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Single- (SC) and double-electron capture (DC) have been studied for collisions of Ar'+ with He using

x-ray and vacuum ultraviolet (vuv) spectroscopy at a collision energy of 80 keV as well as translational-

energy spectroscopy (TES) at lower collision energies (8 keV). It is shown that both processes involving

the ground-state ion terminate in vuv photon emission, i.e., nonautoionizing levels are populated. The

SC, by the long-lived metastable species Ar'+* (2p'3s)'Po 2, populates mostly the Na-like core-excited
levels with n =4: Ar'+* (2p'3s 'P 41) LJ. With the use of calculated decay and autoionization rates,
the measured vuv spectra are analyzed and compared with the TES results and the Auger spectra mea-

sured by other authors. It is shown that the stabilization of these core-excited states is both radiative

and autoionizing. The DC by the metastable projectile is not yet fully understood.

PACS number(s): 34.70.+e, 32.30.Jc, 32.90.+a

I. INTRODUCTION

Theoretical studies of charge-exchange collisions at
low energies (v & 1 a.u. ) have been performed for systems
involving projectiles with closed shells (He- or Ne-like
iona) and H and He targets The m. ain attention was fo-
cused on the single-electron-capture process. Only a lim-
ited number of calculations analyze the double-electron
capture, even though the experimental effort has been
largely developed [1,2].

Additional problems and difficulties arise from the fact
that an ion beam may contain a metastable fraction, a sit-
uation which is frequently encountered in the experi-
ment. In these cases, single-electron capture produces
ions in doubly excited states, while double capture would
end in triply excited states. These states share common
features with those seen in dielectronic recombination
processes.

The existence of ionic metastable states is very general
in all quasi-two-electron systems. In the case of He-like
ions, the metastable state (ls2s } S, is long lived (r ~ 10
s for elements with a nuclear charge Z & 10) [3,4]; its de-
cay into the ground state 1s 'So occurs via a magnetic
dipole transition (M 1). For Be-like ions, the
1s 2s2p Po 2 levels are long lived: the Po level could de-
cay to the ground state via a two-photon transition E1-

M1 and it is known that for low-Z ions this is very un-

likely to occur. The P2 decays to the ground state via a
magnetic quadrupole transition (M2} and has a very
small transition probability. The P, sublevel decays via
an E1 transition.

For Ne-like ions, the existence of two spin states re-
sults in the occurrence of 2p 3$ P02 levels: they show
characteristics basically similar to the 2s2p Po 2 levels in
Be-like ions. For Ne-like Ar, the lifetime of 2p 3s Po 2

has been calculated (r-3.5 X 10 s) and the L fluores-
cence of Na-like core-excited argon ions was observed
following the single-electron capture by Ar + ions [5].
The spectroscopic observations were performed in the
wavelength region below 5.5 nm where the normal Na-
like Ar is not expected to give any emission line
(A,„;,=8.64 nm, ionization limit of Ar +). This gave evi-

dence of a metastable content of the Ar + ion beam; a
more detailed discussion of the metastable fraction will
be given in the following experimental section.

Under these conditions, it was felt that the Ar ++He
system had to be reconsidered for both single- and
double-electron capture by both ion-core configurations.
In Sec. II the experimental arrangements and methods
are presented; Sec. III gives the experimental results,
whereas Sec. IV outlines the general electron transfer
features.
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II. EXPERIMENTAL ARRANGEMENTS
AND METHODS

The collision system Ar ++He has been studied with
two different experimental methods. On the one hand,
the x-ray and vacuum ultraviolet (vuv) photon spectros-
copy has been applied at a collision energy of 80 keV,
yielding direct information on the decay of the populated
excited states. On the other hand, the system has been
studied with the aid of the translational-energy-
spectroscopy (TES) technique at collision energies at
8 keV. This second method gives direct access to the
states formed in the collision. In the following, we will
give a brief description of both experimental arrange-
ments.

A. X-ray and vuv spectroscopy
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An Ar-ion beam delivered by the electron-cyclotron-
resonance (ECR) ion source at the LAGRIPPA facility of
the Centre d'Etudes Nucleaires de Grenoble is charge
and mass analyzed in order to obtain a pure Ar + beam.
The typical ion current is 5 pA at 80 keV, the ion veloci-
ty amounts to 0.28 a.u. The ion beam is passed into a
collision chamber where the target gas (He) pressure is
kept at about 4X10 Pa (measured with a Baratron).
The collision chamber is pumped differentially allowing a
background pressure of about 10 Pa. In this situation
the single-collision condition is met.

Following electron capture into excited states of Ar +

and Ar +, the subsequent spontaneously emitted photons
are analyzed with a 1-m grazing-incidence (85') vuv grat-
ing (1200 lines/mm) monochromator and are detected
with a channel electron multiplier. The entrance slit
(width of 400 pm) is located 53 cm apart from the scatter-
ing center, admitting photons, which are emitted at 25'
with respect to the forward beam direction. Photons em-

erging from the exit slit (width of 400 pm) are analyzed in
wavelength by displacing the detector. The intensity cali-
bration of the spectrometer was determined by the
branching-ratio method [6]. Each channel in the mea-
sured spectra represents approximatively a spectral re-
gion of 0.1 nm, the scanning speed was 20—30 s per chan-
nel. Figure 1 shows a survey spectrum normalized in in-

FIG. 2. Intensity calibration curve of the vuv monochroma-
tor.

tensity where the photon detection efficiency as a func-
tion of the wavelength has been accounted for. Figure 2
gives the intensity-calibration curve of the spectrometer.

Figure 3 represents the soft x-ray spectrum in the
wavelength range below 5.5 nm easily interpreted as re-
sulting from single-electron capture by the metastable
Ar + ion [5]. This spectrum has been recorded with a
grazing-incidence spectrometer looking at 90' to the
beam direction. A 3-m grating with 300 lines/mm was
used [7] and a 68-IMm entrance slit was chosen. The
detector consisted of a multichannel plate device with a
resistive-anode readout technique. The detection
efficiency was enhanced by a CsI coating of the detector
and by using an electron-capturing electric field provided
by a grid mounted over the detector surface. The wave-
length scale has been calibrated by well-known emission
lines [8] as shown in Fig. 4. Single-electron capture has
been studied for Ar ++He collisions and the observed
two strong lines are identified as the cascade termination:
2p 3s 'P&~2p 'So at 4.873 nm and 2p 3s P;~2p 'S0
at 4.918 nm. These lines served as reference wavelengths
for the analysis of the lines shown in Fig. 3.
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FIG. 1. Normalized intensity survey spectrum for Ar + +He
at 2 keV/u.

B. Translational-energy spectroscopy

The principle of the applied method as well as details
on the experimental setup are given in previous publica-
tions [9,10]. Therefore only a brief description will be
given here. The beam of multiply charged ions is
delivered by the "LAGRIPPA' facility at a collision en-

ergy of 1 keV per charge. In order to narrow the energy
distribution of the primary beam, the ions pass an energy
monochromator, yielding an energy profile with a half
width at half maximum smaller than 0.5 eV per charge.
Secondary ions are detected at different scattering angles;
they are analyzed with respect to their charge state and
their kinetic energy by the aid of a second energy
analyzer. From an analysis of the energy gain of the pro-
jectiles, the excitation energy and hence the final-state
population can be determined.
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FIG. 3. Normalized intensity soft x-ray spectrum for Ar +*(2p'3s )'Po 2+ He at 2 keV/u.

In the case of Ar + the metastable fraction of the ion
beam was found to be very narrow (&5%). In order to
increase this metastable fraction, a state-preparing
electron-capture reaction has been applied in the beam
line of LAGRIPPA between the two mass-to-charge-
ratio analyzing magnets. %hereas the first magnet was
set for a transmission of Ar + ions, the second one could
be passed only by Ar ions in charge state 8, being pro-
duced in a gas target in between. The corresponding
electron-capture reaction is described as follows:

Ar +(2p )+X~Ar +'I'2p (41,5l)]+X+,
with X=He, N2, and air.

The Ar + ions which are produced in the excited levels

n =4, 5 will decay during their flight time (60 ps) before
reaching the collision chamber and a large fraction of
these ions will end up in the metastable levels

(2p 3s) P02.
As mentioned before, single-electron capture by meta-

stable excited Ar + projectiles results in the formation of
doubly excited states which may decay via autoioniza-
tion. The resulting Ar + ions which have gained energy
in the capture process are used as indicator for the meta-
stable species. Figure 5 shows the energy distribution of
these ions using an unprepared ion beam as well as an ion
beam, which has been prepared according to reaction (I)
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FICx. 4. Normalized intensity soft x-ray spectrum for
Ar +(2p )+He~Ar +(2p nl)' L+He+; near 4.9 nm, the
peaks correspond to 2p'3s 'P; ~2p 'So (4.873 nm) and
2p'3s P, ~2p 'So (4.918 nm).

FIG. 5. Energy distribution of Ar + ions produced by
single-electron capture in Ar'+*(2p'3s)'Po 2+He collisions fol-
lowed by autoionization. Full dots: Ar'+ beam extracted
directly from the ECR ion source; open circles: Ar'+ beam
prepared in Ar ++air collisions.
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III. ANALYSIS OF THE MEASURED SPECTRA

In the following the vuv spectra obtained at a collision
energy of 80 keV and the translational-energy spectra
measured at 8 keV will be discussed.

A. X-ray and vuv spectra

In view of the complex situation resulting from the
different possible mechanisms ending in the population of
excited levels, namely,

Ar +(2p )'So+He~Ar +"(nl) L +He+,

Ar +(2p )'So+He~Ar +*'(nl, n'I')'LJ+He +

Ar +'(2p 3s) P02+He

~Ar +"[(2p 3l) Ln'1'] LJ+He+, (4)

we consider separately the radiative pattern following
each transfer process.

1. Normal ¹likespectrum

With the combined use of known data [8,12,13] the
Na-like argon transitions were identified. They are
shown in Table I with their normalized intensities. They
are unambiguously attributed to the radiative decay fol-
lowing single-electron capture (reaction 2).

TABLE I. Na-like Ar transitions following the capture col-
lisions: Ar +(2p )'So+He~Ar'+(nl) L+He+. Each transi-
tion is given with its wavelength and normalized intensity.

with X=air. Both curves are normalized to the same pri-
mary ion current and target thickness in the collision
chamber. In the case of the state-prepared ion beam, the
metastable fraction is found to be increased by a factor of
about 15. From an analysis of the translational-energy
spectra, which are discussed below and which are ob-
tained for both types of beams, absolute values of the
metastable fractions are estimated, yielding 45% and 3%,
respectively. (The evaluation method, within which
equal single-capture cross sections are assumed for both
projectile states, is described in more detail in Ref. [11].)
If nitrogen is used in reaction (1) as a target gas, the effect
is found to be similar; however, in the case of He the
measured increase of the metastable fraction is a factor of
5 only. This is due to the fact that in this case lower ex-
cited levels of the Ar + projectiles are populated.

From the consideration of the line intensities, we note
that (1) the experimental 4p Po intensity ratio for the de-
cay to both 3s S&&z and 3d DJ, R,„,=I(4p~3s ) /I ( 4p ~3d ) = 1.43, which compares well with the
calculated value R,„„,=1.33 [13]; (2) the intensity ratio
R =I(3d Dq)q~3p P3)q)/I(3d D3/$~3p P&&z) is
normally estimated to be 2 while the experiment gives the
value of 1.55; and (3) the intensity ratio
R =I(3p P3&2~3s S»2)/I(3p P'~&~~3s S,zz) is equal
to 2 as expected theoretically. Given the intensity-
calibration uncertainty, mostly in the wavelength range
below 50 nm, we conclude that the sharing among the
n =4 sublevels is not statistical in L but in each L the
sharing in J is statistical.

2. Mg-like Ar transitions

In the case of process (3), taking into account Wigner's
spin conservation rule, it is expected that the double-
electron capture should populate singlet states in the
Mg-like Ar spectrum. For the line identification, use was
made of known data [8,12] and of recently calculated and
measured wavelengths [14—16]. Table II gives the
identified transitions with their wavelength and normal-
ized intensity. It should be noted that the populated lev-
els need be of even parity. Therefore the dominant part
from the measured line emission results from cascades
from the captured levels, i.e., is attributed to the direct
double-electron capture followed immediately by cascade
processes.

3. Core-excited ¹likeAr transitions

As has been observed in other systems involving
single-electron capture by a metastable ion [3,4]—for ex-
ample, capture by He-like ions will end in Li-like core-
excited ' LJ levels —the LJ levels are in general meta-
stable against autoionization and thus cascade radiatively
down to the lowest-lying LJ levels. For Li-like ions, the
lowest levels are 1s2s2p P, /2 3/25/2 which in turn may
share their stabilization between radiation and autoioni-
zation.

For Ne-like argon, it has been shown [5] that the long-
lived metastable levels Ar +'(2p 3s) Po & may capture
one electron and thus populate core-excited Na-like levels
fluorescing in the soft x-ray range below 5.5 nm (see Figs.
1 and 3).

For the purpose of identifying the L to L transitions,
likely to be in the vuv spectrum, as well as the L to L

Transition

4p P ~3$ S1/2
4p P~3d D
4s S&/~~3p P
4f F' +3d D-
4d D~3p P
3d D3/2~3p Pl/2
3d Dq/2~3p P3/2
3p P3/2~3s Sl/2
p I /2 ~3$ SI /2

k (nm)

15.9
33.8
23.1

26.03
18.0
51.94
52.67
70.025
71.38

Intensity

43
30
23
34
90
35
54

108
54

Transition

3s4s 'So~3$3p 'P;
3s4p 'P;~3$ 'So
3s4d 'D2~3$3p 'P;
3s4f 'F3~3s3d 'D~

3s3d 'D2~3$3p 'P;
3$ 3p P I ~3$ So

A, (nm)

28.14
17.54
21.56
35.05
50.01
58.53

Intensity

5

8

7
25
12
48

TABLE II. Mg-like Ar transitions following double-electron
capture Ar'+(2p )'So+He~Ar +(nl, n'l')'L+He+.
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transitions, several calculations have been performed
yielding energies, autoionization probabilities and transi-
tion probabilities for the (2p 3sn'I') ' LJ levels with
n'=3, 4. The SUPERSTRUCTURE code [17) gives wave-
lengths and transition probabilities, the DISTORTEDWAVE

code [18,19] gives autoionization probabilities in LS cou-
pling, whereas the AUTOLSJ code [20] gives the Auger
rates in LSJ coupling. The results of these calculations
are presented in Tables III—V. In Table III the
(2p 3131'} ' Li levels are tabulated, complementing

TABLE III. Theoretical data for Ar +(2p'3l31') (I,I'=1,2). First column: level designation;
second column: energies from ground state 3s S]/z (in eU); third column: autoionization probabilities;
fourth column: sum of transition probabilities; fifth column: total fluorescence yield. The numbers in
brackets in the third through fifth columns indicate the multiplicative power of ten.

Level Energy (eV) A, gA,

2 zpa
1/2

&3/z
2
F7/z

2 0
Fs/z

2 0
Ds/z

2 0
D3/z

2
Ds/z

2

2
~1/2

2
Fs/z

2
~3/z

2S]/2
22 0

67/z
2~s /2
2
F7/z

2 a
Ds/z

2 0
D3/z

2 o
~1/2
~3/z

24po
5/2

~3/z
~1/2

4 a
D7/z

4 o
Ds/2

4 o
D3/z

4 o
D]/z
4 a
S]/2

4
D]/z

4
D3/z

4
Ds/z

4
Gs/2

4
F3/z

4
S3/z

4
Fs/z

4
~1/2

4
~s/2

4
~3/z

4 oD ]/z

D3/z
4 o
Ds/z

4 o
D7/z
67/z
Gs/z

4 o
F3/z

4 o
~s/2

4 o
Fs/z

4 o
~3/z

4 o~]/2
4

4 o
S3/z

2p 3p

2p 3d

2p 3p

2p 3p 3d

2p 3d

2p 3p 3d

273.60
273.92
274.44
275.52
277.36
277.60
297.69

297.94
298.70
299.88
300.40
306.25
325.20
326.26
326.30
326.65
326.87
327.17
328.36
275.73
274.80
275.11
275.82
276.14
276.38
277.36
279.11
294.97
295.19
295.50
297.56
299.80
300.09
300.19
300.32
300.51
300.73
323.01
323.11
323.27
323.54
324.43
324.72
325.41
325.57
325.73
326.03
326.40
326.82
330.51

2.02[+13]
1.62[+13]
4.31[+10]
2.43[+10]
1.37[+10]
2.12[+12]
1.91[+11]
1.97[+11]
1.76[+07]
3.62[+ 10]
1.89[+09]
7.03[+12]
1.86[+11]
3.34[+13]
1.45[+ 13]
3.32[+12]
6.84[+ 11]
1.22[+ 12]
1.43[+11]
1.41[+08]
3.48[+ 12]
8.69[+11]
4.80[+06]
4.07[+08]
9.55[+10]
2.44[+ 11]
6.44[+ 11]
6.71[+05]
7.79[+09)
1.42[+ 10]
6.18[+10]
1.64[+ 11]
1.16[+10]
5.86[+10]
2.39[+11]
2.18[+10]
1.67[ +07]
9.46[+08]
1.14[+09]
4.88[+09]
1.35[+11]
4.97[+10]
7.50[+11]
3.05[+10]
2.56[+ 11]
1.46[+12]
3.84[ + 08]
6.17[+09]
2.04[+13]
7.94[+ 11]

5.75[+10]
3.99[+10]
1.52[+ 10]
1.25[+ 10]
8.58[+09]
8.16[+09]
1.81[+10]
4.52[+ 10]
8.48[+ 10]
1.27[+ 10]
1.31[+10)
3.42[+ 11]
1.58[+10]
5.57[+10]
1.46[+ 10]
6.21[+10]
3.97[+10]
2.20[+ 10]
7.43[+10]
5.90[+09]
1.61[+10]
9.04[+09]
6.61[+09]
6.67[+09]
5.76[+09]
8.22[+09]
9.39[+09]
1.30[+09]
3.21[+09]
4.57[+09]
7.22[ + 09]
6.02[+ 10]
1.58[+10]
1.77[+10]
2.41[+10]
1.30[+10]
2.30[+10]
1.47[+ 10]
1.58[+10]
1.69[+10)
1.84[+ 10]
1.92[+10]
2.16[+10]
9.14[+10]
2.94[+11]
6.84[+ 10]
2.57[+10]
2.21[+10]
3.20[+10]
7.78[+10]

3[—03]
2[ —03]
0.26
0.34
0.39
4[ —03]
0.09
0.19
1

0.26
0.87
0.05
0.08
2[ —03]
1[—03]
0.02
0.05
0.02
0.34
0.98
5[ —03]
0.01
1

0.94
0.06
0.03
0.01
1

0.29
0.24
0.10
0.27
0.58
0.23
0.09
0.37
1

0.94
0.93
0.78
0.12
0.28
0.03
0.75
0.10
0.04
0.95
0.78
2[ —03]
0.09
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TABLE IV. Theoretical data for Ar' (2p'3s4l ) L (see caption of Table III).

Level Energy (eV) A,

2p'3s4s Ps/2
4 o
P3/2

4 o

2p'3s4p S3/2
4D
4
Ds/2

4
D3/2

4
PS/2

4
D1/2

4
P1/2

'P3r2
2p'3s4d P;r,

4 o
P3/2

4 oF
4 o
PS/2

4 o
F7/2

4 oFs/2
4 oF
4 o
D7r2

4 o
D1./2
D'

4 o
Dsr2

2p'3s4f D, i,
4
D3/2

4
G11r2
4
Dsr2

4
G9/2

4

4
G7/2

4
F9/2

4
Fs/2

4F
4D
4
Gs/2

315.65
316.29
318.33
322.17
322.73
322.89
323.24
323.48
323.64
324.80
325.41
331.01
331.18
331,36
331.46
331.58

331.87
332.17
332.61
332.92
333.34
334.04
334.98
335.04
335.10
335.13
335.23
335.26
335.55
335.60
335.60
335.61
337.61
337.61

1.19[+10]
1.62[+ 10]
1.0[+05]

2.84[ +08]
6.72[+08]
8.31[+08]
3.61[+11]
7.93[+12]
2.07[+09]
1.98 [ +09]
8.06[+09]

1.03[+09]
9.61[+10]
1.09[+11]
1.20[+ 11]
5.14[+11]
1.20[+ 12]
6.57[+11]
3.13[+11]
7.70[+03]
2.59[+09]

2.41[+09]
3.27[+09]
4.64[+08]
2.00[+09]
4.34[+09]
9.29[+10]
2.86[+11]
5.35[+09]
4.08[+10]

3.20[+ 10]
6.18[+10]
4.31[+08]
5.71[+08]
5.66[ + 08]
5.39[+08]
5.96[+08]
5.71[+08]
6.19+08]
5.75[+08]
2.34[+09]
4.81[+09]
1.29[ +09]
1.31[+09]
1.34[+09]
1.32[+09]
2.52[+ 10]
1.26[+09]
2.98[+11]
1.89[+11]
1.31[+09]
9.11[+07]
8.75[+07]
7.78[+07]
8.21[+07]
7.32[+07]
7.40[ +07]
7.60[+07]
6.50[+07]
5.70[+07]
3.71[+09]
7.09[+07]
6.58[+06]

0.73
0.79
0.99
1

0.67
0.45
0.42
2[ —03]

& 1[—03]
0.22
0.54
0.37
1

0.56
0.01

0.01
0.02
0.002
0.20
0.22

4[ —03]
0.999
0.03
1

0.03
0.18
0.14
0.04
0.02
6[ —04]
1[—04]
0.01
2[-03]

Level

TABLE V. Theoretical data for Ar'+(2p'3s4l ) L (see caption of Table III).

Energy (eV)

2p'3s4s 'P1/,
2

2p'3s4p S1/2
D

2
Ds/2

2
P3/2

2P 1 /2

2p 3s4d F7/2
2P 1/2
2
P3/2

2
Ds/2

2
Fs/2

2D
2p 3s4f G7yp

2
Ds/2

2D
2
G9/2
F

2
Fs/2

316.94
318.26
323.88
323.98
324.22
324.41
325.52
332.05
332.46
332.59
332.70
332.73
334.33
336.14
336.16
336.53
336.57
336.67
338.55

2.05 [+ 09]
1.54[+ 12]
4.96[+12]
5.58[+09]
4.30[+09]
3.36[+07]
6.86[+12]
1.01[+12]
4.32[+11]
1.19[+11]
1.65[+10]
5.67[+ 11]
5.92[+11]
9.65[+ 10]
5.05[+10]
8.66[+ 11]
8.72[+ 11]
2.63[+11]
1.82[+ 11]

6.23[+10]
8.58[+ 10]
3.44[+08]
5.44[+08]
3.77[+08]
3.92[+08]
4.94[+08]
1.24[+09]
3.73[+10]
4.84[+09]
1.29[+09]
1.26[+09]
1.17[+11]
6.21[+07]
4.75[+07]
9.30[ +07]
9.63[+07]
9.45[+07]
8.11[+07]

0.97
0.05

& 1[-04]
0.09
0.08
0.92

& 1[—04]
0.001
0.08
0.04
0.07

2[ —03]
0.16

6[ —04]
1[—03]
5[—04]
5[ —04]
5[ —o4]
4[ —04]
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Tables 1 and 2 of a previous paper [5], where all 2p 3s3p
and 2p 3s3d levels have been given. Table IV contains
the data for the (2p 3s41) L~ levels and Table V for the
corresponding LJ levels. Each level is characterized by
its energy from the ground state 2p 3s S,&2 (in eV), the
Auger transition probability 3„the sum of the transi-
tion probabilities Q„A„and its total fiuorescence yield
defined as d'or =g„A„/[(g„A„)+A, ].

Considering these results, two remarkable features are
evidenced: For many levels a J-dependent difFerential
metastability is clearly seen. As was observed in the Mg-
like Ar radiative decay, there are channels where two-
electron-one-photon transitions are possible, starting
from the upper configurations 2p 3s41 [14]. This justifies
the calculation of 2p ~3p, 2p 3p3d, and 2p 3d
configurations with 2p 3p L cores. The overall level dia-
grams for doublets and quartets are shown in Figs. 6 and
7.

The radiative and nonradiative decay of doubly excited
configurations in the Ar + spectrum has been discussed
also in a recent paper [21]; however, as only
configuration-averaged values are given, a detailed corn-
parison with our presented values cannot be made.

In Fig. 4 the most important decay channels as
identified with our calculations are shown. The ion time
of Bight in front of the spectrometer entrance is of the or-
der of 3.2X10 s. This time is by far longer than the
lifetime of any of the populated levels (either directly or
through cascades}. The spectrum of Fig. 1 shows some
weak-intensity lines which are attributed to cascade tran-
sitions among quartet states. A tentative assignment of
these lines is given in Table VI.

4S So Po P 4D 4Do 4FO 4F 4G 4QO
I I I I I I I I I

l l I I I I I I I

3S4P

3S4f
3S4d

3d2 3s4cI 3S4d
2

3S4p ——
2 3d3S4P 3d

3S4s

3s4f 3S4f

3d2

a 300-—
3p3d

CD

4J

3p3d

3p3d

3p3d
3p3d

275-
3s3d

3p
3p 3p

3s3d

250 —3s3p
3S3p

3s3p

FIG. 7. Grotrian diagram for Ar +(2p'3ln'l') L (see caption
Fig. 6).

Under the same experimental conditions Mack [22]
recorded an Auger electron spectrum where no peak
identification has been suggested. Even though complex,
it is possible to identify some of the Auger lines (see Table
VI}. For the Auger decay only the 2p 'So continuum is
available. If the measured line positions are compared

2S 2SO 2PQ 2P 2D 2DQ 2FO 2F 2G 280
35O I I I I I I I I I

I I I I I I I I I TABLE VI. Optical transitions and Auger lines with tenta-
tive assignment.

~ 300—

LLJ

3p3d

275—

325-
3S4p

3s4d
3d2

3s4s

3$3cI

3p

3s4f
3s4d 3s4d

3 4 3d 3d
2 2

s P 3s4p

3p3d 3 3d

3s3d
383d

3P 23p

3s4f

3p3d

3d

Wavelengths (nm)

68.0
63.0
62.7
60.7
53.7
46.6
44.8
40.2
31.7
19.8

Optical transitions
Assignments

3s3d 4F' 3p3d 4F

3p P'~3p3d D
3p P' 3p3d D
3p S 3p3d P
3p D ~3p3d F
3s3p D 3s3d F'
Unidentified
Unidentified
Unidentified
3s3p S~3s4s P

3s3p 3s3P 3s3p Energy (eV)
Auger lines

Intensity Assignment Calc. (eV)

250-

FIG. 6. Grotrian diagram for Ar +(2p'3ln 'l') L with
l =0, 1,2 for n'=3 and l'=0. 1,2; for n'=4, l =0 and
I'=0, 1,2, 3. Energies are given in eV above the ground level;
the ionization energy of Ar'+ is 143.456 eV.

245
247
278
297
320

326-328
334
337

medium
medium
weak
weak
medium
intense
intense
medium

2p'3s "P„,
2p s3s22P, rz
3s3d 4P

3p3d F, D
354s P
3s4p L
3s4d L
3s4f I. I

242
244
282
300
318

324-325
330-332

336
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with the calculated energy levels, a good agreement is
found; however, a systematic shift of the order of 2 eV is
noted between the measured and the calculated values.
Another important conclusion can be drawn: the intensi-
ty ratio of the lines originating from 2p 3s P3/p and

2p 3s P, /z is 2, showing that the J sharing is statistica1.
The line identification shows two different groups: the
most intense and unresolved is unambiguously attributed
to 2p 3s4/ ' L states; a group of low-intensity lines ap-
pears to result from cascades initiated at 3s41 levels
through either two-electron andlor one-electron transi-
tions. The 2p 3s P3/p J/Q lines are the end of the cas-
cades among these doubly excited L levels. The L levels
spare their stabilization between radiation and autoioni-
zation (see also discussion below), cascading down to the
lowest-lying core-excited level 2p 3s3p S3/p A typical
cascade time scale as appears from Tables III and IV is of
the order of 10 "—10 ' s (level lifetime}. A.t the given
ion velocity, the Qight distance while cascading is less
then 6X 10 cm.

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I t I

30-

25-

20-

5( Ss 4f 4d
I I

8 S

I) ~

C 0

~ W
C

bQ
C

~ M

C
0
O

15:

10:

5-

0
250-

200-

150-

IC ~ ~

II &h

~ 8%8
I)

IC

5p 5s
I I

I
II ~

C S

4f 4d

I

I~ % e 4 P ~

100-

50-

0
10

W 0

&tg,B
1 I

1
I I I I ) I I t 1 ) I t I 1 ) 1 t I I } I

15 20 25 30 35

energy gain (eV)

I I I f t I t

40 45

FIG. 8. Energy-gain spectra for Ar + ions produced in
Ar ++/He collisions at E=8.1 keV and 8=0. Upper part:
ground-state projectiles Ar +(2p 'So); lower part: metastable
excited projectiles Ar'+ *(2p '3s )'Pfl &.

B. Translational-energy spectra

I. Single-electron capture by Ar +(2p )'So

In order to study single-electron capture by Ar + ions
in their electronic ground state, an ion beam extracted
directly from the ECR ion source has been used. In this

TABLE VII. Relative population of excited Ar + states
after single-electron capture: Ar +(2p )'So+He. Collision en-

ergy: 8.1 keV.

4s 4p 4d 4f Ss Reference

4
3

31
7

11
2

56
57
41
55
61

90

34
29
19
38
28

present (expt. )

present (MCLZ)
Ref. [23] (expt. )

Ref. [23] (theory)
Ref. [24] (theory)
Ref. [25] (expt. )

case, the majority of the projectiles (about 95%) are
present in the ground state and, therefore, the dominant
structures measured in the energy-gain spectra are attri-
buted to Ar +(2p )'So.

Figure 8 (upper part) shows the energy distribution of
the corresponding Ar +* ions, produced at a scattering
angle of 0' and a collision energy of 8100 eV. The bars at
the top of the spectrum indicate those energy gains which
characterize capture into specific nl configurations.
Single-electron capture occurs dominantly into the 4d or-
bital; with somewhat lower probability the orbitals 4p,
4f, and 5s are populated. The full curve in the figure
represents the result of a multichannel-Landau-Zener cal-
culation (MCLZ} integrated over all scattering angles and
convoluted with the energetic resolution of the spectrom-
eter.

In order to faci1itate a comparison with the results of
other authors, the relative populations of the excited
Ar + states are given in Table VII. Generally, good
agreement is found with existing theoretical predictions
[23,24] and experimental results [25]; however, the vuv

studies of Druetta et al. [23] and earlier calculations of
Kimura and Olson [26] result in a stronger population of
the 4p level or the 4f level, respectively.

2. Single-electron capture by excited Ar~+ (2p 3s ) Po q

Electron capture by the metastable excited projectile
has been studied with an enriched ion beam (see discus-
sion above). Nevertheless, it was necessary to apply a
subtraction procedure to obtain a pure "metastable"
spectrum. For this purpose the measured spectrum had
been corrected by the spectrum shown in the upper part
of Fig. 8; the absolute amount of the ground-state contri-
bution was determined by two requirements: On the one
hand, the resulting difference spectrum had to stay posi-
tive in the total energy range; on the other hand, the
width of the resulting structures had to be in agreement
with the experimental resolution. The spectrum which
has been obtained in this way is shown in the 1ower part
of Fig. 8.

Single-electron capture by the metastable projectile is
found to produce exclusively the configurations 2p 3snl.
However, as the ions are analyzed in charge state 7, the
spectrum shown contains only contributions from those
doubly excited Ar states which are metastable with
respect to autoianization and which stabilize radiatively.
As in the case of the ground-state species, capture occurs
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dominantly into states with n =4. The vertical bars indi-
cate the energetic positions of the averaged
configurations 2p 3snl, as being calculated with a
multiconfiguration Dirac-Fock code [27]. Besides the 4d
and 4f orbitals, the 5s orbital is populated to a remark-
able amount.

The general similarity between both spectra is due to
the fact that the relative excitation energies of the con-
sidered levels are not very different with respect to the
2p and the 2p 3s ion cores. Hence the energy gain is
very similar in both cases. Obviously, the excited 3s elec-
tron does not have a large influence on the electron-
capture process.

The energy-gain spectrum of those ions which are pop-
ulated in autoionizing states has already been shown in
Fig. 5. Due to the kinematic broadening by the electron
emission the spectrum is less well resolved; however, the
measured energy gains are comparable with those shown
in the lower part of Fig. 8 and therefore we may conclude
that similar doubly excited states are populated. A slight
shift towards lower-energy defects, which corresponds to
larger excitation energies of the produced states, may be
due to the fact that dominantly the doublet levels
2p 3snl L& are contributing to the autoionization signal.

A quantitative comparison of the different spectra
yields an estimate for the fraction of doubly excited levels
which decay by autoionization. The analysis shows that
54% of the reaction products stabilize by photon emis-
sion, whereas 46% decay via autoionization. If doublet
and quartet levels are populated according to their sta-
tistical weights and if the LS-coupling scheme holds
rigorously, an autoionizing fraction of 33% should be ex-
pected. This demonstrates that also quartet levels decay
partially by autoionization in agreement with the calcu-
lated Auger rates.

3. Double electron capt-ure by Are+(2p }'Sa

The energy-gain spectrum of Ar + ions which are pro-
duced by true (nonautoionizing) double-electron capture
is shown in Fig. 9. The prominent reaction channels lead
to the formation of the 2p 3d4f and the 2p 3d4d Mg-

4s4f 2 3d4f
4s4d 4s4p ,

3d4d

40,,

Ar8+ +He

CJ

-40—
C
(1}

0
CL

314d

Ar7+ +He+

Ar 6+ +Me2+

-80 I

4 6 10

internuclear distance (units of ao)

FIG. 10. Schematic potential-energy diagram representing
the dominant single- and double-electron-capture channels.

like configurations, which are lying just below the au-
toionization limit. The 4s4l configurations which are
above the ionization limit are populated to a minor extent
only. The corresponding autoionizing signal can be seen
in the energy-gain spectrum of Ar + ions measured at
larger scattering angles (about 0.4'). A population of the
3p4l and 3s41 configurations has not been detected. The
corresponding reaction probability is expected to be very
small at low collision energies due to the large exoergicity
of the corresponding reactions.

The dominant reactions are believed to occur via a
two-step mechanism as indicated in the schematic poten-
tial curve diagram shown in Fig. 10. %hereas the incom-
ing channel is represented by a flat curve, the potential
curves of the two dominant single- and double-electron-
capture channels are shown as pure Coulornbic curves.
At a nuclear distance of about 6 a.u. (R i) the first target
electron is captured with high probability into the 4d and
4f orbitals in accordance with the measured single-
capture spectrum. At nuclear distances below 4 a.u. (R &}

further crossings between the potential curves for single-
and double-electron capture occur. In this case the
second target electron is transferred into the 3d orbital of
Ar +. The matrix element for a two-electron transition
at Rz is expected to be very small, as the energetic dis-
tance between the potential curves for single and double
capture is very large at this internuclear distance
[28—30].

IV. CROSS SECTIONS AND COLLISION FEATURES

In order to determine absolute cross sections (total and
partial to individual substates}, we first derive the emis-
sion cross sections o, (A,) from the measured optical sig-
nals [31]. This quantity is written

60 80 o, (A, }=(4n/Q)S(A, )/(I/q)NLE(A, ), (5)
energy gain (e V)

FIG. 9. Energy-gain spectrum of Ar + ions produced in
Ar (2p )'So+He collisions. Scattering angle 0'; energy 8.1
keV.

where I is the ion beam current, q the incident ion
charge, N the target number density, $(A, ) the measured
signal, K(A) the spectrometer sensitivity, L the beam
length viewed by the spectrometer, and 0 the solid angle.
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The uncertainty of these cross sections is of the order of
30% and is basically due to the absolute calibration accu-
racy. Since in the Na-like spectrum there are no transi-
tions of noticeable intensity originating from n =5 con-
tributing by cascades to the population of the n =4, it is
possible to express the capture cross section and thus
compare the experimental values with theoretical predic-
tions. Moreover, as discussed below, double capture
practically does not interfere with single capture via au-
toionization into the 3p PJ or 3d DJ levels of Ar +

(only a weak autoionization signal has been seen in the
low-energy TES measurements). The end products of
process (4) may decay to the Na-like ground state, but
given the fact that the metastable fraction of the beam is
below 5% and that a certain number of decay paths are
autoionizing to the 2p So continuum, the contribution
to the line intensities emitted after process (2) is assumed
to be negligible.

A. Cross section for the excitation of Na-like Ar

+o, (3s S, i2-. 4p P')/BR . (6)

The 3p PJ level is populated from all 4l LJ levels but
the branching-ratio (BR) of the 4p PJ levels which decay
to the ground state 3s S,&2. Given the transition proba-
bilities and the branching ratio, the cross section for cap-
ture into different I orbitals of n =4 may be expressed as

cr4t =o, (41~31') g A4I,
n') I'

At a collision energy of 2 keV/u we finally obtain for the
total single-electron-capture cross section a value of

sc 2 1X10 ' cm (8)

with the following sharing among the different 41 orbitals:

cr4, =2. 1 X 10 ' cm (10%),

o4 =6.6X10 ' cm (32%),

cr4d=9. 1X10 ' cm (43%),

o4f =3.1 X 10 ' cm (14%) .

(9)

These values are in good agreement with theoretical pre-
dictions [23,24] and the total cross section also agrees
well with previously measured ones (see Ref. [23] for pre-
vious references). The value measured by Druetta et al.
[23] for the n =4 population is found to be somewhat
smaller, even though the fractional sharing of the indivi-
dual n =4 substates is similar. It should be noted that
these authors mentioned some capture into n =5, as be-
ing also found in our low-energy TES spectra. However,
in our vuv spectra, measured at 80 keV, no transitions
from n =5 are observed. This finding agrees with recent
observations by Boduch et al. [32]. They recorded opti-
cal spectra for hn =0 transitions in the systems

The total single-electron-capture (SC) cross section
may be written as follows:

osc =o,m(3s S,~~~3p P'in 3n)

Ar ++He and Ar ++H2. Transitions for n =5 are only
seen with the H2 target, which is consistent with both our
observation of the n =4 population and the theoretical
result for the He target at this collision energy.

oDc=cr, (2p 3s 'So~2p 3s3p 'P;)

+o, (2p 3s 'So~2p 3s4p 'P;) . (10)

Since the single-electron-capture cross section is known
and since there is no strong interference between process-
es (2) and (3), the true double-capture cross section can be
deduced. A11 line intensities given in Table I and II are
normalized. Thus the ratio of the sum of intensities of
transitions contributing to the double capture to the sum
of the intensities of transitions contributing to the single-
electron capture is a measure for the cross-section ratio.
This ratio times the single-electron-capture cross sections
gives the true double-electron-capture cross section. We
obtain

o-Dc=5. 12X10 ' cm

with the sharing

croc(n =3,n'=3)=1X10 ' cm

crDc(n =3,n'=4)=4. 1 X 10 ' cm
(12)

The combination o.sc and o.Dc may be considered as
benchmarks for spectrometer calibration purposes, for
example.

C. Capture cross section for the metastable projectile

If we compare SC by the metastable ion with the SC by
the ground-state projectile, we note a great similarity to
the capture level n =4. The sharing as understood from
the Auger, the x-ray and the TES spectra shows a max-
imum population of the 2p 3s4d configuration (the L

B. Double-capture cross section

Until recently the available spectroscopic data for
Ar + were rather limited [8,12]. Our data [14—16] show
that all 313l' 'L and 3141' 'L levels are lying below the
first ionization limit of Mg-like Ar. This was also
confirmed by Boduch et al. [32]. Since no theoretical
treatment of the double capture is available, we use the
reaction window-concept extensions [33,34] for predict-
ing which are the most likely doubly excited 'L levels.
As in the 0 ++He system, it appears that at 80 keV
(n =3,n'=3) and (n =3,n'=4) are expected to be popu-
lated. Our TES measurements have shown that the latter
configuration is populated preferably at low collision en-
ergies. All these highly doubly excited levels up to 3d4f
lie just below the first ionization limit, thus their decay is
fully radiative, whichever the populated levels are. A
closer inspection of the level configuration shows that all
the cascades finally feed the 2p 3s3p 'P; level, the only
level with a branching directly to the 2p 3s 'So level be-
ing the 2p 3s4p 'P]. Under these conditions, it is possi-
ble to write the total double-electron capture (DC) cross
section as follows:
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100—

Ar '(2p 3s) Po ~

2p 3s4l—2,4
i

2p 3I3I'

&52A~

2p 3s3I4I' L

~~5~p~
2p 3s4l L

scale (see Fig. 11). The populated terms are 'L for the
ground-state projectile while L results for the metastable
ion. These triply excited levels would probably stabilize
via autoionization to the closest continuum 2p 3l with
emission of an electron (its kinetic energy is expected to
be of the order of 235 eV). This could be the origin of a
low-intensity peak around this value seen in the Auger
spectrum [22].

Populating 2p 3s3d LJ would probably open radia-
tive channels; a first transition to 2p 3s3d DJ would give
a photon in the 3.7-nm range rapidly followed by a vuv
transition 2p 3s3d DJ~2p 3s3p PJ (47.7 nm). Under
the present conditions it seems difficult to reach directly
for these transitions.

0—

LLj

—100—

Ar '(2p ) So

,. n=4
~l

X,)87A J

Il=3

Ar (3s) S1/z

DECAY to L
jL, &55A

n=3, n'=4 'L

—200-
l V.UV.

f

Ar '(3s )'So

FIG. 11. Level diagram of the Ar ++He system. Left
column: entrance channels; central column: single-capture exit
channels to Na-like Ar; right column: double-capture exit
channels to Mg-like Ar.

terms decay mostly via autoionization) very similar to the
SC by the ground-state ion. On the basis of a Landau-
Zener-type estimate, the total single-capture cross section
would be the same as with the ground-state ion. All dou-
bly excited levels below 2p 3s4l are in fact populated via
cascades; the transfer excitation giving 2p 3p Ln 'I'
would end in endothermic channels (the excitation energy
2p 3s P to 2p'3p L is of the order of 25 eV).

Assuming the same behavior for electron capture,
whichever ion core is considered, the DC by the metasta-
ble ion would produce excited levels like (2p 3s3131') LJ
and (2p 3s3141') LJ, the transferred electron pair retain-
ing its total spin and parity. These levels are not known.
Considering calculated and measured energy gains for SC
and DC by the ground-state ion, we can approximately
locate the Mg-like triply excited Ar levels on an energy

V. CONCLUSION

We have shown that SC and DC by Ar + ions in the
ground state are populating levels under the first ioniza-
tion limit in the Na- and Mg-like systems. Whereas SC
populates dominantly the 4d level, DC produces with
high probability the 3141' configurations, 3d4f and 3d41
being dominant at low collision energies. SC by the
metastable ion Ar +'(2p 3s) Po z populates core-excited
Na-like Ar levels not well known before this work.
[These levels are also populated in dielectronic recom-
bination (DR).] A close inspection of the level charac-
teristics shows that the LJ levels are not systematically
metastable against autoionization as in Li-like core-
excited systems. It is important to differentiate between
levels with 'L and L cores: they are different in energy
and in their stabilization (radiation and autoionization).
Since rate coefficients for DR are generally much smaller
than those for charge transfer and since it is likely that
DR may populate preferentially the 'L core
configurations, the necessity of knowing both appears.
Both collision processes may well be cooperative in plas-
mas, e.g., for x-ray laser schemes or in Tokamaks when
neutral hydrogen beams are used for heating and diag-
nostic purposes.
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