon atoms;

– double- and multielectron charge exchange of F ions with 
Ne atoms. 

The  energy  levels  of  k-fold  (k = 1 – 4)  excited  multiply 
charged ion were calculated using the Hartree – Fock method. 
Resonances  were  discovered  between  the  k-fold-ionisation 
potentials of Ne atoms and the energy of capture of k elec-
trons to the excited states of certain fluorine ions. This may 
qualitatively  account  for  the  relatively  large  multielectron 
charge-exchange cross sections. In passing to the interaction 
of ‘complex’ multiply charged ions with multielectron atoms, 
double- and multielectron charge exchange comes to play a 
significant role in the population of excited states of the ions 
and formation of their spectra.
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