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Abstract 
A spectroscopic analysis of light emitted in the 200-6OOnm wavelength 
range by Ar", Ar6+ and AT5+ ions after charge exchange in 120keV 
Ar*+-Li collisions is performed. Transitions with An = 1 and An = 2 for 
n = 8, 9, 10 and 11 states of Ar VI11 following single electron capture are 
identified and the production cross sections for n = 8 and n = 9 are 
deduced from emission cross sections and compared with those calculated 
by the three-body classical trajectory Monte-Carlo method. Lines due to 
double capture process were observed and identified as Rydberg transitions 
3snI-3sn'f' (n = 7, 8 and 9) in Ar VII. Lines due to triple electron capture 
process were found and identified as transitions 3s3nf-3s3n'l' and 3s3pnI- 
3s3pn'f' (n = 7, 8) in Ar VI. The configurations produced during the colli- 
sion provides evidence that electron4ectron interaction play an important 
role in double and triple charge exchange processes. 

1. Introduction 
Electron capture by slow multiply charged ions has been the 
subject of intensive experimental and theoretical studies 
recently mainly due to the interest for applications to astro- 
physics [l], X-ray and UV lasers [2] and fusion plasma [3]. 
Collisions of multiply charged ions on a neutral atomic or 
molecular target produce excited multiply charged ions fol- 
lowing the reaction: 
Aq+ + B + A('J-k)+' + Bk+ + AE 

where k is the number of electrons which have been cap- 
tured. 

Following previous work (Ar8+-He, Ar8+-H2) [4, 51, we 
present results for collisions between Ar8+ ions and lithium 
atoms at 120 keV which have never been studied before. The 
electronic structure of the target involves specific features 
which makes it interesting to study single, double and triple 
electron transfers. First, the outer 2s electron is weakly 
bound and population of relatively high Rydberg states is 
therefore expected in Ar VIII. Such a situation has already 
been observed by Martin et al. [6] with a caesium target, 
but the t selectivity is not yet well understood and consti- 
tutes an open field of investigations. Secondly, during the 
double and triple electron captures, the 2s and one or two 
1s electrons are transferred. Photon spectroscopy allows one 
to observe radiative states populated by single, double and 
triple electron captures. The relative populations of the out- 
going collision channels allow an estimate of the importance 
of correlation effects (electron-electron interactions) in the 
exchange processes. 
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Single-electron capture from a Li target has already been 
observed. Dijkkamp et al. [7] measured absolute emission 
cross sections of lines of the C IV spectrum in the wave- 
length 20-500 nm resulting from C4+-Li collisions. From 
these emission cross sections, they deduced one-electron 
transfer cross sections for n -= 8 using known transition 
probabilities. Wolfrum et al. [8] studied Ne4+ (q  = 6, . . . , 9) 
and C6+-Li collisions, they measured absolute visible light 
emission cross sections for the different ne states produced. 
The distribution over 6' within a given n shell is not found as 
a statistical distribution. Recent works [9, lo] have shown 
the validity of the three-body Monte-Carlo (CTMC) method 
to predict such distributions for collisions between multiply 
charged ions and alkali metal atom targets. 

We studied Ar8+-Li collisions by photon spectroscopy in 
the near UV and visible wavelength range (200-600nm). 
This range has been chosen because the wavelengths of a 
large number of lines emitted by the predicted radiative 
states produced are between 200 and 600 nm. 

After a description of the experimental set-up, we present 
a detailed spectroscopic analysis of the recorded spectra. 
For lines due to single, double and triple electron captures, 
this analysis is made using collisional models (Niehaus 
[ 1 l]), by taking into account electron-electron interactions 
(Stolterfoht et al. [12, 131, Bachau et al. [14]), using spectro- 
scopic ab initio pseudo-relativistic Hartree-Fock (HFR) cal- 
culations (Cowan [ls]) and previous experimental data [S, 
6, 16-18]. Calculations of the one-electron capture cross 
sections into specific n, 4 subshells using the CTMC method 
[19, 203 and model potentials to describe the interactions 
between the electrons and the ionic cores Ar8+ and Li+ will 
also be presented and compared with experimental results. 

2. Experimental set-up 

A beam of 120 keV Ar8+ ions was produced by an ECR ion 
source at the GANIL* test bench. The Are+ ions are either 
in their ground state ls22s22p6 ('So) or in the metastable 
state ls22s22p53s (3P0 or 'P,) .  The lifetimes of the two 

* Grand Accelerateur National #Ions Lourds, Caen, France. 
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metastable states (0.36ms for 3Pz and 18ms for 3 P ,  [21]) 
are long enough for their survival along the path to the col- 
lision chamber which is situated six metres away from the 
ECR source. The beam intensity was of the order of 30 PA. 

The incident ion beam is focused on an effusive jet of 
lithium. Solid lithium is evaporated in an oven which is 
heated up with a thermocoaxial cable. To avoid heating of 
the walls of the collision chamber, the furnace is placed in a 
lining which is cooled by water circulation. The pressure 
in the collision chamber is of the order of 10-6mbar. The 
lithium jet does not have an influence on the pressure in the 
collision chamber. The absolute pressure of the lithium jet 
cannot be measured directly, but the relative pressure is 
controlled by means of the intensity of the current in the 
thermocoaxial cable. In oder to check that lines attributed 
to the de-excitation of Ar6+ and Ar5+ excited ions corre- 
spond actually to double and triple electron captures and 
not to two or three successive single electron captures, we 
supposed that the intensities of the lines attributed to single 
collisions were linear with the pressure (cf. Fig. 1) and then 
checked that lines intensities corresponding to Ar6 + and 
Ar5+ ions were also linear with the pressure. We also veri- 
fied that the mean free path of the ArE+ incident ion beam 
large were enough in order that the one-electron capture 
from the background gas was not possible. Indeed, since the 
q + q - 1 cross section for ArE+ colliding on Hz , which is a 
fair assumption for capture from the background gas, is 
5.5 x 10-"cm2 [22], the mean free path is of the order of 
75 m. 

The emitted photons were observed at right angles to the 
directions of the incident beam and of the lithium jet. They 
were analysed with a normal incident grating spectrometer 
of 700" focal length (Sopra 700) which contains a grating 
of 1200grooves/mm blazed for 750" in the first order. A 
photon counting system was used to detect the emitted 
photons. This photon counting system consisted of a photo- 
multiplier (Hamamatsu R106) and a microcomputer. Over- 
lapping grating orders are selected by recording four spectra 
for each set of experimental parameters (incident ion charge, 
pressure in the Li jet). Three spectra were recorded in the 
200-420 nm wavelength range: one without filter, one with 
a UG5 Schott filter to select lines emitted between 230 and 
410nm and one with a WG305 Schott filter to select lines 
with wavelengths greater than 305 nm. The fourth spectrum 
was recorded in the 420-600nm wavelength range with a 
GG420 Schott filter to select wavelengths greater than 

c 0.8 - t  2 
%epsll  0.4 - 

_ - - -  s m - 5 8  

. PI)  

- -. _ _ - -  0.2 - _ - - -  
S'.m.l'7I 

0 
0 0.20 0.40 0.60 O B 0  1 .w . .. 

- Single electron capture 
- - Double electron capture 
....... Triple electron capture 

Fig. I .  Evolution of the line intensities with the lithium pressure 

Table I. Observed wavelengths of Li I and Li I1 lines in the 
120 keV ArE+-Li collisions 

Transition Wavelength (nm) 

2s-2p 
2s -3~  
2s -4~  
2p-4s 
2p-3d 
2P-M 

670.76 
323.26 
274.13 
497.20 
610.37 
460.29 

1~3d-ls4f 467.19 

420 nm. Spectra were generally recorded with 0.4 mm wide 
spectrometer slits and an incremental step of about 0.02nm 
per channel in the fourth order. The spectral resolution is 
then of 0.12nm in the fourth order. Figure 2 shows the 
typical spectra obtained. The uncertainty is of + 0.02 nm in 
the fourth order (0.03 nm in the third order, 0.04 nm in the 
second order). 

A standard mercury lamp spectrum and some well-known 
lines emitted by the lithium target published by the 
National Bureau of Standards [23] were used to determine 
a specific wavelength calibration curve. 

Emission cross sections of the emitted lines were deter- 
mined to calculate the corresponding excitation cross sec- 
tions. This requires the calibration of the lines intensities 
and the determination of the spectroscopic response of the 
optical device. The absolute calibration of the line intensities 
has been obtained by recording the spectra for 60keV 
C4+-Li collisions and by using the excitation cross sections 
for C 3 + ( n t )  determined by Dijkkamp et al. [7]. The 
response of our detection system takes into account the 
theoretical grating efficiency and the phototube response 
function given by the manufacturer. This theoretical 
response is then fitted with well-known lines of C IV. Cali- 
bration for Ar8+-Li collisions is finally obtained by taking 
into account the ratios of the incident ion beam intensities, 
the projectile charge states and the target pressures for 
ArE+-Li and C4+-Li collisions. 

We observed seven lines corresponding to Li I and Li I1 
transitions (cf. Table I). As already mentioned, we used them 
to determine the exact wavelengths in each spectrum. 

The photon emission cross sections associated with the 
lines are presented in Table 11. Emission cross sections of 
lithium lines were also determined. The relative uncer- 
tainties are estimated to be +30% for the greatest lines. 
They are sufficiently large to take into account polarization 
effects of the detection that we have not considered. 

3. Spectral analysis 
3.1. Single electron capture lines 

3.1.1. Lines identijication. Spectroscopic results. The spectra 
contain four types of lines: those due to single, double and 
triple captures and those due to excitation of the target. The 
single electron capture lines associated with the ArE+-Li 
collisions are not expected to be observed in Ar7+-Li colli- 
sions, so that we recorded the spectra corresponding to 
Ar7+-Li collisions. By comparing the spectra registered 
with the two systems Ar8+-Li and Ar'+-Li, we selected 
single electron capture lines. 

Physica Scripta 47 
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Simple models of single electron capture were used to 
provide estimates of the states predominantly populated 
during the collision. The classical barrier model of Ryufuku 
et al. [24] as well as the model of Niehaus [ l l ]  predict that 
the 2s electron of the lithium atom is preferentially captured 
into an n = 9 orbital. Lines corresponding to transitions 
n/--n'd' in Ar VI11 with An = 1 and 2 are expected to be 
observed in the 200-600 nm wavelength range. There were 
Physica Scripta 47 

no experimental data concerning these transitions except 
those between states of large angular momenta already 
observed by Martin et al. [6] and Boduch et al. [SI. In 
order to identify the observed lines, we therefore needed 
theoretical data. They have been obtained from HFR calcu- 
lations performed using the Cowan code [lS]. Such calcu- 
lations predict both wavelengths and associated oscillator 
strengths. The corresponding identifications are described in 
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Table 11. Observed lines in the 200-600 nm wavelength range and their associated emission cross sections (Ao/a  is of the order 
of 30%) 

Emission Emission Emission 
Wavelength cross section Wavelength cross section Wavelength cross section 

228.97 f 0.03 < 0.05 340.82 f 0.04 < 0.05 444.00 f 0.04 0.11 
230.17 f 0.03 0.06 342.86 f 0.04 0.17 448.23 f 0.04 0.10 
241.71 f 0.03 0.12 343.05 f 0.04 0.07 450.03 f 0.04 0.10 
247.82 f 0.03 0.07 343.93 f 0.04 0.05 450.47 f 0.04 0.20 
250.11 f 0.03 2.51 348.76 f 0.04 1.59 454.50 f 0.04 < 0.03 
251.55 f 0.03 0.15 361.76 f 0.04 < 0.05 455.30 f 0.04 0.03 
253.05 f 0.03 5.33 362.00 f 0.04 0.44 460.29 f 0.04 0.19 
260.54 f 0.03 0.24 363.31 f 0.04 0.23 465.75 f 0.04 0.90 
267.56 f 0.03 0.15 383.35 f 0.04 0.72 467.19 f 0.04 < 0.03 
271.26 f 0.03 0.17 385.82 f 0.04 < 0.05 497.20 f 0.04 0.09 
274.13 f 0.03 < 0.05 387.62 f 0.04 2.72 516.79 f 0.04 < 0.03 
282.83 f 0.03 0.24 388.58 f 0.04 < 0.05 518.03 f 0.04 0.07 
294.65 f 0.03 1.85 392.73 f 0.04 < 0.05 523.94 f 0.04 ~ 0 . 0 3  
296.54 f 0.03 2.20 393.20 f 0.04 0.13 527.49 f 0.04 ~0.03 
297.18 f 0.03 9.55 394.76 f 0.04 0.12 523.40 f 0.04 0.14 
297.46 f 0.03' 93.6 395.28 f 0.04 0.24 534.20 f 0.04 0.06 
300.66 f 0.03 0.35 396.96 f 0.04 0.6 545.48 f 0.04 < 0.03 
302.18 f 0.03 0.68 410.08 f 0.04 0.8 548.40 f 0.04 0.05 
305.31 f 0.03 0.05 429.76 f 0.04 0.63 548.96 0.04 < 0.03 
319.87 f 0.04 0.09 432.03 f 0.04 0.81 564.96 f 0.04 0.07 
323.26 f 0.04 0.24 433.54 f 0.04 4.76 566.12 f 0.04 0.22 
329.77 f 0.04 0.05 433.92 f 0.04' 77.5 606.86 f 0.08 4.44 
330.20 f 0.04 0.07 438.02 f 0.04 0.14 610.37 f 0.08 0.36 
340.26 f 0.04 0.07 442.01 * 0.04 < 0.05 670.76 f 0.08 1.22 
340.54 f 0.04 0.19 442.65 f 0.04 0.07 

in air (nm) (10-16m2) in air (nm) (10-'6m2) in air (nm) (10- '6m*) 

High resolution: 297.44 f 0.01 nm; 297.50 f 0.01 nm. 
High resolution: 433.89 f 0.01 nm; 433.98 f 0.01 nm. 

Tables III(a), III(b) and III(c). Only light emitted from states 
of large and low angular momenta is observed. It corre- 
sponds to A t  = 1 transitions (n' > n) for transitions involv- 
ing large values of t and A t  = - 1 for transitions involving 
low values of t. These observations confirm the evolution of 
the calculated gfvalues which are strong for A t  = 1 when t 
is large and which are weak when t is small; for the 
A t  = - 1 transitions gfvalues are weak when t is large and 
strong when t is small. 

The 465.75 nm line can be attributed to either the 8 f-9d 
transition or to the 10m-12n transition. On the one hand, 
this transition has already been observed in Ar8 +-Cs colli- 
sions [25] and has been identified as the 10m-12n tran- 
sition; on the other hand, to each nt-n'el (t = n-1 and 
el = n'-1) Rydberg transition in Ar VI11 corresponds an 
nt-n'el Rydberg transition in Kr VI11 at wavelengths which 
are nearly the same. As we performed experiments for 
Krsf-Li collisions and as we observed a line at 466.79nm, 
we can affirm that this line corresponds to the 10m-12n 
transition. 

The wavelengths of the lines due to transitions between 
states of large angular momenta are very close and in the 
first spectra the resolution was not great enough to separate 
the lines. We have then obtained two recorded spectra using 
narrower spectrometer slits: 0.2 and 0.05 nm and an increase 
in data acquisition time (cf. Fig. 3). Wavelengths determined 
in such a manner are those indicated in Tables III(a) and 
III(b). In these spectra, there are lines which can be attrib- 
uted to single electron capture by metastable Ar8+ ions. The 
intensity of the line corresponding to the 2 ~ ~ 3 s ( ~ P ) 7 i -  
2 ~ ' 3 s ( ~ P ) 8 k  is about 5% of that corresponding to the 

2p6('S)7i-2p6('S)8k. We do not know the autoionization 
rate of 2 p ' 3 ~ ( ~ P ) 8 k ,  but all the quartet states and one of the 
three doublet states born of this configuration are radiative 
states, we can therefore assume that the incident ion beam 
contains at least 5% of metastable Ar8+ ions. For the tran- 
sition 8k-91, the optical resolution was not sufficient to 
separate the 2p ' 3s( 3P)8k-2p5 3s( 3P)91 from the 2p6 8 k-2p691 
transition. 

It is noteworthy that we have also identified the two 
strongest lines of the multiplet corresponding to the 4d-4f 
transitions. Although the well-known An = 0 5s-5p and 
5p-5d transition [SI lie in our wavelength range, we did not 
observe them. It is not surprising to observe light emission 
from the 4f configuration since it is strongly populated by 

n 
7i-8k 

287.0 wave- (nm) 288 .Q 
0 

Fig. 3. High resolution spectrum for the Are+-Li system in the 297- 
298 nm wavelength range 
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Table III(a). Predicted wavelengths and their associated oscillator strengths and observed An = 1 71-81' transitions of Ar VZZZ 
due to single electron capture in the 120 keV Ar'+-Li collision 

~~ ~ 

An = 1 transitions c . J  (nm) erpA (nm) An = 1 transitions cllea. (nm) (nm) 
in Ar VI11 in vacuum gf in air in Ar VI11 in vacuum gf in air 

211.82 
211.36 

216.87 
217.60 
217.54 

301.19 
302.60 

268.38 
268.52 
268.49 

363.14 
361.81 
362.06 

294.31 
294.36 
294.34 

318.55 
318.42 

0.08 1 
0.162 

O.Oo0 
O.Oo0 
O.Oo0 

O.Oo0 
O.Oo0 

0.150 
2.994 

1.476 
0.295 
2.664 

6.246 
0.23 1 
8.096 

0.054 

- 
- 

- 
- 
- 

300.66 
302.18 

267.56 

363.31 
361.76 
362.00 

294.65 

319.87 

7g 2G7/2-8h 2H9/2 

7g2G9/2-8h 2H9/2 

7g2G9/2-8h 2H11/2 

7g 2G7/2-8f 2F5/2 

782G7/2-8f 2F7/2 

7g 2G9/2-8f 2F7/2 

7h 'Hg12-8i 'Illl2 
7h 2Hll12-8i 'Illl2 
7h 'H 112-8i '1, 312 

7h 2H11/2-86 2G9/2 

7h 2H11/2-8g 2G9/2 

7h 2H11/2-8g 2G9/2 

7i 2111i2-8k2K,31, 
7i211312-8k 'K13/, 
7i 211312-8k 2K15i2 

7i2Ill1,-8h 'HgI2 
7i 21 11/2-8h ZH ,1/2 

7i 211312-8h 2H11/2 

296.62 
296.65 
296.64 

299.35 
299.32 
299.35 

297.46 
297.48 
297.47 

298.31 
298.29 
298.32 

297.65 
297.67 
297.66 

297.84 
297.83 
297.85 

1 

1 

11.050 
0.251 

13.560 

0.306 
0.01 1 
0.397 

18.036 
0.277 

21.365 

0.175 
0.004 
0.214 

28.078 
0.312 

32.444 

0.065 
0.001 
0.078 

297.18 

- 

297.44. 

- 

297.50* 

- 

318.48 1.078 J 
* Wavelengths obtained with high resolution spectra. 

2p53d3P) 7i4K1712-2p53~3P)8k4L1912 Ea,SA = 297.04nm, .,,,A = 296.54nm. 

Table III(b). Predicted wavelengths and their associated oscillator strengths and observed An = 1 81-91' transitions of Ar VZZZ 
due to single electron capture in the 120 keV Ara+-Li collision 

An = 1 transitions C . l d  (nm) crpA (nm) An = 1 transitions ,*,,A (nm) elpi (4 
in Ar VI11 in vacuum gf in air in Ar VI11 in vacuum sf in air 

316.12 
315.42 

320.56 
321.60 
321.51 

449.02 
451.07 

392.43 
392.63 
392.58 

534.07 
532.07 
532.44 

429.38 
429.45 
429.42 

465.71 
465.52 
465.60 

432.64 
432.64 
432.66 

0.085 
0.170 

0.097 
0.0 19 
0.175 

0.817 
1.627 

2.061 
0.147 
2.943 

1.796 
0.361 
3.242 

6.151 
0.228 
7.973 

1.003 
0.072 
1.433 

10.592 
0.241 

12.999 

i 

/ 

- 
- 

- 
- 
- 

448.23 
450.47 

392.73 

534.20 

532.40 
- 

429.76 

- 

432.03 

8g 2G7/2-9f 2 F 5 / 2  

8s 2G7j2-9f 2F7/2 

8g 2G9/2-9f 2F7/2 

8h 2H,i2-9i 'Illl2 

8h 'Hlli2-9i 2113/2 

gh ZHg/z.-9g 2G7/2 

8h ZHg/2-9g 2G9/2 

8h2Hlli2-9i2111i2 

8h 2H1 1/2-9~ 2G9/2 

8i 211112-9k 2K1312 
8i21131z-9k 2K1312 
8i211312-9k 2Kls,2 

8i 211112-9h2Hg/2 
8i2111~2-9h2H11~2 
8i2113/2-9h 2Hlli2 

8k 2K1312L912L11/2 
8k2Ki3/2-912L11~2 

8k 2K13/2-912L11/2 

8k2K1312-9i 'Illj2 
8k2K1312-9i 
8k2K1312-9i 2111/2 

436.74 
436.69 
436.73 

433.82 
433.86 
433.84 

435.13 
435.10 
435.13 

434.12 
434.16 
434.16 

434.46 
434.44 
434.46 

- 
- 
- 

434.23 
434.22 
434.23 

0.464 
0.017 
0.601 

16.820 
0.259 

19.924 

0.320 
0.007 
0.392 

25.478 
0.283 

29.440 

0.181 
0.003 
0.214 

1 

- 'I 
0.067 
0.001 
0.078 

- 

4.33.54 

- 

433.89' 

- 

433.98* 

- 

* High resolution. 
2p534'P) 7i 4K17i2-2p5343P) 8k4L,9/2, GalCA = 433.99 nm. 
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I n=10 

, n=9 

Table III(c). Other observed transitions in AT VIII due to 
single electron capture in the 120 keV Ars+-Li collisions 

Transitions 
in Ar VI11 

516.79 

518.03 
- 

9h-1Oi 
9i-10k 

91-10m 
9k-101 

An = 2 

8f-log 
8g-10h 
8h-10i 
8i-10k 

8k-101 

96-1 1 h 
9h-lli 
9i-11 k 

91-llm 
9k-111 

606.5 "'i 606.86 
- 

25 1.4 
252.6 
253.0 
253.1 

1 
- 1  - 

348.2 
348.7 
348.8 

251.55 

253.05 

* 348.76 

10k-12i 466.0 465.75 

Table III(d). UnidentiJied single electron capture lines in the 
Ar8+-Li 120 keV collisions 

Wavelengths (nm) 

282.83 442.65 
438.02 444.00 
442.01 450.03 

cascade effect through the de-excitation of nd states with 
4' = d,,, in Ar VIII. Six lines due to single electron capture 
have not been identified [Table III(d)]. 

Interesting information about fine structure splittings of 
the 7 p 2 P ,  7 d 2 D  and 8p2P terms have been deduced from 
the present identifications (cf. Table IV). They are in good 
accord with estimates. 

3.1.2. One-electron capture cross sections. Another aspect 
concerning the single electron capture is linked to the pro- 
duction rate of the excited configurations. In order to calcu- 
late the cross sections for electron capture into the 84 and 
the 9d sublevels from the photon emission cross sections 
indicated in Table 11, we have to know branching ratios. We 
can deduce them from gf values given by HFR calculations. 

Table IV. Experimental and theoretical fine structure split- 
tings An(n1 ' L )  in cm-' of the 7p('P), 7d('D) and 8p('P) terms 
o fAr  VI11 

Fine structures Calculation Experiment 

AV (7p 'P)' 154.7 167.3 f 4 8  
AV (7d 'D)' 19.1 18.3 f 6.1 

AV ( 8 p  'P)' 101.2 117.9 f 6.1 
110.9 f 4.0 3 

' From 7 ~ 8 s .  
' From 7d-8p. 
' From 8 ~ 9 s .  

The results are reported in Table V. In order to determine 
a(9i + 9k + 91) it is necessary to know individual emission 
cross sections from 9i, 9k and 91 or at least their relative 
values. These last ones have been deduced from spectra with 
high resolution and we obtain a,,(8i - 9k)/ae,(8k - 91) = 
0.16 and ae,(8h - 9i)/oe,(8i - 9k) = 0.39. Table V shows 
that configurations with large values of the orbital quantum 
number t' are strongly populated, and also that states with 
very low values of d (d = 0 and d = 1) are significantly 
populated. These results can be compared with those 
obtained with the CTMC method. As in Refs [9 ]  and [lo], 
where details of the CTMC method can be found, we have 
used model potentials to describe the interactions between 
the valence electron and the ionic cores Ar8+ and Li'. The 
analysis form and the parameters of the model potential for 
the e--Ar8+ interaction are given in Ref. [ S I .  For the 
e--Li+ interaction, we have used the model potential deter- 
mined by Klapish [26] to fit spectroscopic data: 

V(r) = - - (1 + 2e-'.'' + 10.31re-3.898'). 

The calculations were performed taking into account atomic 
energy levels quantum defects of the Ar" ion. In order to 
insure small statistical errors 10'' trajectories were used. The 
CTMC calculations predict that the largest possible values 
of d are also preferentially populated and that the rate of 
increase of the cross sections with d depend strongly on n. 
The nd distribution (see Fig. 4) are sharply peaked for n 
values near the maximum of the n-distribution ( n  = 8 and 9 )  
whereas they become more statistical for n values far from 
the maximum (n = 7 and 10 for example). We also note that, 

1 
r 

80 

V 

Y 2ot D o  

1: 0 
0 

0 10 

Fig. 4. The calculated n, t distribution for electron capture in Ar8+-Li(2s) 
collisions for n = 8,9 ,  10 
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Table V. Emission and production cross sections for n = 8 and n = 9 configurations in Ar V I I I  populated by single electron 
capture 

CTMC emission Experimental emission Experimental production Calculated production 
Transition cross section cross sections Configuration cross section cross section 
in Ar VI11 (10-'6cm2) (10-'6m2) in Ar VI11 (10- 15 m 2 )  (lO-"mZ) 

7p-8s 
7d-8 f 
7d-8p 
7f-88 
7 f-8d 
7g-8h 

7h-8i 7i-8k 1 
8p9s 
8d-9 f 
8d-9p 
8f-98 
8g-9h 

1 
i 
i 

8h-9i 
8i-9k 
8k-91 
4&4f 

9h-1Qi 
9i-10k 

91-10m 

8g-1Oh 
8h-10i 
8i-10k 

9k-101 

8f-log 

8k-101 
9g-11 h 
9h-1 Ai 
91-llk 
9k-111 
91-llm 

0.68 
0.07 
1.49 
2.37 
0.19 

11.44 

183.68 

0.36 
0.01 
0.39 
1.12 
4.23 

137.2 

0.14 

27.72 

0.29 

11.34 

3.17 

1 .o 
0.15 
0.70 
1.85 
0.09 
9.55 

93.6 

0.30 
< 0.05 

0.20 
0.63 
0.8 1 

82.3 

0.08 

4.4 

0.15 

5.33 

1.59 

8s 
8P 
8d 
8f 
88 

8k 
9s 
9P 
9d 
9 f  
9g 
9h 

91 

1.1 
0.97 
0.53 
0.33 
1.2 

5.7 

0.64 
0.39 
0 
0 
0.69 
0.52 

9.8 

0.62 
1.86 
0.71 
0.01 
1.14 

0.64 
0.49 
0.02 
1.11 
1.98 

16.23 

in agreement with the experimental results, the CTMC cal- 
culations show that for n = 8 and 9, states with low angular 
momenta (6' = 0, 1, 2) are produced. Similar results were 
also obtained from CTMC calculations in the case of Ar8+- 
Cs(6s) collisions [SI, in good agreement with the observa- 
tions of Martin et al. [16, 251 to predict that states of large 
values of t are preferentially populated. However, in the 
experiments of Martin et al., no emission from states with 
low values o f t  were observed. We can suppose it was only 
due to technical reasons since it is clear that the predictions 
of the CTMC calculations are confirmed by our experimen- 
tal results. Previous CTMC calculations [9] for 
N5+ + Cs(6s) and Are+ + Cs(6s) collisions have shown a 
structure in the n t  distributions more pronounced for Ar8+ 
projectiles than for N5 + projectiles. Moreover, recent 
CTMC calculations for 08+ + Li collisions have not found 
this structure. Therefore, it seems that the structure is due to 
a core-projectile effect. 

The n t  electron-capture cross sections calculated with the 
CTMC method are also reported in Table V, and are seen 
to be in fair agreement with the experimental results. The 
CTMC calculations give a total cross section of 
3.6 x 10-14cmZ compared with the experimental value of 
2.3 x 10-14cmz for the electron capture into the n = 8 and 
9 levels preferentially populated. The CTMC calculations 
give a total overall electron-capture cross section of 
5.1 x 10-14cm2. 
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Photon-emission cross sections have also been calculated 
from the CTMC results. They are reported in Table V. For 
the 8 + 7 and 9 - 8  transitions, the CTMC results give 
cross sections of 2.0 x 10-14cm2 and 1.44 x 10-14cm2 
respectively, compared with the experimental values of 
1.09 x 10-14cm2 and 0.84 x 10-14cm2. Note that the 
exerimental value for the 9 + 8 transitions is in close agree- 
ment with the experimental data of Wolfrum et al. [8] for 
the similar Ne8+ + Li collision system. In view of the 
present comparisons between CTMC results and experi- 
mental data, and also those made recently for C6+, 
08+ + Li collisions [lo], we can conclude that the CTMC 
method is suitable to predict n t  single electron capture cross 
sections for collisions between multiply charged ions and 
alkali-metal atom targets. For these collisions, the target 
electron is captured into final states with large values of n, 
and the one-electron capture process is well described by 
classical models. 

3.2. Double electron capture lines 
3.2.1. Determination of the conjigurations likely to be pro- 

duced by double electron capture. Before the analysis of 
double electron capture lines, we tried to determine the con- 
figurations likely to be produced. Several kinds of processes 
may be involved. 

The first one is a two-step process: the Li 2s electron and 
one of the two Li 1s electrons are transferred successively. 
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For such a process, the model of Niehaus [ll] (independent 
particle model) predicts that the configurations 3p8t and 
3d5t in Ar VI1 are predominantly produced. These states 
are autoionizing states so that they cannot be detected by 
photon spectroscopy. 

The second process that can occur is a one step process 
involving electron-electron interaction. Following Stolter- 
foht [27], the energy diagrams presented in Figs 5(a) and 
5(b) can give a schematic picture of this process. These dia- 
grams show the orbital energies of the (Ar*-Li)'+ system us. 
the inter-nuclear distance R. The active electrons occupy the 
Li(2s) and the Li(1s) orbitals in the incident channel. If a 
resonant condition is created at the crossing point R = R, 
where the energy of the incident channel (Ar8 +-Li) equals 
the energy of the outgoing channel (Ar6+ + Liz+), the two 
electrons can be transferred either into the 3s and n t  
orbitals [Fig. 5(a)] or 4t and 44' [Fig. 5(b)] (autoexcitation 
[27]). For instance, for 3s8t configurations, R, = 4.5 a.u., 
the resonant conditions being fulfilled, these configurations 
may therefore be produced by this process. This kind of 
transfer is referred to as correlated double capture (CDC) 

Another process called photon stabilized double capture 
(SDC) in which Rydberg states can be fed from autoionizing 
states initially populated was proposed by Bachau et al. 
[14]. This mechanism is based on post-collisional effects. 
The 3d5d and 3p8t configurations which may be produced 
(Niehaus) are not far above the ionization limit (x0.4 a.u.), 
and, with the influence of the Coulomb field of receding Li+ 
ion, these autoionizing states may be stabilized. Configu- 
ration interaction can then feed 3 s d  Rydberg states. This 
process is schematized in Fig. 5(c). 

[13,28-301. 

1 .o 

- 0  
? 

-1 .o s 
1 -2.0 

-3.0 

5 
+ -4.0 

-5.0 

I ionisation limit 

~n / .  . . . . . .  I I 

In our case, the 3 s d  configurations in Ar VI1 may there- 
fore be produced either by CDC [27] or by SDC process. 

3.2.2. Line identijcation. Observed lines corresponding to 
3snt-3sn'e' Rydberg transitions are indicated in Tables 
VI(a)-VI(b). They have been identified using experimental 
data from Boduch et al. [ 5 ]  and/or HFR calculations. It 
was found that these lines correspond to transitions between 
states of large angular momenta. It is pointed out that these 
lines are also observed as single electron capture lines in 
spectra associated with the Ar'+-Li collisions. Using the 
fact that the pressure of the target and at least its variation 
can be controlled by monitoring the intensities of the single 
electron capture lines, we can confirm from Fig. 1 that the 
observed 3snt-3sn'e' transitions depend linearly on the 
target pressure and thus correspond to double electron 
capture lines. 

Because of the complexity of the electronic structure of 
the Ar6+ ion, we have not systematically calculated pro- 
duction cross sections for states populated by double elec- 
tron capture. Nevertheless, for the 3s8k configuration which 
is most likely produced by double electron capture, we can 
verify from emission cross sections that the corresponding 
production cross section is of the order of 7 x 10-16cm2. 
Comparison with calculations by means of the Niehaus 
model suggests that the configurations 3snt (n = 7, 8, 9) in 
Ar VI1 cannot be produced by a two step process. Hence, it 
is expected that in such collisions, electron-electron inter- 
action through CDC or SDC plays an important role [13 ,  
14, 27, 301. 

Several lines indicated in Table VI(c) and quoted as 
double electron capture lines have not yet been identified. 
Some of them are strong and have already been observed as 

1 0  . . . I  

ionisation limR ___ - 0 -  

10' internuclear distance (a.u .) a 1 oo 
-.- 

1 a' 
internuclear distance (a .U .) 

1 oo 

i n  

I 
10' C 

Internuclear distance (a.u.) 1 oo 

Fig. 5. Schematic illustration of the orbital electron energies for the system (Ar-Li)8C. Double electron capture processes 

b 
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Table VI(a). Calculated wavelengths and observed An = I 
transitions in Ar VIZ due to double electron capture in the 
120 keV Ar8+-Li collisions 

An = 1 transitions s . ld  (nm) (nm) 
in Ar VI1 in vacuum in air 

3~6f 'F3-3~79 'G, 247.69 247.82 f 0.03 
3~6f 3F4-3~7g 3G5 241.54 241.71 f 0.03 

3~6g  'G4-3~7h 'H5 249.29 250.11 f 0.03 
3~68  3G5-3~7h 3H6 248.04 247.82 f 0.03 

3s6h 'H5-3s7i 'I6 
3s6h 3H,-3s7i 31, 250.54 250.59 I 
3~7g 'GL-3s8h 'H, 384.94 
3s7g 'Gi-3s8h ' H i  
3s7h1H.-3s8i 'I, 385.80 382.80 1 

250.11 f 0.03 

383.35 f 0.04 (1) 

7s7h 3H,-3s8i 317 385.67) 

387.62 f 0.04 

565.96 0.04 3s8i-3s9k 565.8 
3~8k-3~91 - 566.12 f 0.04 

388.17 388.17 I 3s7i '16-3s8k 'K, 
3s7i 317-3s8k 3 K 8  

Table VI(b). Calculated wavelengths and observed An = 2 
transitions in Ar VI1 due to double electron capture in the 
120 keV Ar8+-Li collisions 

An = 2 transitions E d  (nm) clpl (nm) 
in Ar VI1 in vacuum in air 

229.6 
230.5 

330.2 
- 

228.97 f 0.03 
230.17 f 0.03 

329.77 f 0.04 
330.20 f 0.04 

3s9i-3sllk 454.9 - 
3~9k-3s 1 11 - 454.50 f 0.04 
3~91-3sllm - 455.30 f 0.04 

Table VI(c). Unidentified double electron capture lines in 
120 keV Ar8+-Li collisions 

Wavelengths (nm) 

260.54; 395.28; 
271.26 3 9 6.9 6 * 
305.31 410.08 
385.82; 545.48; 
388.58 548.40. 
393.20. 548.96 
394.76* 

* Double electron capture lines already observed by Boduch et al. [SI. 

double electron capture lines by Boduch et al. in Ar8+-He 
collisions [5]. They have also been observed in Ar' +-Li col- 
lisions as single electron capture lines (in such a case, they 
are probably due to a transfer excitation mechanism). We 
suggest that they correspond to the emission from states 
belonging to configurations 3pnd (n = 4 or 5 )  or 3d4d. These 
configurations may be produced by an uncorrelated two- 
step process or by correlated double capture. HFR calcu- 
lations involving configurations interactions have been 
performed but it is difficult to find identifications which are 
consistent with the theoretical predictions. This is probably 
due to the fact that it is difficult to take correctly into 
account all the configurations interactions in these calcu- 
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Table VII. Observed An = I transitions in Ar VI  due to 
triple electron capture in the 120 keV Ara+-Li collisions 

Transition in Ar VI 

340.26 

340.54 

340.82 
342.86 
343.05 
343.93 

523.94 
527.49 

3s3A3P)6h 2H,i,-3s3p(3P)7i ' l l ~ ~ z  
3s2('S)6h 'H-3s2('S)7i 'I { 3s3A3P)6h 'H, li,-3s3p(3P)7i ' 1 ,  3,2 

3s3d3P)6h 2H,112-3~3p(3P)7i 
3s3A3P)6h '1-3~3p(~P)7i 2K 

3s3d3P)6h 'G-3s3A3P)7i 'H 
3s2('S)7h 'H-3s2('S)8i '1 

3s2('S)7i 21-3s21'S)8k 'K 

- 

lations. We will study this problem in more detail in the 
future. 

3.3. Triple electron capture lines 
3.3.1. Determination of the conjigurations produced by 

triple electron capture. Several kinds of processes may be 
involved. Firstly, three electrons of the target may be cap- 
tured successively. For this three-step process, we can assert 
that the configurations 3t3e'nt" ( n  = 7 ,  8) in Ar5+ are pro- 
duced [Fig. 6(a)]. 

Secondly, we consider a two step process where two elec- 
trons are captured simultaneously and the third one in an 
additional step. This second process can produce two kinds 
of configurations: if the 2s electron of lithium is captured 
alone, configurations 3s3dnd (n = 7, 8) can be produced 
[Fig. 6(b)]; if one of the 1s electron is captured alone, 
3s3pnd (n = 7 , 8 )  can be produced [Fig. qc)]. 

3.3.2. Line ident8cation. Observed lines corresponding to 
3s2nd-3s2n'e' and 3s3p('P or 3P)nt-3s3p('P or 3P)n'd' 
Rydberg transitions are indicated in Table VII. They have 
been identified using experimental data [18] and/or HFR 
calculations. These lines were also observed as single elec- 
tron capture lines in spectra associated with Ar6+-Li colli- 
sions. Indeed, since Ar6+ ions are either in their ground 
states or in a metastable state (3P),  single electron capture 
can produce 3s2nt or 3s3pnd (n = 6, 7 )  configurations in 
Ar VI. We verified that the intensities of the lines due to 
Ar5+ ions are linear with the lithium vapour pressure (Fig. 
1) .  The observed transitions 3s2nd-3s2n'e' correspond 
actually to triple electron capture lines. 

4. Conclusion 

We performed a detailed spectroscopic work in the range of 
near UV and visible light for the collision system 120 keV 
Ar8+-Li. The analysis provides information about the 
atomic structure of Ar", Ar6+ and Ar5+ ions as well as 
about collisions mechanisms involved in single, double and 
triple electron captures. The spectroscopic analysis has 
allowed the identification of numerous radiative tran- 
sitions. Many lines are observed and interpreted for the first 
time. The experimental transition energies are found to be in 
excellent agreement with HFR calculations. 

The results for single-electron capture confirm the validity 
of the classical over barrier models. Fine structure com- 
ponents of 7 p 2 P ,  7 d 2 D  and 8 p 2 P  were deduced. The pro- 
duction cross sections for n = 8 and n = 9 states are 
evaluated from emission cross sections. They indicate that 
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1 0  . . . I  1 0  . . - ,  
ionisation limit ionisation limit 

__ A 0-- 

el- 

b 

ionisation limit - .I 

I 
1 0‘ C 

Internuclear distance (a .U .) 
loo 

Fig. 6. Schematic illustration of the orbital electron energies for the system (Ar-Li)”. Triple electron capture processes 

only states of large angular momenta and states of low 
angular momenta are populated in good agreement with 
CTMC calculations. 

For double and triple electron capture, three kinds of 
processes have been considered. In the first one, dielectronic 
interactions are neglected and the electrons are attracted 
successively by the nucleus. In the other two processes 
(CDC or SDC), dielectronic interaction is supposed to play 
an important role. We can hence explain the strong emis- 
sions due to Rydberg transitions in Ar VI1 and Ar VI and 
assume that configurations 3pnL‘ in Ar VI1 are produced 
with high probability. 
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