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Electron capture by a metastable ion in the collision AF*(2p°3s)®P, ,+H, at low velocity
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Single-electroSC) and double-electron captutBC) in collisions of metastable AF ions with H, have
been studied by using X-VUV and Auger spectroscopy at 10 keV per charge. SC by the long-lived meta-
stable ion AP*(2p°3s)®P, , mostly populates inner-shell excited Na-like’At* [ (2p°3s)3P,nl]>4L; levels
with n=5, a small fraction going tm=4. With the use of radiative and Auger decay rates, the observed
X-VUV and Auger spectra are analyzed and compared with the spectra obtained by other authors. It is shown
that the stabilization of these core-excited states is both radiative and autoionizing. DC by the metastable
projectile reveals the formation of triply excited %r** ions. They stabilize along two Auger decay steps:
the first one gives a low-energy electron, associated with the decay to the intermediate continua
Ar’*(2p®313l’), while the second step—originating from these’ A2p°3I3l’) levels—gives a higher-
energy electron, characteristic of the decay to the only available continufin{2p®)*s,.

DOI: 10.1103/PhysRevA.63.032710 PACS nuniber34.70+e, 32.90+a

[. INTRODUCTION (a) Experimentally, the ion beams, normally produced by
electron cyclotron resonan¢ECR) ion sources contain low
Most charge-exchange collisions, studied at low energiegetastable fractions and thus long acquisition times are re-
(E<25keV/amu), have been performed with projectilesquired, even with high sensitivity devices. To circumvent
(highly charged ionsin their ground states, neglecting the this experimental difficulty, beams of ion€’* with highly
presence of metastable ions in the primary beam. enriched metastable fractions can be prepared by SC, starting
However, many studies have shown that the single@ut with beams of initial chargeq(+1). For example, an
electron capturéSC) mechanisms for a given ion species in enriched metastable beam of q1s2s)°S, can be prepared
its ground state and in an excited metastable state lead to thY the following process:
population of the same levels(principal quantum numbgr
The corresponding cross sections are the same. However, the~7+ 2 6+ 1,3 +
stabilization mechanisms are different: for the ground—stateeO (18)°Syz+ X (any target—0"" (1s nl) s+ X il)
projectile only radiative decay occurs; for the metastable ion,
both radiative and Auger decays are possible. In the latter
case extended sets of atomic data are needed in order to edd#s reaction is followed by the radiative cascade decay to
assignments and identify the observed transitions. In generaboth the ground state % (1s?)'S, [some fraction ends in
a theoretical cross-section determination has not been dor®@® " (1s2s)!S,, the lifetime of which is shorter than that of
and we are left with experimental scaling rules for predictingO®* (1s2s)3S, and which decays via two-photon emissjon
which levels are mostly populatedn,() (principal and or- and the metastable state®Q1s2s)3S,, where statistical
bital quantum numbeys sharing among singlet and triplet states enhances the meta-
When dealing with double-electron captdEC), the situ-  stable fraction. This procedure was used to facilitate the
ation is more complex. Collisions with ground-state projec-translational energy gain spectroscopy measureni2ht
tiles end in doubly excited states while with metastable ionsAmong the experimental approaches, Auger spectroscopy is
they end in triply excited states. As was shown in R&ffor  frequently chosen. In the case of SC ending in core-excited
the system At'(2p°3s)®PP+He, the levels which are ions, this method allows easy identification of the transitions.
dominantly populated were identified to be above the secontlowever, ambiguities may arise in the case of DC, lines are

ionization limit of Ar®*. observed and improperly attributed, i.e., lines are attributed
The difficulties that frequently arise in studying systemsto SC which in fact result from one step in a two-step cas-
involving metastable ions are twofold. cade from triply excited levelgl].
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FIG. 2. Schematic of the XUV grazing incidence spectrometer:
1, interaction region; 2, entrance slit; 3, grating selector; 4, gratings;
tube ||| 5, detector based on multichannel plates. Upper part, lateral view;

lower part, vertical view.
lens 4

Gas Cell excited states. On the other hand, the ions resulting from
the collision processes are studied with the aid of the Auger
spectroscopy technique at the same collision energy. This
//1/’ second method gives access to the states formed in the col-
L lision. In the following, we give a brief description of both
experimental arrangements.

FIG. 1. Schematic of the experimental device: the ion beam
extracted from the ECR ion source is mass and charge analyzed
using a bending magnéBM) and then passed into the gas cell. The
spectrometer is attracted to the collision cell to detect the emitted An argon-ion beam delivered by the ECR ion source at
photons resulting from the excited ions formed in the capture prothe AIM facility (of CEA-Grenoblg is charge and mass ana-
cess. lyzed in order to obtain a pure Af beam. The typical ion

current is 5uA at 80 keV (ion velocity v~0.28a.u.). The

(b) Theoretically, the calculation of atomic datenergy  jon beam passes in the differentially pumped collision cham-
levels, radiative and Auger decay ratésr doubly and triply  per; the base pressure in the surrounding space is kept as low
excited states is not straightforward even with the most sogs 1.5 10°8 Torr. It has been shown that the metastable
phisticated codesin Ref. [3] three different theoretical ap- fraction content of the primary ion beam is of the order of
proaches and codes are comparédoreover, for triply ex-  5-69 [2,4]. A schematic view of the grazing incidence
cited ions there is no fully reliable theoretical description. spectrometer is shown in Fig. 2. The observation wavelength

Soft X-ray Spectrometer

A. X-VUV spectroscopy

For the collision system window is set below 55 A and the spectrum shown in Fig. 3
G4 o 5o 3 is unambiguously interpreted as resulting from electron cap-
Ar®"(2p3s)°Pg .+ H; (2 ture by AP**(2p®3s)®P,, ions. The compact core one

. outer excited electron AF emission spectrum limit is 81.3
we present the experimental arrangements and methods B For wavelength calibration, a spectrum was taken of the

Sec. II. Section Il outlines the atomic data calculations; theyx_\/Uv radiative decay of the products of the SC reaction
allow better line identifications, both in the X-VUV and the

Auger spectra. Section IV focuses on the collision features. ¢, —— ,

II. EXPERIMENTAL ARRANGEMENTS AND METHODS

The experimental devicésee Fig. 1 basically uses an
ECR ion source that delivers multiply charged ion beams.
Once accelerated, with use of a bending magB#t), they
are mass and charge analyzed to sort out the specific ion £
needed. Then the selected beam is passed in a differentiall’§
pumped collision cell where SC and DC take place. The gass
pressure, monitored using a Baratron, is kept at a value sucl 4
that the single collision condition is satisfiegh=€1.5—2
X 10 > mbar of Hy).

The collision system A¥ +H, is studied using and com- e e e
paring two different experimental methods. On the one hand,

X-VUV spectroscopy is applied at a collision energy of 80  FIG. 3. Normalized intensityin counts of the x-ray spectrum
keV. The grazing incidence spectrometer is set at 90° to themitted by the products of the SC collision. A(2p°3s)3P,

beam direction, looking directly into the collision chamber +H,—Ar’*(2p°3snl)?4_;+H," versus wavelengtirecorded in
and thus yielding information on the decay of the populatedhe window 40-54 A

160 [~

ate (Arb. units)

40

52 }: (A)
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x102 to approximately 250 eV. From previous results obtained for
18| Ar®"+He [1], we understand that most of the high-energy

part of the spectrum is to be attributed to charge tratsfer

the metastable projectile. Under these conditions, the scaling

laws available for the prediction of the most populated lev-

els, in SC and DG7-11] are used to give some guidelines

for the analysis.

14 |-

C. Scaling predictions

Counting rate (Arb. units)
S
T

Using the scaling laws established for SC and multiple
captureq7-11], we have to pay special attention to the fact
that we deal here with a moleculay, thrget[12] which has
a different behavior than the atomic He tar§2f We have
to consider SGSC and dissociatiorand DC which, respec-

| 1 1 | 1 |

|
40 42 44 46 48 50 52 % (A tively, will end dominantly in the population of=5 and 4,
FIG. 4. Normalized intensityin counts of the x-ray spectrum I=1 for SC, and (=4/=1) and f'=5/"=1 and 2 for
emitted by the products of the SC collision. °A(2p%) +H, DC. )
— A8 (2p®n1)13L ;+H," versus wavelengttrecorded in the win- In SC the populated excited states are shared between

dow 40-54 A. The weaker peak is identified as the transition doublets and quartets states of Arin DC, the sharing can
Ar8*(2p53s)1P, — Ar8* (2p®)1S,, the higher intensity one as be among singlet, triplet, and quintet states of‘Arin the

Ar8+(2p53s)3P; —Ar*t(2p®)'s,. following we describe the calculation procedure and present
some atomic data needed for the identification of the ob-
A%t + H,— A8 (nh)13L j+H, " ©) served transitions.
and ending in the emission of the resonant Ne-like rays,

I1l. CALCULATION OF ATOMIC PARAMETERS
Ar8*(2p°3s)13pP, - Ar8* (2p8)isy+ hv. (4)

We need further data for the analysis of SC and DC as
A typical spectrum for A¥*/H,, obtained in the same wave- well as the line identifications. SC ends in the formation of

length interval as in Fig. 3, is shown in Fig. 4. core-excited Na-like ions; from previous observatidi23
and since the collision process is core conserving we have
B. Auger spectroscopy taken into account @3snl configurations. As understood

from Ref.[1], the atomic features of Af(2p°3I13l’) are

also needed and have been determined.

DC ends in core-excited Mg-like ions and there again, it
relevant to retain core conservation ending in

Under similar experimental conditions, Mafk] at KVI
(Groningen, The Netherlandand Boudjemd6] at the AIM
(Grenoble, Frangerecorded the same Auger-electron spec-.
tra, where gross peak identifications were only suggested. e
typical Auger—eleri:tron spectrum is presentt)e/d i?\g Fig. 5. p|5353|r;]| - For qomp:(etﬁ ness an:jj coherergé:f: Y vv7e+ havgz cal-
Clearly two energy regions appear in this spectrum: one be(zfl]J ated the energies of the ground states AT an
low 65 eV and the other one above 102 eV and extending u e ionization potentla!s of these ions. These values are nec-

ssary for the determination of the Auger-electron energies

(2p° 35) 4L 50 -» (2p° L) resulting from the decays following SC and DC.

(2p% ) 4L 51 —» (2p° ) 31" (2p°3s)nl > (20°)'S, To calculate the energy levells wavelengths\, radiative
—a —] probabilitiesA;! and the sum of all the possible radiative

(3 > (oprys _ probabilitiesS A/, we used thesUPERSTRUCTURECOde de-

[ 1 veloped by Eissner and Nussbaurfie?]. For highly ionized

elements, autoionization processes are weak enough to be

treated by perturbation theory. The autoionization probability

AS'is given by
- AS=27|(Wi(Eg)|H—EJ ¥4 (h/2m)?, (5)

Cross-section (Arb. units)

where

[ T RN R TNl F NN R T T RN SR TR Es:<\Ps|H|\Ps>- (6)

20 40 60 80 100 120 140 160 180 200 eV
ENERGY ( eV ) {emitter frame) .

FIG. 5. Auger spectruntarbitrary unit3 corresponding to the ¥'s and W are the initial bound state and final free state,
stabilization of the DC products of At(2p°3s)°Pg,+H, respectively. The autoionization probabilities are obtained
—Ar®*(2p®3snin’l’)}35% ;+ H'+H’' versus energy(in eV). using theauToLsJcode developed by Dubdad4]. The total
Lines attributed to the SC by the metastable ion and to the DC byluorescence yieldv; and the branching rati®, are ob-
the ground-state projectile are also pregaee texk tained by the same code with
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TABLE I. Energy levels of the core-excited Na-like argon ion relative to the ground state. Column 1: level; column 2: @wergy
relative to the ground level; column 3: sum of Auger rates; column 4: sum of radiative transition rates; column 5: total fluorescence yield;
column 6: Auger branching ratio; column 7: energy of the Auger electron for the decay to the only available contifti(@p®tS,. The
levels with high fluorescence yields are underlined.

Level (eV)
per GS SA, (sYH SA (s7Y o' B, Ea (V)

15225?2p®3s5s *Py), 353.8493 2.38®1) 0 0 1 210.8493
15225?2p®3s5s*Pg), 354.2601 1.4001) 1.76410) 1.119-01) 8.810—01) 211.2601
15225?2p®3s5s 2P, 354.8473 1.1310) 6.21210) 8.459-01) 1.541(—01) 211.8473
15225?2p®3s5s 2P, 355.0280 8.02a1) 3.360110) 4.020-02) 9.597-01) 212.0280
15225?2p®3s5s %P, 356.0128 6.9300) 1.85410) 2.111-01) 7.889-01) 213.1288
15?2522p°3s5s 2P, 356.9803 1.8641) 1.34211) 4.790-01) 5.210-01) 213.9803
1s?25°2p°3s5p *Sy), 356.8946 3.60@5) 9.68808) 9.996(— 01) 0 213.8946
15225?2p®3s5p *Dy), 357.0707 3.28®0) 1.71308) 1 0 214.0707
15225?2p®3s5p Dy, 357.1547 2.87®98) 7.66508) 7.272-01) 2.728-01) 214.1547
15225?2p®3s5p D), 357.3595 3.67®8) 4.49109) 9.244(-01) 7.560—02) 214.3595
15225?2p®3s5p P, 357.3853 1.48D9) 9.95908) 4.019-01) 5.981—01) 214.3853
15225?2p®3s5p 2Py, 357.6480 2.9942) 1.571(10) 5.220—03) 9.947-01) 214.6480
15225?2p®3s5p Py, 357.9562 1.84@2) 5.39710) 2.841—02) 9.715-01) 214.9562
15225?2p®3s5p 2Dy, 357.9969 2.21®9) 4.560(10) 9.537(-01) 4.630—02 214.9969
15%2522p°3s5p 2D, 358.0351 1.55@8) 4.37810) 9.965(—01) 3.500—02) 215.0351
15?25?2p°3s5p 2Py, 358.0733 1.20®9) 3.62510) 9.679(-01) 3.210-02 215.0733
15225?2p®3s5p %S, 358.5054 7.11@2) 2.97310) 4.161—03 9.958-01) 215.5054
1522522p®3s5p Py, 359.3213 1.02®9) 4.25109) 8.057—01) 1.943-02) 216.3213
15%25?2p°3s5p “D )5 350.3884 3.6222) 2.29610) 6.293-03 9.937-01) 216.3884
15%22522p°3s5p 2Py, 360.1618 1.36@9) 1.29911) 9.896(—01) 1.100—04) 217.1618
15225?2p®3s5p 2Dy, 360.1797 4.43@9) 1.26611) 9.662(—01) 3.380—04) 217.1797
15225?2p®3s5p 2Py, 360.3256 2.49®9) 1.26Q11) 9.806(—01) 1.940—-04) 217.3256
15%2522p°3s5p 2Dy, 360.3561 1.32(08) 1.22811) 9.989(— 01) 0 217.3561
15225?2p°®3s5p %S, 360.8536 1.1583) 1.07711) 9.216-03 9.90§-01) 217.8536
1s%22522p°3s5d “Py, 361.0449 6.19@8) 1.16009) 6.518—-01) 3.482-01) 218.0449
15%2522p°3s5d “Py, 361.1285 1.77(09) 2.52809) 5.880—01) 4.120-01) 218.1285
15225?2p®3s5d *Fg), 361.1721 6.340-01) 4.62608) 1 0 218.1721
15225?2p®3s5d *Pg), 361.2519 4.83D8) 9.916098) 6.728-01) 3.272-01) 218.2519
15?25?2p°3s5d *F), 361.2805 3.7210) 9.87408) 2.585-02 9.741—01) 218.2805
15%25?2p°3s5d F ), 361.4304 4.56@.0) 2.18809) 4.583-02) 9.541—01) 218.4304
1s522s?2p®3s5d 2F), 361.4412 1.9411) 4.56008) 2.282-03 9.977-01) 218.4412
15225?2p®3s5d 2Dy, 361.5945 4.204.0) 5.12810) 5.495—01) 4.505-01) 218.5945
1522s?2p®3s5d 2P, 362.0901 2.1141) 2.25211) 5.1570-01) 4.843-01) 219.0901
15225?2p®3s5d D) 362.0901 6.80@7) 4.98510) 9.986(—01) 0 219.0901
1s%22522p°3s5d D), 362.0927 9.55@9) 5.52310) 8.525-01) 1.475-01) 219.0927
1s522s?2p®3s5d 2D, 362.0947 2.53d.0) 3.69410) 5.927-01) 4.073-01) 219.0947
1522s?2p®3s5d D), 362.0972 5.99@0) 4.56310) 4.322-01) 5.678—01) 219.0972
1522s?2p®3s5d ?Fg), 362.1502 2.50(11.0) 4.80910) 3.613-01) 6.87(—01) 219.1502
15225?2p®3s5d 2P, 362.4818 1.79011) 1.99411) 5.269—01) 4.731—01) 219.4818
15225?2p®3s5f D), 362.9968 2.38@5) 4.82807) 9.950(— 01) 0 219.9968
15225?2p®3s5f Dy, 363.0224 4.22®9) 1.99008) 4.500—02) 9.550—01) 220.0224
15225?2p°®3s5f *F 1), 363.0420 0 4.31®7) 1 0

1522522p°3s5f Dy, 363.0627 2.16@9) 2.70208) 9.350—02) 9.065—01) 220.0627
15225?2p®3s5f *Gg), 363.0972 1.36®9) 2.854098) 1.728-01) 8.272-01) 200.0972
15225?2p®3s5f *F), 363.1023 3.82®7) 9.67607) 7.166—01) 2.834-01) 220.1023
15225?2p53s5f *Fg), 363.2588 7.500.0) 2.00609) 2.605—-02) 9.739-01) 220.2588
15225?2p®3s5f *Fy), 363.2601 4.43@1) 1.95309) 4.383-03) 0 220.2601
15?2522p°3s5f 4F 4, 363.2824 1.354.0) 3.68809) 2.140-01) 7.860—01) 220.2824
15?2522p°3s5f 4F ), 363.2829 1.8241) 3.04308) 1.617-02 9.83§-01) 220.2829
15%22522p°3s5G “H g 363.5105 0 3.87®5) 1 0 220.5105
15225?2p®3s5G ?H ;0 363.5625 3.349) 1.62907) 4.843-03) 1 220.5625
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TABLE Il. Energy levels of AF"(2p®313I’) relative to the ground state. Column 1: configurations; column 2: energy from ground state
(eV); column 3: Auger-electron energy for decay to the only available continuufh(2p®)?s,.

Energy(eV) Energy(eV) Energy(eV) Energy (eV)
Configurations per GS per Auger Configurations per GS per Auger
2p°3s? 2Pg 247.9700 105.1756 2Dy 310.1021 167.3076
2P, 250.0556 107.2612 2Dy 310.2478
2p°®3s3p 2Dy, 263.3755 120.5018 23 311.2951 168.5006
2P 264.7091 121.9146 2Dy 311.5009 168.7064
Dy 265.0940 122.2999 2Py, 311.7765 168.9821
Py 265.2801 122.4857 2p®3p3d  2F4p 311.7851 168.9906
23, 266.5997 123.8057 2Py 312.8988 170.1043
’Dg)p 269.9206 127.1262 2Dy 313.6872 170.8927
2Py, 270.6199 127.8254 Dy, 313.7682 170.9737
Dy 272.2418 129.4474 2Py, 314.0546 171.2601
2P 272.2461 129.4517 2P, 314.0863 171.2919
%Sy 277.7961 135.0017 2Ggpp 314.7269 171.9324
2p°®3p? 2Py 280.2715 137.4770 2Fop 315.7038 172.9093
2Fyp 281.1028 138.3084 2Dy 316.9671 174.1726
e 282.0637 139.2693 281 317.1615 174.3671
Dy 282.7025 139.9091 2Py, 317.3477 174.5532
Dy, 283.7537 140.9593 2Gyp, 317.6851 174.8907
2P, 283.9142 141.1198 *Fep 318.1806 175.3862
Dy 284.4862 141.6918 2Dy 318.7976 176.0032
2S1 285.0982 142.3037 2P, 319.2191 176.4247
Dy, 285.1238 142.3294 2Dy 322.4772 179.6828
2Py, 288.6843 145.8899 Dy, 322.6709 179.8769
2P, 289.6220 146.8275 2p°3d? %Fgp 334.4696 191.6752
2Py, 291.5013 148.7068 2Py 334.6284 191.8340
2p°3s3d %Fg)p 292.2209 149.4264 2Dy 334.7146 191.9472
2p°3p? P 289.6220 149.7103 2Fop 334.8851 192.0907
2p®3s3d 2Dy, 292.6876 149.8932 2Py, 334.9184 192.1239
2Fyp 292.6939 149.8995 2Hy1p 334.9697 192.1752
2Dy 292.9935 150.1990 %Gy, 335.1578 192.3634
Py 294.7195 151.9250 2Fop 335.4651 192.6707
2Py 294.8930 152.0986 Hop 335.9741 193.1797
2Fyp 296.7125 153.9180 2Gyp 335.9875 193.1930
2Dy, 297.4539 154.6594 Dy, 336.1494 193.3550
2Pa, 298.3331 155.5386 2Dy 336.2396 193.4451
2P 298.9962 156.2017 2Ry, 337.0241 194.2297
%y 299.1797 156.3815 2F4), 337.4310 194.6366
2Dy, 300.5103 157.7078 2Dg), 337.6095 194.8151
2p®3s3d 2Fg), 305.2175 162.4230 %S, 337.9793 195.1849
Dy, 305.4196 162.6252 2Fg), 337.9801 195.1857
2Fep 305.6947 162.9002 2Ggyp, 338.0955 195.3011
2Gypp 306.0547 163.2602 2Gypy 339.1949 196.4005
2P, 306.2334 163.4389 2Dy, 339.9540 196.7297
2Gg)p 306.2387 163.4442 2Dy 339.6574 196.8630
2Dy, 307.3780 164.5836 2P, 339.7694 196.8849
2P, 307.7796 164.9851 2Py, 340.3524 197.5580
2Fp 307.8657 165.0712 ®Pap 342.2280 199.4335
%Fg)p 307.9886 165.1941 2Py 344.1505 201.3560
%Fgp 309.5919 166.7975
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eV 253
N areprzy .
3s5¢ { e e e
o3s4f e HH*
3d’ {‘_
o3s4p
J3p3d { 3s4s a-aab 3s4psd
7} 3s3d
3p2 [ e
( gﬁfﬁ FIG. 6. Overall level diagram showing col-
3s3p{ —— umn 1 (left), the entrance channel
N Ar8*(2p®3s)3Py,; column 2 (centej, the SC
§ - exit channelupper parntand the levels g°3131’
Y populated by the first Auger transition following
e DC; column 3(right), DC exit channels. Center
of the reaction windowA, DC; @, SC.
0- | —— B Ei
Art(2p°) S,
-143- ——— .
ArT(3s) S, ————Ki
-259- _
Ar+(3s?) S,
szEALi/(EAirivLEAZi), (7) levels with any code is very difficult. Moreover, given the
limited reliability of the code we used previous|y], we
. . . roceed along two directions.
B, = AS/(SAT + 3 AS), @ P g

(i) First, we use the predictive procedure to estimate the
collision translational energy gain windoyin the energy

where A and AS' are the transition probabilities and the scalé where DC most likely ends up. Clearly, we assume

Auger rates, respectively.

that the projectile energy gains are the same as in DC by the

To perform the calculation of the atomic data, we haveground-state projectile At in Ar®" +H,; we have observed

chosen the following configurations: s32s%2p®3s for the

an energy gainil12] peaking at 50 eV and centered on the

ground state, @°nl and 2p°3snl for the singly and doubly (4151") levels. Since core conservation of the metastable ion

excited states of the Na-like Ar ion, respectively, with

is expected, DC populate mostly Bi(2p°3s4I51’); their

=5 andl=0—n-I; then andl values are determined by positions are shown in Fig. @he center of the collision

using different experimental scaling ruldg—10Q. This
choice leads to 11 configurations, 45 termd_® coupling,

window is shown in the form of open triangles
(ii) Second, a trial was performed to estimate theoretically

and 106 levels in.SJcoupling. The calculated data are pre- the energetic positions of these levels with respect to the
sented for p°3s5| with =0, 1, 2, 3, and 4 in Table I. This ground state of the Mg-like ion. Some of the results are
set of results extends previously published data that werebtained using thesUPERSTRUCTUREcode; the values are
given up to 4 [3]. In Table Il we give the energies of given in Table lll, they overlap satisfactorily with the results
Ar’*(2p®°313l") since these levels appear to be the intermededuced from our assumptions on the energy géies
diate continua in the decay following D[@]. For DC by the  above and Fig. 6

metastable ion, we end up in the formation of triply excited It is now possible to identify the major transitions in both
ions. An accurate calculation of the Mg-like triply excited spectra(Fig. 3, X-VUV spectrum and Fig. 5, Auger spec-
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TABLE Ill. Energy levels for AP*(2p®3s415l’) relative to the
ground state. Column 1: level designation; column 2: enée}y

PHYSICAL REVIEW A 63 032710

with n=5 mostly and 4. This is followed by

fArogr: ground state A; column 3: energyeV) from ground state Ar7 T Ar8+(2p®) 1S + e (Auger decay (10)
r- .
and/or cascade ending in
Energy(eV) Energy(eV)
Level designation per GS per AB* Ar7H** _ ArT+(38)2S, o+ ho. (11)
2p°3s4s5s 5p, 411.4289 146.9638
5p, 411.6269 147.1618 For DC
3P, 412.0917 147.6266 - 5 3
3p, 412.5180 148.0529 Ar®7(2p°3s)°Pg 2+ H,
3P, 412.5319 148.0668
3,  413.0818 148.6167 —ArfTR* (2p53snin’ ) +H +HT (12
5P, 413.7202 149.2551
3p, 413.7206 149.2555 followed by two autoionization steps
p, 414.0817 149.6166 S 5 .
2p53s4s5p 53, 414.3550 149.8899 Ar (2p°3snin’l’)
D, 414.4912 150.0261
5D, 414.5665 150.1014 —Ar’*** (2p°313]")+e " (low energy. (13
2p°3s4s5d 3P, 4145737 150.1086
3p, 414.6641 150.1990 This first step is followed by:
5 3
TEESP 0 Maram isoose  ATT(2PI3) A (207t (high energy
83, 414.9109 150.4458 (14
5
321 312'2222 122'2322 There is a nonzero probability for some radiative decay after
5 e ‘ ' DC: given the limited resolution and the low metastable frac-
2p5354p55 182 418.1396 153.6745 tion in the incident ion beam, we do not expect to be able to
2p-3s4s5d Py 421.2103 156.7452 separate any of these rays. Physically these are hypersatel-
2p°3s4p5p °P1 421.2509 156.7858 jites to the parent transitions shown in Fig. 4.
3p, 421.3393 156.8742
5
rome e Ay specoseony
2p®3s4p5d 5Dg 425.2817 160.8166 The spectrum in the wavelength range 40-54Ffy. 3
D, 425.2903 160.8252 demonstrates the complexity of the line identification. Un-
5p, 425.3028 160.8377 ambiguously, the spectrum corresponds to the decay process
5D, 4253147 160.8496 following capture py th_e_ metastal_)Ie projectile. The most in-
2p53s4p5p 3p, 425.3233 160.8582 tense transitions, identified by using the theoretical data, are
2p°3s4p5d 3D, 427.8195 163.3544 underlined in ;I'at;le I5V For4example,2th§ mgst |2ntense tran-
2p53s54d5s 5p, 427 8364 163.3713 sition  is  1s"2s°2p°3s4d "Dy, —15°25"2p°5s°S,, at
D, 430.7432 166.2781 5_1.51 A. A remarkable feature is that most of these transi-
2p53s4d5p 5D, 4307802 166.3151 tions correspondl to the following process: .two electrons
5D, 434.3542 160.8891 change their orbitals and one photon is emitfé8]. The
2p53s4d5d M, 435.4480 170.9829 _llj_ﬁper quartet states'are more_populated than the dpublets.
1 is reflects the statistical-sharing and confirms previous
P, 441.1032 176.6381

observations in charge-transfer collisigris]|, where for a
given L the highest] value is mostly populated. Moreover,

trum). Clearly, it is not possible to deduce absolute intensitygiven the importance of the transitions from upper levels
values: the physical reason is that there is no method avaitwith outer orbital 4, we would emphasize the possibility of
able to cross calibrate an X-VUV spectrometer against agSC+dissociatioh, as observed in the case of the ground-
Auger spectrometer. state projectile colliding with K[12]. Some cascade feeds
from 5| states to #' are possible, given the large values of
their fluorescence yields. This appears in the underlined val-
es ofwy close tol in Table I. This is supported by the fact
that in highly excited system@ large), the direct decay to
the lowest-lying level has a low branching ratio value favor-
ing cascades to intermediate leve|d2] and references
AfB*(2p®38)3Pg o+ Hy— Ar’7** (2p°3s nl) 2L ;+ Hy therein. This argument would explain the intensity of the
(9)  transitions from 4.

IV. IDENTIFICATIONS AND COLLISION FEATURES

It is possible to describe the capture processes by th
metastable projectile colliding with Hn the following way.
For SC
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TABLE IV. Tentative XUV line assignments. The major line assignments are underlined in the table. Column 1: transitions; column 2:
calculated wavelengthg ngstroms; column 3: transition probabilities; column 4: experimental wavelengths; column 5: interfaitiisary
units).

Transitions N (B) A (sh Next (A) Intensity counts
15225?2p®3s4d 2P~ 15°25%2p85s 2S, ), 50.9231 1.521+ 08 50.92 208.2
15225?2p®3s4d 2P ,— 15225%2p85s 2S, ), 50.9355 1.945+ 08 50.98 204.5
15225?2p®3s4d 2D 40— 1522522p®55 %S, 51.0696 1.272 06 51.06 217.8
15225?2p®3s4d 2D 54— 1522522p®55 %S, 51.2255 1.014+08 51.22 233.1
15225?2p®3s4d D4 1522522p®55 %S\, 51.4299 9.149 07 51.42 250.0
1522522p°3s4d D/~ 1522522p555 %S, ), 51.5199 1.798+ 08 51.51 237.7
15225?2p®3s4d 2Py ,—15°25°2p85s 2S, ), 51.5540 3.83707 51.55 216.7
15%2522p°3s4d 2P ;- 1522522p%5s 2S, ), 51.5724 8.858 07 51.58 204.8
15%2522p°3s4d 4F 5~ 1522522p555 %S, ), 51.6475 2.03307 51.64 202.1
15225?2p®3s4d P~ 15°25°2p®5s %S, ), 51.8297 8.38% 05 51.83 145.6
15%2522p°3s4d *P;— 15°25°2p®5s %S, ), 51.8602 1.865% 05 51.86 151.3
15%2522p°3s4d 2P~ 1522522p%5d 2D g0 52.4718 1.262+08 52.47 87.43
15%2522p°3s4d 2P4,— 1522522p%5d 2Dy 52.4872 1.415+08 52.49 84.77
15%2522p°3s4d 2P4 - 1522522p%5d 2D g0 52.4849 1.061 07 52.49 84.77
15%2522p°3s4d ?Dg— 1522522p%5d 2D 5 52.5926 1.808 06 52.58 79.12
15225?2p®3s4d 2Dg)— 1522522p®5d D), 52.5949 3.36205 52.58 79.12
1522522p®3s4d 2D 4 1522522p®5d D), 52.6274 9.281 05 52.63 79.12
15225?2p®3s4d 2D 4 1522522p®5d 2D 4 52.6997 2.18% 05 52.63 79.12
15225?2p°®3s4d 2F,,,— 1s22522p®5d 2Dy, 52.6641 2.933 05 52.65 79.45
15225?2p°®3s4d 2Fg— 1522522p®5d 2D 4 52.6665 3.69705 52.65 79.45
15225?2p°®3s4d 2D 45— 1522522p®5d 2D 4y, 52.6743 1.77% 06 52.67 80.11
15225?2p®3s4d 2D 4 1522522p®5d 2D 4, 52.7943 7.14% 06 52.79 74.45
15225?2p®3s4d *Dg)— 1522522p®5d 2D 4y, 52.8504 1.056 05 52.85 79.1
15225?2p®3s4d 2S, ,— 1522522p®5d 2P, 53.2142 6.077+08 53.21 81.73
1522s?2p®3s4d 2S,,— 1522522p®5p 2P5), 53.2279 1.94% 08 53.23 83.38
B. Auger-electron spectroscopy decay into the only available continuum®i(2p®)1s,, fol-

The identification procedure obliges us to consider thdowing SC to the metastable core. Even though the identifi-
high- and the low-energy ranges separately. In the range exgation of the Auger lines is complex, we propose the tenta-
tending from 100 eV up to 250 eXsee Fig. 5—of weaker tive assignments as shown in Table V. The levels
intensity than the low-energy part—one distinguishes twals?2s?2p°3s5s and 5 in the suggested assignments are
parts shown as recorded and magnified by a factor of 5: theharacterized by extremely small fluorescence vyields as ap-
part above 200 eV which unambiguously is due to the Augepears in Table I. The uncertainties of the experimental values

TABLE V. Tentative Auger line assignments for the stabilization following SC by the metastable pro-
jectile. Column 1: experimental energy values of Auger transitions fnen®d; column 2: amplitudeéarbi-
trary unit9; column 3: level assignments; column 4: calculated energies.

Experimental energies Amplitudes Calculated energies
(eV) (a.u) Assignments (eV)
209.1<E=<210.2 0.95A<1.1 1s%2522p°3s5s “Pg, 210.85
210.3<E=<212.1 0.75A<0.93 15%25%2p53s55 4Py, 211.26
210.3<E<212.1 0.75A<0.93 15°25°2p°3s55 %Py, 212.03
213.50 0.81 $225%2p°3s55 4Py, 213.12
214.10 0.98 $%2522p°3s5s 2P, 214.65
215.00 0.70 $%2522p°3s5s P, 214.95
215.50 0.54 $225%2p°®3s55 %S, 215.50
216.30 0.75 $22s%2p°3s554D ), 216.39
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are of the order 0.15 eV. The assigned upper levels confirrtion. This raises as well the question of calculating the life-
that the capture process is core conserving and has populatghes for these transitions of very low energies.

3s5s and 35p. The part from 100 eV up to nearly 200 eV

has to be considered together with the low-energy part which V. CONCLUSION

is seen from 0 to 60 eVFig. 5).

We consider the range 100 eV to less than 200 eV. To We have shown that the characteristics of SC and DC are
ease the identifications, we have recalculated all the levéhe same for A¥" ions in the ground and in the metastable
energies of At (2p°31 31") relative to the ground state and 3Py, states. For metastable #rions colliding with H, SC
these are given in Table Il with the energy of the Augerdominantly populates states with=5. The calculated
electrons. The corresponding range is indicated in Fig. 5 iratomic data have been used to identify the stabilization of
the high-energy part of the spectrum. These lines are attritthese states, sharing among radiation and Auger decays.
uted to the second Auger step following DC. Since the SC The DC stabilization takes place via a two-step Auger
reaction window is centered am=5, and as the process is process. The first step in the Auger decay gives transitions
assumed to be core conserving, we can conclude that theom core-conserved states, which are overlapping with the
population mechanisms of these states result from a first AUSpectrum of DC by the ground-state idganergies in the
ger transition to these states for which they are the intermerange 0-60 ey The transitions of the second Auger series
diate continua. For example, the peaks-di36 and 183 eV gre associated with cores differing from the initial ones, as
are attributed to the decay op23p? and 20°3d?, respec-  they are formed by the first Auger process. A direct popula-
tively. These last levels are the continua to which some ofijon of these states by capture can be excluded due to the
the A®T™" (2p°3s nIn'l’) states decay with the emission core-conserving character of this process.
of a low-energy electron. The dissociation of the fHmolecule during the capture

The identification of the rays associated with this first stepcollision probably takes place with the metastable projectile
is very difficult: they are of weak amplitud¢ghe metastable as with the ground projectile. The importance of the optical
fraction content in the incident beam is no more than 536 %transitions seen with upper statesnis 4 could be related to
and they are merged among high amplitude transitions due tihis proces§12]. However, to a certain extent these=4
the stabilization following the DC by the ground-state ion |evels are also populated by cascades.

[12]. Moreover, given the number of populated levels and This experimental approach makes possible the observa-
the extent of the energy overlap between the Na-like corgion of transitions otherwise named dielectronic recombina-
excited levelgthe continua for the first Auger stepnd the  tion satellites, as usually observed in hot plasmas. In this
Mg-like core excited levelgsee Fig. 6, the number of pos- experimental approach, they are separated from the parent
sible transitions is numerically important. The correspondingransitions(Figs. 3 and %

energies are probably distributed in the range from 10 to 50 The Auger cascade decay of triply excited ions via two
eV (in Fig. 6, the arrow from column 3 to column 2 gives the steps is of interest since this can be an approach to start the
extent of the energy spread of these transitiol®r ex-  analysis of experimental situations met in the observation of
ample, given the energy of the group of levelsmultiply charged ion/surface interactions, where multiply ex-
Ar®*(2p®3s4d 5p)°D§ in the energy range 430.78 to cited ions are formed.

434.35 eV from the ground state, a possible first Auger de- The identification procedure was based on the use of the
cay to Ar*(2p°3p 3d)L; would give electrons with ener- scaling rules. Their validity is confirmed. This conclusion is
gies between 11.5 and 20.8 eV. important since in this type of experimental situation no the-

One major issue is that the selection rules for these trameretical collision description exists.
sitions are still an open question. Another difficult problem A question is open for further developments: when a mul-
that has not been addressed so far is the calculation of Augéiply excited ion shares its stabilization between radiation
probabilities, when, for a given upper level, more than oneand autoionization, is there the possibility to cross calibrate
continuum is available to which the transition may occur. Inan X-VUV spectrometer against an Auger spectrometer in
the present case, this adds to the difficulty of line identifica-order to determine absolute fluorescence yields?
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